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The 2002 Denali Fault and 2001 Kunlun Fault Earthquakes: Complex

Rupture Processes of Two Large Strike-Slip Events
by A. Arda Ozacar and Susan L. Beck

Abstract 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 in-
verted 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
(M,, 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 (M, 7.7). In contrast, the 2001 Kun-
lun fault earthquake nucleated near an extensional step-over with a subevent pair
consisting of 30-km-long strike-slip (M,, 6.9) event and 40-km-long normal (M, 6.8)
faulting event and later ruptured a 350-km-long segment along the Kunlun fault with
a left-lateral strike-slip mechanism (M,, 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.

Introduction

Continental strike-slip faults are often major sources for
seismic hazard, but only a few large (M,, = 7.5) earthquakes
along these faults have been studied with modern instru-
mentation. 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 in-
creased 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; Kik-
uchi 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 oc-
currence 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 ini-
tiation and complex behavior of large strike-slip earth-
quakes. In addition, we compare their source parameters
with other large strike-slip events associated with different
tectonic regimes.

Tectonic Setting and Seismicity

Denali Fault System (Central Alaska)

The 3 November 2002 Denali fault earthquake (M,, 7.9),
which was preceded by a foreshock (M,, 6.7) on 23 October
2002, is the largest inland event ever recorded in central
Alaska. The mainshock nucleated ~20 km east of the fore-
shock on the north-dipping Susitna Glacier reverse fault
prior to rupturing more than 300 km to the east on the right-
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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 (23 October 2002) that occurred on the Denali
fault, and large strike-slip earthquakes in 1937 and 1997 that occurred along the Kun-
Iun 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 mech-
anism of the Denali fault earthquake given by AEIC is based on data recorded on local
stations. The first-motion mechanism for the Kunlun fault earthquake is based on tele-

seismic data.

lateral Denali fault system (Eberhart-Phillips ef al., 2003).
A maximum right-lateral 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 Alaska-Aleutian 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 ac-
creted lithotectonic terranes with a total displacement of
400 km (Lanphere, 1978) and displays a curvilinear geom-
etry, 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 (7,) 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 (M,, 5.8) occurring in
1996. The mechanisms of these earlier events indicated
right-lateral motions along the Denali fault with the exis-
tence of compensating thrust systems as expected in a trans-
pressive system (Ratchkovski and Hansen, 2002). Although
the long-term seismic behavior of the fault is unknown, his-
torical 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).

Kunlun Fault System (Northeast Tibet)

On 14 November 2001, a large earthquake (M,, 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 maxi-
mum left-lateral offset of 7.6 m that is significantly less than
the 16.3 m reported by Lin et al. (2002), which may repre-
sent 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 exten-
sional 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 seg-
ment 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 earth-
quake, 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).

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 under-
stood, 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 re-
ceiver function studies reveal that the active oblique con-
vergence has led to slip partitioning during which crustal
extrusion is taken up by the Kunlun fault and crustal short-
ening by a decollement beneath the Kunlun range where the
lithospheric mantle of Asia subducts southward (Meyer et
al., 1998; Kind er al., 2002). Moho offsets detected from
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double-pulse teleseismic P-wave arrivals (Zhu and Helm-
berger, 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 litho-
sphere (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 av-
erage 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 ter-
races have been interpreted to result from the occurrence of
characteristic events that seem to be smaller (M ~ 7.5) but
more frequent (7, ~ 420 years) on the east than on the west
(M ~ 8; T, ~ 900 years) (Van der Woerd et al., 2002).

In the region, seismicity is limited to a depth of ap-
proximately 15 km and defines a shallow seismogenic zone,
which suggests aseismic deformation for the deeper section
of the Kunlun fault zone. Overall, the fault-plane solutions
imply a consistent pattern of pure left-lateral strike-slip fault-
ing along the segments with strikes between west-southwest
and north-northwest, oblique normal faulting along
northeast—southwest-striking planes related to extensional
steps, and thrusting along northwest—southeast-striking
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 neigh-
boring 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 (M,,
7.5) earthquake occurred on the westernmost segment of the
Kunlun fault, between 86° E and 90° E, which was previ-
ously mapped by Tapponnier and Molnar (1977). Interfer-
ometric 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 Mo-
ment Tensor (CMT) solution and resolved a bilateral rupture
that released most of the energy within the first 20 sec near
the hypocenter.

