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The active tectonic aspects of the Indo-Myanmar Range (IMR) have not yet
been studied in detail in spite of the fact that it's seismically active. In the
present study qualitative and quantitative geomorphic analyses have been
carried out to understand the active tectonic evolution of Nungba, and Barak-
Makru thrust sheets (NBTS and BMTS) in the central part of IMR. The focus of the
study is on understanding the active spatial growth pattern of adjacent thrust
sheets in an evolving mountain range and providing baseline data for further
detailed seismotectonic and seismic hazard vulnerability analyses. Drainage
characteristics, disposition of landforms and statistical analyses of Normalized
Steepness Index (kg,), Hypsometric Integral (HI) and Transverse Topography
Symmetry Factor (T), computed for a total of 164 4"-order drainage basins,
reveal that both of these adjoining thrust sheets are actively uplifting. Higher
values of k,,, (mode = 111) and HI (mode = 0.46) in NBTS suggest its faster uplift
than the BMTS, which has comparatively lower values of k., (mode = 56) and
HI (mode = 0.43). Moreover, the northern parts of the both the thrust sheets
are uplifting faster than their southern parts due to along-strike variations in
the movement on their basal thrusts, as a result of which the NBTS has been
south-southeastwardly down-tilting and the BMTS is south-southwestwardly
down-tilting. The study reveals that both the adjacently lying NBTS and BMTS
have almost the same spatial growth patterns that are mainly controlled by the
movements on their basal thrusts.

KEYWORDS

active tectonics, geomorphic indices, geomorphic expression, thrust sheets, Indo-
Myanmar range

1 Introduction

The Earth’s crust is a dynamic and ever-evolving entity, profoundly shaped by tectonic
forces. One of the most remarkable expressions of these forces is formation of fold-
thrust belts, which are regions undergoing significant deformation due to compressional
stresses (Chapple, 1978; Chapman and DeCelles, 2015). The Indo-Myanmar Range (IMR)
is an illustrative example of actively growing fold-thrust belts. It is a westward convex,
arcuate, and overall NE-SW trending easternmost segment of the Himalayan orogen, which
formed by the collision of Indian and Asian plates around 55-50 Ma (Najman et al., 2017;
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Bhattacharya et al.,2021). The continuously growing IMR originated
around 50 Ma to the south of eastern Himalayan syntaxis
due to the Indian Plate’s oblique subduction beneath the
Myanmar microplate (Mitchell, 1993; Hall, 1997; Soibam, 2006;
Maurin and Rangin, 2009; Soibametal., 2015; Saikia etal.,
2019) (Figure 1A). Ongoing tectonic processes have developed
a series of distinct paraautochthonous fold-thrust belts within
the IMR that are demarked by westward-younging and easterly
dipping thrusts; these thrusts are named from east to west
as Tengnoupal thrust (TT), Thoubal-Chandel thrust (TCT),
Churachandpur-Mao thrust (CMT), Nungba thrust (NBT), Barak-
Makru thrust (BMT), and Disang thrust (DT) (Soibam, 2006)
(Figures 1B,C).

Recent seismotectonic investigations in the IMR suggest that
a major proportion of the Indo-Myanmar plate convergence is
accommodated/partitioned by these thrusts, mainly the CMT (Rao
and Kalpna, 2005; Angelier and Baruah, 2009; Kundu and Gahalaut,
2012; Gahalautetal, 2013; Steckleretal, 2016; Betkaetal.,
2018; Mallick et al., 2019; Mon etal., 2020; Pandaetal., 2020;
Earnest et al., 2021; Lindsey et al.,, 2023; Oryan et al., 2023), and the
remnant slip component is compensated through varying aseismic
creep at plate interface or plate interface locking (Kumar et al.,
2011; Gahalaut et al., 2013; Steckler et al., 2016; Mallick et al., 2019;
Panda et al., 2020; Oryan et al., 2023). These studies highlighted the
variability of slip-motion and stress release mechanisms on these
features, which have been the primary controls on growth patterns
of the fold-thrust belts of IMR (c¢f. Soibam etal,, 2015). These
seismotectonic investigations, however, bring out only present day
scenario of tectonic activities and thus the overall growth patterns
of the individual fold-thrust belts of IMR through Quaternary
times remains enigmatic and calls for geomorphic investigations
to comprehend it (Cf. Wang et al., 2014; Maneerat and Biirgmann,
2022). For example, seismotectonic investigations reveal right-
lateral, stike-slip movement on the CMT/fault but geomorphic
investigations unequivocally suggest oblique-slip movement, with
pronounced dip-slip component, on it through the Quaternary
times (Gahalautetal., 2013; Wangetal., 2014; Goswami and
Kshetrimayum, 2020). Nonetheless, there are only a few geomorphic
studies constraining the active tectonics and attendant deformation
patterns across and along these thrusts and growth dynamics of
the overriding thrust sheets (e.g., Wangetal, 2014; Goswami
and Kshetrimayum, 2020; Luirei et al., 2021; Kshetrimayum and
Goswami, 2023). An understanding of the complexities of tectonic
aspects of and crustal deformation caused by these features
could unveil critical information about spatio-temporal growth
patterns and ongoing orogenic dynamics of the IMR in particular
and fold-thrust belts of the world in general (cf. Elliott, 1976;
Brock and Engelder, 1977; De Bremaecker, 1987; Shaw et al., 1999;
Wobus et al., 2003; Pearson and DeCelles, 2005; Aydin et al., 2010;
McQuarrie and Ehlers, 2017; Stockmeyer etal., 2017; Wu and
Hu, 2019; Ito and Moore, 2021; Jolivet et al., 2022; Maneerat et al.,
2022). It may also be pointed out that, as of now the active tectonic
aspects of the seismically active IMR (particularly its western part
in NE India) have been little studied in comparison to other active
orogenic belts, e.g., the western Himalaya, Rockies, or Alps, and a
dearth of information on these aspects makes difficult the geodesy-
based tectonic block modelling of the region (Cf. Lindsey et al.,
2023). Understandably, elaborate information on active tectonic
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aspects of the IMR need to be compiled for comprehending
its orogenic dynamics, seismotectonics and seismic hazard
vulnerability.

With this in mind, we investigated two hitherto unstudied,
adjoining thrust sheets, namely, the Nungba thrust sheet (NBTS)
and the Barak-Makru thrust sheet (BMTS) in the western part of
the central IMR (Figure 1B). Main objectives of the investigations
are to examine: 1) the rate and pattern of deformation of these
thrust sheets; 2) whether these adjacent thrust sheets in the IMR
are growing similarly or differently under the uniform stress regime
of the region; and, 3) as to how these thrust sheets are evolving
in response to the ongoing tectonic activities of the fold-thrust
belt and surface processes. The study will provide insights into
the tectonic intricacies and active crustal deformations, shedding
light on the growth dynamics and deformation patterns across
these thrust sheets. It will enhance our understanding of the
complexities of active tectonics controlling the developmental
patterns of these two adjoining thrust sheets and the active tectonic
processes shaping this part of the IMR. The research issues being
addressed to here emerge out of the facts that, 1) no detailed
information on the active tectonic aspects of these thrust-sheets is
available so far, 2) our previous study revealed varying deformation
patterns for the other two adjacent thrust-sheets to the east of
NBTS (Kshetrimayum and Goswami, 2023) and that interested
us to examine if its also the case for all the thrust-sheets of the
IMR, and 3) the results of present study in association with the
aforementioned previous study would bring out a clearer picture
of the pattern of active thrust-sheet growth in this part of the IMR,
which could be used to better understand similarities/dissimilarities
in evolutionary patterns and processes of active orogens across
the world. Additionally, the study will underscore the significance
of integrating laboratory- and field-based investigations in
comprehending the growth and deformation pattern of the
thrust sheets in actively growing orogens. We anticipate that
our approach will be applicable to other active fold-thrust belts
around the world.

