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Preface

Presently, the sedimentation on river bed is appealing the growing attention of most
of the geomorphologists, hydrologists, engineers and planners as it is very
important to control the geomorphological, hydrological and ecological character-
istics of the river in managing a variety of detrimental problems like the shifting of
river course, shortage of water for utilization in different purposes, hindrance of
easy discharge of water and upstream flood, navigation difficulties, river bank
erosion and loss of settlements and properties, etc. The main aim of the book is to
understand and explain the causes, mechanisms and extent of river sedimentation in
connection to the seasonal fluctuation of stream energy, environment of sediment
deposition, sources of sediments and their distributional pattern.

Available shear stress and critical shear stress during high and low tides in
different seasons in the stream have been calculated following DuBoys formula and
Shield formula. Environment of sediment deposition is identified by Linear
Discriminate Analysis and Bi-variate plotting of sediment grain size parameters.
Sources of sediments are understood through identification of mineral composition
of sediments by X-ray diffraction technique.

Rapid rate of sedimentation in the studied river is the result of combined inter-
action of riverine and marine processes. Seasonal fluctuation of available shear stress
and sediment transport capacity during high and low tides in connection to grain size
of sediments is the main causative and controlling factor of sedimentation. Sediments
are deposited in moderate to lesser violent hydrodynamic condition in estuarine
environment and are supplied from the upper catchment and the river banks. The
result of the work will be extremely supportive and helpful to the engineers,
hydrologists, planners and other concerned authorities, working on the aspects of
sedimentation and management of associated problems not only in the study area but
also in any of the tidal river in the world.

Midnapur, West Bengal, India Swapan Kumar Maity
Ramkrishna Maiti
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Chapter 1
Introduction

Abstract The causes and mechanisms of sedimentation in the lower reach of the
Rupnarayan River are explained in connection to stream energy, environment of
sediment deposition and understanding of the sediment sources from mineral
composition. Seasonal fluctuation of available and critical shear stress, cohe-
siveness of sediments, sheltering of sediment particles, effects of biological activity
and organic content are the main factors to control the mechanisms of sedimenta-
tion. Environment of deposition is examined and understood by Linear
Discriminate Analysis (LDA) technique and bi-variate plotting of grain size
parameters. Hydrodynamic processes working during the deposition of sediments
have been identified by C-M plotting. X -ray diffraction (XRD) technique is used to
understand the sources of sediments through identification of mineral composition.

Keywords Mechanisms of sedimentation � Available and critical shear stress
Linear Discriminate Analysis (LDA) � Depositional environment
Hydrodynamic processes � Sources of sediments

1.1 Prologue

In the lower reach of the Rupnarayan River (Fig. 1.1 in Maity and Maiti 2018)
continuous sedimentation, raising of river bed and development of shoal area create
varieties of detrimental problems and impacts on society, economies and the
environment including the shifting of river course, shortage of water for utilization
in different purposes, hindrance of easy discharge of water and upstream flood,
navigation difficulties, river bank erosion and loss of settlements and properties etc.
Presently the problem of sedimentation is drawing the increasing attention of most
of the geomorphologists, hydrologists, engineers and planners for the understanding
of the mechanisms of sedimentation, reduction of the sedimentation rate and
management of the associated problems. Detailed studies on all the geomorpho-
logical and hydrodynamic characteristics of the studied river indicate that forms and
patterns of the channel, hydraulic characteristics of the stream and the nature and

© The Author(s) 2018
S. Kumar Maity and R. Maiti, Sedimentation in the Rupnarayan River,
SpringerBriefs in Earth Sciences, https://doi.org/10.1007/978-3-319-71315-1_1
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characteristics of tide all play a combined role to control the mechanisms and
dimensions of sedimentation (Maity and Maiti 2018). All the cross-profiles (except
two, one near Kolaghat and other near Geonkhali) drawn along the lower reach of
the studied river are asymmetrical in nature leading to the concentration of energy
near one bank (deeper section of the cross-section) and shortage of energy towards
another bank which invites sedimentation. Sudden widening of the channel and
diversion of flow and associated variation in the distribution of energy across the
channel play significant role to control the sedimentation process. Near Kolaghat
region, abrupt widening of the channel leads to flow separation, reduction of energy
and sediment transport capacity which accelerates the rate of sedimentation during
low tide. Again, near Geonkhali region, sudden decrease of channel width (bottle
neck shape) hinders the easy discharge of ebb tide water causing the reduction of
water velocity and stream energy which causes sedimentation (Maity and Maiti
2018). As the catchment area of the river experiences typical monsoonal type of
climate, seasonal concentration of rainfall and associated variation of seasonal
water discharge is very important in controlling the stream energy, sediment
transporting capacity and rate of sedimentation. In dry season, less discharge of
water from upstream (850–4160 m3/sec) causes the reduction of stream energy and
sediment transporting capacity. Because of this, all the sediments are not drained
freely towards downstream during low tide giving enough opportunity for the
deposition of sediments on the river bed. But the situation becomes reverse during
monsoon season when voluminous water discharge (3455–9050 m3/sec) from
upstream (due to occurrence of huge rainfall) increases the stream energy and
sediment transporting capacity causing the easy draining of sediments towards
downstream during low tide and the possibility and rate of sedimentation is reduced
(Maity and Maiti 2018). Tidal asymmetry is very significant to control the sedi-
mentation mechanism in the lower reach. The duration of high tide is shorter by 2–
6 h than that of low tide in the studied river. Thus, during swifter high tide con-
dition the availability of greater energy leads to easy transport of sediment towards
upstream. But, the sluggish low tide discharge over longer duration (8–9 h) gives
sufficient opportunity for the deposition of sediments on the river bed (Maity and
Maiti 2018).

During non-monsoon period, upstream penetration of suspended sediment is
more during high tide (3.71 � 107–1.29 � 108 metric tons/year) than that is dis-
charged towards downstream during low tide (2.5 � 107–1.0 � 108 metric tons/
year) which accelerates the rate of sedimentation. But in monsoon, the transport of
suspended sediment during high tide (7.5 � 107–2.45 � 108 metric tons/year) and
low tide (7.3 � 107–2.3 � 108 metric tons/year) is almost equal which restricts the
sedimentation rate (Maity and Maiti 2018). Bed load transport rate varies from
0.1905 to 6.52985 kg/m/sec, 0.5008 to 14.74893 kg/m/sec and 0.2318 to
6.31764 kg/m/sec in pre-monsoon, monsoon and post-monsoon season respec-
tively. In non-monsoon season, the transport of bed load is more during high tide
than during low tide, but the transport of bed load is almost equal in both the tidal
phases in monsoon season. Texturally, sediments are coarser in monsoon than in
pre-monsoon and post-monsoon seasons due to increase of water volume, stream

2 1 Introduction



energy and removal of fine sediments in monsoon (Maity and Maiti 2018). In dry
season, >60% sediments are moderately to well sorted but in monsoon season
63.85% sediments are poorly to very poorly sorted. Generally, the coarser sedi-
ments are negatively skewed and finer sediments are positively skewed. Proportion
of sand, silt and clay in sediments ranges between 38–91%, 4–61% and 1–41%
respectively. Nearly, 81.33% of the sediments are silty sand, 7.33% are muddy sand
and 6% samples are of sandy silt category (Maity and Maiti 2018).

Though the role of geomorphological, hydrodynamic and sediment character-
istics of the river in controlling the mechanisms and extent of sedimentation in the
lower reach of the Rupnarayan River is clearly explained and understood but it is
indispensable to explain the seasonal fluctuation of available shear stress during
high and low tide in connection to critical shear stress and the environmental
conditions of sediment deposition for the understanding of the causes and mech-
anisms of sedimentation in a holistic way. Availability of shear stress to transport
the sediment and its seasonal fluctuation during high tide and low tide is an
important factor to control the erosional and depositional behavior of a river. Dey
(1999) mentioned that over the loose sedimentary bed, the sediments start to move
when the continuous increase of water velocity leads to the increase of bed shear
stress (available shear stress) and exceeds a critical value of shear stress. Again, the
degree of cohesiveness of sediments (depends on the ratio of sand-mud mixture)
plays significant role in controlling the rate of erosion and transportation of sedi-
ment fractions. Different factors like, sheltering, imbrications, armoring, algal cover
and variations in sorting also affect the resistance, and in turn the critical shear stress
required to entrain the sediment of a particular size (Charlton 2007; Clayton 2010;
Mayoral 2011).

Different statistical parameters (Mean, Median, Sorting, Skewness, Kurtosis etc.)
of sediment grain size depict the environment of sediment deposition along with the
reflection of hydraulic conditions of transporting medium and depositional basin
(McLaren and Bowels 1985; Ghosh and Chatterjee 1994). Nature of sorting of
sediments, sign of skewness and the values of kurtosis are also indicative of nature
of flow and energy condition of the depositing environment. Positive skewness
indicates the unidirectional transport of sediments or the deposition of sediments in
sheltered low energy environment (Brambati 1969). Friedman (1962) suggested that
extreme high or low values of kurtosis imply that part of the sediment achieved its
sorting elsewhere in a high energy environment (Baruah et al. 1997). Generally,
coarser sediments are deposited in high-energy environments whereas the finer
sediments are deposited in low energy conditions. Linear Discriminate Analysis
(LDA) uses different statistical parameters to explain the environmental conditions
of sediment deposition (Sahu 1964). Identification of the mineralogy of sediments is
an indicative of their sources and the environmental conditions as minerals are
mostly deposited depending on the variations of their size, shape, density, specific
gravity and degree of solubility etc. Rittenhouse (1943), Friedman (1961) and Blatt
et al. (1980) indicated that mineral composition of sediments along with their
textural characteristics reflects the nature of the region of the sediment source and
the depository environment.

1.1 Prologue 3



In the present study, all the above mentioned factors including available and
critical shear stress, environment of sediment deposition, understanding of the
sediment sources by identifying sediment mineralogy etc. have been taken into
consideration to analyze and explain the causes and mechanisms of sedimentation
systematically and scientifically as a complex interaction between fluvial and tidal
processes in the lower reach of the Rupnarayan River.
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Chapter 2
Available and Critical Shear Stress
for Sediment Entrainment

Abstract Causes and mechanisms of sedimentation are explained in connection to
the seasonal fluctuation of shear stress. Available and Critical shear stress have
been calculated following DuBoys and Shield formula. Critical shear stress of
sediment entrainment varies from 0.031 to 0.147 N/m2 in pre-monsoon, 0.041 to
0.169 N/m2 in monsoon and 0.034 to 0.148 N/m2 in post-monsoon season.
Available shear stress varies from 0.271 to 0.923 N/m2 in high tide and 0.014 to
0.683 N/m2 in low tide during pre-monsoon season. In monsoon, it varies from
0.275 to 0.965 N/m2 and 0.237 to 0.907 N/m2 during high tide and low tide
respectively. It varies from 0.259 to 0.889 N/m2 and 0.022 to 0.521 N/m2 during
high tide and low tide in post-monsoon. Lack of available energy to transport the
sediment during low tide (in dry season) is the main reason behind the rapid
sedimentation in this area. Most of the places (>75%) having deficiency of energy
(available shear stress is lower than critical shear stress), during low tide are
characterized by deposition of sediments. Presence of mud above the critical limit
(30%) in some of the sediment samples generates the cohesive property, restricts
sediment entrainment and invites sedimentation. Sheltering of fine grains by coarse
grains, biological activity and organic content increase the critical shear stress of
sediment entrainment and causes sedimentation.

