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A B S T R A C T

The Tripura-Mizoram fold belt is situated in the north-eastern part of India. Northeastern Himalaya including this
region is tectonically very active, partly petroliferous, and has international attention from academicians and
industry persons. This study aims at locating areas of recent tectonic vulnerability. Drainage networks are proxies
of active faulting. Changes in geomorphic indices e.g., long profile analysis, basin-scale parameters, stream
length gradient index and steepness index along the rivers in the eighteen watersheds extracted within the study
area are evaluated. The Index of active tectonics (IAT) derived from the basin-scale parameters is classified into
five classes: Class 1 (IAT =1.875–2.000), Class 2 (IAT = 2.001-2.375 ), Class 3 (IAT = 2.376-2.750), and Class 4
(IAT = 2.751-3.250) and Class 5 (IAT = 3.000-3.320). Class 1 indicates the highest activity of tectonics. The
tectonic sensitivity is also marked in micro-scale where rivers cross lineaments / faults. Elevations from source to
mouth of individual consequent rivers of each watershed indicate the most vulnerable sections where the
channels run along and across the faults or lineaments in watersheds 2, 14 and 15. The computed R2 values and
the IAT identify watershed 2 and watershed 15 as the tectonically most active. Well-bore stability issue from the
Petroleum mining lease (PML) blocks needs to be taken care from watershed 2, 3 and 15.

1. Introduction

Neogene Surma tectonic watersheds comprise of a belt of regional
folds with marked sub-meridian trend and arcuate shape with westward
convexity (Nandy, 1982). The Surma basin consists of N-S trending folds
due to E-W compression, along with westward-convexing. Ridges and
valleys define the first-order topography of the basin. The basin has NE-
and NW-trending lineaments and (strike-slip conjugate) faults [38].
According to Ganguly [17], the asymmetric anticlines of Tripura
–Mizoram fold belt is separated by open synclines, which deformed
progressively towards west [33]. During the Middle Eocene to Early
Miocene, collision between the Indian and the Burmese/Mayanmar
plate led to thick sedimentation at the west of the Indo-Mayanmar range.
The uplifted Tripura-Mizoram fold belt comprises of several tectonic
episodes through four stages- synrift and pre-collision, drifting of sedi-
ments, early collision and late collision [10]. Recent fieldworks and
analogue models indicate that the belt is mechanically weak and brittle
deformed [13]. The shallow marine deltaic sediments form the Surma
Group crop out as the Tripura –Mizoram fold belt in terms of Sitapahar

anticline, Rangamati area and the Mirinja anticline [3,4,32,31,33,39].
Most of the Mizoram fold belt is composed of Neogene sandstone over
shale/siltstone of the Bhuban Formation. The region experienced two
major earthquakes in 1897 and 1950 (Mw ≥ 8.0) [20]. Seismologically
this fold belt is very active due to the dextral-slip of the plate wedge
along the Indo–Burma Arc [20]. The area has remained active during
1969–2012 when several smaller seismic events happened [14].

Morphometry is a quantitative tool that can decipher active tectonics
(review in [46]). Entrenched river channels with incision processes and
geometric characters of channel orientation reveal the role of tectonic
geomorphology in assessing active tectonics in the watershed-scale. It
also helps in evaluation of geometric characteristics of the fluvial
landscape [47]. Accelerated tectonic deformation resulted in topo-
graphic development in terms to tilting, incision, migration and asym-
metry of the watersheds [48].

The emerging trends in the space technology and applications of
spatial data become very useful for surface characterization, interpre-
tation and management of the quantitative data sets review in [16]). In
the Indian scenario, morphotectonic analysis has been implemented for
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several purposes especially for watershed analysis and prioritization of
micro watersheds [18,7,8]. Drainage system adjusts to any modifica-
tions in surface morphology and any structural deformations.

Ibotombi and Singh [24] discussed centripetal and centrifugal
drainage patterns and structural controls from the Manipur state. These
authors did not perform any morphometric analysis from the terrain.
Rakshit and Bezbaruah [41] performed a morphometric analysis around
Aizawal. The work lacks regional significance. On other hand, even
though Barman et al. [2] undertook a morphometric study of a part of
the present study area. They deduced morphometric parameters some of
which are same as this work. But whether these were done on meso- or
micro-scale was not stated. In contrast, the present study area covers a
much larger terrain than Barman et al. [2] (Fig. 1) and we find out
morphometric parameters on micro-scale. The index of active tectonics
(IAT) [34] is utilized in this work to classify the watersheds as a measure
of active tectonic magnitude as low to very high.

Two major factors that modulate river incision rates are climate and
tectonics. In a steady state condition, when uplift rate balances the
erosion rate, the longitudinal profile of a river becomes graded [41].
Landscape deformation is well connected with the structure and lithol-
ogy of terrains. Here the elongated fold belts of shales and siltstones are
well jointed [9]. The low cohesion resulting in slope instability [9] and
the parallel drainage system [9] with elongated watersheds in Mizoram
fold area set scopes for morphotectonic studies along with Triputa fold
belt under Surma basin.

