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Abstract: Active tectonics is manifested in geomorphological features such as drainage basins and
drainage patterns. Geomorphic parameters asymmetry factor (AF) and transverse topography
symmetry factor (T) is calculated for 94 third order basins of the Garhwal synform to decipher the
tilt-block tectonics based on remote sensing and geographical information system (GIS) techniques.
The quantitative analysis of the AF suggests that all the 94 basins are asymmetric and gentle to
steeply tilted, indicating active tectonics and early and late stage of development, respectively. The
mean vector magnitude (6,) of T suggests the migration of the basin stream towards the south in
most basins (60%), suggesting a unidirectional tilting of the tectonic block. The %2 test for statistical
significance indicates that the 6, is significant for southern and northern limb basins. The x? test
affirms that the third order basin position on either side of the main channel of the river basin
influences the tilt direction. The regional tectonics suggests migration of the Lansdowne klippe
towards the south, as the majority of third order basins show southward tilt. The study provides a
quick appraisal of tilting in the tectonic blocks of active margins, such as in the Himalayas.

Keywords: Himalaya; Garhwal synform; geomorphic parameters; tilt-block tectonics; active tectonics;
remote sensing

1. Introduction

The Himalaya is formed as a result of the inter-continental collision between the
Indo and Eurasian plates. The continuous northward movement of the Indian plate re-
sulted in increased seismic activity in the Himalayan region. The convergence of tectonic
plates has resulted in crustal shortening, formation of fault/thrusts and active tecton-
ics in the Himalaya [1]. The movement of hanging wall material over its footwall in
the Himalaya has resulted in the migration of tectonic blocks towards the south. The
movement of tectonic blocks due to active tectonic activities in the Himalaya is predomi-
nant, confirmed by earlier studies [2], suggesting a convergence rate of 10-15 mm/year
and a slip rate of 13.8 £ 3.6 mm/year. Other reports on active tectonics [3] suggest
a convergence rate of 10.79 + 2.23 mm/year, slip rate of 12.46 + 2.58 mm/year, and
uplift rate of 6.23 + 1.29 mm/year in the Dun region of Garhwal Himalaya and Kala
Amb of Himachal Pradesh and [4] proposed a movement of 15 mm/year across the
Kumaun-Garhwal Himalaya.

Several authors envisage that the movement of tectonic blocks influences the ge-
omorphology of the Earth’s surface and the development of drainage networks [5-7].
Additionally, the movement of tectonic blocks along faults has resulted in active tectonic
activities in an area, and in turn, controls the behavior and development of drainage
features [8]. Geomorphic features are the manifestations of the landscape evolution of a
basin and thus are often utilized for the quantitative and qualitative assessment of tectonic
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activity [9,10]. Geomorphic indices, asymmetry factor (AF) and transverse topography
symmetry factor (T) are the parameters chosen to investigate the relationship between
tectonics and morphology of drainage basins in the present work.

The tilting of tectonic blocks is a reliable expression to detect the dynamics of crustal
deformation. Earlier studies, based upon the tilting of tectonic blocks coupled with geo-
morphic characteristics of litho-units across the globe, have helped to decipher the active
crustal deformation in fold-thrust belts [5,11-13]. It is also proposed that tilting due to
tectonic activity, resulting in the gradient change, might influence the drainage system of
rivers [14]. Usually, drainages respond to tectonic tilting by migrating to a down tilting
direction, which gets preserved as the favorable direction of the drainage basin transverse
asymmetry in the tectonically tilted region [7].

Geographical or natural barriers and government restrictions enforced in and sur-
rounding regions of Garhwal synform pose limitations in field-based studies. Thus, no
detailed research related to tectonic block tilting has yet been done in the area. Efficient
modern tools can counter challenges related to such situations as Remote Sensing and
Geographic Information System (GIS) provide accurate and reliable information quickly.
Using satellite imagery to detect geomorphological features due to tectonic tilting has
become a common practice [7,15-17] in India and elsewhere. While several studies re-
lated to structure, stratigraphy, hydrology, etc. [18-24], has been carried out in parts of
the Garhwal synform, a detailed account of the role of active tectonics in hydrological
characteristics, tilt-block tectonics, and geomorphology is yet to be narrated from the study
area. The present study emphasizes on addressing the above gaps in knowledge by using
geomorphic parameters coupled with remote sensing and GIS techniques. The down-tilting
of third order basins also indicate the impact of regional and local geological structures;
therefore, the down-tilt data can be used to evaluate active tectonics in the study area.
Thus, the objective of the current work is to ascertain the active tectonics operating in the
Garhwal synform by evaluating the tilting of third order basins. The study also accounts
for the geomorphology, upliftment, and information on the migration of Lesser Himalaya
tectonic block in the Garhwal synform.

