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Abstract

The tectonic and structural influences on the hydrogeomorphological adjustment of the Dulung River system in the south-
western fringe of Bengal Basin have been assessed using satellite images and on-field investigations. The river course is
more altered and adjusted with the deformed Quaternary formations within the Chotanagpur foothill fault and Medinipur-
Farakka fault (MFF) zone. The adjustments of the drainage system are reflected by the analysis of morphotectonic, geologi-
cal, morphometric, and hydrogeomorphological attributes coupled with the channel patterns and forms of profiles. The
tectonic potentiality index—based four tectonic potential zones have been estimated considering the ten morphotectonic and
hydrogeomorphological variables, i.e., basement depth, Bouguer gravity anomaly, isobase, hydraulic gradient, lineament
density, flow turn angle, sinuosity index, palaco-channel density, relation declivity extension index (RDE-index), and trans-
verse topographic symmetry factor (T-index). The four stages of river adjustment are associated within the middle-lower
basin area. The river confluences gradually shifted in the upstream direction, maintaining about 10—15 km inter-confluence
distance. The recent and palaeo-courses of the river Dulung and Subarnarekha continuously shifted towards the south. The
shifting nature of palaeo-courses and confluences in the highly tectonic potential zone suggests that the middle—lower basin

area has been uplifted and southward tilted around the MFF zone.

Keywords Hydrogeomorphological adjustment - Quaternary geological formations - Morphotectonic indices - Tectonic

potential zone - Shifting river course

Introduction

The hydrogeomorphological adjustment of a river course
within a basin is significantly controlled by the litho-
logical structures and tectonic influences (Alexander and
Leeder 1987; Schumm et al. 2000; Sahu et al. 2010; Roy
and Sahu 2015). A river adjusts within the lithological
layer through widening and drowning its courses depend-
ing on the structural upliftment and subsidence (Holbrook
and Schumm 1999; Miller et al. 2012; Whittaker 2012;
Rao et al. 2013; Ambili and Narayana 2014). All these
adjustments are observed through the analysis of river pro-
files along the longitudinal (long) and transverse (cross)

Responsible Editor: Frangois Roure

P4 Subrata Jana
subrata.vumid @ gmail.com

Department of Geography, Belda College, Paschim
Medinipur, Belda, India 721424

dimensions. The nature of tilting within a basin is also
reflected by the drainage networks (Cox 1994; Salvany 2004).
The reach-wise tectonic potentialities can redirect to predict
the possible change in hydrogeomorphological processes and
associated transformations in the river pattern (USGS 1997,
Roy and Sahu 2015). All these changes and adjustments
are reflected in the tectonically highly active regions. The
nature of river adjustment and resultant signature identifica-
tions are quite difficult in the feeble tectonic regions (Wobus
et al. 2006; Kirby and Whipple 2012). Still, the imprints of
river adjustment can be demarcated by the nature of palaeo-
courses after rigorous investigations.

The Dulung is an important tributary system in the mid-
dle course of the Subarnarekha basin. The Dulung basin is
situated in the complex morphotectonic set-up in the south-
western fringe of the Bengal Basin (Patel and Sarkar 2010;
Dandapat et al. 2020). The upper catchment area of the
Dulung basin is situated in the Proterozoic fold belt, fringed
by the Chotanagpur foothill fault (CFF) (Adewumi and
Anifowose 2017). The middle and lower catchment areas
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are situated within the CFF and Medinipur-Farakka fault
(MFF) zone, composed of thick alluvial deposits over the
Bengal Basin. In the perspective of regional tectonics, this
basin is located nearer to the subduction zone of the Indian
plate under the Eurasian plate at the rate of about 2—4 mm/
year (Goodbred et al. 2003; Mukul et al. 2014). This area
is surrounded by the Singhbhum and Purulia (north and
south) share zones in the western part in association with
other basement faults and subsurface faults in the eastern
part (GSI 2000; Mandal et al. 2015). The negative Bouguer
gravity anomaly (BGA) is also experienced in this region
(GSI2000). Since 1964, about twenty earthquakes (3.4-5.9
mB) have taken place within 100-km radius of the study area
(GSI 2000; Nath et al. 2014; ET 2020), but any earthquake
epicenter is not present within the study area. The depths
of those epicenters are varied within 10—40 km from the
surface (GSI 2000). Among these twenty earthquakes, seven
earthquakes happened in the last 10 years (ET 2020). Very
recently, on 8th April 2020, a 4.1-mB intensity earthquake
was originated at 10 km depth in Bankura district, which is
located only about 85 km north of the basin area (ET 2020).
Geologically, this area is composed of various types of rocks
and sedimentary lithological formations during Lower Pro-
terozoic to Quaternary periods (GSI 2000).

The elongated Dulung basin is aligned from the
north—south to south-east direction. In recent times, the
mainstream of Dulung River is the confluence with the
Subarnarekha River at Rohini. However, another branch
bifurcates from the mainstream of Dulung before the con-
fluence with the Subarnarekha River at Ragra, located in the
upstream section of Rohini. Moreover, the other two conflu-
ences of Dulung River are observed about 12 km and 32 km
downstream section from the present confluence position
located near Kulboni and Dantan, respectively. These two
courses also remained the mainstream of the Dulung River
in the past. In the lower catchment area of the entire Dulung
basin, the present river course and the palaeo-courses ensure
a parallel flow path in conjunction with the Subarnarekha
River. The existence of meander scrolls within the inter-
fluves area of the Dulung and Subarnarekha River indicates
that the Subarnarekha mainstream is gradually migrated
towards the right (south) from its earlier courses (Jana 2019).
Such adjustment of river courses is indicating the tectonic
potentiality and structural control within this region.

Several intensive studies were done in the Dulung basin
related to the basin morphometry, geology and rock structures,
landform and terrain characteristics, and soil characteristics
(Patel and Sarkar 2009, 2010; Bera and Bandyopadhyay 2012;
Mondal et al. 2012; Sarkar and Patel 2011, 2012, 2017; Roy
et al. 2013; Jana and Paul 2019; Dandapat et al. 2020). How-
ever, the earlier studies were accomplished concerning the
present (upper) basin area (up to Rohini section), but none of
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the works was considered in the entire basin area (up to Dantan
section) comprising with the pattern of palaeo-courses and
confluence shifting of the Dulung river. Moreover, the role of
tectonic influences in hydrogeomorphological evolution and
adjustment of river system remained unexplored in this area.
Therefore, the present study aims to understand the tectonic
influences within the entire Dulung basin coupled with the
adjustment of the river system in the distinct hydrogeomor-
phological and lithological ambience.

Materials and methods
Study area

The present study area of Dulung basin is extended between
the 21° 54 35.65" N to 22° 39" 06.10” N and 86° 38" 55.37"
E to 87° 16’ 52.72" E coordinates and covering an area of
1483.52 km? (Fig. 1). The Dulung basin is situated within
the interfluve region of the river Subarnarekha in the south
and Kansai in the north, which confluence with the Sub-
arnarekha River (Fig. 1a).

