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A Study of the 14 November 2001 Kokoxili Earthquake: History and

Geometry of the Rupture from Teleseismic Data and Field Observations

by Audrey Tocheport, Luis Rivera, and Jérôme Van der Woerd

Abstract A study of the 14 November 2001 Kokoxili earthquake is performed to
estimate the source parameters from teleseismic body-wave inversion. The earth-
quake broke the western Kusai Hu segment of the east–west trending Kunlun strike-
slip fault, with the presence of surface rupture traces over 400 km. This event of Mw

7.8 (Harvard CMT, 2001) was followed by moderate but continuous seismic activity.
We apply an inversion method of complex body waves with multiple subevents
(Kikuchi and Kanamori, 1991) to model the waveforms and to understand the rupture
process. Field observations are used to constrain the inversion and to evaluate the
solution. Considering the western complexities of the Kusai Hu segment, we invert
the first part of the data to model the initiation of the rupture. The rupture is found
to begin on the fault branch lying southwest of the Buka Daban Peak. Although the
rupture propagates dominantly eastward, some subevents systematically appear to
the west of the epicenter. Then, an inversion of the complete body-wave traces shows
that the rupture propagated unilaterally eastward along the straight part of the Kusai
Hu segment.

Introduction

The 14 November 2001 Kokoxili earthquake Mw 7.8
occurred north of the Tibetan plateau, along the Kunlun fault
with a rupture length of over 400 km (Lin et al., 2002; Van
der Woerd et al., 2002a; Xu et al., 2002) (Fig. 1a). This
event is one of the largest continental strike slips recorded
in the past century. Despite the large size of this earthquake,
it did not cause much damage because it occurred in an
almost unpopulated region, the nearest large city, Golmud,
lying 150 km away.

The Kunlun fault is a major east–west sinistral strike-
slip fault that runs for more than 1600 km from 86� E to
105� E along the eastern Kunlun range, crossing parts of the
Xinjiang, Xizang, and Qinghai provinces. During the twen-
tieth century, the seismicity of the Kunlun fault was sparse
but continuous with several moderate and large earthquakes
associated with the Kunlun fault. The largest earthquakes
are the 1937 earthquake of M 7.5 that ruptured most of the
Dongxi Co segment (Jia et al., 1988) and the 1997 Manyi
earthquake of Mw 7.6 that broke the Manyi segment pro-
ducing a surface rupture of about 170 km (Peltzer et al.,
1999; Van der Woerd et al., 2002a,b) (Fig. 1b).

The 2001 Kokoxili event ruptured mainly the Kusai Hu
segment of the Kunlun fault, which is located between the
1937 and 1997 epicenters. Harvard CMT (2001) estimates
the magnitude Mw at 7.8 and locates the centroid eastward
of the epicenter at 35.80� N 92.91� E on the Kusai Hu seg-
ment near the Kusai Lake.

Field investigations show that the coseismic surface
rupture extends about 435 km from nearly 90.2� E west of
the Buka Daban Peak to 95� E, east of the Kunlun Pass (Lin
et al., 2003; Xu et al., 2002). The whole surface rupture has
been mapped in the field and shows a 30-km-long ruptured
segment to the west and the main 350-km one separated by
an extensional step-over graben system of about 40 km long
(Klinger et al., 2005b) (Fig. 1b, c). The observed displace-
ments correspond essentially to a pure left-lateral strike-slip
motion on subvertical faults. Coseismic displacements were
measured by different teams (Lin et al., 2002; Van der
Woerd et al., 2002a, 2003; Klinger et al., 2003, 2004,
2005a,b; Fu et al., 2005; Lasserre et al., 2003, 2005; Li et
al., 2005; Xu et al., 2006) along the rupture after the 2001
earthquake. First field investigations (Lin et al., 2002) de-
scribed coseismic rupture with displacements up to 16 m,
which, however, were not corroborated by other teams and
studies (Xu et al., 2002; Klinger et al., 2005a,b; Lasserre et
al., 2005; Xu et al., 2006). The coseismic slip ranges mostly
between 3 and 5 m and with maximum about 8–10 m 250
km east of the epicenter (Xu et al., 2002; Klinger et al.,
2005a; Lasserre et al., 2005).