Keywords Sediment texture � Available and critical shear stress
Cohesive property � Sedimentation

2.1 Introduction

The force exerted by flowing water on the bed or banks of a stream is called
available shear stress that is directly proportional to water density, gravitational
acceleration, hydraulic radius and slope of the water surface (Du Boys 1879). The
amount of energy needed to entrain the sediment grain (incipient motion) of a
particular size is the critical shear stress. Dey (1999) mentioned that if flow velocity
continue to increase over the loose sedimentary bed, the sediments start moving

© The Author(s) 2018
S. Kumar Maity and R. Maiti, Sedimentation in the Rupnarayan River,
SpringerBriefs in Earth Sciences, https://doi.org/10.1007/978-3-319-71315-1_2
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when the bed shear stress (available shear stress) generated by the flow exceeds a
critical value of shear stress. The particles move in different ways in a stream as the
flow characteristics, size of sediment, fluid and sediment densities and the channel
conditions vary spatially and temporally. Hjulstrom (1935) derived an empirical
curve relating mean velocity to grain size from experiments with sand-size particles
and extrapolating to larger and smaller sizes. The critical shear stress required for
the entrainment of individual sediment particles for non-cohesive sedimentary bed
in unidirectional channel was described by Shield (1936). After that, large numbers
of scientists and researchers have triggered their research to determine critical shear
stress of sediment erosion (Ahmad et al. 2011). They understood and explained that
the critical shear stress of finer sediment particles are dependent on both particle
size and bulk density but in larger particles the critical shear stress is dependent
only on particle size (Ahmad et al. 2011). Torfs (1995) indicated that conventional
non-cohesive formulation for sand fractions could be applicable for the mixture
with less than around 3–15% mud content. Erosion behaviour changes dramatically
when a small amount of mud is added to a sand bed (Mitchener and Torfs 1996;
Williamson and Ockenden 1992). The formula of critical shear stress separately for
sand and mud mixture to describe the erosion behavior of sediment was proposed
by Van Ledden (2003). Sand-mud mixture will exhibit the cohesive property when
the proportion of mud reaches 20–30% (all sediment less than 0.05 mm in diam-
eter) and below it the mixture is non-cohesive in nature (Van Rijn 1993; Ahmad
et al. 2011). Charlton (2007) and Clayton (2010) mentioned that patterns such as
sheltering, imbrications, armoring, and variations in sorting can also affect resis-
tance, and in turn the critical shear stress required to entrain the sediment (Mayoral
2011).

2.2 Field Monitoring and Applied Methodology

The available and critical shear stresses at different places in the study area in
pre-monsoon, monsoon and post-monsoon seasons have been calculated to
understand the nature and characteristics of initiation of motion of sediments and its
relation to sedimentation is established. Depth of the river during high and low tide
is measured using Echo Sounder. Surface water velocity and the velocity of water at
different depths in both the tidal phases are measured by floating method and using
Digital current meter respectively in three seasons. Sufficient numbers of water and
sediment samples have been collected and tested in the laboratory of Indian
Institute of Technology (IIT), Kharagpur to determine the density of water and
sediment. Stuff readings have been taken using leveling instrument considering a
large number of change points and reduced level of each point is calculated using
the bench mark of 6.5 m near Kolaghat Thermal Power Station. Slope of the river
bed is calculated following Eq. 2.1 in Maity and Maiti (2018). Total 180 sediment
samples (60 samples in each season) have been collected from six (6) stations
(Kolaghat, Soyadighi, Anantapur, Pyratungi, Dhanipur and Geonkhali) at the lower

6 2 Available and Critical Shear Stress for Sediment Entrainment



reach (Fig. 6.1 in Maity and Maiti 2018) to understand the textural characteristics
of sediments by sieving technique. Median (D50) grain size of sediments is deter-
mined by using conventional graphical method of Folk and Ward (1957). The
places from which sediment samples have been collected were taken to be fixed (by
GPS receiver) and monitored in three seasons to identify the nature of shoaling and
scouring in the studied reach. Seasonal changes of river depth in those places
become helpful to understand the shoaling and scouring phenomena.

Du Boys (1879) equation is used to calculate the available shear stress during
high and low tide:

s0 ¼ qgds ð2:1Þ

where, q = the water density (1.00 g/cm3), g = the gravitational acceleration
(9.80665 m/s2), d = the hydraulic radius (m), and s = the river bed slope.

The critical shear stress has been calculated following Shield (1936) formula:

scr ¼ Kg qs � qð ÞD ð2:2Þ

where, K = the constant (0.045), g = the gravitational acceleration, qs = sediment
density [typically 2.65 gm/cm3 (Knighton 1998)], q = water density and D = the
median grain size in meter.

2.3 Shear Stress at Different Stations

2.3.1 Shear Stress Near Kolaghat

As Kolaghat reach is affected by tidal phenomena, shear stress during swifter and
stronger high tide is more than that during slower and weaker low tide. Available
shear stress is more in monsoon season than in pre-monsoon and post-monsoon
seasons. Available shear stress ranges between 0.397–0.745 N/m2 and 0.415–
0.762 N/m2 during high tide of pre-monsoon and post-monsoon respectively, while
during pre-monsoon and post-monsoon low tide it ranges between 0.117–0.436 N/m2

and 0.109–0.402 N/m2 respectively (Tables 2.1, 2.3 and Fig. 2.1). In monsoon
high tide, available shear stress varies between 0.538 and 0.821 N/m2 but during
low tide it varies between 0.484 and 0.804 N/m2 (Table 2.2 and Fig. 2.1). During
monsoon, critical shear stress to entrain the sediments varies between 0.113 and
0.150 N/m2, while in pre-monsoon and post-monsoon season it ranges between
0.101–0.147 N/m2 and 0.099–0.148 N/m2 respectively. The places of 1, 4, 5, 6 and
7 in pre-monsoon; 4 and 5 in monsoon and 4, 5, 6, 7 and 8 in post-monsoon are
characterized by rapid sedimentation (Tables 2.1, 2.2, 2.3 and Fig. 2.1). The deficit
of available shear stress in dry season low tide to transport the sediments is the main
cause of sediment deposition (Maity and Maiti 2017). The separation of flow,
channel widening, packing of grains and effects of organic mat are also responsible

2.2 Field Monitoring and Applied Methodology 7
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for sedimentation. During monsoon season, though the available shear stress is
more than critical shear stress, sedimentation happens mainly due to these factors.

2.3.2 Shear Stress Near Soyadighi

During pre-monsoon and post-monsoon high tide, the available shear stress ranges
between 0.484–0.843 N/m2 and 0.466–0.780 N/m2 respectively, while during
pre-monsoon and post-monsoon low tide it ranges between 0.076–0.444 N/m2 and
0.081–0.391 N/m2 respectively (Tables 2.4, 2.6 and Fig. 2.2). In monsoonal low
tide, the available shear stress varies between 0.480 and 0.855 N/m2 but during
high tide it varies between 0.517 and 0.889 N/m2 (Table 2.5 and Fig. 2.2). During
monsoon, critical shear stress to entrain the sediments varies between 0.107 and

Fig. 2.1 Critical shear stress,
available shear stress and
shear velocity at Kolaghat.
Source Field survey and
laboratory experiment

2.3 Shear Stress at Different Stations 9
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0.169 N/m2, while in pre-monsoon and post-monsoon season it ranges between
0.085–0.131 N/m2 and 0.078–0.132 N/m2 respectively (Maity and Maiti 2017).
The sediment samples of locations 11, 12, 13, 14, 15, 16 and 17 in pre-monsoon;
12, 13 and 16 in monsoon and 11, 12, 13, 14, 16 and 17 in post-monsoon season are
affected by the mechanisms of sedimentation while other places are characterized
by erosion process (Tables 2.4, 2.5, 2.6 and Fig. 2.2).

2.3.3 Shear Stress Near Anantapur

Available shear stress ranges between 0.302–0.686 N/m2 and 0.357–0.757 N/m2

during high tide of pre-monsoon and post-monsoon respectively, while during
pre-monsoon and post-monsoon low tide it ranges between 0.033–0.368 N/m2 and

Fig. 2.2 Critical shear stress,
available shear stress and
shear velocity at Soyadighi.
Source Field survey and
laboratory experiment

2.3 Shear Stress at Different Stations 13
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0.054–0.433 N/m2 respectively (Tables 2.7, 2.9 and Fig. 2.3). In monsoon high
tide, available shear stress varies from 0.275 to 0.518 N/m2 but during low tide it
varies from 0.256 to 0.514 N/m2 (Table 2.8 and Fig. 2.3). During monsoon, critical
shear stress to entrain the sediments ranges between 0.060 and 0.102 N/m2, while
in pre-monsoon and post-monsoon season it ranges between 0.051–0.096 N/m2 and
0.060–0.110 N/m2 respectively (Maity 2015). Places 22, 23, 24 and 25 in
pre-monsoon; 23 and 24 in monsoon and 21, 22, 23, 24 and 25 in post-monsoon
season are mostly affected by sediment deposition (Tables 2.7, 2.8, 2.9 and
Fig. 2.3).

2.3.4 Shear Stress Near Pyratungi

Available shear stress ranges between 0.345–0.923 N/m2 and 0.339–0.776 N/m2

during high tide of pre-monsoon and post-monsoon respectively, while during
pre-monsoon and post-monsoon low tide it ranges between 0.014–0.682 N/m2 and
0.022–0.450 N/m2 respectively (Tables 2.10, 2.12 and Fig. 2.4). During monsoon
season, the available shear stress in high tide condition varies between 0.416 and

Fig. 2.3 Critical shear stress,
available shear stress and
shear velocity at Anantapur.
Source Field survey and
laboratory experiment
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0.965 N/m2 but during low tide it varies between 0.313 and 0.907 N/m2

(Table 2.11 and Fig. 2.4). Critical shear stress to entrain the sediments varies
between 0.054 and 0.095 N/m2 in monsoon season, while in pre-monsoon and
post-monsoon season it ranges between 0.042–0.086 N/m2 and 0.049–0.090 N/m2

respectively (Maity and Maiti 2017). Places of 31, 32, 33, 38 and 39 in
pre-monsoon; 32, 33 and 39 in monsoon and 31, 32, 33, 37, 38 and 39 in
post-monsoon are largely affected by the mechanisms deposition of sediments
(Tables 2.10, 2.11, 2.12 and Fig. 2.4).

2.3.5 Shear Stress Near Dhanipur

During high tide of pre-monsoon and post-monsoon, the available shear stress
ranges between 0.271–0.449 N/m2 and 0.259–0.483 N/m2 respectively, while
during pre-monsoon and post-monsoon low tide it ranges between 0.041–0.200 N/
m2 and 0.047–0.261 N/m2 respectively (Tables 2.13, 2.15 and Fig. 2.5). In mon-
soonal flood tide condition, the available shear stress varies between 0.301 and
0.495 N/m2 but in low tide condition it varies between 0.237 and 0.437 N/m2

(Table 2.14 and Fig. 2.5). During monsoon season, the critical shear stress needed
for the transportation of sediments varies between 0.041 and 0.090 N/m2, while in
pre-monsoon and post-monsoon season it ranges between 0.031–0.068 N/m2 and
0.034–0.090 N/m2 respectively (Tables 2.13, 2.14, 2.15 and Fig. 2.5) (Maity and
Maiti 2017). Sedimentation is happening at the places of 42, 43, 44, 47, 48 and 49
in pre-monsoon; 43, 44 and 48 in monsoon and 43, 44, 47, 48 and 49 in
post-monsoon seasons while other places are being affected by erosion mechanism
(Tables 2.13, 2.14, 2.15 and Fig. 2.5).

