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The geomorphic changes over the earth’s crust are inCuenced by tectonic activities. These geomorphic
changes are remnants of deformation that occurred in the recent geological past. Geomorphic features can
be quantiBed to assess relative tectonic activity and response of landscape to active tectonics, regional
structures, lithology and climate. To achieve the objectives, we evaluated the relative tectonic activity of
the Garhwal synform, for which six major river basins were selected. The relative tectonic activity of all
the basins is computed based on quantitative analysis of geomorphic indices. Quantitative analysis of
each geomorphic parameter has been carried out, and a combined product of relative tectonic activity
index (TAI) was derived for each basin. The TAI is classiBed into three classes based on their relative
tectonic activity; basins having TAI value B1.75 (basins I, II and III) are placed in very high tectonic
activity class, basin with a value ranging[1.75 to\2.0 are categorised as moderately active basins (basin
‘IV’), while basins having values[2.0 are less active (basins V and VI). A relative tectonic activity map of
the area sufBces for the prioritisation of each basin based upon their TAI. Furthermore, analysis of the
longitudinal proBle of rivers for knickpoint, precipitation and temperature variability over the last 100
years and seismic events since the last 100 years have been studied to interpret the tectonic regime and
their inCuence on landscape evolution. The regional seismicity data suggest that the area falls in a seismic
gap and has not experienced a great earthquake in recent history but have received seismic events of
moderate intensity in the past. We opine that the Garhwal synform is tectonically active, and thus,
significant steps should be taken for seismic risk assessment along with preventive measures. We also
suggest that the inCuence of tectonic activities in the southeastern part of the Garhwal synform comprised
by basins V and VI is relatively less than the rest of the basins. Finally, the six basins were prioritised
based on their relative tectonic activity.
Keywords. Garhwal Himalaya; geomorphology; remote sensing and GIS; quaternary geology;
geomorphic indices; relative tectonic activity; prioritisation.
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1. Introduction
The Himalayan orogen is the most active mountain belt formed as a result of continent–continent
collision of the Indian lithospheric plate against
the Eurasian lithospheric plate that started with
initial impingement at *52 Ma and is continuing
to the present (Molnar 1984; Rowley 1996; Yin
and Harrison 2000; Leech et al. 2005). The
Himalayan fold and thrust belt are characterised
by a basal detachment fault, known as the Main
Himalayan Thrust, and listric thrust faults that
join the basal detachment fault at a depth (Srivastava and Mitra 1994; Bilham et al. 1997). The
listric thrust faults and associated folds indicate
that the frontal part of the Himalayan wedge also
behaves like a fold-and-thrust belt (FTB) (e.g.,
Schelling and Arita 1991; Srivastava and Mitra
1994; Powers et al. 1998; Decelles et al. 2002).
Information on the geometry of thrust-related
structures, magnitudes of slip along the thrusts,
crustal shortening along different sections of the
Himalaya are available (Arita 1983; Schelling and
Arita 1991; Srivastava and Mitra 1994; Meigs
et al. 1995; Burbank et al. 1996; Robinson et al.
2006). Earthquakes of low magnitude are common
in the Garhwal and Kumaon regions, while those
of moderate magnitude have occurred in the
Upper Lesser Himalaya and the Higher Himalayan region near the main central thrust (MCT)
(Thakur 2004). The majority of earthquakes in
the Garhwal and Kumaon regions are of shallow
focus (Sarkar et al. 2001). The evaluation of
active tectonics from past seismic events has been
conducted in the present study to suggest that the
region is tectonically active. More recent studies
by several researchers in seismicity and active
tectonics in the Garhwal and Kumaon Himalaya
(e.g., Pathak et al. 2015; Jayangondaperumal
et al. 2017; Rajendran et al. 2018, 2020; Kralia
and Thakur 2021; Thakur et al. 2021), suggest
that this part of the Himalaya is seismically
active, and active tectonics plays an important
role in surface deformation of the region. Additionally, extensive research studies have been
carried out by several investigators in the Garhwal and Kumaon Himalaya region (e.g., Kothyari
et al. 2010, 2017; Asthana 2012; Kothyari 2014;
Kothyari and Luirei 2016; Asthana et al. 2018;
Kotlia et al. 2018; Sharma et al. (2018b; Goswami
and Pant 2019; Taloor et al. 2021) using geomorphic parameters to assess active deformation
by tectonic activities.
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Active deformation of the Himalayan region is
constrained by the continuous northward movement of the Indian plate towards the Eurasian
plate (Wesnousky et al. 1999; Thakur 2004). From
the western Himalaya, Wesnousky et al. (1999)
suggested an uplift rate of C6.9 ± 1.8 mm/year, a
slip rate of C13.8 ± 3.6 mm/year and a shortening
rate of C11.9 ± 3.1 mm/year, while Thakur (2004)
suggested a convergence rate of 10–15 mm/year
and a slip rate of 13.8 ± 3.6 mm/year. Previous
studies in the Dun region of the Garhwal Himalaya
and Kala Amb of Himachal Pradesh suggest a
convergence rate of 10.79 ± 2.23 mm/year, a slip
rate of 12.46 ± 2.58 mm/year and an uplift rate of
6.23 ± 1.29 mm/year by dating terrace sediments
(e.g., Parkash et al. 2011). Furthermore, studies on
active folding along fault zones carried out in the
Nepal Himalaya (Thakur 2004), the Kumaon
Himalaya (Sharma et al. 2018a), Dun regions of the
Garhwal Himalaya and Himachal Pradesh (Wesnousky et al. 1999; Parkash et al. 2011) have suggested that the active deformation of the Himalaya
is more pronounced in the frontal FTB, and the
Main Frontal Thrust (MFT) and the Main
Boundary Thrust (MBT) are the only structures
along which active faulting is going on. More
sophisticated methods to record active tectonics
and crustal shortening involve global positioning
system (GPS) studies, which suggest convergence
rate of 15 mm/year (Ponraj et al. 2010) across
Kumaon and the Garhwal Himalaya, horizontal
shortening of 6.7 ± 2.5 mm/year (Dumka et al.
2014) north of north Almora thrust. Similarly,
Jade et al. (2017) suggested angular velocity of
0.8–0.9 mm/year for the Indian plate and site
velocity of *2–28 mm/year observed at 35 sites
along the Himalaya; Sharma et al. (2018a) reported 1–52 mm/year of surface velocities in several reference frame across Kumaon and
Garhwal region using GPS to monitor crustal
deformation.
The dynamics of drainage basin systems in tectonically active regions or young mountain belts
are extremely susceptible to changes. The rate of
upliftment and shortening exhibited by folding,
faulting and tilting aAects river incision, drainage
density, geometry, basin symmetry and river
deCections (Cox 1994; Biswas et al. 2014). Hence,
morphometric analysis aimed to assess geomorphic
features in mountainous regions has also become a
proven tool in understanding the feedback relation
between active tectonics and erosional/denudational processes (e.g., Keller and Pinter 1996;
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Perez-Pena et al. 2010; Biswas et al. 2014; Sharma
et al. (2018b). Therefore, the quantiBcation of
geomorphic indices might provide valuable insight
to gauge the eAect of active tectonics in modifying
the surface processes and landforms in the Garhwal
region of the Himalayan orogen.
The Garhwal synform is a northwest–southeast
(NW–SE) trending klippe lying in the Siwalik and
Lesser Himalaya region of the Garhwal Himalaya
between 78°190 –78°530 E and 29°300 –30°050 N in the
Pauri district of Uttarakhand, covering an area of
2190 km2 (Bgure 1). Six major river basins, viz.,
Palain river, Malin river, Khoh river, Rawasan
river, Hiyunl river and Eastern Nayar river are
chosen for the present study are predominantly
rain and spring-fed. Physiographically, the area is
divided into high-to-moderately dissected mountains and Cuvial plains formed by the prolonged
tectonics, erosion and depositional processes. The
study area is one of the most ecologically sensitive
regions of the Himalaya and categorised as zone-IV
in the seismic hazard map of India (Bureau of
Indian standards; IS 1893-2002 (2002).
Thus, the focus of the study is broadly two-fold:
(i) to understand the interplay between tectonic
and geomorphic evolution of the six river basins,
and (ii) to ascertain the relative tectonic activity
index (TAI) of each basin meant for the eAective
prioritisation, which includes developmental

