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Abstract

We analyze the M,,7.6 Kashmir earthquake of October 8, 2005, using sub-pixel correlation of ASTER images to measure
ground deformation, and modeling seismic waveforms. The surface rupture is continuous over a distance of 75 km and cuts across
the Hazara syntaxis reactivating the Tanda and the Muzaffarabad faults. North of Muzaffarabad the surface rupture coincides
approximately with the MBT, on the southwestern flank of the syntaxis, although the two faults have opposite dip angles. The
rupture terminates abruptly at the hairpin turn of the MBT showing a strong structural control. The fault offset is 4 m on average
and peaks to 7 m northwest of Muzaffarabad. The rupture lasted about 25 s and propagated updip and bi-laterally by ~2 km/s, with
a rise time of 2—5 s. The shallowness and compactness of the rupture, both in time and space, provide an explanation for the
intensity of destructions. This kind of analysis could be achieved as soon as a post-earthquake image is available, and would
provide key information for early assessment of damages. The study sheds some light on seismic hazard in the Himalaya, and
raises concern regarding the possibility of a repetition of the 1555 event which presumably ruptured the Himalayan front south of
the Kashmir basin and may have reached a magnitude M., >8.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The M,, 7.6 earthquake, which struck Northern
Pakistan and Kashmir on October 8, 2005, claimed a
minimum of 80,000 lives. This is to date the most
devastating earthquake to have occurred along the
Himalayan arc. Some earthquakes in the 20th century
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have probably approached or exceeded M, 8§, in
particular the 1934 Bihar—Nepal and the 1905 Kangra
earthquakes [1], but they did not cause as many
casualties as the 2005 event (Fig. 1). This is a sad
reminder that seismic vulnerability has risen critically
over the last few decades due to the growth of the
population in the region and probably insufficient
awareness of seismic hazard [2,3].

Here, we report investigations of ground deformation
in the epicentral area using optical images and measure
the fault rupture by combining this information with an
inversion of teleseismic body waves. Our analysis of
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Fig. 1. Tectonic setting of the October 8, 2005, Kashmir earthquake. Rupture areas of major Himalayan earthquakes documented from historical
studies [1] and paleoseismic investigations [24]. Shaded ellipses show estimated locations of ruptures in 1413, 1555 and 1905. Major active faults,
modified from [52] and [24], are shown in red. Dashed lines indicate approximate location of blind thrust faults. Velocity of peninsular India relative
to stable Eurasia computed from the Euler pole of the Indian plate determined by Bettinelli et al. [18]. MFT: main frontal thrust fault. MBT: main

boundary thrust fault. IKSZ: Indus—Kohistan Seismic Zone [21].

this particular event brings important information on the
characteristics of Himalayan earthquakes, sheds some
light on the active tectonics of the western syntaxis, and
opens the way to a new approach for early assessment of
damages.

2. Remote sensing analysis

We measured ground deformation in the epicentral
area from the sub-pixel correlation of ASTER images
acquired on November 14, 2000, and October 27, 2005
(Fig. 2). We use a new procedure [4] adapted from a
previous approach that had been designed specifically
for processing SPOT images [5] and which has been

applied to a few events [6—10]. A similar approach has
been recently applied to ASTER images on the Kokoxili
earthquake, yielding mitigated results [11].

The images are orthorectified on a common 15-m
resolution grid using a DEM computed from a stereo
pair of ASTER images. Offsets are then measured
from the local cross-correlation of the two orthor-
ectified images. Uncertainties on the imaging system,
in particular on the satellite orbit and attitude, and on
the topography can lead to apparent offsets unrelated
to ground deformation. The satellite viewing para-
meters are optimized to minimize these artifacts. This
process partially removes the deformation at long
wavelengths, which trades off with satellite viewing



516 J.-P. Avouac et al. / Earth and Planetary Science Letters 249 (2006) 514-528

73°20'E
I

73°40'E
I

34°30'N

Northward dispacement (m)