2.3.6 Shear Stress Near Geonkhali

Available shear stress ranges between 0.405–0.892 N/m2 and 0.389–0.889 N/m2

during high tide of pre-monsoon and post-monsoon respectively, while during
pre-monsoon and post-monsoon low tide it ranges between 0.030–0.497 N/m2 and
0.036–0.512 N/m2 respectively (Tables 2.16, 2.18 and Fig. 2.6). In monsoon sea-
son, the available shear stress varies between 0.418–0.839 N/m2 and 0.369–
0.806 N/m2 during high and low tide condition respectively (Table 2.17 and
Fig. 2.6). During monsoon, the critical shear stress varies between 0.057 and
0.115 N/m2, while in pre-monsoon and post-monsoon season it ranges between
0.031–0.099 N/m2 and 0.051–0.096 N/m2 respectively (Maity and Maiti 2017).
The places of 51, 52, 53, 54, 55 and 56 in pre-monsoon; 53, 54 and 55 in monsoon
and 52, 53, 54, 55 and 56 in post-monsoon seasons are characterized by the
mechanisms of sedimentation (Tables 2.16, 2.17, 2.18 and Fig. 2.6).
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2.4 Seasonal Fluctuation of Available Shear Stress Along
the Lower Reach

Available shear stress fluctuates spatially and seasonally depending on the variation
of river depth, slope of river bed and water velocity in the area under study. The
available shear stress is more in monsoon season than in pre-monsoon and
post-monsoon seasons (Tables 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 2.10, 2.11,
2.12, 2.13, 2.14, 2.15, 2.16, 2.17 and 2.18). This is because of the occurrence of
huge rainfall, voluminous terrestrial and riverine discharge, increase of river depth
and water velocity in rainy season. In the lower reach, the amount of available shear
stress varies from 0.271 to 0.923 N/m2 in high tide while it ranges between 0.014
and 0.683 N/m2 in low tide during pre-monsoon season (Tables 2.1, 2.2, 2.3, 2.4,
2.5, 2.6, 2.7, 2.8, 2.9, 2.10, 2.11, 2.12, 2.13, 2.14, 2.15, 2.16, 2.17 and 2.18).
During monsoon season, the shear stress varies from 0.275 to 0.965 N/m2 and

Fig. 2.4 Critical shear stress,
available shear stress and
shear velocity at Pyratungi.
Source Field survey and
laboratory experiment

22 2 Available and Critical Shear Stress for Sediment Entrainment



T
ab

le
2.
11

Sh
ea
r
st
re
ss

at
Py

ra
tu
ng

i
in

m
on

so
on

se
as
on

Se
di
m
en
t

sa
m
pl
e

M
ea
n
gr
ai
n

si
ze

(m
)

W
at
er

de
pt
h
(m

)
W
at
er

su
rf
ac
e
sl
op

e
A
va
ila
bl
e
sh
ea
r

st
re
ss

(N
/m

2 )
s 0

¼
q
gd

s

C
ri
tic
al

sh
ea
r
st
re
ss

(N
/m

2 )
s c

r
¼

K
g
q s

�
q

ð
ÞD

R
em

ar
ks

H
ig
h
tid

e
L
ow

tid
e

H
ig
h
tid

e
L
ow

tid
e

H
ig
h
tid

e
L
ow

tid
e

31
0.
00

00
79

5.
75

4.
25

0.
00

00
08

5
0.
00

00
09

2
0.
48

4
0.
38

7
0.
07

5
E
ro
si
on

32
0.
00

00
89

6.
26

4.
76

0.
52

7
0.
43

3
0.
08

7
D
ep
os
iti
on

33
0.
00

00
99

5.
62

4.
12

0.
47

3
0.
37

5
0.
09

5
D
ep
os
iti
on

34
0.
00

00
58

6.
83

5.
33

0.
57

5
0.
48

5
0.
05

6
E
ro
si
on

35
0.
00

00
62

7.
78

6.
28

0.
65

5
0.
57

2
0.
06

0
E
ro
si
on

36
0.
00

00
62

11
.3
8

9.
88

0.
95

8
0.
90

0
0.
05

7
E
ro
si
on

37
0.
00

00
81

11
.4
6

9.
96

0.
96

5
0.
90

7
0.
07

8
E
ro
si
on

38
0.
00

00
55

6.
97

5.
47

0.
58

7
0.
49

8
0.
05

4
E
ro
si
on

39
0.
00

00
95

7.
12

6.
12

0.
60

0
0.
55

7
0.
09

2
D
ep
os
iti
on

40
0.
00

00
71

4.
94

3.
44

0.
41

6
0.
31

3
0.
06

9
E
ro
si
on

2.4 Seasonal Fluctuation of Available Shear Stress Along the Lower Reach 23



T
ab

le
2.
12

Sh
ea
r
st
re
ss

at
Py

ra
tu
ng

i
in

po
st
-m

on
so
on

se
as
on

Se
di
m
en
t

sa
m
pl
e

M
ea
n
gr
ai
n

si
ze

(m
)

W
at
er

de
pt
h
(m

)
W
at
er

su
rf
ac
e
sl
op

e
A
va
ila
bl
e
sh
ea
r

st
re
ss

(N
/m

2 )
s 0

¼
q
gd

s

C
ri
tic
al

sh
ea
r
st
re
ss

(N
/m

2 )
s c

r
¼

K
g
q s

�
q

ð
ÞD

R
em

ar
ks

H
ig
h
tid

e
L
ow

tid
e

H
ig
h
tid

e
L
ow

tid
e

H
ig
h
tid

e
L
ow

tid
e

31
0.
00

00
60

3.
43

0.
23

0.
00

00
10

0
0.
00

00
09

8
0.
33

9
0.
02

2
0.
05

5
D
ep
os
iti
on

32
0.
00

00
81

3.
74

0.
54

0.
37

0
0.
05

2
0.
07

6
D
ep
os
iti
on

33
0.
00

00
95

3.
93

0.
73

0.
38

9
0.
07

0
0.
09

0
D
ep
os
iti
on

34
0.
00

00
51

4.
65

1.
45

0.
46

0
0.
14

0
0.
04

9
E
ro
si
on

35
0.
00

00
79

5.
82

2.
62

0.
57

6
0.
25

4
0.
07

4
E
ro
si
on

36
0.
00

00
81

7.
84

4.
64

0.
77

6
0.
45

0
0.
07

6
E
ro
si
on

37
0.
00

00
55

6.
73

3.
53

0.
66

7
0.
34

2
0.
05

4
D
ep
os
iti
on

38
0.
00

00
53

3.
55

0.
35

0.
43

1
0.
04

4
0.
05

2
D
ep
os
iti
on

39
0.
00

00
85

4.
06

0.
86

0.
44

2
0.
07

9
0.
08

0
D
ep
os
iti
on

40
0.
00

00
95

4.
32

1.
12

0.
42

8
0.
10

8
0.
09

0
E
ro
si
on

So
ur
ce

Fi
el
d
su
rv
ey

an
d
la
bo

ra
to
ry

ex
pe
ri
m
en
t

24 2 Available and Critical Shear Stress for Sediment Entrainment



T
ab

le
2.
13

Sh
ea
r
st
re
ss

at
D
ha
ni
pu

r
in

pr
e-
m
on

so
on

se
as
on

Se
di
m
en
t

sa
m
pl
e

M
ea
n
gr
ai
n

si
ze

(m
)

W
at
er

de
pt
h
(m

)
W
at
er

su
rf
ac
e
sl
op

e
A
va
ila
bl
e
sh
ea
r

st
re
ss

(N
/m

2 )
s 0

¼
q
gd

s

C
ri
tic
al

sh
ea
r
st
re
ss

(N
/m

2 )
s c

r
¼

K
g
q s

�
q

ð
ÞD

R
em

ar
ks

H
ig
h
tid

e
L
ow

tid
e

H
ig
h
tid

e
L
ow

tid
e

H
ig
h
tid

e
L
ow

tid
e

41
0.
00

00
31

5.
06

1.
56

0.
00

00
06

6
0.
00

00
06

5
0.
33

0
0.
10

0
0.
03

1
E
ro
si
on

42
0.
00

00
55

4.
25

0.
75

0.
27

8
0.
04

8
0.
05

3
D
ep
os
iti
on

43
0.
00

00
61

4.
44

0.
94

0.
29

0
0.
05

9
0.
05

9
D
ep
os
iti
on

44
0.
00

00
68

4.
38

0.
88

0.
28

6
0.
05

6
0.
06

6
D
ep
os
iti
on

45
0.
00

00
35

6.
87

3.
37

0.
44

9
0.
20

0
0.
03

3
E
ro
si
on

46
0.
00

00
37

6.
68

3.
18

0.
43

6
0.
18

9
0.
03

6
E
ro
si
on

47
0.
00

00
70

4.
15

0.
65

0.
27

1
0.
04

1
0.
06

8
D
ep
os
iti
on

48
0.
00

00
44

4.
22

0.
72

0.
27

5
0.
04

2
0.
04

4
D
ep
os
iti
on

49
0.
00

00
61

4.
41

0.
91

0.
28

8
0.
06

0
0.
05

9
D
ep
os
iti
on

50
0.
00

00
40

4.
52

1.
02

0.
29

5
0.
06

5
0.
03

8
E
ro
si
on

2.4 Seasonal Fluctuation of Available Shear Stress Along the Lower Reach 25



0.237 N/m2 to 0.907 N/m2 during high and low tide respectively. It varies from
0.259 to 0.889 N/m2 and 0.022 to 0.521 N/m2 during high and low tide condition
in post-monsoon season (Tables 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 2.10, 2.11,
2.12, 2.13, 2.14, 2.15, 2.16, 2.17 and 2.18). It is observed that, the available shear
stress is higher along the thalweg position of the channel where the river depth and
water velocity becomes maximum. Available shear stress during high tide is more
than that of in low tide in all the seasons. As the studied reach is dominated by the
tidal phenomena, during stronger and shorter high tide (3–4 h) the available shear
stress to transport the sediment is increasesd but weaker low tide for longer duration
(8–9 h) causes the reduction of available shear stress and sediment transport
capacity leading to sedimentation (Tables 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9,
2.10, 2.11, 2.12, 2.13, 2.14, 2.15, 2.16, 2.17 and 2.18) (Maity and Maiti 2017).

Fig. 2.5 Critical shear stress,
available shear stress and
shear velocity at Dhanipur.
Source Field survey and
laboratory experiment
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2.5 Seasonal Fluctuation of Critical Shear Stress Along
the Lower Reach

The critical shear stress, needed for the entrainment of sediments varies spatially
and seasonally depending on sediment grain size. It is observed that, the critical
shear stress continue to increase from downstream to upstream in the lower reach
(Tables 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 2.10, 2.11, 2.12, 2.13, 2.14, 2.15,
2.16, 2.17 and 2.18), though some exceptions are found in few places. Though there
is no conspicuous trend of the distribution of sediment grain size towards upstream
or downstream (hapazard distribution of sediment grains), yet sediments are slightly
finer towards downstream. That’s why the critical shear stress decreases gradually
towards downstream, because amount of critical shear stress directly depends on
grain size of the sediments. Critical shear stress of sediment entrainment is more
during monsoon season than in pre-monsoon and post-monsoon seasons

Fig. 2.6 Critical shear stress,
available shear stress and
shear velocity at Geonkhali.
Source Field survey and
laboratory experiment
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(Tables 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 2.10, 2.11, 2.12, 2.13, 2.14, 2.15,
2.16, 2.17 and 2.18). During monsoon period, sample supply of water from
upstream and the increase of available shear stress causes easy entrainment of fine
sediments and the sediments become coarser (sand fraction increase) than
non-monsoon period (pre-monsoon and post-monsoon) (Friedman 1961). As the
coarser sediments require more shear stress for entrainment, the critical shear stress
in monsoon season increases. In the study area, the amount of critical shear stress
ranges between 0.031 and 0.147 N/m2 (Median grain size 0.000031–0.000157 m),
0.041 and 0.169 N/m2 (Median grain size 0.000042–0.000177 m) and 0.034 and
0.148 N/m2 (Median grain size 0.000036–0.000165 m) during pre-monsoon,
monsoon and post-monsoon seasons respectively (Tables 2.1, 2.2, 2.3, 2.4, 2.5, 2.6,
2.7, 2.8, 2.9, 2.10, 2.11, 2.12, 2.13, 2.14, 2.15, 2.16, 2.17 and 2.18) (Maity and
Maiti 2017).