activities like management of the natural resources, landslide mitigation, watershed management,
construction, etc. To accomplish this, we have used
the geomorphic indices and their relation to the
regional scale structures of the area in determining
the premises of relative tectonic activity in and
around the Garhwal synform of Uttarakhand. The
b-value is also calculated to ascertain the active
tectonics in the Garhwal and Kumaon regions of
the Himalaya.

2. Geological setting
The study area predominantly falls in the Garhwal
synform, constituted mostly by metamorphic rocks
of the Lesser Himalaya (Mesoproterozoic to
Proterozoic age), sedimentary rocks of the Siwalik
Himalaya (Neoproterozoic to Eocene) and alluvial
deposits of Indo-Gangetic (Holocene) plain (IGP)
(Heim and Gansser 1939; Fuchs and Sinha 1978;
Valdiya 1980, 2016; Jiang et al. 2002, 2003; Devrani and Dubey 2008). In the Garhwal region, the
Lesser Himalaya lies between two tectonic plates,
MCT in the north and MBT in the south (Gansser
1964; Banerjee and Srivastava 2020). The study
areas of the major tectonic division include the
Lesser Garhwal Himalaya metamorphic sequence
separated from the Siwalik by NW–SE trending

Figure 1. Location map of the study area. The drainage network of six river basins is shown along with the drainage basin
boundaries.
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MBT; further south, lithology is predominantly
Siwalik sedimentary sequence separated from the
alluvium of IGPs by Himalayan frontal thrust
(HFT) (Fuchs and Sinha 1978; Valdiya 1980). The
north dipping Saknidhar thrust (ST) deBnes the
northern front of the region (Sati et al. 2011), along
with several other mesoscale thrusts, viz., Amri
thrust (AT), Garhwal thrust (GT), Lansdowne
thrust (LT), etc. (Fuchs and Sinha 1978; Valdiya 2008) dissect the study areas river basins
(Bgure 2).
The majority of the study area lies in the
Garhwal nappe of the Lesser Garhwal Himalaya
sequence, which exhibits complex and intricate
geology due to polyphase deformation. The area’s
rocks were subjected to superposed folding, faulting
and thrusting, resulting in a complex stratigraphy
and are grouped into several litho-tectonic units
(Middlemiss 1887; Auden 1937, 1939; Heim and
Gansser 1939; Gansser 1964; Srivastava and Mitra
1994). The southern part of the Garhwal synform
has been studied to elucidate the structural setup of
the region (Shanker and Ganesan 1973; Gupta
1976a, b; Gairola and Saxena 1980, 1982; Valdiya
1980; Sarkar and Dutta 1982; Gairola 1992; Shanker
et al. 1993; Asthana 2012). The lowermost litho-unit
in the Garhwal nappe is the Bijni formation,
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which overlies the Krol nappes sedimentary rock
and the GT. Bijni formation is composed of
quartzite–phyllite sequence in the lower horizon
that grades into quartzite–schist sequence upwards.
The Bijni formation (Auden 1937) is tectonically
overlain by the Lansdowne metamorphic formation
along with the AT (Valdiya 1980) and has also been
described as Lansdowne metamorphics (Gupta
1976a, b) and Lansdowne crystallines (Valdiya
1980). It is mainly composed of phyllite and schist
with prominent deformational structures. The
Garhwal nappe is tectonically capped by a small
outcrop of the Lansdowne granite gneiss and the
LT, having mylonitised gneiss at the base that
progressively changes to Augen gneiss and gneissic
granite in the upper parts (Gupta 1976b).

3. Materials and methods
An integrated approach has been adopted in the
present study, including Survey of India (SOI)
toposheets, satellite imagery, digital elevation
models (DEMs), rainfall and temperature data,
seismic data and regional–local Beld observations.
The detailed methodology is further discussed
below.

Figure 2. Geological map of the study area with major lithological and tectonic units (after Fuchs and Sinha 1978; Valdiya 2008).
AB and XY points represent the trend of the proBle sections shown in Bgure 9 (a and b), respectively.
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3.1 Preparation of base map
SOI toposheets (nos. 53 J/8, 53 J/12, 53 K/5, 53
K/6, 53 K/9, 53 K/10 and 53 K/13 of scale
1:50,000) were projected to UTM (WGS 1984,
44°N) and used to create a base map for the study
area. SRTM data of 30 m resolution was used
to extract basin using the pour point method in
Arc-GIS 10.5.

3.1.1 Assessment of geomorphic indices
Geomorphic indices are the tools for evaluating
landforms and determine the degree of active tectonics in a given area (Keller 1986). In turn, it is
also envisaged that the changes in the physical and
mechanical properties of rock or sediments, climate
and tectonics of an area reCect significant changes
in the geomorphic indices (Keller and Pinter 2002).
Geomorphic indices used in the present study to
ascertain the role of active tectonics are asymmetry
factor, transverse topographic symmetry factor,
basin shape, river sinuosity, valley Coor width-toheight ratio, mountain front sinuosity, stream
length gradient index (SL) and hypsometric integral (e.g., Keller and Pinter 2002) (table 1).
SRTM-DEM of 30-m resolution is used to derive
several morphotectonic parameters for quantitative analysis (e.g., Koukouvelas et al. 2018). The
relative tectonic values calculated from the

analysis of individual geomorphic indices were
compared and classiBed based on the existing
literature.
3.2 Long proBle and SL-index
The long proBle of six river basins is generated in
GIS environment using SOI toposheet 53 J/8, 53
J/12, 53 K/5, 53 K/6, 53 K/9, 53 K/10 and 53
K/13 in 1:50,000 scale. It is then compared with
the long proBle derived from SRTM-DEM with a
resolution of 30 m. The study showed that long
proBle derived from DEM has several anomalies
like pits and ditches, whereas the long proBle
derived from toposheet has shown a smoother
proBle with good results for structural anomalies.
Several natural variables inCuencing the long
proBle of streams are assessed using SL (Hack
1973). The method also assesses that whether the
stream has reached equilibrium or not. To calculate the SL index we have used the method deBned
by Hack (1973) and expressed it as
SL ¼ ðDH =DLÞL;

ð1Þ

where DH is the change in altitude, DL is the
length of a reach and L is the horizontal length
from the watershed divide to the midpoint of the
reach. The SL value is calculated for every 100 m of
elevation difference along the main channels of six
river basins.

