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Abstract: The area of the present investigation’s
expanse constitutes the southernmost extent of the
southeast Kumaun Himalaya and western Nepal
Himalaya. Multidisciplinary approaches have been
employed to understand the landforms associated with
tectonic  deformation, through detailed field
investigation supplemented by the geodetic,
chronological, and morphometric database. The
morphogenic expressions of the Main Boundary
Thrust (MBT) are reflected in the form of ~25 km long
E-W trending north dipping fault scarp. The
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deformation along the strike length of the Himalayan
Frontal Thrust (HFT) is noticed in the form of uplifted
and incised fill terraces, and strath terraces. The
deformation within the fluvial sequences in the study
area can be visualized in the form of sheared boulders
and pebbles, tilted and faulted terrace deposits.
Furthermore, the chronological data of fluvial
landforms in the study area suggests two major phases
of tectonic deformations that have occurred around
58.7+10.8 ka and 3.88+0.4 ka. The chronology of late-
Quaternary landforms advocates that the initial stage
of aggradations in the Himalayan foothills commenced
around 75.1+0.58 ka. The aggradational landforms
resulted from the diverse depositional regime as
evident from the nature of the sediment sequences



from clasts dominated to thick mud sequences. The
rate of deformation in the southeastern Kumaun and
western Nepal Himalaya is + 7 mm/yr, as per the data
obtained from the Persistent Scatterer Interferometric
Synthetic Aperture Radar (PSInSAR). The landform
deformation pattern, phase of incision and
aggradation, frequent occurrence of landslides, and
recent past earthquake activity within the wide zone of
the HFT, the MBT, and Ramgarh Thrust suggests that
the southernmost front of the Kumaun Himalaya is
active and has potential for future geohazard. The
foothill zone of Himalayan towns are actively growing
in terms of population and infrastructural
development. Therefore, such intradisciplinary studies
for tectonically active regions are needed for future
infrastructural development.

Keywords: MBT; HFT; Fault trace; Quaternary
deposits; sheared boulders

1 Introduction

The Himalayas represent one of the most
spectacular landforms on Earth, as a product of the
collision of the Eurasian and Indian plates that
initiated in the early Tertiary (Dewey and Bird 1970;
Dewey and Burke 1973; Valdiya 1976). The crustal
shortening resulted in a pile-up of the thrust sheets
from north to south (Gansser 1964; Le Fort 1975, 1996).
The Indian Plate movement towards the north is still a
continual process and has produced varied landforms
akin to the tectonic activities that have taken place
recently in the geological past along the thrust (Valdiya
1992; Valdiya et al. 1992; Mugnier et al. 1994; Kothyari
et al. 2017). The Main Boundary Thrust (MBT) and the
Himalayan Frontal Thrust (HFT) are the two thrusts
where, neotectonic researchers have studied more in
detail concerning other major thrust systems of the
Himalayas, such as Ramgarh thrust, Almora/
Munsiyari Thrust, and Vaikrita thrust. In the MBT
zone, varied landforms associated with tectonic
activities are discernable such as the Lesser Himalayan
rocks placed over the Quaternary sediments, faulting
of Quaternary fan deposits and presence of fault traces
(Valdiya 1992; Valdiya et al. 1992; Mugnier et al. 1994;
Luirei et al. 2012; Luirei et al. 2015; Kothyari and
Luirei 2016; Talukdar et al. 2019; Datta et al. 2023). In
the Nepal Himalayas, there have been recent tectonic
activities in the form of thrust faulting, normal faulting,
and strike-slip faulting in the MBT zone (Nakata 1989;
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Mugnier et al. 1994; Riesner et al. 2021). Neotectonics
in the MBT has been delineated from many sectors of
the Himalayas, and the MBT of the Kumaun sector has
been comprehensively studied (Valdiya et al. 1984;
Valdiya 1992; Valdiya et al. 1992; Kothyari et al. 2010;
Luirei et al. 2012, 2015; Kothyari et al. 2020, 2022).
The HFT, which is the active deformational front at the
foothills of the Siwalik range, represents one of the
most studied thrust systems of the Himalayas (Yeats et
al. 1984; Nakata 1989; Yeats and Lillie 1991; Valdiya
2003; Thakur 2004; Mishra et al. 2020). Recent
tectonic uplift along the HFT is evident from various
approaches viz., remote sensing, morphotectonic,
paleoseismic, seismic, and Global Navigation Satellite
System (GNSS) studies (Nakata 1972; Valdiya et al.
1984; Nakata 1989; Yeats and Lillie 1991; Valdiya 1992;
Valdiya et al. 1992; Yeats et al. 1992; Wesnousky et al.
1999; Lave and Avouac 2000; Kumar et al. 2001; Malik
and Nakata 2003; Thakur 2004; Singh and Tandon
2008). Landforms related to fractures, faults, and folds
trending normally and oblique to the regional trend
have been described from several parts of the
Himalayas (Valdiya 1976; Raiverman 1993; Luirei et al.
2017; Bhakuni et al. 2017). The transverse faults that
are nearly perpendicular to the strike of the
deformation front, particularly in the frontal part of the
Himalayas, have folded and displaced the HFT,
resulting in the juxtaposing of different units of rocks,
curved mountain front, and displacement of the front
of the mountain. Swerving of significant rivers in the
main fault zone is described from various parts of the
Himalaya (Gupta 1997; Valdiya 1992); as well as
prominent tectonically controlled drainage patterns
(Malik and Mohanty 2007; Goswami and Deopa 2012;
Luirei et al. 2015; Kothyari et al. 2017).

Furthermore, a recent study based on moment
tensor and stress inversions techniques suggest a
variety of faulting mechanisms beneath the Central
Himalayan region (Hajra et al. 2021; Kothyari et al.
2024; Mahanta et al. 2024). As a result of the collision
of the Indian plate to the Eurasian plate, the
dominating mechanism of faulting is in the manner of
thrust in the Himalaya (Prakash and Nagarajan 2018;
Paul et al. 2019). The Kumaun Himalaya, particularly
the eastern part and adjoining regions of Nepal has
been considered one of the most active regions in terms
of seismicity, and the pattern of current seismicity has
been documented by several workers (Khattri et al.
1989; Pant and Paul 2007; Roy and Mondal 2012;
Mabhesh et al. 2015;). The current seismicity is mainly
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concentrated within a wide zone of the MCT. However
a ESE-WNW trend of seismicity has also been
observed in the central sector of Kumaun Himalaya.
Apart from these two dominant trends, several low-
magnitude earthquakes are also recorded along the
MCT and the NAT zone (Kothyari and Pant 2008;
Kothyari and Luirei 2016; Pudi et al. 2021 and Kothyari
et al,, 2024). Furthermore, the paleoseismic and
geodetic studies revealed that about 30% of the
convergence rates are consumed by central Himalaya
(Molnar and Tapponnier 1975) and ~17.7+2mm/yr is
being accommodated by slip rates of large magnitude
earthquakes (Molnar 2009). The seismo-tectonics of
the Himalayas is mainly controlled by slip along the
Main Himalayan Thrust (MHT) that appears as MFT
(Berthet et al. 2013; Hammer et al. 2013). The basal
detachment surface (MHT) beneath the Himalayas is
believed to be sealed which is accommodating a slip
deficit at a rate of 14+1mm/yr (Seeber and Armbruster
1981; Srivastava and Mitra 1994; Banerjee and
Burgmann 2002; Dumka et al. 2018). Moreover, the
technique of Interferometric Synthetic Aperture Radar
(InSAR) is the most applied for observing active
surface deformation and displacement to the sensor’s
line of sight (LOS) using the high-resolution digital
elevation models (DEM’s) (Zebker et al. 1994;
Massonnet and Feigle 1998; Chang et al. 2004;

Lakhote et al. 2020; Kandregula et al. 2021; Kothyari
et al. 2020; 2022; Sati et al. 2022; Taloor et al. 2023).
The satellite base geodetic technique is used for
continuous monitoring of the surface
deformations, neotectonic activities, and natural
hazards in a more precise method (Zebker and
Goldstein 1986; Yhokha et al. 2018).

In the present study, we used the SENTINEL-1A
satellite pair from 2017 to 2020 to monitor active
surface deformation within the wide zone located
between the HFT and the South Almora Thrust (SAT)
and adjoining Nepal Himalaya (Fig. 1), and the results
are well corroborated with the InSAR studies by
Yhokha et al. (2018) carried out from 2008 to 2010 and
paleoseismic studies by Rajendran et al. (2018; 2020).
The present paper is a further extension of Luirei et al.
(2017) where a new set of data such as chronological,
PSInSAR, GPS, field evidence, and morphometric data
have been incorporated to strengthen the earlier
findings and also cover a larger geographical area for
better understanding of tectonic activities in the
present day along the major faults in the Indo-Nepal
area of the Himalaya. In this study, chronological data
has been acquired to bracket the deformation events
and rate of uplift, while remote sensing data has been
acquired for deformation studies. The
undulating features, complex geological structures,
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Fig. 1 Regional geology and major structural zones of the Himalaya (Gansser 1964). Recent shallow earthquake of
magnitude 4.0, in December 2020 that occurred near Haridwar in the HFT zone is indicated by star. The rectangular

box represents the study area.
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and frequent earthquakes occurrence in the Himalayas
are the manifestation of the continuous convergence
and collisional tectonics of the Indian and Eurasian
plates (Seeber and Armbruster 1981; Srivastava and
Mitra 1994). Previous studies based on eodetic
measurements have discussed that around 100 km of
width of the HFT is locked (Bilham and Larson 1997;
Larson et al. 1999; Jouanne et al. 1999, 2004; Gautam
et al. 2017; Yadav et al. 2019; Pappachen et al. 2021;
Nagale et al. 2022). Banerjee and Biirgmann (2002)
suggested that there is a deficit in the slip rate of 14 + 1
mm/yr in the geologic MFT-slip rate and the stress is
building up in the MFT zone and may eventually fail in
the future with great earthquakes. Studies have also
discussed the tectonic, non-tectonic deformation, and
deformation due to the hydrological loading of the
Gangetic Plain over the Garhwal-Kumaun Himalaya
(Ponraj et al. 2010, 2011; Dumka et al. 2014a, 2014b,
2018; Mondal et al. 2016; Jade et al. 2017; Suresh and
Kumar 2020, Saji et al. 2020; Sharma et al. 2020;
Yadav et al. 2021). In the present work, the GNSS
derived deformation study has been made from the
central Himalayas of the Kumaun region.