Body-Wave Inversion

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 Incorpo-
rated 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
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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 (V)
of 6.4 km/sec. We accounted for geometrical spreading and
corrected for the attenuation time constant of ¢,* = 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 Kana-
mori (1982), which was later extended for variation in sub-
event mechanisms (Kikuchi and Kanamori, 1986, 1991).
This method is also similar 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 de-
creasing 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 even-
tually 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 dimen-
sions, 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 con-
toured by applying a smoothness constraint and then con-
verted 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.

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
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increase in the number of free parameters and results in a
strong trade-off between timing, location, and focal mech-
anism 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 rup-
ture characteristics of both the Denali fault and Kunlun fault
earthquakes. Our initial attempts to invert the entire wave-
forms with a single mechanism showed that the initial por-
tion of the P waves cannot be fit. A close look at the wave-
forms 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, sug-
gested a change in radiation pattern that can only be ex-
plained by composite rupture models involving a change in
mechanism during the rupture.

To stabilize the inversion and at the same time to ac-
count for the smaller pulses with different source mecha-
nisms, we focused on the initial complex portion of the
waveforms. We tested a large range of double-couple mech-
anisms in a trial-and-error manner by determining the best
slip model for each assumed mechanism (using the first 30—
35 sec) and identified mechanisms that resulted in an im-
provement in the fit to the initial part of the P waveforms.
The inversion duration was selected to enhance the wave-
form 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 strike-slip 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 mod-
els. 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 resolu-
tion is not adequate to confirm their existence. We describe
our results for each earthquake in the following sections.

The 2002 Denali Fault Earthquake

The 2002 Denali fault earthquake (M., 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
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rupture (Fig. 2A). The mapped surface offset agrees with
these results and shows an initially small thrust rupture fol-
lowed by a much larger strike-slip rupture. Our initial study
to model the P-wave displacement traces with a predomi-
nantly strike-slip mechanism showed significant misfit in the
initial 35 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 (M,, 7.3) with an almost pure thrust mecha-
nism (strike slip, rake: 275°, 35°, 95°). The thrust fault plane
gave a much better fit to the data than a strike-slip mecha-
nism 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 (as-
perity 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 corre-
sponds 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 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 M,, 7.7. In our final
model the largest episode of moment release (5060 sec after
rupture initiation) was contained in an energetic asperity (as-
perity 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 10°° N m (M,, 7.8) and agrees well with
the moment calculated from strong-motion and GPS data
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Figure 2.

(A) The observed P-wave first-motion polarities of the Denali fault earth-

quake, plotted with the focal mechanism determined by AEIC (based on data recorded
on local stations). The average focal mechanism used by Ozacar er 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 sec, and the solid line cor-
responds to the solutions for the total event duration (120 sec) using residual wave-
forms. (C) P-wave displacement traces (solid) plotted with synthetics (dashed) obtained
from the inversion by 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.

(Eberhart-Phillips et al., 2003; Hreinsdéttir et al., 2003) but
is lower than the long-period CMT solution (M,, 7.9). This
event has a combined rupture length of 340 km. In general,
the extent of the entire rupture is consistent with the distri-
bution 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 seis-
mic moment release just east of the hypocenter coincides
well with the lack of aftershocks. Based on the spatial cor-
relation of low bouguer gravity anomalies (Ozacar et al.,
2003) and fault-normal compression (Ratchkovski, 2003),
this particular segment has been suggested to be weak.