2.6 Factors Affecting Sedimentation in the Lower Reach

2.6.1 Sedimentation Due to Deficiency of Available Shear
Stress During Low Tide Condition

The deficiency of stream energy and reduction of sediment transporting capacity in
low tide condition is the main reason behind the rapid sedimentation in the lower
reach of the studied river (Maity and Maiti 2017). Sediment deposition is the result
of the interaction between available shear stress and the critical shear stress required
for the entrainment of sediment of a particular size. Shear stress, available for the
entrainment of sediments less than the critical shear stress hinders the easy removal
of sediments, leading to rapid sedimentation, development and expansion of shoal
area (Morisawa 1985). If the available shear stress of a particular place in the river
is greater than the critical shear stress then it is termed as surplus of energy but if
available shear stress is less than critical value then it is known as the deficiency of
energy. Most of the places, in the lower reach having deficiency of energy are
affected by the mechanisms of deposition of sediments (Tables 2.1, 2.2, 2.3, 2.4,
2.5, 2.6, 2.7, 2.8, 2.9, 2.10, 2.11, 2.12, 2.13, 2.14, 2.15, 2.16, 2.17 and 2.18). The
places 1, 4, 5, 6 and 7 at Kolaghat; 11, 12, 13, 14, 16 at Soyadighi; 21, 22, 23, 24,
25 at Anantapur, 31, 32, 38, 39 at Pyratungi; 42, 43, 44, 47, 48 at Dhanipur; 51, 52
and 53 at Geonkhali are characterized by deficiency of energy during low tide in dry
season (Fig. 2.7a, b). The spatial distribution of shoaled up area represents that all
the above mentioned places are facing the problem of rapid sedimentation (Fig. 6.1
in Maity and Maiti 2018). High tide available shear stress is more (high tide is
stronger and faster) than critical shear stress of a particular grain size (Tables 2.1,
2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 2.10, 2.11, 2.12, 2.13, 2.14, 2.15, 2.16, 2.17 and
2.18), which causes easy landward transportation of sediments but available shear
stress during low tide, at some places is lower (low tide is slower and weaker) than
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critical shear stress (Tables 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 2.10, 2.11, 2.12,
2.13, 2.14, 2.15, 2.16, 2.17 and 2.18) which hinders the easy transportation of
sediments towards downstream and accelerates the rate of sedimentation in the
studied reach (Maity and Maiti 2017).

During monsoon season, occurrence of huge rainfall and voluminous supply of
water from upstream area increases the water velocity during low tide. Due to this
reason the available shear stress is almost equal in both the tidal phases during
monsoon season, i.e., the sediment transport capacity towards upstream and
downstream in both the tidal phases is equal. Because of this the possibility of
sediment deposition is minimum and the rate of sedimentation is insignificant in
this season (Maity and Maiti 2017). But in pre-monsoon and post-monsoon season,
the paucity of rainfall and insufficient supply of water from upper catchment area
causes the reduction of water velocity and available shear sress for the entrainment
of the sediments, causing a large variation of available shear stress during high and
low tide conditions. This deviation of available shear stress in connection to critical
shear stress, causes the fluctuation of sediment transport capacity during high and
low tide and because of this the rate of sedimentation is high in non-monsoon
season than that of in monsoon season (Table 1.2 in Maity and Maiti 2018).

Fig. 2.7 Surplus and deficiency of stream energy during Pre-monsoon (a) and Post-monsoon (b).
Source Field survey and laboratory experiment) (Maity and Maiti 2017)
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2.6.2 Sedimentation Due to Sheltering and Packing Effects
in Non-uniform Sediments

In a number of sediment samples (samples 17 at Soyadighi; 42 and 49 at Dhanipur
etc. in pre-monsoon; 4 and 5 at Kolaghat; 23 and 24 at Anantapur; 43, 44 and 48 at
Dhanipur etc. in monsoon and 6 and 8 at Kolaghat; 54, 55 and 56 at Geonkhali etc.
in post-monsoon season) available shear stress during low tide is more than critical
shear stress but sedimentation is observed (Tables 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7,
2.8, 2.9, 2.10, 2.11, 2.12, 2.13, 2.14, 2.15, 2.16, 2.17 and 2.18). The main reason
behind this is the working of the factors like sheltering, imbrications, packing of
grains, grain-fabric effects, adhesion forces and organic mats (Charlton 2007;
Clayton 2010; Mayoral 2011). In the area under study, sand (38–91%), slit and clay
(9–62%) are the main constituents of the sediments (Table 2.19). If sediment is
composed of different grain sizes (non-uniform sediments), the initiation of motion
criteria indicates that the median grain size of sediment will be in motion but
actually the coarser fractions of sediment will not move (Fig. 2.8) (Bettes 2008).
These coarser fractions of sediments have greater possibility to be deposited on the
river bed (Fig. 2.8). Moreover, very fine grained sand, silt and clay particles are
sheltered by moderately coarse and coarse sand particles (Wiberg and Smith 1987;
Mayoral 2011), which increases the critical shear stress of sediment entrainment
and restrict the sediment erosion rate. Hickin (1995) mentioned that sheltered
particles need larger force to be entrained than that of same sized grains simply
rested on the river bed surface which is fully exposed to the force of the flow.
Again, in non-uniform sediments the interstitial spaces stuck between moderately
coarse and coarse sand are filled by the fine grained silt and clay particles, resulting
the good packing of sediment grains. This mechanism supply additional friction
sharing each silt and clay particles in the place surrounded by sand particles (Hickin
1995). Packed mixed-sized sediments require larger force to be entrained than that
required to move the same-sized single sediment grains, which resist the easy
entrainment of sediments and accelerates the sedimentation rate.

Table 2.19 Sand-mud ratio in sediments

Locations Sand-mud (silt and clay) proportion (%)

Pre-monsoon Monsoon Post-monsoon

Sand Mud Sand Mud Sand Mud

Kolaghat 68–91 9–32 76–91 9–14 71–86 14–29

Soyadighi 60–78 22–40 70–86 14–30 70–84 16–30

Anantapur 45–78 22–55 59–86 14–41 55–78 22–45

Pyratungi 54–79 21–46 73–87 13–27 56–85 15–44

Dhanipur 38–76 24–62 52–84 16–48 45–75 25–55

Geonkhali 46–78 22–54 61–87 13–39 49–74 26–51

Source Field survey and laboratory experiment
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2.6.3 Sedimentation Due to Effects of Cohesion
and Adhesion Forces

Cohesion and adhesion force is the effect of surface-tension of the fine sediment
particles and the electrochemical attraction of clay like particles (Hickin 1995). The
mechanism of sedimentation in the lower reach is largely affected by cohesion and
adhesion forces exerted by the mud particles present in sediments. The degree of
cohesiveness of sediments depends on the quantity of mud (silt and clay) present in
sediments. Cohesive river bed creates a coherent mass due to electrochemical
interactions between the sediment particles and the bed (adhesion force) and has
certain shear strength before deformation. In this condition, the interactions
between sediment particles control the nature of erosion, and the size and weight of
sand particles becomes less important (Van Ledden 2003).

The study of Van Rijn (1993) indicated that, when the mud fraction reaches 20–
30% then the sand and mud mixture will tend to show the cohesive property and
below this limit the sediment is basically non-cohesive. Mitchener and Torfs (1996)
distinguished the non-cohesive sediment from cohesive sediment depending on the
mud content being only 3–15%. Van Ledden (2003) mentioned that the cohesive
property of sediments is mainly influenced by the critical clay content (5–10%) to
generate the cohesiveness. In some of the collected sediment samples in the study
area, the proportion of mud (silt and clay) is above the critical limit which generates
the cohesive property, restricts the sediment entrainment and invites sedimentation.
The proportion of mud in sediments is more in dry season (pre-monsoon and
post-monsoon) than that of in monsoon season (Table 2.19). Due to this reason, the
influence of adhesion force is more in dry season compared to monsoon season. It
causes the limited entrainment of silt and clay particles and accelerates the rate of
sedimentation in dry season (Table 1.2 in Maity and Maiti 2018). Towards the
downstream section of the lower reach of the Rupnarayan River (Pyratungi,
Dhanipur and Geonkhali) the proportion of mud is comparatively more which

Fig. 2.8 Moving character of
non-uniform sediments
(Bettes 2008)
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increases the cohesiveness of sediments and restricts their entrainment. Because of
this the rate of sedimentation is high towards the lower section of the lower reach
(Tables 1.1 and 1.2 in Maity and Maiti 2018). The places, where the proportion of
mud is above 30% (14 samples in pre-monsoon, 6 samples in monsoon and 11
samples in post-monsoon), except 6 samples in pre-monsoon and 2 in
post-monsoon season all are affected by the mechanism of sedimentation.

2.6.4 Sedimentation Due to Biological Influence

The amount of energy required for the initiation of motion of sediment particles on
the river bed is largely influenced by biological activities. Paterson et al. (1990)
stated that the influence of biological activity and organic content increase the
critical shear stress of sediment entrainment and it becomes more active mainly in
dry season. During non-monsoon season when the terrestrial discharge is very
meager, layer of algae and biological content is developed on river bed which
creates a bonding between clay particles in muddy sediments and more critical
shear stress is required for the erosion of these sediments. If the voluminous ter-
restrial discharge during rainy season is unable to disintegrate the surficial algal
cover, these sediments are never eroded and continuous deposition of sediments
leads to the expansion of shoaled up area (Fig. 2.9) (Maity and Maiti 2017).

