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ogy to re-explore the dynamic physical enti-
ties of the Ganges Basin, viz, Late Quaternary

Abstract
This chapter deals with the critical review and

summary of current advances and application
of Quaternary geomorphology in Indian land-
scapes, specifically in the Lower Ganges
Basin (LGB). Unfortunately, the LGB and
Ganga—Brahmaputra Delta (GBD) perhaps are
getting least attention by the practitioners of
earth sciences and there is very little under-
standing of this Neogene—Quaternary
morpho-stratigraphic unit from the perspec-
tives of physical geography. Recently, the
branch of Quaternary geomorphology has
enough efficiency to analyse the Quaternary
—Recent changes and records in the earth
surfaces and the anthropogenic influence on
the landforms and processes during recent
times. Here, we have discussed and reviewed

geomorphic, geological and climatic changes
(e.g. palacogeography, palacoflood and fluvial
response to climate, etc.), tectonic geomor-
phology (e.g. impact of active tectonics on the
morphology of alluvial rivers and deltas, etc.),
the links between fluvial processes and forms
(e.g. variable fluvial regime and floodplain
stratigraphy, channel shifting, fluvial geomor-
phology and arsenic contamination, gully
erosion and sedimentation, etc.) and impact
of anthropogenic activities on the rivers of
LGB (e.g. embankment and bank erosion,
dams and floods, groundwater contamination,
etc.). The present volume, related to LGB,
contains eleven significant chapters which are
focused precisely on these above aspects

using different geospatial techniques and
quantitative analysis.

the key strengths of Quaternary geomorphol-
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1.1 Introduction

The term ‘geomorphology’ arose in the Geo-
logical Survey in the USA in the 1880s and was
possibly coined by two great pioneers,
J. W. Powell and W. J. McGee (Grapes et al.
2008; Sear and Newson 2010). Previously, the
discipline of geomorphology was regarded as a
part of geology which enabled the practitioners
to reconstruct earth history by looking at the
evidence of past erosion. Although geomor-
phology draws its roots from geology and hy-
draulic engineering and earth’s physics, it differs
from other earth sciences in that its focus is on
the study of the processes of production, move-
ment and storage of sediment with the landscape
and on the characterization of the features these
processes produce (Sear and Newson 2010).
With course of time and development of earth
sciences, geomorphology has changed greatly
after Second World War, not least because of the
plate tectonics paradigm, but due to the revolu-
tion in our knowledge of the Quaternary Period.
That change was brought about by new dating
techniques and environmental reconstruction of
past, quantitative and statistical analysis of data,
development of modelling and system thinking,
appreciation of the importance of organisms,
application of geomorphology to the study of
palaeoclimatology, palaeohydrology, hazard,
engineering problems and global environmental
change. There is now a greater appreciation of
the nature of micro-geomorphic processes and
availability of a whole range of new technologies
for the analysis of data and materials, the
development of satellite remote sensing and
exploration of space.

1.2 Important Concepts

‘Quaternary’ is the current and most recent per-
iod of the Cenozoic Era, having span from
2.588 £+ 0.005 million years ago to the present
(Cohen et al. 2015). The Quaternary is divided
into two epochs—(1) the Pleistocene (2.588
million years ago to 11.7 thousand years ago)
and (2) the Holocene (11.7 thousand years to
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today) (Cohen et al. 2015). This period is
important because it is the geological period
when the human evolution took place and it is
also the geological period characterized by
extraordinary changes in the global climate such
as the Ice Ages (Singhvi and Kale 2009). The
repeated climatic fluctuations (glacial and inter-
glacial episodes) that have occurred throughout
this latest chapter of earth history have given rise
to a highly complex record of landforms, sedi-
ments, biological remains and assemblages of
human artefacts (Lowe and Walker 2015).

Each aspect of the contemporary global
environment including hydrogeomorphic pro-
cesses is now modified or at least influenced by
human activity during Late Holocene. The Qua-
ternary record offers a foundational understand-
ing of baseline conditions of earth system
processes and responses and facilities increased
confidence in evaluating the magnitude of past
and future global climatic change and its diverse
effects (Meadows 2016). The ‘Anthropocene’
(Crutzen 2002) represents an appropriate plat-
form from which to inject the above perspective.
Given the amplitude of human intervention on
climate, environment and landscape, there are
groups that now suggest the usage of term
Anthropocene to demarcate the period from the
times of the beginning of the industrial revolu-
tion, more correctly from 1610 to 1964 (Crutzen
2002; Singhvi and Kale 2009; Zalasiewicz et al.
2011; Lewis and Maslin 2015).

Geomorphology has enough efficiency to
analyse the Quaternary changes and records in
the earth surfaces and the anthropogenic influ-
ences on the landforms and processes during
recent times. Quaternary geomorphology is the
study of landscape changes during the recent
Pleistocene and Holocene epochs (Goff 2017).
While geomorphologists typically study land-
forms with a historical perspective in mind,
Quaternary geologist focuses on the surficial
sedimentary deposits, which provide a window
into the past of earth’s changing climate (Goff
2017). Therefore, ‘Quaternary geomorphology’
can be defined as a study of geomorphic pro-
cesses (i.e. weathering, mass movements, ero-
sion, transportation and deposition) and landform
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evolution during the Early Quaternary Period to
Anthropocene. We can correlate three funda-
mental concepts of geomorphology (Thornbury
1969) with the scope and approach of Quaternary
geomorphology:

o Little of the earth’s topography is older than
Tertiary and most of it not older than
Pleistocene,

e Proper interpretation of present-day land-
scapes is impossible without a full apprecia-
tion of the manifold influences of the geologic
and climatic changes during the Pleistocene
and

e Geomorphic processes leave their distinctive
imprint upon landforms and each geomorphic
process develops its own characteristic
assemblage of landforms.

In recent years, Quaternary geomorphology
has continued to grow as a discipline with
emphasis on the quantitative data, experimenta-
tion and predictive modelling on the Late Qua-
ternary geomorphic, geological and climatic
changes (e.g. palacoflood, fluvial response to
climate changes, glacial deposits and global
warming, etc.), tectonic geomorphology (e.g.
impact of active tectonics on the morphology of
alluvial rivers and deltas, etc.) and the under-
standing of links between process and form (e.g.
variable fluvial regime and floodplain stratigra-
phy, fluvial geomorphology and arsenic con-
tamination, gully erosion and sedimentation,
etc.). The applications of Quaternary geomorphic
study on these issues are discussed below.

1.3 Methodological Outlooks

Quaternary geomorphology has borrowed dif-
ferent methods and techniques of different dis-
ciplines of earth science, viz. fluvial
geomorphology, sedimentology, alluvial geoar-
chaeology, palaeoclimatology, palaeohydrology,
process geomorphology, geochronology, tectonic
geomorphology, remote sensing and GIS (geo-
graphic information system), etc. The principal
application of these methods is to explore the

current and past geomorphic processes through
in-depth study of recent landforms and diverse
geological materials using sophisticated tech-
niques. Mostly, our understanding about Qua-
ternary geomorphology is concentrated on the
fluvial archives, landforms and other geological
parts of the Bengal Basin and different dimen-
sions of useful methodology are briefly discussed
as follows.

The pattern or configuration of a landscape is
derived from its composition (the kinds of ele-
ments it contains), its structure (how they are
arranged in space) and its behaviour (how it
adjusts over time to various impulses or thresh-
olds for change) (Fryirs and Brierley 2013). All
the observations and interpretations in geomor-
phology should be framed in their spatial and
temporal context. Currently, remotely sensed and
modelled data using GIS provide a good guid-
ance in our efforts to interpret fluvial landscapes;
it is contended here that genuine understanding is
derived from the field-based analyses. There is a
general guideline to study each element of
landform in a region (Fig. 1.1).

An inquiry into the process—form relationship
implies that geomorphic landscape and its com-
ponent form elements are in adjustment with
contemporary process domains and process rates
(Sharma 2010). Explanation of landforms also
requires integration of time-dependent contem-
porary process data and historical process data
reconstructed from signals of the past environ-
ment in the sedimentary record of landforms. The
discipline of process geomorphology identifies
those process domains and quantifies process
rates for explaining the origin of landforms
(Sharma 2010). It should be remembered that a
change in any component of the landscape ini-
tiates a sequence of change in related form ele-
ments. The internal adjustment between process
rates and from attributes is viewed in terms of
critical conditions of landform stability called
geomorphic thresholds (Schumm 1979; Sharma
2010). Impact of neotectonic activity on drainage
patterns and morphology of alluvial rivers are
also studied in the fluvial section of Quaternary
geomorphology (Schumm et al. 2002). There-
fore, the study of process geomorphology can
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Fig. 1.1 Geomorphic
approach to study the fluvial
landforms and processes at
basin scale (modified from

Step 1: Identify individual landforms (geomorphic unit) and
process-form relationships that determine their processregime

Fryirs and Brierley 2013)

N

Step 2: Analyse and interpret the package and assemblage of
landforms at the reach scale and how they adjust over time

{

Step 3: Explain controls on the package and assemblage of
landforms at the reach scale and how they adjust over time

{

basin scale

Step 4: Integrate understanding of geographic relationships at the

give insight into the evolution of landforms in
relation to Quaternary environmental changes,
because the external effects of climate change,
tectonics and human activities disturb the estab-
lished order of exchange of energy and material
in the geomorphic systems, promoting landscape
instability and responses.

Rivers are highly sensitive to environmental
change: climate change, base level change (in
relation tectonic activity) and anthropogenic
activity (e.g. construction of large dams)
(Tornqvist 2013). Any shift in external condi-
tions instigates a rapid response from the fluvial
system through changes in hydrogeomorphic
processes and landforms (Ghosh and Islam
2016). So, the rivers are considered as excellent
witness of the dynamics affecting earth surface
systems by the Fluvial Archives Group (FLAG)
which was framed in 1996 under the auspices of
the British Quaternary Research Association
(Cordier et al. 2017). FLAG is an independent
international research group that affects the
approaches of researchers involved in the study
of past fluvial environment under two themes—
(1) fluvial archives as templates for long terres-
trial records and (2) fluvial environment and
processes in relation to external and internal
factors (Fig. 1.2).

Sedimentological and  geoarchaeological
aspects of Quaternary geomorphology are very
much relevant to the environmental scientists and
geographers because the vast majority of, if not
all, contemporary floodplains have a greater or
lesser degree been altered by human activity
during the last 10,000 years (Brown 2001). Our
ability to infer past conditions of Quaternary
from the floodplain sediments comes from the
analysis of hydrogeomorphic processes, river
morphology, channel pattern analysis, sedimen-
tation pattern, floodplain stratigraphy and other
fluvial archives, i.e. present is key to the past. To
reconstruct past hydrological conditions of
human existence, the field geomorphic and
stratigraphic evidences are explored at three
timescales—the Late Pleistocene, the Holocene
and the historical and instrumental period (i.e.
Anthropocene) (Macklin et al. 2012). A change
in the frequency and magnitude of floods is the
main direct driver that determines the response of
river systems to climate change and it reads the
history of environmental changes in the form of
sedimentary signals and sequences of landforms
(Macklin et al. 2012) (Fig. 1.3). A reliable
stratigraphic approach is essential to any
palaeoenvironmental interpretation and it
includes mainly lithostratigraphy (grain size,
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Fig. 1.2 Approach of FLAG
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grain shape, etc.), morphostratigraphy (sediment
pattern in relation to surface form), biostratigra-
phy (use of pollen and mollusks), chronostratig-
raphy (identifying age of sediments by dating
method) and pedo-stratigraphy (study of palaeo-
sols and weathering properties) (Mather 2011).
From field excavations into the floodplain
deposits, the following sedimentary characteris-
tics can be recorded: grain size (texture), the
arrangement of grain size variation (fabric),
preferential orientation of particles (imbrication),
small boundary—defining structures within units
or beds, and the stacking and order of these units
or beds (architecture) (Brown 2001). The fabric,
structure and architecture all relate to the condi-
tions of deposition. Miall (2014) provides a
widely acclaimed procedure to identify and rec-
ognize the lithofacies of fluvial sediments based
on their origin of development (Fig. 1.4).
Palaeoclimatology is a field of concern with
study of past climate system activity with the
help of proxies and it acts as a key discipline to
explore Quaternary environment (Goff 2017).
Several environment-sensitive proxy indicators

are used for interpreting the type, magnitude and
duration of environmental change (Sharma
2010). Depending upon the nature of indicator
source, radiometric and thermoluminescence
dating techniques find applications in the recon-
struction of the Quaternary climate and envi-
ronment (Fig. 1.5). The age of organic materials,
such as wood, charcoal, bone and shell, is
determined from the amount of radioactivity of
%C they retain. The radiocarbon method is
suitable for the reconstruction of events generally
not more than 30 ka old (Sharma 2010). The
optically stimulated luminescence (OSL) dating
technique is routinely used for calibrating the age
and palaeoclimatic environment of Aeolian sand
and fluvial deposits (Singhvi and Kale 2009).
Alongside palaeohydrology has grown as an
earth science discipline to infer hydrological
changes of Quaternary period in relation to
changing fluvial processes (Schumm 1977).
A more frequently used method has been the
estimation of past velocity and formative dis-
charge from the channel geometry and from
sediments deposited by floods. The method of



Fig. 1.3 Interaction between
flood and Quaternary climate
change, and resultant changes
in process—form and storage
of fluvial archives (modified
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fluctuating and changing climates

precipitation patterns
discharge regime change
(flood frequency and mangitude)

from Macklin et al. 2012)

river processing
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vegetation

soils

weathering regime

catchment morphology

substrate erosion
material transport
bedload

suspended load
dissolved load

sediment supply
colluvial depsoition

slope-channel coupling

reconstructing palaeofloods from slack-water
deposits in valley has used radiocarbon dating
to provide a geochronology for the deposits and
to infer environmental conditions of Quaternary
(Brown 2001).

1.4 The Ganges Basin

Indian civilization grew up under the care of
River Ganges for thousands of years, nourished
for the generations by her generous bounties
(Tare et al. 2013). The Ganges Basin is an
important fluvial system of northern and eastern
India and is a part of the Ganges—Brahmaputra—
Meghna (GBM) River Basin, draining about
1,089,370 km®> in Tibet (3.67%), Nepal
(12.85%), India (79.20%) and Bangladesh

channel patterns
shift and change
enlargement
contraction

channel dimensions

alluvial storage and archiving

bedforms

lateral accretion deposits
slackwater sediments
levees

boulder berms

overbank deposits
palaeochannel fills
organic deposits

deltas

offshore deposits

(4.28%) (Tare et al. 2013; Rajmohan and
Prathapar 2013). Central Ground Water Board
(CGWB) of Ministry of Water Resources (under
Government of India) recognized the basin map
of lower Ganges River in India (Fig. 1.6). The
river sub-basins of Mahananda, Ajay, Mayurak-
shi, Damodar, Bhagirathi-Hooghly, Ichamati,
Jalangi , Kasai, Silai, Gandak, Kosi, Bagmati,
Sone, Koel, etc. are within the domain of lower
Ganges Basin (LGB). This part of basin is the
world most populated region where 80% of
people lives in the rural areas and depends on the
agriculture. In 2011, the total population of LGB
was 391.21 million (including Nepal and Ban-
gladesh) which is 5.6% of the world population
(6974 million) (Rajmohan and Prathapar 2013).
The LGB receives above 1400 mm rainfall
annually with high influence of tropical cyclones
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Fig. 1.4 Diagrammatic
representation of fluvial
geological approach to study
lithofacies of Quaternary
floodplain sediments
(modified from Brown 2001;
Miall 2014)
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Fabric
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and rainstorms (that instigates periodic floods).
Geomorphologically, LGB is associated with the
crystalline, sedimentary and meta-sedimentary
rocks of Himalayas, Late Quaternary alluvium of
Ganges, Archean rocks of Chotanagpur Plateau,
Gondwana sedimentary rocks of Damodar Gra-
ben, basalts of Rajmahal hills, unconsolidated
alluvium and floodplain deposits of Late Qua-
ternary and Recent deltaic deposits of Bengal
Basin.

One of the most important parts of LGB is the
Ganges—Brahmaputra Delta (GBD) which is an
active and giant geomorphic unit of the Bengal
Basin. Unfortunately, the LGB and GBD perhaps
are getting least attention by the practitioners of
earth sciences and there is very little under-
standing of  this Neogene—Quaternary
morpho-stratigraphic unit (Tandon et al. 2008).
This part of delta is scored with variables tracks

_

A

Rythmic sequences (cyclotherms) -
major environmental changes

Changes in flow conditions -
facies changes

Sedimentray structure, dimensions -
flow conditions

Grain size (texture), arrangement,
mitxture of grain sizes -
processes of depostion and
post-depositional changes

Shape, size, surface marks,
mineralogy - grain history,
processes

of palacochannels and meander cut-offs which
represent the various ancient channels scooped
out with their lateral migration and channel
shifting to form vast floodplains of lower Ganges
and its tributaries and distributaries (Jha and
Bairagya 2011). It is stated to be 736-800 mil-
lion tonnes of suspended sediment loads in the
River Ganges with average sedimentation rate of
0 &+ 3 mm per year (Rudra 2010; Wilson and
Goodbred 2015). The rivers of peninsular India
(e.g. Mayurakshi, Ajay, Damodar, Kasai, etc.)
formed the Rarh Plain and palaeofan-delta which
are now appeared as Pleistocene terraces. The
extreme palaeofloods of these rivers formed the
vast Late Quaternary fertile floodplains with
minerals rich coarse sediments of the Chotanag-
pur Plateau.

In the LGB as a result of a general lack of
cohesive bank materials and a high mobility of
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Fig. 1.5 Methodological flowchart of palaeoclimatic research in Quaternary geomorphology (modified from Bose

2014)

bed materials, the alluvial rivers respond to large
changes in discharge and sediment load by
shifting their courses and by dramatically
changing their morphology and bedforms (Kale
2002). The LGB has preserved the fluvial
archives of past and present environment as well
as the signals of ongoing processes (mainly
impact of different external factors and anthro-
pogenic processes) of Anthropocene. The repet-
itive study of satellite images and historical maps
has revealed that in the lower reaches of the
Ganges River, natural as well as anthropogenic
factors have influenced largely the fluvial
dynamics after the formation of Farakka barrage
(completed in 1975) (Sinha and Ghosh 2012). In
this region, periodic monsoon floods, bank ero-
sion, channel shifting, palacochannels, active
tectonics, land degradation, palaeo-weathering

surfaces, dynamic deltaic landforms and arsenic
contamination of groundwater are the key issues
which can be analysed through the advanced
methods of Quaternary geomorphology. The
previous applied works of Quaternary study and
geomorphology in the whole Ganges Basin (in-
cluding LGB) are reviewed and summarized in
the following section.

1.5 Issues, Advances
and Applications of Quaternary

Geomorphology

An exceptional book of the Geological Society of
London (i.e. ‘History of Geomorphology and
Quaternary Geology’) was published to cover the
various aspects of the geomorphic processes of
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the Quaternary period in the different parts of the
world (Grapes et al. 2008). In the Indian sub-
continent, the landscapes, growth and demise of
numerous civilizations and other anthropogenic
phenomena are directly or indirectly related to
the changes in climatic conditions of Early
Quaternary—Anthropocene. The most important
single factor is the monsoon that determines the
lives, ecology and other physical environment in
India (Singhvi and Kale 2009). The quest to
understand the Quaternary climate change has
become more intense in recent times largely and
the researchers have quantified the variable
responses of the earth system to changes in past
and present climate (Kale et al. 2003; Tandon
et al. 2008; Singhvi and Kale 2009). Some of the
archives (e.g. fluvial sediments, marine sedi-
ments, Aeolian sediments, glacial moraines, etc.)
and proxies (e.g. pollens, magnetic properties of
minerals, plant macrofossils, isotopic composi-
tion, etc.) enable quantification of the changes in

Spatial extent of the Ganges Basin in India including Lower Ganges Basin

the past climate and reconstruction of monsoon
variability in India (Singhvi and Kale 2009).
The new advances in Quaternary studies are
strengthening with the introduction of chrono-
metric techniques in the palaeoclimatic and
palacogeographic reconstruction. Radiocarbon
dating (>60 to ~40,000 years age range), lumi-
nescence dating (10-10° years age range),
Potassium/Argon—Argon dating (>10° years age
range), dendrochronology (Recent to
~10,000 years) and sediment varves (up to a
few thousand years range) are widely applied in
the various domains of Quaternary geomorphol-
ogy (Singhvi and Kale 2009). Charcoal, organic
matter and mineral grains trapped in fluvial
sediments are used to date the sediments using
radiocarbon and luminescence techniques and
the fossil remains of flora and fauna and
archaeological evidences are widely used to
indicate change in past environment of several
Indian rivers, like the Ganges, Saraswati, Indus,
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Sone, Sabarmati, Mahi, Luni, Narmada, God-
avari, Krishna, Kaveri, Pennar and
Bhagirathi-Hooghly (Rajaguru et al. 1993; Singh
1996; Sinha et al. 1996, 2005; Kale et al. 1997,
2000, 2003; Mishra et al. 2003; Kale 2007, 2008;
Tandon et al. 2008; Singhvi and Kale 2009;
Rajaguru et al. 2011a; Sridhar et al. 2014; Sarkar
et al. 2016).

1.5.1 Fluvial Landforms, Archives

and Palaeoenvironment

Quaternary floodplain landforms and sediments
bear the imprints of past and present active
environment, which affect the components and
functions of fluvial system since Late Pleis-
tocene. Channel pattern of a fluvial system is
very dynamic in both space and time because it is
controlled fundamentally by the distribution of
erosive forces and resisting forces along channel
boundaries (Brown 2001; Sharma 2010). It is
found that slope, discharge and sediment load
have great importance to develop straight,
meandering and braided channel pattern, having
variable geomorphic thresholds (Schumm 1979).
Meandering channel pattern is widely observed
in the floodplains of LGB and the point bar is the
main depositional unit of meandering stream. So
the fluvial archives of point-bar deposits have
enough potential to unfold the past stratigraphic
and climatic events which are the firm basis of
Quaternary geomorphology of a region.

Particle size sorting and bedform development
also produce the characteristic point-bar stratig-
raphy; a fining upward sequence from base to
top; an erosional surface, channel lag deposits,
coarse sand with large-scale cross-stratification
(due to migration of ripples and dunes), pro-
gressively finer sands with ripple cross-laminae
and at the top and silty-clay deposits (due to low
fluvial regime) formed by overbank flow. Large
floods may reverse this sequence, producing a
unit with reverse grading (Brown 2001). The
recognition of these reverse grading units is
helpful in identifying periods of hydrological
change and in particular slack-water deposits—
palaeoflood indicators (Fig. 1.7).

B. C. Das et al.

Potholes are one of the most common, current
and spectacular erosional features in the bedrock
by rapidly flowing rivers. Kale and Joshi (2004)
found that the potholes are formed in the
man-made channels and pits (craved in
mid-1940s) in the Indrayani River of Pune. It
reflects the current rate of potholes formation in
the bedrock channels where the energy levels of
monsoon floods are higher by several orders of
magnitude (Kale and Joshi 2004). Using N-type
Schmidt rock hammer, Sengupta and Kale
(2011) calculated the rock resistance along the
locations of potholes in the Indrayani River. That
study revealed that the dominant role played by
hydraulics of flows and the factor of rock resis-
tance in the erosion was getting less important
because in a region of uniform lithology the
ability of a river to erode in bedrock is largely
controlled by the channel gradient and the
amount of abrasive materials (Sengupta and Kale
2011).

The alluvial plains of Ganges basin preserved
subsurface fluvial record (i.e. important conti-
nental archive) which is used for understanding
the landscape development against a background
of Late Quaternary to recent environmental
changes driven mainly by the Himalayan tec-
tonics, monsoonal dynamics and base level
changes(Tandon et al. 2008; Sanyal and Sinha
2010). The LGB including GBD is a key spatial
unit of past environmental changes which can be
scientifically studied by Quaternary geomor-
phology. Available data from different parts of
India and the Ganges Plain demonstrate a strong
climatic influence on the stratigraphic develop-
ment during the Late Quaternary (Fig. 1.8).
Prominent changes in the monsoon rainfall in the
Ganges Plain have been identified, viz., 45 ka BP
—humid climate, 20-13 ka BP—Ilow rainfall,
13-11.5 ka BP—high rainfall, 11.5-10.5 ka BP
—Ilow rainfall, 10.5-5.8 ka BP—high rainfall,
5.8-2.0 ka—Ilow rainfall and 2.0-0 ka BP—high
rainfall (Singh 1996). According to Sinha et al.
(2005), the initiation of GBD formation began at
~11 ka when rising sea level led to
back-flooding of lowland surface and the trap-
ping of riverine sediments. It is learned that the
humid phase of Early Holocene (~9000-
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Fig. 1.7 Alluvial stratigraphy of point-bar deposits in a meandering channel (modified from Brown 2001)

6000 years BP) was characterized by revival of
fluvial activity in the Indian subcontinent and the
sediment discharge from the Ganges—Brahma-
putra Rivers dropped significantly after
7000 years BP indicating weaker monsoon con-
dition (Singhvi and Kale 2009). During the
Holocene, the Ganges Plain experienced aban-
donment of river channels in response to changes
in base level and climate (Singh 1996). Pollen,
phytoliths and '*C signatures of soil organic
matter from the fluvial sedimentary sequences of
the Darjeeling foothills, eastern Himalayas are
used to portray palacoclimatic oscillations
(Ghosh et al. 2015). A comparatively low mon-
soonal activity and slight higher temperature was
prevailed during 31 ka onwards. Later during
5.4-4.3 ka, a strong monsoonal activity was
observed there (Ghosh et al. 2015).

Using historical records, maps, aerial pho-
tographs, DEM (digital elevation model), satel-
lite images, DGPS (differential global positioning
system) survey and GIS (geographic information
system) techniques, the fluvial geomorphologists

investigated the short- and long-term changes of
river banks and flow paths (Fig. 1.9) in the GBD
during the last 250 years (Rudra 2010, 2014;
Sinha and Ghosh 2012; Bandyopadhyay et al.
2015). The spatio-temporal geomorphic study
reveals that in recent times the rivers of LGB
exhibit most common types of changes which
include channel shifting owing to avulsion,
alteration of flow direction, change in sinuosity
and degree of meandering, channel widening,
bank erosion, bar development and braiding,
meander loop migration and abandonment of
channels. The research reveals that within
39 years since 1975, four meander cut-offs were
accomplished at an average rate of one in every
9.8 years (Fig. 1.3) (Bandyopadhyay et al.
2015). Several courses of the Kosi River have
been identified that suggests episodic and pro-
gressive lateral shifting of the river by about
113 km in 228 years (Kale 2002; Sinha 20009;
Chakraborty et al. 2010; Sinha et al. 2014). In the
floodplains of LGB, one of the most critical
environmental issues is the arsenic contamination
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Fig. 1.8 Response of terrestrial systems to Late Quaternary monsoonal variability in India (modified from Sanyal and

Sinha 2010)

of groundwater and sediments. From the study of
fluvial geomorphology, Quaternary morphos-
tratigraphy and XRD (X-Ray Diffraction) anal-
ysis, it is learned that arsenic contamination in
GBD is confined to the Holocene Younger Delta
Plain and the hydrated ferric oxide rich alluvium
deposited around 10,000-7000 years BP, mainly
in the abandoned channels, oxbow lakes,
swamps, etc. (Pal et al. 2002; Acharyya and Shah
2007, 2010).

1.5.2 Geoarchaeology
and Quaternary Climate

Detailed evaluation of Late Quaternary climate
change and geomorphic event in the LGB can be
done through the geoarchaeological study. In situ
archaeological artefacts within the interfluves of
GBD and Rarh Plain suggest two distinct periods
of human occupation with occasional flood
deposits in this region—>5th century AD and 8th



1 Quaternary Geomorphology in India ...

13

B88"100"E B8"12'0"E B8*14'0"E B8*16'0"E

B88"18'0"E

23°40'0"N

23°38'0"N

Akandanga

v

Daifihat Righunathpur

)
e
: .‘ ¢ Agradwip

' E

z
o
©
bl
-
~

23°32'0"N

88°10'0"E 88°12'0°E 88°14'0°E 88°16'0"E

8 Kilometres
|

Fig. 1.9 Quaternary floodplain landforms (red dashed
lines) of Bhagirathi in between Damodar fan-delta and
western part of GBD, depicting different phases (I, II, III,
IV and V) of meander cut-off formations and separation of
oxbow lakes in LISS IV FCC base image of 2014, I—
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to 12th century AD (Tandon et al. 2008).
Rajaguru et al. (2011a) have found potential
geoarchaeological sites in the GBD of West
Bengal through optically stimulated luminescence
(OSL) and radiocarbon dating. It is now under-
stood that the alluvial rivers of GBD had changed
their paths frequently in the extreme palacofloods
and it governed the locations of ancient settle-
ments in the interfluves. The present morphology
of GBD was achieved during the last 3.5 ka BP
and the settlement started around 2.5 ka BP in this

[ ]
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IRS P6 LISS IV Image (2014)
Band Combination: Red - Red, Green - NIR, Blue - Green

1967, IV—1989 to 2000, V—2000 to 2014; source 1949—
55—Atlas of India, 1916-18—Sol toposheet (79 A/2),
1967—Corona KH4A, 1989—Landsat-5 TM (path-138,
row-44), 2000—Landsat-7 ETM+ (path-138, row-44),
2014—IRS P6 LISS IV (path, row) (modified from
Bandyopadhyay et al. 2015; Guchhait et al. 2016)

region (Rajaguru et al. 2011b). A recent study of
oxygen isotope and archaeological data suggests
that the pre-Harappans started inhabiting the area
of Indus-Ghaggar-Hakra river valleys along the
mighty Ghaggar-Hakra Rivers fed by intensified
monsoon from 9 to 7 ka BP and weakening of the
monsoon after ~5 ka BP is a strong contender
for the Harappan collapse (Sarkar et al. 2016). It is
attempted to reconstruct palacomonsoon on the
basis of geomorphology and geoarchaeology in
western India (Rajaguru et al. 2011b) (Table 1.1).
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Table 1.1 Reconstruction of palaeoclimate in relation to geomorphic signatures and geoarchaeological phases in

western India

Geological Geomorphic signatures Palaeoclimate Cultural
period phase
Palaecogene Laterite regolith, littoral deposits Humid Equatorial/Monsoon Nil
(Eocene to

Early Miocene)

Neogene (Late Anomalous fluvial gravel affected by Sub-humid to wet-arid Nil
Miocene to ferricrete and calcrete pedogenesis

Early

Pleistocene)

Early Hardpan calcrete with relief inversion; Wet—semi-arid Acheulian
Pleistocene gravel with laterite clasts but without culture
(1.5-0.8 Ma) calcrete clasts; volcanic ash lens

Middle Colluvium-alluvial sediments; Dry—semi-arid with short spells Acheulian
Pleistocene calcretised playas, dunes, sand sheets, of wet—semi-arid culture
(>350 ka to palaeosols (calcisols) with animal fossils,

130 ka BP) littoral Milliolite

Late Colluvium-alluvial calcretised Arid (22-18 ka BP)—semi-arid Middle to
Pleistocene sediments; palaecosols, dunes with with short spells of wet—semi-arid | Late
(~25ka to palaeosols; playas, Milliolite formation phases (25-100 ka, 60-30 ka) Palaeolithic
10 ka BP)

Source Rajaguru et al. (2011)

1.5.3 Active Tectonics and Fluvial
Reponses

Active tectonics is defined as those tectonic
processes that produce deformation of the earth’s
crust on a timescale of significance to human
society (Keller and Pinter 1996). The studies of
long-term dynamics of fluvial systems and their
responses to external or internal controls can play
important roles in research concerning both glo-
bal change and sequence-stratigraphy, as well as
in studies of the dynamic interplay between tec-
tonic activity and surface processes (Blum and
Tornqvist 2000). In order to predict and to
understand active tectonics, it must be studied
within millions of years, which is the time span
(post-Miocene) during which deformation is
referred to as neotectonics (Schumm et al. 2002).
Interestingly, fluvial system is very much sensi-
tive to active tectonics which can change drai-
nage pattern and processes of aggradation and
degradation. The mapping and recognition of
tectonic landforms and their quantitative mea-
surements can give insight into the underlying

seismic movement and resultant deformation or
morphological changes on the surface. Ouchi
(1985) had presented an adjustment of braided
river and suspended load meandering river to
anticlinal uplift and synclinal subsidence to
understand the confined-river response to active
tectonics (Figs. 1.10 and 1.11).

The Quaternary fluvial systems of India are a
direct result of the uplift and erosion of moun-
tains which are still active today, as convergence
of known directions and rate is continuing (Sinha
and Friend 2007). Due to the Indian—Eurasian
collision, the Himalaya and its associated regions
(GBD and Bengal Basin) are one of the most
tectonically active regions of the world.
Recently, a massive earthquake of 7.8 magnitude
destroyed the Nepal Himalayas and Indian parts
on 25 April 2015 (Bilham 2015; Witze 2015). In
2016, an important research reveals that an
earthquake of 8.2-9.0 magnitude can hit the
Bengal Basin and the Indo-Burman Ranges
(Steckler et al. 2016). For this reason, it has
attracted the attention of geomorphologists for
several decades. Quaternary geomorphology can



1 Quaternary Geomorphology in India ... 15

Slope Deformation River adjustment

Aggradation
Degradation

(a) Uplift

Aggradation

G

Pattern l

v
sa /

bar-braided or

i [

; terraces bar-braided
meandering talweg
braided
) Degradation
(b) Subsidence Profile l
Aggradation
Degradation

g

alternate bars
or terraces

Pattern

%

alternate bars
or terraces

bar-braided

Fig. 1.10 Response of braided river to (a) anticlinal uplift and (b) synclinal subsidence (modified from Schumm et al.

2002)

examine the river response and adjustment to
active tectonic movement and describe the pro-
cess of adjustment. River morphology and
channel behaviour are governed by the active
tectonic movement (e.g. titling and faulting),
influencing its pattern, landform evolution, sedi-
mentary facies, processes of degradation and
aggradation (Ouchi 1985). The interactions

between tectonic uplift and subsidence, river
erosion and alluvial deposition are fundamental
processes which have acted to shape the land-
scape we see today (Holbrook and Schumm
1999; Schumm et al. 2002).

The study of tectonic geomorphology of
Quaternary period reveals that fluvial sedimen-
tary evidence for past tilting is traditionally based
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Fig. 1.11 Response of
suspended load meandering
river to (a) anticlinal uplift
and (b) synclinal subsidence
(modified from Schumm et al.
2002)

anastomosing
channels

cutoff

on the assumption that depositional features
reminiscent of modern fluvial tectonic effects are
evidence for past tectonic effects (Holbrook and
Schumm 1999). Ouchi (1985) found that an
experimental braided channel responded to anti-
clinal uplift across the channel with degradation
and terrace formation in the central part of the
uplift, and an experimental meandering channel
responded to slope steepening with an increase in
sinuosity. Using quantitative techniques of
channel morphology, channel hydraulics, flood-
plain stratigraphy and estimation of rate of ero-
sion and deposition, Schumm et al. (2002)
studied the responses of alluvial rivers on active
tectonic in the Neches River (Texas), Humboldt
River (Nevada), Sevier River (Utah), Jefferson
River (Montana), Indus River (India and Pak-
istan) and Nile River (Africa).

There are important Quaternary studies of
fluvial response to active tectonics in the river
basins of Himalaya and the Ganga Alluvial Plain.
Jain and Sinha (2005) found that each tectonic
block of Himalayan foreland basin is character-
ized by the associations of fluvial anomalies, viz.

A. Anticlinal uplift

207 O\

B. C. Das et al.

B. Synclinal subsidence

flow

anastomosing
channels

cutoff

compressed meanders, knick point in longitudi-
nal profiles, channel incision, anomalous sinu-
osity variations, distribution of overbank
flooding, water-logged area, etc. Using satellite
remote sensing, digital earth surface modelling,
advanced morphometric techniques, gravity
anomaly, seismo-tectonic maps and geographic
information system (GIS), many practitioners
studied the fluvial response to active tectonics
and the geomorphic signatures of tectonic signals
in the Sutlej River (northwestern Himalayas),
Baghmati River (Himalayan foreland basin),
Alaknanda  River  (Garhwal Himalaya),
Sone-Ganga alluvial plain (Ganges Basin), Kosi
River (Bihar) and Vatrak River Basin (Gujarat),
etc. (Malik and Mohanty 2007; Sahu et al. 2010;
Raj 2012; Sinha et al. 2014; Rana et al. 2016).
A classic example of tilt-induced avulsion and
channel migration during Late Quaternary is
evolution of the Kosi mega-fan along the active
faults of Late Pleistocene to Holocene surfaces
(Chakraborty et al. 2010; Sinha et al. 2014). Due
to re-activation of some basement faults of
Bengal Basin and episodic uplifts the courses of
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the Ajay, Damodar, Kasai, Ganges and Bhagi-
rathi rivers were modified since Early Pleistocene
(Singh et al. 1998; Sinha and Sarkar 2009; Roy
and Chatterjee 2015).

1.5.4 Flood Geomorphology
of Anthropocene

During Last Glacial Maximum (LGM),
decreased monsoonal precipitation influenced
more aggradation of major rivers of the Ganges
Basin in between 27 and 90 ka (Sanyal and
Sinha 2010). Then, increase precipitation during
15 to 5 ka was the period of monsoon recovery
which increased discharges and promoted inci-
sion of interfluves and widespread badland for-
mation (Sanyal and Sinha 2010). It is found that
about three-fourths of the extreme floods of India
have occurred during the excess monsoon peri-
ods between ~ 1840 and 2000 AD, implying a
noteworthy link between the monsoon and flood
(Kale 2012). During Anthropocene, the fluvial
systems of Himalayas, Indo-Gangetic Plains and
Peninsula are experiencing large-scale changes in
their flow regime conditions, floods, sediment
load, river morphology and behaviour due to
increased human interference (e.g. development
of large dams) and extreme rainfall events (Kale
2005).

The extreme floods, flash floods, process of
braiding and meandering, sediment flux, forma-
tion of fans and avulsion, stream power, etc. are
assessed through Quaternary geomorphology in
the river basins of Ganges, Kosi, Yamuna,
Gandak, Sabarmati, Narmada, Tapi, Krishna,
Kaveri, etc. (Friend and Sinha 1993; Sinha et al.
1996; Kale 2002, 2003, 2005, Chakraborty et al.
2010; Kale et al. 2010; Sinha et al. 2014; Sridhar
et al. 2014). Terrestrial records of extreme cli-
matic events include ‘slack-water flood deposits’
(SWD) which is used to deduce the palacoflood
records (with the help of OSL dating) in the
Narmada, Tapi, Godavari, Krishna, Pennar,
Kaveri and Luni Rivers. This kind of study and
geomorphic evidence suggests that the climate
was dry during the end of Pleistocene in the
central India (Rajaguru et al. 1993; Mishra et al.
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2003). Kale et al. (2003) tried to assemble a
2000-year chronology of large floods on the
Narmada River and a <500-year chronology of
floods on the Tapi River using radiocarbon dat-
ing of floating charcoal, cultural hearths, shell
and OSL dating of SWD. The study indicated
that a series of extraordinary floods occurred
during the Early Holocene humid phase and
absence of large-magnitude floods during the
Late Middle Age and Little Ice Age (700-
400 years BP) in the Narmada River (Kale et al.
1997, 2003). The recent flood studies of
Anthropocene reveal that flood-generating rain-
storms and cyclonic systems are usually of 3-day
duration and are confined to two major zones in
India—(1) the Ganges Basin and (2) northern
part of Indian Peninsula (Kale 2003). In the
western part of GBD Mayurakshi, Ajay, Damo-
dar, Kasai, etc. are the most flood-prone rivers
and the peak discharge of monsoon period often
exceeds 6000 m® s™'. In this tropical monsoonal
environment, large floods are important geo-
morphic agents that affect the forms and beha-
vioural characteristics of these rivers and leave a
lasting effect on the inhabitants of GBD (Ghosh
and Guchhait 2016).

1.5.5 Palaeosols and Weathering

Floodplain soils are the important climate proxies
that reflect patterns of Quaternary alluvial depo-
sition, water regime, climatic optimum and veg-
etation distribution. The channel zone is
associated with lithosols which may be gravelly
or fine sediment, often laminated with inherited
micro-aggregates and organic matter (Brown
2001). There is a gradation into floodplain flat
soils which generally become finer and increase
in organic matter away from the channel and
towards groundwater gley soils which occur in
the backswamps (Brown 2001). Higher occur-
rence of particular minerals can reflect the envi-
ronment of formation and alteration of floodplain
sediments (Table 1.2).

The presence of pedogenic carbonates or
caliches and Fe—Al or Fe-Mn mottles in the
floodplain soils can infer dry and wet episodes of
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Table 1.2 Development

- . Mineral Chemical formula Environment of formation
of common minerals in
floodplain sediments Gibbsite Al(OH); Wet tropical
Limonite Fe,03, H,O Temperate
Jarosite KFe5(S04),(OH)g Temperate—estuarine
Viviantite Fe,POy4 Temperate
Calcite CaCO; Semi-arid and arid
Halite NaCl Semi-arid

Source Brown (2011)

Quaternary. Micromorphology (rhizocretes, Fe—
Mn features, pedogenic carbonate, etc.), weath-
ering information and dating of palaeosol are
very necessary to know the palaeoenvironment
of the Ganges Basin. In the Ganges—Yamuna
interfluves, the mature palacosols represent a
major stratigraphic break of 8000-10,000 years
BP when prolonged pedogenesis occurred over
large areas of the Ganges—Yamuna interfluves
following regional degradation and local gully-
ing in response to climate change from
sub-humid to semi-arid conditions (Srivastava
et al. 2010). The clay pedogenic features formed
during earlier wet phase (13.5-11 ka) show
degradation and speckled appearance in contrast
with later phase of wet climate (6.5—4 ka) in the
Indo-Gangetic Plains (Srivastava et al. 2015).
Western upland of GBD overlain by the red soils,
characterized by autochthonous origin (Late to
Middle Pleistocene age), shows the ferrugination
phase of development under tropical wet—dry
climate and the soils of Old Fluvial/Deltaic
Plains (6-3 ka) have argillic horizons and exhibit
the fersiallitisation phase of development under
sub-humid climate (Singh et al. 1998). The use-
fulness of ferricrete and weathered mottled and
bleached zones as morpho-stratigraphic markers
is strongly depended upon whether the laterite
formation has been continual or episodic
(Bournman 1993). Weathering profile of laterite
reflects an episode of seasonally dry, humid,
tropical climatic optimum and resultant product
of intensive chemical weathering of rocks
(Thomas and Kale 2011).

1.5.6 Soil Erosion

In Anthropocene, the soils have critical relevance
to current global issues such as food and water
security, climate regulation, land degradation and
desertification. Soil erosion is an issue where the
adage ‘think globally, act locally’ is clearly
apropos (Toy et al. 2013). It is learned that soil
resource is being lost from the land areas 10 to 40
times faster than the rate of soil renewal imper-
illing future human food security and environ-
mental quality (Pimentel 2006; Pimentel and
Burgess 2013). It is estimated from sediment
yield modelling that soil erosion is taking place
at average rate of 16.35 tonne ha ' year ' in
India and about 29% of total eroded soil is lost
permanently to the sea and 10% of it is deposited
in reservoirs (Narayana and Babu 1983). In the
humid subtropical region of India, soil erosion
(about 15 million tonnes per year) leads to low
crop productivity and an annual loss of 13.4
million tonnes in the production of crops due to
water erosion equivalent to about $2.51 billion
(Bhattacharyya et al. 2007; Sharda et al. 2010;
Sharda and Dogra 2013).

The extreme form of soil erosion is gully
erosion (Fig. 1.12) which represents a major
sediment producing process, generating between
10 and 95% of total sediment mass at catchment
scale, whereas gully channels often occupy less
than 5% of total catchment area (Poesen et al.
2003; Valentin et al. 2005; Poesen 2011).
There are wide ranges of threshold conditions or
values (viz., thresholds of hydraulic, rainfall,
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Fig. 1.12 Intensive gully erosion in the lateritic terrain
of Birbhum, West Bengal

topography, lithology, land use—land cover con-
trol, etc.) which are responsible for the initiation
of gullies in different environments (Patton and
Schumm 1975; Vandaele et al. 1996; Vandek-
erckhove et al. 1998; Moeyersons 2003; Morgan
and Mngomezulu 2003; Poesen et al. 2003;
Montgomery and Dietrich 2004; Valentin et al.
2005; Dong et al. 2013; Torri and Poesen 2014).
In West Bengal, the geomorphic studies of gully
erosion are solely concentrated on the erodible
laterites which are the most vulnerable sites of
soil erosion (Kar and Bandyopadhyay 1974;
Basu 1992; Jha and Kapat 2009, 2011; Ghosh
and Guchhait 2012; Ghosh and Bhattacharya
2012; Shit and Maiti 2014; Shit et al. 2015b).
The importance of these researches is mostly
concentrated on the processes, modelling, esti-
mation and effects of rill and gully erosion. In the
lateritic region of western Bengal Basin (about
7700 km?), land degradation is acute because of
aberrant weather, drought, ferruginous crusting,
rill and gully erosion, NKP (Nitrogen—
Potassium—Phosphorous) deficiency, low water

holding capacity and wide range of land use
conversion (Jha and Kapat 2009, 2011; Shit et al.
2015a).

1.6 A Brief Outline
of the Contributions

The discussion contained in the above sections
clearly indicates nature and development of ge-
omorphological studies in the quaternary period.
The present volume is the outcome of 10 chap-
ters besides this introductory chapter. The first
two chapters (2 and 3) have focussed on geo-
morphology on lateritic substrate; next three
chapters (4-6) have discussed the geophysical
control on the fluvial process—form relations and
how active and paleochannels are controlled by
geophysical controls. Chapter 7 contributes
important technique of identification of pale-
ochannels using historical tools. Chapters 8 and 9
applied GIS techniques for understanding of
quaternary river morphology. Last two chapters
(10 and 11) are concerned with the geomor-
phology of Sundarban and the active deltaic part
of the lower Ganges Basin. The following sec-
tion will illuminate the uniqueness of the present
book.

Western fringe of Bengal basin is character-
ized by typical lateritic formation. Present vol-
ume analysed that fringe to address perennial
unanswered questions—what are the different
modes of lateritization to classify laterites? What
types of climates produce laterites? When and
where were the particular palaeoclimates that
formed laterites? What can laterites tell us about
palacoenvironment, palacogeomorphology and
other global events of the past? What are the
microstructures of rocks in lateritic lands? The
field studies, detailed profile analysis of lithofa-
cies, geochemical analysis and characterization
of various ferricretes, fossil records and OSL
dating have emphasized on the primary and
secondary origin of laterites in West Bengal to
find answers of those unanswered questions in
Chap. 2 of this volume. Chapter 3 with tools of
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deposited microstructure features in one of the
lateritic pockets, soil samples from gully domi-
nated badland topography and snaps of the
microscopic view along with digital colour
analysis of thin sections of samples assessed
prevailed processes of palaco-coastal develop-
ment and its associated events of cross-bedding,
ripple marks and shoreline retreat mechanism at
Gangani region of Paschim Medinipur, West
Bengal.

In Chap. 4, remotely sensed data and field
investigation were used to illuminate the sensi-
tivity of extra-channel geomorphology to the
stimulus of quaternary faulting. Along with
in-channel deformation, extra-stream area was
also modified with extended swampy floodplain,
unpaired terraces, large alluvial fans and
palaeochannels. Strike-slip fault was auxiliary to
shifting channel path and developed series of
palaeochannels over the neotectonic time frame.
Fault line along the channel made stream
straight, narrow and incised, which helped in the
formation of alluvial fan. Surface gravity anom-
aly is important to know the underlying rock
density since it plays dominant role in the
channel pattern adjustment. The technique of
knowing how longitudinal profile, planform
index, channel geometry and other fluvial forms
of alluvial deltaic channels are controlled and
deformed by Bouguer gravity anomaly and in
turn by underlying rock density is illustrated in
this volume. Bouguer gravity anomaly effec-
tively and efficiently used in Chaps. 5 and 6 in
this context. The streamlines are sharply con-
trolled by the variation in underlying rock den-
sity, alignment of the subsurface faults.
Neotectonic influence on the deformation of
channel planform (Cox 1994; Jacques et al.
2014; Kale et al. 2014), channel patterns, the
assessment of the stream asymmetry and identi-
fication of tilted drainage basin (Siddiqui 2014;
Jacques et al. 2014) and channel dynamics are
studied in these two chapters. Geophysical con-
trol on the fluvial process—form relations and
how active and paleochannels are controlled by
geophysical controls are highlighted here.
Besides geophysical consideration, Chap. 7
contributes important technique of identification
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of paleochannels using historical and archaeo-
logical tools. Old religious texts and literatures,
calibrated with the information of other old
maps, have been aptly mingled in the study of
morphology of the past, especially to delineate
the course of paleo-river channels. Technique
may be applied to the end in wider world.

