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Abstract
We used episodic GNSS measurements to quantify the present-day velocity field in the
northwestern Himalaya from the Himalayan foreland to the Karakoram Range. We report a
progressive N-S compressional velocity gradient with two noticeable exceptions: in the Salt
Range, where important southward velocities are recorded, and in Nanga Parbat, where an
asymmetrical E-W velocity gradient is recorded. A review of Quaternary slip along active
thrusts both in and out of sequence allows us to propose a 14 mm/year shortening rate. This



43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

constraint, together with a geometrical model of the MHT, allows us to propose estimations of
the slip distributions along the active faults. The lower flat of the MHT is characterized by
ductile slip, whereas the coupling increases along the crustal ramp and along the upper flat of
the MHT. The basal thrust of the Potwar Plateau and Salt Range presents weak coupling, which
is interpreted as the existence of a massive salt layer forming an excellent décollement. In the
central part of the frontal Salt Range, the velocities suggest the existence of a southward
horizontal flux in the massive salt layer. The simulations also suggest that the velocities
recorded in Nanga Parbat can be explained by active westward thrusting along the fault that
borders the massif to the west. Simulations suggest that the slip along this fault evolves with
depth from 5 mm/year ductile slip near the MHT to no slip along the upper part of the fault.
1. Introduction

The current deformation of the northwestern Himalaya appears distinctive compared to the
deformation of the central Himalayas in several aspects: (1) the presence of the Potwar Plateau
and the Salt Range, which are controlled by an excellent detachment level, (2) significant out-
of-sequence deformation along the Balakot-Bagh or Riasi faults, and (3) the existence of the
Nanga Parbat massif, interpreted as a crustal anticline and a crustal diapir (Khan et al., 2000;
Sana, and Nath, 2016). To study the ongoing deformation in the northwestern Himalaya, we
deployed a GPS network in northern Pakistan from the stable foreland south of the Salt Range
to the Pakistan-China border. This network, measured in 2005, 2006, 2007, 2009, 2011-2012
and 2018-2019, made it possible to measure the velocity field and illustrate the interseismic and
local postseismic deformation following the Balakot-Bagh earthquake in 2005. In this paper,
we will go beyond the postseismic deformation to study, in detail, the interseismic deformation
and coupling along the Main Himalayan Thrust. In this study, in addition to the velocities
obtained from our network, we reanalyzed the available GPS data and included the published

velocities for the Pir Panjal Range, Kashmir Valley and Ladakh.

Geological setting: geometry and quaternary slip rates of active faults in the

northwestern Himalaya.

The present-day structure of the Himalayas is characterized by the underthrusting of the
Indian lithosphere beneath the mountain chain along the Main Himalayan Thrust (MHT) (Zhao
etal. 1993). This mountain chain absorbs approximately 14 to 21 mm yr—1 convergence, which
is half of the convergence between India and Eurasia estimated by DeMets et al. (1994),
depending on the location along the Himalayan arc. Large earthquakes of magnitude >8 affect
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the MHT and have episodically ruptured segments several hundred kilometers long. In the
western Himalaya, historical earthquakes (Bilham, 2019) and instrumental seismicity (Figs. 1
& 2) highlight the existence of a major seismic gap between the 2005 Balakot-Bagh earthquake
and the 1905 Kangra earthquake (Fig. 1) and imply the existence of out-of-sequence
deformation (the 2005 Mw 7.6 Balakot-Bagh earthquake), given that the thrust activated during
this earthquake is located 100 km north of the MFT.

The structure of the western Himalaya also presents some particularities: (1) a frontal thrust
(MFT) localized further south than in the rest of the Himalayas (Potwar Plateau and Salt Range),
conditioned by the existence of a massive salt layer forming a particularly effective detachment
plane, (2) a marked change in the structural direction from N80°W to N160-170°E (Figs. 1, 2,
& 3), and (3) a crustal fold or diapir, the Nanga Parbat (Seeber and Armbruster., 1981; Seeber
and Pécher, 1998; Butler, 2018).

Potwar Plateau and Salt Range décollement

The northwestern Himalaya (Fig. 1) is characterized by regional-scale plateaus that mainly slip
aseismically, as suggested by the lack of historical high-magnitude earthquakes (Fig. 2) in this
area (Bilham et al., 2019). The largest of these plateaus is the Potwar Plateau, currently moving
southwards above a late Precambrian-Early Cambrian salt layer that locally defines the MHT.
Since 2 Ma, the propagation to the south of the MHT has reached this salt layer, which has
enabled the Potwar Plateau to slip without frictional deformation. As a consequence, the
emergence of the MHT along the Salt Range Thrust, the local expression of the Main Frontal
Thrust, occurs to the south of this position in the Kashmir Himalaya, just east of the Potwar
Plateau. On a geological time scale, the Potwar Plateau moves without internal deformation at
6 to 10.2 mm/year (Pennock et al., 1989; McDougall and Khan, 1990; McDougall et al., 1993;
Grelaud et al., 2002; Mugnier et al., 2008, Cortes et al., 2017).

Main Frontal Thrust

To the east of the Salt Range, the frontal thrust is blind but marked by a well-expressed
frontal anticline. The analysis of seismic profiles through this structure shows that the Main
Frontal Thrust connects to the MHT at depths of 8-10 km. A thrust slip rate of 9+/- 3 mm/year
has been estimated from an analysis of the deformed terraces carried by this frontal anticline
(Vassallo et al., 2015).
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Sinistral Jhelum strike-slip fault

The sinistral Jhelum strike-slip fault divides the region to the east with a structural
orientation of N130° from the region to the west characterized by east-west-trending structures
(Fig. 1). The continuity of this fault to the south means that it also forms the eastern boundary
of the Potwar Plateau and Salt Range. This strike-slip fault delineates a domain characterized
by an important deposit of salt during the Precambrian that led to the development of the Potwar
Plateau and Salt Range and hence can be interpreted as a transfer fault between two domains

with different distributions of deformation and tectonic styles.