The Kokoxili earthquake was recorded by regional and
teleseismic networks allowing the study of its source history
(Bouchon and Vallée, 2003; Lin et al., 2003; Rivera et al.,
2003; Antolik et al., 2004; Ozacar and Beck, 2004). These
seismic studies, combined with geologic observations, pro-
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Figure 1. (a) Simplified map of major faults in and around the Tibet Plateau. Faults and kin-
ematics modified from Tapponnier et al. (2001b). (b) First-order segmentation of the Kunlun fault
modified from Van der Woerd et al. (1998). (c) Detailed map of the faults involved in the 2001
Kokoxili earthquake from field evidence. The post-2001 seismicity from the IRIS SeismiQuery
events search for events having a Mb � 4.0 is mapped. The Harvard focal mechanism of the main
aftershock of Mw 5.2 is indicated. The large triangle corresponds to the epicenter relocation of
Engdahl (2002). Open rectangles outline simplified faults F1, F2, and F3 used in inversion.
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Figure 2. Map of broadband stations used in our
inversion distributed at epicentral distances between
30� and 95�.

vide a picture of the rupture with an initiation in the west,
near the Buka Daban Feng summit, and an eastward prop-
agation with supershear rupture velocity (Bouchon and Val-
lée, 2003) where large displacements have been observed
(Lin et al., 2002; Xu et al., 2002). Most of the rupture is a
simple eastward propagation, except in the epicentral area
where several fault branches connect and where the rupture
mechanisms vary.

Although the overall propagation of the rupture seems
to be understood, its initiation is still under discussion. In-
deed, slightly different fault geometries of the western Buka
Daban Peak region were used to model the rupture, either
as an almost uniform segment (Lin et al., 2003) or as two
segments with distinct orientations (Fig. 1c) (Antolik et al.,
2004; Ozacar and Beck, 2004). The directions of propaga-
tion on the different segments are also not well resolved.
The lack of detailed fault maps to precisely constrain the
complex geometry of this fault branching and the poor sen-
sitivity of teleseismic body waves to such details explain the
difficulty in understanding the rupture history in this region.

In this study, we invert teleseismic body waves taking
into account our own field observations and those from
other studies (Klinger et al., 2005b; Lasserre et al., 2005;
Xu et al., 2006) to constrain the source parameters and the
history of the 14 November 2001 rupture. We use a mul-
tiple-event inversion (Kikuchi and Kanamori, 2003) and
modify the algorithm to include multiple faults with com-
plex branching. After performing a simple inversion, con-
sidering only the main fault to determine a mean focal
mechanism, we focus on the rupture initiation history,
which is the most complex part of the rupture. We then
compute a final inversion including branches in the epicen-
tral region and the main fault.

Tectonic Setting and Field Observations

The Tibetan plateau and the Himalayan mountains re-
sult from the Indo-Asia continental collision (Tapponnier
and Molnar, 1977; Tapponnier et al., 2001b) (Fig. 1a). Since
about 50 Ma, the northward displacement of India is about
5 cm/yr with about 2 cm/yr absorbed in the Himalayan
thrusts (Bilham et al., 1997; Lavé and Avouac, 2000). The
remaining convergence is absorbed to the north, in and
around the Tibetan plateau and in the Tian Shan (Avouac
and Tapponnier, 1993).

Although most of the convergence is absorbed by active
shortening along the Tibet plateau margins and northeast of
Tibet (Peltzer and Saucier, 1996; Meyer et al., 1998), part
of it is accommodated by horizontal block motions along
large 1000- to 2000-km-long strike-slip faults, such as the
Altyn Tagh, Kunlun, Haiyuan, Karakorum, and Xianshuihe
faults (e.g., Van der Woerd et al., 1998, 2002b; Lasserre et
al., 2002; Mériaux et al., 2004; Chevalier et al., 2005)
(Fig. 1a). The Kunlun fault runs south of the eastern Kunlun
mountains between the high Tibetan plateau to the south and
northeast Tibet with a lower elevation to the north. The fault