Besides these vital issues of geophysical
control over channel forms and processes and
identification of paleochannels, some funda-
mental problems in river sciences have been
explored in next two chapters (Chaps. 8 and 9).
Chapter 8 raises an important issue of channel
confluence morphology—a basic problem in
fluvial hydraulics. Confluence of two participat-
ing rivers is very much unique in terms of
channel morphometry as well as hydraulics as it
neither represents the mainstream nor reflects the
tributary. Methodologies applied in this volume
made simple knowing of rivers confluence with
the help of RS and GIS. The next chapter (9) of
this volume is focused on basic morphological
aspects of fluvial system. Computed hydraulic
parameters of the Bakreshwar River along with
planform channel images and land use maps are
used to demarcate the river corridor within which
several terrains and channel attributes are inves-
tigated and their interlinkages are highlighted.
Stream reach classification after the Rosgen
(1994) method is used to demarcate morpho-
logically distinct channel stretches.

Last two chapters (10 and 11) concentrated
their focus on southernmost active deltaic part
(Sundarbans) of the Lower Ganga Basin. Sun-
darban is the home of world largest mangrove
forest taken together with India and Bangladesh.
Chapter 10 used Landsat MSS for 1975, Landsat
Thematic Mapper (TM) images of 1990, 2000
and Landsat 8 OLI image of 2015 to assess
Tidal-Fluvial Dynamic Of Deltaic Island And
Estuarine Processes In Indian Sundarban Of
Lower Ganga River Basin and land use/land
cover change. In Chap. 11 of this volume,
application of remote sensing and GIS has been
employed exquisitely to portray the geomorphic
landscapes. Satellite Standard FCC is used as an
inventory for land use—land cover and landform
identification. It has made a leap in the knowing
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of Ganges delta with smart use of latest
technology.

This volume has been materialized for post-
graduate students, research scholars and faculties
who are in keen need of detailed knowing of
geology of particular area, stratigraphy of a par-
ticular sub-basin, processes and forms of a
micro-region within lower Ganges basin or in
search of newer methodologies applicable for
study of two-way feedback mechanism between
forms and processes.
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Abstract

The present research work deals with the
geomorphic evolution of in situ (primary) and
ex situ (secondary) types of laterites (in West
Bengal, eastern part of India) which are found
as distinct badland terrain and
litho-stratigraphic unit, developed in between
the eastern fringe of Chotanagpur Plateau
(Rajmahal Basalt Traps, Gondwana sedimen-
tary and Archaean rocks) and the western
fringe of Bengal Basin (Rarh Bengal). These
laterites are analyzed here to address perennial
unanswered questions about their genesis.
What are the different modes of lateritization
to classify laterites? What types of climates
produce laterites? When and where were the
particular palaeoclimates that formed laterites?
What can laterites tell us about palaeoenvi-
ronment, palaeogeomorphology and other
global events of the past? The field studies,
detailed profile analysis of lithofacies, geo-
chemical analysis, characterization of various
ferricretes, fossil records and OSL dating have
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emphasized on the primary and secondary
origin of laterites in West Bengal. The primary
laterites (Palacogene to Neogene) are geneti-
cally related to parent rocks, viz., Rajmahal
basalt and Gondwana sandstones, but the
secondary laterites are re-cemented ferrugi-
nous materials of fluvial fan-deltaic deposi-
tions which are related to Early to Late
Quaternary tectono-climatic evolution of
north-western Bengal Basin. Here the
geochronology of few secondary laterite pro-
files is determined by OSL dating method in
three sample sites, representing Late Quater-
nary palacogenesis of laterites and ferrug-
inized sediments (150-35 ka), i.e. Late
Pleistocene. The analysis of in situ and ex
situ laterites signifies drifting of Indian plate
through ideal tropics from Palaeogene to
Early—Late Quaternary and widespread occur-
rence of basal chemical weathering under
strong, optimum and seasonal tropical wet—
dry climate than prevail today in this part of
West Bengal. The litho-stratigraphic ferrugi-
nous unit of Rarh Bengal (formerly the
palaeovalleys of ferruginous depositions) was
developed as an inverted relief due to prolong
gully erosion and neo-tectonic uplift in
between the Chotanagpur Foot-hill Fault and
Medinipur—Farraka Fault.
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2.1 Introduction

Studies of long time-scales of landscape evolu-
tion are often considered less important in the
geomorphology and Quaternary studies than
those dealing now with processes and chrono-
logically secure high-resolution sequences of
Late Quaternary age (Rajaguru et al. 2004a, b).
But this can be false dichotomy, as any landscape
is a product of forms, materials of different ori-
gins and ages and the present day landscape has
roots in relict and ancient environment with
overprint of the Quaternary processes (Pappu and
Rajaguru 1979; Sahasrabudhe and Rajaguru
1990; Rajaguru et al. 2004a, b; Mishra et al.
2007; Deo and Rajaguru 2014). The laterites of
India are such geological unit which usually
reflects  relict =~ weathered  products  of
pre-Anthropocene palaeoenvironment,
morpho-stratigraphic markers of past and unique
paleogeomoprhic evolution since Palaeogene
(Milnes et al. 1985). Laterites reflect a past
geo-climatic environment which is not present in
India and as well as in West Bengal, because
many researchers agreed that existing laterites are
clearly relics of geological antiquity (Sivarajas-
ingham et al. 1962). The time span and ideal
climate needed to create a fully developed laterite
profiles is still unknown to many researchers.
According to Bonnet et al. (2014) the ferruginous
duricursts on the relics of palaco-land surfaces in
mostly cratonic domains results from successive
long-duration chemical weathering and tectonic
stability and such landforms represent
morpho-climatic or climato-genetic fingerprints
of tropical region. Here the genesis and
geochronology of laterites and lateritization
processes in north-western part of the Bengal
Basin (eastern part of Chotanagpur Plateau or
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Peninsular Craton) are still needed to unearth in
the light of palaeogeography of that region.

The term ‘laterite’ (from the Latin later,
brick), is commonly attributed to Buchanan
(1807) who described, in Malabar of Southern
India, near-surface natural hard ferruginous
materials used as brick (Tardy 1992). In a
broadest sense the laterite include ferricrete, iron
duricrust, mottled horizon, carapace, cuirasses,
plinthite, pisolite or nodule bearing ferruginous
materials and also kaolinitic lithomarge (Persons
1970; McFarlane 1976; Varghese 1987; Tardy
1992). Laterite can be defined as the reddish —
brown coloured product of intense tropical
weathering made up of mineral assemblages that
may include iron or aluminum oxides, oxyhy-
droxides or hydroxides, kaolinite and quartz,
characterized by a molar ratio, SiO,:R,0;
(where, R203 = A]203 + F6203 + TiO,), and
subjected to hardening upon exposure to alter-
nate wetting and drying (Alexander and Cady
1962; Maignien 1966; McFarlane 1976; Tardy
1992). Nomenclature, classification, morpholog-
ical and analytical characteristics, global distri-
bution, lateritization processes and favourable
conditions of laterites are precisely analyzed by
Alexander and Cady (1962), Maignien (1966),
Persons (1970), Paton and Williams (1972),
Thomas (1974), McFarlane (1976), Young
(1976), Aleva, (1985), Tardy and Nahon (1985),
Tardy (1992), Ollier and Galloway (1990), Ollier
(1991), Tardy et al. (1993) and Bourman (1993,
1996). In Indian context Roy Chowdhury et al.
(1965), Pascoe (1964), Ray Chaudhuri (1980),
Roy Chowdhury (1986), Babu (1981), Devaraju
and Khanadali (1993), Achyuthan (1996), Wid-
dowson and Cox (1996), Widdowson and Gun-
nell (1999), Achyuthan (2004), Ollier and Sheth
(2008), Karlekar and Thakurdesai (2011) and
Kale (2014) had been investigated the various
profiles of Indian laterites and mentioned the
in situ and ex situ origin of laterites in post-Late
Cretaceous period, relating the drift of Indian
plate and palaeoclimate. In West Bengal the
detail regional and geomorphic descriptions of
Rarh laterites are provided by Niyogi et al. (1970),
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Niyogi (1975), Biswas (1987), Chatterjee (2008)
and Chakraborti (2011). They have feebly
emphasized on the onset of Neogene lateritiza-
tion climate in relation to neo-tectonic activity of
the north-western Bengal Basin. Importantly the
litho-stratigraphic unit of ferruginous materials
depicts a post-Cretaceous lateritization phase and
marks distinct tropical wet-dry morphogenetic
landforms between western Archaecan—Gond-
wana of Peninsular Craton and eastern Quater-
nary alluvium of Bengal Basin.

In West Bengal the lateritic uplands or upland
red soil groups (Singh et al. 1998) occur along a
NE-SW trending belt parallel to the western
margin of Bengal Basin. This unique geomorphic
region (i.e. shelf zone of Bengal Basin) is des-
ignated as Rarh Bengal by Bagchi and Mukher-
jee (1983). The duricrusts, ferruginous gravels
and kaolinite deposits (from Rajmahal Basalt
Traps to Subarnarekha Basin) borders this pro-
vince to make the transitional diagnostic tropical
weathering surface and distinct sedimentary
lithofacies in between the Archaean—-Gondwana
litho-unit at west and the Quaternary alluvial
litho-unit of Bengal Basin at east (Niyogi et al.
1970; Niyogi 1975; Biswas 1987; Das Gupta and
Mukherjee 2006). The information on strati-
graphic or geomorphic relations, laterite—parent
rock relationships, genesis of laterites and abso-
lute age data are very scanty in this region.
Basically the geomorphic evolution of laterites
and exact age of duricrust are still not scientifi-
cally evaluated in West Bengal. To resolve the
aforesaid problems and to depict the unique
characterization and palaeogeography of la-
terites, this work is initiated to analyze the dif-
ferent laterite profiles of Rajmahal Basalt Traps
(RBT) and Rarh Bengal.

2.2 Research Gaps and Needs

The laterite described by Buchanan (1807) is
only one member of laterite families whose
members have different properties but similar
genesis. Laterites have raised controversy ever
since the term was coined and disagreements
over the definition of laterite have continued

sporadically for 150 years (Thomas 1996). There
has been renewal interest in the geochemistry,
genesis and formation of laterites during the
International Geological Correlation Programme
(IGCP) project on ‘Lateritization Processes’ held
in Trivandrum, India (1979). In spite of numer-
ous publications and researches on laterites,
much confusion, contradiction and controversies
still proliferate in the available literatures on the
genesis, distribution, classification, geological
age, sub-surface profiling of laterites and present
day lateritization process (Ghosh and Guchhait
2015). There are good and significant researches
on the laterites of peninsular India (Roy
Chowdhury 1986; Kumar 1986; Sychanthavong
and Patel 1987; Ollier and Rajaguru 1989;
Widdowson and Cox 1996; Rajaguru et al.
2004a, b; Ollier and Sheth 2008), but there are
important research gaps to investigate the la-
terites of RBT and Rarh Bengal. To understand
genesis and development of ferruginous laterites
(mainly in RBT and Rarh Bengal) some imper-
ative considerations, quires and research needs
are born in mind.

(1) There is a question regarding source of fer-
rallitic material which contributed to make
up reddish-brown duricrust of Rarh.
Whether laterite and its variant are highly
related to tropical chemical weathering of
RBT and other rocks or western shelf
deposits of Bengal Basin.

Whether primary (in situ) or secondary (ex
situ) origin of laterites (i.e. modes of forma-
tion) is observed in the region.

Whether there is any possibility or poten-
tiality of these laterites as an indicator of
palaeoclimate and palaeogeomophic event
(simultaneously tectono-climatic evolution).
A key issue is raised about the exact age and
geochronology of laterites in this region.
There is a research need to understand the
relation between drifting of Indian plate and
establishment of lateritization climate.

(©))

3

“

(&)

(©6)

Above all one basic question is borne in
mind—what are reflected from the laterites to
known about past environments and events?
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Understanding above research needs and ques-
tion, this work has set forth three prime objec-
tives within the domain of palaeogeography:

e Analyzing the lithofacies of laterites to eval-
uate in situ and ex situ origin,

e Determining the possible time span of lateri-
tization event, and

e Exploring the palacoclimatic and palaecogeo-
morphic significance of laterites.

2.3 Materials and Methods

2.3.1 Study Area and Sample Sites

The west—central part of West Bengal is
neo-tectonically influenced by the basin margin
faults systems (i.e. Chotanagpur Foothill Fault,
Garhmayna—Khandoghosh Fault and Pingla
Fault) and the zone of laterites is placed in
between the fault systems as an uplifted block.
This region is geographically recognized as
Rarh, ie. ‘land of red soil’ (Bagchi and
Mukherjee 1983; Sarkar 2004). The combined
zones of primary and secondary laterites with
Neogene gravel deposits is the main spatial unit
of study, bounded by the latitude of 21° 30’ to
24° 40'N and longitude of 86° 45’ to 87° 50'E
(Fig. 2.1). The distribution of laterites and fer-
ruginous soils of Rarh is limited to eastern part of
Chotongapur Plateau fringe, covering an
approximate area of 7700 km? (comprising the
districts of Murshidabad, Birbhum, Barddhaman,
Bankura, Purulia and West Medinipur). A paral-
lel west—east flowing (due to general west to east
trending slope of underlying structure)peninsular
drainage system (viz., Brahmani, Dwarka,
Mayurakshi, Ajay, Damodar, Dwarkeswar, Silai,
Kangsabati and Subarnarekha rivers) dissect the
lateritic Rarh region into patches of badlands and
tropical deciduous forests of West Bengal. This
region bears the characteristics of a tropical
sub-humid type of monsoon climate (mean
annual rainfall of 1200-1400 mm) and tropical
wet-dry morphogenetic landforms. Geologically
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this part of West Bengal was formerly developed
as the stable shelf province of Bengal Basin
which experienced severally marine regression
and transgression since Miocene, related to cli-
mate change and neo-tectonic activity (Alam
et al. 2003). Fringing the basalts of Early Cre-
taceous Rajmahal Basalt Traps, sandstones of
Gondwana Formations (Permian—Silurian) and
granite—gneiss of Archaean Formation at west
and Late Quaternary Older Alluvium (Panskura
and Sijua Formations) at east, the lateritic zone of
Rarh Bengal is found at the north—western border
of Bengal Basin. Detailed field investigations of
weathering archives are conducted in the sample

sites (covering study area) of Nalhati
(24° 17' 47"N, 82° 49' 28"E), Pinargaria
(24° 12" 13"N, 87° 40' 13"E), Ghurnee Pahar
(24° 15" 43"N, 87° 39" 11"E), Dubrajpur
(23° 47" 12"N and 87° 25" 19”E), Sriniketan
(23°41' 31"N and 87° 40’ 31"E), Hetodoba

(23° 26" 45"N and 87° 32" 07"E), Bishnupur
(23° 05" 28"N and 87° 16’ 15"E), Garhbeta (23°
05' 28"N and 87° 16’ 15"E) and Rangamati
(22° 24" 42"N, 87° 17' 55"E), covering the span
of study area.

2.3.2 Methodology

2.3.2.1 Secondary Data Collection

To collect spatial information the topographical
sheets (1:50,000 scale) of Survey of India (SOI,
72 P/12, 73M/3, M/4, M/6, M/10, M/11 and
73N/1) and GSI (Geological Survey of India)
district resource maps of Birbhum, Barddhaman,
Bankura and West Medinipur districts are sev-
erally used in research. The outline map of Rarh
Bengal is prepared in ArcGis 9.1 with the help of
a base-map prepared by Bagchi and Mukherjee
(1983). With help of shape file format we have
prepared thematic maps using option of subset in
Erdas 9.1. To identify the lateritic zone we have
applied NDVI (Normalized Difference Vegeta-
tion Index) and Iron Oxide Index in Erdas 9.1
imagine using post-monsoon GLCF (Global
Land Cover Facility, http://glcf.umd.edu/data/
landsat/). Landsat ETM+ images of 2000-2001
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Fig. 2.1 a Location of study area and Bengal Basin in eastern part of India, b general surface geology of north-west
part of Bengal Basin (modified from Das Gupta and Mukherjee, 2006), and ¢ identified units of primary and secondary
laterites (i.e. study area) with basement fault system in West Bengal, dissected by west—east flowing parallel rivers and
merged with Older Deltaic Plain (Sijua Formation) of Bengal Basin at east (Ghosh and Guchhait 2015)

(path/frow—138/43, 138/44, 138/45, 139/43,
139/44, 139/45 and 140/44). The ASTER
(Advanced Space Borne Thermal Emission and
Radiometer) elevation data with 30 m resolution
of 2011 is collected from the website of Earth
Explorer (http://earthexplorer.usgs.gov/). Along-
side we have used the unpublished geological
expedition reports of GSI, Eastern Region which
are regularly provided in the official website
(http://www.portal.gsi.gov.in). The total workflow
of this work is depicted in flowchart (Fig. 2.2).

2.3.2.2 Geochemical Analysis

The lithosections of laterite profiles are investi-
gated and analyzed on the basis of texture, colour,
cemetation, degree of mottling and bleaching,
weathering front, iron—aluminum oxides assem-
blages and other petrograhic and geo-chemical

properties. The chemical properties of laterite
samples belonging to dismantled duricrust, ferri-
crete, clay horizons and saprolite zones are ana-
lyzed along the profile with depth to know the
variable percentages of Si0,, Al,O3, Fe,O3, MnO,
MgO, Ca0, Na,0, K,0, TiO, and P,0s. Then the
molar ratio SiO,/R,03 (where, R,05 = Al,O3 +
Fe,O5 + TiO,), suggested as an index of tropical
weathering (Birkeland 1984; Singh et al. 1998), is
used in the sample sites for increasing degree of
leaching and Fe—Al segregations at the top. To
know the degree of lateritization we have used
Al,O3-Fe,03-SiOstriangular  diagram  (Schell-
mann 1986; Pain and Ollier 1995a; Meshram and
Randive 2011) triangular diagram in this study.
Chemical weathering strongly affects the miner-
alogy and major elements geochemistry of the bed
rocks. The degree of weathering can be evaluated
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Fig. 2.2 Flowchart of adopted methodology used in this study

by quantitative measures using whole rock chem-
ical analysis such as Chemical Index of Alteration
(CIA) defined by Nesbitt and Young (1982) and
Meshram and Randive (2011).

CIA = 100 A]203/(A1203 + CaO+ NaQO + KzO)

2.3.2.3 OSL Dating Method
of Lithofacies

The choice of a particular proxy depends on the
period for which palaeoclimate information is
being retrieved, the site and availability of suitable
material for extracting the proxy data. In general,
any dating method can be understood by a simple
example of a beaker being filled at a certain input
drop rate or being emptied at a known rate (Singh
et al. 1998; Singhvi and Kale 2009). Out of a
number of dating tools, radiocarbon dating ('*C)
is historically the most commonly used technique,
but '"*C dating is limited to the environments
where organic matter is preserved. As an alter-
native, optically stimulated luminescence
(OSL) dating is applied here to find the accurate
age of facies. OSL dating method uses minerals
(quartz and feldspar) that are common in most

environments making the technique applicable in
the tropical landscapes of laterites. Fluvial sedi-
ments and fan deposits are the natural archives
which have been used here in palaeoclimatic
reconstruction (Ghosh and Guchhait 2014). The
isotopic composition and mineralogical changes
are the recommended climate proxies of various
laterite profiles (i.e. primary and secondary la-
terites) which enables quantification of the change
in climate in the past (Ghosh and Guchhait 2014).

Luminescence dating determines the age since
burial of sediment by measuring the total amount
of stored signal resulting from exposure of the
sediment to a known annual dose of background
radiation (Aitken 1998; Duller 2004; Preusser
et al. 2008). OSL was introduced for dating by
Huntley et al. (1985) and in geological dating, it
is most important because the trapped electron
component (Botter-Jensen 1997) is most likely to
be emptied during transport prior to deposition
and burial. The precise method of luminescence
dating was reviewed, elaborated and used by
Aitken (1998), Botter-Jensen (1997), Prescott
and Robertson (1997), Wintle (1997, 2008),
Stokes (1999), Murray and Olley (2002), Duller
(2004), Preusser et al. (2008) and Rittenour
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(2008). This dating method is successfully
applied in the practical fields of geology, geo-
morphology, archeology and other palacogeo-
graphic studies in India (Singhvi et al. 1982;
Sankaran et al. 1985; Singh et al. 1998; Kale
et al. 2000; Briant et al. 2006; Sridhar 2007;
Singhvi and Kale 2009; Rajaguru et al. 2011;
Metha et al. 2012). There is almost no research
work to detect the age of lateritization in West
Bengal using advanced dating methods. Here to
unearth the geochronology of Rarh laterite and
its palaecogeographic importance the Geological
Survey of India (Chakraborti 2011) have effec-
tively used OSL dating method using well
known Risg TL/OSL-DA-15 reader using inter-
nal Sr/Y-90 beta source and a combination of
Schott UG 11 and BG-39 filters. The detail
measurements of luminescence characteristics
and equivalent dose distributions in nine samples
of Sriniketan, Bishnupur and Garhbeta (repre-
sentative samples of Rarh laterites) are key ele-
ments of this research work. The key element for
the success of OSL dating method is the validity
of the assumption of closed system, i.e. the sys-
tem had no unknown inputs or leakages during
the time period under consideration and that the
drop or leak rate remained constant throughout
and, if they did change then the magnitude and
the style of change through time was exactly
known.

The energy stored increases with the amount of
radiation to which a crystal is exposed and this
provides a ‘clock’ that is the basis of all lumines-
cence dating methods (Duller 2004). Typically,
irradiation at ~500 nm/2.5 eV leads to emission
at wavelength shorter than 400 nm/3.1 eV which
can be isolated from the stimulating wavelength by
optical filters (Prescott and Robertson 1997;
Botter-Jensen 1997). This is commonly known as
OSL which introduced for dating by Huntley et al.
(1985). Luminescence dating determines the age
since burial of sediment by measuring the total
amount of stored signal resulting from exposure of
the sediment to a known annual dose of back-
ground radiation. The concept of luminescence
dating relies on defects in the crystal lattice of

dosimeter minerals, most commonly quartz and
feldspar, to trap energy produced during the
interaction between electrons within the crystal
and background radiation from the radioactive
decay of uranium (U), thorium (Th) and potassium
(K), and cosmic rays (Singh et al. 1998; Singhvi
and Kale 2009). The principle is expressed in the
‘age’ equation (Aitken 1998), where equivalent
dose is the radiation dose delivered to the mineral
grains in the laboratory to stimulate luminescence
and dose-rate is the rate at which ionizing energy is
delivered from the background radiation. The
acquired thermoluminescence at any time is rela-
ted to the time elapsed since the burial. The basic
equation thermoluminescence age is the ratio
between total acquired thermoluminescence since
burial and rate of thermoluminescence acquisition
(Singh et al. 1998; Preusser et al. 2008; Singhvi
and Kale 2009). The SI unit for dose is Gray
(Gy) which is a measure of how much energy is
absorbed by a sample in joules per kilogram (J
kg™!). The dose rate computation assumed a
radioactive decay series. The measurement errors
using the conventional error calculation method in
these cases are computed to be 10-12% and a
working estimate of total error should be taken
as +15%. Routine OSL dating of quartz can give
ages from 10 & 3 ato 150 ka (Stokes 1999; Duller
2004). Fluvial sediments and weathered litholo-
gies, commonly dated as bleaching regimes in this
environment, are relatively well understood. It has
been demonstrated that when gravels are domi-
nated by inert lithologies, sand within gravel
matrix provides here reliable age estimates.

2.4 Results

2.4.1 Laterites of RBT

A well developed and well preserved laterite
profile of about 11 m thick, will all its attributes
of primary laterites is exposed at Nalhati hillock
(24° 17" 47"N, 82° 49" 28"E) near Nalhati,
Birbhum district (Fig. 2.3). Pisolitic hardcrust
with residual ferruginous latosol varies in
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Fig. 2.3 a Well-developed sub-surface lithosection of
primary laterite on the weathered Rajmahal Basalt in
Nalhati, Birbhum and b in situ hard vermicular laterite

thickness from 2.55 to 2.75 m. The broken piso-
lites show core to rim colour banding of limonitic
to goethitic composition (i.e. gritty layer). About
2.75-4.0 m depth we have found ferricrete piso-
lite zone which is characterized by relict columnar
structure of basalts. It corresponds to a progressive
accumulation of iron and as a consequence, to a
progressive development of hematitic iron nod-
ules. The bleached zone is reduced in size, so that
the yellow—white coloured domain decrease in
size while the purple-red indurated domain
enlarges and develops. A goethite cortex (con-
centric yellow brown) develops at the periphery of
purple—red hematitic nodules. Below the hardcrust
the thick mottle clay horizon with relict columnar
structure (4.00-6.75 m) and laminated white
kaolinite clay horizon with yellow ochre with
small channels of Fe—Al oxides (6.75-9.00 m) are
developed. Fe-mottles, mostly of a brown red
colour, are diffuse glaebules and result in a con-
centration of iron which precipitates mainly as
goethite and as hematite together with kaolinte
matrix. The dominant minerals are secondary
kaolinite [Al,Si,O5(OH)4)] and ferruginous
hydroxides in amorphous phase. This is followed
by saprolite zone of weathered Rajmahal basalts
having liesegang banding and weathering rinds
(Fig. 2.4). These trap basalts are spheroidally
weathered at base. It is constituted of plagioclase,
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profile of Pinargaria, Birbhum, having distinct zones of
saprolite, kaolinte, mottle and ferricrete

pyroxene, opaque and glass with intergranular to
intersertal texture. Ananalogous profile is found at
an altitude of 227 m near Ghurnee Pahar, Birb-
hum (24° 15" 43"N, 87° 39" 11"E) (Table 2.1) and
Pinargaria, Shikaripara, Jharkhand (24° 12’ 13"N,
87° 40" 13"E) (Fig. 2.3).

2.4.2 Laterites of Gondwana

At the sample site of Dubrajpur, Birbhum (23°
47" 12"N and 87° 25’ 19"E) the in situ residuum
laterite profile is found over the Gondwana
sandstone beds (Silurian age) with characteristic
ferruginous residual soil, a loose murram hori-
zon, hard crust, ferruginized sandstone and
altered saprolitic sandstone (Fig. 2.5). The
residual and partially developed soil generally
forms a 25-35 cm thin soil cover consisting of
relict ferricrete concretions and coarse sand
grains. The presence of loose murram (i.e. dis-
mantled horizon of ferricrete) over the duricrust
is not a continuous phenomenon but wherever it
is present, it occurs as 30-40 cm thick unit,
constituting of ferricrete nodules, circular to
amoeboid shaped concretions of iron and sand
balls. Hard structured massive duricrust ranges in
thickness from 2.0 to 2.65 m and may be divided
into pisolitic ferricrete (up to 1.0 m depth) and
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(a) (b)

Fig. 2.4 a Lithosections of dismantled ferruginous layer, 25"E), Birbhum, ¢ weathering rinds and core stones
vermicular ferricrete and Fe—Al litho-relict mottles at Boro  (saprolite) of Rajamahal basalts in weathered medium at
Pahari (24° 11' 49"N, 87° 42’ 39"E), Birbhum, b develop- Nalhati, Birbhum, and d channels of Fe-mottles
ment of secondary lateritic hard crust upon massive (litho-relicts of weathered basalts) in kaolinite matrix at
primary laterite profile at Bhatina (24° 10" 02”"N, 87° 42’  Bhatina, Birbhum (note: length of scale is 30 cm)
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Table 2.1 Account of in situ laterite log profile at Ghurnee Pahar, Birbhum District

Profile depth Lithological description of horizon

Mottle zone with upward moving channels of Fe—Al matrix in bleached purple red kaolintite

Purple to grayish yellow kaolinite clay, pallid zone with few channels of ferruginous to aluminous

Saprolite, spheriodally weathered basalt, abundance of weathering rinds and liesegang banding,

in m
0-0.15 Dismantled gritty layer and slope wash with thin latosol
0.15-2.0 Vermicular hardcrust with tubes and channels, domination of hematite and goethite
2.0-2.15 Highly ferruginized pisolitic hematite band, reddish brown smooth colour
2.15-4.00
medium, lithorelictual mottles, columnar structure
4.00-6.15
oxides, lithomarge
6.15-6.85
corestone like appearance in kaolinte clay
6.85-9.25 Unaltered basalts (quartz—tholeiites), columnar structure

Residual red soil
relict concretions

Pisolitic hard crust
murram

Pisoid structured
hard crust, fluid
passage paths,
shaped pisoids

Depth in metre

Highly ferruginized

Bleached saprolite

Fig. 2.5 Development of pisolitic hard crust on highly
ferruginized sandstones of Gondwana Group in Dubra-
jpur, Birbhum

pisoid structured ferricrete (1.0-2.8 m depth).
This part is characteristically rich in globular
pisolites and fluid passage paths. The duricrust is
underlain by very hard ironstone or highly fer-
ruginized sandstone layer, varying thickness
from 10 to 65 cm. This layer is underlain by
altered sandstone or saprolitic sandstone of
45-50 cm thickness (exposed thickness).

2.4.3 Laterites of Rarh Bengal

2.4.3.1 Sriniketan Section

The ex situ laterite profile of Sriniketan, Birbhum
(23° 41’ 31"N and 87° 40' 31"E) is character-
ized by (1) pebble horizon (2.6-3.0 m depth),
(2) ferruginized coarse sand (0.55-2.6 m depth)
and (3) duricrust (up to 0.55 m depth) (Fig. 2.6
a). Pebble horizon is characterized by a lag
deposits, constituting of pisoids, quartz pebbles
and petrified woods of varying sizes set in a
ferruginized matrix of sands. The thick layer of
coarse sands constitutes gravels and pebbles of
varying sizes and ferricrete pisolites which may
be derived from distant locations of primary la-
terites. The thickness of duricrust generally var-
ies from 30 to 50 cm and many a places absence
of this layer is very common. This duricrust is
nothing but a highly ferruginized or iron—ce-
mented gravel and pebble horizon, constituting
of quartz, ferricrete pisolite, petrified wood
fragment and altered as well as fresh feldspar
clasts. Basically it appears as a conglomerate
ferricrete and Gmg (i.e. inverse to normal grad-
ing matrix-supported gravels) fluvial facies.
Ananalogous profile of ex-situ laterite is
observed in the Hetodoba village (23° 26" 45"N
and 87° 32’ 07"E) of Barddhaman district
(Table 2.2).
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Quaternary ferricrete and ferruginized quartz pebbles on
finely laminated alternate siltstone and sandstone
sequences in Garhbeta, West Medinipur (age in ka
derived from OSL dating of samples)

Table 2.2 Development of ferruginous crust on Neogene gravels and pebbles at Hetodoba, Barddhaman

Profile depth in m

Lithological description of horizon

0-0.15 Ferruginized gravels and pebbles, cementation of hematite nodules
0.15-0.72 Murram with gravels, hardcrust, Gmg facies

0.72-1.2 Ferruginized clay bands, hard on exposure

1.2-3.1 Mottle zone with upward fining pebbles and gravels

3.1-4.15

2.4.3.2 Bishnupur Section

In the exposed profile of Bishnupur, Bankura
(23° 05' 28"N and 87° 16’ 15"E) one conglom-
erate ferruginous unit un-conformably overlies
the grey coloured coarse sandstone unit
(Fig. 2.6b). This conglomerate unit with murram
at its upper part is overlain successively by older
alluvium and newer alluvium sediments. The
lowermost sandstone unit (5.2-6.0 m depth) is
relatively more induarted and lithified than upper
older and newer alluviums. It is relatively coarse
grained and at places granular, yellowish—white
in colour and characterized by white clayey
alteration. The sandstone is sub-arkosic with
feldspar content which is approximately 10-15%
(with 80-90% quartz). This Paleogene sandstone
unit is un-conformably overlain by a ferruginized
conglomerate unit (3.8-5.1 m depth) which is
oligomictic in character with pebbles of domi-
nantly quartz and little feldspar. The matrix or

Yellowish white kaolinite ochre with upward fining pebbles with dicotylendous fossil woods

groundmass is highly cemented by ferruginous
cement (mainly limonite and goethite) which
makes it very induarted. So it can be identified as
modified ferricrete—duricrust of Rarh Bengal.
The upper part of this conglomeratic ferricrete
duricrust (3.2-3.8 m depth) is represented by
murram with iron-stained quartz pebbles of 1-
2 cm in size and ferricrete nodules in a ferrug-
inized sand sized matrix (Gmg facies). This
lower laterite unit is overlain by caliches
impregnated, grey coloured and loamy sediment
(Late Pleistocene to Early Holocene) which
represent older alluvium and the yellowish—
brown coloured sandy newer alluvium (Late
Holocene to Recent) overlies the older alluvium.

2.4.3.3 Garhbeta Section

The right bank of Silai River, exposes a vertical
profile of almost 12-14 m thick package of
alternate  sandstone-siltstone sequence with
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overlying ferruginized sequence of fining upward
fluvial sediments at Gongoni, Garhbeta of West
Medinipur district (Fig. 2.6¢). The exposed ver-
tical section of about 12.5 m may be categorized
into two geological units with distinctive char-
acteristics. The lower lithofacies (3.5-12.5 m
depth) is mainly constituted of Paleogene to
Neogene alternate sandstone—siltstone lithofacies
whose contacts at several levels are marked by
thin but hard ferruginized sandstone layers of
4-8 cm thick. The lowermost siltstone lithofacies
are very finely laminated yellowish—white and
purple in colour and at places show whitish
patchy clayey alteration. The ferruginized sand-
stone unit is generally grey in colour and towards
the top portion of the sequence reddish in colour,
coarse grained gritty in character and at places
contain few quartz pebbles. It is found that the
sandstone unit (8.5-11.7 m depth) is reddish in
colour, highly oxidized and characterized by
high degree of iron encrustation features. The
highly ferruginized thin layers (4-8 cm thick)
occurring in between sandstone and siltstone
lithofacies are constituted of brown coloured iron
oxide cemented quartz—a highly ferruginized
quartz arenite. The top laterite is characterized by
the topmost ferricrete duricrust followed by
murram zone and lowermost quartz pebble
horizon. These quartz pebbles are generally
sub-angular to sub-rounded and vary in size from
2 to 4 cm and all of them are stained by iron
solutions. The uppermost duricrust unit is ver-
micular, blocky in nature with numerous fluid
passage channels. This lithounit is constituted
mainly of finer quartz grains and cemented by
goethite and limonite. This layer of duricrust
with pebble horizon (1.5-3.3 m depth)
un-conformably overlies the Neogene siltstone
unit (3.3—4.8 m depth).

A detailed micro structural evidence of
palaeo-coastal landform in the lateritic badland
topography of Garhbeta Section is well illumi-
nated in Chap. 3 of this volume.

2.4.3.4 Rangamati Section

In a murram quarry of Rangamati, West Medi-
nipur (22° 24" 42"N, 87° 17' 55"E), a 11.7 m
thick profile of laterite is developed over the
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Fig. 2.7 Lithosections of secondary laterite with dis-
mantled gritty pisolite ferricrete, vermiform hard crust,
siltstone with pebbles and ferruginized sandstone in
Rangamati, West Medinipur

Neogene sedimentary sequences which consist
of alternate sandstone-siltstone lithofacies
(Fig. 2.7). This unit is overlain by coarse pebble
to sand sized quartz rich fining upward ferrugi-
nous sediments of Early Quaternary. But the
ideal zone of lithomarge or weathered parent
material is not readily observed in this profile.
The base is sandstone units of Paleogene which
is characterized by cross-bedding with forest
dipping around 20° towards 125° (reddish purple
colour) and shows high degree of ferruginization
and iron-encrustation. The unit of siltstone varies
in depth from 8.7 to 11.7 m and it successively
merged with ferruginized sandstone (5.7-8.7 m
depth) and pebble—siltstone bed with iron pisolits
(3.7-5.7 m depth). This horizon shows some
patchy alumina enrichment separated by a matrix
supported, sparsely ferruginized multi layered
gravel beds of thickness of about 25-25 cm.
Towards top, gravel, large quartz and pebble
horizon is ferruginized to a great extent through
matrix supported medium, successively overlain
by pisolitic porous murram zone and duricrust
layer (0.2-3.7 m depth). The duricrust is about
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1.5 m thick, vermicular type and constituted of
re-cemented gravels, quartz grains and derived
primary ferruginous nodules. This profile is
overlain by 15-20 cm thick latosol which sup-
ports the deciduous vegetation like Sal (Shorea
robusta) in this area. These types of gravely la-
terites are analogous to Early to Middle Pleis-
tocene Lalgarh Formation in West Bengal.

244 Geo-chemical Properties
and Lateritization Index

Five samples belonging to pisolitic hard crust (PL
1), ferricrete (PL 2), mottle clay and kaolinite (PL
3) and saprolite (PL 4 and 5) zones are analyzed to
characterize the chemical variations along the
Nalhati lithosection with depth. The result of
geo-chemical analysis (Table 2.3) depicts that
sample no. PL 1 belongs to pisolitic crust of
Rajamahal Trap laterites and represented by high
Al,O5 (36.7%), Fe;03 (26.2%) and TiO, (4.77%)
and very low SiO, (9.7%), low MgO (0.14%),
CaO (0.17%), Na,O (0.01%), K,0 (<0.02%) and
P,Os5 (0.11%) respectively. So it can be said that
chemically the most mobile elements such as Si,
Na, K, Mg and P has been removed from the upper
part of laterite profile through leaching and solu-
tion system and enrichment of Fe, Al and Ti has
been taken place in the top ferricrete zone.

Sample PL 5 represents saprolite or weathered
basalt composition as reflected by SiO,
(31.58%), Al,0O5 (24.45%), Fe,0O5 (25.33%) and
TiO, (4.53%). The low values of other oxides
may be the direct result of removal from the
system during lateritization. The laterite samples
from ferricrete pisolite zone (PL 2), clay horizon
(PL 3), laminated clay horizon (PL 4) and
saprolite zone (PL 5 and PL 6) indicate low
fluctuations of SiO, (28.5-31.58%), Al,O3
(24.3-26.1%) and Fe,03 (23.12-27.86%) which
signifies intensive deep basal chemical weather-
ing of Rajmahal basalt, forming the in situ pri-
mary laterite lithosection at Nalhati.

Four samples of Sriniketan lithosection are
collected from different horizons of lateritized
sediments and siltstone for chemical analysis
(Table 2.4). Only the sample SL 1 shows some
enrichment of Fe,O3 and lowering of SiO, rela-
tive to other sediments. High percentage of SiO,
(60.83-73.39%) reflects low intensive leaching
of silica from the profile. It can be interpreted
that the sediments had not undergone any later-
itization to develop ideal profile of laterites
except ferruginization at the top with coarse sand
and gravels. So this sediment profile with several
inputs of earlier laterite represents a reworked
secondary laterite lithosection. The ferruginous
eroded mantles were fluvially derived from the
upper primary laterite zones.

Table 2.3 Geo-chemical properties of primary laterite lithosection in Nalhati, Birbhum

Sample no. PL 1

Depth of sample from the top of profile (m) 0.65
Si0, (%) 9.70
AlLO3 (%) 36.71
Fe;03 (%) 26.2

MnO (%) 0.29
MgO (%) 0.14
CaO (%) 0.17
Na,O (%) <0.01
K>0 (%) <0.01
TiO, (%) 4.71
P,05 (%) 0.11
Molar ratio 0.14

PL 2 PL 3 PL 4 PL 5 PL 6
3.70 5.85 8.25 9.15 9.60
28.50 31.46 29.61 31.58 37.67
26.10 26.42 24.3 24.45 31.15
27.86 23.12 27.17 25.33 9.31
0.33 0.11 0.12 0.10 0.03
0.28 0.06 0.04 0.06 0.24
0.07 0.16 0.11 0.18 0.21
<0.01 <0.01 <0.01 <0.01 <0.01
0.02 <0.01 <0.01 0.01 <0.01
2.81 3.42 3.69 4.53 4.22
0.11 0.19 0.26 0.09 0.07
0.50 0.59 0.54 0.58 0.84
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Table 2.4 Geo-chemical
properties of secondary
laterite lithosection in
Sriniketan, Birbhum

Sample no.

SiO, (%)
ALO; (%)
Fe,03 (%)
MnO (%)
MeO (%)
CaO (%)
Na,O (%)
K0 (%)
TiO, (%)
P>0s (%)

Molar ratio

Under hot and sub-humid tropical climate the
prime process of lateritization (i.e. tropical
weathering) is the downward leaching of silica
and bases (more mobile elements) and upward
enrichment of Fe—Al oxides (less mobile ele-
ments). The molar ratio (Birkeland 1984), i.e.
index of weathering, is applied here to depict the
degree of leaching. There are marked difference
of molar ratio in between the sections of Nalhati
and Sriniketan. In Nalhati section the low value
of molar ratio (0.14-0.84) signifies well devel-
oped leaching of silica and segregation of
sesquioxides nodules throughout the profile.
Molar ratio of ferricrete (sample from 0.65 m
depth) is very low (0.14) due to prevalence of
Al,O3 (36.71%) and Fe,O5 (26.20%) whereas it
increases up to 0.58 in kaolinite horizon or
lithomarge (sample from 9.15 m depth) due to
dominance of SiO, (31.58%). Down the profile
under acidic environment of tropics most of
smectite and interstratified clay minerals have
been transformed to kaolinite, iron oxides and
minor amounts of gibbsite. On other side the
high value of molar ratio (2.04-2.17) is found in
Sriniketan section. The molar ratio of ferruginous
crust (sample from 0.35 m depth) is very high
(2.04) due to high amount of SiO, (60.83%) than

Depth of sample from the top of profile (m)
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SL 1 SL 2 SL 3 SL 4
0.35 1.50 3.10 4.45
60.83 73.39 60.01 58.79
8.88 15.74 20.94 18.44
20.56 4.12 7.11 7.87
0.42 0.03 0.03 0.03
0.82 0.52 1.31 232
0.01 0.20 0.36 0.47
0.05 0 0.04 0.05
0.92 2.34 2.67 3.21
0.41 0.44 0.89 0.82
0.09 0.02 0.03 0.04
2.04 3.61 2.07 2.17

Fe,O5; (20.56%). Below that crust layer (i.e.
ferruginous coarse sand and pebbles at depth of
1.50 m) the molar ratio reaches up to 3.61 due to
ample occurrence of SiO, (73.39%). In Srinike-
tan section the values of molar ratio suggest the
relatively very low leaching of silica from the
profile and low enrichment of sesquioxides. On
the basis of molar ratio it can be said that the
in situ intensive lateritization is observed in the
lithosection of Nalhati and ex situ weak lateriti-
zation is observed in Sriniketan section. The
triangular diagram (Schellmann 1986; Pain and
Ollier 1996; Meshram and Randive 2011) shows
a high degree of lateritization in the samples
primary laterites (Nalhati, Birbhum) and very
weak degree of lateritization (preservation of
quartz fragments) in the samples of secondary
laterites (Sriniketan, Birbhum) (Fig. 2.8). Getting
amount of Al,O3, CaO, Na,O and K,O from the
samples of laterite profiles we have found that
CIA (Chemical Index of Alteration) for primary
laterites (Nalhati, Birbhum) is greater than 99%
which reflects higher rate of alteration in ferri-
crete zone, mottle zone and sparolite, and CIA
for secondary detrital laterites (Sriniketan, Birb-
hum) varies from 83 to 93% which signifies good
preservation of chemically altered minerals.
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Fig. 2.8 Al,O3-Fe>05-Si0O,
triangular diagram showing
degree of lateritization in the
study area
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2.4.5 Age Determination of Laterites
2.4.5.1 Span of Lateritization Event

in India

There are marked similarities in between the la-
terites of India and Australia because these con-
tinents have move from polar to tropical
palaeolatitudes over the past 80 million years
(Schmidt et al. 1983; Tardy et al. 1991; Retallack
2010). The optimum lateritization event was
probably related to Late Oligocene to Early
Miocene weathering event in India and Australia
(Schmidt et al. 1976; Ollier 1988; Bourman
1993; Bird and Chivas 1993). Most of peninsular
laterites have been magnetized over sufficiently
long periods of time that reversals in the polarity
of the geomagnetic field have been recorded
(Schmidt et al. 1983). On the basis of pole
positions and comparisons with the apparent
polar wander paths age assignments have been
made by Schmidt et al. (1983). It is concluded
that the ages of Indian laterites are grouped as
follows: Late Tertiary, Mid-Tertiary, Early Ter-
tiary or Early Tertiary—Late Cretaceous (Schmidt
et al. 1983). One interesting observation is the
Palacogene age assigned to laterites from the
Deccan Traps which are Late Cretaceous in age.

Similarly the high level primary laterites are
found on the Early Cretaceous Rajmahal Basalt
Traps (situated at north-western of study area,
24° 15'-24° 50'N, 87° 15'-87° 45'E) and the
latitudinal position of this province is quite north
of Deccan Traps (between 16° and 24°N, 73° and
80°E). So in respect of equatorial drift of Indian
plate (Late Cretaceous—Early Palaeogene) this
geologic unit of Rajmahal was getting early
favourable climate for lateritization. The time
taken for entry of Indian plate into the zone
between 30°N and 30°S is about 65-75 million
years from present (Kumar 1986). Therefore, the
Rajmahal Basalts Traps (fringing north-west of
Rarh Bengal) must have undergone through
intensive lateritization after Early Cretaceous.
The prevailing span of lateritization climate was
found in between Late Cretaceous and Late
Neogene in Indian peninsula (Schmidt et al.
1983). On the basis of palaeolatitudes and laterite
magnetizations the favourable optimum climate
of laterite formation was prevailed in India from
Late Cretaceous to Late Neogene (Kumar 1986).
Consequently, the laterites in the northern
peninsula should be older than those in the south
as per drifting of Indian plate. Complication of
new and more accurate laterite and bauxite ages
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reveals unusually widespread and intense laterite
and bauxite formation during events of less than
100 k y duration at 2, 12, 16, 35, 48, 55 and
100 Ma (Retallack 2010). Globally the peak
period of lateritization event was started in
Neogene when the Indian plate was well estab-
lished in tropical latitudes. In India numerous
studies suggest that in situ ferricretes of plateaus
were formed since Palaecogene to Neogene but ex
situ detrital ferricretes of low slopes and valleys
were occasionally formed in that time period and
also in Early Quaternary due to erosion,
re-deposition and re-lateritization (Pappu and
Rajaguru 1979; Subramanina; Ollier and Raja-
guru 1989; Sahasrabudhe and Rajaguru 1990;
Achyuthan 2004; Rajaguru et al. 2004a, b; Mis-
hra et al. 2007; Deo and Rajaguru 2014).

