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The ENE striking Altyn-Tagh Fault and the WNW striking Karakax Fault are two major strike–slip fault sys-
tems in northern Tibet, and form a prominent ~2000 km long fault system. The 2008 Yutian normal faulting
earthquake (Mw 7.1) struck near the southern edge of the Tarim Basin, where the two fault systems con-
verge. While there are numerous NS-trending normal faults particularly in southern Tibet, their tectonic or-
igins have remained contentious. Based on crustal deformation data sets obtained from synthetic aperture
radar (SAR) as well as aftershock distribution, we developed a non-planar fault source model for the 2008
Yutian earthquake that exhibits a large normal-fault slip on a west-dipping surface with a nearly NS strike,
thus suggesting a localized EW trending extensional stress field. The extensional stress was presumably gen-
erated at a step-over region of two NE-trending left-lateral strike–slip faults, which would probably belong to
the Altyn-Tagh and Longmu–Gozha Co Fault Systems. In the epicentral area, there exists a fault scarp that co-
incides with the top edge of our fault model, and thus similar earthquakes must have occurred over geolog-
ical time. Such normal faulting earthquakes must have been repeatedly suppressed the left-lateral slip
behavior of the Karakax Fault. In addition, if the slip along the Altyn-Tagh Fault is transferred to the
Longmu–Gozha Co Fault, which is SE across the normal fault system, the slip rate of the Karakax Fault
would be less than that of the adjoining Altyn-Tagh Fault.
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1. Introduction

While a variety of observations have shown that north–south (NS)
striking normal faults are broadly distributed in Tibet (e.g., Armijo
et al., 1986; Avouac and Peltzer, 1993; Elliot et al., 2010; Molnar
and Lyon-Caen, 1989; Molnar and Tapponnier, 1978; Sun et al.,
2008; Tapponnier and Molnar, 1977), it remains unclear why east–
west (EW) extensions are generated over a wide area in Tibet. Molnar
and Tapponnier (1978) proposed a gravitational spreading model,
which considers that the thick crust cannot be supported by its me-
chanical strength and will tend to collapse. To account for the exten-
sional stress as well as the compressional stress associated with the
convergence between India and Asia, England and Houseman
(1989) considered the thermal evolution of the thickened lithosphere
and suggested a convective instability of the lower lithosphere and its
subsequent replacement by the hot and light asthenosphere. In addi-
tion, noting the systematic changes in rift spacing from north to
south, the overall similarities in the age of rift initiation, and the sys-
tematic NS trends in rift orientation, Yin et al. (1999) and Yin (2000)
pointed out the importance of a regional boundary condition at a
scale of thousands of kilometers. Recently, Copley et al. (2011)
pointed out a clear contrast in the tectonic regime between northern
and southern Tibet, considering the normal faulting in northern Tibet
as minor, and indicated that a strong mechanical coupling of Indian
lower crust in southern Tibet could explain the EW-extension in
southern Tibet. The focus of this paper is not in the numerous normal
faults in southern Tibet but in the rather localized normal faults in the
northwestern Tibet.

On March 20, 2008 at 22:33 UTC, an earthquake (M7.2/USGS)
struck the Yutian county, Xinjiang, China. The event was the largest
normal faulting earthquake ever instrumentally recorded in northern
Tibet (Fig. 1; Ekström et al., 2005; Elliot et al., 2010; Global Centroid
Moment Tensor project, 2008). Hence, the 2008 Yutian earthquake
provides us with an opportunity to better understand not only the
mechanism of normal faulting but also its significance with respect
to tectonics in northwestern Tibet.

