COMPLEX RUPTURE PROCESSES OF LARGE STRIKE-SLIP EARTHQUAKES
AND RECEIVER FUNCTION ANALYSIS OF CRUST AND UPPER MANTLE IN
ACTIVE TECTONIC SETTINGS
by
Atilla Arda Ozacar

_________________________
Copyright  Atilla Arda Ozacar 2007

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF GEOSCIENCES
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College
THE UNIVERSITY OF ARIZONA

2007

2
THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE
As members of the Dissertation Committee, we certify that we have read the dissertation
prepared by ATILLA ARDA OZACAR
entitled COMPLEX RUPTURE PROCESSES OF LARGE STRIKE-SLIP
EARTHQUAKES AND RECEIVER FUNCTION ANALYSIS OF CRUST AND
UPPER MANTLE IN ACTIVE TECTONIC SETTINGS
and recommend that it be accepted as fulfilling the dissertation requirement for the
Degree of Doctor of Philosophy
_______________________________________________ Date: May 17th, 2007
Dr. Susan L. Beck
_______________________________________________ Date: May 17th, 2007
Dr. George Zandt
_______________________________________________ Date: May 17th, 2007
Dr. Richard A. Bennett
_______________________________________________ Date: May 17th, 2007
Dr. Clement G. Chase

Final approval and acceptance of this dissertation is contingent upon the candidate’s
submission of the final copies of the dissertation to the Graduate College.
I hereby certify that I have read this dissertation prepared under my direction and
recommend that it be accepted as fulfilling the dissertation requirement.
_______________________________________________ Date: May 17th, 2007
Dissertation Director: Dr. Susan L. Beck

3

STATEMENT BY AUTHOR
This dissertation has been submitted in partial fulfillment of requirements for an
advanced degree at The University of Arizona and is deposited in the University Library
to be made available to borrowers under the rules of the Library.
Brief quotations from this dissertation are allowable without special permission,
provided that accurate acknowledgment of source is made. Request for permission for
extended quotation from or reproduction of this manuscript in whole or in part may be
granted by the copyright holder.

SIGNED:

Atilla Arda Ozacar

4
ACKNOWLEDGMENTS
There are several people that I would like to thank and that have made this research
possible. I would first like to thank Susan Beck and George Zandt for their constant
support and for giving me the opportunity to come to the University of Arizona. Under
their supervision, I was able to explore various interesting topics in seismology. Their
encouragement to think freely was the driving force and eventually led us to get funding
for a new seismic experiment in Turkey. They are excellent researchers and without their
help I never would have gotten this far. I would like to thank my collages in Turkey who
patiently supported by research. Especially, many thanks to Ali Kocyigit and Erdin
Bozkurt for their unconditional help through out the entire process. I would also like to
thank the members of my committee, not only for reviewing and making several useful
comments on my dissertation, but also for expanding my knowledge on a wide variety of
geophysical issues. Thanks to Hersh Gilbert who patiently taught me many aspects of
data processing and helped me during the interpretation process. Special thanks go to the
Department of Geosciences for financial support.
Of course, no degree is complete without a huge help of fellow graduate students. I
would like to thank Robert Fromm, Berk Biryol, Josh Calkins, Ali Sumer, Koray Yilmaz
and Victor Valencia being there for me during difficult times. It has been a privilege to
have so many people believing in me. There are also many people that I cannot write
about individually, but were instrumental in my research. Among them are Steve
Sorenson, Eneida Guerra de Lima, Paul Kapp, and Anne Chase.
Finally, I am deeply grateful to my wife Gozde and my family for their constant support,
encouragement, love and care during this important stage of my life. Especially, my
father Ajlan Ozacar worked very hard to make sure everything goes smoothly during our
field deployment in Turkey.

5

DEDICATION

I dedicate my work to my dear wife Gozde who is one of a kind

6
TABLE OF CONTENTS
ABSTRACT................................................................................................................ 9
INTRODUCTION....................................................................................................... 11
PRESENT STUDY ..................................................................................................... 16
REFERENCES............................................................................................................ 21
APPENDIX A: SOURCE PROCESS OF THE 3 NOVEMBER 2002 DENALI
FAULT EARTHQUAKE (CENTRAL ALASKA) FROM TELESEISMIC
OBSERVATIONS ...................................................................................................... 23
I. Introduction.......................................................................................................... 24
II. Data Analysis...................................................................................................... 25
III. Results and Discussion ...................................................................................... 26
IV. Acknowledgments ............................................................................................. 30
V. References .......................................................................................................... 36
APPENDIX B: THE 2002 DENALI FAULT AND 2001 KUNLUN FAULT
EARTHQUAKES: COMPLEX RUPTURE PROCESSES OF TWO LARGE
STRIKE-SLIP EVENTS ............................................................................................. 37
I. Introduction.......................................................................................................... 38
II. Tectonic Setting and Seismicity .......................................................................... 39
A. Denali Fault System (Central Alaska) ............................................................. 39
B. Kunlun Fault System (Northeast Tibet) ........................................................... 40
III. Body-wave Inversion......................................................................................... 43
A. Data and Methodology.................................................................................... 43
B. The 2002 Denali Fault Earthquake .................................................................. 46
C. The 2001 Kunlun Fault Earthquake ................................................................. 49
IV. Discussion ......................................................................................................... 52
A. Directivity....................................................................................................... 53
B. Scaling Relations: A Global Review................................................................ 54
V. Conclusions ........................................................................................................ 56

7
TABLE OF CONTENTS - Continued
VI. Acknowledgments ............................................................................................. 57
VII. References........................................................................................................ 70
APPENDIX C: CRUSTAL SEISMIC ANISOTROPY IN CENTRAL TIBET:
IMPLICATIONS FOR DEFORMATIONAL STYLE AND FLOW IN THE
CRUST ....................................................................................................................... 76
I. Introduction.......................................................................................................... 77
II. Receiver Functions at BNS ................................................................................. 78
III. Inversion............................................................................................................ 79
IV. Results and Discussion ...................................................................................... 82
V. Acknowledgments .............................................................................................. 84
VI. References......................................................................................................... 89
APPENDIX D: CRUSTAL STRUCTURE AND SEISMIC ANISOTROPY
NEAR THE SAN ANDREAS FAULT AT PARKFIELD, CALIFORNIA .................. 91
I. Introduction.......................................................................................................... 92
II. Receiver Function Analysis................................................................................. 93
III. Seismic Anisotropy............................................................................................ 94
IV. Discussion ......................................................................................................... 96
V. Acknowledgments .............................................................................................. 99
VI. References......................................................................................................... 103
APPENDIX E: SEISMIC IMAGES OF CRUSTAL VARIATIONS BENEATH
EAST ANATOLIAN PLATEAU (TURKEY) FROM TELESEISMIC
RECEIVER FUNCTIONS .......................................................................................... 106
I. Introduction.......................................................................................................... 107
II. East Anatolian Plateau ........................................................................................ 108
III. Data and Method ............................................................................................... 110
IV. Observations...................................................................................................... 112
A. Moho Depth and Vp/Vs variations .................................................................. 112
B. Seismic Profiles across the Plateau.................................................................. 117

8
TABLE OF CONTENTS - Continued
V. Conclusions ........................................................................................................ 119
VI. Acknowledgments ............................................................................................. 120
VII. References........................................................................................................ 130
APPENDIX F: UPPER MANTLE DISCONTINUITY STRUCTURE BENEATH
EAST ANATOLIAN PLATEAU (TURKEY) FROM RECEIVER FUNCTIONS....... 134
I. Introduction.......................................................................................................... 135
II. Data and Method................................................................................................. 137
III. Observations...................................................................................................... 139
A. Global Stacking .............................................................................................. 139
B. Spatial Variations of 410 and 660 km Discontinuities...................................... 141
IV. Results and Discussion ...................................................................................... 145
V. Acknowledgments .............................................................................................. 148
VI. References......................................................................................................... 157

9
ABSTRACT
This dissertation explores the uses for data collected at broadband seismic stations
to investigate source process of large strike-slip earthquakes and crust and upper mantle
structure within active continental tectonic settings. First, we analyzed rupture
mechanism of the 2002 Denali earthquake (M = 7.9) and the 2001 Kunlun earthquake (M
= 7.8) using teleseismic P waveforms. According to our results, the Denali earthquake
began with initial thrusting and later ruptured a 300-km-long segment with a right-lateral
strike-slip mechanism. In contrast, the Kunlun earthquake nucleated along an extensional
step-over with a complex mechanism and later ruptured a 350-km-long segment with a
left-lateral mechanism. Both earthquakes have source properties similar to interplate
earthquakes and display strong directivity and slip heterogeneity suggesting that the
middle fault segments are weaker.
Next, we applied receiver function techniques to image the crust and upper mantle
beneath active tectonic regions. In central Tibet, we found strong seismic anisotropy that
changes with depth. Especially, mid-crustal anisotropy is consistent with a nearhorizontal rock fabric induced by crustal flow. Near the San Andreas Fault in Parkfield,
crust is relatively thin (26 km) and characterized by high Vp/Vs (1.88). At the base of the
crust, receiver functions indicate strong anisotropy in a low velocity, high Vp/Vs,
serpentinite layer that is most likely a fossilized fabric of Farallon plate subduction.
Beneath the East Anatolian Plateau, our analysis reveals a thin crust (<45 km) consistent
with the high plateau supported by hot partially molten asthenosphere near the crust.
Vp/Vs values are low at the Bitlis suture and high within the plateau due to partial
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melting. Seismic imaging of 410 and 660 km discontinuities also reveals anticorrelated
topography and distinct zones of diminished amplitude associated with detached slabs
and delaminated fragments of lithospheric mantle. In the south, slab becomes deeper and
horizontally deflected towards east suggesting westward migration of slab detachment
and resistance to slab penetration at 660 km discontinuity. At the center of the study area,
the transition zone is thin (230 km) and indicates the presence of warm mantle within the
transition zone beneath the plateau.
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INTRODUCTION
Seismology is the study of the generation, propagation and recording of the elastic
waves in the Earth and of the sources that produce them. Overall research topics in
seismology are divided into two major categories (1) studying the source and (2) studying
Earth structure. In this dissertation, we explored both ends of the spectrum by analyzing
the source processes of the large strike-slip earthquakes and by imaging the crust and
upper mantle structure beneath active tectonic regions.
The need to assess the seismic hazards associated with large earthquakes has led
to numerous seismic studies on earthquake sources that have greatly improved our
understanding of the earthquake rupture process. In this respect continental strike-slip
faults are often major sources for seismic hazards, but only a few large earthquakes along
these faults have been studied with modern instrumentation. Understanding the nature of
such large strike-slip earthquakes may ultimately help to reveal the underlying
mechanism of the rupture process and allow better strong motion predictions. Being a
witness myself to the destruction caused by the 1999 Izmit earthquake in Turkey, I was
mainly focused on large strike-slip earthquakes at the beginning of my PhD research.
Seismic analyses of many large strike-slip earthquakes suggest a multiple-event
nature with complicated space-time functions of slip accommodated by complex sets of
crustal faults [Kanamori and Stewart, 1978; Butler et al., 1979; Kikuchi and Fukao,
1985; Kikuchi and Kanamori, 1986; 1991]. Large non-double-couple components of the
long-period source mechanisms and their apparent disparity from first-motion
observations are also explained through the occurrence of subevents on faults generating
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different focal mechanisms [Frohlich, 1994; Kikuchi et al., 1993; Antolik et al., 2000].
The observed slip heterogeneity is mainly interpreted in terms of a distribution of
“asperities” and “barriers” on the fault plane. Several studies successfully utilized the
iterative body-wave inversion technique to analyze complex rupture patterns of
continental strike-slip events [Kanamori and Stewart, 1978; Kikuchi and Kanamori,
1982; Kikuchi and Kanamori, 1986; Tsuboi, 1998] and other crustal events with large
magnitudes [Kikuchi and Fukao, 1985; Kikuchi et al., 1993].
The body wave inversion technique for spatio-temporal earthquake rupture
analysis involves deconvolving complex body waves into multiple sub-event sequences.
In a general sense the process accounts for the calculation of elastic and anelastic seismic
responses of the medium along a given rupture plane for a given focal mechanism and
then removal of these responses and the effects of attenuation as well as the effects of the
recording instrument from the observed waveform to obtain the source time function of
the fault rupture. This process is carried out in an iterative manner so that during each
iteration, portions of the observed waveform is inverted to give the timing, location and
magnitude of the corresponding sub-event along the fault plane [Kikuchi and Kanamori,
1982; 1986; 1991]. In this approach, the location of the major sub-events maps the
distribution of asperities or barriers throughout the fault plane and the timing of each subevent helps in the characterization of the rupture process and possible directivity.
Depending on the presence of tectonic complexities and structural variations along a
major rupture the faulting mechanism may vary spatially for different sub-events
throughout the rupture plane. The method accounts for fixed and varying faulting
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mechanisms during the rupture process. As discussed by Kikuchi and Kanamori [1991],
once the mechanism of the subevents are allowed to vary during each iteration, the
inversion becomes unstable due to the increase in the number of free parameters and
results in a strong trade-off between timing, location, and focal mechanism of subevents.
If no constraints are imposed on the focal mechanism, the solution becomes nonunique
with many local minima of error and can be very path dependent [Young et al., 1989;
Kikuchi and Kanamori, 1991]. The best way to eliminate this problem is to introduce
constraints from other studies including strong-motion data, surface-waves, geodetic, and
geological data.
Recently, two large earthquakes, the 14 November 2001 Kunlun fault earthquake
and the 3 November 2002 Denali fault earthquake, occurred along continental strike-slip
fault zones dominated by oblique convergence. In the first part of my thesis, we analyzed
these two important earthquakes using teleseismic P-wave data to derive a rupture history
that may help us to understand the factors controlling the rupture initiation and complex
behavior of large strike-slip earthquakes. In addition, we compared their source
parameters with other large strike-slip events associated with different tectonic regimes.
The second major branch of seismology involves studying the structure of the
Earth’s interior. In order to extract the type of information about seismic sources
described above, it is critical to account for the propagation effect, which requires
knowledge of the structure. Additionally, most of what we know about the interior of the
Earth has been based on seismic observations of otherwise inaccessible interior regions.
Thus there is an intense effort to determine the internal structure with high precision, so
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that the composition and dynamic processes of the interior can be understood. In this
respect, many methods have been developed and applied to seismic data recorded by
densely spaced seismometers and receiver function analysis is one of them.
In general, receiver function analysis is a method of extracting constraints on
crust and upper mantle structure from teleseismic waveforms recorded at threecomponent seismic stations. A receiver function is typically the seismic waveform that is
source-equalized by deconvolving the vertical from the horizontal components and
contains isolated P to S conversions produced at seismic impedance contrasts beneath the
recording station [Burdick and Langston, 1977]. Detailed description of this method is
available in numerous earlier studies [e.g., Owen, 1984; Ammon et al., 1990; Cassidy,
1992]. In our analysis, we utilized a widely used iterative time-domain deconvolution
algorithm [Ligorria and Ammon, 1999] that constructs a RF as a time series sum of
Gaussian pulses to image crust and upper mantle crust in central Tibet, Parkfield
(California), and eastern Turkey.
An important limitation of receiver function analysis is the trade-off between
discontinuity depth and seismic velocities. Receiver functions are sensitive to Vp/Vs and
impedance contrast rather than absolute seismic velocities. In order to accurately image
the crust, we incorporated crustal multiples following the stacking algorithm of Zhu and
Kanamori [2000] which sums the amplitudes of receiver functions along theoretical
traveltime curves and performs a grid search through depth and Vp/Vs space for the
largest summed amplitude at the predicted arrival times of direct and multiple converted
phases. Together, these observations are used to make better seismic images of the crust
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and provide additional constraints on composition and rheology that are essential to
characterize the crustal structure in relation to the geology and tectonic evolution of the
region.
In addition, the presence of dipping layers and/or seismic anisotropy results in
rotation of energy out of the source receiver plane that yields patterns of amplitude and
arrival times as a systematic function of back-azimuth on both the radial and transverse
receiver functions. Although receiver function inversion is a non-linear waveform-fitting
problem that can have a strong dependence on the assumed starting model [Ammon et al.,
1990], these diagnostic features can be modeled using proper constraints to infer the
nature of seismic anisotropy in the crust. For this purpose, we applied the neighborhood
algorithm [Sambridge, 1999] that performs directed searches of model parameter space to
find a global minimum. Synthetics were computed using a ray-based approach
[Frederiksen and Bostock, 2000] that allows models to have both anisotropy and dipping
layers. Our inversion results revealed strong seismic anisotropy within the crust and
helped us to distinguish current deformation from fossilized fabrics of older tectonic
events and constrain plausible mechanism of crustal deformation.
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PRESENT STUDY
The methods, results, and conclusions of these studies are presented in the papers
appended to this dissertation. The following is a summary of the most important findings
in this document.
The November 3, 2002 Denali fault earthquake, which is the largest inland event
ever recorded in central Alaska, occurred along an arcuate segment of the right-lateral
strike-slip Denali fault. We use first-motion P wave polarities and inversions of
teleseismic P waveforms for a fixed focal mechanism to constrain the rupture process.
We find clear evidence for a substantial reverse component near the hypocenter at the
beginning of the rupture. Twenty-five seconds later, rupture propagated unilaterally to the
east on a strike-slip fault and released most of the seismic moment along an asperity
located 170 km east of the hypocenter with a maximum slip of 8 m. This earthquake had
a duration of ~120 s and ruptured more than 300 km in length. Correlation with gravity
anomalies suggests a relation between moment distribution and physical properties of
subsurface rock units that may support a weaker middle fault segment marked by fewer
aftershocks. These results are published in Ozacar et al. [2003].
We studied the source processes of two large continental earthquakes, the 3
November 2002 Denali fault earthquake and the 14 November 2001 Kunlun fault
earthquake, associated with strike-slip faulting along ancient sutures. We inverted
teleseismic P waveforms using a pulse-stripping method for multiple time windows with
different focal mechanisms and derived composite source models. According to our
results, the 2002 Denali fault earthquake began with initial thrusting (Mw 7.3) along a 40-
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km-long segment of the north-northwest-dipping Susitna Glacier fault and later ruptured
a 300-km-long segment along the Denali and Totschunda faults with a right-lateral strikeslip mechanism (Mw 7.7). In contrast, the 2001 Kunlun fault earthquake nucleated near
an extensional step-over with a subevent pair consisting of 30-km-long strike-slip (Mw
6.9) event and 40-km-long normal (Mw 6.8) faulting event and later ruptured a 350-kmlong segment along the Kunlun fault with a left-lateral strike-slip mechanism (Mw 7.7).
Both earthquakes propagated primarily unilaterally to the east and released most of their
energy along slip patches (asperities) far from the hypocenter locations. We find that both
the Denali fault and Kunlun fault earthquakes had high-average rupture velocities of 3.2
km/sec and 3.4 km/sec, respectively. We also compared the source properties of these
two earthquakes with other strike-slip earthquakes. For scaling purposes, large strike-slip
earthquakes were classified as interplate, oceanic intraplate, or continental intraplate
events. By using this classification the Denali fault and Kunlun fault earthquakes have an
interplate signature that suggests overall weak faulting. These results are published in
Ozacar and Beck [2004].
Receiver functions obtained at INDEPTH III stations located near the BangongNujiang suture in central Tibet display a weak Moho signal and strong P to S conversions
within the first 5 s that vary systematically with back-azimuth. A single station with
representative azimuthal variations located at the sharp onset of strong SKS splitting, is
modeled for both dipping layers and seismic anisotropy by using a global minimization
technique. Inversion results indicate strong anisotropy (>10%) near the surface and in the
middle crust separated by a south-dipping (~25°) layer, possibly related to the earlier
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phase of crustal shortening. Near-surface anisotropy has a fabric dipping steeply
southward and trending WNW-ESE that correlates with the suture and younger strike-slip
faults. In contrast, mid-crustal anisotropy occurs in a low-velocity zone and has a fabric
dipping gently (~18°) northward that might be related to a well-developed nearhorizontal rock fabric induced by crustal flow. These results are published in Ozacar and
Zandt [2004].
Receiver functions from station PKD located ~3 km SW of the San Andreas Fault
samples the Salinian terrane near Parkfield. Crustal multiples indicate a 26 km thick crust
with a Vp/Vs of 1.88 that is slightly lower (1.83) for the upper and middle crust in the
west. Near the fault, the middle crust is characterized by a low velocity zone and away
from the fault by a positive velocity jump that may correlate with the base of the Salinian
granitic basement. For the lower crust, receiver functions display strong polarity reversals
with back azimuth and a change in Moho amplitude that require strong seismic
anisotropy (>15%) in a low velocity, high Vp/Vs, possibly serpentinite layer that has a
ENE dipping (~35º) rock fabric. The orientation of this anisotropic fabric is inconsistent
with the recent San Andreas sense of shear and is most likely a fossilized fabric of
Farallon Plate subduction.
We used teleseismic P-wave receiver functions recorded by the Eastern Turkey
Seismic Experiment to determine the crustal structure across an active continentcontinent collision zone. Moho depth and Vp/Vs variations in the region are mapped by
incorporating crustal multiples and later 2-D seismic profiles are produced using a
common conversion point technique with our crustal Vp/Vs estimates. Moho depths do
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not correlate with surface topography and reveal a relatively thin crust consistent with the
high plateau supported by hot asthenosphere near the crust. Under the Arabian plate, the
crust is thinnest (~35 km) and exhibits high Vp/Vs (≥1.8) associated with mafic
compositions. In the east, the crust gradually becomes thicker towards the north and
exceeds 45 km in the northeastern side whereas in the west, the crust thickens sharply
near the Bitlis suture and displays pronounced Moho topography across the Anatolian
plate, suggesting crustal fragmentation. Vp/Vs variations show an anomalously high
Vp/Vs corridor (≥1.85) along the North Anatolian Fault and near the youngest volcanic
units (~3 Ma) and support the presence of partial melt. This corridor is spatially limited
from both north and south by low Vp/Vs regions implying a change in crustal
composition. Near the Bitlis suture, a layered Vp/Vs model points to the source of low
Vp/Vs in the lower crust that may be rich in quartz. Furthermore, the seismic profiles
indicate a prominent low velocity zone in the lower crust across a large area beneath the
plateau that may act as a decoupling zone between the crust and upper mantle.
Imaging of seismic velocity discontinuities with receiver functions suggests a
complex mantle structure beneath the East Anatolian Plateau. By stacking all the receiver
functions as a function of ray parameter, we examined the moveout characteristics of the
data set and tested different velocity models to fit the arrival times of converted phases
from the Moho and the lithosphere-asthenosphere boundary and their multiples. The best
fitting model shows anomalously thin crust (40 km) and lithosphere (65 km), and low
uppermost mantle velocities causing systematic delays on later discontinuity arrivals.
These findings are consistent with the high plateau supported by partially molten and
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buoyant asthenosphere. The 250, 410 and 660 km discontinuities are all visible in
different frequencies (0.15 and 0.4 Hz) indicating a sharpness of 10 km or less. Spatial
variations of the 410 and 660 km discontinuities reveal anticorrelated topography and
distinct zones of diminished amplitude associated with a detached slab and delaminated
fragments of lithospheric mantle. In the south, the slab becomes deeper and horizontally
deflected towards the east suggesting westward migration of slab detachment and
resistance to slab penetration at the 660 km discontinuity. In the north, the mantle
transition zone is characterized by two spatially limited lithospheric fragments with
complex geometry. At the center of the study area, the transition zone is thin (230 km)
suggesting excess temperature of 120ºC. This warm mantle anomaly most likely is due to
hot material trapped within the transition zone between slab in the south and delaminated
fragments in the north.
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I: INTRODUCTION
Alaska is mainly characterized by oblique convergence which is partitioned
between active subduction along the Aleutian trench and right-lateral motion along
crustal strike-slip faults. In central Alaska, a recent earthquake sequence started with the
October 23, 2002 Nenana mountain earthquake and was followed 10 days later by the
November 3, 2002 Denali fault earthquake, which is the largest inland event known to
occur in central Alaska. Both foreshock and mainshock resulted from slip on the Denali
fault system, which is an arcuate right-lateral strike-slip fault acting as a major boundary
between accreted litho-tectonic terranes [Plafker and Berg, 1994]. This ancient suture has
a total displacement of ~400 km [Lanphere, 1978] and based on estimates of Holocene
displacement, a slip rate of 10 ± 2 mm/yr is predicted for the Denali fault [Plafker et al.,
1993].
The November 3, 2002 mainshock was followed by an energetic aftershock
sequence which continues to this date. The Harvard centriod moment tensor (CMT)
location and most of the aftershocks indicate an eastward rupture relative to the rupture
initiation given by the USGS Preliminary Determination of Epicenters (PDE). Apparent
disparity between the first-motion focal mechanism of Alaska Earthquake Information
Center (AEIC) and the CMT solution also indicates a substantial reverse component at
the beginning of the rupture (Figure 1). According to the field data, the Denali fault
earthquake produced a 40-km-long surface rupture along the north NNW-dipping Susitna
Glacier thrust fault in the epicentral region and ruptured to the east along the strike-slip
Denali and Totschunda faults. Total surface rupture exceeds 300 km in length with a
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maximum offset of ~9 m [Eberhart-Phillips et al., 2003].
In this study, we have analyzed broadband P waves of this sequence in order to
derive the rupture history and correlate the slip distribution with field data, aftershock
locations and gravity anomalies.