The earliest known latrites are those of the
2200 Ma profile near Sishen, South Africa but
bauxites extend back to at least 3500 Ma, near
Taldan in the Aldan Shield of Siberia (Retallack
2010). The earliest laterites of India were dated
back to Early Palaeocene—Early Oligocene,
found in Gujarat and Than desert (Sychan-
thavong and Patel 1987; Meshram and Randive
2011). According to the reconstruction of
palaeolatitudes, it is found that southern India
spent a longer time in the equatorial zone, i.e.
between 53 million years and <32 million years.
To assign a Cretaceous age of laterite formation
is not plausible because at this juncture the
Indian plate had just started drifting apart from its
original position between latitudes 40°S and 60°
S in the Gondwanaland (Sychanthavong and
Patel 1987; Tardy et al. 1991). The lateritization
event was probably related to a Late Oligocene to
Early Miocene weathering event (Bourman
1993). The results of “°Ar/*?Ar dating of laterite
samples imply that Southern India was weath-
ered to form laterite duricrust between ~ 36 and
26 Ma (Late Eocene—Oligocene) and may have
been dissected mostly in Neogene (Bonnet et al.
2014). The high-level and low-level laterites of
Western Ghats and Konkan Coast, India were
developed in Early Tertiary and Mid-Tertiary
respectively (Widdowson and Cox 1996). The
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plateau top laterites of Deccan Trap is dated back
to Eocene—Miocene and detrital low level la-
terites with gravels and Acheulian artefacts
indicates severe erosion of primary high level
laterite cover during Early Pleistocene (Mishra
et al. 2007). The transported laterites of southern
India bears the imprints of Acheulian, Palae-
olithic and Mesolithic artefacts, dated Early—Late
Neogene Formation. According to Achyuthan
(1996), Chakrabarti (2001), Rajaguru et al.
(2004a, b) and Mishra et al. (2007) ferricrete
surface is generally devoid of archeological evi-
dence but the upper dismantled surface and ex
situ laterites have bears the evidence of Acheu-
lian (Early-Middle Pleistocene) to Mesolithic
(40-150 ka) artefacts in India as well as Rarh
Bengal (mainly in the districts of Birbhum,
Barddhaman and Bankura). These archaeological
evidences suggest an early to Middle Pleistocene
origin of secondary detrital laterites.

2.4.5.2 Lateritization Age of RBT

The post-succession of Rajmahal Basalt Traps
(adjoining to study area) is in situ laterites, gravel
deposits and ferruginous sandstones on the stable
shelf condition of Bengal Basin. The “°Ar/*’Ar
geochronological ages of Rajmahal basalts and
basalts of Bengal Basin were dated back
at ~ 118 Ma (Kent et al. 2002). So it is logical to
establish that the development of in situ primary
laterites on the Rajmahal basalts, Gondwana
Formations and Archaean granite—gneiss is
post-Cretaceous formation. According to Roy
Chowdhury (1986) the ages of peninsular la-
terites ranges from Early Eocene to Recent and
residual laterite caps (Lalgarh Formation of West
Bengal) got formed during the Early Quaternary
or Neogene.

In the history of plate drift through millions of
years, those continents which travelled or had
been travelled across tropics, must bear the
imprints of laterites and bauxites. So the residual
laterite profiles are the fossil type formed in past
geological ages when climatic conditions were
favourable for lateritization (Kumar 1986). In
order to explain the origin of these laterites and
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the accompanying thick tropical forests (found as
Miocene to Eocene dicotyledonous fossils), we
have to consider drift tectonics of the Indian Plate
as it as moving across the equatorial zone from
Cretaceous to Palaeocene times (Schmidt et al.
1983). The formation of secondary iron-oxides
(hematite) by chemical weathering processes
allows palacomagnetism to be used to date fer-
ruginous regolith material. The palaecomagnetic
poles can be calculated from the remnant direc-
tions (during chemical Remnant Magnetization,
CRM), which in turn are used to derive weath-
ering ages by comparison with the trajectory of
palaecomagnetic poles of known age. From the
palacomagnetic age detections and apparent
polar wandering path of India (Schmidt et al.
1983; Kumar 1986) the high-altitude laterites
have undergone a complex magnetic history
during Late Creataceous and Palacogene. The
low-altitude laterites are Neogene in age. The
accelerated northward drift into Koppen’s ‘A’
zone between 65 and 53 Ma propelled India
quite rapidly into the favourable zone of laterite
formation (Kumar 1986). The age of lateritic
weathering has also been roughly estimated on
the basis of palacomagnetic properties of
iron-oxides formed in laterites around 16°N
(Schmidt et al. 1983). Sankaran et al. (1985)
have applied TL dating for age estimation of
laterites and found that the age varies from 2.15
t0 3.58 x 10° years. The OSL dating of collected
samples of ex situ laterite sections, both lateri-
tized and non-lateritized sediments, reveals that
the lateritization process was started in Neogene
and restricted within Middle to Late Pleistocene
(~150 to 35 ka) and did not continue in Holo-
cene times. This age data of secondary laterites
suggests the prevalence of in situ trap laterites of
Rajmahal prior to Early Quaternary, may be
Eocene to Pliocene because we have found
ample Miocene to Eocene dicotyledonous fossils
and fragments of trap laterites found in the ex
situ laterites (Fig. 2.10).

Crytomelane [Ky Mng.x ¥ Mny' O6, n H,O]
is a major Mn-oxide of many lateritic Mn-ore

deposits in south India (Bonnet et al. 2015a).
This mineral is a suitable chronometer for of
“OAr/*°Ar step heating dating of weathering
processes in the lateritic soils including duri-
crusts and manganiferous ore deposits (Bonnet
et al. 2014, 2015a, b; Beauvais et al. 2016). It has
been learned that the peninsular India experi-
enced six major phases of lateritic weathering,
viz. ~53 to 50, ~40 to 32 and ~30 to 23 Ma
in the plateau tops and ~47 to 45, ~24 to 19
and ~9 Ma in lowlands, pediments and valleys
(Bonnet et al. 2015a; 2015b; Beauvais et al.
2016). The results of “°Ar/*?Ar dating of laterite
samples (Bonnet et al. 2014) and other dating
information (Schmidt et al. 1983; Kumar 1986;
Sychanthavong and Patel 1987; Tardy et al.
1991; Bourman 1993; Widdowson and Cox
1996; Rajaguru et al. 2004a, b; Mishra et al.
2007; Retallack 2010) imply that basalts of RBT
were weathered intensively to form in situ ferri-
crete in between ~ 36 and 26 Ma (Late Eocene—
Oligocene) and may had been dissected mostly
since Neogene under favourbale lateritization
climate (becoming source materials of ex situ
secondary laterites).

2.4.5.3 OSL Dating of Rarh Laterites

Niyogi et al. (1970) assigned Neogene and Early
Pleistocene age for the lithomargic kaolinte clay
and laterites respectively. The ferruginous soils
of present study area are regarded as the oldest
soils from Indian part of these plains (Singh et al.
1998). Niyogi (1975), Vaidyanadhan and Ghosh
(1993) and Singh et al. (1998) have been
assigned ages of 305-1000 ka, i.e. Early-Middle
Pleistocene, reflecting autochthonous origin of
ferruginous soils. Geoarcheological evidences
suggest that the ferruginous landforms of penin-
sular India and Rarh Bengal is not sterile from
the archeological viewpoint and these deposits
have preserved Palaeolithic artifacts (stone-age
tools) in the lateritic interfluves and badlands of
Birbhum, Barddhaman and West Medinipur
districts (Rajaguru et al. 2004a, b). In the lateritic
gullies of Rampurhat, Maluti and Bhatina
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Table 2.5 Summary of U, Th and K elemental concentrations, annual dose rate, equivalent dose and optical ages of ex situ laterite samples from the study area

Age (avg) ka

Dose rate Gray/ka

Equivalent dose (avg) in Gray

U@pm)  Th(pm) K%

No. of Discs

Depth in m

Sample horizon

Sample no.

SI no.

Sriniketan section

40 £ 2
71+£6
719+5

1.9 + 0.09

78-2

0.88
1.63

11.93

8.56

1.94
1.17
1.71

Hard Crust 0.4 45
2.5

OSLD 1

1.1 £ 0.01

153-9
203-9

45

Pebble

Ferruginized Sandstone

OSLD 2

2
3

2.5+ 0.01

63

1.

14.17

41

34

Siltstone

OSLD 3

Bishnupur section

4
5
6

1.5+02
22 +£0.1
35+ 0.7

2.33 £ 0.03
2.8 £ 0.01

35+04

0.95

17.04
18.17
37.59

2.95
3.81
3.56

12
12
42

1.6
2.5

Younger Alluvium
Older Alluvium

OSLD 4

6.2+ 0.5
12+2

1.18
0.65

OSLD 5

3.4 £ 0.02

39

Murram

OSLD 6

Garhbeta section

96 £ 8

2.23 £ 0.01
1.4 + 0.08

0.43 214-14

0.4

16.42
11.44
13.71

434
1.

48

0.3

Hard Crust

OSLD 7

147 £ 17
154 £ 15

205-21

61
63

45

1.9
4.8

Pebble Horizon

OSLD 8

8
9

1.7 £ 0.09

264-21

0.68

1.

36

Siltstone

OSLD 9

Source Chakraborti (2011)
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(south-east of RBT) we have found ample
Acheulian artifacts (over secondary laterites)
which dated back to Early Pleistocene (>40 ka to
1.2 Ma) (Rajaguru et al. 2004a, b; Mishra et al.
2007).

For accurate chrono-stratigraphic age detec-
tion, sampling for OSL (Optically Stimulated
Luminescence) dating of sample laterite lithofa-
cies in Sriniketan of Birbhum, Bishnupur of
Bankura and Garhbeta of West Medinipur have
been done. In Garhbeta section the samples have
been taken from the hard crust (1.6 m depth),
pebble horizon (2.5 m depth), loose murram
layer (3.2 m depth) and siltstone unit (5.2 m
depth). Sampling have been done from the upper
three horizons of lateritized sediments including
hard crust (0.3 m depth), ferruginized coarse
sand—pebble horizon (1.9 m depth) and finely
laminated siltstone (2.9 m depth) at Sriniketan
section. Similarly numerous samples have also
been collected from three layers—newer allu-
vium (0.9 m depth), older alluvium (2.2 m
depth) and murram layer (3.4 m depth) at Bish-
nupur section (Table 2.5).

The possible age as determined by OSL
method for the Sriniketan section, shows that the
age of sedimentation or time of cut off from the
sunlight for the hard crust (0.45 m depth) is 40 £
2 ka. The age of ferruginized sandstone—pebble
horizon (with petrified wood) is about 71 & 6 ka.
The age of laminated siltstone is 79 £ 5 ka. The
un-conformably overlying ferruginized sand-
stone—pebble horizon definitely indicates its time
of deposition in between 79 £ 5ka and
71 &+ 6 ka, i.e. well within Pleistocene epoch.
The layer of ferruginous hard crust with gravels
was probably developed in Late Pleistocene
(well within ~125 ka to 10 ka BP). Similarly
other ferruginous lithofacies of sandstone—pebble
horizon and laminated siltstone are also assigned
an age of Late Pleistocene.

The age as determined from the samples for
Bishnupur section shows the age of sedimenta-
tion of the murram zone is more than 35 =+
0.7 ka as it was cut off from the sunlight at this
date. Similarly the older alluvium is older than
2.2 £ 0.1 ka age and newer alluvium is older
than 1.5 £ 0.2 ka. The ferruginous crust is again
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assigned as age of Late Pleistocene and other
above alluvium units is categorized as the litho-
facies of Late Holocene to Recent.

The sedimentation age for the Garhbeta sec-
tion shows that the lower siltstone unit (4.8 m
depth) and pebble horizon (1.9 m depth) was cut
off from the sunlight before 154 £ 15 and
147 4+ 17 ka respectively. Interestingly both
these units are intensively ferruginized under the
tropical climate. Alongside the ferruginous hard
crust (0.3 m depth) was cut off from the sunlight
before 96 + 8 ka. Yet again the laterite hard
crust is assigned an age of Late Pleistocene. But
the lower ferruginous lithofacies of pebbles and
siltstone were developed in Middle Pleistocene
(>350 to 130 ka). Based on the OSL dating data
it can be said that climate for lateritization was
prevailed at Middle Pleistocene and became
intense in Late Pleistocene, forming lateritic hard
crust.

2.5 Discussion
2.5.1 In Situ and Ex Situ Origin
of Laterites

The in situ or primary lateritization processes on
the basaltic bedrocks, at Nalhati (24° 17' 47"N,
82° 49’ 28"E), Pinargaria (24° 12’ 13"N, 87° 40’
13"E), Ichhanagar (24° 22’ 33"N, 87° 47" 26"E),
Chaukisal (24° 19" 59"N, 87° 41' 31"E),
Mathurapahari (24° 03" 03"N, 87° 36’ 39"E) and
many other litho-sections along Rampurhat—
Dumka Highway (NH, National highway 114A),
are characterized by well developed laterite pro-
files (Fig. 2.4), starting from (1) saprolite of
weathered basalts, (2) lithomargic clay or pallid
zone, (3) mottled zone with litho-relicts of
weathered basalts and (4) ferricrete. The primary
laterites on the Chotanagpur gneiss and dolerite
dykes are characteristically very thin and con-
tinued of poorly developed saprolite zone ferri-
crete hard crust. Laterites on the Gondwana
sandstones, at Pansuiri (23° 46’ 39"N, 87° 16’
47"E), Bhadulia (23° 48’ 42"N, 87° 13' 44"E),
Dubrajpur (23° 47’ 12"N and 87° 25" 19"E),
Ghutgaria (23° 25’ 09"N, 87° 15’ 11"E) and

Saharjora (23° 24’ 36"N, 87° 14’ 32"E), often
show ferruginous saprolite, ferruginous arenite
and thick unit of pisolitic hard crust. A model of
in situ development of laterite profile (develop-
ment of alteration saprolite zone, glaebular
mottle-ferricrete zone and the upper soft zone of
Fe-nodules) is depicted in Fig. 2.9 to understand
the complete formation of laterite layers. Under
tropical wet-dry climate of Palaeogene to Neo-
gene, the Rajmahal basalt was weathered to form
lithomarge or fine saprolite (i.e. kaolinite) due to
intense leaching of silica and chemical alteration
of primary minerals and concurrently the sec-
ondary iron and aluminum oxides were cemented
towards surface to form ferricrete. The relict
structures of weathered basalt are found in the
mottle zone, having elongated tubes and chan-
nels of hematite, Al-goethite and kaolinite
(Fig. 2.4d).

The laterites developed over Neogene gravel
sediments (mainly in the districts of Bankura and
West Medinipur) also indicate in situ lateritiza-
tion of lower conglomerate, i.e. pebble horizon—
siltstone—sandstone units, not the upper older or
newer alluvium. The indication of intensive
tropical weathering and ferruginous transforma-
tion is evidenced from the spheroidal weathering,
weathering rinds and lieseganag structures of
basaltic saprolite (prominent in the lithosections
of Nalhati, Ichhanagar, Chaukisal and Mathura-
pahari) which are characterized by reddish brown
to yellow coloured fine grained clayey core and
iron rich chocolate brown coloured rims.
Occurrences of white kaolinte clay horizon (i.e.
oxidized dots of opaque and mafic within pallid
zone) and reddish or purple colour to yellow
ochre clay (with ferricrete noudles and pisolites)
is the direct product of lateritization process
below the profile. At Nalhati and Ichhanagar
sections, the development of very hard and
compact iron rich pisolitic band (constitutes of
feldspar, opaque and pisolites of iron concre-
tions) signifies crudely weathered topmost sur-
face of Rajmahal basalt, having litho-relicts of
basaltic texture. The in situ ferruginous hard
crust is generally thick vermicular type with
well-developed rounded concretions of hematite
and relict fluid passage paths. The zone of red
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Fig. 2.9 An applicable schematic model (modified from
Tardy, 1992) depicting in situ development of laterite
profile with successive formation of coarse saprolite,
lithomarge, mottle zone, ferricrete and gritty layer due to

pisolitic ferricrete with channels of mottles
(1.5-1.75 m thick) at Ichhanagar lithosection
represents a true in situ ferricrete of Rarh Bengal.
The upper dismantled horizon of ferricrete con-
sist of loosen globular to elliptical iron pisolites
which show core to rim colour banding of
limonitic to geothitic composition which reflects
cortex development due to exposure of laterite
mantle under the tropical wet—dry palaeoclimate.
The pisoid structured ferricrete of Dubrajpur
section (2-2.6 m thick) is very hard and compact
in nature and continued of globular pisolites
whereas the pisoid structured part is characteris-
tically rich in pisoid and fluid passage paths and
channels which acted as pathways for fluid or
solution migration (leaching of silica) down the
profile. In general the in situ hard crust nodules
are circular to amoeboid shaped concretions of
iron oxides (mainly hematite, limonite and goe-
thite cortex) and sand balls. Centripetal accu-
mulation of in-situ ferruginous materials to

Coarse Saprolite

! ?I'arunt Rock

deep basal weathering of parent rock (similar signatures
of lateritization found in the sections of Baramasia,
Nalhati and Icchanagar)

sub-nodules and to meta-nodules includes tropi-
cal dehydration of hematite, Al-hematite and Al—
goethite at the surface in dry period (Birkeland
1984; Schellmann 1986). Observing the primary
laterite lithosections of Nalhati and Rampurhat
region we have found few interesting phe-
nomenon about magnetite to hematite nodule
formation along the profile. In saprolite zone, due
to intense weathering under pressure, magnetite
grains are altered to blood red coloured hematite
at surfaces. In pallid zone, these grains are mostly
altered to hematite pseudomorphs by oxidation
around edges and along cracks (as channels or
bands). In mottle zone, the biotic grains are
completely replaced by goethite in the kaolinite
medium and magnetite grains are replaced by
hematite mottles, i.e. Fe-litho relicts (Fig. 2.4).
The re-lateritization of transported ferruginous
materials (i.e. ex situ laterites) is mainly observed
in the eastern part of Rarh Bengal, especially in
the lithosections of in Bolpur (23° 40" 18"N,



2 Modes of Formation, Palaeogene to Early Quaternary ... 45

(a)

(b)

Fig. 2.10 a Development of pisolitic hard crust with
stone lines of gravels and pebbles on kaolinite at
Rampurhat, Birbhum, b nodular secondary ferricrete on
left bank of Ajay River at Illambazar, Birbhum, ¢ litho-
facies of gravels and ferruginous hard crust at Hetodoba,

87° 39" 10"E), Sriniketan (23° 41’ 31"N and 87°

40" 31"E), Labhpur (23° 48" 47"N, 87° 46'
57"E), Rampurhat (24° 11’ 44"N, 87° 44’ 03"E),
Illambazar  (23° 36" 56"N, 87° 32" 07"E),

Kanksa (23° 28" 45"N, 87° 27" 45"E), Panagarh
(23° 27" 10"N, 87° 31’ 51"E), Patryasayer (23°
12" 35"N, 87° 31’ 17"E), Bishnupur (23° 05’
28"N and 87° 16’ 15"E), Garhbeta (22° 51’ 34"
N and 87° 20" 28"E), Khemsuli (22° 20" 26"N,
87° 11' 04"E),  Rangamati  (22° 24' 42"N,
87° 17' 55"E) (Fig. 2.10) etc. In Garhbeta sec-
tion, alternative kaolinte clay and sandstone—
siltstone sequences is overlain by some lenticular
channel fill deposits, consisting of various size
fragments of quartz grains, pisoids of in situ

Barddhaman, d formation of secondary lateritic hard crust
on kaolinte at Bhatina, Bibhum, and e inversely to normal
grading of ferruginized gravels and pebbles signifying
palaeo fan-deltaic deposition at Hetodoba, Barddhaman
(note: length of scale is 30 cm)

laterites and larger or out-sized clasts with petri-
fied woods. The conglomeratic ferricrete hard
crust with ample gravels (without horizon of
mottle clay, pallid zone and saprolite) at
Bishnupur sand Sriniketan sections reflects the
secondary origin of laterites. At the section of
Bishnupur Neogene sandstone facies is
un-conformably overlain by a ferruginized con-
glomerate unit which is oligomictic in character
with pebbles of dominantly quartz which is flu-
vially eroded remnants of primary in situ laterites.
The crude large scale X-bedding sandstone unit of
Bishnupur is almost a clast-supported conglom-
erate with ferruginized sand sized matrix of pre-
dominantly quartz and feldspar. These quartz
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clasts are mostly well rounded to sub-rounded,
smooth surface and flat without any striations
which reflects fluvial origin. From the samples of
ex situ secondary laterites it is observed that the
matrix or groundmass is highly cemented by fer-
ruginous oxides (limonite and goethite) which
make it very induarted and the clasts show some
iron staining on their surfaces (Fig. 2.10), signi-
fying long-term retention in iron oxides medium.
The clast composition and character indicate its
provenance to be vein quartz and pegmatite bod-
ies and it has suffered a long transportation. At
Garhbeta and Rangamati sections the occurrences
of ferruginized coarse sandstone (X-laminations
and Fe-encrustation), quartz pebble horizon and
topmost vermicular hard crust with quartz grains
and clastic components again confirmed the
re-lateritization episode of deposited materials up
to Late Pleistocene. In the profile of Sriniketan
section the degree of ferruginization increases
upward and leads to ferruginized coarse sand
whose lowermost part is almost free of ferrugi-
nation, signifying secondary weak lateritization
with less leaching of silica. The variable pisoid
shapes of secondary laterites are constituted by
two elements—(1) a nucleus of variable nature
surrounded by a cortex composed of concentric
limonite and goethite and (2) pisoid of
mono-nucleus and bi-nuclei composed of sand
and clay. The large scale cross-bedding of fer-
ruginous sandy unit with truncated top and
asymptotic bottom indicate its sedimentary fluvial
origin of the sediments, mostly in the
palaeofan-deltaic sequences (Gmg facies). Lateri-
tization climate of Paleocene, Eocene and
post-Mio-Pliocene favoured good growth of broad
leaf tropical and sub-tropical flora. The occur-
rences of large scale petrified dicotyledonous
fossil woods (probably Miocene to Eocene age)
(Fig. 2.11) with ferricrete nodules and channel lag
deposits in the ex situ profiles bear the evidence of
secondary lateritization up to Late Pleistocene (as
OSL data suggested). Again this paleontological
data suggests the primitive development of fer-
ruginous crust (in situ laterite) in that period of
Neogene.
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2.5.2 Palaeoclimatic Inference

There is a perennial problem in the investigation
of laterites, regarding the reliability of laterites
and weathered zones as palaeoclimatic indicators
and their usefulness as morpho-stratigraphic
markers (Bourman 1993). Many of the
researchers says that the formation of laterites
and bauxites is restricted to Koppen’s ‘A’ cli-
mate, a belt extending from about 30°N to 30°S
latitude at present. Therefore, in the history of
plate drift through millions of years, those con-
tinents which travelled or had been travelled
across tropics, must bear the imprints of laterites
and bauxites. So the residual laterite profiles are
the fossil type formed in past geological ages
when climatic conditions were favourbale for
lateritization (Kumar 1986). These laterites were
generally formed under an oxic atmosphere in
the presence of abundant terrestrial biomass in an
acidic environment (Retallack 2010), elevated
atmospheric carbon dioxide, exceptional fossil
wood preservation and intense deep basal
weathering of basalts, dolerite, gneiss, sand-
stones and as well as Neogene gravelly sedi-
ments of West Bengal.

The most favourable climatic condition of
laterite genesis is characterized by the contrasted
seasons (wet — dry), high temperature throughout
the year (28-35 °C), annual average relative
humidity of the air nearer to 60 percent, annual
rainfall lower than 1700 mm and long dry sea-
sons during which a relatively low thermody-
namic activity of water and atmospheric relative
humidity decreases (McFarlane 1976; Tardy
et al. 1991). While bauxites and aluminum
enrichment can stand lower temperature (>22 °
C) and are favoured by a higher thermodynamic
activity of water and a higher relative humidity of
the air (>80%) (Tardy 1992).

In order to explain the formation of these la-
terites and the accompanying thick tropical for-
ests (found as Miocene to Eocene dicotyledonous
fossils), we have to consider drift tectonics of the
Indian Plate as it as moving across the equatorial
zone (Fig. 2.12). It is now evidenced that
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(a) (b)

Fig. 2.11 Miocene to Eocenedated dicotyledonous fossil
woods found a at a laterite quarry of Maluti, Shikaripara
(Jharkhand) and b at a gully bed of Bhatina, Birbhum,
¢ gravel lithofacies of ex situ ferruginous hard crust at

climatic conditions were favourbale for lateriti-
zation from Cretaceous to Palacocene times for
during that period, the Indian continent crossed
the zone between 30°S and 0° latitude (Schmidt
et al. 1983; Kumar 1986; Tardy et al. 1991).
After collision of India against Eurasian plate at
the end of Miocene and upheaval of Himalayas,
the palaeoclimate became more tropical to tem-
perate but remained hot and humid with impor-
tant dry season. The palaeoclimate of Eocene and
Middle Oligocene was more favourable for the
in situ type of laterite formation in peninsular
India because in Eocene the equator was running

Hetodoba, Barddhaman, and d progressive badland
development on the terrain of secondary laterites and
gravel litho-units at Kanksa, Barddhaman

across central Gujarat to southern West Bengal
(Bardossy 1981).

As part of the global drift of plates, India also
had drifted (average 2-3 cm year ') from rela-
tively colder southern latitudes (between 37° and
53°S) to the present day tropical and monsoon-
dominated climatic zone, commencing from
about 70 million years (Sankaran et al. 1985).
The Indian plate suddenly accelerated to
20 cm year ! from Late Cretaceous to Early
Eocene (Chatterjee et al. 2013). The Indian Plate
was rotated in an anticlockwise direction since
Palaeocene (Sychanthavong and Patel 1987),
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Fig. 2.12 Palaeogeographic reconstruction of Indian
plate and its entry to the region of tropics since Early
Triassic. Onset of lateritization process was started in
Middle Eocene. Numbers shows the relative values of

after that particular linear laterite Rarh belt of
NE-SW direction (formerly as E-W coinciding
with the alignment of perfect tropical zone for
lateritization) had crossed the equatorial zone
while the total rotation was 50° in between
Palaeocene and Present (Fig. 2.13). At that time
span most of the primary laterites of Rarh Bengal
(especially in the Rajmahal Basalt Traps) were
developed. The laterite capping was observed
over that Mio—Pliocene sandstones and it sug-
gests continuation of favourbale climate to la-
teritization in the post-Pliocene times (Devaraju
and Khanadali 1993).

During Oligocene (~30 Ma), the southern
part of the subcontinent was in the Equatorial
Rainy Belt whereas the northern part was
extended into the Subtropical Arid Belt (Chat-
terjee et al. 2013). It is important to mention that
mid-section of eastern Indian peninsula (i.e. our
study area) had relatively dry episode (6-8 cm
precipitation per month) and in rainy season the
region experienced 10-26 cm precipitation per
month (Chatterjee et al. 2013). It signifies note-
worthy prevalence of wet—dry period in Oligo-
cene, favouring lateritization. The results of
“OAr/*Ar dating of laterite samples suggest the
Eocene climatic optimum of lateritization and the

precipitation through geological times and no units are
implied. Modified from Tardy et al. (1991), Alam et al.
(2003)

early beginnings of Asian monsoons at ~40 Ma
(Bonnet et al. 2015a). The onset of laterite for-
mation within tropics is commonly taken as
evidence of a Great Oxidation Event (Retallack
2010). The presence of hematite (Fe,Os3) and
boehmite (AIO(OH)) are dehydrated minerals
related to less humid and warmer tropical cli-
matic conditions. Therefore the presence of Rarh
laterites signifies a special warm and seasonal
contrasted palaeoclimate which is not found in
present decade throughout the study area. After
this morphostratigraphic ferruginous unit Sijua
Formation with caliches (Late Pleistocene—Early
Holocene) and Chuchura Formation (Middle
Holocene-Late Holocene) were developed with-
out any development of ferruginous facies
(Ghosh and Guchhait 2014). All ferricretes of
Rarh Bengal are not subjected to ongoing
transformations but these are the fossil laterites
of Early Quaternary and that event of lateritiza-
tion was episodic climate change in this part of
West Bengal, related to equator drifting of Indian
plate. These laterites were generally formed
under an oxic atmosphere in the presence of
abundant terrestrial biomass in an acidic envi-
ronment (Retallack 2010), elevated atmospheric
carbon dioxide, exceptional fossil wood
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Fig. 2.13 A, B, C, and D,
Palaeoclimatic reconstruction
of the Indian Plate (including
demarcated study area) and its
rotation since Early
Paleocene, during its course
of drifting across the
equatorial zone with the
distribution of laterites.
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preservation and intense deep basal weathering
of basalts, dolerite, gneiss, sandstones and as
well as Neogene gravelly sediments of West
Bengal. OSL dating of collected samples, both
lateritized and non-lateritized sediments, from
different sections reveals that the lateritization
process (i.e. tropical weathering event) was
started in Neogene and restricted within Late
Pleistocene (Lalgarh Formation) and did not
continue in Holocene times.

Fragments of fossil monocot wood (collected
from ferruginous conglomerate bed at Bikaner,
Thar Desert) reflect that during Late Neogene the
climate was sub-humid to humid up to Rajasthan.
An occurrence of hematite and boehmite in

00
50 my
0°

60 my
0°
Legend

Humid Climate much Lesser Rainfall
Wet Climate Suitable for Lateritization
- and Thick Tropical Forests

ferricretes is related to tropical climates with a
marked dry season and relatively high tempera-
tures (mean annual temperature 28 °C). During
Paleocene the Indian plate crossed the zone
between 30° S and 0° and climate was more
favourbale for lateritization (Tardy et al. 1991).
Alongside discovery of Pliocene—Eocene fossil
algae from the NW Bengal Basin suggests a
warm-humid climate and prevalence of estuarine
condition in the shelf zone of Bengal Basin (i.e.
now Rarh laterites). The palaeogeographic model
of weather pattern for Eocene (Frakes and Kemp
1976) shows that India laid in low latitudes at
that time, mostly to the south of the equator
and it experienced high temperatures and
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precipitation than today. From the model for
Oligocene (Frakes and Kemp 1976) it is evident
that by that time India had drifted mostly to the
north of the equator and the hot and humid cli-
mate continued. Thus it is evident that by Eocene
epoch, climate conducive for deep and sustained
chemical weathering of rocks for the formation
of laterite profiles had set in the peninsular India.

According to Rajaguru et al. (2011), the time
span of intensive lateritization (i.e. development
of in situ laterites) was started in Eocene and
continued up to Early Miocene when the deep
profiles of laterite regolith was widespread in
peninsular India, signifying a strong wet—dry
tropical palaeoclimatic condition. After that
phase in between Late Miocene and Early
Pleistocene the climate was changed to
sub-humid to more wet condition. In that event
the deposition of anomalous fluvial gravels—
pebbles and lateritization of gravel facies were
continued. It is now assume that the development
of gravel facies (i.e. alluvial fan to fan-deltaic
deposits) with lateritic clasts was occurred in
Early Pleistocene. The overall tendency of
increasing semi-arid to dry climate with inter-
mittent wet phase (favourable for lateritization)
from Neogene to Late Pleistocene had been
observed through the occurrences of thin fer-
ruginous crust or deposits in several levels of the
lithosections. These ferruginous facies has
re-confirmed the prevalence of lateritization cli-
mate in the Rarh Bengal, related to short-term
climate change up to Late Pleistocene. Though
the occurrences of colluviums—alluvial cal-
cretized sediments and milliolite formation are
carrying evidences of arid to semi-arid climatic
phases in western India (Rajaguru et al. 2004a, b,
2011) but in the study area (i.e. eastern India or
western part of Bengal Basin) the presence of
ferruginous hard crust (mostly ex situ laterites)
re-confirmed the dominance of tropical wet—dry
palaeoclimate up to Late Pleistocene (96 £ 8 ka
to 35 £ 0.7 ka). From the geoarcheological
point of view (Deo and Rajaguru 2014) in the
initial stage of Acheulian activity (~1 Ma) the
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climate was wet and it turned semi-arid around
0.8 Ma and later.

2.5.3 Palaeogeomorphic Significance

Niyogi et al. (1970) presented an organized the-
matic map of different lateritic lithofacies (Early
Pleistocene to Late Holocene) in West Bengal in
five classes (Fig. 2.14)—(1) in situ laterites on
Rajmahal Basalt Trap, Archaean rocks, Gond-
wana sediments and Tertiary gravelly sediments,
(2) mottled laterite clay on Pleistocene upland,
(3) mildly mottled lateritic clay in river valleys,
(4) faintly mottled lateritic clay in Kasai—
Damodar deltaic plain, and (5) mildly lateritized
soil in interfluves. The presence of iron hydrox-
ide spots and mottles within Pleistocene alluvial
sediments and similarity to the mottled clay zone
of lateritic profiles suggest that the former litho-
facies are derived parts of Rarh laterites and are
affected by lateritization process in the western
part of Ganga — Brahmaputra Delta up to Late
Pleistocene. In most cases of Rarh Bengal the
extensive mottling of brown iron hydroxides and
aluminum clays found in B-horizon of soils,
reflecting warm—humid palaeoclimate. The pos-
sible ages of B-horizons through TL dating
(Singh et al. 1998) are 6.7 ka of Bhagirathi—Ajay
Plain, 5.44 ka of Ajay-Silai Plain and 3.6 ka of
Damodar Deltaic Plain respectively.

In the north-eastern India sub-continent the
Bengal Basin evolved from a passive continental
margin (pre-Oligocene) to a remnant ocean basin
(beginning of Miocene) comprising three prin-
cipal geo-tectonic provinces—(1) passive to
extensional cratonic margin in the west, the
Stable Shelf, (2) the Central Deep Basin and
(3) the Chittagong—Tripura Fold Belt in the east
(Alam et al. 2003; Bandyopadhyay 2007). The
evolution of Rarh laterites is directly connected
with the Stable Shelf Zone of Bengal Basin,
experience maximum marine transgression,
sediment depositions, tectonic uplifts and lateri-
tization (Fig. 2.14a). Geomorphologically the
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Fig. 2.14 Different units of laterites and lateritic sedi-
ments in the western part of Bengal Basin, West Bengal—
(1) laterites on Rajmahal Basalt Trap, Archaean rocks,
Gondwana sediments and Palacogene gravelly sediments,
(2) mottled laterite clay on Pleistocene upland, (3) mildly

laterites over Tertiary—Quaternary sequences are
represented by degraded badlands which are
dissected by drainage system of west to east
flowing rivers of West Bengal. Only the primary
laterites of Rajmahal Traps are preserved in butte
type structures and under blanket of ferruginous

mottled lateritic clay in river valleys, (4) faintly mottled
lateritic clay in Kasai-Damodar deltaic plain, and
(5) mildly lateritized soil in interfluves. Modified from
Niyogi et al. (1970)

soils. All laterites are topographically restricted
within 35 to 115 m from mean sea level.

The whole of the present day Bengal Basin
(including Stable Shelf) was under marine water
until Mio—Pliocene epoch and the strandline
grazed the eastern margin of Peninsular Shield,
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Fig. 2.15 A schematic model of secondary laterite
evolution is proposed here, a showing the former valleys
of ferruginous deposition and then re-lateritization of
sediments, and b formation of ex situ ferricrete as present

i.e. much inland (towards west of study area)
from the present day Orissa—Bengal coastline
(Vaidyanadhan and Ghosh 1993). The domi-
nance of kaolinite clay with presence of hystri-
chospheriods (in the pores of clay beds) indicates
lacustrine to fluvio-lacustrine condition of depo-
sition in Neogene (Mukherjee et al. 1969). The
Stable Shelf Zone is separated by the Chotan-
gapur Foot-hill Fault (CFF) at west and the
Medinipur—Farraka Fault (MFF, or called Pingla
Fault) at east. Within this tectonic shelf the Rarh
laterites of West Bengal (NNE-SSW axis) was
developed when the sea finally transgressed from
this region since LateNeogene. At that time, the
Indian plate had been crossed the intense
weathering zone of equatorial climate which was
favourbale for lateritization.

The terrain of Rarh laterites are genetically
linked with inversion of relief and active tectonics.
Inversion of relief refers to an episode in land-
scape evolution when a former valley bottom
becomes a ridge, bounded by newly formed val-
leys on each side (Pain and Ollier 1995b; Ollier
and Sheth 2008). Inversion of relief occurs when
materials on valley floors are, or become, more
resistant to erosion than the adjacent valley slopes

summit of mesas and present day valley, i.e. inversion of
relief. Modified from Pain and Ollier (1995b), Ollier and
Sheth (2008)

(Pain and Ollier 1995b). In the first model
(Fig. 2.15) the lateral movement of water on
hillsides carried weathering products from upper
slopes to lower sites, when drainage was often
impeded and so chemical precipitation was likely
(Ollier and Sheth 2008). Gradually up to Neogene
the valley with filled with ferruginous materials
and prolong lateritization formed ferricrete within
Late Pleistocene. The surrounding terrain was
eroded to form next valleys and the present
summits or interfluves of duricrusted mesas were
formed. In the second model (Fig.2.16) we
reconstructed the event that up to end of Neogene
the transported ferruginous materials (due to ero-
sion of primary plateau laterites) re-deposited in
the faulted Stable Shelf of Bengal Basin (under
marine condition) by the drainage system of
peninsular rivers as oldest fan-deltaic to
para-deltaic formation in between CFF and MFF
(Fig. 2.16). Since Early Pleistocene the sea started
regressed from that region and those valley sites
of sediment deposition were subjected to further
lateritization up to Middle Pleistocene and form-
ing duricrust at top of most of ex situ laterite
profiles. The gradational occurrences of top
lateritized and bottom un-lateritized gravel
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Fig. 2.16 A schematic model of Rarh laterite evolution,
showing a erosion of primary laterites and ferruginous
fan-deltaic depositions (modified from Mahapatra and
Dana 2009) by rivers and stream in shelf zone of Bengal
Basin in between Chotanagpur Foot-hill Fault (CFF) and
Medinipur—Farakka Fault (MFF) up to Neogene, and

lithofacies (increasing fining towards the bottom)
with numerous buried dicotyledonous fossil
woods (Eocene to Miocene age) (Fig. 2.11) at the
ex situ laterite sections (Late Pleistocene age)
denote a gradual uplift and seismo-tectonic event
of the area during the deposition of coarse sand

[Pliocene - Early Pleistocene]

Erosion of Primary Laterites
and Transportation
Valley Deposition

Fan-Deltaic
Ferruginous Depositions
(Shelf Deposits of NW Bengal Basin)

|Early - Late Pleistocene|

s Detrital Laterites / Valley Laterites
/ Secondary ex-situ Laterites

ILaterites of Rarh Bengall

Re-Lateritization of Ferruginous Shelf Deposits
Neo-tectonic Uplifit and Fluvial Erosion
Inversion of Relief, Laterite Interfluves

b recession of sea, exposure of ferruginous sediments to
lateritization climate (Early—Late Pleistocene),
re-lateritization to form secondary Rarh laterites,
neo-tectonic uplift, badland erosion to develop isolated
summits of duricrusted mesas and inversion of relief

and gravels with ferruginous materials in between
Pliocene and Early Pleistocene. Additionally there
was a marine regression and uplifts in this shelf
zone of Bengal Basin (i.e. Rarh Bengal) after the
end of Miocene-Pliocene. Since Early Quaternary
the unit between MFF and CFF started to uplift
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Fig. 2.17 a Distribution of laterites (see Fig. 2.1) in
relation to topography and major basement faults of Shelf
zone, viz., GPF (Ganga Padma Fault), CFF (Chotanagpur
Foothill Fault), MFF (Medinipur Farraka Fault or Pingla
Fault) and DF (Damodar Fault) (Ghosh and Guchhait

T8 km 128 km ¥
2015) in the north-western Bengal Basin (using Landsat
ETM+ mosaic SFCC image, 2000-2001), and b west to
east elevation cross profile (X-Y) with emplacement of
faults and development of lateritic Rarh region (Ghosh
and Guchhait 2015)
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(Fig. 2.17) due to re-activation of basin basement
faults during occasional Himalayan upheaval and
active tectonics of Bengal Basin (Ghosh and
Guchhait 2015). Then during 6-7 ka the eastern
unit of Tectonic Shelf (between MFF and
Damodar Fault) is subjected to subsidence (Singh
et al. 1998) and the western lateritized unit (i.e.
Rarh Bengal) is subjected to relief inversion
(Ollier 1991; Pain and Ollier 1995b) due to neo-
tectonic uplifts and consecutive fluvial erosion in
Holocene times. Increased precipitation during
the ~15 to 5 ka period of peak monsoon recov-
ery probably increased discharge and promote
incision and wide spread badland formation
(Fig. 2.11) (Sinha and Sarkar 2009). As fluvial
erosion proceeds, the valley floor becomes a ridge
and interfluves (i.e. laterites of Rarh Bengal)
bounded by newly formed Late Quaternary val-
leys on each side.

Due to episodic neo-tectonic uplifts, the
reworked laterites with gravels are found at a
distance from MFF or Pingla Fault at sites of

Rampurhat, Mallarpur (24° 04’ 31"N,
87° 41' 00"E), Labhpur, Bolpur, Guskara
(23° 29" 17"N, 87° 44' 48"E), Khandoghosh

(23° 12' 51"N, 87° 41’ 30"E) and Kharagpur
(22° 20" 43"N, 87° 19" 35"E), following the
fault-line scarp of Pingla Fault. This tectonic
upliftment of Stable Shelf (Singh et al. 1998)
under tropical wet-dry palaeoclimate influenced
the deep weathering of Fe-minerals, seasonal
groundwater regime, sub-aerial exposure of val-
ley sediments, intense leaching of silica to a
depth, irreversible dehydration of Fe—Al oxides,
well subsurface drainage and post-lateritization
erosion. Geomorphologically the Rarh laterites
(both in situ and ex situ) are now appeared as
dissected interfluves having remnant covers of
dry deciduous forest. Formerly the Rarh Bengal
was the palaeovalleys of ferruginous depositions
which are now appeared as the inverted relief due
to duricrust formation and gully erosion (Bour-
man 1993; Ollier and Sheth 2008). It is now
suggested that the Indian plate was rotated by 50°
in an anticlockwise direction (Fig. 2.12) in
between 60 and 0 my through the drifting (Sch-
midt et al. 1983). So the orientation of present
north—south lateritic belt of West Bengal was

more north-east to south-west (nearer and almost
parallel to equator) in the period of Palaeogene
(Late Oligocene to Early Miocene) when the la-
teritization weathering event was started to get
more intensive in India.

In glacial and inter-glacial epochs of the
Quaternary (particularly the Pleistocene, cover-
ing 1.5 million years) affected the Rarh Bengal,
not only by strong fluctuations in climate, sea
level and intermittent exposure of the western
continental shelf of Bengal Basin to sub-aerial
processes but also by appreciable perturbations
in the rainfall patterns (Banerjee 1993). The lin-
ear belt of ex situ laterites on different parent
rocks and in different topographic levels confirms
an interest fact about the weathering engine of
Last Glacial Maxima. Onset of interglacial epoch
would re-establish the rainfall intensity of the
humid tropics and the mildly acidic nature of the
water table in silica-rich terrains, revive the
bacteria and re-start the engine of lixiviation of
rocks to generate laterite hard crust.

2.,5.4 Palaeogeographic
Reconstruction

From the above perspective of tectono—climatic
evolution, basically the ex situ type of secondary
Rarh laterites helps to reconstruct the geomor-
phic history and following palaeogeographic
phenomena regarding the origin.

(1) Sea-level fluctuations in the glacial—inter-
glacial epochs,

Re-activation of basements faults due to iso-
static disequilibrium of Bengal Basin (i.e. active
passive continental margin of Indian Plate),
Early-Late Quaternary episodic neo-tectonic
uplifts, marine regression and aerial exposure
of ferruginous sediments along the shelf zone
of Bengal Basin,

Groundwater fluctuation and leaching of
silica under the prevalence of tropical wet—
dry palaeoclimate, typical to lateritization,
Episodic activation of fluvial erosion under
more humid climate on the zone of primary
laterites and fan-deltaic depositions,

(@)

3

“)

®)
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Fig. 2.18 Geological clock
of laterite evolution in the GEOLOGICAL TIME SCALE
study area, showing three
phase major events since .
Cretaceous—(1) widespread ERA PERIOD EPOCH
volcanism in Cretaceous
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6) Reversal of tropical weathering engine of
lixiviation on the exposed detrital ferrugi-
nous sediments, and

7) Re-lateritization of ferruginous minerals as
hard crust through formation of polyphased
Fe-noudles up to Late Pleistocene.

If we reconstruct the geological clock of
laterite evolution (Fig. 2.18), then we can cate-
gorized broadly three major events—(1) two
widespread volcanisms in Cretaceous Period as
Rajmahal Volcanism (~88 to 118 Ma) and
Deccan Volcanism (~69 to 63 Ma), (2) Pale-
ocene to Mid-Pliocene in situ intense lateritiza-
tion and formation of primary high-level laterites
(mostly occurred in ~36 to 26 Ma), and
(3) Pliocene to Late Pliestocene ex situ lateriti-
zation of deposited ferruginous materials and
formation of secondary low-level laterites (up to
35 ka). It has been found that formation of in situ
ferricrete was stopped Early Pleistocene but the
formation of iron-impregnated materials and

pisoliths were still continued up to Late Holo-
cene (Bourman 1993).

2.6 Conclusion

Based on the above geo-chemical and palaeo-
geographic analysis, the laterites of West Bengal
(Birbhum, Barddhaman, Bankura and West
Medinipur) are classified into two broad cate-
gories viz., (1) in situ or primary and (2) ex situ
or secondary types. The primary laterites are
genetically related to five types of parent rocks—
(1) basalts of Rajmahal Traps, (2) sandstones of
Gondwana sequence, (3) gneiss, (4) dolerite and
(5) Neogene gravels. The ideal tropical weath-
ering profile of primary laterites is found mostly
in the province of Rajmahal Basalt Traps
(north-western part of Rarh Bengal) where the
ferricrete is pisolitic, massive and blocky, and it
preserves the columnar structures and litho-relict
of basalts. Other ferricretes are generally
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vermicular and pisolitic type with glimpses of
fluid passage like tubes.

On the other side, ex situ or transported sec-
ondary laterites were formed in the eastern part of
Rarh Bengal, developing mainly in surroundings
of Rampurhat, Bolpur, Labhpur, Guskara,
Kanksa, Panagarh, Sonamukhi, Patrasyer, Garh-
beta, Lalgarh, Kharagpur and Rangamati. These
laterites are characterized by channel-fill deposits
and petrified woods with ferruginous materials
which were fluvially transported from the eroded
province of high-level primary laterites (i.e. source
of ferrallitic source materials). These laterites are
geologically comparable with Early-Late Pleis-
tocene Lalgarh Formation (West Medinipur),
Kharagpur Formation (East Medinipur), Saltora

Formation (Bankura), Worgram Formation
(Barddhaman) and Illambazar  Formation
(Birbhum).

Very low molar ratio of primary laterites
(0.14-0.84) signifies the excessive leaching and
weathering parent rock to form thick ferricrete
horizons. Very high molar ratio (2.04-2.17)
reflects the improper leaching of silica from the
secondary profile of laterites and weak develop-
ment of ferruginous crust at the surface. CIA of
primary laterites is more than 99% which signi-
fies intensivebasal weathering and alteration of
RBT to form deep laterite profiles.

Linked with other peninsular laterites, the la-
teritization age of RBT laterites, gneiss laterites
and other primary laterites varies from Paleocene
to Mid-Pliocene on the basis of Palacomagnetism
and *°Ar/*°Ar dating. The region experienced six
foremost phases of lateritic weathering and sub-
sequent denudation (<5 to 25 m Ma '),
viz. ~53 to 50, ~40 to 32 and ~30 to 23 Ma
in the plateau tops and ~47 to 45, ~24 to 19
and ~9 Ma in lowlands, pediments and valleys.
With the commencement of Asian monsoon the
secondary lateritization was occurred in between
Pliocene and Late Pleistocene. The calculated
age of OSL data varies between 150 and 35 ka,
thus indicating age of Quaternary lateritization
(Middle to Late Pleistocene). The palaeoclimate
of this period was characterized by the contrasted
seasons (wet—dry), high temperature throughout
the year (28-35 °C), annual rainfall lower than

1700 mm and long dry seasons. This ferruginous
unit (reflecting more wet-humid palaeoclimate) is
merged (erosional unconformity) with Late
Pleistocene—Early Holocene Sijua Formation
which has ample caliches (reflecting semi-arid
palaeoclimate). Geomorphologically the ex situ
laterites of Rarh Bengal now exhibit an inversion
of relief with prolong gully erosion. This region
is recognized as former palacovalleys of ferrug-
inous depositions (i.e. palacofan-deltaic deposits
in the western shelf zone of Bengal Basin) which
were re-lateritized or re-cemented with gravels,
pebbles and ferricrete nodules and developed
secondary duricrusts up to Late Pleistocene.
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Abstract

The largest delta of the world, i.e. Ganga—
Brahmaputra (G-B) delta has been character-
ized by ample evidences of regional morpho-
genetic variations. The westernmost fringe of
this G-B delta has long been influenced by both
Chottonagpur upland as well as recent alluvium
plain between the Cretaceous to early Quater-
nary period. Successively, the undulating Rarh
topography that separates these two mor-
phogenic units has been evolved as one of the
relict terrains having the dominancy of ferral-
litic soils. In this area, most of the sedimentary
formations and pedogenesis processes have
been performed during post-Pleistocene epoch.
Here, all the features of this residual topography
directed through hydro-morphogenetic origins
had been performed over the remnant ocean
basin, which are also treated as a product of
Palaeco-marine deposition. Alterations as well
as modifications of the ferrallitic—lateritic
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micro-features are also continuing through the
changes of various hydro-meteorological com-
ponents. The present chapter concentrates on
the studies of deposited microstructure features
in one of the lateritic pockets of Paschim
Medinipur district, West Bengal. Few soil
samples from Palaeo-coastal tracks in the gully
dominated badland topography have been col-
lected and the thin sectioning has been done for
the assessment of prevailed process of
Palaeo-coast development and its associated
events. The snaps of the microscopic view
along with digital colour analysis of samples
depict the evidences of cross-bedding, to ripple
marks and shoreline retreat mechanism in the
study area.

