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Abstract

The middle-lower and deltaic courses of the
Subarnarekha river from Jamsola (upstream)
to Chaumukh (mouth) have been considered
for the study of plan shape geomorphology
partially along the alluvial valley floors
between bank margin environment. Geologi-
cally and topographically, the depositional
environments comprise with Lalgarh forma-
tion, Sijua formation, Panskura formation,
Basudebpur formation, Daintikri formation,
and beach ridge chenier formations of fluvial,
fluvio-marine and marine depositional pro-
cesses with the seaward gradient from Jamsola
to Chaumukh. Distinctive sub-environments
of the upstream fluvial dominance, ancient
delta-fan lobe extension, and areas of sea level
fluctuations with lower deltaic beach ridge
chenier at downstream section are categorized
based on the identified assemblages of land-
forms in the present study. The geospatial

techniques, repeated field observations, Total
Station survey and sedimentological analysis
of bank margin stratigraphic sections have
been considered in the study to explore the
spatial diversity of plan shape geomorphology
in the different sections of the studied river
course. The study reveals that the course of
the river sections bears diverse geometry of
meander properties with  discontinuous
straight courses and wider valleys. The
section-wise plan shape geomorphological
features assemblages of 16 categories in the
section of Jamsola—Ragra stretch, 18 cate-
gories in Ragra—Dantan stretch, 15 categories
in Dantan—Rajghat stretch, and 24 categories
in Rajghat—-Chaumukh stretch in the form of
instream deposition, channel fringe deposition
and floodplain deposition. Distinct morpho-
logical variations of the three major
mid-channel bars at the different channel
positions indicate the nature of seasonal
hydrodynamics and signatures of catastrophic
floods. The layer-wise sedimentological anal-
ysis of the younger fill terrace and two
mid-channel bars shows the trend of discharge
and fluctuating flow regimes in the different
flood events of single or multiple years.
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Identification of palaeo-shorelines, ancient

delta-fan lobes and cut and fill terraces along

the courses of the river valley highlights the
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role of dynamic marine, fluvio-marine and
fluvial environments in the region.
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3.1 Introduction

The distinct geomorphological features within a
river valley formed in a suitable position, and
their shape and size are modified based on the
interacting processes of fluvial hydraulics and
sediment loads within a river valley region
(Bentham et al. 1993; Ashworth et al. 2000;
Sarma 2005; Corenblit et al. 2007; Ventra and
Clarke 2018). The existing characteristics of
channel geometry also control the dimensions of
the geomorphological features (Abrahams 1984;
Wharton 1995; Sofia 2020). The diversified river
valley geomorphological features form in the
longitudinal and transverse section in the differ-
ent stretches of a river basin (Khan et al. 2018).
The types and dimensions of landforms in the
hilly or upper catchment areas are far different
from the middle and lower catchment areas.
Also, the landform types differ according to the
lithological features and sedimentary nature
(Jana and Paul 2019). In the tropical region, the
middle and middle-lower reaches of a river val-
ley are dominated by soft sedimentary deposits
(Fryirs and Brierley 2012; Jana 2019). In these
reaches, landforms formed under the unidirec-
tional flow, which enhanced during the summer
monsoon flood season (Jana and Paul 2018).
However, the landforms in the extreme lower
reaches or deltaic areas are dominated by silt and
clay types of material deposited by the bidirec-
tional tidal flow (Jana and Paul 2018). At the
overbank flow regimes, the sediment loaded
flood water can reach up to the valley ends. The
new or already existed geomorphological fea-
tures formed or restructured, depending on the
flow energy level, the volume of water and sed-
iment and inundation intensities (Gilvear 1999;
Fryirs and Brierley 2012). Concurrently, in the
instream section, the geomorphic units also
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evolved according to the erosional and deposi-
tional nature of sedimentary environments
(Leopold et al. 1992). Therefore, to some extent,
landform modifications are related to every flood
event. Moreover, anthropogenic activities play a
significant role in geomorphic alterations within
riparian areas (Best 2019).

The identification and demarcation of different
instream geomorphic units are a difficult task for
thier ever-dynamic nature in connection with the
seasonal fluctuation of the flow regime (Fryirs
and Brierley 2012; Roy and Sahu 2018; Sofia
2020). The floodplain geomorphological features
are relatively less altered by the flow regime,
although, it modified by the anthropogenic
activities (Poff et al. 1997; Wu et al. 2008).
Despite the dynamic nature and anthropogenic
alterations, the distinctive geomorphic units have
well preserved in the different extents of the river
valley (Bisson et al. 2017). Those landform units
can be identified through the analysis of sedi-
mentary environments, terrain diversities, geo-
metric properties and the presence of soil,
vegetation and moisture contents in the different
landforms. In this concern, field observations and
surveying are the prime tasks coupled with
satellite image analysis.

In the present study area of the middle-lower
and deltaic courses of the Subarnarekha river
valley, lots of works have been done regarding
the geological and geomorphological study in the
different area specific aspects (Niyogi 1975;
Bhattacharya and Misra 1984; Paul 2002; Jana
and Paul 2014, 2018, 2019, 2020; Jana et al.
2014; Paul and Kamila 2016; Guha and Patel
2017), morphometric analysis and landforms
(llahi and Dutta 2016), hydrological aspects
(Dandapat and Panda 2013; Samanta et al. 2018)
and river bank erosion rate and its prediction
(Jana 2019). But, most of these works have been
done to a discrete extent, which mainly concen-
trated in the deltaic areas. Although, some stud-
ies have been done considering the entire basin
area (Ilahi and Dutta 2016; Guha and Patel
2017), these works did not consider the detailed
geomorphological features. The entire middle-
lower and deltaic courses are yet not considered
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in a uniform aspect for geomorphological anal-
ysis. Therefore, the present study aims to assess
the distinct geomorphological features at differ-
ent spatial extents (along and across the valley)
of the middle-lower and deltaic courses of the
Subarnarekha basin based on the sedimentolog-
ical and hydrological analysis coupled with field
investigations in the different periods.

