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Abstract

We use teleseismic data from the Jammu and Kashmir Seismological NETwork, to perform P-wave receiver function spatial
and common-conversion-point (CCP) stacks, and joint inversion with Rayleigh-wave group-velocity dispersion, to construct 3D
Vs model of the Jammu and Kashmir (J&K) Himalaya. 2D-CCP and Vs profiles reveal increasing crustal thickness from the
foreland-to-hinterland, and an under-thrust Indian crust beneath J&K. The Moho positive impedance-contrast boundary is
at 45 km depth beneath Sub-Himalaya and deepens to 70 km beneath Higher-to-Tethyan Himalaya, with an overall gentle
NE dip. The Main Himalayan Thurst (MHT) forms a low velocity layer (LVL) with negative impedance contrast, and has a
flat-ramp geometry. The flat segment is beneath Sub-to-Lesser Himalaya at 6-10 km depth, and dips 4*. The mid-crustal
(frontal) ramp is beneath Kishtwar Higher-Himalaya and Zanskar Ranges at 10-16 km depth, and dips 13-17*. Significant
along-arc variation in crustal structure is observed between east (Kishtwar) and west (Kashmir Valley) segments. Beneath the
Kishtwar Window we image a Lesser Himalayan duplex (LHD) bound between MHT sole-thrust and MCT roof-thrust. LHD
horses dip at high angle to the bounding structures and are illuminated by moderate seismicity. Beneath the Pir-Panjal Ranges
and Kashmir Valley, the underthrust crust is 10 km thicker, has higher crustal Vs , and a shallower flat MHT at 10 km
depth. The westward shallowing of the MHT occurs through a lateral ramp beneath Kishtwar Himalaya. Aftershocks of the
2013 Kishtwar earthquake concentrate on the MHT frontal and lateral ramp intersection, and possibly marks the down-dip

locked-to-creep transition.
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Key Points:

+ Underthrust Indian crust beneath J&K, dips gently NE. Moho depth ~45 km (Shi-
walik) to ~70 km (Tethyan Himalaya), undulations, southward dip

+ Main Himalayan Thrust (Kishtwar) flat-ramp geometry. Flat dip ~4°, mid-crustal
ramp ~13-17°, Lesser Himalayan Duplex has moderate seismicity

« Kashmir Valley thicker crust, higher Vg shallow MHT. Linked by SE dipping MHT

lateral ramp, seismicity on frontal-lateral ramp intersection
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Abstract

We use teleseismic data from the Jammu and Kashmir Seismological NETwork, to per-
form P-wave receiver function spatial and common-conversion-point (CCP) stacks, and
joint inversion with Rayleigh-wave group-velocity dispersion, to construct 3D V4 model

of the Jammu and Kashmir (J&K) Himalaya. 2D CCP and V; profiles reveal increas-

ing crustal thickness from the foreland-to-hinterland, and an under-thrust Indian crust
beneath J&K. The Moho positive impedance-contrast boundary is at ~45 km depth be-
neath Sub-Himalaya and deepens to ~70 km beneath Higher-to-Tethyan Himalaya, with
an overall gentle NE dip. The Main Himalayan Thurst (MHT) forms a low velocity layer
(LVL) with negative impedance contrast, and has a flat-ramp geometry. The flat seg-
ment is beneath Sub-to-Lesser Himalaya at 6-10 km depth, and dips ~4°. The mid-crustal
(frontal) ramp is beneath Kishtwar Higher-Himalaya and Zanskar Ranges at 10-16 km
depth, and dips ~13-17°. Significant along-arc variation in crustal structure is observed
between east (Kishtwar) and west (Kashmir Valley) segments. Beneath the Kishtwar Win-
dow we image a Lesser Himalayan duplex (LHD) bound between MHT sole-thrust and
MCT roof-thrust. LHD horses dip at high angle to the bounding structures and are il-
luminated by moderate seismicity. Beneath the Pir-Panjal Ranges and Kashmir Valley,
the underthrust crust is ~10 km thicker, has higher crustal Vg, and a shallower flat MHT
at ~10 km depth. The westward shallowing of the MHT occurs through a lateral ramp
beneath Kishtwar Himalaya. Aftershocks of the 2013 Kishtwar earthquake concentrate

on the MHT frontal and lateral ramp intersection, and possibly marks the down-dip locked-

to-creep transition.

Plain Language Summary

We model the 3D-seismic-velocity structure of the Jammu & Kashmir (J&K) Hi-
malaya using teleseismic data from the Jammu and Kashmir Seismological NETwork.
The network extends from the Sub-Himalaya (south) to Tethyan Himalaya (north), across
Himalayan thrust-systems and litho-tectonic units. We use body-wave conversion and
reverberations within the crust to construct 2D profiles, and perform joint modeling with
surface-wave dispersion data to compute 3D velocity model. Our results reveal under-
thrust Indian crust beneath J&K Himalaya. The Moho at the base of the Indian crust
is a positive impedance contrast boundary with increasing depth from foreland (~45 km)

to hinterland (~70 km). The Main Himalayan Thurst (MHT), between the top of the
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under-thrust Indian crust and overriding Himalayan wedge, is a low velocity layer with
negative impedance contrast. The MHT has flat-ramp geometry beneath Kishtwar Hi-
malaya, with ~4° dipping flat and ~1317° dipping mid-crustal (frontal) ramp. A Lesser
Himalayan Duplex overlies the MHT beneath Kishtwar Window and is illuminated by
moderate earthquakes. Along-arc the crust thickens by ~10 km to the west beneath Kash-
mir Valley and MHT shallows through a SE-dipping lateral ramp. Aftershocks of the 2013
Kishtwar earthquake concentrate on MHT frontal and lateral ramp intersection, at the

down-dip locked-to-creep transition.

1 Introduction

Continent-Continent collision between the Indian and Eurasian plates have resulted
in the formation of the highest mountain ranges, the Himalaya, and the largest plateau,
the Tibetan Plateau. The ongoing convergence occurs at ~38 mm yr~' and is accom-
modated across a width of ~2000 km (Wang & Shen, 2020). The Himalayan Mountains
form the southern boundary of this convergence zone and absorb almost half of the on-
going convergence (Stevens & Avouac, 2015). This occurs through under-thrusting of
the Indian Plate beneath the Himalaya and southern Tibet along a basal detachment
known as the Main Himalayan Thrust (MHT) (Priestley et al., 2019). The MHT marks
the top of the down-going Indian crust and its shallow up-dip segment is frictionally locked,
while the deeper segment creeps aseismically (Bilham et al., 2001). In response to the
ongoing convergence and built-up of elastic strain, the locked segment of the MHT rup-
tures occasionally in major-to-great earthquakes (Bilham, 2019). In the past two cen-
turies at least six major earthquakes (M, >7.5) have ruptured the MHT), either par-
tially or completely (Fig. 1a). However, three distinctive segments in the west, center
and east, have not had a major earthquake in the past ~500 years. From geodetic mea-
surements, it is known that these segments have been accumulating elastic strain and
are capable of driving a future major-to-great earthquake (Ader et al., 2012; Stevens &
Avouac, 2015). These are referred to as "seismic gaps” (Khattri, 1987; Bilham, 2019).
This study focuses on the seismic gap in the north-western Himalaya across Jammu and

Kashmir (J&K).

The J&K Himalayan seismic gap lies between the rupture areas of the 1905 Kan-
gra earthquake (M, 7.9) and the 2005 Muzzafarabad earthquake (M, 7.6), and strad-

dles the meisoseismal zone of the 1555 Kashmir earthquake (M, ~ 8.0) (Bilham, 2019).
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This region lies immediately east of the northwest syntaxis and spans along-arc from the
Kashmir Valley, in the west, to the Kishtwar Window, in the east. Across the J&K Hi-
malayan arc (south to north) the major litho-tectonic units are the Himalayan Foreland
Basin, the Sub-Himalaya, the Lesser Himalaya, the Higher Himalaya and the Tethyan
Himalaya. The Himalayan Foreland Basin has Quaternary-to-Recent sedimentary for-
mations. This is separated from the Sub-Himalaya by an anticlinorium, called the Surin
Mastgarh Anticline (SMA). The Main Frontal Thrust (MFT), the southernmost splay
fault from the MHT, is buried below the SMA (Thakur & Rawat, 1992). Majority, or

all of the present-day active convergence across this region is accommodated by this fault
underlying the SMA (Schiffman et al., 2013; O’Kane et al., 2022). The Sub-Himalaya
consists of Oligocene-Pliocene Foreland Basin deposits and are further subdivided into
the Shiwalik (south) and Murree (north) Formations (Gavillot et al., 2016). These for-
mations are separated by a series of en-echelon faults, stepping from east-to-west, the
Mandli-Kishanpur Thrust (MKT), the Reasi Thrust (RT), the Kotli Thrust (KT) and
the Balakot-Bagh Fault (BBF). The BBF hosted the 2005 Muzzafarabad earthquake with
a surface rupture of ~150 km (Avouac et al., 2006; Powali et al., 2020). The Reasi Thrust

1 and has exhumed

has been shown to accommodate long-term shortening of 5-6 mm yr~
Precambrian limestone to the surface (Gavillot et al., 2016). North of the Sub-Himalaya

is the Lesser Himalaya consisting of the Proterozoic low-grade meta-sediments. The Main
Boundary Thrust (MBT) separates the Sub-Himalaya from the Lesser Himalaya. North

of the Lesser Himalaya is the Higher Himalayan low-grade and high-grade crystalline rocks
of late Precambrian to early Paleozoic age. The Main Central Thrust (MCT) separates

the Lesser and Higher Himalayas. The MBT and MCT lie within 10-20 km of each other
throughout the J&K Himalaya and runs along the southern slope of the Pir-Panjal Ranges,
in the west. Across the eastern segment (referred to as the Jammu-Kishtwar Himalaya,
henceforth), within the Higher Himalaya, lies the Kishtwar Window exposing Lesser Hi-
malayan units. This is interpreted to be an anti-formal stack-duplex (Lesser Himalayan
Duplex - LHD) with the MHT and MCT acting as the sole and roof thrusts, respectively.
The Kishtwar Window LHD exposes structurally deeper level rocks compared to its sur-
rounding Higher Himalaya. Immediately west of Jammu the MFT, RT and further north
the MBT and MCT retreats towards the hinterland in a sharp bend, forming a reentrant
structure. Further to the west is the Kashmir Valley, an intermontane basin formed atop

the Higher Himalayan crystalline rocks. The Valley is bound to the south by the Pir-
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Panjal Ranges and to the north by the Zanskar Ranges. The Zanskar Shear Zone (ZSZ)
skirts the Valley to the south and east and carries Tethyan Himalayan strata, which are
exposed in the Pir-Panjal Ranges, the Kashmir Valley and the Zanskar Ranges (Gavillot
et al., 2016). The ZSZ is an equivalent of the Southern Tibetan Detachment (STD) in
west-central Himalaya and continues eastward north of the Kishtwar Window. From bal-
anced cross-section reconstruction and geochronological studies it has been interpreted
that the style of deformation across the Jammu-Kishtwar Himalaya is different from the
Kashmir Valley. The across-arc shortening across Jammu-Kishtwar Lesser and Higher
Himalaya was accommodated by discreet under-plating and Lesser Himalayan duplex-
ing, while frontal accretion was the dominant mechanism across the Kashmir Valley (Gavillot
et al., 2016; Yu et al., 2015). Such differences are expected to necessitate lateral vari-
ation in crustal structure and flat-ramp geometry on the MHT. Absence of sub-surface

images have till-date severely limited the testing of these hypothesis.

Crustal structure of the Kashmir Valley have been studied by Mir et al. (2017) us-
ing eight broadband seismograph stations. They produced a NE-SW 2D profile across
the Kashmir Basin, which revealed a gently dipping Moho from ~40-60 km depth and
a relatively flat MHT at ~12-16 km depth. The 3D nature of the crust beneath the Kash-
mir Himalaya and their limited number of broadband stations restricted any scope of
ascertaining lateral variation in crustal structure or deciphering details of the Himalayan
wedge and MHT. No knowledge of the crustal structure beneath the Jammu—Kishtwar
Himalaya are available till date. We present new data and analysis from one of the largest
broadband seismological deployments in the Jammu and Kashmir Himalaya (Sharma et
al., 2020). We use P-wave receiver function analysis to present (i) 2D common conver-
sion point (CCP) stack profiles and (ii) 3D Vg models obtained from joint inversion of
receiver functions and Rayleigh wave group velocity dispersion data. Our study provides
(a) 3D crust and upper mantle Vg structure of the Jammu and Kashmir Himalaya, (b)
the geometry of the Moho, and the MHT, and (c) variation in structure of the Himalayan
wedge beneath Jammu—Kishtwar Himalaya and Kashmir Valley. Our Vg models are pre-
sented along with the distribution of aftershocks of the 2013 Kishtwar earthquake (Paul
et al., 2018) to decipher the geometry and seismogenic behavior of the MHT. The CCP
profiles are combined with fault-plane geometry of moderate earthquakes (5.0< M,, <5.9)

on and above the MHT (O’Kane et al., 2022) to highlight the internal structure of the
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Himalayan orogenic wedge. Finally, we provide insights into the along-arc variations in

models of long-term shortening across the NW Himalaya.

2 JAKSNET Data

The data for this study has been recorded by the Jammu and Kashmir Seismolog-
ical NETwork (JAKSNET), established in July 2013 through an international collab-
oration between Indian Institute of Science Education and Research Kolkata, Shri Mata
Vaishno Devi University Katra, and the University of Cambridge UK. JAKSNET is the
first deployment of a dense network of seismological stations in Jammu and Kashmir Hi-
malaya and consist of 20 stations (Fig. 1b and Table 1). Each station is equipped with
a 3-component broadband seismograph system (either a CMG-3T or a CMG-3ESPCD)
and recorded continuous ground motion data at 100 Hz. Station location and time-stamping
of the data is done using Global Positioning System (GPS) receivers. Further details about
the network and data quality are available in Sharma et al. (2020). For this study we
used teleseismic earthquakes recorded from July 2013 to June 2019, in the distance range
of 30-90°, with magnitude (M,,) greater than 5.0 (Fig. 1c). A total of 1353 earthquakes,

spread over a large back-azimuth range, have been used for our analysis.

