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S U M M A R Y
Large thrust faults accommodate the convergence between India and Tibet along the south-
ern margin of the Himalaya and have a history of producing great earthquakes that cause
widespread damage. Along most parts of the Himalaya, there is geomorphological evidence
that these thrusts can rupture to the surface in Mw >8 earthquakes. However, in the Himalayan
state of Jammu & Kashmir (NW India), the thrust faults are blind and large-scale folding is the
only expression of active deformation at the surface, making it difficult to assess the seismic
hazard in this region. In this paper, we use field, satellite, and seismological observations to
determine the fault geometry in Jammu & Kashmir. We then estimate the ground motions from
potential earthquakes in the region using models of the seismic wavefield that would be gen-
erated if the thrust fault beneath Jammu & Kashmir were to rupture. We find that earthquakes
that rupture the buried, shallow part of the locked Main Himalayan Thrust could generate
peak ground velocities that are >3 times larger than earthquakes of the same magnitude on
its deeper portions. We also model the ground motions that would result from the thrust fault
geometries representative of different parts of the Himalayan arc. These simulations show that
even seemingly minor variations in the shallow fault geometry can lead to large differences
in the expected ground motions, highlighting the importance of accurately determining the
shallow geometry of thrust faults along the margins of mountain ranges for estimating seismic
hazard.

Key words: Geomorphology; Computational seismology; Earthquake ground motions;
Earthquake hazards; Seismicity and tectonics; Folds and folding.

1 I N T RO D U C T I O N

Rapid urbanization in the Himalayan foothills and Indo-Gangetic
Plains over recent decades has led to population pressures in grow-
ing cities (Tiwari et al. 2018), resulting in a vastly increased expo-
sure and vulnerability of people and buildings to the ground shaking
from earthquakes in the region (Fig. 1). These towns and cities are
built on thick accumulations of foreland basin sediments, which are
known to amplify earthquake ground motions (Bard & Bouchon
1985; Pandey & Molnar 1988; Rial et al. 1992; Joyner 2000; Meza-
Fajardo et al. 2016; Bowden & Tsai 2017; Rajaure et al. 2017).
Towns and cities that are located at the deformation front between
the foreland basin and fold-thrust belt are particularly at risk from
earthquakes that rupture the interface between the underthrusting
Indian shield and the overlying Himalayan units at depth (known as
the Main Himalayan Thrust; MHT), and the foremost splay fault in
the megathrust system which connects to the MHT and outcrops at
the surface (known as the Main Frontal Thrust; MFT).

Paleoseismic studies have found evidence for great (>Mw 8)
surface-rupturing earthquakes in the 11th to 17th centuries along
the MHT (Lavé et al. 2005; Kumar et al. 2006, 2010; Hossler
et al. 2016; Wesnousky et al. 2017a, b; Pandey et al. 2021). Since
the establishment of the instrumental record in 1900, five large
earthquakes on the southern margin of the Himalaya have been
recorded [(1) 1905 Mw 7.8 Kangra, (2) 1934 Mw 8.4 Bihar–Nepal,
(3) 1950 Mw 8.6 Assam, (4) 2005 Mw 7.6 Kashmir and (5) 2015 Mw

7.8 Gorkha]. Some of these large earthquakes occurred on blind
faults that did not rupture to the surface (Pandey & Molnar 1988;
Ambraseys & Bilham 2000; Kumar et al. 2006; Kaneda et al. 2008;
Avouac et al. 2015; Wesnousky et al. 2018). However, geomorpho-
logical observations from Sapkota et al. (2013), Bollinger et al.
(2014) and Priyanka et al. (2017) suggest that the largest of these
earthquakes, the 1934 Bihar–Nepal and 1950 Assam events, did
rupture to the surface. These observations have led to the sugges-
tion that ruptures on the MHT may have bi-modal behaviour, with
the Mw 7 events breaking only the deeper sections of the fault and
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Figure 1. Map of the NW Himalayas illustrating the crustal seismicity and GPS velocity field in the region. Earthquake mechanisms were taken from the
global CMT catalogue (Dziewonski et al. 1981; Ekström et al. 2012), this study and previous waveform-modelling (WFM) studies (Chen & Molnar 1983;
Baranowski et al. 1984; Molnar & Lyon-Caen 1989; Sloan et al. 2011). Navy focal mechanisms illustrate the earthquakes where we could invert for a focal
mechanism, whilst the navy circles represent earthquakes where we only determined the hypocentral depth and placed some constraints on the geometry of the
nodal planes. Earthquake epicentral locations were taken from the ISC-EHB bulletin (Engdahl et al. 1998). Large-scale fault and fold axial traces were traced
after Gavillot et al. (2016), Taylor & Yin (2009) and Styron et al. (2010), in addition to our field and satellite observations. GPS data was taken from Kundu
et al. (2014) and Kreemer et al. (2014) and are shown relative to stable India. The line of control between Pakistan and India is marked in a solid black line,
whilst state boundaries are illustrated in black dashed lines. The dashed navy box outlines the location of our computational model, and the two dashed black
ellipses denote the 1555 and 1905 earthquake ruptures which bound the apparent NW Himalayan seismic gap and Surin Mastgarh Anticline. The inset map
outlines the region of the main figure and the locations of historic earthquake ruptures (red ellipses) along the Himalayan arc after Bilham (2019).

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/231/3/2009/6659210 by U

niversity of C
am

bridge user on 13 Septem
ber 2022



Active shortening in the northwest Himalayas 2011

the largest Mw 8 events rupturing the entirety of the fault to the
surface (e.g. Dal Zilio et al. 2021).

The along-strike extent of the large historical and instrumentally
recorded earthquakes have revealed that certain segments of the
MHT have not ruptured in over 500 years, forming several appar-
ent ‘seismic gaps’ along the Himalayan arc (see Fig. 1, inset). The
state of Jammu and Kashmir (J&K) in the northwestern Himalaya
sits within one of these seismic gaps, between the rupture areas
of the Mw 7.6–8.0 1555 Kashmir and Mw 7.8 1905 Kangra earth-
quakes (Ambraseys & Bilham 2000; Ambraseys & Jackson 2003;
Bilham 2019, Fig. 1, inset). At the surface, shortening along the
range front in this area is expressed as kilometre-scale folding, as
opposed to the surface-rupturing faults seen further east along most
of the Himalayan arc (Gavillot et al. 2016; Thakur et al. 2019).
The shallow fault geometry beneath these folds is therefore rela-
tively poorly understood. Nonetheless, it is important to constrain
the fault geometry, and how it relates to the shallow folding, in order
to estimate the seismic hazard in the NW Himalaya. The depth of
fault slip during large thrust earthquakes is one of the key factors in
controlling the ground motions in foreland basin settings (O’Kane
& Copley 2021).

In this study, we use seismological, structural, and geomorpho-
logical observations to constrain the geometry of the range front
thrust system in the NW Himalayas of J&K. We focus on determin-
ing the dip and updip termination depth of the thrust faults beneath
the Jammu section of the Himalayan foothills. We then use these
results to construct models of seismic-wave propagation from earth-
quakes on these thrusts, and obtain estimates of the ground motions
from potential earthquakes within the NW Himalaya seismic gap.
We also conduct simulations using the fault geometry representa-
tive of other Himalayan regions to investigate how the evolution of
deformation through space and time may influence the seismic haz-
ard posed to any particular region along the margin of a mountain
belt. We will first describe seismological results that constrain the
geometry of the deeper portions of the thrust faults, then geologi-
cal and geomorphological observations that constrain the shallow
geometry. We then use these results to model the ground motions
resulting from earthquakes on the possible fault geometries.

2 S E I S M I C I T Y I N T H E N O RT H W E S T
H I M A L AYA S

The focal mechanisms and depths of earthquakes can be used to
estimate the geometry of faulting at depth. We performed body-
waveform modelling of eighteen >Mw 5 earthquakes in J&K, which
had data available from the Incorporated Research Institutions for
Seismology (IRIS) and were of sufficient magnitude for clear signals
to be recorded on broadband seismometers at teleseismic distances
(see Table 1 for a list of events). Waveform modelling allows us
to determine the strike, dip, rake, centroid or hypocentral depth,
moment release and source-time function of each earthquake to
a greater degree of accuracy than is possible from automatically-
generated catalogues (e.g. Wimpenny & Watson 2020). Some of the
events we have modelled have been studied previously using similar
techniques, but we re-inverted the waveforms in light of new infor-
mation regarding the velocity structure in the region (Bhattacharya
1992; Suresh et al. 2008; Mitra et al. 2011; Mahesh et al. 2013;
Agrawal et al. in review; Bera et al. in review). For earthquakes
where it was not possible to invert for a focal mechanism due to a
lack of high signal-to-noise waveforms with good azimuthal cover-
age, we determined the earthquake depth only, but used the polarity

of the direct P-wave arrivals to place constraints on the geome-
try of the nodal planes. Our analysis of the moderate-magnitude
seismicity in J&K complements the study by Paul et al. (2018)
on the microseismicity in the region, and previous modelling of
moderate-magnitude earthquakes (Baranowski et al. 1984; Molnar
& Lyon-Caen 1989; Priestley et al. 2008; Mitra et al. 2014; Powali
et al. 2020).

2.1 Methodology

2.1.1 Long-period body-waveform modelling

Two earthquakes in the region (the 2019 Mw 5.7 Mirpur and 2013 Mw

5.6 Kandosu earthquakes; earthquake numbers 03 and 07 on Fig. 2)
had sufficiently clear teleseismic waveforms for us to invert for their
focal mechanism, centroid depth and source–time function simulta-
neously using P and SH long-period waveforms. The methodology
we used has been applied previously by Mitra et al. (2014) and
Powali et al. (2020) to study earthquakes in J&K. Although we
summarise the approach below, McCaffrey & Abers (1988) and
Molnar & Lyon-Caen (1989) provide a more detailed account of the
methodology.