References

Ahmad MF, Dong P, Mamat M, Wan Nik WB, Mohd MH (2011) The critical shear stresses for
sand and mud mixture. Appl Math Sci 5(2):53–71

Bettes R (2008) Sediment transport and alluvial resistance in rivers. R&D Technical Report W5i
609, Environment Agency, Rio House, Waterside Drive

Charlton R (2007) Fundamentals of fluvial geomorphology. Routledge, New York, NY, p 234

Fig. 2.9 Influence of biological activity a near Pyratungi and b near Kolaghat

2.6 Factors Affecting Sedimentation in the Lower Reach 37



Clayton J (2010) Local sorting, bend curvature, and particle mobility in meandering gravel bed
rivers. Water Resour Res. 46. https://doi.org/10.1029/2008WR007669

Dey S (1999) Sediment threshold. Appl Math Model 23:399–417
Du Boys P (1879) Let Rhone et les Rivieres a Lit Affouillable. Annales des Ponts et Chaussees,

Series 5(18):141–195
Folk RL, Ward MC (1957) Brazos River bar (Texas): a study in the significance of grain size

parameters. J Sediment Petrol 27(1):3–27
Friedman GM (1961) Distinction between dune, beach and river sands from their textural

characteristics. J Sediment Petrol 31(4):514–529
Hickin EJ (1995) River geomorphology. Wiley, New York
Hjulstrom F (1935) Studies of the morphological activity of rivers as illustrated by the Rivers

Fyris. Bull Geol Inst 25:221–527 University of Uppsala
Knighton D (1998) Fluvial forms and processes: a new perspective. Arnold, London, p 383
Maity SK (2015) Cognition of interworking of processes leading to sedimentation at lower reach

of the Rupnarayan River, West Bengal, India. Dissertation, Vidyasagar University, West
Bengal, India

Maity SK, Maiti RK (2017) Sedimentation under variable shear stress at lower reach of the
Rupnarayan River, West Bengal, India. Water Sci 31:67–92

Maity SK, Maiti RK (2018) Sedimentation in the Rupnarayan River: hydrodynamic processes
under a tidal system. Springer Briefs in Earth Sciences. Springer, Berlin

Mayoral H (2011) Particle Size, critical shear stress, and benthic invertebrate distribution and
abundance in a Gravel-bed River of the Southern Appalachians. Geosciences Theses. Paper 31

Mitchener H, Torfs H (1996) Erosion of mud/sand mixtures. J Coast Eng 29:1–25
Morisawa M (1985) Rivers: forms and process. Longman Inc, New York
Paterson DM, Crawford RM, Little et al (1990) Sub-aerial exposure and changes in the stability of

intertidal estuarine sediments. J Estuar Coast Shelf Sci. 30:541–546
Shield ND (1936) Anwendung der ahnlickeit Mechanik under Turbulenzforschung auf die

Geschiebelerwegung. Mitt. Preoss Versuchanstalt fur Wasserbau und Schiffbau, p 26
Torfs H (1995) Erosion of sand/sand mixtures. Dissertation, Catholic University of Leuven,

Leuven, Belgium
Van Ledden M (2003) Sand and mud segregation. Dissertation, Delft University of Technology,

Delft
Van Rijn LC (1993) Principles of sediment transport in rivers, estuaries and coastal areas. Aqua

Publications, The Netherlands
Wiberg PL, Smith JD (1987) Calculations of the critical shear stress for motion of uniform and

heterogeneous sediments. Water Resour Res 23(8):1471–1480. https://doi.org/10.1029/
WR023i008p01471

Williamson HJ, Ockenden MC (1992) Tidal transport of mud/sand mixtures. Laboratory Tests HR
Wallingford, Report SR, p 257

38 2 Available and Critical Shear Stress for Sediment Entrainment

http://dx.doi.org/10.1029/2008WR007669
http://dx.doi.org/10.1029/WR023i008p01471
http://dx.doi.org/10.1029/WR023i008p01471


Chapter 3
Environment of Sediment Deposition

Abstract Grain size of sediments relates to the physical characteristics of the
depositional environments. The distribution of sediment grain size is affected by the
variations of wave energy and turbulent conditions of depositing environment.
Linear Discriminate Analysis (LDA) technique and bi-variate plotting of grain size
parameters are used to explain and understand the environment of sediment
deposition. Hydrodynamic processes working during the deposition of sediments
have been identified by C-M plotting. Sedimentation, in this reach is the result of
the spatial and seasonal variation of the interaction between fluvial and marine
processes. In non-monsoon season more than 60% of the sediment samples fall
under marine environment, but in monsoon season more than 65% of the sediment
samples fall under riverine environment. Nearly, 58% of the sediments are
deposited under fluvial action and 42% samples are deposited by turbidity action
mainly in low to moderate energy condition. Deflection of sluggish riverine dis-
charge towards right by Coriolis force causes more sedimentation towards right
bank of the river mainly in non-monsoon season. About 88% sediments are
transported by suspension with rolling and graded suspension and are deposited in
moderate to lesser violent hydrodynamic condition. The clustering of sediments in
PQR segment in C-M plotting indicates the estuarine characteristics of the region.

Keywords Depositional environment � Linear discriminate analysis
B-variate plotting � Hydrodynamic processes � C-M plotting

3.1 Introduction

During recent years, mounting attentions have been given to renovate Palaeo-flow
and sediment dispersal pattern based on the regular measurements of both direc-
tional as well as scalar quantities (Potter and Pettijhon 1977). It is a recognized and
well accepted fact that the grain size of clastic sediments relates to the physical
characteristics of the environment of sediment deposition, especially the dynamic
forces working during deposition (Wentworth 1922; Krumbein and Pettijhon 1938;
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Visher 1969; Tucker and Vacher 1980; Mc Laren 1981; Forrest and Clark 1989;
Sahu 1964; Beal and Shepard 1956; Bradley 1999; Shepard 1960). Large number of
studies has analyzed the grain size properties which can indicate the sources and the
hydrodynamic characteristics of marine sediments (Carranza-Edwards et al. 2005).
Different grain size parameters like mean (M) and standard deviation (SD) indicate
the energy conditions of the environment of the sediment deposition (Visher 1969;
Sly et al. 1982) because the variation in the distribution of sediment grain size is
mainly due to the variation of wave energy reaching the point of sediment depo-
sition and the extent of turbulence which affect the environment. Mason and Folk
(1958), Folk (1966), Friedman (1961, 1967) and Moiola and Weiser (1968)
explained that coarser sediments are deposited in high-energy environments while
the deposition of finer sediments is observed in low energy conditions. Friedman
(1961) and Moiola and Weiser (1968) suggested that bi-variate plotting of skewness
and mean (phi value) of sediment grains reflects the obvious and complete sepa-
ration of dune sands, river sands and ocean beach sands. They mentioned that
environment of the deposition of sediments can be differentiated by the bi-variate
plotting of kurtosis and skewness of sediment particles against each other.
Bi-variate plotting of sorting of sediment grains against skewness is very useful to
signify the difference between river sands from beach sands (Friedman 1961).
Duane (1964) and Mason and Folk (1958) explained that Kurtosis is one of the
important textural parameters to distinguish various environments of deposition of
sediments. Passega (1957) and Passega and Byramjee (1969) used the C-M plotting
widely to evaluate the hydrodynamic processes working during the deposition of
the sediments. Ramanathan et al. (2009) mentioned that on the C-M plotting,
concentration of points in PQR segment reflects the estuarine characteristics of the
sediments.

3.2 Materials and Methodology of the Study

Sieving technique is used for the textural classification of sediments and graphical
method of Folk and Ward (1957) was followed and different size parameters (Mean,
Sorting, Skewness and Kurtosis) were calculated. Linear Discriminate Analysis
(LDA) is done using these parameters to explain the environment of deposition
(Sahu 1964).

Y1 ¼� 3:5688Meanþ 3:7016 StandardDeviationð Þ2�2:0766 Skewness

þ 3:1135Kurtosis
ð3:1Þ

Y2 ¼ 15:6534Meanþ 65:7091 StandardDeviationð Þ2 þ 18:1071 Skewness

þ 18:5043Kurtosis

ð3:2Þ
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Y3 ¼ 0:2852Mean� 8:7604 Standard Deviationð Þ2�4:8932 Skewness

þ 0:0482Kurtosis
ð3:3Þ

Y4 ¼ 4:5129Mean � 1:2837 StandardDeviationð Þ2 þ 3:5904 Skewness

þ 4:1038Kurtosis
ð3:4Þ

where, Y1 � −2.7411 indicates Beach condition and Y1 < −2.7411 indicate
Aeolian condition. Y2 � 65.36 indicates Shallow agitated condition and
Y2 < 65.36 indicate Beach condition. Y3 � 7.41 indicates Shallow marine
environment and Y3 < −7.41 indicates Fluvial environment. Y4 � 9.81 indicates
Fluvial deposit while Y4 < 9.81 indicates the impact of Turbidity current.

As the technique of Y1 and Y2 are applied for discrimination between beach
from aeolian sand deposits and beach from shallow agitated condition respectively,
these are not applicable for the present situation. So, Y1 and Y2 are avoided.

Depositional environment was assessed through bi-variate plotting of Mean
versus Standard deviation and Standard deviation versus Skewness, following
Friedman (1967) and Moiola and Weiser (1968). Hydrodynamic processes working
during the deposition of the sediments have been identified by C-M plotting after
Passega (1957) and Passega and Byramjee (1969).

3.3 Linear Discriminate Analysis (LDA) of Sediments

Linear Discriminate Analysis is an important measure to identify the environment
of sediment deposition. Environment of sediment deposition can be interpreted
from grain size analysis of sediments (Beal and Shepard 1956; Bradley 1999;
Shepard 1960). According to Sahu (1964), the fluctuations of energy and fluidity
factors have obvious correlation with the different operating processes and the
environment of sediment deposition.

3.3.1 Environment of Sediment Deposition at Kolaghat

Approximately, 40% of the sediment samples showed Y3 values falling in shallow
marine environment and remaining 60% samples in fluvial environment (Table 3.1).
During monsoon season most of the samples (80%) fall in fluvial environment.
During dry season 55% of the sediment samples indicate shallow marine environ-
ment and remaining 45% samples indicate fluvial environment. The Y4 values show
that, about 60% of the samples are deposited by fluvial action and 40% by turbidity
action (Table 3.1). So, the influence of fluvial and marine environment is almost
equal in pre-monsoon and post-monsoon seasons, but during monsoon season
voluminous riverine discharge helps the riverine influence to dominate over the
marine influence (Maity 2015).
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3.3.2 Environment of Sediment Deposition at Soyadighi

Though the influence of fluvial and marine environment is almost equal taking all
the seasons as a whole but seasonal variation of this impact is noticeable. During
monsoon season most of the samples (70%) fall in fluvial environment, but in dry
season, 60% of the sediment samples indicate the dominance of shallow marine
environment (Table 3.2). During freshet, huge amount of terrestrial discharge
enhances the dominance of riverine influence over the marine influence (Maity
2015). Approximately, 52% of the samples are deposited by fluvial action and 48%
by turbidity action as indicated by the Y4 values (Table 3.2).

Table 3.1 Result of linear discriminate analysis of sediments at Kolaghat

Sediment
sample

Pre-monsoon season Monsoon season Post-monsoon season

Y3 Y4 Y3 Y4 Y3 Y4

1 −7.55
(fluvial)

9.95
(fluvial
deposit)

−9.18
(fluvial)

9.56
(turbidity
current)

−9.84
(fluvial)

8.75
(turbidity
current)

2 −7.25
(shallow
marine)

7.16
(turbidity
current)

−10.63
(fluvial)

845
(turbidity
current)

−8.45
(fluvial)

9.59
(turbidity
current)

3 −7.27
(shallow
marine)

10.45
(fluvial
deposit)

−8.29
(fluvial)

7.89
(turbidity
current)

−6.27
(shallow
marine)

8.93
(fluvial
deposit)

4 −8.44
(fluvial)

9.89
(fluvial
deposit)

−7.95
(fluvial)

9.94
(fluvial
deposit)

−7.11
(shallow
marine)

8.77
(turbidity
current)

5 −8.14
(fluvial)

11.34
(fluvial
deposit)

−8.63
(fluvial)

10.74
(fluvial
deposit)

−8.74
(fluvial)

10.39
(fluvial
deposit)

6 −9.15
(fluvial)

10.85
(fluvial
deposit)

−6.93
(shallow
marine)

9.93
(fluvial
deposit)

−8.69
(fluvial)

10.18
(fluvial
deposit)

7 −6.34
(shallow
marine)

9.99
(fluvial
deposit)

−7.79
(fluvial)

9.45
(turbidity
current)

−6.98
(shallow
marine)

9.93
(fluvial
deposit)

8 −7.15
(shallow
marine)

9.64
(turbidity
current)

−10.13
(fluvial)

11.87
(fluvial
deposit)

−7.24
(shallow
marine)

10.55
(fluvial
deposit)

9 −6.55
(shallow
marine)

7.56
(turbidity
current)

−9.55
(fluvial)

8.43
(turbidity
current)

−8.97
(fluvial)

11.25
(fluvial
deposit)

10 −6.37
(shallow
marine)

8.94
(turbidity
current)

−7.28
(shallow
marine)

7.62
(turbidity
current)

−7.15
(shallow
marine)

6.36
(turbidity
current)

Source Field survey and laboratory experiment
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3.3.3 Environment of Sediment Deposition at Anantapur

Taking all the seasons together, 51% of the sediment samples show the influence of
shallow marine environment and remaining 49% samples are affected by fluvial
environment (Table 3.3). In monsoon season 60% of the sediment samples fall in
fluvial environment, but in dry season 60% of the samples are affected by shallow
marine environment. During monsoon season voluminous riverine discharge
dominates over the marine influence (Maity 2015). The deposition of sediment is
almost equally affected by the fluvial action and turbidity action, as indicated by the
Y4 values (Table 3.3).

