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Abstract

Since the initial collision at 55 Ma, rocks of the Indian crust below the Himalayas have
undergone modification chemically and compositionally due to the ongoing India—Asia
convergence. The local earthquake tomography images a shallow (~1-2°) north-east-
erly dipping low-velocity layer (10-20% drop in Vp and Vs, 10-15% increase in Vp/Vs)
beneath the region between 10 and 20 km depth, which is inferred as the main Himalayan
thrust (MHT). The presence of this low-velocity layer may be attributed to the presence of
aqueous/metamorphic fluids or high fluid pressure, which may trigger crustal earthquakes
by lowering the frictional coefficient (~0.01-0.08) on the MHT. The 1803 M,,8.2 Garhwal,
1991 M,,6.8 Uttarkashi and 1999 M, 6.4 Chamoli earthquakes have also been modelled to
be triggered on the MHT, by the presence of aqueous/metamorphic fluids or high pore-fluid
pressure. Besides, our modelling predicts three un-ruptured similar low-velocity zones on
the MHT for generating future moderate to large fluid-triggered earthquakes in the region.
The mapped low-velocity anomalies at 25-35 km depths further support the idea of the
presence of a relatively higher temperature due to the hotter mantle below, which induces
ductile rheology that prevents the lower crustal seismicity.

Keywords Local earthquake tomography - Main Himalayan thrust - Seismic velocity - Vp/
Vs ratio - Rheology - Crust

1 Introduction

The mighty Himalaya represents the site for the active continent—continent collisional zone
in the world and was formed through the formation of three major north-dipping thrusts
since the initial collision between the Indian and Eurasian plates at 55 Ma (viz., youngest
southernmost main frontal thrust (MFT), main boundary thrust (MBT) and main central
thrust (MCT)) (Valdiya 1980). These thrusts root into a regional decollement or bed-par-
allel fault, representing the contact between the Indian and Eurasian plates (Seeber and
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Armbruster, 1971). This decollement surface, which underlies the entire Himalaya, is more
popularly known as the main Himalayan thrust (MHT). This has been the plane of occur-
rence for most of the moderate to great Himalayan earthquakes (Seeber and Armbruster,
1971). The geometry of the MHT has been imaged in terms of change in seismic velocities,
lithologic changes, intense micro-seismicity, high electrical conductivity and focal depths
of moderate earthquakes (Ni and Barazangi 1984; Na’b"elek et al. 2009; Caldwell et al.
2013; Schulte-Pelkum et al. 2005; Pandey et al. 1995; Lemonnier et al. 1999). A ramp
in MHT is also inferred based on the clustering of micro-seismicity in the Nepal Hima-
laya (Pandey et al. 1995) and geological mapping as well as structural data in Garhwal
Himalaya (Srivastava and Mitra, 1994). Recently, the double-difference tomography using
P- and S- arrival times from the 2015 Gorkha aftershock sequence has imaged lateral varia-
tion of the low-velocity MHT zone between 15 and 30 km depths, which has been inferred
to control the rupture length of the Gorkha earthquake (Bai et al. 2019). Nevertheless, the
causative factors for earthquake generation associated with the MHT remain undetermined,
which provides the required impetus to carry out a detailed local earthquake tomographic
inversion of the Uttarakhand Himalayan region, to delineate the fine 3-D crustal seismic
velocity structure of the Himalayan collision front including the geometry of MHT.

Prior to the occurrence of the 2015 Gorkha earthquake, the earthquake generation
model of moderate to great Himalayan earthquakes was mainly constrained by pre-twen-
tieth century felt-intensity reports, some recent instrumental seismological data and paleo-
seismological evidence of some great earthquakes (Seeber and Armbruster 1981; Ni and
Barazangi 1984; Rajendran and Rajendran 2005). This scenario has been changed for the
first time through modelling of instrumental data gathered during the 2015 Gorkha earth-
quake, which provided a better constrained model of earthquake generation on the north-
dipping main Himalayan thrust (MHT) between 15 and 30 km depths, due to the high pore
fluid pressure and continued convergence between the Indian plate and southern Tibet (Bai
et al. 2019; Elliott et al. 2016). Several earlier studies using poorly constrained instrumen-
tal seismic data have also been imaged the geometry of the MHT in terms of change in
seismic velocities, lithologic changes, intense micro-seismicity, high electrical conductiv-
ity and focal depths of moderate earthquakes (Ni and Barazangi 1984; Caldwell et al. 2013;
Schulte-Pelkum et al. 2005; Pandey et al. 1995; Lemonnier et al. 1999). Nevertheless, the
causative factors for earthquake generation associated with the MHT remain undetermined,
which provides the required impetus to carry out a detailed local earthquake tomographic
inversion of the Uttarakhand Himalayan region, to delineate the fine 3-D crustal seismic
velocity structure of the Himalayan collision front including the geometry of MHT.

