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Abstract

The landforms in the tectonically active region are regulated and modified by both
external (climatic) and internal dynamic (tectonic) processes. The imprints of active
deformation are stored in the form of geomorphic features such as fossils valley, sag
ponds, narrow and wide valleys, pools and rapids, etc. We studied 12 geomorphic indices
that have a direct relationship with tectonics using an SRTM-30m (1-arc second) spatial
resolution Digital Elevation Model (DEM) coupled with Geographic Information System
(GIS) tools. For detailed analysis, we have selected 19 sub-watershed (SW) of the Giri river
basin. The geomorphic signatures of active tectonics are quantified in the present study to
assess the active tectonics in the Giri valley. The current study suggests 15 SW are highly
active and the remaining 4 SW are comparatively less active.
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1. Introduction

The collision of the Indian and Eurasian plates has initiated Himalaya orogeny. The
continuous plate movement has shaped the present-day Himalayas. As a consequence of
continuous tectonic plate interaction, the Himalayan Mountains are tectonically active
and steadily rising (Dewey and Bird, 1970; Burey and Dewey, 1973; DeMets et al., 1994;
Singh et al., 2002; Yin, 2006; Puniya et al., 2019). The convergence rate may vary from
place to place along the Himalayan mountain belt (Jayangondaperumal et al., 2020).
Nakata (1972) was the first to study active tectonics in the Himalayas along the Sub-
Himalaya foothill in Pinjor, Dehradun, and Bengal (Jayangondaperumal et al., 2020).
The Global Positioning System (GPS) observation suggested a convergence rate of 18+1
mm/ year in the N213°E (Yadav et al., 2019; Gautam et al., 2017; Jayangondaperumal et
al., 2020). Tectonics plays a crucial role in the deformation of rocks and landforms in
the tectonically active terrain. The deformation leads to the fragile and weak nature of
rocks resulting in a higher rate of denudation which eventually changes the topography
and accelerates the landslide activities in the Himalayas (Kumar et al., 2017; Sah et al.,
2018; Thakur et al., 2023). The geomorphic agents like rivers and glaciers are primary
sources of denudation processes in the region (Kumar et al., 2017; Sah et al., 2018; Negi
et al., 2021). The landform developed as a result of tectonics can be quantified to assess

the active tectonics prevalent in the region.

Geological and geomorphological tools have constantly been used to assess the
sensitivity and expressions of active tectonics in the Himalayan Mountain region
in the past (Yin, 2006; Webb et al., 2007; Sati et al., 2008; Webb et al., 2011; Jain et al.,
2016; Lone, 2017; Jayangondaperumal et al., 2020; Kothyari et al., 2019, 2022). The
geomorphic indices are used in the present study as they are widely used to understand
the development of geomorphic landforms and to delineate the tectonically active
region in mountainous terrain (Keller and Pinter, 1996; Mesa, 2006; Pérez-Pefia et al.,
2009; Ozdemir and Bird, 2009; Sharma et al., 2018; Vijith et al., 2018). The geomorphic
study includes a quantitative assessment of the watersheds (Strahler, 1964). The
geomorphic indices used in the present study are effective tools in assessing the
changes in landform owing to folding and faulting of litho-tectonic unit. Geomorphic
indicators of tectonic activity in such terrain includes varying river course or drainage

network set-up, variability in valley incision, basin asymmetry, basin tilt, basin shape,
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etc. (Cox, 1994; Sharma et al., 2018; Rawat et al., 2021; Biswas et al., 2021; Dasgupta et al.,
2022). In the present work, an approach using a combination of tools viz. topographic
map, aerial photograph, and satellite data in a Geographic information system (GIS)
platform is done to decipher the active tectonics in the Giri river Watershed (Kothyari
and Juyal 2013; Kothyari et al.,, 2017; Biswas and Paul, 2021; Biswas et al., 2021;
Dasgupta et al., 2022). The salient objective of the present work is to assess the tectonic
activities in GW and examine the role of local or regional tectonics in shaping the
present-day landforms.

2. Geological Setup

The Giri Watershed (GW) lies between latitude 30°26' 29" N to 31° 15' 9" N and longitude
77°0' 0" E to 77° 50' 55 "E (Fig 1) covering approximately an area of 2628 km?. The
Giri River originates from the Kupper of Simla district and flows through three districts
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Figure 1: Location for the Giri Watershed, Himachal Pradesh, Northwest Himalaya, India.
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viz. Solan, Simla, and Sirmour, before joining the Yamuna River near Paonta Sahib.
The major tributaries of Giri River are Jalal, Assani, Kwali, Ghamber, Satana, Pervi,
Chakhred, Bhajetu, Baseri, etc. The altitude in GW varies from 395 m to 3623 m while
mean elevation is 1686 m above mean sea level.