extends from 86� E to 105� E for about 1600 km, separating
two geologically and tectonically different domains. To the
south, the high Tibetan plateau, with an average elevation
of 4800 m is dominated mostly by oblique, northeast–south-
west- or northwest–southeast-trending strike-slip and north–
south-trending normal faults (e.g., Armijo et al., 1989; Tay-
lor et al., 2003), whereas to the north, the margin of Tibet,
with an average elevation of 3500 m, is dominated by
�east–west-striking strike-slip and thrust faulting (e.g.,
Meyer et al., 1998; Tapponnier et al., 2001b) (Fig. 1b).

Geomorphic offsets along the Kunlun fault, whose ages
were determined by cosmogenic, radiocarbon, or thermo-
luminescence dating (Van der Woerd et al., 1998, 2000,
2002b; Li et al., 2005) indicate that the long-term slip rate
of the Kunlun fault has been about 10–12 mm/yr for the past
40 ka. Together with the measurements of large coseismic
offsets this rate allows the determination of the recurrence
time of M 7–8 earthquakes to range between 300 and 800
years along the different segments of the fault (Tapponnier
et al., 2001a; Van der Woerd et al., 2002b; Li et al., 2005).

Body-Wave Analysis

Data

We use teleseismic P and S body waves recorded by the
broadband seismological stations of the Incorporated Re-
search Institutions for Seismology (IRIS) and GEOSCOPE-
programme (G) networks. According to the geographical
distribution and the quality of the data we select 41 vertical
records of P phases and 15 SH phases. Figure 2 shows the
distribution of the selected stations, which are all within
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30� to 95� of epicentral distances to avoid long crustal
paths or core mantle boundary (CMB) interactions. We use
relative data weighting giving 30–50% of weight to the SH
phases with respect to 100% to the P phases.

African stations are particularly well suited to cover
southwestern azimuths with south and east azimuths being
covered by island stations in the Indian and Pacific oceans
and also in Australia. The north is covered by North Amer-
ican stations. Even if some gaps remain (north of the Indian
ocean) the general azimuthal coverage is fairly good.

We converted the broadband high gain seismometer
(BH) records into ground displacement, resampled them at
1 sample per second, and performed a horizontal rotation
according to the theoretical backazimuth of each station to
isolate the SH phases.

One important question is the choice of the record
length to be used in the waveform inversion. Figure 3 shows
the selected vertical records. The first observation is mani-
fest; we are dealing with a very long rupture. Due to the
directivity, the apparent duration varies from about 80 sec
in the eastern stations (e.g., MAJO, GUMO), to more than
120 sec in the western stations (PAB, TAM). Unfortunately,
with the given mechanism and depth, a relatively important
PP phase comes into the rupture-duration time window. In
other words, the PP phases originating in the early stage of
the rupture interfere with the P phases originating in the later
stage of the rupture. This effect is especially true in the west-
ern, antidirectional, stations. To model the PP is not a prob-
lem in itself; the problem arises because the PP overlaps
with the P and the resulting interference is strongly depen-
dent on the propagation model. As a result, we would lose
the well-known asset of teleseismic modeling of not being
very dependent on the global propagation model. We then
decided to choose a record length of 130 sec (starting 10 sec
before the P arrivals). With this choice, we avoid the PP
interference for most of our stations. The price for that is the
loss of the information contained in the latter portion of the
western records. An additional potential problem is related
to the PcP arrival. Fortunately for the mainly strike-slip
mechanism we have at hand, the PcP amplitudes are very
small and they can be neglected without harm.

We systematically observe a weak burst of energy in
the first 40 sec followed by a much more energetic one
nearly 50 sec after the beginning of the first arrivals. A com-
parison between the seismograms recorded by eastern and
western stations shows that the first bracket of energy seems
to be more important in the western stations. On the contrary,
the second bracket is much more energetic on the eastern
stations. This suggests an eastward propagation of the main
rupture along the east–west-trending fault with a complex
initiation of the rupture in the west.