3 Receiver Function Analysis

To model the crustal structure of the Jammu and Kashmir Himalaya we use tele-
seismic P-wave receiver function (P-RF) analysis and joint inversion of P-RFs with Rayleigh
wave dispersion data. P-RF comprises P-to-SV conversion and reverberations beneath
the seismograph station, generated by the interaction between the teleseismic P-wave
and the underlying structure (Langston, 1977; Owens et al., 1984; Priestley et al., 1988).
The 3-component broadband waveform data is recorded as vertical (Z), and two hori-
zontal components, north-south (N) and east-west (E). The horizontal components are
rotated into the radial (R) and tangential (T) components, using the earthquake-station
back-azimuth. This isolates the P-SV energy into the vertical-radial plane for a 1D isotropic
structure. The classical P-RF computation technique requires removal of the source and
common-path propagation effects, by frequency-domain deconvolution of the Z compo-
nent from the R and T components (C. Ammon et al., 1990; C. J. Ammon, 1991). These
generate radial and tangential P-RFs. However, for noisy data with spectral holes in the

Z component, the computed radial P-RF can be unstable (Huang et al., 2015). This is
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No. | Station | Lat. Long. Elev. | Total | Best | Moho | J&K Himalayan

Code | (°N) (°E) (m) RFs | RFs | (km) | Region

1 | AKNR | 32.9631 | 74.7114 550 219 83 | 42+2 | S Sub-Himalaya
2 | NGRT | 32.8167 | 74.8920 392 255 72 | 42+2 | S Sub-Himalaya
3 | SMVD | 32.9302 | 74.9486 643 710 | 227 | 58+2 | S Sub-Himalaya
4 | RMKT | 32.6412 | 75.3323 682 682 | 245 | 42£2 | S Sub-Himalaya
5 | SUND | 33.0678 | 74.4844 590 530 | 191 | 60£2 | S Sub-Himalaya
6 | UDHM | 32.8607 | 75.1374 704 573 | 157 | 42+2 | N Sub-Himalaya
7 | RAMN | 32.7926 | 75.3080 860 625 | 236 | 52£2 | N Sub-Himalaya
8 | CHEN | 32.9921 | 75.3224 | 1465 490 | 229 | 55£2 | N Sub-Himalaya
9 | TAPN | 33.2375 | 74.4124 762 390 167 | 60+2 | N Sub-Himalaya
10 | RAJU | 33.3438 | 74.3363 918 388 62 | 54+2 | N Sub-Himalaya
11 | MEND | 33.5647 | 74.1941 | 1452 532 155 | 58+2 | N Sub-Himalaya
12 | WANI | 33.1254 | 75.4028 | 1221 397 175 | 53+2 | Lesser Himalaya
13 | BUFL | 33.6139 | 74.3964 | 1867 642 133 | 56+2 | Lesser Himalaya
14 | BADR | 33.0707 | 75.6220 | 1521 849 457 | 5242 | Higher Himalaya
15 | CHAK | 33.1129 | 75.7047 | 1500 169 31 | 58+2 | Higher Himalaya
16 | PHAG | 33.2439 | 75.7837 | 1141 358 | 150 | 53£2 | Higher Himalaya
17 | GALR | 33.3412 | 75.9225 | 1788 133 86 | 53+2 | Kishtwar Window
18 | SOHL | 33.2160 | 76.2176 | 2047 182 78 | 66+2 | Higher Himalaya
19 | HARW | 34.1583 | 74.8971 | 1650 544 | 126 | 58+2 | Tethyan Himalaya (KV)

20 | PAHL | 34.0084 | 75.3089 | 2220 370 182 | 66+2 | Tethyan Himalaya (ZR)

Table 1. List of stations, location, total number of P-RFs, best P-RFs (used in this analysis),
average crustal thickness/Moho depth (Sharma, 2020) and Himalayan region where the station is

located.
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overcome by using an iterative time-domain deconvolution technique (Ligorria & Am-
mon, 1999), where a spike train is constructed by cross-correlating the R with Z com-
ponent. This spike-train is convolved with the observed Z component to produce a syn-
thetic R component. The difference between the synthetic and observed R components
is computed in the least-squares sense and the misfit value is used to update the spike-
train. The above process is repeated (iterated) using the updated spike-train till the mis-
fit becomes smaller than a cut-off value (set to 0.001) or 200 iterations (set as maximum)
are completed. The best-fitting spike train, obtained in this iterative manner, is the es-
timated P-RF. A Gaussian filter is applied to the waveform to eliminate high-frequency
noise and stabilize the time-domain deconvolution. We choose a Gaussian filter of width
2.5 (maximum frequency ~1.2 Hz) to low-pass filter the waveforms. The quality of the
estimated P-RFs is ascertained by the percentage fit between the calculated and observed
radial waveforms. An 80% cut-off fit value has been used for the estimated P-RFs, in
this study. Data from all JAKSNET stations are processed using the above procedure,

and a list of total P-RFs and best P-RFs (i.e. above 80% fit) is given in Table 1.

To study the crustal structure, its lateral variation and the disposition of the ma-
jor impedance contrast interfaces, the P-RFs are used to construct (a) 2D profiles us-
ing common conversion point (CCP) stacking method, across and along the Jammu and
Kashmir Himalaya; and (b) 3D maps of Vy structure through joint modeling of P-RFs
with published Rayleigh-wave group velocity dispersion data. The methodology involved

in these 2D and 3D imaging techniques are briefly described below.

3.1 2D Common Conversion Point (CCP) Stack

Depth migrated common conversion point stacking of phase conversions and rever-
berations, of the observed P-RF's, enhances coherent signal from impedance contrast bound-
aries (Dueker & Sheehan, 1997). This is done along 2D profiles using the technique of
Zhu (2000). The P-RFs at each station are projected backward along the ray using ray-
theory, through a modified TASP91 velocity model (Kennett & Engdahl, 1991). The IASP91
velocity model is modified by changing (increasing) the crustal thickness taken from joint
inverted Vg models (Sharma, 2020) (Table 1). The arrival times of the P-RF converted
(Ps) and reverberated (PpPy,s, PpSis + PsP,s) phases are depth migrated below the
surface, therefore taking into account the elevation of the stations. Based on the incli-

nation of the rays, the P-RF amplitudes are corrected for incidence-angle effect and binned
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in narrow horizontal and vertical bins. For our analysis we choose bin size of 1 km in both
directions. The P-RF amplitudes within each bin (representing common conversion points
in space) are stacked (averaged) and normalized by the number of piercing rays within
the bin. This allows the CCP stacked amplitudes to be plotted as a fraction of the di-
rect P-wave amplitude (set to unity). The CCP stacking technique enhances coherent
signal and cancels incoherent noise. Depth migration, binning and stacking are performed
for conversion and reverberations, which enhances the wave-field and makes it coherent

in all three phases. This significantly improves imaging of the shallow sub-surface struc-

tures.

3.2 3D Shear-wave Velocity Structure

The region between longitudes 74° and 76.4°, and latitudes 32.4° and 34.4° is di-
vided into square grids of 0.1° sides (Fig. 2a). Piercing points of P-RFs have been cal-
culated at average mid-crustal depth of 30 km using the Taup toolkit (Crotwell et al.,
1999) (Fig. 2a). P-RFs with piercing points lying within each grid are stacked together
to form an average P-RF (also referred to as the P-RF stack) representative of the grid
(Fig. 2b,c,d). Rayleigh wave group velocity dispersion data for periods 5-70 s, correspond-
ing to the center point of each grid, has been taken from Gilligan and Priestley (2018)
(Fig. 2¢). These two complementary datasets have been jointly inverted to model the
shear-wave velocity (V) structure of the crust and uppermost mantle (Fig. 2f). P-RFs
constrain the impedance contrast boundaries beneath a receiver site and the Rayleigh
wave group velocity dispersion is sensitive to the vertical-averages of the shear-wave ve-
locity structure. The depth sensitivity of the Rayleigh wave dispersion dataset is period

(frequency) dependent, with increasing periods sampling greater depth. The 1D V¢ mod-

els obtained from the inversion are interpolated in x-y-z to form 3D Vg model for the Jammu

and Kashmir Himalaya.

We use the linearized-least-squares inversion algorithm of Herrmann and Ammon
(2004), which is an implementation of Julia et al. (2000), to perform the joint inversion
of the two datasets. The starting/initial model for the inversion is constructed as a man-
tle half-space with V, of 4.7 km s~!, based on the modeled upper mantle V, beneath
the Indian Shield (Mitra et al., 2006) (Fig. 2f). This model is parameterized as thin lay-
ers upto 150 km underlain by a mantle half-space. The layer thicknesses are 0.5 km (4

layers), 1 km (2 layer), 2 km (48 layers) and 10 km (5 layers). The choice of total depth

—10—
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of 150 km for the layered model is based on the sensitivity of the dispersion dataset. An
a-priori weighting parameter (between 0 and 1) is used to control the influence of each
data set in the inversion. We assigned 80% weight to the P-RF stack and 20% to the dis-
persion data, respectively. The choice of weights is based on previous literature (Mitra

et al., 2018) and through tests of best fit between the synthetic and observed dataset.
The final model matches the most significant arrivals of the P-RFs and the synthetics

lie within +1-0 bounds of the observed (Fig. 2e,f). Quantitatively, we achieve a mini-

mum acceptable fit of 99% for the dispersion data and 95% for the P-RFs.

4 Results

Our results are presented in three parts as follows. First, we present three 2D pro-
files comprising spatially stacked P-RFs, CCP stacks and 2D Vg models along profiles
(Figs. 3, 4 and 5). Second, we present 2D maps of absolute Vy, averaged over 10 km
intervals between 0 and 40 km, and Vy anomaly maps, calculated as deviations from the
average Vy in that depth range (Fig. 6). Third, we present maps of average crustal Vg
and thickness, estimated using uppermost mantle Vy of 4.3 km s=! (Fig. 7). The Moho
map is compared with the Moho depths obtained from joint inversion of P-RFs (stacked
in narrow bins of back-azimuth at each station) and Rayleigh wave group velocity dis-
persion (Sharma, 2020). The first two 2D profiles have been chosen across the Himalayan
arc (SW-NE), such that a comparison can be made between the structure beneath Jammu-
Kishtwar Himalaya and the Pir-Panjal Ranges, Kashmir Valley and Zanskar Ranges. The
third one is sub-parallel to the strike of the arc (SSE-NNW), over the western Sub-Himalaya,
starting at the edge of the Foreland Basin to south of the MBT. In all these profiles, the
three most significant P-RF arrivals are the positive Ps conversion at the Moho and the

mid-crustal discontinuity, and the negative Ps conversion at the MHT.

The Jammu-Kishtwar profile is oriented SW-NE, starting from the Foreland Basin
sediments, immediately west of Jammu, across the southern Sub-Himalaya/Shiwalik (NGRT
and SMVD), the northern Sub-Himalaya/Murree (UDHM, RAMN and CHEN), the Lesser
Himalaya (WANI), the Higher Himalaya (BADR, CHAK, PHAG and SOHL) and the
Kishtwar Window (GALR) (A1-A2 Fig. 2a). The Moho Ps phase is the strongest con-
version at ~5.5 s beneath the Shiwalik; abruptly deepens to ~7 s beneath SMVD in the
northern Sub-Himalaya and reverts back to ~5.5 s immediately to its north (UDHM)

(Fig. 3¢). This appears like a discontinuous Moho segment, which will be discussed later.
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Further north the Moho Ps deepens to ~6.5 s beneath the Lesser Himalaya, and con-
tinues flat. It then shallows to ~6 s beneath the Higher Himalaya, before deepening to
~7 s beneath the Kishtwar Window and ~8 s beyond it. In the depth migrated 2D CCP
stack, the Moho is observed as a strong positive arrival with an overall northeastward

dip and undulations beneath the Higher Himalaya and Kishtwar Window (Fig. 3a). In
the SW, the Moho is at a depth of ~45 km beneath the Shiwalik, ~50 km beneath the
northern Sub-Himalaya, ~55 km beneath the Lesser Himalaya, 55—60 km beneath the
Higher Himalaya and Kishtwar Window, and then dips sharply to ~70 km further NE.

A deeper segment of the Moho at ~55-60 km is observed beneath the Shiwalik at SMVD.
This abrupt change in Moho depth and apparent southeastward dip, further to the north,
indicate deviation from a uniform thickness Indian crust, under-thrusting the Himalaya.
This variation is enhanced by along strike lateral variation in the structure. Moho depths
obtained from station-wise joint inversion in narrow back-azimuth bins by Sharma (2020)

closely match the Moho signal in the CCP stack (Fig. 3a,b).

The next significant phase in the Jammu-Kishtwar P-RF profile is the negative phase
at ~1 s beneath the Shiwalik, which continues flat beneath the Lesser Himalaya and deep-
ens to ~2 s beneath the Higher Himalaya, and ~3 s further north (Fig. 3c). From CCP
profiles across other segments of the Himalaya (Schulte-Pelkum et al., 2005; Acton et
al., 2011; Caldwell et al., 2013; Singer et al., 2017), we identify this as the signature of
the Main Himalayan Thrust (MHT), a boundary which demarcates the under-thrusting
Indian crust from the overriding Himalayan wedge. In the CCP stack, this phase is at
a depth of ~8 km beneath the southernmost station (NGRT) in the Shiwalik, and deep-
ens northeastward to ~10 km beneath the northern Sub-Himalaya (RAMN), having a
gentle dip of ~4° (Fig. 3a). Beneath the Lesser Himalaya the MHT is flat at a depth of
~10 km. In this zone, the MKT, RT and MBT splays out of the MHT at steeper an-
gles and are also marked by negative velocity change. Further north, beneath the Higher
Himalaya, the MHT deepens from ~10 km to ~16 km within a distance of ~20-25 km,
dipping at ~13-17°. This marks a mid-crustal ramp on the MHT (also referred to as the
MHT frontal ramp in this study). The MCT possibly splays out of the up-dip edge of
this MHT ramp and steepen towards the surface. Beneath the Kishtwar window the MHT
flattens at ~16 km and then deepens northeastward to ~20 km, beyond the northern
edge of the Kishtwar window. Beneath the Kishtwar window a number of steeply dip-

ping negative phases splay up-dip from the MHT. These are possible signatures of the
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Lesser Himalayan Duplex (LHD), above and down-dip of the MHT mid-crustal ramp.