Table 1. List of geomorphic parameters used to compute the relative tectonic activity for six river basins in the study area from
established methods.
Sl. no.

Geomorphic indices

1

SL

2

Valley Coor width-toheight ratio (Vf)
Drainage basin
asymmetry factor (Af)
Transverse topography
symmetry factor (T)
Mountain front sinuosity
index (Smf)

3
4
5

Formulae


DH
SL ¼
L
DL
Vf = 2Vfw/[(Eld  Esc)
+ (Erd  Esc)]
Af =100(Ar/At)
T = Da/Dd
Smf = Lmf/Ls

6
7

SI
Bs

SI = C/V
Bs = Bl/Bw

8

HI

E & HI = Elevmean  Elevmin /
Elevmax  Elevmin

References
Hack (1973); Keller and Pinter (2002); Burbank
and Anderson (2011); Sharma et al. (2018b)
Bull and McFadden (1977); Bhattacharya et al.
(2013)
Hare and Gardner (1985); Keller and Pinter
(2002); Sharma et al. (2018b)
Cox (1994); Burbank and Anderson (2011);
Keller and Pinter (2002); Sharma et al. (2018b)
Bull and McFadden (1977); Keller (1986); Keller
and Pinter (2002); Tepe and S€
ozbilir (2017);
Sharma et al. (2018b)
Leopold et al. (1964); Keller and Pinter (2002)
Bull and McFadden (1977); Ramirez-Herrera
(1998); El-Hamdouni et al. (2008)
Pike and Wilson (1971); Singh et al. (2008);
Rana et al. (2016)

56

Page 6 of 25

J. Earth Syst. Sci. (2022)131:56

3.3 Relative TAI
Relative TAI is calculated to assess the basin’s
overall tectonic regime and establishes the scale of
tectonic activity in a basin. The calculation is
carried out by taking the average of the values of a
relative tectonic class (Rtc) of all eight geomorphic
indices described above (Sharma et al. 2018b) and
by using the following formula:
TAI ¼ S=N ;

ð2Þ

where S is the sum of the Rtc of all geomorphic
classes, whereas N is the number of geomorphic
indices used. The TAI is divided into three types:
basins having TAI B1.75 are placed in a category
where the inCuence of tectonics is very high, while
the basins with TAI [1.75 and \2.0 suggest moderately active basins and TAI [2.0 belong to least
active basins.
3.4 Structural framework of the Garhwal
synform region

precipitation and temperature and its relationship
with basin evolution. The basin development stage
and total mass loss from the basin are assessed by
hypsometric analysis using the area–relief ratio
method.
3.6 Estimation of b-value
The Garhwal and Kumaon regions of the Himalaya
have experienced several low- to high-magnitude
earthquakes in the last 13 years. The seismic data
from 2007 to 2019 have been acquired from the
National Centre of Seismology (https://seismo.
gov.in) catalogue. Here, the seismic data are used
to appraise the tectonic activity in the study area
in recent times. The Guttenberg–Richter relation
is used to express frequency of seismic events as a
function of magnitude (Guttenberg and Richter
1944). The function is expressed as:
log10 N ðM Þ ¼ a  bM ;

ð3Þ

Here, N(M) is the cumulative number of
earthquakes having a magnitude equal to or
larger than magnitude M; a is the measure of
seismic activity which depends upon the size of the
area; while b is the relative size distribution of
earthquakes. The method used in the present study
to calculate the b-value and its conBdence limit is
adapted from Aki (1965). The maximum likelihood
method modiBed by Aki (1965) is expressed as
follows:

Fieldwork has been carried out in different parts of
the study area to constrain the regional and local
scale structures geometry to complement the
established structural framework determined by
earlier workers (e.g., Fuchs and Sinha 1978; Valdiya 2008). IdentiBcation of large-scale thrusts has
been carried out following established methods (cf.
Hobbs et al. 1976; Sibson 1977). Apart from
recognising regional thrust/fault zones, we identiBed mesoscale faults and lineaments to understand
the interplay between tectonics and river dynamics. The location of the thrusts/faults, lithological
contacts (LCs) and lineaments were also geo-referenced in the Arc-GIS platform for subsequent
correlation with the drainage basins anatomy (e.g.,
knickpoints). Moreover, vertical cross-sections
along line AB and XY (Bgure 2) were constructed
across the study area to interpret large-scale
structures inCuence in controlling the drainage
basins evolution in the study area.

Here, M is the average magnitude of a group of
seismic events where M[Mc; Mc is the magnitude of
completeness and Mbin is the binning width. The
whole process for the analysis is conducted using the
ZMAP tool in MATLAB software to calculate the
b-value. Histograms are developed to show the
relationship between the number of earthquakes and
time, depth and magnitude in Origin-2019 software.

3.5 Rainfall and temperature data

4. Results

The rainfall and temperature play an important
role in changing the landscape and morphology;
data for more than 100 years (1901–2014) is
acquired from the Indian Water Portal (https://
www.indiawaterportal.org) and ENVIS Uttarakhand (http://utrenvis.nic.in) to assess the trend in

In the present study, geomorphic indices were used
to assess the relative tectonic activity of the study
area. Eight geomorphic indices were used (table 2)
for all six basins to ascertain relative tectonic
activity in each basin by quantitative assessment of
each basin using the methods given by previous

b¼

log10e
;
M  ðMc  ðDMbin =2ÞÞ

ð4Þ

SL

SI

Mountain front
sinuosity (Smf)

Basin shape (Bs)

Transverse topographic
symmetry factor (T)

Valley Coor width-toheight ratio (Vf)

HI

Asymmetry factor (Af)

Geomorphic indices

1
2
3
1
2
3
1
2
3
1
2
3

1.77–3.22
1.21–1.76
1.11–1.20
1.0–1.09
1–1.16
[1.16
–
–
–
C750
366–749
B365

–

Class 3

Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class

–

Class 2

0.51–0.78
0.37–0.50
\0.37
0.02–0.44
0.45–1.0
1.01–3.25
–

–

Class 3

1
2
3
1
2
3
1

–

Class 2

Class
Class
Class
Class
Class
Class
Class

–

Class 1

Rtcs

Mahmood
and Gloaguen
(2012)

C4
3–4 ()
B3
\1.1
1.1–1.5
C1.5
–
–
–
C500
300–500
\300

–

–

[0.5
0.4–0.5
\0.4
0.5–1.0
0.5–1.0
C1.0
–

–

–

–

Dehbozorgi
et al.
(2010)

–
–
–
–
–
–
–
–
–
–
–
–

–

–

[15
Strongly asymmetric
10–15
Moderately asymmetric
5–10
Gently asymmetric
–
–
–
–
–
–
–

Perez-Pena
et al.
(2010)

–
–
–
–
–
–
C0.8
Very high activity
0.7–0.8
Moderate activity
B0.7
Low activity
–
–
–
–
–
–
–
–
–
–
–
–

Shukla
et al.
(2014)