The study area lies in the NW-SE trending Garhwal synform of the Lesser Himalaya
region of the Garhwal Himalaya in the Pauri district of Uttarakhand, situated between
78°19'-79°00" E and 29°41'-30°13" N (Figure 1). The major river basins are Palain River,
Malin River, Khoh River, Rawasan River, Hiyunl River, along with two significant trib-
utaries Tal Nadi and Medi Gad; and form the drainage system of the Garhwal synform.
Rivers in the region are predominantly rain and spring-fed. The region receives high
torrential rainfall during the monsoon in June and July, leading to occasional flash floods.
Physiographically, the area has high to moderately dissected mountains and fluvial plains
formed by prolonged tectonics, erosion, and deposition. The study area is seismically active
and is placed in seismic class ‘IV” as of 9 July 2021 by the National Centre of Seismology
(https:/ /seismo.gov.in, accessed on 9 July 2021).


https://seismo.gov.in
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Figure 1. The location and geological map of the Garhwal synform show the lithotectonic units (after [24,25]); the X-Y
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cross-section (adapted from [17]) at the bottom shows the generalized arrangement of tectonic blocks in the Garhwal
synform central (MBT = Main boundary thrust, CT = lithocontacts, Ft = Unidentified fault, GT = Garhwal thrust, AT = Amri
thrust, LT = Lansdowne thrust).

2. Geological Setting

The Garhwal synform comprises of metamorphic rocks of the Lesser Himalaya (Meso-
proterozoic to Proterozoic age), sedimentary rocks of Siwalik Himalaya (Neoproterozoic to
Eocene age) and Holocene alluvial deposits of Indo-Gangetic Plain [18,25,26]. The Lesser
Himalaya lies between two tectonic planes in the Garhwal region, the Main Central Thrust
(MCT), in the north and the Main Boundary Thrust (MBT) in the south [27,28]. The lithol-
ogy of the rocks in the study area includes Lesser Himalayan meta-sediments separated by
NW-SE trending MBT from the Siwaliks; further south, the Himalayan frontal thrust (HFT)
separates the Siwalik Sedimentary Sequence from the alluvium of the Indo Gangetic Plains
(IGP) [25,29]. Several mesoscale thrusts, viz. Amri thrust, Garhwal thrust, Lansdowne
thrust, etc. [29,30] dissect the river basins in the Garhwal synform (Figure 1).

The Garhwal synform of the Lesser Garhwal Himalaya sequence exhibits complex
and intricate geology due to polyphase deformation. The rocks in the study area were
subjected to superposed folding, faulting, and thrusting, resulting in a complex stratig-
raphy and are grouped into several litho-tectonic units [27,31-34]. The southern part
of the Garhwal synform has been studied in detail to elucidate the structural setup of
the region [19-23,35]. Tectonically the lowermost unit of the Garhwal Nappe is the Bijni
formation composed of quartzite-phyllite sequence in the lower horizon that grade into
quartzite-schist sequence upwards; it overlies the sedimentary rocks of Krol Nappe along
with Garhwal thrust (Figure 1). The Bijni formation [32] is tectonically overthrusted by the
Lansdowne Metamorphic Formation along with the Amri thrust [25] and has also been
described as Lansdowne Metamorphics [20,21] and Lansdowne crystallines [25] (Figure 1).
It is mainly composed of phyllite and schist with prominent deformational structures like
folds, joints, fractures, boudins, etc. The Garhwal Nappe is tectonically capped by a small
basinal structure of the Lansdowne Granite Gneiss across the Lansdowne thrust [36], hav-
ing mylonitized gneiss at the base that progressively grades to augen gneiss and gneissic
granite (Figure 1) towards the top [21].

