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Abstract We propose here that the 8 October 2005 North Pakistan earthquake occurred
beneath the wedge-top of Balakot Formation in the Hazara-Kashmir syntaxial area. Slip
occurred along the Muzaffarabad thrust, a southeast extended part of the Indus-Kohistan
seismic zone. Tectonic loading of the high-density wedge/thrust sheet between the wedge-
top and the descending Indian lithosphere coupled with continued flexural tectonics pro-
voked this earthquake. The obliquely converging Indian plate along with block rotations
led to development of a pinned zone around Northwestern Syntaxis of the Himalayas.
Strain adjustment related to the rotational deformation processes resulted in the buckling of
the more competent rock-units sandwiched between the less competent rock-units around
the Hazara-Kashmir syntaxis. The western limb of the buckled unit gave rise to the
development of thrusts and associated oblique slip in the inner arc of the competent rock-
unit. The observations demonstrate reactivated tectonic movement along the growing
fracture-tip of the buried Riasi thrust.

Keywords Hazara-Kashmir syntaxis - High-density wedge -
Indus-Kohistan seismic zone - Oblique convergence
1 Introduction

The 8 October 2005 North Pakistan earthquake (magnitude M,, = 7.6), which occurred
near Balakot (Fig. 1) at 8:50 a.m. local time, caused widespread damage. This event
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Fig. 1 Regional tectonic map of North Pakistan and adjoining areas (after Treloar et al. 1991; Searle et al.
1999; Hussain et al. 2004). CF Chaman Fault, HF Herat Fault, HK Hindukush, HS Hazara Syntaxis, IKSZ
Indus-Kohistan Seismic Zone, KB Kohistan Batholith, KF' Karakoram Fault, MBT Main Boundary Thrust,
MCT Main Central Thrust, MKT Main Karakoram Thrust, MMT Main Mantle Thrust, NP Nanga Parbat, RT
Riasi Thrust, SRT Salt Range Thrust. Indian plate motion vectors with respect to Eurasia marked in the map
were calculated using NUVEL-1A (DeMets et al. 1994). Framed area in the inset shows the position of the
geological map

claimed the lives of over 87,000 people, making millions more homeless. The earthquake
was reportedly accompanied by rupture along a NW-SE trending fault (Muzaffarabad
thrust) near the Hazara-Kashmir Syntaxis in North Pakistan (Tapponnier et al. 2006;
Nakata and Kumahara 2006; Avouac et al. 2006; Parsons et al. 2006; Pathier et al. 2006;
Bendick et al. 2007; Kaneda et al. 2008). This interpretation is supported by the detection
of post-earthquake changes in geomorphic landscape of the mid-Jhelum valley near
Muzaffarabad (Thakur et al. 2006). Analyses of ASTER images and seismic waveforms by
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Avouac et al. (2006) also confirm development of a surface rupture on the southern flank of
the syntaxial bend. This rupture of 75 km length, with average fault offset of 4 m, ter-
minated against MBT, whose local name is Murree thrust. This 2005 earthquake has poor
correlation with the major fault systems in this part of the Himalayas such as Main Frontal
Thrust (MFT), Main Boundary Thrust (MBT) and Main Central Thrust (MCT) (Tappon-
nier et al. 2006; Nakata and Kumahara 2006). Several studies (Armbruster et al. 1978;
Seeber et al. 1981; Nakata et al. 1991; Parsons et al. 2006) have also documented the
seismically inactive nature of all these Himalayan main thrusts, adjacent to the Hazara
syntaxial bend. Therefore, the 2005 earthquake that occurred in North Pakistan after more
than a century (Ambraseys and Douglas 2004), has rejuvenated the interest for identifi-
cation of the geological processes responsible for this rare incidence in this part of the
Himalayas.

Coulomb stress distribution during the 2005 Kashmir earthquake determined by Parsons
et al. (2006) shows increased stress-level to the northwest of a rupture, along the trend of
Indus Kohistan Seismic Zone (IKSZ). An increase in stress-level is also observed to the
southeast of the rupture zone adjacent to Kashmir basin (Fig. 1), where two large historical
earthquakes were recorded in 1555 and 1885 (Bilham 2004). Parsons et al. (2006) have
suggested that the southeast extension of this high-stress level zone was previously the
nucleation site of the 1905 Kangra earthquake (M = 7.8) (Wallace et al. 2005; Avouac
et al. 2006; Hussain et al. 2009). Analyses of the operative stress field around the Hazara-
Kashmir syntaxis indicate the predominant direction of maximum horizontal principal
stress (o) to be perpendicular to the strike of the main thrusts (e.g., MCT and MBT), and
decrease in the stress release towards southwest and northeast, perpendicular to the 2005
rupture-strike (Parsons et al. 2006). As fractures develop either parallel to (extension
fractures) or at an angle of ~30-35° (shear fractures) with the maximum principal stress
direction, the cause for the earthquake event and the Coulomb stress release pattern of the
2005 earthquake needs suitable explanation. The present analysis was undertaken to
investigate the cause for the occurrence of the 2005 Kashmir earthquake along with other
damaging earthquakes around this syntaxis in the wider tectonic context. We have carried
out a high-resolution study on the spatial variation of aftershocks in the backdrop of other
historical earthquakes around this area. Further, the Bouguer gravity anomalies of this area
were assessed in detail to identify the sub-crustal causative mechanisms, which facilitated
the triggering process of the 2005 earthquake.

2 Geological Set-Up and Tectonic Evolution

The region around the northwestern Himalayas, Hindukush Range and Pamir-Karakoram
Range is a complex terrain comprising of components derived from different crustal
blocks: the Eurasian plate in the North, the Indian plate in the South and the Kohistan block
sandwiched between the two (Fig. 1). The boundary between the Eurasian plate and the
Kohistan block is marked by a suture zone (Shyok suture) in the North. The Indian plate is
separated from the Kohistan block by another suture on the South (the Main Mantle Thrust,
MMT). The regional NW-SE structural trends in the eastern part show sharp changes
through EW to NNE-SSW in the western part, defining two major syntaxial bends (Nanga
Parbat syntaxis in the North East and Hazara-Besham syntaxis in the West). Coward et al.
(1986) postulated that the Kohistan Island arc had two-phase evolution involving first
collision with the Asian plate (prior to the Himalayan orogeny) along the Shyok suture
during late Cretaceous time, and a later collision with the Indian plate along the MMT
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(Tonarini et al. 1993; Smith et al. 1994; Treloar et al. 1996; Searle et al. 1999, Leech et al.
2005). Diamond shaped geometry of the leading edge of the Indian plate is considered to
be responsible for the development of the syntaxial bends and oblique convergence along
the two boundaries (Treloar and Coward 1991). Palaecomagnetic studies (Klootwijk et al.
1985; Bossart et al. 1990) indicate an early transport on the East of syntaxis with large
clockwise rotation and late transport in the western part (Potwar Plateau and Salt Range
region) associated with small anticlockwise rotation. The boundary between these two
rotational domains is considered to be located towards the West of the Hazara syntaxis
(Bossart et al. 1990) and the centre of rotation is located at the intersection of IKSZ and
MMT near Besham syntaxis at about 70 km North West of the Hazara syntaxis (Klootwijk
et al. 1985). The early transport in the East at ~ 50 Ma was initially opposite to the
motion of India and rotated ~45° to its present position (towards ~N220°). The late
transport in the West was also opposite to the movement of India and rotated ~ 20° to its
present position (towards ~ N160°).

