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Abstract Statigraphic exposures, fluvial archives and bore-
hole data have been allowed to reconstruct the alluvial history
of Late Pleistocene to Early Holocene and climate changes in
the monsoonal wet—dry region of lower Damodar Basin (West
Bengal, India). The facies architectures and climate proxies
suggest that five to six climate changes occurred in between
~14 and 6 kiloannum (ka). Supporting evidence from the
floodplain of Damodar River demonstrates that the successive
phases of aggradation and incision were linked to the south-
west monsoonal variability of Late Quaternary period. The
onset of semi-arid climate was associated with caliches, pond
and backswamp deposits of waning low-energy floods. The
relatively warm-humid climate was associated with sandy
bedforms, valley fills, slack water deposits and ferruginous
nodules. This paper presents a synthesis of the available
palacoclimatic records from the lower Ganga Basin and the
rivers of western and central India for the palacoenvironmental
significance of Late Quaternary deposits and discusses the
influence of palaeoclimatic controls on the fluvial architectures
and archives that developed below the floodplain of Damodar
River. We have taken some representative studies from the
region to reveal the spatial variability in fluvial successions in
response to climate changes during this period.
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Introduction

The major river basins of India are considered as the important
repository of the Late Quaternary hydrological and climatic
changes (Sridhar 2008). Fluvial systems have been found to
be the most sensitive elements of the earth’s surface, and any
shift in climate and environmental conditions instigates a
rapid response from the fluvial systems (Sridhar 2008; Kale
et al. 2010). The long- (millennial scale) and short-term (cen-
tennial scale) alteration in hydrology, morphology and sedi-
mentation pattern of the river basins can be reconstructed
through the palaeo-records of river planform modifications
and sediment deposits that occur during the extreme flood
events of monsoon (Sridhar 2008; Singhvi and Kale 2009).
The word ‘palaco hydrology’ probably first used by Leopold
and Miller (1954), Schumm (1965, 1977) and Cheetham
(1976), is defined as the study of fluvial processes operated
in the past and their hydraulic implications (Garde 2006).
Then the term ‘palacoflood hydrology’ coined by Kochel
and Baker (1982) has amplified the horizon of palacoflood
hydrological research, dealing with ancient flood deposits
(Baker 2006). Kale et al. (2010) suggested that the intensifi-
cation of the monsoon during the early Holocene (~10 ka) had
a dramatic and profound effect on the fluvial system of Indian
subcontinent, inducing immense wet monsoon flood flows
(Kale et al. 2010). Those fluvial archives of palacofloods
and palacoclimate were well preserved in the river floodplain
which is a strip of relatively smooth land bordering a stream
and overflowed at the time of high water and was continuous-
ly constructed and destroyed by different fluvial regimes since
Quaternary Period (Leopold et al. 1969; Schumm 1977,
Singhvi and Kale 2009). Sedimentary records of large magni-
tude floods during the Early to Middle Holocene have been
reported from a few monsoon-fed rivers, such as Narmada,
Tapi, Mahi, Saraswati, Luni, Pennar and upper Kaveri rivers
(Sridhar 2008; Singhvi and Kale 2009; Kale et al. 2010). Kale
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and Rajaguru (1987), Rajaguru et al. (1993), Rajaguru et al.
(1994), Chamyal et al. (1997), Joshi and Kale (1997), Kale
etal. (2003), Singh (2004), Sinha et al. (2005), Sridhar (2008),
Jaiswal et al. (2009), Singhvi and Kale (2009), Sinha and
Sarkar (2009), Kale et al. (2010), Sinha and Ghosh (2012)
and other renowned persons have gone through deep investi-
gation on the alluvial stratigraphy and Quaternary sedimen-
tology in the river basins of western India and Ganga Basin to
get idea on palacoenvironment. It is therefore reasonable to
assume that the major rivers of West Bengal (coming from
Chotanagpur Plateau) might have also responded to the
Pleistocene to Holocene climate changes almost in the same
way that can be analysed by palaeoflood sedimentology.

Reconstruction of past climate needs a ‘climate proxy’
which is a physical, chemical or biological attribute of the
natural system enabling to quantify the change in climate in
the past (Singhvi and Kale 2009). ‘Fluvial archives’ are the
riverine sediment and especially slack water deposits of flood-
plain which bear the evidences of palacoclimate and
palacohydrology (Baker and Kochel 1988; Singhvi and Kale
2009). Terrestrial palaeoclimatic proxies of western India in-
clude riverine deposits and flood sediments (fluvial archives)
which indicate distinct periods of erosion, incision and aggra-
dation associated with changes in the monsoon conditions and
sediment supply (Rajaguru et al. 1993; Singhvi and Kale 2009;
Sinha and Ghosh 2012). The stratigraphic record of Quaternary
floodplain sediments is the fundamental database for under-
standing the palaeoenvironment and global climate change
(Brakenridge 1988; Nichols 2009). One of the objectives of
sedimentological studies is to try to create a reconstruction of
what an area would have looked like at the time of deposition of
a particular stratigraphic unit (Nichols 2009). As records of
Late Pleistocene and Holocene sediments of India indicate
different monsoonal hydrologic regimes (alternate wet and
dry periods) than those we experience today, the Damodar
River should responded to that external changes, specifically
through the occurrences of floods and weathering of overbank
deposition (Hayden 1988; Brakenridge 1988). The prime ob-
jective of this study is to unfold the alluvial history of
Quaternary morpho-stratigraphic units and to correlate between
Quaternary climate changes and alterations in the fluvial regime
in the floodplain of Damodar River (West Bengal, India).

Study area

The Damodar River Basin is a sub-basin of the Bhagirathi-
Hooghly River system of West Bengal. Its funnel-shaped
basin area is about 23,370.98 km?, spreading in the states of
Jharkhand (73.7 %) and West Bengal (26.3 %) (Majumder
et al. 2010). The River rises in the Chotanagpur Plateau
(Khamarpat Hill near Chandwa in Palamau district) approxi-
mately at 23°37' N and 84°41" E (Sen 1985; Chandra 2003;
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Bhattacharyya 2011). Near Palla village (close to Chanchai
rail station), the lower reach of Damodar takes an abrupt
southerly 90° bend (fault guided) and below Jamalpur, the
River bifurcates into the Kanki-Mundeswari and the Amta
Channel-Damodar and joins with Hooghly River (also spelled
Hugli) at Falta some 48.3 km south of Kolkata City
(Bhattacharyya 2011; Ghosh and Mistri 2012). Damodar
River deeply incise the faulted Gondowana uplands of
Jharkhand, following Raniganj Coal-Belts and Lateritic Rarh
Plain of West Bengal, and after that it forms the older and
newer alluvial plains of Pleistocene and Early Holocene ages
respectively in the lower valley, developing a fan-delta toward
east (Acharyya and Shah 2007). Flanked by the Pleistocene
terraces and Tertiary rocks to the west and north, the Bengal
Basin covers the eastern parts of West Bengal (India) and most
of Bangladesh and the west to east flowing rivers of
Chotanagpur Plateau, viz. Damodar, Ajoy, Dwarkeswar,
Mayurakhi, Dwarka, Brahmani etc. are the main contributors
of relatively coarse sediments into the Bengal Basin through
Holocene floods (Alam et al. 2003; Das Gupta and Mukherjee
20006).