- 34°'N

I
Hien 73°40'E

Fig. 2. Displacements measured sub-pixel correlation of ASTER images. Northward ground displacements (white to the south, black to the north),
determined from the correlation of ASTER images, with a 15-m ground resolution, taken on November 14, 2000 (AST_L1A.003:2003527667) and
October 27, 2005 (AST_L1A.003:2031572195). The incidence view is 8.6° for both images. The correlation image was obtained with a sliding
32x 32 pixels correlation window and 8-pixel step. Ground resolution on the correlation image is 120 m. No measurement is assigned to white points,
where the correlation is lost or where outliers (where the measured ground displacement was found to exceed 10 m) have been filtered out. Correlation
is lost mainly due to landslides or variation of the snow cover. For example, the red arrow points to an area where the correlation is lost due a major
landslide. Outliers are mostly due to shadowing effects. Inset: profile of the NS component of ground displacement obtained by stacking all

measurements within a 9-km-wide swath centered on profile AB.

parameters, but significantly enhances the perfor-
mance of the sub-pixel correlation technique for the
measurements of deformation at short wavelengths
[4]. The resulting offset field is therefore a reliable
measurement of ground displacement at shorter
wavelengths (typically a few kilometers).

Our measurements reveal a clear discontinuity which
can be traced over a distance of about 75 km in the offset
field both on the north—south (Fig. 2) and east—west (Fig.
3) components. Despite the 5-yr interval between the two
images, the correlation is good, except at locations where
major landslides were triggered by the earthquake (Fig.
4). We analyzed a second pair of ASTER images to
evaluate the possible continuation of the rupture to the
southeast. The fault trace cannot be traced beyond the
area covered by the first pair of images (Fig. S1).

The horizontal slip vector on the fault can be
measured accurately from profiles run across the fault

trace (Fig. 2). The discontinuity is sharp, with
deformation localized within a zone no wider than a
few hundred meters. It clearly indicates that the rupture
reached the surface, as confirmed by field investigation
[12] (see also http://www.geo.oregonstate.edu/people/
faculty/yeatsr.htm, Paul Tapponnier, personal commu-
nication) and inspection of high resolution optical
images (Laurent Bollinger personal communication).
Along the northern termination of the rupture, near
Balakot, field investigations have revealed a fold scarp
rather than clear ground ruptures [12]. The displace-
ment field measured from our technique shows a rather
clear discontinuity in this area suggesting that, even
there, the rupture must have reached very close to the
surface.

Along the upper Jhelum valley the fault trace is
remarkably linear and follows the northeastern flank of
the valley for about 30 km north of Muzaffarabad along
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Fig. 3. EW ground displacements measured sub-pixel correlation of ASTER images. E-W ground displacements (white to the east, black to the west),
determined from the correlation of ASTER images taken on November 14, 2000, and October 27, 2005. The image was obtained with a 32 x32

correlation window and 8 pixel step.

the previously mapped Tanda fault [13] (Fig. 5). The
fault trace curves and becomes more irregular where it
joins the Muzaffarabad fault and cuts across the Kunhar
valley. The irregularity of the fault trace to the north is
mainly due to the roughness of the topography. The
spatial variation of intersection of the fault trace with the
topography shows a northeast dip angle. The fault trace
makes a ‘v’ where it cuts across a topographic ridge
south-east of the upper Jhelum river valley (box in Fig.
5). From this geometry the near surface dip angle is
inferred to be about 10°. The fault’s complexity across
the Neelum river valley probably corresponds to a tear
fault connecting the Muzaffarabad and the Tanda faults.