2 Study Area

The study area lies in a part of the Kali river basin

J. Mt. Sci. (2024) 21(8): 2592-2617

in the eastern part of Kumaun region and some part of
western Nepal. It incorporates three tectonic units of
the Lesser Himalaya, the sub-Himalaya, and the Indo-
Gangetic plain separated from each other by a thrust
(Fig. 1). The rocks belong to the Ramgarh Group,
Jaunsar Group, Siwalik Group, and Gangetic alluvium
representing pre-Tertiary to recent in age (Fig. 2). In
the Ladhiya valley, the base of the Ramgarh Group is
made up of chlorite-sericite and mylonitized feldspar-
quartz-porphyry of greenish black in color (Valdiya
1980) and in the adjoining Nepal Himalaya, it is
represented by the Rupaskkanra phyllite (Bashyal
1982). Jaunsar Group constitutes the immediate
footwall of the RT and is made up of quartzite
(orthoquatzite), which is locally pebbly or
conglomeratic interbedded with slates of the Nagthat
Formation. The Nagthat quartzites are interbedded
with penecontemporaneous lava flows of spilitic
composition and tuffites of the Bhimtal Volcanics. The
equivalent of the Nagthat Formation in Nepal
Himalaya is the Budar Quartzite. The contact between
the Rupaskkanra Formation and Budar Quartzite is
sharp (Bashyal 1981). The MBT separates the Lesser
Himalaya and the sub-Himalaya; the sub-Himalaya is
represented by the pre-Siwalik and Siwalik rocks of the
Tertiary age. The Subathu Formation is of Paleocene-
Middle Eocene age and is made up of grey marl and
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Fig. 2 Geological map of the study area (Karunakaran and Ranga Rao 1979; Valdiya 1980; Luirei et al. 2022). Inset box
is present study area, 1. Almora Group, 2. Ramgarh Group, 3. Jaunsar Group, 4. Mussoorie Group, and 5. Siwalik Group.
NAT — North Almora Thrust; SAT — South Almora Thrust; RT — Ramgarh Thrust; MBT — Main Boundary Thrust; HFT
— Himalayan Frontal Thrust; JF—Jamarcheura Fault; TF- Tanakpur fault; ThF- Thuligaon fault; SBF- South Bastia fault;
NBF- North Bastia fault (*-7 OSL sample location at Senapani).
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green shales and are exposed along the front of the
mountain (Raiverman 2002; Kumar 2004). The
Siwalik Group in this region is represented by the
Lower and Middle Siwaliks; the Upper Siwaliks made
up of a conglomeratic sequence are not observed
(Karunakaran and Ranga Rao 1979; Raiverman 2002).
The Lower Siwalik comprises massive sandstone of
dark grey to a brownish color with the constituent
grain size ranging from fine- to medium and the
textural feature is multistoried salt-and-pepper, and
reddish-brown to yellowish mudstone. The sandstones
are laminated, rippled, and cross-stratified. The
Middle Siwalik is dominantly a sandstone horizon
interbedded with thin clay; the sandstones are coarse-
grained, poorly cemented, and pebbly (Karunakaran
and Ranga Rao 1979). The Tertiary rocks are separated
from the Indo-Gangetic plains by the HFT, which also
serves as the physiographic boundary.

Physiographically, the investigated expanse can be
broadly grouped into two main groups the ‘Tlow to
medium hills of the sub-Himalaya and its adjoining
Lesser Himalaya’; and the ‘Piedmont Zone or the Indo-
Gangetic plains’ (Figs. 1 and 2). The sub-Himalaya is
separated from the Piedmont Zone by the HFT, where
there is an abrupt change in the gradient of the slope is
observed. There is not much difference in altitudinal
height between the sub and the Lesser Himalaya
terrains, where the elevation is around 1500 m asl.
Assorted alluvial fans and talus deposits coalescence
together to constitute the Piedmont Zone and forms
the immediate foothills, which are being built up of
silty-sand and granuliferous zones of the Ilate
Pleistocene—Holocene age (Singh 1996; Shukla and
Bora 2003). The talus deposits and alluvial fans were
deposited in different phases, as evident from the
elevational differences (Singh 1996; Goswami and
Yokha 2010; Goswami 2012). Kali River is the primary
drainage system; Ladhiya River and Rangun Khola are
the major tributaries of the Kali River.

3 Methodology

3.1 Quantification of basin divide asymmetry

The basin divide asymmetry denotes basin
asymmetry caused by excessive amount of erosion of
basin margin caused by tectonic uplift along active
thrusts. To calculate basin divide asymmetry we used
ASTER 30m (1arc second) data downloaded from
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https://asterweb.jpl.nasa.gov/gdem.asp. The DEM data
was converted into geotiff format using ArcGIS software for
further analysis. The study was done using GitHub codes
from the Topo toolbox, a morphological analyst, involving a
set of codes, available as an open source software
(https://topotoolbox.wordpress.com/blog-archive/).
The toolbox was installed and added to the MATLAB
R2022b environment. To calculate the drainage divide,
steam network has been extracted by identifying the
flow accumulation path and branches of stream
network which contained divide segments, junction
and endpoints (Scherler and Schwanghart 2020a,
2020b). Furthermore, the well-defined algorithm of
Scherler and Schwanghart, 2020a has been used for
final computation of divide asymmetry.

3.2 Optically stimulated Luminescence (OSL)
dating

Optically Stimulated Luminescence (OSL) dating
has been used to analyze the temporal changes on the
deformation of faults. 14 OSL samples were sampled
from different locations in metal GI pipes for
morphostratigraphy and tectonic activity. The samples
were sampled from sand horizons within different
terrace sections or fan sections throughout the study
area such as strath terraces, fill terraces and debris fans
(Figs. 2, 3, 4 and 5). Standardized laboratory
purification and processing were subjected to the
samples, which were done at the TL/OSL lab at Wadia
Institute of Himalayan Geology, Dehradun. Optimum
quartz grains of 9o-150 pum are extracted from the
sample and are exposed to controlled Luminescence
irradiation. An automated Risge TL-OSL reader
(TL/OSL-DA-20; Bgtter-Jensen et al. 2010) is the
instrument utilized to count the Luminescence. Single
Aliquot Regeneration (SAR) protocol proposed by
Murray and Wintle (2000) has been used. The quartz
grains are subjected to a pre-defined temperature of
240°C for one minute and a cut heat temperature of
200°C. A dose rate of 0.131 Gy/s is used to estimate the
ages. The Luminescence irradiation readings were
taken at a temperature of 125°C for a period of 40
seconds before every OSL measurement. To check
whether the sample is contaminated with feldspar
content, Infrared Stimulated Luminescence (IRSL)
readings were taken where the sample is subjected to a
temperature of 50°C for 100 s. The growth rate curves
were established by considering five regenerative dose
points, which involve recuperation and recycling ratio
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(estimates sensitivity
correction). The aliquots
with recuperation < 1% of
the natural signals and with
a recycling ratio of less than
10% of unity were
considered to estimate the
ages. For choosing age
models, the percentage of
overdispersion (OD) was
considered. If the OD was
greater than 40%, then the
Minimum  Age  Model
(MAM) was selected :
(Arnold et al. 2009), and if =
the OD was less than 40%, im

the central Age Model Fig. 3 (a) and (b) Imprints of tectonic activities along the HFT are evident from
(CAM) was chosen (Bailey upll)iftgd,"highly sheared and tilted bedrocks as observed at Senapani (29°03'30"N,
& Arnold 2006). The annual 79°58'31"E). The sand homzon gives an age of 58 ka; (c) Shghtly t}lted terrace deposit

) towards the upper section of the deformed Quaternary deposits gives an age of 43 ka.
dose rate is taken from U, (d) Sheared pebbles and boulders are also observed. (e) Schematic representation of
Th, and K concentrations the HFT section exposed at Senapani, the lithology is not in scale.
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Fig. 4 Geomorphic map of Tanakpur-Sukhidhang-Chalthi area of SE Kumaun Himalaya showing various depositional
landforms, active landslides and faults (Modified after Valdiya 1992; Valdiya et al. 1992) (NBF-North Bastia Fault, SBF-
South Bastia Fault, TF-Tanakpur Fault, DD- Drainage deflection of Kali river). OSL sample locations Chuka = *-1
(29°11'35"N, 80°15'00"E); Khaldhunga = *-2 (29°09'08"N, 80°15'39"E); Jairakhal = *-3 (29°08'34"N, 80°15'30"E);
Uchalikot = *-4 (29°06'42"N, 80°08'26"E); Bastia = *-5 (29°06'42"N, 80°05'13"E); Khorpatal = *-6 (29°05'17"N,
80°04'10"E).
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AR

Fig. 5 Field photographs of the locations of OSL samples. (a)Gravelly beds with
sand lenses observed at Chuka; (b) Thick laminated sand deposit overlain by
mud, further overlain by landslide debris observed at Khaldhunga; (c) Gravel
beds alternating with sand horizons in the form of fan deposits observed at
Bastia; (d) Gravelly beds overlain by medium grained sand observed at
Senapani. OSL sampling locations are given in Figs. 2 and 4.

from the sample measured in the X-ray fluorescence
instrument. The errors in measurement, including
standard and statistical errors, were less than 20%.
The average water content used is 10% + 5%. The
cosmic ray contributions in the dose rate were
estimated from the method proposed by Prescott and
Stephan (1982). Details of the radioactivity, De-values,
dose rates, and ages obtained are given in Table 1.