II: DATA ANALYSIS
The source rupture process is examined using vertical component teleseismic P
waves with good azimuthal coverage recorded by the IRIS Global Seismic Network and
other global stations. After the removal of instrument responses, P wave displacements
traces are filtered between 1 and 200 s and modeled using a pulse-stripping method based
on Kikuchi and Kanamori [1982], which allows us to solve for a sequence of subevents
with a fixed focal mechanism. Relative weights of observed records are chosen to
enhance similar sampling from each quadrant and minimize the noise level. Synthetic
seismograms are computed using a simple Earth model including a crustal layer with a
thickness of 35 km and Vp of 6.4 km/s over a half-space with Vp of 8.0 km/s. We tested a
series of half widths for the wavelet-unit trapezoid and found the best fit at 5 s. The
rupture process is represented by dividing the selected fault plane into grids with an
along-strike grid spacing of 10 km and vertical grid spacing of 5 km. Considering the
typical seismogenic depth of continental strike-slip events, moment release is allowed to
occur up to 15 km depth and to vary along the strike.
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III: RESULTS AND DISCUSSION
We first invert P waveforms of the October 23, 2002 Nenana mountain
earthquake recorded at 17 broadband stations. The best fit to the overall waveforms is
obtained by using a nearly pure strike-slip mechanism (strike, dip, rake = 265°, 80°,
178°) obtained from first-motion polarities at all of the stations used in the body-wave
inversion. Results show the largest pulse of moment release within 10 s near the
hypocenter with very little directivity to the west (Figure 2). The calculated total seismic
moment is 1.4 x 1019 Nm (Mw = 6.7). Assuming a rupture length of 30 km and a width of
10 km, which is in agreement with the aftershock distribution, results in an average slip
of 1.5 m.
For the mainshock, we retrieved P waveforms from 24 broadband stations. At the
initial stage, we tested a range of double couple mechanisms in a trial-and-error manner
using nodal planes consistent with observed surface deformation. Inversion results for
reverse mechanisms fit only the initial 30 sec of the P waveforms (Figure 3), and showed
a large pulse of moment release during the first 15 sec near the hypocenter. In contrast,
strike-slip mechanisms with a steep fault produced poor fits to the initial portion (Figure
3) but better fits to the subsequent pulses and resolved the largest episode of moment
release between 40–70 s. In order to increase the level of fit to the complex waveforms,
first-motion polarities recorded in all available teleseismic and regional stations are
analyzed and combined with local network data collected by AEIC. This resulted in a
focal mechanism that fits nearly all the observed first-motion polarities (inset, Figure 1).
The nodal plane, which dips to the north with an oblique component: (strike, dip, rake =
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290°, 60°, 145°) in agreement with the trend of the Denali fault, provides the best fit to
the multi-shock nature with the lowest misfit to the overall waveforms and is thus our
preferred average fault plane. However, variance reduction for the complete length of the
source time function (120 s), is still low (~40%), suggesting a change in mechanism. As
seen in the map view (Figure 4), the surface trace of the Denali fault curves over the
rupture length. This fault geometry implies a space problem at its apex [Redfield and
Fitzgerald, 1993] and is consistent with initial thrusting.
The inversion results show the total source duration is at least 120 s with two
distinct episodes of moment release on asperities (Figure 4). During the initial 15 s,
rupture occurred near the hypocenter with a slight westward propagation and released
nearly one-fourth of the total moment (1.3 x 1020 Nm) along an asperity located 20 km
west of the hypocenter. This initial subevent (Mw = 7.3) can be attributed to thrusting
along the Susitna Glacier fault, where 4.0 of maximum vertical displacement is mapped
[Phillips et al., in press]. Approximately, 10 s after the first asperity failed, the rupture
propagated unilaterally to the east on a strike-slip fault with a relatively fast rupture
velocity (~3.4 km/s). Most of the moment release is contained in an energetic asperity
located 170 km east of the hypocenter, adjacent to the rupture transfer from the Denali
fault to the Totschunda fault, which bifurcates towards the southeast. We contour the
moment release of each grid point for the entire area of the fault (320 km x 20 km) by
imposing boundary condition of zero slip at the lateral edges of the fault plane and
convert to slip by using the area of the largest asperity and its associated moment. This
results in a very smooth version of the slip distribution on the fault, where the maximum
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slip (~8 m) associated with the asperity in the east corresponds well to the largest
horizontal surface offsets (Figure 4). Along the segment between the asperities, moment
release is relatively low regardless of assumed source parameters. Within this region,
only two deep patches of slip are recovered with a poor resolution which do not explain
the measured surface displacements. This suggest the moment release may be smooth and
outside the bandwidth of the P waveforms. The moment pulse between 100–120 s is
robust and appears to be mostly concentrated near the initial subevent, implying a nonuniform rupture history, which might be due to the interaction between Denali and
Susitna Glacier faults.
In general, the overall extent of the rupture agrees with the aftershock locations.
For comparison, relocated aftershocks taken from Ratchkovski et al., (Aftershock
sequence of the Mw 7.9 Denali fault, Alaska, of 3 November, 2002 from the regional
seismic network data, submitted to Seismol. Res. Lett., 2003), are included in this paper.
Foreshock rupture and related seismicity is located in the vicinity of the initial subevent
and may have provided the trigger for the mainshock (Figure 4). Widely distributed
aftershock clusters also indicate a potential for possible triggering of nearby faults that
may explain the aftershock occurrence within the asperities. As an example, aftershocks
that cluster in a 30-km-wide zone near the hypocenter are consistent with activation of
both strike-slip and north dipping thrust faults. Another remarkable aftershock cluster
including the largest aftershock (ML = 5.8) falls in the area adjacent to the asperity in the
east. Particularly interesting is the lack of aftershocks within a 40-km-long segment
centered 45 km east of the hypocenter (Figure 4).
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Correlation of the Bouguer gravity anomalies (USGS-GUMP) with results from
our preferred rupture model shows the relation between moment release distribution and
physical properties of subsurface rock units (Figure 5). In general, the location of
asperities coincides with intense gravity gradients, which may indicate a crustal boundary
between rocks with different densities. Moreover, a distinctive zone of low gravity also
lies between the two asperities where P wave moment release is relatively low. This zone
can be attributed to the weakness of low-density rocks. Indeed, the area marked with the
lack of aftershocks is located inside the same zone and also support the existence of a
weaker middle segment. In this sense, more intensive geophysical and geodetic studies
are needed to understand the spatial heterogeneity along the fault.
We obtain a total seismic moment of 5.02 x 1020 Nm, which gives a moment
magnitude Mw of 7.7. This value is less than the moment magnitude (Mw = 7.9) obtained
by the Harvard CMT using the long-period phases. Using simplified rupture dimensions
(320 km x 15 km), we calculated an average displacement of 3.5 m and an average stress
drop of 4.5 MPa. Even considering a possible under estimation of the total moment given
by our solution, the stress drop is still smaller than typical intraplate events that occur
within plate interiors [Kanamori and Allen, 1996]. For example, the 1987–1988 Gulf of
Alaska oceanic intra-plate events with strike-slip mechanisms (Mw = 7.8; Mw = 7.7) had
short durations (36 and 20 s) and rupture lengths (110 and 40 km) relative to the similar
magnitude Denali fault earthquake, suggesting a possible strength difference between
oceanic and continental lithosphere [Hwang and Kanamori, 1992]. In this respect both
the slip rate and recurrence times for the Denali fault are also not typical for an intraplate
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classification [Scholz et al., 1986] and may indicate less strain hardening.
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Figure 1. Simplified tectonic map of Alaska and western Canada. Distribution of major
active faults is simplified from Plafker and Berg [1994]. Relative plate motion between
Pacific and North American plates is indicated by the arrow. Solid stars indicate locations
of rupture initiation and centroid. Mainshock focal mechanisms are taken from the CMT
catalog, and first-motion solution is given by AEIC. Open star indicates location of the
foreshock, which is plotted with its CMT solution. Our preferred focal mechanism used
for the slip inversion of the Denali fault earthquake is shown in the inset figure with firstmotion polarities. Solid (compression) and open (dilation) circles indicate polarities
observed on regional and teleseismic stations. Plus (compression) and minus (dilation)
signs indicate polarities observed on local stations by AEIC.
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Figure 2. Results of our inversion for the October 23, 2002 Nenana mountain earthquake.
(a) P wave displacement traces (solid lines) plotted with synthetics (dashed lines). (b)
Focal mechanism with first-motion polarities. (c) Source time function. (d) Distribution
of coseismic slip with 10 days of relocated aftershocks (N. A. Ratchkovski, personal
communication, 2003). Star indicates the hypocenter location.
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Figure 3. The plot on the left shows the variance reduction obtained for different time
windows and focal mechanisms with tested focal mechanisms at the top. The dashed line
corresponds to the solutions for the initial 30 s and the solid line for the total event
duration of 120 s. P wave displacement traces (solid) are plotted on the right with
synthetics (dashed) obtained from the inversion using our preferred focal mechanism.
Station names and azimuths are given next to the waveforms.
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Figure 4. (a) Seismo-tectonic map of the rupture area with two months of relocated
aftershocks taken from Ratchkovski et al. [2003]. Aftershocks of the Nenana mountain
earthquake are plotted in yellow. (b) Source time function obtained from the inversion.
(c) Mapped horizontal surface offsets (diamonds) taken from Phillips et al. [2003]. (d)
Distribution of modeled coseismic slip with aftershock locations. Foreshock seismicity is
in black, and aftershocks (M < 4) have no black outline.
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Figure 5. High pass (200 km) Bouguer gravity anomaly map of the rupture area taken
from USGS-GUMP. Star indicates the hypocenter location, white squares outline the
location of asperities, and yellow ellipse outlines the zone of relatively low moment
release.
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I: INTRODUCTION
Continental strike-slip faults are often major sources for seismic hazard, but only
a few large (Mw ≥ 7.5) earthquakes along these faults have been studied with modern
instrumentation. Understanding the nature of such large strike-slip earthquakes may
ultimately help to reveal the underlying mechanics of the rupture process and allow better
strong-motion predictions. The strong directivity associated with some large strike-slip
earthquakes often contributes to increased damage.
Seismic analyses of many large strike-slip earthquakes suggest a multiple-event
nature with complicated space-time functions of slip accommodated by complex sets of
crustal faults (Kanamori and Stewart, 1978; Butler et al., 1979; Kikuchi and Fukao, 1985;
Kikuchi and Kanamori, 1986, 1991). Large non-double-couple (NDC) components of the
long-period source mechanisms and their apparent disparity from first-motion
observations are also explained through the occurrence of subevents on faults generating
different focal mechanisms (Frohlich, 1994; Kikuchi et al., 1993; Antolik et al., 2000).
Recently, two large earthquakes, the 14 November 2001 Kunlun fault earthquake
and the 3 November 2002 Denali fault earthquake, occurred along continental strike-slip
fault zones dominated by oblique convergence (Fig. 1). In this article, we analyze these
two important earthquakes using teleseismic P-wave data to derive a rupture history that
may help us to understand the factors controlling the rupture initiation and complex
behavior of large strike-slip earthquakes. In addition, we compare their source parameters
with other large strike-slip events associated with different tectonic regimes.
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II: TECTONIC SETTING AND SEISMICITY
A. Denali Fault System (Central Alaska)
The 3 November 2002 Denali fault earthquake (Mw 7.9), which was preceded by
a foreshock (Mw 6.7) on 23 October 2002, is the largest inland event ever recorded in
central Alaska. The mainshock nucleated ~20 km east of the foreshock on the northdipping Susitna Glacier reverse fault prior to rupturing more than 300 km to the east on
the right-lateral Denali fault system (Eberhart-Phillips et al., 2003). A maximum rightlateral surface offset of 8.8 m occurred approximately 180 km east of the hypocenter
(Eberhart-Phillips et al., 2003) (Fig. 1A).
Across central Alaska, oblique convergence between the Pacific and North
American plates is mainly partitioned between active subduction along the AlaskaAleutian trench and right-lateral motion along crustal strike-slip faults such as the Denali
fault (Plafker and Berg, 1994) (Fig. 1A). The Denali fault system follows an ancient
suture between accreted lithotectonic terranes with a total displacement of 400 km
(Lanphere, 1978) and displays a curvilinear geometry, implying a space problem at its
apex (Redfield and Fitzgerald, 1993). Based on Holocene displacement, a slip rate of 10
± 2 mm/yr is inferred for the central segment of the Denali fault that varies from east to
west with earthquake recurrence times (Tr) ranging between 400 and 700 years for large
events (M > 7) (Plafker et al., 1993).
Prior to these large events in the fall of 2002, ongoing deformation caused
minimal crustal seismicity along the Denali Fault with the largest event (Mw 5.8)
occurring in 1996. The mechanisms of these earlier events indicated right-lateral motions
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along the Denali fault with the existence of compensating thrust systems as expected in a
transpressive system (Ratchkovski and Hansen, 2002). Although the long-term seismic
behavior of the fault is unknown, historical records and post-earthquake tree damage
indicate a large earthquake (M 7.2) in 1912 that ruptured the Denali Fault (Doser, 2002;
Carver et al., 2004).