We manually picked the P- and SH-wave arrival times on up
to 50 broad-band vertical- and transverse-component seismograms
from stations between 30 and 90 epicentral degrees, and filtered
the waveforms to reproduce the response of a long period World-
Wide Standardised Seismograph Network instrument (15–100 s).
We then used the program MT5 (Zwick et al. 1994) to invert the
long-period P and SH waveforms for the best-fitting point-source
mechanism, the centroid depth and the source–time function. For
each inversion, we used a starting model based on the global Cen-
troid Moment Tensor (gCMT) catalogue solution (Dziewonski et al.
1981; Ekström et al. 2012) and constrained the moment tensor to be
pure double-couple. Although the moment tensor is not particularly
sensitive to the local velocity structure, the centroid depth estimates
are. We used a 1-D seismic velocity model in the shallow crust of
Vp = 5.9 km s–1 and Vs = 3.4 km s–1, based upon 1-D velocity
profiles derived from receiver function and surface wave dispersion
studies across the NW Himalayas (Ni et al. 1991; Bhattacharya
1992; Mitra et al. 2006; Suresh et al. 2008; Mitra et al. 2011). An
example of the minimum-misfit solution for the 24th September
2019 Mirpur earthquake is shown in Fig. 3.

For each earthquake, we performed a sensitivity analysis by fix-
ing each earthquake parameter in turn, and re-inverting for the
minimum-misfit solution whilst letting the other parameters vary
(see Fig. S3b). Using this approach, we were able to identify the
range over which each parameter produced an acceptable fit to the
waveforms. We identified a number of trade-offs among the earth-
quake parameters, with the most important for this study being
between the centroid depth and source–time function length (Chris-
tensen & Ruff 1985). We were able to constrain the centroid depths
to within ±3 km and the earthquake dips to ±10◦ for the velocity
model used, in line with previous studies using this method (e.g.
Taymaz et al. 1990).

2.1.2 Broad-band and short-period depth-phase modelling

Where there were insufficient stations with clear long-period body-
wave signals to undertake the modelling described above, we
adopted a different approach and used the polarity of the direct
P-wave arrival, and the delay time between the direct P arrival and
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Table 1. Earthquake source parameters for events studied using waveform modelling. Epicentral locations are sourced from the ISC-EHB (Engdahl et al.
1998) bulletin. Earthquake magnitude is sourced from the gCMT catalogue where available (Dziewonski et al. 1981; Ekström et al. 2012), and otherwise taken
from the ISC-EHB bulletin. For events that did not have an available gCMT focal mechanism, a representative mechanism was used in the modelling, chosen
by closely following the fault plane solutions of neighbouring earthquakes after Molnar & Lyon-Caen (1989), Mitra et al. (2014) and Paul et al. (2018) who
previously waveform modelled a select number of the earthquakes in the region (earthquakes denoted with an asterisk below). The waveform method used for
each earthquake is outlined in column 11 with a corresponding supplementary figure reference followed in brackets. ‘LP’ denotes the earthquakes that were
studied using long-period waveform modelling, ‘BHZ’ identifies those modelled using broadband seismograms, and ‘SHZ’ is assigned to earthquakes where
modelling of short-period data from small-aperture seismic arrays was conducted. Errors denoted for earthquake depth and dip are independent of the errors
associated with the velocity model. See the supporting information for a detailed discussion of each earthquake.

Waveform modelling
Ref Date Time Lon Lat Depth Strike Dip Rake Mw Method

(YYYY–MM–DD) (HH:MM:SS GMT) (◦) (◦) (km) (◦) (◦) (◦)

01 2021-01-11 14:02:03 75.59 33.30 6+1
−1 - 45+0

−5 - 5.1 BHZ(S01)

02 2020-02-26 15:04:08 76.25 32.98 15+2
−1 - 40+5

−0 - 5.0 BHZ(S02a), SHZ(S02b)

03 2019-09-24 11:01:54 73.79 33.08 10+3
−3 275 01+9

−1 086 5.7 LP(S03a,S03b), BHZ(S03c)

04 2014-06-13 13:32:51 75.60 33.27 11.5+4
−1 - 30+15

−0 - 5.2 BHZ(S04a), SHZ(S04b)

05∗ 2013-08-02 21:37:43 75.89 33.31 14+1
−1 326 42+3

−12 110 5.1 BHZ(S05a), SHZ(S05b)

06∗ 2013-08-02 02:32:48 75.87 33.23 15+2
−1 327 42+3

−12 122 5.1 BHZ(S06a), SHZ(S06b)

07∗ 2013-05-01 06:57:15 75.73 33.10 15+3
−3 299 14+10

−6 080 5.6 LP(S07a,S07b), BHZ(S07c), SHZ(S07d)

08 2011-08-23 01:22:57 76.84 33.08 13+1
−1 - 35+10

−0 - 5.3 BHZ(S08)

09 2006-05-26 00:41:39 76.22 33.15 9+1
−1 - 40+5

−10 - 5.2 BHZ(S09)

10 2005-10-15 04:32:19 73.96 34.02 14+1
−1 - 15+0

−5 - 5.2 BHZ(S10a), SHZ(S10b)

11 2005-10-15 04:24:04 73.95 34.03 13+1
−1 - 15+0

−5 - 5.3 BHZ(S11)

12 1993-09-15 15:08:14 75.74 33.32 8+1
−1 - 30+15

−10 - 5.0 BHZ(S12)

13 1990-12-25 03:56:46 75.74 33.30 3+1
−1 - 45+0

−35 - 5.5 BHZ(S13)

14∗ 1986-04-26 07:35:16 76.35 32.23 13+1
−1 299 20+5

−5 058 5.5 BHZ(S14)

15∗ 1980-08-23 21:36:49 75.76 32.98 16+1
−1 293 10+5

−5 082 5.5 BHZ(S15)

16 1980-05-01 05:43:10 75.92 32.99 13+1
−1 - 30+10

−10 - 5.2 BHZ(S16)

17 1978-06-14 16:12:04 76.57 32.18 32+1
−1 - 25+5

−10 - 5.3 BHZ(S17)

18 1978-05-07 10:32:25 73.61 33.43 14+1
−1 - 01+9

−1 - 5.3 BHZ(S18)

the depth phases pP and sP, to place constraints on the orienta-
tion of the nodal planes and determine the earthquake hypocentral
depth. We used this method on all earthquakes in our study region
that had suitably clear waveforms (see Table 1) and we were able to
determine the hypocentral depths of 5.0 < Mw < 5.7 earthquakes.
This method has been widely used to determine the depths of earth-
quakes, and is described in detail elsewhere (e.g. Maggi et al. 2000;
Emmerson et al. 2006; Sloan et al. 2011).

We used vertical-component broad-band seismograms for sta-
tions located at 30–80 epicentral degrees from the source, and
picked the arrival time and polarity of the direct P wave. We fixed
the earthquake strike, dip, and rake to the gCMT solution and gen-
erated synthetic seismograms for a subset of the stations with clear
P and depth-phase arrivals using the program WKBJ3 (Chapman
1978; Chapman et al. 1988). The WKBJ3 program generates seis-
mograms by ray tracing through a version of the global AK135
velocity model of Kennett et al. (1995), which we modified in the
crust down to 40 km depth to be in line with regional 1-D veloc-
ity models (Ni et al. 1991; Bhattacharya 1992; Mitra et al. 2006,
2011; Suresh et al. 2008). In the modelling, we varied the attenu-
ation propagation time t∗ (Futterman 1962) between 0.5 and 1.0 s
to fit the width of the observed signals. The observed and syn-
thetic seismograms were aligned on the first peak after the direct
P-wave arrival, and we varied the hypocentral depth until the syn-
thetic seismograms visually matched the observed seismograms.
An example of this type of analysis for the 1st May 2013 Kan-
dosu earthquake in India is shown in Fig. 4. Typically, for a given
velocity model, the hypocentral depths can be constrained to ±1–
2 km using this method (Craig et al. 2012). In cases where the
observed polarities of the first arrivals contradict those predicted by
our assumed gCMT mechanisms, we adjusted the nodal plane dips
(whilst keeping the strikes parallel to the local strike of the moun-
tain belt, in accordance with the known mechanisms in the region)

to estimate what dip range is consistent with the available polarity
observations.

For some moderate-magnitude earthquakes, the depth phases
could not be clearly identified on individual seismograms due to
the waveform amplitudes being similar to the background noise.
For five events with Mw 5.0 to 5.2 and one Mw 5.6 earthquake, we
improved the signal-to-noise ratio by stacking several short-period
seismograms recorded at small-aperture seismic arrays (Craig et al.
2012). Within these arrays, the stations are close enough together
that stacking can be performed using a simple linear time-shift based
on the azimuth and horizontal slowness of the incoming plane-wave
(e.g. Heyburn & Bowers 2008). We band-pass filtered the stacks be-
tween ∼0.1 and 5 Hz to extract the direct P-arrival and depth phases.
The F-statistic assisted in the identification of the separate phases
(Melton & Bailey 1957; Heyburn & Bowers 2008). We estimated
the earthquake hypocentre depths by fitting synthetic seismograms
to the filtered, stacked seismograms using the same method as de-
scribed above. This method could typically constrain the earthquake
depths to within ±1–3 km for a given velocity model. An example
of this analysis for the 2nd August 2013 Kishtwar earthquake is
shown in Fig. 5.

2.2 Patterns of seismicity in Jammu and Kashmir

The results of our seismological analyses, alongside the microseis-
micity located by Paul et al. (2018) and Agrawal et al. (in review),
are shown in Fig. 2. We have used the ISC-EHB (Engdahl et al.
1998) determined epicentral locations for the earthquake events
in this study, as these are generally accurate to within 10–20 km
(Weston et al. 2018), which is a small uncertainty compared to
the size of the Jammu region over which we analyse the seismic-
ity distributions (∼150 km across-strike of the range front). The
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Figure 2. Seismicity across Jammu and Kashmir. (a) Moderate-magnitude earthquake focal mechanisms and distribution of microseismicity. Each moderate-
magnitude earthquake has a label corresponding to the event number in Table 1. Published earthquake data is taken from Baranowski et al. (1984), Paul et al.
(2018) and Agrawal et al. (in review). Major faults and folds are taken from Taylor & Yin (2009), Styron et al. (2010) and Gavillot et al. (2016), and a minor
fault (DF) has been traced from our field and satellite observations. The labels are as follows: DF, Darung Fault; JA, Janauri Anticline; JT, Jawalamukhi Thrust;
KT, Kotli Thrust; KW, Kishtwar Window; MBT, Main Boundary Thrust; MCT, Main Central Thrust; MFT, Main Frontal Thrust; MKT, Mandili Kishanpur
Thrust; RT, Riasi Thrust; SMA, Surin Mastgarh Anticline; ZSZ, Zanskar Shear Zone. (b) Cross-section illustrating the depth distribution of the seismicity
across the region of Jammu and Kashmir (within 50 km of the transect). The coloured focal mechanisms and circles represent earthquakes that have been
modelled in this study, whereas the small grey and green circles are microseismic events that have been previously modelled by Paul et al. (2018) and Agrawal
et al. (in review), respectively.

supporting information provides a detailed discussion of the mod-
elling results for each event. The moderate-magnitude seismicity
and microseismicity is mostly clustered in a region ∼50–100 km
NE of the range front, between the Kishtwar Window (KW) and
the Main Central Thrust (MCT) (see Fig. 2). The largest earth-
quakes in this area have thrust- and reverse-faulting mechanisms
with NW–SE trending nodal planes that strike parallel to the range
front. The seismicity ranges in depth between 3 and 16 km, though

one event SE of Jammu has a hypocentral depth of 32 km (event 17
on Fig. 2). Southwest of the cluster of seismicity, near Jammu, there
has been little recorded microseismicity beneath the range front
and no moderate-magnitude earthquakes. However, further south-
west of Fig. 2, in the foreland, the 1996 Mw 5.5 Nilore earthquake
was recorded, with a centroid depth of 38 km (Maggi et al. 2000).