3.2 Materials and Methods

3.2.1 Study Area

The present study has been carried out in the
middle-lower and deltaic courses of the Sub-
arnarekha river valley, extended from the Jam-
sola (upstream) to Chaumukh (confluence in the
Bay of Bengal) (Fig. 3.1). The study area
boundary has been selected based on the extent
of lateritic cliffs on both sides of the river valley
in the middle-lower course (Fig. 3.1). However,
in the deltaplain, about 10 km extents on both
sides have been considered as the boundary of
the study area. The selected area has been
extended between 21°32'34.84"N to 22°19’
18.48"N and 86°4321.14"E to 87°28'33.78"E
coordinates. The alluvium deposited area has
been selected as the study area boundary
(Fig. 3.2). However, some patches of laterite and
gravel dominated areas have also included within
the study area (Fig. 3.2) as it was considered
based on the contour values.

Geologically, the selected area was formed
during the Late Pleistocene to Late Holocene
period comprising the Sijua formation, Panskura
formation, Basudebpur formation, Daintikri for-
mation and sand dune and beach formations
(Fig. 3.2). The Tertiary gravel bed of Dhalbhum
formation and Late Pleistocene laterite surface of
Lalgarh formation exists in the extreme boundary
extents of the study area (Fig. 3.2) (GSI 1998).
The extensive floodplain and valley are observed
in the left side (east) of the present river course in
comparison with the valley on the right side
(west) of the river, particularly within the Jam-
sola and Rajghat stretch. The present river course
is flowing in different directions following the
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valley slope i.e. west to east (Jamsola to Ragra),
north-west to south-east (Ragra to Dantan),
north-east to south-west (Dantan to Rajghat), and
again it flows from north-west to south-east
direction (Rajghat to Chaumukh) before conflux
to the Bay of Bengal. Also, the different land-
form terraces of cut and fill valley and deltaplain
(Fig. 3.3) virtually coexists with the distinctive
flow directions. The unidirectional river flow is
observed up to Baliapal (from upstream) section,
which is dominated during the summer mon-
soonal flood (Jana, 219). However, the down-
stream section of Baliapal (recent deltaplain) is
dominated by the diurnal bidirectional tidal flow
with about 2.31 m mean annual range.

3.2.2 Database and Data Processing

In this study, the Geological Quadrangle Map
(GQM) has been collected from the open sources
of the Geological Survey of India portal (GSI
1998) to comprehend the lithological formations
of the area. The 30 m resolution Shuttle Radar
Topography Mission (SRTM) images (coordi-
nates: 21/87, 22/86 and 22/87; acquisition date:
11th February 2000) and Landsat 8 OLI image
(path/row: 139/45; acquisition date: 27th Febru-
ary 2015) have been collected from the United
States Geological Survey (USGS) based data
portal (EarthExplorer). All the maps and images
have been re-projected and resampled in the
Universal Transverse Mercator (UTM) projection
concerning the 45 N zone and World Geodetic
Survey 1984 (WGS84) datum. The images have
also been co-registered (Beuchle et al. 2015)
with < 0.5 pixel accuracy of Root Mean Square
Error (RMSE). The atmospheric noise effect has
been rectified using the Fast line-of-sight Atmo-
spheric  Analysis of Spectral Hypercubes
(FLAASH) model followed by Jia et al. (2014).
The landuse and landcover (LULC) classification
have been done considering the corrected Land-
sat image using the maximum likelihood and
support vector machine (SVM) classifiers models
in the ENVI 5.1 software (Foody et al. 1992; Jia
et al. 2011; Pal and Foody 2012). The diversified
soil, vegetation and water bodies (moist areas)
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Fig. 3.1 Regional settings of the study area within the fill valley terrace in the middle-lower course and deltaplain of
the Subarnarekha river basin

have been identified based on the classified DGPS (Differential Global Positioning Systems).
image (Bishop et al. 2012). The elevation data Considering the earth as an ellipsoid surface
have randomly been taken from ~ 10,000 loca- coupled with the WGS84 datum and Earth
tions of different geomorphic units using the Gravity Model 1996 (EGM96) the DGPS is
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Fig. 3.2 Geological setting of the study area exhibits age-wise different lithological formations

performing. Therefore, the extracted DGPS-
based data (elevation) converted into equipoten-
tial geoidal surface corresponding to the mean
sea level (MSL) as a local vertical datum (Pavlis
et al. 2012; Patel et al. 2016). Moreover, the
Total Station (TS) survey was conducted during
February—April 2015 in the distinct geomorphic
units of the river bed, mid-channel bar, natural

levees (older and younger), palaco-courses and
oxbow lake areas. Elevation data of ~ 1500
points were taken from each site at ~10 m of
spatial interval (depending on the elevation dif-
ferences). The SRTM images have been merged
(mosaic) and resampled into 10 m resolution
after sub-pixel analysis (Mokarrama and Hojati
2018). The vertical accuracy of the resampled
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SRTM data has been validated with DGPS-based
elevations, which reveals the £0.15 m RMSE.
Moreover, the DGPS and TS survey-based ele-
vation data have been converted into raster data
(with 10 m resolution) employing the Inverse
Distance Weighting (IDW) interpolation method
(Patel et al. 2016), which has been superimposed

on the resampled SRTM data. Finally, the 10 m
spatial resolution raster Digital Elevation Model
(DEM) has been primed from the assembled
dataset. The multi-temporal Google Earth images
have also been used for the extraction and vali-
dation of different geomorphic landforms.
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3.2.3 Extraction of Landform
Terraces
and Morphological
Features