3. Material and Methods

Here, all the third order basins of the Garhwal synform are considered under in-
vestigation for gauging the possible tilt using geomorphic parameters. The third order
basins are chosen over the first, and second order basins because the first and second order
basins can be influenced by vegetation, lithology, topography, stream-flow variation or
stream discharge, etc. [6,13,37]. In contrast, the third order streams show a significant
change in their behavior due to active tectonics [13]. This study quantified only third order
drainage basins in the Garhwal synform region having an area of >2 km?. Subsequently,
we calculated the asymmetry factor (AF) and transverse topography symmetry factor (T)
for a total of 94 third order drainage basins. The drainage and basins were delineated using
SRTM30 DEM 1 arc-second (Shuttle Radar Topographic Mission- Digital elevation model)
in GIS platform by requisite hydrological tools. Furthermore, the extracted drainages
and watershed boundaries were superimposed over the Survey of India toposheet on
1:50,000, scale and ortho-corrected IRSP-LISS-III (Indian Remote Sensing Programme-
Linear Integrated Self-Scanning Sensor) image from the Indian Remote Sensing Satellite
for minor adjustments.

According to several studies carried out in the different parts of the world, AF and
T have proven to be influential in determining active ground tilting [5-7,38—43]. Both AF
and T indices assess the preferred lateral shifting of the trunk stream of a drainage basin
to the basin margin or drainage divide (Figure 2a,b). It indicates that even a small lateral
shifting with the tectonic tilt can facilitate incision and head-ward erosion of streams [44].
The tectonic tilting lengthens the up-tilted tributaries shifting the drainage divide in the
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up-tilt direction and pushing the trunk stream in the down-tilt direction due to increased
sediment delivery and accumulation by tributaries of the up-tilted side of the basin [5].

®

Area to the left
of main channel

®

AF = 100* (Ar/At)
Where, At=Ar + Al
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Figure 2. Schematic diagram (a) showing Asymmetry Factor (AF), tilt direction in the tectonic block and variability in the

area to the right and left of trunk stream; (b) Transverse topography symmetry factor (T) azimuth direction and down-tilt

direction and essential component to calculate basin T (adapted after [13]).

The AF examines whether the areas to the left and right of a drainage basins trunk
stream are placed symmetrically [5]. It is mathematically expressed as

AF =100 * (Ar/ At) 1)

where Ar is the area to the right of its trunk stream in the downstream direction, and At
is the total area of a drainage basin (Figure 2a). An AF value equal to 50 indicates that
the sites to the left and right of the basin’s trunk stream are symmetrically placed and
thus suggests tectonic stability during the basin development. Alternatively, any deviation
from the AF value of 50 indicates that the areas to the left and right of the basin’s trunk
stream are asymmetrically placed and suggests basin development on tilted blocks. AF
values of <50 or >50 indicate rightward or leftward down-tilting of the trunk stream,
respectively [45,46]. The more significant is the deviation from 50; the steeper is the basin’s
tilting [40]. We translated the rightward and leftward down-tilting directions into four
broad azimuth classes of N, E, S, and W (similar to Figure 2a); we chose only four azimuth
classes to accommodate all inherent randomness in the overall down-tilting of the basins.
The frequency distribution of azimuth classes is then used to infer random or preferential
stream migration in the outlined area. The reliability of the inference was ascertained
by subjecting the data to the Chi-square (x?) test of statistical significance [47]. The x? is
mathematically expressed as

E;

X @)
where O; and E; are the expected and observed number of data in class j respectively.

On the other hand, the transverse topographic symmetry factor (T) examines if the
trunk stream of a drainage basin has laterally migrated from the basin axis due to subtle
changes in the tectonic framework [45,48]. Thus, it can be used as a proxy to assess the
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small-scale basin disturbances like faults, lithocontacts, shear zones, etc. due to tectonic
activity and is mathematically expressed as

T = Da/Dd 3)

Here Da is the distance from the midline of the river basin to the midline of the active
channel, and Dd is the distance from basin midline to basin divide [48] (Figure 2b). T is a
symmetry factor, so its value indicates tilt in the basin due to deformation; its value ranges
from zero to one (T = 0-1). The lower value (T = 0) represents a perfectly symmetric basin,
and the higher value (T > 0) suggests asymmetry in the basin; the higher the value more
will be the asymmetry or higher will be the basin tilt [9,10,48,49].