Until today, many damaging M>7 earthquakes including at least four M8 great
earthquakes have occurred along the 2500-km Himalayan frontal arc. However, the
Kumaon-Garhwal Himalaya has been unique to experience repeated great earthquakes in
1505 and 1803. Considering a GPS-derived convergence rate of 15 mm/yr, Bilham (2019)
has inferred an accumulated slip deficit of 3 m in the KG Himalaya, since the occurrence of
1803 event. Occurrences of the 1991 Uttarkashi and 1999 Chamoli earthquakes were not
sufficiently large to release 3-m slip deficit. Thus, the occurrence of an earthquake of M7.3
is required to release the complete slip deficit in the Kumaon—Garhwal (KG) Himalaya
(Bilham 2019). Based on the results from seismological, GPS and geological studies, it has
now been established that the central GAP area in Himalaya (the region between the 1905
Kangra and 1934 Nepal-Bihar source region) is the locale for the future large M7 earth-
quakes in the Himalayan frontal arc (Bilham 2019; Vorobieva et al. 2017) and hence, it is
necessary to monitor the earthquake activity in the central GAP area. The CSIR-National
Geophysical Research Institute (CSIR-NGRI), Hyderabad, has been operating a regional
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network of 56 three-component broadband stations in the Uttarakhand Himalayan region
(Fig. 1a), since 2017, which provided the impetus to map (if any) the seismogenic vol-
ume for velocity variation and its correlation with earthquake generation in the KG Hima-
laya. In this paper, we present a 1D reference velocity model of the region, derived from a
selected set of seismograms generated by 913 well-distributed earthquakes, with azimuth
gaps < 180°. This 1-D velocity model is derived by averaging 1-D Vs models obtained
from the Differential Evolution waveform inversion of PRFs at 9 broadband stations within
the MCT Zone (i.e. the region between Vaikrita (VT) and Munsiari (MT) thrusts) and
region just south of it (Fig. la; “additional figures are given in Online Resource 1) and
used as a priori information to map the 3-D Vp and Vs variations within the study region
using local earthquake tomography, by using 14,074 P- and 13,013 S- arrivals of 913 local
earthquakes from a total of 65 broadband stations (Figs. 1a-d, 2a-c, 3a-e; “additional table
is given in Online Resource 8”). Our tomographic images clearly map several important
geological crustal features in the Uttarakhand Himalaya (Figs. 46 and “additional figures
are given in Online Resources 2—4").

2 Geology, tectonics and seismicity of the Kumaon-Garhwal Himalaya

Four major thrust fault systems (viz. Himalayan frontal thrust (HFT), main Boundary
thrust (MBT), main Central thrust (MCT), and South Tibetan detachment (STD)) char-
acterize the tectonics of the Kumaon and Garhwal Himalayas, wherein MFT separates
Shivalik Himalayas (SH) from Indo-Gangetic plain, while MBT bounds lower Himalayas
(LH) in the south and higher Himalaya (HH) in the north (Fig. 1a) (Valdiya 1980; See-
ber and Armbruster 1981; Ni and Barazangi 1984; Na’b“elek et al. 2009; Caldwell et al.
2013; Schulte-Pelkum et al. 2005; Pandey et al. 1995; Lemonnier et al. 1999; Srivastava
and Mitra, 1994). The higher Himalaya (HH) is also separated from the LH by the MCT.
And, the ITSZ (Indo-Tsangpo suture zone) is separated from the HH by the STD. In the
Uttarakhand Himalaya, the MCT zone comprises two faults viz., Munsiari (MT) and Vai-
krita (VT) (Valdiya 1980). Additionally, the Ramgarh thrust (RT) and Ton thrust (TT) are
also present in the Lesser Himalaya. These major thrusts connect to a low-angle north-
dipping plane at a depth, which is probably decoupled the Indian plate from the overriding
Eurasian plate (Fig. 1b). Modelling of GPS data revealed that presently MHT is accom-
modating about 90% of strain energy resulting from the convergence between Indian and
Eurasian plates (Bilham, 2019; Ader et al. 2012). Available fault plane solutions of earth-
quakes suggest the involvement of a low-angle north-dipping thrust fault for generating
these events (Jain and Chander 1995; Kayal et al. 2003).

Occurrences of four great M>8 (viz., 1505 Central Himalaya, 1897 Shillong, 1950
Assam, and 1934 Bihar—Nepal earthquakes) and three large M7.5-7.9 (viz., Kangra, 1905,
M?7.8, Kashmir, 2005, M7.6, and Nepal, 2015, M7.8) earthquakes in the past define the
level of earthquake hazard associated with the Himalaya (Rajendran and Rajendran 2005;
Bilham 2019; Vorobieva et al. 2017; Gupta and Gahalaut 2014). Besides, the seismic
potential of the NW Himalaya has been manifested by the occurrences of several M>6
earthquakes (e.g. the 1344 M > 8, 1505 M8.2 Lo Mustang, 1803 M7.7 Garhwal, 1905 M7.8
Kangra, 1975 M6.8 Kinnaur, 1991 M6.8 Uttarkashi and 1999 M6.4 Chamoli) (Rajendran
and Rajendran 2005). Interestingly, most of these moderate to large earthquakes have
occurred on the MHT (Bilham 2019), which has also been inferred from the geological
data (Srivastava and Mitra 1994), seismological data (Caldwell et al. 2013) and GPS data
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Fig. 1 a Station location map of the Uttarakhand region. Filled blue triangles mark the location of broad- p
band stations, while small filled white circles mark the earthquake relocations obtained from simultaneous
inversion. Solid black lines mark six profiles across the strike (AA’, BB’, CC’, DD’, EE’, and FF’) and two
profiles along the strike (GG” and HH’) of the collisional zone. The inferred rupture zones of the 1803
(IRZ1) and 1505 (IRZ2) earthquakes are marked by solid thick white lines (after Bilham (2019)). The solid
black line represents faults. MT: Munsiari Thrust; VT: Vaikrita thrust; MZ: MCT Zone; RT: Ramgarh
Thrust; TT: Ton Thrust; MBT: Main Boundary Thrust; MFT: Main Frontal Thrust; AsK: Askot Klippe;
CCB: Chiplakot crystalline belt; LK: Lansdown Klippe; AK: Almora Klippe. Medium size red filled circles
mark the epicentral locations of the 1991 M, 6.8 Uttarakhand and 1999 M, 6.4 Chamoli earthquakes, while
a large red filled circle marks the location of the 1803 event. Inset shows the Indian plate and surround-
ing major plate boundaries. A red square marks the study area, while BOB marks the Bay of Bengal, b
Schematic tectonic depth cross-Sect. ! across the NE-SW tending profile PM, whose location is shown in
Fig. 1a, ¢ A Wadati plot of P-arrivals and (S-P) times of all the events used here, and d Final 1-D Vp and
Vs models (shown by black dotted lines) determined from the simultaneous inversion of P- and S- arrival
times of 923 local events from 10-35 stations, while initial velocity models are shown by solid black lines