The epicenter of the 2008 Yutian earthquake is located near the
southern border of the Tarim Basin (Fig. 1), where the Altyn-Tagh
Fault, a major sinistral strike–slip fault system in northern Tibet,
meets the Karakax Fault (West Altyn-Tagh Fault) in northwestern
Tibet (Styron et al., 2010; Tapponnier and Molnar, 1977; Taylor and
Yin, 2009). To the southwest of the epicentral area, there is another
ENE-striking sinistral strike–slip fault system, the Longmu–Gozha Co
Fault (Fig. 1). It should be noted that the Ashikule volcano group,
where the latest eruption was witnessed in 1951 (Global Volcanism
Program, Smithonian Institution), is located at ~30 km to the north
ke (Mw 7.1), NW Tibet: Non-planar fault modeling
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Fig. 1. Location map of the epicentral area of the Yutian earthquake and the regional topography. Main shock and aftershock locations from the International Seismological Centre
are shown with red circles, and the centroid moment tensor (CMT) solution for the main shock (Mw 7.1) determined by Global CMT (GCMT) project is also shown. Previous earth-
quakes in the area are shown in blue and the mechanisms are based on Molnar and Chen (1983) for the three 1975 events and on GCMT for the 1992 event. Major fault traces are
drawn from HimaTibetMap-1.0 by Styron et al. (2010): see also Taylor and Yin (2009). Three rectangles represent the areas observed by two ascending tracks of ALOS/PALSAR
(blue) and one descending track of Envisat/ASAR (red). The Ashikule volcano group is located near the triangle. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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of the epicenter (Fig. 1). Although the Ashikule volcano group
seems dormant at present, Liu and Maimaiti (1989) documented
NS-trending Quaternary-active volcanoes and spatter cones. Because
the existence of volcanoes could be used as indicators of tectonic
stress orientation (e.g.. Nakamura, 1977), we may interpret Liu and
Maimaiti's observation as reflecting an EW extensional stress field
over the area. The EW extensional stress may be relevant to the gen-
eration of NS-striking normal fault earthquakes around the area.
Moreover, based on isotopic and geochemical data for the trachyan-
desite samples at the Ashikule Basin, Cooper et al. (2002) concluded
that it is unlikely that the magma was produced due to the subduc-
tion process, and that it was due to extension induced by the develop-
ment of pull-apart basins along the major strike–slip faults.

Elliot et al. (2010) reported the crustal deformation signals associ-
ated with several normal faulting earthquakes in Tibet, using synthet-
ic aperture radar (SAR) data sets. They developed fault slip
distribution models using rectangular dislocation Green's functions
devised by Okada (1992). For the 2008 Yutian earthquake, Elliot et
al. (2010) presented three planar surfaces, based on their consider-
ation of topography and surface rupture mapping using Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
imagery. However, their use of rectangular planar geometry gener-
ates mechanically incompatible overlaps in the fault model, because
the observed data indicate that the fault geometry is non-planar.
Moreover, Elliot et al. (2010) suggested two interpretations of the
tectonic origin of the 2008 Yutian earthquake. In one interpretation,
two ENE-striking left-lateral strike–slip faults in the Longmu–Gozha
Co Fault system generated dilatational extension at a step-over
region.
Please cite this article as: Furuya, M., Yasuda, T., The 2008 Yutian normal
and implications for the Karakax Fault, Tectonophysics (2011), doi:10.1
In the other interpretation, noting that the earthquake occurred in
the highest region on earth when averaged over a 100 km scale, they
also suggested that the extension regime conformed to the gravita-
tional spreading model. Both interpretations can account for the ex-
tensional stress responsible for the normal faulting earthquake.

Although essential features of our crustal deformation observa-
tions are similar to those in Elliot et al. (2010), we show both InSAR
and pixel offset data that were not presented in Elliot et al.
Based on these observation data sets, we present a non-planar fault
source model that is free from mechanically incompatible overlaps.
While it is well known that Green's functions based on a triangular
dislocation element (TDE) are useful to this end (e.g., Comninou
and Dunders, 1975; Jeyakumaran et al., 1992; Yoffe, 1960), and
Poly3D software has been widely used in the literature (Maerten et
al., 2005; Thomas, 1993), we demonstrate our own approach for gen-
erating a non-planar fault model. Considering mechanical interaction
of the nearby multiple faults, previous studies of nearby earthquakes
(e.g., Molnar and Chen, 1983), and paleomagnetic data (Rumelhart et
al., 1999), we discuss the possible implications for the present activity
of the Karakax Fault.