Away from the basaltic outcrops in the Rajmahal Hills,
similar Upper Jurassic to Late Cretaceous lava flows have
been encountered in a number of deep-wells within the west-
ern part of Bengal Basin which acts as the basement of
Pliocene—Miocene sedimentation along lower Damodar
River (Sengupta 1972; Alam et al. 2003; Kuehl et al. 2005;
Dasgupta and Mukherjee 2006). The excessive sedimentation
was started from Silla (near Galsi) because a perpendicular
(south to north) Basin Margin Fault created sudden fall of the
underlying basement and two major faults (south—north)
directed the southern course of Damodar River from
Palla (Dasgupta and Mukherjee 2006).The Ajay River
located further north, still flows east to meet the Bhagirathi
River, which was the regional fault-guided slope also
followed by the ancient Damodar and its growth of fan-
delta (Acharyya and Shah 2007 and 2010). The sedi-
ments of Damodar fan-delta have their origin from the
Chotanagpur Granite—Gneiss and Gondwana Formation and
the river system of Damodar debouched the sediments in a
palaeo-shelf environment of Bengal Basin since Miocene
(Singh et al. 1998).

For field investigation, we have selected the lower segment
(23°00" to 23°22' N and 87°28' to 88°01’ E) of Damodar River
in between Rhondia Andersion Weir below Durgapur Barrage
(west) and Paikpara below Jamalpur (east) (Fig. 1). The detail
geological study has carried in the left-bank floodplain of
Damodar River (in between Belkash and Barsul, covering
Barddhaman town), because in this flood-affected region,
numerous glimpses of Late Quaternary landforms viz., allu-
vial terraces, mature point bars, avulsion, spill channels and
palacochannels (Khari, Banka, Gangur, Behula, Sapjala,
Deb Khal, Kana Damodar etc.) are found.
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Methods and materials

One of the powerful tools we have for predicting future climate
is the special record or signature in the rock or alluvium strata of
local and global changes over periods of thousands to millions
of years. Floodplain stratigraphy provides the time frame that
allows us to interpret sedimentary deposits in terms of dynamic
evolving environments (Nichols 2009). The term “facies’ is used
here to refer the individual characteristics of each sedimentary
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unit, and by recognising associations of facies, it is possible to
establish the combinations of processes that are present (Nichols
2009). The earlier concept stratigraphy study concerning verti-
cal pile-up of sediments is now outdated. It is both vertical as
well as horizontal accumulation of sediments (Rajaguru et al.
1994). Assuming that the laws that govern physical and chem-
ical processes have not changed through time, detailed measure-
ments of Quaternary sediments can be used to make estimates of
the physical, chemical and biological conditions that existed at
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the time of sedimentation and post-depositional environment
(Einsele 1992; Nichols 2009).

Naming of distinct layers of lithologs or bore-holes the term
formation is not used here according to strict definition of
International Stratigraphic Code. These are essentially different
litho-units associated with certain fluvial processes, flow power
and pedogenic processes (Rajaguru et al. 1993). To make a
satisfactory analysis of sedimentary environment, a reliable
geological database is prepared from two unpublished
reports of Geological Survey of India (GSI; Eastern Region,
Kolkata), entitled ‘A report on geo-environmental appraisal in
Barddhaman urban agglomeration area and its Environment for
sustainable developmental activities’ (2005) and ‘Quaternary
geological and geomorphological mapping in parts of
Barddhaman and Bankura districts’ (1990), respectively.
Stratigraphical studies are carried out at the selected sites,
having 9.0-m sub-surface lithologs (Fig. 2). Near-surface sed-
iment characters of the litho-units, we have studied the truncat-
ed profiles of river bank and different landforms like levee,
backswamp, abandoned channel and point bar. Depositional
environment and channel configuration have been deduced on
the basis of sedimentological characters of fluvial deposits. A

lithofacies classification similar to that developed by Miall
(1985, 1996) and Einsele (1992) have been adopted for the
present purpose. The graphic sedimentary logs (1:100 scale) are
prepared following Tucker (1996) formats to present sub-
surface data in a way which is easy to recognise and interpret
using symbols and abbreviations prepared by Nichols (2009).
Other secondary data and spatial information are mostly col-
lected from Damodar Planning Atlas (Chatterjee 1969), book
entitled ‘Lower Damodar River, India: understanding the hu-
man role in changing fluvial environment’ (Bhattacharyya
2011), official Website of Irrigation and Waterways
Department of West Bengal, topographical sheets (73M/7, M/
11, M/12, M/15, M/16, N/13 and 79 A/4, 1969-1974) of
Survey of India, District Resource Map (GSI), SRTM data
(2006) and lastly most important Landsat satellite images of
1972, 1990, 2000 and 2006 (MSS, TM and ETM+).

Quaternary floodplain facies and geomorphic change

The Quaternary Period is the fourth and the latest geological
period that commenced about 2.6 million years ago, and it is

Fig. 2 Sample locations of
shallow bore holes in the study
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divided into Pleistocene Epoch (2.6 million years to
11,500 years before present) and Holocene Epoch (began
about 11,500 years ago and continues to the present)
(Nichols 2009; Singhvi and Kale 2009). About 50 Ice Ages
(or glacial periods) and equal number of intervening warmer
periods (or interglacial periods) have occurred during the last
2.6 million years (Singhvi and Kale 2009). Thus, it is quite
natural that India has experienced variable monsoon from
Pleistocene and consequently it has influenced differently
the hydrologic regime, magnitude of floods and sedimentation
processes of Indian rivers. Floodplain stratigraphy and facies
development (periods and aggradation and degradation) are
well associated with variations in the river flood regimes
(Schumm 1977; Brakenridge 1988).