The under-thrusting Indian crust (between the MHT and Moho) has an average thick-
ness of ~40 km with marginal thickening beneath the Lesser Himalaya. The third most
significant arrival in the CCP is a positive velocity change phase at a depth of ~30 km
beneath the Shiwalik, which dips northwards and reaches a depth of ~45 km north of

the Kishtwar window (Fig. 3a). We identify this as the mid-crustal boundary of the under-
thrusting Indian crust. This mid-crustal interface is almost parallel to the Moho, and
divides the Indian upper and lower crusts into thickness of ~25 km and ~15 km, respec-

tively.

We plot 2D Vj profile (extracted from the 3D modeling) to compare the interfaces
with the V velocities (Fig. 3b). The slowest Vg (<3.0 km s™1) are observed in the sed-
iments of the Foreland Basin and Shiwalik, with maximum thickness of ~3 km. At depth
of 8-10 km across the Foreland Basin, Sub- and Lesser-Himalaya is a gently NE dipping
low velocity layer (LVL), which corresponds to the MHT in CCP stack profile. The dip
of the LVL increases beneath the Higher Himalaya and continues further NE reaching
a depth of ~20 km. The Vg within the LVL increases towards the hinterland from 3.1
to 3.3 km s~!. The Higher Himalaya has higher V of 3.4-3.5 km s~!, compared to its
south and above the LVL, attesting to crystalline rocks. Below the MHT, between depths
of ~10 and 60 km, the Vg contours are mostly sub-horizontal and dips towards the hin-
terland. Moho depths from individual station back-azimuth binned P-RF joint inversion
(Sharma, 2020) lie within V contours of 4.1-4.4 km s~!, with signatures of laterally vary-
ing Moho depth beneath SMVD and RAMN. Comparison of the mid-crustal disconti-
nuity from CCP stack with the V4 model shows its correspondence to Vg contours of ~3.7—
3.8 km s~!. Among other phases in the P-RF spatial stack, we observe a coherent pos-
itive Ps phase within ~1 s of the MHT negative phase (Fig. 3c). This is produced from
the positive velocity gradient below the LVL. The ~4 s negative phase between distances

of 60 km and 160 km along the profile is a reverberation from the shallow structure.

The second 2D profile is oriented SW-NE across the Pir-Panjal Ranges, Kashmir
Valley and Zanskar Ranges (B1-B2 Fig. 2a). This straddles the northern Sub-Himalaya
(MEND), Lesser Himalaya (BUFL), and Kashmir Valley Tertiary sediments overlying
the Tethyan Himalaya (HARW and PAHL). P-RFs have a distinct Moho Ps arrival at

~7 s beneath the northern Sub-Himalaya, which shallows NE to ~6 s beneath the Kash-

mir Valley and then deepens further north to ~7.5 s beneath the Tethyan Himalaya (Fig. 4c).
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Figure 3. Caption on next page.
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Figure 3. (previous page) (a) CCP receiver function image along profile A1-A2 (Fig. 1a).
Positive Ps amplitude is red and negative amplitude is blue. MHT, mid-crustal discontinuity and
Moho are marked by black dashed lines. Subsurface disposition of the mapped thrusts/faults are
plotted as black dashed line with an arrow head and labeled in green above. Stations are plotted
as inverted white triangles and labeled by station code on top of the plot. Earthquakes from
Paul et al. (2018) are plotted on the CCP as grey circles and from O’Kane et al. (2022) as green
circles, with the fault plane dip plotted as black lines. Moho depths obtained from joint inversion
(this study) are plotted as yellow squares with error bars in black. (b) Plot of Vs model, along
the same profile, obtained from inversion at node points of the 2D grid. (c¢) P-RF stacks (binned
every 3 km) plotted along the same profile. Positive Ps amplitude is red and negative amplitude

is blue. MHT and Moho Ps phases are marked by black lines.

Our network has a gap between the central Pir-Panjal Ranges and the central Kashmir
Valley. Moho depth in this gap is taken from the P-RF study of Mir et al. (2017). In the
CCP, the Moho is at a depth of ~60 km beneath the northern Sub-Himalaya and dis-

plays an undulatory nature with distinctive southward dip beneath the Pir-Panjal Ranges
(Fig. 4a). Beneath the Kashmir Valley the Moho is flat at ~55 km (Mir et al., 2017) and
then dips NE reaching a depth of ~65 km beneath the Zanskar Ranges. The MHT is marked
by a negative velocity change interface and appears flat at ~10 km beneath the Pir-Panjal
Ranges and the Kashmir Valley. The MHT mid-crustal (frontal) ramp observed in the
Jammu-Kishtwar profile, appears to be underneath the Zanskar Ranges, where it deep-

ens to ~15 km. The Zanskar Shear Zone (ZSZ), equivalent of the Southern Tibetan De-
tachment (STD) mapped in the Nepal Himalaya, splays up-dip from the MHT frontal
ramp. Albeit the gap in stations/data from this profile, we suggest that the MBT, MCT
and BF splays up-dip from the MHT. The mid-crustal interface is observed at a depth

of ~30 km beneath the northern Sub-Himalaya and the Pir-Panjal Ranges, possibly stays
flat beneath the Kashmir Valley and dips northwards beneath the Zanskar Ranges to a
depth of ~45 km. From the Vy profile we observe a thin layer (<2 km) of slow Vg sed-
iments (<3.0 km s™!) beneath the northern Sub-Himalaya (Fig. 4b). A flat LVL at ~10 km
depth, with Vg of 3.2-3.3 km s~!, marks the MHT beneath the Sub-Himalaya. The Vg
within the LVL increases marginally to 3.4 km s~! beneath the Kashmir Valley and dips
NE beneath the Zanskar Ranges. The Kashmir Valley is underlain by higher Vg com-

pared to the Sub-Himalaya and the Pir-Panjal Ranges. Similar to the Jammu-Kishtwar
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profile, the Vg contours within the Indian crust (below the LVL) are undulatory and dips
gently towards the hinterland. Moho depths from joint inversion (Sharma, 2020) corre-
sponds to Vg of 4.2-4.4 km s~!. There is a down-warping of the 4.3 km s~ V, con-
tour beneath the Pir-Panjal Ranges. This possibly indicate a thicker crust, with a high
Vg (~4.2 km s~1) lower crustal layer beneath the high ranges. However, this signature

is not evident in the CCP stack. The mid-crustal discontinuity corresponds to Vg con-

tours of ~3.7-3.8 km s~ 1.

The third 2D profile is oriented SSE-NNW across the Sub-Himalaya (C1-C2 Fig. 2a).
The southern end of the profile is NW of Jammu in the Foreland Basin sediments and
extends to the foothills of the Pir-Panjal Ranges. P-RF's from five stations are used in
this profile, of which AKNR and SUND are located on the Shiwalik and TAPN, RAJU
and MEND are on the northern Sub-Himalaya. The Moho Ps phase is the strongest ar-
rival in the P-RF's. It is at ~6 s beneath AKNR, deepens to ~7.5 s beneath SUND, shal-
lows marginally to ~7 s beneath TAPN and RAJU, and finally dips gently beneath MEND
(Fig. 5¢). The MHT negative phase is flat at ~1 s up to 90 km along the profile, after
which it dips gently to ~2 s. In CCP stack the Moho is undulatory with strong north-
ward dip beneath the Shiwalik (AKNR) and northern Sub-Himalaya (MEND) (Fig. 5a).
In between the Moho flattens and dips southward. The depth to the Moho varies from
~50 km to ~65 km, with the deepest Moho beneath SUND and north of MEND. The
mid-crustal discontinuity is marked by a positive phase in the CCP. It displays a sim-
ilar undulatory geometry as the Moho and lies between ~35 km to ~45 km. The MHT
is the shallow negative phase in the CCP. It is observed to be flat at ~6-8 km beneath
the Shiwalik and ~10-12 km beneath the northern Sub-Himalaya, with possible gentle
dipping segments beneath SUND and MEND. The KT and MFT splays up-dip from the
MHT. The Vg model shows low Vg (<3 km s~!) sedimentary layer beneath the Sub-
Himalaya, having thickness of ~3 km in the south and thinning northward (Fig. 5b). The
MHT is marked by the LVL with V of 3.1-3.2 km s—', and dipping gently towards the
NW. The joint inversion Moho depths (Sharma, 2020) lie between Vg contours of 4.2—
4.4 km s~!, both displaying similar undulatory nature of the Moho observed in the CCP.
The mid-crustal discontinuity corresponds to V contour of 3.7-3.8 km s~'. The thick-
ened lower crust beneath SUND has a high Vg (~4.1-4.2 km s~!) ~10 km layer at its

base.
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Figure 4. (previous page) Plot for profile B1-B2 (Fig. 1a). (a) CCP receiver function image.
Moho depth from (Mir et al., 2017) from the Kashmir Valley are plotted as white squares. (b)
Plot of Vs model. (c) Plot of radial receiver function stacks. Rest of the figure caption is same as

figure 3.

Next, we study the lateral and depth variations in absolute Vg and Vg anomalies
for the crust (040 km) using 2D maps (Fig. 6). The absolute Vg are averaged over depth
ranges of 10 km. The Vg anomalies are calculated as percentage deviation from the av-
erage Vg for the depth range. The shallowest map is for depth range of 0-10 km. This
mainly samples the sedimentary layers of the Himalayan Foreland Basin and the Himalayan
wedge (Fig. 6a,b). The V; varies from ~2.8 km s~! to ~3.4 km s~!, with increasing
Vs towards the hinterland (Fig. 6a). This indicates thinning of sedimentary layers and

presence of meta-sediments in the Lesser and Higher Himalaya. This was also observed

in the 2D profiles. The slowest (and possibly the thickest) sedimentary layers (V4<3.0 km s™1)

are present in the Shiwalik (Al in Fig. 6b) and in the Higher Himalaya, between the MCT
reentrant and the Kishtwar Window (A2 in Fig. 6b). These correspond to negative Vg
anomalies of ~8-10%. The Pir-Panjal Ranges, Kashmir Valley and Zanskar Ranges have
increasing positive Vg anomalies. The active Reasi Thrust (Gavillot et al., 2016) marks
the transition between negative to positive Vg anomaly (A3 in Fig. 6b). V4 maps for depths
10-20 km sample around the MHT zone. This includes the top of the under-thrusting
Indian crust in the SW and the base of the Himalayan wedge in the NE (Fig. 6¢,d). This
is due to flexural bending of the under-thrust Indian crust and hinterlandward increase

in Himalayan wedge thickness. Increase in Vy is observed across-arc from foreland to hin-
terland (SW-NE), and along-arc from Kishtwar Himalaya to Kashmir Valley (SE-NW).
Vs maps for depth range of 20-30 km samples the Indian middle-crust in the south, be-
neath the Foreland Basin; and the under-thrusting (gently dipping) Indian upper-crust
beneath the Higher Himalaya (Fig. 6e,f). The increase in Vg occurs in the reverse direc-
tion (i.e. hinterland to foreland) compared to the shallower map. A higher velocity fea-
ture is observed orthogonal to the strike of the Himalayan thrust sheets. This is aligned
along the reentrant of the MBT and MCT up to the Kishtwar window (A4 in Fig. 6e).
This lies below the low Vg anomalies at shallower depth (0-10 km). For 30-40 km depth
range, the Vy varies from 3.4-3.5 km s~! beneath the Tethyan Himalaya. The Vj in-

creases to 3.5-3.8 km s~! beneath the Higher and Lesser Himalaya, and 3.8-4.0 km s~!

—19—



(a)

Sub-Himalaya

Foreland
Basin Shiwalik

6

AKNR SUND TAPN RAJU MEND

Distance—km -__:- Ps/P
-1.0-0.50.0 0.5 1.0

(b) 0 . km/s 48
4.4
4.0
IS
<
5 36
o
[0
a
3.2
2.8
T 2.4
0 50 100
Distance (km) R .
© o 8 & 2 3 8 5
it b T L Lk ‘ <1 LTIV _
=
3
Moho Ps T *\ A g g

Figure 5. Caption on next page.

,20,



419

420

421

442

443

444

445

Figure 5. (previous page) Plot for profile C1-C2 (Fig. 1a). (a) CCP receiver function image.
(b) Plot of Vs model. (c) Plot of radial receiver function stacks. Rest of the figure caption is

same as figure 3.

beneath the Sub-Himalaya and Foreland Basin (Fig. 6g). This decreases in Vg towards
the hinterland is due to sampling of the faster lower Indian crust beneath the foreland
and marginally slower mid-to-lower crust beneath the Himalaya. This lateral variation

is also observed in the V4 anomaly map (Fig. 6h).