2. Data analysis and results

2.1. Observation

We use ALOS/PALSAR data on two ascending paths and Envisat/
ASAR data on one descending path to observe crustal deformation
signals (Fig. 1); see Table 1 for the data sets. Our SAR data proces-
sing procedures are basically the same as those in our previous
faulting earthquake (Mw 7.1), NW Tibet: Non-planar fault modeling
016/j.tecto.2011.09.003
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Table 1
Details of the observed SAR data sets in Fig. 2.

Satellite Orbit† Path Frame Dates Bperp (m)‡

ALOS A 515 690–700 2008/01/26–2008/04/27 1175
ALOS A 514 690–700 2008/02/24–2008/05/26 252
Envisat D 477 2889–2907 2007/04/01–2008/04/20 −126

† A and D stand for ascending (mostly from the south to the north) and descending
(from the north to the south) orbit. On both orbits, the SAR sensor looks to the right
with an off-nadir angle of 34.3 and 23.5° for ALOS and Envisat, respectively.

‡ Orbit separation distance perpendicular to the radar line-of-sight. Units are in
meters.
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studies (Furuya et al., 2010; Kobayashi et al., 2009); we generated all
the interferograms and pixel-offset data from level 1.0 for PALSAR
and level 0 for ASAR data, using the commercial software package
from Gamma Remote Sensing. To eliminate topographic fringes, we
use the SRTM4 digital elevation model (DEM) (Jarvis et al., 2008)
in which data gaps in the original Shuttle Radar Topography Mission
(SRTM) data are filled. To correct for the orbital fringes, we use high-
precision orbit data provided from Japan Aerospace exploration
Agency (JAXA) for ALOS and DORIS-based orbit data from European
Space Agency (ESA) for Envisat, and do not re-estimate them, be-
cause the orbit data are not the preliminary ones but the final high
precision products. We acknowledge that errors in orbit data some-
times generate significant residual phase ramps and/or large-scale
artifacts, and thus performed the error analysis below, suggesting
that those errors did not substantially change the slip distribution
results at shallower depth.

While interferometric SAR (InSAR) can detect range changes along
the radar line-of-sight (LOS) with precision on the order of 2–3 cm,
they do not give quantitative data about where interferometric coher-
ence is lost and are less sensitive to the north–south component in 3D
displacements. This is because the InSAR LOS direction is perpendicu-
lar to the satellite track, which is usually close to the north–south di-
rection. Thus, since the precision is on the order of 15 cm or less
(Fialko et al., 2001; Kobayashi et al., 2009), we also employ a pixel-
offset tracking technique based on the intensity correlation of
two SAR images (e.g., Michel et al., 1999; Tobita et al., 2001). We
use the azimuth component of the pixel-offset data. Although these
are helpful in identifying the surface rupture location, we do not use
the range component of the pixel-offset data because it measures
the same changes as InSAR data but is less precise. Although Envisat
pixel-offset data were also generated, they were not used to invert
the fault source model because they contained significant data gaps.
This was probably because the lower spatial resolution in the original
single look complex data as well as the long temporal separation did
not generate a robust intensity correlation.

In Fig. 2, we show the observed (a) ALOS InSAR data along the
western ascending path, (b) ALOS InSAR data along the eastern as-
cending path, (c) Envisat InSAR data along the descending path, and
(d) ALOS azimuth offset data acquired on the same path and dates
as in (a). We reduced the number of data points using the quad-
tree decomposition technique (e.g., Jónsson et al., 2002; Simons et
al., 2002). In addition, we masked the mountain glacier signals in
the azimuth offset data because they were not used for fault slip in-
version; they will be reported elsewhere.