Within 1964–2011, total 1579 earthquakes have been recorded be-
tween 4 to 7.9 Mb. Previous earthquake analysis from the area was
based on magnitude ranges for a particular time span as 1965–2006.
However, frequency/ magnitude analysis based on ‘b-value’ remained a

due from the study area. Such a work was undertaken form the western
Himalaya by Kothyari et al. [29]. Seismic tremor is one of the factors
that control geomorphology [49]. Endogenic tectonic processes, on the
other hand, positively build the landscape and are primarily
structure-controlled. Along stacked imbricate thrusts, the
Indo-Mayanmart fold and thrust belt actively overthrust the Indian
continental basement and its Palaeogene–Neogene crust to the east,
resulting in shallow and moderate-depth earthquakes [37].

The Surma basin and in fact the entire study area is important from
the perspective of hydrocarbon exploration [27]. A part of the study area
comes under the “Category IIID: Tripura-Mizoram forearc basin” defined
within an orogenic setting [15]. Already there are 14 Petroleum Mining
Lease (PML) in the area. Thus, this work has two objectives:

• Spatial and linear-scale analysis of 18 watersheds of the fold belt to
determine active tectonics

• Seismological study to investigate the active tectonics

2. Geology

The Surma Group of Mio-Pliocene rocks are overlain unconformably
by the Oligocene Barail Group. Ancient Surma deposits are found in
Tripura’s central and eastern regions, while the younger Tipam Group
crops out in the western region. The upper and lower portions of the
Bhuban Formation are primarily arenaceous, whereas the mid-part is
primarily argillaceous (Samal 2017). After a spatially widespread post-
Barail pause, at the end of the Oligocene, the Surma sediments were
laid down over the Barails or coeval rocks in the Surma valley, south of
the Shillong plateau.

Fig. 1. Study area with 18 delineated watersheds within the Tripura –Mizoram fold belt.
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Most transverse faults follow one of these trends: NE-SW, ENE-WSW
and NW-SE. The NW-trending Mat river fault/ Mat Fault, which runs
through Mizoram between Aizawl and Lunglei, is the most significant
transverse fault with a dextral-slip. NW-SE trending Gomti/Gumti Fault
crossed the watersheds 6, 7, 10, 14, 15, 16 and 17. Possibly, only the
deeper part of the Mat Fault is undergoing slip [53]. The fault has been
active neotectonically as has been revealed by radon/thoron concen-
tration [25,26,52]. The fault governs geomorphology to some extent as
found from the Mat river course that locally follows this fault [25].
However, not all seismicity around the Mat Fault is related to the fault’s
activation (e.g., [35]). Seismicity could also be related to the secondary
faults associated with the Mat Fault [40]. The Chite Fault near Aizawal
revealed radon concentration in sub-surface [43]. This indicates that the
fault is active. NE-SW trending transverse lineaments pass through areas
of axial depressions and culminations as well where fold axes abruptly
change trends [41]. Long arcuate linear folds in the Surma basin was
layer-parallel compressed along E-W. This statement however contra-
dicts many researchers [17] that the terrain underwent vertical tectonics
[41].

The most recent significant earthquake was recorded in 2015 (https
://www.usgs.gov/programs/earthquake-hazards/data). As per the cu-
mulative earthquake rate, and the curve distribution of earthquake
depth and magnitude shows that multiple recent seismic occurrences
with the maximum magnitude and depth between 2010 and 2020.
(Fig. 2a-d). Thuamthansanga et al. (2008) studied the b-values from the
study area. They analysed both ‘a′ and ‘b′ value based on the 1965–2006

seismic data set. However, they missed the issues of morphotectonic
signatures and active tectonics with respect to drainage pattern
configuration.

3. Data acquisition & methods used

3.1. Meso-scale data

We used NASA’s Earth Data (2021) and the mosaicked scenes of the
Digital Elevation Model (DEM)—Shuttle Radar Topography Mission
(SRTM) with 1 arc-second (~ 30 m) resolution. The drainage watersheds
were generated using the D8flow algorithm in the ArcGIS10.4 (Esri
1999) platform. All the geomorphic indices and metadata for the sub-
watersheds and the final maps were prepared in ArcGIS10.4 (Esri 1999).

The stream networking system reflects the control of shorter linea-
ments and faults as well the slope direction. The index of active tectonics
(IAT) [36] has been calculated using the parameters - Basin shape Index
(Bs), Form Factor (Rf), Hypsometric Integral (HI), Circularity Ratio (Rc),
Elongation Ratio (Re), Transverse Topographic Symmetry (T), Asym-
metry Factor (AF) and Drainage Texture (Dt) (Table 1). Active tectonic
has been assessed using spatial-scale parameters (Supplementary Figs.
1a-h).

3.2. Micro-scale data

For micro-scale watershed analysis, satellite-based remote sensing

Fig. 2. a. Showing spatial variation in b-value across the entire NE India extended from 86º E- 88º E and 19 ºE-29 ºE. b. Temporal variation in cumulative number of
seismic events. c. Graphical presentation of time-specific cumulative events of earthquake with a major event in 2015. d.Magnitude (Mb) vs. depth (km) distribution
for the 1980–2020 events.
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Table 1
Indicators for morpho-tectonic analysis.