B. Kunlun Fault System (Northeast Tibet)
On 14 November 2001, a large earthquake (Mw 7.8) ruptured the left-lateral
Kunlun strike-slip fault system in northeast Tibet and produced an asymmetric surface
rupture toward the east that extends for more than 400 km (Fig. 1B). At the eastern
segment, Xu et al. (2002) measured a maximum left-lateral offset of 7.6 m that is
significantly less than the 16.3 m reported by Lin et al. (2002), which may represent a
cumulative slip of more than one event. The observed surface offset near the hypocenter
indicates a small 30-km-long strike-slip segment separated from the nearly 350-km
segment of the Kunlun fault system by a 45-km-wide extensional step-over graben
system (Xu et al., 2002). Based on the National Earthquake Information Center (NEIC)
location, the earthquake initiated on the 30-km-long strike-slip segment near the
extensional graben. However, there is no clear coseismic surface rupture visible across
most of this 45-km-wide graben that might have occurred during the 2001 earthquake,
but there is evidence of normal faulting marked by northwest-facing scarps with heights
exceeding 1 m along a short extensional strand that bifurcates westward from the main
strand of the Kunlun fault (Xu et al., 2002).
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The Kunlun fault system lies south of the Qiman Tagh active thrust system
separating the Tibetan plateau to the south from the Qaidam Basin to the north. Although
the present state of stress in the plateau is still poorly understood, ongoing motion of the
Indian plate with respect to Siberia indicates convergence rates of up to 40 mm/yr, which
is substantially accommodated within the plateau and its margins (Wang et al., 2001).
Structural mapping and receiver function studies reveal that the active oblique
convergence has led to slip partitioning during which crustal extrusion is taken up by the
Kunlun fault and crustal shortening by a decollement beneath the Kunlun range where the
lithospheric mantle of Asia subducts southward (Meyer et al., 1998; Kind et al., 2002).
Moho offsets detected from double-pulse teleseismic P-wave arrivals (Zhu and
Helmberger, 1998) and strong seismic anisotropy with the fast axis parallel to the Kunlun
fault (McNamara et al., 1994) suggest that the fault zone may extend deep in to the
lithosphere (Lave et al., 1996). The Kunlun fault system is a relatively young (<15 Ma)
structure with a total horizontal displacement of less than 100 km (Yin and Harrison,
2000). Holocene offsets measured along the fault indicate an average slip rate of 11.5 ± 2
mm/yr (Van der Woerd et al., 2002), which is consistent with Global Positioning System
(GPS) data (Wang et al., 2001). Offsets of channels and terraces have been interpreted to
result from the occurrence of characteristic events that seem to be smaller (M~7.5) but
more frequent (Tr~420 years) on the east than on the west (M~8; Tr ~900 years) (Van der
Woerd et al., 2002).
In the region, seismicity is limited to a depth of approximately 15 km and defines
a shallow seismogenic zone, which suggests aseismic deformation for the deeper section
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of the Kunlun fault zone. Overall, the fault-plane solutions imply a consistent pattern of
pure left-lateral strike-slip faulting along the segments with strikes between westsouthwest and north-northwest, oblique normal faulting along northeast–southweststriking planes related to extensional steps, and thrusting along northwest–southeaststriking planes that are located within restraining bends and north of the Kunlun fault
system. Prior to 14 November 2001, two large (M > 7) strike-slip earthquakes had
ruptured neighboring segments of the Kunlun fault (Fig. 1B). In 1937, a M ~ 7 . 5
earthquake produced a 300-km-long surface break that stretches from 96° E to 100° E.
Surface offsets indicated a nearly pure left-lateral mechanism with maximum horizontal
displacements reaching up to 8 m (Molnar and Deng, 1984; Wu et al., 1989). On 8
November 1997 another large (Mw 7.5) earthquake occurred on the westernmost segment
of the Kunlun fault, between 86° E and 90° E, which was previously mapped by
Tapponnier and Molnar (1977). Interferometric synthetic aperture radar (INSAR) results
indicate a rupture length of about 170 km with 7 m of maximum slip (Peltzer et al.,
1999). From inversion of both surface and body waves, Velasco et al. (2000) obtained a
left-lateral strike-slip mechanism similar to the Harvard Centroid Moment Tensor (CMT)
solution and resolved a bilateral rupture that released most of the energy within the first
20 sec near the hypocenter.
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III: BODY-WAVE INVERSION
A. Data and Methodology
We used broadband teleseismic P-wave data recorded by the Global Seismic
Network (GSN) and other stations archived at the Data Managementer Center of the
Incorporated Research Institutions for Seismology (IRIS DMC). For each earthquake, we
modeled more than 20 vertical-component P-wave displacement traces with good
azimuthal coverage and high signal-to-noise ratios. Relative weights of observed records
were chosen to enhance similar sampling from each quadrant and minimize the noise
level. We did not include SH waves in our final results because at some distances the SH
window was contaminated by other phases or the beginning of the SH wave was
emergent and difficult to pick. We picked the first-motion P arrivals on the velocity
traces and used that timing to align the data for the analysis. After the removal of the
instrument responses, the data were integrated to displacement and bandpass filtered
between 1 and 100 sec. Synthetic Green’s functions were computed by using simple
velocity models over a half-space including a crustal layer with a thickness of 35 km for
central Alaska and 70 km for northern Tibet with a P-wave velocity (Vp) of 6.4 km/sec.
We accounted for geometrical spreading and corrected for the attenuation time constant
of tp* = 1 sec. Individual point sources were represented by a ramp time history, which
fits the data best.
The inversion algorithm used in this study is based on a pulse-stripping method
developed by Kikuchi and Kanamori (1982), which was later extended for variation in
subevent mechanisms (Kikuchi and Kanamori, 1986, 1991). This method is also similar
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to the technique used by Lin et al. (2003) in a recent study of the Kunlun fault
earthquake. By applying a multitime window inversion to the data, we derived the
source-time function and the moment-release distribution along a fixed fault plane. Each
pulse of moment release is located relative to the hypocenter on the prescribed fault plane
with a given grid spacing. Moment release was allowed to occur within shallow crustal
depths above 15–20 km and to vary along strike for several hundred kilometers. The
moment, lag time, and location of the each subevent were determined with a positivity
constraint, in order of decreasing moment, by minimizing the squared misfit between the
observed residual and synthetic waveforms for all the stations simultaneously. This
means that the reliability of solutions decreases in later iterations when misfits may
eventually be compensated by "filling in" the fault plane with smaller subevents (Young
et al., 1989). The rupture velocity is not assumed but rather can be determined based on
the timing and location of the pulses of moment release. We did impose a maximum
rupture velocity of 4.5 km/sec for each inversion. We performed tests using different
fault dimensions, grid spacings, and time windows, and we obtained very small variations
in the spatial and temporal moment release for the largest subevents. For example, grid
spacing on the prescribed fault of 5 or 10 km gave similar results. We estimate that our
spatial resolution is at best 10–15 km. The observed moment pulses on each grid point
were contoured by applying a smoothness constraint and then converted to slip by using
the area of the largest asperity and its associated moment. During this step, we imposed
zero slip at the lateral edges but free boundary conditions at the top and bottom of the
fault plane.
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As discussed by Kikuchi and Kanamori (1991), once the mechanism of the
subevents are allowed to vary during each iteration, the inversion becomes unstable due
to the increase in the number of free parameters and results in a strong trade-off between
timing, location, and focal mechanism of subevents. If no constraints are imposed on the
focal mechanism, the solution becomes nonunique with many local minima of error and
can be very path dependent (Young et al., 1989; Kikuchi and Kanamori, 1991). The best
way to eliminate this problem is to introduce constraints from other studies including
strong-motion, surface-wave, geodetic, and geological data.
A discrepancy between first-motion polarities and the long-period focal
mechanisms (Harvard CMT), significant changes in the surface offsets, and the dominant
dip-slip mechanisms of some aftershocks illustrate the complex rupture characteristics of
both the Denali fault and Kunlun fault earthquakes. Our initial attempts to invert the
entire waveforms with a single mechanism showed that the initial portion of the P waves
cannot be fit. A close look at the waveforms revealed a multiple-event nature in each
case, which is characterized by an initial pulse followed by a much larger, later arrival.
Amplitude ratios, and at some stations, polarity reversals between these two separated
pulses, suggested a change in radiation pattern that can only be explained by composite
rupture models involving a change in mechanism during the rupture.
To stabilize the inversion and at the same time to account for the smaller pulses
with different source mechanisms, we focused on the initial complex portion of the
waveforms. We tested a large range of double-couple mechanisms in a trial-and-error
manner by determining the best slip model for each assumed mechanism (using the first
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30–35 sec) and identified mechanisms that resulted in an improvement in the fit to the
initial part of the P waveforms. The inversion duration was selected to enhance the
waveform fit to the initial pulses and related depth phases. After we found a fault plane
that improved the fit to the first 30–35 sec of data, we removed its contribution and
inverted the residual waveforms for the total event duration (120 sec) using a fixed strikeslip mechanism that provides the lowest overall misfit to the data. At each step, the
goodness of fit was estimated by the variance reduction (the squared sum of residual over
the data power, subtracted from the perfect fit) and showed significant improvement for
composite models. It is possible to implement more complex models with late-arriving
pulses, but without a clear notion of the onset time and location, their contribution will be
biased with somewhat arbitrary mechanisms, and in most cases resolution is not adequate
to confirm their existence. We describe our results for each earthquake in the following
sections.

B. The 2002 Denali Fault Earthquake
The 2002 Denali fault earthquake (Mw 7.9) is the largest recorded strike-slip
earthquake to occur in central Alaska. The P-wave first-motion focal mechanism
indicates that the rupture started as a thrust event, whereas the long-period Harvard CMT
solution indicates a predominately strike-slip rupture (Fig. 2A). The mapped surface
offset agrees with these results and shows an initially small thrust rupture followed by a
much larger strike-slip rupture. Our initial study to model the P-wave displacement traces
with a predominantly strike-slip mechanism showed significant misfit in the initial 35
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sec, although it did a good job explaining the traces after 35 sec (Ozacar et al., 2003). To
understand the rupture initiation, we inverted for slip using different assumed fault-plane
orientations for the initial 35 sec of the rupture as shown in Figure 2B. We find that the
best-fitting result is for a subevent (Mw 7.3) with an almost pure thrust mechanism (strike
slip, rake: 275°, 35°, 95°). The thrust fault plane gave a much better fit to the data than a
strike-slip mechanism for the initial 35 sec (Fig. 2B). This subevent has a well-resolved
pulse within the first 20 sec followed by a poorly resolved minor pulse, and it ruptured a
40-km-long fault segment (Figs. 2C and 3). We conclude that a thrust component is
required by the teleseismic P-wave data to explain the early part of the rupture. The slip
distribution resulting from a thrust mechanism shows an asperity (asperity 1 in Fig. 3)
centered approximately 10 km east of the hypocenter where few aftershocks occurred
(Fig. 3). The best-fitting fault plane with a 35° dip to the north corresponds well with the
Susitna Glacier thrust fault, where 4.0 m of maximum vertical displacement was mapped
(Eberhart-Phillips et al., 2003).
After removing the thrust component from the P-wave displacement traces, the
residual waveforms were modeled for the total event duration (120 sec) (Figs. 2 and 3).
As shown in Figure 2B, the overall fit was better for a strike-slip mechanism that agrees
with both the CMT solution and right-lateral surface offsets mapped across the Denali
and Totschunda faults (Fig. 2B). The best fit was obtained by using a fault plane (strike,
dip, rake: 295°, 55°, 170°) that suggests a dipping structure at depth consistent with
oblique convergence (Fig. 2C). Our final model is shown in Figure 3. Strike-slip faulting
started along the Denali fault just after the thrusting and propagated unilaterally to the
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east with an average rupture velocity of 3.2 km/sec. Our rupture velocity is similar to the
rupture velocity of 3.3 km/sec determined by Dreger et al. (2004) using regional
waveforms. The strike-slip part of the earthquake ruptured nearly 300 km in length with a
moment magnitude of Mw 7.7. In our final model the largest episode of moment release
(50–60 sec after rupture initiation) was contained in an energetic asperity (asperity 2 in
Fig. 3) centered 150 km east of the hypocenter where right-lateral slip reached up to 8–9
m (Fig. 3). The location and maximum slip of this large asperity correlate well with large
surface offsets. We observe low levels of seismic moment release between the two
asperities that is difficult to resolve with the P waveforms. In contrast, the surface offset
of 2–5 m along this region of the Denali fault is larger than we modeled with the
teleseismic data.
The total seismic moment of our composite source model is 5.57 x 1020 N m (Mw
7.8) and agrees well with the moment calculated from strong-motion and GPS data
(Eberhart-Phillips et al., 2003; Hreinsdóttir et al., 2003) but is lower than the long-period
CMT solution (Mw 7.9). This event has a combined rupture length of 340 km. In general,
the extent of the entire rupture is consistent with the distribution of relocated aftershocks
(Ratchkovski et al., 2003). The overall slip distribution and aftershock mechanisms are
heterogeneous and suggest irregular conditions, such as the fault strength along the
rupture zone. The zone of low seismic moment release just east of the hypocenter
coincides well with the lack of aftershocks. Based on the spatial correlation of low
bouguer gravity anomalies (Ozacar et al., 2003) and fault-normal compression
(Ratchkovski, 2003), this particular segment has been suggested to be weak.
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C. The 2001 Kunlun Fault Earthquake
The complex P waveforms of the Kunlun fault earthquake also suggest two
distinct moment pulses. Although the initial pulse is small and not significant with
respect to the total moment release, it acts as the source of discrepancy observed between
the first-motion mechanism and the centroid solution and is a key feature to
understanding the initiation of rupture (Fig. 4). In this case the first motion is a left-lateral
strike-slip mechanism, and the CMT solution has an oblique normal component (Fig. 4).
We could not adequately fit the initial 20–30 sec of the P-wave displacement traces with
either the first-motion focal mechanism or the CMT solution. We performed a grid search
over a large range of fixed fault planes to determine the best-fitting double-couple
mechanism for the first 30 sec of the P waveforms as shown in Figure 5A. We show two
possible source models for the initial 30 sec (Fig. 5). In our one-subevent model we find
the best fit to the data with an oblique focal mechanism having a normal fault component
(strike, dip, rake: 255°, 40°, –30°) that results in the majority of the slip 20 km east of the
hypocenter (Fig. 5A,B). The oblique normal fault plane clearly fits the data much better
than a pure left-lateral strike-slip fault plane (Fig. 5A). However, based on the surface
offset, there is a left-lateral strike-slip fault segment west of the hypocenter and an
extensional graben with normal fault offsets to the east (Xu et al., 2002). In addition, the
P-wave first motions indicate a strike-slip mechanism for rupture initiation. Hence, in our
two-subevent model we allowed for two possible fault planes during the first 30 sec of
rupture. The two-subevent model, which we determined based on trial-and-error
modeling with both strike-slip and normal-fault mechanisms, provides a slightly better fit
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to the waveforms than the one-subevent case with a single oblique focal mechanism (Fig.
5A). In the two-subevent case the inversion results indicate strike-slip faulting (Mw 6.9)
(strike, dip, rake: 95°, 75°, 15°) along a 30-km-long fault segment located west of the
Taiyang Lake, and normal faulting (Mw 6.8) (strike, dip, rake: 250°, 40°, –40°) along a
40-km-long segment of a northwest-dipping fault located within the extensional stepover. This model suggests a bilateral rupture, in that faulting is occurring on both faults at
the same time but in different locations. Based on the teleseismic P-wave data alone we
cannot uniquely distinguish between these two models (one-subevent or two-subevent).
However, the slip distributions of the two-subevent model agree well with the mapped
surface geology and with the Kunlun fault rupture initiating at the intersection of the
strike-slip segment and the extensional graben (Xu et al., 2002). We agree with Antolik
et al. (2004) that the Kunlun fault earthquake likely did rupture across the extensional
graben at depth even though there is a gap in surface offset across part of the graben.
Once the initial pulse was modeled, we removed it from the data and inverted the
residual waveforms for the total event duration (120 sec) by testing a series of doublecouple mechanisms. There is very little difference in the residual waveform by using the
one-subevent or two-subevent model. The results we show are for removing the twosubevent model largely based on the surface offset. The best fit was obtained with a leftlateral strike-slip mechanism having a fault plane (strike, dip, rake: 95°, 70°, –15°) that is
consistent with the Harvard CMT solution and suggested a southward dip for the Kunlun
fault (Fig. 6). According to the inversion results, the observable moment release along the
strike-slip portion of the Kunlun fault began 40 sec after the first P-wave arrival and
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propagated eastward in a unilateral fashion with an average rupture velocity of 3.4
km/sec. We do not prescribe the rupture velocity but rather determine it based on the
location and timing of the major pulse of moment release. This subevent ruptured a 350km-long segment with a moment magnitude of Mw 7.7. The largest episode of moment
release (65–80 sec) was contained in an energetic asperity centered 240 km east of the
hypocenter, where left-lateral coseismic slip reached up to 9 m and surface offset reached
nearly 8 m (Fig. 7). The average rupture velocity (3.4 km/sec) found in this study is
similar to that obtained from Lin et al. (2003) of 3.4 km/sec and from Antolik et al.
(2004) of 3.6 km/sec using similar body-wave data. This high rupture velocity found by
all three studies is approaching the S-wave velocity in the crust but it is not as high
(3.7–3.9 km/sec) as observed by Bouchon and Vallee (2003) using surface waves.
The overall pattern of slip distribution correlates well with the field observations
(Xu et al., 2002). There is very good agreement of our largest asperity location and slip
with the maximum surface rupture (Xu et al., 2002). We resolve very little slip on the
Kunlun fault between the normal fault component and approximately 150 km to the east.
In contrast, there is as much as 2–4 m of surface offset along this region of the fault. Our
composite source model gives a combined rupture length of 420 km and a total seismic
moment of 4.55 x 1020 N m (Mw 7.7), which is slightly less than the long-period CMT
solution (Mw 7.8). The location and timing of the largest asperity we identify (centered
240 km east of the hypocenter) is also very similar to the Antolik et al. (2004) study (250
km) but slightly further east than the Lin et al. (2003) study (220 km). Similar to the
Denali fault earthquake, the Kunlun fault slip distribution is heterogeneous and suggests
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weaker faulting on the western section between the hypocenter and the major asperity.
Most of the aftershocks clustered near the eastern tip of the fault where the fault
bifurcates. For such a large event, very few aftershocks were recorded and the majority of
them had thrust or normal mechanisms, revealing heterogeneous postevent stress
conditions along the rupture zone.