Balakot—Bagh thrust and out-of-sequence thrusts

The Balakot—Bagh thrust is an active out-of-sequence thrust located 100 km north of the
MFT, as shown by the occurrence of the Mw 7.6 8 October 2005 earthquake and its aftershocks
(Bendick et al., 2007) (Fig. 3). The rupture of the 2005 earthquake affected a crustal ramp from
its junction with the MHT at depth to the surface, as shown by studies of pixel displacements
(Avouac et al., 2006; Yann et al., 2013). The postseismic deformation induced by this
earthquake has been characterized by moderate afterslip occurring along the crustal ramp
extending downdip from the rupture (Jouanne et al., 2011; Wang and Fialko, 2014). Trenching
through the Balakot-Bagh thrust (Kondo et al., 2008) has documented the existence of large
earthquakes along this fault. The coseismic slip of the 8 October 2005 earthquake and the dating
of the previous event suggest that the Balakot-Bagh thrust absorbs ~3 mm/year of shortening.

This out-of-sequence thrust system continues eastward as the Medlicott-Wadia Thrust
(MWT) (Thakur et al., 2010), located 20 km north of the frontal thrust. Morphotectonic analyses
of the terraces deformed by thrusting (Vassallo et al., 2015; Vignon et al., 2016; Mugnier et al.,
2017) have allowed the mean slip to be estimated at the Quaternary scale. Previous studies
estimate that the MWT experiences localized deformation of 10 mm/year, while the frontal
thrust absorbs shortening of 9+/- 3 mm/year (Vassallo et al., 2015).

Liachar brittle-ductile shear zone or Raikot-Liachar fault
The Liachar brittle-ductile shear zone (Butler & Prior, 1988; Butler, 2018), also known as the
Raikot-Liachar fault (Madin et al., 1989), bounds the Nanga Parbat massif to the west with
right-lateral strike and thrust components. The microseismicity associated with this fault makes
it possible to determine a dip of 60° to the east. However, the lack of seismicity below 5 km
suggests that the brittle-ductile boundary is situated at this depth (Meltzer et al. 2001).
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Mukhopadhyay et al. 2011 proposed right-lateral focal mechanisms along the western boundary

of the Nanga Parbat Massif and normal faulting in the central part of the massif.

2. Data acquisition and analysis

After the installation of a GNSS network dedicated to the quantification of postseismic
deformation following the 8 October 2005 Kashmir earthquake (Jouanne et al., 2011), our
preliminary GPS network was supplemented with points from the Karakoram Range to the
Himalayan foreland south of the Salt Range and with points on either side of Nanga Parbat (Fig.
3). The remaining points of this large network were measured from October 2011 to February
2012 and again from October 2018 to February 2019 (Fig. 3 & Table 1). To complete this data
set, available GPS data from UNAVCO measured between 2001 and 2010 (Khan et al., 2008;
Ischuk et al. 2013) were also analyzed.

We analyzed data from episodic and permanent GNSS stations together with continuous
GNSS network data from the GNSS sites defined in the ITRF2014 reference frame (ARTU,
BADG, BAKU, BJFS, BJINM, CHUM, CUSV, GUAO, HYDE, IISC, IRKJ, IRKM, KIT3,
KUWT, LHAZ, MDVJ, POL2, SGOC, SHAO, TALA, TASH, TCMS, TEHN, TNML, URUM,
ZECK). Data were analyzed using Bernese 5.2 software (Dach et al., 2015) with absolute
antenna phase center offset models in conjunction with precise orbits, Earth rotation parameters,
and ocean tidal loading and atmospheric tidal loading estimates. Velocities and time series were
estimated in the ITRF2014 reference frame (Altamimi et al., 2016) with discontinuities
associate with this reference frame and expressed in terms of India-fixed reference frame (Fig.
3) by using the ITRF2014/India plate rotation pole proposed by Altamimi et al., 2017 (Table
2). To complete the data set in the Jammu-Kashmir area, we included data published by Kundu
et al. 2014.

3. Results: Interseismic displacements at the surface

Throughout the rest of the Himalayas, during an interseismic period, the decollement is
clearly locked to the Indian plate for 80% of its width along the Himalaya (Ader et al., 2012; Berger
etal., 2003; Bettinelli et al., 2006; Jouanne et al., 1999; Jouanne et al., 2004; Kundu et al., 2014;
Marechal et al. 2016, Stevens & Avouac, 2015; Jouanne et al., 2017, Dumka, 2018) whereas the
Potwar and Kohat plateaus (Figs. 3 & 4) are creeping above a lubricated decollement to within 5 km

of their frontal thrusts (Kahn et al 2011, Satyabala et al 2012).
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By expressing the velocity field in the Nanga Parbat region with respect to a point to the
west in the Kohistan Plateau (Fig. 5), the points located in Nanga Parbat have westward
velocities reaching several millimeters per year with a very pronounced gradient. These
observations suggest the existence of an active thrust within the Nanga Parbat Massif on the
Kohistan Plateau along an inverted fault plunging eastward with a rather superficial locking
depth. This inference is consistent with the distribution of microseismicity, few events of which
occur at depth larger than 10 km; in addition, microseismicity tends to swarm along the Raikot-
Liachar fault, an active fault that borders Nanga Parbat to the west (Meltzer et al. 2001). The
velocity field is clearly not compatible with a symmetrical crustal diapir being deformed but
corresponds instead to deformation along an inverted fault that would allow such a crustal diapir

to flow westward.

2. Modeling interseismic displacements

Modeling the slip distributions along active faults requires knowledge of their geometries and,
if possible, estimates of their maximum slip rates to add constraints during the inversion. The
geometries of these faults can be known from geological sections; in the case of the MHT, its
geometry can be inferred from the existence of a low-velocity zone that seems to be associated
with this fault throughout the Himalayan arc. The maximum slip can be estimated from
Quaternary slip rates along active faults while assuming that these slip rates reflect ductile slip

rates along the deep parts of the faults.

Main Himalayan Thrust Geometry and Quaternary slip along the MHT.