Sl. No. Formula for basin
scale indicators
(unitlesss)

Equations & meaning of symbols Explanations References

1. Hypsometric
integral (HI)

(Eleavg − Elemin )

(Elemax − Ele min )
Eleavg: Average of elevation

Elemin: Minimum elevation
Elemax: Maximum elevation

The hypsometric integral is a dimensionless
number that allows different sub-basins to
be compared regardless of the scale.
Hypsometric Integral indicates both
tectonic activeness and lithological control.
The rate of relief uplift is positively
correlated with the hypsometric integral.
HI value varies between 0 and 1 and a value
nearer to 1 indicate a tectonically very
active basin, 0.5 HI value is an indicator of
equilibrium (mature) state and a value
nearer to 0 indicates tectonically less active
basin. To simulate the geological phases in
the development of a watershed,
hypsometric integral is one of the
indicators that specify the tectonics. It has
generated in respect of a particular
drainage basin using relative drainage
basin height (h/H) that is known as the
total basin height ratio against the relative
drainage basin area (a/A) which is the total
basin area ratio[28]. Maximum range of Hi
values are indicative of the development of
recent landforms resulted from active
tectonics (Hamdouni et al., 2008).

Strahler[45], Schumm
(1956) Andreani et al.
(2014)

2. Elongation fatio
(Re)

Re = 1.128
̅̅̅̅̅
A
Lb

√

A: signifies the area of the basin, Lb:

denotes the length of the basin.

Elongation ratio is influenced by geology
and climate. The values vary from 0 to 1 (e.
g. Wołosiewicz, 2018). As the landscape
evolves, the river basin becomes circular
and the value tends to be 1.

Schumm (1956);
e.g. Wołosiewicz (2018)

3. Circularity ratio
(Rc)

Rc =
4πA
P2

P: indicates the perimeter of river basin;

A: signifies the area of the basin

Circularity ratio of the river basin is
influenced by the geologic structures,
stream length and frequency, slope and
climate. High values indicate the circular
shape of the basin indicating the landscape
to be mature.
Unit circularity ratio (Rc) depicts a
watershed’s circular shape and indicates
uniform infiltration with a long delay
before the water’s surplus reaches the
outlet or confluence, which is further
dependent on the geology, slope and land
cover (Reddy et al.2004).

Horton[23]

4. Asymmetry
factor (AF) AF =

(
Ar

At

)

*100 Ar: area of the basin (km2) to the right

of the main channel facing downstream and At: total area
(km2) of the basin.

An indicator to measure how much a river
basin is tilted due to tectonics. Tectonic
activity causes the main stream to change
course, sloping away from the basin’s
midline. The asymmetry factor depicts the
relationship between tectonic tilt in
watersheds[28]. Anand and Pradhan 2018
calculated the normalized AF deducting the
actual value from 50.

Hare & Gardner (1985);
e.g. Anand & Pradhan
(2019)

5. Form factor (Rf) Rf =
AB

(Lb)2
Rf value varies between 0 and 1. When this

value is near to 0, the basin is supposed to be tectonically
active, while as the value approaches towards 1, the
tectonic activeness decreases correspondingly.

The form factor (Rf) determines the ratio of
watershed area to square of the watershed
length[22]. The form factor (Rf) determines
the ratio of watershed area to square of the
watershed length[22]. The form factor (Rf)
is defined as the ratio of the watershed area
to the square of the watershed length.

Horton[22]

6. Drainage texture
(Dt)

Dt = Nu/P Nu: Number of streams of a given order.
P: Perimeter (km) of the watershed

The underlying lithology, infiltration
potential, and relief characteristics of the
terrain all affect drainage texture. Dt is the
total number of stream segments in all
orders along the watershed’s edge[23].
This is the relative channel spacing in
fluidly prepared terrain, depending on
many natural factors such as climate,
precipitation, vegetation, rock / soil type,
permeability, undulations, and watershed
development stages (Kale and Gupta 2001).
On the other hand, T is the product of Dd
and F. It is calculated by multiplying the

Horton[23]

(continued on next page)
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Table 1 (continued )

Sl. No. Formula for basin
scale indicators
(unitlesss)

Equations & meaning of symbols Explanations References

drainage density by the current frequency.
If less than 4, T is classified as a coarse
drainage texture. Intermediate drainage
structure if it is between 4 and 10; fine
drainage structure if it is between 10 and
15; ultrafine drainage structure if it exceeds
15. (Smith 1950).

7. Transverse
topographic
symmetry (T)

T =
Da
Dd

Da: the distance from the drainage basin’s

midline to the meander belt’s midline
Dd: the distance from the basin’s midline to the basin
divide.

‘T′ in a perfectly symmetric basin has a
value of zero. As asymmetry develops, ‘T′
likewise rises and eventually reaches a
value of one. For various lengths of stream
channels, the transverse topographic
symmetry factor is computed and reveals
the stream’s preferred migration direction
perpendicular to the drainage axis.
It is a reconnaissance tool for any area,
presenting lateral tilting due to tectonics
(Cox et al., 2008). The computed values of
‘T′ construe the cause of asymmetry, which
could depend on change in lithology and
structural during the tectonic events and it
disclose the neotectonic activity.

Cox (1994), Sajadian
et al., (2015), Takieh
(2015)

8. Basin shape
index (Bs)

Bs =
Bl
Bw

Bl: measured length from headwater to the

point on the mouth of the basin, Bw: measured width at
the widest point on the basin.