The value of T is a vector quantity and is calculated at different segments taken at
equal intervals of a stream. Arithmetic average is computed of these segments down-tilt
magnitude and vector mean of azimuths to calculate magnitude and direction of down-
tilt for the basins [48]; the greater is the magnitude of T; the steeper is the basins tilting.
Subsequently, the arithmetic average of all the drainage basins down-tilt magnitude and
mean vector azimuth and vector magnitude of their azimuths were used to decipher the
outlined area’s tilting. The vector mean of down-tilting azimuths ( 6,) was computed

using the formula [47,48]
9, — tan—1 ( L1500
0, = tan <ZT COSG) 4)

while the mean vector magnitude (r) is calculated using the formula

([ 2o 2
r=- [(Zsin(?) + () cost) ] ©)
1 1

where 0 is the azimuth of a vector and 7 is the number of azimuth vectors averaged [47]. The
statistical significance of these results was ascertained by calculating the probability (p) of
obtaining a greater mean vector magnitude by chance combination of random vectors [50].
It is mathematically expressed as

p= p(—L7n)(107%) 6)

where L is the mean vector magnitude (r) multiplied by 100, and n is the number of vectors
averaged. We placed the upper threshold value of p as 0.5 for significance to accommodate
inherited randomness as suggested by [5].

4. Results
4.1. Drainage Characteristics

The Garhwal synform is drained by five major river basins and two tributary streams.
The Palain, Malin, Rawasan, Khoh, and Hiyunl rivers are 6th order streams, while the two
tributaries Tal Nadi and Medi Gad, are fifth order streams. The Palain river drains about
19.76 Km area in the NW-SE direction, Malin River flows E-SW and drains 40.84 km, and
Khoh River flows in NE-SW and drains 36.8 km. Similarly, Rawasan River is trending
NE-SW and flows up to 34.5 km, Hiyunl River is flowing SE-NW direction covers 40.79 km.
Additionally, two other fifth order streams also contribute to the drainage system of
the Garhwal synformal region; Tal Nadi is trending SE-NW travelling for 16.4 km, and
Medi Gad, which is also the smallest catchment flows SE to NW for 13.8 km (Figure 3).
The higher-order streams show several geomorphic features like abrupt deflection and
associated straight course at places, suggesting structural antecedents. All the rivers flow
through highly dissected hills ranging from broad valleys to narrow gorges in the region.
All the geomorphic features formed by the rivers and their stream course indicate tectonic
influence on drainage characteristics.



Geosciences 2021, 11, 345

7 of 16

78°30'0"E

78°40'0"E

™
.
.

Legends N

~~ Drainages
==== Faults
4-A- Thrusts
#* Syncline
'I’“}' Anticline

3rd Order Basins

Z
= Basin Tilt Direction Z
g @8 Eastward Down-tilted _g
5L @2 Northward Down-tilted | &
A
C3 Southward Down-tilted
@@ Westward Down-tilted
@ Localities
z
2 z
=3 =
g S
g E
Q o
&
Q
0
1 I I
78°20'0"E 78°30'0"E 78°40'0"E

Figure 3. Map showing the down-tilt directions of third order basins from both northern and southern limbs of Garhwal
synform. Black arrows indicate river flow direction, while numbers on each third order basin are Basin IDs, as shown in

Table 1. Several structural entities of synform viz. thrust, faults, syncline and anticline are shown in the map.

Table 1. Geomorphic parameters calculated for both the northern and southern limb of the Garhwal synform.

AF T
Basin No. Value  Down-Tilt Direction = Mean Magnitude of T  Vector mean of T Azimuths Zone
1 67.949 N 0.97 N37°
2 60.618 S 0.30 N225°
5 20.334 \ 0.89 N256°
6 44.908 W 0.45 N194°
7 59.585 E 0.56 N137° Soufchern
Limb
8 57.66 E 0.56 N143°
9 62.4 E 0.83 N108°
10 57.986 N 0.60 N54°
12 44.572 W 0.88 N249°
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Table 1. Cont.