The north-west to south-east align elongated basin is
placed within 9—417-m elevation (Fig. 1b). The northwestern
part of the basin is highly elevated and it gradually reduced
towards the southeastern part. Geologically, two major faults
are found across the basin area, i.e., the CFF in the northwest-
ern part and MFF in the southeastern part (Fig. 1a). Thick
alluvium (up to 2100 m depth) was deposited within these
two fault zones over the basement of the Bengal Basin. The
basin area was formed by different types of hard and soft
rocks deposited during the Lower Proterozoic to Quaternary
periods (Fig. 2). Most of the basin area is covered by the gar-
netiferous phyllite of Singhbhum group, the Tertiary gravel
bed of Dhalbhum, laterite of Lalgarh formation, clay with
caliche nodules of Sijua formation, and fine sand-silt—clay of
Panskura formation. Most of the lower order streams (mainly
1% and 2" order) remain in the elevated as well as garnetifer-
ous phyllite and laterite dominated area, whereas the trunk
stream with its valley persists in the Sijua surface.

At present, three sub-basins (upper, middle, and lower)
exist within the entire selected areas (Fig. 1b). However,
the river planform and orientation of the palaeo-courses
indicates that it was a single basin in the past. The natu-
ral landscape in the lower part of the basin has been inten-
sively modified by anthropogenic activities like settlement
constructions over the relatively elevated levee positions,
and most of the palaeo-courses are transformed into agri-
cultural land. Despite anthropogenic modifications, the pal-
aeo-courses can be identified from the satellite imageries
coupled with on-field observations.
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Fig. 1 Location map of the study area shows (a) the tectonic and geo-
logical framework in and around the study area in the southwestern
fringe of Bengal basin (modified after Seismotectonic Atlas of India;
GSI 2000), (b) the existing drainage pattern and stream orders of the

Tectonics and geology

The information about lithological formations of the study
area (Fig. 2) has been taken from the Geological Quad-
rangle Map (sheet number 73-J, N and O) (GSI 1998).
The tectonic frameworks (Fig. 1a) of basement depth,
rock structures, major faults and lineaments, BGA, and
seismicity have been assessed for the study area and its
surrounding region based on the Seismotectonic Atlas
of India and its Environs (sheet number 23 and 24)
(GSI 2000). In the case of basement depth assessment,
the area above the 0 m basement contour is considered the
negative depth, which indicates the exposure of the parent
rock strata (GSI 2000). The inverse distance weighting
(IDW) interpolation method (with 10 m cell size) (Philip
and Watson 1982) has been adopted with the extracted
contours of basement depth and BGA.

Dulung river system superimposed over the digital elevation map
indicating the three main trunk streams AA’, BB’, and CC' of the
upper, middle, and lower basins, respectively

Hydrogeomorphological analysis

The hydrogeomorphological analysis has been done to under-
stand the degree of tectonic influence and structural settings
over the different segments of the basin. In this aspect, the eleva-
tion data has been extracted from the Shuttle Radar Topogra-
phy Mission (SRTM) 1-arc second (30 m) resolution images
coupled with collected elevation data based on differential
global positioning systems (DGPS), total station (TS), and
auto-level (AL) survey at the different positions of the basin
and river cross-sections. The DGPS, TS, and AL surveys were
conducted during March-May 2016. The DGPS-based eleva-
tion data were randomly taken from 2115 ground points in the
different landform segments of the basin. The TS survey was
conducted at ten distinct landform areas in the middle-lower sec-
tion of the basin. About 900—1000 points of elevation data were
taken from each site with ~ 10-m spatial interval depending on

@ Springer



87 Page4of22

Arab J Geosci (2022) 15: 87

22°%0'N 86°§0'E 86°4|15'E

86°§0‘E

22°15'N

22°N

86°4115‘E

21°4115'N

N/
N\

Lithological formations
Fine sand, silt, clay

Panskura formation)

: Clay with caliche nodules

* (Sijua formation)

: Laterite with mottled clay and silt
‘ (Lalgarh formation)

\- Laterite

5 g Tertiary Gravel bed
=o' of Dhalbhum

Tourmaline quartz =
+ (Younger intrusive)

Quaternary

Upper
Proterozoic

;v Carbon phyllite; quartzite
=254% (Dalma volcanics)

sry% Hornblende schist and epidiorite

5% (Singhbhum group)

- Garnet-staurolite schist with kyanite
(Singhbhum group)

Lower Proterozoic

== Garnetiferous phyllite
(Singhbhum group)

- Epidiorite, hornblrnde schist

N (Dhanjori group)

| Quartzite (Dhanjori group) -
0 10

— ) G

22°45'N

z

v

B

o

/‘, (o]

&

m

B

[>]

Y
87°E

Fig.2 Age-wise different lithological formations of the study area. AA’, BB’, and CC' are the main three trunk streams of the study area
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the terrain condition. The AL survey was conducted across the
trunk stream at fifteen different sites in the lower, middle, and
upper basin areas. The 30-m resolution SRTM image has been
resampled into 10-m spatial resolution after sub-pixel analy-
sis (Mokarrama and Hojati 2018). The vertical accuracy of the
resampled SRTM data has been validated with the DGPS-based
elevations, which confers +0.12 m of root mean square error
(RMSE). The DGPS, TS, and AL survey-based elevation data
have been converted into 10-m resolution raster data using the
IDW interpolation method (Patel et al. 2016). The survey-based
raster data has been fused with the resampled SRTM data to
prepare the final 10 m resolution digital elevation model (DEM).
Moreover, the different micro-geomorphological features like
the natural levee, floodplain, palaco-course, meander scrolls, and
recent river courses have been identified after the field observa-
tions, measurements of the topographic conditions, land plot
by plot elevation difference, pattern and shape of the combined
plots in association with cadastral maps. Alongside the field
investigations, the Google Earth (GE) image has been applied
to extract the micro-geomorphological features for mapping
purposes. The drainage networks and other elevation data have
been extracted from the finally primed DEM. Moreover, the
extracted drainage networks have been validated and somewhat
modified using the GE image. The Landsat 8 satellite image of
28th March 2020 has also been applied to the study of the dif-
ferent landforms as well as to extract the structural lineaments.

Morphometric analysis

The basin-wise morphometric parameters, i.e., stream order
(Strahler 1964), bifurcation ratio (R),), average bifurcation ratio
(IT,,), sinuosity index of the trunk stream (S7), basin perimeter
(P), basin area (A), and basin length (L,) are estimated using
the geospatial techniques. Especially, the R, is estimated as
the ratio of the number of streams in an order to the number
of streams in the next higher order (Horton 1945). The basin
circularity ratio (R,) is estimated as per Eq. (1) proposed by
Miller (1953). Also, the basin form factor (Rf) is computed
using Eq. (2) followed by Horton (1932), whereas, the elon-
gation ratio (R,) is estimated as per Eq. (3) according to the
proposition of Schumm (1956).

A
R¢ =4n172. (1)
A
b
A
R, =1 # 3)
b

Isobase and hydraulic gradient

The impacts of tectonic activities and structural influences are
observed in the abrupt changes of terrain characteristics and
erosional signatures along the river course and mainly in the
confluence positions (Keller and Pinter 1996; Silva et al. 2003;
Jacques et al. 2014; Kale et al. 2014). In general, the elevations
of the confluence positions of the 1°- and 2"-order streams are
considered for isobase analysis (Golts and Rosenthal, 1993;
Roy and Sahu 2015). However, in this study, the elevations
of all confluence positions have been taken into account for
isobase analysis as the 1% and 2"-order streams also remained
in the lower reaches of the basin.