Inversion

We use the Kikuchi and Kanamori (1991) teleseismic
body-wave inversion program to model these data. The rup-

ture pattern is parameterized as a sequence of subevents dis-
tributed on the fault plane determined successively by iter-
ative deconvolution. During the inversion procedure the
focal mechanisms of the subevents can be fixed or be deter-
mined by the inversion. Mechanism inversion is appropriate
to study a complex source process and to understand the
mechanism of propagation of the rupture, so we allow the
mechanism to vary freely in the inversion.

Each subevent is characterized by a moment tensor, its
onset time, and its location on the fault (Kikuchi and Kan-
amori, 1991). The fault plane is defined by its azimuth, its
length, and its dip and is sampled in both dimensions to
define a grid on which the subevents are placed during the
inversion.

Before performing the inversion itself, it is necessary to
calculate the elementary Green’s functions for all potential
source-station geometries. The propagation in the crust is
calculated by using the propagator matrices technique (Has-
kell, 1953, 1964) in layered media. It concerns the region of
the source location but also the structure near the receiver
stations. In the Kokoxili earthquake, two models are then
necessary for this step; one global for the receivers and an-
other one more adapted to the thick Tibetan crust for the
source.

Besides the fault-plane characteristics, other input pa-
rameters are needed in this inversion, such as the maximum
allowed rupture velocity, the shape of the elementary source
time functions (impulse, trapezoid, or triangle), the number
of sources, and the duration of the records. The maximum
rupture velocity defined here implies a minimum delay be-
tween the epicentral time and the rupture time of any given
node.

The inversion is nonlinear, and because the problem is
not well constrained, it is necessary to impose some addi-
tional information to stabilize it. From the preceding discus-
sion, we fixed the source duration to 130 sec. The fault-
rupture map is also a rich source of information to fix the
initial geometrical parameters. The final normalized residual
error measures the quality of the solution and is used to
evaluate the fit between the data and the synthetics.

Application to the Kokoxili Earthquake

We made three different inversions to understand the
rupture propagation. To know the overall faulting mecha-
nism, we first performed an inversion where the point
sources are constrained to lie on the main ruptured fault as
seen in the field. Then, to understand the initiation of the
rupture more precisely, we modeled the first 35 sec of the
records considering the western segments F1 and F2
(Fig. 1b, c) of the Kusai Hu segment. For this second step
we had to modify the Kikuchi’s algorithm to take into ac-
count several fault planes with different trends in a single
inversion. The subevents are free to occur on any of the
different planes. Finally, we present a complete inversion
taking into account the main fault and the western geomet-
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Figure 3. Mean focal mechanism obtained for a multiple-source inversion consid-
ering a single fault plane corresponding to the main Kunlun fault (F3 on Fig. 1b)
surrounded by the P waveforms and the obtained synthetics. The name of the station
is indicated for each waveform above the corresponding azimuth and epicentral dis-
tance.

rical complexities to model the whole rupture process. In all
the inversions, the focal mechanisms are left completely
free.

Single Fault Inversion

The overall geometry of the Kusai Hu segment is rather
simple without major changes in its orientation. The rupture
propagated mainly along the Kusai Hu segment located be-
tween 91� E and 94� E. This segment is remarkably straight
having an orientation of N90�E in the west, N100�E in the
center, and N110�E in the east. Consequently, we modeled
the Kusai Hu segment by a unique linear structure having a

mean orientation of N100�E, which corresponds to fault F3
(Fig. 1b).

The first inversion is then performed on the fault plane
defined previously and on the total duration of the P waves.
The potential fault grid length is set to 480 km and sampled
every 10 km. We also define a maximum depth for the sub-
events of 20 km with a sampling every 2 km. The source
time function is composed by overlapping triangles having
half-durations fixed to 3 sec.