Finally, we present 2D maps of the average crustal Vg and depth to the Moho be-
neath the J&K Himalaya (Fig. 7). The average crustal V, varies between ~3.4 km s~!
and 3.65 km s~! (Fig. 7a). Slowest average V; (3.4-3.5 km s7!) is observed in the sed-
imentary layers of the Sub-Himalaya. The region following the reentrant of the MFT,
MBT and MCT, up to the Kishtwar window also have slow V. Embedded between the
low average Vg north of the MCT reentrant and the Kishtwar Window is an average high
Vs linear feature, oriented NW-SE (A5 in Fig. 7a). Similar low-to-high Vj transition is
observed immediately NE of the Reasi Thrust (A6 in Fig. 7a). Significant higher aver-
age Vg (~3.55-3.65 km s~ 1) is observed beneath the Pir-Panjal Ranges, Kashmir Val-
ley and the Zanskar Ranges. These regions have higher Vg compared to the eastern Jammu-
Kishtwar Himalayan segment. The Moho from our 3D V, model is chosen as a bound-
ary with average Vg of 4.3 km s~! in the uppermost mantle (Fig. 7b). This is guided
by the match between the joint inversion derived Moho depth (Sharma, 2020) and the
Vs contours in the 2D profiles (Figs. 33b, 4b and 5b). This choice is supported by the
close correspondence between the Moho depths of Sharma (2020) (colored circles) and
the Moho depth contours in our 3D model (Fig. 7b). To the first order, the Moho is ob-
served to dips gently towards the hinterland, with its depth varying from ~45 km (be-
neath the foreland in the SW) to ~70 km (beneath the Higher and Tethyan Himalaya
in the NE). Laterally, significant differences are observed in Moho depth and geometry
between the Jammu-Kishtwar Himalaya and the Kashmir Valley. Regions with slowest
Vs, beneath the Shiwalik and the reentrant of the MFT, MBT and MCT (up to the Kisht-
war Window) are marked by the shallowest Moho. The Moho abruptly deepens north

of the Reasi Thrust by ~10 km. This was also observed in the CCP stack profile as a
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deeper Moho segment (Fig. 3a). The Pir-Panjal Ranges and Kashmir Valley has ~15 km

deeper Moho compared to the Jammu-Kishtwar Himalaya.

5 Discussion
5.1 Geometry of the MHT and structure of the Himalayan wedge

The Main Himalayan Thrust (also referred to as the basal decollement of the Hi-
malayan mountains) marks the boundary between the top of the under-thrusting India
crust and the base of the overriding Himalayan wedge. All or most of the present day
convergence across the Himalaya is accommodated by slip on the MHT (Stevens & Avouac,
2015). The shallow up-dip segment of the MHT deforms seismogenically through cycles
of frictional locking and failure in thrust-fault earthquakes, while the deeper down-dip
segment creeps aseismically. The transition from locked-to-creep occurs through a zone
of tapered slip (unlocking zone), which have been mapped to coincide with a mid-crustal
ramp on the MHT beneath Sikkim (Acton et al., 2011), Nepal (Nabélek et al., 2009) and
Garhwal Himalaya (Caldwell et al., 2013). The MBT, MCT and other major faults within
the Himalayan orogen splays up-dip from the MHT. Growth of the Himalayan orogen,
over geological timescales, is controlled by the evolution of the MHT and its splay faults.
Therefore, knowledge of the three-dimensional structure of the MHT holds key to both

geological and tectonic processes in the Himalaya.

Thrust faulting on the MHT juxtaposes deeper rocks, with higher velocity and den-
sity, over shallower rocks, resulting in negative impedance-contrast at the interface. Ad-
ditionally, at shallow depth, the top of the down-going Indian crust entrains low-velocity
fluid-saturated sediments of the Indo-Gangetic Foreland Basin, enhancing the low ve-
locity associated with the MHT (blue in CCPs). We observe remarkable difference in the
disposition of this MHT LVL between the Jammu-Kishtwar Section and the Kashmir

Valley section and explore its across and along arc transitions. In both sections the MHT

is gently dipping (~4°) beneath the Sub-Himalaya, ranging in depth from 5-6 km to ~10 km.

Beneath the Kishtwar Higher Himalaya it steepen significantly (dip ~13-17°) in the form
of a MHT mid-crustal (frontal) ramp, and reaches a depth of ~20 km beyond the Kisht-
war Window. The aftershocks of the 2013 Kishtwar earthquake (Paul et al., 2018) are
concentrated on and above the edges of the ramp, indicating a zone of stress accumu-

lation and possibly a locked-to-creep transition. Along strike to the NW, beneath the
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Kashmir Valley, the MHT is flat at ~10 km without clear signatures of a mid-crustal ramp.
If at all present, the ramp could be beyond the Valley, beneath the Zanskar Ranges, where
the MHT LVL starts to steepen. However, this lies at the northern edge of our network

to provide a conclusive image. A set of steeply-dipping negative-impedance boundaries

are observed in the Kishtwar Higher Himalaya, above the MHT mid-crustal ramp. These
appear like slivers of ~5 km thickness, and align with the fault planes of moderate earth-
quakes (O’Kane et al., 2022). We infer this to be the Lesser Himalayan Duplex (LHD)
beneath the Kishtwar Window, bound by the MHT sole-thrust and the MCT roof-thrust.
In the inter-seismic period, the convergence across the Himalayan arc accumulates stress
on and above the MHT unlocking zone, resulting in micro-to-moderate seismicity (Ader

et al., 2012). The LHD coincides with this zone and provides pre-existing weak planes
(thrust horses) on which the seismicity possibly occurs. The match between the mod-
erate earthquake fault-plane dip and the steeply dipping planes attest to this brittle de-
formation of the LHD within the Himalayan wedge, thereby illuminating its structure.

Such a LHD structure is not observed in the CCP beneath the Kashmir Valley segment.

To understand the along-arc transition of the MHT from a deeper boundary (with
LHD structure above) in the Kishtwar Window, to a shallower flat-boundary in the Kash-
mir Valley, we constructed two Vy profiles of the intervening region (Fig. 8). The dip-
ping Vy contours match the distribution of the earthquakes (Paul et al., 2018) confirm-
ing the presence of a lateral ramp on the MHT. This lateral ramp dips to the SE and
connects the shallower segment of the MHT beneath the Kashmir Valley to the deeper
segment beneath the Kishtwar Window. The lateral ramp continues up-dip and down-
dip on the MHT, and splay faults above the lateral ramp form the reentrant structures
of the MFT, RT, MBT and MCT seen in map view (Figs. 1b and 8c). Across-arc anoma-
lies A2 and A5 (Figs. 6b and 7a) are signatures of this MHT lateral ramp. The parti-
tioning of convergence between the range front (MFT beneath SMA) and the RT, within
the Sub-Himalaya, could be controlled by this 3D structure of the MHT. Furthermore,
the MHT frontal and lateral ramps intersect immediately south of the Kishtwar Win-
dow to form a complex zone of locked-to-creep transition. The 2013 Kishtwar earthquake
aftershocks are concentrated on and above these two intersecting edges (Fig. 8d). In the
Kashmir Valley segment, this locked-to-creep transition appears to lie further to the north

beneath the Tethyan Himalaya (Zanskar Ranges). These findings have significant im-
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plications for seismic hazard of the J&K Himalaya and models of long-term shortening

across the NW Himalayan arc as discussed below.

The presence of the MHT lateral ramp introduces lateral heterogeneity on the MHT
and could influence the size and/or rupture pattern of future mega-thrust earthquakes.

I arc-normal convergence across the Kashmir Himalaya (Schiffman et

The ~11 mm yr—
al., 2013) has accumulated ~5 m of potential slip within the ~100 km wide frictionally-
locked zone on the MHT (between the range-front MFT and the MHT mid-crustal (frontal)
ramp with concentration of moderate-sized seismicity). Assuming that this entire elas-
tically stored energy is released in a future mega-thrust earthquake on the MHT, the along-
arc length of the rupture will determine the size of the earthquake and its associated haz-
ard. Several possible rupture scenarios could be worked out and incorporated in quan-
tification of ground shaking. These would range from end-member scenarios where (a)

the lateral ramp on the MHT acts as an asperity barrier and results in a relatively smaller
M, ~7-7.5 earthquake (depending on partial or complete rupture); or (b) the mega-thrust
ruptures the entire length of the MHT locked zone in a relatively larger M, 8+ earth-
quake, and the lateral ramp modulates the rupture speed as observed in the 2015 Gorkha

earthquake (Kumar et al., 2017).

The difference in depth and slope on the MHT between the Jammu-Kishtwar Hi-
malaya and the Kashmir Valley is associated with remarkably different wedge structures.
The presence of the steeply dipping MHT mid-crustal (frontal) ramp and the LHD be-
neath the Kishtwar Window confirms the inference made from balanced cross-section that
the arc-perpendicular shortening of the Jammu-Kishtwar Lesser and Higher Himalaya
to have occurred through discreet accretion of thrust horses along the ramp. The CCP
images, and moderate earthquake fault plane dip, provides additional constraints on the
dip and thickness of these stacked sheets within the LHD. On the other hand the Kash-
mir Valley is underlain by a flat MHT with no evidence of a MHT ramp or an LHD struc-
ture beneath it. The arc perpendicular shortening across the Pir-Panjal to the Zanskar
Ranges was most probably accommodated by frontal accretion (Yu et al., 2015). From
the structure and the seismicity, there is no evidence of any active out-of-sequence thrust
in either segments of the J&K Himalaya. The lateral difference in style of convergence
was possibly guided by the presence of the NW syntaxis and the westward increase in

width of the Sub-Himalaya.
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sa1 5.2 Crustal thickness variations and geometry of the Indian Moho

542 The Moho depth beneath the Pir-Panjal Ranges, the Kashmir Valley and the Zan-

543 skar Ranges is deeper by ~10-15 km compared to the Jammu-Kishtwar Himalaya (Fig. 7b).

544 This region of deeper Moho is associated with shallower and flat MHT, which reveals
545 a thicker under-thrust Indian crust beneath the Kashmir Valley region. From gravity anoma-
546 lies it is known that the northern Indian cratonic crust is in isostatic equilibrium. Fol-

547 lowing this we assume that the presently under-thrust Indian crust beneath the J&K Hi-
548 malaya was also in isostatic equilibrium before diving beneath the Foreland Basin sed-

549 iments. The modeled lateral variation in the Indian crustal thickness, from ~45-50 km

550 beneath the Kashmir Valley to ~40-45 km beneath the Kishtwar Himalaya, is an inher-

551 ited characteristic of the cratonic Indian crust. Its undulatory top surface controls the

552 present day geometry of the MHT, including the lateral ramp. Additionally the region

553 of thicker Indian crust has higher average Vg (Fig. 7a), which is a combined effect of higher
554 Vy in the thicker cratonic crust due to possible mafic under-plating, and the thinner sed-
555 imentary layers overlying it. The flexural bending of the under-thrust crust is evident

556 in the long-wavelength increase in Moho depth towards the NE direction from ~45-50 km
557 to ~65-70 km. We also suggest that the MFT, MBT and MCT reentrant, observed in

558 the Jammu-Kishtwar window, is a surface expression of the MHT lateral ramp and south-

550 ward dipping Himalayan topography (Fig. 8c,d).

560 6 Conclusions

561 Teleseismic waveforms from 20 JAKSNET stations have been used to model the
562 3D seismic velocity structure of the J&K Himalaya. P-RF spatial and CCP stack pro-
563 files are computed across the Himalayan arc through Jammu-Kishtwar segment (E) and

564 Pir-Panjal-Kashmir Valley-Zanskar Ranges (W). Joint inversion of P-RFs with Rayleigh

565 wave group velocity dispersion data is performed for 2D grids at 0.1° intervals. These

566 provide the first comprehensive image of the crust and uppermost mantle structure be-

567 neath J&K Himalaya and highlights the across and along arc lateral variations. The main
568 conclusions of this study are as follows:

569 « 2D profiles of P-RF spatial and CCP stacks reveal increasing crustal thickness from
570 the foreland to the hinterland, and an under-thrust Indian crust beneath the J&K
571 Himalaya. The bottom and top of the under-thrust crust is marked by positive
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and negative impedance contrast boundaries, corresponding to the Moho and MHT,
respectively. To the first order the Moho dips gently towards the hinterland. It

is modeled at a depth of ~45 km beneath the Shiwalik Himalaya and deepens to
~70 km beneath the Higher and Tethyan Himalaya. The MHT juxtaposes deeper
crustal rocks over shallower ones, and entrains fluid saturated Foreland Basin sed-
iments, resulting in a LVL. The MHT LVL has a flat-ramp geometry with gen-

tly dipping (~4°) flat segment beneath the Sub and Lesser Himalaya, at 6-10 km
depth. A steeper mid-crustal (frontal) ramp (dip ~13-17°) lies beneath the Kisht-
war Higher Himalaya and Zanskar Ranges, at ~10-16 km depth.