The hydraulic gradient (HG) has been estimated along the
entire drainage network to understand the hydraulic behaviour
in the different areas of the basin. The entire drainage system
has been considered despite the consideration of only the 1%
and 2"%-order streams (Grohmann 2004; Roy and Sahu 2015),
as it does for the isobase analysis. In this case, the 3™ and
higher-order streams (having > 5 km length) have been seg-
mented in~2 km reach length (along the channel) to under-
stand the micro-level variations in hydraulic behaviour under
the tectonic influence and lithological diversities. Each of the
stream segments has been converted into a pair of points at
the upstream and downstream sections to estimate the HG.
Elevation of these points is extracted from the DEM. The
length of every stream segment is calculated in the ArcGIS
10.4 software. Also, a point is assigned at the middle of each
stream segment. The HG of each stream segment has been
estimated based on the extracted elevation and stream length
using Eq. (4), and the calculated values are assigned in the
midpoints of the particular stream segments.

he — by
d

HG = % 100. 4
where £, is the elevation at upstream/source, hf is the eleva-
tion at downstream/confluence of a stream segment, and d is
the length between these two points. The computed results
of isobase and HG are assigned at the respective midpoints
and interpolated with 10-m spatial resolution using the IDW
method in the ArcGIS 10.4 software.

Analysis of morphotectonic and structural variables
Lineament density

The structural lineaments indicate the morphotectonic adjust-
ments of drainage networks in association with the underly-
ing lithological structures (Jacques et al. 2014; NRSC 2014).
The lineaments have been extracted from the Landsat 8
image using the Lineament extraction tool in the Geomatica
software (Marghany and Hashim 2010; Mwaniki et al. 2015).
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Also, the tectonic or major fault guided lineaments have been
taken from the geological quadrangle maps of the selected
area (GSI 1998). The positions and orientations of the linea-
ments have been validated with the Landsat 8 and GE images
coupled with on-field observations. The extracted lineaments
of the marginal parts of the recent and palaeo-courses of the
Subarnarekha River have been obliterated during validation.
The lineament density (m/m?) has been estimated consider-
ing the 10-m cell size using the Kernel density function in
the ArcGIS 10.4 software (Calligaris et al. 2017).

Flow turn angle and regional sinuosity

The zone-wise influences of tectonic activities can be under-
stood from the abrupt change in flow turn angle (FTA)
of the streams (Roy and Sahu 2015). The FTA has been
extracted from the segmented drainage networks, used for
the estimation of HG of the entire basin area. The linear
directional mean tool of ArcGIS is used in the estimation
of the FTA (compass angle) of each segmented stream
(Jozi et al. 2017). Moreover, the estimation of sinuosity
index (SI) is an imperative aspect to understand the nature
of hydrogeomorphological evolution in the different basin
areas (Lindenschmidt and Long 2013). A significant level
of changes in river flow patterns can be experienced after
tectonic activities (Schumm 1981; Roy and Sahu 2015). The
SI is estimated for every stream segment, considering the
ratio of actual channel length to the straight line distance
(Leopold et al. 1964). The estimated compass angles and
SI values have been assigned in the midpoints (same as the
midpoint positions used in the HG) of each channel segment
and interpolated after the IDW method (with 10 m cell size)
to develop the respective raster layers.

Palaeo-channel density

The palaeo-courses are formed due to the migration of
active channels into a new course after departing the ear-
lier course. The existence of palaco-courses in a basin area
signifies the impact of morphotectonic processes coupled
with the lithostratigraphic association. The palaco-channel
courses have been identified from the GE and Landsat 8
images coupled with DEM and on-field observations. Most
of the palaeo-courses have been converted into agricultural
land. However, the shape, size, and curvature of the agricul-
tural fields and elevation differences from one to other fields
are sharply indicating the planform of the palaeo-courses.
The palaeo-courses have been noticed significantly in the
middle-lower and lower areas of the Dulung basin, whereas
it is meagerly observed in the middle areas and absent in
the upper areas of the basin. Therefore, the vector layer of
palaeo-courses has been extracted from the middle-lower
and lower basin areas using the ArcGIS base map image.
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Considering the extracted vector layers, the palaco-channel
density (PC-density) has been estimated using the Kernel
density function with 10-m output cell size.

River profiles

The analysis of the long and cross-profiles of a river is an
imperative aspect to realize the tectonic influence within a
basin (Sharma 1979). The long profiles (AA’, BB’, and CC")
are delineated along the trunk streams of the three distinct
basins (Fig. 1b). Elevation data have been extracted from
the DEM at every 100-m upstream reach distance accom-
panying the thalweg positions of the trunk streams. The AL
survey was conducted at 15 different positions (meandering
and straight course) of the channel cross-sections to estimate
the width-depth (w/d) ratio. The elevation data were collected
at~1-5-m intervals across the channel depending on the
morphological differences. The database of maximum depth
(from the local surface) and channel width have been utilized
from the cross-profile data for the estimation of the w/d ratio.

Stream length-gradient index

The stream length-gradient index (SL-index) is an impor-
tant parameter to assess the presence of active tectonics and
morphometric anomalies along the long profile of a drainage
network within a basin (Anton et al. 2014; Luirei et al. 2015;
Guha and Patel 2017). The SL-index highlights the power of
a stream and its magnitude of erosion per unit area with due
effects from tectonics, lithological, and fluvial control (Keller
and Pinter 1996, 2002; Dar et al. 2014). The SL-index has
been calculated by Eq. (5) after Keller and Pinter (2002).

_AH

SL=—
AL

x L. ®)
where AH is the differences of maximum and minimum
elevation within a channel reach, AL is the length of this
reach, and L is the total channel length from the midpoint
of the reach (where the index is calculated) in the upstream
direction to the water divide (highest point of the channel).

The SL-index can be calculated considering the total
length of the channel segments and expected a better result
(Etchebehere et al. 2004; Moussi et al. 2018). The SL-index
is modified as relation declivity extension index (RDE-index)
to represent the relation between the stream energy and slope
in each position of a stream (Etchebehere et al. 2004). The
RDE-index for a particular stretch of the stream network
has been estimated by the same equation (Eq. (4)) (Etch-
ebehere et al. 2006). However, L represents the total length
from the lower end to the source of the stream segment
instead of length from the midpoint to the source. In this
study, the RDE-index has been estimated in ArcGIS 10.4
software using the Knickpoint finder tool (Moussi et al. 2018)
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collected from the web-platform (http://www.neotectonica.
ufpr.br/2013/index.php/aplicativos). The same segmented
streams and midpoints (used in HG estimation) have also
been utilized for RDE-index estimation. The segmented
streams and DEM have been employed for auto-extractions
of knick points and RDE-index values of each stream seg-
ment. The estimated RDE-index values have been placed
at the corresponding midpoints of the stream segments and
interpolated in the IDW method with a 10-m cell size.

Analysis of basin inclination under tectonic
and structural influences

Transverse topographic symmetry factor

The transverse topographic symmetry factor (TTSF) or
T-index represents the deviation of the trunk stream from
the basin midline (Roy and Sahu 2015, 2016). Therefore,
T-index is a significant indicator to assess the topographic
symmetry or asymmetry nature at different reaches of a
basin. The T-index value varies from O to 1, which repre-
sents the absolute symmetry (0) and absolute asymmetry (1).
The value comprised between 0 and 1 at the different reaches
of a basin suggests an asymmetry in nature (Cox 1994). The
T-index is estimated at the different reaches of the trunk
stream to assess the degree of tilting and associated tectonic
influence within the entire basin as well as at the different
reaches of the basin (Sboras et al. 2010; Jacques et al. 2014).
In this study, the T-index has been estimated along the three
main trunk streams of upper, middle and lower basins cou-
pled with along the other thirteen main tributaries of the
upper basin followed by Eq. (6).