Keywords

Palaeoclimate * Microstructure * Badland
topography * Thin section * Digital
technology

3.1 Introduction

At present, various wings of environmental study
are spreading through not only the means of
searching the knowhow but also for the unknown
facts of environmental dynamics that took place
during the geologic past. Similarly, the study of
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Palacoenvironment is such type of platform
which can investigate and evaluate the ancient
imprints of the earth system. Although present
environmental condition has been evolved from
the early physical, chemical and biological
events of the earth through the geological times,
nature has the power of right justification by
preserving the evidences of early events in the
geological structures, stratigraphy, geoarchaeol-
ogy, geomagnetic fields, ices, fossils, etc.
Therefore, geology and geomorphology are the
most important disciplines to demonstrate
the facts of earth’s history (Browne 2011). The
Bengal Basin has long history of geologic evo-
lution along with a wide range of geotectonic
evidences considering the earlier Bengal Fan
(Sarkar et al. 2009) to earliest progradation and
basement geostructures (Allison et al. 2003).
With the light of geotectonic settings, the entire
area of Bengal Basin is surrounded by tectonic
boundary which evolved from Upper Cretaceous
to Upper Neogene (Roy and Chatterjee 2015).
By the systematic investigation of those early
evidences, many embroiled clues of early envi-
ronmental conditions like isostatic balance,
magnetism of the earth, tectonic processes, cli-
matic condition, geomorphic processes and
physicochemical changes of the earth system,
etc. would be understood. On the other hand, the
geomorphic agents create some small sculptures
and designs in the sediment layers on the surface
of the Quaternary landmass. These all small di-
mensional marks can be described as
micro-geomorphic features. This term was ini-
tially used by Gardner and Helen in 1983 to
explain the geomorphology of smaller parts of
the earth surface. Though little has been dis-
cussed so far in the existing literatures of
palaeo-coastal study is concerned, the signifi-
cance of micro-geomorphic features can never be
ignored in the study of Quaternary geomorphol-
ogy (Ghosh 2013).

Regarding the units of micro-geomorphology,
micro-features have a wide range of variations in
temporal scale, i.e. afew hours to millions of years.
The extent of this scale depends on the variability
and efficiency of processes under specific envi-
ronmental conditions. Bloom (2002) also
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accorded that generally smaller features of land-
form can be created and destroyed more rapidly
than larger ones. According to Browne (2011),
coasts are the chambers of prior facts of landforms
and sediments. As per the Walther’s Law, it can be
concluded that each of the distinctive sedimentary
environment has its own unique genetic charac-
teristics (Chorley et al. 1984). Thus, imprints of
ancient features with the regression and trans-
gression of sea levels are more profound to prove
their previous environment. These types of coasts
having nature of past geologic genesis are gener-
ally known as palaeo-coasts. From that standpoint,
the study of micro-geomorphology can be a very
useful tool to the geomorphologists for advocating
the palaeo-environmental condition of any “geo-
morphic units”.

Microscopic investigation of soils, rocks or
any morphological feature are considered as
fascinating approach of profound practical
importance in the sphere of system science
(Radlinski et al. 2005), which are totally standing
on two methodological pillars, first microscopy
and digital imaging and second image analysis
and modelling. Since 1970s, many outstanding
contributions on soil or rock microstructure were
published (as for example, Brewer 1976; Bale
and Schmidt 1984; Katz and Thompson 1985;
Wong et al 1986; Jacquin and Adler 1987;
Hansen and Skjeltrop 1988; Van der Meer 1987,
1993; Van der Meer and Laban 1990; Menzies
and Maltman 1992; Tardy et al. 1991; Bryant and
Davidson 1996; Vernon 2004; Mamtani et al.
2007; Cashman et al. 2007; Dey et al. 2009,
2011; Roy and Chatterjee 2015), which proved
the significance of high-quality small-scale
imaging in this field of scientific research.
Suttner and Dutta (1986) have interpreted the
palaeoclimate and palaeoenvironment condition
of Raniganj Basin based on mineralogical evi-
dences (Ghosh 2002). Similarly, Cooper (1998),
Lachniet et al. (1999) and Lachniet et al. (2001)
discussed the complex impact of process on
microstructure development by digital image
analysis. Since the last half of the twentieth
century, several research works have been car-
ried out to focus a lot of arenas of the G-B delta.
Considering the geomorphic micro-features as an
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integral part of landform evolution, it is found
that a few attempts have been put forward to
investigate the palacoenvironment. But the effort
to explore the imprints of geo-structural history
with the help of microscopic image analysis and
reflectance visualization of grains is a different
way of study. The main objective of this work is
to understand the thin sections of samples (which
have been shown in Figs. 3.5, 3.6 and 3.8) for
the microstructural assessment of
palaeco-morphogenetic environment in the west-
ern end of G-B delta, which assesses the older
geomorphic processes and evidences through the
analysis of Quaternary microstructures of the
coastal to badland topographic evolution.

3.2 Palaeo-Geography of Ganga-
Brahmaputra (G-B) Delta

In the view of large-scale geo-structural setting,
the Bengal Basin is located on the eastern edge of
Indian shield. This foreland basin has been
adjusted through neotectonic changes (Chandra
1992) and bounded by Indian Peninsula Arch-
anean Shield in west, Shillong Plateau in north
and Indo-Burmese orogen in the east (Biswas
and Agarwal 1992). The G-B delta, largest and
siltiest delta of the world, is a product of Bengal
Basin and has evolved from the part of the largest
geosyncline during the Mesozoic—Cenozoic per-
iod (Evans 1964; Alam 1989; Kayal 2008). After
the collision of India with Eurasia (soft collision
performed in Paleocene and hard collision in
Eocene), this part of the geosyncline gets to
accumulate the huge amount of eroded loads.
Progressively, the genesis of this delta has been
controlled by plate movement, sediment accu-
mulation, isostatic adjustment and land subsi-
dence (Kuehl et al. 2004; Rogers 2012; Rudra
2014). Due to continuous spreading of Indian
Ocean floor, Bengal basin has been characterized
by hinge, en echelon fault and scarps in almost
all sides (Paul 2002; Kayal 2008). Curray et al.
(1982) advocated that continental shelf in the
west and the geosynclinal facies in the east have
been separated by Eocene Hinge Zone (Fig. 3.1)
located in the western side of this basin territory.

Here, eastward dipping and the asymmetrical
depression of this basin area formulate some
geo-structural units from west to eastward
direction; these are—inner shelf, outer shelf or
western basin marginal zone, shallow basin or
stable shelf zone and deep basin area (Nandy
1994; Alam et al. 2003). During Pleistocene—
Flandrian transgression of sea level, shelf zones
have been totally uncovered and created wide-
spread terrace and deep valleys in the entire basin
area (Alam 1989; Paul 2002; Rudra 2014). But
the formation of the western fringe of G-B delta,
known as ‘Rarh’ is quite different than the other
sections. This formation is basically exaggerated
by palaeo-lobes and propagated by five
eastward-flowing  tributaries of Bhagirathi
system.

Being a part of mature coastal plain, this
‘Rarh’ region is also active because of its base-
ment geologic features. The western fringe of
Bengal Basin is bounded by basic lava flow and
Rajmahal  formation in its  basement
(110 £ 10 Ma BP). During the fragmentation of
Gondwanaland units of super-group exhibits
lateral changes and deformation with tectonic
performances. The long history of sedimentation
in this area has a heterogeneous sequence influ-
enced and dominated by continental sediments
(Ghosh 2002). The nature of this deposition has
been fully controlled by the fluvial and lacustrine
environment during marine transgression (Shah
and Shastri 1975). Area between Ajoy and
Damodar River has tectono-sedimentary evolu-
tion with the enormous boundary fault and
intra-basinal faults (Ghosh 2002). During the late
Cretaceous (~65 Ma BP) period, the Indian
peninsula encroached into the humid tropical
region and experienced climatic maxima. In this
situation, river system of eastern peninsular like
—Subarnarekha, Kasai, Silai, Ajay, etc. carried
enormous ferruginous coarse sediments and
marine gradually transgressed. In this situation,
the Neogene sedimentation has been buried as
several lobes of fan-shaped para-delta. The river
patterns located in the interfluves of River
Kasai-Silabati have such types of adjustment
which are prevailed on dome-shaped surface due
to compactness of para-deltic basement geologic
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Fig. 3.1 a Location and temporal variation of different
formations in coastal environment through geological
ages (De 2014); b major geological features, sediment

structure  followed by ‘Sijua formation’.
Goswami (1997, 1999) illustrated that alternate
sequence of greyish yellow sticky clay with
caliches and nodules, grey to yellow, fine to
coarse sand and gravel was engulfed in this river
system at the time of marine regression
(~18,000 YBP: Paul 2002). Garhbeta is situated
in the northern end of this geo-stratigraphic set-
ting, which was later reshaped by local subsi-
dence, local transgression, marine regression and
basement tectonics (Paul 2002).

3.3 Geographical Settings
of the Study Area

The entire work has been carried out in a badland
area, which has little span of economic utiliza-
tion, less vegetation cover and almost no organic
materials. The study area has developed through
the marine siltation processes and experienced
humid weathering condition (Sen et al. 2004).
Besides the rugged nature of barren area along
with local slope faces, numerous eroded features
have been found prominently in this badland
topography.
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thickness of Bengal Basin and its surroundings (Sham-
suddin and Abdullah 1997)

3.3.1 Location

This work shows the evidences of microstruc-
tures for the morphogenetic analysis of badland
topography. For that purpose an area of ferral-
litic-lateritic badland has been selected at Gan-
gani region, locally known as Ganganir Danga
(the ‘land of fire’), is located in the right bank of
Silai (Silabati) River (Sen et al. 2004). This is a
transitional zone between G-B delta and Chot-
tonagpur plateau fringe in its basement and
covered by Quaternary sediment at the surface.
Tectonically, this area is situated over the Mid-
napur Farakka Fault (MFF) line in the Bengal
Shelf which is also known as ‘basin margin fault’
and characterized by gravity contours (Roy and
Chatterjee 2015). The strategic location of the
study area (Fig. 3.1) has also been advocated as a
part of Palaeo-coastal belt of Bengal Basin by
Niyogi (1970), Bera (1996), Paul (2002), Dey
et al. (2009). From the administrative view
Gangani is situated in the Garhbeta-I block under
the jurisdiction of Paschim Medinipur District,
West Bengal (Fig. 3.2). The latitude and longi-
tude of this area 22° 51’ 19"N and 87° 21’ 27"E.
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Fig. 3.2 Location map of study area—a administrative location; b spatial environment of Garhbeta region in Sol
topographical map, 1931; ¢ synoptic view of the study area, 2005

Gangani badland is rapidly extending by gully
erosion and its hydro-meteorological setting
develops the roughed topography covered with
thick ferrigeneous laterite enduring.

3.3.2 General Geology

The study area has been experiencing humid type
of climatic phenomena during middle Miocene
era. Location shifting of gondwana land from hot
and dry to hot and humid, shown in Fig. 3.3, is
favourable for lateritization (Tardy et al. 1991).
The formation of lateritic patches in the western
fringe of G-B delta has mainly been found sur-
roundings the lower basin area of the River
Subarnarekha, Kasai, Silai and Ajay stretches
from west to east (Fig. 3.4a). Tectonically, this is
a part of the western geo-province of the Bengal
Basin, i.e. having transitional location between
shield (part of Gondwana land) and shelf area
with a relatively high rainfall. Depositions of the
above said rivers play the most vital role for the
regional litho-morphogenic development during

Tertiary and Quaternary periods (Fig. 3.1b).
According to Wadia (1999), this region has
evolved through the existence of hot cum humid
monsoonal condition since late Tertiary era.
Various geological evidences are preserved in
this area which strongly support the existence of
marine coastal environment of this landform
which is now nearly 90-100 km away from the
present day shoreline (Fig. 3.1a). Bera (1996);
Ghosh and Majumder (1981) have furnished that
Garhbeta is one of the youngest trace fossil
assemblage zones in Bengal Basin dominated by
the presence of Ophiomorpha nodosa, Cylin-
dricum sp. and Thalassinoides sp. In this context,
it has been established that all these traced
components are the imprints of sandy coastal
environment with oscillating meso-tidal pro-
cesses (Seilacher 1964; Chiplonkar and Badve
1969; Frey et al. 1978; Ratcliff and Fagerstrom
1980). The quartzo-feldspathic cum ferro-
magnesian sand and lower clay layer are divi-
ded by two gravel beds. These sequences of
formation have denoted the history of older to
newer alluvium along with the existence of long
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marine sedimentation. Presently, it is a gully
dominated lateritic landscape which is charac-
terized by some residual features along with few
geomorphic imprints (Goswami 1980; Sen et al.
2004). In the northwest of the study area schists
crop up from beneath the lateritic flats at some
places, indicate the geological history of the
formation of the study area during Quaternary
period. The surface portion is mainly covered by
hard crust with pebbles and the pallied layer
extends at the base of river bank. According to
Paul (2002), the uppermost layer was developed
by the deposition of fluvial process in Pleistocene
epoch and lowermost portion has been buried in
shallow marine condition. Towards the farther
north a grey and bluish-grey micaceous schists
band with gneissose character has been found.
Other important formation is quartzes grits. Fre-
quently, nodular lateritic formations are found,
some of which are cemented into a solid mass.
This ferrigeneous laterite formation plays the
vital role for the geomorphic understanding of
Palaco-coastal landform development of this
area.

Most of the parts of this area are covered by
deep lateritic soil which is infertile in nature. The
process of laterite formation is most vividly
manifested only under tropical condition such as
found in this area (as found in Fig. 3.3). During
this process, neoformation of iron chiefly as
ferruginous-quartz concentrates within this form.
They accumulate at different depths from the soil
surface and form a layer of accumulation which
further cemented by new supplies of iron into
continuous layers of different thickness. The
sharp range of temperature and humidity
between summer and winter season play an
important feedback on the landform modification
over here (Sen et al. 2004).

Lithofacies of Gondwana laterites of Ganganir
Danga is briefly illuminated under subhead
‘Garhbeta Section’ of Chap. 2 of this volume.
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3.4 Methodology

The present study supports sedimentary analysis of
bedding forms, trace fossils and other morpho-
genetic elements for the understanding of mi-
crostructure formation of Palaeo-coastal landforms.
Besides, the textural analysis of soil, microstructure
analysis effort has been done by the usages of
digital technology like—(1) Micro-photography
and (ii) Digital Colour Analysis (DCA) of images
as proposed by Dey et al. (2009, 2011). For the
purpose of micro-photography and DCA, six thin
sections have been prepared in the laboratory.
Attempts to investigate this work, have been done
using the following methods.

3.4.1 Design for Texture Analysis

After the detail searching of existing literatures
and maps from the secondary sources, extensive
field surveys have been conducted during 2014—
2015. The texture analysis of grains of seven soil
samples (in Tables 3.1 and 3.2) collected from
the intermediate portion of six thin section sam-
ple sites (Fig. 3.4b) have been performed. All the
soil samples are collected separately to prevent
any type of contamination. As the sample site has
been exposed by the processes of slope devel-
opment under the influence of gullies’ advance-
ment and river bank erosion, there is no change
of manual deformation of grains’ texture during
the collection of samples. For the understanding
of textural variation of grains, other soil param-
eters like colour, hardness and organic matter
have also been examined. Other structural fea-
tures from the surroundings of sampling point,
for example, wood fossils, presence of con-
glomerate layers, bedding patterns, etc. have
been considered for the understanding of the
development process and dominated subsystems
of the local area.
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1991)

3.4.2 Design for Micro-Photography
High-resolution ~ photographs  of  micro-
geomorphic features and sediment depositions
are taken into consideration during the field
survey. All the photographs were processed and
edited by computation technology in the labora-
tory for analysing the microstructure and
micro-geomorphology. Regarding this, greyscale
micro-images (covering 1 mm by 1 mm area on
the surface) of deposited materials were prepared
by polarized light microscope (Fig. 3.5). Raith
et al. (2012) argued that the use of polarized light
microscope are best attempts to analyse the solid
components in nondestructive way to identify
solid substance with a justified level of spatial
resolution. Every pixel of this image product is
considered here as a basic colour unit. In this
work, the resolutions (surface area coverage/
pixel) of these images are 50 um. Two colour
sets are taken for explaining ferruginous and
non-ferruginous depositions. In Fig. 3.6, the dark
colours are indicating ferruginous (low reflec-
tivity or transmission) and light colours are
indicating non-ferruginous (siliceous-medium
reflectivity and micaceous very high reflectiv-
ity, glittering) materials.

3.4.3 Design for Digital Colour
Analysis (DCA)

Micro-fabric study of the collected samples has
been investigated by using Digital Colour
Analysis (DCA) method. Finally, for the justifi-
cation of grains’ properties, Origin Lab
9.0 software was used through transmission level
variation. Digital imaging of microstructure of
the sediment layers is not a new experiment in
systematic research of sedimentology. In this
advancing study, the present authors attempted
microstructural mapping by using reflectance
quality of rock-forming minerals using greyscale
variation which is influenced by the physical
parameters of element. In the present work, an
effort of image processing and slicing operation
is made for the visualization of different kinds of
rock-forming materials based on their brightness
() and contrast (c¢) value. Regarding this
‘reflectance’ or ‘transmission’ value of each
particle is an effect of ¢ and c. In a normal pri-
mary colour composition, the good quality of
visualization is found in an equal range of tic
ratio (Dey et al. 2011), i.e. 50:50. The final
output of microstructure map has a thematic
format which is helpful to interpret depositional
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Table 3.1 Sediment status (experiment from collected sample in October 2014) at Gangani gully area of Garhbeta,

West Bengal

Soil sample Sample collected from Organic matter Nature  Colour Texture (in %)

No. (mbs) (%) Clay  Sand | Silt
1 Surface 0.02 Hard Reddish 5 15 80
I 0.035 0.03 Hard Brown 10 30 60
11 1.50 0.03 Soft Brown 25 75

v 5.00 0.04 Soft Brownish 30 70

\% 10.0 0.05 Soft Yellowish 10 80 10
VI 13.85 0.04 Soft White 15 15 70
VII 19.0 0.07 Soft White 10 90 0

Table 3.2 Sediment status (experiment from collected sample in October 2015) at Gangani gully area of Garhbeta,

West Bengal

Soil sample Sample collected from

No. (mbs) (%)
I Surface 0.04
I 0.035 0.05
I 1.45 0.05
1A% 5.15 0.06
v 9.75 0.06
VI 13.5 0.06
VII 19.15 0.05

pattern easily. In this work, all the samples are
classified into nine classes through the natural
grouping system of elements’ t:c ratio with
similar spectral ranges.

3.5 Results and Discussions

The samples were collected from the location
where high range of local relief has been
observed (about 22.5 m). These samples (con-
sidered as 1-6) are mainly composed of sand-
stone, mudstone, lateritic elements, etc. These
components are common in this study area which
was influenced by fluvial sediment and
Palaco-delta fan lobes in the monsoonal tropics.
Basically, the shape of these elements is angular
to subangular beside of some rounded shape

Organic matter

Nature Colour Texture (in%)
Clay  Sand  Silt

Semi-hard | Reddish 08 02 90
Hard Brown 20 30 50
Soft Brown 90 10

Soft Brownish 95 05

Soft Yellowish | 70 30

Soft White 69 27 04
Soft White 77 18 05

rocks forming elements. Here, the authors stud-
ied six selected samples, which were collected
after the rainy (post-monsoon) season, November
in 2014 to know the major mineralogical com-
position by thin sectioning and its imaging pro-
cess. The detail scenarios about these samples are
discussed in the following section.

Sample-1 The sample collected from the top
layer (0.73 cm below from surface or cmbs), is
composed of ferrallitic—lateritic. The shapes of
these rocks are angular to subangular; though
some round shaped rock particles are also found
in this sample. The maturity of this sample
material is quite high due to the shape of the
rock-forming elements. Very small amount of
quartz mineral has also been observed in this
sample.
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Fig. 3.5 Microscopic views of samples (1-6) in transmitted range and its textural variation in colour visualization

Sample-2 In this slide of sample (taken from
0.5 m below from the surface, i.e. mbs), few
basic rock-forming minerals have been identified
and these are silica, quartz particle and con-
glomerate. These are all cemented together and
are also characterized by angular to subangular
structure. Spots of dark tone indicate the pres-
ence of hard elements. The hardness of con-
glomerate grains’ and its cemented properties
advocates that its chances of erosion are less than
the others particles. Thus, formation of

‘duricrust’ has developed in the conglomerate
dominated layer from where this sample has been
collected.

Sample-3 The sample which is collected from
the third layer at sample point (2.75 mbs) is char-
acterized by major composition of sandstone and
mudstone and composed by elements of finer
grains texture namely silica, clay particles. Very
high rate of translocation occurs in this layer due to
the prevalence of relatively soft and fine-grained
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Fig. 3.6 Greyscale image of samples (1-6) in different layers

texture with their low cohesion nature. As a result,
the free-faced slope segment turned into eroded
and rugged surface, has clearly been noticed dur-
ing field observation and sample collection.

Sample-4 The fourth sample, acquired from the
light colour clay dominated layer at near about
7.75 mbs, is characterized by silica, quartz and
iron oxide compact pattern has been observed in
our laboratory. The shapes of these elements are
angular to subangular and subangular to rounded

shape. These samples are less erosive compared
to previous one for its structural bonding with
ferric components and hardness.

Sample-5 The fifth sample has been collected
from 12.55 mbs, is composed of silica and iron
oxide mainly. Characteristically, this sample has
same properties as found in the sample-3. But the
size of the textural particles is more and owing to
the presence of ferric elements the nature of erosion
is less than sample-3.
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Fig. 3.7 Conceptual
framework of visualizing
reflectance of different
mineral components and their
transmission signatures
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Sample-6 Minerals composition of this sample
(taken from 15.85 mbs) is almost same as like
the previous sample, i.e. sample-5. From the
laboratory experiment, it has been observed that
this sample is mature and contained lot of
cemented particles. Clay and silica components
are being observed in high percentage with the
moderate nature of cohesion. So, the rate of
erosion is less predominant in this particular
layer of sample.

In Digital Colour Analysis (DCA), compo-
nents of same chemical bonding and structure
cluster displaying the same colour reflectance in
the microscope. The colour reflectance and
mineralogical combination have been shown in
Fig. 3.7. Thus in the visualizing output, same
mineralogical component illuminates with the
single tone representation. Through this method
heavy or light mineral component of sediments is
examined for its categorization (Dey et al. 2011).

From the closed inspection at in situ laboratory
setup, it is found that a wide range of diverse
characteristics have been developed with dissimi-
lar level of mineralogical reflectance. Rounded to
angular structure of loosely nodular pisolitic and
smother cone-shaped elements of silica compo-
nents are clearly marked in sample-1 with high
transmission level. From the Tables 3.1 and 3.2, it

'Y' axis level

is found that this sample layer is mostly charac-
terized by silica component in both 2014 as well as
2015. For the understanding of the sedimentary
characteristics of the study area, sediment samples
(considered as I-VIIin Tables 3.1 and 3.2) are also
collected from seven different layers. Bright
(means high value of transmission) reflectance of
yellow-reddish tone is responsible for quartz or
silica components with ferrogeneous deposition in
the sample, whereas darker tone, i.e. less reflec-
tance (imaged by blue tone) depict the presences of
blue-clay particles. The pattern of reflectance is
found coarser which advocates the sharper surface
of components that are also product of recent time
morpho-climatic processes. Due to the presence of
silica and quartz, the transmission of bright
yellow-reddish predominates in the sample-2 with
existence of hard components of conglomerates
which transmit dark tone. The coarse texture of
grains shows that the elements are mainly rounded
with different diametres. The blue-clay particles
are shorted in one direction having low transmis-
sion faces which is responsible for graded bedding
formation. On the other hand, round shaped and
smooth surface silica and quartz particle are seen in
the sample-3 with random location. In this section,
most of the grain particles are small in size com-
pared to previous samples. Here, the sample has
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Fig. 3.8 Variability of microscopic output in different samples (1-6) and their transmission ranges

predominance of hard conglomerates particles
showing dark and low reflectance of light while
blue-clay components are very few. Random
position of grains indicates the graded cum flamed
structure bedding of deposition, presently the layer
of this sample has been found with high experience
of erosion process. Fine grain structure, low
amount of cohesion and high consistency of sim-
ilar materials portray the nature of short and
extreme depositional events. Although the grain
size in sample-4 is found almost same to sample
no. 3, they are more shorted in colonies and silica
particles are observed few in numbers with isolated
position. During field observation, silt dominated
cross-bedding (in soil sample VIin 2014), as well
as plane bedding, has been clearly noticed which is
responsible for the high energy-flow palaeo-
coastal environment. Sharper cone with smoother
surface finer grains have yellow dominancy

transmission, which is recognized as aglitter par-
ticles like micaceous deposition for sample-5. In
sample-6 the primacy of kaolinite clay (composed
with aluminium hydroxide and silicon) along with
a quartz component create bright signature,
whereas the darker portions are responsible for
heavy materials.

All the samples, because of the dominancy of
blue transmission range, are mainly composed of
blue-clay sediment particles under the marine
condition. The microstructure of the tested sam-
ples shows that the coarser elements have more
complex micro-fabric pattern in DCA than the
finer, which indicate numbers of rapid fluctuations
and alteration of deposition environment within a
shorter duration of time in the study area. It is also
noticed that the study area contains coarser particle
at the upper layer, i.e. on surface portion, whereas
bottom layer has finer depositions (Fig. 3.8).
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3.6 Conclusion

The depositional patterns of the various materials
at the bottom portion of the gully show the sig-
nificant characteristics of a particular environ-
mental condition rather its geological settings.
But there is a sharp relationship between geo-
tectonic controls of the study area and morpho-
logical regime. In this chapter, the microstructure
observation by digital images shows that varia-
tion of process with different intensity is
responsible for the characterisation of material
components of deposition. So, in a particular
environmental setting, this area achieved the
domination of siltation process owing to different
types of bedding and structures of material
accumulation (Fig. 3.9). The presence of ripple
marks strongly support that the condition of
marine coastal wave dominancy did not prevail
for a long time and the nature of inclined bedding
of deposition also act as evidences of calm pro-
cess environment with low to medium intensity
of shoreline retreat. Accrual siliceous and mica-
ceous elements at the bottom and silt dominancy
at the upper layer indicates the meso-tidal to
estuarine  environment system  (Fig. 3.9f).
Whereas, the cross-bedding (Fig. 3.9d, e)
strongly supports the alteration of geomorphic
processes have occurred in this place in the
geological past. The presences of ripples (both
symmetrical and asymmetrical) are also strong
evidences of tide dominating feedback in this
study area. Finally, the primacy of ferrigeneous
nodules (pisolitic materials) at the topmost layers
shows the climatic extremity with hot and humid
condition in Quaternary era.

The Palaeco-environmental condition of coast
in this area remains very dynamic through the
T-Q (Tertiary to Quaternary) period. Continuous
lamina deposition (Fig. 3.9g) of fine to coarse

Sk. Mafizul Haque and S. Ghosh

sediment at present bottom portion of gully was
placed under calm and quite environmental sit-
uation. Some changes of alongshore drift have
also occurred, which are reflected by the differ-
ential texture of depositions with slightly tilted
laminas. As this area is strongly influenced by
gravity and magnetic anomalies (Singh et al.
2004; Roy and Chatterjee 2015), the evidence of
tectonic movements which are found in the
newly exposed gully bottom at this area, might
be very important to investigate the change of the
environmental consequences. Clear vertical dis-
placement of sediment layer (Fig. 3.10a, d),
cross lamina of siliceous depositions (Fig. 3.9d,
e) show that tectonic activity took place during
the early Quaternary Period. As the study area is
situated on basement fault belt along with frac-
tures lineament, this displacement might occur
during the secondary effect sub-basement defor-
mation. Another good evidence of alternation of
sedimentary layers and crossed laminas, wood
fossils’ sample, etc. strongly supports that
neo-construction of tectonism. Thus, there is
ample scope of the further study on dating and
micro-geomorphic ~ structures with  tectonic
advancements to put forward the
palaeo-environmental condition of this area.

However, this is also true that microstructure
study is still considered as a small part of
Structural Geology and has not become popular
in the other branches of Geosciences, whereas
the rock/sediment characters are studied for
many purposes. At the same time, the arena of
micro-scale analysis of geomorphic features in
Engineering Science, Life Science, Material
Science and Physical Sciences; it can be said that
the study of rock microstructures has ability to
play a pivotal role in earth system science if
proper interest is shown by the future generation
of researchers.
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Lateritic Duricrust

Fig. 3.9 Different types of micro-features found from g fossil of petrified wood, b and e crossed lamina of old
top to bottom at the study area and its associated imprints:  sediment deposition in different patterns, f plane bedding
a profile of ferrigeneous dominated laterite, d stratum of  of clay deposition, ¢ plane bedding stratum of sediment
oxide sediment with the presence of ferricrete and quarts,  with arenicolites
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Fig. 3.10 Subsidence of lateritic ground: a and b subsidence and tilt surface at Gopegarh, southern location of Silai-
Kasai interfluves; ¢ and d inclined laminas of pallid zone at Gangani area
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Suvendu Roy

Abstract

The response of extra-channel geomorphology
of an alluvial river system to the quaternary
faulting has been presented here with remote
sensing data and field investigation. In
corresponding to the in-stream deformation,
extra-stream area is also modified with
extended swampy floodplain, unpaired ter-
races, large alluvial fans, and palaeochannels.
Floodplain becomes waterlogged or swampy
especially downstream section across the
stream fault line. Strike-slip nature of fault
helps to shift channel path and developed
series of palacochannels over the neotectonic
time frame. Allocation of fault line along the
channel makes stream straight, narrow and
incised, which helps to generate favourable
condition for development of alluvial fan.

4.1 Introduction

The  neotectonic  activities over the
Ajay-Damodar Interfluve (ADI) have signifi-
cantly influenced the fluvial system of this
region, which have been accounted in previous
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works viz. Roy and Sahu (2015, 2016a, b).
However, these publications have focused more
on the tectonic sensitivity zoning and have
explained in detail about the in-stream morpho-
logical alternation rather than extra-stream
deformation. Therefore, the present study may
call an extended version these research works to
identify the extra-stream geomorphological pro-
cesses and features, which are influenced by
neotectonic activities and faulting in particular.
The term ‘extra-channel geomorphology’ defines
the different erosional and depositional processes
and resulting landforms observed outside the
active channel of any fluvial system (Wohl
2014). The prime observed landforms of this
category are floodplains, terraces, alluvial fans,
deltas, estuaries, palacochannels and different
minor landforms within those fluvial features
(Wohl 2014). The amount and behaviour of
water and sediment in channel are mainly con-
trolling the fluvial processes and landforms
(Leopold et al. 1964). Whilst, the lithological
characteristics and faulting as a tectonic activity
over a basin area are also significantly control the
in-stream and extra-stream geomorphology
(Keller and Pinter 1996; Jacques et al. 2014; Roy
and Sahu 2015, 2016a). In general, tectonics
enters into every aspect of earth science
(Schumm et al. 2000). According to Summerfield
(1991), active faulting has a dramatic impact on
the fluvial system. Anomalies in the channel
adjustment due to tectonics can be identified
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Fig. 4.1 a Simplified regional geology with the location
of major fault lines (modified after Rao et al. 1999).
b Geological detail of the Ajay-Damodar Interfluve with

through the local development of braiding or
entrenched meandering, uncertain drainage pat-
tern, offset river, creation of sag ponds, swampy
areas, accumulation of alluvial fills or fan, river
terraces and channel incision (Ollier 1981; Ouchi
1985; Summerfield 1991; Burbank and Anderson
2001; Roy and Sahu 2015, 2016a).

Several studied have investigated the role of
tectonics in structural geomorphology, drainage
pattern, channel morphology, river courses
throughout the world. However, the effect on the
extra-channel geomorphology is less focused.
The present study focuses on the role of base-
ment faults on the development and modification
of floodplain environment, river terraces, alluvial
fans and palaeochannels over the alluvial river
system of an interfluve. From Quaternary geo-
morphological perspective, the region is a part of
lower Gangetic plain (Bagchi and Mukherjee
1979) and experiencing significant neotectonic
sensitivity and corresponding basement fault
lines in different direction (Singh et al. 1998; Roy
and Sahu 2015, 2016a). The present chapter
especially focuses on the development of
extra-channel geomorphological features in and
around three sub-parallel basement fault zones

all sub-basins (GSI 2001). ¢ Topographical cross-section
of interfluve showing the geotactic blocks from west to
east direction (Roy and Sahu 2016a)

e.g. Chhotanagpur Foothill Fault (CFF), Medi-
nipur Farakka fault (MFF) and Damodar Fault
(DF) (Fig. 4.1a). These faults are divided the
ADI region into four geotectonic blocks in the
NWW-SEE direction and figured up a step-like
landscape along the entire region (Roy and Sahu
2015, 2016a) (Fig. 4.1c¢).

4.2 Study Area

The distinctive region between the two important
rivers (Ajay and Damodar) of north-western
Bhagirathi-Hooghly basin has been selected for
the study of extra-channel geomorphology
formed during the Quaternary period by neotec-
tonic activities. The region has been termed as
Ajay-Damodar Interfluve (ADI), which covers
about 6174 km® area within the Barddhaman
District (Purba and Paschim) of West Bengal in
Eastern India (Fig. 4.1b). Topographically, the
study area is experiencing the characteristics of
plateau proper in the west (6%), plateau fringe in
the middle (40%), and alluvial plain in the east
(~54%) (Bagchi and Mukherjee 1979; Roy and
Sahu 2016a), and across the region elevation is
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ranging between 10 and 221 m. The north, south,
east and west sides of the ADI are defined by
Ajay River, Damodar River, Bhagirathi-Hooghly
River, and Barakar River and Maithan Dam,
respectively (Roy and Sahu 2015).

The geological detail of the ADI is showing
that the north-western edge consists with the
consolidated formation of high grade metamor-
phic Archaean Gneiss with a number of minor
faults and lineaments (Roy et al. 1988). Sur-
rounding the Asansol and Raniganj, the region is
formed by semi-consolidated Gondwana series of
rocks, and mainly comprises with thick coal
seams and some sedimentary formation of
sandstone, grit, conglomerate, shale and iron-
stone shale. Rest of the region is coming under
Quaternary sediments of marine-estuarine-
fluviatile origin, within which a significant
amount of land is covered by Cenozoic Laterite
as the upland in the middle of the region. The
thickness of the alluvium increases towards east
and southeast (Niyogi 1984).

The river system of this region is basically
monsoon-fed and experiencing humid-tropical
climatic characteristics with an average annual
rainfall of 1400 mm and 26 °C as mean annual
temperature (Roy and Sahu 2015). The drainage
pattern of this region is dendritic in general,
where six sub-basins have been demarked viz.
Khari, Brahmani, Kunur, Tumuni, Nonia and
Singaran. The typical drainage patterns in dif-
ferent parts these sub-basins have indicating the
influence of neotectonic actions and faulting.

4.3 Materials and Methods

Topographical Maps of Survey of India have
been used to generate the drainage map of the
entire ADI region. The digital elevation map of
Kunur Basin has been also prepared from these
toposheets using contour values, spot heights,
bench marks, triangulation points and relative
values of ‘r’ to get precision of this lowland
region (Roy and Sahu 2016a). Satellite images
from Landsat sensors of different time have been
used to identify and preparing maps of geomor-
phic features. The unique band combination (457

of Landsat TM) and Normalized Difference
Water Index (NDWI) technique of Gao (1996)
have been applied to highlight the waterlogged or
swampy land of floodplain areas and to identify
the palaeochannels. In addition, intensive field
investigation was also an important part of this
work to identify and captures the photographs of
interested landforms and landscapes.

4.4 Results and Discussion

4.4.1 Floodplain Characteristics

Being a monsoon-fed region of lower Gangetic
plain, all major and minor rivers within the ADI
region are experiencing frequent flood and
characterized with extended floodplain in the
downstream sections (Fig. 4.2). According to
Fig. 4.2, a vast area of lower Ajay River basin is
flooded frequently, whilst, no distinct swampy
land has been observed in this region. Whereas,
Fig. 4.3 has clarified that the downstream section
of Khari River is experienced with a well
developed extended swampy land, which is
located immediately downstream of Damodar
Fault line. The previous investigation of Roy and
Sahu (2016a) has also identified this region as a
tectonically active zone and fault guided region
of ADI. The typical drainage pattern in the lower
Khari Basin is the direct result of Damodar Fault
line (Roy and Sahu 2015). The swampy land is
also an indictable feature in the tectonically
active area, as per Summerfield (1991).

In this region, an abrupt change in the flow
direction of the lower Khari River near the
Bhandardihi and Malamba villages helps to
visualize the influence of faulting (Roy and Sahu
2016a) (Fig. 4.3). The east flowing Khari River
takes a sudden bend towards the north
(~70°-80°) up to Palason (~21 km) and
thereafter taking a U-turn towards southeast up to
the confluence point with the Bhagirathi-
Hooghly River (Roy and Sahu 2015). Due to
the incised and compressed meander of this
section of Khari River, an extended swampy land
(~75.68 kmz) is developed due to frequent
flooding (DDMP 2011-12) and also faces the
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Fig. 4.2 Real-time satellite image of extended flooding condition (in dark colour) around the downstream section of
rivers Ajay, Kunur, Khari, and Bhagirathi during a peak flood period of these rivers. Source Landsat 7, NIR Band, Date:
7th October, 2000
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Fig. 4.3 NDWI map is showing the presence of extended swampy land around the fault guided reach of Khari River
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severe problem of water-logging during the rainy
season, as per the web map of NRSC (http://
bhuvan5.nrsc.gov.in/bhuvan/wms) (Roy and Sahu
2015, 2016a).

4.4.2 Formation of River Terraces

Terraces are relict floodplains, sequence of ter-
races give the evidences of degradational and
depositional stages of river’s in past. The most
important control on the evolution of terraces
seems to be structural influences and fluctuations
of sea level (Martins et al. 2009). Beside the
climatic variability, tectonic upliftment is also an
important factor to lead terrace formation
(Bridgland 2000; Bridgland et al. 2004).

With an unpaired terrace landscape near
Domra (23° 31' 51"N; 87° 27' 49"E), Kunur
River highlights channel entrenchment due to
structural control over there (Roy and Sahu
2015). The close location of Medinipur Farakka
Fault (MFF) line might be the major cause of this
landscape. Terraces mainly exist in the right bank
with progressive inclination towards north-east
of the river channel near Domra (Fig. 4.4). The
thickness of sediment in terrace is basically
control by the tectonics (Larue 2008). The

thickness is increased where subsidence occur-
red. The thickness of T1 is less than one metre,
but it is more than one metre for the T3 and T4.

4.4.3 Formation of Alluvial Fans

Alluvial fans are one of the distinctive
cone-shaped fluvial depositional features in and
around the breakpoint of stream gradient (Goudie
2004). According to Kale and Gupta (2001), the
deposition of fans are poorly sorted, angular,
coarse sediments and the helps to form a radially
diverging system of stream channel, and display
a multi-channel (braided) pattern. In addition,
tectonically active areas favour the formation of
fans and fault guided sedimentary basins provide
optimum conditions for their development (Kale
and Gupta 2001). As a result, the fault-guided
section of lower Damodar River is also experi-
encing with similar fluvio-geomorphic features
(Fig. 4.5a, b). A distinctive alluvial fan has been
developed in the downstream of Damodar Basin,
where river takes a sharp right angle turn towards
south along the Damodar Fault.

This fan is also renowned as ‘Damodar
Fan-Delta’ (Niyogi 1975; Acharyya and Shah
2007) and might also call it palaco-alluvial fan

Fig. 4.4 Development of unpaired terrace at a reach of Kunur River (after Roy and Sahu 2015)
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Fig. 4.5 a, b Extension of alluvial fan in the downstream of Damodar Basin with number of palacochannels. Sources

Acharyya and Shah 2007; Google Earth Image

for existence of huge tracks of palaecochannels as
a radially diverging outlook (Fig. 4.5a). Achar-
yya and Shah (2007) reported that as per Mallick
and Bagchi (1975), the geomorphic features of
this part are revealed by the presence of aban-
doned channels bifurcating from Damodar,
which was the apex of the Damodar fan-delta. In
this part new yellowish sediments accumulate
and spread radially outward on the plain, and
formed a fan-shaped depositional alluvial tract,
which is sharply identified from the colour con-
trast of hybrid satellite images (Fig. 4.5b).
Behind the formation of the Damodar Fan-Delta,
neotectonism plays a vital role here (Roy and

Sahu 2015, 2016a). Due to the Damodar Fault
the river takes a sharp right angle turn near Palla
and Chanchai villages and runs in southward
direction with shrinking width and carrying
capacity (Bhattacharyya 2011).

For this distinctive morphological pattern of
Damodar near these two villages, river channel
is not capable to content huge suspended sedi-
ment accumulated flood water (~4011 cumec;
Ghosh and Guchhait 2014) and spill-over on the
eastern flood plain and temporally increased the
thickness of alluvium deposits and expanded
area of Damodar Fan-Delta. Back swamp, levee,
mature point bar and palaeochannels are also
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Fig. 4.6 Identified micro-fans of Kunur River, which are located immediately after the fault scarps (after Roy and Sahu

2015)

developed in this surface. In back swamp areas
the upper clayey silt layer is about 4.5-6 m
thick, whereas, in palacochannels and point bar
area, it is comparatively thin with thickness of
about 2 m. The lower sandy layer at places
contains pebbles and gravels of quartz and
feldspar (Bhattacharya and Dhar 2005).
According to Acharyya and Shah (2007, 2010)
since middle of the eighteenth century, the
Damodar River was flowing east to meet the
Bhagirathi River, but after that track of the
Damodar rotated and observed 128 km shifting
of its mouth. This huge shifting of river track
within a short temporal gap suggested the active
tectonic influence at present in that region.
Some other micro-level alluvial fans are also
identified in the ADI region. Within the Kunur
River Basin, two micro-fans have been demarked
in the tin map of this basin (Fig. 4.6) and the
fundamental fact is that these two fans were
developed just immediate downstream of the two
knick points in the longitudinal channel slope of
the Kunur River. This two knick points are the

result of two active fault lines (Chhotanagpur
Foot Hill fault and Medinipur Farakka Fault)
passing across the basin.

4.4.4 Pattern of Palaeochannels

Typical shifting pattern of river also reveals the
presence of tectonic influence on any region. As
a result, a series of palacochannel has been
developed there and helps to understand the
shifting pattern on Ancient River. Aerial images
could help to identify them and several resear-
ches are also using satellite images to investigate
about palaeochannels. In the study area, the
satellite image shows a series of palacochannel is
the presence in the interfluve of Ajay and Kunur
Rivers, which are diffused from the Ajay River
just immediate downstream of the Medinipur
Farakka Fault (MFF) line (Roy and Sahu 2016b)
(Fig. 4.7). In respect to the present path of Ajay
River, the shifting tendency is towards north-east
in association with the direction of fault line and
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Fig. 4.7 Diffusion of palacochannels of Ajay River below the Medinipur Farakka Fault line (after Roy and Sahu

2016b)

strike-slip nature of MFF might because of such
scenario (Roy and Sahu 2015, 2016b).

4.5 Conclusion

Previous studies have claimed that the lower
Gangetic Bengal is tectonically active with
numbers of basement faults during the Quater-
nary period and fluvial geomorphology is
directly influenced by it. Present study also suc-
cessfully shows that those reactivated basement
faults are also directly associated with the exist-
ing landscape and landforms developed over the
extra-channel areas of ADI region. Remote
sensing analysis and filed investigation have
been helped to identify such features. Due to the
presence of fault line, the width of active channel
is reduced with deep channel incision, while the
lateral width of floodplain has been increased in
the downstream section of fault line. The exten-
ded swampy land and well developed alluvial fan

immediate below the fault area are also revealed
the influence of fault line on frequent flooding
around the fault-guided stream reach. Role of
structural fault on the development of
palacochannels has been also cleared from the
palacochannel maps of Damodar Fan and Ajay
Kunur Interfluve. Alluvial terraces in the differ-
ent section of studied streams are also influenced
by nearby fault lines.

Geophysical controls on fluvial forms and
processes of Kunur River and Khari River are
illuminated more brightly in Chaps. 5 and 6 of
this volume respectively.