The crustal velocity models define the principal bound-
aries on which reflexions and refractions of waves happen,
producing complex waveforms. These models must be cho-
sen carefully to improve the modeling of the waveforms
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and reduce the uncertainty of the source parameters. To
model the wave propagation in the crust, we use two
different models, one for the source and one for the receiv-
ers. For the receivers, we use the standard global prelimi-
nary reference earth model (PREM) of Dziewonsky and
Anderson (1981). For the source, we choose a locally ap-
propriate structure that takes into account the thick Tibetan
crust. Different detailed models exist for Tibet. We tested
the ASIA model of Kosarev et al. (1993) and the CRUST
2.0 model (Laske et al., 2001). All crust models lead to the
same modeling results and to a very similar fit between the
waveforms and synthetics. The only systematic difference is
related to the seismic moment. With PREM, we obtain a
moment magnitude of 7.8; with the two others we obtain
7.9. In the following, we use the ASIA model (Kosarev et
al., 1993) for the inversions.

The results of the inversion are shown on Figure 3 with
the resulting average focal mechanism surrounded by the
data and the calculated synthetics. The fit between the data
and the synthetics is fairly good overall except for the first
weak burst of the P waves before 40 sec, which is under-
modeled for several stations. The elementary sources tend
to cluster where the maximum moment is concentrated near
the centroid location. This is observed even if a larger num-
ber of elementary sources are allowed in the inversions. The
main reason for this behavior of the algorithm is the very
high amplitude ratio between the main pulse and the weak
first arrival. Indeed, even after some steps of the iterative
deconvolution, the misfit around the main pulse remains
dominant with respect to the initial amplitudes. This indi-
cates a limitation of the method for the study of complex
source time history. To model the entire P waveform, we
modified the previous inversion and applied a weighting fac-
tor to penalize the later segments of the seismograms. This
weighting should force the inversion to better explain the
first weak part of the records.

The total duration is about 110 sec and the rupture
length reaches about 300 km long. The inversion results
yield an eastward propagation of the rupture after an initia-
tion in the west. In the next step, we focus on the rupture
initiation considering a more realistic geometry to detail the
beginning of the propagation.

Rupture Initiation

The 2001 epicenter relocation of Engdahl (2002)
(35.894� N, 90.573� E) is located on a secondary strike-slip
fault west of the Kusai Hu segment corresponding to branch
F1 on Figure 1c. To understand how the rupture propagated
from the epicenter to the main Kunlun fault, we model the
western fault geometry that comprises the secondary strike-
slip fault (F1) and the extensional step-over (F2). This links
the first branch (F1) to the main fault F3 (Fig. 1c). We model
the two faults F1 and F2 as having a length of 45 km with
a sampling of 15 km and use the same definition in depth as
for the main plane. In this second step, we invert the first

35 sec of the P waves to focus on the very beginning of the
propagation.

A test with a single point source preferentially places
the source on branch F1 near the epicenter location with a
strike-slip mechanism. To improve our model of propagation
along these three faults we perform other inversions by pro-
gressively adding subevents. For each inversion we carried
out sensitivity tests to study the stability of the focal mech-
anism and the spatiotemporal distribution obtained for each
source. This means that for each inversion, we perform about
forty other inversions by alternately changing the stations
involved and observe the variability of the inverted param-
eters. The figure in Appendix shows the variations of the
spatiotemporal distributions of the sources and of the focal
mechanisms for two inversions involving five and eight
sources. With five elementary sources or more, the data are
well modeled. The P-waveform synthetics obtained from the
five-sources inversion are shown on Figure 4. The inversion
considering the three fault branches improves the fit between
waveforms and synthetics by about 10% compared with a
unique fault inversion. The synthetics obtained from the
unique fault inversion are shown on Figure 5. Eight sources
give a good idea of the propagation along the three fault
branches. We notice that the last focal mechanisms becomes
unstable. Involving more than eight sources in the inversion
shows that both focal mechanisms and spatiotemporal dis-
tribution of the last sources are not well constrained. With
seven and eight sources, we observe that the rupture still
begins on the F1 fault with a constant strike-slip mechanism
(Fig. 6). Although some sources appear systematically to the
west near the initiation point (Figure in Appendix), their
associated seismic moment is relatively small. The propa-
gation to the east seems to be a more robust feature. As
discussed by Antolik et al. (2004) the teleseismic data are
not especially well suited to properly constrain the relative
location of the subevents. The rupture then passes through
the pull-apart (F2) where normal faulting is dominant and
finally reaches the main F3 fault at the beginning of the
Kusai Hu segment where we recover a strike-slip mecha-
nism.