Da

where D, is the distance of trunk stream/main tributary from
the corresponding basin midline and D, is the distance of
the basin boundary (right side) from the basin midline. Both
the distances have been measured at the exact perpendicu-
lar to the basin midline. The perpendicular lines have been
extracted with the help of the DSAS tool in ArcGIS 10.4
software at 100-m intervals. The estimated T-index values
have been pointed at the corresponding positions of the
streams and interpolated in the IDW method (with 10 m cell
size) to prepare a raster data set.

Drainage basin asymmetry factor

Drainage basin asymmetry factor (AF-index) indicates the
nature of tilting (left or right-ward) of a basin in compared
the orientations of the trunk stream caused by tectonic activi-
ties (Hare and Gardner 1985; Cox 1994; Sboras et al. 2010;

Kale et al. 2014; Siddiqui 2014). The AF-index has been
estimated for all three basins as per Eq. (7).

AF = 4 x 100

t

where A, is the basin area of the right side of the mainstream
and A, denotes the total basin area. The value of the AF-
index close to 50 indicates the level or slight tilting nature
of a basin (Cox 1994). The deviation (above or below) from
50 reveals the tilting of a basin. The tilting maximizes with
the value tend towards 100 or 0, which suggests a high mag-
nitude of tilting as a result of active tectonics and associated
lithological control (Cox 1994).

Estimation of tectonic potentiality index

The tectonic potentiality index (TPI) has been estimated con-
sidering the ten variables (output layers) of basement depth
(a), BGA (b), isobase (c), HG (d), lineament density (e), FTA
(), SI (g), palaeo-channel density (h), T-index (i), and RDE-
index (j) (Table 1). The database of digital number (DN) has
been extracted from every pixel (with 100 m? area) corre-
sponding to each layer. The four categorical rating scores have
been assigned as 1, 2, 3, and 4 respectively for low, moder-
ate, high and very high tectonic potential classes depending
on the corresponding DN values of every pixel in each layer
and its quartile deviations (Table 1). Therefore, ten different
categorical rating scores are designated against each pixel.
The pixel-wise TPI has been estimated based on Eq. (8) after
considering the scores of the ten output layers (Jana 2020).

TPI=\/aXbXCdeelzfnghme. ®

The pixel-wise initial estimated TPI values have been
modified by the normalization process based on Eq. (9) to
obtain the final TPI values (Jana 2020).

X - Xmin
T ©)

max

TPI =

where X is the individual TPI value of every pixel, and X,
and X,,;;, are the maximum and minimum TPI value, respec-
tively, among all TPI values (as per Eq. (8)). The pixel-wise
estimated final TPI values have been interpolated in the IDW
method with 10 m cell size. The low, moderate, high, and
very high tectonic potential zones have been demarcated
as per the quartile deviations of final TPI values of all pix-
els. Moreover, the interpolated raster datasets of basement
depth, BGA, isobase, HG, lineament density, FTA, SI, PC-
density, RDE-index, and T-index have been categorized by
four zones in respective maps after considering the quartile
deviations of the pixel-based values.
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Table 1 Based on the quartile
deviations of pixel values of ten
variables, the categorical rating

scores for estimation of tectonic
potentiality index (TPI)

Variables Categorical rating scores

Low (1)  Moderate (2) High (3) Very high (4)
Basement depth (m) <0 0 to 200 200-500 >500
Bouguer gravity anomaly (mGal) < =30 —-30to—25 —-25t0—15 >-15
Isobase (m) <40 40-70 70-90 >90
Hydraulic gradient <450 450-725 725-950 >950
Lineament density (m/m?) <0.11 0.11-0.20 0.20-0.27 >0.27
Flow turn angle (degree) <71.28 71.28-93.14 93.14-117.12 >117.12
Sinuosity index <1.04 1.04-1.07 1.07-1.15 >1.15
Palaeo-channel density (m/m?) <110.14 110.14-235.16  235.16-404.83 >404.83
Transverse topographic symmetry factor <0.22 0.22-0.30 0.30-0.45 >0.45
Relation declivity extension (RDE-index) < 12.18 12.18-14.68 14.68-18.42 >18.42

Results

Variations of Bouguer gravity anomaly
and basement depths

The BGA reveals a negative anomaly (— 10 to —45 mGal)
within the study area (Fig. 3b). The higher BGA (— 15 to— 10
m@Gal) is observed in the lower part of the basin, which is
gradually decreasing towards the upper basin areas and reach-
ing up to—45 mGal (Fig. 3b). Within the study area, the base-
ment depth of the Bengal Basin varies within 0 — 2100 m
(Fig. 3a), and a similar thick volume of alluvium was depos-
ited over the basement (Fig. 1a). Within the Dulung basin,
the higher depth (500-2100 m) is observed in the lower basin
areas, which is gradually decreased towards the upper basin
areas (up to 0 m limit). The negative depth (—250-0 m) is
observed in the upper part of the basin due to the exposure of
the rocky surface of the Proterozoic fold belt (Fig. 1a) domi-
nated by garnetiferous phyllite in association with other rocks
of the lower Proterozoic period (Fig. 2). The transitional part
(0 m) of the basement depth (Fig. 3a) is found along the CFF
(Fig. 1a). Tertiary gravel bed of the upper Proterozoic period
(Fig. 3) is observed on the right side of the trunk stream in the
upper part of the basin (Fig. 1b). The trunk stream follows the
surface of the Sijua formation, which is composed of clay with
caliche nodules. The basin areas in the left side of the trunk
stream remain under Lalgarh formation in the compilation
of laterite with mottled clay and silt. The areas of meander
scrolls of the Subarnarekha River and the palaeo-channels of
the Dulung River persist in the surface of Panskura formation
composed of fine sand, silt, and clay (Fig. 3).

Geomorphological adjustments
Morphometric diversity

The morphometric attributes of the different basins as
well as within the overall basin area have been estimated
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(Table 2) based on the empirical formulas. The stream order
varies up to the 5, 4" and 3 order in the upper, mid-
dle and lower basins, respectively (Fig. 1b; Table 2). The
basin-wise perimeter (P) and length (L,) have been meas-
ured, which is mentioned in Table 2. The estimated basin
area (A) of the upper, middle, and lower basins are 1190.72
km?, 91.81 km?, and 161.70 km?, respectively, whereas the
overall area of the Dulung basin is 1483.52 km?. The order-
wise number of the stream has been varied according to the
variations in basin area and perimeter (Table 2). The resulted
R_h of the upper, middle, and lower basins are respectively
4.75, 2.77 and 5.30, whereas it is 4.90 for the overall basin
area (Table 2). The estimated SI values of the trunk streams
of the upper (AA’), middle (BB’), and lower (CC’) basins
(Fig. 1b) are 1.54, 1.73, and 1.34, respectively. The basin-
wise estimated values of R,, Rf, and R, have been varied
according to A, P, and L, (Table 2).