ClassiBcation used by different authors

–
C3
2–3
B2
\1.1
1.1–1.5
[1.5
C1.5
1.0–1.5
B1.0
C500
300–500
B300

[1.76
1.11–1.76
\1.11
\1.2
1.2–1.5
[1.5
–
–
–
C2000
500–2000
\500

–

–

B0.4

0.4–0.7

C0.7

[0.5
0.4–0.5
\0.4
\0.3
C0.3 to \1.0

43–57

\5
[0.47
0.46–0.47
\0.46
\0.5
0.5–1.0

35–43 and 57–65

\35 and [65

Leopold
et al. (1964);
Topal (2019)

5–15

[15

Sharma
et al.
(2018b)

C3
2–3
B2
\1.3
1.3–1.4
[1.4
C1.8
1.45–1.8
B1.45
[340
240–340
\240

\0.37

0.3–0.37

[0.46
[0.40–0.46
\0.40
\0.3
C0.3–0.4
C0.4
C0.37

\5

5–10

[10

Relative tectonic
value ranges
adopted for
present study

Table 2. ClassiBcation schemes used in different parts of the world to calculate geomorphic indices and adopted relative tectonic value range for the present study.
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researchers (Leopold et al. 1964; Dehbozorgi et al.
2010; Perez-Pena et al. 2010; Mahmood and
Gloaguen 2012; Shukla et al. 2014; Sharma et al.
2018b; Topal 2019; Kothyari et al. 2021; Taloor
et al. 2021).

4.1 Geomorphic indices
The SL index and longitudinal proBle of rivers for
all the basins, when analysed, suggested that the
SL values show a significant change near major
faults or thrusts such as HFT, MBT, GT, AT, etc.
(Bgures 3a and 4). Basin I has shown the highest
value of SL and thus, placed in Rtc-1 suggesting a
highly active basin, SL values increase whenever
the eastern Nayar river encounters a fault (FT) or
LC, which is identiBed from the convex nature of
the SL curve at the point of contact (marked on the
longitudinal proBle) and increasing SL value
(600–1200) in case of LC (figures 3a and 4).
Accordingly, other basins II, III, IV and V are
placed in class-2 representing moderately active
basins in terms of tectonic activity. Basin II is
underlain by faults, viz., GT, MBT and HFT, and
unveil high SL values (600–700) at the emergent
fronts of MBT and HFT, while lower values of SL
at the emergence of GT signify reduced tectonic
activity in the upper part of the Malin river
catchment (Bgures 3b and 4). Similarly, the
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Rawasan river in basin III encounters thrusts AT,
MBT, HFT and a few mesoscale faults (Ft) along
its course. The MBT and HFT govern the tectonic
regime of the basin as evident from higher SL
values (450–550), while FT and AT also inCuence
the tectonics in terms of the rate of incision and
erosion along the river with SL values ranging
between 300 and 400 (Bgures 3c and 4). In basin
IV, the highest SL values (400–600) are observed at
places where the Hiyunl river interacted with
regional thrusts like AT and GT and formed a bellshaped curve at the emergent fronts of AT and GT
(Bgures 3d and 4). In basin V, the Khoh river along
its course encounters several small-scale lineaments and regional thrusts, among which MBT
and HFT inCuence the basin most with high SL
values (450–750) at the emergent fronts of MBT
and HFT, while AT and GT show the lesser impact
of the tectonic framework with low SL values
(\250). However, the lineament present in the
catchment’s upper reaches significantly inCuences
the basin’s tectonic regime (Bgures 3e and 4). Basin
VI is categorised as the least active basin in the
region with Rtc-3 (table 2), where AT and GT are
the major thrust in the basin with significantly low
SL value (\250) near the emerging fronts of the
thrusts suggesting a high rate of incision and erosion of the Palain river and in turn, also suggest
static nature of the thrusts in terms of tectonic
activity in the basin and the SE part of the

Figure 3. (a–f) Longitudinal proBle and SL index (in metres) computed for all six basins of the study area with Google Earth
areal images (1–6) showing tectonic anomalies near tectonically inCuenced zones and their impact on the river morphology;
where AT: Amri Thrust, GT: Garhwal Thrust, MBT: Main Boundary Thrust, HFT: Himalayan Frontal Thrust, FT: Fault,
Ln: lineament, LC: Lithological contact.
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Figure 4. Map showing the SL index classes of all the basins.

Garhwal synform. A few lineaments present in the
upper catchment area of basin VI have shown relatively higher SL values (350–450), which can be
seen as high peaks in the SL proBle inferring the
prominent role of the lineaments in modifying the
tectonic status of the basin (Bgures 3f and 4).
Tectonic activities usually aAect the development and modiBcation of the shape of a river valley; thus, valley Coor width-to-height ratio (Vf) is
used here to assess the shape of the river valleys for
all the basins. The basins with lower Vf values have
V-shaped valley, while basins with higher values
represent U-shaped valleys. Basins I, II and IV
have low Vf values ranging from 0.02 to 0.45
(table 3) and have been placed in class-1, suggesting a younger stage of development and high relative tectonic activity (table 4), while basin III has
moderate Vf value 0.32 (table 3) and thus, has been
placed in Rtc-2 suggesting moderate activity of
tectonics (table 4). Basins V and VI show higher Vf
values ([0.4) and have been placed in Rtc-3
implying broad river valleys and reduced inCuence
of tectonic activity (tables 3 and 4).
Symmetry factors are used to ascertain the
possible tilt in the basin because of tectonic disturbances, but it does not refer to the present
tectonic activity in sensu stricto. Two geomorphic
indices, viz., drainage basin asymmetry factor Af
and transverse topographic symmetry factor
T have been calculated to assess the possible tilt in
the basin because of deformation (Bgure 5). Af for

basins I and VI suggested high tilt in the basin and
placed in Rtc-1, whereas basins III and IV with a
relatively moderate tilt are placed in Rtc-2, while
basins II and V have comparatively lesser tilt and
placed in Rtc-3 (tables 3 and 4). The calculated Af
values for basins I and IV suggest basin tilting
towards SW, whereas basins II and III depict NW
tilt, while basins V and VI are inclined towards the
west. Additionally, T values for basins I, III and VI
suggest high tilt in the basin and accordingly
placed in Rtc-1, and basins IV and V are placed in
Rtc-2, while basin II appears to be the most symmetric basin with a low tilt and thus, assigned
under Rtc-3 portraying a stable condition (tables 3
and 4).
The inCuence of tectonic activities can be
deciphered from the low values of mountain front
sinuosity (Smf) as revealed by all the six river
basins (Bgure 6). Basins I, II and V with lowest
Smf values \1.3 are placed in Rtc-1, whereas
basins III and VI with Smf values from 1.3 to 1.4
are placed in Rtc-2, while basin IV with maximum Smf value ([1.4) are placed in Rtc-3
(tables 3 and 4). Based on the estimated values of
sinuosity index SI for the basins, it is suggested
that the basins are tectonically active and
accordingly basins II, III and IV are placed in the
Rtc-1, while basins I and VI are placed in Rtc-2
referring to moderate activity, and basin V with
the least inCuence of tectonic activity is placed in
the Rtc-3 (tables 3 and 4).