Multiple Fault Branch Inversion

The third inversion is a combination of the first two
described earlier to model the whole rupture process, ac-
counting for the western geometry of the epicenter area.
Thus, we invert for multiple subevents, considering the main
N100�E striking fault and the two western branches F1 and
F2, by inverting the total duration of the body waves of about
120 sec. We apply the same weighting factor as in the first
inversion to the beginning of the data and consider the hy-
pocenter relocation of Engdahl (2002) placed at 10 km in
depth.

Because the results concerning the elementary sources
occurring toward the end of the rupture are sensitive to the
number of sources involved in the inversion, we perform a
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Figure 4. Synthetic seismograms of the P waves and the corresponding data re-
sulting from the inversion of the first 35 sec of the data to model the beginning of the
rupture considering fault branches F1, F2, and F3 shown on Figure 1c. The name of
the station is indicated for each waveform above the corresponding azimuth and epi-
central distance.

Figure 5. Same as in Figure 4 but considering a unique fault inversion.
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Figure 6. Detail of the Kokoxili rupture initiation
process based on the results of the inversion of the
first 35 sec. Mean focal mechanisms are shown for
each branch, their size being proportional to their seis-
mic moments. Arrows indicate the bilateral or unilat-
eral direction of propagation.

Figure 7. Evolution as a function of the number
of sources included in the inversion of (a) the misfit
between data and synthetics, (b) the time correspond-
ing to the lastest source, and (c) the distance of the
farthest source with respect to the epicenter location.

sequence of inversion tests to see how the obtained param-
eters vary with the number of sources and to evaluate how
many sources are significant. Figure 7 shows the results of
the inversions including from 5 to 70 elementary sources.
We see that the first 20 elementary sources are necessary to
fit the waveforms and that the residual misfit becomes ac-
ceptable at about 30 elementary sources (Fig. 7a). Figure
7b, c shows the evolution of the latest and farthest elemen-
tary source obtained in the inversions. The duration in-
creases gradually with the number of subevents whereas the
evolution of the longest distance increases in steps. The total
duration of the signal seems to be explained with about 50
elementary sources and the most eastern source is located at
about 350 km from the epicenter.

Figure 8 shows the waveform modeling including 30
elementary sources for some stations compared with the re-
cords. The fit is good even for the beginning of the signal,
which is improved by the addition of the fault branches F1
and F2. The mean focal mechanism is almost pure strike slip
(97.5�, 89.0�, 0.5�) and the obtained total scalar moment re-
leased is M0 9 * 1020 N m, which corresponds to a moment
magnitude of Mw 7.9. The SH waveforms included in this
inversion are shown on Figure 9; there is also a good co-
herence between the data and the synthetics.

The source time function obtained from an inversion
considering 30 sources is shown on Figure 10c and reveals
two stages. The first stage, corresponding to the first pulse
of 40 sec, has a relatively small seismic moment equivalent
to 6% of the total, which amounts to a Mw 7.1. The second
stage lasts about 80 sec and corresponds to 94% of the total
seismic moment, which is equivalent to a Mw 7.9. The av-
erage rupture velocity obtained is about 3.4 km/sec, which
is lower than the 3.9 km/sec obtained by Bouchon and Vallée
(2003) who observed supershear velocity. To understand the
rupture propagation we can also look at the position of the
most important dislocation points on the different faults
shown on Figure 10a,b. The rupture initiates on F1 at the

epicenter location at a depth of 10 km and seems to propa-
gate bilaterally during the first 40 sec with a constant and
dominant strike-slip mechanism. About 20 sec after the ini-
tiation, it passes on F2 through the extentional graben with
a strong normal component. It finally reaches the beginning
of the Kusai Hu segment (F3) 30 sec after the initiation with
a first burst ending at 40 sec at the end of the first stage.
Although this burst reaches the Kusai Hu segment, it seems
to relate to the first part of the rupture as it belongs to the
first 40 sec.