The Indian plate in the northwestern Himalayas comprises of three tectonic blocks: an
internal metamorphic belt of the Higher Himalayas, an external unmetamorphosed to low
grade metamorphic belt of the Lower Himalayas and the foreland sedimentary belt (Treloar
et al. 1991). Ongoing oblique convergence with early crustal thickening in the north-
western Himalayas, including the obduction of the Kohistan microplate onto the leading
edge of the Indian plate, generated a rigid block that mechanically impeded the lateral
propagation of the younger Himalayan thrusts and, hence, pinning them at their western
termination (Armbruster et al. 1978; Klootwijk et al. 1985; Treloar and Coward 1991), and
caused increased southwest-directed shortening. This southwesterly directed shortening
strain pattern is corroborated by cleavage strike of NNW-SSE in the core of the Hazara
syntaxis. The coeval development of adjacent synformal intermontane-basins (viz. Kash-
mir and Peshawar basins) symmetrically on opposite sides of the Hazara syntaxis (Burbank
and Tahirkheli 1985) suggests that orogenic processes in these areas are still active. The
studies of Burbank and Johnson (1982) reveal that the Kashmir basin is presently expe-
riencing rapid uplift along its southwestern margin. Farther to the South, the MBT sepa-
rates the Tertiary foreland basin deposits from those of deformed metamorphosed rocks of
the hinterland zone to the North (Kazmi and Jan 1997; Pivnik and Khan 1996).

Throughout the foreland basin, from Pakistan through India to Nepal, a major
detachment surface is thought to separate rocks representing the last marine facies of
Eocene time and mid-Oligocene to early Miocene continental sediments derived from the
eroded metamorphic rocks of the rising Himalayan orogen (Pivnik and Wells 1996; Naj-
man et al. 1997; DeCelles et al. 1998, 2001). To the North of the Hazara-Kashmir Syntaxis,
the Balakot Formation represents a continental foreland basin sedimentary sequence
(Najman et al. 2001, 2002) of more than 8 km thick sandstone, mudstone, and caliche red-
bed succession of mixed metamorphic and igneous provenance, derived from the India-
Eurasia suture zone and the metamorphic rocks of the Himalayas (Critelli and Garzanti
1994).

3 Study of Seismicity
Historical earthquake data of the area between latitudes 32.5° and 38.0°N and longitudes
70.0° and 76.0°E were considered for study of the broad geodynamic perspective of the

North Pakistan earthquake. The historical earthquake data (of 2211 events; my, > 4.0;
shown in Fig. 2) recorded at more than 15 stations (during the period 1964-2003) were
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Fig. 2 Map showing the regional distribution of epicenters of historical seismicity (open triangle),
mainshock and aftershocks of 2005 (solid triangles). Positions of profile lines AA’ (orthogonal to Hindukush
seismicity trend) and BB’ (orthogonal to IKSZ) are shown by solid lines, and the three subdomains, with
dashed boundaries, are marked as Z-1, Z-11 and Z-111. Inset on top right shows lower hemisphere equal area
projection of P (open circle) and T (open square) axes for the five historical events and the main shock of
2005. Beach balls of mainshock (large focal sphere) and historical events (small focal spheres) indicate
thrust related movements with oblique slip. Confinement of the aftershocks in zone-II is demarcated by
dashed lines showing elliptical shape. The trends of the major and minor axes parallel and perpendicular
with the strike of Riasi thrust may be noted. Abbreviations are explained in Fig. 1

obtained from the published catalogue of the International Seismological Centre (ISC). The
hypocentral parameters and earthquake focal mechanism data for mainshock and after-
shocks (33 aftershock events; my, > 4.9; shown in Fig. 3) were retrieved from the Harvard
Centroid Moment Tensor (CMT) Catalog for the period October 08, 2005 to March 20,
2006. The selection of 33 aftershock events is constrained by the rupture propagation,
faulting mechanisms and associated static stress changes around the epicentre of 2005
Kashmir earthquake (Avouac et al. 2006; Parsons et al. 2006; Pathier et al. 2006; Bendick
et al. 2007; Kaneda et al. 2008). Focal mechanisms of five historical events (m, > 5.4)
were taken from Harvard CMT Catalog, and the work of Molnar and Lyon-Caen (1989).
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Fig. 3 Detailed map showing the focal mechanism solutions of the mainshock (large focal sphere) and
aftershocks (small focal spheres). All the focal mechanisms show thrust related movements, with small
oblique slip component. Inset on top right shows lower hemisphere equal area projection of P (open circle)
and T (open square) axes for the aftershock events. The predominant direction of P axis is nearly orthogonal
to the strike of the Riasi thrust. Abbreviations are explained in Fig. 1

The effects of the Earth’s lateral heterogeneity on earthquake location are very
important, more so in the case of high-velocity downgoing plate in the subduction margins
(Engdahl et al. 2007). We appreciate the inherent uncertainty in Benioff zone recon-
struction as also the possibility of hypocenters being relocated. Studies using teleseismic
data for relocation (Engdahl et al. 1998, 2007; Engdahl and Villasefior 2002) reveal that all
locations are well determined only in relative sense. Hence, within the constraint of
available seismic database we have reconstructed the Benioff zone (Fig. 4). The Centroid
Moment Tensor (CMT) Catalog—spanning the period from 1977 to the present—is
routinely updated by the Harvard Seismology Group for earthquakes distributed globally
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Fig. 4 Depth-section profiles along AA’ (a) and BB’ (b) for the hypocenters of historical, mainshock and
aftershock events. Steepening of the lithosphere indicated by subvertical concentration of hypocentres
towards northwest (A’ in a) is observed. Detachment surfaces (marked by dashed lines in b) were identified
on the basis of absence of hypocentres. In the depth-section (b), the sub-surface Riasi thrust was marked
after Armbruster et al. (1978) and Seeber et al. (1981). This thrust divides the seismicity of Zone II into two
seismic domains (Blocks A and B, demarcated by dashed lines). Concentration of the aftershocks at the top
of the block B may be noted

with magnitude approximately above 5.2. The uniqueness and reliability of the CMT
method (Dziewonski et al. 1981; Dziewonski and Woodhouse 1983) is testified to by its
wide use for tectonic studies (e.g., stress maps, global plate motion models and cumulative
moment tensors studies; Pondrelli et al. 1995). Being based on long period seismograms
(i.e., body waves filtered with periods greater than 45 s and, for large events, mantle waves
with periods greater than 135 s), it reconstructs the average characters of the entire frac-
turing process of an earthquake, and the centroid of moment release. Similar parameters
related the fracturing for smaller magnitude events (threshold value may reach to 4.2) are
also being computed with a modified standard CMT algorithm modeling Love and
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Rayleigh surface waves after low-pass filtering with a cut-off at 3545 s (Arvidsson and
Ekstrom 1998; Ekstrom et al. 1998). This surface-wave CMT methodology, which yields
compatible and very similar results as in standard CMT, allows study of the complex
processes of stress transfer to different fault segments that marked the unusual time evo-
lution of the sequence (Arvidsson and Ekstrom 1998; Ekstrom et al. 1998; Morelli et al.
2000).

Several workers (Menke and Jacob 1976; Armbruster et al. 1978; Chatelain et al. 1980;
Seeber et al. 1981; Ni and Ibenbrahim 1991; Fan et al. 1994; Mellors et al. 1995; Lukk
et al. 1995; Zhu et al. 1997; Searle et al. 2001; Khan 2003) have studied the seismicity and
the geological processes of the northwestern part of the Indian plate, and have suggested
that the seismicity in this region is apparently caused by the mutual interaction between the
Kohistan Arc and the Indian plate (Fig. 1). The Indian plate, which was subducted below
the Himalayas, Karakoram, and Hindukush with widely variable dips, partially regulates
the adjustment between seismic structures as well as the crustal shortening/thickening of
this area. The depth-distribution of hypocenters (i.e., up to 350 km beneath the Hindukush,
200 km beneath the Karakoram, and within the mid-crustal zone in other parts of the area)
indicates a significant variation of tectonic regime along this continental plate margin.