Table 3.2 Result of linear discriminate analysis of sediments at Soyadighi

Sediment
sample

Pre-monsoon season Monsoon season Post-monsoon season

Y3 Y4 Y3 Y4 Y3 Y4

11 −7.25
(shallow
marine)

8.76
(turbidity
current)

−9.18
(fluvial)

8.66
(turbidity
current)

−9.84
(fluvial)

10.75
(fluvial
deposit)

12 −7.95
(fluvial)

10.48
(fluvial
deposit)

−10.63
(fluvial)

8.77
(turbidity
current)

−8.45
(fluvial)

12.88
(fluvial
deposit)

13 −7.27
(shallow
marine)

10.12
(fluvial
deposit)

−8.29
(fluvial)

10.22
(fluvial
deposit)

−6.27
(shallow
marine)

7.92
(turbidity
current)

14 −8.94
(fluvial)

9.98
(fluvial
deposit)

−7.95
(fluvial)

8.17
(turbidity
current)

−9.19
(fluvial)

10.54
(fluvial
deposit)

15 −814
(fluvial)

11.42
(fluvial
deposit)

−6.33
(shallow
marine)

7.64
(turbidity
current)

−8.74
(fluvial)

9.91
(fluvial
deposit)

16 −715
(shallow
marine)

7.84
(turbidity
current)

−7.79
(fluvial)

10.12
(fluvial
deposit)

−8.69
(fluvial)

11.42
(fluvial
deposit)

17 −6.34
(shallow
marine)

10.45
(fluvial
deposit)

−6.93
(shallow
marine)

9.99
(fluvial
deposit)

−6.88
(shallow
marine)

7.89
(turbidity
current)

18 −7.15
(shallow
marine)

9.79
(turbidity
current)

−10.13
(fluvial)

11.32
(fluvial
deposit)

−7.24
(shallow
marine)

5.67
(turbidity
current)

19 −6.55
(shallow
marine)

10.78
(fluvial
deposit)

−9.75
(fluvial)

8.56
(turbidity
current)

−6.97
(shallow
marine)

10.31
(fluvial
deposit)

20 −6.37
(shallow
marine)

9.23
(turbidity
current)

−7.28
(shallow
marine)

9.23
(turbidity
current)

−7.35
(shallow
marine)

9.32
(turbidity
current)

Source Field survey and laboratory experiment
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3.3.4 Environment of Sediment Deposition at Pyratungi

Y3 values indicate that 53% of the samples are affected by shallow marine envi-
ronment and 47% samples are affected by fluvial environment. The influence of
fluvial and marine processes varies seasonally. In monsoon season, 60% of the
sediment samples fall under fluvial environment, but in dry season, 60% of the
sediment samples indicate the influence of shallow marine environment (Table 3.4).
During rainy season, the riverine influence is more than that of marine (Maity
2015). Approximately, 54% of the samples are deposited under weak fluvial action,
mainly in dry season and 46% by turbidity action as indicated by the Y4 values
(Table 3.4).

Table 3.3 Result of linear discriminate analysis of sediments at Anantapur

Sediment
sample

Pre-monsoon season Monsoon season Post-monsoon season

Y3 Y4 Y3 Y4 Y3 Y4

21 −7.26
(shallow
marine)

12.65
(fluvial
deposit)

−9.72
(fluvial)

5.22
(turbidity
current)

−7.39
(shallow
marine)

8.70
(turbidity
current)

22 −6.33
(shallow
marine)

10.54
(fluvial
deposit)

−6.52
(shallow
marine)

7.85
(turbidity
current)

−5.57
(shallow
marine)

11.91
(fluvial
deposit)

23 −10.11
(fluvial)

8.43
(turbidity
current)

−6.71
(shallow
marine)

14.65
(fluvial
deposit)

−13.17
(fluvial)

14.04
(fluvial
deposit)

24 −7.15
(shallow
marine)

10.14
(fluvial
deposit)

−10.16
(fluvial)

12.83
(fluvial
deposit)

−6.72
(shallow
marine)

14.59
(fluvial
deposit)

25 −8.99
(fluvial)

13.64
(fluvial
deposit)

−9.84
(fluvial)

9.76
(turbidity
current)

−12.64
(fluvial)

13.27
(fluvial
deposit)

26 −7.38
(shallow
marine)

7.55
(turbidity
current)

−12.65
(fluvial)

14.18
(fluvial
deposit)

−5.97
(shallow
marine)

9.74
(turbidity
current)

27 −9.92
(fluvial)

11.73
(fluvial
deposit)

−11.09
(fluvial)

9.33
(turbidity
current)

−10.95
(fluvial)

14.12
(fluvial
deposit)

28 −7.18
(shallow
marine)

7.09
(turbidity
current)

−5.43
(shallow
marine)

7.84
(turbidity
current)

−9.16
(fluvial)

8.79
(turbidity
current)

29 −11.54
(fluvial)

11.18
(fluvial
deposit)

−4.12
(shallow
marine)

6.92
(turbidity
current)

−4.77
(shallow
marine)

10.87
(fluvial
deposit)

30 −7.52
(shallow
marine)

6.94
(turbidity
current)

−11.75
(fluvial)

5.95
(turbidity
current)

−5.69
(shallow
marine)

9.04
(turbidity
current)

Source Field survey and laboratory experiment
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3.3.5 Environment of Sediment Deposition at Dhanipur

Taking all the sediment samples together, nearly 61% of the samples indicate the
impact of shallow marine environment and remaining 39% samples are affected by
fluvial environment (Table 3.5), which reflect the downstream increase of marine
impact. During dry season most of the sediment samples (65%) are affected by
shallow marine environment, while in monsoon season 60% samples indicate the
impact of fluvial processes. During monsoon season voluminous riverine discharge
enhances the riverine influence over the marine influence (Maity 2015). The Y4
values show that, about 64% of the samples are deposited under weak fluvial action,
mainly in dry season and remaining 36% by turbidity action (Table 3.5).

Table 3.4 Result of linear discriminate analysis of sediments at Pyratungi

Sediment
sample

Pre-monsoon season Monsoon season Post-monsoon season

Y3 Y4 Y3 Y4 Y3 Y4

31 −10.47
(fluvial)

11.73
(fluvial
deposit)

−12.84
(fluvial)

7.84
(turbidity
current)

−7.23
(shallow
marine)

12.83
(fluvial
deposit)

32 −4.92
(shallow
marine)

9.94
(fluvial
deposit)

−11.36
(fluvial)

9.95
(fluvial
deposit)

−10.55
(fluvial)

11.89
(fluvial
deposit)

33 −1183
(fluvial)

10.56
(fluvial
deposit)

−6.83
(shallow
marine)

8.77
(turbidity
current)

−6.82
(shallow
marine)

11.09
(fluvial
deposit)

34 −6.73
(shallow
marine)

11.43
(fluvial
deposit)

−6.93
(shallow
marine)

7.94
(turbidity
current)

−14.26
(fluvial)

9.48
(turbidity
current)

35 −7.25
(shallow
marine)

10.66
(fluvial
deposit)

−10.48
(fluvial)

12.09
(fluvial
deposit)

−6.93
(shallow
marine)

11.07
(fluvial
deposit)

36 −6.56
(shallow
marine)

5.26
(turbidity
current)

−9.85
(fluvial)

8.82
(turbidity
current)

−12.93
(fluvial)

8.73
(turbidity
current)

37 −14.35
(fluvial)

14.22
(fluvial
deposit)

−12.47
(fluvial)

6.36
(turbidity
current)

−11.25
(fluvial)

8.29
(turbidity
current)

38 −7.19
(shallow
marine)

12.94
(fluvial
deposit)

−6.83
(shallow
marine)

10.94
(fluvial
deposit)

−6.98
(shallow
marine)

12.99
(fluvial
deposit)

39 −5.93
(shallow
marine)

8.46
(turbidity
current)

−7.15
(shallow
marine)

8.35
(turbidity
current)

−5.38
(shallow
marine)

13.29
(fluvial
deposit)

40 −10.99
(fluvial)

7.59
(turbidity
current)

−13.28
(fluvial)

7.83
(turbidity
current)

−7.25
(shallow
marine)

7.94
(turbidity
current)

Source Field survey and laboratory experiment
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3.3.6 Environment of Sediment Deposition at Geonkhali

Nearly, 60% of the sediment samples show the influence of shallow marine envi-
ronment and remaining 40% samples are affected by fluvial environment
(Table 3.6), which reflect the downstream increase of marine impact. During
monsoon season the impact of fluvial and marine processes is almost equal, but in
dry season 65% of the samples are affected by shallow marine environment. During
monsoon season voluminous riverine discharge causes the enhancement of the
riverine influence over the marine influence (Maity 2015). The deposition of sed-
iment is mostly affected by fluvial action than by turbidity action, as indicated by
the Y4 values (Table 3.6).