2 Regional tectonic setting of
Indo-Myanmar fold-thrust belt

Extending southwards from the Eastern Himalayan Syntaxis
(EHS) in the north and join the Andaman-Sumatra arc in the south,
the Indo-Myanmar fold-thrust belt lies between the Central Burma
Basin (CBB) to the east and Bengal-Assam Basin (BAB) to the west
(Figure 1A). Bounded by the Naga thrust (NGT) and Kaladan fault
(KF) to the west, and Kabaw fault (KWT) to the east, the belt features
thick sequences of Cenozoic Flysch and Molasses sediments, with
some patches of ophiolitic mélange in the eastern part (Soibam et al.,
2015). Divided into outer, inner, and core sections by three major
faults/thrusts (KE CMT, and KWF) (Maurin and Rangin, 2009;
Mallick et al., 2019) (Figure 1C), the belt has evolved as an arcuate
accretionary prism due to oblique underthrusting of the Indian plate
beneath the Myanmar microplate, where the subducting slab (Indian
plate) is deformed by combination of along the arc compression and
across the arc extension as a result of brittle faulting, slab full forces
and buckling at depth (Kumar et al., 2015); this process has been
believed to contribute to its continuous growth since the Oligocene
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FIGURE 1

(A) Extent of the Himalayan orogen. HR = Hazara Range, HimR = Himalayan Ranges, KR = Kirthar Range, SR = Sulaiman Range, Eastern Himalayan
Syntaxis (EHS), Indo-Myanmar Range (IMR), Central Burma Basin (CBB), Bengal-Assam Basin (BAB), Al = Andaman Island. (B) Diagram showing major
thrusts/faults of the IMR (modified after Soibam, 2006; Acharyya, 2010). AA' is line along which the profile in (C) is drawn. The Profile is compiled from
Soibam, et al. (2015) and Rakshit, et al. (2018). BMT=Barak-Makru thrust, CMT=Churachandpur-Mao thrust, DT=Disang thrust; DWF=Dawki fault,
KF=Kaladan fault, KWF=Kabaw fault, NT=Narum thrust, NBT=Nungba thrust; NGT=Naga thrust, TCT=Thoubal-Chandel thrust, TT=Tengnoupal thrust.
Blue coloured rectangle marks location of the study area.

time (Mitchell, 1993; Maurin and Rangin, 2009), but with change in The ongoing orogenic processes have led to the development
rate and angle of subduction since the early Miocene (Gordon etal.,  of a stack of imbricate thrusts/faults within the IMR that
1998; Maurin and Rangin, 2009). register east-west shortening and north-south strike-slip movement
Frontiers in Earth Science 03 frontiersin.org
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Major structures of the study area are based on the present investigation and Soibam (2006). BMT=Barak-Makru thrust, CMT=Churachandpur-Mao
thrust, DT=Disang thrust; NBT=Nungba thrust; NGT=Naga thrust. Blue coloured rectangle marks location of the study area. Yellow-colored rectangles
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(Steckler et al., 2016); these westerly younging thrusts/faults are
easterly dipping (Kundu and Gahalaut, 2012; Gahalaut et al., 2013;
Soibam et al., 2015). As also with other parts of the IMR, the NBTS
and BMTS in the study area are made up of alternating sandstone-
siltstone-shale units, and folded into antiforms and synforms and

Frontiers in Earth Science

traversed by a number of faults that trend parallel/sub-parallel
or transverse to the CMT, NBT, and BMT (Figure 2). In the
west the BMTS is thrust over the Kaladan thrust sheet along the
BMT and in the east the Churachandpur-Mao thrust sheet rests
over the NBTS along the CMT. However, spatial growth patterns
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FIGURE 3

Map depicting active structural controls of Barak-Makru thrust (BMT) zone on Makru River and its tributaries. Note the stream deflections, and
development of gridiron drainage pattern and wind-gaps on the shutter ridge. Note that contour interval is 20 m.

of the associated thrust sheets since Quaternary times are not

yet known.

3 Methodology

The present study is based on qualitative and quantitative
geomorphic investigations. The analyses include identification and

Frontiers in Earth Science

mapping of active tectonic features based on their geomorphic

expressions on remote sensing data, Digital Terrain Models

(DTMs) and in field, and computation of geomorphic indices

in a Geographical Information System (GIS) to assess the

severity/magnitude of tectonic activities and attendant crustal

deformation. However, fieldwork is possible only in certain parts

of the study area due to limited road network and dense forest cover.

The basic data were generated from Survey of India toposheets on
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FIGURE 4

(A) Map showing entrenched meandering of Barak River, knee-bend deflection of Irang River, remarkable straight courses of tributary stream and

development of trellis pattern in the Barak-Makru thrust (BMT) zone. (B) Map showing entrench meanders of Songtal Lui and Miong Lui streams and
sharp deflections along stream courses in the Nungba thrust (NBT) zone.

FIGURE 5

Photographs showing geomorphic evidences of active tectonic in and around Noney town. (A) one level of paired terraces of ljai River, (B) two levels
terraces developed along the right bank of ljai River, (C) two levels of terraces developed along right bank and one level of terraces along the left bank

of ljai River and sharp deflection of ljai River channel (D) about 2 m thick fluvial gravel unit resting on deformed siltstone-shale alternations exposed
~100 m above the ljai River bed along the Imphal-Jhiribam road.
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FIGURE 6

(A, B) photographs showing two different incised streams in Khoupum valley.

FIGURE 7

(A) Photograph showing fluvial terraces along both the banks Leimatak River; an alluvial fan is resting on the right bank terrace. (B) Two levels of terrace
along the left bank and one level of terraces along the right bank of Leimatak River.

FIGURE 8

Photographs (A, B) showing development of different levels of terraces along the Tuilaphai River at different river segments.

1:50,000 scale, 30 m resolution SRTM Digital Elevation Models
(DEMs), and satellite images using ArcGIS and MatLab (through
TopoToolbox (https://github.com/wschwanghart/topotoolbox)
(Schwanghart and Scherler, 2014)) software.

The geomorphic indices computed in the study include
Normalized Steepness Index (kg,), Hypsometric Integral (HI) and
Transverse Topography Symmetry Factor (T). Following Goswami
and Kshetrimayum (2020) and Kshetrimayum and Goswami (2023),
a total of 164 4™ order drainage basins developed across the thrust
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sheets were selected for computing the geomorphic indices. The
selected drainage basins essentially have dentritic to sub-dentritic
drainage pattern with their trunk stream flowing parallel/sub-
parallel to the stratal dips in the area.

The Steepness Index (k) quantifies the relationship between
channel gradient and drainage area, describing how quickly
the stream gradient decreases with respect to drainage area.
This relationship is represented as power-law function between
channel slope (S) and drainage area (A) by the equation: S

frontiersin.org


https://doi.org/10.3389/feart.2024.1389308
https://github.com/wschwanghart/topotoolbox
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Kshetrimayum et al.