There is a distinct change in the nodal plane dips of the focal
mechanisms as a function of distance from the range front. It is
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Figure 3. Minimum-misfit solution for the 24th September 2019 Mirpur Pakistan earthquake following the method outlined in Section 2.1.1. The earthquake
parameters and velocity profile are presented in the top panel along with the source–time function (STF). A lower hemisphere projection of the P and SH nodal
planes are illustrated in the middle and lower panels, respectively. Each panel also shows the observed and modelled seismograms for each station used in the
inversion, and their 3–4 letter station code (positioned to the left of each seismogram). The SH waves from the station ‘INK’ (denoted with an asterisk) have
almost zero amplitude due to being nodal on the SH focal sphere, and therefore this station was not used in the inversion. The two black tick marks on each
seismogram show the time window over which the inversions were performed. The P- and T-axes were projected onto the focal sphere as a black and white
circle, respectively.
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2013-05-01 M 5.6 Kandosu India Earthquake 
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Figure 4. Depth-phase modelling of the vertical-component broad-band seismograms from the 1st May 2013 Kandosu India earthquake using the method
outlined in Section 2.1.2. The hypocentral depth deduced for the earthquake is shown in the top panel. The P-wave focal mechanism is shown in the top left of
the lower panel. Inverted triangles show the distribution of stations where we were able to identify clear P-wave arrivals. The solid triangles represent stations
with compressional P-wave arrivals, and the light grey triangles signify stations with a dilatational P-wave arrival. The locations of the seismograms outlined
in the bottom panel are labelled on the focal sphere. Each seismogram is shown with normalised amplitude and the x-axis represents time in seconds.

likely that the NE-dipping nodal planes represent the fault plane, as
most of the structures at the surface have a SW vergence. Within
the earthquake cluster NE of Jammu, the SW-most events (at dis-
tances of ∼100–120 km on Fig. 2b) have dips of ∼10–15◦ (e.g.
events 7 and 15 in Fig. 2). Further to the NE, within the Kishtwar
Window, the faults steepen, with dips in the range of 30–45◦ (at
distances of 130–150 km on Fig. 2b). The change in fault dips in
the Kishtwar Window region correlates with two NW–SE trending
bands of shallow microseismicity identified by Paul et al. (2018).
These bands have been suggested to reflect the internal deformation
of the hanging wall as it moves over ramps in the MHT. Our wave-
form modelling results support this interpretation, as the dips of
earthquakes vary systematically on either side of these bands of mi-
croseismicity. Some of the events we have studied have depths and
mechanisms which suggest they occurred on steeper faults which
lie in the hanging wall of the main Himalayan thrust fault. Taken
together, the earthquake focal mechanisms imply that the MHT
progressively steepens in dip towards the NE in the region between
Jammu and the Kishtwar Window. Along-strike from J&K, an earth-
quake close to the range front in Pakistan has a subhorizontal dip
(i.e. event 03 on Fig. 2), showing along-strike variability in the fault
geometry.

The thrust earthquakes we have observed reach ∼110 km across-
strike from the range front, to where the long-wavelength topog-
raphy reaches ∼3500 m in elevation. The downdip limit of the
seismicity, the ∼3500 m topographic contour, and the geodetically
inferred locking line are observed to coincide with each other in
other Himalayan regions along-strike to the SE (Ader et al. 2012;
Bilham 2019). Such a pattern implies that the downdip limit of
fault locking in the region NE of Jammu is similar to areas further

eastwards along the Himalayan arc. The earthquake slip vector az-
imuths align with the GPS velocities relative to India, showing that
these faults can accommodate the shortening across J&K (Fig. 1).

Our seismological results only place constraints on the geometry
of the deeper parts of the fault that have recently ruptured in earth-
quakes. In order to study the shallow geometry of the faulting, we
make use of the geomorphology and geology of the region, which
we describe later.

3 T E C T O N I C G E O M O R P H O L O G Y

Previous studies of the NW Himalayas in J&K have suggested that
the shortening to the north of Jammu, where there is a prominent
cusp in the range front topography near the town of Riasi (see
Fig. 6), is partitioned roughly equally between the Riasi Thrust
(RT) (6–11 mm yr –1) and the Surin Mastgarh Anticline frontal fold
(6–9 mm yr–1, Vassallo et al. 2015; Gavillot et al. 2016, 2018; Mug-
nier et al. 2017). The distribution of shortening north of Jammu
contrasts with the rest of the Himalayan arc east of Kangra (see
Fig. 1), where the India–Asia convergence is accommodated pri-
marily by the Himalayan Frontal Thrust (Lavé & Avouac 2000;
Kundu et al. 2014; Gavillot et al. 2016; Jade et al. 2020; Ghavri
& Jade 2021). We therefore studied the region between Jammu and
Udampur (southeast along-strike of Riasi town, see Fig. 6), both in
the field and using satellite-derived elevation models and imagery,
to establish whether shortening in this region is distributed across
multiple structures.

Southeast of Riasi, signs of Quaternary slip in the form of offset
fan surfaces, river terraces, or the presence of fault scarps along the
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Figure 5. Depth-phase modelling of the vertical-component, short-period seismograms from the Alice Springs Array in Australia for the 2nd August 2013
Kishtwar India earthquake using the method outlined in Craig et al. (2012) and in Section 2.1.2. The focal mechanism and hypocentral depth used to generate
the synthetic seismograms are shown in the top panel. The lower panel shows a raw vertical-component seismogram from the array, the stack (beam) of the
array seismograms, and a band-pass filtered version of the stack. The F-statistic of Heyburn & Bowers (2008) is also shown, showing a clear signal ∼6–7 s
after the direct P-wave arrival. We also performed the stacking over various backazimuths (baz) and horizontal slownesses (p) to confirm that the energy after
the direct P-wave arrival was coming from the same direction as the direct P-arrival (which is expected for the depth phases). We interpret the arrival ∼5–6 s
after the direct arrival to be the pP depth phase, which would be consistent with a depth of 14 ± 2 km and the gCMT focal mechanism.

mapped position of the Riasi Thrust (here known as the Mandili
Kishanpur Thrust; MKT), are absent. In the field and on satellite-
derived topographic datasets and imagery, geomorphic surfaces
cross the fault with no signs of offset. The region which shows
documented active shortening at Riasi is also the only part of this
fault that has exhumed Precambrian limestones to the surface [e.g.
see fig. 2 in Gavillot et al. (2018)]. It is therefore likely that to the
SE of Riasi the shortening has been transferred to either the Surin
Mastgarh Anticline (SMA) frontal fold (and underlying faulting)
to the south, or onto faults within the Himalayan interior such as
the Main Boundary Thrust or Main Central Thrust. We hypothesise
that the shortening has been transferred south onto the SMA, due
to the lack of documented active faulting within the range to the

north. Below we test this hypothesis by examining the structure and
morphology of the SMA in the area SE of Jammu.

3.1 Field and satellite observations

The SMA is cut by a number of SW-draining rivers that preserve late
Quaternary terraces along their margins. The morphology of these
terraces can be used to test models for the style of shortening in
the region (e.g. Lavé & Avouac 2000). We used a 12-m TanDEM-X
global digital elevation model (DEM) to identify and map terraces
along the Tawi, Ujh and Ravi rivers (Fig. 6). For each river, we
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Figure 6. Topography and structure of the Surin Mastgarh Anticline (SMA), NW Himalaya. Major faults and the anticline fold axis were traced from Gavillot
et al. (2016) and our field observations. Faults are labelled as in Fig. 2. Our estimated horizontal shortening rate on the fault underlying the SMA is annotated
in the black text box. Published shortening rates attributed to other active structures in the Jammu and Kashmir region are noted in white text boxes with the
structures annotated as follows: BF, Balapora Fault; BBF, Balakot-Bagh Fault; KR, Kangra Reentrant.

traced the edges of the individual terraces from the DEM and op-
tical satellite imagery, and confirmed the terrace locations during
fieldwork. By comparing the terrace heights above the present-day
river bed as a function of distance perpendicular to the range front,
we can reconstruct the deformation of these terraces since they were
formed.

An example of the terraces along the margins of the Ujh river is
shown in Fig. 7. The river profile shows a general concave-up shape,
the main disturbance to which is the zone of entrenched meanders
as the river passes through the core of the SMA. At the southern
margin of the anticline, the terrace level increases in height above
the river to ∼15–25 m over a horizontal distance of ∼2 km. Our field
observations indicated that the terraces were cut into gently dipping
Upper Siwalik conglomerates, which are themselves uplifted river
deposits. We suggest that this short-wavelength change in terrace
height records the outer zone of tectonic uplift, as there is no likely
alluvial cause for such a sudden change in terrace elevation given
the wide, low-gradient river valley where it drains into the plains
of the foreland basin. The terrace height above the river (green
lines on Fig. 7c) remains roughly constant to the north of the range
front, with perhaps a slight increase in elevation, until the core
of the anticline is reached, where no terraces are preserved in the
highly erosive landscape. It is not possible to correlate the terraces
across this region, but Fig. 7 shows that on the northern limb of the
anticline there is a clear pattern of terrace height above the river
increasing with distance along the profile. This observation implies
increasing uplift rates to the northeast. Such a pattern contrasts with
the commonly observed geometry of river terrace heights being at a
maximum along the axis of a growing anticline and decreasing into
the fold limbs (Molnar et al. 1994; Ainscoe et al. 2017). Equivalent
analyses carried out for the Tawi and Ravi rivers are shown in
Figs S19 and S20, respectively. These records are more fragmentary

due to the locations of the preserved terraces, but conform to the
same pattern as seen along the Ujh river.