Table 3.5 Result of linear discriminate analysis of sediments at Dhanipur

Sediment
sample

Pre-monsoon season Monsoon season Post-monsoon season

Y3 Y4 Y3 Y4 Y3 Y4

41 −6.93
(shallow
marine)

12.76
(fluvial
deposit)

−6.84
(shallow
marine)

7.62
(turbidity
current)

−7.39
(shallow
marine)

9.74
(turbidity
current)

42 −7.35
(shallow
marine)

9.85
(fluvial
deposit)

−4.38
(shallow
marine)

11.91
(fluvial
deposit)

−5.87
(shallow
marine)

10.59
(fluvial
deposit)

43 −12.28
(fluvial)

11.79
(fluvial
deposit)

−8.25
(fluvial)

11.81
(fluvial
deposit)

−10.69
(fluvial)

12.74
(fluvial
deposit)

44 −7.39
(shallow
marine)

11.55
(fluvial
deposit)

−11.77
(fluvial)

14.56
(fluvial
deposit)

−11.84
(fluvial)

11.27
(fluvial
deposit)

45 −5.55
(shallow
marine)

7.83
(turbidity
current)

−4.92
(shallow
marine)

8.94
(turbidity
current)

−13.36
(fluvial)

14.52
(fluvial
deposit)

46 −12.65
(fluvial)

12.84
(fluvial
deposit)

−13.83
(fluvial)

6.78
(turbidity
current)

−6.85
(shallow
marine)

7.84
(turbidity
current)

47 −6.76
(shallow
marine)

5.63
(turbidity
current)

−6.73
(shallow
marine)

7.84
(turbidity
current)

−6.93
(shallow
marine)

11.23
(fluvial
deposit)

48 −6.23
(shallow
marine)

8.77
(turbidity
current)

−7.98
(fluvial)

5.82
(turbidity
current)

−14.48
(fluvial)

9.94
(fluvial
deposit)

49 −14.93
(fluvial)

12.84
(fluvial
deposit)

−11.56
(fluvial)

12.59
(fluvial
deposit)

−4.85
(shallow
marine)

12.93
(fluvial
deposit)

50 −7.35
(shallow
marine)

11.98
(fluvial
deposit)

−14.35
(fluvial)

8.95
(turbidity
current)

−4.44
(shallow
marine)

8.48
(turbidity
current)

Source Field survey and laboratory experiment
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3.4 Influences of Fluvial and Marine Processes

Being a part of Hoogly estuary, the mechanism of sedimentation at lower reach of
the Rupnarayan River is the result of the interaction of riverine and marine pro-
cesses. The degree of interaction and dominance of these two processes depend on
several factors. In riverine flow, the volume and discharge of water is important;
while in marine flow the tidal range, tidal asymmetry and tidal prism play the
important role to control this interaction. Seasonal fluctuation of stream velocity
and energy, channel diversion and flow separation, generation of turbulence, the

Table 3.6 Result of linear discriminate analysis of sediments at Geonkhali

Sediment
Sample

Pre-monsoon season Monsoon season Post-monsoon season

Y3 Y4 Y3 Y4 Y3 Y4

51 −10.23
(fluvial)

10.35
(fluvial
deposit)

−13.84
(fluvial)

12.43
(fluvial
deposit)

−10.32
(fluvial)

11.24
(fluvial
deposit)

52 −9.51
(fluvial)

12.83
(fluvial
deposit)

−7.12
(shallow
marine)

10.72
(fluvial
deposit)

−7.12
(shallow
marine)

14.31
(fluvial
deposit)

53 −6.65
(shallow
marine)

12.54
(fluvial
deposit)

−14.55
(fluvial)

8.23
(turbidity
current)

−6.77
(shallow
marine)

10.54
(fluvial
deposit)

54 −12.34
(fluvial)

10.63
(fluvial
deposit)

−6.99
(shallow
marine)

11.68
(fluvial
deposit)

−6.59
(shallow
marine)

7.58
(turbidity
current)

55 −7.13
(shallow
marine)

11.54
(fluvial
deposit)

−5.64
(shallow
marine)

9.36
(turbidity
current)

−5.86
(shallow
marine)

12.56
(fluvial
deposit)

56 −6.55
(shallow
marine)

9.36
(turbidity
current)

−6.27
(shallow
marine)

8.57
(turbidity
current)

−10.54
(fluvial)

10.57
(fluvial
deposit)

57 −6.73
(shallow
marine)

7.36
(turbidity
current)

−13.41
(fluvial)

8.45
(turbidity
current)

−12.39
(fluvial)

11.57
(fluvial
deposit)

58 −5.38
(shallow
marine)

6.39
(turbidity
current)

−11.53
(fluvial)

9.43
(turbidity
current)

−5.62
(shallow
marine)

9.25
(turbidity
current)

59 −7.35
(shallow
marine)

7.83
(turbidity
current)

−15.97
(fluvial)

8.44
(turbidity
current)

−6.73
(shallow
marine)

12.67
(fluvial
deposit)

60 −15.43
(fluvial)

14.61
(fluvial
deposit)

−7.36
(shallow
marine)

8.37
(turbidity
current)

−5.11
(shallow
marine)

7.41
(turbidity
current)

Source Field survey and laboratory experiment
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mixing of fresh river water and marine saline water and the loss of velocity of river
water etc. have a combined effect on the processes and mechanisms of sedimen-
tation in the area under study (Perkins 1974).

3.4.1 Spatial and Seasonal Variation of Influences
of Fluvial and Marine Processes

The influences of fluvial and marine processes undergo changes seasonally at dif-
ferent places along the lower reach of the Rupnarayan River. During pre-monsoon
and post-monsoon seasons the riverine discharge is insufficient due to paucity of
rainfall. As a result, the marine environment becomes dominant over the fluvial
environment (Fig. 3.1a, c). But during monsoon season, occurrence of huge rainfall
increases the riverine discharge and reduces the influence of marine processes
(Fig. 3.1b). The influence of fluvial and marine processes also varies spatially. In all
the seasons the influence of fluvial processes has decreased and marine influence
has increased gradually towards downstream (Fig. 3.1a–c). The seasonal and spatial
variation of fluvial and marine influences leads to the fluctuation of stream energy
and affect the mechanism of sedimentation in the study area (Maity 2015).

3.5 Bi-variate Plot of Mean and Standard Deviation

The relationship between different sediment size-parameters is very important to
understand various aspects of environment of sediment deposition, because the
grain size parameters of the sediments are extremely environmentally sensitive
(Folk and Ward 1957; Passega 1957; Friedman 1961, 1967; Moiola and Weiser
1968; Visher 1969). The plot between mean vs standard deviation is considered as
an effective tool to differentiate between beach and river sands (Moiola and Weiser
1968; Friedman 1967). From the bi-variate plots of mean versus standard deviation,
it is seen that in pre-monsoon and post-monsoon more than 60% of the sediment
samples (Fig. 3.2a, c) fall in beach environment, indicating the dominance of
marine influence over the riverine influence. But during monsoon season volumi-
nous upland discharge enhance the riverine influence over the tidal influence. More
than 65% of the sediment samples (Fig. 3.2b) fall under riverine environment in
this season, indicating the dominance of riverine influence over the marine
influence.
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Fig. 3.1 a Fluvial and marine influence in pre-monsoon season. b Fluvial and marine influence in
monsoon season. c Fluvial and marine influence in post-monsoon season. Source Field survey and
laboratory experiment
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Fig. 3.2 a Bi-variate plot of mean versus standard deviation in pre-monsoon season. b Bi-variate
plot of mean versus standard deviation in monsoon season. c Bi-variate plot of mean versus
standard deviation in post-monsoon season. Source Field survey and laboratory experiment

50 3 Environment of Sediment Deposition



3.6 Bi-variate Plot of Skewness and Standard Deviation

Friedman (1967), Moiola and Weiser (1968) considered that bi-variate plotting of
standard deviation (along horizontal axis) and skewness (along vertical axis) is very
useful and significant for the differentiation between beach environment and
riverine environment. Plotting of standard deviation vs skewness of sediments
indicates that, more than 62% of the sediment samples during pre-monsoon and
post-monsoon seasons fall in beach environment and remaining sediments are
deposited in riverine environment (Fig. 3.3a, c). This represents the dominance of
marine influence over the riverine influence in dry season. But during freshet, the
environment of sediment deposition is different from that in dry season. In monsoon
season, huge volume of upland discharge enhances the riverine influence over the
marine influence. More than 65% of the sediment samples (Fig. 3.3b) fall under
riverine environment in this season. So, during monsoon season the plot shows the
concentration of points in the river domain as proposed by Friedman (1967).

3.7 Deflection of Marine and Riverine Flow by Coriolis
Force

The influence of the earth’s rotation (Coriolis force) tends to swing the salt-water
flow and the fresh-water flow towards their right (in the Northern Hemisphere)
(Pethick 1984). River discharge (ebb tide) and flood tide move in opposite direction
to each other. Marine salt water flows along the left bank of the estuary (facing
towards the sea) but the riverine fresh water hugs towards the right hand bank
(Fig. 3.4). Mixing between salt water and fresh water takes place laterally which
makes the tidal current more powerful. Flood tide carries marine sediments into the
estuary, which are deposited on the left bank while the weaker river flow deposits
upland sediment on the right bank (Pethick 1984). In the study area the rate of
sedimentation is high towards the right bank of the river (Fig. 3.5), mainly during
pre-monsoon and post-monsoon seasons. It is due to the fact that in pre and
post-monsoon the riverine flow becomes weak (lack of upland discharge), causing
the reduction of sediment transporting capacity and thus rapid sedimentation
towards the right bank becomes possible. In contrast, on the left bank strong tidal
current leads to easy transportation of sediments and so, sedimentation rate is
reduced. During monsoon season both riverine and marine flow are strong, which
enhances the energy and sediment transporting capacity and the sedimentation rate
is reduced to a great extent.
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Fig. 3.3 a Bi-variate plot of standard deviation versus skewness in pre-monsoon season.
b Bi-variate plot of standard deviation versus skewness in monsoon season. c Bi-variate plot of
standard deviation versus skewness in post-monsoon season. Source Field survey and laboratory
experiment
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3.8 C-M Plotting to Identify Hydrodynamic Forces
Working During Deposition

The C-M pattern is an important platform to understand the modes transport of
sediments before their deposition (Passega 1957; Passega and Byramjee 1969). It is
a relationship of coarser one percentile value in micron (C) and median value in

Fig. 3.4 Deflection of
marine and riverine flow by
Coriolis force (Pethick 1984)

Fig. 3.5 More sedimentation
towards right bank due to
rightward deflection of
weaker riverine flow by
Coriolis force
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micron (M) of sediments on a log-probability scale. The area of a complete C-M
pattern can be divided into several segments such as NO, OP, PQ, QR and RS
indicating different modes of transport of sediments and various sedimentary
environments. The location of the plotted points for a sediment deposit within the
area of a complete C-M pattern indicates the probable conditions of transport of
sediments before deposition.

In the study area, the plotting of the points represents that the sediments are
populated in PQ, QR and RS segments (Fig. 3.6) which indicates that most of the
sediments are transported by suspension with rolling, graded suspension and
uniform suspension (Passega 1957; Passega and Byramjee 1969). Nearly, 89% of
the sediments are transported jointly by graded suspension and suspension with
rolling. Uniform suspension transport of sediment is mostly (87.5%) observed in
pre-monsoon and post-monsoon season which indicates the dominants of finer
sediments in dry season. The median value of the sediment samples ranges between
15 and 300 l (Fig. 3.6). The value of first percentile of 97% of the sediment
samples ranges between 200 and 1000 l (Fig. 3.6) which infer moderate to lesser
violent hydrodynamic condition leading to deposition (Passega 1957; Passega and
Byramjee 1969). Only 3% of the sediments (mostly in monsoon season) have one
percentile value greater than 1000, indicating moderately high violent hydrody-
namic condition of sediment deposition. This group of sediment reflects suspension
with rolling, graded suspension as well as uniform suspension mode of trans-
portation history, indicating the complexity in the hydrodynamic processes oper-
ating in this system.

Fig. 3.6 C-M pattern of
sediments. Source Field
survey
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Chapter 4
Identification of the Sediment Sources
Using X-Ray Diffraction (XRD) Technique

Abstract X-ray diffraction (XRD) technique is used to understand the sources of
sediments through identification of mineral composition of sediments in the lower
reach of the Rupnarayan River to explain the causes and mechanisms of sedimen-
tation. A total of 21 sediment samples (13 samples from river bed and 8 samples
from river banks) have been collected for knowing the sediment mineralogy.
Sediment samples are washed by boiled distilled water, dried, disintegrated and
scanned at an interval of 7°–45°2h in XPERT-PRO diffractometer. Diffractograms
produced by XRD study indicates that the entire lower reach shows the dominance
of the minerals such as quartz, chlorite, illite, anatase, goethite, oligoclase, chlori-
toid, corundum, sillimanite, which have their origin in the upper and middle
catchment area with small contribution from the lower catchment and river banks.
Statistical experiment indicates that excluding tourmaline and anatase, all the min-
erals show steady trend in concentration in sediments. Principal Component
Analysis (PCA) indicates that five Eigen values contribute for about 83.154% of the
total variation of the distribution of minerals. The minerals discharged from the
upper catchment are captured in the estuary and again redistributed towards
upstream by stronger flood tide. This leads to a un-conspicuous and hapazard dis-
tribution of minerals in the area under study.