The structure across the Jammu-Kishtwar Himalayan segment in the east is dis-
tinctly different from the western segment across Pir-Panjal Ranges, Kashmir Val-
ley and Zanskar Ranges. The Moho beneath the RT in Sub-Himalaya has a lat-
eral depth variation of ~10-15 km, and has SW dipping segments beneath the Lesser
Himalaya and Kishtwar Window. A LHD structure is imaged beneath the Kisht-
war Window, bound between the MHT sole thrust and MCT roof thrust. The LHD
horses dip at high angle to the bounding structure, align with earthquake fault
plane dip and have average thickness of ~5 km. The under-thrust Indian crust,
bound between the MHT and Moho, have a thickness of ~40-45 km beneath the
Jammu-Kishtwar segment. On the other hand the Moho is at a depth of ~60 km
beneath the northern Sub-Himalaya and Lesser Himalaya along the southern edge
of the Pir-Panjal Ranges. It shallows to ~55 km beneath the Kashmir Valley with
SW dipping segment. Further north it gently dips towards NE and reaches a depth
of ~65 km beneath the Zanskar Ranges. The MHT is flat at ~10 km across the
entire Kashmir Valley segment and have no signature of LHD structure. The MHT
mid-crustal (frontal) ramp lies beneath the Zanskar Ranges, at the edge of our net-
work. The Indian crust is ~45-50 km thick beneath the Kashmir Valley segment

of the Himalaya, marginally thicker than the eastern Jammu-Kishtwar segment.
The under-thrust Indian crustal thickness increase from east to west, beneath the
J&K Himalaya, is associated with increase in Moho depth and average crustal Vj.
For an isostatically balanced Indian crust, this thickness variation results in a deeper
MHT in the east compared to the west. The E-to-W transition occurs through

a lateral ramp on the MHT. Splay faults above the lateral ramp outcrop as reen-

trant. The aftershocks of the 2013 Kishtwar earthquake concentrate on the inter-
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section of the frontal and lateral ramps beneath the Kishtwar Higher Himalaya.
This possibly marks the down-dip locked-to-creep transition on the MHT. This
transition to the west is suggested to lie beneath the Zanskar Ranges.

e This study provides the first sub-surface image of the LHD beneath the Kishtwar
Himalaya. The geological arc-perpendicular shortening of the Jammu-Kishtwar
Lesser and Higher Himalaya had occurred through discreet accretion of thrust horses
above the MHT mid-crustal (frontal) ramp, which are illuminated by moderate
magnitude earthquakes. Whereas, the Kashmir Valley is underlain by a flat MHT,
and the arc-perpendicular shortening across the Pir-Panjal to Zanskar Ranges, most

probably, occurred by frontal accretion.
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Key Points:

+ Underthrust Indian crust beneath J&K, dips gently NE. Moho depth ~45 km (Shi-
walik) to ~70 km (Tethyan Himalaya), undulations, southward dip

+ Main Himalayan Thrust (Kishtwar) flat-ramp geometry. Flat dip ~4°, mid-crustal
ramp ~13-17°, Lesser Himalayan Duplex has moderate seismicity

« Kashmir Valley thicker crust, higher Vg shallow MHT. Linked by SE dipping MHT

lateral ramp, seismicity on frontal-lateral ramp intersection
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Abstract

We use teleseismic data from the Jammu and Kashmir Seismological NETwork, to per-
form P-wave receiver function spatial and common-conversion-point (CCP) stacks, and
joint inversion with Rayleigh-wave group-velocity dispersion, to construct 3D V4 model

of the Jammu and Kashmir (J&K) Himalaya. 2D CCP and V; profiles reveal increas-

ing crustal thickness from the foreland-to-hinterland, and an under-thrust Indian crust
beneath J&K. The Moho positive impedance-contrast boundary is at ~45 km depth be-
neath Sub-Himalaya and deepens to ~70 km beneath Higher-to-Tethyan Himalaya, with
an overall gentle NE dip. The Main Himalayan Thurst (MHT) forms a low velocity layer
(LVL) with negative impedance contrast, and has a flat-ramp geometry. The flat seg-
ment is beneath Sub-to-Lesser Himalaya at 6-10 km depth, and dips ~4°. The mid-crustal
(frontal) ramp is beneath Kishtwar Higher-Himalaya and Zanskar Ranges at 10-16 km
depth, and dips ~13-17°. Significant along-arc variation in crustal structure is observed
between east (Kishtwar) and west (Kashmir Valley) segments. Beneath the Kishtwar Win-
dow we image a Lesser Himalayan duplex (LHD) bound between MHT sole-thrust and
MCT roof-thrust. LHD horses dip at high angle to the bounding structures and are il-
luminated by moderate seismicity. Beneath the Pir-Panjal Ranges and Kashmir Valley,
the underthrust crust is ~10 km thicker, has higher crustal Vg, and a shallower flat MHT
at ~10 km depth. The westward shallowing of the MHT occurs through a lateral ramp
beneath Kishtwar Himalaya. Aftershocks of the 2013 Kishtwar earthquake concentrate

on the MHT frontal and lateral ramp intersection, and possibly marks the down-dip locked-

to-creep transition.

Plain Language Summary

We model the 3D-seismic-velocity structure of the Jammu & Kashmir (J&K) Hi-
malaya using teleseismic data from the Jammu and Kashmir Seismological NETwork.
The network extends from the Sub-Himalaya (south) to Tethyan Himalaya (north), across
Himalayan thrust-systems and litho-tectonic units. We use body-wave conversion and
reverberations within the crust to construct 2D profiles, and perform joint modeling with
surface-wave dispersion data to compute 3D velocity model. Our results reveal under-
thrust Indian crust beneath J&K Himalaya. The Moho at the base of the Indian crust
is a positive impedance contrast boundary with increasing depth from foreland (~45 km)

to hinterland (~70 km). The Main Himalayan Thurst (MHT), between the top of the
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under-thrust Indian crust and overriding Himalayan wedge, is a low velocity layer with
negative impedance contrast. The MHT has flat-ramp geometry beneath Kishtwar Hi-
malaya, with ~4° dipping flat and ~1317° dipping mid-crustal (frontal) ramp. A Lesser
Himalayan Duplex overlies the MHT beneath Kishtwar Window and is illuminated by
moderate earthquakes. Along-arc the crust thickens by ~10 km to the west beneath Kash-
mir Valley and MHT shallows through a SE-dipping lateral ramp. Aftershocks of the 2013
Kishtwar earthquake concentrate on MHT frontal and lateral ramp intersection, at the

down-dip locked-to-creep transition.

1 Introduction

Continent-Continent collision between the Indian and Eurasian plates have resulted
in the formation of the highest mountain ranges, the Himalaya, and the largest plateau,
the Tibetan Plateau. The ongoing convergence occurs at ~38 mm yr~' and is accom-
modated across a width of ~2000 km (Wang & Shen, 2020). The Himalayan Mountains
form the southern boundary of this convergence zone and absorb almost half of the on-
going convergence (Stevens & Avouac, 2015). This occurs through under-thrusting of
the Indian Plate beneath the Himalaya and southern Tibet along a basal detachment
known as the Main Himalayan Thrust (MHT) (Priestley et al., 2019). The MHT marks
the top of the down-going Indian crust and its shallow up-dip segment is frictionally locked,
while the deeper segment creeps aseismically (Bilham et al., 2001). In response to the
ongoing convergence and built-up of elastic strain, the locked segment of the MHT rup-
tures occasionally in major-to-great earthquakes (Bilham, 2019). In the past two cen-
turies at least six major earthquakes (M, >7.5) have ruptured the MHT), either par-
tially or completely (Fig. 1a). However, three distinctive segments in the west, center
and east, have not had a major earthquake in the past ~500 years. From geodetic mea-
surements, it is known that these segments have been accumulating elastic strain and
are capable of driving a future major-to-great earthquake (Ader et al., 2012; Stevens &
Avouac, 2015). These are referred to as "seismic gaps” (Khattri, 1987; Bilham, 2019).
This study focuses on the seismic gap in the north-western Himalaya across Jammu and

Kashmir (J&K).

The J&K Himalayan seismic gap lies between the rupture areas of the 1905 Kan-
gra earthquake (M, 7.9) and the 2005 Muzzafarabad earthquake (M, 7.6), and strad-

dles the meisoseismal zone of the 1555 Kashmir earthquake (M, ~ 8.0) (Bilham, 2019).
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This region lies immediately east of the northwest syntaxis and spans along-arc from the
Kashmir Valley, in the west, to the Kishtwar Window, in the east. Across the J&K Hi-
malayan arc (south to north) the major litho-tectonic units are the Himalayan Foreland
Basin, the Sub-Himalaya, the Lesser Himalaya, the Higher Himalaya and the Tethyan
Himalaya. The Himalayan Foreland Basin has Quaternary-to-Recent sedimentary for-
mations. This is separated from the Sub-Himalaya by an anticlinorium, called the Surin
Mastgarh Anticline (SMA). The Main Frontal Thrust (MFT), the southernmost splay
fault from the MHT, is buried below the SMA (Thakur & Rawat, 1992). Majority, or

all of the present-day active convergence across this region is accommodated by this fault
underlying the SMA (Schiffman et al., 2013; O’Kane et al., 2022). The Sub-Himalaya
consists of Oligocene-Pliocene Foreland Basin deposits and are further subdivided into
the Shiwalik (south) and Murree (north) Formations (Gavillot et al., 2016). These for-
mations are separated by a series of en-echelon faults, stepping from east-to-west, the
Mandli-Kishanpur Thrust (MKT), the Reasi Thrust (RT), the Kotli Thrust (KT) and
the Balakot-Bagh Fault (BBF). The BBF hosted the 2005 Muzzafarabad earthquake with
a surface rupture of ~150 km (Avouac et al., 2006; Powali et al., 2020). The Reasi Thrust

1 and has exhumed

has been shown to accommodate long-term shortening of 5-6 mm yr~
Precambrian limestone to the surface (Gavillot et al., 2016). North of the Sub-Himalaya

is the Lesser Himalaya consisting of the Proterozoic low-grade meta-sediments. The Main
Boundary Thrust (MBT) separates the Sub-Himalaya from the Lesser Himalaya. North

of the Lesser Himalaya is the Higher Himalayan low-grade and high-grade crystalline rocks
of late Precambrian to early Paleozoic age. The Main Central Thrust (MCT) separates

the Lesser and Higher Himalayas. The MBT and MCT lie within 10-20 km of each other
throughout the J&K Himalaya and runs along the southern slope of the Pir-Panjal Ranges,
in the west. Across the eastern segment (referred to as the Jammu-Kishtwar Himalaya,
henceforth), within the Higher Himalaya, lies the Kishtwar Window exposing Lesser Hi-
malayan units. This is interpreted to be an anti-formal stack-duplex (Lesser Himalayan
Duplex - LHD) with the MHT and MCT acting as the sole and roof thrusts, respectively.
The Kishtwar Window LHD exposes structurally deeper level rocks compared to its sur-
rounding Higher Himalaya. Immediately west of Jammu the MFT, RT and further north
the MBT and MCT retreats towards the hinterland in a sharp bend, forming a reentrant
structure. Further to the west is the Kashmir Valley, an intermontane basin formed atop

the Higher Himalayan crystalline rocks. The Valley is bound to the south by the Pir-



113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

Panjal Ranges and to the north by the Zanskar Ranges. The Zanskar Shear Zone (ZSZ)
skirts the Valley to the south and east and carries Tethyan Himalayan strata, which are
exposed in the Pir-Panjal Ranges, the Kashmir Valley and the Zanskar Ranges (Gavillot
et al., 2016). The ZSZ is an equivalent of the Southern Tibetan Detachment (STD) in
west-central Himalaya and continues eastward north of the Kishtwar Window. From bal-
anced cross-section reconstruction and geochronological studies it has been interpreted
that the style of deformation across the Jammu-Kishtwar Himalaya is different from the
Kashmir Valley. The across-arc shortening across Jammu-Kishtwar Lesser and Higher
Himalaya was accommodated by discreet under-plating and Lesser Himalayan duplex-
ing, while frontal accretion was the dominant mechanism across the Kashmir Valley (Gavillot
et al., 2016; Yu et al., 2015). Such differences are expected to necessitate lateral vari-
ation in crustal structure and flat-ramp geometry on the MHT. Absence of sub-surface

images have till-date severely limited the testing of these hypothesis.

Crustal structure of the Kashmir Valley have been studied by Mir et al. (2017) us-
ing eight broadband seismograph stations. They produced a NE-SW 2D profile across
the Kashmir Basin, which revealed a gently dipping Moho from ~40-60 km depth and
a relatively flat MHT at ~12-16 km depth. The 3D nature of the crust beneath the Kash-
mir Himalaya and their limited number of broadband stations restricted any scope of
ascertaining lateral variation in crustal structure or deciphering details of the Himalayan
wedge and MHT. No knowledge of the crustal structure beneath the Jammu—Kishtwar
Himalaya are available till date. We present new data and analysis from one of the largest
broadband seismological deployments in the Jammu and Kashmir Himalaya (Sharma et
al., 2020). We use P-wave receiver function analysis to present (i) 2D common conver-
sion point (CCP) stack profiles and (ii) 3D Vg models obtained from joint inversion of
receiver functions and Rayleigh wave group velocity dispersion data. Our study provides
(a) 3D crust and upper mantle Vg structure of the Jammu and Kashmir Himalaya, (b)
the geometry of the Moho, and the MHT, and (c) variation in structure of the Himalayan
wedge beneath Jammu—Kishtwar Himalaya and Kashmir Valley. Our Vg models are pre-
sented along with the distribution of aftershocks of the 2013 Kishtwar earthquake (Paul
et al., 2018) to decipher the geometry and seismogenic behavior of the MHT. The CCP
profiles are combined with fault-plane geometry of moderate earthquakes (5.0< M,, <5.9)

on and above the MHT (O’Kane et al., 2022) to highlight the internal structure of the
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Himalayan orogenic wedge. Finally, we provide insights into the along-arc variations in

models of long-term shortening across the NW Himalaya.

2 JAKSNET Data

The data for this study has been recorded by the Jammu and Kashmir Seismolog-
ical NETwork (JAKSNET), established in July 2013 through an international collab-
oration between Indian Institute of Science Education and Research Kolkata, Shri Mata
Vaishno Devi University Katra, and the University of Cambridge UK. JAKSNET is the
first deployment of a dense network of seismological stations in Jammu and Kashmir Hi-
malaya and consist of 20 stations (Fig. 1b and Table 1). Each station is equipped with
a 3-component broadband seismograph system (either a CMG-3T or a CMG-3ESPCD)
and recorded continuous ground motion data at 100 Hz. Station location and time-stamping
of the data is done using Global Positioning System (GPS) receivers. Further details about
the network and data quality are available in Sharma et al. (2020). For this study we
used teleseismic earthquakes recorded from July 2013 to June 2019, in the distance range
of 30-90°, with magnitude (M,,) greater than 5.0 (Fig. 1c). A total of 1353 earthquakes,

spread over a large back-azimuth range, have been used for our analysis.