As a result of both channel lateral movement (lateral ac-
cretion) and suspended load deposition (overbank deposition),
Damodar River bed and floodplain include the following two

assemblages of Quaternary sedimentary facies (Wolman and
Leopold 1957; Gregory and Walling 1973; Faniran and Jeje
1983; Brakenridge 1988):

1. Channel bed deposits—channel lag, point bars, longitu-
dinal bars and channel fills facies, and

2. Bank and overbank deposits—Ievees, backswamps, cre-
vasse splays and terrace facies.

Through identification of the fluvial features from the
toposheet (73 M), SRTM data (2006), Landsat TM image
(2006) and Google Earth (2012), a Quaternary floodplain
map of Damodar River is prepared to depict the distinct
association and location of floodplain geomorphic features
(Fig. 3). It is evident that the longitudinal islands, sand bars,
river bed and asymmetric terraces are associated to the depo-
sitional environment of Late Holocene to the Present
(~6 kiloyears (kyr) to the present) whereas the point bars,

Floodplain Features of Lower Damodar River
from Rhondia to Paikpara
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Fig. 3 Quaternary floodplain features of lower Damodar River (Rhondia to Paikpara)—upper valley is dominated by elongated point bars, longitudinal
islands and terraces and lower valley is dominated by levee and palacochannels

@ Springer



4150

Arab J Geosci (2014) 7:4145-4161

backswamps, levee, sloughs, palacochannels and spill chan-
nels are developed in Middle Holocene to Late Holocene (~ 9
to 6 kyr).

Due to lateral accretion and avulsion, numerous glimpses
of point bars and longitudinal bars (locally named as ‘char’
and ‘mana’) are now fully matured and used as settlements
and agricultural lands which are well observed at Fathepur
mana, Godinapur mana, Satyanandapur mana, Belkash,
Chanchai, Paikpara etc. (Fig. 3). Most of the point bars are
built up from layers of coarse sands (upward fine sequence)
and perhaps with some gravel, they have layers of sand
pointing downstream (Allen 1970; Gregory and Walling
1973). Lag deposits are coarse grained and discontinuous bars
laid down behind the barriers or along the sides of channel.
These are the result of deceleration of flow causing lack of
competence so that larger particles are dropped from the bed
load, mainly in riffles (Allen 1970; Gregory and Walling
1973; Garde 2006). Near Somsar village (below the conflu-
ence of Sali River) a fully matured large longitudinal island/
bar, named ‘Majher Char’, is developed due to coalescence of
point bars stabilised with vegetation. The lateral accretion and
channel bed deposition account for as much as 80 to 90 per
cent of floodplain deposits whereas the remaining 10 to 20 %
are overbank deposits (Wolman and Leopold 1957).

Well-developed stretch of floodplain levee is observed in
between Barddhaman and Paikpara showing dominance of
coarser materials carried by turbulent flood water. It is ob-
served that rapid vertical accretion of the levee lead to a
situation where a depression exists between it and the bluff
of the floodplain. Such a depression, subject to regular inun-
dation (deposition of clay and silt), is denoted as backswamp
(Allen 1970; Faniran and Jeje 1983). The thick cover (3 to 4.5
metre from surface) of backswamp deposits (from Belkash to
Barsul) is developed in Middle to Upper Holocene and it is the
sign of frequent overbank flow in the monsoonal floods.
These deposits are slowly formed by colloidal clay and fine
silt particles (source area of slack water deposits) together with
organic and in-solution materials (Gregory and walling 1973;
Bridge 2003). Presence of abandoned channels of ancient
Damodar River is an indicative of direction of shifts and older
flood ways. Some spill channels or ‘Hanas’ (associated with
sand splays) are observed on the right side of lower Damodar
River, viz. Deb Khal, Kamargaria Khal, Mhonapur Khal etc. It
indicates the breaching of former embankments because of
extreme flood flow.

The Damodar River had formed two Quaternary alluvial
fans in between Late Pleistocene and Late Holocene: (1) the
Memari fan trending east and (2) the Tarakeswar fan trending
south. These fan surfaces are broardly equivalent to the Kalna
Plain or Younger Delta Plain (YDP) (Acharyya and Shah
2007, 2010). The geomorphic features of the Kusumgram
Delta Plain, equivalent to Older Delta Plain (ODP) are
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revealed by the presence of mature points bars, terraces and
abandoned channels bifurcating from the Damodar River
around Silla (located about 30 km upstream of Barddhaman
town), which was the apex of the Damodar fan-delta of
Pleistocene Epoch (Acharyya and Shah 2007). The geomor-
phic feature of YDP is demonstrated by the presence of a
system of eastward and south-eastward flowing abandoned
channels \, which bifurcated from Barsul (Acharyya and Shah
2007, 2010). The base of the Quaternary section is difficult to
identify, but in many boreholes near the western upland a
sequence of dominantly clay and sand having saline formation
and locally containing micro-fossils have been assigned
Upper Pliocene age (Acharyya and Shah 2007).

Morpho-stratigraphical units of floodplain

Geologically the floodplain of this area belongs to the western
part of Bengal Basin and geomorphologically it is a mature fan-
delta of Damodar River sloping towards east-south east, though
its western part is associated with Ajoy-Damodar Interfluve, i.e.
Rarh Plain (Alam et al. 2003; Acharyya and Shah 2007).
Regional stratigraphy reveals that from Late Pleistocene to
Recent three Quaternary Morpho-Stratigraphical Units or
litho-facies are developed in respect of palaco fluvial deposi-
tional environment, viz. Sijua, Chuchura and Hooghly
Morpho-stratigraphical Units (Bhattacharya and Dhar 2005).
The aforesaid Quaternary floodplain facies or landforms are
distinctly associated with the following three main litho-units:

1. Hooghly morpho-stratigraphical unit (HMU)—mid-chan-
nel bars, point bars, valley fill and abandoned channel and
chutes;

2. Chuchura morpho-stratigraphical unit (CMU)—Ilevee,
backswamp, mature point bar and palacochannels; and

3. Sijua morpho-stratigraphical unit (SMU)—undulatory
surface with older alluvium.

(a) Hooghly morpho-stratigraphical unit

HMU comprises recent sediments (active alluvi-
um) on present day floodplain of Damodar River and
is developed in Late Holocene (~6 kyr to the pres-
ent). Lithologically the sediments are the aggregates
of coarse to medium grained pale yellow to light grey
sand mixed with brownish grey silt and occasional
presence of black clay or mud deposits. This type of
sediment is defined as the active alluvium
transported by the stream flowing of flood-scour of
the modern channel, and the maximum grain size
which the stream can competently transport at a
flood-stage (Faniran and Jeje 1983). Occasionally
sands of point and mid-channel bars show approxi-
mately 1.5-m thickness in each laminated macro
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(b)

lithofacies. The deposition of fine sand, coarse sand,
medium sand with presence of silt and clay are
occurred as laminated, planner, cross-laminated sed-
imentary facies. Trough and planar cross-bedded
sand deposits (fining-upward channel fills cause
distinct minor sedimentary cycles) is found in the
mid-channel and point bars (Rajaguru et al. 1993).
Horizontally stratified sand signifies upper flow re-
gime and lower flow regime causes trough cross-
stratified grey sand, planar cross-stratified sand, rip-
ple marks and small-scale cross stratification (Miall
1996; Bridge 2003; Nichols 2009).