Horizontal slip vectors were determined about every
2 km along the fault trace from the discontinuity of
ground displacement measured along profiles run across
the fault (Fig. 6). The amplitude of the horizontal slip
vector reaches a maximum of 7.15+0.4 m about 10 km
northwest of Muzaffarabad (Fig. 6). We observe a local
minimum at the junction between the Tanda and the
Muzaffarabad faults. Surface slip varies quite signifi-
cantly along the Muzaffarabad fault and tapers abruptly
at the northern end of the rupture with a steep gradient of

about 1 m/km over a distance of about 5 km. Along the
straight fault segment of the Tanda Fault the horizontal
slip is nearly constant, around 4+0.8 m. As the rupture
approaches its crossing of the Upper Jhelum river, slip
diminishes to just 1.5 m, again at a rate of about 1 m/km.
In the hills further south, slip magnitude rises as high as
3.5 m, but has much more variability. The rupture is
nearly pure dip—slip as the azimuth of horizontal slip
motion is on average N41°E, nearly perpendicular to the
138°E average strike of the fault trace.

3. Seismological analysis

The Harvard CMT solution, determined from the
modeling of the long-period surface waves, yields a
northeast-dipping fault plane striking N133°E, with a
rake of 123°, and a dip angle of 40° (http://www.
seismology.harvard.edu/CMTsearch) (Fig. 5). The cor-
responding seismic moment is 2.94x 10** N m. Given
the relatively shallow hypocentral depth, the dip angle is
not well constrained from the long-period surface
waves. For comparison, the focal mechanism deter-
mined by the USGS from body waves indicates a fault
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Fig. 4. Example of decorrelation due to landsliding. Close-up view of a landslide area on the ASTER image taken on November 14, 2000 (a), and
October 27, 2005 (b). See Figs. 2 and 5 for location. The landslide shows up in green in (b) and corresponds closely to the area where correlation is
lost. Other ASTER views of this landslide processed by Eric Fielding are accessible at http://earthobservatory.nasa.gov/NaturalHazards/, and field
pictures by Bob Yeats at http://www.geo.oregonstate.edu/people/faculty/yeatsr.htm. Blue dots follow the fault trace mapped from the discontinuity in

the offset field.

strike of 133°E, a rake of 140°, and a dip angle of 29°
(http://neic.usgs.gov). These source parameters are
consistent with the N138° fault strike determined in
our study and imply a somewhat larger strike—slip
component of slip than the surface slip vectors
determined from the remote sensing analysis. A finite
source model has also been obtained from the inversion

of the teleseismic body waves by Parsons et al. [14].
This model assumes a single planar fault segment
striking 108°E and dipping 31° to the northeast and a
nucleation point at the USG epicenter. The model shows
two distinct asperities about 30 km apart, with the
nucleation point in between, and at depth shallower than
about 10 km. Our measurements suggest a different fault
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Fig. 5. Surface fault trace mapped from the discontinuity of the offset field (Figs. 3 and 4). The rupture geometry across the Neelum River and south of
the Jhelum River valley (box) indicates a shallow, ~10°, dip angle near the surface.

geometry and the slip distribution at the surface does not
really show two distinct asperities.

We have determined a finite source model from the
modeling of teleseismic waveforms, in the 0.01-1 Hz
frequency band, following the procedure of Ji et al. [15].
Fault geometry with two fault segments, a 60-km-long
southern segment striking 320°, and a 15-km-long
northern segment striking 343°, was constructed based
on the observed surface break derived from our remote
sensing analysis. These two segments approximately
coincide with the Tanda and the Muzaffarabad faults,
respectively. The slip vectors on the subfaults closest to
the surface were constrained to fit the surface slip
measurements to within 2 —o. We thus assume that all of
the measured slip at the surface occurred during the
seismic phase, ignoring the possibility that some of it
would be due to shallow afterslip over the first 3 weeks
following the earthquake. In the absence of near-fault
continuous geodetic measurements, we cannot test this
hypothesis. We selected a set of P-wave records