Watersheds that are relatively young in
term s of active tectonics can be
constrained in terms of watershed shape
index (Bs). A basin parallel to the terrain
slope indicates that it is structurally active.
The width of the basin is reduced and the
energy of the flow develops through
vertical incisions, mainly near areas of
active crustal movement in upper Bhuban
Fm and middle Bhuban Fm of Mizoram fold
belt (Lokhoet al., 2016). In contrast, rapid
uplift is confused where the valley extends
due to lateral erosion on less active flat
terrain, which is common in the lower
reaches of lower slopes.

Bull and McFadden
[12]; Ramirez-herrera
(1998)

9. Valley floor
width height
ratio (Vfwh)

Vfwh =
2Vfw

[(Eld − Erd) + (Erd − Esc)]
Here Vfw: width of

the valley floor, Eld and Erd: elevations of the divide on the
left and right side of the valley, respectively. Esc: average
elevation of the valley.

This index distinguishes between small,
steep valleys with a "V" form and large
valleys with a "U" shape relative to the
height of valley dividers. In general, valleys
with a U form have high values of Vf,
whereas valleys with a V shape have
relatively low values. Since uplift and
incision go hand in hand, the index is
thought to be the driving force behind
dynamic tectonics, where low Vf values are
linked to higher rates of both uplift and
incision. In an equilibrium state, incision
and uplift are almost coordinated, although
this index may be a measure of incision
rather than uplift. Valley floor to height
ratio (Vfwh)[12] shows the localised
conditions of the channel, which depends
on presence of resistant rocks or due to the
presence of structural feature. A drainage
watershed that has experienced progressive
upliftment will develop prominent valley
profiles. Watersheds having wide and flat
valleys possess higher values of Vfwh in
contrast to valleys experiencing rapid
incision by stream erosion.

Bull and McFadden[12]

Sl. No. Linear-scale
indicators

Equations & meaning of symbols Explanations Reference

1. Sinuosity Index
(SI)[unitless]

SI =
CL
Vl

CL: channel length between two points on a

river, Vl: the valley length.

Sinuosity, a measure of a channel’s degree
of meandering, used to identify the
different geomorphological river types.

Brice[11], Schumm and
Khan (1972), Biswas
and Dhara (2019)

2. Channel Concavity
(ɵ)[in degree]

Ceh = 1/(S2 − S1)△ES: Where, S1 is the channel slope
prior to disturbance, S2 is the channel slope after
disturbance (e.g. due to a change in incision rate E) and
△E is the difference between the incision rate before and
after disturbance.

Channel concavity explain the differential
rates of uplift and erosion. The concept
developed as a relationship between slope
and area. Whipple (2004) categorized
concavity (ɵ) into four types: i) low
concavity (< 0.4) is related to short, steep

Wobus et al. (2006),
Whipple et al. (2007)

(continued on next page)
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study of surface features [6,50,54] and Digital Elevation Model (DEM)
based GIS study of landforms [44] provide quantitative analyses of
geomorphic study [42].

Vector file of the Indian administrative boundaries (published in
January 2018) has been collected from the ArcGIS Hub (URL: https://h
ub.arcgis.com; accessed on 17-Jan-2021) to extract the boundary of
study area. Landsat OLI 8 data of the study area was taken from the
United States Geological Survey (USGS) – EarthExplorer (URL:
https://earthexplorer.usgs.gov; accessed on 07-Aug-2021). We took
Carto DEM version 3 R1 of Cartosat 1 from Bhuvan Data Archive of
National Remote Sensing Centre (NRSC) from the URL: https://bhuva
n-app3.nrsc.gov.in/data/download/index.php, accessed on 07-Aug-
2021. GIS software viz. QGIS and Global Mapper were used to
perform DEM and raster-based analyses. Vector layers of drainage and
lineaments were acquired using the digitiser tools. In-built raster tools
were used to perform profile analyses, ridge (lineament) mapping,
drainage analyses and hypsometric curves were generated. Spreadsheet
of Excel 2020 was used to perform statistical calculations e.g., linear,
exponential, logarithmic and power regression. We analysed the hyp-
sometric curves [45] by using percentage method with two parameters-
(a/A) and (h/H). Here a: area of two given contours, A: total area, h:
elevation of that contour above the lowest point in the basin, and H:
relief of the basin.

3.3. Seismic data analysis

The 50 years of seismicity data from 1970 to 2020 considered for the
study is in homogeneous body wave magnitude scale (Mb) as per the
catalogue of the International Seismological Centre’s (IRIS) Incorpo-
rated Research Institutions for Seismology, Advanced National Seismic
System (ANSS), and United States Geological Survey (USGS). The data is
taken from the region bounding between 19◦ N to 29◦ N latitudes, and
85◦ E to 93◦ E longitudes. The earthquake catalogues was processed and
used for the seismic analysis using the Z-Map 7.1 software (2018),
compatible with MATLAB 18 version (2018).

The Frequency-Magnitude Distribution (FMD), also known as
Gutenberg-Richter Relationship (Gutenberg and Richter 1944, 1954),
describes the number of earthquakes (N) as a function of their magni-
tude (M):

logN = a − b M (1)

N: cumulative number of earthquakes of magnitudes ≥ M. Parameters a
and b: constants; a- general level of seismicity in a certain region
(greater value of a implies higher seismicity), b- slope of frequency-
magnitude distribution; depends on the stress regime and the tectonic
and structural conditions (review in Gadkari and Mukherjee 2020). It
describes the number of seismic events (N) as abscissa in a log-scale and
their corresponding magnitudes (M).