The geometry of the Main Himalayan Thrust is, in conjunction with GNSS velocity
measurements, key to estimating the locking of slip along the MHT and the detection of possible
asperities. The MHT seems to be associated throughout the Himalayan arc with an area of low
seismic wave velocities as revealed by receiver function analysis (Duputel et al., 2016).
Recently published velocity profiles in the western Himalaya therefore make it possible to
specify the major characteristics of this geometry. For northwestern Pakistan, Priestley et al,
2018 show a geometry for the MHT characterized by a long flat to the south with a northward
dip of 3° at a depth of 10-12 km followed by a crustal ramp with a dip of approximately 15°
below the greater Himalayas (Fig. 6). These characteristics of thick-skinned tectonism are also
identified in the Jammu-Kashmir Himalaya, where the low-velocity zone associated with the
MHT is found at depths of 12-16 km (Mir et al., 2017) below the Kashmir Valley, which is in
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accordance with cross sections constructed for this area (Vassallo et al., 2015). The MHT would
present as a crustal ramp to the north of the Kashmir Basin, where the Greater Himalaya region
begins. East of the Kashmir Basin, microseismicity and source mechanisms (Paul et al., 2018)
confirm this geometry with an MHT plunging northward by a few degrees to depths of 10-15
km. North of this crustal ramp, the MHT is probably flat with a plunge of a few degrees to the
north (Fig. 6), as has been proposed for the Garhwal Himalaya (Pristley et al., 2018) or
determined for the Nepal Himalaya (Berger et al., 2003; Jouanne et al., 2017). We suppose that
the active out-of-sequence thrusts, the Balakot-Bagh thrust affected by the 8 October 2005
earthquake (Avouac et al., 2006; Pathier et al., 2006; Yan et al., 2013) and the Riasi fault or
active Main Wadia Thrust (Vassallo et al., 2015; Vignon et al., 2016) are connected along the
southern and upper flat of the MHT.

In the western extent of the study area, below the Potwar Plateau and Salt Range, the MHT is
a decollement plane formed by a massive Precambrian salt layer (Butler et al., 1987; Jaume &
Lillie, 1988). Seismic profiles and balanced cross sections (Pennock et al., 1989; Grelaud et al.,
2002) allow us to characterize this part of the MHT as a decollement plane with a northward 3-
5° dip reaching the surface in the Salt Range. The dextral strike-slip Kalabagh fault forms the
western boundary of the Salt Range (Mcdougall & Khan, 1990; Chen & Khan, 2010; Khan et
al., 2012).

We propose that these data be taken into account to consider an MHT geometry characterized
by an upper flat with an upper boundary at a depth of 10 km, followed by a crustal ramp below
the Higher Himalaya that is connected to a lower flat. This flat thrust follows the structural
trend of the western Himalaya, as shown in Figure 1, which implies a drastic change in
structural orientation between the Salt Range, where the faults and folds are oriented N80°, and
the Jammu-Kashmir Himalaya, where the faults and folds are oriented N160-170° (Figs. 1, 2,
3 & 6). In the Salt Range and Potwar Plateau, the MHT extends southward; we have represented
this part of the MHT as a plane reaching the surface that is connected at a depth of 10 km with
the MHT north of the Potwar Plateau (Fig. 6).

Then, the slip along the MHT can be estimated as the sum of the slip along the Main Frontal
Thrust (MHT near the surface) and of the slips along the out-of-sequence thrusts.

In the western part of the study area, the geological slip rate along the Salt Range (Fig. 1) can
be estimated as being equal to the slip rate along the Kalabagh fault estimated at 7-10 mm/yr
since 2 Ma (McDougall and Khan, 1990). Nevertheless, the observation of normal faults above
the décollement may suggest that a part of the displacement along the décollement of the Salt
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Range may be due to this N-S extension (Butler et al., 1987). At a distance of 170 km north of
the Salt Range Thrust, the out-of-sequence Balakot-Bagh Thrust experienced a Mw 7.6
earthquake on 8 October 2005 (Kaneda et al., 2008) with coseismic slip localized along a crustal
ramp dipping 30° between a depth of 15 km and the surface (Avouac et al., 2006; Pathier et al.,
2006; Yan et al., 2013). Trenching through the Balakot-Bagh thrust (Kondo et al., 2008) has
documented the occurrence of past large-scale earthquakes along this thrust. The coseismic slip
of the 8 October 2005 earthquake and the dating of the previous event suggest that the Balakot-
Bagh thrust absorbs ~3 mm/year of shortening. Accordingly, we can estimate the slip along the
MHT to be 10 to 13 mm/year in the western part of the study area.

In the central part of the study area, at the junction between the Salt Range and the Jammu-
Kashmir Himalaya, the analysis of deformed Quaternary terraces above the Mahesian anticline
(Figs. 1, 2, & 3) and their dating results allow us to estimate a Quaternary uplift rate of 10.2+/-
1.5 mm/year for the central part of this uplifted anticline (Cortés-Aranda et al., 2017). This
uplift rate and geometry enable us to propose a shortening rate exceeding 10 mm/year across
this fold for the Holocene. We can then estimate the Holocene slip rate along the MHT as the
sum of this shortening rate and of the 3 mm/year shortening rate along the Balakot-Bagh Thrust.
In the eastern part of the study area, in the Jammu-Kashmir Himalaya (Figs. 1 & 2), the recent
activity along the Medlicott-Wadia Thrust (MWT) has been investigated from geomorphic and
tectonic perspectives (Vassallo et al., 2015; Vignon et al., 2016; Mugnier et al, 2017) and
estimated at nearly 7.3 mm/yr (Mugnier et al, 2017). Accordingly, the analysis of the dated
deformed terraces located on the frontal anticline carried by a blind thrust allows us to estimate
a 9 +/- 3 mm/year shortening rate across this frontal fold (Vassallo et al. 2015).

If we consider these three estimations of the Quaternary slip rate along the MHT, we can adopt
a value of ~14 mm/year. We can further assume that the Quaternary slip rate along the MHT
and the ductile slip rate along the deeper part of the MHT are equivalent; we will then consider
this value, 14 mm/year, both as the maximal slip along the MHT during the velocity inversion
to determine the locking of slip and as the reference value to compute the coupling coefficient.
This maximum slip is also close to the estimate of 13 mm/year by Jouanne et al. in 2013 for
northern Pakistan and that of 13-14 mm/year from the GNSS network deployed in Jammu-
Kashmir Himalaya and Ladakh (Kundu et al. 2014).

Jhelum strike-slip fault



276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309

We have considered that the Jhelum strike-slip fault (Fig. 1) is a vertical transfer fault separating
the domain in the west with east-west-trending faults and folds from the domain in the east
characterized by a NW-SE structural orientation. We suppose that this fault affects only the
upper part of the crust above the Main Himalayan Thrust. Unfortunately, the lack of neotectonic
investigations of the present-day slip along this fault means that we cannot constrain the
maximum slip rate. The area south of the Jhelum fault where the folds change direction is
affected by significant seismicity with earthquakes of magnitude greater than 5. Focal
mechanisms (Fig. 4) show the existence of north-south shortening in the vicinity of the
Mahesian anticline (Fig. 4), where neotectonic investigations (Cortes Aranda et al., 2017) have

quantified a long-term shortening rate reaching 10 mm/year for the last 6.5 ka.