3.3 Crustal deformation and
PSInSAR studies

The deformation outline in the
southeastern Kumaun and western
Nepal sub-Himalayan region has
been approximated using the
PSInSAR technique (Ferretti et al.
2001). SENTINEL-1A, C-band
Interferometric Wide (IW) swath,
with dual polarization VV+VH,
acquired in descending direction has
been wused to examine the
deformation of the ground from
2017 to 2020. To establish the time
series deformation, about 108
images from the 7t February 2017 to
1t October 2020 with a 12-day
repeat cycle were used. SARPROZ
software, which was developed by
Perrisin (2015) was used for carrying
out the PSI technique. The multi-
temporal SAR data is utilized in
Sarproz, where spatial connections
in interferogram phases are used to find mild-phase
changes in terrain. The concept of InSAR has been
discussed previously by several authors (Zebker et al.
1994; Rosen et al. 1996; Hanssen 2001). The
differential phase difference (Ag) between the two
SAR images is the sum of the topographic phase
(fringes caused due to topography, @topo), the orbital
phase (appears due to change in the baseline of two

Table 1 OSL chronology of terrace and fan sediments collected from the profile of Kali River valley and foot hills of SE
Kumaun sub-Himalaya. Sample locations: LD1278- Hathi Khor (29°06'42"N, 80°05'13"E); LD1335, LD 1334, LD3334
and LD3335- Senapani (29°03'30"N, 79°58'31"E); LD1280 and LD1337- Bastia fan (29°06'42"N, 80°05'13"E); LD1445
and LD1446 - Uchalikot (29°06'42"N, 80°08'26"E); LD3327 and LD3328- Chukha (29°11'35"N, 80°15'00"E); LD3330-
Jairakhal (29°08'34"N, 80°15'30"E); LD3329- Khaldhunga (29°09'08"N, 80°15'39"E); LD1448- Khorpatal

(29°05'17"N, 80°04'10"E).

Sample o o No of ., Age Doserate Paleodose (Gy) Age (ka) Final
No  U% LS s disc.  OP% Model (Gy/ka) CAM MAM CAM  MAM  Age(ka)
LD1278 2.6+0.13 15+0.75 2.27+0.11 40 29.88 CAM 3.7+0.27 278+6.4 223411 75.1£0.58 60.3+£0.53 75.1£0.58

LD1335 1.4+0.05 6.9+0.02 1.07+0.03 28 29.88 CAM
LD3335 0.96+0.04 5.25+0.2 0.95+0.04 14 15.9 CAM
LD1334 1.8£0.05 10+0.03 1.18+0.03 31 64.8 MAM
LD1280 3.4+0.17 17.2+0.86 3.52+0.17 28 24.4 CAM
LD3334 1.15+0.04 8.6+0.4 1.10+0.04 25 14.8 CAM
LD1445 2.53+0.13 19.1+0.95 3.17+0.16 30 39.7 MAM
LD3327 1.50+0.07 9.11£0.4 0.94+0.04 7 33.4 CAM
LD3330 1.67+0.07 11.26+0.8 1.44+0.07 15 14.9 CAM
LD3328 1.10£0.04 7.15+0.2 0.89£0.03 10 171 CAM
LD3329 1.34+0.06 8.23+0.2 1.724+0.07 5 13.7 CAM
LD1448 1.52+0.07 9.840.49 1.7+0.08 34 55 MAM
LD 1337 2.94+0.14 11.2+0.56 2.27+0.11 35 83 CAM
LD1446 1+0.05 10.1+£0.50 1.75+0.09 30 64.6 MAM

1.87+0.12 111+3.40

86+4.85 60+4.4  46.5£4.0 60%4.4

0.69+0.01 40.47+7.42 - 58.7+10.8 - 58.7+10.8
2.240.14 121+3.10 114+2.9 54.1+3.8 51+3.6 51+3.6
5.1+0.38 232+17.7 164+8.9 45.3+0.37 32.1+2.92 45.3+0.37
1.93+0.02 83.33+13.53 - 43.3£7.0 - 43.3£7.0
4.75+0.36 137+2.45 125+3.5 28.8+0.22 26.32+0.2 26.32+0.2
1.22+0.02 23.39+7.78 - 19.1£6.4 - 19.1+6.4
2.63+0.03 41.78+6.93 - 15.9+2.6 - 15.94+2.6
1.74£0.02 22.5+50 - 12.9+2.9 - 12.9+2.9
2.57+ 0.03 28.51+5.52 - 111+ 2.2 - 111+ 2.2

2.6+0.18 35.8+1.2 25.241.5 13.6+£0.11 9.6+0.89 9.6+0.89
3.52+0.27 209+0.37 31+1.37 8.24+0.65 8.82+0.75 8.24+0.65
2.6+0.19 21+1.24 10+0.77 8.15+0.78 3.88+0.4 3.88+0.4

Note: Data are displayed in mean values + standard deviations.
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successive same areas SAR acquisitions, @orbit), the
deformation phase (¢defo) produced due to seismic,
tectonic, climatic or anthropogenic activity,
atmospheric phase (caused due to the tropospheric
delay of the signal, patmos) and phase noise (@noise)
which depends on the temporal and geometrical
decorrelation of the targets. The differential phase
difference can be expressed as:
Ag = @topo + @orbit + ¢pdefo + patmos + @noise (1)
The PSI method requires the acquisition of as many
scenes as possible to process and get accurate
deformation rates with altitude variations in
correlation with an external DEM (Virk et al. 2019). In
the SARPROZ software, after importing all the SAR
images, the master scene is automatically selected after
considering that there are no significant weather
changes like precipitation or atmospheric turbulences
during the time and date of acquisition. The baseline
estimation and coherence for the SENTINEL-1A data
set have been generated to select the best pair for
interferometry. Only those pairs with coherence
values > 0.48 and the optimum baselines are retained
for phase information analysis.

3.4 GNSS- Derived deformation studies

Global Navigation Satellite System (GNSS) is a
technique in the geodetic of space in which the signal
transmitted by the GNSS satellites is received by the
ground-based receivers. This signal is used to calculate
the precise position of any object and can detect the
movement of any point on the Earth’s surface with time.
A geodetic survey provides three components (latitude,
longitude, and altitude), and these components can be
used to calculate the displacements over the period of
seconds to decades for crustal deformation studies. The
GNSS records are estimated from the wide network of
permanent stations located in the Central Himalayan
region. The location of the GNSS sites in the network are
highlighted in Fig. 6.

In the present work, GNSS -measured velocity
data in the ITRF reference frame are used from the
published literature (Mondal et al. 2016; Yadav et al.
2021) along with data from our two permanent GNSS
stations MUNS (Munsiyari, 2006-2009) and PTH2
(Pithoragarh, 2012-2014). The data was processed
using the GAMIT/GLOBK software, and all velocity
data was transformed into a standard reference frame
ITRFo8 using the available utilities (Table 2). To
understand the intraplate deformation, this velocity
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Fig. 6 (a) Estimated horizontal velocities at GPS sites are
shown with respect to fixed IISC (Blue) and in ITRFo8
reference frame (Brown) in the Kumaun Himalaya. The
seismicity of magnitude range 2.1 to 5.5 and focal depth
<50 km are shown as solid white circles (Source: National
Centre for Seismology, New Delhi). Black solid lines with
triangles indicate the major tectonic boundaries the
Himalayan Frontal Thrust (HFT), the Main Boundary
Thrust (MBT) and the Main Central Thrust (MCT) from
south to north in the Himalaya. (b) The site velocities are
shown with respect to the fixed MUNS. Solid white circles
and black solid lines are explained in above (a).

data has been used to calculate the velocity fixed with
IGS permanent station IISC Bangalore, which is
located in the Indian shield. Then, we obtained the
velocity field with reference to the permanent GPS site
MUNS, which is located in the Himalayan region to
understand the local deformation in the study area.

4 Field Observations

4.1 Tectonic landforms

Ramgarh Thrust, MBT, and HFT and local faults
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Table 2 GPS site horizontal velocities (mm/yr) in the ITRF 2008 and with respect to the fixed Indian permanent sites
IISC and MUNS in Garhwal Kumaun Himalaya (Yadav et al. 2021; Mondal et al. 2016).

Velocity with respect to ITRFO8

Long Lat Ve Vn E-o
Site (deg) (deg) (mm/yr) (mm/yr) (mm/yr)
BADR 79.49 30.74 40.01 22.03 1.33
CMOH 80.08 29.33 35.20 24.73 3.78
DEHR 78.05 30.32 31.81 35.53 0.20
GBNL 79.45 20.39 41.12 54.13 6.76
GBPK 79.62 20.64 34.50 41.53 0.18
JAGH 79.53 29.22 35.60 37.13 2.12
JALS 80.21 29.58 35.10 36.13 1.31
MUNS 80.24 30.06 32.30 28.93 0.17
PRBH 80.11 29.07 31.90 37.63 2.76
PRMH 80.39 29.57 32.80 32.02 1.21
SATH 79.66 29.60 36.30 40.43 1.22
SELH 80.54 29.85 29.30 28.52 0.79
UTNH 80.21 29.58 42.60 35.63 2.36
VIVH 79.77 29.83 38.20 31.13 3.03
PANG 80.69 29.98 34.60 24.50 0.30
LOHA 80.09 29.42 33.90 33.60 0.10
MALA 79.89 30.69 29.60 23.20 0.10
NNKM 79.82 28.95 33.90 35.50 0.60
BAIJ 79.60 29.94 33.50 31.10 0.40
KORA 79.59 29.64 33.10 32.40 0.30
AULI 79.56 30.53 33.40 27.70 0.40
NAIN 79.46 29.38 33.80 33.90 0.10
HRMN 79.34 30.38 30.40 28.00 0.10
KTBH 79.32 290.41 34.30 33.60 0.30
KOTA 79.10 29.64 34.30 34.90 0.10
KHIR 78.88 30.17 33.50 34.20 0.10
DHAR 78.78 31.04 29.10 24.20 0.10
GUMK 78.67 29.89 33.00 33.10 0.30
BDKD 78.66 30.55 31.70 31.50 0.10
PHOL 78.42 30.96 29.20 27.50 0.10
KUNR 78.40 30.46 34.10 34.30 0.40
AGAR 78.34 30.21 34.20 33.40 0.10
NAJI 78.34 29.59 33.90 34.60 0.40
SUNR 78.14 30.79 31.20 32.30 0.10
RATH 78.60 30.81 45.50 20.40 0.30
GUPT 79.08 30.54 41.00 38.60 0.40
PTH2 80.29 20.57 32.13 31.83 0.26
MUNS 80.24 30.06 31.77 27.04 0.07
LCK3 80.96 26.91 36.05 34.34 0.15
IISC 77.57 13.02 42.77 34.94 0.63

such as the Jamarcheura, Uprakot, Thuligaon, North
Bastia, South Bastia and Tanakpur faults are the major
faults traversing the area (Fig. 2). Most of the faults are
morphogenic and the imprint of active deformation
along these faults has been well preserved in the form
of active fault scarp; offset of drainage, incision by
rivers, truncation of alluvial fan and deformation of
terrace sediments (Figs. 3, 5, 7, 8 and 9). The Ramgarh
Thrust constitutes the northern extremity of the
present investigation, and in this thrust zone, no
distinct geomorphology akin to tectonic landform is
observed. Ladhiya River is structurally controlled by
two faults; in the upstream, it follows the trend of the
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Velocity fixed IISC ~ Velocity fixed MUNS