Distribution of historical seismicity of the area and western part of the Himalayas
(Fig. 2) shows maximum concentration of seismic activity in the Hindukush area. These
events are observed to be associated with a near-vertical zone (Fig. 4a). The seismicity,
though sparsely distributed in other parts of the region, apparently links the lower Hazara,
Indus-Kohistan and Nanga-Parbat seismic zones. Based on earthquake activity, gravity
anomaly trend, and geomorphic features, the area (excluding the Hindukush seismic zone)
was divided into three NW-SE trending seismic zones (Zones I, II and III in Figs. 2, 4).
While Zone I encompasses the Hazara lower seismic zone, Zone II includes the Indus-
Kohistan seismic zone, and Zone III covers the Nanga-Parbat area. It may be noted that
most of the damaging earthquakes lie in Zone II, and show thrust related movements in the
mid-crustal part (IKSZ/Riasi thrust; Fig. 2; Table 1). The concentrations of both historical
and recent seismic activity within the Zone II delineate a seismogenic layer (cf. Watts and
Burov 2003), which is estimated to be at a depth of ~10 to 74 km (Fig. 4b). The present
analysis indicates that the predominant compressive regional stress field (direction of
P-axes or g, derived from focal mechanism solutions) is in the NE-SW direction (Fig. 2).
The projection of the Riasi thrust (cf. Armbruster et al. 1978) through the Benioff zone
(Fig. 4b) allowed for modeling the region into two well-defined seismic domains (i.e.,
blocks A and B in Fig. 4b). The upthrown domain (block B in the model) shows a definite
control on the occurrence of large damaging earthquakes in this area. Further, the thrust
related movements of the seismic domain along the Riasi thrust support the views of

Table 1 Hypocentral parameters of five historical earthquakes shown in Fig. 2

SI. no.  Date Latitude (°N)  Longitude (°E)  Depth (km)  Magnitude (M,)

Date  Month  Year

1. 28 12 1974 35.06 7291 12 6.0
2. 12 09 1981  35.22 73.48 10 6.1
3. 22 22 1982 35.15 73.4 15 5.4
4. 14 02 2004 3475 73.22 12 5.4
5. 14 02 2004 3478 73.12 19 5.4
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similar activity on several parallel faults in this part of North Pakistan (Armbruster et al.
1978; Seeber et al. 1981). No such movement, however, is apparent in NW directed profile
(Fig. 4a).

3.1 Mainshock Characteristics

The 8 October 2005 North Pakistan earthquake occurred at latitude 34.38°N and longitude
73.47°E, and at a depth of 12 km (HRV CMT Solution). The source region was dominated
by thrust related movement (Figs. 2, 4b) on a moderate dipping (40°) plane having strike of
334°. This strike of the nodal plane was selected on the basis of local tectonics of the area.
The rupture associated with this event was initiated at the southeast end of IKSZ and
propagated towards northwest (Parsons et al. 2006; Pathier et al. 2006). Focal mechanisms
of five historical events, interestingly, reveal thrust related movements along a fault, dipping
(~48°), with an average strike of ~330° (Fig. 2; Table 1). The mainshock and all the five
events document dominantly thrust motion with small oblique slip components. This
recorded oblique slip motion is not a mere coincidence along this part of the Himalayas, but
a very common feature along oblique convergent margins (e.g., eastern margin of India, Ben
Menahem et al. 1974; McCaffrey et al. 2000; Khan and Chakraborty 2005).

3.2 Aftershock Features

Aftershock events are dominantly confined at depths between 10 and 22 km (Fig. 3).
Interestingly, shallower part of the crust (<10 km) does not record any activity. Based on
depth distribution pattern of aftershock events, a thin seismically inactive layer was
identified (Fig. 4b). The boundary between this inactive layer and the deeper high-level
seismic zone is interpreted to be a decoupling surface. Similar surfaces have been iden-
tified in other areas and have been termed as basal unconformity (cf. Crampton and Allen
1995). This tectonic surface is apparently acting as a stress barrier that inhibits the
transmission of stress energy at the shallower level in this area. The depth-profile (Fig. 4b)
also indicates that the mainshock and all the aftershocks are restricted beneath this
unconformity, and are concentrated at the shallowest part in block B. Epicenters of the
aftershocks are distributed in an elliptical zone with its major axis parallel to the IKSZ, and
the minor axis having same orientation as that of the maximum compressive stress
direction derived from historical earthquake database and the mainshock (Figs. 2, 3). Both,
moderate to maximum damage area (Thakur et al. 2006) and the Coulomb stress migration
(Parsons et al. 2006), caused by the 2005 Kashmir earthquake overlap the above mentioned
elliptical zone. Similar to the mainshock and the historical events, all the aftershocks are
dominated by thrust related movements with small oblique slip component.

4 Assessment of Gravity Anomalies

The intermittent occurrences of the large damaging earthquakes, particularly the Pattan
earthquake of 28 December 1974 (my, = 6.0) and the North Pakistan earthquake of October
08, 2005, and other intermediate to several small earthquakes along the IKSZ, suggest
high-stress level in the region. These can be interpreted in the backdrop of Bouguer gravity
anomaly gradient through a high-resolution study (Wang 1988; Khan and Chakraborty
2007). The Bouguer gravity anomaly map (cf. Verma and Prasad 1987) was reconstructed
at high-resolution (Fig. 5).
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Fig. 5 Bouguer gravity anomaly contour map for the Hazara and surrounding regions (after Verma and
Prasad 1987). Solid triangle represents the epicentre of the mainshock. Note the steep gradient of the
contours along the IKSZ and sharp turn of the contours around Besham syntaxial area in North Pakistan. H
and H' are two gravity highs identified symmetrically at opposite sides of the Besham area. Note also the
sharp change in contour separation from close to wide one near the Hazara area. Sections shown in Figs. 6
and 8 are marked as XX’ and YY’, respectively

The Bouguer anomaly map shows northwesterly trend of gravity contours in the
southeastern part and a sharp turn around the central part. The turning area coincides with
the Besham syntaxis (Treloar and Rex 1990). Another sharp turn of gravity contours is
found towards northeast of the Besham Syntaxis (near the MMT). These two turning points
define a “Z-shaped’ regional pattern in the area. The northern part of this Z-shaped bend has
~EW regional trend of gravity contours. Two gravity highs (H and H’, Fig. 5), with ~EW
alignment, are located on the northern fringe of the short limb of the ‘Z-shaped’ pattern of
gravity anomaly near the Besham Syntaxis and MMT. Two gravity anomaly profiles (whose
positions are marked as XX’ and YY’ in Fig. 5) were prepared to understand subsurface
structural controls. The average elevation of the area (Fig. 6a; after Verma and Prasad
1987), observed gravity anomaly (Fig. 6b) and Airy’s (1855) scheme of compensation for
different density contrasts (Fig. 6b) were used to develop the model shown in Fig. 6c.
A normal crustal thickness of ~30 km was considered near the sea level. We have used the
method described by Talwani et al. (1959) to compute the gravitational attractions of
polygonal, two-dimensional bodies and we have assumed that the Bouguer gravity anom-
alies of interest are caused by density contrasts between the crust and upper mantle as
determined from Deep Seismic Sounding Studies of the Northwestern Himalayas (cf. Kaila
et al. 1984). Figure 6b indicates that the computed Bouguer anomaly is approximately
45 mgal less in magnitude than the observed value. This leads us to suggest that the actual
Moho is located at a greater depth than that shown in Fig. 6¢. Therefore, another model
(Fig. 7) following the general relationship between the Moho, thrusting of a high-density
wedge-shaped body, and average elevation was reconstructed. The computed Bouguer
anomaly for this model matches with the observed Bouguer anomaly (Fig. 7a). The inner
gravity anomaly high (cf. Fig. 7a) is thus due to the presence of high-density wedge with
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Fig. 6 Cross-section along XX’ showing a topographic variation with average elevation (dashed line),
b observed Bouguer anomaly and computed Bouguer anomalies for different density contrasts between crust
and upper mantle, and ¢ the depth of Moho based on average elevation (after Verma and Prasad 1987) and
Airy’s model of compensation