The b-value can be calculated either by maximum likelihood or
through the linear least square regression as follows [51]:

b = M− − Mminloge (2)

M− : mean magnitude, Mmin: minimum magnitude of the given

dataset. Generally, the minimum magnitude is obtained by plotting the
cumulative number of events as a function of magnitude. This plot is
then fitted with straight line and Mmin is the level at which, data fall
below the line.

4. Results

4.1. Aspect-slope differentiation & drainage-order analysis

A terrain’s aspect and degree of slope are displayed on an aspect-
slope map. The results of the geomorphic computations are linked
with the local tectonics and slope. The aspect map indicates the direction
the slope facing, which is measured clockwise from the north in degrees
(Fig. 3A). Dynamically graded river channels of the eighteen watersheds
were derived from the hilly patches of Tripura- Mizoram parallel fold
anticlines. These rain-fed rivers with their tributaries reframed succes-
sively by tectonics and sediment aggradation with varying initiated
flows. Such drainage orientations also determine the stream-order and
its relation with structure. Watershed 10 possesses fifth-order stream
and most of the watersheds consist of fourth-order streams. Several first-
order streams join at right-angle to their higher orders in watersheds 2,
10, 12, 15 and 17. These streams have framed rectangular drainage
patterns (Fig. 3B).

4.2. Spatial-scale geomorphic indices

• Circularity Ratio (Rc)
The eighteen watersheds have been grouped into four classes:

Class 1 (Rc = 0.113-0.183), Class 2 (Rc = 0.184-0.270), Class 3 (Rc =

0.271-0.313 3) and Class 4 (Rc = 0.314-0.395) (Supplementary Fig.
1a).

• Drainage Texture (Dt)
Watershed 10 is under Class 1 (Dt = 0.654-0.972), Watersheds 2-9

and 12, 15 and 16 are under Class 2 (Dt = 0.386-0.653), four wa-
tersheds viz., 1, 5, 13 and 14 are under Class 3 (Dt = 0.306-0.385),
and watersheds 11, 17 and 18 belong to Class 4 (Dt = 0.262-
0.305). Results indicate that the entire area consists of course
drainage structure (Supplementary Fig. 1b).

• Hypsometric Integral (HI)
Higher range of HI = 0.216-0.322 indicate less erosion rate in

upland hilly area of watersheds 15, 17 and 18 (Class 1), which are
followed by HI = 0.171-0.215 for watersheds 1, 4, 5, 7 and 8 (Class
2), watersheds 3, 9, 14 and 16 (Class 3) with HI = 0.144-0.170 and
watersheds 2, 6, 10, 11, 12 and 13 (Class 4) with HI= 0.116 to 0.143.
Generally, it is suggested that less eroded basins are under the young
stage as active tectonics produces rugged landscape (Hamdouni
et al., 2008) (Supplementary Fig. 1c).

• Elongation Ratio (Re)
Watersheds 12 and 14-18 (Class 1) have Re = 0.383- 0.454. Re

= 0.455-0.620 is for Class 3 watersheds 2, 3, 11 and 13. Watersheds
1, 8, 9 and 10 are under moderate tectonic activity with Re = 0.603-
0.678. Except watershed 3, 4, 5 and 7 all the fourteen watersheds are
elongated with Re < 0.7. The most elongated watersheds 3 and 4

Table 1 (continued )

Sl. No. Formula for basin
scale indicators
(unitlesss)

Equations & meaning of symbols Explanations References

drainage dominated by debris flow, ii)
moderate concavity (0.4 − 0.7) is
associated with actively uplifting bedrock
channel, iii) high concavity (0.7 − 1) is
related to decrease in the uplift, and iv)
extremely high concavity (> 1) denotes a
transition from incisive to depositional
conditions
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Fig. 3. a. Slope aspect map showing the direction of slope of each watershed. b. Map of stream order considering all tributaries of the master streams of
each watershed.

Fig. 4. a. Map of Index of Active Tectonics: Four classes- Class 1 (very high), Class 2 (high), Class 3 (moderate), and Class 4 (low). Major faults and lineaments
extracted from DEM and compiled from previous literature. b. Lineament density map with earthquake magnitudes from 3.6–5.9 Mb.
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tend to be less circular in the tectonically active area (Supplementary
1d).

• Basin shape index (Bs)
High Bs = 5.548-7.510 for watersheds 14 and 17 are the places

with N-S and NW-SE lineaments. These watersheds are elongated. Bs
= 3.307-50547 is found for the watersheds 6, 12, 15 and 16. For
watersheds 1, 2, 10,11, 13 and 18, Bs = 1.664-3.306 indicates
moderate tectonic activity. Watersheds 3, 4, 5 and 7 are under Class 4
(Rf = 0.362-0.712).

• Asymmetry Factor (AF)
Calculated Asymmetry Factor (AF) for the watersheds 2, 4, 10 and

15 indicate that those are more tilted tectonically (Class 1, AF =

17.161-30.655) than the watersheds 3, 5, 6, 7 and 18 (Class 2) with
AF = 6.861-17.160. AF = 2.376-6.860 in watersheds 11, 12, 14 and
17 (Class 3) indicates modearate tectonic tilting. Watersheds in Class
4, viz., 1, 8 and 9 with AF = 0.004-2.376 indicate negligible tilt.
Here, all the normalized AF values < 50 indicate the watersheds to
be tilted towards downstream.