References

Acharyya SK, Shah BA (2007) Arsenic-contaminated
groundwater from parts of damodar Fan-Delta and
west of Bhagirathi river, West Bengal, India: influence
of fluvial geomorphology and quaternary Morphos-
tratigraphy. Environ Geol 52: 489e501


http://dx.doi.org/10.1007/978-3-319-90427-6_5
http://dx.doi.org/10.1007/978-3-319-90427-6_6

4 Influence of Faulting on the Extra-Channel Geomorphology ... 87

Acharyya SK, Shah BA (2010) Groundwater arsenic
pollution affecting deltaic West Bengal, India. Curr
Sci 99(12):1787-1794

Bagchi K, Mukherjee KN (1979) Diagnostic survey of
rarh Bengal, Part-I, morphology, drainage and flood:
1978. Department of Geography, University of Cal-
cutta, Calcutta

Bhattacharya AK, Dhar N (2005) A report
geo-environmental appraisal in Barddhaman urban
agglomeration area and its environment for sustainable
developmental activities. Geological Survey of India,
Kolkata Eastern Region, pp 1-43

Bhattacharyya K (2011) The lower Damodar River, India
(understanding the human role in changing fluvial
environment). Advances in  Asian  human-
environmental research. Springer, New York

Bridgland DR (2000) The characteristics variation and
likely origin of the Buchan Ridge Gravel. In:
Merrit JW, Connell ER, Bridgland DR (eds) The
Quaternary of the Banffshire coast and Buchan.
Quarternary Research Association, pp 139-143

Bridgland DR, Maddy D, Bates M (2004) River terrace
sequences: templates for Quaternary geochronology and
marine-terrestrial correlation. J Quat Sci 19:203-218

Burbank DW, Anderson RS (2001) Tectonic Geomor-
phology. Blackwell Scientific, Oxford

DDMP (2011-12) District disaster management plan.
Burdwan District, Govt. of West Bengal, India

Gao BC (1996) NDWI: the normalized difference water
index for remote sensing of vegetation liquid water
from space. Remote Sens Environ 58:257-266

Geological Survey of India (GSI) (2001) District resource
map: Barddhaman. Govt. of India, Kolkata

Ghosh S, Guchhait SK (2014) Analyzing fluvial hydro-
logical estimates and flood geomorphology from
channel dimensions using ASTER DEM, GIS and
statistics in the controlled Damodar river, India.
J Geomatics 8(2):232-235

Goudie AS (2004) Encyclopedia of geomorphology.
Routeledge, London

Jacques PD, Salvador ED, Machado R, Grohmann CH,
Nummer AR (2014) Application of morphometry in
neotectonic studies at the eastern edge of the Parana
Basin, Santa Catarina State, Brazil. Geomorphology
213:13-23. https://doi.org/10.1016/j.geomorph.2013.
12.037

Kale VS, Gupta A (2001) Introduction to geomorphology.
Orient Longman Ltd., Calcutta

Keller EA, Pinter N (1996) Active tectonics: earthquakes,
uplift and landscape. Prentice Hall, New Jersey

Larue J-P (2008) Effects of tectonics and lithology on
long profiles of 16 rivers of the southern Central
Massif border between the Aude and the Orb (France).
Geomorphology 93(3—4):343-367

Leopold LB, Wolman MG, Miller JP (1964) Fluvial
processes in geomorphology. W.H. Freeman, San
Francisco

Mallick S, Bagchi TC (1975) Morphology and genesis of
burried Sand of Mogra Pandua area, West Bengal
India. Recent researches in geology. Hindustan
Publisher Corporation, Delhi

Martins AA, Cunha PP, Huot S, Murray AS, Buylaert JP
(2009) Geomorphological correlation of the tectoni-
cally displaced Tejo River terraces (Gavia“o—
Chamusca area, central Portugal) supported by lumi-
nescence dating. Quat Int 199:75-91

Niyogi D (1975) Quaternary geology of the coastal plain
in West Bengal and Orissa. Indian J Earth Sci 2:51-61

Niyogi D (1984) Water resources of the Ajay basin: a
geographical-hydrological ~Study. Ph.D. Thesis,
Department of Geography, University of Calcutta

Ollier C (1981) Tectonics and landforms. Longman,
London

Ouchi S (1985) Response of alluvial rivers to slow active
tectonics movement. Geol Soc Am Bull 96:504-515

Rao IBP, Murthy PRK, Rao K, Murty P, Madhava Rao N,
Kaila KL (1999) Structure of the lower crust revealed
by one- and two-dimensional modeling of wide-angle
reflections-West Bengal Basin, India. Pure appl
Geophys 156:701-718

Roy RK, Ghosh BK, Ghosh DK (1988) Final report on
quaternary geology and geomorphology of Ajay
Basin, Bardhaman and Birbhum Districts, West Ben-
gal with special reference to Geo-environmental
studies. Published Report, Geological Survey of India,
Eastern Region, Calcutta

Roy S, Sahu AS (2015) Quaternary tectonic control on
channel morphology over sedimentary lowland: a case
study in the Ajay-Damodar interfluve of Eastern India.
Geosci Front 6(6):927-946. https://doi.org/10.1016/j.
2sf.2015.04.01

Roy S, Sahu AS (2016a) Morphotectonic map generation
using geo-informatics technology: case study over the
Ajay-Damodar interfluve, West Bengal, India. Arab J
Geosci.  9:183. https://doi.org/10.1007/s12517-015-
2247-z

Roy S, Sahu AS (2016b) Palaeo-path investigation of the
lower Ajay River (India) using archaeological evi-
dence and applied remote sensing. Geocarto Int 31
(9):966-984. https://doi.org/10.1080/10106049.2015.
1094526

Schumm SA, Dumont JF, Holbrook JM (2000) Active
tectonics and alluvial rivers. Cambridge University
Press, New York

Singh LP, Parkash B, Singhvi AK (1998) Evolution of the
lower gangetic plain landforms and soils in West
Bengal, India. CATENA 33:75-104

Summerfield MA (1991) Global geomorphology. Prentice
Hall, England

Wohl E (2014) Rivers in the landscape: science and
management. Wiley Blackwell, Oxford


http://dx.doi.org/10.1016/j.geomorph.2013.12.037
http://dx.doi.org/10.1016/j.geomorph.2013.12.037
http://dx.doi.org/10.1016/j.gsf.2015.04.01
http://dx.doi.org/10.1016/j.gsf.2015.04.01
http://dx.doi.org/10.1007/s12517-015-2247-z
http://dx.doi.org/10.1007/s12517-015-2247-z
http://dx.doi.org/10.1080/10106049.2015.1094526
http://dx.doi.org/10.1080/10106049.2015.1094526

Suvendu Roy and Subhankar Bera

Abstract

Surface gravity anomaly is important to know the
underlying rock density and basement structure
since they are playing dominant role in the
channel pattern adjustment. Over the Western
Bengal Basin (WBB), EW-tending and
NS-tending garbens are actively controlled the
gravity anomaly and adjacent variation in base-
ment structure and lithology. The streamlines of
Kunur River Basin (KRB) and rivers in sur-
rounding are sharply controlled by the variation in
underlying rock density, alignment of the linea-
ments and subsurface faults. Medinipur—Farakka
Fault (MFF) and Garhmayna—Khandaghosh
Fault (GKF) lines make prominent deformation
in longitudinal profile, planform index, channel
geometry and other fluvial forms of Kunur River.
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High Transverse Topographic Symmetry Factor
(TTSF) values (>0.40) around the fault lines and
high Drainage Basin Asymmetry (AF-index)
values (64.40) also positively reveal the neotec-
tonic sensitivity over the basin.

Keywords
Channel pattern * Bouguer gravity anomaly
MFF line * TTSF * AF-Index * Neotectonic

5.1 Introduction

The term ‘gravity’ deals with the force that attracts
a body towards the centre of the Earth (Mallick
et al. 1999, 2012). The departure (anomalies) of
uniform gravitational field is expressing the
anomalous of density distribution over the outer
part of Earth’s surface, i.e. lithosphere (VijayaRao
et al. 2006; Mandal et al. 2015). Bouguer gravity
anomalies alternatively may call density anoma-
lies below the Earth’s surface (Marotta et al.
2006). The gravity directly controls the rate of
mass wasting and related erosional processes.
Among the obtained gravity data from geophysi-
cal estimations, Bouguer gravity data have
appeared to be more accurate and aid to maintain
the standard in geologic interpretation of land
(USGS 1997). According to Verma (1985), an
area underlying by masses with relatively higher
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density, Bouguer anomalies are reflected by
higher gravity and vice versa. Bouguer anomalies
are negative over the elevated region and it shows
an inverse relationship with topography (Mandal
et al. 2015). The most important unknown source
of gravitational anomaly is the effect of the
irregular underground distribution of different
density rocks (USGS 1997). According to
McKenzie (1977), if the gravity anomaly is well
defined, the excess or missing mass can be com-
puted directly from the gravity data. The exercise
would be helpful for river science also to interpret
the asymmetry in channel planform due to
underlying litho-stratigraphy.

The Bengal Basin (BB) is always a complex
region for geoscientists, in terms of its typical
underlying structural geology, stratigraphy and
alignment of surface river lines (Bagchi and
Mukherjee 1979; Singh et al. 1998). Although the
explanation of underlying geology is satisfactory
(Alam et al. 2003; Goodbred et al. 2003;
Mukherjee et al. 2009; Mallick and Mukhopad-
hyay 2011; Nath et al. 2014), the scientific
explanation of typical arrangement of river lines
are still not clear properly. Bhattasali (1941),
Bhattacharya (1959), Banerjee and Chakraborty
(1983), Bandyopadhyay (1996), Bandyopadhyay
and Bandyopadhyay (1996), Bandyopadhyay
et al. (2014, 2015) and Rudra (1987, 2010, 2014)
all have explained well about the temporal shift-
ing history of some rivers using historical maps
and recodes, field observation and remote sensing
images. However, introduction of the geophysical
causes behind these channel shifting can increase
the level of precision in the reconstruction
palaeo-fluvio landscape. The present work has
focused on the role of such geophysical parame-
ters (gravity anomaly, active tectonic) on channel
pattern adjustment over a small catchment (i.e.
Kunur River Basin) in Lower Gangetic Plain.

5.2 Methods and Materials
5.2.1 Study Site

A 30 km long channel reach has been selected
for the special focus within the Kunur River
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Basin (KRB) (Fig. 5.1). KRB is a major right
bank tributary basin of the Ajay River and covers
about 916.40 km? of area. The river originates
near Jhanjira village of Ukhra Gram Panchayat
on the western upland of the Barddhaman Dis-
trict at an altitude of 125 m. It runs for a distance
of 114 km towards east direction. The elevation
ranges from 20 to 131 m throughout the basin
coverage. Over the region, annual average rain-
fall observed is 1380 mm and mean temperature
is 25.8 °C during last 100 years (IMD 2014).
The basin may discharge ~200 m*/s of water
during its peak flood season (Roy and Mistri
2013). Average width of the study reached
is ~30 m.

Geologically, the entire reach is flowing over
the Quaternary series of formation, where the
Sijua formation (late Pleistocene to middle
Holocene) has covered the downstream area and
represents the oldest alluvial formation covering
the floodplain of Kunur River (Bhattacharya and
Dhar 2005). The exposed surface layers of this
formation comprise a top soil of brown silty loam
underlain by compact sticky clay in khaki or grey
colour with greenish tinge impregnated with
caliches nodules varying in size from 0.5 to
3.0 cm (Roy and Banerjee 1990). The reach has
been selected for its typical pattern of channel
planform in corresponding to the abrupt change
in the Bouguer Gravity values (Fig. 5.1).

5.2.2 Geophysical and
Geomorphological Data
Acquisition

The present study has followed an integrated
approach based on fluvial geomorphology, mor-
photectonics, geophysical parameters and digital
topography, i.e. ASTER GDEM (30 m), multi-
spectral imagery (Landsat 8and LISS IV) and
field mapping. The regional gravity anomaly
reading (Bouguer Gravity Anomaly) has been
mapped by the National Geophysical Research
Institute or NGRI (1978), Hyderabad, India
composed with the interval of 5 mGal isolines.
The map has been used here after converting into
raster database using Q-GIS to extract gravity
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Fig. 5.1 Location map of the study reach (in Black Rectangle Box) within the Kunur River Basin. The background
corresponds to the Bouguer Gravity Anomaly Map including gravity contours at 5 mGal interval

anomalies in the study. The basin boundary and
river lines have been delineated using topo-
graphical maps of Survey of India (Sol) (73 M/6,
M/7, M/10, M/11, M/14 and M/15 of 1:50,000)
and LISS IV images. The geomorphological
features related to morphometric indices have
been digitized from topographical maps. In
addition, online mapping using ‘Plug-in layer
tool in Q-GIS software’ with ‘Google Satellite
Image’ becomes a useful technique in extraction
and upgrading of linear features related to relief
and linear geomorphology. Online enable map-
ping technique has been followed using the
‘Layer from WM(T)S server’ mapping tools in
Q-GIS to get the arrangement of lineaments from
the recently updated web enable data (http:/
bhuvan5.nrsc.gov.in/bhuvan/wms) in thematic
map services of National Remote Sensing Centre
(NRSC), India. The lithological condition has
been investigated through borehole data collected
from secondary sources.

5.2.3 Morphotectonic Indices

Transverse Topographic Symmetry Factor
(TTSF or T-index) and Drainage Basin Asym-
metry Factor (AF-index) have been applied to the
Kunur River Basin (KRB) to explain the neo-
tectonic influence on the deformation of channel
planform (Cox 1994; Jacques et al. 2014; Kale
et al. 2014) and the assessment of the stream
asymmetry, and identification of tilted drainage
basin (Siddiqui 2014; Jacques et al. 2014). TTSF
values range from O to 1. The value near to ‘0’
means symmetric basin and value more than or
far from ‘0’ indicates asymmetric basin (Cox
1994). T-index has been computed for 35 reaches
of the trunk Kunur River with equal interval of
2 km by using Eq. (5.1).

TTSF = D, /Dy, (5.1)
where D, is the distance from the longest channel
to the basin midline (measured perpendicular to a
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straight line segment fit to the channel) and Dy is
the distance from the basin boundary.

AF-index evaluates the active tectonic tilting
within the drainage basin and to determine the
direction of tilting (Cox 1994; Sarma et al. 2013;
Siddiqui 2014; Kale et al. 2014). It is suitable for
large extended area and is sensitive to tilting
perpendicular to the direction of the trunk stream
(Keller and Pinter 1996). AF for the Kunur basin
is defined by the Eq. (5.2).

AF = A, /A,, (5.2)
where A, is the area of the basin to the right of the
trunk stream, A, is the total area of the drainage
basin. AF-index value close to 50 indicates none
or a slight tilting and value above or below 50
suggests a significant tilting of the drainage
basin.

5.3 Result
5.3.1 Adjustment of Channel
Attributes with the Fall
of Bouguer Gravity

The Bouguer gravity anomaly varies from —35 to
+15 mGal over the KRB (Fig. 5.1). The mini-
mum gravity (—35 mGal) has been observed
over the extreme eastern part of the basin with a
concentrated elliptical depression near the con-
fluence zone with Ajay River. The downstream
reach of the Kunur River faces a certain fall in
Bouguer gravity values, i.e. within ten kilometres
gravity has fallen from —30 to +10 mGal. The
result implies a huge change in the underlying
rock density and mass. To adjust such geophys-
ical condition, the channel of Kunur River has
also changed its geometry (Fig. 5.2). As per the
Fig. 5.2, the certain fall in the gravity value starts
near the distance of 10,000 m and continue up to
20,000 m, where the distance value indicates a
cumulative increase towards the confluence of
KRB. Significant fluctuation in slope value has
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been observed within this definite zone (10,000—
20,000 m), which varies from ~1.2° to ~3.6°.
The increasing slope may also correspondingly
increase the flow velocity and Kunur River fol-
lows a straight pattern with low sinuosity index
(<1.1). However, the value of sinuosity index has
rapidly increased (>1.35) just immediately after
the definite zone of gravity anomaly (10,000—
20,000 m). However, no typical change has been
observed in the river bank elevation, although
this map may be affected by coarse resolution
digital elevation data (ASTER, 30 m). Never-
theless, the longitudinal profile of entire Kunur
River (~114-km) shows two certain falls in the
bed elevation (i.e. Knick Point) at ~98
and ~74 km, respectively from the confluence
point (Fig. 5.3). Near the second knick point,
i.e. ~74 km from confluence, the Kunur River
faces about 5-7 m fall in bed elevation and
bankfull channel width (Fig. 5.3).

For further knowledge of geophysical control
on channel pattern adjustment at different
sub-basin levels, one may go through Chap. 6 of
this present volume with title ‘imprints of neo-
tectonism on the evolutionary record along the
course of Khari river in Damodar fan delta of
lower Ganga basin’.

5.3.2 Lithological Adjustment
with the Changing
Pattern of Bouguer
Gravity

The panel diagram using 12 boreholes data has
fairly defined the lithological adjustment of the
region with the spatial variation in Bouguer
gravity and associated distribution of underlying
rock density and thickness (Fig. 5.4a). In ref-
erence to the higher positive anomaly in the
western part (near Kuldihi, Daradanga borehole
point), the lithology consists of high-density
rock, e.g. sandstone, calcareous shale and
limestone with less amount of granular materials
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Fig. 5.4 a Panel diagram showing the lithological con-
dition in the interfluve region of Ajay and Kunur Rivers
(modified of Niyogi 1985); b distribution of underlying

or sandy layer (<20%). However, the eastern
part consists of more than 60-80% of granular
materials or sandy layer (at Tikuri 85.50%) and
suggests major cause behind the high negative
anomaly over here (Fig. 5.4b). The panoramic
view of Kunur River, captured from this

granular material in the downstream of Kunur Basin;
c lithological influence on subsurface flow condition and
steep bank indicates the active stream flow

negative anomaly zone, also shows that the
layer of granular materials works as a permeable
layer (Fig. 5.4c). As a result, the infiltrated
water from the upland area effluents in the
channel of Kunur and maintain its base flow
near Mahata village.
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Fig. 5.5 Reach scale (~2 km) variation of TTSF index along the Trunk River of Kunur River inclosing the alignment

of two major subsurface faults

5.3.3 Basin Asymmetry and Channel
Planform Adjustment

There is a prominent northward tilting of the
KRB with high AF-index (64.40), whereas reach
wise (~2 km) TTSF values of the basin are
ranging from 0.02 (purely symmetrical) to 0.93
(very highly asymmetrical). Therefore, Kunur
River migrates towards north-east; however, the
migration rate is not uniform in this direction
along its all segments. Maximum rate of migra-
tion has been observed in the surrounding of
predefined subsurface fault zones (Fig. 5.5).
Hence, low TTSF values in the focused reach
reveal the lower rate of migration, whereas the
channel makes steep vertical erosion and con-
figured an incised meandering planform due to
steep slope and low density of underlying
materials (Fig. 5.4c¢).

5.4 Discussion

Being an oldest tectonic block Western Bengal
Basin (WBB) is still marked as active tectonic
region since its beginning because of the mar-
ginal areas are still sinking as oblique manner

and subsidence of the Central Bengal Basin
(Steckler et al. 2016). The formation of WBB has
begun as an intercratonic rift basin of the
Gondwanaland during the late Carboniferous
period before the apparent splitting of Gondwana
in the Jurassic and early Cretaceous period
(Krishnan 1982). The underwater sedimentation
in the basin started during late Mesozoic Era
(~205 Ma) as fluvio-deltaic formation with the
opening of Bengal Basin through the splitting of
Gondwanaland (Valdia 2001) when the Australia
and India were separated and slipped along
90° east longitude (Alam 1989). At the same
time, crystalline basement of Archean gneissic
complex is also underlined by the Singhbhume
group of metavolcanic rock and the Deep Seis-
mic Sound (DSS) profile from north to south
(CD) shows the depth of the basement varies
from ~49, ~6.8 and ~6.3 km at Kandi,
Kusumgramand Palashi, respectively (Figs. 5.6
and 5.7a) (Murty et al. 2008). In addition,
another DSS profile in the west to east (AB) di-
rection also shows the depth of Singhbhume
basement that also varies significantly and the
maximum depth (~6.3 km) of basement has
been encountered in the middle of the profile,
which also coincides with the deepest part at
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been delineated with the mark of two DSS profiles.
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Fig. 5.7 Basement configuration and subsurface struc-
ture has been delineated through integrated interpretation
of travel-time inversion of wide-angle seismic sounding
reflection data and gravity data. a, In particular, profile CD
shows north—south depression in Bouguer gravity values,
where maximum depression has been observed over the
interfluve of Ajay and Damodar Rivers (lower part); b and
profile AB shows variation in gravity value and basement

depth with successive formation and different fault lines
(Fp): F1 = Mednipur—Farraka Fault or Basin-Margin
Fault, F2 = Pingla Fault, F3 = Garhmayna—Khandaghosh
Fault, F4 = Damodar Fault and F5 = Memari-Debagram
Fault. Source Modified after Choudhury and Datta (1973),
Verma and Mukhopadhyay (1977), Reddy et al. (1993),
Murty et al. (2008), Rajasekhar and Mishra (2008), Roy
et al. (2010), Banerjee et al. (2013)
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Kusumgram in the north—south profile (Figs. 5.6
and 5.7b).

Both tectonic troughs are termed as
EW-tending Gondwanagraben and NS-tending
Gondwanagraben (McDougall and McElhinny
1970; Murty et al. 2008; Banerjee et al. 2013).
The variation in basement depth of both grabens
have also been influenced to make different
depths of Gondwana sedimentation. The
EW-tending graben, identified as ‘Damodar
Graben’ (DG) in eastern Peninsula, was subse-
quently filled with thick Gondwana sedimenta-
tion during early Carboniferous to Triassic period
(359-201 Ma) (McDougall and McElhinny
1970; Murty et al. 2008; Banerjee et al. 2013).
The DG has been extended eastward up to the
Bengal shelf zone, which is revealed by the
presence of coal-bearing strata cover by several
kilometres thick Quaternary alluviums (Krishnan
1982). Another graben in the north—south direc-
tion is bounded by the Basin Margin Fault
(BMF) or Medinipur—Farakka Fault (MFF) to the
west and Memari-Debagram fault on the east
and filled by very thick depositions (Choudhury
and Datta 1973; Reddy et al. 1993; Banerjee
et al. 2013). The intersection zone of these two
grabens can be marked as a deepest Gondwana
structural depression in the WBB with thick
column of sedimentation and called as sink zone.

In the regional Bouguer gravity maps, both
grabens are also prominent with deep elliptical
depression in gravity values (Fig. 5.6). Maxi-
mum negative anomaly (—45 mGal) has been
identified at the intersection zone near Kusum-
gram. The spatial variation in the depth of
basement rock (i.e. Singhbhume group) and
associated thickness of Gondwana sedimentary
layer is the major cause behind the typical
gravity anomaly over the region. The Kunur
River is also running through the northern
boundary of this sink zone, where the graben is
sedimented by Talchir formation (boulder bed
succeeded by shales and sandstone) overlie by
Barakar formation (sandstone and grits with
occasional conglomerates), Raniganj formation
(sandstone and shale with coal seams) and

S. Roy and S. Bera

Panchet formation/Super-Pachet formation (mi-
caceous and feldspathic sandstone shales) of
Gondwana sediments which are sequentially
exposed over surface at the western side of
KRB (Krishnan 1982). Subsequently, this for-
mation is roofed by Triassic Rajmahal Trap
formation, which is also overlain by thick layer
of Tertiary and Quaternary alluvium formation.
Nature of this alluvium is soft and unconsoli-
dated oxidized sand, silt and clay with caliche
concretion (Table 5.1 and Fig. 5.7b) (GSI
2001). Hence, there is no significant variation in
the thickness of Rajmahal Trap and Quaternary
deposition (Fig. 5.7b). However, the basement
complex and overlie sediments have been
warped by strike-slip faulting during late Pale-
ozoic and late Mesozoic Era which was tec-
tonically reactivated during late Eocene (Alam

et al. 2003).
Previous studies have delineated two
strike-slip  faults across this region, e.g.

Chhotanagpur Foothill Fault (CFF) and Medini-
pur—Farakka Fault (MFF), which are the key
controller of channel geomorphology of this
region (Singh et al. 1998; Roy and Sahu 2015a, b,
2016). The two defined knick points in the Kunur
River are also directly corresponding with these
two fault lines. According to Roy and Sahu
(2015a, b), the identified palaco-channels within
the interfluve of Ajay and Kunur (AKI) Rivers
were also developed due to north-eastward
shifting of Ajay River induced by neotectonic
actions and the present lower reach of Kunur is
basically a palaeo-path of Ajay River. Therefore,
a direct control of underlying rock density has
been observed on the planform of lower Kunur
River. Roy and Sahu (2015a) have also identified
the changes of sinuosity index along with the
planform of Kunur and Khari Rivers (Fig. 5.8). It
is clear to see that how the straight reach of both
rivers become meandering and incised immedi-
ately after the MFF line. Inserted field photos
(P1-P4) are also showing reach scale changing
shape of Kunur River channel. A huge deforma-
tion near Mahata has been also marked in the
same figure (Fig. 5.8).
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Table 5.1 Generalized litho-stratigraphic chart of the Western Bengal Basin (WBB) along the AB profile in Fig. 5.6

Formation Age Average Depth of Velocity Lithological Environment
density base from of description
(g/ce) surface seismic
(km) sound
(kms™ )

Alluvium Quaternary 2 0.30-0.75 1.95 Clay alternating Fluvial and
deposits (2.6 Ma— with silt and sand, fluvio-marine
Resent) clay with caliche

Shale Pliocene (5.3-  2.31 0.50-1.70  2.86 concretion and
2.6 Ma) laterite patch
Sylhet Late 2.37 1.70-1.90 3.7
limestone Cretaceous to
Eocene (100—
33.9 Ma)
Unconformity
Rajmahal trap  Jurassic to 2.8 1.70-2.40 4.6 Basalt (continental | Fissure type
Early tholeiites) trap volcanic
Cretaceous wash with eruption
(201-100 Ma) intertrapen
Unconformity
Gondwana Carboniferous 2.4 2.40-5.80 4 Greenish sandy Fluvial and
sediments to Triassic shale with glacio-fluvial
(359-201 Ma) boulders at base,
very coarse to
medium-grained
dark grey to white
sandstone, soft
feldspathic
sandstone and coal
seam
Unconformity
Singhbhume Proterozoic 2.61 5.80-6.80 5.5 Granite, -
group of (2500- Granodiorite
metavolcanic 541 Ma)
rock
Crystalline Archean 2.71 Undefined 6.1
basement (>2500 Ma)

Source Modified after Choudhury and Datta (1973), Verma and Mukhopadhyay (1977), Reddy et al. (1993), Murty
et al. (2008), Rajasekhar and Mishra (2008), Roy et al. (2010), Banerjee et al. (2013)

The high negative gravity values have indi-
cated the presence of low-density materials with
higher thickness of basement sediment below the
AKI region. This gravitational depression might
be the result of underneath sandy or unconsoli-
dated sediment with higher percentage of gran-
ular material (Sahu and Saha 2014). Underlying
heavy dense rock and lower depth of basement
have been perceived in the middle of the basin
from the maximum positive gravity anomaly.

Lithological condition of this region has been
revealed by the panel diagram (Fig. 5.4a). Roy
and Chatterjee (2015) have also delineated the
western margin fault of Bengal Basin based on
the zone of crowding of gravity contours; where
the fault line marked along the neutral gravity
value, i.e. 0 mGal. Similar crowding of gravity
contours including 0 mGal have been also
observed in the focused study region, where the
Garhmayna—Khandaghosh Fault (GKF) has been
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marked by Geological Society of India in their
‘Seismotectonic Atlas’ (Fig. 5.6). The GKF is
the major cause of the typical channel pattern in
the study reach formed by the certain change in
underlying structure. In the perpendicular direc-
tion of study reach, similar asymmetric in chan-
nel pattern has been observed for the Khari River
also, where GKF also crosses the river Khari
(Fig. 5.6). In addition, at the intersection part of
both graben with maximum gravity anomaly (in
negative), Khari River also takes a sharp right
angle turn towards north near Kusumgram and
runs almost 21 km with steep sidewall and
developed extended mushy land over its flood-
plain (Roy and Sahu 2015a).

Channel side exposed strata also carry the
evidences of active hydraulic actions in past due
to active tectonic and geophysical actions around
the focused channel reach. The buried soil layer

of Sijua formation contents upward coarser
materials (from coarse sand to gravel), which
explains the presence of higher flow action dur-
ing the late Pleistocene to middle Holocene
(Fig. 5.9). According to Singh et al. (1998), the
western part of lower Gangetic plain has number
of subsurface faults which are reactivated during
the early Pleistocene epoch. In connection with
this, it may conclude that this part of Kunur
Basin also experienced by the reactivation of
GKF and tilting during this period. The factors
related to asymmetry indices also allow the
determination of general tilt of the basin land-
scape irrespective of the whether the tilt is local
or regional. The unpaired terraces around the
MEFF line again exemplify the role of geotectonic
control over the Kunur Basin (see Fig. 6a in Roy
and Sahu 2015a).
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Fig. 5.9 Lithological evidence of high hydraulic action during early Pleistocene epoch, upward coarser layer of Sijua
formation indicates the presence of high flow action over here

5.5 Conclusion

The overall attempt has been made to correlate
the role of subsurface lithology, defined by
gravity anomaly, on the explanation of anoma-
lous drainage behaviour and drainage patterns of
Kunur Basin and rivers in surroundings. The
study has confirmed that the typical pattern of
Kunur River, in its downstream area, is a com-
bined result of underlying geology, i.e. variation
of density and thickness of sedimentation and
neotectonic movements. Tectonically formed
grabens are the major sources of gravity anomaly
over the WBB and the intersection zone featured
with maximum negative anomaly and typical
arrangements of surface river lines and their ge-
ometry. However, the resolution of Bouguer
gravity anomaly is coarse but the data have
played a valuable role in the combined interpre-
tation of channel geomorphology and help to
uncover the underlying causes behind the chan-
nel pattern adjustment. The subsurface litholog-
ical configuration helps to discriminate the
variation of Bouguer gravity values and associ-
ated geology of this region. TTSF and AF indices

also assist to define the presence neotectonic
actions within the basin and field photographs
provide valuable support in this interpretation.
N.B. for special understanding on influence of
faulting on the extra-channel geomorphology,
readers may go through Chap. 4 of this volume
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Abstract

Neo-tectonism affected the evolution of land-
scape across the earth since post-Miocene.
The Khari river in Lower Damodar fan delta
in West Bengal similarly portrayed the
imprints of neo-tectonism in the forms of
rapidly changing meander geometry, defor-
mation in long profiles, unpaired terraces, soft
sediment structures (fluid escape structure and
convolute), etc. The study of meander geom-
etry considering 142 loops (upper—92, mid-
dle—38 and lower—12) for the years 1972
(Survey of India topo-sheet) and 2017

(Google Earth images) portrayed rapidity in
channel evolution in the middle and the lower
stretches of the river compared to its upper
counterpart as shown by the changing sinu-
osity index during 1972 and 2017 (upper: 0.1,
middle: —0.4 and lower: —0.42), radius—
wavelength ratio (upper: 0.01, middle: —0.06
and lower: —0.04), meander shape index (up-
per: —0.05, middle: —0.09 and lower: —0.01),
and meander form index (upper: —0.02, mid-
dle: —0.17 and lower: —0.13). We found this
kind of meander behaviour to be correlated
with the negative Bouguer anomaly (—45 to

®
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—30 m Gal) in the middle reach. Similarly,
based on SRTM DEM (30 m), we detected a
break in the long profile at the middle reach
underlain by a sub-surface fault. In addition,
we observed unpaired terraces in the middle
reach. Besides, our extensive field survey
guided us to identify long continued fluid
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6.1 Introduction

Neo-tectonism is the most recent jerk in the
geological history of the earth operating since
post-Miocene to recent (AGI 2009). Most of the
neo-tectonic movements and resultant landforms
belong to Quaternary period which reveals the
youthfulness of the topography (Ashley 1931).
Virtually all geomorphological landscapes across
the world owe their origin to neo-tectonism of
Quaternary period. Therefore the issue of neo-
tectonic movements or Quaternary controls over
the evolution of landscape is overwhelmingly
explored by the geoscientists. The neo-tectonic
features have been studied by five complemen-
tary approaches—lineament analysis, drainage
analysis, comprehending volcano morphology,
use of geo-spatial tool especially images and
DEM and field exploration (Rosenau 2014).
However in most cases drainage analysis coupled
with assistance from field and geo-spatial science
has been popularly used by scholars to unveil the
neo-tectonic mysteries. The studies of drainage
network (gtépanéikové et al. 2008), channel
pattern (e.g Lahiri 1996; Perucca et al. 2013),
channel morphology (e.g. Goswami 2011), nat-
ure of fluvial incision (e.g. Cunha et al. 2005),
river sinuosity (e.g. Timar 2003; Zamolyi et al.
2010), deformation in long profiles (e.g. Radoane
et al. 2003), changes in valley floor width(e.g. Bil
2002), channel capture (Sinha-Roy 2001) in
relation to neo-tectonics are common in litera-
ture. Besides these specific approaches, channel
changes and basin evolution regarding tectonic
forcing (e.g. Latrubesse and Franzinelli 2002;
Cremon et al. 2016; Sougnez and Vanacker
2011; Shukla et al. 2009; Agarwal et al. 2002;
Dar et al. 2013; Silver et al. 2015; Mats et al.
2000) have been focused all over the world. The
drainage evolution of Ganga-Brahmaputra (GB)
delta is largely a response to neo-tectonic
movements in Quaternary period (Akter et al.
2016; Sarkar et al. 2009). The major rivers of this
delta including Ganga, Brahmaputra and their
major tributaries like Ajay, Damodar have well
been explored in the context of morpho-tectonic
setting from the mega-scale approach (Goodbred
2003; Goodbred and Kuehl 2000a, b). But the
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small tributaries like Khari, Kuye, Banka have
drawn very little attention for the tale-tell lack of
micro-scale survey. Though some scholars (e.g.
Sen 1976, 1978; Roy and Sahu 2015) worked on
few streams during the last few decades, the
advances in knowledge is still very meagre to
comprehend the drainage evolution and hydro-
geomorphic instability in the micro-geomorphology
of the Lower Ganga basin especially in the
Damodar fan delta (DFD). Khari river being a part
of DFD is still least explored in terms of reve-
lation of landforms, drainage characteristics and
geological features. Thus, the goal of the present
contemplation is to understand the mode of
evolution of the present basin in the context of
palaeogeography and to search the occult
imprints of neo-tectonism on landform, drainage
and sedimentation in the alluvial plain of
Damodar valley encompassing Khari river.

6.2 Study Area

Khari River, a right bank tributary of the
Bhagirathi-Hooghly system, originates from
Maro village near Budbud and flows in the
eastern portions of the Bardhhaman district
traversing an area ~ 2342 km? in Ajay-Damodar
Interfluves (ADI) between 23° 10" 10"N to
23° 38" 52”"N and 87° 23" 39"E to 88° 20" 45"E
(Fig. 6.1). Geologically this area belongs to the
Bengal Basin and geomorphologically it is a
mature delta sloping towards east-south east with
a minimum elevation of 5 m and a regional
maximum of 60 m from msl (Fig. 6.2a). Regio-
nal stratigraphy reveals three Quaternary forma-
tions—Sijua, Chuchura and Hooghly formation
(Fig. 6.2b) besides a Cenozoic Laterite forma-
tion (Ghosh and Islam 2016). Sijua formation,
being the oldest unit (Upper Pleistocene to lower
Holocene) represents an undulating surface
comprised of fairly oxidized clay with alternate
layers of ‘caliche’ and ferruginous concretions.
Chuchura formation, the intermediate unit in
sequence (Middle Holocene to upward Holo-
cene) depicts natural levee, back swamp,
paleo-channels, point bar and cut-off meander.
Lithologically this unit is characterized by
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sparsely oxidized sand, silt and clay with fining
sequence. Hooghly formation, the youngest in
age (Upper Holocene) is dominated by Point bar,
and river terrace comprised of fine to coarse sand
and silt with little clay.

6.3 Methodology

The present work has been carried out following
a systematic methodology starting with the
selection of the problem ultimately leading to
unveiling the reality through a number of stages
(Fig. 6.3).

6.3.1 Collection of Data

For conducting the present work, data have been
collected from both the primary and secondary
sources. Primary data have been collected on
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visit. The dimensions of the beds were measured
by tape and the textural composition was deter-
mined in field by feel method. Soft sedimentary
structures were excavated along the bank of river
using geological hammer and normal trowel. The
collection of field data was profusely helped by
digital camera and normal Global Positioning
System (GPS). Secondary data have been col-
lected from Survey of India (SOI) Topographical
maps of 1972 (79M/11, 79M/15, 79M/16 and
73A/2, 73A/3, 73A/6, 73A/7), Seismo-tectonic
atlas (SEISAT-24) of India prepared by Geo-
logical Survey of India (GSI) , District Resource
Map of Barddhaman prepared by GSI (2001),
Shuttle Radar Topography Mission (SRTM)
Digital Elevation Model (DEM) of 30 m reso-
lution of United States Geological Survey
(USGS) Earth explorer (https://earthexplorer.
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6.3.2 Analysis of Meander Geometry

6.3.2.1 Selection of Loops

Meander loops have been selected according to
their SI. Following Rosgen (1994), Zamolyi
et al. (2010), Dey (2014), Islam and Guchhait
(2017), those loops having SI > 1.10 in the 1972
topo-sheets have been considered for the present
analysis. Thus, a total of 142 loops (Upper 92
taking 46 on each bank; Middle reach 38 taking
19 on each bank; and Lower Reach 12 talking 6
on each bank). The loops identical to 1972 have
been selected for 2017 images irrespective of
their SI for tracking any subtle changes in the
loop geometry during 1972 and 2017.

6.3.2.2 Indices on Meander Geometry

(a) Sinuosity index (SI)

Sinuosity index (SI) is the most common and
widely used measure of the intensity of meander
or degree of convolution of a stream. There are
several forms of sinuosity indices formulated by
Leopold and Wolman (1957, 1960), Schumm
(1963), Leopold et al. (1964), Leopold and
Langbein (1966), Brice (1964, 1984), Stolum
(2013). In this present study, sinuosity index
(SI) was calculated using formulae devised by
Leopold and Langbein (1966) as a simple ratio
between channel length and wave length.

(b) Radius-wavelength ratio (r/))

It is the ratio between radius of curvature
(r) of a meander bend and wavelength (1) of that
meander and is defined as /. If width of the
channel is ignored, the ratio for a sine generated
curve is 1:4 when centre of the curvature is on
the m,,. This ratio is a good measure to the
intensity of meander. If centre of curvature and
apex of loop is on opposite sides of the my,,,
intensity or degree of convolution of a meander
is inversely proportional to the ratio. On the other
hand, if centre of curvature and apex of loop is
on the same side of the m,y, intensity or degree of
convolution of a meander is directly proportional
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to the ratio indicating the loop approaching
towards neck cut-off.

(¢c) Meander Shape Index (S,,.I)

It is the dimension less measure of bend
tightness and defined as the ratio between radius
of curvature (r) and amplitude (a,,) of meander
and expressed as follows:

Swl = rlay, (Das 2014).

If wavelength / is constant, intensity or degree of
convolution of a meander is expressed by the
value of the S,,I. Lesser the S,,/, more intense is
the meander. When

Sml > 1, it is open meander,

Sl = 1, it is regular meander,

SI = 0.5, it is intense meander,

Sl < 0.5, it is acute meander.

(d) Meander form index (F,[)

It is the measure of degree of intensity or
degree of curvature of a meander. It is defined as
meander-amplitude (a,,) divided by wavelength
(4) and expressed as

Fol =ay/A

If r remains constant, F,,/ is proportional to
the degree of intensity and curvature of meander.
If

FI < 0.25, meander is open,

FI = 0.25, meander is regular sine curve,

F.I = 0.50, meander is intense,

F.I = 1, meander is acute,

F.,I > 1, meander is more acute towards neck
cut-off.

(e) Combined index of meander intensity
(CIMI)

In S,/ and F,,I, A and r is conditional for
understanding of the indices. Therefore, incor-
poration of conditional variables may strengthen
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the measure. Therefore combined index of
meander intensity (CIMI) is formulated as

1
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6.3.3 Construction Long and Cross
Profiles

Long profile and cross profiles both have been
drawn from SRTM DEM data in ArcGIS. For
long profile, first the entire stream length
(~195 km) has been sub-divided into 100 m
steam segments. Second, each 100 m segment
has been converted into point feature. Third,
point data have been interpolated from SRTM
DEM. Finally a long profile has been graphed for
Kari river taking 1996 elevation points (z). For
cross profiling, an ‘interpolate line’ has been
drawn followed by ‘profile graph’.

6.3.4 Stream-length (SL) Index

A more celebrated methodology to determine
stream-length index (Hack 1973a, b) or stream
gradient index (Seeber and Gornitz 1983; Bur-
bank and Anderson 2001), however, takes mea-
surements in successive equal contour intervals
ignoring directional variability along the river

course.
dH
SL=(—|L

where dH for variation of elevation, dL—the
length of the segment, and L—total channel
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length from the midpoint of the segment where
the index is calculated to the drainage divide.

6.4 Revelation of Neo-tectonism
from Landform Distinctiveness
in Conjunction with Drainage
and Sedimentation—An
Analysis

Tectonism creates and surficial processes modify
earth’s surface relief. The vertical component of
plate-related movement is antecedent to topog-
raphy, while erosion-deposition remoulds it.
Exogenous sedimentary processes thus tend to
obliterate topographic signature of tectonism.
The extent of obliteration depends on the
climate-related rate of erosion and how fre-
quently tectonism interrupts the drift. Drainage
and sedimentation are cogently affected. Tectonic
signatures are, nevertheless, difficult to distin-
guish from effects of climate (Kober et al. 2013).
The signature of neo-tectonism is, however,
expected to be more readily obliterated in the
chosen area because of wet climate. The huge
data set generated in this study area will thus
satisfy a long standing need. The study includes
erection of digital elevation model for the study
area, highlighting the different physical attributes
of the said river course, determination of sinu-
osity of the latter, delineation of watershed basin,
distinguishing drainage patterns and stream gra-
dients and their corresponding stream lengths.
Remote sensing helps reconstruct the multiphase
histories of the said course belonging to the River
Khari. However, only a few studies have focused
on landscape development, conjunctively with
the underlying relationship between landscape
and structures. Facies analysis is taken recourse
to reveal sedimentation dynamics. It is worth
mentioning here that high-resolution facies
analysis encompassing the testimony of archi-
tectural elements of genetic classification have
been adopted in present study area and a detail
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account of which has been represented in the
following Sect. 6.4.2.1.

6.4.1 Landform Distinctiveness
and Drainage
6.4.1.1 Changing Meander Geometry

Change in meander geometry indicates a distinct
pattern of channel dynamism. For Kari river this
change is remarkable which deserves a special
treatment. Change in geometry has been por-
trayed through four basic variables (radius,
amplitude, wavelength and channel length) and
some ratio variables (Sinuosity index,
radius-wavelength ratio, meander form index and
meander shape index) discussed in the following
sections.

Basic Variables
(a) Radius of curvature (r)

There is a direct relation between radius of cur-
vature of a bend of meander and magnitude of
volume of discharge and width of the channel. If
wave length (1) is constant, then smaller the
radius of curvature, more intense is the meander
(Das 2014). Average r for Khari river in 2017
(47.20 m) in comparison to 1972 (52.56 m) is
decreased by 5.36 m. Radius of curvatures also
found increased downstream (Fig. 6.4a, b). In
1972, average r for lower reach (122.23 m) was
much higher than upper (39.74 m) and middle
(61.56 m) reaches (Table 6.1). This is also a
normal observation as channel width increases
downstream and as per Leopold and Wolman
(1960) there is nearly a constant ratio between
rand A and between r and w. The normal trend of
downward increase of magnitude of radius of
curvature was also recorded during 2017 also.
During 2017, average r for upper reach was
36.16 m, for middle reach 48.62 m and for lower
reach 127.38 m (Table 6.2).

S. D. Barman et al.
(b) Amplitude of meander (a,,)

The vertical distance between crest and trough is
called the peak-amplitude (A,,). River scientists
often use A, simply as amplitude. Physicists use
the term ‘amplitude’ (a,,) to indicate half of the
peak-amplitude which has been used in this
paper. Amplitude used in this paper therefore is
defined as the largest vertical distance of a bend
apex along thalweg line from meander axis (m1,y).
In this present study, average magnitude of
amplitude of meander displayed a gradual
increase from upper reach (79.99 m) via middle
reach (138.24 m) to lower reach (223.13 m) in
1972 (Fig. 6.5a). The same trend was found in
2017 also (Fig. 6.5b). Average amplitude was
7493 m at upper reach, 110.25 m at middle
reach and 210.66 m at lower reach (Table 6.1).
Spatial (upper, middle, lower reaches) variations
in co-efficient of variation were not significantly
different during 1972 (from 38.99 to 41.54). This
fact appreciates the concept of ‘scaled version’ as
channel width, the most stable variable of chan-
nel morphometry, increases downstream. But at
present (in 2017), amplitude of meanders in
middle reach with sub-surface fault and negative
Bouguer’s anomaly shows much more stability
in magnitude (CV 51.99) in comparison to upper
(CV 57.12) and lower (CV 50.38) reaches
(Table 6.1).

(c) Wave length ()

Rivers are seldom straight through a distance
greater than about ten channel widths (Leopold
et al. 1992) and meandering is the obvious phe-
nomenon of any natural river channels.
Spatio-temporal changes in channel dynamics are
well manifested through meander geometry and
channel morphometry. Wavelength (/) is one of
the variables of meander geometry and is defined
as crest to crest or trough to trough distance.
A change in 4 of a particular meander over time
definitely indicates the dynamic nature of the
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Fig. 6.4 a Spatio-temporal variation in radius (1972). b Spatio-temporal variation in radius (2017)

Table 6.1 Descriptive statistics of the basic variables

River Descriptive Radius
reach statistics 1972
Upper Mean 39.74
S.D 15.78
C.V. 39.72
Middle  Mean 61.56
S.D. 26.23
C.V. 42.61
Lower Mean 122.33
S.D. 60.56
C.V. 49.51

2017
36.16
22.58
62.45
48.62
30.29
62.29

127.38
65.72
51.59

Amplitude

1972 2017
79.99 74.93
31.19 42.80
38.99 57.12
13824 | 110.25
54.32 57.32
39.3 51.99

223.13 | 210.66
92.69 | 106.13
41.54 50.38

Wave length

1972
184.18
73.87
40.11
271.17
100.71
36.33
550.13
288.96
52.53

2017
155.49
87.47
56.26
229.21
138.49
60.42
574.07
324.89
56.59

Channel length
1972 2017
376.85 380.63
131.97 210.37
35.02 55.27
634.24 540.47
195.82 271.17
30.87 50.17
1179.97 1181.35
408.32 515.61
34.6 43.65

Computed from the topographical maps (1972) Google Earth images (2017). N.B: Mean and standard deviation (S.D.)
in metre and coefficient of variation (C.V.) in %

channel. There is a general and obvious increase
in wavelength of meander towards downstream
due to gradual downstream increase in magni-
tude of other hydro-morphometric variables like

width (w) and average depth (d) of the channel
and discharge (Cotton 1952; Schumm 2005).
This is because meander properties of different

rivers are

‘scaled version’ of same set of
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Table 6.2 Descriptive statistics of the ratio variables

Radius-wave
length ratio

River reach  Descriptive statistics  Sinuosity index

1972 2017 1972 2017

Upper Mean 2.2 2.30 0.24 0.23
S.D. 0.85 1.23 0.11 0.13

C.V. 3859 53.68 46.74  59.62

Middle Mean 2.6 2.20 0.25 0.19
S.D. 1.4 1.30 0.16 0.13

C.V. 53.67 1 59.29 64.21 65.70

Lower Mean 2.53 2.11 0.26 0.22
S.D. 1.29 1.16 0.14 0.11

C.V. 51.03  55.11 5424  49.89

Meander shape Meander form

index index

1972 2017 1972 2017
0.53 0.48 0.48 0.46
0.19 0.31 0.25 0.26

3591 63.73 5199  57.67
0.47 0.38 0.62 0.45
0.19 0.22 0.54 0.28

40.05 5879 8775  62.54
0.63 0.62 0.51 0.38
0.44 0.42 0.34 0.24

69.83 | 67.66 6737  62.65

Computed from the topographical maps (1972) Google Earth images (2017). N.B: Mean and standard deviation (S.D.)

in metre and coefficient of variation (C.V.) in %
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Fig. 6.5 a Spatio-temporal variation in amplitude (1972). b Spatio-temporal

geometric variables (Leopold and Wolman 1960;

variation in amplitude (2017)

Average magnitude of A of meander showed a

Shahjahan 1970) and this is true for meanders of gradual increase (Fig. 6.6a) from upper reach

different reach of the same river.

(184.18 m) via middle reach (277.17 m) to lower
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Fig. 6.6 a Spatio-temporal variation in wavelength (1972). b Spatio-temporal variation in wavelength (2017)

reach (550.13 m) in 1972 (Table 6.1). The same
trend was found in 2017 also (Fig. 6.6b). Mag-
nitudes were 155.49 m at upper reach, 229.21 m
at middle reach and 574.07 m at lower reach.
Spatio-temporal (upper, middle, lower reaches;
in 1972 and 2017) variation in co-efficient of
variation is the least for middle reach (36.33 in
1972 and 56.21 in 2017) (Table 6.1) which is
most affected by sub-surface fault and displayed
negative Bouguer’s anomaly.

(d) Channel length per Loop ()

Channel length or loop-wise channel length
(D) is the length along thalweg line of the channel
segment confined within a meander loop either to
the left or to the right side of the meander axis.
There was an increase in average length of
channel per loop in 2017 in comparison to 1972

for all the three reaches (Fig. 6.7a, b). CV for
length of channel per loop in 1972 was 30.87
(lowest) at middle reach and 35.02 (highest) at
upper reach (Table 6.1). But in 2017, middle
reach with tectonically significant substrate,
became considerably unstable and CV increased
to 50.17.

Ratio Measures
(a) Sinuosity index (SI)

Average sinuosity index in the year 1972 was
2.34 and in 2017 it was 2.26 (Table 6.2).
Although some meander necks have been cut-off
and detached from the river after 1972, yet the
river again convoluted to SI of 2.26 at present
(2017). This indicates the unrest, active and
oscillating nature of the river. However, during
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Fig. 6.7 a Spatio-temporal variation in channel length (1972) b Spatio-temporal variation in channel length (2017)

1972, SI was the maximum at middle reach
(Fig. 6.8a), the reach most affected by negative
Bouguer’s anomaly and the presence of
sub-surface faulting. But during 2017, SI at
lower reach was reduced to 2.11 what was 2.53
during 1972 (Table 6.2). This indicates the phe-
nomena of occurrence of cut-off of meander
loops between these two periods. SI have been
increased from 2.20 in 1972 to 2.30 in 2017 at
upper reach and 2.60 in 1972 to 2.11 in 2017 at
lower reach (Table 6.2). Even after neck cut-off
of meanders, this increase in SI indicates active
unrest nature of the channel.