Raikot-Liachar fault.

The Raikot-Liachar fault, which borders the Nanga Parbat massif to the west, can be
described as a nonrectilinear fault (Fig. 5) plunging 40° eastward according to the distribution
of microseismicity. This fault places the metamorphic gneiss of Nanga Parbat over Quaternary
sediments with a minimum displacement of 300 m (Owen, 1989); with the hypothesis that these
sediments are 65,000 years old, the minimum thrust rate would be 4 mm/yr. This slip rate is a
minimum, and we cannot use it to constrain the slip rate inversion using GNSS velocities;
however, after the inversion, we can check whether the slip rates along the Raikot-Liachar fault

are larger than or equal to 4 mm/year.

Slip distribution and coupling along the Main Himalayan Thrust, along the Nanga
Parbat Thrust and the Jhelum strike-slip fault.

In our study, we did not use the back-slip approach (Savage 1983), but we have directly
determined the slip on the fault using the SDM software (Wang et al., 2009, 2011, 2012). SDM
(Steepest Descent Method) is a based on an iterative algorithm used for the constrained least-
squares optimization. This software allows the use of curved faults that may have variations in
dip, from which a set of rectangular segments is determined (~15*15 km in our study). This
software allows the determination of an offset between the different datasets. This software
requires a priori data such as the upper limit of the slip on the considered faults and the direction
of the slip between a minimum and a maximum value (Table 3). The smooth slip model is
realized through a smoothing term to be minimized with the misfit to data. In our study, the
smoothing has been applied to slip and not to stress-drop, as possible, with a smoothing factor
of 0.2.
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During the inversion with sdm2011 software, we allow the slip rate along the MHT to

reach up to 14 mm/year, which is supposed to be the maximum ductile slip rate at depth along
the MHT (Figs. 8 & 9). We also allow a strike-slip component with the rake varying from -120°
to -30° to take into account the obliquity of slip along the MHT due to the orientation of the
thrust relative to the general interseismic velocities directed N190° in northwestern Himalaya.
We use a low smoothing factor of 0.2 for the slip distribution to detect small-scale variations in
the slip and coupling variations that may reflect the existence of asperities along the MHT. We
also consider the decollement plane of the Potwar Plateau and Salt Range to be an active fault
with a dip of 5° and dislocations that reach the surface, and we assume that a thrust allows the
westward motion of Nanga Parbat above the Kohistan Plateau. For this last thrust, we use the
distribution of microseismicity, which is apparently restricted to the top 5 km of the crust
(Meltzer et al. 2001), to define a fault dipping 60° eastward. We suppose that this fault reaches
the MHT at depth with a relatively low dip angle of 40°.
Our points in the area affected by postseismic deformation following the 8 October 2005
Balakot-Bagh earthquake (Jouanne et al., 2012) were destroyed before 2011, and thus, we were
not able to estimate the linear and interseismic velocities for a time span after the end of
postseismic deformation. We excluded the velocities during 2005-2007 within this zone from
the study and ignored the Balakot-Bagh fault in our analysis of interseismic deformation. We
also excluded the velocity at KERN published by Kundu et al., 2014, which was clearly affected
by postseismic deformation. The residuals between the observed and simulated velocities (Fig.
7) are generally not significant, except those at points PS03, PS07, PS11 and PS16. These points
are located in the Indus-Kohistan seismic zone within the geometrical extension of the Balakot-
Bagh thrust (which was affected by the 8 October 2005 Mw 7.6 earthquake) in an area affected
by large aftershocks subsequent to the main shock. The velocities at these points were
determined with GNSS measurements (the first ones, which were recorded just after the
earthquake in November 2005). We can then suppose that these velocities reflect the partial
postseismic deformation following the Balakot-Bagh 2005 earthquake or its aftershocks. North
of the network, near the China-Pakistan border, the points show significant residuals that can
be interpreted as indicative of unmodeled velocities to the south. In this hypothesis, the residual
velocities at the two points located north of the Main Karakoram Thrust could reveal the activity
of this fault.

Our study uses data with a very disparate spatial distribution as shown in Figure 6. For
example, it can be assumed that spatial coupling variations cannot be determined along the
upper flat of the MHT in the western part of the study area, whereas such spatial variations can
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probably be determined in the central and eastern part of the study area. To determine the impact
of this unequal spatial distribution of the data, we used the bootstrap method (Efron and
Tibshirani, 1986; Arnadottir and Segall, 1994, Hsu et al., 2003, Arnadottiret al., 2006;
Serpelloni et al., 2010), which consists of randomly removing part of the data, in this case 10%,
from the analysis, analysing the dataset thus constituted and repeating this a large number of
times (200 in our study) to determine which parts of the model could be biased. To characterize
the distribution of the solutions thus determined we estimated the standard deviation on the slip
value for each patch (Fig. 10). As could be assumed, the western part of the model shows strong
standard deviations (~ 3 mm/year) underlining that, in this region, the coupling is determined
poorly, possible spatial variations in coupling cannot be determined, one can simply say that
the upper flat of the MHT in the western part of the study area is probably locked.

The Salt Range thrust locally shows patches with standard deviations up to 2 mm/year (Fig.
10), we interpret these somewhat large standard deviations as reflecting insufficient data density

to fully account for spatial variations in coupling along this thrust.

Similarly, further north, the Nanga Parbat thrust has patches with large standard deviations of
up to 3 mm/year in its northern part, which underlines that the slip along the northern part of
this fault is only constrained by the velocity of the point PK26, to solve this problem new points
have been installed in 2019. The results of this study for the Jhelum Fault, on the contrary, show

that the slip along this fault is well documented by the data.

We can compare also our coupling model with that of Li et al. 2018, which covers the same
region as the region we are studying and which has considered some of the velocities previously
published (Jouanne et al. 2012). These two models agree to determine a large blocked zone
corresponding to the upper flat of the MHT, however the partial consideration of the published
velocities for the Potwar Plateau and the Salt Range does not allow Li et al. 2018 to determine
the coupling variations in this zone. Similarly, further north, the model of Li et al. 2018 presents
a region with strong coupling at the level of the Indus - Kohistan Seismic Zone which exists in

our model but in a less marked way.