Variation of isobase

The isobase map of the Dulung basin (Fig. 4a) sharply indi-
cates the adjustment of the base level of erosion of the lower-
order streams with the higher-order streams. The deforma-
tion in the elevation differences at the confluence positions
of different streams reveals the erosive nature of distinctive
rocks and lithological units. The areas covered by the more
resistive Proterozoic rocks and Quaternary laterite (Fig. 2)
remain as higher elevated areas with > 70 m of isobase val-
ues (Fig. 4a). The isobase zones are nearly matched with the
elevation classes (Fig. 1b). However, the crenulated forms have
been observed in the elevation classes due to the head-ward
erosion of the streams in the form of rills and gullies over the
corresponding lithological formations. The CFF align almost
parallel to the 90 m isobase value. The below 90 m or specifi-
cally below 70 m isobase zones covers the major portion of
the basin area (Fig. 4a), which indicates the fall of the local
base level of erosion at a certain extent after the CFF with due
effects from tectonic action and structural adjustment.
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Fig.3 The simulated (a) basement depth of the Bengal Basin and (b) nature of Bouguer gravity anomaly (BGA) within the study area

Variation of hydraulic gradient

The HG represents the hydraulic behaviour under the tectonic
influence and lithological diversities. The areas with higher
HG (>725) are observed in an erratic form in the upper and
middle zone of the basin area (Fig. 4b) over the relatively

resistive rock structures (Fig. 2). It is very fascinating that
around the MFF the higher HG is also found in the lower basin
area (Fig. 4b) where the elevation is low (<50 m) in com-
parison to the other higher HG areas of the upper and middle
zones of the basin (Fig. 1b). The area of low HG (<450) is
mainly associated with the areas of low elevation and relatively
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Table 2 Morphometric attributes of the Dulung River system

Drainage basins Stream order Stream number Total stream (R,) (R_b) Other parameters
length (km)
Upper I 509 739.07 475 P :226.35km; A :1190.72 km?; L, :66.79 km; SI : 1.54; R, :0.29;
ond 106 237.31 4.80 R; :027:R, :0.58
3ud 23 158.17 4.61
4th 5 70.48 4.60
5th 82.80 5.00
Middle I 19 48.77 2.77 P :62.37km; A :91.81 km%; L, :19.60 km; SI : 1.73; R, :0.30;
ond 8.51 3.80 R; :0.24;R, :0.55
3dd 10.98 2.50
4th 15.94 2.00
Lower 1™ 28 55.44 530 P :110.41km; A :161.70 km? L, :35.82km; SI :1.34; R, :0.17;
2nd 5 21.73 5.60 R; :0.13;R, :0.40
3dd 1 39.74 5.00
Overall 1™ 556 843.27 4.90 P :310.70 km; A :1483.52 km?; L, :100.28 km; R, :0.19; R, :
ond 116 267.55 479 0.15; R, :0.43
3H 26 208.88 4.46
4th 6 86.42 433
5th 1 82.80 6.00

Bifurcation ratio (R,,), average bifurcation ratio (R_b), sinuosity index of the trunk stream (S7), basin perimeter (P), basin area (A), basin length
(Ly), basin circularity ratio (R,), basin form factor (R;), and basin elongation ratio (R,).

soft sedimentary lithological structures. However, the low and
moderate (450-725) HG is also observed in the higher eleva-
tion areas (mainly in the Belpahari—Parihati zone) around the
CFF zone (Fig. 1a) of the upper and middle zones of the basin.
The zone-wise diversity of HG reveals that alongside the litho-
logical factors, the tectonic deformations also act an important
role within the basin areas.

Fluvial adjustments under tectonic and structural
control

Lineament density

The high (0.20-0.27 m/m?) to very high (0.27-0.63 m/m?)
lineament density is observed in the upper and middle sec-
tion of the basin area (Fig. 5a). In the upper basin area, the
streams have pursued the structural lineaments of the hard
and erosion resistive rocks (Fig. 2) in the Proterozoic fold
belt. However, the very high lineament density is found under
the control of lithological structures in the middle course of
the basin. The moderate density (0.11-0.20 m/m?) is obtained
mainly in the middle section and the extreme lower section of
the basin, whereas, the low density (<0.11 m/m2) is observed
in the upper and lower part of the basin.

@ Springer

Flow turn angle and sinuosity index

The FTA varies from 0.06 to 179.88° within the entire basin
area (Fig. 5b). Higher FTA (> 93.14°) is found mainly in the
upper and lower section of the basin and some pockets in the
middle section. Lower FTA (0.06-71.28°) is resulted in the
patchy form in the entire basin, mainly at the high-moderate
elevation areas associated with the relatively steep slope.
The moderate FTA (71.28-93.14°) is found adjacent to the
low—high FTA within the entire basin depending on the rock
structures and elevation differences. The SI differs from 1
to 3.02 within the entire basin area (Fig. 5c). The higher SI
(> 1.07) is observed along the trunk stream and its main trib-
utaries in the different stretches of the basin. The higher FTA
and SI in the upper course are associated with the structural
fold belt, CFF zone and deformations of rock structures. The
higher FTA and SI are associated with the existence of sedi-
mentary layers in the lower course. The lower SI (< 1.04) is
found in the upper-middle part of the basin over the gravel
bed on the right side of the trunk stream and a relatively
steeper laterite layer on the left side of the trunk stream. The
moderate SI (1.04-1.07) is observed in the left side of the
trunk stream dominated by rills and gullies in the laterite
layer in the left side of the trunk stream.
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Fig.4 The variation of (a) isobase and (b) hydraulic gradient (HG) reveals the pattern of hydrogeomorphological configuration of the Dulung

basin

Palaeo-channel density

The palaeo-courses of the Dulung River are observed
within the concentrated zone of the lower part of the basin
(Fig. 5d). The signature of palaeo-course is meagerly present

only in few places besides the trunk stream in the middle
part of the basin, and palaeco-courses do not present in
the rest of the upper basin area. Therefore, the PC density
has been estimated considering the palaco-courses in the
middle-lower and lower parts of the basin. The PC density
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Fig.5 The adjustment of drainage system under tectonic and structural control was analyzed by (a) lineament density, (b) flow turn angle (FTA),
(c) sinuosity index, and (d) palaco-channel (PC) density within the Dulung basin

varies from 2.98 to 75,905 m/m? within the lower part of the
basin (Fig. 5d). The PC density has been estimated consider-
ing the positions of the palaeo-trunk stream of the Dulung
River and their distributaries which were confluence with
the mainstream of Subarnarekha River in the past. The PC
density map reveals that the low—moderate density class
(<235.16 m/m?) is associated with the minimum number
of palaeo-courses in the lower part (Fig. 5d) of the lower
basin area (Fig. 1b). The higher (> 235.16 m/m?) PC den-
sity (Fig. 5d) with the maximum number of palaeo-courses
is observed in the lower catchment areas of the middle and
upper basins (Fig. 1b).