The different landform terraces (cut and fill val-
ley and deltaplain) have been demarcated based
on the extracted contours (10 m interval) from
the finally primed high-resolution (10 m) DEM
(Fig. 3.3). Only the extended contour lines have
been selected for the demarcation and mapping
of different terraces. The fragmented and patchy
contours zones have been ignored for the dis-
tinctive terrace mapping. The upper and lower
terraces of cut and fill valley and deltaplain have
been discriminated based on the elevation dif-
ferences. Altogether 44 types of morphological
features have been identified applying the DEM-
based elevation differences, LULC classification-
based soil, vegetation and water (moist) patches,
Google Earth images, nature of sediment
deposits and field observations. The textural
variations of deposited sediments, erosional and
depositional signatures, inundation level and
periods have been also considered during mor-
phological features identification. The plan shape
morphological features of the entire study area
have been segmented in four different zones
considering the diversified river flow directions
coupled with the slope and elevation differences
of the terraces.

3.2.4 Geometrical Analysis

The geometrical properties i.e. channel width (w)
at bankfull stage and lean-phase, depth of chan-
nel (d), width-depth ratio (w/d), meander length
(£), meander height (%),radius of curvature (r) of
meander and meander arc-length (R.) have been
estimated followed by the Williams (1986),
Islam and Guchhait (2017), and Jana (2019) for
the sectional river stretches of Jamsola—Ragra,
Ragra—Dantan, Dantan—Rajghat, and Rajghat—
Chaumukh sections as well as for the entire
studied river stretch. The channel width at lean-
phase has been estimated based on the Landsat
image of 2015. During the extreme flood events
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(bank full periods) the cloud free image was not
freely available. Therefore, the channel width at
bankfull stage was estimated from the on field
survey during July—September, 2015 in the dif-
ferent sectional reaches of the river. The other
meander properties have been estimated from the
2015 image using the ArcGIS 10.1 software after
digitizing the respective banklines and channel
middle positions (Jana 2019).

3.2.5 Sedimentological Analysis

Sediment samples have been collected from the
apparent lithostratigraphic units of the different
landforms in the upper and lower river courses.
On 15th March 2015, twelve sediment samples
have been collected from the equivalent layers of
the excavated profiles in the scrub dominated
younger fill terrace (S1) at Dharmapur and older
mid-channel bar (S2) at Nayabasan. Moreover,
six different sediment samples have been col-
lected (on 26th September 2015) from each of
the layers of the mid-channel bar (S3) at Saher-
bazar near Jaleswar. All three profiles have been
excavated up to the exposed layer corresponding
to the river bed. The collected sediment sample
has been processed and analyzed to discriminate
the textural variation of the particles using siev-
ing and pipette methods. The percentage distri-
butions of sediment grain-size have been further
analyzed employing the GRADISTAT statistical
programme (Blott and Pye 2001) to understand
the nature of fluvial environments during sedi-
ment deposition in the respective layers.

3.3 Results and Discussion
3.3.1 Fluvio-Marine Environments
and Landform Terraces

The cut and fill valley terraces (Fig. 3.3) have
been formed and modified with due effects from
the fluvio-marine environments during the Early
Pleistocene to Holocene period (Fig. 3.2). Ini-
tially, the marine process was in action around
the lower cut and fill valley terrace (Fig. 3.3)
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when the shoreline was parallel to the laterite
surface during the Early-Middle Pleistocene
period ((Fig. 3.1) (Banerjee and Sen 1987, 1988;
Jana and Paul 2020). During this period, the
laterite cliffs were formed with the relatively
fluctuating sea level and associated land erosion
by sea waves (Niyogi 1975). The tide-water
entered into the future interior areas of the river
valley and enhanced the retreating rate of laterite
layers progressively towards the land. Moreover,
the fluvial action was more active during the Late
Pleistocene ice melting in the Bengal Basin area
(Ghosh and Guchhait 2020). Therefore, the
combined erosional effects of the fluvio-marine
processes were responsible for the formation of
the extensive valley on both sides of the present
river course. However, the four different cliffs at
various elevations (Fig. 3.1) have been modified
by the headward erosion along the tributaries on
both sides of the valley in the Holocene period.
The marine regression phase was started and the
shoreline was aligned at the Baliapal section
during  7000-6500 years  before  present
(YBP) (Banerjee and Sen 1987, 1988; Jana and
Paul 2020) almost parallel to the present shore-
line (Fig. 3.1). Therefore, the Nayagram—Balia-
pal stretch was dominated by the fluvio-marine
transitional environment during the middle
Pleistocene to 6500 YBP (Jana and Paul 2020).
Moreover, the existence of five successive che-
nier dune ridges and swales between the Contai
and Digha-Talsari coastal stretch reveals the
continuous regression phase with a limited per-
iod of stillstand phases during 6,000-5,000 YBP,
4,700-4,000 YBP, 3,500-3,000 YBP, 2,500-
1,100 YBP, and 600-500 YBP (Goswami 1997,
1999; Jana and Paul 2020).