10.3389/feart.2024.1389308

247735 25.1326'N _25.4937'N

24A132N

FIGURE 9

Map showing the spatial distribution of Normalise Steepness Index (ksn) values for the selected 4th-order drainage basins of the study area.
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k,A®where k, in the channel steepness index, and © is
concavity Index (Hack, 1973; Flint, 1974). Under uniform
lithology and climatic conditions, the steepness indices of
multiple streams in a region are used to infer relative variations
in tectonic uplift of the terrane (Kirby and Whipple, 2001;
Kirby and Whipple, 2012).
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The Normalized Steepness Index (kg,) follows the same slope-
area relationship but is calculated with fixed reference concavity
index (©,.) (Tucker and Whipple, 2002; Wobus et al., 2006). In
this study, we adapted © = 0.45 as fixed reference concavity index
to normalise the steepness index, considering 0.45 as the regional
mean of concavity values (Nennewitz et al., 2018; Gailleton et al.,
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FIGURE 10

Map displaying the spatial distribution of Hypsometric Integral (HI) values for the selected 4th-order drainage basins of the study area.
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2021). Consequently, we calculated the index using the equation:
S = k,,A*%, and the outcome values have been grouped into
specific modal classes to represent and assess spatial variability in the
degree of tectonic uplift across the thrust-sheets. In case of tectonic
forcing, the higher values of kg, are associated with areas of faster

Frontiers in Earth Science

tectonic uplift (Kirby and Whipple, 2001; Kirby and Whipple, 2012;
Wobus et al., 2006).

The Hypsometric Integral (HI) measures the proportion of low
and high areas within a drainage basin that quantifies the relative
distribution of elevation in a specific area of that drainage basin
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FIGURE 11

Stereonet plots display the magnitudes and azimuths of Transverse Topography Symmetry Factor (T) of selected 4th-order drainage basins of the study
area: (A) for the Nungba thrust sheet (NBTS), and (B) for the Barak-Makru thrust sheet (BMTS). Arrows indicate the vector mean azimuths of T.
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(Strahler, 1952; Keller and Pinter, 2002). The HI can be calculated by
Emean—E, E E

the equation: HI = min where, E
minimum, mean and maximum elevations within a drainage basin,

min> Emeans Emasx Tepresent the

Emax—Emin

respectively (Pike and Wilson, 1971). Considering that the degree of
basin dissection is controlled by the interaction between erosional
processes and tectonic activity, HI indicates whether or not the rate
of tectonic uplift exceeds the erosion rate (Keller and Pinter, 2002;
Burbank and Anderson, 2012). In tectonically active regions, higher
HI values are associated with areas of faster tectonic uplift (Pérez-
Pena et al., 2009; Cheng et al., 2012). Following Kshetrimayum and
Goswami (2023), we classified the HI values of the basins into
different modal class to infer variations in the degree of tectonic
uplift across the thrust-sheets of the outlined area.

The Transverse Topography Symmetry Factor (T) defines the
topological relationships between the trunk stream and drainage
divide, providing information about magnitude and direction of
lateral migration of the trunk stream of a drainage basin. It is a vector
quantity measuring magnitude and direction of lateral shifting of
a drainage basin’s trunk stream from its centreline (Cox, 1994). It

is mathematically expressed as: = g—; , where Da is the distance
between drainage basin’s centreline to the centreline of the active
meander belt, Dd is the distance from active meander to the basin
margin (Cox, 1994). The value of T ranges from 0 to 1, with higher
values, approaching a maximum of 1, indicating a greater lateral
shift of the trunk stream from the basin’s centerline (Cox, 1994).
Calculation of T for multiple drainage basins in any area provides
with the information on tectonically induced preferential migration
of the streams and thus tilting of the terrain, given the uniform
erodibilities of channels’ substrate and no influence of strata dip
on stream flow (Cox, 1994; Cox et al., 2001). We calculated T for
different segments of the trunk stream of a basin, each having
different orientation than the adjoining one. Subsequently, the
overall shifting of the trunk stream was determined by computing
the arithmetic mean of T magnitudes and vector mean of T azimuths

of all the segments of that stream (Cox, 1994). Furthermore,
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the overall stream preferential migration in a thrust sheet was
ascertained by calculating average of all of its basins’ T magnitudes,
and vector mean and vector magnitude of all of these basins’
T azimuths (for details, see Cox etal., 2001). The probability of
randomness (p) of the data was calculated to assess statistical
significance of the inferences drawn (cf Curray, 1956); 0.5 was
chosen the upper threshold value for the p (Cox et al., 2001).

Computation of geomorphic indices for the drainage basins
of same developmental stage (4th_order drainage basins in the
present study) makes collation and spatial analyses of the data more
tenable (Goswami and Kshetrimayum, 2020; Kshetrimayum and
Goswami, 2023). Nevertheless, we performed bivariate regression
analyses between the computed geomorphic indices and drainage
basin areas to see if latter have any influence on the former (cf.
Goswami and Kshetrimayum, 2020; Kshetrimayum and Goswami,
2023; Tiwari et al., 2021).

4 Results
4.1 Geomorphic signatures

Major active structures of the outlined area as delineated on
the basis of their geomorphic signatures and previously published
studies are shown in Figure 2.

4.1.1 Drainage characteristics

The outlined area has ridge-and-valley topography, with ridges
having an overall linear orientation and most of their slope-facets
being planar in morphology. The higher-order streams like Jiri,
Makru, Barak and Irang rivers flow nearly parallel to each other
as well as to the trends of major thrusts, like BMT, NBT, CMT,
and folds, showing a general structural control on their courses
(Figure 2). These rivers at several places exhibit such features as
incised meanders, sharp deflections, remarkably straight course,

frontiersin.org
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warped course, and defeated streams, attesting to the controls of
regional structures. To describe a few, drainage and contour maps
of the area reveal that the Duinamkham Nala (stream), Duiphai
Thok stream and an unnamed stream to the southwest of Duiphai
Thok stream constituting tributaries of the Makru River in the
western part of the study area show gridiron drainage pattern with
their tributary stream deflected along the BMT (Figure 3); there are
numerous wind gaps developed on a shutter ridge to opposite side
of the tributaries of the Duinamkham Nala, which joins the parallel
flowing Makru River in the west through a water gap (Figure 3).
Further downstream, the streams that are draining a ridge to the
west of Makru River are also deflected to varying distances before
joining the Makru River, which flows through other faults that most
likely are footwall splays of the BMT (Figure 3). Similarly, the Irang
River flows towards SSW largely along the NBT to the downstream
of Nungba but takes knee-bend turns to the southwest of Khoupum
valley along a couple of faults and then joins the Barak River in the
south-western part of the study area (Figure 2). The area adjoining
the confluence of Irang and Barak rivers exhibits trellis type drainage
pattern with all the first and second order streams having remarkably
straight courses that suggest profound structural control and nascent
stage of the hill-slopes (Figure 4A). Moreover, notable drainage
anomalies such as entrenched meanders and stream deflections are
observed in the south-central part of the study area (Figure 4B). In
this area, entrenched meanders have developed along the Tuipi Lui
and Songtal Lui streams, and the former shows knee-bend deflection
from west-northwesterly flow direction to north-northeasterly flow
direction and avoids its confluence with the latter due to control of
a fault in the hanging wall of the NBT (Figure 4B). Furthermore, the
tributaries of Milong Lui stream in the footwall of NBT either show
marked deflection or gridiron drainage pattern due to the control of
a fault (Figure 4B).

4.1.2 River terraces

Apart from the drainage anomalies, paired and unpaired terraces
have developed along many river valleys and gravels uplifted far
above the present river channel. However, the elevations of terraces
from the present day river bed are not consistent throughout any
given valley. For instance, near Noney town in the central part of the
study area, different levels of both paired and unpaired depositional
river terraces have developed along various segments of the Ijai
River (Figures 5A-C). In the upstream of Tjai River near Noney, one
level of wide paired river terraces has developed at an elevation
of approximately 3 m from the river bed (Figure 5A), but a few
kilometers downstream, nearer to Noney town, two levels of terraces
have developed along the river’s right bank and one level of terrace
has developed along its left bank. The elevation differences between
the river bed (T0) and first level terrace (T1), and T1 and second
level terrace (T2) along the right bank are approximately 3 and 2.5 m,
respectively (Figure 5B). On the left bank, however, the elevation
difference between T0 and T1 is around 3 m.