Changes in channel form

The analysis of longitudinal profiles and their changes in
the break of slope and elevation coupled with trend lines
(second-degree polynomial) along the three trunk streams
of the upper (AA’), middle (BB'), and lower (CC’) basins
(Figs. 1b and 6) suggests the polycyclic evolution of the
entire study area. The 100 km long profile of the upper basin

@ Springer

divulges the relatively elevated profile (~9 km stretch, within
91-100-km distance from the confluence) over the hard rock
structures (Fig. 2) of the Proterozoic fold belt (Fig. 1a) at the
extreme upper section of the basin (Fig. 6a). The elevation of
long profile (AA’) is reduced within ~24 km stretch (within
67-91-km distance from the confluence) (Fig. 6a) at the tran-
sitional zone of the CFF (Fig. 1a). The upper portion of this
stretch is also composed of hard rock structures (Fig. 2) of
the Proterozoic fold belt (Fig. 1a), whereas, the lower portion
is formed by the soft sedimentary layer of Sijua formation
(Fig. 2). The middle portion of the profile (within 45-67-km
distance from the confluence) is in equilibrium condition and
slightly raised within 17-45-km distance from the confluence
(Fig. 6a), although, these two sections are formed by the soft
sedimentary layers of Sijua formation (Fig. 2). The profile is
lowered down at the extreme lower ends of the trunk stream
of the upper basin (Fig. 6a) through maintaining the base
level of erosion (adjusted to the Subarnarekha River bed) over
the fine sand, silt, and clay dominated soft sedimentary layer
of Panskura formation (Fig. 2). Similarly, the long profiles
of BB’ and CC' indicate the polycyclic nature of landform
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evolution in the lower section of the study area (Fig. 6b, c).
The trunk streams of the middle and lower basins are origi-
nated (Fig. 1b) from the degraded lateritic uplands of the
Lalgarh formation (Fig. 2). The elevated profiles are observed
up to the extreme ends of the lateritic uplands and sudden
elevation reduction is observed over the sedimentary layers
of Sijua formation. The BB’ profile is uplifted at the lower
section (Fig. 6b) of fine sand, silt, and clay dominated soft
sedimentary layer of Panskura formation. Nearer the conflu-
ence position, the elevation of the BB' profile is reduced with
due effects from the adjustment with the Subarnarekha River
through maintaining the base level of erosion. However, the
slightly fluctuating condition (up and down) is observed in
the CC' profile (Fig. 6¢) over the same kind of sedimentary
layers of Panskura formation.

Distance from confluence (km)

The width-depth ratio (w/d) of the trunk streams has been
estimated at the fifteen different positions in the lower and
middle reaches. All the seven cross-sectional positions of the
lower and middle basins (Table 3) are located within the low
elevated surface composed of fine sand, silt and clay mate-
rials of Panskura formation. In the upper basin (Table 3),
only the Dangarsari site is located over the area of Panskura
formation, whereas all other sites have been located over
the surface of the Sijua formation. The estimated w/d ratio
varies within 4.33-71.28 (Table 3). In general, the w/d
ratio increases with the increasing distance towards the
upstream from the confluence (Rhoads et al. 2009). The
overall regression analysis (r) also endorses the strong posi-
tive (0.86) relationship between the upstream distance and
w/d ratio (Fig. 7). However, the w/d ratio of the upper basin
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follows the general rule, whereas the w/d ratio does not fol-
low the general rule in the case of the lower and middle
basins (Table 3). In the middle basin, the w/d ratio gradually
decreased with the increasing upstream distance from the
confluence (Table 3). In the lower basin area, the minimum
w/d ratio (4.33) is recorded at the Kunja Baghra site (in the
middle stretch of the trunk stream) compared to the down-
stream and upstream sections (Table 3). The resulting w/d
ratio of the upper basin area shows a gradual increase and
decrease in the different channel sections (Table 3).

Variation of RDE-index

The RDE-index map represents the relation between the
stream energy and slope in each stream segment. The RDE-
index varies from 10.00 to 89.53 within the whole basin
area (Fig. 8a). The higher stream length-gradient analysis-
based RDE-index (> 14.68) is associated along the trunk
stream and its main tributaries having the 3"- and above-
stream orders mainly in the upper and middle catchment
areas. Also, the higher RDE-index has resulted in the lower
catchment areas near the Rohini—Kulboni and Bhasraghat
sections. The low RDE-index (< 12.18) is observed mainly
in the upper-middle and lower catchment area dominated by
laterite soil, as well as soft sedimentary surfaces of the lower
catchment area. The low RDE-index zone has been drained
by the 1%-order streams mainly on the right side of the
trunk stream. However, in the lower catchment area, the low
RDE-index is found in the areas drained by the 1°-3"-order
streams. The moderate RDE-index (12.18-14.68) is domi-
nated within the areas of the 15 and 2"%-order streams.

Tectonic influences on basin (T-index and AF-index)

The influence of tectonic action can be well established
through the symmetry or asymmetry factors in the transverse
section of the basin (Cox 1994; Perez-Pena et al. 2010). The
trunk streams of the three main basins and other main tribu-
taries of the sub-basins of the upper basin (Fig. 1b) are not
following the basin middle position. Therefore, the T-index
varies from 0.01 to 0.94 (Fig. 8b). The basin asymmetry
increases with the higher values of the T-index (Verrios
et al. 2004; Toudeshki and Arian 2011). The higher T-index
values (> 0.30) have been found in about 60% of areas of the
entire basin, which indicates the strong tectonic influence.
However, the spatial distribution of the higher T-index is
mostly found in the Parihati-Chilkigarh zone (at the lower
part CFF zone) of the upper catchment area, and in the major
portion of the middle and lower catchment areas. The low
T-index values (< 0.22) are mainly found in the upper and
middle catchment areas dominated by hard rocks and later-
ite layers. The AF-index values of the upper, middle, and
lower basins are 47.09, 44.24, and 37.62, respectively. The
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basin-wise AF-index indicates the asymmetry nature of the
Dulung basin. Moreover, the asymmetry nature has gradu-
ally increased (with the higher deviations from the AF index
of 50) towards the lower basin area.

Tectonic potentiality

The tectonic potential zones have been assessed based on
the TPI of the entire study area (Fig. 9a). The very high
TPI (> 0.18) and associated high tectonic potential zone is
observed in the extreme upper (north-western) part near
Jamira and Belpahari area, in the Parihati—Chilkigarh zone,
almost the entire middle-lower section of the catchment
area (Fig. 9a). The low TPI (< 0.06) is noticed over the hard
rock dominated upper catchment areas and in the marginal
parts of the lower catchment areas. The moderate—high TPI
is found in an erratic form in the different parts of the study
area. The confluence positions of the trunk streams remain
under the high—very high tectonic potential zones near the
Pansola, Kulboni—Bhasraghat, and Ragra—Rohini areas, and
the positions are shifted within this highly tectonic potential
stretch (Pansola—Ragra) of the lower catchment area.