(Bilham 2019). Several researchers have attributed the Kumaon—Garhwal (K-G) Himala-
yan seismicity to a zone parallel to the MCT lying between Yamuna and Alaknanda val-
leys (Gaur et al. 19,865; Khattri et al. 1989; Mandal et al. 2001). However, Yadav et al.
(2009) showed the K-G Himalaya seismicity clusters close to the MCT. The confinement
of micro-seismicity along the MBT has also been reported for the Kangra—Chamba earth-
quake region (Kumar et al. 2009), while the Kinnaur seismicity has been reported to be
associated with the South Tibetan detachment (STD) and Kaurik—Chango fault (Joshi et al.
2010; Molnar and Lyon-Caen, 1989). Several micro-earthquake studies in Himalaya have
been carried out in the recent past by operating various seismic networks (Pandey et al.
1995; Kumar et al. 2009; Monsalve et al. 2006; Langin et al. 2003; Drukpa et al. 2006) and
the significant observation from these studies is the clustering of seismicity to the south of
the MCT surface trace. In general, most of the Himalayan earthquakes are upper crustal in
nature and are occurring on the north-dipping MHT. However, in Bhutan Himalaya earth-
quakes are located in the middle and lower crust (Drukpa et al. 2006), but lower crustal
earthquakes are not present beneath the Nepal Himalayan segment (Pandey et al. 1995;
Monsalve et al. 2006; Langin et al. 2003).

3 Data and methods

Here, we use P- and S- arrival times of 713 local earthquakes (M; 0.8-5.6), which have
been recorded by a close broadband seismic network of 56 three-component seismo-
graphs during 2017-2020 in Uttarakhand Himalaya that has been deployed by our Institute
(Figs. la, 2a, 3a). We also add arrival times of 200 aftershocks (M,,1.0-4.8) of the 1999
Chamoli earthquake from a local seismic network of nine 3-component broadband seismo-
graphs deployed by our Institute in 1999 (Mandal et al. 2001). Thus, we use 14,074 P- and
13,013 S-wave high-quality arrival times picked from the three-component seismograms
of 913 events for our local earthquake tomography study (see Supplementary Table S1
online). The locations of these earthquakes are shown in Fig. 1a, while Fig. 2a-c shows
an excellent sampling of the study region by rays suggesting a good coverage for our local
earthquake tomography study. We obtained an average crustal Vp/Vs ratio of 1.72 for the
region, through a Wadati plot of P-arrivals and (S-P) times of all the events (Fig. 1c). For
the relocations of earthquakes, we use an initial velocity model that has been constructed
by averaging the 1-D velocity models at 10 broadband stations (Fig. 1a), which are located
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in the MCT zone, as obtained from the differential evolution waveform inversion of PRFs
(“additional figures are given in Online Resource 17). The apriori and final velocity models
are shown in Fig. 1d. Both velocity models show a clear low-velocity layer at 10-20 km
depth (Fig. 1d). This final model is used as the initial velocity model for our tomography.
An excellent sampling of the study region by rays is seen from Fig. 2a-c, suggesting a good
coverage for our local earthquake tomography study. We also determined a new 1-D veloc-
ity structure for the region through simultaneous inversion of 8412 P- and 8038 S- arrivals
of 528 well-located events out of 913 earthquakes (Fig. 3a-c). The relocated earthquakes
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Fig.2 a A plot showing ray sampling (red lines) of the study area for local earthquake velocity tomogra-
phy. The inferred rupture zones of the 1803 (IRZ1) and 1505 (IRZ2) earthquakes are marked by solid thick
dotted white lines (after Bilham (2019)). White dots mark epicentres, while blue filled triangles represent
broadband seismograph stations, b N-S depth section of ray sampling (red lines) showing a good sampling
of the crustal volume below the study area down to almost a depth of 35 km, and ¢ E-W depth section
of ray sampling (red lines) showing a good sampling of the crustal volume below the study area down to
almost a depth of 35 km