6. Discussion

Main Himalayan Thrust
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On the scale of the Potwar Plateau and the Salt Range (Fig. 4), the velocities show a
north-south gradient. In contrast, the modeling results for the coupling along the MHT below
the Potwar Plateau and Salt Range Thrust (Figs. 8 & 9) suggest local asperities and areas with
low coupling. Analysis of the robustness of the coupling determination by the bootstrap method
shows that at certain strong coupling variations (Fig. 8) patches with a high standard deviation
(2 mm/year) are observed (Fig. 10). However, it should be noted that 2 mm/year corresponds
to a standard deviation on the coupling of 0.14, a value which is much lower than the observed
coupling variations reaching 0.4. We therefore assume that these strong coupling variations
exist but that a higher measurement density would be needed to highlight them with more
robustness.

We hypothesize that the Eocambrian salt layer (Fig. 11) induced low-coupling areas.
We assume that the velocity field specific to this region (Fig. 4) reveals not only the tectonic
origin of the region in the strictest sense but also a horizontal salt flow that affected the thick
salt layers observed in the frontal and central parts of the Salt Range (points 0705, 0707, 1004,
2004, Awan, CNJP, and PMO01). In the Salt Range, the present-day tectonism is therefore partly
controlled by the horizontal flow of salt (Fig. 11) and by vertical flow along the Kalabagh fault,
where diapirism is observed (Khan et al., 2012). We can therefore interpret the observation of
normal faults in the front part of the Salt Range to represent the result of the subtraction of
voluminous salt following this flow. Alternatively, could it be that fast slip in the past has
shifted potential energy to the Salt Range that is currently manifest as high SW velocities as
suggested by Cortés-Aranda et al., 2017.

To the north-west of the Potwar plateau the bootstrap method indicates that coupling
variations cannot be detected because of the lack of data in this area. On the contrary, to the
north-east of the Potwar Plateau, the coupling along the upper flat of the MHT presents a
significant lateral variation (Figs. 8, 9 and 10). The salt layer may explain the lateral coupling
variations along the upper flat of the MHT, to the northwest of the Potwar Plateau and in the
vicinity of the Jhelum fault in the transition area between the Potwar Plateau and Jammu-
Kashmir Himalaya, as reflected by the drastic change in structural orientation (Figs. 1 & 6). On
the other hand, the coupling variations along the upper flat within the Kashmir Valley could
indicate local fluctuations in the depth of the brittle-ductile transition along this upper flat within
the depth range of 12-16 km (Vassallo et al., 2015; Mir et al., 2017). The spatial variation in
the coupling along the upper flat of the MHT at equivalent depths may reflect lithological or

thermal spatial variations.
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The crustal ramp between the upper and lower flats of the MHT is affected by weak coupling
along its eastern part to the north of Srinagar, while along its western part, in the area where
coupling is well constrained, the ramp is in a coupled/uncoupled transition zone, i.e., the brittle-
ductile transition zone. These variations may reflect lithological or thermal variations along the
MHT.

North of the crustal ramp, coupling along the lower flat is absent (Figs. 8 & 9), which suggests
the existence of ductile deformation along the lower flat, as observed, for example, in Nepal
(Ader et al., 2012; Berger et al., 2003; Bettinelli et al., 2006; Jouanne et al., 1999; Jouanne et
al., 2004; Jouanne et al., 2017; Stevens & Avouac, 2015). It must be underlined that the
coupling increase determined in the north-western part of our study area along the lower flat of
the MHT (Fig. 8) corresponds at an area where the bootstrap method indicates that the coupling
is poorly constrained (Fig. 10), we can then suppose that this coupling variation has not
necessary a geological meaning.

The approximate location of historical earthquakes indicates that they are generally located in
areas with strong coupling variations, either near the crustal ramp or at the upper flat of the
MHT. The presence of historic earthquakes at the lower ductile MHT flat could correspond to
extensional earthquakes as suggested by the focal mechanisms in this region (Fig. 2) indicating

an E-W extension.

Jhelum strike-slip fault

The role of the Jhelum strike-slip fault in the transition between the structural orientation
of the Salt Range (N80°) and that of the Jammu-Kashmir Himalaya (N150°) is unclear. If we
consider this fault in the numerical simulation of the current displacement field, assuming that
it extends from the surface to the MHT, then a dextral strike-slip rate of up to 6 mm/year is
determined from the surface to its connection with the MHT (Fig. 9). However, the numerical
simulation of the slip along the dextral Jhelum strike-slip fault does not show any variation with
depth. The upper part of the fault does not appear to be locked. This behavior could be related
to the observation of serpentine bodies along the fault zone that would allow the existence of
creep, even near the surface. Nevertheless, a denser GNSS network than that used herein would
be necessary to better constrain the distribution of slip over this fault although analysis of the
reliability of the slip on this fault by the bootstrap method shows that this estimate is robust
(Fig. 10).
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Indus Kohistan Seismic Zone

Microseismicity, the Patan earthquake in 1974 and the aftershocks following the
Balakot Bagh earthquake (MonaL.isa et al. 2009) help to define this zone characterized by a
seismicity swarm. This zone can be interpreted as the north-westward propagation of the
Balakot-Bagh fault, site of the 2005 earthquake (Jouanne et al., 2011). The location of this zone
on the coupling map shows that this zone also corresponds to a zone where strong coupling
variations exist. We can thus propose that the abrupt change of coupling induces a local increase

of deviation stress associated with this seismicity swarm.

Liachar brittle-ductile shear zone or Raikot-Liachar fault (Figs. 5, 9 & 12).

The velocity field expressed with respect to a point located in Kohistan shows
asymmetric velocities to the west in the Nanga Parbat massif (Fig. 5). The velocities were
numerically simulated considering the geometry of the reverse and strike-slip fault that borders
this massif to the west (Fig. 12). The simulated fault slips along the central part of this boundary
fault decrease from 5 mm/year at depth to a fraction of a millimeter per year near the surface.
We interpret this evolution as a reflection of the change in the deformation regime from ductile
deformation at depth to brittle deformation, marked by a swarm of microseismicity at relatively
shallow depth. We can notice good agreement between the distribution of microseismicity and
the upper part of the fault that is almost blocked, as shown by the numerical simulation of
velocities (Fig. 12), and good agreement is also observed with the Quaternary slip along the
fault estimated at ~4 mm/year.