Discussion

Hydrogeomorphological adjustments
under tectonic and structural control

Maximum up to the 5-order stream has existed over the
various lithological settings and elevation differences within
the basin area. The 5M-order stream has been originated in
the upstream reach just near Parihati (Fig. 1b). The highest
stream intensity has been observed in the upper catchment
areas over the garnetiferous phyllite surface where the large
number of lineaments is observed. The CFF is aligned at the
fringe of the phyllite layer. The trunk stream follows the cur-
vature path in the Parihati—Chilkigarh stretch (Fig. 1b) over
the soft sedimentary layer of the Sijua formation (Fig. 2)
with due effects from deformations in lithological layers
nearer to the CFF. At that position, the local base level of
erosion has been fallen at below 70 m isobase zone and the
river long-profile has lowered down through headward ero-
sion with down cutting action. Such type of river course has
been found nearer to the areas of Pora Diha, Dharsa, Gama-
ria, Nagdi, and Chilkigarh sections, which is also mentioned
by Saha et al. (2020). Moreover, the existence of Tertiary
gravel bed (on the right side of the trunk stream) persists
the trunk stream to follow the curvature path. The trunk
stream is flowing (north-west to south-east direction) over
the same sedimentary layer in the lower course after main-
taining the general slope of the region. However, the trunk
stream is sharply turned (near Kubda) towards the south over
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Table 3 Site-specific channel cross-sectional dimensions of the corresponding trunk streams of the basin estimated from the field

Basins  Sites Lat/long atright ~ 'Local eleva- 2Upstream dis- *Channel “*Maximum Width- Channel pattern and
bank side tion from MSL  tance from conflu- width depth (m)  depth ratio bed form
(m) ence (km) (m) (w/d)
Lower BaraBaghra  21°55'43.08" N 21.03 2.34 22.52 2.76 8.16 Meander head; pool
87°15'31.41"E position at right
side
Kunja Baghra 21°56'38.64" N 19.51 4.67 13.59 3.14 4.33 Just downstream
87°15'06.92" E position of the
meander bend;
riffle position
Rajnagar 22°01'14.93"N 4542 18.99 23.47 2.92 8.04 Straight course; rif-
87°13'41.78" E fle position
Middle Kalametya 22°06'07.87"N  26.52 1.87 21.03 2.31 9.10 Meander head; pool
87°09'30.39" E position at right
side
Pabnia 22°07'05.60" N 28.04 5.31 16.12 1.93 8.35 Just downstream
87°08'47.92" E position of the
meander bend;
riffle position
Beniadiha 22°07'38.78"N  27.43 7.61 17.86 224 7.97 Just downstream
87° 08’ 50.62" E position of the
confluence of
other channels;
riffle position
Nehar 22°10'07.58" N 28.35 17.98 9.69 1.52 6.38 Straight course; rif-
87°08' 01.94" E fle position
Upper Dangarsari 22°10"30.37" N 30.78 3.31 60.05 3.68 16.32 Straight course; rif-
87°05'22.88" E fle position
Bhagabanchak 22°12'35.80"N  32.92 11.22 54.56 3.12 17.49 Just upstream
87°03"22.28" E position of the
meander bend;
riffle position
Shuriam 22°14'17.08" N 38.10 17.92 80.47 3.45 23.32 Meander head; pool
87° 01" 50.96" E position at right
side; mid-channel
bar
Parshana 22°16'13.39" N 43.89 27.79 91.14 2.21 41.24 Just upstream
86° 58" 34.36" E position of the
meander bend; rif-
fle position; rocky
exposure on bed
Kodopindra 22°19'41.95"N  51.82 41.09 145.69 2.35 62.00 Meander head; pool
86°54'07.13" E position at right
side; rocky expo-
sure on bed
Mahisamura  22°24'32.42" N 60.35 52.60 93.27 2.16 43.18 Meander head; pool
86°52'06.41"E position at right
side; just down-
stream position of
the confluence of
other channels
Ranisal 22°27'29.48"N  65.84 59.25 67.67 2.04 33.17 Meander head; pool
86° 52" 54.06" E position at left
side; point bar at
right side
Bhelaitikri 22°30'23.33" N 79.86 72.14 132.59 1.86 71.28 Meander head; pool

86°49'24.82" E

position at right
side

Estimated by the 'GPS survey, 2Google Earth image, *measuring tape, and “Dumpy level survey
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the sedimentary layer of Panskura formation at the lower
ends of the trunk stream, just before the confluence with the
Subarnarekha River (near Ragra and Rohini). The course has
narrowed down and the hydraulic perimeter adjusted with
increasing depth over the soft sedimentary layer; however,
the course needs to be wider in the lower course dominated
by soft sediments. This is related to channel incision into the
older sedimentary layer associated with the strong monsoon
flow. Moreover, such type of adjustment might be associ-
ated with tectonic action in the very high TPI zone (Fig. 9a)
and the surface has been raised around the upper part of the
MFF. The higher BGA (— 10 mGal) also support the high
tectonic potentiality and associated lithological deforma-
tions in the lower catchment areas. The prominent elevate
or nearly equilibrium condition of the long-profiles in the
lower reaches of the trunk streams (Fig. 6) also reveals the
raised of the lower catchment areas.

The spatial hydrogeomorphological diversities are asso-
ciated with the tectonic influence and lithological struc-
tures within the basin area. The highly tectonic potential
zones are found in the different sections, i.e., near Jamira,
Belpahari, Parihati, and Chilkigarh in the upper section,
most of the areas in the middle section, and Rohini, Kul-
boni, Bhasraghat, and Pansola areas in the lower section
of the entire basin (Fig. 9a). To some extent, these areas
remain with higher lineament density, FTA, SI, and RDE-
index (Figs. S5a—c, and 8a). The higher FTA and SI are also
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Upstream distance from confluence (km)

observed around the CFF and MFF zones in the upper and
lower sections of the basin. The higher lineament density
is observed at the extreme upper section of the basin domi-
nated by carbon phyllite and garnetiferous phyllite, and in
the middle-lower section of the basin under the tectonic
influence and lithological structures (laterite surface).
Moreover, the areas of higher RDE-index also confers that
the river courses have adjusted under the tectonic influ-
ence, lithological structures coupled with stream energy
based on the local base level of erosion.

Adjustment of Dulung basin under tectonic
and structural influences

The flow direction is associated with the natural surface
gradient coupled with the dip direction of the underlying
rock strata (Miller 1991). The tilting nature of the subsur-
face lithological structures is influenced by the nature of
active tectonics (Schumm et al. 2000). The resulted T-index
reveals that after the CFF zone, the higher asymmetry
(>0.30) is found within the entire middle and lower basin
area (Fig. 8b). In the upper basin, the trunk stream is flowing
through the left side of the basin midline only in the upper
catchment area up to the Chilkigarh section. Afterwards,
the trunk stream is flowing on the right side of the basin
midline up to the confluence position. The stream is flowing
with high deviation (compared to the basin midline) at the
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Fig.8 Spatial variation of tectonic influences within the basin was assessed by the (a) relation declivity extension index (RDE-index) and (b)
transverse topographic symmetry factor (TTSF / T-index)

Chichra—Rohini stretch of the upper basin area (Fig. 8b). = symmetry factor, i.e., 50) towards the lower basin areas,
A similar type of reach-wise asymmetry is observed in ~ which reveals that the tectonic potentiality and associated
the middle and lower basins. The basin-wise AF-index  lithological deformations have been active in between the
also indicates the tilting nature of the study area. The AF-  CFF-MFF regions. The pattern and positional extent of the
index values gradually decreased (highly deviated from the =~ meander scrolls also indicate that the Subarnarekha River
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gravity anomaly (BGA), and (b) the present and palaco-courses adjust through course shifting within the middle-lower area

course gradually migrated towards the right side (south)
(Jana 2019) within the study area (Fig. 9b). In the overall
analysis of the pattern and orientation of trunk streams and
meander scrolls of the Subarnarekha River coupled with
T-index and AF-index, it can be concluded that the basin has
been tilted in the north to south direction after the CFF zone.