3 Receiver Function Analysis

To model the crustal structure of the Jammu and Kashmir Himalaya we use tele-
seismic P-wave receiver function (P-RF) analysis and joint inversion of P-RFs with Rayleigh
wave dispersion data. P-RF comprises P-to-SV conversion and reverberations beneath
the seismograph station, generated by the interaction between the teleseismic P-wave
and the underlying structure (Langston, 1977; Owens et al., 1984; Priestley et al., 1988).
The 3-component broadband waveform data is recorded as vertical (Z), and two hori-
zontal components, north-south (N) and east-west (E). The horizontal components are
rotated into the radial (R) and tangential (T) components, using the earthquake-station
back-azimuth. This isolates the P-SV energy into the vertical-radial plane for a 1D isotropic
structure. The classical P-RF computation technique requires removal of the source and
common-path propagation effects, by frequency-domain deconvolution of the Z compo-
nent from the R and T components (C. Ammon et al., 1990; C. J. Ammon, 1991). These
generate radial and tangential P-RFs. However, for noisy data with spectral holes in the

Z component, the computed radial P-RF can be unstable (Huang et al., 2015). This is
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No. | Station | Lat. Long. Elev. | Total | Best | Moho | J&K Himalayan

Code | (°N) (°E) (m) RFs | RFs | (km) | Region

1 | AKNR | 32.9631 | 74.7114 550 219 83 | 42+2 | S Sub-Himalaya
2 | NGRT | 32.8167 | 74.8920 392 255 72 | 42+2 | S Sub-Himalaya
3 | SMVD | 32.9302 | 74.9486 643 710 | 227 | 58+2 | S Sub-Himalaya
4 | RMKT | 32.6412 | 75.3323 682 682 | 245 | 42£2 | S Sub-Himalaya
5 | SUND | 33.0678 | 74.4844 590 530 | 191 | 60£2 | S Sub-Himalaya
6 | UDHM | 32.8607 | 75.1374 704 573 | 157 | 42+2 | N Sub-Himalaya
7 | RAMN | 32.7926 | 75.3080 860 625 | 236 | 52£2 | N Sub-Himalaya
8 | CHEN | 32.9921 | 75.3224 | 1465 490 | 229 | 55£2 | N Sub-Himalaya
9 | TAPN | 33.2375 | 74.4124 762 390 167 | 60+2 | N Sub-Himalaya
10 | RAJU | 33.3438 | 74.3363 918 388 62 | 54+2 | N Sub-Himalaya
11 | MEND | 33.5647 | 74.1941 | 1452 532 155 | 58+2 | N Sub-Himalaya
12 | WANI | 33.1254 | 75.4028 | 1221 397 175 | 53+2 | Lesser Himalaya
13 | BUFL | 33.6139 | 74.3964 | 1867 642 133 | 56+2 | Lesser Himalaya
14 | BADR | 33.0707 | 75.6220 | 1521 849 457 | 5242 | Higher Himalaya
15 | CHAK | 33.1129 | 75.7047 | 1500 169 31 | 58+2 | Higher Himalaya
16 | PHAG | 33.2439 | 75.7837 | 1141 358 | 150 | 53£2 | Higher Himalaya
17 | GALR | 33.3412 | 75.9225 | 1788 133 86 | 53+2 | Kishtwar Window
18 | SOHL | 33.2160 | 76.2176 | 2047 182 78 | 66+2 | Higher Himalaya
19 | HARW | 34.1583 | 74.8971 | 1650 544 | 126 | 58+2 | Tethyan Himalaya (KV)

20 | PAHL | 34.0084 | 75.3089 | 2220 370 182 | 66+2 | Tethyan Himalaya (ZR)

Table 1. List of stations, location, total number of P-RFs, best P-RFs (used in this analysis),
average crustal thickness/Moho depth (Sharma, 2020) and Himalayan region where the station is

located.




176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

overcome by using an iterative time-domain deconvolution technique (Ligorria & Am-
mon, 1999), where a spike train is constructed by cross-correlating the R with Z com-
ponent. This spike-train is convolved with the observed Z component to produce a syn-
thetic R component. The difference between the synthetic and observed R components
is computed in the least-squares sense and the misfit value is used to update the spike-
train. The above process is repeated (iterated) using the updated spike-train till the mis-
fit becomes smaller than a cut-off value (set to 0.001) or 200 iterations (set as maximum)
are completed. The best-fitting spike train, obtained in this iterative manner, is the es-
timated P-RF. A Gaussian filter is applied to the waveform to eliminate high-frequency
noise and stabilize the time-domain deconvolution. We choose a Gaussian filter of width
2.5 (maximum frequency ~1.2 Hz) to low-pass filter the waveforms. The quality of the
estimated P-RFs is ascertained by the percentage fit between the calculated and observed
radial waveforms. An 80% cut-off fit value has been used for the estimated P-RFs, in
this study. Data from all JAKSNET stations are processed using the above procedure,

and a list of total P-RFs and best P-RFs (i.e. above 80% fit) is given in Table 1.

To study the crustal structure, its lateral variation and the disposition of the ma-
jor impedance contrast interfaces, the P-RFs are used to construct (a) 2D profiles us-
ing common conversion point (CCP) stacking method, across and along the Jammu and
Kashmir Himalaya; and (b) 3D maps of Vy structure through joint modeling of P-RFs
with published Rayleigh-wave group velocity dispersion data. The methodology involved

in these 2D and 3D imaging techniques are briefly described below.

3.1 2D Common Conversion Point (CCP) Stack

Depth migrated common conversion point stacking of phase conversions and rever-
berations, of the observed P-RF's, enhances coherent signal from impedance contrast bound-
aries (Dueker & Sheehan, 1997). This is done along 2D profiles using the technique of
Zhu (2000). The P-RFs at each station are projected backward along the ray using ray-
theory, through a modified TASP91 velocity model (Kennett & Engdahl, 1991). The IASP91
velocity model is modified by changing (increasing) the crustal thickness taken from joint
inverted Vg models (Sharma, 2020) (Table 1). The arrival times of the P-RF converted
(Ps) and reverberated (PpPy,s, PpSis + PsP,s) phases are depth migrated below the
surface, therefore taking into account the elevation of the stations. Based on the incli-

nation of the rays, the P-RF amplitudes are corrected for incidence-angle effect and binned
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in narrow horizontal and vertical bins. For our analysis we choose bin size of 1 km in both
directions. The P-RF amplitudes within each bin (representing common conversion points
in space) are stacked (averaged) and normalized by the number of piercing rays within
the bin. This allows the CCP stacked amplitudes to be plotted as a fraction of the di-
rect P-wave amplitude (set to unity). The CCP stacking technique enhances coherent
signal and cancels incoherent noise. Depth migration, binning and stacking are performed
for conversion and reverberations, which enhances the wave-field and makes it coherent

in all three phases. This significantly improves imaging of the shallow sub-surface struc-

tures.

3.2 3D Shear-wave Velocity Structure

The region between longitudes 74° and 76.4°, and latitudes 32.4° and 34.4° is di-
vided into square grids of 0.1° sides (Fig. 2a). Piercing points of P-RFs have been cal-
culated at average mid-crustal depth of 30 km using the Taup toolkit (Crotwell et al.,
1999) (Fig. 2a). P-RFs with piercing points lying within each grid are stacked together
to form an average P-RF (also referred to as the P-RF stack) representative of the grid
(Fig. 2b,c,d). Rayleigh wave group velocity dispersion data for periods 5-70 s, correspond-
ing to the center point of each grid, has been taken from Gilligan and Priestley (2018)
(Fig. 2¢). These two complementary datasets have been jointly inverted to model the
shear-wave velocity (V) structure of the crust and uppermost mantle (Fig. 2f). P-RFs
constrain the impedance contrast boundaries beneath a receiver site and the Rayleigh
wave group velocity dispersion is sensitive to the vertical-averages of the shear-wave ve-
locity structure. The depth sensitivity of the Rayleigh wave dispersion dataset is period

(frequency) dependent, with increasing periods sampling greater depth. The 1D V¢ mod-

els obtained from the inversion are interpolated in x-y-z to form 3D Vg model for the Jammu

and Kashmir Himalaya.

We use the linearized-least-squares inversion algorithm of Herrmann and Ammon
(2004), which is an implementation of Julia et al. (2000), to perform the joint inversion
of the two datasets. The starting/initial model for the inversion is constructed as a man-
tle half-space with V, of 4.7 km s~!, based on the modeled upper mantle V, beneath
the Indian Shield (Mitra et al., 2006) (Fig. 2f). This model is parameterized as thin lay-
ers upto 150 km underlain by a mantle half-space. The layer thicknesses are 0.5 km (4

layers), 1 km (2 layer), 2 km (48 layers) and 10 km (5 layers). The choice of total depth
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of 150 km for the layered model is based on the sensitivity of the dispersion dataset. An
a-priori weighting parameter (between 0 and 1) is used to control the influence of each
data set in the inversion. We assigned 80% weight to the P-RF stack and 20% to the dis-
persion data, respectively. The choice of weights is based on previous literature (Mitra

et al., 2018) and through tests of best fit between the synthetic and observed dataset.
The final model matches the most significant arrivals of the P-RFs and the synthetics

lie within +1-0 bounds of the observed (Fig. 2e,f). Quantitatively, we achieve a mini-

mum acceptable fit of 99% for the dispersion data and 95% for the P-RFs.

4 Results

Our results are presented in three parts as follows. First, we present three 2D pro-
files comprising spatially stacked P-RFs, CCP stacks and 2D Vg models along profiles
(Figs. 3, 4 and 5). Second, we present 2D maps of absolute Vy, averaged over 10 km
intervals between 0 and 40 km, and Vy anomaly maps, calculated as deviations from the
average Vy in that depth range (Fig. 6). Third, we present maps of average crustal Vg
and thickness, estimated using uppermost mantle Vy of 4.3 km s=! (Fig. 7). The Moho
map is compared with the Moho depths obtained from joint inversion of P-RFs (stacked
in narrow bins of back-azimuth at each station) and Rayleigh wave group velocity dis-
persion (Sharma, 2020). The first two 2D profiles have been chosen across the Himalayan
arc (SW-NE), such that a comparison can be made between the structure beneath Jammu-
Kishtwar Himalaya and the Pir-Panjal Ranges, Kashmir Valley and Zanskar Ranges. The
third one is sub-parallel to the strike of the arc (SSE-NNW), over the western Sub-Himalaya,
starting at the edge of the Foreland Basin to south of the MBT. In all these profiles, the
three most significant P-RF arrivals are the positive Ps conversion at the Moho and the

mid-crustal discontinuity, and the negative Ps conversion at the MHT.

The Jammu-Kishtwar profile is oriented SW-NE, starting from the Foreland Basin
sediments, immediately west of Jammu, across the southern Sub-Himalaya/Shiwalik (NGRT
and SMVD), the northern Sub-Himalaya/Murree (UDHM, RAMN and CHEN), the Lesser
Himalaya (WANI), the Higher Himalaya (BADR, CHAK, PHAG and SOHL) and the
Kishtwar Window (GALR) (A1-A2 Fig. 2a). The Moho Ps phase is the strongest con-
version at ~5.5 s beneath the Shiwalik; abruptly deepens to ~7 s beneath SMVD in the
northern Sub-Himalaya and reverts back to ~5.5 s immediately to its north (UDHM)

(Fig. 3¢). This appears like a discontinuous Moho segment, which will be discussed later.
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Further north the Moho Ps deepens to ~6.5 s beneath the Lesser Himalaya, and con-
tinues flat. It then shallows to ~6 s beneath the Higher Himalaya, before deepening to
~7 s beneath the Kishtwar Window and ~8 s beyond it. In the depth migrated 2D CCP
stack, the Moho is observed as a strong positive arrival with an overall northeastward

dip and undulations beneath the Higher Himalaya and Kishtwar Window (Fig. 3a). In
the SW, the Moho is at a depth of ~45 km beneath the Shiwalik, ~50 km beneath the
northern Sub-Himalaya, ~55 km beneath the Lesser Himalaya, 55—60 km beneath the
Higher Himalaya and Kishtwar Window, and then dips sharply to ~70 km further NE.

A deeper segment of the Moho at ~55-60 km is observed beneath the Shiwalik at SMVD.
This abrupt change in Moho depth and apparent southeastward dip, further to the north,
indicate deviation from a uniform thickness Indian crust, under-thrusting the Himalaya.
This variation is enhanced by along strike lateral variation in the structure. Moho depths
obtained from station-wise joint inversion in narrow back-azimuth bins by Sharma (2020)

closely match the Moho signal in the CCP stack (Fig. 3a,b).

The next significant phase in the Jammu-Kishtwar P-RF profile is the negative phase
at ~1 s beneath the Shiwalik, which continues flat beneath the Lesser Himalaya and deep-
ens to ~2 s beneath the Higher Himalaya, and ~3 s further north (Fig. 3c). From CCP
profiles across other segments of the Himalaya (Schulte-Pelkum et al., 2005; Acton et
al., 2011; Caldwell et al., 2013; Singer et al., 2017), we identify this as the signature of
the Main Himalayan Thrust (MHT), a boundary which demarcates the under-thrusting
Indian crust from the overriding Himalayan wedge. In the CCP stack, this phase is at
a depth of ~8 km beneath the southernmost station (NGRT) in the Shiwalik, and deep-
ens northeastward to ~10 km beneath the northern Sub-Himalaya (RAMN), having a
gentle dip of ~4° (Fig. 3a). Beneath the Lesser Himalaya the MHT is flat at a depth of
~10 km. In this zone, the MKT, RT and MBT splays out of the MHT at steeper an-
gles and are also marked by negative velocity change. Further north, beneath the Higher
Himalaya, the MHT deepens from ~10 km to ~16 km within a distance of ~20-25 km,
dipping at ~13-17°. This marks a mid-crustal ramp on the MHT (also referred to as the
MHT frontal ramp in this study). The MCT possibly splays out of the up-dip edge of
this MHT ramp and steepen towards the surface. Beneath the Kishtwar window the MHT
flattens at ~16 km and then deepens northeastward to ~20 km, beyond the northern
edge of the Kishtwar window. Beneath the Kishtwar window a number of steeply dip-

ping negative phases splay up-dip from the MHT. These are possible signatures of the
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Lesser Himalayan Duplex (LHD), above and down-dip of the MHT mid-crustal ramp.