The broadscale signals in Fig. 2a–c indicate that the overall strike
direction is oriented from NNE to SSW, as shown by Shao and Ji
(2008) and suggested by the aftershock distribution in Fig. 1. Howev-
er, the localized and large-amplitude signals in Fig. 2a and b, and the
azimuth-offset data in Fig. 2d reveal that the strike direction is nearly
NS and obviously different from the overall strike direction noted
above. The maximum change in the radarline-of-sight (LOS)
approached ~200 cm away from the radar LOS (Fig. 2a and b). In ad-
dition, the coherence loss immediately to the east of the largest-
Please cite this article as: Furuya, M., Yasuda, T., The 2008 Yutian normal
and implications for the Karakax Fault, Tectonophysics (2011), doi:10.1
amplitude signals in Fig. 2a and b as well as the clear sign contrast
in Fig. 2d indicate that the fault slip generated a surface rupture,
which Elliot et al. (2010) confirmed using ASTER imagery. These ob-
servation results indicate that the earthquake fault surface geometry
is curved, which strikes overall fromNNE to SSW but curves near
the largest deformation zone. We found that the surface rupture is
at least as much as 20-km long and is oriented almost NS. In addition,
when compared to the local topography (Fig. 1), the surface rupture
is located exactly at the west-dipping fault scarp, whose relative
height is ~1000 m. The existence of the west-dipping fault scarp
strongly suggests that normal faulting earthquakes caused by a simi-
lar mechanism must have occurred repeatedly.

In Fig. 1, we plot the aftershocks reported from the International
Seismological Centre during the 8-day period from March 20
to March 27 including the main shock (International Seismological
Centre, 2001). Overall, they are distributed from NNE to SSW. Six
focal mechanisms are determined by the GCMT project for the after-
shocks with MwN5, and two indicate a strike–slip mechanism. The
largest aftershock (Mw 5.2) on March 26 is located to the NE of the
main shock, whose focal mechanism is also indicated in Fig. 1. This
observation is consistent with our inferred fault slip distribution
model noted below; the northern segment reveals a virtually strike–
slip component alone at shallower depths.

2.2. Non-planar fault modeling

Although Okada's (1992) analytical solutions are useful for
expressing ground displacements due to dislocation sources in a ho-
mogeneous elastic half space, they assume a rectangular dislocation
element, and thus will generate mechanically incompatible gaps
and/or overlaps if used to represent curviplanar fault source geome-
tries (Maerten et al., 2005). While Poly3D software has been fre-
quently employed (Maerten et al., 2005; Thomas, 1993), we discuss
below how the MATLAB code by Meade (2007) allows us to perform
the curved fault source modeling. In Meade's code, analytical solu-
tions due to TDE were used to express displacements due to a non-
planar fault surface (Comninou and Dunders, 1975; Jeyakumaran et
al., 1992; Meade, 2007; Yoffe, 1960).