providing the best possible coverage in azimuth and
distance (Fig. 7). We tested various dip angles between
25° and 40° and found that the polarity of the P and S
wave first motions were best adjusted with a dip angle of
29°, consistent with the USGS determination. We used
the USGS epicenter, which is accurate to about 20 km,
to estimate the rupture initiation depth. Given the fault
geometry, as defined from the fault trace at the surface
and the best fitting dip angle, this assumption implies a
hypocentral depth of 11 km. The best fitting model
shows a simple source with a relatively compact high-
slip zone spanning the Tanda and Muzaffarabad faults
and mostly updip of the nucleation point (Fig. 8). The
preferred model has a nearly constant rupture velocity of
about 2 km/s and a short rise time between 2 s and 5 s
(Fig. 7). Forcing rise times to be longer than 5 s degrades
the solution (the misfit to the waveforms increases from
17.5% to 20.8%), despite the trade-off with rupture
velocity. The focal mechanism representation of our
finite source model is close to the Harvard CMT (Fig.
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Fig. 6. Surface fault slip. Horizontal slip vectors at about 2 km spacing along the fault trace, measured from the discontinuity of E-W and N-S
ground displacement measured at the fault on 18-km-long, 6-km-wide profiles run perpendicular to the fault. NS and EW offsets at the fault are
measured from linear least-squares adjustment on each side of the fault. Ellipses show 2—o uncertainties on each measurement. Inset: surface
fault slip and 1—o uncertainty projected along N140°E. Each measurement is determined from the offset at the fault of the N-S and E-W
component of the offset field measured along 18-km-long and 6-km-wide profiles.

8), and the released moment is 2.82 x 10°°N m, only 4%
smaller. This shows that our source model is consistent
with the source model derived from the surface waves.

We have also determined a source model by inverting
the teleseismic waveforms only, i.e., without any
constraints on surface slip, but with the fault geometry
derived from the surface fault trace. The solution is
similar to that obtained form the joint inversion,
showing a higher amplitude strong asperity roughly at
the same location (Fig. 9). This source model yields a
moment release that underestimates the Harvard CMT
solution by 12%, and the misfit to the seismic
waveforms is equivalent (17.8%) to that obtained from
the model ignoring the constraints on surface slip. The
predicted surface slip vectors systematically under-
estimate the measurements. Therefore, shallow slip is
clearly underestimated in this model. The main reason is

that the seismological waveforms are not very sensitive
to slip at shallow depth (less than 2—3 km), where the
elastic moduli are assumed low, because it does not
contribute much to the seismic moment release. The slip
distribution at shallow depth in the joint inversion is thus
highly constrained by the surface measurements, while
the slip distribution at depth more than about 5 km is
constrained primarily by the seismic data. The slip
distribution obtained from the joint inversion shows a
good consistency between the slip distribution at depth
and near the surface, except along the northern fault
portion where the quite shallow slip is required only to
fit surface fault slip.

We have also tested the sensitivity of the source
model to the assumed location of the epicenter. For
example, we show in Fig. S2 the solution obtained
by moving the nucleation point 12 km to the
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Fig. 7. Modeling of teleseismic waveforms (P waves) using the source model derived form the joint inversion of waveforms and surface slip.
Measured (black) and modeled (red) seismograms. The location and the stations with respect to the focal mechanism representation of the finite
source model is shown on top left. The moment release time function is shown on the top right.

northwest relative to that determined by the USGS.
This particular position was tested to check the
shallowness of the slip distribution along the northern
portion of the fault. The solution yields about the
same fit to the waveforms and surface measurements
(Fig. S2). The main difference is that more slip at
depth on the Muzaffarabad fault segment is now
inferred. The high slip patch there, with about 14 m
of slip at 5-10 km depth, is required for the seismic
rupture to be still essentially bilateral, despite the
position of the nucleation being close to the northern
termination of the fault.