Downstream past Noney, the elevation differences between the
Jjai River’s terraces increase significantly; along the right bank, the
elevation differences between T0-T1 along both the banks are about
4 m, and elevation difference between T1-T2 along the right bank
is 3 m (Figure 5C). In this section, the river displays pronounced
deflections in its channel (Figure 5C). Little downstream of this
location, approximately 2 m thick fluvial gravel unit resting on
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intensely deformed siltstone-shale alteration is exposed along the
Imphal-Jiribam road at an elevation of ~100 m from the Jjai river
bed (Figure 5D).

To the farther south of Noney about 5 km long and 4 km wide
Khoupum valley is developed, which is drained by two streams, each
approximately 10 m wide, which have incised into the valley fill to
depths of about 3 m (Figures 6A,B). Farther southeast of Khoupum
valley, at Leimatak, one level of terrace has developed along the right
bank and two levels of terraces have developed along the left of
Leimatak River (Figures 7A,B); the elevation difference between T0
and T1 along both the banks is ~1.5 m, and T1 and T2 along the left
bank is ~2 m.

Similarly, near Tuilaphai bridge in the southern part of the
study area one level of paired terraces has developed along the
Tuila River valley having ~2 m elevation differences between T0-
T1, with the left bank terrace being wider than the right bank
terrace (Figure 8A). But, a few hundred meters downstream, two
levels of terraces have developed along the left bank and one level of
terrace has developed along the right bank of the river; the elevation
differences between T0-T1 along both the banks are ~2 m, and the
elevation difference between Tland T2 along the left bank is 2 m.
However, the left bank terraces are wider than the right bank terrace
(Figure 8B).

4.2 Geomorphic indices

As already mentioned Normalized Steepness Index (kg,),
Hypsometric Integral (HI) and Transverse Topography Symmetry
Index (T) have been computed for a total of 164 4™ order drainage
basins of the area that essentially have dentritic to sub-dentritic
drainage pattern. Out of 164 drainage basins, 77 are developed in
the NBTS and 87 are developed in BMTS, respectively (Figures 9-11,
and Tables 1, 2).

The kg, values of drainage basins across all the thrust sheets vary
from 5.01 to 285.365, which are categorized into three distinct modal
classes: kg, < 75, 75< kg <150, and k
class width of kg, >150 is chosen because only 5% of the basins
have ksn values >225. The spatial distribution of these ky, modal
classes exhibits significant variance across the thrust sheets, with

« 2150, respectively; wider

the highest k., values predominantly occurring in the northern and
central parts of the study area (Figure 9). Interestingly, the spatial
distribution of kg, values across the thrust sheets shows that higher
values are primarily found in the NBTS, where 53% of the total
drainage basins have kg, values in the modal class 75< ky, <150,
with a mode of 111. Conversely, 50% of the total basins in the BMTS
have kg, values in the modal class k;, < 75, with a mode of 56.
Furthermore, k values across the individual thrust sheet also show
marked variations from north to south. In the northern part of the
study area, to the north of Noney, 48% of the basins of NBTS have
values in the modal class 75 < kg, <150, with a mode of 114, whereas
60% of the basins in the southern part of this thrust sheet, to the
south of Noney, have values in the modal class 75< kg, <150, with
a mode of 96. Similarly, 37% of the drainage basins of BMTS in the
northern part of the study area, to the north of Noney, have values
in the modal class 75< kg, <150, with a mode of 113, whereas 67%
of the basins in the southern part of this thrust sheet, to the south of
Noney, have values in the modal class kg, <75, with a mode of 47.
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TABLE 1 Location of the drainage basin’s central point in degree decimal, Drainage Basin Area, Drainage Density, Annual Average Precipitation (Source:
https://worldclim.org), Normalized Steepness Index (ksn), Hypsometric Integral (HI), and Transverse Topography Symmetry Index (T) of 4*" -order
drainage basins of the NBTS.

Basin no Location of the Drainage Drainage Annual

drainage basin’s Basin area Density Average

central point in (km?) (km/km?)  precipitatior

degree decimal (mm/yr)

(WGS84)
Latitude | Longitude Mean Mean
Magnitude Vector
Azimuth

la 242931 93.3522 2.16 445 1701 9265 | 0534 0.169 N165
2a 24.3469 93.3761 225 28.75 1928 5758 | 0.409 0.384 N2
3a 24.3697 93.3907 211 13.69 1924 2352 0287 0.386 N18
4a 243933 93.4121 2.13 28.26 1926 47.79 | 0.381 0.225 N21
5a 24.4485 93.6350 2.18 17.29 2,366 13737 0.524 0.537 N214
6a 24.4550 93.4581 2.07 18.02 2079 7161 | 0.420 0.540 N26
7a 24.4670 93.5105 2.36 4.84 2,257 5022 | 0.436 0.418 N192
8a 24.4748 93.6299 230 12.90 2,383 10637 | 0.442 0.479 N187
9% 24.4897 93.4646 2.03 22.06 2099 6454 | 0384 0.347 N17
10a 24.4973 93.5006 2.06 14.70 2,157 5627 | 0.365 0318 N20
1la 24.5087 93.6562 2.17 17.41 2,425 13189 | 0519 0.265 N232
12a 24.5104 93.5347 2.15 13.30 2,230 2623 0369 0.669 N29
13a 24.5241 93.6818 222 18.01 2,465 119.15 | 0.430 0.350 N29
14a 24.5369 93.5404 229 15.05 2,399 8430 | 0.428 0.432 N195
15a 24.5508 93.6890 2.02 10.46 2,465 103.05 | 0.554 0.474 N32
16a 24.5679 93.6864 261 4.65 2,457 7369 | 0527 0.732 N197
17a 24.5790 93.5116 2.14 40.69 2,433 5125 | 0377 0.419 N265
18a 24.5883 93.6951 2.55 8.43 2,442 7010 | 0.445 0.125 N186
19a 24.6029 93.5783 228 15.26 2,644 141.84 0558 0258 N165
20a 24.6116 93.6859 321 5.41 2,533 14272 | 0.564 0.456 N178
21a 24.6182 93.5184 2.14 26.81 2,545 83.67 | 0364 0.564 N357
22a 24.6370 93.6785 3.02 13.62 2,429 132.84 | 0.423 0.207 N174
23a 24.6407 93.5651 1.89 6.97 2,659 63.82 | 0413 0.385 N211
24a 24.6497 93.6003 2.48 7.64 2,455 13229 0461 0.384 N151
25a 24.6600 93.6534 231 11.22 2,575 82.84 | 0.541 0320 N154
26a 24.6614 93.5544 2.07 7.17 2,513 649 | 0298 0.377 N193
27a 24.6653 93.7030 242 19.41 2,711 91.63 | 0.496 0.162 N203

(Continued on the following page)
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TABLE 1 (Continued) Location of the drainage basin’s central point in degree decimal, Drainage Basin Area, Drainage Density, Annual Average
Precipitation (Source: https://worldclim.org), Normalized Steepness Index (ksn), Hypsometric Integral (HI), and Transverse Topography Symmetry Index
(T) of 4" -order drainage basins of the NBTS.