For this earthquake, we propose two fault segments as shown in
Fig. 3. The southern segment is located such that the top edge can
closely follow the observed surface rupture, the aftershock distribu-
tion, and the fault scarp (Figs. 1 and 2). Although its contribution is
rather minor in the overall matching of observation and calculation,
the northern segment is necessary for closely reproducing bull's-eye
shaped fringes in the observed InSAR data (Fig. 2a and b), and is
shown below to generate a left-lateral strike–slip with few dip slips,
which is consistent with the largest Mw 5.2 aftershock noted above.
Two pieces of information motivated us to introduce the northern
segment. First, unless we introduced it, there arose significant misfit
residuals near the observed bull's-eye-shaped InSAR data (Fig. 4
shows the calculated data and residuals without the northern seg-
ment). On comparing the residuals in Figs. 2 and 4, it is evident that
the northern segment significantly contributes to both the ALOS and
Envisat InSAR data. Elliot et al. (2010) also put a small northern seg-
ment in their model. We can identify significant residuals in their
data (see Fig. 13 in Elliot et al., 2010) that are quite similar to the re-
siduals in Fig. 4. We presume this is because the northern fault length
is very short in Elliot et al. (2010). Second, as theoretical studies on
dynamic rupture propagation over multiple fault segments have indi-
cated (e.g., Oglesby, 2005 and the references therein), the long NE-
striking northern segment increases the overlapped region of the
two sinistral slip fault segments, which will more easily promote
earthquake nucleation over the step-over and through-going rup-
tures across it. We believe that both northern and southern strike–
slip segments are part of the NE-striking Altyn-Tagh and Longmu–
Gozha Co Fault systems.
faulting earthquake (Mw 7.1), NW Tibet: Non-planar fault modeling
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Fig. 2. (a–c) Observed unwrapped interferograms and (d) azimuth offset data for the 2008 Yutian earthquake derived from the flight and look directions shown in each
panel; mountain glacier signals in (d) were masked. (e–h) Calculated interferograms and azimuth offset data corresponding to Fig. 2a–d, respectively. They are derived from the
non-planar slip distribution model in Fig. 3. ALOS InSAR and azimuth offset data are a linear combination of 3D displacement components and equal to 0.616Ue+0.109Un−
0.780Uz and−0.174Ue+0.985Un, respectively. Envisat InSAR data is equal to−0.379Ue+0.081Un−0.922Uz; Ue, Un, and Uz are eastward, northward, and upward positive displace-
ment, respectively. Black lines indicate the plan view of the fault model in Fig. 3, where thick lines represent the top edge of the fault model. (i–l) Misfit residuals for each calculated
data in Fig. 2e–h, respectively.
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To generate triangular mesh coordinates to represent the fault ge-
ometry, we use a free mesh generation software, Gmsh (Geuzaine
and Remacle, 2009). Triangular mesh generation is indispensable,
even if one uses point source solutions (Okada, 1992) to represent
curviplanar geometry; in other words, we do not have to rely on the
Please cite this article as: Furuya, M., Yasuda, T., The 2008 Yutian normal
and implications for the Karakax Fault, Tectonophysics (2011), doi:10.1
analytical solutions for TDE. At the outset, we give 3D coordinates
for 14 control points that are interpolated with splines to form each
non-planar surface; see the circles in Fig. 3a.

We derived the fault configuration in Fig. 3 with a trial-and-error
approach (e.g., Furuya et al., 2010), varying systematically the
faulting earthquake (Mw 7.1), NW Tibet: Non-planar fault modeling
016/j.tecto.2011.09.003
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horizontal location of the bottom control points and the 3D location
of the middle-depth points. Were-calculated Green's function at
each step, and derived a distributed slip solution and misfit residuals.
We stopped our search for the configuration when no uninterpretable
misfit residuals appeared. To avoid unnecessarily complicated fault
geometry, the bottom edges were set straight in both segments, and
the bottom depth of all the control points was assumed to be 20 km
in both segments; the top edge of the northern and southern segment
was fixed at depth of 1 km and at the surface, respectively. The dip
angle in the northern segment was selected such that it would not de-
viate significantly from the southern segment. However, as the fol-
lowing error analysis indicates, the slip amplitude in the deeper
portion is unreliable.

Because the resolution of the slip distribution decreases with
depth (Bos and Spakman, 2003), we made the mesh size smaller
(larger) at shallower (deeper) depth; the characteristic lengths
were set at 2.5 km (7.0 km) at the shallowest (deepest) control
points. Gmsh automatically generates 3D mesh coordinates at all
nodes. From this, we can calculate Green's function for each slip
patch.

In deriving the slip distribution, we applied both a smoothness
constraint on the spatial slip distribution with the scale-dependent
umbrella operator (Desbrun et al., 1999; Maerten et al., 2005) and a
non-negativity constraint on the signs of the fault slip (Lawson and
Hanson, 1974) in which only left-lateral and normal-fault slip compo-
nents were allowed for the solution. The smoothness constraint can
be implemented by computing the distance from the center of each
triangular element to the adjacent triangular elements (Desbrun et
al., 1999; Maerten et al., 2005). We assume that all the subsampled
observational data are independent and the error covariance matrix
is diagonal with uncertainties of 5 cm and 3 cm for the ALOS InSAR
and Envisat InSAR, respectively, and 15 cm for the ALOS azimuth off-
set data (Kobayashi et al., 2009). Then, it is straightforward to invert
the slip distribution as a linear problem (e.g., Fialko, 2004; Jónsson
et al., 2002; Simons et al., 2002; Wright et al., 2003).
Please cite this article as: Furuya, M., Yasuda, T., The 2008 Yutian normal
and implications for the Karakax Fault, Tectonophysics (2011), doi:10.1
2.3. Fault slip distribution