Geologically GW constitutes the part of Northwest Himalaya and is composed
of Quaternary alluvium, Cenozoic Sedimentary rocks sequence of Sub-Himalaya
Sedimentary (SHS) and Meta Sedimentary rocks sequence of Lesser Himalaya (LHS),
and Metamorphic and crystalline rocks rock of the Higher Himalaya (HHS) (Fig 2a).
The SHS comprises Siwalik and Sirmour Group (Srikantia and Bhargava, 1998; Biyani,
2007; Mishra and Mukhopadhyay, 2012; Srikantia and Bhargava, 2021). The Siwalik
group in GW is composed of the Lower Siwalik (Kamlial Formation) rocks that are
delimited in the north by the Main Boundary Fault (MBT). Sirmour group is divided
into Subathu, Dagashai, and Kasauli formations (Srikantia and Bhargava, 1998; Mishra
and Mukhopadhyay, 2012; Srikantia and Bhargava, 2021) (Fig 2a).
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Figure 2 : Fig showing (a) Geological Map (Mukhopadhyay et al., 1996; GSI, 2019) and
Major (b) Lineament for the Giri Watershed, NW Himalaya, India.
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The LHS includes the rocks of the Deoban group, Jaunsar group (Nagthat,
Mandhali, and Chandpur formations), Simla group (Sanjauli, Chhoasa, and Basanatpur
Formations), Baliana group (Blaini, and Infrakrol Formations), Krol Group (Kauriyala,
Jarassi, Mahi and Chambaghat Formations), and Tal group (Kotidhiman, Sankholi, and
Shaliyan Formations) that are delimited by the Jutogh thrust and MBT in North and
South respectively (Fig 2a). The old Proterozoic rocks of the Simla and Jaunsar group
are separated from the younger rocks of Cenozoic (Sirmour group) by two folded thrust
planes (i.e. Krol Thrust and Giri thrust) that are possibly two traces of single thrust
(Srikantia and Bharagava, 1998; Singh et al., 2020; Srikantia and Bhargava, 2021). The
rocks of the Baliana group overlie the Simla group rocks uncomfortably in GW along
with the Jaunsar thrust (Fig 2a) (Srikantia and Bharagava, 2021).

The Higher Himalaya sequence in GW includes the Rocks of the Kullu group (Kokhan
Formation), Jutogh group (Naura, Kanda, Taradevi, Khirkhi, Bhotli, Manal, and Panjreli
Formations), and Chaur Granitic Complex (Fig 2a). The Kokhan Formation rocks are
separated by Jaunsar thrust and Kullu thrust in GW (Fig 2a). The Rocks of the Chaur
Granitic Complex are separated by the Chaur thrust from the rocks of the Jutogh group.
The rocks of The Bhotli formation and Khirki formation of the Jutogh group is separated
by the Khirkhi thrust (Srikantia and Bhargava, 1998; Hughes et al., 2005; Jamwal and
Wangu, 2012; Mishra and Mukhopadhyay, 2012; Bhargava and Srikantia, 2014; Dhital,
2015; Mukherjee, 2015; Singh et al., 2020; Srikantia and Bhargava, 2021).

3. Data And Methodology

Morphometric analysis of the GW has been evaluated using remote sensing data and GIS
techniques. The Shuttle Radar Topographic Mission-Digital elevation model (SRTM-
DEM) (downloaded from https://earthexplorer.usgs.gov) with a spatial resolution of
30 meters has been used for extractions of drainage and delineations of watershed
boundary and sub-watersheds (SW) boundary (Fig 3). The drainage extracted from
the SRTM DEM have been further referenced and rectified with Survey of India (SOI)
toposheet (53E/4,7,8,11,12, and 53F/1,2,5,6,7,9,10,11) in 1:50,000 scale. The watershed
and sub-watershed boundary have been delineated using the pour point method in the
GIS. The Geological map (Fig 2a) of Geological Survey of India (GSI) in 1:50000 scale
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(https://bhukosh.gsi.gov.in/Bhukosh/MapViewer.aspx) and Mukhopadhyay et al,
(1996) has been modified and digitized in GIS platform. The lineaments are extracted
and a lineaments map of the study area is prepared from Sentinel-2 and SRTM-DEM
satellite data.
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Figure 3 : Showing Drainage Map, Sub-Watershed Map, T and Vf Calculation Section

Map for Giriwatershed, Himachal Pradesh, Northwest Himalaya, India.

The GW has been divided into 19 SW based on 5" order stream (except SW19
with 7" order basin) (Fig 3). The morphometric indices have been divided into two
broad categories i.e. Spatial Aspects, and Linear Aspects. The Spatial aspects include
parameters like Drainage density (D, ), Circulatoryratio (R ), Form factor (F,), Basin shape
index (B), Lemniscate Coefficients (K), Asymmetry factors (Af), Transverse topographic
symmetrical factor (T), Valley floor to width to the height ratio (Vf), Hypsometric Curve
(HC), and Hypsometric Integral (HI), while Linear Aspects includes Sinuosity Index (S),
Stream Length Gradient Index (S,), Longitudinal river profile, and major Lineaments
(Table 1)
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Table 1 : Formulae used for the Evaluation of Morpho-Tectonic Parameter of

Giriwatershed Himachal Pradesh, Northwest Himalaya India.

Aspects | Parameter | Formula Descriptions References
Spatial Drainage D,=Lu Lp is total stream length, Horton (1945)
Aspects | density (D,) A A is area of watershed.
Circularity F=A A is the area of the water- Horton (1945)
ratio (R) Lb? shed, Lb? is the square of
the basin length.
Ruggedness R =4nA 4 is constant, © is con- Miller (1953)
Number (R) P stanti.e. 3.14, and P is the
perimeter of the basin or
watershed.
Basin shape R=RxD, |Ristherelief of the basin Ramirez-Herre-
Index (B or watershed and D, is the | ra, 1998)
drainage density.

Transverse L, V,, is the valley floor width Cox (1994);
topographic B= vfw and L, is the length of the Keller and
Symmetrical valley. Pinter (1996)

factor (T)
Asymmet- D Da is the distance of the Hare and
rical Factor T= Da drainage to the mid chan- Gardner (1985);
A) ¢ nel, and Dd is the distance Keller and
of the stream from the Pinter (1996)
drainage divide.