0.48

[1]
0.46

[2]
0.45

[2]
0.46

[2]
0.44

[2]
0.28

[3]

Eastern Nayar river

(I)
Malin river

(II)
Rawasan river

(III)
Hiyunl river

(IV)
Khoh river

(V)
Palain river

(VI)

0.38
(0.17–0.59)
[1]
0.26
(0.16–0.38)
[3]
0.37
(0.15–0.65)
[1]
0.36
(0.06–0.55)
[2]
0.36
(0.22–0.51)
[2]
0.52
(0.38–0.61)
[1]

T
60.30
(10.30)
[1]
49.97
(0.03)
[3]
40.92
(9.08)
[2]
56.99
(6.99)
[2]
46.9
(3.1)
[3]
35.11
(14.89)
[1]

Af
0.09
(0.02–0.27)
[1]
0.24
(0.04–0.45)
[1]
0.32
(0.04–1.18)
[2]
0.08
(0.04–0.16)
[1]
0.43
(0.13–1.28)
[3]
0.41
(0.11–1.36)
[3]

Vf
359.74
(53–1233)
[1]
292.85
(44–701.38)
[2]
243.53
(16.28–557.23)
[2]
268.68
(34–600.51)
[2]
344.52
(58–719.46)
[2]
229.56
(56–405)
[3]

SL

Geomorphic indices and their Rtcs

1.27
(1.05–1.71)
[1]
1.29
(1.11–1.62)
[1]
1.36
(1.13–1.68)
[2]
1.46
(1.13–2.36)
[3]
1.27
(1.05–1.80)
[1]
1.39
(1.15–1.74)
[2]

Smf

[2]

[3]
1.47

[1]
1.42

[1]
1.96

[1]
1.84

[2]
2.08

1.48

SI

[3]

[2]
1.49

[2]
2.81

[1]
2.86

[1]
3.63

[2]
4.78

2.35

Bs

Tf, Sf, Lm, Bn

IGP, Sk, Sf, Tf, Bn, Lm, Lg

Tf, Lm, Bn

Tf, Lm, Sk, IGP, Bn

Bn, Lm, Tf, Sk, IGP, Sf

Tf, Nf, Kl, Cf, Bl, Ck, Lm, Bn
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Tf: Tal formation, Nf: Nagthat formation, Kl: Krol formation, Cf: Chandpur formation, Bl: Blaini formation, Ck: Chakrata formation, Lm: Lansdowne metamorphic formation,
Lg: Lansdowne granitic-gneiss, Bn: Bijni formation, IGP: Indo-Gangetic plain, Sk: Siwalik, Sf: Subathu formation.

HI

Name and notation
of basins

Table 3. Results of geomorphic indices for all six basins (average value has been taken for deBning classes) with their Rtc and association with geological formations, range of
values for each geomorphic indices are shown within parentheses and ‘Rtc’ are shown within square brackets.
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Table 4. Relative TAI classiBcation based on the classes derived from geomorphic indices.
Rtcs
Basins

HI

T

Af

Vf

SL

Smf

SI

Bs

Sum
(S)

I
II
III
IV
V
VI

1
2
2
2
2
3

1
3
1
2
2
1

1
3
2
2
3
1

1
1
2
1
3
3

1
2
2
2
2
3

1
1
2
3
1
2

2
1
1
1
3
2

2
1
1
2
2
3

10
14
13
15
18
18

Average
of Rtc

Relative tectonic
activity

1.25
1.75
1.625
1.875
2.25
2.25

Highly active basin
Highly active basin
Highly active basin
Moderately active basin
Less active basin
Less active basin

Figure 5. Asymmetry factor Af suggesting the direction of tilt with percentage area in each side of the river basins.

Figure 6. Mountain front sinuosity Smf classes for the study area.
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Figure 7. HC and HI calculated for six drainage basins in the study area.

QuantiBcation of basin shape Bs suggests that
basins II and III show Bs values of 4.78 and 3.63,
respectively, and are placed in Rtc-1, suggesting a
significant inCuence of tectonic activities. Basins I,
IV and V with Bs values \3.0 have been placed in
Rtc-2, referring to a progress towards a mature
stage signifying a reduced role of active tectonics,
while a low Bs value depicting an oval to circular
shape of the basin suggests a mature stage of basin
VI and is placed in Rtc-3 (tables 3 and 4).
Erosional processes operating in a drainage basin
involve continuous removal of the parent rock
mass. The landmass lost due to erosion is quantiBed by deriving the hypsometric curve (HC) and
hypsometric integral (HI) of the basin (Harlin
1980). The HC and HI also infer the developmental
stage of the basin. The HI of the drainage basin is
governed by climate, lithology, hydrology, structure, etc. The HI and HC are inCuenced by tectonic
activity in the basin as tectonics inCuence alters
the drainage characteristics and morphology. Basin
I of the study area has the highest HI value (0.48)
and is assigned to Rtc-1, suggesting early mature
stage and active role of tectonic activities
(Bgure 7). Basins II, III, IV and V are placed in
Rtc-2 based on HI values ranging from 0.44 to 0.46,

suggesting the basins are in the mature stage
(Bgure 7). On the contrary, the convex nature of
HC for basins VI and HI value of 0.28 suggests an
old stage of development with removing most of
the mass from the basin (Bgure 7) and accordingly
placed in Rtc-3 (table 3).
4.2 Relative tectonic activity
On the basis of the geomorphic indices estimated values, all the six river basins in the study area have been
prioritised based on their Bnal priority derived from
evaluating the TAI. TAI for the study area has suggested that all the basins are under the inCuence of
active tectonics and are classiBed into three classes
(Bgure 8). The TAI for the basins is derived from the
mean value of Rtcs of geomorphic indices, which
ascertains tectonic inCuence on each basin. On
assessing the geomorphic indices, basins I, II and III
indicate the highest TAI, indicating a considerably
higher impact of tectonics in these basins, and is the
primary driving factor in the evolution of these basins.
Whereas, basin IV is classiBed as a moderately active
basin based upon TAI, suggesting a comparatively
lesser inCuence of tectonics, while basins V and VI are
the least active basin with the lowest class of TAI
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Figure 8. Priority map of the study area based upon relative TAI classes.

(table 4), inferring the basins are tectonically stable in
comparison with the other basins of the study area.

analyses are contemplated with the
achieved from geomorphic indices.

results

4.4 Longitudinal proBle and knickpoints
4.3 Regional structural architecture
Geologically, the study area lies in Garhwal nappe
and has undergone an intense compressional phase
since the Early Pleistocene exhibiting a protracted
history of polyphase deformation. The overall
geometry of the study area is deciphered from the
cross-sections prepared from the acquired structural
data (of discontinuity/planar fabric/linear fabric)
across the region and incorporating data from previous studies. The synformal geometry can be interpreted from the two cross-sections, constrained by a
series of thrust faults and lineaments present across
the study area (Bgure 9a and b). The outcrop-scale
structures, viz., thrust faults, hanging and footwall
lithology across the faults, and other significant
deformation zones within individual thrust sheets
were identiBed on the Beld (Bgure 9c–h). The fractured, fragile and cross-cutting nature of the fault
zones over earlier ductile structures sufBce for recent
tectonic activities (Bgure 9h).
Moreover, the landslide zones along/adjacent to
the identiBed fault zones sufBce for active tectonic
disturbances in the study area (Bgure 9d and f).
However, the detailed structural evolution of the
Garhwal nappe is out of the scope of this study and
will be discussed in a separate contribution. The
outcrop current results to large-scale structural