(b) Radius-wavelength ratio (/L)

At upper reach of the Khari river, average
ratio was decreased from 0.24 in 1972 to 0.23 in
2017. It indicates the phenomena of loop cut-off
and it was found that during this time span, 10
cut-offs took place in this reach. During 1972, the
average value of the ratio was near the value of a

sine generated curve (0.25). For middle reach,
average ratio was as like as perfect sine generated
curve (0.25) in 1972 which was reduced to 0.19
in 2017 (Table 6.2). As S,/ of middle reach for
the year was less than 0.5, it indicates the
occurrence of loop apex and centre of curvature
to the opposite sides of the my,,. Therefore,
reduced /2 ratio in 2017 indicates relatively less
intense meanders. In case of lower reach, r/A
ratio has been reduced from 0.26 in 1972 to 0.22
in 2017 but S,/ decreased from 0.63 to 0.62
(Table 6.2). These indicate the intense form of
meander as well as very dynamic nature of the
channel reach (Fig. 6.9).

(c) Meander shape index (S,,])

Average S,/ for Khari river was 0.52 during
1972 and 0.46 during 2017 (Table 6.2). It indi-
cates higher degree of convolution of meander
(Fig. 6.10a, b). In 1972, averages of S,/ were
0.53 and 0.63 at upper reach and at lower reach
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Fig. 6.8 a Spatio-temporal variation in sinuosity index (1972). b Spatio-temporal variation in sinuosity index (2017)

respectively (Table 6.2), which indicate intense
nature of meander. At middle reach, the reach
with —ve Bouguer’s anomaly and sub-surface
faulting, S,/ was 0.47 which indicates acute
meanders. After 1972, meander necks were
cut-off. Even then in 2017, S,/ at middle reach is
reduced further to 0.38 indicating acute nature of
meander (Table 6.2).

(d) Meander Form Index (F,,/)

Averages F,I of Khari river in 1972 and 2017
were 0.52 and 0.45 respectively with a very little
difference (0.07). In 1972, averages of F,,[ at
upper, middle and tail reaches were 0.48, 0.62
and 0.51 respectively indicating intense nature of
meander curvature (Fig. 6.11a). In 2017, the
values were 0.46, 0.45 and 0.38 (Table 6.2)

respectively indicating relatively less intensity of
meander curvature or experience of previous
cut-off.

() Combined index of meander intensity
(CIMI)

Meander intensity or degree of convolution of
tortuous channel may be well snapped if several
measures are blended together. Sinuosity index is
the best measure for the degree of intensity or
degree of convolution of meander. But whether
the meander is approaching towards neck cut-off
or how far from the ultimate fate is hardly con-
figured in the index. That is why CIMI was
formulated.

Higher CIMI for 2017 in comparison to 1972
indicates higher degree of intensity of meander
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bends in 2017 (Table 6.3). Another interesting
observation is that in both 1972 and 2017, CIMI
is higher in middle reach which is set over the
base with sub-surface fault and —ve Bouguer’s
anomaly. This observation indicates control of
sub-surface geology over fluvial forms and
processes.

6.4.1.2 Stream-Length Index or Stream
Gradient Index

A more celebrated methodology to determine
stream-length index (Hack 1973a, b) or stream
gradient index (Seeber and Gornitz 1983; Bur-
bank and Anderson 2001), however, takes mea-
surements in successive equal contour intervals
ignoring directional variability along the river
course.

radius-wavelength

ratio (1972) b  Spatio-temporal variation in

Rivers generally tend to acquire concave-up
profile, especially in their downstream parts
because of increasing contributions from tribu-
taries. Against this background, convex-up ge-
ometry of the hypsometric curve of the Khari
River studied herein, especially at their down-
stream ends points to possible influence of
regional tectonics. The H-L (semi-logarithmic)
plots or the Hack’s profiles clearly document
downstream fluctuations in channel-gradient
along the present endeavour. The concavo—con-
vex geometry of the Hack’s profile manifests
significant spatial change/s in pattern of dise-
quilibrium with respect to the graded profile.
This change without any lithologic correspon-
dence can hardly be explained by climate which
is a regional feature; a role of differential effect of



6 Imprints of Neo-tectonism in The Evolutionary Record ... 119
(a)
2:50 y = 2E-11x5 - 1E-08x + 2E-06x% - 0.0001x3 + 0.0043x2 - 0.0612x + 0.8048
x R?2=0.1591
3 200
£
[}
a 1.50
= Upper Reach ) Lowe
) Middle Reach Reac
o 1.00
©
5
v 0.50
=
0.00
N O X 4 N W 0 & M W 0 I M O 0 M O O . M O 0 4 M O 0
—4 r 4 00 +Hd d d d N N N AN OO O ON ST T T ST DN DD © O OV O N
o x 4 xx 4 o 4 o 4 o 4 ey Jxx Jdxeg Jdx Jdx de -
Meander Loops
(b)
2.50
< y = 2E-11x8 - 1E-08x° + 2E-06x* - 0.0001x3 + 0.0057x2 - 0.1072x + 1.167,
§ 2.00 R?=0.1877
& 150
g ' Upper Reach Lower
5 1.00 Middle Reach Reach
©
c
$ 0.50
=
0.00
N WX MWW O " M WO A M W O I M W O A mMm W 0 + M O 0
) x 4 0 4 d d d N AN NN OO NN NN OO OO
— x 4 x 4 x - e 4 ¢ 4 ¢ 4 ¢ 4 x 4 x Jex -4 o -

Meander Loops

Fig. 6.10 a Spatio-temporal variation in meander shape index (1972). b Spatio-temporal variation in meander shape

index (2017)

tectonics cannot be denied (Brookfield 1998).
Apparently the basement uplift rate had been
laterally differential; the marked part (¥) was
uplifted comparatively at a faster rate which has
been evidently shown the relation with the
adjacent Damodar fault (Fig. 6.12). Significantly
this disequilibrium manifestation of graded pro-
file can be explained with the association of
different sub-surface faults represented by seis-
motectonic map encompassing Bouguer anomaly
(Fig. 6.13).

Marked downstream steepening of Hack’s
profile across the faults is a common feature for
the studied river and without correspondence to
regional lithological change testifies the tectonic
effect.

The SL profile, nevertheless, rises at basement
for the river studied here without any regard to

lithologic change and that unambiguously points
to neo-tectonism.

6.4.1.3 Unpaired Terrace

The river channel in the present endeavour is no
more aggradational, but deeply incisive. The
river cuttings are now present as wind gaps and
the active channel banks are sculpted by multi-
generational terraces, predominantly unpaired
(Fig. 6.14) which again is a distinct manifesta-
tion of neo-tectonism.

6.4.2 Sedimentological Aspects
6.4.2.1 Facies Analysis

Lithologically unconsolidated quaternary sedi-
ment constituting the studied herein is entirely
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Table 6.3 Average CIMI of the meander loops

Reach %

1972 2017
Upper 3.58 5.20
Middle 5.12 5.30
Lower 3.18 2.50

Source Computed from the topographical maps (1972) Google Earth images (2017)
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siliciclastic, ranging from sand to mud. Alto-
gether five distinctive facies have been recog-
nized; the large spectral variation in their
character reflects large variation in sedimentation
dynamics through space and time. The facies
designation adopted in this section following
Miall (1985). All the facies are described and
interpreted below

Facies Facies name Facies Facies
designation description interpretation
Sh Planar Planar Sheet flow
laminated sand  laminated sand = product,
with sheet-like  possibly
or tabular generated by
geometry reworking of
(Fig. 6.15¢) bar-top
sediment
during falling
water stage
S1 Planar This facies is This facies
laminated of fine-grained | resemble levee
fine-grained sand internally | deposits. The
sand characterized fine-grained
periodically by stacked up nature of the
interrupted by sets of planar sediment
silt stringes laminae suggests
separated from  deposition
each other by away from
low angle silt channel
drapes thalweg and on
(Fig. 6.15a) channel bank.
The successive
low angle silt
laminae
manifest
periodic levee
accretion
St Trough This facies is This facies is
cross-stratified  trough inferred as
Sand cross-stratified | deposit within
in sand, small
completely or channels. This
nearly facies
pebble-free presumably
(Fig. 6.15¢) formed under
relatively
lower flow
intensity than
the facies SI
Fl Ripple This facies is It is an obvious
laminated silt made of silt product of low
internally energy
characterized domain,
by small scale | possibly in the
trough x-strata | overbank
and appear to region. This
have sheet-like | contention is
geometry corroborated
within outcrop by its common
limit. At places = association

root-moulds with overbank

(continued)
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Facies Facies name Facies Facies
designation description interpretation
abound within | mud. Besides,
this facies local
(Fig. 6.15d) abundance of
root-moulds
further
corroborates
the scheme of
deposition
envisaged
Fr Mud This facies is This is low

characterized
by mud bodies

energy product
of overbank

having tabular | origin; the
geometry; contention is
however, their | further
surfaces may corroborated
be knobby, by the

They may bear = presence of
fine planar rootcasts.
laminae but Preferred
more often concentration

of rootlets
along bed top

than not look
massive and

bear many root = surfaces
casts. Rootlets | suggests
often existence of
concentrate omission
along the top surfaces,
surfaces of the | perhaps
beds. Multiple | representing
units of this intervals
facies may between
stack up successive
vertically floods. The
(Fig. 6.15b) vertical
stacking of this
facies
manifests
subsidence

6.4.2.2 Soft Sediment Structures

Plenty of soft sediment deformation structures
(Seth et al. 1990; Sarkar et al. 1995, 2002) are
found scattered within the sediment piles con-
stituting the studied herein. They are of varied
kinds: fluid escape, single-lobated convolute,
multi-lobated convolute, imbricated convolute,
contorted laminae, sag and pseudonodule struc-
tures (Fig. 6.16a, b). Preferred concentration of
these structures, nonetheless, along the contacts
between successive episodic phases. Such con-
centrations of soft sediment deformation struc-
tures are most conspicuous (Fig. 6.16a, b) and
having lateral extent of same stratigraphic level,
encompassing the entire watershed basin. Such
conspicuous concentration as well as wide lateral
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Water gap

Fig. 6.14 a Transverse valley profile of the river Khari sculpted by unpaired terraces connected by dashed lines.
Altitudes are shown in metres. b Field photograph of unpaired river terraces

Fig. 6.15 Field photographs of few distinctive facies (Fr) ¢ Planar laminated sand (Sh) d Ripple laminated silt
with designations: a Planar laminated fine-grained sand (Fl) e Trough cross-stratified sand (St)
with intermittent silt stringes (SI) b Muddy with rootcasts
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Fig. 6.16 Various types of Soft-deformational structures
along the fan systems shown here as imprint of tectonic
jerking: a Contorted laminae and fluid escape structure

extent of soft sediment deformation structures in
the said river section further corroborates the
effect neo-tectonism.

6.5 Conclusion

Neo-tectonism is an ongoing process which has
steadied the evolution of Khari river basin
marked by its intensified growth of steam
meandering. During 1972-2017, the average
sinuosity has decreased with time due to ten
cut-offs. This dictates a clear pattern of unstable
and frequently changing river behaviour which
has striated the channel to a certain extent. The
reach-wise analysis of meander geometry
depicts that the middle reach of this river is
more unstable than its lower or upper counter-
part due to the effect of structural control
(negative Bouguer anomaly coupled with the
presence of sub-surface fault). Variations in

laminae and multi-lobated convolute

b Contorted
¢ Ferruginous crust marked by yellow head arrows
d Rootlet

stream gradient indices along channels of the
rivers, without correlatable lithologic changes,
clearly testify dominant tectonic control on
landform and drainage. Ferruginous crusts,
scouring surfaces and rootlet concentrations at
many stratigraphic levels is in accordance with
generally discontinuous sedimentation on allu-
vial plains, but their lateral persistence over a
distance of ~ 195 km stimulates the perception
of regional hiatuses of probable tectonic impli-
cation. It has been further corroborated by the
conspicuous concentration as well as wide lat-
eral extent of soft sediment deformation struc-
tures in the said river section. Deep incisions
made by the present-day river on the plains with
unpaired terraces, nonetheless, imply recent
change in condition favouring degradation
instead of aggradation.

N. B. For special understanding on influence
of faulting on the extra-channel geomorphology
of the Ajay-Damodar interfluve readers may go
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through Chap. 4 of this volume. Imprint of
neo-tectonism and other geophysical control on
channel pattern adjustment is well picturized in
Chap. 5 of this volume.
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Abstract

To understand palaeo-climatic conditions and
also tectonic activities of the past, it is
necessary to identify the probable ancient
tracks of a river. Among many approaches, at
the primary level, the written evidences like
old literatures may be used as basic tools for
palaeochannel identification and mapping.
India being rich in religious texts and litera-
tures, offers a vast scope for the study of
historical geography as well as palaeo-
geography. Keeping in view the above con-
cept, we have tried to identify and mapping
the palacochannels of Damodar fan delta of
West Bengal with the help of medieval
Mangal-kavya. In the poems of Ketakadasa
Kshemananda’s Manasamangal-kavya of sev-
enteenth century, Damodar River took an
important place and it is the main cause of our
selection of it for our present study. In
Manasamangal-kavya, many settlements have
been mentioned which helps to identify the
locations of palaeochannels. Result shows that
below Barddhaman (West Bengal), the Damo-
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dar River or its deltaic distributaries was
flowing east to meet the Bhagirathi River
during seventeenth century. We also get
positive result when we tried to calibrate the
information with other old maps.

Keywords

Palaeochannel * Historical geography
Palaeo-geography * Damodar river * Damodar
fan delta

7.1 Introduction

Geography is considered as the study of spatial
organization expressed through processes and
patterns of the earth surface. The spatial organi-
zation is multi-dimensional and time, the fourth
dimension, plays a vital role in determining the
characteristics of a region. A comprehensive
study of a region may be complete only when
facts behind facts have been systematically
investigated and correlation properly established
(Shukla 2013). In this context, for systematic
investigation of spatial organization, the study of
palaeo-geography is essential to reconstruct the
geography of the past. Palacochannels are the
long remnant scars of rivers/streams which were
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flowing either ephemeral or perennial during the
geological past but presently these are either
buried or lost or shifted due to internal (tectonic
activity) and external (climatic, geomorphic and
anthropogenic) activities, iS an important com-
ponent of palaeo-geography (Goudie ed. 2004;
Charlton 2008; Nandini et al. 2013; Kumar 2011)
because it represent the distribution of valley
systems as these existed at a given geological
time in the past (Bates and Jackson 1980). Its
mapping and identification also has great
importance in geology and climatology as
palaeochannels has good groundwater potential-
ity and preserves sedimentary records useful to
understand the palaeo-climatic conditions and
also tectonic activities of past (Nandini et al.
2013).

There are certain approaches for palaecochan-
nel identification. After Knighton (1984), the
whole approaches can be classified as (i) Graph-
ical sources, (ii)) Sedimentary evidences,
(ii1) Written evidences, (iv) Direct measurement
and (v) Dating techniques. Among those, at the
primary level, written evidences like old litera-
tures may be used as basic tools for
palaeochannel identification and mapping.
Keeping in view this concept, the present work
aims to show the importance of historical evi-
dences in the identification of palaeochannels in
Damodar fan delta of West Bengal. With rich
heritage of religious texts and literatures, India
offers a vast scope for the study of historical
geography as well as palaeo-geography. For
example, two great epics of India The Ramayana
and The Mahabharata highlight the physical and
cultural landscapes of ancient India. The River
Saraswati has been described in many hymns of
Vedic literature. Thus old literatures like Veda,
Upanisads, Puranas, Epics and many other
Sanskrit writings like Kautilya’s Arthasastra are
authentic sources for attempting a comprehensive
description of ancient Indian geographical
knowledge, thoughts and concepts which are still
awaiting to be unraveled by a team of interested
and competent scholars (Tamaskar 1989).
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7.2 Previous Works

Tamaskar (1989) in his book “Geographical
knowledge in Upanisads,” has tried to explain the
rich ore of geographical knowledge lying hidden
in most of the known and published Upanisads.
Adi-kavya of Sanskrit literature The Ramayana
also represents the physical and cultural scenario
of ancient India (Shukla 2013). In Tamil literature
“Kalingathuparani” there is description of River
“Palar” which was flowing north of Kanchipuram
city but the same river is now flowing south of it
(Ramasamy 2005). With the help of medieval
Bengali literature, Bandyopadhyay (1996) has
tried to identify the palacochannels of Bhagirathi
or Adi-Ganga River in West Bengal. In the
Matsyapurana (a sixth century BC tract) the
present Damodar River is named Mahagauri and
has been described as a rocky River (Antasira)
and a river that is difficult to encounter (Dur-
gama) (Ali 1966; Bhattacharyya 2011), which
indicate the upstream bedrock-controlled courses
of Damodar River. In Vedic literature, description
of ancient Saraswati River of western India
influence many researchers (Oldham 1886; Mur-
thy 1980; Singhvi and Kar 1992; Valdiya 1996,
2013; Kalyanaraman 1997; Mukherjee 2001;
Tripathi et al. 2004; Sinha et al. 2012) to work in
this desert area of western part of India. Not only
in the Rigved, but also in the Purans and in the
epic Mahabharata, there was the description of
this mighty River Saraswati (Valdiya 2017),
which flowed for 1000 km parallel to the River
Indus from the Himalaya to the Arabian Sea.
Krishnan (1968) has observed that “The Sar-
aswati has been described in Vedic literature
(probably 5000 BC or earlier) as a great river—
greater even than the Indus and Ganges.”
According to Vedic literature, more than 1200
settlements, including many prosperous towns of
the Harappan culture (4600-4100 years Before
Present—BP) and ashrams of rishis (sages) lay on
the banks of this lifeline of the Vedic time (Val-
diya 1996). In recent times, using satellite images
and geo-electric resistivity evidence, researcher
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has proved the existence of a large and long-lived
palaeo-fluvial system in this region (Yashpal et al.
1980; Bhadra et al. 2009; Gupta et al. 2011,
Sinha et al. 2012).

Taking clues from the above-mentioned lit-
erature, an integrated and basic approach of
palaeochannels identification in the Damodar fan
delta of West Bengal has been attempted.
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Fig. 7.1 Location map of the study area and surround-
ings. The black dashed line is the hinge zone indicating
the transition between the Indian Craton and the thick
sediments of the Bengal Basin. National boundaries are

7.3 Study Area

Damodar River is one of the important right-bank
tributary of the River Hooghly (Ganges) in east-
ern India that drains a basin area of
23179.78 km? (22° 15'N=24° 32'N latitude and
84° 39'-88° 05'E longitude) (Fig. 7.1). Origi-
nate from Birjanga hill of Chotanagpur Plateau at
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the southern part of West Bengal. Red box indicates the
location of Damodar fan delta
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an elevation of 1000 m msl at 23° 38" 53.45"N
and 84° 39’ 35.18"E, the River flows total
577.81 km (295.07 km in Jharkhand state and
28274 kmin West Bengal state) before
debouching into the Bhagirathi—-Hooghly River.
Below Barddhaman (West Bengal), it abruptly
changes its course and then bifurcates into two
channels viz. the Damodar channel (also known
as Amta channel) and the Kanka-Mundeshwari
channel. The main channel finally meets the
Hooghly River; ultimately join with the Bay of
Bengal. The regional slope of this basin is towards
east to southeast. The master slope is however
towards southeast (Roy and Banerjee 1990). The
average annual rainfall of the catchment is
130.05 cm and about 82% of the annual rainfall
occurs during the monsoon season, i.e., June to
September (Pramanik and Rao 1952). It is a
highly flood-prone river as it and its tributaries are
fed by uncertain monsoonal rains, and tropical
cyclonic storms embedded within the monsoon
circulation. To realize the Damodar River as
flood-prone (known as “Sorrow of Bengal”) it is
important to note that the floods of peak flow
above 8496 cumec had been occurred 37 times
between the years 1823 and 2007 (Bhattacharyya
2011). Flash Flood Magnitude Index (FFMI)
reveals that Damodar River of India is generating
superior value in FFMI (0.325) than World
average (0.278) and other Indian Rivers (Kale
2003). Due to high magnitude of ancient flood
with huge sediment discharge, the River had
formed a fan delta (Fig. 7.1) between the Damo-
dar River in the west and the Hooghly River in the
east from Khari River in north to present location
of confluence. This deltaic plain consists of two
alluvial plains namely the Memari fan trending
east and the Tarakeswar fan trending south
(Fig. 7.2) (Mallick and Niyogi 1972; Deshmukh
et al. 1973; Niyogi 1975), which are extends up to
70 and 40 km in the north—south and east-west
directions (Singh et al. 1998), while SRTM
satellite image (Jarvis et al. 2008) shows that the
altitude of this area ranges from 10 to 30 m.
(Figure 7.1). Morphologically the study area is
divisible into the Kusumgram (marked by 1 in
Fig. 7.2) and Kalna Plains (marked by 2A and 2B
in Fig. 7.2) gradually come down in elevation
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in the east and southeast (Acharyya and
Shah 2007). The whole deltaic plain is charac-
terized by a network of palaeochannels with
associated natural levees and swamps forming a
dichotomous pattern (Howard 1967; Pal and
Mukherjee 2010).

7.4 Methodology

Ancient writers described the physical facts they
were writing about, in spiritual language, but the
facts were there all the same. These spiritual
interpretations of physical facts in the old classics
are delightful studies. Mangal-kavyas are not
exception in this regard. These are auspicious
poems dedicated to rural deities and appear as a
distinctive feature of medieval Bengali litera-
ture (Bhattacharyya  1975). Among these
Mangal-kavyas, Manasamangal-kavya is rich in
description of rivers of Bengal. Because, Manasa
is the goddess of snakes in the Hindu pantheon
and Bengal as a land swept by many rivers and
abounding in bogs and marshes, is the natural
habitat of a variety of species of snakes. The
earliest composition of Manasamangal or
Padma-Purana was penned by Bengali author
Vijay Gupta of the fifteenth and sixteenth century
(Gupta 1970). After that many writer wrote the
songs of goddess Manasa, among those Keta-
kadasa Kshemananda’s songs were most popular
which was wrote during middle of seventeenth
century (Bhattacharya 1987). Ketakadasa Kshe-
mananda lived in Rarh Bengal (Bhattacharya
1987) and Damodar is the main river of Rarh
Bengal. That is why, in his poems Damodar
River took an important place and it is the main
cause of our selection of Ketakadasa Kshem-
ananda’s Manasamangal-kavya for our study.
Manasamangal-kavya mentioned settlement like
Barddhaman, Gangpur, Baidyapur, Narkeldanga,
Gaharpur, Tribeni, etc., which were located
beside previous channels of Damodar River.
These settlements are identified in Sol (Survey of
India) Topographical maps (No. 73M/11,
73M/12, 73M/15, 73M/16, 79A/4, T9A/8, 79B/1
and 79B/S), then marked and saved as point
vector in Google Earth Images. Saved kml File of
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Fig. 7.2 LISS IV image (Dated 22nd December, 2013—
20th January, 2014; Purchased from NRSC, ISRO) of the
study area and surroundings. The yellow line is indicating
the Damodar fan delta. White lines are palaeochannels
which are identified by many tanks and low-lying
agricultural plots. Black dashed line indicates the position
of Damodar fault along the lower course of River

point vectors then we have opened in Arc-GIS
v-9.3 platform and connect them, which form a
75.5 km liner pattern below Barddhaman up to
Bhagirathi or Hooghly River. Thus we have

88°15'E 88°30'E

23°15'N

23°0'N

22°45'N

88°15'E 88°30'E

Damodar. Morphostatigraphic units: 1—Kusumgram
Plain (Older delta plain, Pleistocene—Holocene); 2—
Kalna Plain (Younger delta plain, Holocene), 2A—
Damodar fan delta plain, 2B Bhagirathi delta plain.
Source Modified after Acharyya and Shah (2007) and
Singh et al. (1998)

identified the palacochannel of Damodar River.
In this area other palaeochannels also can be
identified by many tanks and low-lying agricul-
tural plots. With the help of SRTM, linear image
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A

Fig. 7.3 Ruins and mounds claimed to be Lakshmindara-Behula’s bridal chamber at Champaknagr/Kasba

self-scanning (LISS) IV and Google Earth image,
maps have been prepared in ERDAS Imagine 9.0
and Arc-GIS 9.3 platforms.

7.5 Discussion

Kasba (23° 20’ 38.48"N and 87° 30’ 57.38"E), a
village in Galsi police station; it also goes by the
name of Kasba-Champai. Tradition says that
Champai, the capital of the kingdom of Chand
Sadagar of the Manasamangal-kavya was loca-
ted here (Wikipedia). Two mounds (about
120 ft * 30 ft each) (Fig. 7.3) are shown as the
ruins of the palace of Chand Sadagar and Santali
hill associated with the name of Lakshindar, his
son. Atop the mounds there are broken pieces of
stones and bricks. There also a Siva temple here
and the lingam is traditionally believed to have
been established by Chand Sadagar (Fig. 7.4).
Manasamangal recounts that the deity Man-
asa forced Chand Sadagar to her worship to
establish her place among the pantheon of Hindu
gods and goddess. But the rich merchant Chand

B

Sadagar, an ardent devotee of Shiva (The God of
destruction in Hindu mythology), refuses to
recognize Manasa’s godhead. Manasa takes
revenge by drowning Chand’s seven ships at sea
and killing his six sons. It has been mentioned in
Ketakadasa Kshemananda’s Manasamangal as
(Bhattacharya 1987).

(@) Champak nagar-e ghar Chand Sadagar
Manasar sohit bad kore nirantor, Debir
kopete tar choy putro more Tothacho debota
boli na mane tahare (1/4) (Meaning: Chand
Sadagar who lives in Champak village, has a
clash with Manasa. Manasa penalized him
by killing his six sons, in spite of that Chand
was not agreed to worship her).

Chand is determined to save his youngest
seventh son Lakhhindar while Manasa has also
vowed to wreck vengeance on the young boy.
Lakhhindar is stung by Kalnagini (a poisonous
snake) on his wedding night and his newly wed
wife Behula, travels by a boat through Gangur,
Banka and Damodar River with her husband’s
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Fig. 7.4 Siva temple at Kasba. Inset pictures of Bengali
sentence are written in the wall of temple. Which means
Chmpaknagar is another name of Kasba village (Upper

corpse, hoping for the restoration of Lakhhin-
dar’s life. Name of these rivers are mentioned as

(b) Behula bhasia jai Gangur-er jole (37/16)
(Meaning: Behula floating in the current of
Gangur River), and

(¢) Bhasia bhasia pailo Banka Damodar (40/6)
(Meaning: After that Behula find the River
Banka and Damodar)—Bhattacharya (1987,
p- 59 and 62).

During her travel in the Damodar River, as
described in Manasamangal, Behula found some
villages, which are pointed out in Table 7.1 and
Fig. 7.2.

It is also clearly cited in Manasamagal that the
confluence of the mentioned river was near
Gaharpur (22° 59" 41.28"N and 88° 24’ 28.33"
E), which is described as

N Hd 108

-, "

inset) and the temple has been established by Chand
Sadagar (Lower Inset)

(d) Gaharpur bhasia Gangar jole mili (45/50)
(Meaning: near Gaharpur, Behula’s boat
came into River Ganges or Bhagirathi)}—
Bhattacharya (1987, p. 74).

We also get another settlement named Kan-
dorsona (23° 12" 34.31"N and 87° 55’ 58.01"E),
which is 10 km away from the town of Bard-
dhaman, and 1.5 km from Gangpur Railway
Station. Traditionally believe that the earrings of
Behula dropped there.

If we connect all these settlement, we will get
75.5 km liner pattern or palaeochannel of Damo-
dar River from Barddhaman town to Bhagirathi
River (Fig. 7.5). Which indicate that below
Barddhaman (West Bengal), the Damodar River
or one of it’s deltaic distributary was flowing east
to meet the Bhagirathi River during seventeenth
century (when the Manasamangal was written).
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Table 7.1 Strandline villages of the palacochannel of Damodar River as mentioned in Manasamangal-kavya

Localities (arranged in downstream
order according to description)

Geographical location

In which part of Manasamangal,
localities are mentioned

Nabakhanda 23° 18’ 37.41"N and 87° 33’ 33.76"E  40/4
Gobindapur 23° 15" 19.11"N and 87° 34' 50.79"E  40/7
Barddhaman 23° 13’ 13.61"N and 87° 51' 3.75"E 40/7
Gangapur/Gangpur 23° 13" 12.89"N and 87° 54' 42.35"E 40/8
Amadpur 23° 12" 22.79"N and 88° 5' 23.76"E 40/48
Newadar ghat/Newapara 23° 9" 44.83"N and 88° 16’ 18.66"E 40/32
Narkeldanga 23° 10’ 4.36"N and 88° 14' 21.29"E 40/33
Baidyapur 23° 9" 35.90"N and 88° 14’ 44.14"E 40/40

Palaeo channel
(17th Century)

Fig. 7.5 Travel path of Behula’s boat. Red circles are the settlements mentioned in Manasamangal

The map of Vanden Broucke of seventeenth
century (1660) and palaeochannels map of
Acharyya and Shah 2007 (Fig. 7.2) also supports
the identified palaco-path of River Damodar.

But later than below Barddhaman, either it has
since fully rotated its course or due to close up of
the distributaries, the river shifted its mouth
128 km to the south (Deshmukh 1973; Acharyya
and Shah 2007), leaving behind numerous
palaeochannels like Behula, Gangur, Ghea,

Kunti, Kana Damodar, etc. (Ghosh and Mistri
2012) (Figs. 7.6 and 7.7).

According to Willcocks, “turning the Damodar
was beyond the power of man like Bhagirath.” To
support this theory he also gave example of King
Menes, who turned the Nile from extreme western
limit of the valley to the eastern limit to protect the
temples of Memphis from the eastern nomads
about 6000 years ago (Willcocks 2001). In
Damodar fan delta, there are number of



7 Historical Evidences in the Identification of Palaeochannels ... 135

Fig. 7.6 Part of former courses of River Damodar at Konarpur near Barddhaman town (23° 15’ 23”"N and 87° 46’ 6"E)

Fig. 7.7 Part of former courses of River Damodar at Boragari near Boinchi (23° 7' 32"N and 88° 9’ 45"E). Source
Majumder (2013)
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palaeochannels which are called kana Rivers. He
also considered these palacochannels as exca-
vated canals from Damodar. Because the word
Kanwa is derived from kan an old Persian or
Arabic word, meaning fo dig. According to him,
for irrigation purpose, seven canals or kanas were
dug and between them they disposed the whole
excess supply which passed Burdwan and con-
stituted a new delta. Construction of embankment
along the left bank of the river may cause delink of
distributaries in Damodar fan delta and forces the
river to confine within present channel. It is also

P. K. Ghosh and N. C. Jana

considered by many scholars that tectonic events
are the causes behind the bends of Damodar River.
According to Singh et al. (1998), the lower course
of the River Damodar is confined by Damodar
fault (Fig. 7.2). But this research finding may also
be criticized. Because in recent publication enti-
tled “Seismotectonic Atlas of India and its Envi-
rons” (Dasgupta et al. 2000) of Geological Survey
of India did not support the presence of any sub-
surface fault along the present lower Damodar
channel (Fig. 7.8). Absence of Seismotectonic
activity for long time and almost 6 km thick

i Sybsurface Fault

=== Minor Lineament

22°30'N
|

Basement Depth (Km)

Alluvial Filll

87°30'E 88°0'E 88°30'E z
z ] L 1 £
’c = ”’ﬂ;&, —O
g H i £\ o0
g ] = I : n
o s Nabadwip
4 & A0
;5 I{risgmsmag7|
- II EE‘
& £
5 ||
Z | —gﬂg § | Z
> % | méﬁ E"E oc
o = H
P =t 2]
(o ] g I||| gg (o ]
| 5
A | Ot
/ b | ;E
! b | s
----- Embankment :15:
River %;%

1
87°30'E

1 1
88°0'E 88°30'E

Fig. 7.8 Drainage and tectonic map of study area (Modified after Dasgupta et al 2000)



7 Historical Evidences in the Identification of Palaeochannels ...

alluvium deposition on hard rock in this region
also questioning the tectonic control of the chan-
nel. Keeping in view the above findings in back-
drop, more interdisciplinary study and research
are essential to reach at a scientific explanation of
the bending of the Damodar River.

7.6 Conclusion

In view of the above observation, it can be sur-
mised that primarily written evidences like old
literatures may be used as basic tools for
palaeochannels identification and mapping. This
has been exemplified in case of Damodar River
in West Bengal where it is observed that an old
regional folk story plays an important role in the
identification of its palacochannels. It may be
mentioned in this context that identified
palaeochannels of Damodar River also coincide
with old maps of seventeenth century. It indicates
that with the help of available old literature
researcher at primary level can identify the
probable ancient tracks of a river to unfold a
valuable history of river courses. Besides, with
rich heritage of religious texts and literature,
there is vast scope for the study of historical
geography or palaeo-geography in India. How-
ever, it is to be noted that the poets of the Mangal
kavyas were mostly of romantic nature as
reflected in their description and many of them
were poor in geographical knowledge.
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Abstract

The channel confluences are the sensitive
junctions that face significant hydraulic and
morphological changes within the river
system. Five major confluences of the Barakar
River have been considered for the geomorphic
investigation. The various data products, i.e.
Topographical maps (1955), IRS LISS I
Satellite Images (2011), Digital Elevation Data
(ASTER DEM) (2011), and the Google Earth
Map (2009-2015) have been used in this study.
The study concerns the morphology of the
confluences and the impacts of confluence
angle, tributary length, tributary basin area
and lithological controls on the confluences
especially in the Quaternary period. There is no
definite cause—effect relationship of confluence
angle to scour depth and w/d ratio but has a
positive relationship between w/d ratio of the
post-confluence stream and the area of the
tributary basin. The studied confluences are
significantly controlled by the lithological
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influences and it almost defies other effective
factors i.e. confluence angle, tributary length,
etc.

Keywords
Confluence angle * Scour depth - W/d ratio
Channel bathymetry - Lithology

8.1 Introduction

The tributaries of a river system are the primary
sources of water and sediment to the trunk stream
along with the trunk segment itself. The inter-
actions between tributaries and the main stream
at a different location on the main stream seg-
ment play the important roles in all aspects such
as on the river system morphology, sedimentol-
ogy, hydrology and ecological habitats at the
reaches of the confluence zones (Kennedy 1984;
Roy and Sinha 2007). The channel confluences
are the critical interfaces where two streams with
distinct characteristics meet together and it is
really difficult to investigate the complexity and
the changes of the both local and downstream
characteristics of river channel confluences sci-
entifically (Roy 2008a, b). The tributaries have
rich scale impacts on the main stem
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characteristics and the type and extent of geo-
morphological changes of the main stem are
related to the characteristics of the tributaries
(Ferguson and Hoey 2008). Flow separation,
flow convergence/divergence, and secondary
circulation, etc. give impact to the immediate
downstream of the confluence (Rhoads and
Kentworthy 1995, 1998). The changes of chan-
nel gradient at the confluence point effect on
longitudinal variations in sediment transport rate
that can reduce the substrate size and increase the
floodplains width in the upstream of the con-
fluences. It impacts the down segment con-
fluences including coarser substrates, increased
channel width, pool depth and the occurrence of
bars (Rice 1998; Benda et al. 2004).

The research works on confluence science
have been neglected by the earth scientists for
many years (Stevens et al. 1875). Although, in
the last two decades of the twentieth century, the
research on confluence science emerged prolifi-
cally with the advancement in instrumentation,
the development of experimental design and
numerical model, field studies and the uses of
satellite images and digital elevation data. Some
notable works have been carried out on the flow
separation and hydraulic geometry, hydrody-
namic features (Best and Reid 1984; Best 1986),
in the patterns of flow separation, flow
convergence/divergence and secondary circula-
tion immediately downstream from the con-
fluence (Rhoads and Kentworthy 1995). But, it
was in 1976, when the seminal work of Mosley
on channel confluences was published, a labo-
ratory experiment that paved the way for the
identification and analysis of flow structure and
channel bed characteristics of segment con-
fluence (Mosley 1976; Roy 2008a, b). In the last
decade of the twentieth century, several research
works on the confluence geomorphology have
been published by S. P. Rice, A. G. Roy and B.
L. Rhoads and a book entitled ‘River Con-
fluences, Tributaries and the Fluvial Network’
edited by them was published in 2008. These are
the tremendous works still to date, concocted
many ways to investigate the confluence mor-
phology and to identify influencing factors
intricately. These studies may enhance and
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enrich the future research works on the con-
fluence morphology intensively. But the reality is
that the study of the river confluences has
received a very little attention by fluvial geo-
morphologists. Surprisingly, in India, very few
research on confluence study has been worked
until today as far as the availability of literature is
concerned. There may be the confluence of two
streams of the same order, but in this study, the
junctions of the main stem with its tributaries
have been considered. The Barakar River is the
principal tributary of the Damodar River of the
Ganga river system in the eastern India. It is a
non-perennial and sinuous sand—gravel mixed
bedrock channel (Biswas and Pani 2016) with
high sand discharge (Khan 1987) and moderate
to high soil loss throughout the catchment area
(Biswas and Pani 2015). The Barakar River
passes through the Chotanagpur Plateau region to
some extent to the north. Several tributaries have
met with the mainstream of Barakar River from
the different parts of Chotanagpur Plateau in a
different asymmetrical angle that has a notable
impact on the confluence, and downstream
channel morphology as previous literature on
confluence science reflects. Lithological influ-
ences on the confluence zone have developed the
stable confluence points rather than the dynamic
as observed in the alluvial channel. In this
chapter, five major confluences (Keso confluence
at Parsabad, Barsoti confluence at Barwadih, Irga
confluence at Narangi, Usri confluence near
Maheshpur and Khudia confluence at
Baidyanathpur) of the Barakar River have been
considered for geomorphic analysis (Fig. 8.1).
These tributaries have the significant impacts on
the main river as these have the ample amount of
discharge during the monsoonal period to form a
distinct main stem channel morphology.

The present study is an attempt to understand
the geomorphic characteristics of the con-
fluences, to investigate the influence of the con-
fluence angle to the morphology of different
confluences and to inspect the impacts of the
length and the basin area of the tributaries on the
confluence geometry. Moreover, it is an attempt
to understand the structure and dynamic nature of
the confluences of a plateau river as most of the
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previous works have been done on confluence
dynamics of alluvial channels. Thus, the authors
have selected the Barakar River, which is wholly
confined in Chotanagpur plateau and sand-
gravel-bedrock mixed in nature. It is important
as the confluence zones have the impacts on
channel morphology rather than the channel
planform through the Cretaceous to the Quater-
nary Period.

8.2 Regional Setting

The Barakar River, originating near Padma in
Hazaribagh district of Jharkhand, flows for
256 km across the northern part of the
Chotanagpur Plateau, along the broad valley of
Parashnath-Tundi Ridge (Mahadevan 2002),
mostly in a west to east direction before joining
the Damodar near Dishergarh in Bardhhaman
district of West Bengal. It has a catchment area

of ~6160 km®> (Biswas and Pani 2016). The
main tributaries, which have been considered in
this study, of the Barakar River, are Keso, Irga,
Usri (left bank of the Barakar River) and Barsoti,
Khudia (right bank of the Barakar River) that
flows from the north and south to the main
stream respectively (Fig. 8.1). These rivers flow
on at different altitude that has varying lithology
and most of the rivers having water parties,
waterfalls, scarp, rugged topography and mod-
erately sinuous (P =1.39) in nature (Prasad
1982; Khan 1987). The rivers are most effective
in rainy or flood season or on a steep slope and
equilibrium of rivers have to be adjusted with
seasonal discharge variability (Mahadevan
2002). The river basin is moderately dissected as
the density of the confluences of the basin is low
to moderate and cover approx. 76% of density
zone where the no. of confluences per sq. km. is
3-40 and rest portion of the basin (24%) have no
confluence or high density (number of
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confluence is 16-50) (Prasad 1979). As it is
mentioned in the introduction that the trunk
channel is sinuous sand—gravel bedrock type and
probably the channels of the river basin are not
entirely controlled by faults, joints and adjusted
to the local lithology but also controlled by
sediment deposition that fits moderately resistant
channel network, as it is found that the greater
percentage of the basin confluence density is low
to moderate. Probably, that is why, the number of
major confluences is not very high as we have
found only the five major confluences (Biswas
2014). Paleochannel study reveals that the width
of the Barakar River was 235-415 m and 3.7-
5.5 m deep and flowed on a slope of 0.00035
(Khan 1987). The Barakar River Basin is char-
acterised by the monsoon climatic characters of
dry winter and wet summer with hot weather
from March to May and cold weather from
November to February. Maximum rainfall takes
place during July to September that accounts for
more than 90% of the total rainfall in the basin.
The lower section of the catchment area has
experienced more rain in the monsoonal season
(Biswas 2014). The downstream areas, especially
after the Maithon dam, have a considerable
impact on the channel confluence geometry.
Moreover, the sand and gravel mining from the
river bed year after year has a significant role in
the river bed morphology as well as the structure
of the confluences (Biswas 2014).

Table 8.1 Data types used for the study
Data types Data sources
Satellite images

Digital Elevation Data
(DEM)

Topographical maps

ASTER DEM (2011)

731/13, 731/14) (1:50,000);

S. S. Biswas et al.
8.3 Materials and Methods

The data for the present study are collected from
various sources. Some data like channel width
and spot height, etc. are also obtained from the
field survey in the Barakar River Basin. The
sources that provide the different types of data
are given in Table 8.1.

The aim of this chapter is to explore the ge-
ometry of five major confluences of the studied
river considering the influences of confluence
angle and basin characteristics of the tributaries.
Water flow in the non-perennial tributaries is not
solely responsible for the changes in the con-
fluence geometry. Therefore, confluence angle,
depth, width, surface area; w/d ratio
(Width/depth ratio) of the main stem (upstream
and downstream of the confluences) and tribu-
taries; length and basin area of the tributaries etc.
have been taken into consideration and analysed.
In this chapter, historical influence means the
changing confluence sites or confluence dynam-
ics and characteristics over a long time have not
been considered because of unavailability of data
sources, but another important cause is geologic
setting of the Barakar River basin (rocky and
non-alluvial channel character of the basin
enforces the channel and its confluences to be
less dynamic). The morphological characteristics
of the confluences have been investigated by
analysing all the above-mentioned data sources.

IRS P6 (RESOURCESAT-1)—LISS III (2011)

Survey of India (72H/7, 72H/8, 72H/11, 72H/12, 72H/15, 72H/16, 72L/4, 72L/8, 731/9,

National Atlas and Thematic Mapping Organization (NATMO)

Others

Google Earth Map (2009-2015) and field survey
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In order to show the overview of the morphology
of the confluences IRS P6 LISS III (spatial res-
olution 23.5 m) (2011) and Google Earth map
(2009-2015) have been used and to reach to the
accuracy as far as possible Google Earth Map
and tools and field survey data have been used.
There was a problem to measure accurately
the geometric properties like width, depth, etc. of
the studied section because the spatial resolution
of ASTER DEM (2011) is 30 m. In order to
measure the width and depth of the channel, laser
distance metre and dumpy level instrument have
been used. To ensure whether ASTER DEM data
and Google Earth give correct information or not,
spot height values had been taken from the
topographic sheet and field survey data. Then the
values had been plotted against the DEM values
and the result is satisfactory. The field survey had
been done during the winter season and the
channel was almost dry and with a little flow of
water.

In order to measure the predicted angle of a
confluence, several equations have been used
mainly by civil engineers, e.g. Horton’s equation
(1945), Lubowe’s equation (1964) based on
Horton’s momentum equation. Howard’s equa-
tion (1971), an extension and modification of
Horton’s momentum and energy equation, etc.
Horton suggested that confluence angle between
the main stream and a tributary as,

cosf = tan s, /tan s, (8.1)
where, s. is the channel slope of the main stream
and s, is the slope of the tributary. Horton’s
equation (Eq. 8.1) stated that streams of equal
gradient cannot meet and modification for this
two, the equations (Egs. 8.1 and 8.2) were sug-
gested by Howard that for both the channels,
tributary and upstream of a confluence

cos by = s3/s1
COS 02 = S3/S2
where, 6; and 0, are the angles of confluence

with respect to the main upstream and tributary
for a single confluence respectively, and s;, s>
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and s3 are the slopes of main upstream, tributary
and main downstream or continuing stream
respectively (Mosley 1976). Further, Howard
modified (Egs. 8.4 and 8.5) the Eqgs. 8.2 and 8.3
into

cos bt = [Ql—i_er (8.4)
O
cos 0, = [QIJZQZ} (8.5)

where, Q) and O, are the discharge of tributary
and the main upstream respectively, u represents
a coefficient. Based on Howard Egs. 8.4 and 8.5
and momentum equation Mosley (1976) devel-
oped an equation (Eq. 8.6) for the predicted
angle of a confluence i.e.

M, sin 6y = M, sin(0 — 6,) (8.6)
where, M, and M, are the momentum of the
tributary and the main upstream, 6, and 0 — 6,
are the confluence angles (6 = 01 + 60,). To find
out the actual angle (6) between the main stem
and tributaries at the confluences, we have used a
graphical technique adopted and slightly modi-
fied from Mosley’s momentum equation
(Fig. 8.2) with the help of IRS LISS III satellite
images (2011) and Google Earth Maps (2009—
2015). In this study, the Eqgs. 8.2 and 8.3 have
been taken into consideration because there is a
small difference of the values of confluence angle
for the two different methods (Horton’s method
and graphical method). The confluence angles for
the Horton’s method are 95° (Keso), 72° (Bar-
soti), 53° (Irga), 88° (Usri) and 80° (Khudia)
whereas the confluence angles for the graphical
method are 89°, 64°, 45°, 79° and 71° respec-
tively. In case of Horton’s method, the slope of
main upstream (s;), tributary (s;) and main
downstream (s3) have been calculated from
constructed longitudinal profiles from ASTER
DEM (2011) considering a distance of 5 km
from the confluence. The problem in the use of
the Eqgs. 8.4 and 8.5 is the unavailability of dis-
charge data. In case of the Eq. 8.6, the limitation
is to calculate the values of momentum for each
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Main Downstream

9=91+92

Fig. 8.2 Sketch for confluence

(After Mosley 1976)

angle measurement

confluence. Because, momentum is a function of
the density of water (g), water discharge (Q) and
mean velocity (v) and again it is a problem of
data unavailability. Although the density of water
is known to us, other two variables are depended
on instrumental measurement that could not be
done. Thus, the Eq. 8.6 has been simplified
means momentum has been removed and used a
graphical technique for the measurement of
confluence angle which has given. The technique
for angle measurement of each confluence is, a
straight line has been drawn from each con-
fluence between tributary and main upstream
which is parallel to main downstream towards
the reverse of the flow direction, considering an
acute angle with respect to the main downstream
(Fig. 8.2). The method gives acceptable values of
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the confluence angles which are comparable with
the values calculated after Horton’s method.

In order to detect the relation of tributary
length and basin area with the confluence mor-
phology, all the tributaries length and the area of
the basin have been measured in ArcGIS 10 by
using IRS P6 LISS IIT (2011). The help of topo-
graphical maps (1:50000) has also been consid-
ered for the accuracy. The cross sections have
been generated from ASTER DEM data using 3D
Analyst tools in ArcGIS platform (Sanyal et al.
2014). The verification of DEM data has been
done with the help of spot height values that have
been picked up from the SOI toposheets and GPS
(GARMIN GPS Map 76, accuracy ~4.5 m)
when the field survey was being done. There is a
considerable  positive  linear  relationship
(R =0.99) between DEM elevation and
toposheet spot height (Fig. 8.3a). The error of
ASTER DEM has been analysed using the dif-
ferences between ASTER DEM and spot height
values from the SOI toposheets and GPS data
(Sanyal et al. 2013) (Fig. 8.3b). In this chapter, it
has been tried to put and explain some relations of
variables related to the confluence geometry and
its controlling factors i.e. the relationship between
w/w/d ratio of downstream with upstream and the
tributary, the relation of confluence angle and
tributary basin area with the scour depth of the
confluences etc. (Best and Ashworth 1997; Best

5001

400

DEM elevation (m)

1 3 8§07 9 11 13 15[17 1921 23 25 27|29 31 33 35

ASTER DEM error (m)

DEM elevation and Toposheet Spot height (m)

100 T T T T T
300 400 500

Toposheet Spot height (m)

Fig. 8.3 Authentication of ASTER DEM data of the
study area. a Plotting of Toposheet Spot height against
DEM elevation value. b Error of ASTER DEM has been
calculated using difference between DEM elevation and

Toposheet Spot height. Positive and Negative values
indicate Toposheet Spot height is higher than
ASTER DEM and Toposheet Spot height is lower than
ASTER DEM respectively
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et al. 2007). For the analysis of confluence
geometry, thalweg depth has been considered
instead of each point depth along the perimeter of
a cross section. For this, a bias due to
non-consideration of the channel depth for the
area calculation exists. To show the channel
surface roughness at the confluences, bathymetric
analysis has been done using the contour (Best
et al. 2007) of 5 m (for the Khudia river con-
fluence) and 2 m (for rest of the confluences)
interval. A correlation matrix has been prepared
considering three variables viz. confluence angle,
scour depth and width-depth for the five con-
fluences to reflect the relationship between the
several parameters of the studied confluences.