Valley floor A is the area in the right- Bull and Mc-
width to the Af: ir X100 side sides of the stream in Fadden (1977);
Height ratio A the watershed, A total area Keller and

(V) of the watershed or basin. Pinter (1996)

Lemniscat’s 20 2 is the constant and V, is Chorley
Cofficient 7 HI-H3) + (H2-H3) the valley floor width, H1 etal., 1957

X and H2 are left and right-
side elevation of the valley
divides respectively, and H3
is the elevation of the valley
floor.
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length of the main stream

Aspects | Parameter | Formula Descriptions References
Lemniscat's KoLV Lb?is the square of the
Cofficient A basin length, and A is the
X total area of the basin or
watershed.
Hypsometric | g _ gy Elevmean is the mean Pike and Wilson
Integral (HI) Elev,, - Elev,,, elevation, Elevmin and (1971)
= Elev,, ~Elev,, Elevmax is the lowest and
highest elevations of the
- watershed or basin.
Linear Stream _AH Where, AH is the elevation | Hack (1973)
Aspects | Length Gra- LoAL difference of the stream
dient Index segment, AL length of the
(SL) stream segment, and L is
the horizontal length from
the midpoint of the stream
segment to the watershed
divide.
Sinuosity A AL is the actual stream Mueller (1968);
Index (SI) §,= ?L length of main stream, Haggett and
L SLis the straight stream Chorley (1969)

The parameterlikeS,S,, Vf, and T have been calculated segment-wise (Fig3). The segment

of the river for S and S, have been divided according to the natural break (Jenks) in GIS

(Fig 4; 5, 6), while T and V, have been calculated segment-wise for each SW. The value

of spatial and linear aspects is divided into the four classes of active tectonics, where
Class-1 (Very high), Class-2 (High), Class-3 (Moderate), and Class-4 (Low) respectively
suggests comparative activeness of tectonics in SW. The coefficient of determination

(R?) for the longitudinal profile has been calculated using the following equation:

The linear function:

The exponential function:
The logarithmic function:

The power function:

180

y=ax+b.
y=aeP™.
y=alnx+b.

y=ax’.

1)
2
3)
4)
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Figure 4 : Showing Examples of the Longitudinal Profile of the River SW1 to SW8.
Numerical Value Inset in the Diagram above River SL and Below S,
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Figure 5 : Showing examples of the longitudinal profile of the River SW9 to SW16.
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Numerical value inset in the diagram above River SL and Below SI.
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Figure 6 : Showing examples of the longitudinal profile of the River SW17 to SW19.
Numerical value inset in the diagram above River SL and Below SI.

RESULTS

3.1. Spatial Aspects
3.1.1. Drainage Density (Dd)

The Dd is obtained as the ratio of Lp of all stream networks to the area of the watershed,

Disaster & Development, Vol. 12, Issue 01, January to June 2023

183




Assessment of Active Tectonics of Giri Valley, NW Himalaya: Insights from Geomorphic Signature Using Remote Sensing and Gis

which is an expression of stream in a unit area (Horton, 1945; Strahler, 1964). The D,
is an indicator of dissected and linear topography formed as a result of erosional and
fluvial processes and D, depends on the nature of the rocks, soil strength, and the relief
of the area (Singh, 2002; Das and Gupta, 2019). In tectonically active terrains, the D,
signifies the intense deformation and fragile nature of rocks and its value increases with
higher rate of deformation and uplift (Rawat et al., 2021). The value of D, for 19 SW
ranges from 2.17 to 2.66 (Table 2) in present study. Based on activeness of tectonics
the value of Dd has been divided into Class-1 (> 2.54), Class-2 (2.42-2.53), Class-3
(2.30-2.41), and Class-4 (< 2.29) for the GW (Table 3).

Table 2 : Table Showing Morpho-Tectonic Parameter (where Al -Alluvium, Sw-Siwalik
group, Sb-Subathu Formation, Dk- Dagshai and Kasauli Formation, De- Deoban
Group, Ja- Jaunsar Group, Sm- Simla Group, Ch- Chaur Granitic Complex, Ju- Jutogh
Group, Kl-Kullu Group, Ba-Baliana group, Kr- Krol Group, T1- Tal Group)

Subwatershed | A, B F R K D R HI Tavg |V, avg | Geology | Thrusts

SW1 (Gambhar | 65.54 | 4.09 013 |037 |7.63 |223 |156 |049 (039 |0.14 Dk
ka khala)

SW2 (Jalal) 41.67 |3.00 0.18 045 |5.62 |[241 [290 |0.47 |0.38 |0.18 |Dk,Sb, KT
Ba, Kr

SW3 (Kharak |74.73 |1.28 |0.38 |0.68 |2.60 |2.17 [253 |054 |0.18 |0.23 |ShKr
ki kiyar)
SW4 (Paror) 3770 |1.05 |0.40 |0.54 |247 (226 [2.69 |051 (023 |033 |KrBa
SW5 (Mariki  |39.75 |1.92 |030 |0.62 |3.29 |245 |[217 |0.48 024 |0.14 |Sh, Dk, KT

ghat khala) Ba

SW6 (Talheri |63.76 |1.66 |0.33 |0.42 |3.04 |2.63 [2.67 |048 |0.19 |0.13 |Sh, Dk, KT

ki Nadi) Ba, Kr

Sw7 56.62 (299 |0.19 |042 |5.17 |252 |446 |0.48 |0.21 |0.15 |BaKrJa, |GiT JaT,
(Ashni river) Ju, Sm, JuT
Sw8 5433 227 (024 |052 |[421 (243 |4.15 |051 |0.22 |0.13 |Sm,Ba Ja|JaT
(Chakhred