• Form Factor (Rf)
The value of Rf = 0.115-0.162 for watersheds as 12 and 14-18

(Class-1) indicates that those are active tectonically. Watersheds 2
and 6 under class 2 (1.063-0.285). Rf = 0.286-0.361 is for Class 3
that covers watersheds 1, 8, 9 and 10. Watersheds 3, 4, 5 and 7 are
under Class 4 (Rf = 0.362-0.712). Smaller the Rf, more elongated is
the watershed indicating vertical incision and structural control.

• Transverse Topographic asymmetry factor (T)
Calculated higher T = 0.691-0.790 for the watersheds 2 and 15

come under Class 1 (tectonically very active). T = 0.690 to 0.451
indicates high activity covering watersheds 6, 8, 11 and 12.
Moderately active watersheds are 1, 3, 5 and 13 with T = 0.311-
0.450 (Class 3). Watersheds 4, 7, 9, 10, 14, 16,17 and 18 belong to
less active areas and under Class 4 (T = 0.210-0.310).

• Index of Active Tectonics (IAT)

To combine the different value ranges of individual indicators, IAT
for each watershed has been estimated. IAT has been applied in com-
prehending the evolution of tectonic activity of the study area. Lower
values of IAT indicates higher tectonic activity. The four classified
ranges of IAT are 1.875–2.000 (Class 1), 2.001–2.375 (Class 2),
2.376–2.750 (Class 3) and 2.751–3.250 (Class 4). The low IAT (Class 1)
indicates a significantly high tectonic activity for watersheds 1 and 15.
Watersheds 6, 14, 16, 17 and 18 come under Class 2 as highly active.
Tectonically the watersheds 1, 4, 11 and 12 under Class 3 aremoderately
active. Class 4 includes the watersheds 3, 5, 8, 9, 10 and 13 with IAT
= 2.751–3.250, which are less active (Fig. 4a). According to the IAT
range watershed 8 is moderately active (Fig. 4a) whereas as per the
asymmetry factor analysis this watershed is under low tectonic activity
(Suppl. Fig. 1h). In IAT model we normalized all the indicators in a
single-scale customizing the rank of each parameter. Therefore as per
the IAT range, watershed 8 is moderately active tectonically.

The spatial distribution of lineament density supports that water-
sheds 2, 7, 15 and 16 are highly to very highly active tectonically. The
eastern section of the study area near the Mat Fault are characterized by
a higher density of lineaments (Fig. 4b). The Mizoram fold belt range
and the nearby region of watershed 2 experienced low to high magni-
tude of earthquakes. Distribution of seismic epicentres indicate that the
watersheds 2, 3, 14, 15, 16, and 17 are tectonically active in parts of the
Surma basin (Fig. 4b).

4.3. Linear-scale analysis

• Meso-scale
Longitudinal profile is an important geomorphic tool to interpret

the evolution of river undergoing various neotectonic disturbances
[19,21]. In other words, a river’s longitudinal profile is a key
geomorphic indicator of tectonic and geologic disturbances. It is a

curve with convex and concave surfaces, with a greater degree of
concavity at the headwaters. The concave form of the stream profile
is linked to a gradual upstream rise in stream discharge (Bull and
Knuepfer, 1987). The irregularity in the profile is a result of neo-
tectonic and tributary confluences. We analysed in detail the wa-
tersheds 2 and 15 that are highly active tectonically as per the IAT
range = 1. 875-2.00. We chose 10 sections of two master streams to
estimate SL and SI. The long profile curves and SLs were compared to
find out the knick points. Concavity curves were plotted in a com-
parison with elevation (m) along the master streams of watersheds 2
and 15. At equilibrium condition, the convex-up profile is formed
when the river adjusts to increasing resistance and / or decreasing
discharge downstream. The concave-up profile is exhibited by river
where they adjust to decreasing resistance and / or excessive
increasing discharge downstream. In watershed 2 from source to
mouth the channel is sinuous and display increased values of SL near
the mouth (SL= 49.95 and 77.02) and in the mid-course (SL= 39.50
and 56.76) where the channel crosses the lineaments (Fig. 5a).
Fig. 4b presents knick points developed in breakoff slope along the
channel with high SL values (120.91). We marked the profile as ‘A-B′,
and the inset graph of elevation and concavity as ‘A/ – B/’ (Fig. 5b).
This marked section displays the low concavity in the middle course
and near mouth as well where high SL values have been observed
(Fig. 5a).
In watershed 15, the entire channel is sinuous and SL = 259.78

and 123.72 are drastically increased ~ 45 km downstream from the
source where the channel crosses several lineaments. SL = 103.98
and 249.44 again increases near the river mouth. These alterations
are due the existence of lineaments across and along the channel, the
major one being the Gomati Fault (Fig. 5c). In Fig. 5d, two distinct
knick points have been identified between the marked section ‘A-B′.
The highest SL picks exist near ‘A′where the break-off slope indicates
the presence of knick point. The inset graph of elevation / concavity
comparison discloses the same section marked as ‘A′ - B′ where low
concavity values are in the mid-course of the river as well in the
lowermost part.
The alternating low values of concavity signify the vertical incision

and manifest as a convex profile. A comparative study of low con-
cavity with low elevation between ‘A-B′ denotes tectonic in-
terferences. However, low values of concavity with less elevated
sections indicate the part to be rejuvenated once. Towards mouth, it
remains as a normal graphical representation with high concavity
and low elevation. Concave river profiles are actually common in
mid to lower part of any ideal master stream. This is observed in
watersheds 2 and 15.