The under-thrusting Indian crust (between the MHT and Moho) has an average thick-
ness of ~40 km with marginal thickening beneath the Lesser Himalaya. The third most
significant arrival in the CCP is a positive velocity change phase at a depth of ~30 km
beneath the Shiwalik, which dips northwards and reaches a depth of ~45 km north of

the Kishtwar window (Fig. 3a). We identify this as the mid-crustal boundary of the under-
thrusting Indian crust. This mid-crustal interface is almost parallel to the Moho, and
divides the Indian upper and lower crusts into thickness of ~25 km and ~15 km, respec-

tively.

We plot 2D Vj profile (extracted from the 3D modeling) to compare the interfaces
with the V velocities (Fig. 3b). The slowest Vg (<3.0 km s™1) are observed in the sed-
iments of the Foreland Basin and Shiwalik, with maximum thickness of ~3 km. At depth
of 8-10 km across the Foreland Basin, Sub- and Lesser-Himalaya is a gently NE dipping
low velocity layer (LVL), which corresponds to the MHT in CCP stack profile. The dip
of the LVL increases beneath the Higher Himalaya and continues further NE reaching
a depth of ~20 km. The Vg within the LVL increases towards the hinterland from 3.1
to 3.3 km s~!. The Higher Himalaya has higher V of 3.4-3.5 km s~!, compared to its
south and above the LVL, attesting to crystalline rocks. Below the MHT, between depths
of ~10 and 60 km, the Vg contours are mostly sub-horizontal and dips towards the hin-
terland. Moho depths from individual station back-azimuth binned P-RF joint inversion
(Sharma, 2020) lie within V contours of 4.1-4.4 km s~!, with signatures of laterally vary-
ing Moho depth beneath SMVD and RAMN. Comparison of the mid-crustal disconti-
nuity from CCP stack with the V4 model shows its correspondence to Vg contours of ~3.7—
3.8 km s~!. Among other phases in the P-RF spatial stack, we observe a coherent pos-
itive Ps phase within ~1 s of the MHT negative phase (Fig. 3c). This is produced from
the positive velocity gradient below the LVL. The ~4 s negative phase between distances

of 60 km and 160 km along the profile is a reverberation from the shallow structure.

The second 2D profile is oriented SW-NE across the Pir-Panjal Ranges, Kashmir
Valley and Zanskar Ranges (B1-B2 Fig. 2a). This straddles the northern Sub-Himalaya
(MEND), Lesser Himalaya (BUFL), and Kashmir Valley Tertiary sediments overlying
the Tethyan Himalaya (HARW and PAHL). P-RFs have a distinct Moho Ps arrival at

~7 s beneath the northern Sub-Himalaya, which shallows NE to ~6 s beneath the Kash-

mir Valley and then deepens further north to ~7.5 s beneath the Tethyan Himalaya (Fig. 4c).
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Figure 3. Caption on next page.
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Figure 3. (previous page) (a) CCP receiver function image along profile A1-A2 (Fig. 1a).
Positive Ps amplitude is red and negative amplitude is blue. MHT, mid-crustal discontinuity and
Moho are marked by black dashed lines. Subsurface disposition of the mapped thrusts/faults are
plotted as black dashed line with an arrow head and labeled in green above. Stations are plotted
as inverted white triangles and labeled by station code on top of the plot. Earthquakes from
Paul et al. (2018) are plotted on the CCP as grey circles and from O’Kane et al. (2022) as green
circles, with the fault plane dip plotted as black lines. Moho depths obtained from joint inversion
(this study) are plotted as yellow squares with error bars in black. (b) Plot of Vs model, along
the same profile, obtained from inversion at node points of the 2D grid. (c¢) P-RF stacks (binned
every 3 km) plotted along the same profile. Positive Ps amplitude is red and negative amplitude

is blue. MHT and Moho Ps phases are marked by black lines.

Our network has a gap between the central Pir-Panjal Ranges and the central Kashmir
Valley. Moho depth in this gap is taken from the P-RF study of Mir et al. (2017). In the
CCP, the Moho is at a depth of ~60 km beneath the northern Sub-Himalaya and dis-

plays an undulatory nature with distinctive southward dip beneath the Pir-Panjal Ranges
(Fig. 4a). Beneath the Kashmir Valley the Moho is flat at ~55 km (Mir et al., 2017) and
then dips NE reaching a depth of ~65 km beneath the Zanskar Ranges. The MHT is marked
by a negative velocity change interface and appears flat at ~10 km beneath the Pir-Panjal
Ranges and the Kashmir Valley. The MHT mid-crustal (frontal) ramp observed in the
Jammu-Kishtwar profile, appears to be underneath the Zanskar Ranges, where it deep-

ens to ~15 km. The Zanskar Shear Zone (ZSZ), equivalent of the Southern Tibetan De-
tachment (STD) mapped in the Nepal Himalaya, splays up-dip from the MHT frontal
ramp. Albeit the gap in stations/data from this profile, we suggest that the MBT, MCT
and BF splays up-dip from the MHT. The mid-crustal interface is observed at a depth

of ~30 km beneath the northern Sub-Himalaya and the Pir-Panjal Ranges, possibly stays
flat beneath the Kashmir Valley and dips northwards beneath the Zanskar Ranges to a
depth of ~45 km. From the Vy profile we observe a thin layer (<2 km) of slow Vg sed-
iments (<3.0 km s™!) beneath the northern Sub-Himalaya (Fig. 4b). A flat LVL at ~10 km
depth, with Vg of 3.2-3.3 km s~!, marks the MHT beneath the Sub-Himalaya. The Vg
within the LVL increases marginally to 3.4 km s~! beneath the Kashmir Valley and dips
NE beneath the Zanskar Ranges. The Kashmir Valley is underlain by higher Vg com-

pared to the Sub-Himalaya and the Pir-Panjal Ranges. Similar to the Jammu-Kishtwar
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profile, the Vg contours within the Indian crust (below the LVL) are undulatory and dips
gently towards the hinterland. Moho depths from joint inversion (Sharma, 2020) corre-
sponds to Vg of 4.2-4.4 km s~!. There is a down-warping of the 4.3 km s~ V, con-
tour beneath the Pir-Panjal Ranges. This possibly indicate a thicker crust, with a high
Vg (~4.2 km s~1) lower crustal layer beneath the high ranges. However, this signature

is not evident in the CCP stack. The mid-crustal discontinuity corresponds to Vg con-

tours of ~3.7-3.8 km s~ 1.

The third 2D profile is oriented SSE-NNW across the Sub-Himalaya (C1-C2 Fig. 2a).
The southern end of the profile is NW of Jammu in the Foreland Basin sediments and
extends to the foothills of the Pir-Panjal Ranges. P-RF's from five stations are used in
this profile, of which AKNR and SUND are located on the Shiwalik and TAPN, RAJU
and MEND are on the northern Sub-Himalaya. The Moho Ps phase is the strongest ar-
rival in the P-RF's. It is at ~6 s beneath AKNR, deepens to ~7.5 s beneath SUND, shal-
lows marginally to ~7 s beneath TAPN and RAJU, and finally dips gently beneath MEND
(Fig. 5¢). The MHT negative phase is flat at ~1 s up to 90 km along the profile, after
which it dips gently to ~2 s. In CCP stack the Moho is undulatory with strong north-
ward dip beneath the Shiwalik (AKNR) and northern Sub-Himalaya (MEND) (Fig. 5a).
In between the Moho flattens and dips southward. The depth to the Moho varies from
~50 km to ~65 km, with the deepest Moho beneath SUND and north of MEND. The
mid-crustal discontinuity is marked by a positive phase in the CCP. It displays a sim-
ilar undulatory geometry as the Moho and lies between ~35 km to ~45 km. The MHT
is the shallow negative phase in the CCP. It is observed to be flat at ~6-8 km beneath
the Shiwalik and ~10-12 km beneath the northern Sub-Himalaya, with possible gentle
dipping segments beneath SUND and MEND. The KT and MFT splays up-dip from the
MHT. The Vg model shows low Vg (<3 km s~!) sedimentary layer beneath the Sub-
Himalaya, having thickness of ~3 km in the south and thinning northward (Fig. 5b). The
MHT is marked by the LVL with V of 3.1-3.2 km s—', and dipping gently towards the
NW. The joint inversion Moho depths (Sharma, 2020) lie between Vg contours of 4.2—
4.4 km s~!, both displaying similar undulatory nature of the Moho observed in the CCP.
The mid-crustal discontinuity corresponds to V contour of 3.7-3.8 km s~'. The thick-
ened lower crust beneath SUND has a high Vg (~4.1-4.2 km s~!) ~10 km layer at its

base.
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Figure 4. (previous page) Plot for profile B1-B2 (Fig. 1a). (a) CCP receiver function image.
Moho depth from (Mir et al., 2017) from the Kashmir Valley are plotted as white squares. (b)
Plot of Vs model. (c) Plot of radial receiver function stacks. Rest of the figure caption is same as

figure 3.

Next, we study the lateral and depth variations in absolute Vg and Vg anomalies
for the crust (040 km) using 2D maps (Fig. 6). The absolute Vg are averaged over depth
ranges of 10 km. The Vg anomalies are calculated as percentage deviation from the av-
erage Vg for the depth range. The shallowest map is for depth range of 0-10 km. This
mainly samples the sedimentary layers of the Himalayan Foreland Basin and the Himalayan
wedge (Fig. 6a,b). The V; varies from ~2.8 km s~! to ~3.4 km s~!, with increasing
Vs towards the hinterland (Fig. 6a). This indicates thinning of sedimentary layers and

presence of meta-sediments in the Lesser and Higher Himalaya. This was also observed

in the 2D profiles. The slowest (and possibly the thickest) sedimentary layers (V4<3.0 km s™1)

are present in the Shiwalik (Al in Fig. 6b) and in the Higher Himalaya, between the MCT
reentrant and the Kishtwar Window (A2 in Fig. 6b). These correspond to negative Vg
anomalies of ~8-10%. The Pir-Panjal Ranges, Kashmir Valley and Zanskar Ranges have
increasing positive Vg anomalies. The active Reasi Thrust (Gavillot et al., 2016) marks
the transition between negative to positive Vg anomaly (A3 in Fig. 6b). V4 maps for depths
10-20 km sample around the MHT zone. This includes the top of the under-thrusting
Indian crust in the SW and the base of the Himalayan wedge in the NE (Fig. 6¢,d). This
is due to flexural bending of the under-thrust Indian crust and hinterlandward increase

in Himalayan wedge thickness. Increase in Vy is observed across-arc from foreland to hin-
terland (SW-NE), and along-arc from Kishtwar Himalaya to Kashmir Valley (SE-NW).
Vs maps for depth range of 20-30 km samples the Indian middle-crust in the south, be-
neath the Foreland Basin; and the under-thrusting (gently dipping) Indian upper-crust
beneath the Higher Himalaya (Fig. 6e,f). The increase in Vg occurs in the reverse direc-
tion (i.e. hinterland to foreland) compared to the shallower map. A higher velocity fea-
ture is observed orthogonal to the strike of the Himalayan thrust sheets. This is aligned
along the reentrant of the MBT and MCT up to the Kishtwar window (A4 in Fig. 6e).
This lies below the low Vg anomalies at shallower depth (0-10 km). For 30-40 km depth
range, the Vy varies from 3.4-3.5 km s~! beneath the Tethyan Himalaya. The Vj in-

creases to 3.5-3.8 km s~! beneath the Higher and Lesser Himalaya, and 3.8-4.0 km s~!
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Figure 5. (previous page) Plot for profile C1-C2 (Fig. 1a). (a) CCP receiver function image.
(b) Plot of Vs model. (c) Plot of radial receiver function stacks. Rest of the figure caption is

same as figure 3.

beneath the Sub-Himalaya and Foreland Basin (Fig. 6g). This decreases in Vg towards
the hinterland is due to sampling of the faster lower Indian crust beneath the foreland
and marginally slower mid-to-lower crust beneath the Himalaya. This lateral variation

is also observed in the V4 anomaly map (Fig. 6h).

Finally, we present 2D maps of the average crustal Vg and depth to the Moho be-
neath the J&K Himalaya (Fig. 7). The average crustal V, varies between ~3.4 km s~!
and 3.65 km s~! (Fig. 7a). Slowest average V; (3.4-3.5 km s7!) is observed in the sed-
imentary layers of the Sub-Himalaya. The region following the reentrant of the MFT,
MBT and MCT, up to the Kishtwar window also have slow V. Embedded between the
low average Vg north of the MCT reentrant and the Kishtwar Window is an average high
Vs linear feature, oriented NW-SE (A5 in Fig. 7a). Similar low-to-high Vj transition is
observed immediately NE of the Reasi Thrust (A6 in Fig. 7a). Significant higher aver-
age Vg (~3.55-3.65 km s~ 1) is observed beneath the Pir-Panjal Ranges, Kashmir Val-
ley and the Zanskar Ranges. These regions have higher Vg compared to the eastern Jammu-
Kishtwar Himalayan segment. The Moho from our 3D V, model is chosen as a bound-
ary with average Vg of 4.3 km s~! in the uppermost mantle (Fig. 7b). This is guided
by the match between the joint inversion derived Moho depth (Sharma, 2020) and the
Vs contours in the 2D profiles (Figs. 33b, 4b and 5b). This choice is supported by the
close correspondence between the Moho depths of Sharma (2020) (colored circles) and
the Moho depth contours in our 3D model (Fig. 7b). To the first order, the Moho is ob-
served to dips gently towards the hinterland, with its depth varying from ~45 km (be-
neath the foreland in the SW) to ~70 km (beneath the Higher and Tethyan Himalaya
in the NE). Laterally, significant differences are observed in Moho depth and geometry
between the Jammu-Kishtwar Himalaya and the Kashmir Valley. Regions with slowest
Vs, beneath the Shiwalik and the reentrant of the MFT, MBT and MCT (up to the Kisht-
war Window) are marked by the shallowest Moho. The Moho abruptly deepens north

of the Reasi Thrust by ~10 km. This was also observed in the CCP stack profile as a
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deeper Moho segment (Fig. 3a). The Pir-Panjal Ranges and Kashmir Valley has ~15 km

deeper Moho compared to the Jammu-Kishtwar Himalaya.