Nala)
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Subwatershed | A, B, F; R, K D, R, HI Tavg | V;avg | Geology | Thrusts
SW9 (Kiyar 57.96 |2.48 023 |054 439 (240 (439 (050 [0.20 |0.07 |Ja,KLJu |JaT KuT,
ki Khad) JuT
SW10 64.09 (237 023 |0.58 [4.28 |2.66 [4.53 |050 [0.25 [0.04 |]Ju KhT
(Chagaunti
gad)
SW11 (Giri 55.00 {096 |0.65 [0.53 |[1.53 (239 |411 |049 |040 [0.12 |]Ju KhT
Ganaga)
SW12 (Basari) |68.99 |2.14 023 |051 |439 |235 |5.87 |046 |034 [0.16 |Ju,Ch, ChT, JaT,
Sm, Ja, JuT
Ba
SW13 (Bhajetu |50.60 |2.37 025 |0.65 |4.01 |237 |557 |047 (027 |0.21 |Ju,Ch, ChT, JaT,
ka khala) Sm, Ja, JuT
Ba
SW14 (Pervi 62.70 |2.47 10.19 |056 |524 (250 |558 |0.44 |0.30 |0.16 |Ju,Ch, ChT, JaT,
river) Sm, Ja, JuT,Gr'T
Ba
SW15 (Netka |47.47 295 |0.18 |047 |5.63 |248 |[6.52 |0.46 |0.19 [0.19 |Ch,Ju,Ja, | ChT, JuT,
khala) Kr, GiT
SW16 (Palorka |40.20 |2.00 |0.19 |048 |5.13 [250 |7.27 |045 |0.37 |0.12 |Ch,Ju,Ja, |JuT, GiIT
khala) Kr, Ba
SW17 (Jagarka [32.93 |1.83 |0.21 |0.64 |4.72 |223 |4.00 |0.50 |0.34 |0.10 |Ja Ba, GiT
khala) Kr, Tl
SW18 (Milkan |36.42 |1.50 |0.33 |0.62 |2.99 |235 |[359 |050 |0.36 [0.25 |Kr,Ba,Tl, | MBT
ka khala) Ja, De, Sb
SW19 (Giri 54.57 16.03 ]0.05 |0.07 |21.95 250 |648 |0.43 |0.38 |0.87 |Sw, Dk, MBT, JaT,
river) Kr,Ba, Tl, | JuT, GrT,
Ja, De, Sb | KT,
Ch, Ju,
sm, 1, a1 | 0T
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Table 3 : Active Tectonic Classification Based on Value of Geomorphic Indices for GW.

Aspects Parameter Active tectonics classes
Class1 | ClassII Class III Class IV
Spatial Drainage density (D) >2.54 |253-242 |241-230 |<2.29
ASpects | Form factor (F) <0.20 |0.21-0.35 | 0.36-0.50 |>0.51
Circularity ratio (R ) <0.44 |045-0.52 |0.53-0.60 |>0.61
Ruggedness Number (R ) |>5.85 |5.84-4.41 |4.40-298 |<2097
Basin shape Index (B) >3.31 |3.30-253 |252-1.75 |<1.74
Transverse topographic >0.62 |0.61-0.42 |0.41-0.22 |<0.21
Symmetrical factor (T)
Asymmetrical Factor (A) |>68.1 |68-60, 37-42,and | 45- 60
and 31-37 | 57-60
Valley floor width to the | <0.24 | 0.25-0.45 | 0.46-0.66 |>0.67
Height ratio (V)
Lemniscat’s Cofficient (K) | >6.11 |6.10-4.59 |4.58-3.06 |<3.05
Hypsometric Integral >0.51 |0.50-0.48 | 047-0.45 |<0.44
(HD)
Linear Stream Length Gradient | >2689 | 2688 - 1796 - 909 | <908
Aspects Index (S)) 1797
Sinuosity Index (S) >1.64 | 1.63-1.43 |1.42-122 |<1.21
3.1.2 Form Factor (F )

The Ffis a shape parameter and is the ratio of the area of the watershed to the square of
the basin or watershed length (L,) (Horton, 1945). The shape of the basin is influenced
by active tectonics, as the regional structures like faults or thrust influence the surface
processes in the watershed which shapes the topography of a watershed. The F, value
ranges between 0 (Elongated shape) to 1 (Circular shape) where the values close to 0
are associated with higher rate of tectonic activity and values close to 1 suggest weak
influence of tectonic activity (Wotosiewicz, 2018). The Ff values for 19 SW range from
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0.05 to 0.65 (Table 2) in GW. The Ff values obtained have been divided into the Class-1
(<0.20), Class-2 (0.21 -0.35), Class-3 (0.36 —0.50), Class-4 (> 0.51) based on the influence
of tectonic activity (Table 3).

3.1.3 Gircularity Ratio (R )

TheR isalsoashapefactorthatdeterminestheinfluence oftectonics on the development
of shape of a watershed. The R_value close to 1 is associated with a circular shape and
low influence of lithology, regional or local structures; while values close to 0 indicates
elongated shape and tectonically active terrain (Miller, 1953, Rawat et al., 2021). The
values of R ranges between 0.07 to 0.68 (Table 2), which are divided accordingly into
Class-1 (< 0.44), Class-2 (0.45 -0.52), Class-3 (0.53 - 0.60), and Class-4 (> 0.61) based on

tectonic behavior of the terrain (Table 3).

3.1.4 Basin Shape Index (Bs)

The B, can be calculated as the ratio of basin length to the width (calculated at the widest
point) within the watershed or basin (Ramirez-Herrera, 1998). The shape of the drainage
basin or watershed is a significant indicator of tectonic control (Sharma et al., 2018). In
addition to the contrast, the stable and senile drainage basins are characterized by the
widening of the basin (Ramirez-Herrera, 1998; Mahmood and Gloaguen, 2012). The B,
value for 19 SW varies from 0.96 to 6.03 (Table 2). The values of B have been divided into
Class-4 (< 1.74), Class-3 (1.75-2.52), Class-2 (2.53 - 3.30), and Class-1 (> 3.31) based on
the influence of tectonics (Table 3).