Hazard implications.

The estimation of the seismic alea of the eastern part of the study area, Jammu and
Kashmir, can be based on fairly detailed historical seismicity (Bilham et al., 2019) and
paleoseismological studies along the Riasi out-of-sequence thrust, which is not possible along
the MFT, which is blind here. The last major earthquakes in Kashmir were the 1555 earthquake
(Mw 7.6 to 8) and the 2005 Mw 7.6 earthquake. We join by Schiffman et al. 2013 in pointing
out that the MHT in this region is largely locked (Fig. 8). As the last earthquake probably

affected this segment, at least partially dating from 1555, we can conclude like Bilham et al.,
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2017, 2019 that this segment of the Himalayan chain is sufficiently mature to be affected by a
strong earthquake of magnitude (Mw > 8) and that earthquakes of very strong magnitudes (Mw
~9) must occur from time to time to release the entire slip deficit.

The estimation of the seismic alea of northern Pakistan is difficult due to the absence of
a major historical reference earthquake, with the possible exception of the Taxila earthquake in
25 AD (Ambraseys et al., 1975), and the absence of a paleoseismological calendar. The
paleoseismological calendar is only known for the Balakot-Bagh thrust (Kondo et al. 2008) but
not for the MFT at the Salt Range. It can indeed be assumed that a very strong magnitude
earthquake along the MHT would not propagate in the salt level forming the detachment of the
Potwar Plateau and the Salt Range, but would induce a strong post-seismic deformation
controlled by the rheology of the salt. It can therefore be assumed that the postseismic
deformation would not be sufficiently localized to be studied by neotectonic methods, by

trenching the Salt Range Thrust - MFT for example.

On the other hand, with our study we can quantify the surface likely to be affected by a very
strong magnitude earthquake, this surface corresponds to the sum of the MHT patches
corresponding to northern Pakistan presenting a non-zero coupling. Assuming that the previous
large magnitude earthquake, the hypothetical Taxila AD 25 earthquake by example, released
all the previously accumulated slip deficit and that the future earthquake will release all the slip
deficit accumulated since the last very large earthquake, then assuming that the geodetic
coupling has not changed over time, we can use the sum of the seismic moments calculated
with our model to propose a Mw magnitude. We can then propose that in the area covered by
our study a Mw of 8.8 earthquake could occurred each 2000 years, a Mw 8.6 earthquake each
1000 years or a Mw 8.4 each 500 years if all the patches break during a single earthquake and
if we neglect the afterslip which could release part of the slip deficit probably in the deep part
of the MHT.

If we assume that the afterslip releases a seismic moment equivalent to 34.0% of the co-seismic
moment as proposed by Gualandi et al, 2017 for the 2015 Gorkha earthquake in Nepal, we can
correct the above estimates, with an earthquake of Mw 8.69 every 2000 years, an earthquake of

Mw 8.49 every 1000 years and an earthquake of Mw 8.28 every 500 years.

If now we consider that a single earthquake can affect not only Northern Pakistan but also
Kashmir we can propose with our slip distribution, if we assume that all the slip deficit
accumulated before the 1555 earthquake was released in that earthquake, a magnitude Mw 8.63



508
509
510
511
512
513

514
515
516
517
518
519
520
521
522
523
524
525

526
527
528
529
530
531
532
533
534
535
536
537
538
539
540

if Northern Pakistan is affected by an earthquake every 500 years, a magnitude Mw 8.74 if an
earthquake occurs every 1000 years in Northern Pakistan and a magnitude Mw 8.88 if it occurs
every 2000 years. If, as before, we assume the existence of an afterslip that releases 34% of the
seismic moment, we can correct the above estimates, with an earthquake of Mw 8.51 every 500
years, an earthquake of Mw 8.62 every 1000 years and an earthquake of Mw 8.76 every 2000

years.

We can reasonably assume that from the 16th century onwards, there are no major earthquakes
not reported in historical sources in northern Pakistan, we can therefore assume that this region
may be affected by a major earthquake with a moment magnitude Mw greater than 8.3 (or 8.63
if Kashmir is also affected) if all the slip deficit is released, which could reach Mw 8.7 if the
last very strong earthquake occurred 2000 years ago in northern Pakistan. Earthquakes of such
very strong magnitudes are reported in the Himalayas, we can thus note for example the
following earthquakes: 1100 + 50 Mw 9 event which is not associated with historical sources
in the eastern Himalayas (Wesnousky et al. 2019), 1225 Mw 7.5- 8.5 Nepal (Pant 2002, Sapkota
et al. 2013), 1400 £ 50 Mw 8.0- 8.5 in Western Himalaya (Kumar et al. 2001, 2006), 1505 Mw
8.2 - 8.9 eastern Nepal and Kumaon (Jackson 2000; Ambraseys & Jackson 2003), the 1934
Bihar Nepal earthquake Mw 8.4 (Chen & Molnar 1977, 1983) and the 1950 Assam earthquake
Mw 8.7 (Chen & Molnar 1977).

Conclusion

Measurements of the velocity field in the northwestern Himalaya revealed coupling variations
along the basal overlap of the Potwar Plateau and Salt Range that could be related to variations
in the thickness of the salt layer forming the detachment plane. In the central part of the Salt
Range, the measured horizontal velocities suggest the existence of very significant horizontal
creep of the very thick salt layer at this location, while along the Kalabagh fault, salt diapirism
is observed. The Jhelum fault separating the Potwar Plateau, which is characterized by a thick
layer of salt, from the rest of the Himalayas is a dextral strike-slip fault affected by creep of 6
mm/year. Along the upper flat of the MHT, the coupling evolves from full to weak coupling,
which may or may not be weak at the level of the crustal ramp separating the upper flat from
the lower flat of the MHT. The lower flat of the MHT is characterized by no coupling,
suggesting the existence of ductile deformation along the MHT. The absence of recent
earthquakes of very high magnitude in the historical seismicity and coupling along the MHT

determined by our study suggests that earthquakes of very high magnitudes (Mw > 8) could
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affect northern Pakistan. Finally, our simulation of the velocity field suggests that the current
deformation of Nanga Parbat is mainly controlled by its westward thrusting over the Kohistan
Plateau. The estimated slips along the Nanga Parbat Thrust show slips reaching 6 mm/year at
depth, and the slip gradually decreases until it is almost absent along the upper part of the fault,

which is probably brittle, as is indicated by a swarm of microseismicity.
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Figure 1. Historical seismicity in the northwestern Himalaya (Bilham, 2019) with the
approximate locations and dates of large-magnitude earthquakes and the locations of active
folds and faults.