AF T
Basin No. Value  Down-Tilt Direction = Mean Magnitude of T  Vector mean of T Azimuths Zone
14 31.719 4 0.57 N274°
19 26.165 \ 0.92 N312°
20 39.149 4 0.60 N269°
21 53.664 E 0.59 N145°
22 37.181 N 0.59 N302°
23 48.525 N 0.63 N72°
24 49.979 N 0.60 N314°
25 30.634 S 0.93 N233°
26 48.81 S 0.93 N216°
27 55.872 S 0.59 N167°
28 66.415 E 0.93 N53°
29 64.978 S 0.62 N183°
30 61.426 S 0.15 N204°
32 34.64 E 0.68 N94°
33 62.771 E 0.99 N98°
35 65.468 N 0.96 N89°
36 61.851 E 0.58 N145°
39 43.749 E 0.97 N175°
43 55.059 S 0.23 N195°
45 70.353 E 0.97 N125°
105 53.165 S 0.20 N121°
106 29.166 N 1.00 N353°
107 40.869 S 0.61 N158°
108 68.726 E 0.86 N57°
113 26.429 E 0.96 N66°
114 61.126 S 0.60 N177°
117 67.052 E 0.85 N87°
118 39.39 W 0.64 N243°
122 42.857 S 0.56 N204°
123 50.344 N 0.59 N296°
126 75.719 N 0.69 N57°
127 45.66 S 0.29 N172°
128 31.077 E 0.98 N129°
129 56.987 S 0.60 N132°
130 65.434 S 0.96 N165°
172 64.438 S 0.57 N212°
174 63.392 N 0.99 N17°
177 30.17 W 0.98 N316°
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Table 1. Cont.

AF T
Basin No. Value  Down-Tilt Direction = Mean Magnitude of T  Vector mean of T Azimuths Zone

46 77.27 E 0.99 N128°
47 61.68 E 0.97 N130°
48 51.65 E 0.90 N113°
49 51.15 W 0.98 N258°
50 32.29 E 0.86 N116°
51 53.04 N 0.61 N304°
52 54.04 N 0.95 N311°
54 31.82 S 0.64 N225°
55 33.43 N 0.59 N65°
56 62.88 S 0.96 N197°
58 68.47 S 0.49 N161°
59 43.09 4 0.45 N244°
60 34.84 \ 0.57 N271°
62 56.07 4 0.98 N256°
63 65.48 E 0.60 N123°
65 70.30 S 0.62 N210°
66 63.14 E 0.97 N135°
68 39.57 N 0.71 N64°
71 65.63 N 0.95 N341° Northern
76 51.17 S 0.23 N180° Limb
80 52.95 S 0.62 N155°
84 36.13 W 0.28 N244°
85 70.29 E 0.34 N135°
86 29.24 N 0.99 N351°
87 33.58 S 0.69 N204°
88 68.04 N 0.68 N55°
89 72.85 N 0.99 N12°
91 66.49 N 0.99 N12°
92 30.50 N 0.99 N44°
94 65.67 S 0.95 N201°
98 53.51 S 0.21 N208°
99 57.19 N 0.60 N312°
104 59.14 E 0.95 N83°
143 63.19 S 0.90 N170°
146 69.34 S 0.41 N196°
149 33.28 E 0.95 N102°
152 60.48 S 0.27 N170°
155 49.76 E 0.49 N212°
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Table 1. Cont.

AF T
Basin No. Value  Down-Tilt Direction = Mean Magnitude of T  Vector mean of T Azimuths Zone
158 52.78 S 0.34 N218°
160 51.24 S 0.19 N228°
163 53.32 E 0.72 N97°
166 38.18 N 0.95 N340°
168 44.99 S 0.26 N168°
170 61.45 W 0.33 N240°
187 37.79 E 0.21 N106°
188 38.74 N 0.73 N326°
189 43.29 E 0.63 N103°

The analyzed third order basins in the study area suggest a dendritic to sub-dendritic
type arrangement of drainages. Similarly, the overall drainage network in the Garhwal
synformal region shows dendritic, sub-dendritic and trellis type drainage patterns arranged
in hierarchical order. As the lithology is mostly meta-sedimentary to metamorphic in most
river basins, the rivers remove the material from valley slopes mechanically. The third
order drainages do not have much vigor to remove these hard rocks and are favorable
to flow over regolith; thus, the region’s structural attributes do not control them. The
third order basins were chosen because structural antecedents do not influence them; the
change in their symmetry is possibly due to tilt in the basin, favoring the migration of
streams towards the down-tilt direction. The material removed is placed mostly along
mountain fronts and broad valleys. It is noticed that the stream obstructed by higher-order
streams and geological structure forms fluvial terraces or fan deposits at those places. The
fluvial terraces are mostly thick along ridges supporting thick vegetation cover, extensive
farming and settlement in these areas. It suggests slope of the individual facet of a hill is
an independent entity and is not controlled by the structural dip of the rocks. Thus, we can
ascertain no impact of the structural dip on the basin in the study area (e.g., [13]). From the
basin asymmetry, it is also suggested that the down-tilt directions of third order basins are
not uniform and do not follow the structural dip of the litho-units in the area.