are found to be occurring in the region just south of the MT (Fig. 3a-b) and very clearly
delineate the main Himalayan thrust (MHT) that dips towards NE (Fig. 3b). For our
tomographic inversion, the RMS residuals for P and S waves are reduced from 0.564 s to
0.284 s, and 0.547 s to 0.263 s, respectively, within 14 iterations (Fig. 3d-e). Note that our
tomographic inversion is limited by 953 local earthquakes, which are spread over an area
of 330 km X 330 km that might have resulted in poor resolution for some parts where num-
ber of earthquakes are less. Further, the focal depths of our events are there down to 35 km,
which also results in a limitation to the resolving depth of tomograms. Thus, the results of
our tomography would be reliable down to a depth of 35 km. Thus, if we use more number
of events with focal depths deeper than 35 km then our tomograms will have better depth
resolution down to the Moho depth, which would provide better insight into the structure
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Fig.3 a Earthquake relocations determined by simultaneous inversion are shown by small red circles.
Three-component broadband seismographs mark by solid blue triangles. Two medium green filled circles
represent the locations of the 1991 M,,6.8 Uttarkashi and 1999 M,,6.4 Chamoli earthquakes, while a large
red filled circle marks the epicentral location of the 1803 event. The inferred rupture zones of the 1803
(IRZ1) and 1505 (IRZ2) earthquakes are marked by dotted thick white lines (after Bilham (2019)), b Depth
cross section of relocated events across MN profile, showing seismicity along MHT and above it. However,
some lower crustal and upper mantle earthquakes are also noticed. Red open circles mark the relocated
earthquakes, while a black filled circle marks the hypocentre of the 1999 M,,6.4 Chamoli event. RMS resid-
ual vs. number of iterations plots for ¢ P- and d S- wave tomography. An arrow marks the minimum RMS
value obtained at 14 iterations of the P- and S- tomography
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Fig.4 Tomograms at 0-5 km depth, a Vp, b Vs and ¢ Vp/Vs, tomograms at 5-10 km depth, d Vp, e Vs
and f Vp/Vs, tomograms at 10-15 km depth, g Vp, h Vs and i Vp/Vs, and tomograms at 15-20 km depth,
J Vp, k Vs and 1 Vp/Vs. Medium size red filled circles represent the epicentral locations of the 1991 M,6.6
Uttarkashi and 1999 M,,6.4 Chamoli earthquakes, while small filled red circles mark relocations of events.
A large red filled circle marks the location of the 1803 event. The inferred rupture zones of the 1803 (IRZ1)
and 1505 (IRZ2) earthquakes are marked by solid thick white lines (after Bilham (2019)). Three-component
broadband seismographs mark by solid brown triangles. White elliptical areas A, B, C and D mark zone
of high fluid pressure (greater decrease in Vs than Vp with large Vp/Vs), mafic zone of low silica content
(high Vp, moderate Vs and high Vp/Vs), zone of intermediate to high silica content (high Vp, low Vs and
low Vp/Vs), and fluid-filled zone (low Vp, low Vs and high Vp/Vs), respectively. A large yellow elliptical
zone marks an N-S trending transverse structure, which is associated with large fluid pressure
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below the region. Further, if we have more number of events spatially well distributed over
the whole region, then our tomograms would have better spatial resolution for the study
region.

We use the tomographic inversion code developed by Benz et al. (1996) for our study.
The modelling volume is discretized into 11,979 grid nodes, with the volume divided into
33x33x8 nodes. A uniform horizontal grid spacing of 10 km and a vertical grid spacing
of 5 km was considered in tomographic inversion whilst, for the computation of arrival
times and ray tracing a uniform horizontal and vertical grid spacing of 1 km is used (“addi-
tional table is given in Online Resource 8”). The smoothing parameter decreases from 50
to 3 together with model roughness decreasing and not affecting the absolute velocities,

79 80
Vp (km/s)

—

45 6.0 7.5

| — F 17 o a9

2.8 4.2

Fig.5 Tomograms at 20-25 km depth, a Vp, b Vs and ¢ Vp/Vs, tomograms at 25-30 km depth, d Vp,
e Vs and f Vp/Vs, and tomograms at 30-35 km depth, g Vp, h Vs and i Vp/Vs. Medium size red filled
circles represent the epicentral locations of the 1991 M, 6.6 Uttarkashi and 1999 M, 6.4 Chamoli earth-
quakes, while small filled red circles mark relocations of events. A large red filled circle marks the location
of the 1803 event. The inferred rupture zones of the 1803 (IRZ1) and 1505 (IRZ2) earthquakes are marked
by solid thick white lines (after Bilham (2019)). Three-component broadband seismographs mark by solid
brown triangles. White elliptical areas A, B, and C mark zone of high fluid pressure (greater decrease in
Vs than Vp with large Vp/Vs), mafic zone of low silica content (high Vp, moderate Vs and high Vp/Vs),
and zone of intermediate to high silica content (high Vp, low Vs and low Vp/Vs), respectively, while white
elliptical area G marks the presence of very high-velocity mafic granulite
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Fig.6 NE-SW depth cross sections of Vp, Vs and Vp/Vs along (a-c) Profile AA’, (d-f) Profile CC’, and »
(g-1) Profile FF’. Structural interpretation of the major thrusts in the Garhwal Himalaya is shown by grey
dotted lines (from Srivastava and Mitra (1994)) projected into the line of our sections. Small red filled cir-
cles represent the hypocentral locations of earthquakes. Grey dotted lines mark the MHT zone. Large white
circles represent the hypocentral locations of the 1999 M 6.4 Chamoli earthquake. The locations of these
profiles are shown in Fig. 1a. S1 and S2 show white elliptical areas of low Vp, low Vs and high Vp/Vs val-
ues suggesting the presence of aqueous/metamorphic fluids. S1 is associated with a clustering of seismicity
and the 1999 Chamoli event, while S2 is associated with a cluster of micro-earthquakes

the RMS residuals for P and S waves are reduced from 0.564 s to 0.284 s, and 0.547 s to
0.263 s, respectively, within 14 iterations (Fig. 3d-e). The depth slices of Vp, Vs and Vp/
Vs tomograms from 0 to 35 km depths at 5 km depth interval are shown in Figs. 4-5, with
depth cross sections along six NE-SW profiles (across the collisional zone) are shown in
Fig. 6(a-1) and “additional figures are given in Online Resource 2. Also, we constructed
depth cross sections of Vp, Vs, and Vp/Vs tomograms along two NW-SE profiles to image
the nature of crustal structure along the strike of the collisional zone in the Uttarakhand
Himalaya (Fig. 7a-f). We also model differential Vp and Vs (i.e. final model—initial model)
tomograms at 5 km interval between O and 35 km depth, which are shown in Figs. S3a-
h, S4a-f. We also performed checkerboard test by assigning alternately high (+5%) and
low-velocity (-5%) perturbations for individual grid nodes in 3-D, from 0 to 35 km depths
at 5 km depth interval (Fig. 8a-h and “additional figures are given in Online Resources 5
and 6”). Our checkerboard test reveals a 90% retrieval of the Vp and Vs tomograms in the
main seismogenic region, at 0—30 km depths (Fig. 8c-h and “additional figures are given
in Online Resource 57); however, only ~70-80% is retrieved for the remaining parts of the
study area. Whilst at 30-40 km depths (“additional figures are given in Online Resource
6”), about~75-85% of the velocity anomaly is retrieved within the central part, while
only ~55-65% is retrieved for the rest.