A few seconds after the end of the first stage at about
40 sec, the propagation continues unidirectionally eastward
on the main Kunlun fault with a dominant left-lateral strike-
slip mechanism corresponding to the second main pulse of
the source time function. The focal mechanisms obtained are
very stable all along the fault, and the strike of the elemen-
tary sources is very similar to the strike of the fault without
any constraint imposed on the mechanism. The maximum
of the moment rate function happens around 70 sec and is
located near the CMT location. One hundred seconds after
the beginning of the earthquake, we still observe mostly
strike-slip mechanisms and some reverse ones. The focal
mechanism is very stable along the fault with a pure left-
lateral strike-slip mechanism. The normal component of the
subevents observed in the west, near the epicenter location,
agrees with the oblique normal strand observed near 91� E
(Xu et al., 2006), which may be responsible for the uplift of
the Buka Daban Feng (Van der Woerd et al., 2002a). The
few thrust subevents found in the east are also consistent
with the Kunlun Pass fault being a thrust fault with a strike-
slip component (Van der Woerd et al., 2002b).
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Figure 8. Mean focal mechanism obtained for the complete multiple-source inversion
considering the western fault segments F1 and F2 and the main fault F3 (Fig. 1b–c) and
30 sources surrounded by the P waveforms and the calculated synthetics. The name of
the station is indicated for each waveform above the corresponding azimuth and epi-
central distance.

Discussion and Conclusions

Body-Wave Inversion

The teleseismic body-wave inversion results indicate
that the 14 November 2001 earthquake had a complex rup-
ture propagation that is best modeled with a multiple events
inversion involving three faults. The rupture model shows
an initiation on the secondary strike-slip fault F1 with a dom-
inant eastward propagation. It then propagates through the
oblique extensional graben F2 before reaching the main
Kunlun fault F3 where the rupture continues its way with an
eastward unilateral propagation for at least 350 km. Some
elementary sources appear about 350 km eastward from the

intersection of the main fault and the branch F2, which
means that the total length of the rupture is at least 400 km.
The mean depth of the sources is 15 km and the mean dis-
placement is about 5 m. We find a dominant strike-slip
mechanism for the whole rupture with a normal component
in the west at the beginning of the rupture. The distribution
of the moment during this earthquake is highly heteroge-
neous. The first stage represents only about 6% of the total
seismic moment while most of the moment concentrates near
the location of the CMT (35.8� N, 92.9� E) where the largest
coseismic offsets have been measured.

Three different crustal models were tested for the source
in the inversion. With the PREM model we find a moment



1738 A. Tocheport, L. Rivera, and J. Van der Woerd

Figure 9. SH waveforms and the synthetics obtained for the last complete multiple-
source inversion considering faults F1, F2, and F3 (Fig. 1b–c). The name of the station
is indicated for each waveform above the corresponding azimuth and epicentral dis-
tance.

magnitude of 7.8 compared with the 7.9 obtained using a
model more adapted for Tibet, such as ASIA of Kosarev et
al. (1993) or CRUST 2.0 (Laske et al., 2001). This differ-
ence in magnitude can be easily explained directly by the
presence of the rigidity l in the definition of the scalar seis-
mic moment. The use of the potency (Ben-Menahem and
Singh, 1981) instead of the seismic moment would avoid
this discrepancy because the three models yield similar po-
tency values.

We also tested the influence of the maximum allowed
rupture velocity on the results. We observe a constant de-
crease of the residual misfit function with the increase of the
maximum rupture velocity until 3.5 km/sec where the error
is minimized. After that point, the rise of velocity increases
the misfit function, so 3.5 km/sec seems to be the ideal max-
imum velocity. However, the error is lowered by only 4%
for this velocity in comparison with a maximum velocity
fixed to 3.0 km/sec, which is close to the Rayleigh velocity
in the brittle crust. Bouchon and Vallée (2003) concluded
from a far-regional surface waves study that the rupture
started with a sub-Rayleigh rupture velocity of about 2.4 km/
sec and then became supershear, reaching 5 km/sec after
100 km of propagation with a mean rupture velocity of
3.9 km/sec. Other teleseismic body-wave studies, such as by
Lin et al. (2003) or Ozacar and Beck (2004), use a method
similar to ours and find a mean rupture velocity of 3.4 km/
sec. Similarly, Antolik et al. (2004) found a rupture velocity
of 3.6 km/sec, which is very similar to our best rupture ve-

locity. However, our inversion does not clearly require su-
pershear rupture velocity to significantly improve the fit to
the data. Because teleseismic body waves leave the source
with a nearly vertical departure angle, they are less sensitive
to the rupture velocity than surface waves.