The models obtained from seismological inversion
are thus quite sensitive to the assumed position of the
epicenter and fault geometry. Two robust features are
that the rupture was confined to relatively shallow
depth, less than about 10 km, and was bilateral. It turns
out that the source model obtained assuming that the
USGS epicenter is correct (Fig. 4) is relatively satisfying
in particular because the slip distribution is not too
patchy, showing a consistent pattern near the surface,
where it is constrained from our ASTER measurements,
and at depth, where it is constrained from the seismic
data.
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Fig. 8. Slip distribution derived from the seismic waveforms and surface slip distribution. Modeled slip distribution and isochrons showing the rupture
kinematics obtained from the modeling of teleseismic body-waves. The fault geometry consists of two planar fault segments following the fault trace,
subdivided in the horizontal and downdip direction in 2 km by 3 km cells. The star shows the location of the nucleation points, on the fault plane,
assumed to coincide with the USGS epicenter (34.493°N,73.629°E). Seismic waveforms and surface displacements are computed in a layered half
space with a 1-D crustal model interpolated from CRUST2.0 [53]. Horizontal slip vectors measured along the surface fault trace (black arrows
with 2 — o uncertainty ellipses) are compared to the theoretical displacements (red arrows) computed using the method of Xie and Jao [54]. Green
arrows show slip vectors on the fault plane at depth. The double-couple component of the seismic moment tensor computed from the summation
of the seismic moment of each subfault of our model (red) is compared with the Harvard CMT (blue).

The source models derived from the inversion of the
seismic waveforms with account for the correct
location and geometry of the fault are in fact a good
first order approximation. Such models would prob-
ably be enough for a reliable early assessment of near-
field effects.

4. The 2005 Kashmir earthquake in its neotectonic
setting

The 2005, M,, 7.6 Kashmir earthquake occurred at
the western extremity of the Himalaya, where the arc
joins the Karakorum, Pamir, and Hindu Kush ranges
(Fig. 1). The physiography of the range, as well as
geological structures define a syntaxis, called the
Hazara syntaxis (or Kashmir—Hazara syntaxis), out-
lined by the hairpin turn of the Main Boundary thrust
fault (MBT) [16]. The MBT is a major fault bounding
the Himalayan range that has thrust metasediments of

the Lesser Himalaya over the Tertiary molasse of the
Himalayan foreland [17] (Fig. 1). Active deformation
in the area results from the 31 mm/yr northward
indentation of the northeastern Indian Peninsula into
Eurasia [18] (Fig. 1). Along the northwestern Hima-
laya, a fraction of that convergence, estimated to about
14 mm/yr [19], is absorbed by thrusting perpendicular
to the range.

The most active thrust fault under the Himalaya is
generally thought to be the Main Frontal Himalayan
Thrust fault (MFT) which marks the emergence at the
surface of the Main Himalayan thrust fault (MHT),
which is the basal decollement beneath the Himalayan
orogenic wedge [20]. Between the Hazara syntaxis and
about 76°E, the MHT is mostly blind as slip tapers
below fault-tip folds [21,22]. The MHT has produced
very large recurrent earthquakes with magnitudes
possibly as high as M,, 8.8, as documented from
paleoseismic investigations: along the Himalayan foot-
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Fig. 9. Slip distribution derived from the modeling of seismic waveforms without constraints on surface slip. Modeled slip distribution and isochrons
showing the rupture kinematics obtained form the modeling of teleseismic bodywaves. Horizontal slip vectors measured along the surface fault trace
(black arrows with 2 — ¢ uncertainty ellipses) are compared to the theoretical displacements (red arrows) computed using the method of Xie and Jao
[54]. Green arrows show slip vectors on the fault plane at depth. The fault geometry is the same as in Fig. 3. The released moment is 2.59x 10'° N'm,

about 12% less than the value associated to the Harvard CMT solution.

hills in Nepal, there is evidence for a 17+5/—3 m slip
event around 1100 AD at locations separated by
240 km along strike [23]; evidence for a similar event
were also found in the Kumaon and Garhwal
Himalaya and dated to around 1413 AD [24]. The
loose chronological constraints are such that this
rupture could correspond to the historical earthquake
of 1505 AD (Tom Rockwell and Bob Yeats, personal
communication) (Fig. 1).