The constant terrace height above the river observed throughout
the southern limb of the SMA implies that the uplift is not due
to folding, in which case the uplift would vary across-strike, but
instead due to faulting. A single, planar fault surface at depth would
result in a spatially consistent pattern of uplift at the surface. In this
situation, the short-wavelength decrease in terrace elevation at the
southwestern end of the profiles would represent localised warping
of the shallow sediments close to the fault tip. Furthermore, the
increase in terrace heights above the river at the northeastern end of
the profiles may imply a steepening dip of the fault in this region.
Such an inference is supported by the presence of a minor fault
that offsets the river terraces in this region. As shown in Fig. 8,
a fault scarp that accommodates south-side-up motion offsets the
terraces, although we were not able to establish the dip direction of
the fault due to a lack of suitable exposure. Aravind et al. (2022)
observed this fault during their field investigation and classified
it as a bending-moment resultant normal fault. Dip-slip faulting
within the hanging wall of the thrust directly beneath this location
is consistent with the accommodation of an increase in dip on an
underlying fault surface towards the northeast.

3.2 Implications for tectonic uplift rates and NW
Himalayan structure

The terrace heights above the Ujh River can be used to deduce the
tectonic uplift rate in the region. If we assume that, south of the
core of the anticline, the river has maintained a consistent profile
since the terraces were formed, then the amount of river incision
can be presumed to approximate the tectonic uplift since the terrace
abandonment. Although we could not locate appropriate material
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Figure 7. Geomorphological observations across the Surin Mastgarh Anticline. (a) DEM of the topography around the River Ujh approximately 60 km SE
from Jammu (Fig. 6). The blue line represents the river’s course and the coloured lines represent the edges of individual terraces. (b) Cross-section taken
parallel to the shortening direction across the region, showing the river and terrace elevations with distance along the profile. (c) The terrace heights above the
river with distance along the profile. Photographs in d, e and f show a selection of the terraces identified in the field.

during our fieldwork to date the terraces, it is likely that the ter-
races are Holocene–Pleistocene in age given that similar terraces
on nearby river systems have ages of 10–20 kyr (Tawi River; Dey
et al. 2021, Preprint) and 4–36 kyr (Chenab River; Vignon et al.
2017). Therefore, we assume a range of terrace ages between 4 and
36 kyr.

Using the lowermost, continuous terraces along the Tawi, Ujh and
Ravi rivers as proxies for uplift, dividing the terrace heights above
the rivers by a range of possible terrace ages yields an estimate
for the uplift rate. The river Ujh terraces yielded vertical uplift
rates in the range of 0.5–5.0 mm yr–1 across the southern limb of
the SMA, based on an average terrace height of 20 m (Fig. 7c).
Similarly, terraces along the Ravi river in the southern limb of the
SMA indicate vertical uplift rates of 0.4–3.8 mm yr–1, based on
a terrace height of 15 m (see Fig.S20). Terraces along the Tawi
river in the northern limb of the SMA indicate uplift rates of 0.3–
2.5 mm yr–1 based on a 10 m high terrace (see Fig.S19). If it is
assumed that the lowermost, laterally continuous terraces represent
the 8–15 kyr end-glacial terrace, as is the case elsewhere in the
Himalaya (Lavé & Avouac 2000; Richards et al. 2000; Mehta et al.
2014), then the corresponding estimated rates of uplift are 1.3–
2.5, 1.0–1.9 and 0.6–1.3 mm yr–1 based on the Ujh, Ravi and Tawi

river terraces, respectively. These estimates are of the same order of
magnitude as the Gavillot et al. (2018) estimated exhumation rate in
the core of the SMA of ∼1 mm yr–1, derived using low-temperature
thermochronology.

The uplift rates can be used to estimate the horizontal shortening
rate along the fault beneath the SMA. In the case where the terraces
have been uplifted by faulting, the horizontal shortening rate vs

will be related to the dip of the fault θ and the terrace uplift rate
vu by: vs = vu / tan(θ ). The simplest possible fault geometry is of
a constant-dip plane connecting the range front to the low-angle
seismicity at depth, which in this case would be required to dip
at 9–12◦. If it is assumed that the prominent laterally continuous
terrace level discussed above represents the 8–15 kyr end-glacial
terrace, as is common throughout the NW Himalaya (Phillips et al.
2000; Owen et al. 2002), and consistent with the 10 kyr terrace age
that Dey et al. (2021, Preprint) determined for the Ujh river, then
the uplift rate in the location of the Ujh river is 1.3–2.5 mm yr–1,
and the estimated horizontal shortening rate is 6.1–15.8 mm yr–1.
However, the observations presented above imply a steepening of
dip on the NE flank of the SMA, in which case the dip of the fault
beneath the region of the terraces on the SW flank of the fold will
be lower than this average value, and the rate of shortening will be
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Figure 8. Active faulting on the northeastern margin of the Surin Mastgarh Anticline. (a) Inset map showing the location of the DEM in (b). (b) DEM of the
Darung fault which offsets terraces along the western and eastern banks of the Ujh river. Red triangles mark the trace of the fault. (c) Google Earth satellite
imagery of the fault. Panels (d) and (e) show topographic profiles and field photos for two locations where we identified offset terraces in the field.

towards the upper end of our range of estimates. A lower limit on the
fault dip beneath the SMA can be approximated by not allowing the
estimated rate of shortening to exceed the total convergence across
this part of the Himalaya (12–14 mm yr–1, Kundu et al. 2014). If
the largest continuous terrace represents ages of 8–15 kyr, then the
lower dip limit is 5–10◦ for a convergence rate of 14 mm yr–1. If the
prominent terrace level is older, then this lower dip limit decreases
(e.g. to ∼3◦ for terrace ages of 25–30 kyr). Therefore, although
we are not able to uniquely determine the shallow fault dip or the
convergence rate in the region, the available information indicates
that the majority, or all, of the convergence, is accommodated by the
fault underlying the SMA, which dips at an angle of 3–10◦ under

the SW limb of the SMA, and increases in dip to the NE. The more
fragmentary terrace records on the Tawi and Ravi rivers preclude as
detailed an analysis, but their similar elevations to the Ujh terraces
imply similar shortening rates (although the underlying fault dip
may change towards the ends of the fold).

The depth to the updip tip of this buried fault can be estimated
from the terrace morphology by using the length scale over which
the terrace heights decrease at the southern end of the profile in
Fig. 7(c). The chosen geometrical model for the deformation plays a
role in controlling the estimated termination depth. For example, for
a ‘tri-shear’ model of the deformation beyond the fault tip (Erslev
1991; Hardy & Ford 1997; Allmendinger & Shaw 2000), if the
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tri-shear angle is 30◦ as commonly suggested for a thrust fault, then
the resulting estimate to the depth of the fault tip is ∼2.5 km. Other
models of fold production (e.g. fault-bend folds; Suppe 1983) would
result in values that are different in detail, but for our purposes the
2–3 km length scale over which the terrace height above the river
changes implies a depth to the updip fault tip of a similar value (i.e.
2–3 km).

3.3 Present-day thrust geometry in Jammu

The seismological and geomorphological results presented above
suggest that present-day shortening in the Jammu region is accom-
modated by motion on a buried, low-angle thrust fault that underlies
the SMA (Fig. 9). This fault has an updip termination near the edge
of the range front at a depth of ∼2.5 km, warping the terraces
above it. The thrust dips northeastwards at 3–12◦, as indicated by
the terrace uplift rates coupled with the necessity to connect to the
seismologically-estimated fault location to the NW. Northeast of the
SMA core, the fault steepens in dip, as indicated by an increase in
terrace heights above the rivers, and the presence of minor faulting
on the NE flank of the SMA. The steeper dip then projects north-
eastwards to the cluster of earthquakes ∼100 km NE of the range
front (Fig. 9). Beneath the higher Himalaya, the thrust fault geom-
etry may change further, but it is likely that the MHT is creeping
and unable to rupture during great earthquakes in this area (Pandey
et al. 1999; Stevens & Avouac 2015; Dal Zilio et al. 2021), and our
methods, therefore, do not allow us to constrain the geometry.

4 G E O L O G I C A L S T RU C T U R E O F T H E
S U R I N M A S T G A R H A N T I C L I N E

The seismicity and the relatively spatially uniform uplift of the river
terraces imply that the convergence in the Jammu region is currently
mostly accommodated by motion on a single major fault at depth.
However, the surface geology in the region is characterised by long-
wavelength folding. In this section, we describe the structure of the
folding and explore the relationship between folding and faulting
along the range front.

The fold is expressed in Siwalik units, which we identified in the
field using the lithological descriptions of Burbank et al. (1996),
Powers et al. (1998) and Gavillot et al. (2016, 2018). The Lower
Siwaliks are predominantly composed of red mudstones, the Mid-
dle Siwaliks of grey, massive, cross-bedded sandstones with some
interbedded mudstone layers, and the Upper Siwaliks of conglom-
erates and sandstones. This sequence is interpreted to represent the
evolution of sedimentary environments within the foreland basin
during the encroachment of the Himalayan mountain belt (Burbank
et al. 1996; Mugnier et al. 1999; DeCelles et al. 2001).