N-o Ve Vn Ve Vn
(mm/yr) (mm/yr) (mm/yr) (mm/yr) (mm/yr)
1.02 -2.76 -12.91 8.24 -5.01
4.13 -7.57 -10.21 3.43 -2.31
0.26 -10.96 0.59 0.04 8.49
8.22 -1.65 19.19 9.35 27.09
0.24 -8.27 6.59 2.73 14.49
3.79 -7.17 2.19 3.83 10.09
3.75 -7.67 119 3-33 9.09
0.13 -10.47 -6.01 0.53 1.89
3.39 -10.87 2.69 0.13 10.59
0.47 -9.97 -2.92 1.03 4.98
2.67 -6.47 5.49 4.53 13.39
1.16 -13.47 -6.42 -2.47 1.48
1.71 -0.17 0.69 10.83 8.59
1.29 -4.57 -3.81 6.43 4.09
0.30 -8.17 -10.44 2.83 -2.54
0.20 -8.87 -1.34 2.13 6.56
0.10 -13.17 -11.74 -2.17 -3.84
0.70 -8.87 0.56 2.13 8.46
0.30 -9.27 -3.84 1.73 4.06
0.30 -9.67 -2.54 1.33 5.36
0.50 -9.37 -7.24 1.63 0.66
0.20 -8.97 -1.04 2.03 6.86
0.20 -12.37 -6.94 -1.37 0.96
0.30 -8.47 -1.34 2.53 6.56
0.20 -8.47 -0.04 2.53 7.86
0.10 -9.27 -0.74 1.73 7.16
0.20 -13.67 -10.74 -2.67 -2.84
0.30 -9.77 -1.84 1.23 6.06
0.10 -11.07 -3.44 -0.07 4.46
0.10 -13.57 -7.44 -2.57 0.46
0.40 -8.67 -0.64 2.33 7.26
0.30 -8.57 -1.54 2.43 6.36
0.90 -8.87 -0.34 2.13 7.56
0.30 -11.57 -2.64 -0.57 5.26
0.20 2.73 -5.54 13.73 2.36
0.30 -1.77 3.66 9.23 11.56
0.24 -10.64 -3.11 0.36 4.79
0.07 -11.00 -7.90 0.00 0.00
0.13 -6.72 -0.60 4.28 7.30
0.46 0.00 0.00 11.00 7.90

Jamarcheura Fault, and in the downstream, along the
Uprakot Fault (Fig. 2). Jamarcheura Fault is a right-
lateral strike-slip fault that trends NW-SE where the
displacement is measured to be about 2 km (Valdiya
1976) and the Ladhiya River flows along this fault for a
length of about 25 km from Josyura to Tanda Talla.
Further downstream from Dugbaur to Shim, it flows in
an almost eastward direction along the E-W trending
Uprakot Fault and is parallel to the Ramgarh Thrust and
the MBT (Fig. 2). There is variation in the river valley in
both fault zones; along the Jamarcheura Fault the width
of Ladhiya valley, in general, is narrow except at a few
places where the maximum width measures about 400 m.
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Fig. 8 (a) Google Earth Image showing the eastern

Fig. 7 Google Earth Image showing active fault trace in
section of the active fault trace. (b), (c), (d) and (e) are the

the MBT zone in the western Nepal Himalaya. (a)

Western section of the fault trace; (b) and (c) are enlarged
sections marked in (a). Yellow arrows mark the eastern
and western ends of the active fault trace. The capital A
and B showing zoomed in sections of Fig. 7(a) in Figs. 7(b)

various enlarged sections of the active fault trace and
related landforms associated with the fault trace. (FS-
Fault scarp). Yellow arrows mark the extent of the active
fault trace. The capital letters A, B, C and D in Fig. 8(a)

and (c¢). are separately zoomed in Fig. 8(b), (c), (d) and (e).

g5

Bilkhet : ——— T Chuka

T, . Parigaon

Fig. 9 Field photographs and Google Earth Image showing development of terraces at various sections of Ladhiya River valley
and Kali River valley. (a) Wide development of terrace at Bilkhet in the Ramgarh Thrust zone. (b) At Kathol (29°11'38"N,
80°04'19"E) unpaired level of terraces are observed on the right bank two levels of terraces are formed while on the left bank three
levels of terraces are developed. (c) Six levels of terraces developed at Shantok (29°11'38"N, 80°04'19"E), the terraces are overlain
by thick landslide debris (FT-Fan terrace). (d) and (e) At Chuka (29°11'35"N, 80°15'00"E) and Parigaon (29°09'34"N, 80°15'51°E)
the width of Kali Valley becomes very wide and the expanse of the terraces also becomes wide.
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Downstream along the Uprakot Fault zone, the valley
becomes wide except for a 2 km stretch of the valley.
The fault zone is characterized by highly pulverized
bedrocks of quartzite and metavolcanic belonging to
the Jaunsar Group and is best exposed along the
highway (Fig. 10a, b). Based on the geological and
geomorphic investigation, about 10 m wide zone of
deformation has been identified in the MBT zone and
the hanging wall block is more deformed than the
footwall block. The deformed zone is defined by highly
sheared and pulverized metavolcanics belonging to the
Bhimtal volcanics of the Jaunsar Group (Fig. 10c). In
this section, the MBT is traceable for about 5 km long
as an active fault trace trending ENE-SWS. Apart from
the active fault trace, evidence of recent movement
along the MBT, at Shim quartzite bedrocks of Jaunsar
Group (Pre-Cambrian) are thrust over recent fluvial
terrace deposit as reported by Valdiya et al. (1992).

v ault gouge

Kok

Footwall

Fig. 10 (a) and (b) Fault gouge developed in the Uprakot
Fault zone (29°12'45"N, 80°09'03"E) in the Ladhiya
valley. (c¢) Highly sheared rocks in the core zone of the
MBT in the Ladhiya valley. (d), (¢) and (f) Fault gouge and
slickenside developed in the Tanakpur Fault zone at Poth
(29°11'42"N, 80°12'23"E).

Further east of Shim and across the Kali River in
the Nepalese section, a trace of the MBT is observed in
the Google Earth image (Figs. 7 and 8). The fault trace
is traceable for more than 25 km from NW of Parigaon
to Dauliket, the general trend is almost E-W, and the
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fault trace is curved (Figs. 7 and 8). This fault trace
forms a part of the Rangun Khola fault of Nakata (1989)
that stretched for about 80 km long. The fault scarps
dip towards the north (Fig. 7). For better
documentation, the fault trace has been divided into
western and eastern segments (Fig. 7b, c); the east of
Kaliha Khola represents the eastern and west of it is the
western segment. In the western segment of the fault
trace, the fault scarp is dipping gently towards N to
NNE, and the maximum height of the scarp measures
about 38 m. Drainage deflection is observed along this
fault trace (Fig. 7b, ¢) and a remnant of a small sag
pond is observed along this fault trace in the eastern
extremity of the western segment of the fault trace. In
the eastern segment, just east of the Kaliha Khola, the
fault trace bifurcates into two parallel fault traces (Fig.
8a, b, ¢). In this segment, more morphotectonic
features such as fault scarps, fault traces, sag ponds,
drainage deflection, and straight stream course are
developed as compared to the western segment. Along
the northern fault trace, a small sag pond Ati Tal, with
a length of about 400 m and a width of 180 m, is
developed (Fig. 8d). Here the fault scarp measures
about 83 m and dips towards N (Fig. 8d). In the
southern fault trace, the fault scarp, a small lake, and a
small, dried sag pond are the main morphotectonic
features. The sag ponds are thought to have formed
along the fault traces due to damming of the streams
by the tectonic uplift along the active fault. Some of the
interesting features associated with this fault trace are
truncated Quaternary fan deposit in two sections; on
the eastern portion, the fault trace measures about 910
m and trends almost E-W (Fig. 8e). The fault trace has
been modified by humans, especially towards the
eastern part as visible in the image, due to agricultural
activities and settlements and also by natural processes
such as by stream erosion and gullying. The western
section of this fault trace bifurcates into three fault
traces, where two parallel fault traces of very small
extent are developed in Quaternary fan deposits (Fig.
8c¢). Further west, the fault trace is discontinuous, but
the fault scarp is more prominent, and a small sag pond
is also formed near Mangarha. Rangun Khola flows
towards the west from Dauliket to Parigaon in an
almost straight trend and flows parallel to the fault
trace and strike of the bedrocks (Fig. 7a). Along the
Rangun Khola valley, unpaired level terraces are
developed and the terraces are developed only on the
left bank with diminishing levels from south to north.
In most cases, the higher-level terraces are capped by
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from NE dipping to almost N
dipping. Luirei et al. (2017) have
dealt in detail regarding the movement along the HFT
in the recent past based on uplifted terraces and strath
terraces, tilted and deformed Quaternary terrace
deposits. In the previous observations, the contact
between the bedrock and the overlying terrace
sediments was not exposed, but erosion by Marchiya
Gad has exposed the contact (Fig. 11). The brecciated
Siwalik bedrocks are overlain by fluvial sediment,
which dips 44° towards 357° (Fig. 3a, b). Further
upstream, about 30 m from the contact of bedrock and
fluvial sediment, the tilting becomes gentler to almost
horizontal (Fig. 3c). Some of the constituent pebbles and
boulders are sheared (Fig. 3d). The bottom part of the
tilted terrace is mainly composed of boulders, while
upward, it is made up of thick laminated sand (Fig. 3c,
e); the bottom part is tilted by more degrees than the
overlying laminated sand.