827 72 74° 76°

828  Figure 2. CMT focal mechanisms for the northwestern Himalaya (Dziewonski et al., 1981,
829  Ekstrom et al., 2012) and the locations of active folds and faults. BF Balapora fault.
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832  Figure 3. Velocities expressed in a reference plate with a fixed Indian plate and the locations
833  of active folds and faults.
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836  Figure 4. Velocities in the Potwar Plateau and Salt Range expressed in a reference frame
837  modified to have average null velocities for points located in the foreland.
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839  Figure 5. Velocities expressed relative to point 1802 located in the Kohistan Plateau illustrating
840 the existence of the ongoing deformation of the Nanga Parbat Massif characterized by active
841  westward thrusting along the Raikot-Liachar fault or Liachar shear zone.
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Figure 6. Geometry of the Main Himalayan Thrust used to estimate the slip distribution and
coupling along this thrust and location of GNSS/GPS points used in this study.
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Figure 7. Residual velocities between the observed and simulated velocities in the India-fixed
reference frame. Residuals are not significant except at points PS07, PS11 and PS16, at which
contributions from the postseismic deformation following the 8 October 2005 Mw 7.6 Balakot-
Bagh earthquake can be suspected.
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Figure 8. Map view of the coupling along the Main Himalayan Thrust with an upper flat that
includes the Salt Range—Potwar Plateau Thrust, a crustal ramp, and a lower flat at depth. The
changes in the geometry were determined using structural data, receiver function data and
crustal cross sections. The approximate locations of historical earthquakes are indicated by
white circles. The dashed line indicates the boundary of the domain where the coupling is poorly
resolved from the domain where the coupling is well resolved as determined by the bootstrap
method (Fig. 10).
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Figure 9. Slip distribution along the active faults of the northwestern Himalaya. The faults are
the Main Himalayan Thrust, which has an upper flat that includes the Salt Range—Potwar
Plateau Thrust, a crustal ramp, and a lower flat; the Jhelum strike-slip fault; and the Raikot-
Liachar fault, which forms the western boundary of the Nanga Parbat Massif. The dashed line
indicates the boundary of the domain where the coupling is poorly resolved from the domain
where the coupling is well resolved as determined by the bootstrap method (Fig. 10).
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870  Figure 10. Simulation of the uncertainties on the slip on the patches using a bootstrap method.
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872  Figure 11. Cross section across the Potwar Basin and Salt Range (Faisal & Dixon, 2015) and
873 interpretation of the present-day deformation according to the existence or lack of massive salt
874  layers.
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877  Figure 12. Crustal cross section across the Nanga Parbat Massif with estimation of 300°C
878  isotherm (modified from Wheeler et al, 1995; Butler, 2018) with the distribution of
879  microseismicity and estimated slip rates along the Liachar Thrust illustrating the evolution from
880  ductile deformation at depth to brittle deformation with locked slip near the surface. Kohistan
881  and Deosai are part of the Ladakh arc thrusted above the Himalayan basement.

882

2001 2003 2005 2006 2007 2008 2009 2010 2011 2012 2017 2018 2019
2 3
3

703 | 71.5523 32.6328
705 | 72.6833 32.7325
706 | 72.1635 32.601
707 | 72.5748 32.6527
708 | 71.788 32.6648
901 | 74.4199 35.4133
903 | 72.3544 33.1267
1002 | 74.9141 36.7953
1004 | 72.3615 32.7189
1401 | 74.1908 35.4004
1405 | 73.1966 33.5044
1601 | 73.435 35.5264
1700 | 74.8739 36.4307
1801 | 74.5991 35.4265
1802 | 73.7589 35.5181
1901 | 74.8455 35.2196
1902 | 75.2268 34.9996
1903 | 75.5018 35.0722
2001 | 74.5753  35.487
2004 | 72.4526  32.609
2101 | 74.6148 35.5084
2201 | 74.7261  35.241
2203 | 75.3878 35.4762
2204 | 73.1349 33.8176
2205 | 75.7399 35.3635
ARJA | 73.6533 33.9782
ARUU 75.27 34.1
AWAN | 72.4595 32.6082 7
CHAP |73.1058 34.6166| 5 6 8 5
CHIN | 72.9542 31.7546 4 2 4 4
CNJP | 72.3618 32.7224 216 257 152
CONV 74.84 34.13
DHUL |73.9354 33.9301 8 6 6
DRAS 75.77 34.42
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ISHA | 71.6116 36.73 3 3 3

LALI 72.7923 31.8564 4 4

MALA | 71.9335 34.572 5 6 7

MNK2 | 73.1936 34.3288 258 145 29 32

MURE | 73.3915 33.8952 10 5

PATA | 729978 35.1121| 1 5 7 5 5

PATH 72.352 33.1339 2 9 6

PKO5 | 74.8036 35.3499 3 3 3
PK17 | 74.3035 36.0458 6 4
PK18 | 74.5692 35.7913 6 3 3 4
PK20 | 73.9644 35.4713 3 2 4 4
PK24 74.689 36.3124 4 5 3 5
PK26 | 74.7409 35.7248 6 3 4
PK28 | 74.8498 36.6486 4 1 6
PK34 | 73.4439 33.1221 3 4 4