3.1.5 Lemniscate Coefficients (K)

The Kis used as a measurement of the gradient of the Basin or watershed (Chorley et al.,
1957). The Kvalue ranges from 1.53 to 21.95 (Table 2) for 19 SW in GW. The higher values
of K indicate a higher rate of tectonic activity in the basin while the lower values are
associated with stable structures (Wotosiewicz, 2018). Wotosiewicz and Chybiorz (2015)
suggested that drainage basin is considered tectonically active if K > 3, slightly active if
the values of K are between 2 and 3, and tectonically inactive if K < 2. The K values are
higher in all SW except for three SW (Giri Ganga, Paror, and Kharak ki Kiyar) (Table 2).
The value of the K has been divided into Class-1 (> 6.11), Class-2 (4.59-6.10), Class-3
(3.06-4.58), and Class-4 (< 3.05) for GW based on tectonic activity (Table 3).
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3.1.6 Ruggedness Number (£ )

The Rn is the product of Dd and basin relief (Strahler, 1952). The Rn is the measure
of the surface roughness or undulations which has direct correlation with geology,
structure, and topography of the basin (Asthana et al., 2015). The Rn value ranges from
1.56 to 7.27, while the value of all other watersheds is listed in Table 2. The value of Rn
has been divided based on influence of structure into Class-1 (> 5.85), Class-2 (4.41 —
5.84), Class-3 (2.98 — 4.40), and Class-4 (> 2.97) for GW (Table 3).

3.1.7 Asymmetry Factor (4)

The Asymmetry factor (A) reveals the tilt-block tectonics of the drainage basin (Cox,
1994; Keller and Pinter, 1996, Rawat et al., 2021). The Afvalue also deciphers the possible
directions of the differential tectonics or basin tilt (Pinter et al., 2006; Prakash et al.,
2016). The A values equal to 50 suggests a symmetrical basin with no tectonic influence,
while values more or less than 50 indicate an asymmetrical basin with possible tilting
facilitated by local or regional tectonics and lithological variations (Sharma et al., 2018).
The A, values greater than 50 reveal left side tilting, while the A values less than 50 reveal
right side tilting, in the direction of drainage (Molin et al., 2004; Prakash et al., 2016).
The A value for 19 SW varies from 32.93 to 68.99 (Table 2). The value of A has been
divided into Class-1 (> 68.1), Class-2 (60 — 68 and 31 —37), Class-3 (37 — 42 and 57 - 60),
and Class-4 (45 - 56) (Table 3).

3.1.8 Valley Floor Witth to the Height Ratio (V)

The V,is used to classify the river valleys into V-shaped, U-shaped, and flat valleys (Bull
and McFadden, 1977; Keller and Pinter, 1996; Sharma et al, 2018). The deep V-shaped
valley and long linear valley with active incision are generally associated with the active
tectonic in the area; while U or flat-shaped valleys are indicators of less impact of
tectonics; while flat valleys are associated with old stage of landform development, less
activeness and base level attainment in the area (Keller, 1986; Keller and Pinter, 1996;
Sharma et al, 2018). In Himalayan river basins, the valley is narrower in the headwaters
due to a higher rate of tectonic activity and base level erosion which gradually gets lower
towards the south showing wider valleys and river bank erosion (Bull and McFadden,
1977). The average V, value for 19 SW ranges from 0.04 to 0.87 (Table 2). The V, values
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has been divided into the Class-1 (> 0.24), Class-2 (0.25 — 0.45), Class-3 (0.46 — 0.66), and
Class-4 (> 0.67) for GW (Table 3).

3.1.9 Transverse Topography Symmetry Factor (7)

The T is also a symmetry parameter that interprets the lateral tilting or disturbances
due to tectonic activities (Cox, 1994; Cox et al., 2001). The value of 7=0 represents
the symmetrical basin, while an increasing value of T or T > 0 is associated with an
asymmetrical basin, the higher the value of T'more will be the influence of tectonics on
the basin (Cox, 1994; Keller and Pinter, 1996). The values T has been calculated for the
different segments (Fig 3) in each sub-watershed and the values for 19 SW range from
0.01 to 0.81 (Table 2). The average T value ranges from 0.18 to 0.40 for 19 SW that has
been divided into the Class-4 (> 0.21), Class-3 (0.22 — 0.41), Class-2 (0.42 — 0.61), and
Class-1 (> 0.62) (Table 3).

3.1.10 Hypsometric Curve (HC) and Hypsometric Integral (A1)

The hypsometric analysis is an area-elevation analysis that is an important aspect to
ascertain the erosional stage, degree of dissection, and influence of tectonics (Strahler,
1952; Horton, 1945; Ritter etal, 1995; Shukla etal, 2014). Itis used to differentiate between
the erosion of landforms at their different development stages i.e. youth, mature and
old (Strahler, 1952; Horton, 1945; Ritter et al., 1995; Singh et al., 2008; Shukla et al.,
2014;Yousaf et al., 2018). Strahler (1952) observed different types of hypsometric curves
and categorized them for different stages of development of landforms. Hypsometric
curves concave upwards with a low HI value suggests the old stage and lower rate of
tectonic activity, whereas an S-shaped curve indicates the mature stage of landforms
development with a moderate influence of tectonics, while a convex upwards curve
with high HI value shows the youth stage of landforms development and high rate of
tectonic activity in the basin (Strahler, 1952; Ritter et al., 1995; Keller and Pinter, 1996;
Yousaf et al., 2018). The HI Value for 19 SW in GW ranges from 0.43 to 0.54 (Table 2).
The HC for 19 SW for GW has shown a mature stage of development or S-shaped curve
in most of the SW (Fig. 7). The HI values have been classified under Class-1 (> 0.51),
Class-2 (0.48 — 0.50), Class-3 (0.45 - 0.47), and Class-4 < 0.45) for GW (Table 3).