During fieldwork, we collected measurements of bedding strike
and dip along three transects across the fold, and in a selection of
intervening locations (Fig. 10). All strikes were parallel to the fold
axis, as shown by the poles to bedding illustrated on the stereonet
insets in Fig. 10. The bedding showed a distinctive pattern of in-
creasing dip towards the axis of the fold, where there was an abrupt
change in the younging direction in the near-isoclinal fold core. The
dips then reduced on the far side of the fold, as also discussed by
Aravind et al. (2022). Based upon the distribution of dips in the fold
core, we suggest that the fold is likely to represent the lower portion
of ‘lift-off’ folding produced by shortening above a weak decou-
pling layer, with the upper lobes having been removed by erosion
(Mitra 2003; Hardy & Finch 2005, see Fig. 10d, inset). The Lower

Siwalik mudrocks exposed in the fold core were highly deformed in
places, exhibiting striations and plentiful hydrothermal veining, and
may well represent a decoupling layer beneath the more competent
Middle and Upper Siwalik units. Such a geometry means that we are
not able to estimate the total amount of shortening across the fold.
However, we can estimate the depth to the base of the competent
Middle Siwalik sandstones on the SW margin of the fold, by as-
suming constant bed thicknesses in the Middle and Upper Siwaliks
and using the measured surface dips shown in Fig. 10. We estimate
a depth to the base of the Middle Siwaliks at the southern margin
of the fold of approximately 6 km, similar to a detachment depth of
8 km that Aravind et al. (2022) determined from a seismic reflection
survey across the fold hinge north of Jammu. The assumption of
constant bed thicknesses, although justified by the lack of visible
internal strain observed in the field, limits the accuracy of this es-
timate. However, for the purposes of our discussion below, the key
finding is robust, that the depth to the base of the Middle Siwaliks
on the SW margin of the thrust is deeper than the ∼2–3 km estimate
for the updip termination of the currently active fault.

The above analysis raises two points about the geometry and
evolution of deformation. First, the heights of the river terraces
do not reflect the bedding dips. The river terrace uplift is roughly
constant across the southern limb of the fold, in locations where
the bedding dips are increasing from subhorizontal to subvertical.
This comparison is in agreement with our inference above that the
terrace uplift is caused by Holocene–Pleistocene faulting, rather
than folding. Secondly, the estimated depth to the updip tip of the
faulting calculated using the river terrace geometries (∼2.5 km)
is significantly less than the depth to the base of the competent
Middle Siwalik units on the southern margin of the fold (∼6 km).
These analyses can be reconciled if the shortening in the region was
previously dominated by folding, and the fold has since been cut
through by faulting. This evolution of the deformation pattern has
been observed in other mountain belts (Emami et al. 2010; Hansman
& Ring 2018), and may represent either the evolution of material
properties of the rocks involved, or the outwards propagation of
low-angle faulting in order to limit the gravitational potential energy
contrasts that develop as a result of convergence and thickening.

5 S E I S M I C WAV E P RO PA G AT I O N
M O D E L L I N G

In this section, we use seismic-wave-propagation modelling to esti-
mate the earthquake-induced ground motions in the Jammu region
that would result from rupture on the low-angle thrust fault beneath
the SMA. We do not suggest that our results represent the ground
motions that will definitely occur during the next major earthquake
in the region, which depend upon a number of parameters of the
earthquake that it is not possible to accurately know in advance (e.g.
the amount of slip and the frequency content of the radiated waves,
as discussed in more detail below). We instead model one plausible
earthquake scenario, based on the logic presented below, and use
this situation to investigate the role that fault geometry plays on the
resulting ground motions.

Wave-propagation modelling has become an increasingly popular
method of hazard assessment, because developments in computa-
tional power and numerical methods mean it is now possible to
simulate the seismic wavefield at high frequencies, over large areas,
with arbitrarily complex sources and material properties. Therefore,
this type of modelling can take into account geological structures,
such as earthquake source geometries and lithological heterogeneity
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Figure 9. Cross-section taken along A–A’ in Fig. 2, showing the downdip structure of the Main Himalayan Thrust (MHT) across Jammu and Kashmir in the
NW Himalaya. The SMA fold structure from the balanced cross-sections is shown by light-grey lines, with the inferred base of the Middle Siwaliks in blue.
Waveform-modelled earthquakes from this study and Baranowski et al. (1984) are represented as the SE-dipping nodal plane (black solid lines) with a green
circle scaled in diameter by the earthquake seismic moment. For earthquakes where it was not possible to invert for a focal mechanism, we began by using a
representative focal mechanism based on fault plane solutions of neighbouring earthquakes after Molnar & Lyon-Caen (1989), Mitra et al. (2014) and Paul
et al. (2018) who previously waveform modelled a select number of moderate-magnitude earthquakes in the region. We then varied the dip of the nodal planes
to investigate which range was compatible with the polarity of the direct P-wave arrivals (see Supporting Information for an analysis of each earthquake’s
waveform solution). Earthquakes from Paul et al. (2018) and Agrawal et al. (in review) are shown as light grey dots. Faults are labelled as in Fig. 2. Also shown
is our inferred fault geometry (in red), as described in the text.

(e.g. the presence of foreland basins). Such work can also explore
the wave-propagation effects which control the amplitude and dura-
tion of the ground motions (Bowden & Tsai 2017; O’Kane & Cop-
ley 2021), which is fundamental for understanding seismic hazard
variations on regional scales.

5.1 Methodology

We used the SW4 (Seismic Waves, 4th Order) finite-difference code
(Petersson & Sjögreen 2017) to solve the viscoelastic wave equa-
tion with fourth-order accuracy in time and space for various earth-
quake rupture configurations in the region (Petersson & Sjögreen
2012, 2015). This method eliminates artificial reflections from far-
field boundaries by using a damping layer on all model boundaries
except for the free surface (Petersson & Sjögreen 2014). It also
allows for the use of a 3-D material model, which is beneficial for
accurately modelling the heterogeneity in the crust (Petersson &
Sjögreen 2012).

SW4’s ability to simulate earthquake ground motions at a re-
gional scale and at frequencies relevant to urban infrastructure
(∼0.1–10 Hz, Parajuli & Kiyono 2015; Moisidi et al. 2018) make it
an appropriate method for use in our study (Petersson & Sjögreen
2012, 2015; McCallen et al. 2021). The method has been widely
used in site-specific studies (e.g. Dreger et al. 2015; Pitarka et al.
2016; Rodgers et al. 2018, 2019b), where the modelled ground mo-
tions were consistent with observations and other ground-motion
models (Rodgers et al. 2019a).

5.2 Model setup

The model setup was designed to replicate the present-day config-
uration of the NW Himalayan range front and its adjacent foreland.
The computational domain is 100 km wide in the along-strike di-
rection, 150 km in across-strike length, and 30 km deep. The model
domain was discretized into a grid with a spacing of 100 m, which
is fine enough to resolve all frequencies in the range 0.015–1.5 Hz
(Petersson & Sjögreen 2012, 2015). In this paper, we concentrate
exclusively on the large-scale (regional) controls that the fault ge-
ometry and subsurface structure have on the earthquake-induced

ground motions. It is known that the shallow velocity structure
(particularly the average shear wave velocity for the top 30 m,
which is commonly known as Vs30) can have a large effect on the
amplification of ground shaking (Anderson et al. 1996; Catchings
& Lee 1996; Boore & Joyner 1997), as discussed below. However,
these smaller-scale, short-period effects from the shallow geology
will be superimposed on the larger-scale geometrical effects which
control the characteristics of the waves entering the near-surface,
which we focus on in this paper.

The material properties of the model domain [Vp (P-wave seis-
mic velocity), Vs (S-wave seismic velocity), Qp (P-wave seismic
attenuation), Qs (S-wave seismic attenuation) and ρ (density)] were
designed to represent the major geological components of the NW
Himalaya and its foreland basin. We generated a depth-variable
material structure for our model by averaging the 1-D velocity,
attenuation and density models for three discrete regions across-
strike of the NW Himalayan range front: the Indian Crust (Dube
et al. 1973; Bhattacharya 1991; Gaur & Priestley 1997; Singh et al.
1999; Cattin et al. 2001; Rai et al. 2003; Mitra et al. 2006; Shearer
et al. 2006; Hetényi et al. 2007; Srinagesh et al. 2011; Agrawal
et al. in review), the Lesser and Higher Himalaya (Ni et al. 1991;
Hetényi et al. 2007; Mahesh et al. 2013; Sharma et al. 2014; Tiwari
et al. 2015; Agrawal et al. in review; Bera et al. in review) and the
foreland basin sediments (Chun 1986; Bhattacharya 1992; Cattin
et al. 2001; Hetényi et al. 2006; Suresh et al. 2008; Mitra et al. 2011;
Chen & Wei 2019). Each of the published profiles and our resultant
depth-variable material model is illustrated in Fig. S21. A cross-
section through our material model for Vp is shown in Fig. 11(e).
The material properties are homogeneous along-strike of the com-
putational domain. The material grids for Vs, Qp, Qs and ρ are
presented in Fig. S22. The model comprises a northward-dipping
4.5–6.5 km deep Indus foreland basin (Bhattacharya 1992; Suresh
et al. 2008; Mitra et al. 2011) overlying Indian basement material
(see Fig. 11). This underlying Indian basement material is also used
for the velocity structure beneath the modelled thrust fault, with the
Himalayan velocity model in the hanging wall.

We simulated thrust-faulting earthquakes along our newly de-
fined MHT geometry, constructed from the results of Sections 2, 3
and 4. Each simulation recorded the wavefield at synthetic receiver
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Figure 10. Structure of the Surin Mastgarh Anticline (SMA). (a) Topographic map of the SMA showing three transects where we collected structural data
across the fold. Faults have been traced after Gavillot et al. (2016) and our field observations with labels: DF, Darung Fault; MBT, Main Boundary Thrust;
MCT, Main Central Thrust; MKT, Mandili Kishanpur Thrust. An inset equal-area lower hemisphere stereographic projection illustrates the overall structure of
the fold with Kamb contours plotted (after Kamb 1959) every tenth of a standard deviation, showing a significant cluster in the poles to bedding plane points.
Panels (b), (c) and (d) show estimated cross-sections and stereographic projections of the poles to bedding collected across transects A, B and C, respectively.
The geological unit labels are as follows: US, Upper Siwaliks; MS, Middle Siwaliks; LS, Lower Siwaliks; MF, Murree Formation; QS, Quaternary Sediments.
The inset in (d) illustrates a simplified lift-off fold geometry for the SMA, prior to erosion [redrawn from Mitra (2003)].