The extended valley has been filled up by the
river carried sediments drained from the upper
catchment areas and the nearby laterite uplands
during the Late Pleistocene to middle Holocene
periods (Jana and Paul 2019, 2020). These cut
and fill valley terraces (Fig. 3.3) have remained
under the Sijua formation, Panskura formation
and Daintikri formations composed with the fine
sand, silt and clay type of materials (Fig. 3.2).
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The river was flowing nearer the laterite surface
on the left side of the valley in the past. Recently,
the river is flowing through the relatively mean-
dering path within the upper terrace (40-70 m
elevation) maintaining the gentle surface gradi-
ent. The eroded materials from the retreated
lateritic cliffs have been deposited in this area,
which is responsible for the higher elevation. The
river flows in the straight course within the lower
terrace (20—40 m elevation), and the relatively
higher gradient is perceived the lower terrace in
compared to the upper terrace. The deposited
materials in the lower terrace have been redis-
tributed and somehow transported towards the
downstream section under the dominance of the
fluvial environment. These sediments were
deposited (as a delta-fan) in the upper deltaplain
during the accelerated rate of marine regression
at the later phase of the Middle Pleistocene per-
iod (Jana and Paul 2020). Therefore, among the
two cut and fill valley terraces, the lower terrace
is more extended than the upper terrace,
although, the higher elevation differences are
experienced in the upper terrace area (Fig. 3.3).
Initially, both deltaplain was formed as the sub-
merged delta-fan lobes when the corresponding
shorelines remained in the landward extents.
However, the submerged delta-fans were
emerged due to continuous sediment deposition
in the shallow marine environments coupled with
the marine regression effects since the middle
Pleistocene period (Paul 2002). The initially
deposited deltaic sediment of the upper deltaplain
has been overlain with the sedimentary deposits
of the Sijua and Panskura formations, whereas,
most of the lower deltaplain area has remained
under the Basudebpur formation (Figs. 3.2 and
3.3). The dominant meandering channel pattern
was formed with due effects from the marine
regression and short-term stillstand phases within
the deltaplain (Paul 2002). Recently, the entire
upper deltaplain is controlled by the unidirec-
tional flow, which is dominating during the
summer monsoon period, whereas, the tide-water
(marine environment) still dominated up to the
middle section of the lower deltaplain (Baliapal).
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3.3.2 Geometrical Diversity of River
Course

Geometrical properties of the river course have
been estimated (Jana 2019) considering the four
different river stretches and the overall river
course within the study area (Table 3.1). In the
Jamsola—Ragra section, the 1032 m average
channel width in the bankfull stage is reduced up
to 265 m in the lean-phase of active channel flow.
The instream geometrical properties are also
changed depending on such seasonal fluctuation
of river discharge. This meandering course is
characterized by the sinuosity index (SI) of 1.37
and the average width/depth ratio (w/d) of 122.
The geometrical properties of meander i.e. aver-
age length (¢), height (h), radius of curvature (r)
and arc-length (R.) have resulted as 7513 m,
2898 m, 1624 m and 10,166 m, respectively.
The river course become straightens within the
Ragra—Dantan section with resultant SI of 1.07.
Therefore, the meander geometrical properties
have not been estimated in this section. The
estimated average channel width (1512 m) in the
bankfull stage is greater than the upper stretch.
However, the width of the active channel flow
(270 m) in the lean-phase is almost similar to the
upper section. The highest average w/d (231) has
been estimated in this river stretch among the
four zones. At the downstream section (Dantan—
Rajghat), again the river course becomes mean-
dering with SI of 1.34. The channel width is
decreased up to 598 m in the bankfull stage, and
the active channel flow is observed only within
200 m width in the lean-phase. In this section,
the lowest w/d (100) is observed among the four
stretches. The average estimated meander geo-
metrical properties of ¢ (7207 m), h (3240), r
(1355 m) and R, (9955 m) are somehow mini-
mized in comparison to the Jamsola—Ragra
stretch. The prominent meandering channel pat-
tern (SI = 1.54) is observed in the deltaic course
in-between the Rajghat—-Chaumukh stretch. The
average channel width is also wider than the
preceding stretch (Dantan—-Rajghat), which
is ~879 m during the peak monsoonal discharge
coupled with the extreme high-tide condition.
During the lean-phase of monsoon and low-tide
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conditions, the active flow is concentrated within
500 m width. In this fluctuating hydrodynamic
condition, the average w/d is recorded as 208.
The average values of meander geometrical
properties are estimated as ¢ (5539 m), h
(2410 m), r (1055 m) and R. (8136 m).

3.3.3 Plan Shape Geomorphology
and Depositional
Environments

The river valley geomorphological features have
been classified into three parts i.e. in the
instream, at the fringe of river course and within
the floodplain. Moreover, the regional diversities
in the plan shape geomorphological features have
been broadly categorized in four distinct zones of
upper and lower terraces in the cut and fill valley
and deltaplain terraces. The depositional envi-
ronments have been assessed by the repeated
field observations of the distinct geomorphic
units in different seasons coupled with sedimen-
tological characteristics. Within the selected
study area, 22 types of geomorphic units with
their subdivisions have been demarcated and
analyzed considering the process of formation
and present status (Table 3.2).
3.3.3.1 Geomorphological Features
in the Upper Cut and Fill
Valley Terrace
The sixteen major geomorphological features
have been demarcated within the upper cut and
fill valley terrace extended from Jamsola to
Ragra stretch (Fig. 3.4). Four major coupled with
thirteen micro-level diversified geomorphologi-
cal features have been observed in the instream
section. Seven major geomorphic units have
been observed at the fringe of the river course,
whereas, five features have remained in the
floodplain areas (Fig. 3.4). The micro-level
diversities of the mid-channel bars and fill ter-
races have been identified within this stretch.
The active channel flow, recent deposits of
sand bodies in the channel bed and mid-channel
bar, seasonal and matured mid-channel bars have
been observed in the instream position (Fig. 3.4).
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Table 3.2 Different morphological features of the study areas

Positions

Instream

Fringe of
river
course

In the
floodplain

Morphological
features

Active channel
flow

Channel bed
sand bodies
(recent
deposits)

Mid-channel
bar (seasonal)
Mid-channel
bar (stable)
Tidal shoal

Incipient
crevasse
channel
Chute flow
Chute bar

Dead slough

Sand splays

Fill terrace
(younger)

Fill terrace
(older)

Backswamp

Marshy land

Oxbow lake

Natural levee
(younger)

Natural levee
(older)