4.2 Fluvial geomorphology and drainage pattern

4.2.1 Basin divide asymmetry

Scherler and Schwanghart (2020a, 2020b)
proposed a flow routing algorithm that has been used
to extract divide flow direction and basin asymmetry.
ASTER 30 m DEM has been used to model topographic
evolution subjected to rock uplift and stream power

Fig. 11 Drainage map of the lower reach of the Kali River basin.

base stream incision (Howard and Kerby 1983;
Whipple and Tucker 1999), and hillslope diffusion (i.e.
Culling 1963). The network of the drainage divide was
generated based on the flow accumulation threshold,
consisting of junctions, divide segments, and
endpoints. Endpoints are generally located close to
streams, where drainage basin boundaries can be
thought of as starting or ending (Scherler and
Schwanghart 2020). The drainage divide elevation
model is provided in Fig. 12a. From the drainage divide
elevation model, we can extract the across-the-divide
hillslope. The estimated values of across-divide
differences in hill slope relief range from 10 to 300 m
(Fig. 12b). The higher reliefs are represented by thick
higher-order colour lines. More circular edges are
marked by a higher rate of erosion and tectonic
stability, while the sharp edges are caused by less
erosion and enhanced tectonic movement. These
values are comparatively lower side representing the
tectonically enhanced faster rate of erosional activity.
From the hill slope relief network, we computed the
divide distance along the dividing network (Fig. 12c).
The watershed boundary and divide distance of larger
basins are maximum from one point to an endpoint of
drainage divide, where a thicker line represents more
distance of drainage divide. However, the thinner line
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Fig. 12 (a) Drainage divide elevation map of the study area. (b) Topographic relief of watershed across divide difference

hill slope relief. (c) Drainage divide distance.(d) Basin divide
Universal Transverse Mercator).

represents the divide distance of sub-basins (Fig. 12c¢).
For a better depiction of the degree of asymmetry,
normalization of the differences by the sum of hillslope
relief on either side of the divides has been carried. The
value of the divide asymmetry index ranges between o
and 1, where o represents perfect symmetry and 1
represents the most asymmetric value (Scherler and
Schwanghart 2020Db). Fig. 12d clearly shows that most
of the divides are asymmetric. The values of the
asymmetric index range from 0.35 to 0.5 within the
HFT zone, which indicates that the asymmetricity
increases because of erosionally balanced tectonic
uplift in the foothill zone (Fig. 12d). The asymmetric
index within the MBT zone is moderately high and
ranges from 0.1 to 0.35, which indicates high tectonic
activity and erosion in the area. Based on basin divide
asymmetry, we can infer that the basin divide
asymmetry is higher toward the foreland in
comparision to the hinterland region of the area,
further suggesting a higher rate of deformation toward
the frontal part.

4.2.2 Drainage pattern

The drainage pattern of the present investigation
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asymmetry of the area show strong tectonic control. (UTM:

is dendritic; the effect of the bedrock structure on the
drainage network and patterns are observed in some
sections of the faults (Figs. 2 and 11). Structural control
on the Kali River flow pattern is observed along
Thuligad Fault (Fig. 4), an almost E-W trending
lineament running parallel to the MBT and Ramgarh
Thrust. The south-flowing Kali River just north of the
MBT took almost a U-turn along this lineament and
flows NW for about 5 km before returning to its
original flow direction. Khethi Gad also flows along the
trend of this lineament and flows in the ESE direction
and confluence with Kali River, which also follows this
lineament (Figs. 4 and 11). Northeast of Tanakpur, Kali
River flows along Thuligad Fault with a trend of ~ E-W
for a distance of about 5 km in the NW direction just
before exiting into the Gangetic plain. In the upper
reaches, the Ladhiya River shows structural control
along the Jhamarcheru Fault and downstream by the
Uprakot (Fig. 2). Jhamarcheru Fault has an NNW-SSE
trend, and the Ladihiya River flow along this fault for
about 25 km and flows towards SE; while along the
Uprakot Fault, which trends almost E-W, the Ladhiya
River flows along the fault in the eastward direction
(Fig. 2). West of Sukhidhang, Patkholi Nadi (Kalaunia



River downstream), a tributary of the Kali River, is
aligned to the strike of the bedrock (almost in the E-W
direction) for about 10 km in the east direction before
flowing across the Siwalik and pre-Siwalik bedrocks in
the south direction and exiting into the Gangetic plain
(Fig 11). Saj Gad and Chaha Khola tributaries of the
Kalaunia River follow the trend of the bedrock in WSW
(Fig. 11). Rangun Khola flows west almost straight
along the strike of the bedrocks/lineaments for about
21 km and the confluence with the Kali River at
Khaldhunga (Fig. 4). Puntura Gad a tributary of
Rangun Khola, also flows along the strike of the Siwalik
bedrock and is slightly oblique to the Rangun Khola
(Fig. 11). In the upper catchment area of the Hathi Khor
the main trunk of this stream also follows the
Sukhidhang Fault (Fig. 4). Along the fault trace in the
MBT zone of Nepal, structural controls on 1st and 2nd
order streams are observed. Swerving of rivers in the
hanging wall of the MBT is observed; the Kali River
swerves from south flowing to northwest flowing for
about 5 km. In the same trend, Sirse Gad, a tributary of
Kali River flowing from Nepal, also changed its flow
direction from southwest flowing to northwest flowing
(Fig. 11). While in the same area in the right bank of the
Kali River, two of its tributaries change its flow
direction from south to south-east along the same
lineament (Fig. 11).

4.2.3 Aggradational landform

Fluvial terraces and debris fans are well-

developed along the Ladhiya and Kali River valleys (Fig.

4). A stretch of river sections between Bilaspur and
Shim in the Ladhiya River valley and between Shim
and Tanakpur in the Kali River valley has been
considered for aggradational landforms (Fig. 4).
Ladhiya valley becomes very wide from Dugbaur just
upstream of Bilaspur, and at Bilaspur-Bilket two levels
of aggradational landforms are developed (Fig. 9b).
Valdiya et al. (1992) mapped the landforms as fluvial
terraces (T1-T6), but recent investigation suggests that
T2 is debris fan while T1 is fluvial terrace deposited by
Kwairala river (Figs. 4 and 9b). T1is at 627 m asl, while
the active riverbed is at 625 m asl, and is comprised
mainly of clast belonging to the Ramgarh and Almora
groups. At Shantok, 2 km downstream of Bilaspur, six
levels of fluvial terraces are developed, T6 at 672 m asl
while the present river bed is at 608m asl; here also the
highest fluvial terrace is capped by debris fan deposit
(Fig. 9b). Downstream at Kathol, five levels of terraces
are developed and are unpaired; T5, T2, and T1 on the
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left bank while T4 and T3 on the right bank. T5, T4, and
T3 are developed only in patches while the lower
terraces are more widely developed (Fig. 9c). T5 is at
652 m asl, T4 is at 638 m asl, T3 is at 614 m asl, T2 at
610 m asl and T1 at 602 m asl. In the Chalthi area, a
single level of terrace is developed at 592 m asl. Further
downstream at Phukijal on the counterpart of the
Uprakot, one level of a paired terrace at 468 m asl is
observed on either side of Balapipal Gadhera (Fig. 4).
At Bilkhet and Sera, one level of paired terrace is
observed; at Ban and Shim, one level of terrace is
developed. At the confluence of the Kali River and
Ladhiya Rivers at Chuka, two levels of terraces are
developed, T2 is widely developed and is
heterogeneous in the composition of medium-sized
clast and the exposed section of the terrace tread is
about 10 m, while T1 is not well developed (Fig. 9d).
Khaldhunga and Parigaon section of Kali river valley
represent the widest section of the Kali river valley
where the breadth measures about 3 km (Fig. 9e). In
this section unpaired level of terraces are developed on
the Indian section at Khaldhunga, three levels of
terraces are developed while on the Nepalese section,
two levels of terraces are developed. At Khaldhunga, T3
is at 385 m asl, T2 is at 352 m asl, and T1 at 330 m asl;
terraces at Parigaon, T2 is at 334 m asl and T1 is at 324
m asl. T3 of Khaldhunga is exposed along the road
section and composed of thick sand deposits overlain
by mud and debris. Further 1.5 km downstream from
Khaldhunga thick mud deposits is observed. Between
Khaldhunga and Jariakhal alternation of debris flow
deposit and thick sand deposits is observed. The
alternation of sand and mud deposits is tilted by 5°
towards SW. At Tanakpur, two levels of terraces are
developed and the T2 section can be best observed
along the Dhana Gad section at Khorpa Tal, while T2 is
best exposed along a stream at Uchalikot (Valdiya et al.
1992; Luirei et al. 2017).

The present study suggests high instability of the
valley slopes as the river valleys and the frontal
segments are dotted by numerous landslide debris fans.
The debris fans consist of boulder to pebble sized clasts
floating in a matrix of sand and rock fragments. The
clasts are mostly quartzite and they are poorly sorted.
In the Ladhiya valley, almost all the debris fan deposits
are observed on the right bank of the Ladhiya River. At
Kathol huge landslide debris fan is observed, which has
been laid down by Kagota Khola; an almost 50 m thick
debris section is observed along the Ladhiya river (Fig.
13a, b). Uprakot is nestled on a large debris fan more

2605



J. Mt. Sci. (2024) 21(8): 2592-2617

than 120 m thick at the height of 587 m asl, the debris
was laid down by Jafaldhonga Gad (Fig. 13c). At
Kukanda and Ajron, high level of debris fan deposits
are observed at 510 m asl and 447m asl, respectively.
The terraces at Chuka and Khaldhunga are overlain by
a huge thickness of landslide debris (Fig. 13d).
Jariakhal area constitutes an apron of large debris fan
laid down by Shukur Khola and Gaoji Gad. Between
Thuligaon and Bastia, numerous debris fan deposits
are observed (Valdiya 1992, Valdiya et al. 1992, Luirei
et al. 2017). Valdiya et al. (1992) have classified the
debris fans into Uchaulikot Fan and Bastia Fan.
Further Luirei et al. (2017) have divided the fans into
Bastia Fan, Kudal Fan, Babat Gad Fan, Batna Gad Fan,
and recent Fans and are best observed along the Hathi

Khor, Babat Gad, Batna Gad, Thuli Gad, and Kali River.

In the immediate opposite bank of the Kali River on the
Nepalese section erosional scarp measuring almost 80
m in height is observed of almost 40 m of Siwalik
bedrocks and about 40 m of debris deposit (Fig. 13e).
This section represents the HFT marked by the
juxtaposition of bedrock and the fan sediments. While
in the Indian section, the bedrocks are not observed,
which is due to the transverse tectonic displacement
along the Tanakpur Fault (Figs. 2 and 4).