The abrupt changes in the gradient of river proBle
are noticed in all six river basins and are thought to
result from tectonic upliftment and lithological
alteration. The river proBles concavity and convexity
suggest the river channels disequilibrium because of
tectonics and erosional processes (Bgure 10). The
knickpoints are the places of a sudden break in slope
in a river proBle, either tectonically driven or the
product of lithology and drainage interaction. The
knickpoints observed in a river proBle are the manifestation of underlying fault or lineaments and lithocontacts. Basins I, IV, V and VI show concave river
proBles, while basins II and III show gently sloping
river proBle (Bgure 10). The six river proBles
encounter several mesoscale faults and lineaments (as
discussed in section 4.3) along with several other
lithological boundaries that show changes in the
gradient of river proBle along the river. Accordingly,
these points are marked as knickpoints along the
river proBle (Bgure 10). Consequently, nine knickpoints were identiBed along the eastern Nayar rivers
river proBle (Bgure 10). Similarly, the Rawasan river
and Khoh river have seven and nine knickpoints,
respectively, exhibited by faults/lineaments or
lithological boundaries along with the river proBle
(Bgure 10). On the contrary, the Malin river, Hiyunl
river and Palain river proBles show the presence of

56

Page 14 of 25

J. Earth Syst. Sci. (2022)131:56

Figure 9. ProBle sections depicting the large-scale structural setup of the study area along two sections (a) AB and (b) XY as
marked in Bgure 2, (c) ST with the occurrence of quartz veins in the fault rock deformation zone (FRDZ) of the fault. Field
photograph of (d, f and h) transverse faults (Ft) showing the intense eAect of cataclasis and brecciated nature of fault rock.
(e) Southerly dipping foliation in the Lansdowne metamorphics. (g) Lansdowne thrust (LT) depicting the lithological variation
in the hanging wall and footwall blocks of the fault. All of these faults are recognised on the field based on fault rock criteria (cf.
Hobbs et al. 1976; Sibson 1977). RvBs: river of the basin, Ft: transverse fault, AT: Amri Thrust, GT: Garhwal Thrust, MBT:
Main Boundary Thrust, HFT: Himalayan Frontal Thrust. The white arrows marked in the Beld photographs indicate the scale.

three to four knickpoints only. It is interesting to note
that the knickpoints along these river proBles only
occur at the location of faults/lineaments and not at
any lithological boundary (Bgure 10).
4.5 Climatic constraints
The rainfall data for the period between 1901 and
2014 show that the annual mean precipitation in
the study area has been decreasing for the last few
decades; though an increase is seen during heavy
torrential rainfall in 2010; again, a gradual decline
in the graph until 2014 (Bgure 11). The interaction

between lithology and precipitation is well established by the scientiBc community as erosion is
directly inCuenced by the volume of rainfall and
rock type. The river during its course encounters
alternating lithology in all six river basins, resulting in an abrupt change in river gradient. The
rocks in various lithologies of the study area show
variation in resistance to erosion resulting in a
sudden break in slope gradient along the river path.
Additionally, the temperature has continuously
increased from 1901 to 2014 (Bgure 12a and b).
These climatic conditions triggered climatic events
such as Cash Coods and related mass wasting
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Figure 10. Longitudinal proBle of all six basins in the study area. The knickpoints are plotted as arrows in the river proBle, and
their mode of origin is shown with different colours.

processes, contributing to modifying the basin’s
landscape and morphology.
4.6 b-value estimation
A total of 539 events from 2007 to 2019 with magnitude (Mw) [ 2 was recorded in the region which
suggests an average of 41 seismic events per year.
Epicentral distribution map with magnitudes that
occurred over the last 13 years is shown in Bgure 13
suggesting that the Garhwal and Kumaon Himalaya receives a reasonable number of low-to-moderate magnitude earthquakes yearly. Records of

significantly high magnitude seismic events are
scarce in the region; however, hundreds of low
magnitude earthquakes have been recorded in last
decade (Bgure 13), while a few events of high seismicity have occurred during the same period in the
region. From the statistical analysis, the depth and
seismic event count suggests that 92% (495) of
these events have occurred close to the surface
(\20 km), 7.8% (42) have occurred in intermediate
depths ([20 to\60 km), while only two events have
occurred in higher depths ([59 km) (Bgure 14a).
The histogram of magnitude distribution shows
that 539 seismic events ranging from 2.1 to 6.4 Mw
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Figure 11. Annual mean precipitation for the region shows the change in rainfall pattern between 1901 and 2014.

Figure 12. Variation in annual mean minimum temperature (a) and maximum temperature (b) for 1901–2014 of the study area.

were recorded. The event of \ 4 Mw in the area are
of common occurrence as they contribute to 78% of
the total events; while 22% that occurred have Mw
\ 6; whereas earthquake with Mw [ 6 have only
occurred once (Bgure 14b). The study area does not
show any prominent cluster of epicentres from past
seismic events (Bgure 13), which signiBes that the
accumulation of strain is high. The distribution of
earthquake events in time (Bgure 14c) shows that
the frequency of earthquakes occurred in the region
was highest during 2008, 2010, 2011, 2015 and 2016
as they make 54% of the total earthquake that
occurred in the region, while 46% of the earthquakes have occurred in the remaining 8 years.
Frequent earthquakes of high magnitude ([5) have
occurred between 2008 and 2009 in the region,
where a sharp rise in the curve is observed during
the period (Bgure 14c).

The b-value and magnitude of completeness (Mc)
are calculated by plotting the aggregate number of
earthquakes as a function of time (Bgure 14d). The Mc
is also calculated using ZMAP for the study as it is
crucial for seismic studies and provides reliable results
by optimising the number of events (Wiemer and
Wyss 2000). The Mc and b-values of the Garhwal and
Kumaon Himalaya are 3.4 and 0.69 ± 0.03, respectively, for the period 2007–2019 (Bgure 14d). The
b-value obtained in this study is low and suggests that
the area has not experienced a large seismic event over
a considerable period of time. The result indicates that
the study area lies in a seismic gap in the region which
suggests high stress and strain accumulation along
large-scale structures like MBT and MFT. This in turn
poses a greater threat of a large-scale rupture in the
near future and may lead to a high-to-very high
magnitude earthquake.
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Figure 13. Distribution of the epicentre of earthquakes from 1901 to 2019 in Garhwal and the Kumaon Himalaya and adjoining
areas. The magnitude of the earthquake is classiBed into three classes and superimposed over DEM.