Formation process

Channel flow path throughout the
year

Long-term flood deposits

Resent fluvial deposits

Long-term flood deposits

Tidal deposits at turbidity
maximum zone

Development of a narrow channel
after breaching the bar during
extreme flood

Secondary flow during high flood
events

Degradation of mid-channel bar by
storm flood

Shifting of active flow path from the
bank margin to channel middle
position

Sand deposition during storm flood

Sediment deposits (recent) during
flood at the position of earlier cut
terrace

Sediment deposits (earlier) during
flood at the position of earlier cut
terrace of active flow path

Diversion of natural river flow after
embankment construction

Natural depression areas of the
floodplain, mainly form in the swale
topographic condition

Isolated parts of palaeco-meander
course formed after meander neck-
cut

Sedimentation over marginal areas
of recent river course during high
flood discharge
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Field description

Seasonal changes in flow pattern and it
depends on the discharge, sediment load
and sediment distribution

Exists in same position and or change
their position, shape and size depending
on the consecutive flood nature

Position, shape and size are changed
depending on the seasonal fluctuation of
hydraulic and sedimentation nature

Erosive marginal part, and nearly stable
and vegetated surface platform

Elongated shaped, grass and mangrove
dominated

Narrow channel bifurcates the mid-
channel bar deposits

Sluggish palaeo-flow path and only active
flow observed during extreme flood event

Degraded and almost abolished

Sluggish or ponding flow path at the
margin of river bed

Exists in the same location and utilized
for cultivable land after removal of sand
from the top layer

Exists in the same position (channel
margin) and or changing its position,
shape and size depending on
sedimentation nature

Exists at the channel margin position

Depression areas at the palaco-flow path
of river

Initially remained as marshy land and
habitat for natural aquatic species and
recently altered into aquaculture farm

Almost entirely occupied by dwellers for
settlement and agricultural purpose

(continued)
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Table 3.2 (continued)
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Positions Morphological Formation process Field description

features
Sediment deposition in the marginal
areas of the palaeo-river course
during peak flood discharge

Meander Imprint of the migration of palaeo- Mostly converted into the agricultural

scrolls (palaeo- river courses land and fisheries by human activities

channels)

Floodplain Overbank sediment deposition in Intensively used for agricultural activities
the extensive low-lying areas on the and human settlement
both sides of the river course

Dune ridge Sand deposits over the beach ridge Parallel elevated dunes occupied by
surface by Aeolian process settlement with orchards and some

natural vegetation

Swale Tidal mud deposits at the interdune  Exists as natural wetlands and mostly
depression areas altered into cultivated areas

Mudflat Tidal flat deposits over the shallow Dominated by the mangroves and salt
marine buffer zone marshes
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Fig. 3.4 Plan shape geomorphological features of the upper cut and fill valley terrace within the Jamsola—Ragra stretch
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Three mid-channel bars have been observed
within this river stretch. Among these, one is
located in the channel middle position (at Dipa-
pal), and the other two in the channel fringes at
Nayabasan (right bank side) and Hatipata (left
bank side). Initially, the channel fringe mid-
channel bars had remained in the channel middle
positions. But, due to the channel shifting on the
opposite direction (Jana 2019), these bars have
remained in the channel fringe positions. How-
ever, these two bars have been surrounded by the
river flow during the summer monsoon flood
events. The channel bed sand bodies have been
deposited on both sides of the channel active
flow (during lean-phase). The spatial extents of
the sand sheets have been changed depending on
the meandering nature of the flow path, hydraulic
behaviour of flow during flood events and river
bed elevation differences. The seasonal mid-
channel bars have been observed in the middle
positions of the active flow. These bars have
been noticed in the lean-phase of monsoon with
due effects from the low magnitude river flow
regime. The seasonal mid-channel bars have
remained in pseudo nature with their ever-
changing positions and extents.

At the fringe of the river course, the incipient
crevasse channel, chute flow and bars, dead
slough, sand splay, younger and older fill terraces
have been found in the Jamsola—Ragra stretch
(Fig. 3.4). The incipient crevasse channel has
been formed in the Nayabasan bar due to sedi-
ment breaching during the extreme flood event
(Table 3.2). The chute flow has also been
observed in the extreme right bank position of
the Nayabasan bar. Initially, this chute flow path
remained as the active channel flow path. How-
ever, this flow path became gradually inactive
with the leftward channel shifting (Jana 2019).
The chute bars have been observed in the four
different positions, three in the marginal posi-
tions of mid-channel bars and one in the margin
of the scrub dominated younger fill terrace. The
dead slough has formed due to the flow path
shifting from the bank margin to the channel
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middle position and the remnant flow path con-
verted into the sluggish flow path. Such types of
micro-geomorphic units have been observed at
the five different positions in Jamsola—Ragra
stretch (Fig. 3.4). The sand splay has been found
in the left bank position, just on the opposite side
of scrub dominated younger fill terrace
(Fig. 3.4), which has been formed due to the
sand deposition at the overbank flow regime
during the storm flood events. The younger fill
terraces have been formed with recent sediment
deposits during the flood events. However, the
positions of the fill terraces were remained as the
cut terrace in the near past, which were also
remained as the active flow path of the earlier
river course. The older fill terraces have been
formed in the same process likewise the forma-
tion process of the younger fill terraces. Only the
difference is that the older fill terraces are older
and remained far away from the recent river
course compared to the younger fill terraces. In
this stretch, three types of older fill terraces have
been categorized depending on the vegetation
significance and degradation level (Fig. 3.4).