density contrast of 0.4 g/cm’ between this wedge and the crust. The two gravity highs
(H and H’) near the Besham region (discussed earlier) possibly account for high-density
wedge, perhaps thrusted either from lower crust or upper mantle along the MMT (Fig. 7b).
This mantle wedge (Fig. 7b) must have acted as a rigid block and caused deformation of the
footwall block towards SSE during neotectonic movements. In a similar manner, the crustal
model shown in Fig. 8 was constructed on the basis of the relation between average ele-
vation and Moho depth (after Verma and Prasad 1987). In section YY’, two opposite dipping
thrust planes (MBT) in the central part of the area indicate that the central footwall block
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Fig. 7 Cross-section along XX’ showing a observed Bouguer anomaly and computed Bouguer anomaly for
the model shown in (b), and b the proposed model based on the relationship of average elevation and depth
of Moho. The nature of gravity anomaly on the NNW can be explained by a high-density wedge. The thrusts
are marked on the basis of map pattern of the area

(coincident with the Hazara syntaxis) is getting shortened because of opposite directed
compressive motion (arrows in Fig. 8c) of the thrust units (see also Fig. 4b).

The NW-SE trending Bouguer gravity anomalies have closer spacing towards the Be-
sham area. This is indicative of steepening of the subducting Indian plate. Through inversion
of P-waves and S-waves travel time data of the area between Besham and Hazara syntaxis, Ni
and Ibenbrahim (1991) identified a high-density mid-crustal wedge, which was interpreted as
the leading edge of a slab detached from the basement of the descending Indian plate. They
further concluded that along the NW trending IKSZ the Indian plate bends more steeply
towards the North East beneath a seismically active southwest-directed mid-crustal wedge.
In addition, Seeber et al. (1981) proposed of a prominent topographic step along IKSZ, with
northeast block more elevated compared to the southwest. It is thus clear that the northeast
part of the IKSZ/Riasi thrust invariably records presence of high-density masses with
occasional upward movement. Another interesting feature of the Bouguer anomaly trend is
the presence of a widely spaced zone of gravity contours lying between closely spaced
contours near the Hazara syntaxis. This is indicative of a steepened Moho changing to a flat
one below the epicentre of the 2005 earthquake near Balakot (Fig. 5).
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Fig. 8 Cross-section along YY’ showing a topographic variation with average elevation (dashed line),
b observed Bouguer anomaly pattern, and ¢ the Moho based on the relation between average elevation and
Moho depth. The thrusts are marked on the basis of map pattern of the area. The movement directions of
thrusts (compression axes) are shown by open arrows

The emplacement of the high-density geological mass (mentioned earlier) in a collisional
settings can be explained through buoyancy analysis of either a heavy lower-crustal or an
upper mantle orogenic wedge (Moore et al. 2005). The heavy mass is generally raised from
deeper to shallower parts of the lithosphere due to an increase of the positive buoyancy force
induced by enhanced potential energy that subsequently thickens the crust over a wide
deformation belt. It is also well established in the literature (Wadia 1931; Butler et al. 1989;
Ni and Ibenbrahim 1991) that activation/reactivation of faults is predominant along the
northwest continuation of the Riasi thrust. This region also records lateral transport/escape
of the rotated thrust sheets away from the growing Besham anticline (Coward et al. 1988;
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Treloar and Rex 1990), and the motion is contiguous with the IKSZ toward Hazara-Kashmir
syntaxis (Treloar and Coward 1991). These whole geodynamic processes may be explained
through oblique convergence of the Indian plate as observed elsewhere (Diament et al.
1992; McCaffrey et al. 2000; Khan and Chakraborty 2005).

5 Proposed Geodynamic Model

The convergence between the Indian and Eurasian plates in the northwestern Himalayas
was accommodated dominantly by subduction and crustal thickening, and partly by
movements along two major strike-slip faults (Chaman fault and Karakoram fault). The
studies of different workers (Beloussov et al. 1980; Kaila et al. 1984; Verma and Prasad
1987) indicate a wide variation of crustal thickness (~35 to 75 km) in this region, and
complex tectonic adjustments on the descending Indian plate. The change in strike-
direction (i.e., from NNW to NE, Fig. 1) of the two crustal windows of the Indian plate
(i.e., Hazara syntaxis in the lower Himalayas and Nanga Parbat syntaxis in the higher
Himalayas) as well as of the causative stress fields (viz. from NE-SW around Hazara to
E-W around Nanga Parbat) also records widely varying operative tectonics. Thus, the
geodynamic aspects behind the occurrence of 2005 Kashmir earthquake lie in the geo-
dynamic evolution of the Himalayas, and its coeval tectonic adjustments, mainly controlled
by the varying tectonic trends around the syntaxial bends giving rise to widely variable
convergence obliquity.

The occurrence of large damaging earthquake events in an oblique convergent margin
can be explained by partitioning of convergence into trench-parallel shear component and
trench perpendicular subduction component (Fitch 1972; Ben Menahem et al. 1974; Ishii
et al. 2005; Lay et al. 2005). The perpendicular component has a definite control on the
occurrence of large event while the tangential component accommodates the subsequent
shearing motion through generation of aftershocks in the area paralleling the trench-axis
(Ben Menahem et al. 1974; Lay et al. 2005). In a similar manner, the enhanced causative
force in the northwestern syntaxial area can be interpreted by mutual interaction between
the subducting Indian plate and oroclinal bending of the southern edge of the Asian plate
(Klootwijk et al. 1985; Treloar and Coward 1991). Studies (cf. Bossart et al. 1990;
Burtman and Molnar 1993; Thomas et al. 1993; Ratschbacher et al. 1994; Peltzer and
Saucier 1996; Searle 1996; England and Molnar 1997; Larson et al. 1999; Reigber et al.
2001; Meade 2007; Thatcher 2007) involving palacomagnetism, geological and GPS
(Global Positioning System) reveal clockwise rotation of the western Tibetan plateau and
anticlockwise rotation of the western Pamir region (Tadjik and Fergana basins) with
respect to the Indian plate, and pinning of the lithosphere near the syntaxis (Figs. la, 9,
10). These opposite directed rotations around the western syntaxial bend is thought to
result in maximum pressure (o) directed towards the syntaxial bend (Fig. 9a, b), giving
rise to block rotation with pinning (which is equivalent to buckling; cf. Fig. 9) in the
region. Therefore, the deformation of the region can be visualized using the theory of the
buckling of layers of different competence (cf. Biot 1959; Ramberg 1962; Ramsay and
Huber 1987). In the case of buckled competent layers sandwiched between incompetent
layers, the outer arc undergoes stretching (extension), whereas the inner arc is shortened
(Fig. 9b). The latter often gives rise to the development of reverse faults at an angle of
~30° with the layer boundary (F; and F, in Fig. 9c). The sense of slip, in the case of
oblique slip motion, differs in the opposite limbs of the fold (Fig. 9d). The crystalline rocks
of the area around the syntaxial bend have higher competence than the foreland basin
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Fig. 9 Models of deformation for the Northwestern Himalayas. a Opposite rotations of the Karakoram
(dextral) and Chaman (sinistral) blocks causing pinning of the crustal block at the syntaxial bend.
b Buckling of the crustal blocks from opposite directed principal stresses. ¢ Extension of the outer arc and
compression of the inner arc resulting in development of thrusts (F; and F,) in the inner arc. d Relationship
between fracture orientation and slip patterns with respect to the principal stress axis

sediments in the inner part of the Himalayan arc and also greater than a thin sedimentary
belt on the Higher Himalayan region (Fig. 10a). The relationship between the regional
stress patterns, as derived from focal mechanism solution diagrams (Figs. 2, 3), and gravity
modeling (Fig. 8c), with respect to the geometry of the map scale features around the
syntaxial bend (Fig. 10b) satisfies the requirements of buckling. Therefore, we have
interpreted the seismic events in the IKSZ to be related to presently active fracturing and
thrusting of the western limb of the syntaxial bend (Fig. 10c, also compare Fig. 9c, d). The
absence of such transpressive zones on the eastern limb is thought to be dominated by
orthogonal compression. On the other hand the western limb is involved in greater amount
of rotational deformation in the transpressive deformation.