Figure 14. (a) Histogram showing relationship between distribution of seismic events and their focal depth, (b) histogram
depicting the frequency of seismic events of different magnitudes, (c) cumulative number of earthquakes as a function of time, the
red dotted ellipse shows high frequency of high magnitude events ([5) occurred during the period and (d) frequency magnitude
distribution of seismic events from 2007 to 2019, the best Bt of Guttenberg and Richter (1944) is shown by a thin straight line
along the curve, the Mc and b-value are shown in the top right corner.
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5. Discussion
5.1 Implications of assessment of geomorphic
indices
QuantiBcation of geomorphic indices reveals significant variation across the Garhwal synform
region. The SL index (Bgure 3a–f) and longitudinal
proBles (Bgure 10) of the rivers signify the crucial
role of the underlying structures across the study
area. It is interpreted that the ‘SL’ values for all
the river basins are high at the places where there
is a significant tectonic activity, viz.,
thrust/faults/lineaments and LCs. For instance,
the higher ‘SL’ values near the emergent fronts of
the MBT and HFT along the course of the Malin
river is plausibly due to the continued tectonic
activity of the faults as suggested by earlier
researchers (Wesnousky et al. 1999; Thakur 2004;
Parkash et al. 2011; Sharma et al. 2018a). Therefore, it is essential that while observing the relative
tectonic activity of the river basins, consideration
of knickpoints and lithological interaction is critical. The estimation of Vf for each basin and the
categorisation of the basins in the Rtc-1, -2 and -3
are in agreement with the inferences made from the
estimation of the SL index (Bgures 3 and 4), where
it has been observed that there is a significant
decline in the inCuence of the tectonic activity in
the south and SE part of the Garhwal synform. Af
derived for all six basins suggest they have asymmetry, inferring tectonics role in the evolution of
the basins in the study area. Similarly, T also
indicates that all six basins are asymmetric and
conBrm the role of tectonic activity in changing the
basins morphology (Bgure 5). Although symmetry
factors suggest an overall tilt in each basin and the
eAect of possible tectonic activity; still, it would be
an exaggeration to comment on the possible neotectonic activities in the basins resulting from
large-scale tectonic disturbances associated with
various faults that traverse through the area.
Moreover, a significant tilt in the basin symmetry
can be corroborated with (palaeo-) earthquakes
and increased incision rates that might have
inCuenced the overall symmetry of river basins.
Low Smf values of the basins I, II and V implies
that these are tectonically active and accordingly
placed in Rtc-1, moderate Smf values of the basins
III and VI suggest comparatively lower tectonic
activity and thus, placed in Rtc-2, while basin IV
has given the lowest Smf values suggesting that the
mountain front of basin IV has comparatively low
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tectonic activity and consequently placed in Rtc-3
(tables 2 and 3). The higher values of SI also suggest that a basin is under the eAect of upliftment in
response to the active faults present in the basin,
resulting in the sinuous Cow of rivers. High values
of Bs suggest an elongated basin shape, an early
stage of development and the inCuence of tectonics.
It can be plausibly explained by the presence of
several lineaments, faults and thrusts present in its
catchment with alternating lithology comprising
varying rock types (Bgures 2 and 9), which might
have played a significant role in the development of
the basin. HCs of the rivers indicate an increase in
the maturity of rivers towards the foreland (basin
VI) of the Garhwal synform as compared to the
hinterland, where the inCuence of tectonic activity
is more pronounced (basin I) (Bgure 7). It is also
interpreted that in basin VI, the occurrences of
fragile or weak rocks that interact with hydrological processes perhaps enhanced the processes of
denudation and erosion, which in turn has removed
the majority of mass from the basin. However, it
seems that the dominant structures in basin VI
like lineaments and thrusts have not played a
significant role in the development of the basin as
inferred from studied parameters such as SL, Bs,
Vf, HI, etc. thus, the basin has been placed in Rtc3 (table 3). Therefore, it can be envisaged that
basin VI belonging to the SE part of the Garhwal
synform is least active in terms of neo-tectonic
activities concerning all other basins in the study
area. The results derived from the quantiBcation
of geomorphic indices oAer new information in
understanding the tectonic activities operational
in Garhwal synform and assist in the future
management of watershed (e.g., Biswas et al.
2014).
The availability of several geomorphological
features witnessed in the Beld suggests that the
morphology and hydrological characteristics of the
study area are controlled by the prevailing tectonic
activity in the Garhwal synformal region. In Nayar
river basin, several features like unpaired terraces
(Bgure 15a–d), remains of palaeo-channels
(Bgure 15a and b), broad valleys, are common and
indicate basin tilting and active tectonics. In Khoh
river basin, geomorphic features like V-shaped
valleys (Bgure 15e), acute deCection of main
channel (Bgure 15f) and landslides (Bgure 15g and
h) are common occurrences in the vicinity of MBT
and HFT suggesting structural and tectonic control on drainage networks. Several other tectonic
features witnessed in the Beld exhibit varying type
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Figure 15. Field photographs showing (a) unpaired Cuvial terraces with palaeo-channel on the left of the new channel, (b) three
stages of river migration towards the right of the palaeo-channels, unpaired terraces are observed at the site, also a steep slope is
observed on the left of the photograph (right bank of the river), while a gentle proBle is observed on the right side of the
photograph (left bank of the channel), (c) several levels of the Cuvial terraces observed in Nayar river basin, deCection of river
towards the left due to faulting, terraces observed are unpaired, (d) wide valley observed in the Nayar river basin with unpaired
terraces, (e) V-shaped valley in the Khoh river basin, (f) acute meandering of the Khoh river near Dugadda and (g and
h) landslides observed near HFT in the Khoh river basin.
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Figure 16. Field photographs showing (a) tilted Cuvial terraces in the Nayar river basin, (b) a normal fault across the Cuvial
terraces near Bilkhet in the Nayar river basin with a displacement of *0.5 m, (c) broad folding in phyllites and quartzites,
(d) fault-bend anticlinal fold developed on the bedding planes in quartzites, (e) waterfall along a mesoscale fault-zone, separating
folded bedding planes in the quartzites on the one side and fragile and brecciated rocks (kaolinite) on the other and (f) a river-cut
section exposing the Cuvial deposits and bed rock in Satpuli area; the river bends sharply downstream.

of deformational imprints in rocks and sediments of
the river basins (Bgure 16a–f). The tilted Cuvial
terraces and mesoscale faults witnessed in the road
cut section in the Nayar river basin (Bgure 16a and
b) depict the prevailing role of active tectonic
activity in the basin. Several mesoscale deformation structures, e.g., fold and faults are also
observed (Bgure 16c–e). A river-cut section of
approximately 30 m height is observed in the
Nayar river basin near Satpuli (Bgure 16f), which
suggests high incision rate and base level erosion by
the river channel. Geomorphic features like
waterfall (Bgure 16e), V-shaped valley (Bgure 15e)
and landslides (Bgure 15g and h) are the characteristic features of the youth stage of streams under

the inCuence of active tectonic activity (Kothyari
2014).