IV: DISCUSSION
During the early twentieth century, large continental strike-slip earthquakes
contributed dramatically to seismic hazard (1906 San Francisco, Mw 7.8; 1939 Erzincan,
Mw 7.7; 1950 Assam, Mw 8.1), but few of them have been analyzed in detail because of
limited data. In this respect, the Denali fault (Mw 7.9) and Kunlun fault (Mw 7.8)
earthquakes stand out as being the two largest continental strike-slip events recorded by
modern instrumentation. Body-wave inversion technique reveals very complex rupture
histories for both earthquakes that include focal mechanism changes in the vicinity of the
rupture nucleation and then major unilateral propagation along an anomalously long
rupture zone with slip heterogeneity. In both cases the rupture nucleated on smaller faults
before rupturing the main segment. The largest asperities and largest slip occurred more
than 100 km from the rupture initiation for both earthquakes. Both earthquakes had very
high apparent average rupture velocities of 3.2 km/sec and 3.4 km/sec for the Denali fault
and Kunlun fault earthquakes, respectively. Both earthquakes occurred along faults that
follow previous suture zones exhibiting different material properties on either side of the
fault. One of the most striking features about both these earthquakes is the strong
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directivity and the long fault rupture. To infer the factors controlling directivity and
rupture size, we compared source parameters of large strike-slip earthquakes worldwide
to identify other strike-slip earthquakes with large unilateral ruptures and strong
directivity.

A. Directivity
We searched the global catalogs for other large strike-slip earthquakes that have
unilateral ruptures. Theoretically, the hypocenter derived from onset times of highfrequency P waves and the centroid obtained from analysis of long-period seismograms
represent different characteristics of the earthquakes: the rupture initiation point and
center of the total slip distribution, respectively (Smith and Ekström, 1997). For a large
earthquake, unilateral rupture with the largest moment release far away from the
hypocenter should produce the highest location shift compared with bilateral strike-slip
events of similar magnitude (Fig. 8A). For example, the Kunlun fault and Denali fault
earthquakes have a spatial separation of 214 and 139 km, respectively, between their
NEIC and centroid locations (Table 1). To identify other strike-slip earthquakes with
large unilateral ruptures, the location shift between the hypocenter and centroid was
calculated for all shallow (≤35 km) strike-slip events of Mw ≥ 6.5 that are reported in the
CMT and NEIC catalogs between 1976 and 2002. In practice, both location estimates
have significant uncertainties, in part, related to lateral heterogeneity of the Earth (Smith
and Ekström, 1996). To reduce the error in the data set, earthquakes for which the
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location shifts are inconsistent with the CMT solutions and tectonic setting were
excluded.
In addition to the Denali fault and Kunlun fault earthquakes, we identified seven
other earthquakes with unilateral ruptures (Table 1). All seven of the earthquakes are
oceanic transform events that have smaller magnitudes (6.5 ≤ Mw ≤ 7.0) than the Denali
fault and Kunlun fault earthquakes and location shifts of 60 to 134 km between the
rupture initiation and the centroid location (Table 1, Fig. 8B). Among the plate-boundary
tectonic setting, oceanic transform faults are of particular interest for this study because
they are characterized by two different ages of material on either side of the fault trace.
This difference parallels both the Denali fault and Kunlun fault settings. Simulations of
dynamic rupture indicate the contrast in elastic properties and fault segmentation as two
alternative explanations for the predominance of unilateral rupture (Cochard and Rice,
2000; McGuire et al., 2002). In the absence of complex preexisting structural controls,
material-property contrast provides a more likely explanation for the rupture directivity
along transform faults. In contrast, both Denali and Kunlun faults display complex fault
geometries along ancient suture zones that suggest rupture directivity may be a result of
both fault segmentation and material contrasts across the fault.

B. Scaling Relations: A Global Review
Scaling of source properties for such large earthquakes is a very important issue
for estimating the maximum possible earthquake size for a given region. Hence, we
evaluate these two earthquakes with respect to scaling relations for large strike-slip
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events globally. Scatter in the global data set has led to a long-lasting debate on whether
slip grows with the length or width of the fault (Scholz, 1982; Romanowicz, 1992). It is
now widely recognized that sufficiently large crustal earthquakes rupture the entire width
of the seismogenic layer and grow only in one dimension. For very long ruptures, this
theory predicts a rollover to constant slip (Bodin and Brune, 1996; Scholz, 1994) that
agrees with new results from numerical modeling (Shaw and Scholz, 2001).
Until now, the scatter in the present global data set of strike-slip earthquakes has
been largely explained in terms of systematic variations between different tectonic
environments by distinguishing two classes of events. Most commonly, this distinction is
made on the basis of plate boundaries (interplate versus intraplate) (Kanamori and
Anderson, 1975; Scholz et al., 1986) and recently made in terms of crust types (oceanic
versus continental) (Romanowicz and Ruff, 2002). Although such distinctions capture the
first-order effects, there is still a considerable amount of scatter. In this study, large
strike-slip earthquakes with reasonably well-defined source parameters (Table 2) were
classified on the basis of their location with respect to plate boundaries and plate types
into three categories: interplate, continental intraplate, and oceanic intraplate events (Fig.
9). We assumed a width of 15 km if no detailed studies of the seismogenic zone were
available.
Despite the uncertainties, each category is characterized by distinct patterns in
terms of source parameters, indicating that stresses are low for interplate, moderate for
continental intraplate, and high for oceanic intraplate events (Fig. 10). In this respect,
events associated with the Denali and Kunlun faults are anomalous and have an interplate
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signature rather than a continental intraplate signature. This overall weak fault behavior
may be attributed to the strain-softening processes induced from preexisting suture zones.

V: CONCLUSIONS
Both the 2002 Denali fault and 2001 Kunlun fault earthquakes nucleated along
small adjacent faults before propagating predominately unilaterally to the east along the
main strand of a major strike-slip fault for hundreds of kilometers. Both earthquakes
released most of their seismic moment along slip patches or asperities far from the
hypocenter locations. Hence, these earthquakes did not initiate at the dominant asperity
but rather the ruptures nucleated on smaller adjacent faults. The 3 November 2002 Denali
fault earthquake began with initial thrusting (Mw 7.3) along a 40-km-long segment of the
north-northwest-dipping Susitna Glacier fault and later ruptured a 300-km-long segment
along the Denali and Totschunda faults with a right-lateral strike-slip mechanism (Mw
7.7). In contrast, the 14 November 2001 Kunlun fault earthquake nucleated along an
extensional step-over with a bilateral rupture of a subevent pair consisting of 30-km-long
strike-slip (Mw 6.9) and 40-km-long normal (M w 6.8) faulting. The Kunlun fault
earthquake then ruptured a 350-km-long segment along the Kunlun fault with a leftlateral strike-slip mechanism (Mw 7.7). The largest asperities and hence the largest
moment release for both earthquakes occurred far from the rupture nucleation and
corresponds well with the location and magnitude of the mapped surface offset.
To identify other strike-slip earthquakes with large unilateral ruptures, the
location shift between the hypocenter and centroid was calculated for all shallow (≤35
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km) strike-slip events of Mw ≥ 6.5 that are reported in the CMT and NEIC catalogs
between 1976 and 2002. We identified seven additional strike-slip earthquakes that
showed large location shifts between the hypocenters (NEIC) and centroids (CMT). All
seven of these events were on oceanic transform faults. For these oceanic transform
events the most likely reason for the long unilateral rupture propagation is the material
contrasts (different age lithosphere) across the fault. For the Denali and Kunlun events,
the preference of unilateral rupture may be due to both fault segmentation and material
contrast across the fault.
Classification of large strike-slip earthquakes in terms of plate boundaries and
crust types explains the observed scatter in source parameters and indicates that stresses
are low for interplate, moderate for continental intraplate, and high for oceanic intraplate
events. The Denali fault and Kunlun fault earthquakes correlate best with interplate
events and thus appear to have ruptured relatively weak faults.
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Table 1. Source parameters of large unilateral strike-slip earthquakes.
Epicenter (NEIC-PDE)*

Centroid (CMT catalog)

Year Month Day Long. (º) Lat. (º) Depth (km) Long. (º)
1978
1980
1992
1994
1995
1995
1995
2001
2002

5
12
12
3
5
5
9
11
11

29
17
26
14
23
26
17
14
3

-79.41
-129.50
-19.29
-24.12
-3.15
57.93
66.63
90.54
-147.69

-44.86
49.48
-0.56
-1.39
-56.10
12.13
-17.25
35.95
63.74

33
10
27
10
10
10
10
10
10

-81.00
-130.54
-18.76
-23.03
-2.14
57.55
66.06
92.91
-144.96

Lat. (º)
-45.20
49.37
-0.09
-0.88
-55.89
11.75
-17.27
35.80
63.42

Location

Mo (Nm)
18

5.89 x10
1.40 x 1019
1.74 x 1019
4.11 x 1019
1.48 x 1019
6.08 x 1018
6.41 x 1018
5.90 x 1020
7.65 x 1020

Mw
6.5
6.7
6.8
7.0
6.7
6.5
6.5
7.8
7.9

*NEIC-PDE, National Earthquake Information Center-Preliminary Determination of Epicenter.

Shift (km)
131
76
79
134
67
60
60
214
139
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Table 2. Source parameters of large (M0 > 1020 Nm) strike-slip earthquakes.
Type Location

Date

M0

L

W

D

Ref.

A
Fort Tejon (CA)
09-Jan-1857
7.00
380
12
5.1
1
A
San Francisco (CA)
18-Apr-1906
7.90
432
12
5.1
2
A
Erzincan (Turkey)
26-Dec-1939
4.50
350
12
3.6
1
A
Kastamonu (Turkey)
26-Nov-1943
2.60
280
14
2.2
2
A
Bolu (Turkey)
01-Feb-1944
2.40
175
12
3.8
1
A
Queen Charlotte (AK)
22-Aug-1949
11.00
440
15
5.6
1
A
Lituya Bay (AK)
10-Jul-1958
5.10
350
12
4.0
2
A
Sitka (AK)
30-Jul-1972
4.00
180
15
4.9
1
A
Guatemala
04-Feb-1976
3.10
257
13
3.1
2
A
Eureka (CA)
08-Nov-1980
1.12
120
15
2.1
3
A
New Zealand
25-May-1981
2.74
190
15
3.2
3
A
New Guinea
08-Feb-1987
1.11
90
15
2.7
3
A
Fiji Island
03-Mar-1990
3.01
220
15
3.0
3
A
Izmit (Turkey)
17-Aug-1999
1.70
135
12
3.5
4
B
Owens Valley (CA)
26-Mar-1872
2.90
108
15
6.0
2
B
Nobi (Japan)
27-Oct-1891
1.50
80
15
4.2
1
B
Kansu (China)
16-Dec-1920
12.00
220
20
9.1
2, 5
B
Kuyun (China)
10-Aug-1931
8.50
180
20
7.9
2, 5
B
Changma (China)
25-Dec-1932
2.80
116
15
5.4
2, 5
B
Assam (China)
15-Aug-1950
20.00
400
20
8.3
5
B
Darjung (China)
18-Nov-1951
4.60
200
10
7.7
2, 5
B
Gobi (Mongolia)
04-Dec-1957
18.00
300
20
10.0
2, 5
B
Luhuo (China)
06-Feb-1973
1.80
90
13
5.1
2, 5
B
Tangshan (China)
27-Jul-1976
1.76
70
24
3.5
2
B
Rudbar-Tarom (Iran)
20-Jun-1990
1.47
90
15
3.6
2
B
Luzon (Philippines)
16-Jul-1990
4.60
120
20
6.4
2
C
West Irian
12-Sep-1979
2.37
80
15
6.6
3
C
Alaska
30-Nov-1987
7.27
140
15
11.5
6
C
Alaska
06-Mar-1988
4.87
110
15
9.8
6
C
Macquarie Island
23-May-1989
15.00
220
20
11.4
7
C
Balleny Island
25-Mar-1998
17.00
320
15
11.8
8
C
SE Taiwan
03-May-1998
1.83
60
15
6.8
9
C
Ceram Sea
29-Nov-1998
4.48
90
15
11.1
9
C
Sulawesi
04-May-2000
2.44
70
15
7.7
9
C
S. Indian Ocean
18-Jun-2000
7.35
80
30
10.2
10
C
New Ireland
16-Nov-2000
15.60
180
30
9.6
11
C
Banda Sea
19-Oct-2001
1.86
65
15
6.4
12
C
Irian Java
10-Oct-2002
2.62
70
15
8.3
12
KF
Kunlun (Tibet)
07-Jan-1937
5.00
300
15
3.7
5
KF
Mayi (Tibet)
08-Nov-1997
2.40
170
15
3.1
13
KF
Kunlun (Tibet)
14-Nov-2001
4.55
420
15
2.4
14
DF
Denali (AK)
03-Nov-2002
5.57
340
15
3.6
14
References: (1) Fujii and Matsu'ura (2000); (2) Wells and Coppersmith (1994); (3) Pegler and Das
(1996); (4) Reilinger et al. (2000); (5) Molnar and Deng (1984); (6) Lahr et al. (1988); (7) Das
(1993); (8) Antolik et al. (2000); (9) Romanowicz and Ruff (2002); (10) Abercrombie et al.
(2003); (11) Yagi and Kikuchi (2000); (12) Moment from CMT solution and length from
aftershock distribution as given by NEIC catalog; (13) Peltzer et al. (1999); (14) Results of this
study. M0 (moment) in 1020 Nm, D (displacement) in meters, L (length) and W (width) in
kilometers. Displacement is determined using formula M0 = µLWD where µ = 3 x 1011 dyn/cm2.
Constant rupture width of 15 km is assumed for the ones, which are unknown (marked with italic
characters). A: Interplate, B: Continental Intraplate, C: Oceanic Intraplate, KF: Kunlun fault, DF:
Denali fault, CA: California and AK: Alaska.
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Figure 1. Simplified tectonic maps of our study areas a) Alaska-western Canada, and b)
Himalayan-Tibetan orogen. The arrows indicate relative plate motions. The surface
ruptures for each large earthquake are shown by dashed lines. The P-wave first motion
mechanisms, CMT mechanisms and corresponding locations are shown as solid stars.
The location of the foreshock (October 23, 2002) that occurred on the Denali fault, and
large strike-slip earthquakes in 1937 and 1997 that occurred along the Kunlun fault are
shown as open stars. CMT mechanisms and first-motion solutions of the Denali fault and
Kunlun fault earthquakes are plotted in black. The first-motion mechanism of the Denali
fault earthquake given by AEIC is based on data recorded on local stations. The firstmotion mechanism for the Kunlun fault earthquake is based on teleseismic data.
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Figure 2. a) The observed P-wave first-motion polarities of the Denali fault earthquake,
plotted with the focal mechanism determined by AEIC (based on data recorded on local
stations). The average focal mechanism used by Ozacar et al. (2003) is also plotted with
dashed lines. The initial portions of the velocity traces are also shown with first-motion
picks indicated with arrows. Solid (compression) and open (dilation) circles indicate
polarities observed on regional and teleseismic stations. Plus (compression) and minus
(dilation) signs indicate polarities observed on local stations by AEIC. b) Variance
reductions obtained for different time windows and focal mechanisms. The dashed line
corresponds to the solutions for the initial 35 s and the solid line for the total event
duration (120 s) using residual waveforms. c) P-wave displacement traces (solid) plotted
with synthetics (dashed) obtained from the inversion using focal mechanisms with the
highest variance reduction for each subevent. Amplitudes are scaled to the largest
amplitude trace. The synthetic seismograms correspond to our preferred model shown in
Figure 3.

62

Figure 3. Map of the rupture area associated with the Denali fault earthquake with the
observed horizontal surface displacements (Eberhart-Phillips et al., 2003) and our
preferred source model (subevent mechanisms, source time functions and slip
distributions). The slip angle (rake) is fixed according to the fault plane solutions of the
subevents obtained from the inversion. Relocated aftershocks (two months) are taken
from Ratchkovski et al. (2003). Foreshock and aftershock mechanisms are from the CMT
catalog. Black stars indicate the hypocenter location.
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Figure 4. a) The observed P-wave first-motion polarities and corresponding doublecouple focal mechanism for the Kunlun fault earthquake plotted on a focal sphere. The
initial portions of the P-wave velocity traces are also shown. First-motion picks are
indicated with arrows. Stations showing compressional first motions are plotted as solid
circles and those showing dilatational first-motions as open circles. Station GUMO is
nodal to the fault plane with a very small first-motion and station COCO is too noisy to
be reliably picked. b) P-wave first motion polarities, plotted with the long period CMT
solution. Polarities of stations with azimuths between 90º and 270º (e.g., PMG, CTAO,
LBTB, MBAR, ATD, BGCA etc.) do not fit the CMT solution.
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Figure 5. Results from our study of the initial 30 s of the 2001 Kunlun fault earthquake.
a) Variance reductions obtained for the first 30 s of the P-waves using one-subevent with
a fixed fault plane (solid line) and for our preferred two-subevent model with two focal
mechanisms (star). Note the improved fit using an oblique normal fault focal mechanism
compared to a strike-slip mechanism. b) Summary of our spatial and temporal inversion
results for the initial 30 s of rupture of the Kunlun fault earthquake. A map view of the
western section of the Kunlun fault is shown at the top with the extent of the surface
rupture (Xu et al., 2002) shown by dashed lines. Fault plane solutions, slip distributions
and source time functions obtained for one-subevent and two-subevent models are shown
at the bottom. Stars represent the hypocenter location and arrows point to the inferred
rupture direction based on directivity. c) P-wave displacement traces (solid) plotted with
synthetics of one-subevent (dashed) and two-subevent (grey) models. Amplitudes are
scaled to the largest amplitude trace.
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Figure 6. a) Variance reductions obtained by testing different focal mechanisms to fit the
residual waveforms (after removing the subevents in the initial 30 s) for the Kunlun fault
earthquake. We tested a large range of fault planes but show the variance reduction of a
limited range of fault planes around our preferred mechanism. b) P-wave displacement
traces (solid) plotted with synthetic traces (dashed) generated by using our preferred
model as shown in Figure 7 (the two-subevent model for the initial 30 s of rupture and
the strike-slip fault plane solution with highest variance reduction for the total event
duration). Amplitudes are scaled to the largest amplitude trace.
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Figure 7. Map of the rupture area associated to the Kunlun fault earthquake with
horizontal surface displacements (Xu et al., 2002) and our preferred source model (focal
mechanisms, source time functions and slip distribution of the main event). Slip angle
(rake) is fixed according to the fault plane solution of the main event obtained from the
inversion. Aftershock locations are from USGS-NEIC and aftershock mechanisms are
from CMT catalog. Black stars indicate the hypocenter location.
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Figure 8. a) Moment release versus distance from the initial break for simple unilateral,
simple bilateral, and asymmetric unilateral ruptures (after Smith and Ekström, 1997). b)
Global locations and CMT solutions of large (Mw ≥ 6.5) strike-slip earthquakes shallower
than 35 km depth reported during the years 1976 - 2002 that show large (≥ 60 km) spatial
separation between hypocenter (NEIC) and centroid (CMT) locations and inferred
directivities consistent with tectonic setting and focal mechanisms. Arrows point to the
inferred directivity, and solid lines represent the plate boundaries.
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Figure 9. Maps showing the epicenter distribution of large crustal strike-slip earthquakes
used in this study. Locations of events earlier than 1975 are taken from references listed
in Table 2 and NEIC bulletins. For recent events, we used centroid locations and CMT
solutions. Earthquakes are classified into three major categories (interplate, continental
intraplate and oceanic intraplate) based on their epicenter locations and relationship with
the major plate boundaries.
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Figure 10. Plots of scaling relations for large crustal strike-slip earthquakes. Lines of
equal stress drop (dashed) are calculated for a fault width (W) of 15 km by using Mo =
µLWD and ∆σ = 2µD/πχ where Mo = seismic moment, µ = 3 x 1011 dyne/cm2, L =
rupture length, D = average displacement, ∆σ = stress drop, and χ (characteristic length)
= 2LW/2W+L (Shaw and Scholz, 2001). a) Rupture length as a function of seismic
moment. b) Rupture Area (length x width) as a function of seismic moment. c) Linear
plot of displacement versus rupture length. d) Radiated energy (Er) - seismic moment
(Mo) ratio and apparent stress (∆σa) plotted as a function of Mo and moment magnitude
(Mw). Broadband radiated energy (Er) measurements are taken from USGS-NEIC.
Apparent stress is calculated by using ∆σa = µEr/Mo.
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I: INTRODUCTION
The Tibetan plateau is composed of terranes amalgamated along roughly E-W
trending sutures [Yin and Harrison, 2000] that was subsequently thickened to its present
day crustal thickness of ~65 km and uplifted to a mean elevation of ~5 km. The Late
Jurassic age Bangong-Nujiang suture (BNS) between the Qiangtang and Lhasa terranes
in central Tibet, marks the location of south-to-north variation between the seismically
fast, rigid Indian lithosphere and seismically slow, weak Asian lithospheric mantle with
increased seismic attenuation [Barazangi and Ni, 1982] and strongly developed shear
wave anisotropy [McNamara et al., 1994]. Seismic tomography of the upper mantle in
this region, revealed a subvertical high velocity zone beneath the northern Lhasa terrane
that probably represents the front of detaching Indian mantle lithosphere [Tilmann et al.,
2003]. Based on seismic reflection and refraction data, Zhao et al. [2001] presented a
velocity model with a 65 ± 5 km thick crust beneath central Tibet that is similar to
receiver function (RF) results [Kind et al., 2002].
Seismicity in the region is mainly confined to the upper crust with extension on
north trending rifts and slip on conjugate strike-slip faults that probably accommodate
eastward spreading of Tibetan crust [Langin et al., 2003; Taylor et al., 2003]. Shear wave
splitting results showed a strong polarization anisotropy with fast directions varying from
E-W to NE-SW beneath the Qiangtang terrane that emerges over a short distance near the
BNS with large split times [Huang et al., 2000]. The strong coherent anisotropy in the
north was mainly interpreted in terms of eastward flowing upper mantle, but the sudden
occurrence of large anisotropy near the BNS was argued as evidence of significant crustal
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anisotropy that formed due to strain localization along a lithosphere-penetrating
transcurrent shear zone between India and Asia [Huang et al., 2000]. In this paper, we
used teleseismic data recorded by the INDEPTH III array spread NNW-SSE across
central Tibet (Figure 1), and analyzed the azimuthal dependent variations on RFs at some
selected stations to image the crustal structure beneath the suture with constraints on
seismic anisotropy and dipping interfaces that help us to distinguish current deformation
from fossilized fabrics of older tectonic events and constrain plausible mechanisms of
crustal deformation.