5 Discussion
5.1 Geometry of the MHT and structure of the Himalayan wedge

The Main Himalayan Thrust (also referred to as the basal decollement of the Hi-
malayan mountains) marks the boundary between the top of the under-thrusting India
crust and the base of the overriding Himalayan wedge. All or most of the present day
convergence across the Himalaya is accommodated by slip on the MHT (Stevens & Avouac,
2015). The shallow up-dip segment of the MHT deforms seismogenically through cycles
of frictional locking and failure in thrust-fault earthquakes, while the deeper down-dip
segment creeps aseismically. The transition from locked-to-creep occurs through a zone
of tapered slip (unlocking zone), which have been mapped to coincide with a mid-crustal
ramp on the MHT beneath Sikkim (Acton et al., 2011), Nepal (Nabélek et al., 2009) and
Garhwal Himalaya (Caldwell et al., 2013). The MBT, MCT and other major faults within
the Himalayan orogen splays up-dip from the MHT. Growth of the Himalayan orogen,
over geological timescales, is controlled by the evolution of the MHT and its splay faults.
Therefore, knowledge of the three-dimensional structure of the MHT holds key to both

geological and tectonic processes in the Himalaya.

Thrust faulting on the MHT juxtaposes deeper rocks, with higher velocity and den-
sity, over shallower rocks, resulting in negative impedance-contrast at the interface. Ad-
ditionally, at shallow depth, the top of the down-going Indian crust entrains low-velocity
fluid-saturated sediments of the Indo-Gangetic Foreland Basin, enhancing the low ve-
locity associated with the MHT (blue in CCPs). We observe remarkable difference in the
disposition of this MHT LVL between the Jammu-Kishtwar Section and the Kashmir

Valley section and explore its across and along arc transitions. In both sections the MHT

is gently dipping (~4°) beneath the Sub-Himalaya, ranging in depth from 5-6 km to ~10 km.

Beneath the Kishtwar Higher Himalaya it steepen significantly (dip ~13-17°) in the form
of a MHT mid-crustal (frontal) ramp, and reaches a depth of ~20 km beyond the Kisht-
war Window. The aftershocks of the 2013 Kishtwar earthquake (Paul et al., 2018) are
concentrated on and above the edges of the ramp, indicating a zone of stress accumu-

lation and possibly a locked-to-creep transition. Along strike to the NW, beneath the
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Kashmir Valley, the MHT is flat at ~10 km without clear signatures of a mid-crustal ramp.
If at all present, the ramp could be beyond the Valley, beneath the Zanskar Ranges, where
the MHT LVL starts to steepen. However, this lies at the northern edge of our network

to provide a conclusive image. A set of steeply-dipping negative-impedance boundaries

are observed in the Kishtwar Higher Himalaya, above the MHT mid-crustal ramp. These
appear like slivers of ~5 km thickness, and align with the fault planes of moderate earth-
quakes (O’Kane et al., 2022). We infer this to be the Lesser Himalayan Duplex (LHD)
beneath the Kishtwar Window, bound by the MHT sole-thrust and the MCT roof-thrust.
In the inter-seismic period, the convergence across the Himalayan arc accumulates stress
on and above the MHT unlocking zone, resulting in micro-to-moderate seismicity (Ader

et al., 2012). The LHD coincides with this zone and provides pre-existing weak planes
(thrust horses) on which the seismicity possibly occurs. The match between the mod-
erate earthquake fault-plane dip and the steeply dipping planes attest to this brittle de-
formation of the LHD within the Himalayan wedge, thereby illuminating its structure.

Such a LHD structure is not observed in the CCP beneath the Kashmir Valley segment.

To understand the along-arc transition of the MHT from a deeper boundary (with
LHD structure above) in the Kishtwar Window, to a shallower flat-boundary in the Kash-
mir Valley, we constructed two Vy profiles of the intervening region (Fig. 8). The dip-
ping Vy contours match the distribution of the earthquakes (Paul et al., 2018) confirm-
ing the presence of a lateral ramp on the MHT. This lateral ramp dips to the SE and
connects the shallower segment of the MHT beneath the Kashmir Valley to the deeper
segment beneath the Kishtwar Window. The lateral ramp continues up-dip and down-
dip on the MHT, and splay faults above the lateral ramp form the reentrant structures
of the MFT, RT, MBT and MCT seen in map view (Figs. 1b and 8c). Across-arc anoma-
lies A2 and A5 (Figs. 6b and 7a) are signatures of this MHT lateral ramp. The parti-
tioning of convergence between the range front (MFT beneath SMA) and the RT, within
the Sub-Himalaya, could be controlled by this 3D structure of the MHT. Furthermore,
the MHT frontal and lateral ramps intersect immediately south of the Kishtwar Win-
dow to form a complex zone of locked-to-creep transition. The 2013 Kishtwar earthquake
aftershocks are concentrated on and above these two intersecting edges (Fig. 8d). In the
Kashmir Valley segment, this locked-to-creep transition appears to lie further to the north

beneath the Tethyan Himalaya (Zanskar Ranges). These findings have significant im-
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plications for seismic hazard of the J&K Himalaya and models of long-term shortening

across the NW Himalayan arc as discussed below.

The presence of the MHT lateral ramp introduces lateral heterogeneity on the MHT
and could influence the size and/or rupture pattern of future mega-thrust earthquakes.

I arc-normal convergence across the Kashmir Himalaya (Schiffman et

The ~11 mm yr—
al., 2013) has accumulated ~5 m of potential slip within the ~100 km wide frictionally-
locked zone on the MHT (between the range-front MFT and the MHT mid-crustal (frontal)
ramp with concentration of moderate-sized seismicity). Assuming that this entire elas-
tically stored energy is released in a future mega-thrust earthquake on the MHT, the along-
arc length of the rupture will determine the size of the earthquake and its associated haz-
ard. Several possible rupture scenarios could be worked out and incorporated in quan-
tification of ground shaking. These would range from end-member scenarios where (a)

the lateral ramp on the MHT acts as an asperity barrier and results in a relatively smaller
M, ~7-7.5 earthquake (depending on partial or complete rupture); or (b) the mega-thrust
ruptures the entire length of the MHT locked zone in a relatively larger M, 8+ earth-
quake, and the lateral ramp modulates the rupture speed as observed in the 2015 Gorkha

earthquake (Kumar et al., 2017).

The difference in depth and slope on the MHT between the Jammu-Kishtwar Hi-
malaya and the Kashmir Valley is associated with remarkably different wedge structures.
The presence of the steeply dipping MHT mid-crustal (frontal) ramp and the LHD be-
neath the Kishtwar Window confirms the inference made from balanced cross-section that
the arc-perpendicular shortening of the Jammu-Kishtwar Lesser and Higher Himalaya
to have occurred through discreet accretion of thrust horses along the ramp. The CCP
images, and moderate earthquake fault plane dip, provides additional constraints on the
dip and thickness of these stacked sheets within the LHD. On the other hand the Kash-
mir Valley is underlain by a flat MHT with no evidence of a MHT ramp or an LHD struc-
ture beneath it. The arc perpendicular shortening across the Pir-Panjal to the Zanskar
Ranges was most probably accommodated by frontal accretion (Yu et al., 2015). From
the structure and the seismicity, there is no evidence of any active out-of-sequence thrust
in either segments of the J&K Himalaya. The lateral difference in style of convergence
was possibly guided by the presence of the NW syntaxis and the westward increase in

width of the Sub-Himalaya.
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sa1 5.2 Crustal thickness variations and geometry of the Indian Moho

542 The Moho depth beneath the Pir-Panjal Ranges, the Kashmir Valley and the Zan-

543 skar Ranges is deeper by ~10-15 km compared to the Jammu-Kishtwar Himalaya (Fig. 7b).

544 This region of deeper Moho is associated with shallower and flat MHT, which reveals
545 a thicker under-thrust Indian crust beneath the Kashmir Valley region. From gravity anoma-
546 lies it is known that the northern Indian cratonic crust is in isostatic equilibrium. Fol-

547 lowing this we assume that the presently under-thrust Indian crust beneath the J&K Hi-
548 malaya was also in isostatic equilibrium before diving beneath the Foreland Basin sed-

549 iments. The modeled lateral variation in the Indian crustal thickness, from ~45-50 km

550 beneath the Kashmir Valley to ~40-45 km beneath the Kishtwar Himalaya, is an inher-

551 ited characteristic of the cratonic Indian crust. Its undulatory top surface controls the

552 present day geometry of the MHT, including the lateral ramp. Additionally the region

553 of thicker Indian crust has higher average Vg (Fig. 7a), which is a combined effect of higher
554 Vy in the thicker cratonic crust due to possible mafic under-plating, and the thinner sed-
555 imentary layers overlying it. The flexural bending of the under-thrust crust is evident

556 in the long-wavelength increase in Moho depth towards the NE direction from ~45-50 km
557 to ~65-70 km. We also suggest that the MFT, MBT and MCT reentrant, observed in

558 the Jammu-Kishtwar window, is a surface expression of the MHT lateral ramp and south-

550 ward dipping Himalayan topography (Fig. 8c,d).

560 6 Conclusions

561 Teleseismic waveforms from 20 JAKSNET stations have been used to model the
562 3D seismic velocity structure of the J&K Himalaya. P-RF spatial and CCP stack pro-
563 files are computed across the Himalayan arc through Jammu-Kishtwar segment (E) and

564 Pir-Panjal-Kashmir Valley-Zanskar Ranges (W). Joint inversion of P-RFs with Rayleigh

565 wave group velocity dispersion data is performed for 2D grids at 0.1° intervals. These

566 provide the first comprehensive image of the crust and uppermost mantle structure be-

567 neath J&K Himalaya and highlights the across and along arc lateral variations. The main
568 conclusions of this study are as follows:

569 « 2D profiles of P-RF spatial and CCP stacks reveal increasing crustal thickness from
570 the foreland to the hinterland, and an under-thrust Indian crust beneath the J&K
571 Himalaya. The bottom and top of the under-thrust crust is marked by positive
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and negative impedance contrast boundaries, corresponding to the Moho and MHT,
respectively. To the first order the Moho dips gently towards the hinterland. It

is modeled at a depth of ~45 km beneath the Shiwalik Himalaya and deepens to
~70 km beneath the Higher and Tethyan Himalaya. The MHT juxtaposes deeper
crustal rocks over shallower ones, and entrains fluid saturated Foreland Basin sed-
iments, resulting in a LVL. The MHT LVL has a flat-ramp geometry with gen-

tly dipping (~4°) flat segment beneath the Sub and Lesser Himalaya, at 6-10 km
depth. A steeper mid-crustal (frontal) ramp (dip ~13-17°) lies beneath the Kisht-
war Higher Himalaya and Zanskar Ranges, at ~10-16 km depth.

The structure across the Jammu-Kishtwar Himalayan segment in the east is dis-
tinctly different from the western segment across Pir-Panjal Ranges, Kashmir Val-
ley and Zanskar Ranges. The Moho beneath the RT in Sub-Himalaya has a lat-
eral depth variation of ~10-15 km, and has SW dipping segments beneath the Lesser
Himalaya and Kishtwar Window. A LHD structure is imaged beneath the Kisht-
war Window, bound between the MHT sole thrust and MCT roof thrust. The LHD
horses dip at high angle to the bounding structure, align with earthquake fault
plane dip and have average thickness of ~5 km. The under-thrust Indian crust,
bound between the MHT and Moho, have a thickness of ~40-45 km beneath the
Jammu-Kishtwar segment. On the other hand the Moho is at a depth of ~60 km
beneath the northern Sub-Himalaya and Lesser Himalaya along the southern edge
of the Pir-Panjal Ranges. It shallows to ~55 km beneath the Kashmir Valley with
SW dipping segment. Further north it gently dips towards NE and reaches a depth
of ~65 km beneath the Zanskar Ranges. The MHT is flat at ~10 km across the
entire Kashmir Valley segment and have no signature of LHD structure. The MHT
mid-crustal (frontal) ramp lies beneath the Zanskar Ranges, at the edge of our net-
work. The Indian crust is ~45-50 km thick beneath the Kashmir Valley segment

of the Himalaya, marginally thicker than the eastern Jammu-Kishtwar segment.
The under-thrust Indian crustal thickness increase from east to west, beneath the
J&K Himalaya, is associated with increase in Moho depth and average crustal Vj.
For an isostatically balanced Indian crust, this thickness variation results in a deeper
MHT in the east compared to the west. The E-to-W transition occurs through

a lateral ramp on the MHT. Splay faults above the lateral ramp outcrop as reen-

trant. The aftershocks of the 2013 Kishtwar earthquake concentrate on the inter-
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section of the frontal and lateral ramps beneath the Kishtwar Higher Himalaya.
This possibly marks the down-dip locked-to-creep transition on the MHT. This
transition to the west is suggested to lie beneath the Zanskar Ranges.

e This study provides the first sub-surface image of the LHD beneath the Kishtwar
Himalaya. The geological arc-perpendicular shortening of the Jammu-Kishtwar
Lesser and Higher Himalaya had occurred through discreet accretion of thrust horses
above the MHT mid-crustal (frontal) ramp, which are illuminated by moderate
magnitude earthquakes. Whereas, the Kashmir Valley is underlain by a flat MHT,
and the arc-perpendicular shortening across the Pir-Panjal to Zanskar Ranges, most

probably, occurred by frontal accretion.
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