Inter-bedded silt-clay deposition (Fig. 4b) in the
sand dominated lithofacie signifies the very low flow
regime and slow deposition of stagnant water (Fsc).
Deposition of coarse sand, pebbles, gravels and
shells denotes the channel lag deposits (Fig. 4c),
having minor channel fills in the time of lateral
accretion of point bar (Gt). Horizontal lamination
of fine to coarse sands (Fig. 4a) show planner bed
flow (Sh) and low-angle cross-bedding (<10°) of
sands denotes scour fills and antidunes (SI). Short-
term changes occur during monsoonal flash floods,
and long-term changes reflect aggradation and reduc-
tion in water depth (Miall 1985; Rajaguru et al. 1993).
In short sand dominated HMU of Damodar River has
assemblages of dunes (St), sand waves, linguoid and
transverse bars (Sh) and ripple marks (Sr).

Chuchura morpho-stratigraphical unit

CMU is well exposed in the low lying areas
(adjoining river bank) of Barddhaman town along
the left bank of Damodar River. This unit is devel-
oped in Middle Holocene to Late Holocene (~9 to
6 kyr). Boundary between CMU and SMU is transi-
tional and aggradational origin, having dominance
of clayey silt and clayey sand (topmost part of
lithofacies). The width of CMU is respectively about
2 and 6.5 km in the right and left banks of Damodar
River, having glimpses of palacochannels, mature
point bars, crevasse splay, backswamps and sinuous
arrangements of water bodies. The fluvial sediments
of CMU are represented by sparsely oxidised grey to
brownish grey, micaceous silty clay, clayey silt and
sandy silt with irregular brownish patches and ferru-
ginous concretion, grey to brownish grey fine to
coarse sands with few pebbles and gravels.

Geomorphologically, the study site (SBH 1), lo-
cated at Bam (23°13'15” N and 87°5429" E), is
situated on the terrace of mature point bar, showing
1.2 m of overbank deposits (suspended load in
palacofloods). Up to a 6-m depth, there is an upward
fine sequence but below it is marked by some

- A~ (R T . r e ¢

.. P L
Fig. 4 Fluvial architectures of HMU—a horizontal and cross-bedding
lamination (dunes and anti-dunes) of pale yellow sands having horizontal
inter-bedded silt and clay deposits at Palla (23 km downstream from
Bardhaman town); b inter-bedded brownish black clayey silt deposits
(Fsc) in between layers of medium to coarse sands at Palla; ¢ brownish
wavy lag deposits (Gt) in between horizontal laminated coarse sands at
Rhondia (Note: HL horizontal lamination, CL cross lamination, LD lag
deposit)
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irregularities in sedimentation processes (Fig. 6).
Occurrence of brown clayey silt (Fm) and silt (F1)
denotes the overbank or waning flood deposits, hav-
ing desiccation cracks (Miall 1985; Bridge 2003;
Garde 2006). Below this litho-unit, the deposits of
fine sand (Sh) and medium sand with few pebbles
(Sp) denote low flow regime of linguoid and trans-
verse bar deposits (Miall 1985). Thereafter, almost
2 m thick of very coarse deposits of yellowish brown
pebbles (Gm to Gt) bear the imprints of lag and sieve
deposits in a crudely bedded form (Rajaguru et al.
1994). Again the occurrence of dark grey carbona-
ceous clayey silt horizon (at a depth of 7.3 to 7.9 m)
carries the slackwater deposits of palaecofloods
(Kochel and Baker 1988a, b; Kale et al. 2003;
Thomas et al. 2007). The transition from Fm and St
to Gm (coarsening upward) (Fig. 5) during the ter-
minal Pleistocene to Late Holocene suggests a hy-
draulic differentiation of the system into distinct
energy levels, coarser ones related to high and vio-
lent floods and finer ones are due to medium regimes
(Rajaguru et al. 1993; Kale et al. 2003). The typical
cycles of fluvial sedimentation of CMU include:

1. Gravel bars and bedforms (GB)—forset macroforms
(FM)—sandy bedforms (SB)-overbank fines
(OF)—6-m depth to the surface; and

2. Laminated sand sheets—OF-SB—9- to 6-m depth

The study sites (SBH 3 and 5) at Kala Nababram
and Baikunthapur, are located on the surface of
concave levee and backswamp area respectively,
underlying by the abandoned channel deposits
(Fig. 5b, ¢). The thick layers (up to 3.5 m at SBH-
3 and 6 m at SBH-5) of clayey silt, clayey sand and
sandy clay (Fsm and Ft) carries the sign of waning
flood deposits, including slack water deposits and
ferruginous concretion. However, the disappear-
ance of ferruginous concretion up to 3-m depth (at
SBH-3) shows the Recent or Late Holocene flood
deposits which are not present at SBH-5. At a depth
of 4.2 to 4.5 (at SBH-3) and 8.7 to 9.0 m (at SBH-
5), we have noticed a horizon of deep channel lag
deposits (Gm) in between the deposits of scour fills,
crevasse splay, antidunes and sand waves (Sp, Sh
and St). The typical cycle of sedimentation of CMU
include: GB-FM-SB-OF.

Few couplets of clayey silt and sandy silt de-
posits of CMU (Fig. 5) signify the occasional ex-
treme flood events (high level of discharge—slack
water deposits) of Late to Middle Holocene Epoch
and presence of iron nodules (chemical alteration of
ferruginous sediments) carries the sign of slow de-
position in more humid and warm condition (Kale
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et al. 2003; Baker 2006). However, disappearance
of iron nodules in both top lithofacies of Fm sig-
nifies the much younger palacoflood deposits under
stagnant water condition (suspended load) in ma-
ture point bars of both banks (Miall 1996). Bottom
stratum refers to the relatively coarse sediments de-
posited on the Damodar Channel bed and preserved
by burial during lateral migration of the channel and
top stratums of the relatively fine sediments deposit-
ed on upper channel banks, on levees and on flood-
plain and terrace surfaces during infrequent high river
stages of Late to Middle Holocene (Brakenridge
1988; Rajaguru et al. 1993; Nichols 2009).