The relationship between regional shortening and different zones of the strain ellipse is
illustrated in Fig. 10d. The maximum shortening axis oriented at ~NO050° is expected to
have the major axis of the strain ellipse oriented at ~N320°, with the zone of extension
lying between N290° and N350°. The principal axis divides the zone of extension into two
sectors. The deformation gives rise to a thrust associated with a minor dextral slip in sector
I and thrust with minor sinistral slip in sector II. In the focal mechanism solution diagrams
of the earthquake events of the region, we find thrust as the dominant slip mechanism with
minor amounts of both dextral and sinistral oblique slips. As discussed above, these
differences in slip patterns can be explained on the basis of the relation between the
fracture orientation and the major axis of the principal strain ellipse.
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Fig. 10 Models illustrating relationships of crustal movement patterns, regional stress/strain and geology of P>
the area in the Northwestern Himalayas. a Relationship between the obliquity of the Indian plate margin and
opposite rotations of the western Tibet (dextral) and western Pamir (sinistral) blocks around the syntaxial
bend. b Orientation of the principal stress axis with respect to the axial trace of the buckled crustal blocks of
different competence around syntaxial bend. ¢ Development of thrust and associated oblique slip on the
western limb of the buckled units. Absence of failure in the eastern limb is considered to be accommodated
by orthogonal thrust movements in the Himalayas. d Pattern of strain ellipse showing zones of
compressional (open area) and extensional (shaded area) strains, with respect to the principal stress axis.
The long axis of the strain ellipse divides the extensional strain into two zones (I and II). Along the principal
axis the failure planes will have pure thrust motion, along zone I thrust motions will be associated with
dextral slip and along zone II thrusts will have associated sinistral slip. Patterns of slip shown in Figs. 9d and
10c may be compared. It may be noted that the mainshock was located in zone I

The hairpin turn of the MCT and MBT around the Hazara area has low-level seismicity
in the lower crustal part towards Himalayan foothills. Furthermore, the historical seis-
micity indicates its poor correlation with strain accommodation along northwest-extended
part of the Hazara syntaxis (Armbruster et al. 1978; Seeber et al. 1981; Ni and Ibenbrahim
1991; Treloar and Coward 1991). The more pronounced activity of this area is presumed to
be the extension of the Riasi thrust (termed as Indus-Kohistan seismic zone or IKSZ)
striking NW, past the Hazara antiform (Armbruster et al. 1978; Seeber and Armbruster
1979). The IKSZ, though apparently trending to the central part of the Hindukush seismic
zone, sharply terminates around the Besham syntaxial area. This high-level activity is
interpreted to be associated with a buried structure (confined between 12 and 25 km
depths), which separates the upper seismic zone from a ~4 km thick aseismic layer. The
northwest striking buried structure, involved in thrust movements, dips at an angle of
~30° toward the North East (Ni and Ibenbrahim 1991). In contrast, the deeper activity of
this area is continued to a depth of ~70 km, with a steeper dip of the thrust plane. Another
poorly defined deep-crustal fault delineated ~ 100 km southwest of the IKSZ is termed as
the Hazara lower seismic zone (HLSZ). Both these zones are parallel to each other and
have steep dips with oblique slip reverse motion (Seeber et al. 1981; Ni and Ibenbrahim
1991). Besides these sub-crustal features, numerous faults were also delineated in the
region to the West of Hazara syntaxis, parallel to IKSZ or HLSZ. The attitudes of these
regional faults (NW-SE strike) are exactly similar to the model suggested above (compare
Figs. 1, 10) and match with the attitude of nodal plane of 2005 event.

6 Discussion

Oroclinal bending of the Himalayan arc and continued pinning of the main thrusts coupled
with continued thickening through southwest transportation of the crust at the northwestern
Himalayas (Seeber et al. 1981; Klootwijk et al. 1985; Treloar and Coward 1991) possibly
triggered the 2005 North Pakistan earthquake at the base of antiformal Hazara structure
i.e., beneath the Balakot Foreland Formation (Bossart and Ottiger 1989; Critelli and
Garzanti 1994; Najman et al. 2001, 2002). Increasing rotation of the thrust sheets and
subsequent thickening of the crust (to the North East of the Riasi thrust) induced by
oroclinal bending of the Himalayan arc apparently documents higher potential vis-a-vis
stress-level directed towards the South West. These rising thrust sheets by positive
buoyancy possibly reactivated the thrust movement on a pre-existing thrust plane, and the
reactivation process was enhanced through oroclinal bending of the Himalayas and the
simultaneous anticlockwise rotation of the Indian plate. Following failure through this
process, the remaining strain is released by simple shear due to oblique convergence of the
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Indian plate along the IKSZ (cf. Figs. 9, 10). The state of causative stress, strike and dip of
the fault planes derived using the earthquake database also support this contention.
Geological incidences like landslides and ground upheaval occurred following this
earthquake were concentrated on the topographic step (Armbruster et al. 1978; Seeber et al.
1981) along the hanging wall of the Riasi thrust. The present study also shows that all the
damaging thrust earthquakes were concentrated within the upthrown side (i.e., block B of
Fig. 4b) of the Riasi thrust, and possibly constrained by a basal detachment surface
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generally formed in foreland system (Crampton and Allen 1995). In the model (Fig. 4b),
sharp undulation of the basal detachment may be interpreted through flexural response of
the descending Indian plate behind the occurrence of 2005 North Pakistan earthquake in
the Balakot foreland basin. We propose here that the surface zone between Q and R
(Fig. 4b), below which this 2005 earthquake struck, is correlated with the wedge-top while
the zone between P and Q is associated with foredeep along the foreland systems (Fig. 1 of
DeCelles and Giles 1996), and the North Pakistan earthquake was triggered due to the
upward movement of the high-density wedge along the thrust sheet (in blind thrust zone,
Armbruster et al. 1978; Ori et al. 1986) beneath the wedge-top. The interplay between the
descending Indian lithosphere and the base of the wedge-top during tectonic loading of
higher potential mass possibly enhanced the thrust related movement. Forward modeling of
foreland basins that are formed by flexural response also record similar geodynamic
processes like migration of thrust sheets or fold loads along the fronts of the thrust belts
(Watts and Burov 2003).