5 Results and Interpretation

5.1 Chronology

A total number of 14 OSL samples were analyzed
to understand the related sedimentation and tectonic
history, particularly in the HFT zone and also from the
terraces for the morpho-stratigraphy (Table 1) (Figs. 4
and 5). In the Kali River valley terraces are well
developed at Chuka, Khaldhunga, and Jairakhal; four
OSL samples were collected, two from Chuka (Fig. 5a)
and one each from Khaldhunga (Fig. 5b) and Jairakhal.
Two OSL samples from the T2 of Chuka give ages of
19.1+6.4ka (LD3327; base) and 12.9+2.9 ka (LD3328;
top), whereas, the T3 of Khaldhunga gives an age of
11.1+ 2.2ka (LD3329), and T2 of Jairakhal gives an age
of 15.9+2.6ka (LD3330). The terrace sediments of T2
of Jairakhal are tilted by 5° towards SW, indicating
tilting of the terrace deposit after 15.9+2.6 ka. Two
samples were collected from T2 of Tanakpur from the
Uchalikot area from few meters apart from each other;
site A, where sample was collected from 1.5 m from the
surface, gives an age of 26.32+0.2ka (LD1445; base)
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Fig. 13 Numerous debris fan deposits are observed along
the Ladhiya and Kali valleys and the frontal part of the
Kumaun sub-Himalaya, In some cases exposed section
measures more than 50 m in height as observed at (a) and
(b) Kathol (29°11'38"N, 80°04'19"E), (c¢) Uprakot
(29°12'45"N, 80°09'03"E), (d) Near Chuka (29°11'35"N,
80°15'00"E)7, (e) Erosional scarp measuring ~80 m
comprising of bedrock and debris observed on the left bank
of Kali River on the Nepal section, this is also the fig section
as bedrock and fan deposits are exposed side by side.

while site B gives an age of 3.88+0.4ka (LD1446; top)
collected from 2m from the surface. From Bastia, three
OSL samples were collected, two from the hanging wall
of the splay thrust of the HFT and one from the
hanging wall block of the HFT (Fig. 5¢). The fault scarp
of the splay thrust is almost 1.5 km south of the HFT,
and the fault scarp measure about 17 m in height and
runs in an almost E-W trend. The exposed section
measures about 25 m, and the samples were collected
1.5 m and 23 m, respectively, from the surface. The top
sample gives an age of 8.24+0.65ka (L.D1337), while
the bottom section of the fan provides an age of
45.3+0.37ka (LD1280); from the hanging wall of the
HFT upstream of Hathi Khor the sample was collected
28 m from the surface and gives an age of 75.1+0.58ka
(LD1278). A sample was collected from the Khorpa Tal
area of Tanakpur in the immediate hanging wall block
of the HFT and the OSL age is 9.6+0.89ka (LD1448).
At Senapani, two OSL samples were collected (Figs. 3b,
¢ and 12d), one from the top section while one from
sediment just 2 m above the bedrock (Fig. 3b). The
sample collected from the top horizon of the slightly
tilted sand horizon gives an age of about 43.3+7.0 ka



(LD3334), while the other collected 2 m above the

bedrock gives an age of 58.7+10.8 ka (LD3335) (Table 1).

The samples analyzed from Chuka, Khaldhunga,
Jairakhal, and Uchalikot were mainly collected for
understanding the morpho-stratigraphy, except for the
sample of Jairakhal, which gives the age of tilting of the
sediments. The terraces at Chuka comprised mainly of
gravely beds with lenses of sand in between; both the
samples were collected from the same terrace T2 and
also from about the same depth from the surface of 2
m; the deposit suggests deposition in high energy
sequence. The terrace T2 of Khaldhunga is made up of
thick laminated sand deposits in alternation with thin
mud horizons and is overlain by thick mud deposits,
which in turn are overlain by landslide debris. The
deposits suggest the laying down of the sedimentation
in a low energy sequence interceded by stagnation of
the flow, and the upper sand sediments have been
dated to be of 11 ka. The terrace T2 of Jairakhal is a
debris fan deposit, and the terrace composition is
exposed along the road cut section and is made up of
alternation of debris flow deposits and sequence of
sand overlain by mud deposits, and the sandy horizon
has yielded an OSL age of 15.9+2.6 ka. From
Khaldunga and Jairakhal sections, the terraces and
debris fan deposits indicate stagnation of the flow of
water, which may be a result of blocking the flow of Kali
River by massive landslides that allowed 2 to 3 m of
mud to be deposited. At Uchalikot, terrace (T2)
sections are best exposed along the seasonal streams,
and the OSL ages obtained from two different sites of
the same terrace a few meters apart are 26.32+0.2 ka
and 3.88+0.4 ka collected from 1.5m and 2m from the
surface, respectively. The lower sample was collected
from a sand lens of about 0.3m thick in between a
gravely bed, while the upper sample was from a thick
sand body. The older age obtained from the upper
horizon appears to be unbleached samples from the
debris fan terraces in upstream which is characterized
by numerous coalescing debris fans. From the Bastia
area, the development of a 17 m fault scarp at the edge
of the mountain is the outcome of uplift along the
South Bastia Fault, a splay thrust of the HFT. The
sample collected from the top of the Bastia fan gives an
age of 8.24+0.65 ka, which suggests an uplift along the
splay thrust after 8 ka. A sample taken from the strath
terrace in the HFT zone constituting the hanging wall
block from the Khorpa Tal section also gives similar
age of 9.6+0.89 ka; this suggests that the HFT
reactivated in the Tanakpur area since 9.6+0.89 ka.
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The strath terrace is made up of 2 m of fluvial sediment
and about 5 m of highly crushed bedrock. The incision
rate is calculated by dividing the height of the sample
from the present river level, by the age obtained from
that sample. The incision rate obtained from this
section is about 0.73mm/yr (7000mm/9.6ka). The
Senapani section of the HFT represents one of the most
disturbed areas in terms of records of tectonic activities
imprinted on the bedrocks and the overlying
Quaternary terrace sediments (Fig. 3a, d) (Luirei et al.
2017). Two samples have been collected from this site;
one is collected from 2 m above the highly crushed
Siwalik bedrocks, and one sample from 26 m away
from the contact between the highly sheared bedrocks
and fluvial sediments (Fig. 3a, b, d). The sediments
from where one of the samples is collected are made of
gravelly bed overlain by laminated medium-grained
sand and are tilted by 45° towards NW; these tilted
horizons in turn, have signatures of depositional and
tectonic phases in the form of faulted and folded
sediments (Fig. 3c, d, e, f) (Luirei et al. 2017). The
amount of tilting reduces, and sediments over the
deformed sediment are tilted by 10° towards NW and
become almost horizontal towards the top (Fig. 3c¢).
The sample from the top section has yielded 43.3+7.0
ka, while the sample collected from the sandy horizon
above the highly sheared bedrock gives an age of
58.7+10.8 ka. From this, it is inferred that the tectonic
activity along the HFT has been taking in phases after
58.7 ka. The uplift along the HFT has exposed the contact
between the Quaternary sediments and the underlying
Siwalik bedrock which is very distinct (Fig. 3a).

5.2 InSAR and geodetic results

The active deformation within the zones between
the HFT, MBT, RT, and SAT has been approximated by
the application of the PSInSAR technique (Fig. 14).
SENTINEL-1A (108 images) data sets have been
acquired during the periods between 2017-2020. The
PSI results of the SENTINAL-1A dataset reveal that the
region between the HFT and SAT is deforming + 7
mm/yr during 2016-2020 (Fig. 14c-d). Our PSI
analysis shows that 3-6 mm/yr is the deforming rate in
the HFT, while the deformation rate in the MBT is 2.5
to 6 mm/yr. In the Nepal region, the MBT zone shows
subsidence of a significant amount where the range of
velocity is from -1 to -5 mm/yr (Fig. 14€). Similarly, the
RT zone of Indian Lesser Himalaya shows the uplift
rate of 1-4.5 mm/yr, whereas the regions located in
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Nepal are subsiding at the rate of -1 to -4 mm/yr. A
significant amount of subsidence is shown by the SAT
zone at the rate of -1 to -5 mm/yr (Fig. 14e).

In the present effort, the velocity data has been
acquired from published literatures (Mondal et al.
2016; Yadav et al. 2021) and obtained from our two
permanent GNSS stations MUNS and PTH2 and are
transformed into a common reference frame ITRF 08
(Table 2). The velocity in ITRFo8 reference frame
(brown color) indicates the plate secular motion
toward the NE direction with the range of 37.67 to
67.98 mm/yr and the direction of motion varies from
28.83° to 52.76° (Fig. 6). The velocity fixed IISC (blue
color) are plotted (Fig. 6) which has the range from
0.71 to 19.26 mm/yr. We have observed that the
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velocity is reducing toward the south, which indicates
the continuous strain accumulation in the zone of the
HFT and the region is being locked gradually (Fig. 6a).
Generally, the Indian plate continues to move
gradually northward to collide with the Eurasian plate,
however velocity concerning the fixed IISC shows the
clockwise motion from northwest to the northeast
direction reflecting the crustal deformation in the
study region (Fig. 6a). To perceive the behavior of local
deformation in the study region, we estimated the
velocity by fixed MUNS which is a permanent GNSS
station and located in the study region (Fig. 6b). Here
we have also observed the clockwise motion of the
velocity field and non-linear pattern of the
deformation with the velocity range 0.5 to 14.79

e

Fig. 14 (a) Topographic SRTM-1 Arc second DEM of the study area. (b) Coherence map of the study area generated after
topographic removal generated from SENTINEL-1A radar data. (c-d) map shows PSInSAR velocity of the Kumaun sub-
Himalayan region. The north South variation (strike perpendicular) velocity changes are estimated along the lines P1-
P6. (e) Strike perpendicular (N-S) velocity profiles, constructed along P1 to P6 lines.
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mm/yr. The site located in the core part of Almora
Nappe exhibits a higher deformation rate
comparatively up to 28.66 mm/yr, which may be the
effect of present local active faults/thrusts. More
specifically, we analyzed the velocities of the sub-
Himalayan region by fixing the velocity of Munsiyari
site, which is located in the Higher Himalayan region
(Tables 2). Our observation shows that the sites NNKN
(Nanakmatta) and NAJI located south of the HFT zone
show an eastward velocity of 2.13 mm/yr and a
northward velocity of 7.56 to 8.46 mm/yr. The stations
KTBH and KOTA are located just north of the HFT and
are deforming at the rate of 6.56 to 7.86 mm/yr
northward motion and 2.53 mm/yr eastward direction.
Whereas the sites PRBH (Tanakpur) and JAGH
(Haldwani) are located on the footwall block of the
HFT and are deforming at the rate of 3.83 mm/yr
eastward and 10.09 to 10.59 mm/yr northward velocity
(Tables 2; Fig. 6). The Station CMOH (Champawat)
located in the hinterland north of the MBT and
Ramgarh Thrust is deforming much slower than the
HFT with a rate of 2.13mm/yr northward velocity. The
station Lohaghat (LOHA) located towards the core of
the Almora Nappe, shows a higher rate of deformation
with a northward velocity of 6.56mm/y. Furthermore,
we infer that the station located within the footwall
block of the HFT is deforming much faster than the
hanging wall and show a westward motion direction
concerning ITRF velocity (Fig. 6a); whereas the
stations CMOH and LOHA show a southwest motion
direction. Further, the GNSS-driven deformation rate
of the HFT, MBT, RT, and SAT are well corroborated
with the PSInSAR based surface deformation for the
period of 2016 to 2020. The westward and southwest
motion direction indicates the oblique-slip motion of
frontal thrusts in the central region of the Kumaun
Himalaya. We also plotted the seismicity data (Source:
https://seismo.gov.in/) of magnitude ranging from 2.1 to
5.5 from 2007 to March 2020. Maximum seismicity is
observed along the MCT and some along the MBT, while
few earthquakes are observed along the HFT including
the recent earthquake of magnitude 4.0. The observed
seismicity represents the geodynamic activity along the
active deformational part of the Himalayas (Fig. 6a).