4.2. Geomorphic Indices

Two geomorphic indices were calculated for the 94 third order basins from the region
to assess the tilt in the Garhwal synform. After quantifying the AF for 94 basins, it is
observed without any exception that all the basins are asymmetric in nature. The AF for
the 37 basins ranges from 20.3-49.9; for the remaining47 basins, the value ranges from
50.3-77.3 (Table 1). Thus, in 37 basins of the study area left flank of the trunk stream occupy
0.1 to 29.7% of the larger area, while in the remaining 47 basins, it occupies 0.3-27.3% larger
area to the right of the trunk stream (Figure 3). Similarly, the down tilt may be expressed in
the left and right of the trunk stream direction.

Out of 94 basins, 37 suggest rightward down-tilt from trunk stream while 57 basins
suggest leftward down-tilt. According to the down-tilt direction, 23 basins have northward
down-tilt while 27 have eastward, 30 has southward, and the remaining 14 has westward
down tilt (Table 1) (Figure 4). Based on the above results, we attribute that all the basins
have different down-tilt directions. The x? distribution for 94 basins is 8.64, which is more
than the critical value of 7.82 at a 95% confidence level suggesting a bimodal down-tilt
direction towards east and south. The T value for 94 basins indicates the mean vector
magnitude ranging from 0.15-0.99 (Figure 5), suggesting that the tilting in the basins
is gentle to steep. The vector means of azimuths calculated for all 94 basins indicates
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southward (6, = 176°) down-tilt (Figure 4), consistent with AF’s results, with a high vector
magnitude of 0.68.

(a) (b) (c)

n=47

60% 61% 59%

Figure 4. Rose diagram for the mean azimuth of T (a) for the whole Garhwal synform; (b) the northern limb of the synform;
(c) the southern limb of the synform. The ‘n’ is the number of basins used for analysis; the percentage is the basin percentage
coming under the small arc drawn around the periphery; the tiny tick in the outer arch shows the mean azimuth, which
very much coincides with the mean azimuth in Figure 5.

N

(a) (b) (c)

Figure 5. Stereographic projections of the magnitude and azimuths of T for (a) Garhwal synform; (b) Northern limb of
synform; and (c) Southern limb of synform. The polar plot of the all basin azimuth; mean azimuth of all three is shown
as a small arrow; the mean of the polar plot (black shaded triangle enclosed within a circle) for northern and southern
limb is shown in (b) and (c) respectively. At the center of all three polar plots, the magnitude = 0, and at margins, the

magnitude = 1.

The calculated vector means of azimuths for T suggests that 60% of the third or-
der basins are trending southward, which reaffirms our results (Figure 4). The p-value
calculated is 0.034, which is less than the upper threshold value of 0.5, suggesting 0, is
statistically significant and needs to be examined for calculating the down-tilt of the basins.
We have divided the 94 basins into two categories considering them two separate tectonic
blocks. In the present study, 94 third order basins were selected and grouped into two
categories; the first category includes 47 basins lying in the northern region consisting of
basins from three rivers viz. Hiyunl, Tal and Rawasan, while the second category also
has 47 basins in the southern areas formed by four rivers viz. Khoh, Palain, Malin, and
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Medi Gad (Figure 3). The division is done to ascertain more significant statistical results
for the region.