Four major earthquakes with magnitudes close to M,
8 occurred along the Himalaya between 1897 and 1950
[1] but none of these earthquakes was associated with a
surface break. In particular, the M, 7.8, 1905 Kangra
event, which occurred along the Himalayan front
southeast of Kashmir Basin and presumably ruptured
the MHT but which did not reach the surface [25] (Fig.
1). The largest historical event in the northwestern
Himalaya occurred in 1555 AD. Historical accounts
report evidence for liquefaction and major geomorphic
effects mostly in the Pir Panjal Range south of the
Kashmir Basin [26] (http://asc-inia.org/gq/1555kashmir).

This event may have ruptured some of the active faults
mapped within the Kashmir basin itself [22] but
rupture of the decollement beneath the Basin and the
Pir Panjal Range seems more plausible to us. The
magnitude of that earthquake remains conjectural.
Given the reported effects, which suggest that MMI
intensities reached XII, and the 2-month duration over
which aftershocks were felt, a magnitude larger than 8
is probable [1] (Fig. 1).

Monitoring by a local seismic network around the
Hazara syntaxis has revealed an alignment of seismicity,
which is called the Indus—Kohistan Seismic Zone
(IKSZ, Fig. 1) [21]. The IKSZ strikes parallel to the
northwestern Himalaya, but extends beyond the Hazara
syntaxis. This seismicity extends northwestwards the
belt of seismic activity that follows the front of the entire
Himalayan arc [27,28]. This is an indication that
northwest-trending Himalayan basement structures
extend beyond the syntaxis and that the change in the
strike of the MBT is a rather superficial feature,
probably related to the infracambrian salt [21]. Along
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the central Nepal Himalaya the belt of seismicity has
been shown to mark the downdip end of the locked
portion of the MHT where interseismic stress accumula-
tion is highest [28,29]. It has been deduced that large
earthquakes break the MHT updip of this seismic zone.

5. Discussion

5.1. Performance of the sub-pixel correlation of optical
images

Despite the 5-yr time difference between the two
ASTER images, their sub-pixel correlation has pro-
vided a detailed description of the surface slip
distribution with an accuracy not achievable by other
techniques. Near the near-fault zone, our technique
performs better than SAR interferometry because the
coherence of SAR is often lost due to too high strain or
the effect of ground shaking, or because the fringe rate
exceeds the limit of one pixel-per-fringe. Cross-
correlation of SAR amplitude is an alternative approach
[30] which has been successfully applied to this
particular earthquake [31,32], but the accuracy is not
as good as what we have obtained with optical images
regarding the details of the rupture geometry and the
measurement of surface slip. The correlation of SAR
amplitude images does, however, provide constraints
on the vertical component of displacements which are
not accessible from optical images. Compared to field
investigations, our technique provides the two compo-
nents of horizontal surface slip, whereas the component
of displacement normal to the fault trace is generally
not measurable in the field, and also, it takes into
account deformation off the main fault trace that is
generally missed during field surveys.

5.2. Characteristics of the seismic rupture

The 2005 Kashmir earthquake appears to be a simple
shallow crustal event with a relatively compact slip
distribution, a standard sub-shear rupture with a rather
short rise time. The updip propagation of the rupture
together with its steep dip angle and shallow distribution
of slip must have contributed to the heavy damages in
the nearfield. This event shares some similarities with
the 1999, Chichi M,, 7.6 earthquake, for which a well
constrained slip model has also been obtained from the
joint analysis of geodetic and seismic waves [33] and
which ruptured a thrust fault along the western foothills
of Taiwan in a tectonic setting very similar to that along
the Himalayan front. In both cases, the rupture nucleated
on the bottom edge of the asperity and was restricted at

depth shallower than about 15 km on relatively steep
thrust faults. The shallow depth of the slip distribution is
consistent with the view that deformation becomes
dominantly aseismic at depth greater than about 15 km
due to the transition from stick—slip to stable frictional
sliding as temperature rises above 250-300 °C [34,35].
The short rise time of just 2—5 s is also a characteristic of
both the Kashmir and the Chichi events and seems
typical of intracontinental events as shown from other
case examples of joint inversion of seismic waveforms
and geodetic data [15,36—38]. By comparison, subduc-
tion events have similar rupture velocities, but seem to
be characterized by much longer rise times, and hence,
produce less severe ground shaking [39]. Finally, we
notice that the earthquake nucleated near the junction
between the Tanda and the Muzaffarabad faults.