Comparison with Other Studies

Other seismic body-wave inversions propose different
rupture process histories. Lin et al. (2003) using a similar
inversion method obtain for the strike, dip and rake, respec-
tively (96�, 86�, 7�), close to our average solution and a simi-
lar rupture history starting near the epicenter bilaterally be-
fore extending unilaterally to the east. The total seismic
moment they obtained is 6.5 * 1020 N m (Mw 7.8) and is
lower than the value we propose. They place the epicenter
at (36.01� N, 90.10� E), on the western end of the Kusai Hu
segment near the interaction with branch F2, which differs
from our results. They did not model the western complex-
ities and considered a single east–west fault in the inversion,
which limits the interpretation of the beginning of the prop-
agation.

Ozacar and Beck (2004) analyze the source process of
the Mw 7.9 Denali earthquake of November 2002 (Eberhart-
Phillips et al., 2003) together with the 2001 Kunlun earth-
quake. They also use the multiple subevents inversion of
Kikuchi and Kanamori (1991) to model the two distinct
pulses observed on the waveforms. They first invert the ini-
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Figure 10. (a) Spatial distribution of the first 15 elementary sources having the
most important associated seismic moments along the different fault branches F1, F2,
and F3, resulting from the complete inversion involving 30 elementary sources. (b)
Spatiotemporal distribution of the 30 elementary sources along the different fault
branches F1, F2, and F3. The origin corresponds to the epicenter location. The size of
the symbols is relative to the seismic moment of each elementary source. (c) Source
time function obtained with 30 elementary sources along the three fault branches F1,
F2, and F3.

tial pulse and place the epicenter west of Taiyang Lake
(Fig. 1c) and find a very similar rupture history for the first
40 sec. They then invert the residual waveforms and find a
unilateral eastward propagation with a left-lateral strike-slip
mechanism having the following characteristics (95�, 70�,
�15�). Their focal mechanism solution is not very different

from ours except for the dip. They found a total seismic
moment of 4.55 * 1020 N m (Mw 7.7) about half of ours.

Antolik et al. (2004) used a two-step inversion proce-
dure to recover the rupture process and the slip distribution
along the fault. As Ozacar and Beck (2004), they assume
propagation on two strike-slip segments linked by an exten-
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sional step-over (Antolik et al., 2004). They find rupture
propagation starting west of the Taiyang Lake with a strike-
slip subevent followed 5 sec later by an oblique-slip sub-
event having a large normal component remaining in the
extentional step-over and a continuous propagation along it
before reaching the main segment and propagating unilat-
erally eastward over 350 km. Our source time function
shows that the rupture lasted about 40 sec on the first sec-
ondary strike-slip segment, which suggests bilateral propa-
gation on this segment while the rupture already propagated
through the step-over about 20 sec after the beginning, be-
fore reaching the western part of the main fault at about
30 sec.

All of the three previous studies obtain a source time
function, which is mainly concentrated after 40 sec. Our
source time function agrees with two-stage propagation. Our
first step of propagation in the west lasts 40 sec and involves
about 90 km of fault length spread along the three initial
branches. Our total seismic moment is 9.0 *1020 N m, which
is the highest obtained for this earthquake, and the total rup-
ture length is at least 400 km, in agreement with field map-
ping, which gives a length of 435 km (Xu et al., 2006).
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Appendix

Results of the inversion tests of the first 35 sec of the
signal including different stations (Figure A1). On the left,
spatiotemporal distribution of the sources is shown for all
test inversions. On the right, superimposition of all the focal
mechanism solutions is shown for all test inversions.
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