4 Results and discussion

Analysis of depth slices for Vp, Vs and Vp/Vs tomograms at 0-5, 5-10, 10-15, 15-20,
20-25, 25-30, and 30-35 km depth ranges (Figs. 4a-1, 5a-i), reveal a laterally varying
velocity structure across the inferred rupture zones of the 1803 (IRF1) and 1505 (IRZ2)
great earthquakes in the KG Himalayan region comprising of several high and low-velocity
anomalies. The high-velocity anomalies are characterized by a 10-20% increase in Vp and
Vs and a 10% decrease in Vp/Vs values, which could be attributed to rigid and brittle crus-
tal rocks, while the low-velocity anomalies are characterized by 10-20% decrease in Vp
and Vs and a 10-14% decrease in Vp/Vs values, which could be representing fluid-filled
zones. Our tomograms reveal on an average a lower velocity at 0—5 km depths in compari-
son to velocities at 5-10 km depths, which could be due to the presence of low strength,
less rigid and weakly coupled sedimentary rocks that could be filled with meteoric water
at 0-5 km depths. Most of the events at 0-5 km depths occur in the low-velocity zones,
which could be triggered by the presence of crustal fluids, while some earthquakes are
also noticed to occur in the high-velocity zones, which could be attributed to the seismic
failure resulted from the large stress concentration associated with the brittle rigid compe-
tent high-velocity rocks. At 0-5 km depths, we also map an N-S trending transverse fea-
ture (characterized by high Vp, low Vs and high Vp/Vs values and marked by a yellow
elliptical area in Fig.4a-c) at the central zone between CRZ1 and CRZ2, which could be
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Fig.7 Vp, Vs and Vp/V depth cross sections of Vp, Vs and Vp/Vs tomograms along a, ¢, and e GG’ and
b, d, f HH’ profiles along the strike of the Himalayan collisional zone. Black elliptical areas F1, F3 and
F5 are associated with high pore fluid pressure, while black elliptical areas F2, F4, F6 and F7 are associ-
ated with the presence of fluids. These elliptical areas are also associated with micro-earthquake clusters,
while F1 and F2 are associated with the hypocentral locations of 1991 Uttarkashi and 1999 Chamoli events,
respectively. Black dotted lines mark the main Himalayan thrust (MHT). Large filled white circles mark the
1991 Uttarkashi and 1999 Chamoli earthquakes, while relocated events are marked by small red circles.
The locations of these profiles are shown in Fig. la

representing a permeable lithological contact with large fluid pressure. However, this trans-
verse feature vanishes at depths deeper than 5 km (Fig. 4d-f). Based on the different nature
of seismic velocities and Vp/Vs ratios we locate four zones viz., A, B, C and D shown
by white elliptical areas in Fig. 4a-f. The zone A is characterized by greater decrease in
Vs than Vp with large Vp/Vs, suggesting a zone of high fluid pressure, while zone B is
characterized by high Vp, moderate Vs and high Vp/Vs, suggesting a mafic zone of low
silica content, whereas high Vp, low Vs and low Vp/Vs characterize the zone —C, sug-
gesting a zone of intermediate to high silica content, while zone-D is characterized by low
Vp, low Vs and high Vp/Vs, representing a fluid-filled zone. The N-S trending transverse
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Fig.8 Results of Checkerboard test. a, b Input perturbation model, consisting of 330 km® with velocities
5% compared to the starting model for P- and S- waves, ¢, d recovered perturbation models for P- and S-
waves at 5-10 km depths, e, f recovered perturbation models for P- and S- waves at 15-20 km depths, and
g, h recovered perturbation models for P- and S- waves at 25-30 km depths. Broadband stations are marked
by filled brown triangles, while locations of the 1991 Uttarkashi and 1999 Chamoli earthquakes are shown
by red filled circles
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structure (marked by a large yellow elliptical area in Fig. 4a-f) is also marked as zone A,
which is inferred to be associated with large fluid pressure. These A, B, C and D zones are
also mapped in tomograms at 10—15 km, 15-20 km and 20-25 km depths (Figs. 4g-i, Sa-
c). However, these zones are not mapped at 25-35 km depths. Rather, zone-G is mapped
at 25-35 km depths, which is characterized by very high Vp (>7.0 km/s), very high Vs
(> 3.9 km/s) and very high Vp/Vs (> 1.85), representing rocks with mafic granulite compo-
sition (Christensen and Mooney 1995).