Disaster & Development, Vol. 12, Issue 01, January to June 2023 189



Assessment of Active Tectonics of Giri Valley, NW Himalaya: Insights from Geomorphic Signature Using Remote Sensing and Gis

Hypsometric Curve

0.9 Bl —sw1 SW2  ——SW3 ——SW4
——sws SW6 ——SW7 ——SWS8
038
——SW9 ——SWI0 ——SWIl ——SWI12
D7 ——SW13 ——swi4 SW15 ——SW16

—SW19
0.6

0.5

Relative Height

0.4

o, ~ e *,

-

i M() a T e, 2 ¢ "‘
- Tay . .
p[ Se '-.-...... \\ “
0.2 o, £} N

",
N,
....
.

0.1 e QR

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Relative area

Figure 7 : Showing combined Hypsometric Curve (Vertical axes showing
elative heights and horizontal axes as relative area) of SW of Giriwatershed,

Himachal Pradesh, Northwest Himalaya.

3.2. Linear Aspects

3.2.1 Stream Length Gradient Index (S,)

The SL is used in understanding the degree to which river systems have adapted to the
region'slandform evolution and tectonic activities. An S, also accounts for the geological
structure and climatic conditions, which may vary throughout the river’s length. It is the
relationship between the climatic variability and the longitudinal profile of the river to
see the state of the equilibrium in the watershed or basin (Hack, 1973; Kotyari et al.,
2017; Sharma etal, 2018). The S, has been calculated along the main channel after being

divided into segments (Fig 4; 5; 6) using natural break (Jenks) in the GIS environment.
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The SL value for 19 SW ranges from 20 to 3572 (Fig 4; 5; 6), which has been divided into
Class-1 (>2689), Class-2 (2688 - 1797), Class-3 (1796 - 909), and Class-4 (< 908) for GW
based on the response of channel to climatic variability and active tectonics (Table 3).

3.2.2 Sinuosity Index (S))

The S, is the ratio of the actual river path to the straight path of the river, which defines
the degree of meandering. The S, of a river is influenced by factors like geological
structures, lithology, sediment load, etc. (Haggett and Chorley, 1969; Kothiyari et al.,
2017; Das and Gupta, 2019). The S, for the main channel of all 19 SW has been calculated
by dividing the main channel into equal segments (Fig 4; 5; 6) based on natural break
(Jenks) method in GIS. The SI value for 19 SW varies from 1.00 to 1.84 (Fig 4; 5; 6). Based
on the results the SI values have been divided into Class-1 (>1.64), Class-2 (1.43 - 1.63),
Class-3 (1.22 — 1.42), and Class-4 (< 1.21) suggesting the degree of tectonic control on
main channel flow path (Table 3).

3.2.3 Longitudinal Profile Analysis

The longitudinal profile is a curve derived from the relationship between channel
height and distance downstream, indicating the influence of gradient on the channel
(Hack, 1973). longitudinal profiles have been obtained along main the channel as a plot
between elevations and the distance of the river from head to mouth. The longitudinal
profile helps in interpreting active tectonics, palaeo-climate, river discharge, sediment
load, etc. (Hack, 1973; Leopold et al., 1964; Kothyari et al., 2017). In the GW, 15 SW
have well-developed knick points along the main channel, indicating the influence
of lithology and tectonics; while the remaining 4 SW have smoother profiles (Fig 4; 5;
6), indicating homogeneous lithology and minimal tectonic influence. The coefficient
of determination (R?) also has been calculated for the longitudinal profile of all river
(Table 4), for linear, exponential, logarithmic, and power curves. The R2 is a crucial
aspect for understanding the tectonic vulnerability of the basin, a higher value of R? is
associated with highly active tectonic or vice-versa (Lee and Tsai, 2010).
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Table 4 : Showing the Coefficient of Determination (R?) for Longitudinal River Profile.

Subwatersheds Coefficient of determination (R2)

Linear Exponential Logarithmic Power
SW1 0.9876 0.9972 0.5699 0.5219
SW2 0.9163 0.9603 0.6805 0.6093
Sw3 0.964 0.9779 0.495 0.4165
Sw4 0.9832 0.9731 0.5892 0.5123
SW5 0.7499 0.8151 0.7188 0.6733
SW6 0.8764 0.9278 0.5878 0.5878
SW7 0.734 0.8518 0.6494 0.74
Sw8 0.9143 0.9727 0.5865 0.4984
SW9 0.8559 0.9284 0.6948 0.6177
SW10 0.9075 0.9553 0.6711 0.6043
SW11 0.9092 0.9584 0.5968 0.5228
SW12 0.8665 0.9497 0.6769 0.5645
SW13 0.8 0.9162 0.6919 0.5836
SW14 0.7771 0.9053 0.6557 0.5415
SW15 0.8149 0.9434 0.6664 0.5408
SW16 0.8262 0.9636 0.6894 0.5283
SW17 0.9031 0.9848 0.6674 0.525
SW18 0.9578 0.9979 0.6502 0.5232
SW19 0.9581 0.9909 0.5311 0.4263