II: RECEIVER FUNCTIONS AT BNS
RFs are typically teleseismic P waveforms that are source-equalized by
deconvolving the vertical from the horizontal components and contain isolated P to S
conversions produced at seismic impedance contrasts beneath the recording station
[Burdick and Langston, 1977]. To image the crustal structure across the BNS, we used
over 500 high quality P-waveforms from teleseismic earthquakes (M > 5) recorded at
seven INDEPTH III stations (see close up view in Figure 1). An iterative time-domain
deconvolution algorithm [Ligorria and Ammon, 1999] that constructs a RF as a time
series sum of Gaussian pulses, is applied with a cut-off frequency of ~1 Hz. After
removing poorly deconvolved events, RFs are stacked into 10° back-azimuth and 0.02 s
km

-1

slowness bins for each station. To help assess the continuity of major converted

phases, binned RFs from all 7 stations are also stacked together (Figure 2).
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In the RF method, presence of dipping layers and/or seismic anisotropy results in
rotation of energy out of the source receiver plane that yields patterns of amplitude and
arrival times as a systematic function of back-azimuth on both the radial and transverse
components. In this data set, the large azimuthally varying polarized phases occur only
within the first 5 s and restrict the potential concentration of anisotropy and/or dipping
layer to the upper and middle crust (Figure 2). Main coherent features observed in the
radial RFs include a positive arrival (2.5 s) between two negative arrivals (1.5 s and 3.5 s)
and a weak Moho arrival (9 s). The intra-crustal arrivals contain two-lobed transversely
polarized energy that peaks at the east and west directions with opposite polarities.
Comparison of back-azimuth record sections from each station indicates some variations
in the transverse RFs in terms of amplitude reversals and relative time delay patterns that
are probably the result of lateral changes in dipping interfaces and plunge directions of
anisotropy. The absence of a strong Moho signal contradicts models that require a sharp
discontinuity and/or strong seismic anisotropy near the base of the crust.

III: INVERSION
We modeled RFs with a cut-off frequency of ~2 Hz from a representative station
within the BNS zone, Station 18, located at the edge of sharp onset of strong SKS
splitting (Figure 1). Inversion of RFs for crustal seismic structure is a non-linear
waveform-fitting problem and linearized techniques can have a strong dependence on the
assumed starting model [Ammon et al., 1990]. In order to avoid this problem, we applied
the global minimization technique also known as the neighborhood algorithm
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[Sambridge, 1999] that performs directed searches of model parameter space to find a
global minimum. Synthetics were computed using a ray-based approach [Frederiksen
and Bostock, 2000] that allows models to have both anisotropy and dipping layers.
Misfits are calculated using cross-correlation which is more sensitive to the arrival times
than amplitude based measures [Frederiksen et al., 2002]. This is preferred because the
arrival times are more robust than the amplitudes in RFs [Ligorria and Ammon, 1999].
Anisotropy in the layers are restricted to hexagonal symmetry with ellipsoidal phase
velocity surfaces but with dipping symmetry axis allowed [Levin and Park, 1998]. In the
absence of coherent signals from the lower crust, we only modeled arrivals within the
first 5 s and assumed a slow-axis anisotropy that can be caused by parallel cracks or
alignment of plate shaped minerals (e.g., micas) in metamorphic fabrics [Weiss et al.,
1999]. Following Sherrington et al. [2004], we used a modified code of Frederiksen et al.
[2002] to correspond to the parameterization where the anisotropy is assumed to be
purely ellipsoidal [Levin and Park, 1998]. While free-surface multiples are often
observed from high impedance boundaries such as the Moho, intracrustal multiples are
much more rarely observed. This is especially the case in tectonically complex crust
where heterogeneity and anisotropy have a dissipating effect on the multiples. In
addition, multiples are extremely time consuming in the ray-based computations of the
synthetics, therefore, we did not include multiples in the modeling technique. This
simplifying assumption was tested explicitly in Sherrington et al. [2004] for similar data
and found to have little effect on the final synthetics.
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Considering the potential trade-off between velocity and layer thickness in RFs, it
is important to place reasonable constraints using a priori information. In this manner, we
determined the number of layers required in the inversion by analyzing the first-order
arrivals in the radial component RFs and modeled them first for a 1-D isotropic structure
before including dip and anisotropy. We fixed the Vp/Vs ratio to 1.80 in the crust based
on the arrival times of Moho multiples [Kind et al., 2002] and inverted for seismic
velocity and thickness in each layer by placing limits based on refraction data [Zhao et
al., 2001]. Since RFs are sensitive to the velocity contrast between layers, we obtained a
six-layer model of alternating low- and high-velocity layers with less resolved absolute
values. Next, we performed separate inversion runs allowing dip, anisotropy, and both in
different combinations with the aim of matching back-azimuthal variations in both radial
and transverse components. Anisotropic models alone provided a poor fit to the observed
back-azimuth travel time variations that exceed 1 s in the mid-crust (Figure 3). In
contrast, isotropic models with dip improved the traveltime fit but required many dipping
interfaces with steep dips and complex geometries. In order to fit the targeted phases with
minimal complexity, additional inversion runs were performed for best-fitting anisotropic
models with dipping interfaces in the middle crust. Based on these preliminary runs, we
limited the inversion to 13 free parameters including degree (percentage) and orientation
(plunge and trend) of anisotropy in three isolated low velocity layers and orientation (dip
and strike) of the top and bottom interfaces of an isotropic layer in the mid-crust. Then,
we carried out a single inversion using over fifteen thousand models and calculated the
average of each model parameter by considering all models below a threshold misfit
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value (Figure 3). The resultant average model was stable and improved the data fit
substantially indicating that both anisotropy and interface dip are required to reproduce
the major features at Station 18 (Figures 3 and 4). With the available free parameters used
in our models we could not fit the amplitudes of some strong arrivals in the data (e.g.,
Figure 3, transverse component, 2 s, 240 deg.). Although we might be able to fit these
arrivals better with additional free parameters, comparing the data with the 7-station stack
(Figure 2) suggests the large amplitudes are likely due to local effects and therefore we
did not pursue more complex models.

IV: RESULTS AND DISCUSSION
The average of the best-fitting models for Station 18 indicates strong anisotropy
near the surface and in the middle crust, a relatively weak anisotropy at the base of the
upper crust and a south dipping mid-crustal layer (Figure 4). Significant anisotropy
(14%) within a near-surface low-velocity layer (0–3 km) has a steeply dipping (>60°S)
fabric trending WNW-ESE. The anisotropy recovered within another low-velocity layer
at depth range of 10 to 16 km, is weak (5%) and may even be isotropic within the error
bounds (Figure 3). Nonetheless, the best fitting model is anisotropic in this layer and
although not constrained tightly, still shows orientations (dip: 81°SW, trend: NW-SE)
similar to the near surface anisotropy. These shallow fabrics appear to align with the
suture and younger strike-slip faults that merge toward the BNS [Taylor et al., 2003].
Another feature in the model is a pair of roughly E-W striking velocity interfaces with
similar southward dip (~25°) at the top (16 km) and bottom (24 km) of an isotropic high
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velocity layer. This south dipping layer again correlates well with the compression
direction and most likely formed in response to an earlier phase of crustal shortening. To
summarize, anisotropy and dip within the crust above ~25 km depth are consistent with a
combination of inherited and modern structures observed at the surface.
In contrast, anisotropy in the middle crust is again strong (18%) within a low
velocity layer (24–32 km), but this time the fabric dips gently (18°) towards the NNE
(Figure 4). The top of this anisotropic layer correlates with the starting depth of strong
reflectivity that continues to the base of the crust [Ross et al., 2004]. Under these pressure
and temperature conditions, it is also possible to have a change in anisotropy shape to
fast-axis symmetry that is appropriate for lattice-preferred orientation of minerals.
According to synthetic tests, fast and slow axis anisotropy can generate very similar
effects in the data when the two axes have opposite trends and supplementary plunges
[Erickson, 2002]. In such cases, the orientations of the fabric in the slow axis case and the
lineation in the fast axis case are the same. Therefore, the gentle dip is unique regardless
of whether slow axis or fast axis anisotropy is assumed. The seismic anisotropy results
suggest the presence of a near-horizontal foliation or lineation in a ~10 km thick layer in
the middle crust of central Tibet. This distinct anisotropy pattern contrasts with both the
upper crustal anisotropy and the mantle shear wave splitting fast polarization directions
[Huang et al., 2000], suggesting a ductile deformation that will decouple the middle crust
from above and below. The most likely explanation for the observed mid-crustal
anisotropy is that a ~N-S directed flow within a sub-horizontal low viscosity channel is
responsible for producing the nearly horizontal rock fabric, perhaps by aligning mica
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minerals. This hypothesis agrees with the boundary forces of subducting Indian
lithosphere and implies elevated crustal temperatures consistent with the shallow
seismicity [Langin et al., 2003]. Analysis of RFs from other stations [Sherrington et al.,
2004] and regional surface wave dispersion across the Tibetan plateau also require midcrustal anisotropy [Shipiro et al., 2004], consistent with our results, and suggest a
widespread phenomenon.
Finally, we generated synthetic waveforms for SKS-wave splitting through the
Station 18 anisotropic crustal model and calculated maximum split times <0.5 s. The
observation of minor variations in the crustal RFs between stations that have dramatically
different teleseismic splitting measurements and the relatively small effect of our crustal
anisotropy model on synthetic SKS split times indicates the observed splitting
measurements in excess of 2 s in this region [Huang et al., 2000] are most likely due to
mantle structure. Modeling of shear wave splitting for 2D mantle models with vertical
boundaries between anisotropic domains indicates that it is possible to jump from null
observations to split times in excess of 1 s over very short distances [Rumpker and
Ryberg, 2000].
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Figure 1. Simplified map of Tibetan plateau (left) and a close up view of INDEPTH III
seismic array (right). SKS splitting results are from Huang et al. [2000] and McNamara
et al. [1994]. Zone of inefficient Sn (grey region) is from Barazangi and Ni [1982].
Location of subvertical high Vp zone (striped area) is from Tilmann et al. [2003]. Sutures
(dashed) and major faults (solid) are from Yin and Harrison [2000]. Arrows indicate
relative plate motions. The stations analyzed in this study are labeled with black circles in
the close up view.
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Figure 2. Multiple station stacks of RFs with a cut-off frequency
of ~1 Hz. Data is combined from seven INDEPTH III stations
located near the BNS (shown in close up view of Figure 1).
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Figure 3. RFs with a cut-off frequency of ~2 Hz at Station 18 and corresponding
synthetics for the average model including both dip and anisotropy are at the left. Tradeoff curves for plunge/trend of slow axis, percent anisotropy and dip/strike of inclined
interfaces are at the right. Dark colors indicate low misfits. Diamonds and stars show the
best-fitting and average models.
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Figure 4. Average crustal seismic velocity model for Station 18 from the inversion
allowing both dip and anisotropy to be present. Dotted lines on the velocity profiles
indicate the minimum and maximum velocities for the anisotropic layers. Adjacent
ellipsis shows the orientation of the rock fabric and the orthogonal arrows the orientation
of the symmetry axis. Following convention the orientation of the anisotropy is denoted
by the plunge and trend of the symmetry axis. Dark dashed lines indicate the depth and
dip of dipping layer interfaces. Schematic crustal column illustrates the location and
orientation of fabric within the crust. The adjacent plot shows the plunge and trend of the
three anisotropic symmetry axes and the dip and strike of the two dipping layers.
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I: INTRODUCTION
A major question in continental dynamics concerns the nature of deep crustal
deformation along continental strike-slip faults. In this respect, the San Andreas Fault
(SAF) near Parkfield is one of the most well studied strike-slip faults in the world and is a
prime target to address this question. At this location, the SAF shows a transition from
the creeping to the locked sections of the fault and separates Salinian granitic basement
on the southwest from Franciscan mélange on the northeast that results in a strong lateral
seismic velocity contrast in the upper crust [Eberhart-Phillips and Michael, 1993]. As
part of Earthscope, the San Andreas Observatory at Depth (SAFOD) started drilling into
the fault zone at seismogenic depths where repeating earthquakes take place [Hickman et
al., 2004]. In the region, seismicity projects to the surface several kilometers southwest of
the main trace [Nadeau and McEvilly, 1997]. Geophysical studies have revealed a 3 km
deep highly fractured fault-bounded sedimentary wedge just southwest of the SAF which
is characterized by low seismic velocity, high Vp/Vs, low electrical resistivity and
seismic anisotropy [Hole et al., 2006; Thurber et al., 2003; Unsworth et al., 1997; Boness
and Zoback, 2004]. Despite much work, the deep crustal structure is still relatively
unknown. In this paper, we used teleseismic data recorded at the nearby broadband
seismic station PKD and analyzed receiver functions (RFs) to constrain the deep crustal
structure including crustal thickness, Vp/Vs and seismic anisotropy (Figure 1).
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II: RECEIVER FUNCTION ANALYSIS
Seismic station PKD has been running since 1996 as part of the Berkeley Digital
Seismic Network and is located on a Salinian granite outcrop ~3 km southwest of the
SAF and ~3 km south of the SAFOD drilling site. To image the crustal structure near
SAF, we analyzed over 200 high quality P-waveforms from teleseismic earthquakes (M ≥
6) recorded at this broadband station during the last decade. RFs are deconvolved
waveforms that consist of P to S conversions and their multiples from seismic impedance
contrasts at depth. The RFs in this study are computed using an iterative time-domain
deconvolution algorithm with a cut-off frequency of ~1 Hz [Ligorria and Ammon, 1999].
After removing poorly deconvolved events with variance reductions less than 80%, the
Moho piercing points of the over 100 remaining RFs are projected into the map (Figure
1,a).
At this station, these high quality RFs sample only the southwestern side of the
fault but still show sharp crustal variations between east and west of the station that was
rather unexpected (Figure 1,b). To the east, radial RFs display a coherent negative phase
at 10 km (tL1) and a weak Moho signal coupled with a positive phase in the lower crust.
To the west, RFs reveal three strong coherent phases; a positive arrival at 14 km (tH), a
negative arrival at 20 km (tL2) and a Moho arrival at 26 km. Near the surface, the delay
times of the direct P phase increase east of the station indicating a thicker low velocity
sedimentary fill to the east.
RFs are sensitive to Vp/Vs and impedance contrast rather than absolute seismic
velocities. In order to constrain depth (H) and Vp/Vs, we followed the method used by
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Zhu and Kanamori [2000] that performs a grid search through H and Vp/Vs space and
searches for the largest summed amplitude at the time of direct conversions and
multiples. By applying separate grid searches that use not only the Moho signal but also
other clear phases within the crust, we were able to further constrain the depths and
construct layered Vp/Vs models for both the east and west sampling zones. Figure 1,c
shows RF stacking amplitudes in parameter space and RFs as a function of ray parameter
with the predicted arrival times of the major phases. To the east, the weak Moho signal
lowers the summed amplitude in parameter space for the Moho and creates multiple local
maximas. However, the local maxima that is similar to the one in the west, is the only one
that matches the phase with the correct slope for a multiple and is our preferred solution.
Our results indicate a 26 km thick crust with an average crustal Vp/Vs of 1.88 for
both the east and west zones. Layered Vp/Vs models also shows similar Vp/Vs (1.88) for
the upper crust near the fault zone in the east, but slightly lower Vp/Vs (1.83) for the
upper and middle crust beneath the Salinian granitic basement in the west.