Adjustment of river course under tectonic
and structural influences

The trunk streams have adjusted with the tectonic influence
and lithological settings in the upper and middle section of
the basin area, which is discussed in the earlier section. Now,
this section discussed the adjustment of river course in the
higher tectonic potential areas of the middle-lower and lower
courses of the basin. It is also mentioned that the entire
study area is divided into three (upper, middle, and lower)
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basins as per the present situation of the drainage networks
(Fig. 1b). However, the existence of palaco-channels reveals
that the Dulung River system was extended up to the extreme
lower end of the study area before the confluence with the
Subarnarekha River near Dantan in the past (Fig. 9b). In
this study, the mainstreams and their distributaries of all
four stages have been identified through the analysis of rela-
tive shape, size, and curvature of the palaco-courses. The
palaeo-courses have been partially survived as low-lying
areas, wetlands, water bodies and agricultural lands even
after rigorous anthropogenic modifications. The palaeo-
channel margin relatively elevated natural levees have been
utilized for settlements. However, any dated records have
not been used to understand the exact period of positional
shifting of the palaco-courses within this stretch of the basin,
as any sediment samples have not been dated either in the
present study or any such records have not found from the
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previous studies. Therefore, only some relative periods have
been mentioned for discussions of the positional shifting of
palaeo-courses.

The existing trunk streams and the palaeo-courses of the
Dulung River system reveal that to some extent the recent
courses of the three basins have been fallow the mainstream
course of stage 1 (Fig. 9b). Initially (in stage 1), the Dulung
River was confluence with the Subarnarekha River in a far
upstream position compared to the present confluence position
(near Dantan) of the trunk stream of the lower basin (Fig. 9b).
In that stage, the Subarnarekha River was flowing ~4 km left
side of the present course and the palaco-course has remained
as a meander scroll (Jana 2019). In the lower section, the
flow path of the present trunk stream of the lower basin has
been directed by the orientation of meander scrolls. In stage
2, the trunk stream of Dulung was confluence about 15 km
upstream position (near Kulboni) in compared to stage 1,
and the streams of stage 1 have remained as palaeo-channels.
However, the present trunk stream of the lower basin has been
following the earlier course. The Dulung River was conflu-
ence with the Subarnarekha River at the upper course in stage
3 (Fig. 9b) after departing from the main course of stages 1
and 2. In stage 3, a bunch of streams were bifurcated from
the mainstream of Dulung after maintaining the local level
hydrogeomorphological and lithological adjustments. Finally,
in stage 4, the Dulung River was confluence just after the lower
section of stage 3 (near Ragra). The present Dulung River has
maintained nearly the same course as stage 4. The overall
pattern and positional extent of the confluences of the trunk
streams of one to another stage reveal that the courses have
confluence to the Subarnarekha River with about 12—15-km
inter-confluence distance. Such a condition indicates that the
upper section of MFF somehow rises at the same rate during
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a certain period and the river courses of all stages adjust
accordingly. Moreover, the present course has bifurcated in
two branches (upper and lower) before the confluence with the
Subarnarekha River near Ragra and Rohini (Fig. 9). Recently,
the lower branch (near Rohini) is dominated in terms of river
dimension and flow energy, however, the upper branch (near
Ragra) was the mainstream in the near past (Fig. 9). Also, the
recent trunk streams of the middle and lower basin conflu-
ences with the Subarnarekha River in far downstream sections
from their initial confluence positions. The downward conflu-
ence shifting of all the three trunk streams indicates that there
might be a relative descend and southward tilting of land in
the margin of MFF in recent times. This nature has also been
supported by the evidence of the southward shifting of the
Subarnarekha River in the studied section and its downstream
section (Jana 2019).

The stage-wise relative position of the palaco-courses
within the tectonic potential zone of the middle-lower and
lower basin areas reveals that the Subarnarekha River and
its tributary (Dulung River) shifts their courses and adjusted
under the tectonic influence in the areas of higher BGA and
deformed lithological structures. However, the hydrogeomor-
phological complexities were observed in stream patterns (in
stages 3 and 4) and associated landforms in the middle-lower
part of the basin. Such types of complexities are associated
with the sudden decline of HG (Fig. 4b) and structural defor-
mations supported by the higher level of lineament density,
FTA, SI and PC density (Fig. 5). The intricate channel pat-
tern in the middle part of the basin is indicated by the rela-
tive positions of palaeo-courses, levees and floodplains, and
the avulsion nature of river courses coupled with meander
scrolls (Fig. 10). The river courses are progressively shifted
towards the newer course (mainly on the southern side) after
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Fig. 10 Micro-level analysis of river adjustment and associated hydrogeomorphological features in the position of the 3rd stage of the river

course shifting (denoted in Fig. 9b)
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departing the previous course (Fig. 10a). However, the river
also shifted towards the north in some positions under the
hydrogeomorphological control at the local level. The micro-
level study of the palaco-channel pattern of stage 3 reveals
that multiple branches have diverged from the mainstream
and again converged together at a single stream before the
confluence with Subarnarekha River (Fig. 10b). Such type
of flow pattern is found over the very gentle gradient surface.
The palaeo-courses were flowing from north to south and
even north-east to south-west direction. Such type of flow
pattern in the very gentle gradient surface also confers that
the northeastern side of the lower basin area is raised to a
certain extent.

Conclusion

The overall analysis of the river systems within the Dulung
basin can be concluded that this area has been influenced
by tectonic action and associated structural deformation.
The north-west to south-east elongated basin has been
formed during the lower Proterozoic to Quaternary period
with composed of different hard rocks and soft sedimentary
lithological structures. The existence of CFF and MFF faults
respectively in the upper and lower ends of the basin cou-
pled with the other tectonic evidence like basement faults,
BGA, and earthquake epicenters around this region indi-
cates the tectonic influence in the southwestern fringe of the
Bengal Basin. Within 2100-m-thick sedimentary deposits
over the basement of the Bengal Basin, the major changes
of hydrogeomorphological variables and corresponding
adjustments of river course have been associated in the
higher tectonic potential areas in the upper, middle-lower
and lower sections of the Dulung River system. The tectonic
potential zones have been demarcated based on the analyti-
cal results of ten different parameters, i.e., basement depth,
BGA, isobase, HG, lineament density, FTA, SI, PC-density,
RDE-index, and T-index within the entire area.

The palaeo-channel patterns in the middle-lower and lower
courses of the Dulung basin reveal the effects of tectonic influ-
ence and lithological variations. The present form of the drain-
age systems is contained into three sub-basins as the upper,
middle, and lower basins. However, it was a single basin in
the past and the river was confluence at the lower extent of the
study area. The four stages of river adjustment are observed
with their shifting course and confluences. The mainstreams
of the earlier drainage systems were confluences with the Sub-
arnarekha River (at different periods) near Dantan, Kulboni,
Rohini, and in the upstream position of Ragra maintaining
about 10—15-km inter-confluence distance. The pattern and
positions of meander scrolls of the Subarnarekha River show
that the river shifted towards the right (south). Moreover, the
palaeo-channels also sharply turned towards the south before
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confluences with the Subarnarekha River. The long profiles
reveal that the river beds have been relatively elevated in the
lower courses. The overall analysis of the palaeo-courses
and their confluences reveals that the lower basin area raised
around the MFF zone and the basin tilted southward, particu-
larly in the middle and lower catchment areas. In this study,
the relative positions and shifting of the river courses are esti-
mated depending on the surface exposures of the hydrogeo-
morphological signatures. But the proper understanding of the
chronological evolution of the Dulung River systems concern-
ing the morphotectonic adjustment will be understood after the
detailed study on the subsurface lithostratigraphic and dating
records of different layers.
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