5.3. Relation to known active faults and geological
structures

The 2005 Kashmir earthquake ruptured major faults
including fault segments along the Tanda and Muzaffar-
abad faults which had already been identified and
mapped as an active fault [13,40] (note that the whole
rupture is referred to as the Balakot—Bagh fault by
Parsons et al. [41] and the Geological Survey of
Pakistan). Geomorphic evidence for activity of the
Tanda fault are also clear (Fig. 6); well developed
triangular facets bound the northeastern flank of the
valley; the topography northeast of the valley is
systematically higher and more rugged than on the
southwestern side of the valley; rivers, in particular the
Neelum River, are systematically more entrenched into
the hanging wall. Evidence for recent activity along the
Muzaffarabad fault is more subtle: some triangular
facets are apparent on the east of the Kunhar valley (Fig.
5); also, the topography is higher on the eastern side of
the Kunhar valley. This is the opposite of what one
would expect given that the eastern side consists of the
Murree molasse, a formation much more readily
erodable than the Proterozoic metasediments on the
western side of the valley. It is interesting to note that the
Muzaffarabad fault which has thrust the Murree
formation and underlying Precambrian limestones and
shales over Proterozoic formations, parallels the MBT
[42] (Fig. 10) but has the opposite sense of motion and
dip. This is consistent with the observation of a recent
reversal of the sense of motion on the MBT [40]. It
illuminates Armbruster et al.’s [43] observations that
recent deformation cuts across the syntaxis.

The fact that surface ruptures along the Muzaffarabad
fault parallel the MBT and terminate abruptly at the
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Fig. 10. Comparison of ruptured fault trace with bedrock geology. Geological map from Searle et al. [42]. Black dots show aftershocks up to
December 31, 2006, with mb>4. The fault rupture coincides with the Muzaffarabad fault [40] northwest of Muzaffarabad. Southeast of
Mugzaffarabad, along the upper Jhelum River valley, it has reactivated the Tanda fault [13]. The fault thrusts Precambrian limestone and shales (Pz,
shown in blue) over Tertiary molasse of the Murree formation (R, shown in yellow) or over Proterozoic schists (Pr, shown in green). The
Mugzaffarabad fault parallels the Murree thrust, which is a segment of the Main Boundary Thrust (MBT), but has as sense of motion opposite to the
long-term geological motion. Southwest of Muzaffarabad the fault cuts through the Murree formation.

hairpin turn of the MBT is a clear indication for a strong
structural control of the earthquake rupture. We also
observe that the surface slip is relatively uniform along
the straight fault segment along the Upper Jhelum river,
suggesting that variability of the slip and geometric
complexity are correlated and decrease with cumulative
geological offset [44].

It is noteworthy that the aftershock activity does not
correlate well with the extent of the surface ruptures and
was particularly intense beyond the abrupt northern
termination of rupture (Fig. 10), along the IKSZ.

5.4. Importance of out-of-sequence thrusting for
seismic hazard along the Himalayan arc

The 2005 Kashmir earthquake might be compared to
the most recent damaging earthquakes along the
Himalaya, the M, 7.1 Uttarkashi earthquake of 1991