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/231/3/2009/6659210 by U

niversity of C
am

bridge user on 13 Septem
ber 2022



Active shortening in the northwest Himalayas 2023

Figure 11. Configurations of the thrust geometry used in the ground-motion modelling. (a), (b) and (c) illustrate cross-sections through the model setups for
ground-motion simulations with a surface-rupturing (e.g. Nepal), shallowly-buried (e.g. NW India) and deep fault (e.g. eastern Pakistan) geometry. Panels (d)
and (e) show cross-sections through the model setups for partial ruptures of the upper (e.g. potential post-Gorkha earthquake) and lower portion of the fault
(e.g. 2015 Gorkha earthquake). The ruptured portions of the Main Himalayan Thrust are shown in red and the Indus Basin in yellow. The topography is shown
in grey, although the topography itself is not included in our models. All other labels are the same as in Fig. 2. Panel (e) illustrates a cross-section through the
material model we used for Vp. The grids for the other material properties (Vs, Qp, Qs and ρ) used in our model are presented in Fig. S22.
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stations that were placed at 1 km intervals, in a line running across-
strike through the centre of the model domain. The moment release
and rupture process on the MHT were parameterised as follows.
The spatial distribution of moment release on the MHT was ap-
proximated by placing subsources spaced 100 m apart along-strike
and downdip. To calculate the moment release at each of these sub-
sources, we defined a slip distribution on the MHT and distributed
the moment release between the subsources. The slip distribution
was taken to have a peak slip of 8 m in the centre of the fault, and
was linearly tapered towards the margins of the rupture area form-
ing an elliptical slip patch. The peak slip of 8 m was imposed to
replicate the slip deficit accumulated in the NW Himalaya since the
last major earthquake (Schiffman et al. 2013; Bilham 2019; Jade
et al. 2020). At each subsource a Gaussian source–time function
was used, and we set the angular frequency of each subsource to
∼3.77 Hz, which equates to a fundamental frequency (f0) of 0.6 Hz
(Sjögreen & Petersson 2012). The angular frequency was selected
such that all frequencies in the range of 0.015–1.5 Hz could be
simulated.

Rupture propagation was simulated by setting the time of mo-
ment release at each subsource. We defined the rupture to initiate at
the bottom corner of the locked patch of the MHT and rupture updip
and along-strike at a velocity of 2.5 km s–1, based on models of past
continental thrust-faulting earthquakes (Wen et al. 2012; Avouac
et al. 2015; Yagi & Okuwaki 2015; Lay et al. 2017). Deeper sec-
tions of the MHT are thought to be creeping aseismically (Bollinger
et al. 2004), which limits the downdip extent of the rupture area. In
Jammu, the cluster of earthquakes ∼100 km NE of the range front
are thought to represent the locked-to-creeping transition along the
MHT, as discussed above, suggesting that the available rupture area
has a 75–80 km downdip width. The along-strike length of the rup-
ture is constrained to be equal to the downdip width (Scholz 1982).
This geometry is consistent with the <100 km along-strike length
of the SMA being underlain by a coherent fault plane that breaks
in single events. The total resulting moment magnitude of the syn-
thetic earthquakes varies depending on the imposed geometry of
the shallow part of the faulting, as described below.

In each simulation, the velocity structure, rupture process and
model domain remain the same. What we vary between simulations
is the geometry of the shallow part of the thrust fault, and the depth-
extent of the thrust fault that ruptures. We calculate the ground
motions from five different thrust fault configurations, to explore
the effects of fault geometry on the resulting ground motions. In
Model 1 (Fig. 11a) the shallow thrust has a geometry similar to that
seen in the Nepal Himalaya, where a steeper-dipping splay connects
the fault at depth to the surface (Brunel 1986; Schelling 1992;
Mugnier et al. 1999). In Model 2 (Fig. 11b) the splay connecting
the thrust to the surface is not present, and fault slip terminates
at 2.5 km depth, as we suggest is the case in the J&K region. In
Model 3 (Fig. 11c) the thrust ruptures along the sediment-basement
interface, replicating the geometry observed in places where the
faulting is deeper (e.g. as event 03 on Fig. 2 suggests is the case
in eastern Pakistan). Model 4 (Fig. 11d) was designed to reflect a
rupture where only the shallowest part of the thrust ruptures, and
Model 5 (Fig. 11e) represents only the deepest portion of the thrust
rupturing. Model 5 therefore represents a ‘Gorkha-style’ rupture,
and Model 4 is equivalent to an earthquake on the remaining locked
portion of the MHT, updip of the 2015 Gorkha earthquake (e.g.
Wesnousky et al. 2017a). The corresponding moment magnitudes
of the synthetic earthquakes are Mw = 7.7, 7.7, 7.7, 7.4 and 7.5
for Models 1–5, respectively. The moment magnitudes vary slightly
between models to reflect the downdip width of the fault, although

all other dimensions are kept the same. In the following section, we
describe the simulated ground motions for each of these different
rupture geometries.

It is important to consider the frequency content of our modelled
waveforms and the shallow subsurface structure when interpreting
the model results. We will present below the peak ground velocity
(PGV) produced by our models. The peak PGV values in recordings
of natural earthquakes generally occur at frequencies ≤1 Hz (Boore
2001; Frankel et al. 2002; Frankel 2009; Takai et al. 2016), so would
be resolvable in our models. The dominant frequencies produced by
our model setup are similar to those of past Himalayan earthquakes,
such as the 0.15–0.70 Hz observed in the 2015 Gorkha earthquake
(Galetzka et al. 2015; Tallett-Williams et al. 2016; Rajaure et al.
2017; Chen & Wei 2019). However, our computational domain does
not allow us to model variations in the shallow velocity structure,
which can have an important effect on the ground motions. Our
models can, however, demonstrate the larger-scale wave propagation
effects that control the nature of the seismic energy that enters
the subsurface. The minimum S-wave velocity in our modelled
basin is 1700 m s−1. Shallow low-velocity layers would result in
ground motion amplification at those sites (Anderson et al. 1996;
Catchings & Lee 1996; Boore & Joyner 1997). However, we do
not have detailed information on the shallow subsurface structure
for our study region, and the size of our computational domain
prevents us from implementing short-wavelength, shallow velocity
variations. Any such shallow velocity variations would have the
same effects on all of the models we discuss in this paper, which
use the same velocity structure (see Figs S21 and S22). Therefore,
these models should be interpreted as providing an understanding
of the relative PGV values for a range of different fault geometries,
rather than being accurate assessments of the absolute values that
may be produced by an earthquake in the region.

The peak ground acceleration (PGA) produced by earthquakes
can be affected by energy at frequencies larger than those we model
here. Such a situation will be relevant when an earthquake produces
significant high-frequency radiation (such as in the case of the 1994
Northridge buried thrust-faulting earthquake, Finn et al. 1995; Field
et al. 1998), and in near-source locations where the high frequencies
have not yet been preferentially attenuated. We focus on the more
well-resolved PGV results in this paper, which some studies suggest
have the closest correlation with intensity measures and damage
statistics (Schenk et al. 1990; Wald et al. 1999; Wu et al. 2003).
However, when comparing our models to observations from past
earthquakes, we make use of the PGA ground motion metric, and in
these cases, we use the PGAs within our modelled frequency band.

5.3 Model results

Fig. 12 shows the permanent ground displacement and absolute
PGV that would result from Models 1, 2 and 3 in which we varied
the geometry of the very shallowest part of the thrust (Fig. 12a). All
three models have low PGV where the fault ruptures the deepest
part of the thrust, with a progressive increase in the PGV as the fault
depth decreases between distances of 150 and 75 km across-strike.
At distances <75 km across-strike, near the deepest part of the
foreland basin, the PGVs between the models with different rupture
scenarios begin to deviate significantly. The model in which the
fault ruptures the surface produces the highest PGVs of the three
(Figs 11a–c) with peak velocities in excess of >5 ms−1.

The modelled PGV values are consistent with observations
from past thrust earthquakes of a similar magnitude. For example,
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Figure 12. Calculated ground motions as a function of distance across-strike for models with three different shallow thrust geometries. (a) Model cross-
section illustrating the three source geometries [surface-rupturing fault (e.g. Nepal), shallowly-buried fault (e.g. Jammu, NW India) and deep basal fault (e.g.
eastern Pakistan)]. Panels (b) and (c) show permanent ground displacement and absolute peak ground velocity, respectively, along a line running across-strike
through the centre of the model domain. The minimum S-wave velocity in our modelled basin is 1700 ms−1 and the full velocity structure is illustrated in
Figs S21 and S22.

Lu et al. (2010) showed that the surface-rupturing 1999 Mw 7.6 Chi-
Chi, Taiwan earthquake resulted in PGV values of up to ∼3 ms−1,
whilst buried-fault earthquakes such as the 1978 Mw 7.4 Tabas, Iran
earthquake generated lower PGVs of up to ∼1.2 ms−1. Similarly,
Lu et al. (2010) recorded PGVs in the range of ∼0.2–1.4 m s−1 for
the 2008 Mw 7.9 Wenchuan earthquake. Although lower in magni-
tude, the 1994 Mw 6.7 Northridge earthquake produced PGV values
of ∼1.5 m s−1, highlighting the possibility that the values from the
larger events may underestimate the true maximums due to the spar-
sity of recordings (Suzuki & Iervolino 2017). The lateral variability
in the measurements from each of these events, at a given distance
from the fault, is likely to be related to lateral contrasts in the shal-
low velocity structure, which as discussed above is not included in
our models. However, the general agreement in our modelled PGV
values and those from past thrust events show that our models are
sufficiently close to observations that they can be effectively used to

examine the controls that the fault geometries described above can
play on the ground motions, as an intercomparison of the relative
values between the models.

As discussed above, we are only able to measure the PGA re-
sulting from waves within our resolved frequency band, which can
underestimate the true value for cases where sites experience plen-
tiful high-frequency shaking. However, our estimated values in the
range of ∼3–15 m s−2 within ∼20 km distance from the ruptures
in Models 1, 2 and 3 (see Figs 11a–c), are similar to recordings of
large thrust earthquakes, such as the 2008 Wenchuan earthquake
where PGAs were recorded in the range of 4–10 m s−2 (Wen et al.
2014) and the 1971 San Fernando earthquake where PGAs as high
as 12.3 m s−2 were recorded (Trifunac 1972). This agreement may
suggest that either the spectra produced by large events are domi-
nated by frequencies ≤1.5 Hz (as in our model setup), or that the
higher frequencies are rapidly attenuated. Our model results are
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Figure 13. Peak ground motions as a function of distance across-strike for models with varying rupture geometries. (a) Model cross-section illustrating the
three different fault rupture geometries [upper fault (potential post-Gorkha earthquake), lower fault (e.g. 2015 Gorkha earthquake) and entire fault (great
Himalayan earthquakes with Mw >8)]. (b) and (c) show permanent ground displacement and absolute peak ground velocity, respectively, along a line running
across-strike through the centre of the model domain. The minimum S-wave velocity in our modelled basin is 1700 ms−1 and the full velocity structure is
illustrated in Figs S21 and S22.

within a similar range to those of the previous models of Harbindu
et al. (2014), who calculate ground motion model PGAs on the order
of 1–10 ms−2 for the neighbouring Garhwal Himalaya, following
the empirical rules of Abrahamson & Litehiser (1989), Singh et al.
(1996), Abrahamson & Silva (1997), Boore & Atkinson (2008) and
Sharma et al. (2009).