Basin no Location of the Drainage Drainage Annual
drainage basin’s Basin area Density Average
central point in (km?) (km/km?)  precipitatior
degree decimal (mm/yr)
(WGS84)
Latitude | Longitude Mean Mean
Magnitude Vector
Azimuth
28a 24.6783 93.5725 220 20.12 2,404 86.96 | 0.426 0.599 N350
29a 24.6878 93.4685 1.88 8.14 2,545 11877 = 0555 0.404 N207
30a 24.6893 93.6454 2.63 17.14 2,625 13203 | 0531 0.162 N346
3la 24.7277 93.7073 239 10.98 2,690 194.09 | 0.569 0.158 N4
32a 24.7385 93.6228 239 21.53 2,515 11099 = 0519 0.440 N186
33a 24.7493 93.5489 2.02 1118 2,477 13410 | 0435 0.567 N349
34a 24.7648 93.6173 233 9.05 2,490 7168 | 0453 0.435 N176
35a 24.7856 93.7216 2.08 32.54 2,764 13226 | 0.526 0.719 N23
36a 24.7979 93.6027 227 10.27 3,298 9215 | 0.463 0.324 N339
37a 24.8385 93.6646 2.46 9.04 2,788 14621 0450 0.390 N178
38a 24.8577 93.7557 225 8.57 2,801 16447 | 0.500 0.153 N337
39a 24.8650 93.5664 2.09 5.69 2,542 9550 | 0374 0518 N193
402 24.8928 93.7437 221 10.00 2,764 139.36 | 0.484 0.261 N345
41a 24.9051 93.6794 1.88 11.64 2,709 7581 | 0.470 0329 N357
42a 24.9297 93.7593 230 12.84 2,578 156.16 | 0.527 0.429 N15
43a 24.9318 93.6836 213 1035 2,679 7058 | 0384 0.738 N1
44a 24.9624 93.7650 2.20 26.79 2,516 17169 | 0.582 0.720 N152
45a 24.9750 93.7193 1.99 6.54 2,799 8657 | 0457 0.602 N202
46a 25.0056 93.6523 212 16.62 2,442 28536 | 0.603 0475 N23
47a 25.0356 93.8339 2.67 12.70 2,351 23473 | 0.579 0.384 N19
48a 25.0568 93.8478 3.16 9.09 2036 277.06 | 0.579 0.496 N180
492 25.0852 93.8453 239 14.82 2,422 147.87 | 0.432 0.391 N21
50a 25.1217 93.7283 222 7.97 2,583 269.69 | 0.604 0393 N26
5la 25.1570 93.8395 2.00 23.73 2,323 129.80 | 0.509 0.576 N16
52a 25.1817 93.8329 261 9.86 2,362 9232 0309 0.664 N174
53a 25.2008 93.7642 237 17.81 2,391 13651 | 0.622 0.732 N20

(Continued on the following page)
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TABLE 1 (Continued) Location of the drainage basin’s central point in degree decimal, Drainage Basin Area, Drainage Density, Annual Average
Precipitation (Source: https://worldclim.org), Normalized Steepness Index (ksn), Hypsometric Integral (HI), and Transverse Topography Symmetry Index
(T) of 4" -order drainage basins of the NBTS.

Basin no Location of the Drainage Drainage Annual
drainage basin’s Basin area Density Average
central point in (km?) (km/km?)  precipitatior
degree decimal (mm/yr)
(WGS84)
Latitude | Longitude Mean Mean
Magnitude Vector
Azimuth
54a 252092 93.9097 2.70 32.18 2,206 14592 | 0391 0275 N201
55a 252343 93.7935 237 22.45 2,305 21721 | 0.469 0.345 N86
56a 252534 93.9791 233 14.19 1956 7604 | 0433 0.481 N183
57a 25.2636 93.9323 2.58 20.98 2,120 14496 0531 0.272 N181
58a 25.2688 93.8181 2.76 4.85 2,149 20562 | 0.575 0.607 N215
59a 25.2692 93.7636 1.88 9.23 2,119 163.97 | 0.574 0.269 N203
60a 252828 93.9770 2.16 16.90 2058 7037 0497 0.289 N168
61a 25.2919 93.8783 2.06 13.01 2,138 14421 | 0457 0.343 N34
62a 253037 93.9874 261 5.05 2023 8675 | 0376 0.464 N16
63a 253156 93.8366 2.75 24.84 2,138 14738 0.490 0.496 N192
64a 253173 93.8963 2.03 10.19 2059 18847 | 0.463 0.297 N234
65a 25.3490 93.9865 2.19 9.57 1984 8271 | 0478 0.637 N165
66a 25.3594 93.8398 241 4375 2093 18341 | 0.526 0.500 N9
67a 253739 93.8646 225 1135 2002 261.65 | 0.589 0379 N188
68a 253972 93.9875 2.50 9.97 1918 10743 | 0435 0.431 N80
69a 25.4109 93.8905 224 47.36 1999 27355 | 0.519 0315 N198
70a 25.4930 94.0010 2.13 23.32 1910 16736 0471 0.105 N191
71a 25.5041 94.0497 220 10.11 1893 141.88 0450 0.382 N80
72a 25.5214 93.9855 1.78 16.65 1927 149.65 = 0447 0.754 N167
73a 25.5343 94.0618 232 9.63 1777 19.56 | 0392 0.296 N274
74a 25.5386 93.8822 212 9.61 1951 147.08 = 0515 0.243 N23
75a 255410 93.9730 2.40 4.12 1952 17490 | 0.485 0.590 N17
76a 25.5500 94.0808 228 538 1763 801 | 0.424 0.441 N18
77a 25.6195 93.9679 2.20 27.72 1884 43.09 | 0391 0.401 N335

The HI values exhibit spatial distribution pattern akin to kg,
with the northern part of the study area displaying higher HI
values. Ranging from 0.222 to 0.635, the HI values are also grouped

into three modal classes: HI <0.35, 0.35 <HI <0.50, and HI >0.50,
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respectively (Figure 10). The spatial distribution of these HI reveals
that more than 58% of the total basins of NBTS have HI values in the
class 0.35< HI <0.50, with a mode of 0.46%, and 81% of the drainage
basins of BMTS have values in the class 0.35< HI <0.50, with a mode
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TABLE 2 Location of the drainage basin’s central point in degree decimal, Drainage Basin Area, Drainage Density, Annual Average Precipitation (Source:
https://worldclim.org), Normalized Steepness Index (ksn), Hypsometric Integral (HI), and Transverse Topography Symmetry Index (T) of 4*" -order
drainage basins of the BMTS.