The predicted data in Fig. 2e–h reproduce the observed features
fairly well, and the misfit residuals are mostly less than 10 cm and
20 cm for InSAR and azimuth offset data, respectively. Although
we can point out some broad and systematic misfit residuals in
Fig. 2i–l, we do not think they represent any unmodeled deformation
signals. For instance, there remain significant positivemisfits as large
as 20 cm in LOS to the SE in Fig. 2i. We interpret this as due to atropo-
spheric noise, because neither Fig. 2j nor Fig. 2k shows such large
misfit residuals at the same places. In addition, if we shift the top
edge of the southern segment to the west, we cannot account for
the Envisat InSAR data (Fig. 2c). Furthermore, the long-wavelength
EW-trending slope in Fig. 2j is probably due to orbital errors and/or
atmospheric noise.

Fig. 3a and b shows the inferred spatial distributions of the
normal-fault and left-lateral slip components, respectively, and illus-
trate that the maximum slip at ~7-km depth took place where the
fault surface bended from near NS strike to SW strike; this feature
cannot be reproduced if one uses rectangular dislocation elements.
While the bottom depth of the fault model is fixed at a depth of
20 km, a substantial part of the slip emanates from the surface to a
depth shallower than 10 km. Near the northern end of the southern
segment, only a minor slip component was derived. The northern
segment revealed very few normal slip components (Fig. 3a) but
showed significant left-lateral slip at the shallowest zone (Fig. 3b).
While a large amplitude left-lateral slip is also very evident near the
bottom of the northern segment (Fig. 3b), its amplitude does not ex-
ceed the error level (Fig. 3d). It is an artifact due to the presence of
large-scale noises and the non-negativity constraint as discussed
below.

Total moment of the earthquake is calculated to be 62×1018 Nm
from the slip model in Fig. 3a and b, and becomes 56×1018 Nm if
we exclude the artifactual strike–slip in Fig. 3b. The inferred moment
is only3% larger than that estimated by Elliot et al. (2010). Because
faulting earthquake (Mw 7.1), NW Tibet: Non-planar fault modeling
016/j.tecto.2011.09.003
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each TDE has different strike and dip angles in the non-planar fault
model, we take the six largest slip patches to compare those angles
with the ones in previous studies. The dip angles of the six patches
range from 50° to 58°, and the strike angles range from 159° to
171°. The west-dipping GCMT nodal plane has 52° and 203° for the
dip and strike angles, respectively. The dip angles for these largest
slip patches are mostly consistent with that of GCMT, but the strike
angles are different by as much as 30° or more. The second segment
in Elliot et al. (2010) also has a strike angle of less than 170°. Howev-
er, if we consider the entire fault slip distributions, the overall strike is
obviously greater than 180° (Fig. 3a and b).

Fig. 3c and d are error estimates for normal-slip and left-lateral
slips, respectively. These error estimates were derived by perturbing
the calculated signals from the estimated slip distribution with syn-
thetic 2D correlated noises and repeating the linear inversion 300
times to derive mean and standard deviations (Furuya et al., 2007,
2010; Wright et al., 2003); note that the estimated errors in Fig. 3c
and d are always positive because of the non-negativity constraint.
Fig. 3d shows large uncertainties near the bottom of the northern seg-
ment, and thus the large left-lateral slip near the bottom of the north-
ern segment in Fig. 3b turns out to be unreliable.