[45] and the M 6.6 Chamoli earthquake of 1999 [46]
which both occurred in the Garhwal Himalaya. Both
earthquakes were caused by the rupture of blind thrust
faults dipping about 10° to the north, probably on the
deep portion of the MHT. In contrast, the Kashmir
earthquake was not on the basal detachment. Instead it
occurred on a relatively steep fault that splays upward
from it, like probably the 1974 Pattan earthquake [47].
One might wonder whether such out-of-sequence thrust
events, potentially much more damaging than the
Chamoli or Uttarkashi earthquakes, should be expected
elsewhere along the Himalaya. Evidence for brittle
faulting along the front of the high range have been
reported elsewhere, in particular in the Nepal Himalaya,
showing that out-of-sequence thrusting can indeed
occur [48] possibly as a response to locally enhanced
erosion [49]. However, for the Nepal Himalaya, it can be
argued that such out-of-sequence thrust events must be
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rare. Indeed, the observation that the geological slip rate
of the MFT [50] is not significantly different from the
geodetic convergence rate the across central Nepal
Himalaya [18] implies that most of the shortening is
localized on the MHT, probably as a result of repeated
M>8 large earthquake. Elsewhere along the arc the
situation might be different. However, it might be that
the particular setting of the Kashmir event near the
western syntaxis makes out-of-sequence thrust events
more frequent than along the main stretch of the
Himalayan arc. Thrust faulting within the orogenic
wedge might be the mechanism by which the wedge
maintains its critical slope in response to the particularly
rapid erosion rates in the Hazara syntaxis [51] and
eventually to spreading of the thrust sheet due to
aseismic creep along the basal detachment.

5.5. Return period of major earthquakes across the
Himalaya of Kashmir and Himachal Pradesh

The average slip on the fault patch ruptured by the
2005 Kashmir earthquake is ~4.2 m. If the geodetically
determined ~ 14 mm shortening rate across the range
were accommodated by the repetition of such earth-
quakes, their return period along this particular segment
of the arc would be about 300 yr. Given the ~600-km
length of the stretch of the Himalayan arc between the
Hazara syntaxis and Dehra Dun (corresponding to the
area pictured in Fig. 1), the return period of such events
over the whole area would be about 30 to 40 yr. The
historical catalogue is well short of such events. It seems
therefore likely that shortening across the northwestern
Himalaya is primarily the result of less frequent but
significantly larger events, the 1555 AD event being one
of these.

Stress redistribution during the Kashmir event must
have increased the stresses on the major thrust faults
south-cast of the Hazara syntaxis and therefore
increased the probability of a new seismic rupture in
the Himalaya of Kashmir and Himachal. By contrast this
event does not seem to have increased the probability of
an earthquake along the Salt Range Thrust [41], even
more so if the Salt Range thrust is creeping aseismically
due the Infracambrian salt layer at the base of the thrust
sheet [21], but this idea remains to be tested from
geodetic measurements.

6. Conclusion
The Kashmir 2005 earthquake is the first modern

earthquake in the Himalaya to produce documented
surface rupture. Despite the complex geological setting

associated with the Hazara syntaxis, the slip pattern and
source kinematics are relatively simple. This earthquake
occurred along the seismicity belt which follows the
front of the high range all along the arc, but it departs
from previous events with similar magnitudes since it
was caused by rupture of a steeply dipping thrust fault
that broke all the way to the surface. The 2005 Kashmir
shows that seismic hazard related to out-of-sequence
thrusting in the Himalaya can be devastating and should
not be overlooked, although major events along the
MHT seem much more probable.

The 2005 earthquake must have increased the
probability of rupture along the MHT or possible out-
of-sequence thrust faults along the Himalayan front to
the south east, with the possible repetition of events such
the 1555 AD earthquake. The death toll in such an event
would probably be even larger than in 2005. This should
be a major concern for the growing population living in
the region.

This study, carried on with 15-m resolution images
taken 5 yr apart, demonstrates the potential of optical
imagery as a complement to seismology for the analysis
of large earthquakes. A global coverage already exists
thanks to the SPOT and ASTER programs, and there is
no doubt that high-quality optical imagery, with metric
or submetric resolution, will be available in the future.
This warrants that the approach described here will be
applicable to future large earthquake. Well constrained
source models, and some estimate of near-field effects,
could be produced a couple of hours after the images are
available.
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