Basin no Location of the Drainage Drainage Annual

drainage basin’s Basin Density Average

central point in Area (km?)  (km/km?)  precipitatior

degree decimal (mm/yr)>

(WGS84)
Latitude | Longitude Mean Mean
magnitude Vector
azimuth

1b 242191 93.2283 218 11.76 1,589 17339 0462 0.341 N203
2b 24.2519 93.2539 2.04 10.29 1730 7331 | 0456 0307 N20
3b 24.2683 93.2588 228 7.71 1711 6313 | 0379 0.466 N10
4b 24.2756 93.2054 239 11.49 1,538 7433 | 0494 0.393 N193
5b 24.2839 93.0942 213 18.70 1852 3940 | 0415 0572 N244
6b 24.2896 93.2907 2.12 11.76 1,578 3166 | 0.402 0.252 N156
7b 243164 93.2972 2.19 5.43 1745 5194 | 0376 0.504 N24
8b 24.3309 93.2662 2.23 12.48 1762 68.81 | 0422 0.194 N340
9b 24.3368 93.1249 1.91 1535 1902 10377 0.390 0.155 N240
10b 243451 93.3004 235 14.44 1827 1895 | 0.349 0301 N350
11b 24.3543 93.1463 2.15 18.42 1894 58.16 | 0.367 0.537 N265
12b 24.3646 93.2638 2.07 9.03 1836 2013 0359 0.546 N18
13b 24.3696 93.2983 2.40 7.61 1880 11.86 | 0381 0.404 N197
14b 243837 93.1834 220 36.05 1723 2782 0304 0473 N356
15b 24.3909 93.2697 2.17 13.71 1902 2179 | 0433 0.446 N178
16b 24.4055 93.3287 230 633 1917 1591 | 0.289 0.293 N202
17b 24.4179 932132 222 7.77 1953 1998 | 0410 0.428 N191
18b 24.4220 93.3277 229 8.36 1922 2082 0394 0578 N200
19b 24.4402 93.2206 229 11.12 1829 1084 | 0432 0.347 N192
20b 24.4508 93.3367 2.17 20.64 1937 3734 | 0310 0711 N192
21b 24.4968 93.3433 212 1751 1978 3057 | 0343 0.193 N6
22b 24.5186 93.3042 2.49 9.01 2004 501 | 0442 0.444 N200
23b 24.5660 93.2273 211 11.88 2025 3370 0.406 0.610 N205
24b 24.5914 93.2490 2.18 17.01 2046 35.88 | 0.348 0.606 N14
25b 24.6158 93.2267 2.78 3.95 2010 1838 | 0.222 0.632 N202
26b 24.6276 93.2700 255 9.33 2,204 11427 = 0501 0.302 N4
27b 24.6309 93.3693 225 9.58 2059 93.84 | 0375 0.561 N39
28b 24.6444 93.2919 1.94 14.59 2,216 89.43  0.460 0232 N238
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TABLE 2 (Continued) Location of the drainage basin’s central point in degree decimal, Drainage Basin Area, Drainage Density, Annual Average
Precipitation (Source: https://worldclim.org), Normalized Steepness Index (ksn), Hypsometric Integral (HI), and Transverse Topography Symmetry Index
(T) of 4" -order drainage basins of the BMTS.

Basin no Location of the Drainage Drainage Annual

drainage basin’s Basin Density Average

central point in Area (km?)  (km/km?)  precipitatior

degree decimal (mm/yr)>

(WGS84)
Latitude | Longitude Mean Mean
magnitude Vector
azimuth

29b 24.6488 93.2521 2.17 8.05 1888 1959 0381 0332 N176
30b 24.6562 93.3126 2.30 3.67 2,203 7036 | 0.466 0.331 N242
31b 24.6670 93.3283 221 622 2,218 80.25 | 0.388 0.267 N196
32b 24.6791 93.4019 232 2528 2,247 7924 | 0.445 0.494 N163
33b 24.6999 93.2669 220 14.96 2059 197.83 | 0372 0218 N190
34b 24.7131 933728 2.16 36.95 1816 8201 | 0.445 0.161 N276
35b 24.7176 93.4234 225 6.93 2,150 1585 | 0.366 0.174 N23
36b 24.7345 93.4294 2.18 4.39 2,103 1558 | 0.365 0.542 N193
37b 24.7606 93.3998 2.08 34.34 2063 7836 0452 0.385 N8
38b 24.7606 93.2917 231 12.13 2,262 10098 = 0425 0.363 N182
39b 24.7826 93.2903 2.40 5.03 2,468 12190 | 0457 0.552 N26
40b 24.7922 93.2614 2.66 6.34 2,456 8475 | 0.420 0.543 N197
41b 24.7962 93.3357 235 7.05 2,248 109.98 | 0.412 0.253 N230
42b 24.7967 93.4032 2.14 16.44 2,299 50.80 | 0.475 0.362 N1l
43b 24.8174 93.2766 2.67 14.88 2,341 7492 | 0397 0.308 N190
44b 24.8378 93.4476 1.94 7.20 2,458 109.75 0432 0376 N151
45b 24.8558 93.4212 242 6.79 2,219 36.10 | 0.380 0311 N204
46b 24.8752 93.4415 229 25.27 2,630 7835 | 0438 0.435 N195
47b 24.8921 93.3133 2.49 9.82 2,315 12602 0.480 0.224 N258
48b 24.9024 93.3463 249 3.23 2,268 3744 | 0431 0.673 N190
49b 24.9091 93.4496 233 26.93 2,534 90.16 | 0.438 0.469 N4
50b 24.9161 93.3557 222 3.59 2,254 67.61 | 0.390 0.166 N65
51b 24.9218 93.3283 2.58 15.42 2,175 1959 | 0.390 0.139 N210
52b 24.9287 93.4803 2.14 12.65 2,868 147.63 | 0.526 0.429 N201
53b 24.9412 93.3752 221 7.70 2,227 3824 | 0.446 0.349 N75
54b 24.9525 93.4833 241 8.00 2,915 166.46 | 0.507 0.770 N348
55b 24.9895 93.4767 2.79 27.47 2,586 56.00 | 0.481 0.599 N201
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TABLE 2 (Continued) Location of the drainage basin’s central point in degree decimal, Drainage Basin Area, Drainage Density, Annual Average
Precipitation (Source: https://worldclim.org), Normalized Steepness Index (ksn), Hypsometric Integral (HI), and Transverse Topography Symmetry Index
(T) of 4" -order drainage basins of the BMTS.

Basin no Location of the Drainage Drainage Annual

drainage basin’s Basin Density Average

central point in Area (km?)  (km/km?)  precipitatior

degree decimal (mm/yr)>

(WGS84)
Latitude | Longitude Mean Mean
magnitude Vector
azimuth

56b 24.9929 93.5597 220 13.29 2,622 8221 | 0.447 0.281 N32
57b 25.0054 93.5119 239 22.74 2,902 8258 | 0.487 0.152 N218
58b 25.0255 93.5254 2.64 9.01 2,959 10224 0420 0575 N230
59b 25.0373 93.4291 2.28 4.09 2,430 11741 | 0540 0.786 N178
60b 25.0677 93.5498 2.97 13.79 3,035 180.02 = 0.495 0.628 N160
61b 25.0773 93.4155 2.17 8.64 2,190 3481 | 0.365 0.809 N22
62b 25.0918 93.5837 2.19 13.30 3,063 3091 | 0415 0.266 N200
63b 25.0954 93.4286 2.05 7.10 2,182 85.65 | 0.409 0.381 N200
64b 25.1143 93.5817 242 13.35 2,848 23486 | 0.529 0.601 N181
65b 25.1200 93.4376 2.10 13.46 2,515 13125 0.362 0.414 N280
66b 25.1217 93.5071 211 5.54 2,541 15143 | 0411 0275 N20
67b 25.1439 93.5685 2.10 16.17 2,630 176.68 = 0.545 0.457 N8
68b 25.1488 93.4635 2.70 12.13 2,806 200.83 | 0.635 0.696 N75
69b 25.1806 93.4819 2.77 6.04 2,903 156.02 | 0471 0.346 N152
70b 25.1820 93.6866 2.29 12.98 2,685 15157 | 0435 0.236 N3
71b 25.1954 93.5240 226 16.02 2,648 24439 | 0427 0.531 N221
72b 25.1994 93.4912 2.87 10.51 2,858 21072 0.571 0.798 N200
73b 25.2086 93.6616 1.93 6.76 2,654 220.87 | 0.405 0.693 N30
74b 25.2160 93.5397 223 27.50 2,608 13141 = 0448 0317 N31
75b 25.2332 93.5587 2.56 13.94 2,653 284.05 | 0.455 0.631 N24
76b 25.309 93.6222 227 8.67 2,491 1058 | 0438 0.240 N196
77b 253111 93.7075 2.08 7.86 2,330 2379 | 0325 0.757 N23
78b 253277 93.7211 2.49 11.56 2,313 53.06 | 0.415 0.417 N196
79b 253326 93.6494 2.02 7.11 2,173 12045 | 0397 0.386 N16
80b 253385 93.7410 2.19 11.04 2,248 20678 | 0.477 0277 N193
81b 253385 93.6165 248 11.79 2,471 3550 | 0.517 0.572 N276
82b 253531 93.6419 1.89 6.85 2,190 3434 0354 0233 N280
83b 253723 93.6334 2.01 9.30 2,222 88.75 | 0.430 0.592 N181
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TABLE 2 (Continued) Location of the drainage basin’s central point in degree decimal, Drainage Basin Area, Drainage Density, Annual Average
Precipitation (Source: https://worldclim.org), Normalized Steepness Index (ksn), Hypsometric Integral (HI), and Transverse Topography Symmetry Index
(T) of 4" -order drainage basins of the BMTS.