III: SEISMIC ANISOTROPY
The presence of dipping layers and/or seismic anisotropy results in rotation of
energy out of the source-receiver plane and produces systematic variations with azimuth
on both radial and transverse RFs. Fortunately, RFs at station PKD have a good
azimuthal coverage that allows us to detect and model such variations. For the lower
crust, the radial RFs display a polarity reversal coupled with a significant decrease in
Moho amplitude, which correspond to the two strongest polarity reversals in the
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transverse RFs (Figure 2). These characteristic features are indicators of dipping
interfaces and/or seismic anisotropy in the lower crust under the station.
We modeled the azimuthally varying RFs using a ray-theoretical method that
allows models to have both anisotropy and dipping layers [Frederiksen and Bostock,
2000]. Initially, we tested isotropic models with dipping interfaces in the deep crust but
these models were not able to generate the polarity reversal observed in the radial RFs
and even unrealistic models of multiple dipping interfaces with steep dips and complex
geometries provided a poor fit to the data, indicating that seismic anisotropy in the lower
crust is required to reproduce major features in the data.
Inversion of RFs for even a one-dimensional velocity model is a non-linear
problem and is non-unique [Ammon et al., 1990]. To examine the seismic anisotropy in
the lower crust, we employ a directed Monte Carlo search technique using the
neighborhood algorithm of Sambridge [1999], in combination with the ray-based
synthetic seismogram method [Frederiksen et al., 2002; Sherrington et al., 2004]. In
order to fit targeted phases with minimal complexity, we used a simple model that has an
anisotropic low velocity layer at the base of the crust and performed inversions for the
degree (percentage) of anisotropy and orientation (plunge and trend) of the slow axis
(Figure 2). For these inversions, seismic anisotropy is restricted to hexagonal symmetry
with purely ellipsoidal phase velocity surface but with a dipping symmetry axis allowed
[Levin and Park, 1998]. For the lower crust, we assumed a slow axis anisotropy that can
occur due to the alignment of plate shaped minerals (e.g., micas) in metamorphic fabrics
[Weiss et al., 1999]. It is also important to note that the fabric plane orientation in the low
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velocity layer is perpendicular to the slow symmetry axis and is unique regardless of
whether slow or fast axis anisotropy is assumed since they generate similar effects when
fabric orientation in the slow axis and lineation in the fast axis are the same [Ozacar and
Zandt, 2004].
The processed data are shown in Figure 2 along with best-fitting synthetics and
model parameter trade-off plots. Reproduction of the main features of the data is
remarkably good, matching polarity reversals in both components and the variation in
Moho amplitude. Model populations indicate the trend of the slow symmetry axis as the
best-constrained parameter and a trade-off between percent anisotropy and plunge of
slow axis reflecting their sensitivity to the amplitude. In the best-fitting model, the low
velocity layer has 18±3% anisotropy with a slow symmetry axis plunging 55±10º from
horizontal towards a trend of 250±10º from north. Overall, the inversion results prove the
presence of strong seismic anisotropy (>15%) within a 6 km thick low velocity layer at
the base of the crust that has a rock fabric dipping ~35º towards the ENE.

IV: DISCUSSION
Figure 3 shows in an interpretative cross-section the subsurface structure across
the SAF with our results and illustrates the increased separation between RF sampling
points with greater depth. Near the surface, the basement-cover contact (b) deepens east
of the station and indicates a deep body of Cenozoic sediments southwest of the SAF,
which was identified previously by seismic imaging [Hole et al., 2006] and drilling at
SAFOD [Hickman et al., 2004]. The southwest edge of this body is possibly bounded by
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the fault that is exposed at the surface near the station. To the east, the negative arrival
tL1 at 10 km depth marks the top of the low velocity zone that is located close to the
hypocenter locations [Nadeau and McEvilly, 1997]. Highly deformed rocks near the fault
zone can cause this reduction in seismic velocity. The crustal section above tL1 also has a
high Vp/Vs (1.88) suggesting the presence of fluids in the upper crust.
To the west, positive arrival tH at 14 km depth indicates a velocity jump that may
correlate with the base of the Salinian granitic basement. Beneath the station, the Moho is
at 26 km depth below the surface and shows no topography. The seismic velocity model
developed by Eaton et al. [1970] for the Parkfield area has a similar Moho depth and
velocity jump in the middle crust. The Salinian block, which has been transported from
its Cretaceous location west of the Mojave region by right-lateral motion along the SAF,
is mainly composed of granitic rocks and is presumed to be underplated by
metagraywackes similar to the schist of the Sierra de Salinas that crops out in a structural
window ~50 km northwest of the study area [Kidder and Ducea, 2006]. Based on
chemical composition, the schist is similar to the Pelona schist in southern California and
contains 40-50% anorthite (plagioclase), 25-40% quartz and 15-20% biotite. The
abundance of anorthite with high P-wave speeds (Vp = 7.3 km/s) would create a positive
velocity jump at the contact between the schist and granite similar to that observed (tH)
in the middle crust. Additionally, biotite minerals that have very high Vp/Vs (>2.0) may
contribute to the relatively high Vp/Vs (1.83) estimated for the upper and middle crust
away from the SAF.
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For the lower crust, RF modeling indicates a low velocity layer (Vp < 6 km/s)
with strong (>15%) anisotropic rock fabric. In this region, arrival times of multiples show
a Vp/Vs of 1.88 for the entire crust and a Vp/Vs of 1.83 for the top 20 km deep section of
the crust suggesting very high Vp/Vs (>1.9) within the low velocity layer. According to
laboratory experiments, schists with sedimentary origin have strong anisotropy (up to
20%) but mean Vp > 6.0 km/s and Vp/Vs < 1.9 [Godfrey et al., 2000]. Only serpentinite
at deep crustal pressures exhibits Vp < 6 km/s and Vp/Vs > 1.9 [Hacker and Abers, 2004]
and has strong anisotropy with slow axis of symmetry [Kern et al., 1997]. Based on these
constraints, the observed seismic properties could be replicated by a serpentinite or schist
with fluid-filled cracks.
Serpentinization also causes a large decrease in density and can induce diapers
such as the New Idria serpentinite diapir located ~40 km north of the SAFOD drilling site
[McPhee et al., 2004]. However serpentinization at high temperature and pressure forms
the denser antigorite phase that is less likely to be mobilized into diapers. Near Parkfield,
the northeast side of the SAF is characterized by a gravity low and a magnetic high
reflecting large concealed masses of serpentinite within the Franciscan block along the
creeping section of the SAF [McPhee et al., 2004].
The anisotropic rock fabric in the lower crust is dipping 35º towards the ENE and
suggests horizontal shearing with top to the west sense of shear. This recovered sense of
shear is inconsistent with recent NW-SE aligned shear deformation along the SAF but
correlates well with the earlier low-angle subduction direction. Therefore, the strong
anisotropy is mostly likely related to the fossilized rock fabric of Farallon plate
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subduction. Based on these results, we hypothesize that during low-angle Farallon plate
subduction, serpentinite that is either associated with the Pacific oceanic plate or formed
by hydration of mantle wedge [Bostock et al., 2002], is later sheared and underplated to
the base of the North American crust. In the Coast Range of Oregon, Park et al. [2004]
also identified a layer just above the Cascadia slab that has reduced Vp, high Vp/Vs and
strong anisotropy, and inferred a sheared serpentinite detachment zone causing creep and
lack of seismicity in the subduction zone.
The preservation of the fossilized fabric excludes a fault model for the San
Andreas that requires a broad ductile shear zone in the lower crust directly below the
surface trace. Viable models for the lower crust include either a very narrow (a few km
wide) vertical shear zone or a wider shear zone that is offset laterally from the surface
trace such that our data do not sample it.
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Figure 1. a) Shaded relief map of the region near station PKD (taken from USGS). Moho
piercing points of RFs are color-coded circles (west: red, east: blue). Major faults (SAF,
San Andreas Fault; BCF, Buzzard Canyon Fault; GHF, Gold Hill Fault; SWFZ,
Southwest Fracture Zone) are taken from Hole et al. [2001] and Crosby [2004]. Yellow
dashed line indicates the cross-section line of figure 3. b) Individual and stacked traces of
migrated radial RFs with variance reduction > 90% as a function of back azimuth (tL1,
top of the low velocity layer in the mid-crust near SAF; tH, top of the high velocity layer
in the mid-crust west of the station; tL2, top of the low velocity layer in the lower crust)
c) Trade-off plots of RF stacking amplitudes in parameter space (stars indicate the best
fit) and radial RFs as a function of ray parameter with predicted arrival times of direct
converted phases (tL1, tH, tL2, Moho) and their first-order multiples.
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Figure 2. RFs at station PKD and corresponding synthetics
for the best-fitting anisotropic model. Model and fabric
orientation are at the left. Trade-off curves for plunge/trend of
slow axis and percent anisotropy are at the bottom (darker
colors indicate lower misfit, red diamonds represent the bestfitting model).
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Figure 3. Interpretative cross-section across the SAF. Stacked
and migrated radial RFs from west and east are projected to the
piercing point locations at depth (negative: blue, positive: red,
b: basement-cover contact). Grey zone indicates the earthquake
locations from the Parkfield High Resolution Network [Nadeau
and McEvilly, 1997]. Orange zone is the low resistivity wedge
identified by Unsworth et al. [1997]. Ellipse shows the
orientation of the anisotropic rock fabric and yellow arrows
indicate the shear sense.
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I: INTRODUCTION
The tectonic framework of Eastern Turkey is characterized by active continentcontinent collision produced by the northward motion of the Arabian plate that is
separated from the African plate by the left-lateral Dead Sea Fault (DSF) (Figure 1). This
collision along the Bitlis suture (BS) has resulted in a topographic high (East Anatolian
Plateau) and is partially responsible for the extrusion of the Anatolian plate westward
forming the right-lateral North Anatolian Fault (NAF) and the left-lateral East Anatolian
Fault (EAF) in the early Pliocene [McKenzie, 1978; Sengor and Yilmaz, 1981; Bozkurt,
2001].
The East Anatolian Plateau which exhibits widespread Neogene and Quaternary
volcanism over nearly half of the region and has an average elevation of ~2 km above sea
level, is considered a part of the Alpine-Himalayan System [Keskin, 2003]. The Eastern
Turkey Seismic Experiment (ETSE), which was conducted across the region in 19992001, produced a large high-quality broadband seismic data set [Sandvol et al. 2003a].
Overall results from this experiment suggested that the subducted Arabian plate must
have detached allowing asthenosphere near the base of the crust with little or no mantle
lithosphere [Sandvol et al. 2003a]. Hence the 2 km high plateau is not supported by thick
crust but rather by hot mantle [Sengor et al. 2003].
In the region, receiver functions provide the only constraint for crustal thickness.
Previously, Zor et al. [2003] modeled P-wave receiver functions using constant Vp/Vs
(1.73) and found that the Moho depths range between 40 and 50 km beneath the plateau.
Considering the sensitivity of receiver functions to Vp/Vs that can vary significantly,
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these depths have potentially large errors [Zhu and Kanamori, 2000]. In this paper, we
used teleseismic P-wave receiver functions recorded by ETSE and incorporated crustal
multiples following the method of Zhu and Kanamori [2000] to more accurately map out
Moho depths and Vp/Vs variations beneath the plateau. Together, these observations are
used to make better seismic images of the crust and provide additional constraints on
composition and rheology that are essential to characterize the crustal structure in relation
to the geology and tectonic evolution of the region.

II: EAST ANATOLIAN PLATEAU
The East Anatolian Plateau is made up of continental fragments accreted during
the northward subduction of multiple branches of the Neotethyan oceanic lithosphere
since the Mesozoic [Sengor and Yilmaz, 1981; Sengor et al. 2003; Barazangi et al. 2006].
During the Eocene, the Arabian platform collided with the easternmost part of the
Menderes-Taurus block, Bitlis-Poturge Massif located near the BS [Yilmaz, 1993].
However, northward subduction beneath Eastern Turkey continued throughout the middle
Miocene and resulted in the development of the Eastern Rhodope-Pontide magmatic arc
in the north and the East Anatolian Accretionary Complex (EAAC) that covers a large
area of the plateau [Sengor and Yilmaz, 1981; Yilmaz et al. 1997; Bozkurt and Mittwede,
2001; Sengor et al. 2003]. Subsequent to the final continental collision and suturing, the
plateau started its rapid block uplift [Gelati, 1975] accompanied by widespread
volcanism starting at about 11 Ma [Keskin, 2003] (Figure 2). In the early Pliocene,
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ongoing convergence resulted in the westward escape of the Anatolian plate along the
NAF and the EAF [Bozkurt, 2001; Kocyigit et al. 2001].
In the region, there are no subcrustal earthquakes and crustal seismicity is
predominantly strike-slip in nature suggesting that the collision is accommodated by
tectonic escape [Turkelli et al. 2003; Orgulu et al. 2003]. The crustal thickness obtained
by P-wave receiver functions reveal a gradual increase from 40 km in the south beneath
the Arabian foreland to 50 km in the north beneath the Pontides mountain range [Zor et
al. 2003] and on average is thinner than the 55 km crust proposed by Sengor [1980] on
the basis of normal isostatic compensation. Tomographic images from the global P-wave
model of Piromallo and Morelli [2003] indicate a widespread slow-velocity anomaly in
the upper 200 km of the mantle and a broad fast-velocity anomaly around the mantle
transition zone beneath the region. These images suggest slab detachment and
concomitant emplacement of the hot asthenosphere at subcrustal depths. Sandvol et al.
[2003b] found large shear-wave splitting delay times with fast polarization directions
oriented uniformly in the NE-SW direction beneath the region that is not consisted with
the surface deformation and suggested that the mantle flow is mostly asthenospheric. The
plateau has little or no Sn propagation across it [Gok et al. 2003] and low shear wave
[Maggi and Priestley, 2005] and Pn velocities [Al-Lazki et al. 2003] in the uppermost
mantle, which are consistent with the anomalously thin (60-80 km) lithosphere identified
by S-receiver functions [Angus et al. 2006]. Furthermore, the presence of asthenospheric
material at subcrustal depths is also supported by high Bouguer gravity anomalies [Ates
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et al. 1999] and very low resistivity in the upper mantle observed by a magnetotelluric
study [Turkoglu et al. 2005].
Based on these findings, Sengor et al. [2003] suggested that the steepening and
breakoff of a northward subducted slab that belongs to the northern branch of Neo Tethys
allowed hot partially molten asthenospheric material to be emplaced near the base of the
crust beneath the EAAC. Slab detachment likely occurred around 11 Ma ago when the
rapid uplift and the oldest collision related magmatism started [Keskin, 2003; Sengor et
al. 2003]. Recently, Barazangi et al. [2006] interpreted the southern branch of Neo
Tethys as the detached slab. However, Keskin [2006] argues that the slab detachment in
the south might be an older event (Eocene-Oligocene) based on the absence of young
volcanism (<11 Ma) along the Bitlis-Poturge massif.

III: DATA AND METHOD
The ETSE array consists of 29 broadband PASSCAL stations that were deployed
across the Eastern Turkey [Sandvol et al. 2003a]. These stations were operated for a
period of 22 months between November 1999 and July 2001 in an inverted triangle
pattern with approximately 50 km station spacing (Figure 2). In this study, we used Pwaveforms of over 200 earthquakes (M > 5.3) recorded by the ETSE with epicentral
distances between 35º and 90º. The abundance of teleseismic earthquakes with good
epicentral distance and azimuthal coverage provides a large data set for receiver function
analysis in Eastern Turkey. Figure 3 shows the global distribution of these events.
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Receiver functions are deconvolved waveforms that contain P to S conversions
and their multiples from seismic impedance contrasts beneath the recording station. The
deconvolution is accomplished in the time domain through an iterative approach using
cross-correlation [Ligorria and Ammon, 1999]. In the deconvolution algorithm, we
computed receiver functions with different cut-off frequencies (0.5, 1.2, 2.4 Hz) by
varying the width of the Gaussian-type low-pass filter (1.0, 2.5, 5.0). For our analysis, we
only used high quality receiver functions with variance reductions of over 70%, which
relates to the quality of the deconvolution.
An important limitation of receiver function analysis is the trade-off between
thickness and crustal velocities. Sensitivity tests indicate that crustal thicknesses are
much more dependent on the Vp/Vs value used than Vp [Zandt et al. 1995]. Zhu and
Kanamori [2000] calculated that a 0.1 km/s change in Vp corresponds to only 0.5 km
change in thickness, however, a 0.1 change in Vp/Vs can lead to about 4 km change in
the crustal thickness. In this respect, it is essential to have good estimates for Vp/Vs to
map the spatial variations in crustal thickness.
For this purpose, crustal multiples have been used to determine the Moho depth
(H) and the Vp/Vs ratio beneath each ETSE station. We followed the stacking algorithm
of Zhu and Kanamori [2000] which sums the amplitudes of receiver functions along
theoretical traveltime curves and performs a grid search through H and Vp/Vs space for
the largest summed amplitude at the predicted arrival times of direct and multiple
converted phases. Figure 4 shows the contribution of these phases to the stacking plot.
We applied the technique to receiver functions with cut-off frequency of 1.2 Hz using a
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constant crustal Vp of 6.2 km/s and estimated uncertainties based on the variance of the
summed amplitude. For visual inspection, we also plotted receiver functions in bins
according to their ray parameters and overlaid the plots with the predicted arrival times
for the preferred model (Figure 5).
At some stations, Moho multiples were obscured by other conversions from upper
mantle discontinuities causing smearing and/or other local maxima. In principle, multiple
phases have opposite moveout with ray parameter and can be distinguished from other
phases. In such cases, we used receiver function with different cut-off frequencies and
tested higher variance reduction thresholds. However, we still failed to obtain unique
solutions for two stations (KARS, CMCY) that display complicated site response (Figure
2). Station KARS was especially complicated and displays a significantly delayed direct
P phase indicating a thick sedimentary fill beneath the station.