The 47 basins in the northern limb of the synform have AF values ranging from
29.24-49.76 for 17 basins (Table 1), suggesting 0.3-20.6% of the larger area left of the trunk
stream, while for 30 basins, it ranges from 51.15-77.26 (Table 1) suggesting 1.15-27.26%
of the larger area falls in right of the trunk stream. Among 47 basins, 13 are down-tilted
northerly, 13 are down-tilted easterly, 15 are down-tilted southerly, and 6 are down-tilted
westerly (Table 1). The vector magnitude for T ranges from 0.18 to 0.9 (Table 1), suggesting
a gentle to steep tilt in the basin (Figure 5), with a vector magnitude (r) value of 0.67. The
mean vector magnitude of the 47 basins azimuth indicates a southward tilt (6, = 181°).
The vector means of azimuths calculated suggests that 61% of the 47 third order basins
are trending towards the south and supports the finding of 6, (Figure 4). The calculated
x2 value for the 47 basins is 5.619, which is lower than the critical value of 7.81 at 95%
confidence level, suggesting it fails to reject the null hypothesis and there is the relationship
between basin tilt direction and its position in the left and right flank of the main river
basin. The calculated p-value for the northern limb basins is 0.1317, which is lower than
the threshold values of 0.5, suggesting a statistical significance of computed 6.

The southern limb of the Garhwal synform also includes 47 basins lying in four river
basins. The southern limb of the synform has AF value ranging from 20.33-49.97 (Table 1)
for 21 basins suggesting 0.3-29.7% of the larger area left of the trunk stream, while for the
remaining 26 basins, it ranges from 50.34-75.72 (Table 1) suggesting 0.34-25.72% of the
larger area falls in right of the trunk stream. Among 47 basins, 10 are down-tilted northerly,
14 are down-tilted easterly, 15 are down-tilted southerly, and 8 are down-tilted westerly
(Table 1). The calculated x? value for the 47 basins is 5.776, which is lower than the critical
value of 7.81 at 95% confidence level, suggesting it fails to reject the null hypothesis and
there is the relationship between basin tilt direction and its position in the left and right
flank of the main river basin. The vector magnitude for T ranges from 0.15 to 0.99 (Figure 5),
suggesting a gentle to steep tilt in the basin, with a vector magnitude (r) value of 0.70. The
mean vector magnitude of the 47 basins azimuth indicates a southward tilt (8, = 171°).
The calculated vector means of azimuths suggests that 59% of the 47 third order basins
are trending towards the south and supports the hypothesis of southward migration of
third order basin down-tilt (Figure 4). The calculated p-value for the northern limb basins
is 0.123, which is lower than the threshold values of 0.5, suggesting a statistical significance
of computed 6.

5. Discussion

The NW-SE trending Garhwal synform in Lesser Himalaya is formed due to the
migration or transport of metamorphic rocks from Higher Himalaya as a result of regional-
scale tectonic activity during Eocene-Oligocene [13,51,52]. The whole Himalayan orogen
is uplifting continuously [2], and most of the deformational activity is accommodated in
the region between HFT and MCT. The study area is tectonically active and uplifting at a
steady rate due to convergence of Indo and Eurasian plates [52] leading to down-tilting of
the basins. The Garhwal synform, as a consequence, is uplifting due to convergence activity
along with the Garhwal thrust (GT), HFT, and MBT, and several other mesoscale faults and
thrusts, viz. Amri thrust (AT), Lansdowne thrust (LT), Medi gad fault etc. (Figure 1). The
tectonically active status of the GT and the AT is yet to be established, but the geomorphic
analysis suggests an active status of these structural entities. The HFT and MBT in the
region are seismically active and uplifting at a constant annual rate of 10-15 mm/year [2].
The Garhwal synform is categorized as pop-up klippen [24], which suggests it is formed as
a result of the coupled effect of simple shear and lateral shortening [53].

The investigation of third order basins in the Garhwal synform has shown that in the
majority of basins, the azimuth of T migrates to different sides of the midline (Figure 3).
Therefore, the basin down-tilt directions as presented by AF is not always confirmed
by the azimuth of T. Similar studies in comparable structural setup was carried out by
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earlier authors [6,54] in the southern part of the Himalaya of Uttarakhand has suggested
considering either AF or T as baseline data and analyze using statistical methodologies to
support or refine the results. In the present study, admittedly, the results have shown a
similar pattern of down-tilt direction as observed in earlier reports [6,13]; therefore, the
T azimuth data is taken as the baseline data to support the logic that it deals with the
development and growth of drainage basins. The evidence from statistical analysis has
also shown variation in direction of down-tilt direction in basins as seen in Figure 3, is
possibly due to the polyphase deformation in the Garhwal synform [19-24,36]. Other
possible reasons for the variation in down-tilt direction could be attributed to the presence
of several mesoscale faults and thrust like Medi Gad fault, Dugadda fault, AT, GT etc.; also
the presence of major regional thrusts like MBT, HFT, and ST.