6 Discussion

Landforms produced by recent tectonic activities
help in understanding the present geodynamic
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condition of an area or a region. The continued stresses
in the Himalayas have resulted in movements along
the thrusts and faults to accommodate the shortened
crust and produce varied landforms (Valdiya 1992).
Recent deformation along the Himalayan Mountain
front is the implication of the movement along the HFT
and has been reported in numerous segments of the
Himalayas (Nakata 1972; Yeats and Lillie 1991; Valdiya
1992; Valdiya et al. 1992; Wesnousky et al. 1999; Lavé
and Avouac 2000, 2001; Kumar et al. 2001, Singh and
Tandon 2008, Malik et al. 2010, 2015). The recent
movement along the HFT has been inferred from
diverse morphotectonic features such as uplifted strath
and fill terraces, stream migration, incised meandering,
and linear fault scarps (Nakata 1972; Valdiya 1992;
Yeats et al. 1992; Lavé and Avouac 2000; Malik et al.
2008; Singh and Tandon 2008; Luirei et al. 2015). In
the present study, landforms that reflect recent
movement along the HFT and faults are the exposures
of bedrocks, which are highly sheared as evident from
exposed bedrocks in the HFT zone at Senapani and
Khorpa Tal (Fig. 3a, b, d). Raiverman (2002) and
Kumar (2004) have shown the pre-Siwalik Paleogene
rock in contact with the Alluvium of the Gangetic plain
as observed at Senapani, Khorpa Tal, and Nepal
sections. It is inferred that the net displacement along
the HFT is more in areas where Paleogene rocks are
exposed in the HFT zone than those where Neogene
rocks make contact with the Alluvium of the Gangetic
plain. The uplift rate of the HFT as deduced from OSL
age obtained from the strath terrace of Khorpa Tal is
0.52 mm/year. Reports of paleoseismic events in the
frontal part of the Himalayas have been revealed from
numerous published literatures from the Himalayas
(Kumar et al. 2001, Jayangondaperumal et al. 2011,
2017, Malik et al. 2010, 2015, Bollinger et al. 2014,
Rajendran et al. 2017, Rajendran et al. 2018,
Wesnouskyey et al. 2017, 2018). Luirei et al. (2017)
suggest multiple tectonic activities along the HFT as
evident from tilted and deformed bedrocks and
overlying Quaternary fluvial sediments. Erosion of the
HFT zone by the Bijauri Sot has exposed the contact
between the pre-Siwalik and Siwalik bedrock as well as
contact between Siwalik rocks and the overlying fluvial
sediments. Exposed Siwalik bedrock is a few meters
thick and is highly sheared and had a maximum dip of
60° towards NW (Fig. 3). Tectonic activity after the
deposition is also evident from the sheared boulders
overlying the sheared Siwalik bedrocks (Fig. 3). The
immediate overlying fluvial sediment is tilted by 44°
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towards NW-N and the age of the sediment is 43 ka
which suggests tectonic activity after 43 ka. Towards
the top of the laminated sand deposit, several faults
(both reverse and back thrust), and associated soft
sediment deformational structures have been observed
(Luirei et al. 2017). The deformed sand horizons give
OSL ages of 51 ka and 60 ka; the inclination amount of
the topmost tilted horizon is 10° towards NW (Luirei et
al. 2017). The sand sediments from the bottom section
of the terrace deposit above highly sheared boulders
and pebbles gives an OSL age of 58 ka (Fig 3b). From
this, it is inferred that uplift along the HFT has taken
from time to time in some events accompanied by a
seismic event, as evident from deformed Late
Quaternary sediment (Luirei et al. 2017). The tilted and
deformed sediment in turn is overlapped by fluvial
sediments of age 75.1 ka, made up mainly of well
rounded boulders of a thickness of about 14 m. The
tectonic deformation in the area is reflected in the form
of uplift and incision of fluvial landforms. In the area,
the initial phase of aggradation took place ~75 ka and
continues till 43 ka. Around 43 ka lateral migrations
supplemented by phase incision has been started due
to tectonic uplift. There is a tectonic quiescence
between 43 to 4 ka. The second phase of incision begins
around 4 ka. During this phase, the fill sediments
together with bedrock are incised owing to enhanced
tectonic forcing between the HFT and the MBT.

In the HFT zone, no pronounced influence of the
HFT on drainage pattern is observed, except that of
Dhana Gad, which flows along the HFT for a few m
from SE flowing to SW before resuming SE flow
direction (Fig. 11). The area in the immediate foothill
between the Hathi Khor and Thuli Gad is made up of
numerous coalescing fan deposits where the sediments
are generated by several landslides (Fig. 4). Stream
cutting across has incised the fans, and huge thickness
of fan deposits are observed and are best exposed along
the Hathi Khor, Batna, Babat, and Thuli gads (Fig. 4).
The incisions of the fans are the outcome of uplift along
the HFT and splay thrusts. It is notable that climatic
effects such as past Indo-Asian monsoonal variations
are also known to fluctuate relative base-levels of rivers
in the tectonically active regions of the Himalaya
(Hamahashi et al. 2022), and the measured heights of
incised fans and terraces may contain the effect of
climate in addition to tectonic uplift. However, in the
current study, we do not have sufficient age constraints
to identify individual climate events, and the relative
uplift rate is estimated from the sediment record
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averaged over the age range of ~ 75.1t0 3.88 ka. In this
section, linearly E-W trending, 7 km long escarpment
is observed (Luirei et al. 2014); just south of Bastia, the
fault scarp measures about 17 m in height and is
observed about 1.2 km from the HFT. At Bastia, where
Siwaliks are exposed is the HFT zone, and as such the
scarp that has been formed south of Bastia is the result
of movement along the SBF, a splay thrust of the HFT
(Fig. 4). At Tanakpur, the mountain front has been
displaced by the Tanakpur Fault by about 8.2 km with
a dextral sense of motion. Raiverman (2002) indicates
that the Moradabad Fault (~ Tanakpur Fault) resulted
in the development of localized syntaxial bend in the
Tanakpur area. Existence and movement along the
Tanakpur Fault and its extension into the Himalayan
belt have also been discussed by various workers
(Sastri et al. 1971; Valdiya 1976; Karunakaran and
Ranga Rao 1979; Raiverman et al. 1984; Virdi 1979;
1987; Valdiya et al. 1992; Goswami 2012; Goswami and
Yokha 2010; Godin and Harris 2014; Luirei et al. 2017).
Tanakpur Fault-related fabrics imprinted on the
bedrocks are best observed near Thuligaon where
slickensides indicating the sense are exposed (Luirei et
al. 2017). Further into the hinterland, tectonic fabrics
related to the Tanakpur Fault are observed at Poth in
the form of swing in the strike of bedrocks as well as
fault gouge and slickenside. The fault zone is
represented by a 2 m wide fault gouge (Fig. 104, e, f).
In the Western Himalaya, transverse or tear faults
cutting across the Himalayan front are the Yamuna
Tear Fault, Ganga Tear Fault, and Kosi Tear Faults
(Rao et al. 1973; Barkatya and Gupta 1982; Rautela and
Sati 1996; Sahoo et al. 2000); while some important
transverse lineaments cutting across the mountain
front are Tehri, West Nayar, Dwarahat, Ramganga,
Malwa Tal and Machiadh lineaments (Barkatya and
Gupta 1982). Some of the lineaments of Barkatya and
Gupta (1982) in the Lesser Himalaya are similar to
those of faults marked by Valdiya (1980). Other minor
transverse faults cutting across the HFT in the Tanapur
area are the Kalaunia and Hathi Khor faults and are
assumed to be conjugates of the Tanakpur Fault
(Goswami and Yokha 2010). In the Arunachal
Himalaya, Bhakuni et al. (2017) identified many
transverse faults that cut across the HFT. The
transverse and tear faults are interpreted to be younger
than the HFT as they have a cross-cutting relationship.