The surface-rupturing earthquake (Model 1) produces PGVs that
are ∼18 per cent higher than those generated by the shallow fault
model (Model 2). Most notably, the surface-rupturing earthquake
scenario (Model 1) produces almost 1 ms−1 higher PGVs than the
deep fault scenario (Model 3), equating to a ∼20 per cent higher
PGV resulting from an earthquake with a ∼10 per cent lower mo-
ment magnitude. Therefore, we can deduce that the shallow fault
geometry has a greater effect on the ground motions than the dif-
ferences in earthquake magnitude between the scenarios, and our

results illustrate that minor variations in the shallow fault geometry
can have a large effect on the ground motions produced.

The high PGVs from these shallow thrust ruptures are a result of
a combination of factors. The most influential factor is the source
depth, in addition to the fault dip (O’Kane & Copley 2021). The
shallow part of the thrust also cross-cuts the foreland basin sed-
iments, which amplify ground motions (Bard & Bouchon 1985;
Rial et al. 1992; Joyner 2000; Meza-Fajardo et al. 2016; Rajaure
et al. 2017). Previous results (O’Kane & Copley 2021) show that
the overall shape and amplitude of the PGV curves are governed by
the source geometry (particularly the depth), and the basin depth
and geometry. The small-wavelength (<10 km) undulations in PGV
within the basin are a result of body-wave resonance.

The results shown in Fig. 12 demonstrate that, although the dif-
ferences in the three fault geometries we have tested are relatively
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minor, they have significant impacts on the calculated ground mo-
tions. In particular, whether the updip section of the fault is sub-
horizontal at depth (as in eastern Pakistan, Jouanne et al. 2020), or
terminates at 2.5 km depth (as in J&K), or ruptures to the surface (as
observed further east along the Himalaya; Wesnousky et al. 2017a),
can change the resulting surface ground motions significantly. This
result highlights the importance of accurately determining subsur-
face fault geometries when conducting hazard assessments.

Fig. 13 shows the permanent ground displacement and peak
ground velocity that would result from Models 2, 4 and 5 in which
we varied the area of the fault that ruptures. These calculations
were conducted to estimate the differences in ground motion that
would result from a complete or partial rupture of the thrust, and
were motivated by the observation that the 2015 Gorkha earthquake
only ruptured the bottom half of the locked portion of the MHT
(Galetzka et al. 2015).

The most striking result from these calculations is the compara-
tively small PGVs observed for the models in which only the lower
portion of the fault breaks (Fig. 13). For example, the PGVs for
earthquakes that rupture either the whole fault or just the shallow
part of the fault are both relatively similar in amplitude directly
above the rupture with PGVs of >5 m s−1. The PGVs generated
by the lower-fault rupture reach a maximum of ∼1.5 m s−1, similar
to the ground motions reported by Hough et al. (2016) following
the 2015 Gorkha earthquake, where PGV values of ∼0.3–1.1 m s−1

in Nepal were recorded, reducing to <0.12 m s−1 for Indian sites
situated >100 km from the fault that ruptured. These simple calcu-
lations demonstrate the potentially hazardous ground motions that
would be generated if the upper, and most likely locked (Ingleby
et al. 2020), part of the MHT in Nepal was to break in the future
(Fig. 13). Although a more serious scenario would be if a Mw 8
earthquake were to rupture the whole fault, from the base of the
locked zone to the surface, the PGVs generated by only a shallow
rupture of the MHT are similar in amplitude and still pose a severe
hazard.

In the preceding analysis, we have assumed the rupture of a
single along-strike segment of the fault. The worst-case scenario
would be, however, if the entire fault segment beneath Jammu were
to rupture along with other fault segments along-strike (such as
those that ruptured to the southeast in the 1905 Kangra earthquake
and/or to the northwest during the 1555 Kashmir earthquake). These
scenarios would result in a higher-magnitude event, possibly more
similar to the 1505 event in western Nepal, which may have been
closer to magnitude 9 (Bilham 2019). However, in this manuscript
we limit ourselves to analysing scenarios in which only the fault
segment underlying the SMA ruptures.

5.4 Implications for seismic hazard

Overall, our results emphasise the critical role that the fault geome-
try has on the ground motions produced by large thrust earthquakes,
meaning that it is important that we better constrain the shallow
thrust structure across the whole Himalayan range front, and on
mountain range fronts in general. Our results also indicate that not
only does the source depth play an important role in controlling
earthquake ground motions at a given location, but also the under-
lying velocity structure and site conditions, such as the subsurface
geology (i.e. basin sediments or crystalline basement) and its dis-
tance from the earthquake-generating fault. The ground motions
we have modelled are significantly lower in the Lesser and Higher

Himalayas than in the foreland basin, due to the material which
makes up the crust in those regions. The model results demonstrate
that cities built on the Siwalik foothills or Himalayan foreland are at
risk of experiencing higher ground motions from earthquakes than
those in the mountainous regions built on bedrock further north.

The Himalaya is one of the most rapidly deforming mountain
ranges in the world, and the structures that accommodate the short-
ening change significantly over time. Therefore, what may appear
to be the most obvious deformation structure at the surface, may in
fact hide the current fault geometry (e.g. the SMA in Jammu now
appears to be inactive and cut by an active thrust at depth). It is there-
fore important that we carefully study not just the structural geology
of these regions, but also the Holocene–Pleistocene geomorphology
to determine the most recent configuration of deformation. In this
way, we can more accurately determine the possible fault geome-
tries at depth, which is critical for estimating the seismic hazard
posed by large thrust-faulting earthquakes.

6 C O N C LU S I O N S

We have used seismology and geomorphology to constrain the
downdip structure of the Main Himalayan Thrust in the NW Hi-
malayan seismic gap near Jammu. We find that the MHT does not
reach the surface in this region, but terminates at ∼2.5 km depth
beneath the Surin Mastgarh Anticline, which is the main expression
of shortening at the surface. We have also been able to document
the fault geometry at depth, as far as the likely downdip limit of
brittle deformation. Seismic-wave-propagation simulations using
this newly defined fault geometry, and the equivalent shallow fault
geometry from elsewhere along the Himalayan arc, highlight the
importance of the shallow thrust structure on the predicted ground
motions. Faults that rupture to the surface can generate peak ground
velocities that are ∼20 per cent larger than those where the rupture
remains buried within the foreland basin deposits. Similarly, we
find that rupture along the updip portion of the MHT will produce
>3 times higher peak ground velocities than rupture along its lower
portion. Our results indicate that accurate constraints on the shallow
geometry of thrust faults around the margins of mountain ranges are
required for estimating seismic hazard in these critically-exposed
regions.
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DATA AVA I L A B I L I T Y

Digital elevation data was sourced from the Shuttle Radar To-
pography Mission (which can be freely downloaded from http:
//www2.jpl.nasa.gov/srtm/), and the TanDEM-X Mission, which
we sourced from the German Aerospace Center (DLR) (proposal
number DEM-GEOL1445). GPS velocities were acquired from
a local NW Himalaya study (Kundu et al. 2014) and global
Strain Rate Model (Kreemer et al. 2014), available for down-
load from https://storage.globalquakemodel.org/what/seismic-haza
rd/strain-rate-model/. Earthquake data was sourced from individ-
ual studies referenced in the manuscript, in addition to global
catalogues: (1) Centroid moment tensor data was downloaded
from https://www.globalcmt.org/, (2) ISC-EHB data was acquired
from http://www.isc.ac.uk/isc-ehb/, (3) Waveform-modelled earth-
quake source parameters were downloaded from https://comet.nerc
.ac.uk/gwfm catalogue/ and (4) Earthquake seismogram data was
acquired from IRIS at https://ds.iris.edu/wilber3/find event/. The
SW4 finite-difference code, developed at the Lawrence Livermore
National Laboratory, is available to download from www.geodyn
amics.org/cig/software/sw4/. All figures have been produced using
Generic Mapping Tools v6 (Wessel et al. 2019).
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S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at GJI online.