(c) Sijua morpho-stratigraphical unit

The SMU, relatively oldest lithofacies, was developed in be-
tween Late Pleistocene (~25 to 11.5 kyr) and Early Holocene
(~11.5 to 9 kyr), having large spatial expansion of undulatory
surface and terraces of older alluvium. The maximum thickness
of this unit is 14 to 15 m, mostly covering Khari River Basin.
This litho-unit is represented mainly by hard, sticky, brownish
to yellowish grey clays enriched with caliche (calcareous con-
cretion) with small rounded ferruginous. The SMU reveals that
at 6- to 9-m depth, the clayey horizon (heavy suspended load)
changes to sandy horizon (mixed bed load) in which fine to
medium brownish grey sub angular quartz, altered feldspar and
ferruginous concretion are observed.

SMU facies of Vita and Amarun (Fig. 6) are dominated by
sticky clay and clayey silt (relative dominance of overbank
fines) having distinct pedogenic layers of caliche and iron-
concreted nodules. In SBH-2, up to 0.8-m two distinct
lithofacies of Fm and F1 (disappearance of pedogenic nodules)
are found, denoting very low fluvial regime and recent drape
deposits formed in pools of standing water (Fig. 6a). In SBH-8,
up to 2.7-m four distinct lithofacies of Fm to Fsm (with iron
concreted and caliche nodules) grey, brownish grey and yellow-
ish grey coloured sticky clay deposits are found which signify
backswamp pond and waning flood deposits (Miall 1985). The
presence thick clayey silt (FI) with nodules denotes occasional
slackwater deposits of high magnitude palacofloods and post-
flood stability of lithofacies in between Late Pleistocene and
Early Holocene (Fig. 6b). The yellowish brown lithofacies (Sp,
St and Ss) of denotes small channel, dunes, abandoned channel
and scoured depression fills, but underlying greenish grey
lithofacies of Fm and Fsm denote backswamp pond deposits
(Einsele 1992; Garde 2006). In SMU during high magnitude
palacofloods, the water overtopped the banks to a point decided
by the elevation of the flood waters such that at the terminal
point the velocity of water is near zero (slack) and the sediments
brought in suspension by the flood are then deposited by Stokes
settling law, i.e. sands are deposited first followed by silt and
then clays (Kochel and Baker 1988a, b; Thomas et al. 2007;



Arab J Geosci (2014) 7:4145-4161

4153

Fig. 5 a Distinct lithofacies of
CMU at Bam, showing upward
finer sequence, overbank deposits
(Fm and FI), coarse lag deposits
of pebbles (Gm), channel fills
(Sp and Sh) and ferruginous
correction of overbank
palaeoflood deposits b upward
fining sequence with thick
deposition of valley fills (Sp) and
pebbles (Gm) with top overbank
pond deposits (Fsm) at Kala
Nabagram (SBH-3), denoting
high- to low-energy floods in
between Middle to Late
Holocene; and ¢ up to 6-m
overbank waning flood deposits
with ferruginous concretion
(weak monsoonal flow) and

6-9 m of valley fills (S?), dunes
(Sh) and lag deposits (Gm ; strong
monsoonal flow) at Baikunthapur
(SBH-5)

Singhvi and Kale 2009). Importantly, greater thickness of sticky
clay represents overbank deposition of high suspended load
floods and suggests low lateral confinement, high sinuosity
and a decrease in stream power (Rajaguru et al. 1993; Juyal
et al. 2000). The alternate layers of caliche and iron nodules are
the pedogenic formations of dry and humid fluvial environment
respectively and these can be regarded as palacosols and older
alluvium of Damodar floodplain. The typical cycle of sedimen-
tation of SMU include: FM-SB-OF.
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It is understood that Damodar floodplain is distinctly com-
posed of three morpho-stratigraphical units, ranging from
newer to older alluvium with upward fining or coarsening
sequences. Importantly, the distinct layers of clay and clayey
silt of CMU and SMU provide an inference on the slackwater
deposits of palacofloods of Damodar and its distributaries.
Mode of depositions of lateral accretion and overbank floods

d with point bars, levee and backswamp which

are reflected in the lithofacies (Fig. 7). As the successive
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Fig. 6 Fluvial architectures of
SMU—a alternate upward fining
and coarsening sequence of sandy
bed forms to overbank deposits
denotes south west monsoonal
variability and climate changes at
Vita (SBH-2); and b occurrences
of sticky clay and clayey slit with
caliches suggesting relatively
semi-arid climate with occasional
wet period deposition of iron
nodules in between Late
Pleistocene and Early Holocene at
Amarun (SBH-8)
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floods overtopped the banks and active floodplain of
Damodar River, one would expect successive increments of
overbank deposition (principally sticky clay in SMU) on the
floodplain to result in a continual increase in elevation of this
surface relative to the elevation of streambed. As the flood-
plain gains higher elevation, presumably it would be flooded
less frequently and get pedogenic stability (Wolman and
Leopold 1957; Einsele 1992).

Palaeoclimatic significance of CMU and SMU

With a focus on past twenty thousand years (~20 kyr), perhaps
the most important single climate factor is the monsoon and to
an extent, palacoclimatology in the Indian context is a syno-
nym for the reconstruction of monsoon through time (Singhvi
and Kale 2009). The palaeoclimatic studies of India indicate
that there were distinct periods of erosion and incision

Fig. 7 Typical depositions and
settling of varying size of
sediments in the floodplain of
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(degradation) and sediment deposition (aggradation) associat-
ed with changes in the southwest monsoon (SWM) conditions
and sediment supply (Mishra et al. 2003; Singhvi and Kale
2009). The main fluvial responses to Late Quaternary climate
changes in India are (Rajaguru et al. 1993; Mishra et al. 2003;
Kale et al. 2003; Thomas et al. 2007; Singhvi and Kale 2009):

1. Periods of aggradation are linked to periods of weaker
SWM, reduced coarse sediment supply and increased
overbank fine deposition (suspended load) and

2. Periods of stronger SWM are associated with erosion,
valley incision and increased coarse sediment supply
(bed load).

The response of each river basin in India to climate change
has been different, and these differences arise because of dif-
ferent basin parameters, especially location of basin area and
rainfall zone (Misra et al. 2003). At present the subcontinent of

Damodar River, forming distinct
lithofacies of HMU, CMU and
SMU, respectively
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India is regionalised as Tszo flood climate region which sig-
nifies barotropy seasonal international tropical convergence
zone-organised convection, getting heavy rainfall in tropical
cyclones (Hayden 1988). The upper catchment of Damodar
River is identified as potential rain-storm zone which receives
maximum rainfall in peak monsoon (Kale 2003). It has been
found that on an average of 25 years, the average monsoonal
rainfall in 6 h ranges in between 14 and 16 cm in the parts of
upper catchment (Ghosh and Mistri 2012).