• Micro-scale

Ten micro-scale watersheds identified in Fig. 6a are processed using
digitising tools. Asymmetry factor (AF) in micro scale watersheds
analyse [28] are presented in Table 1. Analyses indicate watershed 1 and
7 have AF ≈ 50. Watersheds 2 and 9 show significantly lower values of
AF = 28.7 and 24.94, respectively. This indicates that these watersheds
are tilted towards the downstream. Watershed 6 and 8 show a little
higher AF= 62.15 and 63.93, respectively, and indicate that they are
tilted towards downstream. Watersheds 3 and 10 have lower values of
AF= 46.23 and 46.13, respectively. This also indicates that the water-
sheds are tilted towards downstream.

Watersheds 1–4 and 8 have lower values of Vfwh, which indicate a
certain degree of stream erosion. Vfwh values of watershed 6, 7, 9 and 10
suggest wide and low-lying terrains, which is also the case with water-
shed 5 in the downstream portion. Sinuosity Index (SI) [11] estimated
for main streams of these 10 watersheds are presented in Fig. 6a.
Streams of watershed 2, 4 and 5 have SI values > 2 suggesting moderate
meandering flow. This indicates a low gradient. Streams of other wa-
tersheds with SI between 1–1.7 indicates low meandering flow. This
indicates more or less straight flow controlled by ridge and lineaments
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Fig. 5. a. Reach-wise SL and SI values of master streams of watershed 2. b. Elevation profile with computed SL values along the long profile of the master stream.
Three knick points (KP) marked. Inset graph shows a sudden drop of concavity in the river’s mid-course. c. Reach-wise SL and SI values of master streams of
watershed 15. d. Two knick points (KP) marked. Inset- drop of concavity in the river’s mid-course.
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developed form the folded structures.
Hypsometric Curve Analyses [55] gives the idea of relative eleva-

tions of a particular percentage of area. Most of the areas in Tripura are
of low elevation of < 50 m. About 85 % of the total area is under 100 m

elevation. Nearly 10 % of the area are 100 to 200 m elevated. Presence
of very less but significantly elevated (up to 800 m) areas are due to the
N-S trending folds.

Main streams for the 10 watersheds were analysed for the normalised
longitudinal profiles [30]. The profiles are fitted with linear and expo-
nential regression curves by using standard equations y = f(x). The co-
efficients of correlation (R2) are shown in Fig. 6a,b. Except watershed 5,
the linear and exponential curve fits were found satisfactory as
confirmed from the R2 values. For watersheds 6, 7, 8, 9 and 10, the
mid-stream segments had undergone more erosion and deposition in the
downstream portion. Usually this might happen due to sudden uplift of
the upstream side. In the profiles of watershed 2 and 5, ridges are
truncated (Fig. 6b).

4.4. Normalized steepness index (kns)

The calculated steepness index (kns) values have been compared to
justify the IAT rank. When compared to its drainage area, a channel’s
unexpected steepness or mild slope are indicated by the steepness index.
Channel gradients should decline as the drainage-watershed area in-
creases. The steepness of the eighteen watersheds has been calculated
and presented along with each watershed’s specific IAT value in a
comparative graph. It indicates that watershed 2 and 15 consist of high

Fig. 6. a. Drainage basins prepared from visual interpretation of Landsat OLI and watershed analyses of DEM. Ten micro-basins/ watersheds considered in this study.
b. Normalized long profiles of these watersheds.

Fig. 7. Comparative graphical presentation of IAT values with steepness index
(ksn) for each watershed.
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steepness values as well a low IAT indicating very active tectonics
(Fig. 7).

4.5. Best-fit curve analysis & tectonic assessment

The long profiles of the river reflect the changes in the relief and
extent of the watershed. The long-profile length and relief are thus
normalized in order to reduce the effects of the watershed size and relief.
To normalize in this way, the elevations and distances were divided by
the head (maximum watershed relief) and the overall stream length,
respectively [30]. Breaks in the river profile therefore indicate a sig-
nificant structural influence on the river course. The R2 value determines
the best fit. The curve with the highest R2 value is the best fit curve. As
per Lee & Tsai [30], when channel grain size exceeds the river’s trans-
portation capacity, the long profile exhibits a low degree of concavity,
which results in a better fit for a linear function. According to Hack [19],
when erosion balances resistance, the grain size of the channel sediment
decreases downstream, making the long profile closer to the log func-
tion. This is the river’s "graded profile". The power function is increas-
ingly suitable as the profile concavity increases. Therefore, the order of
evolution should be linear, exponential, logarithmic, and power curve.
Fig. 8a presents linear, exponential, logarithmic, and power curves with
a comparative visualization of tectonically very high watersheds. The
curves display the highest R2 values in linear curve fit of watersheds 2
and 15 that denote very high tectonic activity. The remainder 16 wa-
tersheds are also tectonically highly active (Fig. 8b).