8.4 Results and Discussions

8.4.1 Morphology of the Confluences

8.4.1.1 Changes in the Form Ratio

(w/d)

The variation of the confluence morphology is
associated with the variations in the width and

Upstream of the confluence

(a) (a)

Downstream of the confluence
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depth of upstream and downstream section of the
main stem (Roy and Woldenberg 1986). The
downstream reach has the greater width and
depth at a cross section in general (Rhoads et al.
2009). In this study, the relationship between
width and depth is strongly positive (R* = 0.85)
in the downstream, where the upstream reflects
stagnancy on change (R* = 0.10) which explic-
itly represents the influence of tributary channels
more specifically interface angle, water discharge
and sediment load (Fig. 8.7a). The relationship is
distinct near to the mouth of the Barakar River.
The downstream sections have more water dis-
charge as it is the combined flow of the main
stem and the tributary. The w/d ratio has been
calculated at three cross sections (Fig. 8.4) con-
structed for up streams, down streams and
tributaries from each studied confluence consid-
ering one kilometre distance respectively. Both
the Fig. 8.7b and 4 depict the greater w/d ratio in
the down streams from each confluence of the
Barakar River. Another significant finding is a
gradual increase in the variation of the w/d ratio
towards Khudia from Barsoti except in the case
of Keso confluence which indicates the eternity

Tributary near confluence
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Fig. 8.4 Cross-sections at confluence zones, A—Keso, B
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of general channel geometric rule, i.e. increasing
channel volume towards the downstream. Only
one exception, i.e. Keso, probably because of
local flatland existence and slope declination
with less water discharge. Furthermore, it has
also been investigated that, all the confluences
are associated with the high w/d ratio in the
downstream of the confluences (except the con-
fluence of Khudia) and a low w/d ratio of the
tributary except the Barsoti (Fig. 8.7b). Litho-
logical control (occurrences of sandstone) on the
river bank prevents the dynamics of the w/d ratio
at the studied confluence zone. The
non-perennial nature of the tributary put little
impacts on the river channel geometry.

8.4.1.2 Occurrences of Scour Depth

at the Downstream
The scour that occurs at the confluence of two
channels is called confluence scour (Klassen and
Vermeer 1988). Confluence scour has the geo-
morphological importance as it is the node in the

channel network that controls the distribution of
sediment in the downstream, bar construction
and channel migration (Ashmore and Parker
1983). The scour depth can be estimated with the
help of average depth of the upstream tributaries
and the confluence angle (Rezaur et al. 1999). At
the confluences of the Barakar River, the scour
depth ranges from 6 to 15 m (Fig. 8.5). The
scour depth for the studied confluences is
~6.1 m for Keso, ~8.3 m for Barsoti, ~6.4 m
for Irga, ~7.1 m for Usri, and ~14.5 m for
Khudia. The location of scour at the confluence
varies for the studied five confluences and the
causes of variation are confluence lithology,
continuous flow way, but the interface angle has
not considerable impact although here a little
negative relation has been found between scour
depth and interface angle (Figs. 8.6 and 8.7c).
The shape and size are also varied in the different
confluences that come into existence of unique-
ness of each confluence identity (Fig. 8.5). It
would be generalised if geological controls and
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Fig. 8.5 Bathymetric images of major five confluences,
1—Keso, 2—Barsoti, 3—Irga, 4—Usri, 5—Khudia
confluences, inner curve lines showing contour with

2 minterval for 1st, 2nd, 3rd and 4th confluences and 5 m
interval for 5th confluence. The circles represent the scour
depth at the confluence zones
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confluence angle are considered as the reasons
because there may be channel system power and
energy exerted by turbulence pattern, secondary
flow, channel bed shear stress, sediment load and
sediment particle properties, etc. Another geo-
metric characteristic of the channel morphol-
ogy is that low inter-contour spacing indicates
the steepness of slope. It is gentle where spacing
is greater, of course, for the scour and channel
bar, the inter-contour spacing is less as visible in
Fig. 8.5.

8.4.2 Confluence Angle and Its
Impacts on Confluence
Geometry

The channel configuration at the confluences is
the reflection of the meeting angle between the
main stem and the tributary. Confluence angle
determines the downstream turbulence, scour
depth, stagnation zone, flow separation zone,

maximum velocity zone, w/d ratio of the con-
fluence and other channel geometrical aspects.
Rezaur et al. (1999) have estimated that the angle
of incidence 15°-75° has been associated with
the rapid increase of the scour depth and it occurs
slowly up to 120°. From the Fig. 8.7c, an
increase in confluence angle with the increase of
scour depth has been observed at the studied
confluences. Figure 8.5 indicates dark coloured
portions are associated with the low contour
spacing that indicates the presence of pool as a
result of confluence scour. The scour depth is the
consequence of the mixed hydraulic shear stress
of tributary and mainsteam channel flow. In these
reaches, the vertical incision is distinct rather
than lateral accretion as the later has been
obstructed due to hard land masses and bedrock
channel bank. In these studied sections, the
impacts of confluence angle to the w/d ratio and
the scour depth just below the downstream of the
confluence have been investigated. The scour
depth has been observed at most of the
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confluences and the result is a positive increase
in scour depth with the increase of confluence
angle for Irga, Barsoti and Khudia. In the case of
Khudia, the scour depth is exceptionally high
(~14.5 m) compared to the other confluences,
where, confluence angle is 71°. The high values
(~14.5, ~8.3, ~7.1 m) of confluence scour
have been found at the angle of 71°, 64° and 79°
respectively (Fig. 8.7c), which is surprisingly
matched with that of the Rezaur’s observation
(Rezaur et al. 1999). On the other hand, scour
depth is very low for Keso and Usri confluences
and does not follow the trend which is being
maintained by other three confluences. Eventu-
ally, the graph (Fig. 8.7¢) is showing a discrete
distribution of scour depth at different confluence
angle. It is Irga, where, scour depth and con-
fluence angle both are very low (~6.4 m and
45° respectively), again represents the Rezaur’s
observation as correct. This study has been done
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confluences and at the downstream of the main stem with
the tributary area

considering the confluences of non-perennial
gravel mixed sinuous bedrock channel and we
found that the relation between scour depth and
confluence angle maintain the statement of
Rezaur’s observation. It means it is probable that
the Rezaur’s observation may fit with the con-
fluences of other gravel mixed sinuous bedrock
channels. There are some exceptions in the
relation between these two; one is no linear
relationship between scour depth and confluence
angle and the rate of change in scour depth also
does not maintain continuity with the change in
confluence angle. The w/d ratio of the con-
fluences has slightly negative relation
(R* = 0.1045) with the angle but not very sig-
nificant. The high w/d ratio of Irga (32.64) has
enjoyed with the low confluence angle of 45°.
For w/d ratio, the exception also exists in the
changing rate like scour depth in relation to
confluence angle. An interesting fact about the



8 Application of Remote Sensing and GIS in Understanding ...

Table 8.2 Correlation
matrix among the
confluence parameters
(confluence angles, w/d
ratio, scour depth)

Confluence angles
Scour depths
W/d ratio

high scour at Khudia confluence may be the
effects of Maithon Dam also as the dam is
located just 11 km upstream of the confluence.
The sudden release of water having a high stream
power can act as scouring agent. Above discus-
sion shows the drastic anomaly concerning var-
ious aspects of confluence geometry with
confluence angle, which clearly indicates the
dominant regional lithologic influences, the
highly dissected surface of the basin and plateaux
location of the basin and seasonality in channel
flow (all are independent factors).

The findings of the correlation matrix
(Table 8.2) (considering three variables viz.
confluence angle, scour depth and width-depth at
the five confluences) are insignificant but posi-
tive for the relation between confluence angles
and scour depths (0.004) and moderately signif-
icant, but negative between confluence angle and
the w/d ratio (—0.318). One more relation that is
also insignificant but positive (0.022) between
scour depth and the w/d ratio, has been found
which indicates an increase in scour depth pro-
ceeds to an increase in the w/d ratio. Although
the value of the correlation between confluence
angles and scour depths is very low because of
the abnormality in confluence structure. The
influence of the angles in the case of some con-
fluences is very significant that has already been
discussed above.

8.4.3 Impacts of Tributary Length
and Area
on the Confluence

Morphology

Tributary length and area contribute to the
heterogeneity of the recipient main and the con-
fluence downstream morphology (Rice et al.
2006). But, in this study, the length and the area
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Confluence angles Scour depths W/d ratio
0.004 —-0.318
0.004 1 0.022
—-0.318 0.022 1

of the tributaries (Keso, Barsoti, Irga, Usri and
Khudia) have a little contribution to the change
in the formation of the morphology of the con-
fluences. There exists slightly negative relation
between the length (R = 0.1269) and area
(R? = 0.3457) of the tributaries to the confluence
w/d ratio (Fig. 8.7d).

But it is surprising that the relation between
the area of the tributaries and the downstream of
the confluences, w/d ratio is positive
(R? = 0.1723). The higher the length and the area
of the tributaries, greater will be the impact on
the mainstream channel geometry. From the
statistical relation, it is hardly possible to say that
the effect of tributaries is more prominent in the
downstream of the confluence rather than the
confluence zone because generally, the impact of
the tributaries on the confluences should be more
influential along with the downstreams which is
not appear in this study. The probable cause of
the anomaly in the statistical relation somewhere
indicates the lithological influences. The ternary
diagram shows relatively a little impact of
tributary length and area on the confluence w/d
ratio for Keso, where, other four confluences
shows more or less equal importance of the two
independent variables (tributary length and area)
(Fig. 8.8).

8.4.4 AQuaternary Influences
on Confluence
Morphology

The Barakar River basin is a part of the
Chotanagpur Plateau, which is very complex in
structure and lithospheric adjustment (Sen and
Prasad 2002). The Barakar River basin formation
is related to the Vindhyan and Gondwana Super
Group of the Palaeozoic era and Chotanagpur
gneiss and granophyre with the capping of
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Fig. 8.8 The ternary diagram shows the relation among
three variables, A—Tributary length, B—Tributary basin
area, C—Confluence w/d ratio. The points are different
confluences, 1—Keso, 2—Barsoti, 3—Irga, 4—Usri and
5—Khudia

laterite at some places. Over an extended period,
irregular erosional forces evolved
gneissic-granitic Pre-Cambrian land surfaces.
Then an ice age in the Upper Carboniferous and
a fault trough formation during the Permian
Period moulded the structure of the basin. A de-
sert type environment during the Triassic and
Jurassic period remoulded the basin massively
and all these have their footprints in the land-
scapes and rocks (Kirk 1950). An interesting fact
is that exposed new sedimentary deposits and old
Gondwana Formation both have been restruc-
tured by the force of tropical weathering and
channel incision from the Cretaceous Period to
the Holocene through the Tertiary and Quater-
nary, means in the basin, youth and maturity both
move forward simultaneously. The Barakar
Formation has been derived from the name of the
Barakar River, drained a broad undulating lower
surface with the mixed-paired terraces formation.
It is made up of coarse, soft white to fawn
coloured massive cross-bedded sandstone, shale
with coal seams (Wadia 1975; Mahadevan 2002)
and grit with conglomerate and a bed of shale. In
the upstream section, there are several patches of
Basic and Ultrabasic and in the downstream
section, there are few patches of Dhanjori

S. S. Biswas et al.

Lava/Dalma Lava/Basic rocks (Fig. 8.6). The
crystalline metamorphic granitic gneiss of
Achaean age forms the basement of the drainage
basin and these are overlain by Gondwana sedi-
mentaries. The sedimentaries are deposited in the
faulted trough or drainage basins. The Gondwana
Super Group consists of several formations, such
as Kaharbari, Barakar, Barren Measures and
Raniganj formations. Since this region is a part
of the Singhbhum Craton (Meert et al. 2010),
frequent neotectonic activities are not very sig-
nificant (Singh, 1971). But, an indication of
youthful topography signifies some incision and
rejuvenation processes in the Quaternary period.

In the upper regime of the Barakar River,
between the confluences of its tributaries Keso
and Barsoti, channel incision (depth from ~ 10
to 15 m) is significant (Biswas and Pani 2016).
The incised channel are the result of tectonically
driven rejuvenation in Triassic to Quaternary
period. Moreover, the longitudinal profile of the
river is interrupted by some knickpoints. The
river runs along the banded gneiss and down-
cutting incision through the rejuvenation in the
Quaternary period are the main reason for
knickpoint developments (Biswas and Pani
2016). Furthermore, the lower and middle sec-
tions of the basin, proximity to the Bengal basin,
exhibit the deposition of Quaternary young
alluvial sediments over the Precambrian and
Gondwana deposition in the plateau fringe and
Rarh region. Moreover, during Quaternary per-
iod, a significant ash bed of 1.83 m thick occurs
at the Barakar River section, opposite of Barakar
town, near the confluence zone with the Khudia
River (Mahadevan 2002). The changes in the
Form Ratio at the confluences are the result of
long-term sedimentation and denudation in the
Quaternary period along with several hydraulic
behaviours. Sandstone contains decomposed
feldspar and its uneven hardness and weathering
(Krishnan 1982) with a rough surface produce
potholes of more than one metre in diameter in
the stream bed through the Quaternary period.
And it is the general channel bed geomorphic
structure of the Barakar River including all the
studied confluences (Fig. 8.9b). In the down-
stream section, the significant abrasion process
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(b)

Fig. 8.9 a The confluence of Khudia River and Barakar River in monsoon season, b. Pothole development of
Gondwana sandstone at the downstream section of Khudia River confluence near Dishergarh

with high flow discharge (Fig. 8.9a), velocity
and shear stress in a confined channel produce
discernible potholes. Several grooves with vary-
ing sizes are also prominent in the inner channel
beds that hardly get any types of flow except in
the rainy season. The lithological structures
produce the stable confluence zones. The con-
fluences are lying on the Granitic Gneiss and
Gondwana sediment (Fig. 8.6). Thus, the geo-
logical structure intensifies the little effects of the
tributaries on the scour depth and w/d ratio at the
confluence zone and the river banks are charac-
terised with the hard sandstones that favour the
stable confluence zone. However, these under-
lying structural controls have put an impact on
the angle of the tributaries, confluence geometry,
an anomaly in the relation between two,
and downstream morphology. For all the con-
fluences, the Quaternary as well as the pre-
Quaternary tectonic and lithospheric controls are
probably the major independent factors which
characterise the confluences in all aspects than
other some active independent factors viz.
channel flow, discharge volume, etc.

8.5 Conclusion

Channel confluences are the key geomorphic
nodes in the fluvial systems, but different in
character for different fluvial environment viz.

alluvial, bedrock, etc. The present study is
focused on bedrock channel confluences and the
major findings reflect drastic anomaly of the
morphology of the confluences in all aspects
controlled by underlying structure, where, for the
alluvial channel, it is rarely controlled by lithol-
ogy what have been mentioned in previous
studies. The presence of bedrock at the bank and
channel bedrock outcrop put an insignificant
relationship among the several confluence
parameters. So, lateral oscillation of the river
channel and the confluences is negligible. The
stagnant confluences are related to the absence of
major neotectonic activities in the cratonic part of
Indian peninsula. Changes in width and depth in
the downstream regime are significant and the
cross-sectional area is larger in this regime. The
junctions under the study have been experienced
with confluence scour due to the high energy and
the flow of water. It can be demonstrated that the
fluvial processes at these junctions have devel-
oped only in case of some specific properties viz.
a mix alluvial and gravel river bed channel. The
hard landmass retards the riverine processes to
develop the dynamicity of the confluences fully
as it is seen in alluvial channels. Moreover, the
study is based on remote sensing and other
geospatial techniques and a little information had
been collected from field survey, where, flow
velocity, discharge volume, etc. could not be
measured. The studied confluences convey
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plateau characteristics, less diverse but distinct
from other tropical origin confluences. Therefore,
to address the precise explanation of confluence
nature laboratory experimentation, accurate field
measurement and model building, etc. are
required.
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Abstract

The Bakreshwar River flows across
south-central Birbhum District in West Bengal
from west to east. Along its course, it traverses
through varying lithological and physio-
graphic units that influence and alter the
morphological character of the river channel,
its floodplain aspects as well as the human
occupancy and use of adjacent riparian tracts.
This study uses computed hydraulic parame-
ters of the river along with planform channel
images and land use maps to demarcate the
river corridor. Within this demarcated river
corridor, several terrain and channel attributes
are investigated and their interlinkages are
highlighted. Stream reach classification after
the Rosgen method is done to demarcate
morphologically distinct channel stretches
and identify those of a similar character.
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9.1 Introduction

Rivers and river systems may be considered as the
most important geomorphic agent operating over
the Earth’s surface (Morisawa 1968). River
channel behaviour determines channel patterns
(Kleinhans 2010), which in turn represents
channel form adjustment with the underlying
topographic base (Ouimet et al. 2009), often
conditioned by human use of these environments,
particularly in inhabited stream corridors adjacent
to the main channel (Stanford and Ward 1993).
Riverine plains, either erosional or depositional,
are responsible for and, in turn, affected by the
geomorphic and anthropogenic developments in
an entire region. Changes in channel character-
istics cause changes in the surrounding landscape
and vice versa (Allan 2004). By studying existent
channel characteristics, the behavioural patterns
of the river can be judged in different reaches
(Sayre and Kennedy 1973) and also be used to
highlight a cause—effect relationship with the
underlying structure and associated anthro-
pogenic interferences. Universal physical laws
govern streams, yet every stream passes in a
unique way through its landscape. Gravity and
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water are constants, so all streams tend towards a
single ideal form; however, differences in loca-
tion and physical conditions create the range of
forms seen. Each stream futher balances erosion,
transport and deposition in the context of its cli-
mate and landscape (Harrelson et al. 1994).

A river corridor may be broadly defined as the
land immediately adjoining the river (Alexander
2005). It includes the width of the channel in
which the water flows and is typically expanded
to account for the extensive influence of the
watercourse in the surrounding landscape (US
EPA 1992). The width of a corridor is defined by
the lateral extent of the meanders, termed as the
width of the meander belt and is governed by the
site and situation of the valley landforms, surface
geology and length and slope parameters of the
river channel (Vermont Agency of Natural
Resources 2005). Delimiting such corridors
depends upon a number of factors, including the
condition and character of the channel itself and
human use of the land around. Thus, they can be
demarcated according to a specified distance
from the river, or on the basis of physiographic
features or through inclusion of land cover and
land use unit boundaries (Hawes and Smith
2005). Corridors, acting as riparian buffers, also
help in preserving the various aspects of a
channel (Wenger 1999) which make them fit as a
wildlife habitat, be a source of water supply for
domestic and other uses, apart from stabilizing
the channel itself (Naiman et al. 1993), thus
controlling to some extent the detrimental effects
of flooding and bank erosion. Therefore, geo-
morphic analysis of a channel along with its
corridor is essential in order to constitute a
knowledge base which is likely to help in stabi-
lizing the channel and minimizing its hazardous
impacts on the region while conserving its eco-
logical functions (Mondal and Patel 2018).

Channel geometry is a three-dimensional,
cross-sectional, planform and long profile prop-
erty constituting the complete morphology of a
river (Richards 1982), while the channel pattern is
the configuration of a river as it appears in its
planform and reflects the hydrodynamics of flow
within the channel and associated processes of
sediment transfer and energy dissipation
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(Richards 1982). Alluvial channels are of differ-
ent types and these exist along an energy gradient,
ranging from high energy braided and straight
channels to low energy anastomosing channels
(Charlton 2008). The pattern and form of the
alluvial river gives an idea about the energy with
which it is sculpting the landscape. Research on
meandering channels (Langbein and Leopold
1966; Hey 1976; Julien 1985; Williams 1986;
Hudson and Kesel 2000) have traditionally been
based primarily on examining meander mor-
phology and channel geometry (Hickin 1974) and
their relationship with primary control factors
(Schumm 1960). Channel shifting, so typical of
meandering alluvial channels in their lower
courses, arises from meander migration due to
bank erosion coupled with allied changes in
channel morphology and hydraulics (Thomas and
Sharma 1998; Gagoi and Goswami 2014; Pati
et al. 2008). A clear description of the shape of a
river’s long profile is evident from its slope or
gradient which can be expressed as a graphic
representation of the ratio of the fall of the
channel to its length over a given reach. Thus, it is
the representation of the channel bed in longitu-
dinal view (Knighton 1998). The long profiles of
most rivers have been studied to identify areas
where slow tectonic adjustments have been taking
place (Begin 1975; Seeber and Gornitz 1983).
Definitions and constituting elements of river
corridors have been discussed by Tockner et al.
(2003). The methodology for the studying of
reference reaches along a channel for character-
izing it has also been succinctly explained by
Harrelson et al. (1994) and Rosgen (1998). Fur-
ther studies examining the geomorphology of
channel reaches and channel pattern classifica-
tions have been done by Rosgen (1994, 2001a)
and Hey et al. (1994), among others. Riparian
Buffers (Wegner and Fowler 2000) constitute an
important element of watersheds since they pro-
tect the river corridors from impacts related to
human land use and their maintenance has been
identified as the most effective means for pro-
tecting channel resources (Hawes and Smith
2005). Efficient buffering projects have been
extended both for bank stabilization as well as for
wildlife habitat restoration in many rivers of the
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United States, where their widths range from
100 ft for bank erosion protection to over 300 ft
for habitat conservation along the corridor (Verry
et al. 2000). Such buffer zones have also been
constructed for free expansions of meanders in
some rivers where the width of the buffer has been
determined by the lateral extent of the meanders,
termed as the meander belt width, which is gov-
erned by valley side landforms, surface geology
and channel slope (Vermont Department of
Environmental Conservation 2013). A shift in
approaches to stream restoration has been
observed in recent times from traditional ones,
which had sought to directly alter the channel
itself, towards a geomorphologically more sound
approach that provides restoration in the sur-
rounding floodplain or the riparian zone (Doppelt
et al. 1993). Application of such projects is seen
in the Rosgen Channel Reach Classification
System (1994), where emphasis has been given to
the measured morphological relations associated
with bankfull flow, geomorphic valley types and
geomorphic stream types. Towards this, a number
of master plans have been designed by indepen-
dent researchers and landscape designers (van
den Berg 1995), individual states (Toms River
Corridor Task Force 2004) as well as national
water resources monitoring agencies (FISRWG
2001). The demarcation and analysis of river
corridors and subsequent channel training and
river restoration has also been promulgated as an
effective mitigation measure against channel
erosion and flood hazards (Piegay et al. 2005),
providing a low-cost, eco-friendly approach that
is likely to find resonance in developing countries
having sparse resources.

However, river reach classification and stream
corridor demarcation has rarely been done in India
and such literature is very sparse (for a brief
review of such studies, see Mondal and Patel
2018). Keeping in mind the views expressed by
the proponents of this method for riparian area
rejuvenation and restoration for ecological and
economic benefits, the authors feel that its greater
awareness and application can give suitable ben-
efits in river management. A case study towards
this methodological development has, therefore,
been done on the Bakreshwar River for its channel
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corridor demarcation, which is the primary step
towards reach classification and possible pur-
suance of any ensuing management policies.

9.2 Objectives

The objectives of the present study are therefore
as follows:

e Description of the Bakreshwar River’s
course, along with allied geological and
physiographic attributes.

e Analysis of channel cross-sectional and lon-
gitudinal attributes, sinuosity and channel
patterns in different reaches, bedform and
grain-size aspects of channel bed material for
computation of channel hydraulic and
hydrological parameters.

e Channel reach classification according to the
Rosgen (1994) Method for the Bakreshwar
River.

e Demarcation of the Bakreshwar River Corri-
dor along with description of land use and
land cover (LULC) and channel morphology
aspects for select corridor windows.

9.3 The Study Area

The Bakreshwar River (Fig. 9.1) rises from the
south of Rajnagar village (23° 56'N; 87° 19'E)
near the West Bengal—Jharkhand state border,
where rolling plains and small streams trickle
down the wasteland—a short distance northwest
of the hot springs of the same name at Bakresh-
war Town (87° 22" 30"E, 23° 52’ 50"N) some
16 km west of Suri (the Headquarters of Birbhum
District). After following a zigzag course east-
wards and receiving one by one the waters of
almost all the rivulets of south Birbhum, it joins
the Kopai River after flowing for nearly 100 km
at 23° 47'N and 87° 47'E at an elevation of 28 m,
just below Labhpur, to form the Koiya Nala,
which flows further towards northeast to debouch
into the Mayurakshi River, just beyond the east-
ern boundary of Birbhum District (O’Malley
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1910). For the most part, the river flows over
agricultural fields (often mono-cropped land) and
in some places, there are vegetated, tree-lined
banks or even thick groves. Sand deposits and
bars within the channel are rarely seen in the
upper reaches and only small meandering bends
are prevalent, incised into the young alluvium.
Further downstream, near Gaisara (23° 54'N;
87° 19'E), the river loops around sandbanks and
vegetation and the natural vegetation cover seems
to have been preserved along the river corridor in
these stretches. Some point bar formation after
Muktipur village (23° 53'N; 87° 20'E) is more
evident. Near Bakreshwar town (23° 52'N;
87° 22'E), the river seems to be polluted with
traces of eutrophication. Some rocky exposures
on the bed of the river are seen here. In most
places downstream of this point, the vegetation
has been cleared to make way for agricultural
fields. Some sandbars are noticed in the channel
near Matijapur (23° 52'N; 87° 23'E). Euthroph-
ication is noticed near Padampur village (23° 51’
N; 87°23'E) and Shimultari (23° 51'N; 87° 24'E),
which increases moving further downstream
towards the Neel Nirjan dam, where a consider-
able area has been submerged and the Bakresh-
war Thermal Power Plant and Township are
located. Further downstream, the river flows over
barren land and the channel is usually dry or
devoid of much flow. The topsoil here is quite
useless for cultivation, consisting mostly of hard
laterite but small patches of woods exist, part of
localized afforestation programmes. Some fores-
ted lateritic tracts are seen near Bodakuri village
(23° 47'N; 87° 25'E), where rocky exposures are
also seen on the bed of the river. At Bishalpur
(23° 47'N; 87° 27'E), extensive sandbars are
present that grade into mud banks along some
stretches. Bar deposits become abundant further
downstream with shoals and point bars seen at
many places. A meander loop is seen near
Muradpur village (23° 49'N; 87° 32'E), with
well-developed sandbars. Plantations are seen
near Hatikra village (23° 49'N; 87° 35'E), along
with well-developed meanders beyond the it.
Meander cut-offs are seen near Jinaipur (23° 49’
N; 87° 37'E) and the river starts anastomosing
further downstream. Abandoned oxbow lakes are
seen along and adjacent to a number of channel
reaches thereon. The scars left are visible,
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particularly from satellite images and these are
often used for cultivation, being depressions
where the soil moisture is retained even in the
drier months. Near its mouth, the channel has
deeply incised into its floodplain and follows a
quite tortuous course. The river is affected by
periodic high flows in the monsoon months and
usually floods its adjacent lands but goes almost
completely dry for the rest of the year. Such
periodic alterations in the river regime and flow
pattern accounts for the hydrological changes in
the channel and impacts on its morphology and
pattern.

9.4 Methodology

The step-wise methods adopted for the study
(Fig. 9.2) are as follows:

¢ Digitization and mapping of the Bakreshwar
River Channel from Survey of India (Sol) to-
pographical maps of 1:50,000 scale—Map
Nos. 73M/5, 73M/9 and 73M/13 and from
higher resolution Google Earth image tiles for
planform descriptions, measurements of
channel pattern, sinuosity, meander curva-
tures and wavelengths and identification and
demarcation of palaeo-channels.

e Preparing an elevation database for the
channel from SOI maps and ASTER GDEM
v2 tiles (resolution 30 m) for longitudinal
profile extraction of the Bakreshwar River.

e Overlaying of the extracted long profile of the
Bakreshwar River on geological and physio-
graphic maps obtained from the Geological
Survey of India (GSI)—District Resource
Map of Birbhum and District Planning Map
Series for Birbhum District (from the National
Atlas and Thematic Mapping Organisation
(NATMO) database) for demarcation of
lithological and terrain units along and adja-
cent to the Bakreshwar River channel.

e Extensive field surveys at regular intervals
(fifteen sites) along the Bakreshwar River
from its source to mouth for measurement of
channel cross-sectional and hydraulic param-
eters. Plotting of these measured parameters to
obtain bank profiles and depositional bed form
attitudes and their use in hydraulic equations
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for deriving computed flow velocities and

stream power at the measured sites.
e Bed and bank material sample collection from
a number of sites along the channel for
grain-size analysis, for determining bed and
bank material parameter input into the ensu-
ing Rosgen classification scheme (1994).
Channel hydraulic parameters, planform
attributes, sediment characteristics, associated
LULC aspects and channel pattern properties
have been used to classify the Bakreshwar
River into Rosgen (1994) Stream Reaches for
a more succinct codification, demarcating the
typical assemblage of physiographic, hydro-
logical and anthropogenic factors governing
each stretch. The parameters evaluated under
the principal criteria required for under-
standing the river hydrology and for achiev-
ing a stream reach classification are explained
as follows:

(2013)
Planform Course analysis
Trom Source to Mouth
}
[ )

Google Earth Satellite Imagery

|

Long Profile of the River

Secondary Data

Preparation of elevation map from

[ ‘Geological Map of the Basin
ASTER GDEM v2

|

(i) Planform attributes: Channel Planform
or Meander Geometry helps in quan-
tifying the development of meanders
on the floodplain (Gurnell et al. 1994;
Gilvear et al 2000). They depict the
nature of the river in relation to the
processes operative, equilibrium con-
ditions existent as well as the channel
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attains from its mean centre. Channel
flow along the mean centre can be said
to be a hypothetical entity (Leopold
and Langbein 1966) but nonetheless it
is useful in quantifying and demarcat-
ing reaches along the river. The Sinu-
osity Index (SI) was calculated using
the following formula:

Determination of stream hydrological
character from indices and equations

|(.'hz nnel Cross-section analysis
Fig. 9.2 Schematic representation of the adopted methodology
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(i)

SI = Channel (Thalweg) distance/
Down valley distance
(Leopold et al. 1964),

(9.1)

where SI = 1 indicates a straight chan-
nel; 1 < SI< 1.5 indicates a sinuous
pattern; SI > 1.5 indicates a meander-
ing pattern.

Channel hydraulic attributes: Channel
hydraulics helps in the understanding of
river behaviour and aids deciphering of
how the different fluviometric and
fluviological parameters shape the
landscape. Stream power is the rate at
which the energy of flowing water is
expended on the bed and banks of a
channel and provides the potential for
the stream to perform geomorphic work.
The spatial distribution of stream power
along a channel has been linked to things
like river form and flood-response
behaviour in many studies (Bagnold
1966; Graf 1971; Knighton 1998).
While theory predicts that stream power
values along a channel long profile
should peak in the mid-basin reaches
(Knighton 1998), local variations in
channel slope (and tributary effects on
discharge) can cause significant devia-
tions from this. Slope exerts an espe-
cially strong control on stream power
and since many factors can affect the
local slope of a channel, stream power
can vary substantially at the reach scale,
with variability from one reach to
another being the rule. The different
equations that have been used to calcu-
late channel hydraulics are as follows:

Hydraulic Radius (R) = A/P
(Leopold and Maddock 1953)

9.2)

(iii)
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Manning n equation ()
= (R2/3S1/2)/v
(Manning 1890)

(9.3)

Froude Number (F,) = u/(gd)"”
(Froude 1868)

(9.4)
Total Stream Power per unit length (Q)
= pgRSv (Yang and Stall 1974)
(9.5)
Specific Energy(E) = v*(1/(2g +d))
(Yang 1972),
(9.6)

where A = cross-sectional area of the
channel (mz); P = wetted perimeter

(m); R = hydraulic Radius (m);
S = channel slope (m/m); # = Man-
ning’s roughness coefficient; u/

v = channel flow velocity (m/s); g = ac-
celeration due to gravity (9.8 m/s?);
d = depth (m); p = density of water
(1000 kg/m?).

The shape of a particle’s form is an
important aspect of study since it helps
determine the processes operative, their
magnitude as well as the particle’s
resistance capacity (Garcia and Parker
1991). Cailleux (1952) devised an
index to measure the shape of a sedi-
ment particle with the help of the fol-
lowing formula:

R = 1000 (2r/a) (Cailleux 1952), (9.7)

where R = Cailleux Index of round-
ness; r = least radius of curvature in
the principal scale; a = length of the
long axis.

The R values range from 100 to 1000
with values tending towards 100 being
rounder than the values that lie further
away.



162

e Demarcation of the Bakreshwar River Corri-
dor on basis of above the channel reach clas-
sification and subsequent examination of the
attributes of select windows within the corri-
dor from river source to mouth, in respect of
channel pattern and alignment, LULC aspects
and human use of the riverine environment.

9.5 Results and Discussion
9.5.1 Lithological-Physiographic
Relationships

and Channel Longitudinal
Profile

Clearly, two broad physiographic units may be
identified along the river’s course, though the
terrain is always characterized by a general
southwards—southeastwards slope—the rocky
igneous Archaean granitic surface (predominant
in the upper one-third of the entire channel
length) and the alluvium veneered floodplains
(occupying the lower two-thirds). The flood-
plains may be further subdivided into flat low
lying alluvial tracts and the higher undulating, at
times, lateritic zones.

The granitic—gneissic zone is well defined and
easily identifiable in the upper reaches of the
river (Fig. 9.3). In some places, like Rajnagar
(23° 56'N; 87° 19'E), rock outcrops jut out from
the river bed and have weathered, forming
feldspathic clays and angular quartz particles.
These Archaeans are the oldest rock formations,
comprising of granitoid and schistose rocks
which crystallized at least 900 million years ago
(NATMO 2000). The sulphurous hot springs of
Bakreshwar (32° 52'N; 87° 02'E), probably
lying along a fissure zone in the granite-gneiss,
are also thought to have formed due to defor-
mations within the Archacan—Gondwana com-
plex of the area (O’Malley 1910). Emergence of
hot water and gases is noticed here at seven
different spots aligned northeast—southwest,
which probably is a granite-gneiss fissure.
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Further downstream, alluvial plains predomi-
nate, with the older, more compacted alluvium
occupying the relatively higher reaches as com-
pared to the lower-lying, softer, more unconsol-
idated younger alluvium. Their attitudes are more
or less flat, unlike that of the rolling granitic
topography (GSI 2001). The Older Alluvium
(Bhangar) is coarse and generally of reddish
colour, containing abundant disseminations of
calcareous and limonitic concretions. This allu-
vium is probably of Middle Pleistocene age. The
Newer Alluvium or Khadar, of recent to subre-
cent age, is mostly confined to the present day
channels and contains less calcareous matter
(GSI 2001).

Some isolated lateritic tracts are present,
slightly elevated than the surrounding alluvial
plains. Their ferralitic contents suggest a long
and probably continuous exposure to subaerial
conditions. Maybe these are residual weathering
products of the nearly peneplained Archaean
massif, carried by rivers into shallow coastal
seas. Due to the recession of the sea, the estuaries
of the streams draining the ferralitic—lateritic
lands were prograded and the landscape of
Birbhum derived its dissected features (Ghosh
and Guchhait 2015). Usually, these mounds are
unfertile and hence abandoned and bare, bereft of
cultivation, though some tracts have been affor-
ested. Laterite blocks (locally referred to as
moram) are used for making bricks or paving
roads. Gulling on these lateritic tracts has pro-
duced small badlands in many a place. The
Kopai and Bakreshwar rivers’ confluence exhi-
bits some calcitic outcrops.

The extracted longitudinal profile of the main
channel shows the topographic and lithological
influences (Fig. 9.4). The Archaean complex
forms the most resistant and thus steeper portion
of the landscape, down which the river cascades,
at times in puny rapids. Channel breaks are more
evident in this section of the long profile than in
other sections downstream. Over the Quaternary
sediments, the profile assumes a much more
relaxed posture, and deviations from a smooth
parabolic concave upwards curve are less marked
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9 Morphological Aspects of the Bakreshwar River Corridor ...

in this stretch. Thus for about two-thirds of its
course, the Bakreshwar flows over gentle terrain
and as seen subsequently, these are the tracts
where it principally forms its floodplain with
marked lateral meander sweeps, indicating the
gradual and barely perceptible changes in relative
elevation and channel slope.

9.5.2 Channel Cross-Sections

The cross-section of a river is an expression of
the different hydraulic parameters which
demonstrate how the river behaves and fashions
the landscape (Charlston 1969; Holbrook et al.
2006). The reach of a channel is an adjustment
between the amount and intensity of water flow,
sediment-borne and the nature of the bank
material (Park 1977; Gleason 2015). At a given
reach, the mean velocity, mean depth and width
of flowing water reflects the characteristics of the
channel cross-section (Leopold et al. 1964; Lee
and Julien 2006). A stream channel that changes
from being relatively deep and narrow to being
shallower and wider (i.e. increase in width/depth
ratio) may experience a concurrent loss of pools

Table 9.1 Surveyed sites
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which often provide important in-stream habitats
for fish (Jowett 1998) and riparian habitats and
landscapes can be effectively judged by using the
hydraulic geometry and channel planform as
surrogate variables (Brierley et al 2013; Cullum
et al. 2016), albeit keeping in mind the limita-
tions of using only this approach (Wohl 2004).
Because bed shear stress would be increased in a
wide, shallow cross-section, such channels
would have a relatively higher potential for
bedload transport and bank erosion and would
generally be characterized as unstable.

Cross profiles across the Bakreshwar River
channel were measured at fifteen sites
(Table 9.1; Figs. 9.5 and 9.6). Both the channel
width and depth increased downstream. At Raj-
nagar the channel width was very narrow—Iless
than 4 m. At Abadnagar the channel width
increased slightly with not much change in
depth. Here, the channel banks were densely
vegetated with inflowing small tributaries, called
‘kando’ by the local people. Near Bakreshwar
Town, the Bakreshwar River becomes properly
defined and named. Here, two cross-sections
were taken, one near the Bridge leading to the
Town and the other near a cremation site. Granite

) SIL. No. Surveyed sites Latitude Longitude Remarks
along the River Bakreshwar

1 Rajnagar 23°56'N  87° 19'E Upper course
2 Abadnagar 23° 53N 87° 17E reaches

3 Muktipur 23° 53'N 87° 20'E

4 Bakreshwar (Bridge) 23° 52'N 87° 22'E

5 Bakreshwar (Town) 23°52'N 87°21'E

6 Sagar 23°48'N  87°25'E

7 Jostabad 23° 48'N  87° 30'E Middle course
8 Srikanthapur 23° 49N 87° 34'E reaches

9 Hat Ikra (Bar) 23°49'N  87° 34'E

10 Hat Ikra 23°49'N  87° 35'E

11 Mohhamadnagar 23° 48'N 87° 29'E

12 Tekedda 23° 48'N 87° 41'E Lower course
13 Kalikapur 23° 48N 87°47'E  reaches

14 Labhpur 23° 47N 87° 46'E

15 Mouth 23° 47N 87°47E
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9 Morphological Aspects of the Bakreshwar River Corridor ... 167

boulder-strewn surfaces and bedrock exposures
were seen near the bridge. However, by the
cremation site, the river flows over flat lands with
steep-sided banks and the river width increases
considerably with an allied increase in depth.

Il N Near Muktipur and Sagar, the river flows over

older alluvium and the channel is mildly

entrenched. The right bank of the river is steeper

i aule -l : than the left.

From the middle section onwards, the
Bakreshwar starts following a sinuous course
and forming wide meanders, most prominently at
Hat Ikra. Here, a sudden increase in the river

) width allows small mid-channel bar deposits to

JI% n ':-] form along with point bars. Two cross-sectional

' profiles were taken here—upstream and down-

stream of the bridge. The profile upstream passed

| over a hollowed point bar (due to sand quarrying)

as indicated by the deep dug out pits in the
profile. Hat Ikra’s accessibility, well connected

] by a metalled road, facilitates sand quarrying

. here. Downstream, the profile exhibits steep

[ | i 19k incised banks on either flank and a small exposed
y ::j L Fj a mid-channel bar. At Jostabad, two similar thal-
f ' weg channels may be identified with the central

! Pa: i elevated zone indicative of a mid-channel bar.

F Tk St Similarly, near Srikanthapur, the cross-section

SR | | dvigag e | | dneigggi across the channel indicates point and

mid-channel bar developments.

The lower course of the River displays
an anastomosing pattern of channel development
and near the mouth, a well-developed meander-
ing pattern. The cross-section taken at Tekedda
shows a very steep right bank compared to the
left, with the river width increasing dramatically.
At Kalikapur, the channel becomes very wide
with steep banks indicating moderate channel
entrenchment. At Labhpur, a well-developed
meandering channel of considerable width and
depth is profiled with a steep right bank (cliff
face) and point bar abutting left bank (slip-off
face). The flooding limits can easily be identified
by observing the steep, indented right bank face,
marked each time the water level rises. The river
here is wide and sluggish, continuing thus up to
its confluence. This lower reach is quite prone to
flooding.

i
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Fig. 9.6 Collaged cross-sections across the Barkeshwar River
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9.5.3 Channel Sinuosity
and Planform Meander
Geometry

While the channel wavelength and amplitude
increases steadily downstream, with especially
the radius of curvature rising sharply in the lower
reaches, channel width does not exhibit a corre-
sponding increase. However, there is a slight
increase in width in the lower stretches of the
river course. From computed channel sinuosity
index (SI) values (Fig. 9.7), the upper reach of
the river, as a whole, is deemed to exhibit an
irregular—sinuous pattern (SI—1.15), the central
reaches show a meandering pattern (SI—2.2),
while the lower reaches comprise of a highly
developed and broadened meander belt with
marked tortuosity in channel course (SI—3.1),
with oxbow lakes and meander cut-offs adjacent
to the tortuous, active channel. In the middle and
especially the lower reaches, extensive floodplain
development has taken place, as compared to just
the sliver that is present in the upper course,
within which the river course oscillates as it
weaves its way across and over the floodplains.

9.5.4 Channel Hydraulic Parameters

A positive correlation between the stream power
and the computed velocity shows the existence of
close relationships between the two (Table 9.2;
Fig. 9.8). Thus, an increase in the stream power
can be attributed to an increase in the velocity of
the flow in the channel (Stewardson 2005).
The Specific energy of the river decreases
downstream along with a decrease in the Froude’s
number and a number of exponents for each reach
is derived through the regression plots, reflective
of the typical downstream hydraulic geometry of
most rivers (Dingman 2007; De Rose et al. 2008).
Thus, there is a change in the flow dynamics of
the channel, from a high energy channel in the
upper reaches to a low energy, tranquil channel in
the lower reaches, which could well be the effect
of the dam put across the river, as the values differ
sharply at the stations surveyed upstream and
downstream of this structure, reflecting the use of

D. Banerji and P. P. Patel

this parameter to gauge stream erosion or depo-
sition (Bizzi and Lerner 2015). Thus, the
observed and computed parameters may not
represent the true natural state of the channel, but
rather that of a stream harnessed and with regu-
lated flows. The narrow thalweg presently
coursing through a wider and deeper bed in the
lower course of the river (which is likely to have
been sculpted during the pre-dam phase of the
channel), is another probable testament to the
above statement, as is the drop-off in the com-
puted flow velocity progressively downstream.

9.5.5 Bed and Bank Material
and Sediment Analysis
at Different Reaches

9.5.5.1 Boulders and Pebbles

A boulder-strewn terrain, at times choking the
main channel, is present near Rajnagar (Fig. 9.9).
A correlation between the boulder lengths and
widths reveals that there exists a negative yet
weak correlation between the two, indicating that
the boulders are more angular than round. Cail-
leux Index of Roundness (1952) values greater
than 400 for the boulder samples further indi-
cates that they are subangular to angular in shape.
This may be because the fluvial forces have not
yet fully modified them, in the generally shallow
and often dry upper reaches, resulting in them
being less rounded in shape.

At Hat Ikra, the Bakreshwar flows over allu-
vium terrain, actively eroding and excavating its
course. Pebble deposits here (Fig. 9.9) reveal
remnants of weathered granite—quartz, feldspar
and iron concretions. These three minerals, due
to their differing resistance to erosion, exhibit
differing angular dimensions, with the predomi-
nantly quartz and feldspar pebbles having a
longer x axis (length) than those formed of iron
concretions, which are already quite rounded
before being further modified by the river, at
times into perfect globules. The Cailleux Index
of Roundness for iron concretions have the
greatest values on the scale as they are perfectly
rounded, followed by those for feldspar pebbles
and finally for the quartz pebbles. This may be
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9 Morphological Aspects of the Bakreshwar River Corridor ...

because quartz is more resistant to erosion than
feldspar and hence it is more angular and sub-—
angular in shape than feldspar, which tends to be
more sub-rounded and sub—angular.

9.5.5.2 Finer Sediments

Alluvial channels, set in unconsolidated sedi-
ment, adjust their shape by entraining and rede-
positing bed material, reaching a steady state
configuration or grade, when the flow can
transport all sediment supplied from upstream
without net deposition or erosion (Parker 1976;
Nelson et al. 2003). Sediment samples from
different sites were sieved, weighed and their
percentages calculated according to the grain
dimensions (Fig. 9.10). At Rajnagar, the sample
consisted predominantly of coarse gravel, with
some sand but very low fractions of silt and clay.
Samples were collected from Abadnagar at two
sites with both showing a very high percentage of
very fine sand and an equal proportion of the
other categories, except coarse pebbles, which
are absent here. At the confluence of the
Bakreshwar and the Chandrabhaga Rivers, sedi-
ment samples were collected from the banks,
mid-channel bar and river bed. Sand category
was found to be high in all the four samples. The
mid-channel bar is composed of coarse, fine and
very fine sands. The river bed shows similar
characteristics with an additional slight presence
of fine gravel, probably borne down by the
streams from the upper reaches. The banks show
the presence of all the sand categories, fine gravel
and also a small percentage of coarse gravel.
Near Hat Ikra, sediment samples were collected
from both the banks and the bed, which are all
predominated by fine sands. Additionally, silt
and clay, coarse and fine sands and gravels are
also noted on the banks, while all three categories
of sand were recorded in the channel bed sample.
At Labhpur, in the lower course, three samples
were again collected from both banks and the bed
with fine sand predominant in each. However,
the right bank also had some very fine sand and
silts and clays while the left bank showed the
presence of some coarse gravels. The channel
bed sample simply had the fine and very fine
sands only. The sediment analysis reveals, as

173

expected, the downstream fining of the grains
from source to mouth.

9.5.6 Channel Bed Forms

Jackson (1975) specifically identified channel
bars as sedimentary macroforms, in contrast to
ripple and dune-like features, which he charac-
terized as microforms and mesoforms, based on
their scale. While the origin of the smaller sedi-
mentary features may be sought in flow
hydraulics, specifically in the way in which tur-
bulent flow deforms the mobile stream bed,
sedimentary macroforms owe their origin to the
overall flow and sediment regime of the river and
to geological controls on the river morphology
(Ashmore 1991; Gordon et al. 2004; Church and
Rice 2009).

Ripples Ripples were observed on the channel bed
near Hat Tkra (Fig. 9.11). Their amplitude and
wavelength measurements showed a positive cor-
relation. Their depth was approximately 2—-3 cm,
implying their micro-relief nature, unstable char-
acter and genesis in a mild fluvial environment.