In the floodplain areas, the backswamp,
younger and older natural levees, meander scrolls
coupled with floodplain have been observed in
the different sections away from the river course
(Fig. 3.4). The backswamp exists in the backside
of the bridge protective embankment structure
(left bank) at Gopiballavpur (Jana 2019). The
younger levees have been formed due to sedi-
ment deposition over the recent channel margin
areas. The older levees have situated corre-
sponding to the meander scrolls, which were
formed due to the sedimentation in the marginal
areas of the palaeo-courses. The overall positions
of the meander scrolls in the Jamsola—Ragra
stretch reveals that the river course has been
migrated on both sides of the recent course.
However, the positions of palaeo-cliffs, existing
meander scrolls and extents of floodplain in this
stretch divulge that the river course has shifted at
a large extent towards the right in compared to
the leftward shifting.
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3.3.3.2 Geomorphological Features
in the Lower Cut and Fill
Valley Terrace

In the lower cut and fill valley terrace of Ragra—
Dantan stretch, similar types of geomorphic
features have been observed as mentioned in the
Jamsola—Ragra stretch, however, the micro-level
diversities have resulted in their forms and
characteristics (Fig. 3.5). Two outstanding mid-
channel bars have been observed near Rohini and
Ragra at the confluence positions of Dulung river
with the mainstream of Subarnarekha river
(Fig. 3.5). The positional extents of the meander
scrolls at the confluence region divulge that this
area remained as a depression like area in the
past. Another mid-channel bar has been situated
at the downstream section of Kulboni and near
Nayagram. The mid-channel bar located near
Rohini is enough elevated and stable, which is
well known as Kodopal. The diversified micro-
geomorphic units of chute flow with chute bars,
dead slough and bar tails have been observed in
the Kodopal. The active river flow has dispersed
along the wide channel bed in the relatively
straight river course. Therefore, a large number
of seasonal mid-channel bars are present that
river stretch compared to the other stretches. The
extended younger fill terrace on the right side of
the recent course reveals that the river is migrated
towards the left at most of the positions. How-
ever, the position of palaeo-cliffs (Fig. 3.1),
meander scrolls and associated older natural
levees and extensions of floodplains (Fig. 3.5)
demonstrate that the river was flowing with a
meandering channel pattern in the past and
gradually straightened its course by the rightward
shifting. The marshy lands have been formed at
the positions of palaeo-courses.

3.3.3.3 Geomorphological Features
in the Deltaplain

The meandering course of the upper deltaplain is
extended within Dantan—Rajghat stretch. This
section is now converted into the ancient delta-
plain (Jana and Paul 2019). The minimum
numbers of geomorphic units have been
observed in this stretch (Fig. 3.6) compared to
the other stretches. The younger fill terraces have

S. Jana and A. K. Paul

remained at the concave meander bends,
whereas, the younger natural levees have been
extensively situated almost in both sides of the
river course. The positions of the meander scrolls
reveal that the palaeo-course was relatively
straight, which gradually follow the meandering
pattern. However, the most complex channel
pattern has been observed in the lower deltaplain
of the Rajghat—Chaumukh stretch (Fig. 3.7). This
river stretch has been associated with the unidi-
rectional and bidirectional flow nature respec-
tively in the upstream and downstream of
Baliapal sections. Though, this entire river
stretch was tide-dominated during 7000-6500
YBP (Paul 2002; Jana and Paul 2020). Almost
similar types of geomorphological features have
remained in this stretch (Fig. 3.7) as observed in
the earlier stretches (Figs. 3.4, 3.5, and 3.6).
However, the mature and immature tidal shoals,
oxbow lakes, dune ridge, swale and mudflat are
the additional geomorphic features in the lower
deltaplain (Fig. 3.7). The tidal shoals have been
formed at the turbidity maximum zones in the
extremely tide-dominated lower course (Paul and
Kamila 2016). The lower elevated immature tidal
shoals have been submerged and emerged
depending on the tidal range, whereas, the
mature shoals have remained emerged and are
significantly covered by saltmarsh and man-
groves. The linear array of dune ridges have
remained coupled with inter-dune swales within
the chenier deltaplain. The elongated mudflat has
been formed in the modern barrier coast of the
Subarnarekha deltaplain (Jana et al. 2014; Jana
and Paul 2019). The existence of oxbow lakes in
the palaco-courses reveals that the river course
was active in the near past (Jana and Paul 2020).
The younger levees and fill terraces have domi-
nated within this entire river stretch. The older
natural levees have been mainly found in the
upper section (Rajghat—Baliapal), whereas, the
older fill terraces in the lower section of Baliapal.
The relative positions of the natural levees and
fill terraces (younger and older), oxbow lakes and
meander scrolls reveal that the river course has
been shifted on both sides in the different sec-
tions. However, the river was shifted at a larger
extent on the leftward (within the Rajghat—
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Fig. 3.5 Plan shape geomorphological features of the lower cut and fill valley terrace within the Ragra—Dantan stretch

Baliapal section), both sides at a similar trend
(near Baliapal) and rightward (near upstream of
Chaumukh) depending on the hydrodynamic
nature coupled with the river geometry. Also, the
pattern and positions of dune ridges on both sides

of the river course (straight and curved ridge
cutting) reveals that initially, the river was
flowing in a straight course at the downstream of
Baliapal, whereas, it was continuously migrating
rightward and ensured the meandering flow path
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Fig. 3.6 Plan shape geomorphological features of the upper deltaplain within the Dantan—Rajghat stretch
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Fig. 3.7 Plan shape geomorphological features of the lower deltaplain within the Rajghat-Chaumukh stretch

in the extreme right bank position. However, the
existence of fill terraces in both banks coupled
with tidal shoals within the present river course
reveals that the river width has been shrunk
through maintaining the hydrodynamic adjust-
ments associated with the fluctuating sea level.