We also notice low-velocity anomalies at 5-35 km depths, which might be attributed
to the zones filled with aqueous or metamorphic fluids. Whilst high-velocity zones at
5-35 km depths could be attributed to the presence of high strength rigid and strongly
coupled rocks that could accumulate large strain energy due the ongoing convergence (Bil-
ham 2019; Ader et al. 2012). Interestingly, we notice marked lateral variations in seismic
velocities (Vp, Vs and Vp/Vs) across the rupture zones of both 1803 and 1505 events at
0-25 km depths (Figs. 4a-1 and 5a-c), suggesting a marked laterally varying structural het-
erogeneities. However, this high level of lateral variations in seismic velocities is noticed
to be reduced at 25-35 km depths (Fig. 5d-i). We also observe that the nature of veloc-
ity anomalies changes with increasing depth and becomes dominant with lower velocity
anomalies (Vp: 5.3-6.2 km/s; Vs: 2.8-3.7 km/s; Vp/Vs: 1.7-2.1) between 10 and 20 km.
Interestingly, the detachment plane (i.e. main Himalayan thrust (MHT)) coincides with this
low-velocity zone. Majority of earthquakes also occur between 10 and 20 km depth below
the MCT zone, which is modelled to be characterized by low to moderate Vp and Vs and
high Vp/Vs ratio (~1.8-2.1), representing zones filled with aqueous/metamorphic fluids
probably resulting from the metamorphic dehydration reaction due to the under-thrusting
Indian crust?®?. Our tomograms also show several high-velocity anomalies within the
MHT zone representing high strength rigid and strongly coupled rocks at 5-20 km depths,
which can accumulate large strains due to the continued northward Himalayan convergence
(Pei et al. 2016). It is observed that the 1803 M,8.2 (Bilham et al. 2019), 1991 M,,6.8
Uttarkashi (Cotton et al. 1996) and 1999 M, 6.4 Chamoli (Mandal et al. 2001) earth-
quakes have occurred between 10 and 15 km depth in the low-velocity zones on the MHT
(Figs. 4-5). Thus, it can be inferred that stress loading in the high-velocity rigid rocks
within the MHT might be accumulating large stresses due to the continued northward Him-
alayan convergence, which subsequently led to the generation of earthquakes due to crustal
fluid flows (low-velocity zones). Therefore, earthquakes associated with the low-velocity
MHT could be inferred as the fluid-triggered earthquakes. However, in contrast, higher
velocities characterize the whole region between 20 and 35 km depths (Fig. 5a-f). Below
the Askot Klippe (AsK) and Chiplakot crystalline belt (CCB) in the eastern side of the
study area, both Vp and Vs tomograms are laden with high-velocity anomalies (with low
Vp/Vs) between 5 and 35 km depths except the dominant low-velocity anomaly (with high
Vp/Vs) between 10 and 20 km depth coinciding with the MHT (Figs. 1a, 5Sa—f). Two other
high-velocity anomalies between 20 and 35 km depths are also noticed, which are located
below the Lansdowne Klippe (LK) and Almora Klippe (AK) (Figs. 1a, 5a—f). These high-
velocity anomalies associated with the Askot Klippe (AsK) and Chiplakot crystalline belt
(CCB) could be attributed to the mafic higher Himalayan rocks, while the low-velocity
anomalies below the Lansdowne Klippe (LK) and Almora Klippe (AK) could be attributed
to the exhumation and sediments associated with these Klippes (Patel et al. 2020).

We notice a domination of higher Vp and Vs (with low Vp/Vs ratio) between 20 and
35 km depth, suggesting the presence of rigid mafic lower crustal rocks (Fig. 5a—i). At
20-30 km depths, we also notice an NW-SE trending large area of low velocity (low
Vp: 5.8-6.1 km/s, low Vs: 3.4-3.6 km/s; low Vp/Vs:1.6-1.8), suggesting the presence
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of rocks with intermediate to high silica content (Musacchio et al. 1997). Most interest-
ingly, our tomograms clearly image some NNE-NS trending anomalies with very high Vp
(>7.5 km/s), high Vs (>4.2 km/s) and low Vp/Vs (~1.6) between 25 and 35 km depth
(shown by white elliptical areas in Fig. 5d—i), which might be representing very rigid and
competent lower crustal rocks with a composition similar to the granulite (Christensen and
Mooney 1995). These high-velocity anomalies are not seen at shallower depths down to
25 km (Figs. 4a-1 and 5a—c). If we compute density from Vp, then these high-velocity
rocks have a very high-density value of the order of ~3.0—3.4 gm/cm? that might be rep-
resenting a mafic granulitic layer (initial stage of the partial eclogitization), which might
be representing the subducted Indian lower crustal rocks as also suggested by Hatzfeld and
Molnar (2010). Note that Patel et al. (2020) have reported occurrences of mafic xenoliths/
granulite from the Kailash Kinnaur granite that is located just 50-60 km west of our study
area. It would be worth mentioning here that evidence of lower crustal eclogitization has
already been reported below the Tibetan Himalaya (Schulte-Pelkum et al. 2005), which is
located further north of our study region.

We also calculate differential Vp and Vs tomograms at 5 km depth interval between 0
and 35 km, by subtracting initial 3-D velocity model from the final tomograms (“additional
figures are given in Online Resources 4 and 5”). Our differential tomograms show high-
velocity anomalies (10-20% increase in Vp and Vs) down to 25 km depth, but these high-
velocity anomalies are not mapped between 25 and 35 km depths. Thus, our differential
tomograms reveal a highly deformed and heterogeneous upper crust (0-25 km depth) and
a less deformed and relatively homogeneous lower crust (25-35 km depth), suggesting the
fact that deformations due to the continued northward Himalayan convergence are mainly
accommodated with the upper crustal layers down to 25 km depth, which is in a good
agreement with the findings of GPS studies in the Himalaya (Ader et al. 2012). Our differ-
ential Vp and Vs tomograms between 25 and 35 km depths (“additional figures are given
in Online Resource 3”) are mainly dominated by low-velocity anomalies (10-15%reduc-
tion in Vp and Vs). This kind of low-velocity anomalies supports the idea of the presence
of relatively higher temperature and lower strength, which results in ductile rheology of the
lower crust (Xu et al. 2007), which can also explain the lack of earthquakes in the lower
crust in this actively deforming region.