PMO1 | 72.8847 32.7421 3 3

PMO02 | 73.6106 33.1083 3 1
PSO1 | 73.0642 33.6749 10 44 36 4 10 34 7 3

PS07 72.936 34.8023 5 9 2 2 3
PS09 | 72.9543 35.0676 3 7 4
PS11 | 72.9002 34.8768 3 7 2

PS16 | 72.8763 34.932 2 7 2

PS18 | 73.2013 35.3993 7 4 4
QLND | 71.8523 35.2718 6 5

RAWL | 73.7524 33.8708 9 4 5

SPUR | 72.4723 32.2631 5 4 9 5

883  Table 1. Numbers of episodic GNSS measurements expressed as the number of 24-hour
884  sessions per year.

885
886

Point Longitude  Latitude Ve Vn cVe cVn

703 71.552 32.633 -2.26 -2.79 0.1 0.1

705 72.683 32.733 -0.35 -7.26 0.3 0.3

706 72.163 32.601 -1.9 -5.65 0.1 0.1

707 72.575 32.653 1.86 -10.43 0.1 0.1

708 71.788 32.665 -1.71 -3.56 0.4 0.4
901 74.420 35.413 -6.93 -10.3 0.1 0.2
903 72.354 33.127 -2.7 -3.74 0.1 0.1
1002 74.914 36.795 -5.77 -11.37 0.3 0.4
1004 72.362 32.719 -1.83 -4.59 0.1 0.1
1401 74.191 35.400 -4.97 -11.73 0.1 0.2
1405 73.197 33.504 -1.65 -3.96 0.1 0.1
1601 73.435 35.526 -4.51 -11.18 0.2 0.2
1700 74.874 36.431 -5.69 -10.26 0.1 0.1
1801 74.599 35.426 -8.81 -8.69 0.2 0.2
1802 73.759 35.518 -4.98 -11.41 0.1 0.2
1901 74.846 35.220 -5.4 -10.87 0.2 0.3
1902 75.227 35.000 -5.4 -10.63 0.3 0.4
1903 75.502 35.072 -6.02 -11.58 0.2 0.3
2001 74.575 35.487 -7.34 -9.91 0.2 0.2
2004 72.453 32.609 -1.88 -5.13 0.1 0.1
2101 74.615 35.508 -7.12 -9.74 0.2 0.2
2201 74.726 35.241 -6.1 -11.74 0.2 0.2
2203 75.388 35.476 -5.87 -10.51 0.2 0.2
2204 73.135 33.818 -2.66 -6.03 0.4 0.5
2205 75.740 35.364 -5.51 -10.84 0.1 0.1
ARJA 73.653 33.978 -2.8 -2.36 0.5 0.6
ARUU 75.270 34.100 -0.99 -5.81 0.9 0.9
AWAN 72.460 32.608 0.16 -6.09 0.3 0.3




CHAP 73.106 34.617 -0.69 -2.67 0.2 0.2
CHIN 72.954 31.755 -2.41 -1.54 0.3 0.3
CNJP 72.362 32.722 -1.63 -6.22 0.1 0.2
CONV 74.840 34.130 -4.23 -7.55 0.3 0.3
DHUL 73.935 33.930 -3.1 -3.58 0.3 0.4
DRAS 75.770 34.420 -2.88 -8.99 0.7 0.7
ISHA 71.612 36.730 -11.37 -19.18 0.6 0.7
KARG 76.160 34.560 -5.33 -11.85 0.5 0.5
KULG 75.030 33.590 -5 -5.18 0.5 0.6
LALI 72.792 31.856 -1.85 -1.31 0.3 0.3
MALA 71.933 34.572 0.33 -5.29 0.4 0.4
MNK2 73.194 34.329 -4.91 -5.44 0.1 0.1
MULG 74.480 34.090 -4.53 -4.59 0.7 0.7
MURE 73.392 33.895 -5.76 -6.1 0.5 0.6
NARA 74.970 34.350 -4.55 -8.27 1.1 1.1
PATA 72.998 35.112 -4.63 -9.72 0.3 0.3
PATH 72.352 33.134 -1.4 -5.45 0.8 1
PKO5 74.804 35.350 -5.69 -10.28 0.2 0.2
PK17 74.303 36.046 -5.94 -11.61 0.2 0.2
PK18 74.569 35.791 -6.29 -10.77 0.1 0.1
PK20 73.964 35.471 -5.31 -12.09 0.1 0.1
PK24 74.689 36.312 -5.54 -10.43 0.1 0.2
PK26 74.741 35.725 -6.44 -11.3 0.2 0.1
PK28 74.850 36.649 -5.91 -11.13 0.2 0.2
PK34 73.444 33.122 -2.31 -3.52 0.2 0.2
PMO1 72.885 32.742 -1.35 -7.53 0.1 0.1
PMO02 73.611 33.108 -2.95 -3.61 0.2 0.2
PSO1 73.064 33.675 -2.28 -4.85 0.1 0.1
PS03 73.356 34.422 -8.73 -8.14 13 14
PS07 72.936 34.802 -3.59 -5.92 0.1 0.1
PS09 72.954 35.068 -4.24 -7.85 0.2 0.1
PS11 72.900 34.877 -5.58 -11.21 1.7 2.3
PS16 72.876 34.932 -2.6 -15.08 1.9 19
PS18 73.201 35.399 -3.25 -10.24 0.2 0.2
QLND 71.852 35.272 -4.22 -11.64 0.3 0.4
RAUJ 74.350 33.390 -2.39 -3.77 0.3 0.3
RAWL 73.752 33.871 -5.68 -2.01 0.3 0.4
SON1 75.330 34.290 -3.51 -7.92 0.9 0.9
SPUR 72.472 32.263 -1.94 -0.15 0.3 0.3
TKSH 77.500 34.800 -5.56 -14.53 0.7 0.7
URII 74.050 34.080 -1.4 -6.02 0.4 0.4

887
888  Table 2. Velocities expressed in the India-fixed reference frame.
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Positions of points describing the

location of trlt:] upper boundary of depth of dip width pa.tch max lip fake
e fault upper size
Latitude longitude poundary
Salt Range Thrust 32.3145 718659 s . 10 mmpyear | 120710
32.8328 73.6549 -30
32.8705 70.5156
33.6806 733116
Upp:/lr:lTat of 33.4494 73.6044 10 2 145 15 14 mm/year 1;3 to
33.0962 74.1431
32.4970 75.7067
34.1176 70.8103
34.8664 73.4472
CrUSti;LaTmp of z:;jzz Zz:;igz 14.8 15 45 15 14 mm/year 123 to
34.4252 74.3045
33.7983 75.9366
34.5072 71.0966
35.1581 73.4065
Lowglj'ft of zi:g;j ;31:(152;: 26 1 275 15 14 mm/year 123 to
34.6004 74.5775
34.0965 75.8894
36.0408 74.6099 ]
Nanf;rzgtrbat 35.7466 74.6466 0 40 30 5 10 mm/year 1518 to
35.6539 74.6502
343616 73.4654
Jhelum fault 34.0971 73.4818 0 80 15 10 8mmj/year '1580(;9t°
33.8841 73.4187

Table 3. Characteristics of the faults considered to establish our coupling and slip model along active
faults in the northwestern Himalayas.