5. Discussions

All the spatial and linear aspects of morphometric parameters signify

that the Tripura-Mizoram fold belt is tectonically active. The 2020
Champhai earthquake [1] originated in the watershed 15. The after-
shock persisted for around 60 days, and Mizoram and nearby areas
underwent more than six strongly felt Mw 4.0 quakes [5]. These
earthquakes took place along the NW-SE-trending active Mat River Fault
at shallow depths (~ <20 km). The computation of IAT in
watershed-scale has been justified by the linear indicators and the
steepness index. The geomorphic significance is assessed in micro-scale
study where potential knick point sites are marked and are incorporated
by plotting known faults and lineaments along and across the conse-
quent channel of each watershed. The points of intersections of channels
with faults and lineaments indicate the tectonic disturbances with the
formation of possible structural knick points where rejuvenation
occurred due to upliftment, tilting and incision mechanism. The for-
mations of watersheds are influenced by tectonically active zones.
Stream patterns can disclose active tectonics ([28]. Accordingly, these
drainage networks reflect how topographic features have changed over
time. Flexure or warping of a portion of the topography reflects tilting of
watersheds. Values of basin asymmetry factor between the range of
17.16–30.655 (Class-1), tilted towards NW and SE with more area on
single sides of the watersheds (2, 4, 10 and 15). The tilting of the wa-
tersheds is the same as those of the asymmetric anticlines of the Tripura
–Mizoram fold belt.

All factors, such as rock of different hardness, development of sub-
sequent tributaries, neotectonic movements and discontinuities
causing different stages are considered in the evolution of the profile.
Watersheds 2 and 15 are tectonically highly active. In total, morpho-
metric indicators explain the channel behaviour, lineament density,
incision, curvature, length/gradient alteration, earthquake magnitudes
and overall steepness of each watershed that strongly support the active

Fig. 8. a. Line graph of four calculated best-fit curves as linear, exponential, logarithmic and power. b. Calculations of linear, exponential, logarithmic and power
curve-fit.
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tectonics. In watershed 2, lineaments trend E-W. The Tripura fold belt is
composed of several long narrow anticlines with N-S axial traces and are
separated by board intervening synclines that control the drainage
alignment and watershed shapes. Offsets are reported in a few of these
anticlines [10]. Watershed 15’s lineaments are N-S aligned as the
watershed developed along a fold. Gomati and Mat faults running across

the fold justify the watershed to be under the very high range of IAT.
This work utilizes IAT to evaluate and categorize the watersheds.

Major faults- The Gomti Fault and the Mat Fault passes through the
terrain of Bhatterchajee (1991). This indicates that the watersheds are
tectonically active.

We evaluate eight morphometric indicators in basin-scale. Overall
the Mizoram section is deformed by smaller-scale isoclinal jointed folds
with steep axial planes and horizontal to gently plunging axes that
justify the recent tectonic activity [9]. Watersheds 2 and 15 are highly
active tectonically as they fall in Class 1 in the IAT range. Bhatterchajee
(1991) mentioned that there are three distinct types of faults in the
Tripura-Mizoram fold belt.

With an increase in uplift rate and a decrease in erodibility, the
steepness index rises, which is accompanied by episodic tectonic dis-
turbances. Locations of petroleum mining lease (PML) indicate that the
western section of Surma Basin- the Tripura anticline section and near
watershed 15 the north of Aizawl are the zones of interest for petroleum
geoscience (Fig. 9). Seismic risk (Fig. 10) in this area can lead to major
earthquake. Over a period of years, the precursory decline in b-value
before major seismic events, such as main shock, strain hardening, af-
tershocks and co-seismic rupture. After the main-shock, the b-value
usually rises drastically. Slip rates of 20 mm y− 1 and 5 mm y− 1 were
reported from the Mat Fault in watersheds 15, 16 and 17 (Fig. 11).

6. Conclusions

The Tripura-Mizoram fold belt is analysed morphometrically in
terms of 18 watersheds and was found to be tectonically active. In these
watersheds, parallel to rectangular drainage patterns and dissected
parallel anticline and syncline sequences are observed. Watersheds 2
and 15 are most active tectonically where channels are parallel to the
lineaments. Watershed 15 is characterized by two major faults- the
Gomati Fault and the Mat Fault. The later fault’s geomorphic finger-
prints indicates tectonic activity. There have been a fewer earthquakes
in the last half century from the Tripura-Mizoram fold belt. Mat Fault’s

Fig. 9. Distribution of petroleum mining lease (PML) sites. A gas extraction site (Hnathial) plotted. Most of the PML sites are located within watershed 2, 3 and 15.

Fig. 10. Spatial distribution of seismic events from 1969–2012 in six time
period of four blocks as per Ray et al. (2014). First period (orange): 29-Sept-
1969 to 21-Aug-1972, second period (cyan) 21-Aug-1972 to 7-Dec-1974,
third period (yellow) 06-July-1982 to 16-Sept-1984, fourth period (green) 15-
Feb-1987 to 8-March-1989, fifth period (blue colour) 04-Oct-1992 to 03-
Msrch-1993 and sixth period (red colour) 23-June-2011 to 11-Nov-2012 (Roy
et al., 2014).
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activity led to the 2020 Champhai earthquake in watershed 15. The high
b-value indicates less numerous seismicity in watersheds 3, 4 and 9. On
other hand, a low b-value indicates significant seismicity in and around
watersheds, 2, 14 and 15. Well-bore stability issue in these tectonically
active watersheds needs to be addressed.
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