The archives of palaeoclimate are well preserved in SMU
and CMU as iron concretion and caliche nodules, denoting
two distinct depositional elements of distinct climatic
conditions. Caliche is thin, calcareous bodies occurring
as crusts and nodules in soils which experience dry and
semi-arid climate with short wet season alternately
(Sinha et al. 2006; Sengupta 2012). The presence of
calcic paleosols formed on an interfluve, suggesting that
a more seasonal and probably drier climate (strong
North East Monsoon) during Late Pleistocene and Early
Holocene (Sengupta 2012). The presence of iron nod-
ules or ferruginous concretion is associated with strong
monsoonal wet—dry seasonal regime or warm—humid
climate in the lower Gangetic Plains. Thus, the alternate
occurrences of caliche and ferruginous nodules indicate
noticeable climate changes in Quaternary Period. Basically
the formation of big rounded pedogenic carbonate nodules
began in the semi-arid climate of early Holocene up to
6,500 years BP when amelioration to warm and wet phase
took place (Srivastava 2001).

Generally, the caliches of Gangetic plains shows number of
nucleus represented either by quartz or muscovite around
which growth of fibrous calcite crystals are seen. Chemical
analysis of GSI reveals that it contains 21.92 % calcium (Ca)
and 668 ppm fluoride (F). The ferruginous concretions are
mainly Fe—Mn (iron and manganese) nodules embedded with-
in clayey materials, showing limonitic character. GSI shows
that these concretions contain 20.04 % Fe, 4.98 % Mn,
756 ppm F and 20 ppm As.

Archive of CMU

The bore-hole site of Nari SBH-4 (23°14'32"” N and 87°53"24"
E) is situated beside an abandoned channel which is renowned
as Balluka Nadi (Fig. 8a). Importantly, the study site bears an
upward fining sequence which denotes low hydraulic stream
power and weaker SWM in the terminal Middle Holocene. Up
to 4.2 m depth, we have observed the dominance of silt and
clay, forming Lithofacies of Fl and Fm (waning flood de-
posits). We have found three distinct layers of oxidised
Lithofacies:

1. Brownish-grey clayey slit with iron nodules (0.6- to 0.9-m
depth),

2. Brownish-grey clayey slit with globular ferruginous
patches (3.6- to 4.2-m depth) and

3. Light to deep drown colour sandy slit (six couplets of
slack water deposits) with soft ferruginous concretions
(4.2- to 6.3-m depth).

Thus, there were three successive phases of more warm and
humid climate that prevailed in the region in Middle Holocene
(~9 to 6 kyr) because in this climate the iron concretions and
patches occurred in the deposited sediment of the Damodar
River.

In the bore-hole site of Bam SBH-1 (23°13'15” N and
87°54"29" E), we have found top two lithofacies of oxidised
materials (Fig. 5a): (1) light brown clayey slit (Fm) with iron
nodules and (2) brownish silt (F1) with iron nodules. These
two lithofacies denote the dominance of overbank deposition
and relative stability of mature point bar in two periods of
warm and humid climate at Middle Holocene (Mishra and
Rajaguru 2001). In SBH-1, the upward fining sequence (up to
6.0-m depth) signifies strong to weaker SWM in Middle
Holocene and upward coarsening sequence (9.0- to 6.0-m
depth) is the outcome of weaker to strong SWM in Early
Holocene to Middle Holocene. The bore-hole site of Kala
Nabagram SBH-3 (23°10'42” N and 87°59'54" E) bears
excellent evidence of upward fining sequence with top
two lithofacies (Fsm) of clayey sand and sandy clay (up
to 3.0-m depth) (Fig. 7a). The dominance of fine sand
and sandy silt (SBH-1) is associated with relative semi-
arid condition (weaker SWM) with occasional flash
floods in a meandering channel. The presence of coarse
sand and pebbles (2.4- to 4.2- and 4.2- and 6.0-m
depth) denotes the braided pattern and lag deposits of
Damodar River in transition period in between Early
and Middle Holocene. The coarse sediment with clay
plugs, gravels and pebbles (3.0 to 9.0 m) signifies
strong wet hydraulic regime of SWM and heavy chan-
nel fills in SBH-3 (Jain and Tandon 2003; Jain et al.
2004). Thus, this site belongs to palacochannel and
avulsion of the Damodar River which is evidenced from
the sinuous arrangement of water bodies from Gangpur
to Chanchai.

Archive of SMU

The bore-hole sites of Attagarh SBH-7 (23°14'24” N and
87°5822" E) and Beldanga SBH-6 (23°23'16" N and 87°56'
35" E) bear alternate deposits of caliche and iron nodules in
the lithofacies of Ft and Fsm in Late Pleistocene to Early
Holocene (~14 to 9 kyr) (Fig. 8b, c). Yellowish grey to reddish
brown stick clay deposits represents relatively Late Pleistocene
fluvial system, denoting dry climate, low stream power and
pond deposits of waning palacofloods. Brownish grey and
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caliches (semi-arid climate) and iron nodules (warm-humid climate) at
Attagarh and ¢ seven alternate layers of caliches and iron nodules at
Beldanga

SBH-7 litho-unit of SMU carries six distinct phases of
Quaternary climate changes (Late Pleistocene to Early
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Holocene) with the palacoclimatic proxies of caliche and iron
nodules (Fig. 8b):

1. Reddish brown silty clay (Ft) (9.0- to 7.2-m depth) with
iron nodules in warm and humid climate,

2. Yellowish grey sticky clay (Fsm; 7.2-6.0 m) with fine
caliches transition with iron nodules at base in sub-humid
to semi-arid climate,