IV: OBSERVATIONS
A. Moho Depth and Vp/Vs Variations
Results of two stations (ERGN, BTLS) that have remarkably different crustal
structures are shown in Figure 5. Station ERGN, which has an elevation of 922 m is
located at the BS (Figure 2). Receiver functions recorded at this station show strong
midcrustal and Moho discontinuities with exceptionally clear PpPs multiples. In this case,
we were able to obtain a layered model that has a low average Vp/Vs (1.68) for the crust
(44 km) but a high average Vp/Vs (1.8) for the upper crust (25 km). Indeed, this suggests
that the source of low Vp/Vs at the suture is the lower crust. On the other hand, station
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BTLS that is located at an elevation of 1722 m near the youngest volcanic rocks (~3 Ma)
west of Lake Van (Figure 2), indicates a thinner crust (38 km) with high Vp/Vs (1.9) that
supports the presence of partial melt.
Table 1 lists the Moho depth and Vp/Vs values estimated for each station.
Overall, the estimated crustal Vp/Vs values vary from 1.64 to 1.92 and the Moho depths
with the exception of station AHLT range between 35 and 49 km with an average around
40 km. Station AHLT located near a young volcanic center (Figure 2), has a strong
converted phase at 4 sec. The depth of this phase is identified as ~30 km with a Vp/Vs of
1.85. Although the estimated Vp/Vs is similar, the Moho depth is up to 10 km shallower
than observed at the nearby stations. Therefore, the large phase is interpreted not as Moho
but a lower crustal phase originating at the bottom of low velocity zone and the depth
estimate is excluded from further analysis (Table 1).
In Figure 6, we compare surface elevations with our Moho depth and Vp/Vs
values. Comparison between elevation and Moho depth shows a large scatter and lack of
correlation suggesting the region is not in Airy isostasy. Based on their geographical
distribution, two station subsets are distinguished from the rest. Stations at the Arabian
foreland shows low elevations, relatively thin crust around 35 km and Vp/Vs values that
are ≥ 1.8. In contrast, stations near the BS also have low elevations but a thicker crust
(~40 km) and low Vp/Vs ranging between 1.64 and 1.73. The rest of the stations have
relatively higher elevations and highly variable Moho depth and Vp/Vs values (Figure 6).
In order to correlate our results with major tectonic features of the region, we
produced regional contour maps of Moho depth and Vp/Vs (Figure 7). In general, crustal
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thickness is thinnest (~35 km) beneath the Arabian foreland in the south and increases
towards the north beneath the plateau with the thickest crust (>45 km) within the
northeastern corner of the region (Figure 7a). Although the northward crustal thickening
away from Arabian margin is consistent with Zor et al. [2003], the new Moho depths are
relatively shallower and indicate on average 5 km thinner crust that is similar to those
obtained by S-wave receiver functions [Angus et al. 2006]. The largest differences from
Zor et al. [2003] are observed where the estimated crustal Vp/Vs is anomalously high
between lake Van and Karliova triple junction where NAF and EAF merge together
(Figure 7b).
In the east, the increase in crustal thickness is more gradual whereas in the west,
the crust thickens sharply near the BS and displays pronounced Moho topography across
the Anatolian plate (Figure 7a). Remarkably, the largest short-wavelength (~8 km) Moho
depth variation occurs across an active fault zone located within the plate. This shortwavelength variation in crustal thickness provides evidence for internal fragmentation
and possibly ongoing deformation within the Anatolian plate, which was previously
considered as a rigid block [McKenzie, 1978]. On the other hand, across the major strikeslip faults NAF and EAF, Moho depth variations are rather limited and not very robust.
Unfortunately, any network that has large station spacing, is not suitable to determine
whether these faults extend deep into mantle, or whether deformation is distributed
throughout the crust [Wilson et al. 2004]. Such analysis can be conducted only by using
data across faults from densely spaced transects like the LARSE transect in southern
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California [Zhu, 2002] or from a station located near enough the fault to sample both
sides of the fault.
Although, crustal Vp/Vs is among the least constrained parameters from both
laboratory and field measurements, variations in Vp/Vs can be used to infer
compositional variations within the crust. Zandt and Ammon [1995] estimated Vp/Vs for
different types of continental crust. Vp/Vs, which has a global average of 1.78, is
especially sensitive to variations in quartz, biotite and iron content and presence of partial
melt and hydrogen. Higher values tend to correspond with more mafic compositions and
lower values with more felsic compositions that contain more quartz [Fountain and
Christensen, 1989]. In addition, the presence of partial melt has been found to reduce
speeds of shear waves more than compressional waves resulting in higher Vp/Vs.
Beneath the ETSE array, spatial variations of crustal Vp/Vs values show coherent
patterns that can be linked to major tectonic features (Figure 7b). In general, we observe
high Vp/Vs in the Arabian margin and along a corridor along the NAF and the southern
section of the EAAC that is dominated by widespread young volcanism [Keskin, 2003].
Low Vp/Vs values are observed in the northeastern section towards the Rhodope-Pontide
fragment and in the south spatially limited to the BS. The distribution of volcanic ages in
the region indicates migration of volcanic activity to the south during the past 11 Myrs
(inset of Figure 7b). Spatially, the easternmost extent of the high Vp/Vs corridor (≥1.85)
coincides with the youngest volcanic units (~3 Ma) in the plateau and implies the
presences of partial melt. Towards the northwest volcanism diminishes along the NAF
but the high Vp/Vs values continue. In this section, perhaps the NAF is acting as a weak
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zone that accommodates some volume of melt emplaced deeper in the crust.
Alternatively, schist and serpentinite sequences with high Vp/Vs may be dominating the
crustal composition along the NAF that roughly follows the ancient suture belt. Most
likely, anomalously high Vp/Vs is related to both factors. In the northeast, the crust
becomes thicker (>45 km) and has relatively low Vp/Vs values (≤1.76) (Figure 7). This
change occurs near the boundary between the EAAC and the Rhodope-Pontide fragment
and suggests a change in crustal composition between these two different tectonic units.
These results suggest the Rhodope-Pontide fragment that is partly overlained by oldest
volcanic units [Keskin, 2003] has a thicker crust and relatively more felsic composition.
S-wave receiver functions also indicate that mantle lithosphere beneath this fragment is
thicker than beneath the EAAC suggesting lithospheric scale fragmentation [Angus et al.
2006].
Near the BS, Vp/Vs values (1.64 - 1.73) are remarkably low (Figure 7b). Keskin
[2006] points out the lack of post-collisional volcanism in the region and Yilmaz [1993]
estimates final suturing between the Bitlis-Poturge Massif in the north and the Arabian
margin in south as the early Eocene. Using a mid-crustal discontinuity with distinct
multiples in addition to the Moho discontinuity, a layered Vp/Vs model is obtained
(Figure 5). This aforementioned model implies the lower crust is the source of low Vp/Vs
values and indicates the abundance of lower crustal rock assemblages with quartz-rich
felsic compositions near the suture. In the south, part of the Arabian margin is covered
with < 1 Ma alkaline basaltic flows derived from an ocean island basalt like mantle
source [Sen et al. 2004]. Minimal crustal contamination of the volcanics is attributed to
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the relatively thin crust of the Arabian foreland [Notsu et al. 1995], which agrees with our
crustal thickness estimates (~35 km). Although, the ETSE stations are not exactly
situated on the basalt flows, the observed relatively high Vp/Vs (≥1.8) for the Arabian
foreland may be related to the mafic composition of the crust.

B. Seismic Profiles across the Plateau
We applied the common conversion point (CCP) method [Dueker and Sheehan,
1998] with our Vp/Vs estimates to produce 2-D cross-sections of seismic discontinuities
across the plateau. Across seismic profile A-A’ along the northern margin of our study
area (Figure 8), the Moho discontinuity dips gently from west to east indicating gradual
eastward crustal thickening. At the thickest crustal section (>45 km), an upper crustal
discontinuity is also visible around 10 km depth. S-wave receiver functions show similar
feature that is most likely associated with contrasting velocities between a thick volcanosedimentary sequence and underlying crystalline basement [Angus et al. 2006]. Unlike
the S-wave receiver functions, the higher frequency P-wave receiver functions indicate
strong spatial variations in the upper crustal structure throughout the region (Figure 8).
Another prominent feature in profile A-A’ is the strong negative phase at midcrustal depths indicating a pronounced low velocity zone (LVZ) in the lower crust and
correlates well with low shear wave velocities found in the lower crust by Zor et al.
[2003] and Gok et al. [2007]. This LVZ is visible beneath most of the stations north of
lake Van including the ones in the Anatolian plate (Figure 8). The extent of the LVZ
coincides with the region where fast SKS splitting directions [Sandvol et al. 2003b] and
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Pn fast directions [Al-Lazki et al. 2003; 2004] are parallel to each other but at high angles
to the surface GPS motions [McClusky et al. 2000] suggesting that crust and upper
mantle deformation are decoupled. Furthermore, large energy on the transverse
component receiver functions correspond to similar depths in the same region [Ozacar et
al. 2004]. For these reasons, this LVZ is a potential candidate for a decoupling zone that
may exhibit ductile flow. For more conclusive evidence, the existing anisotropy
observations should be modeled using the methods of Ozacar and Zandt [2004] to reveal
the nature of crustal deformation, particularly in the LVZ.
Profile B-B’ runs across the eastern margin of the ETSE array and indicates a
relatively thin (~35 km) crust beneath the Arabian margin that becomes gradually thicker
towards the northeast (Figure 8). Beneath station AHLT, a strong converted phase shows
a large offset from the Moho discontinuity. As mentioned before, this large double-sided
Moho offset is unrealistic and therefore this phase is interpreted as lower crustal in origin
and the Moho beneath it is somehow disrupted or “hidden” by the presence of melt in the
upper mantle. Both profiles A-A’ and B-B’ exhibit upper mantle phases that are most
prominent in the northeastern part of the study area. The depths of these phases are not
reliable since a constant P-wave velocity (6.2 km/s) that is appropriate for crust is used in
CCP stacks, but still within the depth range (60-85 km) of the lithosphere-asthenosphere
boundary (LAB) identified by Angus et al. [2006].
Profile C-C’ that images the western side of the ETSE array, exhibits a highdegree of complexity within the crust and upper mantle (Figure 8).

The Moho

discontinuity shows remarkable depth variations across the profile that may represent
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Moho offsets. These short-wavelength fluctuations are not only limited to the plate edges
near the NAF, the EAF and the BS but also occur within the Anatolian plate across an
active fault system that may reflect internal fragmentation. For conclusive evidence, these
features need to be imaged with better resolution. In the south, the Arabian crust is more
reflective and characterized by strong positive converted phases. Across the EAF, the
polarity of these phases is abruptly reversed. This dramatic change in crustal structure
between Anatolian plate and Arabia indicates the differing deformation style within these
tectonic units. Across the profile, series of strong upper mantle phases appear just north
of EAF, which are not visible elsewhere. These complex phases are difficult to interpret
but correspond well with the area where Angus et al. [2006] observed complex LAB
arrivals that are related to the BS.

V: CONCLUSIONS
In this paper, we map out the Moho depth and Vp/Vs variations across Eastern
Turkey using P-wave receiver functions and produced refined seismic images of the
crust. Both crustal thickness and Vp/Vs estimates exhibit patterns that are spatially
coherent with main tectonic features. We found northward crustal thickening away from
Arabian foreland where the crust is thinnest (~35 km). In the east, the crust becomes
gradually thicker towards the north and exceeds 45 km in the northeast corner, whereas in
the west the crust thickens sharply at the BS and exhibits significant Moho topography
across the Anatolian plate. Vp/Vs is low at the BS (1.64 - 1.73) and the northeastern part
of the plateau (≤1.76), high in the Arabian foreland (≥1.8) and highest (≥1.85) along the
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NAF and near the youngest volcanic units west of lake Van (~3 Ma). The lower crust
across a large area is also characterized by a LVZ that may act as a decoupling zone
between the crust and upper mantle. These results indicate a very complex crustal
structure where crust is made up of different fragments that varies greatly in composition
and deformation style. Moreover, anomalously high Vp/Vs estimates in the eastern
volcanic region supports the presence of partial melt in the crust.
In general, there is a lack of correlation between Moho depths and surface
elevations and crustal thickness is thinner than expected beneath the plateau, which
contradicts with an airy compensational mechanism. However, the absence of a
significant crustal root beneath the 2 km high east Anatolian plateau is consistent with the
slab breakoff model of Sengor et al. [2003] and Keskin [2003] that allows asthenosphere
near the base of the crust with little or no mantle lithosphere. In this model, uplift of the
plateau is supported by hot partially molten asthenosphere rather than a thick Airy crust.
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Table 1. Moho depth (H) and Vp/Vs estimates for ETSE stations. N, number of
receiver functions used for each station. Depth estimate marked by asterisk, is
excluded from further analysis.
Station Latitude
AGIN
AHLT
BNGL
BTLS
BYBT
BYKN
CMCY
DGRL
DGSU
DYBR
ERGN
EZRM
HAMR
HINS
HRPT
HRSN
ILIC
IMRL
KARS
KOTK
KRLV
KTLN
KYPR
MRDN
MSDY
MUSH
SILN
SIRN
UZML

38.939
38.748
38.920
38.431
40.235
38.167
39.921
41.057
39.131
37.823
38.259
40.104
39.614
39.349
38.704
39.945
39.453
39.879
40.622
40.223
39.375
37.953
37.559
37.290
40.462
38.757
38.135
40.202
39.713

Longitude Elevation (m)
38.713
42.477
40.597
42.124
40.266
41.782
43.197
43.327
42.730
40.319
39.729
41.364
42.993
41.697
39.245
42.287
38.569
38.118
43.069
43.009
40.988
41.705
41.169
40.700
37.777
41.483
41.041
39.120
39.716

945
1738
1160
1722
1684
816
1995
2027
1646
619
922
1910
1714
1727
1428
1800
1300
1708
1904
1396
1894
791
1179
674
1152
1554
917
1496
1593

N

H (km)

98
35.0±0.7
70 * 29.5±0.8
109 45.9±1.4
110 38.0±1.0
41
45.2±1.1
55
40.6±1.1
52
103 38.8±0.8
31
39.7±0.9
84
33.7±1.0
99
44.0±0.8
142 46.2±1.3
52
45.7±0.8
88
39.8±1.2
71
39.7±1.2
41
49.2±1.1
66
43.7±0.9
38
41.0±1.0
36
55
42.8±1.1
47
39.2±0.9
52
39.1±0.8
85
33.7±1.2
80
35.3±1.1
53
37.2±1.3
40
37.3±1.1
37
39.8±0.9
89
42.8±1.0
83
39.8±1.4

Vp/Vs
1.80±0.03
1.85±0.04
1.77±0.06
1.90±0.04
1.72±0.05
1.73±0.04
1.82±0.03
1.86±0.04
1.83±0.04
1.68±0.04
1.76±0.04
1.70±0.04
1.82±0.06
1.76±0.05
1.73±0.04
1.77±0.05
1.87±0.04
1.76±0.04
1.90±0.04
1.73±0.04
1.92±0.06
1.80±0.06
1.87±0.06
1.90±0.06
1.64±0.05
1.82±0.05
1.92±0.06
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Figure 1. A simplified tectonic map of Turkey with topographic relief. Arrows indicate
the direction of plate and fault motions. NAF, North Anatolian Fault; EAF, East
Anatolian Fault; DSF, Dead Sea Fault; BS, Bitlis Suture; PS, Pontide Suture; LC, Lesser
Caucasus; GC, Greater Caucasus.
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Figure 2. Regional tectonic map of Eastern Turkey with topographic relief, station
locations of ETSE array (inverted white triangles), Neogene volcanics (pink area) and
Holocene volcanoes (red triangles). Arrows indicate the direction of plate and fault
motions. NAF, North Anatolian Fault; EAF, East Anatolian Fault; DSF, Dead Sea Fault;
BS, Bitlis Suture; PS, Pontide Suture. Stations mentioned in the text are also labeled.
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Figure 3. Global distribution of teleseismic earthquakes (red
circles) used in the receiver function study. Yellow star
indicates the center of ETSE array.
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Figure 4. Converted phases used in the study and their
contribution to stacking (modified from Zhu and Kanamori
[2000]).
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Figure 5. Receiver functions recorded at stations ERGN and BTLS as a function of ray
parameter with predicted arrival times of direct and multiple converted phases and tradeoff plots of stacked receiver function amplitudes in parameter space. Red is used for
positive and blue for negative.
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Figure 6. Plots of elevation versus Moho depth and Vp/Vs for each station. Two
station subsets are distinguished from the rest and shown by different symbols.
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Figure 7. Contour maps of Moho depth (a) and Vp/Vs (b) variation in Eastern Turkey.
Stations that are not used are marked with yellow fill. Locations of volcanoes and age
distribution of volcanic units within the plateau (inset figure) are taken from Keskin
[2003]. Numbers correspond to ages in Ma.
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Figure 8. Cross sections of CCP stacked receiver functions. Profile locations are shown
in the left. Red is used for positive and blue for negative. Dashed lines indicate Moho
discontinuity and in C-C’ also strong mid-crustal phases.
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I: INTRODUCTION
In continental collision zones, subduction and slab detachment play a central role
and geodynamically control the tectonic evolution. Seismic tomography models reveal
that not all subducted slabs in the Mediterranean region are connected to the lithosphere
at the surface, which has been interpreted as evidence for slab detachment [Wortel and
Spakman, 2000]. One of the youngest continent-continent collisions in the AlpineHimalayan orogenic system occurs in Eastern Turkey due to the northward motion of the
Arabian plate (Figure 1). This ongoing convergence formed the ~2 km high East
Anatolian Plateau and later resulted in the westward escape of the Anatolian plate along
the North Anatolian Fault (NAF) and the East Anatolian Fault (EAF) [Sengor and
Yilmaz, 1981; Bozkurt, 2001; Kocyigit et al. 2001]. Following the final suturing, the
future plateau began to rise rapidly as a block [Gelati, 1975] and was accompanied by a
surge of volcanism starting at about 11 Ma [Keskin, 2003]. In the region, there are no
subcrustal earthquakes [Turkelli et al. 2003] and crustal seismicity is predominantly
strike-slip in nature suggesting that the convergence is accommodated by tectonic escape
[Orgulu et al. 2003]. Beneath the plateau, the crust and lithosphere are anomalously thin
[Zor et al. 2003; Ozacar et al. 2007; Angus et al. 2006], and the uppermost mantle is
characterized by strong Sn attenuation [Gok et al. 2003], slow shear wave [Maggi and
Priestly, 2005; Gok et al. 2007] and Pn velocities [Al-Lazki et al. 2003; 2004]. Seismic
tomography indicates a widespread low-velocity anomaly above 200 km and highvelocity anomalies in the mantle transition zone that are disconnected from the surface
[Piromallo and Morelli, 2003] (Figure 1). Overall these observations suggest slab
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detachment around 11 Ma and subsequent emplacement of hot asthenosphere at
subcrustal depths that supports the high topography [Sengor et al. 2003].
Seismic velocity discontinuities represent abrupt changes in either composition,
mineralogy, or physical state as a function of depth. The Moho, the 410- and 660-km
discontinuities are the most significant and globally observed but other discontinuities
also exist in the upper mantle beneath continents such as the lithosphere-asthenosphere
boundary (LAB) [Farra and Vinnik, 2000] and the Lehmann discontinuity around 250
km depth [Lehmann, 1959]. The 410- and 660-km discontinuities represent velocity
jumps of several percent that are associated with mineral phase transitions of olivine
[Ringwood, 1975]. The mantle in between is commonly referred as the mantle transition
zone. Laboratory experiments indicate that the 410 and 660 have positive and negative
Clapeyron slopes, respectively, and thus mantle temperatures are inversely proportional
to the transition zone thickness variations (-6º/ km) [Revenaugh and Jordan, 1991]. Large
thickness variations are well documented mainly beneath subduction zones where cold
slabs interact with the mantle transition zone. This receiver function study represents the
first systematic investigation of spatial variations in the mantle transition zone and other
seismic discontinuities across Eastern Turkey that will improve our understanding of
mantle dynamics in a young continent-continent collision zone.
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II: DATA AND METHOD
A temporary PASSCAL seismic network containing 29 broadband stations was
deployed for a period of 22 months between November 1999 and July 2001 in an
inverted triangle pattern across Eastern Turkey [Sandvol et al. 2003]. We used Pwaveforms of over 200 teleseismic earthquakes recorded by this seismic network and
computed receiver functions, which isolate P to S conversions from seismic
discontinuities, in the time domain using the iterative deconvolution algorithm of
Ligorria and Ammon [1999] with different cut-off frequencies (0.15 and 0.4 Hz) by
varying the width of the Gaussian-type low-pass filter (0.3 and 0.8). After removing
poorly deconvolved receiver functions with variance reductions < 90%, we end up with a
total of 1350 high quality receiver functions. This large data set has good epicentral
distance and azimuth coverage and densely samples the area of interest. Figure 2 shows
the map distribution of ray piercing points at 410 and 660 km depths.
Initially, all the receiver functions are stacked according to their ray parameters in
the time domain for both frequency bands and compared with the predicted arrival times
of major discontinuity phases from the IASP91 model [Kennett and Engdahl, 1991].
These moveout plots allowed us to distinguish direct phases from multiples that have
opposite moveout dependence and investigate the sensitivity of observed discontinuities
to frequency. Next, we utilized the common conversion point (CCP) stacking method,
which is analogous to common midpoint stacking in reflection seismology, to analyze
lateral variations in discontinuity structure [Dueker and Sheehan, 1998]. The study area is
divided into a 3-D grid of sample points with 50 km horizontal spacing at every 2 km
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depth interval. The ray piercing points are calculated at each 2 km vertical bins by tracing
the ray paths through the 1-D velocity model of IASP91 and then moveout corrected rays
in a 150-km-square area centered on each sampling point are stacked to produce depth
images of discontinuities. By combining data from multiple stations, we reduced the
signal generated noise related to topographic scattering and improved the signal-to-noise
ratio [Clouser and Langston, 1995]. Note that stacking receiver functions for every
sample point at 2 km depth intervals accounts for the lateral moveout of the ray path with
depth and the chosen bin size is comparable to the Fresnel zone of the lower frequency
(0.15 Hz) receiver functions at 410 and 660 km depths.
To further quantify the depth and amplitude of the 410- and 660-km arrivals, we
performed 200 bootstrap re-samplings for each column of the CCP bin [Efron and
Tibshirani, 1986]. For higher frequency (0.4 Hz) receiver functions, CCP stacking results
in relatively noisy images for the upper mantle discontinuities and therefore are not
resampled but are used to identify CCP bins with complex 410 and 660 arrivals which are
unreliable for picking depth. For the most part, we believe these complexities are related
to regions where cold slabs reside and diminish the arrival amplitudes and/or create
multiple phases where they interact with these discontinuities. If this interpretation is
correct, the observed amplitude variations contain a wealth of information concerning the
location of slabs in the upper mantle and are mapped over a large area. In contrast, CCP
bins with complex arrivals are not used for depth determination and therefore depth
variations are mapped over a more confined area. These maps are generated using the
interpolation method of Sandwell [1987] with 10 km grid spacing. Furthermore, we
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constructed histograms of the depth picks from each bootstrap realization and estimated
the confidence limits for each CCP bin by determining the depth interval containing 66%
of the picks. For the 410- and 660-km discontinuities, average confidence limits are ~7
km (±3.5 km) and ~11 km (±5.5 km) respectively. It is also worth mentioning that maps
of the 410 and 660 discontinuities do not exactly overlap with each other due to lateral
variations of sampling locations with depth. For CCP bins where depths of both 410 and
660 are identified, we calculated the transition zone thickness by using their depth
difference and generated a thickness variation map. The confidence limits of our depth
estimates indicate the average accuracy of the transition zone thickness is ±6.5 km. To
gain more insight, we also examined the spatial variations in discontinuity structure along
a series of 2-D seismic profiles of CCP stacked receiver functions that cut across the
study area in the N-S and W-E directions.