To map the MHT, we analyse depth cross sections of Vp, Vs and Vp/Vs tomograms
along six NE-SW profiles (across the strike of the collisional zone) (Fig. 6a—i and “addi-
tional figures are given in Online Resource 2”). These cross sections distinctly map a shal-
low north-dipping low-velocity zone (Vp: 4.4-5.7 km/s; Vs: 2.8-3.3 km/s; Vp/Vs:1.6-1.7)
at 10-20 km depths, which is defined here as the MHT (marked by grey dotted lines in
Fig. 6a—i and “additional figures are given in Online Resource 2”). Most of the micro-
earthquakes (including the 1999 Chamoli earthquake) have noticed to occur within the
low-velocity patches (with high Vp/Vs ratio (~>1.8)) within the MHT zone (marked by
white elliptical areas S1 in Fig. 6d—f and S2 in Fig. 6g—i). Thus, we infer that these earth-
quakes on the MHT might have been triggered by the presence of aqueous/metamorphic
fluids or high pore fluid pressure (Caldwell et al. 2013; Bai et al. 2019; Monsalve et al.
2006; Mahesh et al. 2013), while some earthquakes are observed to occur in the low-veloc-
ity patches (with a low Vp/Vs ratio (~ 1.6—-1.7)) within the MHT, which could be triggered
by accumulation of large stresses associated with the rocks with intermediate to high silica
content (Musacchio et al. 1997). We also image a few zones of low Vp, low Vs and larger
Vp/Vs ratios at 5-30 km depths, which could be attributed to the fluid-filled (aqueous/
metamorphic fluids) crustal zones (Fig. 6a-i and “additional figures are given in Online
Resource 17). Magneto-telluric studies in Uttarakhand and Nepal Himalaya have mapped
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high conductivity zone in the depth range between 10 and 20 km, and is interpreted as the
presence of aqueous fluids (Lemonnier et al. 1999; Rawat et al. 2014). Alternatively, low
conductivity (low velocity) zones could also be explained in terms of the presence of gra-
phitic schists (Jones et al. 2005). We also notice across all the NE-SW profiles (Fig. 6a-i
and “additional figures are given in Online Resource 17) that the MHT is associated with
low velocity (Vp: 4.4-5.7 km/s; Vs: 2.8-3.3 km/s) and low Vp/Vs (~1.6-1.7) anomalies,
which could be attributed to the presence of aqueous fluids with high pore pressure in the
MHT Zone resulting in the generation of fluid-triggered earthquakes (Bai et al. 2019; Mon-
salve et al. 2006; Mahesh et al. 2013).

4.1 Possible earthquake generation model in the Kumaon-Garhwal Himalaya

To understand the seismo-genesis of earthquakes, we also construct depth cross sections
of Vp, Vs and Vp/Vs along two WNW-ESE trending (along the strike of the Himalayan
collisional zone) GG’ and HH’ profiles (Fig. 1a). These cross sections (Fig. 7a—f) clearly
image marked lateral variations and presence of structural heterogeneities across the whole
Kumaon—-Garhwal Himalaya. Along the GG’ cross section (Fig. 7a—c), we also notice some
black elliptical areas (viz., F1, F3, F5 and F8), which are observed to be characterized by
greater decrease in Vs than Vp with large Vp/Vs, suggesting a zone of high pore-fluid
pressure, while some black elliptical areas (viz., F2, F4, F6 and F7) along the GG’ cross
section (Fig. 7a—c) are observed to be characterized by low Vp, low Vs and high Vp/Vs,
suggesting zones filled with aqueous/metamorphic fluids. These elliptical areas are also
associated with upper crustal micro-earthquake clusters, suggesting occurrences of these
earthquakes due to presence of fluids or high pore-fluid pressure. Elliptical areas F1 and F2
are found to be associated with the hypocentral locations of the 1991 Uttarkashi and 1999
Chamoli events, respectively. Thus, we infer that both the 1991 Uttarkashi and 1999 Cha-
moli earthquakes were triggered by high pore fluid pressure (resulting from the presence of
aqueous or metamorphic fluids) within the MHT. Along the HH’ cross section, we notice
lack of seismicity correlating well with the less permeable upper crust with smaller Vp/Vs
values (Fig. 7d-f). A red elliptical area (characterized by low Vp, low Vs and high Vp/Vs)
at 0-5 km depths along the HH’ cross section marks the location of Almora klippe (AK)
is marked by, which is inferred to be fluid-filled (meteoric water saturated sediments). We
also notice black elliptical area H1 (characterized by greater decrease in Vs than Vp with
large Vp/Vs, suggesting a zone of high pore-fluid pressure) and H2 (characterized by low
Vp, low Vs and high Vp/Vs, suggesting zones filled with aqueous/metamorphic fluids)
along the HH’ cross section (Fig. 7d—f).

Our study reveals a MHT (at 10-20 km depth) that dips towards NE at a shallow angle
of 1-2° (Fig. 3b). The focal depths of the 1991 Uttarkashi and 1999 Chamoli earthquakes
are reported to be 16 and 15 km, respectively (Bilham, 2019; Harbindu et al. 2012). We
calculate static frictional coefficient (i.e. the ratio between shear stress and normal stress)
in the MHT at 15 km depth. Following Turcotte and Schubert (2002), we calculate the
shear and normal (c,) stresses using following relations 6,=pgz+ (Aoc,,/2) (14 co0s20)
and 1=-(Ao,,/2) sin20 where p is the density, “Aoc,,” is the horizontal deviatoric stress,
and “0” is the angle between the MHT and the vertical. The reported stress drops of the
1991 UK and 1999 CH earthquakes are 3.3 and 10.5 MPa (Harbindu et al. 2012), respec-
tively, suggesting lower bounds on the pre-earthquake shear stress on the MHT, averaged
over the rupture. Thus, assuming T=10.5 MPa, we model the static frictional coefficient
(p) of 0.08 on the shallow (~2°) NE dipping MHT at 15 km depth. However, if we assume
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1=3.3 MPa, then modelled p at 15 km depth is modelled to be 0.01. Our modelled p at
15 km depth, which varies from 0.01 to 0.08, agree well with the reported values from
other research investigations of the Himalayan area (Herman et al. 2010; Copley et al.
2011). Such a low frictional coefficient in the MHT could be attributed to the presence
of clay minerals or fluids (Copley et al. 2011). Note that Herman et al. (2010) and Copley
et al. (2011) have also modelled a friction coefficient of 0.07 and 0.08 for the MHT, respec-
tively. It would be worth to mention here that Copley et al. (2011) modelled p=0.08 within
the MHT between 5 and 25 km depth for the Ganges basin. The low p values could be
attributed to the highly fractured and fluid-filled MHT zone, which has been resulted from
the continued convergence between Indian and Eurasian plates. Since the MHT is highly
fractured, thus, less shear stress would be required to generate an earthquake. Further, the
presence of fluids resulting in the high pore fluid pressure would further facilitate the gen-
eration of earthquakes within the MHT zone.