Point Bars River bars [persistent depositions of
bed material (sediment)], essentially define the
morphology of unconfined alluvial rivers, though
they may also be present in bedrock channels and
are also important in deciphering their flow
regimes. The planform of a measured point bar
(Fig. 9.11) at Hat Ikra revealed that the bar sur-
face rose gradually from the bank base, was at a
maximum in the centre due to pronounced
deposition and then sloped downwards steeply to
the water’s edge.

9.5.7 Implementing the Rosgen
Scheme (1994)

for Channel Reach
Classification

of the Bakreshwar River

A quantitative model is necessary to understand
the nature of the river in its various reaches
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(Bisson et al. 2006), and to classify its geomor-
phic diversity systematically (Cupp 1989; Carl-
son 2009). The main objectives of a quantitative
model are to predict a river’s behaviour from its
appearance and to develop specific hydraulic and
sediment relations for a given morphological
channel type (Rosgen 1994), on the basis of
cross-sectional parameters, channel slope and
sinuosity values and type of bank and bed
material (Galay et al. 1973). This is necessary
since the entire river, while being a continuum
for water, sediment and biota movement, actually
functions in separate distinct reaches linked by
transition zones and a distinctive characterisation
and demarcation of such zones would not only
create a river inventory for planning purposes but
also enable more pertinent assessments of stream
bank stability (Pfankuch 1975; Rosgen 2001c),
riverside erodibility (Rosgen 2001b), sediment
generation (Rosgen 200la) and required
restoration measures to achieve natural channel
conditions (Rosgen 2006, 2007, 2011). By fol-
lowing Rosgen’s general scheme of classification
(Table 9.3), an attempt has been made to classify
the Bakreshwar River accordingly in its various
reaches. Primary importance was given to plan-
form and cross-section parameters, augmented
by field observations (Table 9.4). Rosgen’s cri-
teria of channel parameters (slope, depth, sinu-
osity and so on) did not entirely match with the
actual observations.

River reaches categorized on basis of the
above-tabulated scheme and values were thus
identified and demarcated (Table 9.5; Fig. 9.12).
The river is entrenched into the older alluvium
throughout its course. Hence, the entrenchment
values are <1.4 at most of the reaches. Sinuosity
values more or less correspond to the expected
classification values. Marked deviations from the
Rosgen tabulated values are seen in case of the
measured channel slope values, which are
higher. This seemingly implies that similar geo-
morphic features may develop in higher slope
regions as well and factors other than the slope
can play an equally important role in determining
the geomorphology of a river reach. Width—
depth ratio is also extremely high in most of the

D. Banerji and P. P. Patel

stretches, with it being particularly high in the
middle eaches of the river’s course.

9.5.8 River Corridor Demarcation
and Land Use-Land Cover
Attributes of Select
Windows

The river corridor has been demarcated system-
atically through selective analysis and visual
interpretation. To aid in this, initially, a number
of Google Earth screenshots (Fig. 9.13) have
been used to examine the morphological char-
acter and associated vegetation relationships
along the riparian tract, backed up by field
observations in these same areas. Parameters
ascertained include the variables used earlier in
the Rosgen Channel Reach Classification along
with the state of the existent natural vegetation
and the distance of any palaeo-features from the
current principal channel. The variable-width
method has been preferred and used to delineate
the probable river corridor extents—this being
favoured over the fixed-width method where the
entire corridor is marked at a set distance from
the channel. The variable width occurs due to a
differing sinuosity of the channel in its various
reaches (as documented using the Rosgen Stream
Reach Classification mechanism above), extent
and degree of adjacency of natural vegetation
along the banks and the limit to which the
palaeo-channel features and meander cut-offs and
oxbow lakes could be discerned from the pre-
sently active channel. Though harder to demar-
cate, the incorporation of these three variables
provides a more flexible and geomorphologically
resonative criteria for the river corridor demar-
cation. On the above basis, distances from the
channel have been determined (Fig. 9.14) for
each type of Rosgen Reach as well as making
further adjustments as to this buffer width, where
the same type of channel (e.g. types DA and E)
occur more than once along the Bakreshwar’s
course, but in different settings. The demarcation
of such a corridor basically provides an idea,
foremost, as to where and how much the main
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Table 9.3 (continued)

Landform/Soil/Morphological features

Channel
slope
<0.02

Channel

Width-to-depth

ratio
>12

Entrenchment

ratio

General description

Stream
type

sinuosity
>1.2

Entrenched in highly weathered material. Gentle

gradients with a high width-to-depth ratio.

Entrenched meandering riffle/pool channel on low | <1.4

gradients with high width-to-depth ratio

Meandering, laterally unstable with high bank
erosion rates. Riffle/pool morphology

Gullies, step-pool morphology with moderate
slopes and low width-to-depth ratio. Narrow

0.02—

>1.2

<12

<14

Entrenched gully step-pool and low

0.039

width-to-depth ratio on moderate gradients

valleys, or deeply incised in alluvial or colluvial
materials (fans or deltas). Unstable, with grade
control problems and high bank erosion rates

Modified from Rosgen (1994)

D. Banerji and P. P. Patel

channel is likely to meander, shift or avulse, and
thus possibly lay claim to land and livelihood.
Such a buffer can also be used for stream
restoration purposes, where riparian tracts are left
untouched or afforested along the channel within
the demarcated zones, in order to better or pre-
serve river health, replenish flows and sustain the
entire biotic environment dependent on it. Such
buffers are sorely required along river courses
like the Bakreshwar, due to the extent and
intensity with which its floodplain is cultivated or
otherwise used. They allow the channel to
‘breathe’ and rejuvenate ecologically.

To further emphasize the changing nature of
the Bakreshwar and its adjacent riparian tract, a
number of windows have been taken within the
demarcated stream corridor (Fig. 9.15). Each
window has been selected along the River Cor-
ridor to highlight and be representative of the
land use and land cover and hydrologic rela-
tionships existing in each demarcated stretch of
the river. The first window (LULC Window—1)
illustrates the Bakreshwar river near its initiation
as an established channel across its narrow
floodplain. Most of the adjacent land to the cor-
ridor is left fallow. Patches of forests and a small
settlement close to the main channel and some
cultivated land in the corridor zone is evident.
The river flows over some patches of barren
ground, most probably evidences of infertile
lateritic tracts. The second window depicts how
human intervention has led to a change in the
channel configuration and modification of the
river corridor (LULC Window—2). The Neel
Nirjan Dam has been constructed across the
Bakreshwar River, arresting its normal flow. This
has led to the formation of the reservoir, sub-
merging large tracts of land adjoining the river.
This change in the river channel and the adjacent
riparian tract becomes more evident when the
pre-dam construction era topographical map of
the same location is compared with its present
Google Earth image (Fig. 9.16). Most of the
reservoir has been choked by eutrophication and
the immediate vicinity of the barrage has been
left barren. Thus, such river corridor mapping pre
and post-dam construction or upstream and
downstream of dam reaches can aid decipher the
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Table 9.5 Classified and coded channel reaches of the Bakreshwar River

SL Stations Rosgen’s stream
No. classification code
1 RAJNAGAR A
2 ABADNAGAR A
3 MUKTIPUR B
4 BAKRESHWAR B
(BRIDGE)
5 BAKRESHWAR B
(TOWN)
6 SAGAR C
7 JOSTABAD C
8 SRIKANTHAPUR C
9 HAT IKRA (BAR) C
10 HAT IKRA C
11 MOHAMMADNAGAR | E
12 TEKEDDA DA
13 KALIKAPUR DA
14 LABHPUR E
15 MOUTH E

Characteristic channel attribute

Steep and entrenched channel, mainly boulders
and large pebbles

Moderately entrenched channel, gravel

Moderately meandering channel, smaller gravels
and coarse sands

Slightly meandering, medium to fine sands

Meandering Channel, coarse sands
Anastomosing Channel, cut-offs, fins sands and
clay

Meandering Channel, cut-offs, fine sands and
clay

Note Refer to Table 9.3 for fuller descriptions of the different stream reaches classified here

impacts that these structures have had on the
channel (Friedman et al. 1998). Some afforested
vegetation tracts in and around the river reveal
attempts at restoration and habitat preservation.
Some forests in the corridor have also survived.
The third window has been selected just beyond
the dam, where a dry channel bed has formed
(LULC Window—3). However, the evidence of
a meander scar denotes that the river probably
did exhibit relatively more natural flow dynamics
in the past. The fourth window shows the con-
fluence of the Chandrabhaga River with the
Bakreshwar River (LULC Window—+4). Promi-
nent point bars have developed on both sides of
banks. The land is mostly cultivated with some
natural vegetation clusters surviving. These are
either the sacred groves or higher grounds that
are deemed unsuitable for cultivation. Settle-
ments in the Corridor become prominent. The
fifth window is a depiction of the change of the
river pattern as prominent meanders develop
(LULC Window—S5). Point bar development is

quite marked and the natural vegetation has been
preserved in the immediate vicinity of the river
channel. However, beyond this, most of the land
has been cultivated. The last window shows how
there is a change in the river pattern from
meandering to anastomosing, depicting a change
in the hydrology of the river as it slowly winds
along its course to meet the Kopai River (LULC
Window—6). A number of paleochannels mark
the previous courses of the river, where it
had migrated across its floodplain. The principal
land use here is cultivation and there are some
forest patches in the close vicinity of the main
channel. For each of the windows, the extents of
the possible Riparian Buffers that may be created
to conserve the stream ecology have also been
demarcated. Only in one reference reach (LULC
Window—S5), is the channel thickly guarded by
forests and there exists a greater need for more
such stretches along the Barkeshwar’s course in
order to retard channel migration and allow riv-
erbed stabilization.
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9.6 Conclusion

Rivers change in morphology and behaviour
markedly from their source to their mouth.
Therefore, reach-wise demarcation of channel
attributes is paramount towards garnering a
holistic understanding of the entire river, while
also accruing site-specific knowledge on hy-
draulic and hydrological parameters. Such
understanding of the interplay between the hy-
draulic geometry, flow characteristics and sedi-
ment transportation can give reach-level insights
into floodplain development (Bridge 1993) and
also facilitate computational modelling of such
landscapes (Howard 1996). Plans for channel
modification for human use or natural hazard
mitigation can feasibly be most effectively
implemented within such a framework. The
study has attempted to divide the Bakreshwar
River following the Rosgen formulated proce-
dure for the same though an amalgamation of
numerous field-derived attributes, while also
augmenting it with much reference satellite
imageries for succinct codification. The end
result lays bare the differential channel behaviour
in different stretches while also highlighting the
need for the development of riparian buffers to
allow ecologically sustainable relationships
between the physical channel aspects, the aquatic
communities dependent on them and the hu-
man settlements populating its banks. The pro-
mulgation of further such studies and reach
demarcation on other channels and indeed, on
each tributary of an entire basin (Reid et al.
2008), using this or other similar methodologies
(i.e., Brierley and Fryirs 2005; Buffington and
Montgomery 2013) can serve to build a hydro-
logical, morphological and ecological ‘census’ of
streams, which would then provide the baseline
information needed for soil erosion, flood
and channel shifting mitigation frameworks and
other such investigations.

D. Banerji and P. P. Patel
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Abstract

Sundarban Biosphere Reserve (SBR) is
located in world’s largest sediment depocenter
of Ganga-Brahmaputra-Meghna (GBM) del-
taic coast of India. Unprecedented increase in
the frequency of tropical cyclone, sea level
rising and changes in shoreline has dynami-
cally and significantly increased the threat to
the world’s largest mangrove habitation.
Spatio-temporal variation of water level
regimes is an important factor for estuarine
and tidal-fluvial dynamics of deltaic islands in
SBR. This article examines the land use/land
cover dynamic and landscape diversity due to
erosion and accretion processes in Sundarban
deltaic region. Landsat MSS (1975), Land-
sat TM (1990, 2000) and Landsat 8§ OLI
(2015) were used for assessing land use land
cover change, landscape metric, shoreline
changes, and tidal-fluvial dynamics in the
study area. Land use/land cover maps were
prepared using supervised classification
scheme and maximum likelihood method.

Digital Shoreline Analysis System (DSAS)
extension tool of Arc GIS was used to assess
the shoreline change rate. On the basis of land
use/land cover map, Shannon’s diversity
index (SHDI) was estimated to understand
the landscape fragmentation due to
tidal-fluvial dynamics and estuarine processes
within the biosphere region. The study
revealed that the land use/land cover of the
Sundarban Biosphere Reserve has been
diversely changed during the study period.
Northern part of the SBR experienced maxi-
mum diversity of landscape. The findings
revealed that there has been dramatic increase
in settlement, swamp, and water-logged area
and a decrease in vegetation/plantation in the
study area. A remarkable change was noticed
in the area under water-logging in the upper
part of the Biosphere Reserve. This change is
attributed to river erosion and inclusion of sea
water into the agricultural fields. The overall
erosion rate in the study area has been 5.98
km?/year during 1975-2015. Marked varia-
tions were observed in erosion rate in different
in different blocks and islands. Southern
inhabited islands were more prone to erosion
than the uninhabited islands. The outcome of
this study may help in management and
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planning for estuarine dynamics, river bank
erosion and accretion of Sundarban Biosphere
Reserve.

Keywords

Land use/land cover * Erosion accretion
Landscape diversity * Sundarban Biosphere
Reserve

10.1 Introduction

The coastal regions of the world are most sen-
sitive entities due to their tidal-fluvial dynamics
and estuarine processes. These regions are likely
to be affected more in view of increasing impact
of climate change. Hence, it is essential to make
a systematic assessment of physical and biolog-
ical factors and their impact on deltaic islands to
conserve and restore the tidal-fluvial and estuar-
ine ecosystems (Yu et al. 2000). Variability of
hydrological regimes of river floodplains is a
fundamental phenomenon for land use/land
cover dynamics in coastal ecosystem (Poff et al.
2010; Bunn and Arthington 2002). Tide induced
inundation dynamics affects the process of
coastal erosion and deposition. The biotic and
abiotic composition of fragile ecosystem, tidal
freshwater, oligohaline marshes and salt marshes
depend on these fluvial tidal processes (Sharpe
and Baldwin 2013; Cornu and Sadro 2002).
Further anthropogenic intervention in coastal
ecosystems causes of physical and ecological
degradation (Kingsford 2000). The Sundarban
Biosphere Reserve (hereafter SBR) is a natural
region which is considered as the world’s largest
Reserve (10,200 km?®) of mangrove ecosystems
and is an important biodiversity hotspot (Purkait
2007). Tidal-fluvial dynamics and geomorpho-
logical attributes makes this fragile landscape
very sensitive and vulnerable. Morphologically
fluvial deposition of Ganga and Brahmaputra
Rivers has major contribution towards landscape
evolution of this region. From the beginning this
region are affected by coastal and fluvial
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hydrodynamic processes, long shore current,
anthropogenic thrusting and extreme -climate
event. Continuous erosion and deposition have
reshaped the marginal shorelines in this active
estuarine delta (Chakrabarti 1995; Jana et al.
2012; Addo 2015).

Sundarban area is characterized river channels
and creeks of varying widths, from a few meters
to several kilometers. Mangroves not only helps
in protecting coastline from degradation, but also
acts as flourishing grounds for coastal fishes
(Goodbred et al. 2003). The mangrove ecosystem
helps in providing food and livelihood to a large
section of local population living in the transition
zone of the SBR. The rich biodiversity of SBR
plays a vital role in carbon absorption and thus
acts as a carbon sink. It also protects from
extreme climate event and thus helps in reducing
vulnerability. However, the mangrove forests in
SBR are extremely vulnerable to multi hazard
events like climate change from last few decades
(Sharma et al. 2010). Growing population is
putting pressure on its bio-resources and fresh-
water inflows in SBR. Large areas of this
ecosystem have been converted into agricultural
land over the past two hundred years and more
recently into artificial prawn cultivation farm
(Raha et al. 2014). Exploited of wood, prawns,
fish, and fodder has extensively degraded the
The construction of embankments,
dams, and barrages has control flood at a large
scale in freshwater flow in the upstream areas of
SBR. It has seriously affected the base of biodi-
versity which has resulted in an increment in the
salinity content and extensive sedimentation
(Chaudhuri and Choudhury 1994). Threats to
such ecosystems arise from changes in global
climate, especially rise in erosion, changing
shoreline, sea level rise. Therefore, proper plan-
ning and management is essential for conserving
freshwater and biological resources in SBR
(Islam and Gnauck 2008).

Remote sensing data and geographical infor-
mation system have been extensively used for the
assessment of environmental protection, space
management and environmental degradation. For
these purposes different methodologies, matrices,
statistical techniques have been developed and

reserve.
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improved in geospatial environment (Bia’ousz
et al. 2010). Land use land cover change analysis
is a significant assessment of landscape environ-
ment since land use land cover change is always
associated  with  anthropogenic  activities
(Abrishamkesh et al. 2011). In recent years land-
scape matrices are frequently used to quantify
change in landscape patterns (Gustafson 1998).
Landscape diversity index, evenness index, patch
index, edge density and landscape shape index are
important factors for assessing landscape charac-
teristics (Uuemaa et al. 2009; Sahana et al. 2018a).
Landscape matrix is mainly used to assess three
function of land use/land cover structure. Shan-
non’s diversity index (SHDI) and Simpson’s
diversity Index (SIDI) was sued in this study as
the indicators of landscape metrics to assess the
diversity in land use/land cover changes and
ecological degradation as a consequence. The
study also analyzed the influence of erosion and
accretion on landscape diversity in coastal deltaic
ecosystem of Sundarban biosphere reserve.

10.2 Study Area

The Sundarban is situated in the coastal region of
Ganga-Brahmaputra deltaic island of Indian
subcontinent. The entire Sundarban is spread
over India and Bangladesh where 60% of Sun-
darban are in Bangladesh. Most of the lower part

ik

of Gangetic delta is composed of immature del-
taic island with slit, sand and clay deposition.
The Indian part of Sundarban is spread over 19
administrative block in north and south 24 Par-
ganas district of west Bengal (Fig. 10.1). The
lower part of the Sundarban region is extremely
low-lying area and flat surface. Ingress of salt
water, high coastal erosion and dune retreatment
are common features in the study area. River
banks are subjected to flood and erosion due to
meandering of rivers and strong micro tides
(Purkait 2007; Paul 2002; Das 2006). The delta
building process is still active in the lower
islands and the regions of neo-tectonic activity.
Over all Sundarban biosphere reserve in Indian
part is tilted toward north west to south east
direction and most of the river carries sediment
and deposit towards eastern part of the region
(Bandyopadhyay 2007). Low-lying delta, salt
marshes, sand flat, sand dunes, meandering
channels, chars, and bars inter tidal deposition
are the main characters of the entire Sundarban
region. The average height of the Sundarban
region varies between 2 to 6 m for south and
north (Das 2006; Islam and Gnauck 2008). The
Sundarban biosphere reserve has 4.37 million
populations with 975 persons/km population
density (Hazra et al. 2010; Ghosh 2012). Most of
the population resides in rural areas and thrives
on coastal agriculture and fisheries (Jana et al.
2012; Bandyopadhyay et al. 2014).

TN

Sundarban Biosphere
¥
Reserve

-75 AT

&
2

PN
WeN

Legend
[] ¢.b. Block Boundary

Wi

| Bay of Bengal
Mangroves

C.D. Block

1. Haroa 1

2. Minakhan

3. Sandeshkhali-1
4. Hasnabad

5. Sandeshkhali-11
6. Hingalganj

7. Canning |

8. Canning I

9. Basanti

10. Gosaba

11. Jaynagar |

12. Jaynagar
13. Mathurapur |
14, Mathurapur [I
15. Kulwali

16. Patharpratima
17. Kakdwip

18. Namkhana
19. Sagar

Nage Boundary

of Bengal

AP st ATTE

Fig. 10.1 Location of Sundarban Biosphere Reserve




194

Tropical cyclones frequently hit this region.
Earthen embankments in the habited islands pro-
tect the salt water inclusion during the tidal surge
(Bandyopadhyay 1997; Hazra et al. 2010; Ghosh
2012; Mallick and Vogt 2015). The tidal range
varied from 3 to 5 m normally and sometimes
reaches 7 and 8 m during spring time. Tidal rush
affect low lying flat coastal zones greatly in
southern of the Sundarban causing huge coastal
erosion and complete destruction of coastal islands
(Purkait 2007; Das 2006). The deep water chan-
nels in the upper part cause meandering of river
system and regulate erosion and deposition activ-
ities within estuary (Paul 2002; Jana et al. 2012).
Many intertidal mud flat, sand and swampy areas
have been utilized for agricultural activities since
last two centuries. Besides of these physical con-
sequences most of the inhabited islands suffer from
inadequate infrastructural facilities. Erosion is a
major threat for the communities living in coastal
islands. Fishing and tourism activities further cre-
ate pressure on coastal track in the northern part of
Sundarban (Mukherjee 2002; Basu 2013).

10.3 Materials and Methods

Landsat MSS (1975), Landsat Thematic Mapper
(1990, 2000) and Landsat 8 OLI (2015) were used
to assess land use/land cover change and its impact
on the ecological status of Sundarban Biosphere
Reserve. Land use/land cover maps were gener-
ated by supervised classification technique and
maximum likelihood method. A stratified random
sample technique technique was used to validate
the classification (Anderson et al. 2001; Sahana
et al. 2018b). The classification accuracy was
determined through confusion matrix and kappa
coefficient. Land use/ land cover classification
showed 87.6, 91.3 and 94.9% overall accuracy and
0.89, 0.92, and 0.96 Kappa coefficient values for
1975, 1990, 2000, and 2015 respectively.

The land use/land cover change of the study area
was estimated by using change detection tech-
niques by following equation (Puyravaud 2003):
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R = X |In{—]1,
Hh— 1 C,
where, R = rate of land use/land cover change

and Cl and C2 = area under different land
use/land cover classes #; and t, = time period.

(10.1)

10.3.1 Landscape Diversity
and Ecological

Degradation

The land use/land cover change is a major con-
tributor to bring the change in ecological condi-
tion of an area (Bai et al. 2013). The relation
between ecological process and land use/ land
cover change is derived by various matrices and
models. In the present study Shannon’s diversity
index (SHDI) and Simpson’s diversity Index
(SIDI) have been used to calculate diversity and
evenness respectively within the landscape
(Nagendra 2004). SHDI and SIDI were calcu-
lated with below equation

m

SHDI = 3 (Py) log (1)
k=1

(10.2)

m

SIDI=1-> P}, (10.3)
k=1

where P; the proportion of the landscape occu-
pied by land use type k and m is the number of
land use type present in the landscape and is the
natural logarithm of the proportion P;.

SHDI describes overall landscape structure
and diversity. The SHDI is a sensitive index to
analyze the landscape structure, diversity and
heterogeneity in different time periods. The
higher SHDI value indicates heterogeneous land
use pattern and the higher degree of landscape
fragmentation. The percentage of variation of
land use land cover classes was calculated and
the relationship between the SHDI and landscape
diversity assessed (Bai et al. 2008).



10 Assessing Influence of Erosion and Accretion on Landscape ...

10.3.2 Erosion and Accretion in Tidal
Fluvial System

Shoreline experiences dynamics changing char-
acteristics due to numerous natural processes and
anthropogenic activities. Tidal process, erosion,
accretion, sea level rising, wave, and ocean cur-
rent are the important forces to cause coastal
shoreline changes. Coastal shoreline is subjected
to erosion and accretion.

Cloud free multi-temporal Landsat
geries were used in accordance with the date
and time of high tide to determine the rate of
shoreline change. The shoreline was extracted
through raster to vector process in Arc GIS
software. Digital Shoreline Analysis System
(DSAS) extension tool of Arc GIS was used
to assess the shoreline change rate (Himmel-
stoss 2009). Different methods were used by
several scholars to calculate the shoreline
change such as average of rates (AOR), end
point rate (EPR), linear regression (LR), net
shoreline movement (NSM), and jackknife
(JK) (Hegde and Reju 2007). We applied liner
regression to estimate rate of shoreline change
over 377 transect drown on 200 m interval for
753 of km coastline Douglas and Crowell
(2000) and Himmelstos (2009) also used the
same procedure. Each grid was divided into
four categories of risk based on shoreline
changes.

Net areal changes of land have been analyzed
by superimposing the vector layers of different
geomorphic units during 1975 and 2015 using
satellite images. Below equation was used to
delineate the net erosion rate during the study
period.

ima-

Net erosion = (area eroded — area deposited)

Block-wise rate of erosion

ER = (a1 —ag)/l‘
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10.4 Result and Discussion
Land Use Land Cover

Changes and Ecological
Degradation

10.4.1

Land use and land cover maps of Sundarban
Biosphere Reserve for 1975, 1990, 2000, and
2015 are shown in Fig. 10.2. The statistics of
land use/land cover classes during 1975 and
2015 were calculated and are presented in
Table 10.1. Area under mangrove forest in SBR
decreased from 22.9% in 1975 to 19.8% in 2015.
Strangely during 1975-2015 a total 302.9 km of
mangrove forest has been lost over the study
periods. But the rate of decline is not static
during 1975-1990 the lost of forest cover was
54.7 km? with the rate of (2.5%), during 1990—
2000 the lost of total forest cover was 116.6 km?
at the rate of (5.4%) and latest during 2000-2015
the forest cover was lost by 131.7 km? at the rate
of (6.5%).

A rapid increase in settlement, swamp and
waterlogged area and a decrease in
vegetation/plantation area were noticed during
last 40 years. One of the most conspicuous
changes was noticed in waterlogged of upper part
of the biosphere reserve which has gone up from
2.71in 1975 t0 9.5% in 2015. The increase in this
class of land cover is due to river erosion and
inclusion of sea water into the agricultural field
particularly in the northern part of the study area.
The study further indicates that settlement area
has increased from 1.7% in 1975 to 4.8% in 2015
and thus putting pressure on natural recourses of
the study area. Reckless cutting of open forest in
transition and buffer zones is primarily attributed
to this change of land transformation. The area
under crop land slightly increased at the rate of
0.5% during 1975 and 1990 but decreased con-
tinuously during 1990 to 2015. This is mainly
due to inclusion of salinity and coastal erosion in
lower part of the reserve while a large scale
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Fig. 10.2 Land use/land cover map of SBR for 1975, 1990, 2000 and 2015

agricultural land was converted into waterlogged and Fig. 10.2). Land use/land cover change
area for fishing purpose in the upper part of the analysis shows that the total area under swamp
Reserve. Area under beaches and sand bars has increased from 3.2% in 1975 to 4.1% in 2015
decreased significantly during 2000 and 2015 (Table 10.2). The findings revealed that the
due to plantation for checking coastal erosion agricultural area has decreased due to salinization
and restoration of mangrove forest (Table 10.2 and it has been converted to the waterlogged area
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Table 10.1 Land use/land cover of SBR during 1975, 1990, 2000 and 2015
LULC classes Area 1975 Area 1990 Area 2000 Area 2015

Area Area Area Area Area Area Area Area

(km’) (%) (km®) (%) (km®) (%) (km*) (%)
Water bodies 33433 34.7 3307 343 3217.8 334 3143.2 32.6
Waterlogged 263.2 2.7 377.1 39 652.6 6.8 910.2 9.5
Swamp 310.3 32 333.1 35 360.1 3.7 397.1 4.1
Vegetation/plantation 1202 12.5 1020.6 10.6 946.8 9.8 861.7 8.9
Mangroves 2208.2 229 21535 22.4 2036.9 21.2 1905.3 19.8
Beaches/sand bars 33.8 0.4 59.3 0.6 60.5 0.6 45.6 0.5
Crop land 2107.1 21.9 2118.1 22 2002.7 20.8 1901 19.7
Settlement 162.9 1.7 261.2 2.7 352.8 3.7 466.6 4.8

Table 10.2 Land use/land cover change

LULC classes

Change (1975-1990)
Change (km?) Change (%)

Change (1990-2000)
Change (km*) | Change (%)

Change (2000-2015)
Change (km?) Change (%)

Water bodies -36.2 -1.1 —89.2 -2.7 =74.6 -23
Waterlogged 113.9 433 275.5 73.1 257.6 39.5
Swamp 22.8 7.3 27.0 8.1 37.0 10.3
Vegetation/plantation —181.4 —15.1 —73.8 -72 —85.1 —-9.0
Mangroves —54.7 -2.5 -116.6 -5.4 —131.7 —6.5
Beaches/sand bars 254 75.2 1.2 2.1 -14.9 —24.6
Crop land 11.0 0.5 -115.4 -54 -101.7 =5.1
Settlement 98.3 60.3 91.6 35.1 113.8 323

and at some places into the prawn cultivation.
Mangrove islands facing south are submerging
into sea due to strong coastal erosion.

10.4.2 Landscape Matrix
and Spatiotemporal
Diversity

The landscape diversity and evenness index are
mostly used to assessing the richness and
evenness of component within an ecological
system. Change in landscape is affecting the
ecosystem and heterogeneity in the land use
patterns. Decrease in area under forest cover and
increase in waterlogged area have affected
landscape heterogeneity in SBR. The estuarine

and creeks have created the landscape patches
within the land use/land cover system. Hetero-
geneity in agricultural landscape is attributed to
increase in settlement in northern part of the
Reserve. Shannon’s Diversity Index (SHDI) and
Simpson’s Evenness Index (SIDI) for Sundarban
biosphere reserve was determine for the period
of 1975, 1990, 2000, and 2015. Both diversity
and evenness have increased within land
use/land cover during 1975-2015. The higher
SDHI value indicated high heterogeneity high
SIDI values showed high evenness in the land
use/land cover patterns (Table 10.3). The unin-
habited islands are more diverse than the
inhabited islands. High erosion rate was
observed in those blocks where SDHI and SIDI
values were high.
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Table 10.3 SDHI and SIDI vale of Sundarban biosphere
reserve

Year SDHI SIDI

1975 1.118 0.531
1990 1.293 0.629
2000 1.472 0.718
2015 1.568 0.752

Increase of SDHI is a symbol of increase of
landscape patches or proportional distribution of
area among patches and land fragmentation.

10.4.3 Erosion and Accretion
Dynamics of Sundarban
Tidal Fluvial Region

Monitoring of changes in erosion and accretion
assumes greater significance in examining the
influence of climate change and sea level rise on
the coastal ecosystem. Information related to
shoreline change can help to further coastal
planning and adaptation to climate change.
Continuous coastal erosion is reshaping the
coastal islands of Sundarban biosphere reserve.
Hydraulic system in the study area is eroded due
to continuous erosion caused by tidal and wave
intensity. The eroded materials were carried out
by the tide and deposited in the tidal sheltered of
the Bay of Bengal.

The rate of coastal erosion accretion and
increased of waterlogged area have been mea-
sure for the time period of 1975-2015. The
average rate of erosion in SBR was found to be
5.98 km*/year. Marked variation in the erosion
rate was observed in different block and islands
(Table 10.4). The uninhabited islands (3.33 km?/
year) have recorded more erosion rate than the
inhabited island (2.65 km?*/year) mainly due to
protection measures in the form of artificial sea-
walls and embankments. Further erosion is most
dominated in the edge of southern eastern island
of the biosphere (Fig. 10.3). Extreme coastal
islands like Bhanga duani, Mousani, Dalhousi or
Bulcherry, Ghoramara are more prone to coastal
erosion. Basically the sandy beaches, mud flats,

M. Sahana and H. Sajjad

salt flats and weak coastal zone were severely
affected by coastal erosion. Table 10.4 shows
area under erosion, accretion and water logging
in various different block lying in Sundarban
Biosphere Reserve. The erosion rate is much
higher in the islands located in the southern part
of Sundarban area which is evident from the
Figs. 10.4 and 10.5. Namkhana, Pathar patima,
sagar, and Gosaba are mostly affected block due
to erosion where the rate of erosion is more than
200 m?. The blocks located in the northern part
of the Reserve are affected by water logging due
to inclusion of sea water into agricultural land
and convert into artificial prawn cultivation.
(Fig. 10.4). Haroa, Minakhan, Sandeshkhali-I,
Hasnabad, Sandeshkhali-II are mostly affected by
the increase of waterlogged area but this area are
mostly used by the prawn cultivation by the
initiative of various government agencies and
NGOs.

10.4.4 Change in Shape and Patterns
of Coastal Islands
in Deltaic Sundarban

Of the total 377 transects profile over the entire
coastline of Sundarban region, 268 transects fall
under erosion zone and 109 transects came under
accretion zone. The overall coastal shoreline
change analysis revealed a range of erosion rate
between 0.02 and 149.7 m/y within all grids. The
maximum accretion rate was of the order of 37.7
m/y while lowest accretion rate was found to be
0.08 m/y. Generally entire coastline of the study
area is dominated by erosion. Only 152.6 km
(20.3%) was influenced by accretion (Fig. 10.5).
It is further revealed from the Figs. 10.4 and 10.5
that most of southern island is prone to erosion.
Lohachara Island has already been vanished from
the coast. Ghoramara Island, Jambudwip Island,
Holliday Island, Bulcherry Island, and Bhanga-
duni Island have been subjected to erosion since
1975. Uninhabited islands are more affected by
erosion while most of the accretion is occurred
within the inhabited islands in eastern part of
Sundarban region.
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Fig. 10.5 Change in deltaic island of lower Ganga river basin in Indian Sundarban during 1975, 1990, 2000 and 2015

10.5 Conclusion

The Sundarban Biosphere Reserve has changed
continuously due to physical and anthropogenic
factors. One side the natural processes like high
tide rush, relative sea level rise, tropical cyclone,
long shore current are continuously change the
shape of deltaic island, mangrove swamp, sandy
coastal areas on other side infrastructural and
development activity like construction of
embankment, transformation of island to agri-
culture land, river bank dwelling, cutting of
mangrove forest are affecting the entire biosphere
reserve. The southern islands especially some
islands in Sagar, Namkhana and Pathar Patima

block have seriously affected by erosion and
inclusion of salt water. The extreme edge of the
island situated in the southern part of Sundarban
Biosphere Reserve are mostly low-lying islands
in the mouth reaches of tidal estuaries. The
morphological shape of southern islands and the
shoreline of these islands are more expose to
tidal process, land loss and changing shoreline is
a major environmental crisis of this island in
Sundarban region. The waterlogged area has
increased in the upper part of the Biosphere
Reserve due to practice of prawn cultivation for
the last 25 years. This commercial cultivation has
increased the salinity problem and ecological
degradation in the northern part of the Biosphere
Reserve. The present methodology used for this
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study is providing a logical concept for land
fragmentation and diversity of coastal landscape.
The methodology and findings of this study may
help in providing solution to coastal erosion and
accretion.

N.B. In Chap. 11 of this volume, land use,
land cover and landform of Sundarbans are
identified using satellite standard FCC. Readers
can get more about the topic from following
chapter.
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Abstract

Using the Namkhana region of West Bengal
(21° 30"-21° 50'N, 88° 10'-88° 22'E;
670 km?) as a proxy for the Indian Sundarban,
a standard False Colour Composite (FCC) gen-
erated from Resourcesat-2 LISS-3 data of 1Ist
January 2014 is used for Ground Truth
Verification (GTV) and preparing an inven-
tory of land use, land cover and landform of
the region. Photo and spectral characteristics
of the land use and land cover types are
recorded for eight classes: cropland, fallow,
mangroves, orchards, clear water, turbid
water, muds and sands. Similarly, photo
characteristics of thirteen landform types were
also brought out. These include: alluvial plain,
channel bar, coastal dune, coastal bar, man-
grove swamp, meander, mudflat, palacochan-
nel, sandy beach, sea, shore zone, swamp and
tidal channel. The study should benefit similar
works carried out in other areas of Sundarban.
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11.1 Introduction

Land use refers to the way in which the Earth’s
surface is modified and utilised by the humans. Itis
largely determined by the functional role of a
given land parcel for subsistence and/or economic
activities. Land cover stands for the surface char-
acteristics of the Earth, generally unchanged by the
humans. Because land use and land cover attri-
butes are sometimes overlapping, separating one
from another in a map is often impractical. These
two broad aspects of land characteristics are gen-
erally grouped together in a ‘land use land cover’
(LULC) database and map. Landform, on the other
hand, represents surface configuration of the Earth
that is shaped by the geomorphic processes
working on different types of formations. During
the last few decades, satellite data of the Earth’s
surface have become widely available and turned
out to be an indispensable tool for LULC extrac-
tion on various scales. Satellite images are also
widely used for landform identification. The syn-
optic views provided by the satellite images on
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LULC and landforms are especially useful in study
of deltaic islands that are often remote and difficult
to access. Taking the Namkhana area as a repre-
sentative for the deltaic region of Indian Sundar-
ban, this work attempts to provide an inventory for
LULC and landform classification from a standard
False Colour Composite (FCC) generated from
LISS-3 data of Resourcesat-2 satellite.

N.B. Readers are referred to go through
Chap. 10 of this volume for further understand-
ing of tidal-fluvial dynamics of deltaic islands
and estuarine processes in Indian Sundarban of
Lower Ganga River Basin.

11.2 Study Area

The Namkhana region falls in the tidally active
lower Ganga—Brahmaputra delta, called Sundar-
ban. In its western (Indian) section, the drainage
consists of bidirectional macrotidal creeks and
inlets that have lost connection to upcountry rivers
due to delta abandonment and are mostly main-
tained by the tides (Bandyopadhyay et al. 2014).
Beginning from the late eighteenth century, the
mangrove islands of the region were started to be
reclaimed by placing marginal embankments that
prevented tidewaters to get in. This stopped the
process of deltaic accretion in the island interiors,
keeping them forever lower than the highest tide
levels. Up till now, about 56% (5366 km?) of the
former tidal wetlands are reclaimed and turned to
rice farms and homesteads in the Indian districts
of North and South 24-Parganas, West Bengal.
The surface sediments of the area are mostly
constituted by Holocene silt and clay, with sand in
channels and beaches. Notable environmental
hazards of the region include coastal flooding due
to breach in embankments during equinoctial
tides and tropical storms. Besides this, coastal
erosion occurs due to abandoned nature of the
western Ganga—Brahmaputra delta, especially in
the southern seaboard sections like Namkhana.
Saline contamination of groundwater is also
common. Sea level rise that varies between
4.61 mm year ' at the apex of the Hugli estuary
(relative value) to 0.41 mm yeaf1 (absolute
value) in the offshore Bay of Bengal adds to the

S. Bandyopadhyay and N. S. Kar

vulnerability of the region to coastal erosion and
flooding (Bandyopadhyay et al. 2014; http://
sealevel.colorado.edu).

The Raiyatwari rule of 1905—a land tenure
act in British India—was officially inaugurated
with reclamation of the southwestern portion of
the 670-km”> Namkhana region (Ascoli 1921).
Bounded by the Baratala on the west and the
Saptamukhi on the east (21° 30'-21° 50'N,
88° 10'-88° 22'E; Fig. 11.1), this region is
chosen for the present work because it com-
prises of both forested and reclaimed areas—the
two basic types of LULC categories seen in the
Sunadarban. With its southern limit facing the
Bay of Bengal, Namkhana also represents a
region that transforms from an exposed sea-
board locality in its south to an interior estuar-
ine environment in the north. Among the islands
that constitute the region, Namkhana and
Mousuni are mostly reclaimed, while Lothian,
Prentice and Jambu are under forests. Several
other smaller tidal islets are also found in this
estuarine complex, most of which remain
non-reclaimed.

11.3 Previous Works

Preparation of land cover and land use invento-
ries in the Sundarban was previously attempted
by Nayak and Shaikh (1995) and Nanda et al.
(2001) on a regional scale. Although there are
quite a few subsequent studies that attempted to
classify LULC in various parts of Sundarban
(Bandyopadhyay 1997; Nayak 2004; Gopinath
and Seralathan 2005; Jayappa et al. 2006; Hazra
et al. 2010; Samanta and Hazra 2012; Mondal
and Bandyopadhyay 2014; Thomas et al. 2014;
Mondal et al. 2015; Kar and Bandyopadhyay
2015), none covered the Namkhana region in
detail. Landform identification through FCCs
was also not attempted per se.

In the above perspective, the objective of the
present study is to generate a detailed inventory
of LULC and landform identification keys for the
Namkhana region from satellite standard FCCs,
which will generally be applicable to the Indian
Sundarban region.


http://dx.doi.org/10.1007/978-3-319-90427-6_10
http://sealevel.colorado.edu
http://sealevel.colorado.edu
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Fig. 11.1 Namkhana region (b) is situated between Baratala and Saptamukhi estuaries in the western part of Indian

Sundarban (a)

11.4 Data Base and Methodology

The study is done with Resourcesat-2 LISS-3
data (Path: 108, Row: 56) of 1st January 2014,
using PCI Geomatica 2012 software. First, a
standard FCC is prepared and extensive Ground
Truth Verification (GTV) is carried out with it
using a Garmin eTrex-10 Global Navigational
Satellite System receiver, which provides an
accuracy level of &5 m. This helped to sort out
the major LULC classes seen in the region and to
identify their photo characteristics in the standard

FCC, in respect of tone, texture, shape, size,
pattern and association. Subsequently, a super-
vised Maximum Likelihood Classification is run
with the LULC classes already selected for the
region to get their spectral characteristics. These
include: mean and standard deviation of digital
numbers across the four LISS-3 bands of green
(0.52-0.59 pum), red (0.62-0.68 um), near infra-
red (0.77-0.86 um) and shortwave infrared
(1.55-1.70 um). The overall accuracy of the
classification was 76% (Fig. 11.2). In addition to
this, major landform types were also observed
during the GTV sessions. Based on this, another
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Fig. 11.2 Flowchart showing main components of the
workflow for LULC database derivation

inventory is prepared to identify the major
landforms from a standard FCC.

For LULC categories, an inventory is pre-
pared here based on the NRSC/ISRO (2011) and
SAC (SAC-ISRO 2010) schemes of broad LULC
classes. For landforms, the classification is
developed specifically for the Sundarban region.
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11.5 Results

Eight LULC classes are identified from the
analysis: cropland, fallow, mangroves, muds,
orchards, clear water, turbid water and sands
(Figs. 11.3 and 11.4). Table 11.1 summarises the
results and LULC class identification keys on
standard FCCs. The classes may be described as
follows.

(1) Cropland: Represents area under crops.
Summer paddy (aman) is extensively culti-
vated all over the alluvial plains. Farming of
winter crops (rabi: paddy and vegetables) are
confined only close to the sources of water.
The areas under cropland and fallow land
together account for the total area under
agriculture and extension of one grows at the
expense of the other.

(2) Fallows are almost absent towards the end of
aman season in November. In winter (Jan-
uary), however, this class covers most of the
interior plains barring isolated pockets close
to the freshwater ponds and canals.

(3) Mangroves are found in reserved forests of
the forest-covered islands (mangrove
swamps). Principal species of mangroves
seen in the Namkhana area include Exco-
ercea agallocha, Phoenix paludosa, Avi-
cenna sp., etc.

(4) Muds: Muddy area, mainly associated with
tidal flats of coasts and estuaries as well as
waterlogged areas of alluvial plains and dune
slacks. This LU/LC class is distinct from the
landform class of ‘Mudflats’, which is
restricted mainly to the coastal areas.

(5) Orchards: This category represents (a) the
village orchards associated with rural habi-
tations. They basically include woody trees
like mango (Mangifera indica), jackfruit
(Artocarpus heterophyllus), banyan (Ficus
benghalensis), etc. and groves of bamboos
(Bambusoideae sp.). The rural homesteads,
courtyards and tiny ponds are often difficult
to distinguish from this amalgamation at the
resolution of LISS-3 (c. 24 m). This class is
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Fig. 11.3 LULC map of Namkhana region prepared from Resourcesat-2 LISS-3 data of 1st January 2014
also seen as (b) coastal afforestation projects (7) Water (Turbid): Any depression that mainly
on frontal dunes involving Casuarina contains stagnant water with low suspended
equisetifolia. sediments:  palacochannels, impounded
(6) Sands: Areas occupied by beaches, frontal canals and creeks, village ponds and near-

dunes and bare interior dunes where sands
dominate.

shore seawater.
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1. Cropland

2. Mangroves

3. Fallow Land

4. Mudflat (Muddy area/Swamp)
5. Orchards

6. Sandy Area

7. Water Body

Fig. 11.4 Major LULC classes of Namkhana region identified from satellite data and GTV

(8) Water (Clear): Any depression that mainly
contains flowing water with high suspended
sediments: active canals, creeks, seawater
away from the shore.

Thirteen landform types were identified in the
Namkhana region. These include alluvial plain,
channel bar, coastal dune, coastal bar, mangrove
swamp, meander, mudflat, palaeochannel, sandy

beach, sea, shore zone swamp and tidal channel
(Fig. 11.5). Table 11.2 summarises the identifi-
cation keys for the major landforms of the study
area in standard FCCs, verified by ground sur-
vey. A brief description of the landforms iden-
tified from the Namkhana region is given below.

(1) Alluvial Plain: An embanked and reclaimed
tract formed from the deposition of
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1. Alluvial Plain
2. Channel Bar
3. Coastal Dune

4. Coastal Bar

5. Mangrove Swamp
6. Meander

7. Mudfiat

8. Palaeochannel
9. Tidal Channel

10. Sandy Beach
11. Swamp

Fig. 11.5 Major landforms of Namkhana region identified from satellite data and GTV

(@)

sediments from tidal creeks. Used for
extensive summer cropping (aman) and
winter cropping (rabi) in isolated patches
close to water sources. Standing water may
also be noticed in images of post-monsoon
season. Therefore, signature may reflect any
of the three ground conditions: fallow,
cropped or waterlogged.

Channel Bar: A flat-topped ridge-like
accumulation of alluvium in the channel,
along the banks, or at the mouth of a creek.

(©))

May be formed of sand (high reflection) or
mud (low to diminutive reflection). Mud
bars are often colonised by vegetation like
mangroves in intertidal areas.

Coastal Dune: A mobile or stationary linear
mound of windblown sands found along
coasts and in the shore zone. The frontal
dunes formed in the backshore are often
active and devoid of any vegetation. At
places, they are stabilised by extensive
casuarina afforestation.
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(4) Coastal Bar: Narrow and disjointed bodies
of sand and/or mud running parallel to the
mainland, mostly intertidal.

(5) Mangrove Swamp: A tidally flooded bot-
tomland with more woody mangrove plants
than a vegetated mudflat and better drainage
than a bog.

(6) Meander: A meander is a large bend in the
course of a channel. It usually has a steep
bank on the outside of the bend and a
gentler slope on the inside of the curve.

(7) Mudflat: Low-lying muddy land that gets
inundated at high tide and becomes exposed
at low tide. May possess some grasses like
Porteresia coarctata (dhani grass).

(8) Palaeochannel: Remnant of a decayed or
plugged creek that used to flow through the
reclaimed alluvial plains. These old (palaeo)
courses are often conspicuously indicated
by linear water bodies, rarely surrounded by
diminutive natural levees. However, in
some cases, they are subtly connoted by
linear and meandering/branching dark pat-
ches on otherwise featureless interior plains.

(9) Tidal Channel: A bidirectional natural stream

of tidewater connected to the sea or a creek.

Sandy Beach: The intertidal zone above the

low water line at the land—sea interface,

marked by an accumulation of sand that has
been deposited by the tide or waves.

Sea: The continuous body of saltwater

covering most of the Earth’s surface,

regarded as a geophysical entity distinct
from Earth and sky.

Shore Zone: The land along the edge of the

sea: the littoral zone. Morphologically akin

to bare (fallow) alluvial plain.

Swamp: A lowland region saturated with

water, commonly occurs in alluvial plains

and shore zones. Presence of aquatic vege-
tation common.

10)

1)

12)

13)

11.6 Concluding Notes

The LULC and landform inventories proposed
here are derived from the Namkhana area. How-
ever, because the land use, land cover and

S. Bandyopadhyay and N. S. Kar

landform characteristics are mostly the same in
the rest of Indian Sundarban, they can be used for
the entire region as well as in similar areas of the
world. The spectral characteristics of the four
LISS-3 bands correspond well to Bands 2-5 of
Landsat TM/ETM+ sensors and Bands 3-6 of
Landsat OLI sensor, both extensively used by
planners and researchers. Therefore, the proposed
inventory, based on photo as well as spectral
characteristics, should be equally useful in any
work that involves the above Landsat bands.
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