Structural and geochronological studies show at least three distinct phases of motion
occurred on the MCT and MBT between 25 and 15 Ma, between 9 and 7 Ma, and at
~?2.3 Ma (Hodges et al. 1988; Macfarlane 1993). The first phase of motion coincides with
a time when the MCT acted as the basal decollement (Hodges et al. 1988; Burchfiel et al.
1992), whereas the later two episodes occurred when the base of the MBT was the
decollement. This coeval motion on these two fundamental structures suggests that the
underthrusting of the Indian plate involved the gradual decrease of displacement rates on
the MCT as a major shortening shifted to a new, structurally lower one, the MBT. The
IKSZ, which was presumed to be an extension of the shallow dipping, buried Riasi thrust,
to the North West of the Hazara syntaxis, possibly evolving as a new shear-plane on the
surface. The deformation of a rigid high-density domain on a sub-horizontal surface may
be composed of rigid translation, rigid rotation, and internal deformation (Laubscher
1996); those are all common in this part of the Himalaya. This also is supported by the
occurrence of the large thrust earthquake events in North Pakistan (Armbruster et al. 1978;
Seeber et al. 1981; Butler et al. 1989; Ambraseys and Douglas 2004). This relative tem-
poral continuity of these geological processes also complies with the maintenance of
orogenic topography, short-term sediment fluxes, and uplifting of the areas around the
pinning point in the North West Himalayas (Treloar and Coward 1991).

7 Conclusions

We propose that the 8 October 2005 North Pakistan earthquake occurred beneath the
wedge-top (i.e., Balakot Formation) in the foreland basin around the Hazara-Kashmir
syntaxis. The growing high-density orogenic wedge (detached from the lower crust or
upper mantle) due to its higher potential underwent thrust related movement in the
hanging-wall side along the frontal thrust zones beneath a basal detachment surface, and
provoked the occurrence of this large damaging earthquake. The basal detachment surface,
which was delineated under the present study, is acting as a stress barrier, and alternatively
inhibits the occurrence of seismic activity at the shallower part around this syntaxial belt.
Another interesting feature noted here is the confinement of both the mainshock and
aftershock hypocenters just beneath the basal layer, and may be interpreted through zipper-
type opening of the Riasi thrust towards the surface during intermittent generation of
several intermediate to large earthquake events in this part of the North Pakistan and
apparently widening the Himalaya main thrust zone (e.g., MBT) towards the North West.
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The geodynamic processes related to oroclinal bending of the Himalayas and its
counterclockwise rotation apparently was responsible for the thickening and southwest-
ward transportation of the crust and thrust wedges. The causative stress field behind the
operative flexural tectonics occasionally reactivates the thrust movements along the Riasi
thrust and triggers the unprecedented earthquake events in these areas. The dynamic slab
load between the subducting slab, overlying mantle-wedge material and the base of the
overriding Indian plate along the frontal part of the thrust belts caused by flexural response
possibly initiates the reactivation process. The tangential/shear component of the oblique
convergence of the Indian plate against the Asian plate might have controlled the rupture
propagation and corresponding stress release along the Indus-Kohistan seismic zone,
presumably terminated at the Besham syntaxis towards the North West, while the
orthogonal component of the Indian plate convergence was possibly regulating the base-
ment tectonics, and apparently responsible for provoking this earthquake.

Acknowledgments The first author thanks the Council of Scientific and Industrial Research (CSIR),
Government of India for financial support. The authors are grateful to the Indian School of Mines Uni-
versity, Dhanbad for providing the infrastructure facilities.

References

Airy GB (1855) On the composition of the effect of the attraction of mountain masses as disturbing the
apparent astronomical latitude of stations of geodetic surveys. Philos Trans R Soc Lond 145:101-104

Ambraseys NN, Douglas J (2004) Magnitude calibration of north Indian earthquakes. Geophys J Int
159:165-206

Armbruster J, Seeber L, Jacob KH (1978) The northwestern termination of the Himalayan mountain front:
active tectonics from microearthquakes. J Geophys Res 83:269-282

Arvidsson R, Ekstrom G (1998) Global CMT analysis of moderate earthquakes Mw > 4.5, using inter-
mediate period surface waves. Bull Seismol Soc Am 88:1003-1013

Avouac JP, Ayoub F, Leprince S et al (2006) The 2005, M, 7.6 Kashmir earthquake: sub-pixel correlation
of ASTER images and seismic waveforms analysis. Earth Planet Sci Lett 249:514-528

Beloussov VV, Belyaevsky NA, Borisov AA et al (1980) Structure of the lithosphere along the deep seismic
sounding profile: Tien Shan-Pamirs-Karakorum-Himalayas. Tectonophysics 70:193-221

Ben Menahem A, Aboodi E, Schild R (1974) The source of great Assam earthquake an interplate wedge
motion. Phys Earth Planet Inter 9:265-289

Bendick R, Bilham R, Khan MA et al (2007) Slip on an active wedge thrust from geodetic observations of
the 8 October 2005 Kashmir earthquake. Geol Soc Am 35:267-270. doi:10.1130/G23158A

Bilham R (2004) Earthquakes in India and the Himalaya: tectonics, geodesy and history. Ann Geophys
47:839-858

Biot MA (1959) On the instability of a layered viscoelastic medium under compression. J Appl Mech
26:393-400

Bossart P, Ottiger R (1989) Rocks of the Murree formation in Northern Pakistan: indicators of a descending
foreland basin of late Palacocene to middle Eocene age. Ecl Geol Helv 82:133-165

Bossart P, Ottiger R, Heller F (1990) Rock magnetic properties and structural development in the core of the
Hazara-Kashmir syntaxis, NE Pakistan. Tectonics 9:103-121

Burbank DW, Johnson GD (1982) Intermontane-basin development in the past 4 Myr in the north—-west
Himalaya. Nature 298:432-436

Burbank DW, Tahirkheli RAK (1985) The magnetostratigraphy, fission-track dating, and stragraphic
evolution of the Peshawar intermontane basin, northern Pakistan. Bull Geol Soc Am 96:539-552

Burchfiel BC, Zhiliang C, Hodges KV et al (1992) The south Tibetan detachment system, Himalayan
Orogen: extension contemporaneous with and parallel to shortening in a collisional mountain belt.
Geol Soc Am, Spec Paper 269, 41 p

Burtman VS, Molnar P (1993) Geological and geophysical evidence for deep subduction of continental crust
beneath the Pamir. Geol Soc Am, Spec Paper 281, 76 p

Butler RWH, Prior DJ, Knipe RJ (1989) Neotectonics of the Nanga Parbat syntaxis, Pakistan, and crustal
stacking in the northwest Himalaya. Earth Planet Sci Lett 94:329-343

@ Springer


http://dx.doi.org/10.1130/G23158A

104 Surv Geophys (2010) 31:85-106

Chatelain JL, Roecker SW, Hatzfeld D et al (1980) Microearthquake seismicity and fault plane solution in
the Hindukush region and their tectonic implications. J] Geophys Res 85:1365-1387

Coward MP, Windley BF, Broughton RD et al (1986) Collision tectonics in the NW Himalayas. Geol Soc
Lond Spec Publ 19:203-219

Coward MP, Kidd WSF, Yung P et al (1988) The structure of the Tibet Geotraverse, Lhasa to Gilmid. Philos
Trans R Soc Lond Ser A 327:307-336

Crampton SL, Allen PA (1995) Recognition of forebulge unconformities associated with early stage
foreland basin development: example from the North Alpine foreland basin. Am Assoc Pet Geol Bull
79:1495-1515

Critelli S, Garzanti E (1994) Provenance of the lower Tertiary Murree redbeds (Hazara—Kashmir Syntaxis,
Pakistan) and initial rising of the Himalayas. Sed Geol 89:265-284

DeCelles PG, Giles KA (1996) Foreland basin system. Basin Res 8:105-123

DeCelles PG, Gehrels GE, Quade J (1998) Eocene-early Miocene foreland basin development and the
history of Himalayan thrusting, western and central Nepal. Tectonics 17:741-765

DeCelles PG, Robinson DM, Quade J et al (2001) Stratigraphy, structure and tectonic evolution of the
Himalayan fold-thrust belt in western Nepal. Tectonics 20:487-509