The 2001 Kunlun Fault Earthquake

The complex P waveforms of the Kunlun fault earth-
quake 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 cen-
troid solution and is a key feature to understanding the ini-
tiation 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 ade-
quately fit the initial 20-30 sec of the P-wave displacement
traces with either the first-motion focal mechanism or the
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Figure 3.  Map of the rupture area associated with the Denali fault earthquake with

catalog. Filled stars indicate the hypocenter location.

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 SA. 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. 5SA,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
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CMT, Harvard

(A) The observed P-wave first-motion polarities and corresponding dou-

ble-couple 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
filled circles, and those showing dilatational first motions are plotted 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 picked reliably. (B) P-wave first-motion polarities, plotted
with the long-period CMT solution. Polarities of stations with azimuths between 90°
and 270° (e.g., PMG, CTAO, LBTB, MBAR, ATD, BGCA, etc.) do not fit the CMT

solution.

trial-and-error modeling with both strike-slip and normal-
fault mechanisms, provides a slightly better fit to the wave-
forms 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 (M., 6.9) (strike, dip, rake:
95°,75°, 15°) along a 30-km-long fault segment located west
of the Taiyang Lake, and normal faulting (M,, 6.8) (strike,
dip, rake: 250°, 40°, —40°) along a 40-km-long segment of
a northwest-dipping fault located within the extensional
step-over. 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 An-
tolik 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 double-couple
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 two-
subevent model largely based on the surface offset. The best

fit was obtained with a left-lateral 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 propagated eastward in a uni-
lateral fashion with an average rupture velocity of 3.4 km/
sec. We do not prescribe the rupture velocity but rather de-
termine it based on the location and timing of the major pulse
of moment release. This subevent ruptured a 350-km-long
segment with a moment magnitude of M,, 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 sur-
face 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 An-
tolik 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
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subevent model with two focal mechanisms (star). Note the improved fit using an
oblique normal fault focal mechanism compared with a strike-slip mechanism.
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Kunlun fault is shown at the top with the extent of the surface rupture (Xu ez al., 2002)
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component and approximately 150 km to the east. In con-
trast, there is as much as 2—4 m of surface offset along this
region of the fault. Our composite source model gives a com-
bined rupture length of 420 km and a total seismic moment
of 455 X 10°° N m (M,, 7.7), which is slightly less than
the long-period CMT solution (M, 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 heteroge-
neous and suggests 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 after-
shocks were recorded and the majority of them had thrust or
normal mechanisms, revealing heterogeneous postevent
stress conditions along the rupture zone.

Discussion

During the early twentieth century, large continental
strike-slip earthquakes contributed dramatically to seismic
hazard (1906 San Francisco, M,, 7.8; 1939 Erzincan, M,, 7.7,
1950 Assam, M,, 8.1), but few of them have been analyzed
in detail because of limited data. In this respect, the Denali
fault (M,, 7.9) and Kunlun fault (M,, 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 directivity and the long fault rupture. To infer the fac-
tors 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.

Directivity

We searched the global catalogs for other large strike-
slip earthquakes that have unilateral ruptures. Theoretically,
the hypocenter derived from onset times of high-frequency
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 Ekstrom,
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 ex-
ample, the Kunlun fault and Denali fault earthquakes have
a spatial separation of 214 and 139 km, respectively, be-
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tween their NEIC and centroid locations (Table 1). To iden-
tify other strike-slip earthquakes with large unilateral rup-
tures, the location shift between the hypocenter and centroid
was calculated for all shallow (=35 km) strike-slip events
of M,, = 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 het-
erogeneity of the Earth (Smith and Ekstrom, 1996). To re-
duce the error in the data set, earthquakes for which the
location shifts are inconsistent with the CMT solutions and
tectonic setting were excluded.