3.2.4 Lineament and Drainage Interaction with Tectonics

The Himalayas are subjected to enormous stresses, which have resulted in the
formation of numerous faults, lineaments, and shear zones, etc. (Singh et al., 2002; Yin,
2006). The lineaments are frequently interpreted as the visible surface of weak geologic
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zones at tectonic boundaries, as well as faults and rock fractures (Thakur et al., 2007;
Malik et al., 2010; Prakash et al., 2016). Lineament may be identified as the axis of the
folds, a plane of the faults, long and narrow linear surface features, and linear tonal and
textural contrast, etc. delineated from the satellite imageries, DEM, and Geological map
(Parizek, 1976; Sander, 2007; Das and Gupta, 2019; Pant et al., 2020). Lineaments can
be assessed to detect the role of the structure in shaping the topography or landforms
in a river basin (Nur and Ban, 1982). The drainage channels passively follow faults or
zones of weakness which is a common spatial relationship between rivers and geologic
structures in the Himalayas (Sahoo et al., 2000). A total of 121 Major lineaments (Fig
2b; Fig 8) have been identified from satellite data. The majority of lineaments follow
two directions predominantly, one is trending in the NE-SW and the second one is
trending in the NW-SE (Fig. 8). The lower hemisphere equal-area net has been prepared
for 31, 41, and 5™ order drainages which shows the majority of drainages flowing in N-S
and E-W, N-S and E-W, S-W, and NW-SE directions respectively (Fig 9). The azimuth
of drainages of the 3%, 4", and 5™ have shown congruence with lineament azimuth

suggesting structural control over the drainage channel (Fig 8).

Figure 8 : Showing Rose diagram for Drainage (a, b, and c for 3rd, 4th, and 5th
order drainage networks respectively), lineaments (d), and A parameter
(e) for GW, Northwest Himalaya.
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DISCUSSIONS

3.3 Spatial Aspects

The D, gives an insight to spatial configuration and characteristics of the drainage
network. The SW of Class-1 and Class-2 suggest the highly deformed and fragile nature
of rocks in tectonically active terrain. The high D, values are associated with rocks of
incompetent nature, and are controlled by Krol, Khirkhi, Chaur, Jaunsar, Jutogh, and
Giri thrusts (Fig 2a; Table 2) in GW. The higher Dd values are also supported by presence
of knick points (Fig. 4; 5; 6), and high R? values in exponential curves for each sub-
watershed (Table 4). The K and R reveal the gradient and undulation of the terrain
(Chorley et al., 1957; Asthana et al., 2015). The SW classified in Class-1 and Class-2
suggest high K and R values inferring a higher incision rate, the presence of a narrow
valley, and highly deformed terrain (Vijith and Satheesh, 2006). The results infer that
the SW in Class-1 and Class-2 are influenced by the major structural discontinuity like
Jaunsar, Giri, Jutogh, and Chaur thrusts (Fig 2a; Table 2).

The shape parameters viz. F, R, and B suggests that elongated basin shape and
straight drainages are associated with high tectonic activity and structural control
(Philip and Sah, 1999). The SW with lower F, values (Class-1 and Class-2) are associated
with active tectonics (Wolosiewicz, 2018) and are either lithologically or structurally
controlled. The SWwith lower Ffvalues in GWis possibly influenced by the Chaur, Jutogh,
Jaunsar, and Giri thrusts (Fig 2a). The lower value of R_is associated with tectonically
active watersheds in comparison to the watersheds with a higher value. The SW with
lower Rc values (Class-1 and Class-2) are associated with late youth to early mature
stage of landform development, while watersheds with higher values are associated
with mature to late mature stage of landform development that are also supported by
HI values (Table 2). The SW with high B, values suggests the region is tectonically active
and is influenced by local and regional structures. The influence of regional structures
on SW is also supported by availability of knick points in the longitudinal profile (Fig
4; 5; 6), Ff and R? values (Table 4). The results from shape parameters of 19 SW has
suggested that majority of SW are elongated and their tributaries join the mainstream

more or less at a right angle, suggesting significant role of tectonics in the SW (Fig 3).

The HI value deciphers the erosional and tectonic activity i.e. higher HI value shows
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the development of the juvenile stage landforms and higher tectonic activities (El
Hamdouni et al, 2008). The SWin Class-1 and Class-2 (Table 2; Fig 2a) are comparatively
regions of high tectonic activities with highly deformed and lose rocks accompanied
by major geological structure (Fig 2a). The HI values are also validated by the upward
convex HC (Fig 7), exponential R2 value (Table 4), and the presence of knick points in
longitudinal profile (Fig 4; 5; 6).

The A, are crucial parameters that give insight to understand the possible tilting
direction of the watershed or basin (Hare and Gardner, 1985; Cox, 1994; Keller and
Pinter, 1996). The Afvalues suggests that SW1, 3, 6,7, 8,9, 10, 11, 12, 13, 14, and SW19
are tilted towards left (i.e. in NE, and SW directions) of the main stream (Table 2). The
Af values in these SW are influenced by geological structures like Krol, M.B.T., Giri,
Jaunsar, Kullu, Jutogh, Khirkhi, and Chaur thrusts in these SW (Fig 4; 5; 6). While the
Af value in SW2, 4, 5, 15, 16, 17, and SW18 show tilting on the right side (i.e. in NW and
SE directions) of the main stream (Table 2) and are mainly influenced by M.B.T, Giri,
Jutogh, and Chaur Thrusts (Fig 4; 5; 6). The major sub-watershed in the GW are showing
tilting in the NE-SW direction which suggests, geological structure is controlling basin

tilting and are still active (Fig 9).