DeMets C, Gordon RG, Argus DF et al (1994) Effect of recent revisions to the geomagnetic reversal time
scale on estimate of current plate motions. Geophys Res Lett 21:2191-2194

Diament M, Harjono H, Karta K et al (1992) Mentawai fault zone off Sumatra: a new key to the geody-
namics of western Indonesia. Geology 20:259-262

Dziewonski AM, Woodhouse JH (1983) An experiment in the systematic study of global seismicity;
Centroid moment tensor solutions for 201 moderate and large earthquakes of 1981. J Geophys Res
88:3247-3271

Dziewonski AM, Chou T-A, Woodhouse JH (1981) Determination of earthquake source parameters from
waveform data for studies of global and regional seismicity. J Geophys Res 86:2825-2852

Ekstrom G, Morelli A, Boschi E et al (1998) Moment tensor analysis of the central Italy earthquake
sequence of September—October 1997. Geophys Res Lett 25:1971-1974

Engdahl ER, Villasefior A (2002) Global seismicity: 1990-1999. In: Lee WHK, Kanamori H, Jennings PC
et al (eds) International handbook of earthquake and engineering seismology, Part A, Chap. 41.
Academic Press, New York, pp 665-690

Engdahl ER, van der Hilst R, Buland R (1998) Global teleseismic earthquake relocation with improved
travel times and procedures for depth determination. Bull Seismol Soc Am 88:722-743

Engdahl ER, Villasefior A, DeShon HR et al (2007) Teleseismic relocation and assessment of seismicity
(1918-2005) in the region of the 2004 MW 9.0 Sumatra—Andaman and 2005 MW 8.6 Nias Island
great earthquakes. Bull Seismol Soc Am 97:S43-S61

England P, Molnar P (1997) The field of crustal velocity in Asia calculated from Quaternary rates of slip on
faults. Geophys J Int 130:551-582

Fan G, Ni JF, Wallace TC (1994) Active tectonics of the Pamirs and Karakorum. J Geophys Res 99:
7131-7160

Fitch TJ (1972) Plate convergence, transcurrent faults and internal deformation adjacent to southeast Asia
and western Pacific. ] Geophys Res 77:4432-4460

Hodges KV, Hubbard MS, Silverberg DS (1988) Metamorphic constraints on the thermal evolution of the
central Himalayan Orogen. Philos Trans R Soc Lond 326:257-280

Hussain A, Pogue KR, Rahim S et al (2004) Regional geological map of the Swabi Quadrangle, Northwest
Frontier Province, Pakistan. Geol Surv Pakistan NWFP, Geological Map Series 3, n. 94

Hussain A, Yeats RS, Mona Lisa (2009) Geological setting of the 8 October 2005 Kashmir earthquake.
J Seismol 13:315-325. doi:10.1007/510950-008-9101-7

Ishii M, Shearer P, Houston H et al (2005) Extent, duration and speed of the 2004 Sumatra—Andaman
earthquake imaged by the hi-net array. Nature 435:933-936

Kaila KL, Tripathi KM, Dixit MM (1984) Crustal structure along Wuler lake-Gulmarg-Naoshera profile
across Pir Panjal Range of the Himalayas from deep seismic soundings. J Geol Soc India 25:706-719

Kaneda H, Nakata T, Tsutsumi H et al (2008) Surface rupture of the 2005 Kashmir, Pakistan, earthquake,
and its active tectonic implications. Bull Seismol Soc Am 98:521-557. doi:10.1785/0120070073

Kazmi AH, Jan MQ (1997) Geology and tectonics of Pakistan. Graphic, Karachi, Pakistan 1-554

Khan PK (2003) Stress state, seismicity and subduction geometries of the descending lithosphere below the
Hindukush and Pamir. Gondwana Res 6:867-877

Khan P, Chakraborty PP (2005) Two-phase opening of Andaman Sea: a new seismotectonics insight. Earth
Planet Sci Lett 229:259-271

Khan PK, Chakraborty PP (2007) The seismic b value and its correlation with Bouguer gravity anomaly
over the Shillong plateau area: a new insight for tectonic implication. J Asian Earth Sci 29:136-147

@ Springer


http://dx.doi.org/10.1007/s10950-008-9101-7
http://dx.doi.org/10.1785/0120070073

Surv Geophys (2010) 31:85-106 105

Klootwijk CT, Canaghan PJ, Powell CM (1985) The Himalayan arc large scale continental subduction,
oroclinal bending and backarc spreading. Earth Planet Sci Lett 75:167-183

Larson KM, Biirgmann R, Bilham R et al (1999) Kinematics of the India-Eurasia collision zone from GPS
measurements. J Geophys Res 104:1077-1093

Laubscher H (1996) Shallow and deep rotations in the Miocene Alps. Tectonics 15:1022-1035

Lay T, Kanamori H, Ammon CJ et al (2005) The great Sumatra—Andaman earthquake of 26 December
2004. Science 308:1127-1133

Leech ML, Singh S, Jain AK et al (2005) The onset of India-Asia continental collision: early, steep
subduction required by the timing of UHP metamorphism in the western Himalaya. Earth Planet Sci
Lett 234:83-97

Lukk AA, Yunga SL, Shevchenko VI et al (1995) Earthquake focal mechanisms, deformation state, and
seismotectonics of the Pamir-Tien Shan region, Central Asia. J Geophys Res 100:20321-20343

Macfarlane AM (1993) Chronology of tectonic events in the crystalline core of the Himalaya, Langtang
National Park, central Nepal. Tectonics 12:1004-1025

McCaffrey R, Zwick PC, Bock Y et al (2000) Strain partitioning during oblique plate convergence in
northern Sumatra: geodetic and seismologic constraints and numerical modeling. J Geophys Res
105:28363-28376

Meade BJ (2007) Present-day kinematics at the India-Asia collision zone. Geol Soc Am 35:81-84. doi:
10.1130/G22924A.1

Mellors RJ, Pavlis GL, Hamburger MW (1995) Evidence for a high-velocity slab associated with the
Hindukush seismic zone. J Geophys Res 100:4067-4078

Menke WH, Jacob KH (1976) Seismicity patterns in Pakistan and northwestern India associated with
continental collision. Bull Seismol Soc Am 66:1695-1711

Molnar P, Lyon-Caen H (1989) Fault plane solutions of earthquakes and active tectonics of the Tibetan
Plateau and its margins. Geophys J Int 99:23-153

Moore VM, Vendeville BC, Wiltschko DV (2005) Effects of buoyancy and mechanical layering on colli-
sional deformation of continental lithosphere: results from physical modeling. Tectonophysics
403:193-222

Morelli A, Ekstrom G, Olivieri M (2000) Source properties of the 1997-1998 Central Italy earthquake
sequence from inversion of long-period and broad-band seismograms. J Seismol 4:365-375. doi:
10.1023/A:1026587817690

Najman Y, Pringle M, Johnson MRW (1997) Laser *°Ar/**Ar dating of single detrital muscovite grains from
early foreland basin sediments in India: implications for early Himalayan evolution. Geology 25:
535-538

Najman Y, Pringle M, Godin L et al (2001) Dating of the oldest continental sediments from the Himalayan
foreland basin. Nature 410:194-197

Najman Y, Pringle M, Godin L et al (2002) A reinterpretation of the Balakot Formation: implications for the
tectonics of the NW Himalaya, Pakistan. Tectonics 21:1045. doi:10.1029/2001TC001337

Nakata T, Kumahara Y (2006) Active Faults of Pakistan with Reference to the Active Faults in the Source
Area of the 2005 North Pakistan Earthquake. In: Its Implications & Hazard Mitigation. International
Conference on 8 October 2005 Earthquake in Pakistan, 18-19 January 2006, Islamabad, pp 18-20

