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SUMMARY

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 M,, >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.

Paleoseismic studies have found evidence for great (>=M,, 8)

L INTRODUCTION surface-rupturing earthquakes in the 11" to 17" centuries along

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).

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 M,, 7.8 Kangra, (2) 1934 M,, 8.4 Bihar—Nepal,
(3) 1950 M,, 8.6 Assam, (4) 2005 M,, 7.6 Kashmir and (5) 2015 M,,
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 My, 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; Ekstrom 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).
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the largest My, 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 M,, 7.6-8.0 1555 Kashmir and M,, 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 SEISMICITY IN THE NORTHWEST
HIMALAYAS

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 >M,, 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
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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 M,, 5.7 Mirpur and 2013 M,,
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; Ekstrom 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
Vo = 5.9 km st and Vs = 3.4 km s, 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; Ekstrom 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 My Method
(YYYY-MM-DD) (HH:MM:SS GMT) ©) ©) (km) ©) ©) ©)

01 2021-01-11 14:02:03 7559 3330 67 - 4512 - 5.1 BHZ(S01)

02 2020-02-26 15:04:08 7625 3298  15'2 - 4013 - 5.0 BHZ(S02a), SHZ(S02b)

03 2019-09-24 11:01:54 7379 3308  10'3 275 01*? 086 57 LP(S03a,503h), BHZ(S03c)

04 2014-06-13 13:32:51 7560 3327  115'7 - 3018° - 52 BHZ(S04a), SHZ(S04b)

05 2013-08-02 21:37:43 7589 3331  14'1 326 4213, 110 5.1 BHZ(S05a), SHZ(S05h)

06 2013-08-02 02:32:48 7587 3323 15'% 327 4213, 122 5.1 BHZ(S06a), SHZ(S06h)

07 2013-05-01 06:57:15 7573 3310  15'3 299 1470 080 5.6 LP(S07a,S07h), BHZ(S07c), SHZ(S07d)

08 2011-08-23 01:22:57 76.84  33.08 134 35310 - 5.3 BHZ(S08)

09 2006-05-26 00:41:39 7622 3315 ot 4015, 52 BHZ(S09)

10 2005-10-15 04:32:19 73.96 34,02 144 1512 - 5.2 BHZ(S10a), SHZ(S10b)

11 2005-10-15 04:24:04 7395 3403  13'} 15*7 - 53 BHZ(S11)

12 1993-09-15 15:08:14 7574 3332 8 307H - 5.0 BHZ(S12)

13 1990-12-25 03:56:46 7574 3330 34 - 4519 - 55 BHZ(S13)

14 1986-04-26 07:35:16 7635 3223 13'] 299 2073 058 55 BHZ(S14)

15 1980-08-23 21:36:49 7576 32.98 1677 293 10*2 082 55 BHZ(S15)

16 1980-05-01 05:43:10 7592 3299  13'} 3071 - 52 BHZ(S16)

17 1978-06-14 16:12:04 7657 3218  32'1 253, - 53 BHZ(S17)

18 1978-05-07 10:32:25 7361 3343 14"} 019 - 53 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 < M,, < 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 M,, 5.0 to 5.2 and one M,, 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 0.1and 5 Hzto 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 M,, 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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