S1. Body-waveform modelling results
S2. Geomorphological analysis of the Tawi and Ravi river terraces
S3. Seismic-wave-propagation modelling material model
Figure S1. Waveform modelling of the broad-band vertical-
component seismograms for the 11th January 2021 earthquake us-
ing a representative focal mechanism of 325/45/120 based on neigh-
bouring earthquakes 12 and 13 to the east (Fig. 2 in the manuscript).
The observed seismograms are shown in black and the modelled
synthetics in red. Black triangles on the focal mechanism repre-
sent stations with a compressional P-wave arrival, whilst light grey
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triangles are stations with a dilatational P-wave arrival. Each mod-
elled station has a three to four letter station code (positioned in the
bottom-right corner of each seismogram) and a corresponding sta-
tion number on the focal sphere. The earthquake hypocentral depth
and dip which yielded the best visual fit to the observed waveforms
are outlined in the header panel. For events with less-constrained
waveform fits, we varied the earthquake dip beyond the best-fitting
value to visualise a range of dips that produced an acceptable vi-
sual fit to the broad-band waveforms. The station distribution and
polarity of the P-wave arrivals allowed us to narrow this range of
acceptable dips as the stations were constrained to their respective
P and T quadrants of the focal sphere. All subsequent figures of
broad-band body-waveform modelling results follow this same for-
mat.
Figure S2. Waveform modelling of the broadband (a) and short-
period (b) vertical-component seismograms for the 26th Febru-
ary 2020 earthquake using a representative focal mechanism of
327/42/122 based on earthquakes 05 and 06 to the northwest (see
Fig. 2 in the manuscript). The observed seismograms are shown
in black and the modelled synthetics in red. In (b) the top three
recordings illustrate a raw vertical-component seismogram from
the seismic array, the stack (beam) of the array seismograms, and a
band-pass filtered version of the stack. The F-statistic of Heyburn
& Bowers (2008) is shown below in grey, highlighting where most
energy occurs in the stack after the direct P-wave arrival. The bot-
tom two panels show the normalised amplitude of the F-statistic for
the horizontal slowness (p) and over various backazimuths (baz) to
confirm that the energy after the direct P-wave arrival was coming
from the same direction as the direct P arrival (which is expected for
the depth phases). The dashed white line shows the backazimuth of
the earthquake epicentre. The earthquake hypocentral depth which
yielded the best visual fit to the observed filtered beamformed stack
of seismograms and the name of the seismic array used in the body-
waveform modelling is outlined in the header panel. All subsequent
figures of short-period body-waveform modelling results follow this
same format.
Figure S3. (a) Minimum-misfit solution for the 24th September
2019 earthquake from inverting long-period P and SH waveforms
for the source–time function (STF, positioned in the bottom left cor-
ner of the bottom panel), the focal mechanism and the centroid depth
(see header panel for the resultant earthquake parameters). The mid-
dle and lower panels illustrate a lower hemisphere projection of the
P and SH nodal planes in the centre, surrounded by the observed
(solid black lines) and modelled (dashed red lines) seismograms for
each station used in the inversion, with their three to four letter sta-
tion code positioned to the left of each seismogram. The pressure
and tension axes were projected onto the focal sphere as a black
and white circle, respectively. The two black tick marks on each
seismogram show the time window over which the inversions were
performed. All subsequent figures of long-period body-waveform
modelling results follow this same format. (b) Sensitivity analysis
tests as part of the long-period body-waveform modelling conducted
for the 24th September 2019 earthquake. The header panel outlines
the ranges over which the earthquake parameters (centroid depth
and dip) produced an acceptable visual fit to the long-period wave-
forms. A lower hemisphere projection of the P and SH nodal planes
and the visual fit to six seismograms (3 P and 3 SH) are shown for
each test, with the source–time function (STF) and station codes
positioned to the right and top of the corresponding waveforms, re-
spectively. The observed waveforms are shown as black solid lines
and the modelled synthetics are shown as red dashed lines. All sub-
sequent figures of long-period body-waveform modelling sensitivity

analysis tests follow this same format. (c) Waveform mod-
elling of the broad-band vertical-component seismograms for the
24th September 2019 earthquake showing the observed seismo-
grams (black) and modelled synthetics (red) for the focal mecha-
nism determined from the long-period body-waveform modelling
(275/01/086).
Figure S4. Waveform modelling of the broadband (a) and short-
period (b) vertical-component seismograms for the 13th June 2014
earthquake using a representative focal mechanism of 325/30/120
based on earthquakes 12 and 13 to the east and earthquake 01 to the
north (see Fig. 2 in the manuscript). The observed seismograms are
shown in black and the modelled synthetics in red. The synthetic
seismograms match the observed at station IBBN with a hypocentral
depth of 15 km, although a slightly shallower depth of 11.5 km
matches the waveform recorded at station MORC. This difference
may reflect the differential topography near the bounce points of
depth phases travelling to stations IBBN and MORC. In (b) we
fitted the synthetics for two hypocentral depths (11.5 and 15.5 km)
and found that the synthetics for the 11.5 km depth had a better
visual fit to the band-pass filtered stack of seismograms.
Figure S5. Waveform modelling of the broadband (a) and short-
period (b) vertical-component seismograms for the 2nd August
2013 earthquake (at 21:37 GMT) using a representative focal mech-
anism of 326/42/110 after Paul et al. (2018). The observed seismo-
grams are shown in black and the modelled synthetics in red.
Figure S6. Waveform modelling of the broadband (a) and short-
period (b) vertical-component seismograms for the 2nd August
2013 earthquake (at 02:32 GMT) using a representative focal mech-
anism of 326/42/110 based on neighbouring earthquake 05 to the
north (see Fig. 2 in the manuscript). The observed seismograms are
shown in black and the modelled synthetics in red.
Figure S7. Minimum-misfit solution (a) and sensitivity analysis
tests (b) for the 1st May 2013 earthquake from inverting long-period
P and SH waveforms for the focal mechanism, centroid depth and
source–time function (STF). In (a) the header panel outlines the
resultant earthquake parameters and the STF is positioned in the
bottom left-hand corner of the bottom panel. In (b) the header
panel outlines the ranges over which the earthquake parameters
(centroid depth and dip) produced an acceptable visual fit to the
long-period waveforms. Waveform modelling of the broadband (c)
and short-period (d) vertical-component seismograms for the 1st
May 2013 earthquake showing the observed seismograms (black)
and modelled synthetics (red) for the focal mechanism determined
from the long-period body-waveform modelling (299/14/080).
Figure S8. Waveform modelling of the broad-band vertical-
component seismograms for the 23rd August 2011 earthquake using
a representative focal mechanism of 325/40/120 based on earth-
quakes 05 and 06 to the northwest (see Fig. 2 in the manuscript).
The observed seismograms are shown in black and the modelled
synthetics in red.
Figure S9. Waveform modelling of the broad-band vertical-
component seismograms for the 26th May 2006 earthquake using
a representative focal mechanism of 325/40/120 based on earth-
quakes 05 and 06 to the northwest (see Fig. 2 in the manuscript).
The observed seismograms are shown in black and the modelled
synthetics in red.
Figure S10. Waveform modelling of the broadband (a) and short-
period (b) vertical-component seismograms for the 15th Octo-
ber 2005 earthquake (at 04:32 GMT) using a representative fo-
cal mechanism of 298/10/082 based on earthquake 15 along-strike
to the southeast (see Fig. 2 in the manuscript). In (a) we could
not deduce a hypocentral depth as there were no identifiable depth
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phases in the station waveforms, albeit many clear P-wave arrivals.
Therefore, we used the azimuthal distribution and polarity of the
P-wave first motions picks at each station to help constrain the NE-
dipping nodal plane [assuming the rake of the mechanism is 90◦

(i.e. a pure thrust)]. In (b) the observed seismograms are shown in
black and the modelled synthetics in red.
Figure S11. Waveform modelling of the broad-band vertical-
component seismograms for the 15th October 2005 earthquake (at
04:24 GMT) using a representative focal mechanism of 298/10/082
based on earthquake 15 along-strike to the southeast (see Fig. 2 in
the manuscript). The observed seismograms are shown in black and
the modelled synthetics in red.
Figure S12. Waveform modelling of the broad-band vertical-
component seismograms for the 15th September 1993 earthquake
using a representative focal mechanism of 325/42/120 based on
neighbouring earthquakes 05 and 06 to the east (see Fig. 2 in the
manuscript). The observed seismograms are shown in black and the
modelled synthetics in red.
Figure S13. Waveform modelling of the broad-band vertical-
component seismograms for the 15th September 1993 earthquake
using a representative focal mechanism of 325/42/120 based on
earthquakes 05 and 06 to the east (see Fig. 2 in the manuscript).
The observed seismograms are shown in black and the modelled
synthetics in red.
Figure S14. Waveform modelling of the broad-band vertical-
component seismograms for the 26th April 1986 earthquake using
a starting gCMT focal mechanism of 299/19/058. The observed
seismograms are shown in black and the modelled synthetics in red.
Figure S15. Waveform modelling of the broad-band vertical-
component seismograms for the 15th September 1993 earthquake.
We modelled both the gCMT focal mechanism (293/10/063) and
Molnar & Lyon-Caen (1989) solution (310/10/080) as our first-
motion constraints until we found the best visual fit to the broad-
band seismograms. The observed seismograms are shown in black
and the modelled synthetics in red.
Figure S16. Waveform modelling of the broad-band vertical-
component seismograms for the 1st May 1980 earthquake using
a representative focal mechanism of 325/42/115 based on earth-
quakes 05 and 06 to the north and earthquake 07 to the northwest
(see Fig. 2 in the manuscript). The observed seismograms are shown
in black and the modelled synthetics in red.
Figure S17. Waveform modelling of the broad-band vertical-
component seismograms for the 14th June 1978 earthquake using a
representative focal mechanism of 299/20/058 based on neighbour-
ing earthquake 14 to the northwest (see Fig. 2 in the manuscript).

The observed seismograms are shown in black and the modelled
synthetics in red.
Figure S18. Waveform modelling of the broad-band vertical-
component seismograms for the 7th May 1978 earthquake using
a representative focal mechanism of 295/10/082 based on earth-
quake 03 to the south, earthquake 14 along-strike to the southeast
and earthquake 15 to the east (see Fig. 2 in the manuscript). The ob-
served seismograms are shown in black and the modelled synthetics
in red.
Figure S19. Geomorphological observations in the western region
of the Surin Mastgarh Anticline. (a) DEM of the topography border-
ing the River Tawi which flows from the Lesser Himalayan moun-
tains through the city of Jammu, draining into the Indus basin. The
blue line represents the river’s course and the coloured lines repre-
sent terraces. (b) Cross-section taken parallel with the shortening
direction across the region, showing the river and terrace elevations
with distance along the profile A–A’. c) The terrace heights above
the river with distance along the profile A–A’.
Figure S20. Geomorphological observations in the eastern region
of the Surin Mastgarh Anticline. (a) DEM of the topography bor-
dering the Ravi river’s course through the Siwalik foothills, located
approximately 20 km northwest of the city of Pathankot. The blue
line represents the river’s course and the coloured lines represent
terraces. (b) The river and terrace elevations with distance along
the profile A–A”, taken parallel with the river’s course. (c) The ter-
race heights above the river with distance along the profile A–A”,
taken parallel with the river’s course. (d) The terrace heights above
the river with distance along profile A’–A”, taken parallel with the
shortening direction across the region.
Figure S21. Averaged depth-variable profiles for the crustal prop-
erties (Vp, Vs, Qp, Qs and ρ), for each of the three discrete regions
which make up our material model.
Figure S22. Material model used for the seismic-wave-propagation
modelling in this study. The material properties are homogeneous
along-strike and heterogeneous across-strike, based on a compila-
tion of published depth-variable profiles for three distinct regions
which make up our model: (1) the Indus Basin and Siwalik sedi-
ments, (2) the Indian Crust and (3) the Lesser and Higher Himalaya.
(a), (b), (c), (d) and (e) illustrate the 2-D grid across-strike for ma-
terial properties Vp, Vs, Qp, Qs, and ρ, respectively.

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.
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