5.2 Interplay of relative tectonic activity
and regional structural framework
The majority of deformational events in the
Garhwal synform region are manifested by
superposed folding, faulting and thrusting (e.g.,
Armijo et al. 1989; Tripathi and Gairola 1998).
Furthermore, the region has been subjected to
a convergence rate of 40–50 mm/year due to
Indian–Eurasian convergence continued eAect
since 1.6 Ma (Powers et al. 1998). HFT and MBT
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accommodate the majority of this convergence
among regional thrusts and other mesoscale
thrusts traversing through the area (Bilham et al.
1997; Wesnousky et al. 1999; Lav
e and Avouac
2000; Kumar et al. 2001; Wang et al. 2001), and
thus, the dynamics of the six river basins is guided
by the geological architecture of the study area.
Therefore, apart from the feedback relation
between geomorphic indices and the area’s structural setup (as deduced from geomorphic indices),
it is essential to note the large-scale structures’
unequivocal control on the relative tectonic
activity of the drainage basins. Identifying the
faults and lineaments and their respective location
with respect to the river basins provide crucial
information in gauging the tectonic activities
operational in the study area. Basin I lying in the
hanging wall and footwall blocks of the ST fault
(Bgure 9a and b) is highly susceptible to tectonic
activities. Basin I is aAected by the minor crustal
adjustment in the ST fault vicinity as deciphered
from the SL index. Moreover, the eastern Nayar
river changes its course whenever it follows any
LC (Bgures 2 and 9a) or it encounters any transverse fault (Bgures 2 and 9b). Similar controls of
the large-scale structure can be identiBed for rivers belonging to basins II, III and IV. Basins II
and III underlain by active regional thrust faults,
viz., MBT and HFT are vulnerable to neotectonic activities (Bgure 2). The Rawasan river in
basin III also follows the transverse fault trend
(Bgure 9a), cutting across basin III (Bgure 2).
The Hiyunl river in basin IV also trends subparallel to the strike of the AT (Bgures 2 and 9a).
It is interesting to note that the basin boundaries
of basins I/IV and basins III/IV are restricted
within the hanging wall of AT, forming a synformally folded structure (Bgure 9a). Basins V
and VI occurring in the southern part of the
study area are also traversed by HFT, MBT, GT
and AT (Bgure 2); however, the inCuence of HFT
is not pronounced. The Khoh river belonging to
basin V follows the transverse fault (Ft) trend
near Dugadda (Bgures 2 and 9b). It has also been
identiBed that the basin boundary between basin
I/V is present within the Lansdowne klippe
(Bgure 9b) and restricted within the hanging wall
of the LT. Moreover, the basin boundary
between basin I/V also follows the axial trace of
the broad synformal structure of the Lansdowne
klippe (Bgure 9b). The correlation of the largescale structure with the study area basin
dynamics (Bgure 9a and b) is complemented by
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identifying large-scale faults on the Beld
(Bgure 9c–h). The transverse faults identiBcation
was done based on outcrop-scale evidence such as
cataclasis and the fault rocks brecciated nature
occurring along the fault zones (Bgure 9d, f and
h). Large-scale thrust faults such as ST, LT and
AT were identiBed based on the juxtaposition of
high-grade metamorphic rocks over the lowgrade metamorphites along a fault zone (Bgures 2
and 9c, e and g). Along with the lithological
variations, characterising features of faults such
as pulverisation of rocks and increase in quartz
veins’ intensity were used to identify the fault
zones (Bgure 9f). Based on the occurrence of the
large-scale faults, it is envisaged that basins I–IV
are tectonically more active in comparison with
the basins V–VI. Furthermore, the entire Himalayan mountain chain is tectonically active and
has witnessed numerous seismic events since
orogeny. The intra-continental crust interaction
and numerous faults in Garhwal and Kumaon
Himalaya resulted in a regular earthquake that
makes it seismically active (Valdiya 1980). The
Garhwal and Kumaon Himalaya region lies in a
seismic gap as the region has not seen a great
seismic event over the last 500–700 years
(Khattri 1987; Rajendran et al. 2015; Jayangondaperumal et al. 2017). Earlier studies suggest that active faulting is only going in the
frontal and foreland region of the Garhwal
Himalaya. The distribution of the epicentre of
earthquakes from 1901 to 2019 (Bgure 13) highlights the role of large-scale structures, viz.,
thrust and transverse faults in the hinterland
regions controlling the neo-tectonic activities in
the Garhwal Himalaya and the surrounding
areas.
On analysing the b-values, it reveals that the
seismic events occurred in the past decade have a
low b-value (0.69). The low b-value of the Garhwal
and Kumaon Himalaya suggests that the region is
highly deformed and have accumulated significant
amount of stress and strain, which may result in
large rupture or earthquakes in the near future.
The low b-values also unveil crustal homogeneity
and low degree of variation in rocks; the lower bvalues are often associated with the release of high
seismic moment at the uppermost crust (Borgohain
et al. 2018). The low b-values are indicators of high
stress levels, a fractured medium and are often
associated with large faults or thrust events (Hussain et al. 2020). Regions with low b-values are
subjected to higher applied shear stress after the
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seismic event with very weak to no slip. After
analysing the histograms and b-values for the
region (Bgure 14), it can be suggested that Garhwal
and Kumaon Himalaya receive considerable number of earthquakes annually of small–moderate
magnitude, which inCuences the active tectonics of
the region.
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settlement mostly resides over the river alluvium,
making it vulnerable to future hazards. Thus, it
becomes imperative to study the role of tectonics
and its inCuence in the area so that micro-zonation
and prioritisation of the area can be done to reduce
the losses shortly. Therefore, the modus operandi
adopted here may be used eAectively in the quantitative analysis of the relative tectonic activity in
the mountainous region across the globe.

6. Conclusions
The six river basins are categorised into three TAI
classes, viz., class 1 suggesting a highly active basin
(e.g., basins I, II and III), class 2 suggests a moderately active basin (basin IV) and basin with the
least tectonic activity in the study area are placed
in class 3 (basins V and VI). Drainage basins I–IV
traversed by thrust faults such as ST, GT, AT and
MBT are tectonically more active than drainage
basins V–VI, representing the core of Garhwal
synform. It is also been evaluated that the Garhwal
synform region is experiencing significant neo-tectonic activity, especially in the hinterland region
compared to the foreland regions near the HFT and
MBT. A few salient outcomes of the study are:
(a) Analysis of long proBle suggests that all the six
basins are inCuenced by alternating lithology and
geological framework; shaping the topography.
(b) The control of faults over alignment of river at
several places in six basins is evidenced during
the study suggesting that structures control
the Cow of rivers and drainage characteristics;
and also geomorphology of the river basins.
(c) The climatic factors also play important roles
as temperature and precipitation inCuence the
rate of erosion and denudation which alters the
geomorphology of the region significantly.
(d) The HI value and HC suggest that the study
area is going through a mature stage of
development with high rate of erosion, indicating active tectonics is prevalent in the
study area.
(e) Drainage basins II, III, V and VI have NW tilt
whereas basins I and IV have SW basin tilt.
(f) The b-value of the study area suggests that the
region is tectonically active, highly deformed,
characterised by high stress and strain, and a
large seismic event might occur in the near
future.
Furthermore, the study area is placed in the
seismic category IV. It is also the most densely
populated area of the Garhwal Himalaya, where

7. Recommendations
(a) The natural resources of the study area need to
be preserved from erosion and denudation due
to Cooding and mass wasting processes, and
thus, systematic planning and management is
necessary for its conservation.
(b) The study area is seismically active, and thus,
detailed geological investigations are crucial
before any developmental activity or planning
for management and conservation.
(c) A network of seismic stations should be
installed and continuous monitoring of seismic
activity in the region is also essential for
dealing with active tectonics research in future.
(d) Use of geomorphic indices to ascertain tectonic
activities in the Himalayan terrain in future
research is recommended.
(e) Planned settlement in regions of high population density is needed as the region poses high
risk of earthquakes in the near future. Construction of resilient civil engineering structures is also essential to endure the geo-hazards
related to active tectonics in the Garhwal
synformal region.
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