Basin no Location of the Drainage Drainage Annual
drainage basin’s Basin Density Average
central point in Area (km?)  (km/km?)  precipitatior
degree decimal (mm/yr)>
(WGS84)
Latitude | Longitude Mean Mean
magnitude Vector
azimuth
84b 253915 93.6510 2.54 10.78 2,220 107.62 | 0.490 0.378 N68
85b 25.4370 93.6673 245 27.82 2,191 91.76 | 0.442 0.399 N75
86b 25.4673 93.7736 2.52 15.16 1951 163.05 | 0415 0.399 N80
87b 25.4991 93.7299 2.14 13.60 2,137 68.80 | 0.421 0.551 N48

of 0.43. Like kg, values, the HI values across the individual thrust
sheet also show variations from north to south, with slightly higher
values occurring in their northern parts. In the northern part of the
study area, to the north of Noney, 58% of the basins of NBTS have
values in the class 0.35< HI <0.50, with a mode 0.47, whereas 60%
of the basins in the southern part of this thrust sheet, to the south
of Noney, have values in the class 0.35< HI <0.50, with a mode 0.44.
Similarly, 80% of the drainage basins of BMTS in the northern part
of the study area, to the north of Noney, have values in the class
0.35< HI <0.50, with a mode 0.43, whereas 81% of the basins in the
southern part of this thrust sheet, to the south of Noney, have values
in the class 0.35< HI <0.50, with a mode 0.41.

The Ts of the basins indicate that the trunk stream in each of
the selected drainage basins has laterally shifted with respect to the
basin’s centerline; magnitudes of T range from a minimum of 0.07
to a maximum of 0.808. Moreover, the Ts of the drainage basins of
NBTS have an average magnitude of 0.42 and vector mean azimuth
of N144.2°, with a vector magnitude (r value) of 0.149 and a p-value
of 0.181, whereas the Ts of the drainage basins of BMTS have an
average magnitude of 0.43 and, the vector mean azimuth is N202.9°,
with an r value of 0.16 and a p-value of 0.075 (Figure 11). The data
suggest south-southeastward and south-southwestward preferential
lateral shifting of drainage basins’ trunk streams in NBTS and
BMTS, respectively. As already mentioned above, all these streams
are essentially flowing parallel/sub-parallel to the stratal dip in the
region and thus any possible control of stratal dip on preferential
lateral stream migration is ruled out.

As mentioned earlier, bivariate regression analyses have been
performed between the computed geomorphic indices (i.e., kg,
HI, T) and drainage basin areas to examine if the latter have any
influence on the values of former. These analyses yield low values
of correlation coeflicients (r) and coefficients of determination (R?),
being r = 0.115 and R*= 0.0132 for kg, r = 0.003 and R?= 0.0033
for HI, and r = —0.049 and R? = 0.0025 for T magnitude (Figure 12).
These values suggest that the values of computed geomorphic indices
have not been influenced by the drainage basins’ sizes.

Since erodibilities of rocks is an important control on the
development of drainages and thus drainage basins in any area,
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the strengths of rocks to erosion must be duly considered while
deciphering the active tectonic influence on crustal deformation
or landscape evolution by using the proxies of geomorphic indices
(Topal, 2019). The hills of both the NBTS and BMTS are composed
of clastic sedimentary rocks comprising light grey to brownish
grey sandstone units alternating with similar colored or dark grey
to black, laminated shales and siltstones. Given that the entire
mountainous part of the study area is only composed of shale,
siltstone and sandstone alternations, it has uniform, moderate
strength to erosion (Selby, 1980; Topal, 2019). Admittedly, any
control of rock erodibilities on variations in values of computed
geomorphic indices can be ruled out (cf. Topal, 2019). Nevertheless,
regression analyses have been performed between the computed
geomorphic indices and drainage densities to reaffirm that the values
of geomorphic indices have not been influenced by the erodibilities
of the channels substrates (Goswami and Pant, 2019; Goswami
and Kshetrimayum, 2020; Tiwari et al., 2021; Kshetrimayum and
Goswami, 2023); drainage densities are taken as the indicators
of their erodibilities for the reason that all the basins have
developed under the same geological, land cover, and climatic
conditions (Horton, 1945; Goswami, 2018). The regression analyses
yield low values of correlation coefficients (r) and coefficients of
determination (R?), being r = 0.2 and R*=0.0433 for ky,, r=0.216
and R*=0.0467 for HI, and r = 0.083 and R* = 0.007 for T magnitude
(Figure 13). These values suggest that the variations in the values of
computed geomorphic indices of the drainage basins have not been
affected by channel substrate’s erodibilities therein.

Climatic variabilities in terms of variations in the precipitation
may also influence the landscape development and thus cause
variations in its morphometric parameters (e.g., Kirby and Whipple,
2012; Maneerat and Biirgmann, 2022). The entire study area
experiences exactly the same sub-tropical, humid monsoon climate
(Mehrotra et al.,, 2014). Published data reveals that the climatic
conditions of the entire study area have remained nearly the same
for the past 1,650 years but with lesser humid conditions since past
600 years (Nautiyal and Chauhan, 2009). Therefore, the possibility
of spatial climatic variability on landscape development and thus
spatial distribution of geomorphic indices in the outlined area
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can be ruled out. Nevertheless, following Maneerat and Biirgmann
(2022) we performed regression analyses between average annual
precipitation and computed geomorphic indices using data from
WorldClim bio-climatic database (https://worldclim.org) created
by Fick and Hijmans (2017). The precipitation map shows that
the higher precipitation in the study area is restricted to upper
reaches of the ridges developed between latitudes 24.50°N and
25.20°N (Figure 14A). The regression analyses yield low values
of correlation coefficients (r) and coefficients of determination
(R?) between the annual precipitation and computed geomorphic
indices, being r = 0.127 and R*= 0.0275 for kg, r = 0.132 and R*=
0.0226 for HI, and r = 0.104 and R* = 0.0197 for T magnitude
(Figures 14B-D). These values suggest that the variations in the
values of computed geomorphic indices have not been influenced
by the spatial variations in the precipitation.

5 Discussion

The collision and convergence between the Indian and Myanmar
plates, characterized by its oblique nature, has given rise to the
imbricate fold-thrust structural architecture of the Indo-Myanmar
Range (IMR) (Hall, 1997; Soibam et al., 2015). This monumental
tectonic event laid down the framework for a series complex
processes including subduction, transformation, and accretionary
wedging that have been instrumental in shaping various thrust
sheets of the region, thereby unveiling the ongoing orogenic
dynamics and active growth patterns of its fold-thrust belts
(Soibam et al., 2015).