3. Yellowish grey sticky clay (Fsm; 6.0-5.4 m) with ferru-
ginous concretions in warm and humid climate,

4. Greenish grey hard sticky clay (Fsm; 5.4-3.6 m) with
caliches in semi-arid climate,

5. Greenish grey clayey slit (Ft; 3.6—1.5 m) with ferruginous
concretions in warm and humid climate and

6. Browns grey clayey slit (Ft; 1.5-0 m) with ferruginous
concretions in warm and humid climate.

SBH-8 litho-unit of SMU (Fig. 8b) again provides evi-
dence of six to seven climate changes in Damodar floodplain
between ~14 and ~9 kyr (Fig. 8c):

1. Yellowish grey sticky clay (Fsm; 9.0- to 6.3-m depth)
with large caliches in semi-arid climate,

2. Brown sticky clay (Fsm; 3.6-5.4 m) with ferruginous
concretions in warm and humid climate,

3. Yellowish grey sticky clay (Fsm; 5.4-4.5 m) with ferru-
ginous concretions in warm and humid climate,

4. Grey to yellow clay (Fsm; 4.5-4.2 m) with caliches in
semi-arid climate,

5. Yellowish brown sandy clay (Fl; 4.2-3.3 m) with ferrugi-
nous concretions in warm and humid climate,

6. Grey hard clay (Fsm; 3.3-2.1 m) with large caliches
(40 %) in semi-arid climate and

7 Grey hard clay (Fsm; 1.8-0.9 m) with caliches in semi-arid
climate.

The most important finding is that in the Late Pleistocene—
Early Holocene, the fluvial activity (meandering nature) was
reduced and was influenced more by post-glacial dry climate
(yellowish to grey colour sediments and caliches) and infre-
quent extreme floods (Jain and Tandon 2003). As these study
sites of SMU are situated on the old elevated terraces of
Damodar and Khari rivers, the stable surfaces received only
overbank deposition in the water-logged condition. However,
in terminal Early Holocene, the fluvial system was forced to
enter in new phase of degradation (strong SWM) and cut
down the surface of SMU to form CMU, with an ample
supply of coarse sediments from Chotanagpur Plateau. The
lithofacies of SBH-2, 6, 7 and 8 signify that middle and lower
portions of the overbank floodplain facies are dominated by
caliches with prolonged sub-areal exposures and the top facies
are conquered by iron nodules in stable monsoon climate. The
presence of big caliches in the present humid to sub-humid
region of West Bengal indicate drastic change in the climate
during Last Glacial Maximum, i.e. around ~18 to 14 ka, when

SWM was very weak in the Peninsular India and lower
Gangetic Plains (Deo et al. 2007; Chakraborty et al. 2011).
Thus, the facies identifies that the transitional phase of Late
Pleistocene to Early Holocene was affected by more arid
climate, low supply of coarse sediments, low fluvial degrada-
tion, high sinuosity, weaker SWM, strong NEM (North East
Monsoon) and better pedogenesis on relatively stable terraces
(Kale and Rajguru 1987; Rajaguru and Mishra 1997; Sinha
et al. 2006). The occasional occurrence of sandy silts and
sandy clay (up to 2-m depth) occurs only because of settling
within the slackwater situations (Jain and Tandon 2003). We
have attempted to reconstruct palacomonsoon (interlinking
the climatic response by Damodar River) on the basis of
sedimentological, geomorphological and palaco fluvial hy-
drological studies done by Prasad et al. (1997), Verstappen
(1997), Kale (1999), Naidu (1999), Mishra et al. (2003),
Vandenberghe (2003), Kale et al. (2004), Singh (2004), Deo
et al. (2007), Gibling et al. (2005), Jain et al. (2005), Singhvi
and Kale (2009), Sanyal and Sinha (2010), Srivastava et al.
(2007), Charlton (2008), Kale (2009), Rajaguru et al. (2011)
and Pal (2012) (Table 1).

Discussion and conclusions

In this part of Bengal Basin, the sandy alluvial deposits consti-
tute a large part of the stratigraphy because of the dominance of
fluvial processes, and channel migration and avulsion tend to
erode the fine grained floodplain deposits (Sinha and Sarkar
2009). After crossing the Lateritic upland (Middle—Late
Pleistocene) of Kanksa—Panagarh, Damodar River system de-
veloped a fan-delta (older delta plain than Bhagirathi-Hooghly
delta) in the western margin of the Bengal Basin where the river
rotated its course clockwise or southerly (having apex of delta
at Silla) shifting its previous mouth (Khari River) 128 km to the
south (Amta channel below Kolkata) (Acharyya and Shah
2007; Bhattacharyya 2011). The initial delta formation began
~14 to 11 ka when rising sea level led to back-flooding of the
low stand surface and the trapping of riverine sediments (com-
ing from west), an event marked by transition from alluvial
sands or Pleistocene laterites to overlying mud (Sinha et al.
2005). It is realised that the straight west to east lower course
and sudden southerly turn of Damodar River is principally
controlled by basement faults and neo-tectonic subsidence
(Sinha et al. 2005; Acharyya and Shah 2007; Das Gupta and
Mukherjee 2006). From the presence of a number of important
riverine alignments (showing low Bouger anomaly and low
gravity), some of these faults may be mildly active even to this
day in lower Damodar Basin (Das Gupta and Mukherjee 2006).

The western lateritic plain was developed in Middle-Late
Pleistocene and old deltaic plain of SMU was formed in Early
Holocene. The sediments of CMU (Middle—Late Holocene)
was deposited over the eroded SMU and the HMU is still
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Table 1 Late Quaternary Palaeoclimatic reconstruction (~11.5 ka to present) in Damodar Floodplain

Period Climate

Fluvial response and climate proxies

11,500 BP
11,500-8,000 BP

Cool and dry

Equable climate (Vedic period)

8,000-7,000 BP Warm—humid with dominant seasonality
(Ramayana period; SWM started to strong)

7,000-6,000 BP Warm—humid (Mahabharata period)

6,000-5,000 BP Cool and dry (SWM started to weak)

5,000-4,000 BP
4,000-3,500 BP

Warm-humid (Indus civilisation)
Cool and dry (start of Jainism)
3,500-2,600 BP Warm-humid with dominant seasonality (Epic
Period and decline of Indus civilisation)
Cool and dry (Buddha—Ashoka period)
Warm—humid with short semi-arid phase

2,600-2,000 BP
2,000-1,400 BP

1,400-1,100 BP Cool and dry

1,100-750 BP Mediaeval warm period
750400 BP Little Ice Age
400-200 BP Pre-industrial

200—present Anthropocene warm—humid seasonal

extremes (wet—dry)

Fluvial aggradation; sticky clay, slit and pedogenic caliches

Snow-melt-fed Saraswati River existed and transition from fluvial
aggradation to degradation