In fact, even when we replaced the large left-lateral slip values
near the bottom with zeros before perturbing the calculated signals,
we could derive the large left-lateral slips and errors similar to
those in Fig. 3b and d. Therefore, the systematically localized slips
near the bottom in Fig. 3b are artifacts, and the uncertainties in
Fig. 3d originate from our approach to infer the slip distribution. We
point out that the non-negativity constraint in deriving the slip distri-
bution causes the problem, because it will always explain any ob-
served data with “positive” values regardless of signals or noises.
Fig. 5 shows the slip distribution estimates and their errors derived
without using the non-negativity constraint; we again replaced the
large left-lateral slip values with zeros. Because we did not apply
the constraint, Fig. 5a and b includes both negative and positive slip
values. However, the spatial pattern of the derived slip distribution
is consistent with those in Fig. 3a and b. Fig. 5c and d was generated
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by repeating the same procedure as that used in Fig. 3c and d without
the non-negativity constraint. Fig. 5c and d illustrates that the error
magnitudes of both normal-slip and left-lateral slips become compa-
rable and more broadly distributed at a deeper zone. We speculate
that the reason why the artifactual slip appears at the left-lateral dee-
per slip patches instead of other patches is that the large-scale noises
in the observed data could be best “explained” by deeper patches, and
that in the case of this earthquake the signals due to the normal fault-
ing are overwhelmingly larger than those due to the strike–slip.

3. Discussion

3.1. Tectonic origin of the 2008 Yutian earthquake

Fig. 3 suggests that the Yutian earthquake rupture was nucleated
in an EW-trending extensional stress field. As pointed out by Taylor
and Yin (2009) and Elliot et al. (2010), we believe the EW-trending
extensional stress is generated at a step-over region of two left-
lateral en-echelon strike–slip fault systems, namely the Altyn-Tagh
and Longmu–Gozha Co Fault systems. Furthermore, the study areas
are broadly distributed step-over regions formed by the Altyn-Tagh
and Longmu–Gozha Co Fault systems. The EW-trending extensional
stress regime also seems relevant to the generation of the Ashikule
volcano group as noted before. It is an unlikely coincidence that
young active intra-continental volcanoes exist at the location. In our
fault source model shown in Fig. 1, the smaller northern segment
and the southern segment probably belong to a part of the Altyn-
Tagh and Longmu–Gozha Co Fault systems, respectively. Besides the
normal faulting slip, the left-lateral strike–slips on the ENE-striking
Altyn-Tagh and Longmu–Gozha Co Fault systems are reasonable can-
didates where NS shortening occurs.

Elliot et al. (2010) also suggested a gravitational spreading model
as first proposed by Molnar and Tapponnier (1978), because the epi-
central area is the highest region on the earth. However, Molnar and
Tapponnier's model was originally proposed to account for an exten-
sional graben and normal fault that are dominant in middle to
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southern Tibet, where strike–slip faulting earthquakes are rare
(Armijo et al., 1986; Copley et al., 2011). In northern Tibet, on the
other hand, strike–slip faulting is the primary tectonic regime, and
normal faulting earthquakes are concentrated only around the study
area (see Fig. 1 in Copley et al., 2011). As Copley et al. (2011) regard
the elevation of the plateau rather uniform, there are other regions in
northern Tibet that are equally high in their elevation but lack in nor-
mal faulting. Although we do not reject the gravitational spreading
model, we consider that the step-over region model would be more
likely for the 2008 Yutian earthquake.

3.2. Current activity of the Karakax Fault

Although Lin et al. (2008) suggest a right-lateral slip sense of the
Karakax Fault, which can apparently explain the EW-extensional
stress and is mechanically feasible, the focal mechanisms of the previ-
ously recorded earthquakes do not support a right-lateral slip sense.
Below, we speculate the current location of the Karakax Fault stands
in the present-day tectonic setting.

As noted in Section 2, the largest normal faulting slip of the
2008 event occurred at the west-dipping fault scarp on the surface,
suggesting that normal faulting earthquakes have repeatedly oc-
curred over time. The Coulomb stress changes exerted on the Karakax
Fault by the NS-striking normal faulting earthquakes must have been
repeatedly suppressed the left-lateral slip behavior of the Karakax
Fault. Although the left-lateral slip sense is widely known (e.g., Peltzer
et al., 1989), we speculate that the geologically determined slip rate
and sense may not be applicable at present. The absence of purely
left-lateral strike–slip earthquakes in the upper crust to the west of
79.5°E along the Karakax Fault may be consistent with the interpreta-
tion, although we need a long-term geological slip rate history and a
more complete paleoseismological study along the fault.