Occurrence and disposition of such geomorphic features
as straight stream courses, gridiron drainage pattern, drainage
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deflections, shutter ridges with series of wind-gaps, and fluvial
terraces collectively suggest active tectonic growth of the BMTS and
NBTS through uplift and/or lateral movement on the associated
faults (Figures 2-8). The spatial distribution patterns of geomorphic
indices, however, reveal that the pattern and extent of uplift across
both the thrust sheets varies considerably; spatial variability in
computed geomorphic indices could be due to variable climate
and varying erodibilities of the stream beds, but these possibilities
are ruled out here for the reasons already discussed above. The
higher kg, and HI values in NBTS (having Mode kg, = 111
and Mode HI 0.46) as compared to BMTS (having Mode
k,, = 56 and Mode HI = 0.43) suggest faster uplift of the
former than the latter (Figures 9, 10). Moreover, the kg, and HI
within the individual thrust sheets also show a decrease from
north to south (Figures9, 10). Modes of kg, in the northern
and southern parts of the NBTS are 114 and 96, respectively,
and those of the northern and southern parts of the BMTS are
113 and 47, respectively. Similarly, modes of HI in the northern
and southern parts of the NBTS are 0.47 and 0.44, respectively,
and those of the northern and southern parts of the BMTS
are 0.43 and 0.41, respectively. These data suggest that northern

parts of both thrust sheets have been uplifting faster than their
southern parts.

Occurrence of a fluvial gravel unit at ~100 m above the current
Tupui River bed near Noney, presence of upper level river terrace at
~7 m above the same river bed in Noney river valley, limited stream
entrenchment to only ~3 m farther south of Noney in Khoupum
valley, and presence of upper level river terraces at ~3.5 and 4 m
above the present river beds farther south of Khoupum valley at
Leimatak and Tuilaphai reaffirm the k,, and HI-based deduction
of north to south decrease in uplift of the NBTS. These deductions

frontiersin.org


https://doi.org/10.3389/feart.2024.1389308
https://worldclim.org/
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Kshetrimayum et al.

10.3389/feart.2024.1389308

254937N

=z
=
<
fae)
—
w3
ISl

U.T735N

y = 0.0643x - 43.708

r=0.127
300
" o *R?=0.0275
250 ¢ .
L] . L]
o 20 R . **
3 ° 0: [ o ° e o *
§=150 P X ‘-:‘ .:o... ¢ K
::uwo W
N U A DU
50 % ey o o
".. oe ° °
0 2880 o0® °
1400 1800 2200 2600 3000 3400

(b)

Precipitation (mm/yr)
y = 7E-05x + 0.2772

Precipitation
m

|:| Drainage Basin

— Thrust/Fault

93.5935°E

FIGURE 14

o7 r=0132
R?=0.0226
0.6 S
. %% o o ° " ;. s
.. :
Sos . T el et e,
5 e o, . % e
= 04 O IR O ) .
* B ST
03 o .
02 ¢
1400 1800 2200 2600 3000 3400
{C) Precipitation (mm/yr)
y = 7E-05x + 0.2652
r=0.104
m .
High : 3504 %
2
506
- Low : 1417 g
~
Lo04
i)
s
g
<0.2

—~< Stream

93.9920'E

(A) Drainage basins and regional thrusts overlaid on map showing spatial distribution of annual precipitation in the study area. Precipitation map is from
https://worldclim.org and thrusts are from Soibam (2006) and Acharyya (2010). BMT=Barak-Makru thrust, CMT=Churachandpur-Mao thrust,
DT=Disang thrust; NBT=Nungba thrust; NGT=Naga thrust. Graphs of regression analyses between average annual precipitation and (B) ksn values, (C)
HI, and (D) mean T magnitude of the drainage basins. Precipitation data is from https://worldclim.org.

2200
Precipitation (mm/yr)

2600 3000 3400

are in agreement with what Wang et al. (2014), and Goswami and
Kshetrimayum (2020) observed for the trailing edge of the NBTS.

Furthermore, the spatial analyses of T suggest that the trunk
streams of the examined drainage basins of both the thrust sheets
have preferentially shifted southward from the basin centerline
(precisely, south-southeastward in NBTS and south-southwestward
in BMTS) (Figure 11). As discussed above, these preferential stream
migrations are neither controlled by stratal dips nor the variations
in stream beds’ erodibilities. Admittedly, the preferential lateral
migrations of drainage basins’ trunk streams in the thrust sheets are
attributed to active southward down-tilting of the thrust sheets in
response to faster uplift of their northern parts as compared to the
southern parts.

It is clear from the foregoing discussion that both the BMTS
and NBTS in the outlined area have been actively uplifting at
varying rates; the uplift of the NBTS has been faster than the
BMTS. Moreover, the rate of uplift within both the sheets also
varies from north to south; being faster in the northern parts
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than the southern parts. These patterns of differential uplifts
of the thrust sheets are a result of the along-strike variation
in the uplift along the basal thrusts of the thrust sheets, ie.,
BMT and NBT (Figure 15). Furthermore, geomorphic features
such as stream offsets/deflections, shutter ridges, etc. reveal that
different parts of the differentially uplifting BMTS and NBTS
have also been laterally displaced due to lateral slip on the
faults developed within the thrust sheets, Interestingly, similar
geomorphic investigations reveal that the Churachandpur-Mao
thrust sheet (CMTS) and Thoubal-Chandel thrust sheet (TCTS)
developed to the east of NBTS also experience spatially differential
uplift and attendant tilting due to along-strike variations in the
uplift along their basal thrusts, i.e., CMT and TCT, respectively
(see Figures 1B,C for reference) (Goswami and Kshetrimayum,
2020; Kshetrimayum and Goswami, 2023). However, while the
uplift pattern of TCTS is similar to that of BMTS and NBTS,
being faster in its northern part than the southern part, the
uplift pattern of CMTS is at stark variance, being faster in
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its southern part than the northern part (Kshetrimayum and
Goswami, 2023).

As already pointed out, recent seismotectonic investigations
suggest that a major portion of the Indo-Myanmar plate convergence
is being accommodated within the IMR (e.g., Gahalautetal,
2013; Steckler et al., 2016; Lindsey et al., 2023). However, the GPS
measurements reveal high variability in velocity vectors at different
sites within the individual thrust sheets of the IMR, suggesting
present day variability in slip motions along major faults of it
(¢f. Kumar et al.,, 2011; Gahalaut et al., 2013; Steckler et al., 2016;
Mallick et al., 2019; Panda et al., 2020; Oryan et al., 2023). Present
investigations suggest such variability in movements on major faults
of the study area, such as BMT and NBT, has been throughout
the Quaternary period, as a result of which the overriding BMTS
and NBTS, respectively, have been differentially uplifting and down-
tilting southward.

6 Conclusion

The present study lends insight into active tectonic evolution of
the terranes in a hitherto unstudied, largely inaccessible part of the
IMR. The specific conclusions drawn are:

I. The NBTS and BMTS are actively uplifting, which is relatively
faster for the former.

II. Faster vertical movements in the northern parts, as compared
to southern parts, of the basal thrusts have caused southward
down-tilting of both the thrust sheets.

III. The growth pattern of the adjacently lying NBTS and
BMTS is similar, which is in contrast to differing growth
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patterns of two other adjacently lying thrust sheets in
the farther eastern part of the IMR (¢f. Kshetrimayum
and Goswami, 2023).

The present study demonstrates that the spatial growth patterns
of two adjacently lying thrust sheets (NBTS and BMTS) in a part
of the actively growing IMR are almost the same and controlled by
the movements on their basal thrusts. But nevertheless, it cannot
be generalized that all the stacking thrust sheets within a growing
orogens spatially evolve in the same manner, for the reason that a
previous study (Kshetrimayum and Goswami, 2023) demonstrates
that the two other adjacently lying thrust sheets (CMTS and TCTS)
to the immediate east of NBTS of the IMR have different spatial
growth patterns. To sum up, different tectonic terranes of the IMR
demarked by regional thrusts have been variably growing since
Quaternary period, but more studies are required to comprehend
along- and across-strike complexities in active growth of all
such terranes.
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