In addition to the Denali fault and Kunlun fault earth-
quakes, 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 = M,,
= 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 trans-
form 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
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Table 1
Source Parameters of Large Unilateral Strike-Slip Earthquakes
Epicenter (NEIC-PDE)* Centroid (CMT catalog) X
Location
Year Month Day Long. (°) Lat. (°) Depth (km) Long. (°) Lat. (°) M, (N m) M, Shift (km)
1978 5 29 —79.41 —44.86 33 —81.00 —45.20 5.89 x 10" 6.5 131
1980 12 17 —129.50 49.48 10 —130.54 49.37 1.40 x 10" 6.7 76
1992 12 26 —19.29 —0.56 27 —18.76 —0.09 1.74 x 10" 6.8 79
1994 3 14 —24.12 —-1.39 10 —23.03 —0.88 4.11 x 10" 7.0 134
1995 5 23 —-3.15 —56.10 10 —2.14 —55.89 1.48 x 10" 6.7 67
1995 5 26 57.93 12.13 10 57.55 11.75 6.08 X 10" 6.5 60
1995 9 17 66.63 —17.25 10 66.06 —17.27 6.41 X 10" 6.5 60
2001 11 14 90.54 35.95 10 9291 35.80 5.90 x 10% 7.8 214
2002 11 3 —147.69 63.74 10 —144.96 63.42 7.65 X 10%° 7.9 139

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

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 pre-
existing structural controls, material-property contrast pro-
vides 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.

Scaling Relations: A Global Review

Scaling of source properties for such large earthquakes
is a very important issue for estimating the maximum pos-
sible earthquake size for a given region. Hence, we evaluate
these two earthquakes with respect to scaling relations for
large strike-slip 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; Roma-
nowicz, 1992). It is now widely recognized that sufficiently
large crustal earthquakes rupture the entire width of the seis-
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mogenic 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 environ-
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ments by distinguishing two classes of events. Most com-
monly, this distinction is made on the basis of plate bound-
aries (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.

Table 2
Source Parameters of Large (M, > 10** N m) Strike-Slip Earthquakes
Type Location Date M, 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 38 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 32 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 35 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

M, (moment) in 10?° N m, D (displacement) in meters, L (length) and W (width) in kilometers. Displacement
is determined using formula M, = uLWD, where u = 3 X 10" dyne cm?. Constant rupture width of 15 km is
assumed for those, which are unknown (marked with italic characters). A, interplate; B, continental intraplate;
C, oceanic intraplate; DF, Denali fault; KF, Kunlun fault; CA, California; AK, Alaska.

*(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 ez 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) Ozacar et al. (2003);
(14) Peltzer et al. (1999); (15) Results of this study.



5290

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 as-
sumed a width of 15 km if no detailed studies of the seis-
mogenic 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 signature rather
than a continental intraplate signature. This overall weak
fault behavior may be attributed to the strain-softening pro-
cesses induced from preexisting suture zones.

Conclusions

Both the 2002 Denali fault and 2001 Kunlun fault earth-
quakes nucleated along small adjacent faults before propa-
gating 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 lo-
cations. Hence, these earthquakes did not initiate at the dom-
inant asperity but rather the ruptures nucleated on smaller
adjacent faults. The 3 November 2002 Denali fault earth-
quake began with initial thrusting (M, 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 (M, 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 consist-
ing of 30-km-long strike-slip (M,, 6.9) and 40-km-long nor-
mal (M,, 6.8) faulting. The Kunlun fault earthquake then
ruptured a 350-km-long segment along the Kunlun fault with
a left-lateral strike-slip mechanism (M,, 7.7). The largest as-
perities and hence the largest moment release for both earth-
quakes occurred far from the rupture nucleation and corre-
sponds well with the location and magnitude of the mapped
surface offset.

To identify other strike-slip earthquakes with large uni-
lateral ruptures, the location shift between the hypocenter
and centroid was calculated for all shallow (=35 km) strike-
slip events of M, = 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 rup-
ture may be due to both fault segmentation and material
contrast across the fault.
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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 lo-
cations and relationship with the major plate bound-
aries.

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 Kun-
lun fault earthquakes correlate best with interplate events
and thus appear to have ruptured relatively weak faults.
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