Normal faults are delineated from different parts
of the Himalayas where in some sections; where the
bedrock as well as the overlying Quaternary sediments



are affected by the fault movement (Herren 1987;
Nakata 1989; Valdiya 1992; Thakur et al. 1995;
Mugnier et al. 1994; Kothyari et al. 2012; Bhakuni and
Luirei 2016; Luirei et al. 2016). In the present study,
landforms associated with active fault are observed
along the trace of the MBT and in the Shukhidhang-
Shiala area. Active tectonics along the MBT has been
reported from Nepal as well as the Kumaun Himalaya;
in the Kumaun Himalaya, active fault traces are
reported from the Kosi River and Gaula River valleys
(Valdiya 1992; Kothyari et al. 2012; Luirei et al. 2021,
2022). In Kosi Valley, the MBT is represented by an
active fault trace of about 8 km, while in the Gaula
Valley at Logar, active normal faulting has
dismembered a fan, producing a fault scarp of about 37
m in height that extends for about 2.5 km in length.
The fault trace at Logar is a portion of a long fault
system that extends from Hadiakhan up to Lokham Tal,
stretching for about 13 km in length. Valdiya (1992)
and Luirei et al. (2014) have dealt with the lakes and
paleolakes that originated from normal faulting at
Shukhidhang-Shiala. The normal faulting occurred
along a series of north dipping fault planes of the
Thuligad Fault (~ Shukhidhang Fault) system. Present
observation indicates that this fault system extends to
the Nandhaur valley where Nandhaur and Kalaunia
rivers flow almost in a straight line along this fault. In
adjoining Nepal, a trace of faults pertaining to recent
movement along the MBT and its related splay has
been reported for the first time in this paper. The trace
of the fault measures about 25 km in length, and the
faulting has produced morphotectonic features, such
as the north-facing fault scarp, deflected streams,
linear valleys, and sag ponds (Figs. 7 and 8). In the
Nepal Himalaya, the active faults along the Main
Boundary Fault have been called Main Boundary
Active Fault system (MBAFS) by Nakata (1982) that
extends from Kali River in the west to the Sapt Kosi
River in the east. The western segment between Kali
and Karnali rivers the MBAFS is about 80 km long and
the topographic features include north-facing fault
scarps, fault depressions, sag ponds, linear ridges,
pressure ridges, and dislocated alluvial fans. Mugnier
et al. (1994) suggested deviation in the stress axes
along steep pre-existing faults in a compressional
regime for the occurrences of normal faults along the
steeply dipping MBT. Bhakuni and Luirei (2016)
opined that the normal faults are the result of
deformation related to N—S extensional tectonics and
have taken place at the uppermost crustal level due to
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gravity, where the influence of the subsurface
compressional tectonics of the Himalayan is no more
significant.

The Tanakpur area, particularly between Hathi
Khor and Thuli Gad, is made up of coalescing fans that
date 75 ka to those very recent that were deposited
during the monsoon of 2010. Valdiya (2003) suggested
that the fans have tectonic inferences as the bedrocks
have moved along the HFT, and the dislocated rocks
have not only gained pronounced height but have also
undergone brittle deformation during the successive
phase of movement along the HFT. The south-facing
slope of the Siwalik Hills is adorned by scars of active
and stabilized landslides; as such, the debris
constituting the fans is generated by landslides carried
downstream by high-gradient streams. Ladhiya Valley
has signatures of huge debris fans at Bilaspur, Kathol,
Shantok, Kamyun Khet, and Jairakhal deposited by
huge paleo landslides. Similarly, huge landslides and
debris fan deposits are also reported from Kosi River
valley between Khairna and Betalghat of Kumaun
Lesser Himalaya (Valdiya 1988; Luirei et al. 2015).
Luirei et al. (2016) believe that the landslides have
tectonic genesis as the area is traversed by the
Ramgarh Thrust and the Betalghat normal fault system.
Terraces are extensively developed in the Chuka,
Khaldhunga, Jairakhal, and Uchakot areas of Kali
Valley; while in Ladhiya Valley, terraces are best
developed at Bilaspur, Shantok, and Chalthi. From the
exposed terrace sections, variable sedimentation
patterns have been observed from the sediments
deposited in high energy conditions where the
composition of the terrace is clast dominated to
temporary damming of the river as indicated by the
alternation of mud and sand sequence. The
sedimentation pattern may point towards climate and
tectonic interaction as reported from other parts of the
Himalayas (Hamahashi et al. 2022). Studies show that
in the hinterland of the Kumaun Himalaya, the river
valleys have well-preserved records of four major
aggradation events between 44 to 4 ka (Juyal et al.
2010, Ray and Srivastava 2010, Kothyari and Luirei
2016, Kothyari et al. 2017a, 2017b; Kothyari et al.
2020a). The upper catchment of the Kali basin
(Tethyan region) is traversed by the Trans-Himadri
fault (THF), where glacial melt plays a governing part
in the deposition of fluvio-glacial and lacustrine
sediments (Juyal et al. 2004). These regions are
mainly occupied by hyper-concentrated glacial-
generated debris, which is responsible for blocking the
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river, resulting in the formation of lakes (Juyal et al.
2004). Furthermore, chronological constraints,
magnetic susceptibility and elemental concentration
show an event of Younger Days between ~11 ka and 12
ka. Nonetheless, the fluvial sedimentation record along
the adjoining Alaknanda River attributes to the Early
Holocene enhancement of the Indian Summer
monsoon (ISM) between 12 and 8 ka, which is also
correlated with the Kali River. On the other hand, the
early Holocene event of the ISM is not reported along
the Pindar River, which might be caused by rapid
erosion or maybe because of decreased rate of
aggradation, leading to insufficient expanse for the
accumulation of sediments. Hence, the records of the
Early Holocene intensified monsoon were interlinked
with the stages of sedimentation in the western Central
Himalaya (Berger and Loutre 1991; Srivastava et al.
2008; Juyal et al. 20009; Scherler et al. 2015; Kotlia et
al. 2015). In the Central Himalayas, the records of the
Early Holocene glaciation from 9 to 6 ka are well
conserved within the valleys. Moreover, the records of
the Late Holocene aridity, which happened between 5
and 2 ka, is identified in the Kali, Pindar, and
Alaknanda Valleys. The tectonic uplift and incision
rates along various thrusts between the MCT and the
HFT are not determined in the previous studies
(Avouac and Tapponnier 1993; Peltzer and Saucier
1996; England and Molnar 1997; Juyal et al. 2010; Ray
and Srivastava 2010; Long et al. 2012). The terraces
developed along Rangun Khola are unpaired, and the
height of the terraces decreases northward. The
gradual decrease in terrace level height and the
development of unpaired terraces has been linked to
faulting activity as Rangun Khola maintains almost
linearity and is adjacent to the active fault trace of the
MBT. Structural controls on drainage patterns are
observed along Jamarcheura, Uprakot, and Thuli Gad
faults and active fault traces of the MBT; structural
control has been interpreted based on the linearity of
the valley along the fault trend and deflection of
streams. Tectonic-induced stream migration or control
of drainage patterns are reported from jointed
bedrocks and tectonically active segments (Aghassy
1970; Scheidegger 1979, 1980, 1981; Bannister 1980;
Valdiya et al. 1984; Clarke 1966; Gupta 1997; Patidar et
al. 2007, 2008; Tiwari et al. 2021). Gupta (1997)
observed a swing in the flow direction of rivers as a
consequence of structural control, particularly in the
MBT zone. The asymmetric index obtained indicates
an increment in the asymmetric values in the area
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comprising the foothill which is relatively higher than
that in the MBT zone. This difference is a result of a
higher rate of deformation in the frontal part of the
Himalayas where the HFT is the most active tectonic
boundary, which is incongruent with the southward
migration of the deformation pattern of the Himalayan
tectonics. This is in tune with the PSI results of the
SENTINAL-1A dataset which reveals that the region
between the HFT and SAT is deforming + 7 mm/yr
during 2016-2020 and also shows that the deforming
rate at the HFT is 3-6 mm/yr and at the rate of 2.5to 6
mm/yr in the MBT. Tanakpur Fault a transverse fault
is also one of the contributing factors for the
asymmetry in basin divide as this fault have resulted in
swing of the strike of the bedrock which in turn have
reshaped the geomorphology of the mountain front.

INSAR and GNSS results are incongruent with
field observation of recent tectonics in the eastern
Kumaun Himalaya and western Nepal Himalaya. The
subsidence observed in the Nepal section at the rate of
-1/ to -5 mm/yr may correspond with the extensional
tectonics that led to the development of normal faults
in otherwise compressional tectonics. The rates are
well consistent with the rates estimated by Yhokha et
al. (2015) for the western part of the study area for the
period of 2008-2010. Previous geodetic measurements
suggest that Main Himalayan Thrust (MHT) is locked
over a width of about 100 km and the frontal part is not
deforming; but from our present study and works of
previous GPS measurement studies (Ponraj et al. 2011,
Mondal et al. 2016, Dumka et al. 2014) the measured
velocity and strain accumulation pattern indicate that
the frontal part is not completely locked but is being
locked gradually. This is evident from the observed
seismicity along the frontal part, including the recent
shallow earthquake of 4.0 magnitude that occurred
near Haridwar at a depth of 10 km, which is just north
of the HFT. In Haridwar, the Ganga Tear fault, a
dextrally moving strike-slip fault also cut across the
sub-Himalaya and the HFT.

=7 Conclusions

Tanakpur and its adjoining area in the NW
Himalaya are tectonically active as deduced from
multiparameter  disciplines in the following
observations.

(1) Himalayan Frontal Thrust is tectonically active,
as evident from uplift terraces and strath terraces.



Tilted terrace deposits and deformed terrace deposits
are indicative of multi phases of tectonic activity along
the HFT. The major phases of the Late Quaternary and
Holocene tectonic deformations have been identified
between 58.7+10.8 ka and 3.88+0.4 ka.

(2) Fault trace is produced by the relative
movement of the footwall with respect to the hanging
wall block of the MBT that extends for about 25 km in
length.

(3) Transverse faults cut across the HFT, which
suggests that the transverse faults are activated after
the HFT reaches the surface; and are indicated by a
swing in the strike of bedrocks and curved mountain
front, fault gouge, and slickensides indicating the sense
of movement.

(4) Aggradational landforms suggest deposition in
the varied tectonic and fluvial regimes, as evident from
the clast-dominated sequence to the alternation of
fine-grained sand and mud sequences in some parts.
Most of the fan deposits are of landslide genesis. The
oldest age obtained for aggradational landform is
75.1£0.58 ka.

(5) The data obtained from basin divide
asymmetry indicates the basin divide asymmetry is
higher toward the foreland in comparison to the
hinterland region of the area, which suggests a higher
rate of deformation toward the frontal part. Fluvial
morphology indicates structural control on the
drainage patterns of the major tributaries of the Kali
River and some streams.

(6) PSI analysis shows that the deformation rate
in the MBT and the HFT zones is 2.5-6 mm/yr and 3-6
mm/yr, respectively; while toward the Nepal region, a
significant amount of subsidence is observed in the
MBT zone with a velocity range of -1 to -5 mm/yr.

(7) GNSS measurements suggest that the frontal
part of the Himalayas is not completely locked,
however, it is being locked gradually, which is
substantiated by seismicity including the recent
shallow earthquake of magnitude 4.0, in December
2020 that occurred near Haridwar in the HFT zone.
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