Start of fluvial degradation with occasional flash floods, frequent
overbank deposition, and pedogenic iron nodules

Frequent floods, strong fluvial degradation with presence of coarse
sand and gravels, and pedogenic iron nodules

Frequent droughts and overbank deposition with sticky clay and
caliches

Seasonal floods and pedogenic iron nodules with coarse sand

Frequent droughts and overbank deposition with sticky
clay and caliches

Seasonal floods, start of valley incision, and pedogenic iron nodules

Frequent droughts; overbank deposition with sticky clay and caliches

Deposition of fine sand and silt (slack water deposit) and pedogenic
iron nodules and caliches

Frequent droughts; overbank deposition with sticky clay, clayey silt
and caliches

Frequent high magnitude flash floods with pedogenic iron nodules

Low fluvial degradation and increased aggradation

Frequent flash floods and lateral migration

infrequent high magnitude flash floods, lateral migration, high
sinuosity and overbank deposition of clay and silt

actively being deposited along the present day floodplain of
Anthropocene—beginning about 1780 (Grotzinger and Jordon
2010). The inter-bedded unoxidised caliche-bearing unit was
dominantly made up of relatively finer and fining upward
alluvium, which have been correlated to SMU and Kusugram
Plain (Bhattacharya and Dhar 2005; Acharyya and Shah 2007).
The recent lithofacies of HMU signify the active aggradational
phase and lateral accretion of floodplain. The frequent oscilla-
tion of thalweg and development and destruction of small in-
channel bars denote an infrequent monsoonal flow and siltation
of active river bed. The transition of CMU to HMU is leveled
by overbank deposition of clay and silt, denoting waning flood
deposits and relatively low-energy floods in Damodar River.
The upward fining sequence of CMU was associated with low
hydrological regime, weak SWM, infrequent flood discharge,
dominance of pond and backswamp deposits in upper parts of
the lithofacies (Kale and Rajaguru 1987). However, the sub-
surface dominance of coarse bed load signifies the high-energy
floods and valley fills in strong SWM between Early to Middle
Holocene. Generally, the oldest lithofacies of SMU was devel-
oped principally by fine overbank deposits (clay, clayey silt
and slity clay), denoting low fluvial activity, weak SWM and
relatively semi-arid climate than present. The presence of
alternate layers of pedogenic caliches and ferruginous nodules
had carried the strong evidence of short-term climate changes
in between Late Pleistocene and Early Holocene (Srivastava
et al. 2007). It is understood that strong seasonal climate, sub-
areal exposure of deposited materials to climate changes, low-
energy floods of meandering channel, post-flood long-term
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stability of lithofacies and progressive increment of floodplain
height were occurred in SMU.

The SMU is referred as older alluvium forming highest
terrace in the shelf zone of the Bengal Basin having an age of
Late Pleistocene to Early Holocene (175-275 ka) and the age of
CMU is Middle Holocene (60-82 ka) (Vaidyanadhan and
Ghosh 1993). Thermo-luminescence dating of basal sample
(B-horizons) suggests that in the Damodar fan-deltaic plain
(HMU), the time of deposition and approximate upper bound
on age of soil is ~3.6 ka (Singh et al. 1998). The only radio-
carbon date of 4810+120 BP is assigned using a decomposed
wood from the Damodar fan-deltaic plain (Vaidyanadhan and
Ghosh 1993).

The Indian summer monsoon evolved during the Miocene
at about ~23 Ma and certainly exited by 12—10 Ma because
the increased sediment fluxes are reported in the Himalayan
Rivers during Middle Miocene (Adlakha et al. 2013). Late
Quaternary sediments of the Bengal Basin show high smec-
tite—kaolinite concentration and iron nodules during the Early
Holocene period (~10 to 7 ka), and this appears to reflect
enhanced chemical weathering under warmer and more humid
conditions (Sinha et al. 2005). Increased precipitation during
the ~15-5 ka period of monsoon recovery probably increased
discharge and promoted incision and widespread badland
formation (Goodbred et al. 2003; Sinha and Sarkar 2009).
All the climate proxies of the Last Glacial Maximum indicate
a cooler and drier period in monsoon India in contrast to warm
and wet conditions of the succeeding Holocene (Kale et al.
2004). After the Early Holocene monsoon optimum, a
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progressively weakened monsoon and increasing aridity gen-
erally characterised the Middle Holocene. The increased arid-
ity occurred ~3.5 ka, but up to ~2 ka, the SWM was again
stronger than present and the present condition of wet—dry
spell was started from ~2 ka to the present in this region
(Prasad et al. 1997; Naidu 1999).

The Damodar River is one of important monsoon dominated
and flood-prone Indian Rivers which carries out almost all the
geomorphic works of erosion, transportation and deposition
during summer monsoon season, mainly June to September
(Kale 2003). It is very important that the present flow of lower
Damodar River is regulated by the upstream dams and barrages,
so the hydraulic and topographic system of confined lower
Damodar valley is continually adjusted its aggradation and
degradation processes in respect of the regulated streamflow
and infrequent monsoon rainfall. As a result, the river has
shifted its thalweg to maintain dynamic equilibrium within its
system. The Standard Sinuosity Index (Mueller 1968) varies
from 1.04 (1943) to 1.16 (2006) in between Rhondia and
Paikpara. It means the River widens its valley and developing
bars within it and the lower reach of sinuous channel is gradu-
ally modified by high seasonal influence of hydraulic factors
(60 to 74 %). Braid-Channel Ratio (Friend and Sinha 1993) of
1990 has a highest value of 2.75 in bend II (Kashpur to Idilpur)
and lowest value of 2.04 in bend III (Idilpur to Chanchai). Again
Braid-Channel Ratio of 2006 has gained a highest value of 2.13
in bend I (Rhondia to Kashpur) and lowest value of 1.37 in bend
III. As these values of Braid-Channel Ratio do not reach to
‘unity’, therefore, it identifies that three reaches have the
glimpses of braiding pattern. Damodar River is relatively be-
having as confined braiding where there is a well defined
channel way that fills with water during floods and develops a
pattern of submerged bars. The River is now regarded as mixed-
load fluvial system which preserves a higher percentage of
floodplain deposits which consists of silts, muds and locally
backswamp carbonaceous mud and caliche bearing sticky clay,
flanked by channel fills and lag deposits. The present excessive
aggradation of Damodar River bed (HMU) is directed by infre-
quent SWM, low magnitude flood propensity, Late Holocene
sea-level rising and anthropogenic modifications of floodplains.
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