Most interestingly, our modelling reveals that all three large and great past earthquakes
(viz., the 1803 M,,8.2 Garhwal, 1991 M,,6.8 Uttarkashi and 1999 M6.4 Chamoli) and
present micro-earthquake activity have occurred in the zones within the MHT between 10
and 20 km depths, which are characterized by low Vp, low Vs and high Vp/Vs (Fig. 6a—i
and “additional figures are given in Online Resource 17). Thus, we can infer that these
past earthquakes might have been triggered by either the presence of aqueous/metamorphic
fluids or high pore-fluid pressure within the MHT. Based on the above-discussed criteria,
we detect three similar locales S2, B1 and E1, which are shown by white elliptical areas
with the micro-earthquake clustering between 10 and 20 km depths, along FF’, BB’ and
EE’ profiles, respectively (Fig. 6a—i and “additional figures are given in Online Resource
17). Therefore, two probable un-ruptured zones (viz., S2 and E1) for future earthquakes
are detected in the rupture zone of the 1505 great earthquake, while one future un-ruptured
locale (i.e. B1) is detected in the rupture zone of the 1803 great event. Thus, our study
suggests that the un-ruptured zones in the rupture zone of 1505 great earthquake are hav-
ing more hazard related to the occurrences of moderate to large earthquakes in the KG
Himalaya in comparison to the rupture zone of 1803 event. Besides, another similar locale
(D1) is detected in the rupture zone of the 1505 earthquake along the profile DD’, which
is shown by a white elliptical area with micro-earthquake activity between 10 and 20 km
depths (“additional figures are given in Online Resource 1”). But, D1 is characterized by
low Vp, low Vs and low Vp/Vs, suggesting intermediate to high silica content and may
not be very favourable for nucleating moderate to large earthquakes in future. The above-
discussed three predicted un-ruptured zones (i.e. B2, S2 and E1) are mainly characterized
by the presence of aqueous or metamorphic fluids or high pore-fluid pressure, which are
surrounded by or sandwiched between high-velocity zones (i.e. high strength and strongly
coupled rocks) and can act as strain accumulators due to the continued northward Hima-
layan convergence (Figs. 4, 5, 6 and “additional figures are given in Online Resource 27).
Therefore, we infer that these three mapped unruptured zones could be the most probable
zone for the future fluid-triggered moderate to large earthquakes on the MHT in the KG
Himalaya.
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5 Conclusions

The tomographic inversion is performed here using 14,074 P- and 13,013 S- arrival
times of 913 local earthquakes of ML0.8-5.5 from a dense network of 65 seismic sta-
tions, which provides three-dimensional P- and S- wave velocity models of the Uttara-
khand Himalaya down to a depth of 35 km. Our modelling provides new constraints on
the lateral seismic velocity (Vp, Vs and Vp/Vs) variations across the inferred rupture
zones of the Mw8.2 1505 and Mw8.0 1803 great earthquakes in the Kumaon—Garh-
wal Himalaya. Our modelling clearly delineates low-velocity sedimentary layers of the
overriding Eurasian plate and a high-velocity under-thrusted Indian crust below the
region. Seismic velocity tomograms delineate a shallow (1-2°) NE dipping low veloc-
ity (Vp: 4.5-5.7 km/s; Vs: 2.8-3.3 km/s; Vp/Vs: 1.6—1.7) MHT zone extending from 10
to 20 km depth. The observed low-velocity anomaly could be attributed to the presence
of aqueous or metamorphic fluids and high fluid pressure within the MHT zone. Thus,
the high fluid pressure along with the inferred low frictional coefficient (~0.01-0.08)
might be triggering small to large earthquakes on the MHT. Based on modelled Vp, Vs
and Vp/Vs tomograms, our study detects several pockets of different lithological forma-
tions at different upper crustal (0-25 km depths) (viz., aqueous/metamorphic fluid-filled
zones, high pore-fluid pressure zones, zones with intermediate to high silica content,
mafic zones with less silica content) and lower crustal (25-35 km depths) (viz., zones
with rocks of granulite composition).

The main finding of our modelling is the detection of low-velocity anomalies associated
with the hypocentral zones of the 1803 M,,8.2 Garhwal, 1991 M, 6.8 Uttarkashi and 1999
M,,6.4 Chamoli earthquakes. These low-velocity anomalies are inferred to be associated
with the zones filled with aqueous/metamorphic fluids or high pore fluid pressure within
the MHT at 10-20 km depths. Thus, we infer that these past earthquakes might have been
triggered by either the presence of aqueous/metamorphic fluids or high pore-fluid pressure
within the MHT. We also detect three unruptured similar locales in the region, which are
characterized by low velocity (low Vp, low Vs and high Vp/Vs) anomalies between 10
and 20 km depths. These predicted locales are also found to be surrounded by or sand-
wiched between high-velocity zones (i.e. high strength and strongly coupled rocks). Thus,
these high-velocity zones can act as strain accumulators due to the continued northward
Himalayan convergence. Therefore, these three mapped locales could be the most prob-
able zones for the generation of future fluid-triggered moderate to large earthquakes on
the MHT in the KG Himalaya. Two out of three predicted locales are lying in the western
part of the rupture zone of the 1505 great earthquake, which probably qualifies this part to
be relatively more vulnerable to the generation of future moderate to large earthquakes in
comparison to the rupture zone of the 1803 event.
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