The symmetry factor like T is also used for the assessment of the symmetry of the
GW. The T show the possible tilt or symmetry in watershed or basin based upon the
topographic symmetry along the main channel (Hare and Gardner, 1985; Keller and
Pinter, 1996). The T values calculated for the 19 SW, which shows that all the SW are
asymmetric in nature. The asymmetric behavior of all the SW in GW suggests that the
watersheds are influenced by the ongoing tectonic processes. The SW with higher T
suggests higher asymmetry and tilting of the basin due to active tectonics and higher
rate of deformation (Cox, 1994) (Table 2), (Fig 2a). All SW show vaalues of less than
one (Table 2) suggesting deep and narrow valleys and the significant influence of active
tectonics (Table 2) (Sharma et al., 2018).

3.4 Linear Aspect

The values of the S, from the results suggest that, it increase at places where the river
flows over the structurally deformed or tectonically uplifted area (Keller and Pinter,

1996). The higher values of S, in GW are associated with the segment of the river where
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major thrust, local fault, and knick points encountered. In the GW, majority of SW
show disequilibrium due to variable lithology and geological structure. In GW 18 SW
has shown high exponential R? value except Paror watershed where it R? curve is linear

suggesting very intense tectonic activity (Table 4).

The SI values from 19 SW suggest that in headwater regions or at higher elevations
the main stream is flowing in more or less a straight path without any interference.
The behavior of stream of flowing in straighter course suggests that the lithology in the
region ishomogenous with absence of geological structures or dormant tectonic activity,
whereas the value of SI in the dispersing system or at lower elevation is comparatively
higher which determines that there is heterogeneity in rock sequence and availability
geological structure or active tectonics. The S, value variation along the main stream is
evidenced in the form of intense sinuosity and abrupt change in elevation (observed
in the form of rapids) along the river course which clearly suggests the influence of
tectonic and lithology over the drainage (Fig 4; 5; 6).

The azimuth of the 3%, 4%, and 5" order drainage from 19 SW is drawn in lower
hemisphere equal area stereonet which shows that the majority of streams has shown
NE-SW and NW-SE trend. The 3rd drainage orders are used as they show the influence of
geological structure and tectonics on drainage network development and arrangement.
The trend of azimuths is correlated with lineament azimuths which shows that the
trends from both parameters are consistent with each other suggesting geological
structure and active tectonics is prevalent and crucial in the development of landform:s.

3.5 Geomorphic Evidence of Neotectonics Activity

The geomorphic evidence of neotectonics activities like traces of fossil valley (Fig 9),
Landslides, Denudational hills, Sag pond (Sirmouri Tal), triangular facets, displaced
terraces, slope breaks, benches, and exceptionally wide and narrow valleys (Fig 10) are
important active tectonic features in the GW (Philip and Sah, 1999; Kothyari et al., 2017;
Thakur et al., 2021).
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Figure 9 : Figure showing the different parts of the fossil valley including the Renuka
Lake, near Renuka Ji area, Sirmour, Himachal Pradesh, northwest Himalaya, India.
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Figure 10 : Showing major consecutive wider and narrow segments
in the mainstream, where (a) is a narrow valley and confluence of Giriganga and
Chagunti Gad; (b) is meandering in upper segments of Giri river near,
Chhailla, Gumma; (c) show upstream narrow segment; (d) show downstream very
wide River segments near Dadhau; (e) show rock exposer in the River bed, and
wide valley near Ambaun village; (f) show narrow downstream (g) show wide
upstream River segments and major landslides near Sataun; (h) and (i) are major
landslide near Sirmour Tal and Ambaun, Himachal Pradesh.
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The fossil valleys are the results of the climate-tectonic interaction (Kothiyari and
Juyal, 2013. The Giri River has changed its path in history which is observed with
presence of about 7 km long fossil valley (Fig 9) (Rao, 1975; Raina, 1967). This event
of changing of course can be attributed to a regional scale phenomenon aided by the
upliftment and tilting (Rao, 1975). The main Giri river has deflected towards right (NE)
about 1 km to 2.5 km from its current path after possible tilting of basin (Fig 9). The
alteration in river valley profile (viz. narrow and wide valleys) in course of the Giri
river (Fig 10) suggests significant role of the Giri thrust and MBT (Fig 2a; Fig 6) on the
mainstream. Parenthetically, discontinuity developed by local and regional tectonic
is attributing to formation of highly fragile, jointed, fractured, folded and faulted rock
masses (Fig 11) in the GW, and making valley more susceptible in terms of disaster
associated with active tectonics i.e. landslides, flooding, etc.

Figure 11 : Field photograph showing important faulted strata in the Giriwatershed, where
(a), (c), and (c) are near Barwas, and (d) is near Kamrau village, and (e) is near Sirmouri Tal.
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4. CONCLUSIONS

The GW is tectonically active and the activeness of the watershed is inferred by studying
geomorphic indices for 19 SW, that are also convinced by the several geomorphic
signatures in the GW. From the above study, the following assertion can be drawn:

e Geomorphic indices, river profile, drainages orientations, major lineaments, and
field study suggests GW is tectonically active and is controlled by ongoing tectonic
activities.

e The local and regional tectonics, lithological, and geomorphological factors play

crucial role in shaping the landforms.
e The majority of SW suggested a NE-SW migration of litho-tectonic units in GW.

e Main Giri river around Renuka Ji have shifted around 1 - 2.5 km from its previous

path, and have abandoned long stretch of paleo channel of about 7 km.

¢ The lower GW is tectonically more active in comparison to another part due to the
complex geological structures and highly deformed rock mass, which is evidenced

in the form of landslides, and other geomorphic signatures.

e Active tectonics activities are accelerating the rate of the geomorphic process like
landslides, erosion, rock deformation, etc. in GW.
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