Using Landsat images, Peltzer et al. (1989) observed offsets of geo-
morphic features across the Karakax Fault and inferred a left-lateral
slip rate of ~20 mm/yr. However, based on campaign-based GPS mea-
surements, Shen et al. (2001) reported 7±3 mm/yr, which is much
smaller than the geological measurements. More recently, Wright et
al. (2004) reported 5±5 mm/yr from their InSAR data, indicating
that even the sense of on-going slip remains uncertain. While large
discrepancies between geological and geodetic measurements have
been observed at the Altyn-Tagh Fault over the past decades (Bendick
et al., 2000; Peltzer et al., 1989; Shen et al., 2001), recent geologic
studies indicate lower slip rates that are more consistent with the
GPS-derived rate of ~9 mm/yr (Cowgill et al., 2009; Yin et al., 2002).

If substantial slip along the Altyn-Tagh Fault is transferred to the
Longmu–Gozha Co Fault, which is south across this normal-fault sys-
tem, the slip rate of the Karakax Fault could be less than that of the
adjoining Altyn-Tagh Fault to the east.

Over the past three decades, there occurred four earthquakes in
the areas, whose focal mechanisms could be derived (Fig. 1). All
show both left-lateral strike–slip and normal faulting, and none indi-
cate a thrust faulting mechanism with the rare exception of much
deeper events (e.g., Chen and Yang, 2004; Huang et al., 2011; Molnar
and Chen, 1983; Molnar and Lyon-Caen, 1989). Although we need
much longer-term earthquake history over the area, few thrust fault-
ing earthquakes in northern Tibet indicate that the NS-shortening of
Tibet must be presently accommodated in the conjugate strike–slip
faulting, with left-lateral slip on NE-striking planes and right-lateral
slip on NW-striking planes (e.g., Hatzfeld and Molnar, 2010). There-
fore, it should be noted that the WNW striking Karakax Fault is me-
chanically incompatible with left-lateral slip, although almost all the
previous literature regards it as an extension of the left-lateral slip-
ping Altyn-Tagh Fault (e.g., Avouac and Tapponnier, 1993).

We do not dispute the geologically determined left-lateral slip
sense. Based on paleomagnetic declination data, Rumelhart et al.
(1999) showed that the West Kunlun Shan underwent a clockwise
Please cite this article as: Furuya, M., Yasuda, T., The 2008 Yutian normal
and implications for the Karakax Fault, Tectonophysics (2011), doi:10.1
vertical axis rotation and suggested that the left-slip Karakax Fault
may have formed as an accommodation zone between the West Kun-
lun Shan and the Karakorum Mountains. This interpretation can rec-
oncile the mechanically incompatible slip sense known at the
Karakax Fault; it also suggests that the Karakax Fault is not simply
an extension of the Altyn-Tagh Fault (see also Yin et al., 2002).
Rumelhart et al. (1999) further indicated that the Altyn-Tagh Fault
has not rotated significantly, and thus suggested a “pivot point for ro-
tation” around the western end of the Altyn-Tagh Fault. We speculate
that the pivot point would be more broadly distributed and could cor-
respond to the previously-mentioned step-over region.
4. Conclusions

Using ALOS/PALSAR and Envisat/ASAR data, we show the crustal
deformation signals associated with the 2008 Yutian normal faulting
earthquake. Although the overall strike direction is from NNE to
SSW, both InSAR and azimuth offset data indicate that the strike di-
rection changes near the largest deformation zone. We describe
how to perform a non-planar fault source modeling using the TDE.
A substantial part of the slip was revealed on the west-dipping nor-
mal faulting slip. We demonstrate that in the presence of large-scale
noises, artifactual slips can be derived under a so-called non-
negativity constraint, providing us with a caveat on the slip inversion
results based on SAR data. For the earthquakes with normal-faulting
and a left-lateral strike–slip mechanism to occur in this area, we be-
lieve that the present-day slip rate at the Karakax Fault might be
much smaller than that along the Altyn-Tagh Fault at present.
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