3.3.4 Morphology of Mid-Channel
bar

Just after the Jamsola gorge section, the channel
width has increased from 160 m to 2384 m
within 2 km river stretch (Figs. 3.4 and 3.8a).
The largest (2.38 km?) mid-channel bar (sur-
rounded by the mid-channel sand bodies) has
been formed at Dipapal with due effects from the
abrupt diminution of hydraulic energy in the
extensive river course. However, the entire bar is
not in a stable form and it has been categorized in
five different platforms (bar head, chute bar, bar
tail, degraded inner bar platform and stable bar

platform) depending on the elevation differences
and surface expressions of degradation level
(Fig. 3.8a). This bar is about 8.5 m elevated from
the surrounding river bed. The river flow is
bifurcated and it again converged in a single flow
in this section. Another significant mid-channel
bar (older) has been observed at Nayabasan
(right bank side) covering an area of 2.13 km?®
(Figs. 3.4, and 3.8b). The maximum height of
this bar is about 6.75 m in respect to the local
river bed. The distinctive geomorphological
features of stable inner bar platform, degraded
bar platform, stable bar head, chute bar, boulder
dominated bar head, bar tail coupled with
incipient crevasse channel, dead slough and
chute flow path have been found in this section
(Fig. 3.8b). The chute flow path initially
remained as the main flow path of the active
channel. However, recently, flood water can
enter within this path only during extreme flood
events. During the high magnitude flood events,
the river carried boulders have deposited in the
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marginal areas of the bar. The chute bar has been
formed due to erosion of the mid-channel bar.
The inner bar platform has remained in stable
condition covered by scattered vegetations,
whereas, the outer bar platform has been gradu-
ally degraded with due effects from the intensive
sand mining from the marginal river bed (Jana
2019). The other mid-channel bar has been sit-
uated at Kodopal, which is covered about 1.90
km? area and the upper bar platform remains in
7 m height from the local river bed (Fig. 3.8c).
The stable bar head and inner bar platform, bar
tail, degraded bar tail (upper and lower terrace),
chute bar and dead slough (at low flow) are the
micro-level geomorphic features observed in the
mid-channel bar section of the Kodopal
(Fig. 3.8c). This bar has been formed with due
effects from the combined river discharge and
sediment load in the straight and wide river
course followed by the relatively curved and
narrow course in the downstream section. The

voluminous load (water and sediment) might not
able to easily drain to the downstream river
stretch. Therefore, the lag deposit was responsi-
ble for the formation of the mid-channel bar at
that position.

3.4 Sedimentary Stratigraphy
and Depositional Environments

The sedimentary depositional environments of a
landform can be evaluated through the analysis
of sedimentary characteristics (Jana and Paul
2020). In this concern, the lithostratigraphic
characteristics of three different landforms have
been assessed considering the layer-wise diver-
sities of depth (thickness), material types, mean
grain-size, mode, sorting, skewness and kurtosis.
The sedimentary profile has been excavated up to
the 3.58 m.bgl (below ground level) in the
channel margin younger fill terrace at Dharmapur

86°44'30"E 86°45'30"E

()

Nagursai
*

T

22°13'30"N

N Bangara
*

|JAkhhubera
*

22°1230"N

86°54'0"E
N (b)

86°52'30"E 5 g E

L s
[Khandalp, »
* 2

87°4'E 87°5'E

Segments of main mid-channel bars
Mid-channel sand bodies (recent deposits)
~~ Mid-channel bar (degraded inner platform)
Mid-channel bar (stable inner platform)
Mid-channel bar (stable head)

z: Mid-channel bar (degraded head)
Mid-channel bar (tail)

* Mid-channel bar tail (lower terrace)

| Mid-channel bar tail (upper terrace)

‘®%. Older mid-channel bar (boulder dominated)
Older mid-channel bar (stable head)

Older mid-channel bar (degraded platform)

Other associated
features of main bar

Mid-channel bar (seasonal)
Incepient crevase channel
Chute flow

Chute bar

Dead slough

“..5% Dead slough at low flow
Channel bed sand bodies
(recent deposits)

- Active channel flow

87°530"} 277" Older mid-channel bar (stable inner platform)

Fig. 3.8 Morphological diversities of the different mid-channel bars situated (a) at Dipapal, in the downstream section
of Jamsola, (b) at Nayabasan near Gopiballavpur, and (c) at Kodopal near Rohini
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(Fig. 3.4, Table 3.3). The sedimentary profile of
the older mid-channel bar has been excavated up
to 1.93 mbgl at Nayabasan (Fig. 3.4 and
Table 3.4), whereas, the sedimentary character-
istic has been recorded from the 6.11 m thick
exposed profile of mid-channel bar at Saherbazar
(Fig. 3.6, and Table 3.5). The lithostratigraphic
characteristics reveal that the different natures of
fluvial environments were effective during the
sediment deposition in the distinctive layers
(Jana and Paul 2020). Within the three profiles,
the material types coupled with the mean grain-
size varies from the very coarse sand (with
gravels) to clay types, which indicates the very
high to very low energy environments. More-
over, the trends of discharge (water and sedi-
ment) and energy level coupled with the
fluctuating flow regimes have been elucidated
through the nature of mode, sorting, skewness
and kurtosis (Jana and Paul 2020). The unimodal
type of sedimentary characteristics indicates the
steady flow of a single flood event, whereas,
bimodal nature is characterized by two or more
flood events or can be a repetitive fluctuating
energy level in a single flood event. The well
sorted sedimentary nature reveals the mixed
energy environment, whereas, sedimentary nat-
ure tends toward well unsorted is deposited by
the steady fluvial energy (high or low) environ-
ment. Moreover, the higher mean grain-size with
well unsorted (poorly sorted) sediment demon-
strates the high energy environment, while, the
well unsorted with lower mean grain-size exhi-
bits the low energy environment during deposi-
tion. The sedimentary deposits resulted with
coarse (positive) skewed indicates the enhanced
high energy environment followed by continuous
receding energy level. The fine (negative)
skewness shows a gradual increase in energy
level, which rapidly reduced after achieve the
peak level, whereas, the symmetrical skewed
reveals a similar trend in the rise and fall of flow
regime. The leptokurtic type of sedimentary
nature conveys the high energy peak discharge,
which becomes mesokurtic to platykurtic nature
with reducing discharge and energy level during
sediment deposition.
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The 3.58 m thick younger fill terrace has been
composed of twelve distinct sedimentary layers
coupled with diversified sedimentological prop-
erties (Table 3.3). Based on the response of the
local people it is clear that this fill terrace has
been formed after the flood event of 1971, which
reveals the fill terrace is 45 years old (as in
2015). The material types of these layers have
been composed of different mean grain-size
material of sands and silts. Very coarse silt
(60 pm) and coarse silt (28 um) has been found
respectively in the 2nd and 3rd layers those were
deposited in the low energy and high flow regime
as a lag deposit. Such type of depositional
environment is supported by the nature of mode
(unimodal), sorting (moderately sorted), skew-
ness (symmetrical-coarse) and Kkurtosis (very
leptokurtic—leptokurtic) (Table 3.3). The 6th, 8th,
10th and 11th layers have been resulted with
bimodal and well—moderately well sorted sedi-
mentary nature, which indicates that these layers
were deposited either in the two or more flood
events or by the repetitive fluctuating energy
level of a single flood event. The layer-wise
depositional environment has been assessed in
supports of the nature of skewness and kurtosis.
In the 6th layer, sediments were deposited with
the effects of moderate energy level which was
enhanced up to the high level at the end of the
flood event. The 8th layer was deposited initially
in the increasing energy level, and it was rapidly
reducing after achieved the peak discharge and
energy level. The 10th layer was deposited with
the fluctuating trend of flow regime dominated by
high energy peak discharge. The fluctuating flow
regime with reducing discharge and energy level
was acting during the deposition of sediments in
the 11th layer.