III: OBSERVATIONS
A. Global Stacking
For the purpose of detecting possible regional-scale discontinuities, moveout plots
for two different frequencies are constructed by stacking all the receiver functions with
respect to ray parameter (epicentral distance) in the time domain (Figure 3). Plotting all
these traces together emphasizes the most robust features and provides a direct view of
their moveout characteristics. The 250-, 410- and 660-km discontinuities are all visible in
both frequencies (0.15 and 0.4 Hz), indicating that the sharpness of all these
discontinuities is 10 km or less, based on the assumption that the discontinuity must be
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thicker than half of the P-wavelength to be observed [Bostock, 1999]. Comparison with
predictions from IASP91 indicates that the arrival times of these phases are all
significantly delayed. This implies either that the upper-mantle velocities are low or that
these discontinuities are deeper than in IASP91. Anomalously low shear wave [Maggi
and Priestley, 2005; Gok et al. 2007] and Pn velocities [Al-Lazki et al. 2003; 2004] found
beneath the region suggest that this observed arrival time delay is related to the low
uppermost mantle velocities. Unfortunately, currently available velocity models for the
study region are limited to the top 200 km and/or do not have sufficient resolution to be
used for calculating absolute depths. Hence, we focus on spatial variations in structure, as
they are less sensitive to the absolute velocity model.
In the low frequency plot, the energy arriving around 30 sec appears as a broad
positive phase with no characteristic moveout (Figure 3a), whereas in the higher
frequency plot, it splits into two phases with opposite moveout indicating the presence of
the 250-km discontinuity along with a multiple from shallower structure (Figure 3b). In
the higher frequency plot, major phases such as the Moho and the LAB and their
multiples become more distinct allowing us to test different velocity models that would
match their arrival times. The best fitting 2-layered model obtained by using a trial and
error approach is given in Table 1 and the arrival time predictions from this model are
also shown in Figure 3b. This simple model fits the arrival times reasonably well and
predicts uppermost mantle velocities lower than IASP91 that is similar to the low shear
wave and Pn velocities found in the region [Maggi and Priestley, 2005; Gok et al. 2007;
Al-Lazki et al. 2003; 2004]. In addition, this model indicates an average crustal thickness
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of 40 km beneath the high plateau that is consistent with findings from high frequency
receiver functions [Ozacar et al. 2007; Zor et al. 2003] and anomalously thin lithosphere
(65 km) that is within the depth range (60-80 km) identified by S-wave receiver functions
[Angus et al. 2006].
The 250 discontinuity is also reported in numerous other studies (see Sheehan et
al. 2000 and references therein]. Previously proposed origin for this discontinuity
includes the base of the asthenospheric low velocity zone [Lehmann, 1959], the transition
from anisotropic media above to isotropic mantle below [Gaherty and Jordan, 1995] and
the phase transition from coesite to stishovite [Williams and Revenaugh, 2000]. Since,
this discontinuity arrives in the near vicinity of the multiple (PpSs+PsPs) from the LAB,
its spatial variation is excluded from further analysis. Previous studies of SS precursors
[Duess and Woodhoouse, 2001] and receiver functions [Van der Meijde et al. 2005] have
also reported a 520 km discontinuity that is possibly related to the olivine phase transition
from wadsleyite to ringwoodite [Katsura and Ito, 1989]. However, we did not observe
any prominent phase near this depth in our data set.

B. Spatial Variations of 410 and 660 km Discontinuities
Generally, the presence of a slab in the vicinity of upper mantle discontinuities
reduces the converted wave amplitudes implying either a weaker velocity contrast or a
pronounced topography defocusing the wave-field to the point of invisibility near the
slab. In this respect, lateral amplitude variations of the conversions from the 410 and 660
discontinuities can be used to identify slab location and possibly its behavior as it
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encounters the lower mantle. For this purpose, the mean amplitudes of conversions from
the 410 and 660 discontinuities in each CCP bin are calculated by bootstrap re-sampling
and mapped over the study area (Figure 4). In the region, spatial variations of the 410 and
660 amplitudes show coherent patterns that shed light on the 3-D slab geometry.
The 410 discontinuity appears strong within the central section of the East
Anatolian Plateau (39º-40º) and weak or invisible in the northwest, northeast and towards
the south beneath the Arabian plate. The 660 discontinuity also appears strong at the
center and becomes weaker away from the center. In the southeast, weak amplitudes of
660 extend from Arabian plate towards the north forming a narrow 400 km long “tongue”
shaped corridor, which is consistent with the horizontally deflected slab imaged by
seismic tomography [Piromallo and Morelli, 2003]. Furthermore, the presence of
separated zones of low amplitude in the transition zone discontinuities beneath the region
supports the possibility of having more than one detached slab and/or delaminated
lithospheric fragments in the upper mantle which has been previously proposed by Keskin
[2007] based on geochemical characteristics of the collision-related volcanism in Eastern
Anatolia.
After removing CCP bins with complex arrivals, we performed a bootstrap resampling to determine depths of the transition zone discontinuities. In the absence of a
sufficient local velocity model for the region, we converted receiver functions from the
time domain to the depth domain using the 1-D velocity model IASP91 and mainly
focused on the spatial variations rather than absolute depths. Note that all the depths are
relative to IASP91 and should be considered with caution. In theory, 3-D velocity model
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would lead to more realistic results. However the lateral velocity variations above 410
would affect both 410 and 660 discontinuities equally and within the transition zone do
not exceed 2% [Piromallo and Morelli, 2003] that would at the maximum result in a
change of a few kilometers in transition zone thickness. Moreover, previous studies using
laterally varying time corrections found only minor changes that did not change the
interpretation for the observed variations in discontinuity structure [Gilbert et al. 2001;
Gilbert et al. 2003].
Figure 5 shows the depth variation maps for the 410 and 660 discontinuities along
with the histograms of the depth picks from each bootstrap realization that are used to
estimate the average depths and confidence limits for each CCP bin. Narrow-peaked
histograms indicate the most tightly constrained depths. For the most part, the depth of
the 410 ranges from 420 km to 450 km and that of the 660 ranges from 675 km to 715
km. Both discontinuities are systematically deeper (up to 30 km) than predicted from
IASP91 due to anomalously low seismic velocities present beneath the plateau above the
410 km discontinuity [Maggi and Priestley, 2005; Gok et al. 2007; Al-Lazki et al. 2003;
2004].
In the study area, the 410 and 660 discontinuities exhibit spatially coherent
topography with magnitudes reaching up to 30 km. The 410 discontinuity is
exceptionally deep (~450 km) near the Karliova triple junction where the NAF and EAF
merge together and becomes shallower away from the triple junction. In contrast, the 660
discontinuity is shallow (~680 km) near the triple junction and becomes gradually deeper
away from the central part of the study area in a circular fashion. This clear anti-
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correlation between the 410 and 660 discontinuities is explained well by the different
signs of the respective Clapeyron slopes (positive for 410 and negative for 660) and
implies warmer temperature within the transition zone beneath the Karliova triple
junction. Direct comparison of depth and amplitude variations indicates that the zones of
low amplitude if not taken out from the depth analysis coincide with shallow 410 and
deep 660. This robust correlation supports the strong interaction between the cold slab(s)
and the transition zone discontinuities.
To further assess the correlation between the 410 and 660 discontinuities,
transition zone thickness is determined by subtracting the depth of the 410 discontinuity
from that of the 660 discontinuity for each overlapping bin. The resulting map of
transition zone thickness variations (Figure 6) indicates a circular region near the triple
junction where transition zone thickness is thinner than in the IASP91 model (250 km) by
about 20 km. Assuming that the transition zone thickness variation is caused solely by a
temperature effect, the 20 km thinning of the transition zone corresponds to 120ºC higher
temperature for the transition zone [Revenaugh and Jordan, 1991] and implies the
presence of thermal upwelling at the center of the study area. Outside this region, the
transition zone gradually thickens and at some CCP bins becomes up to 30 km thicker
than normal. The thicker-than-normal transition zone occurs mainly in the vicinity of low
amplitude zones where slab(s) and/or detached lithospheric fragments are most likely
located. This correlation indicates that cold slab(s) not only thicken the transition zone by
decreasing temperature up to 180ºC but also reduces the discontinuity amplitudes where
they encounter them.
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IV: RESULTS AND DISCUSSION
Figure 7 shows west to east and south to north cross-sections of CCP stacked
receiver functions with our depth picks for each bin. Dashed lines outline the possible
locations of detached slab(s) and/or lithospheric fragments where 410 and/or 660
discontinuities are almost invisible. Their locations correlate well with the positive
velocity anomalies imaged by seismic tomography around the transition zone [Piromallo
and Morelli, 2003] and indicate three distinct regions that are separated by a thin
transition zone beneath the central part of the study area. In the south, the slab is
associated with the steepening and breakoff of a northward subducting slab that occurred
around 11 Ma ago when the rapid uplift and the oldest collision related magmatism
started [Keskin, 2003; Sengor et al. 2003]. The 3-D geometry of this widely extending
feature shows remarkable change from west to east. In the western section beneath the
Arabian plate, the 410 discontinuity disappears over a 150 km wide region whereas the
660 discontinuity deepens but remains visible suggesting that the slab did not sink to a
depth of 660 km. In the eastern section, the 660 discontinuity becomes very weak
towards the north within a narrow 400 km long “tongue” shaped corridor (Figure 4). This
corridor of low amplitude is comparable in size to the region occupied by the horizontally
deflected slab (Figure 1) imaged by seismic tomography [Piromallo and Morelli, 2003].
Based on this dramatic change in slab geometry, we suggest that the slab breakoff
initiated as a tear in the east and propagated west through time creating the observed
difference in slab length. At a larger scale, similar process that involves migrating slab
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detachment have been proposed to explain the geodynamical evolution of the
Mediterranean-Carpathian region [Wortel and Spakman, 2000].
The behavior of a sinking slab as it approaches the boundary between the upper
and lower mantle is still under much debate. Fukao et al. [1992] suggested that the
mineral phase transformation at the 660 discontinuity creates a partial barrier where
deflected slab material piles up before it eventually descends down into the lower mantle.
In this region, high velocity anomalies are limited to the transition zone [Piromallo and
Morelli, 2003] (Figure 1) and the 660 discontinuity is characterized by low amplitudes
over a large horizontal scale (Figure 4). This is a possible result of the slab piling up on
the discontinuity before proceeding into the lower mantle and supports the idea of
resistance to slab penetration at the 660 discontinuity.
In the north, we also identified two distinct patches of low amplitude arrivals,
which are located in the northwest and northeast side of the study area (Figure 4 and 7).
These patches are spatially limited with respect to the inferred slab in the south and
appear to have different shapes from each other. In the northwest, both the 410 and 660
discontinuities are affected over a narrow section (<75 km) suggesting a vertical position
whereas in the northeast, the 410 is affected over a wide area exceeding 150 km without
much change in the nature of the 660 and supports a horizontal position around the 410
discontinuity. Considering the limited extent and complex geometry, we interpret these
two patches as delaminated lithospheric fragments with irregular shapes (Figure 7).
Based on the genesis of magmatism in this exceptionally fertile mantle domain, Keskin
[2007] also proposed that these delaminated lithospheric fragments exist beneath the
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northern part of the region and have contributed to the magma generation by dewatering
as they sank (Figure 1). Furthermore, these fragments coincide with the region of thin
lithosphere [Angus et al. 2006] and provide an explanation for the broad positive anomaly
around the transition zone imaged by seismic tomography [Piromallo and Morelli, 2003].
Clear 410 and 660 arrivals and a thin transition zone characterize the central part
of the study area (Figure 6 and 7). Near the Karliova triple junction, the transition zone is
thinnest (230 km) and would translate to elevated temperatures of about 120ºC. Spatially,
this warm mantle anomaly within the transition zone correlates well with the region of
widespread Neogene volcanism [Keskin, 2003] and thin lithosphere [Angus et al. 2006],
and may be linked to the hot partially molten asthenosphere emplaced subsequent to the
slab detachment beneath the plateau [Sengor et al. 2003]. However, the absence of a
strong negative velocity anomaly below 200 km [Piromallo and Morelli, 2003] implies
that if there is a connection it is spatially restricted. In addition seismic tomography
shows no evidence of warm lower mantle but rather supports cold temperatures caused
by sinking slabs. Thus, we interpret this thermal anomaly as hot material trapped within
the mantle transition zone between the slab in the south and delaminated lithospheric
fragments in the north.
Although the main purpose of this paper is to investigate the spatial variations of
the transition zone discontinuities, we also identified major discontinuities above the
mantle transition zone. In the region, the converted phase from the 250 discontinuity that
has been interpreted as the base of the asthenospheric low velocity zone by Lehmann
[1959] is widely visible but arrives in the near vicinity of the multiple (PpSs+PsPs) from
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the LAB. By stacking all the receiver functions as a function of ray parameter, we
identified the converted phases from the Moho and the LAB and their multiples (Figure
3). The resultant velocity model (Table 1) that fits the arrival times of these phases
indicate an anomalously thin crust (40 km) and lithosphere (65 km), and predict low
velocities in the uppermost mantle that are all consistent with earlier studies conducted in
this region [see Ozacar et al. 2007 and references therein]. Overall our results support the
idea that the 2 km high plateau is not supported by thick crust but rather by warm
buoyant mantle [Sengor et al. 2003].
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Table 1. 2-layered seismic velocity model that fits the arrival times
of Moho, LAB and their first-order multiples.
Region
Crust
Mantle Lithosphere

Depth (km)

Vp (km/s)

Vs (km/s)

0 - 40
40 - 65

6.30
7.80

3.55
4.20
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Figure 1. Regional tectonic map of Eastern Turkey with topographic relief, station
locations of ETSE array (inverted triangles), Neogene volcanics (pink area) and Holocene
volcanoes (red triangles). Arrows indicate the direction of plate and fault motions. NAF,
North Anatolian Fault; EAF, East Anatolian Fault; DSF, Dead Sea Fault; BS, Bitlis
Suture; PS, Pontide Suture; LC, Lesser Caucasus; GC, Greater Caucasus. Blue line
indicates the locations of tomographic cross-section of Piromallo and Morelli [2003]
shown in the inset figure. Enclosed areas characterized by positive anomalies are taken
from Keskin [2007] and represent locations of detached slab and delaminated fragments
of lithospheric mantle.
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Figure 2. Map showing stations used in this study (red inverted triangles) and ray
piercing point locations at 410 (blue circles) and 660 (green circles) kilometer depths.
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Figure 3. Binned and stacked receiver functions as a function of ray parameter in time
domain for two different cutoff frequencies a) 0.15 Hz and b) 0.4 Hz. Black lines are
predicted moveout curves of 250, 410 and 660 km discontinuities based on IASP91
model. In high frequency, additional moveout curves for Moho (white), LAB (purple)
and their first-order multiples (dashed) are shown based on our 2-layered velocity model
that is given in Table 1.
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Figure 4. Amplitude variation maps of 410 and 660 km discontinuities. Weak amplitudes
are shown as red colors and strong amplitudes as blue colors. Locations of CCP bin
center points are indicated with black circles.
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Figure 5. Depth variation maps of 410 and 660 km discontinuities are on the left.
Shallow depths are shown as red colors while blue colors indicate greater depths.
Histograms of the depth picks from 200 bootstrap realizations within each CCP bin are
on the right. Each histogram is labeled with their picked depth and confidence limit
which represents the depth interval containing 66% of the depth picks.
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Figure 6. Map of the mantle transition zone thickness.
Thickness is determined by subtracting the depth of 410
discontinuity from that of 660 discontinuity for each
overlapping CCP bin. Thin transition zone is represented
by red colors while blue colors indicate greater thickness.
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Figure 7. Cross-sections of CCP stacked receiver functions (red: positive, blue:
negative). Location map is shown at the top left corner. White diamonds represent depth
picks and dashed lines outline the possible locations of slab and lithospheric fragments
where amplitudes are clearly reduced or diminished.
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