More accurate and sophisticated satellite or aerial images are available for terrain
analysis and modeling in recent years. Remote sensing coupled with GIS is used to assess
geomorphic indices to confirm the active tectonics in a tectonically active terrain [55].
Several DEMs provided freely by various agencies all around the globe allow assessing the
tectonic activities remotely from any part of the world. The DEM provided by these agen-
cies has varied spatial resolution. Therefore, the results calculated for various geomorphic
indices may vary depending upon the DEM type used for the study [55]. The satellite data
used in the present study is SRTM30 DEM, which is an adequate DEM to calculate tectonic
index in lower elevation in Himalayan terrain [56]. The DEM used proved to be efficient for
calculating tectonic indexes and is accurate enough to analyze the tectonic geomorphology
of the drainage network draining the fault blocks in the Garhwal synform [55].

In the present study, the calculated AF and T ascertain that downward tilt is predomi-
nantly southward (Figure 4). The AF and T for 96 basins indicate a southward down-tilt
(Figure 3) that is reaffirmed by calculating these factors for northward and southward
limbs (Table 1) of the Garhwal synformal region (Figure 4). The basin tilt direction implies
that the tectonic blocks in the area exhibit a unidirectional regional uplift (Figure 4). The
tilting of the northern and southern limb also suggests that it is controlled by regional
tectonic activities related to GT, AT, MBT, and HFT. The geomorphic indices and statistical
analysis suggest reverse faulting in the region. The overall geometry and pattern of third
order basins in the Garhwal synform indicate that the propagation of the Lesser Himalaya
tectonic block is predominantly southward.

The statistical analysis of the results indicates the significance of AF and T to ascertain
the active tectonic tilting. The statistical analysis revealed that the null hypothesis of basin
azimuth migration is also valid when observing in both the limbs of river basins. The
overall hypothesis for the active tectonics in Garhwal synform suggests that the faster rate
of movement by Indian plate has potentially resulted in rapid uplift of frontal part and
southward migration of basins. The rapid migration of basin streams can be ascertained by
the high T values (Table 1), which signify prolonged tectonic activities operational in these
basins resulting in steep inclination. In contrast, a basin with lower values suggests an early
stage of development and low inclination. In Garhwal synform, it is proposed that the
dip of the rock beds does not impact the basin tilt; third order basins in both northern and
southern limb are following the regional tectonics and showing similar migration trends
suggesting regional dominance of tectonics over the smaller litho-units. In the Himalayan
terrain, it is difficult to identify these active tectonic zones. Also, it is not always feasible to
complete a detailed geomorphological and geological study as the region is almost devoid
of any exposed fault scarps; further, ongoing denudational and erosional processes remove
signatures of fault scarps. However, the present study provides significant information
about the impact of regional structure on the active tectonics and geomorphology of the
Garhwal synform.
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6. Conclusions

The present study attempts to assess active tectonics operational in the Garhwal
synformal region by evaluating tilted blocks using geomorphic indices. The key findings
of the study are:

a  Regional and local thrusts govern the basin tilting. The variation in basin down-tilt
indicates polyphase deformation and control of local faults in the basin development.

b The results after computing AF and T suggests tectonic blocks in the Garhwal synform
are rapidly uplifting. The Main Boundary Thrust hanging wall is migrating towards
the south due to the migration of the basin and its steep inclination.

¢ The quantitative and statistical analyses of T and AF infer that the tectonic movement
in the region is unidirectional, i.e., towards the South.

d Itis plausible that the hinge of the synform is experiencing compressional stresses,
and the syncline is shrinking due to southward movement of the Garhwal synform
tectonic block and northward movement of the Indian plate.

e  The hydrological characteristics are affected by active tectonics, and basin tilting has
resulted in lengthening drainages.

f  The geomorphic indices used in this study are the requisite tools in ascertaining the
role of active tectonics in crustal deformation.

g  The study suggests that SRTM30 DEM used in this study is adequate to derive active
tectonics by analyzing geomorphic indices in the lower elevations of the Himalayan
terrain.

h  The statistical analysis supports the null hypothesis of basin migration in both flanks
of the river.
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