Nakata T, Tsutsumi H, Khan SH et al (1991) Active faults of Pakistan, map sheets and inventories. Special
Publication 21, 141, Hiroshima University Research Centre for Regional Geography, Hiroshima, Japan

Ni JF, Ibenbrahim A (1991) Three dimensional velocity structure and hypocenters of earthquakes beneath
the Hazara arc, Pakistan: geometry of the underthrusting Indian Plate. J] Geophys Res 96:19865-19877

Ori GG, Roveri M, Vannoni F (1986) Plio-Pleistocene sedimentation in the Apennine-Adriatic foredeep
(central Adriatic Sea, Italy). In: Allen PA, Homewood P (eds) Foreland Basins, Int Assoc Sed, Spec
Pub 8, pp 183-198

Parsons T, Yeats RS, Yagi Y et al (2006) Static stress change from the 8 October, 2005 M = 7.6 Kashmir
earthquake. Geophys Res Lett 33:L06304. doi:10.1029/2005GL025429

Pathier E, Fielding EJ, Wright TJ et al (2006) Displacement field and slip distribution of the 2005 Kashmir
earthquake from SAR imagery. Geophys Res Lett 33:1.20310. doi:10.1029/2006GL027193

Peltzer G, Saucier F (1996) Present-day kinematics of Asia derived from geologic fault rates. ] Geophys Res
101:27943-27956

Pivnik DA, Khan MJ (1996) Transition from foreland- to piggyback-basin deposition; Plio-Pleistocene
Upper Siwalik Group, Shinghar Range, NW Pakistan. Sedimentology 43:631-646

Pivnik DA, Wells NA (1996) The transition from Tethys to the Himalaya as recorded in northwest Pakistan.
Bull Geol Soc Am 108:1295-1313

Pondrelli S, Morelli A, Boschi E (1995) Seismic deformation in the Mediterranean area estimated by
moment tensor summation. Geophys J Int 122:938-952

@ Springer


http://dx.doi.org/10.1130/G22924A.1
http://dx.doi.org/10.1023/A:1026587817690
http://dx.doi.org/10.1029/2001TC001337
http://dx.doi.org/10.1029/2005GL025429
http://dx.doi.org/10.1029/2006GL027193

106 Surv Geophys (2010) 31:85-106

Ramberg H (1962) Contact strain and folding instability of a multilayered body under compression. Geol
Rundsch 51:405-439

Ramsay JG, Huber MI (1987) The techniques of modern structural geology: folds and fractures, vol 2.
Academic Press, London

Ratschbacher L, Frisch W, Liu G (1994) Distributed deformation in southern and western Tibet during and
after the India-Asia collision. J Geophys Res 99:19917-19945

Reigber C et al (2001) New space geodetic constraints on the distribution of deformation in central Asia.
Earth Planet Sci Lett 191:157-165

Searle MP (1996) Geological evidence against large-scale pre-Holocene offsets along the Karakoram fault:
implications for the limited extrusion of the Tibetan plateau. Tectonics 15:171-186

Searle MP, Khan MA, Fraser JE (1999) The tectonic evolution of the Kohistan-Karakoram collision belt
along the Karakoram Highway transect, north Pakistan. Tectonics 18:929-949

Searle MP, Hacker BR, Bilham R (2001) The Hindukush seismic zone as a paradigm for the creation of
ultrahigh-pressure diamond- and coesite-bearing continental rocks. J Geol 109:143-153

Seeber L, Armbruster JG (1979) Seismicity of the Hazara Arc in North Pakistan: decollement vs. basement
faulting. In: Farah A, DeJong KA (eds) Geodynamics of Pakistan. Geological Survey of Pakistan,
Quetta, pp 131-142

Seeber L, Armbruster JG, Quittmeyer R (1981) Seismicity and continental subduction in the Himalayan arc.
In: Gupta HK, Delany FM (eds) Zagros, Hindukush, Himalaya-Geodynamic Evolution, Geodynamics
Series, vol 3, pp 259-279

Smith HA, Zeitler PK, Chamberlain CP (1994) Timing and duration of Himalayas metamorphism within the
Indian Plate, northwest Himalaya, Pakistan. J Geol 102:493-508

Talwani RAK, Worzel JL, Landisman M (1959) Rapid gravity computation for two-dimensional bodies with
application to Mendocino submarine fracture zone. J Geophys Res 64:49-59

Tapponnier P, King G, Bollinger L (2006) Active faulting and seismic hazard in the Western Himalayan
Syntaxis, Pakistan. International Conference on 8 October 2005 Earthquake in Pakistan: Its Implica-
tions & Hazard Mitigation. International Conference on 8 October 2005 Earthquake in Pakistan, 18-19
January 2006, Islamabad, pp 6-7

Thakur VC, Jayangondaperumal R, Champatiray PK et al (2006) 8 October, 2005 Muzaffarabad earthquake
and seismic hazard assessment of Kashmir gap in northwestern Himalaya. J Geol Soc India 68:
187-200

Thatcher W (2007) Microplate model for the present-day deformation of Tibet. J Geophys Res 112:1-13.
doi:10.1029/2005JB004244

Thomas JC, Perroud H, Cobbold PR et al (1993) A paleomagnetic study of Tertiary formations from the
Kyrgyz Tien Shan and its tectonic implications. J Geophys Res 98:9571-9589

Tonarini S, Villa I, Oberli F et al (1993) Eocene age of eclogite metamorphism in Pakistan Himalaya:
implications for India-Eurasia collision. Terra Nova 5:13-20

Treloar PJ, Coward MP (1991) Indian plate motion and shape: constraints on the geometry of the Himalayan
orogen. Tectonophysics 191:189-198

Treloar PJ, Rex DC (1990) Cooling and uplift histories of the crystalline thrust stack of the Indian Plate
internal zones west of Nanga Parbat, Pakistan Himalaya. Tectonophysics 180:323-349

Treloar PJ, Rex DC, Williams MP (1991) The role of erosion and extension in unroofing the Indian Plate
thrust stack, Pakistan Himalaya. Geol Mag 128:465-478

Treloar PJ, Petterson MG, Jan MQ (1996) A re-evaluation of the stratigraphy and evolution of the Kohistan
arc sequences, Pakistan Himalaya: implications for magmatic and tectonic arc-building processes.
J Geol Soc London 153:681-693

Verma RK, Prasad KAVL (1987) Analysis of gravity fields in the northwestern Himalayas and Kohistan
region using deep seismic sounding data. Geophys J Roy Astron Soc 91:869-889

Wadia DN (1931) The syntaxis of the north-west Himalaya—its rocks, tectonics, and orogeny. Rec Geol
Surv India 65:189-220

Wallace K, Bilham R, Blume F et al (2005) Surface deformation in the region of the 1905 Kangra
Mw = 7.8 earthquake in the period 1846-2001. Geophys Res Lett 32:L15307. doi:
10.1029/2005GL022906

Wang JH (1988) b-values of shallow earthquakes in Taiwan. Bull Seismol Soc Am 78:1243-1254

Watts AB, Burov EB (2003) Lithospheric strength and its relationship to the elastic and seismogenic layer
thickness. Earth Planet Sci Lett 213:113-131

Zhu L, Helmberger DV, Saikia CK (1997) Regional waveform calibration in the Pamir-Hindukush region.
J Geophys Res 102:22799-22813

@ Springer


http://dx.doi.org/10.1029/2005JB004244
http://dx.doi.org/10.1029/2005GL022906

	Geodynamic Implications for the 8 October 2005 	North Pakistan Earthquake
	Abstract
	Introduction
	Geological Set-Up and Tectonic Evolution
	Study of Seismicity
	Mainshock Characteristics
	Aftershock Features

	Assessment of Gravity Anomalies
	Proposed Geodynamic Model
	Discussion
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