In the excavated profile of older mid-channel
bar, twelve distinct sedimentary layers have been
characterized by very coarse silt (61 pm)—very
coarse sand (1512 um), although, 1.52-2.75 cm
diameter gravels have been observed in 12th
layer (Table 3.4). The gravels dominated by very
coarse sand (12th layer) was deposited under the
very high energy steady flow which was dimin-
ishing after achieved the peak regime. The 11th
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layer was deposited with due effects of reducing
energy and flow regime, which again enhanced
during the deposition of the 10th layer. Also, the
9th layer might be deposited at the same flood
event corresponding to the sedimentation in 10th
layer, although, during sediment deposition in
the 9th layer, the energy level gradually reduced
after achieving the peak level. The river carried
silt and very fine sand-size materials during the
first flood event (Jana and Paul 2019). Therefore,
the 8th layer was deposited in a different flood
event in the successive year, which was charac-
terized by the voluminous discharge coupled
with the high regime and moderate energy level.
The 7th layer was also deposited at the end of
this flood event associated with a steady and
moderate flow energy environment. The 6th to
top (1st) layers were deposited in a different flood
year with fluctuating energy and flow regimes.
The sedimentary profile of mid-channel bar
(at Saherbazar) has been situated in the wide
(910 m) river course, which has swiftly reduced
to 350 m at Militaribazar bridge and 250 m at
Rajghat bridge only within 2.5 km and
7.5 kmdownstream section, respectively. In the
downstream section (older deltaplain) such kind
of channel dimension is responsible for clay—
medium sand types of material deposition in the
six diversified sedimentary layers within 6.11 m
elevated bar (compared to local river bed)
(Table 3.5). The medium—fine sand (254 pum)
was deposited at the bottom layer under the
moderately steady energy condition which was
reduced at the end of the flood event. The silt—
clay type materials in the 4th layer (0.86 m thick)
were deposited with voluminous sediment loaded
low energy steady flow energy environment. In
the 4th layer, fine sands were deposited in a
separate flood event characterized by moderate
energy steady enhancing followed by continuous
receding energy environment. The silt was
deposited in the 3rd layer under the dominance of
low energy and firmly reducing flow regime. The
medium—fine sand-size materials (in 2nd layer)
were deposited in two different flood events
under moderate-high energy fluctuating flow
regimes. The top layer (silt-very fine sand) was
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formed with due effects from the mixed energy
fluctuating flow regime of a single flood event.
The top layer was deposited during 1978 and
after that flood level was unable to inundate the
stable platform of the bar. About 1.0-1.5 m
diameter tree logs have been observed over the
bar surface, which assists to predict the age of the
bar. Local people are also confirmed that the bar
has been formed about 25 years ago (as in 2015).

3.5 Conclusion

The present study area of the middle-lower and
deltaic courses of the Subarnarekha river repre-
sent a significant sediment sink. A large amount
of sand size sediments is derived from the upper
catchment area dominated by weathered granites
and gneissic terrain of the Chotanagpur plateau.
The depositional environments of the study area
represent high fluvial influx in the three sections
of the channel reaches from Jamsola to Ragra,
Ragra to Dantan, and Dantan to Rajghat. How-
ever, the assemblages of landforms, geometry of
the channel reach and sediment characteristics of
the downstream section indicate the role of
concomitant sea level fluctuations in the modifi-
cation of sedimentary depositional environment.
The plan shape geomorphology, properties of
channel geometry, sediment texture and strati-
graphic sections of the river valley alluviums,
morphology of the mid-channel bars, and palaeo-
shorelines of the deltaic section reveal the pres-
ence of very distinct depositional sub-
environments along the present course of the
Subarnarekha river from Jamsola to Chaumukh.
The study also highlights the role of energy level
fluctuations of the river flow since the Late
Pleistocene to Early Holocene period, and con-
tinuous adjustment of the channel course since
Early-Late Holocene period with the base level
changes resulted from marine transgression,
regression and stillstand phases. The presence of
valley cuts, fluvial and marine terraces also
indicate the role of neotectonics in the modifi-
cations of bank margin environment of the river
valley.
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