Keywords Sedimentation � Mineral composition � X-ray diffraction
Sediment sources � PCA

4.1 Introduction

Most of the researchers and scientists have used X-Ray Diffraction (XRD), an
important instrumental analytical technique to identify the crystalline materials for
more than a century (Tankersley and Balantyne 2010). This technique can be used
to identify crystalline “fingerprints” by comparing the d-spacing (i.e., the distance
between adjacent planes of atoms) of unknown samples with standard reference
patterns and measurements (Chen 1977; Tankersley and Balantyne 2010).
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Generally, the archaeologists have used this technique for the identification of the
various clay minerals within different ancient pottery (Chase 1971; Matson 1971;
Shepard 1971; Tankersley and Meinhart 1982; Tankersley and Balantyne 2010),
efflorescent salts on biological artifacts (FitzHugh and Gettens 1971; Tankersley
et al. 1985; Tankersley and Balantyne 2010), and the composition of the minerals of
artifacts (Tankersley 1995; Tankersley et al. 1990, 1995; Tankersley and Balantyne
2010). In recent times, XRD has been used to reconstruct the past climates from
fine-grained Late Holocene ponded sediments (Tankersley and Balantyne 2010).
Mineral composition of sediments supplemented by the textural characteristics bear
the nature of the source region and the depository environment (Rittenhouse 1943;
Friedman 1961; Blatt et al. 1980). Different minerals are mostly deposited
depending on the variations of their size, shape and density and thus a single size
sediment fraction is unable to represent the overall mineralogical composition in the
sediments (Tankersley and Balantyne 2010). Peak intensity ratios of different
minerals in deposited sediment samples are good indicative of diverse clay source
regions and hydro-meteorological transportation processes in the catchment areas
(Trachsel et al. 2008; Tankersley and Balantyne 2010; Zong et al. 2015). The
quantitative X-ray powder diffraction analysis of different clay minerals of large
number of samples is based on the principles of the use of the standard powder
samples and smear-oriented mounting techniques (Gibbs 1967). Both the tech-
niques are based on the use of internal standard method. In this way the advantages
of internal standard method (given by Klug and Alexander 1954) and highly sen-
sitive smear-oriented technique for clay minerals were combined together (Gibbs
1965, 1967).

4.2 Significance of the Understanding of Sources
of Sediments in the Study Area

Reduction of river bed sedimentation rate and management of associated problems
are getting increasing attention in recent times from an economic, social and
environmental perspective. In case of a river without tidal influence, sediments are
mainly supplied from the upper catchment area and the local source. But in tidal
river, the sediments which are being deposited supplied from two sources, i.e., from
the catchment area of the river and from the beach and marine sources. The amount
and volume of sediment supply from the river catchment area depends on the
climatic character, seasonal distribution of rainfall, geological and geomorpholog-
ical characteristics, topography and soil type, vegetation coverage and human
interference on river basin etc. On the other hand the marine sediment supply
depends on the degree of dominance of marine influence (tidal prism, tidal range
and tidal asymmetry etc.) over the riverine influence. So, identification of the
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sources of sediments is the key to understand the causes, mechanisms and
dimension of sedimentation and becomes helpful to reduce the rate of sedimentation
and the management of the associated problems in the area of interest and in any of
the river in the world. In the study area, no such studies have been done earlier by
the researchers or the concerned authorities working in this purpose. This offers the
opportunity to understand the sources of sediments through identification of mineral
composition of sediments in the concerned area to have an insight into the causes
and mechanisms of sedimentation and formulating strategies for proper manage-
ment of the associated problems.

4.3 Mineralogy of the Catchment Area of the Rupnarayan
River

Most of the region of the upper and middle catchment area of the Rupnarayan River
is covered by granite and gneiss along with shale and sandstone of lower
Gondwana system, micaschist, phyllite, quartzite, sandstone of upper Gondwana
system, amphibolites, hornblende, grit and conglomerate (O’Malley 1995;
Mukhopadhyay and Dasgupta 2010) (see Sect. 1.2.1 and Fig. 1.3 in Maity and
Maiti 2018). All together, the upper and middle catchment area of the Rupnarayan
River is composed of the minerals including quartz, goethite, illite, chlorite,
chloritoid, mirabilite, chromite, dolomite, anatase, sillimanite, corundum, oligo-
clase, feldspar, mica, hornblende, augite, olivin, ilmenite, garnet, staurolite, tour-
maline, calcite, gypsum, magnetite, apatite, plagioclase, amphibole, actinolite,
zoisite and pyroxene (Maity and Maiti 2016).

The lower portion of the catchment area (mostly the eastern and southern por-
tion) is mainly formed of newer alluvium but laterite, pleistocene sediments and
older alluvium are also found here (O’Malley 1995; Mukhopadhyay and Dasgupta
2010) (Fig. 1.3 in Maity and Maiti 2018). The mineral compositions of the lateritic
and alluvial soils of the lower part of the catchment of the Rupnarayan River have
been studied by Ghosh and Datta (1974) using XRD technique. The study reveals
that kaolinite (51–56%) and illite (17–22%) are the dominant minerals in the
lateritic region. Chlorite (5–6%), smectite (4–6%), goethite (6–8%) and mixed layer
minerals (8–10%) are also identified in little proportion in this soil. Smectite
(29–31%) and illite (24–26%) minerals are the main constituents of older and newer
alluvial soil. Quartz (8–10%), kaolinite (10–13%) and chlorite (10–14%) minerals
are also identified in this soil. Goethite (3–6%), feldspar (3–4%) and mixed layer
minerals (3–7%) are present in very little proportion. Table 4.1 shows the per-
centage amount of different minerals identified by Ghosh and Datta (1974) in the
lower catchment area.
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4.4 Materials and Methodology of the Study

4.4.1 Treatments of Collected Sediment Samples

A total of 13 sediment samples were collected from the river bed for mineralogical
analysis: S1—from the upper reach (Bandar), S2—from the middle reach (Jasar)
and remaining eleven (11) sediment samples from the lower reach [S3—from
Kolaghat, S4—from Kantapukur, S5—from Gopinathpur, S6—from Soyadighi,
S7—from Telipara, S8—from Anantapur, S9—from Pyratungi, S10—from
Amberia, S11—from Dhanipur, S12—from Bholsara and S13—from Geonkhali]
(Figs. 4.1 and 4.2a). Sediment samples were collected mostly from the area of
shoaling in the lower reach.

Grain size analysis of the sediments reveal that samples S1, S2, S3 and S6 are of
fine sand category, samples S4, S5, S7, S8, S9, S10, S12 and S13 are of very fine
sand category and sample S11 is coarse silt in nature (Table 4.2). The proportion of
sand, silt and clay ranges between 51 to 80%, 16 to 32% and 4 to 17% respectively
in the sediment samples. Samples S10, S11 and S12 are of muddy sand in nature
and remaining other samples are of silty sand type (Table 4.2).

In addition to this, other 8 sediment samples were collected from the two banks
of the lower reach of the Rupnarayan River to identify the mineral composition of
the sediments in the river bank. Samples 1, 2, 3 and 4 have been taken from the left
bank whereas samples 5, 6, 7 and 8 have been taken from the right bank of the river
(Fig. 4.1). Sample 1, 2, 5 and 8 are of muddy sand, sample 6 is sandy clay and

Table 4.1 Mineralogy of the lower catchment area (Ghosh and Datta 1974)

Soil
sample

% amount of minerals

Kaolinite Chlorite Smectite Illite Quartz Goethite Feldspar Mixed
layer
mineral

Sample-1
(laterite
soil)

56 5 4 17 0 8 0 10

Sample-2
(laterite
soil)

51 6 6 22 0 6 0 8

Sample-3
(alluvial
soil)

13 11 29 25 9 3 3 7

Sample-4
(alluvial
soil)

10 14 31 26 8 5 3 3

Sample-5
(alluvial
soil)

12 10 29 24 10 6 4 5
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Fig. 4.1 Location of sediment samples collected for XRD analysis (Maity and Maiti 2016)

Fig. 4.2 Sediment sample collection (a), preparation of sediment samples (b), prepared sediment
samples (c) and sample pressed in sample holder (d)
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sample 3, 4 and 7 are of clayey sand type. Amount of sand, silt and clay ranges
between 40 to 66%, 12 to 36% and 22 to 55% respectively in sediment samples
(Maity and Maiti 2016).

To reduce the seawater salt content below the detection level of X-ray diffraction
and to remove the organic residues the collected sediments were washed with hot
and distilled water. The washed sediment samples were dried and disintegrated
manually with a mortar and pestle (Fig. 4.2b). Coarse grained sediments are
breakdown up to silt size which allows the grain sizes of the crystallites for X-ray
diffraction. Trihexylamine acetate was then mixed with the sediment samples to
expand the smectite minerals (modified from Rex and Bauer 1965). The samples
were allowed to dry for several days to attain equilibrium with normal humidity
conditions. Trihexylamine acetate remains in the clay minerals for several weeks as
it has a low vapor pressure (Fig. 4.2c). The equilibrated powdered sediment samples
were then pressed into sample holders (Fig. 4.2d) by a custom-built sample press
(Rex and Chown 1960) and analyzed by XRD technique using an XPERT-PRO
diffractometer (Fig. 4.3a) at Central Research Facility, IIT, Kharagpur.

4.4.2 XRD Analysis of Sediment Samples

Mineralogical composition of the all sediment samples was determined by
diffractogram (Figs. 4.3b and 4.4) generated from XRD study. The instrumental

Table 4.2 Grain size characteristics of bed sediments (Maity and Maiti 2016)

Location Mean grain size (mm) Proportion of different
particles (%)

Sediment type

Sand Silt Clay

Bandar (S1) 0.244 76 18 6 Silty sand

Jasar (S2) 0.175 80 16 4 Silty sand

Kolaghat (S3) 0.127 68 24 8 Silty sand

Kantapukur (S4) 0.116 67 20 13 Silty sand

Gopinathpur (S5) 0.104 70 21 9 Silty sand

Soyadighi (S6) 0.130 72 23 5 Silty sand

Telipara (S7) 0.109 65 23 12 Silty sand

Anantapur (S8) 0.085 61 26 13 Silty sand

Pyratungi (S9) 0.073 55 32 13 Silty sand

Amberia (S10) 0.071 53 32 15 Muddy sand

Dhanipur (S11) 0.061 51 32 17 Muddy sand

Bholsara (S12) 0.065 52 31 16 Muddy sand

Geonkhali (S13) 0.075 56 31 13 Silty sand

Source Field survey and laboratory experiment
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conditions of the diffractometer under which the sediments were analyzed are given
in Table 4.3. Different minerals were identified from the diffractograms by ana-
lyzing the peak’s position, intensity, shape and breadth (Klug and Alexander 1954)
(Fig. 4.4). Peak position is identified using Bragg’s formula which is expressed as

Fig. 4.3 Sediment added to the machine (a) and generation of diffractogram (b)

Fig. 4.4 Methods of mineral
identification from
diffractogram

Table 4.3 Instrumental
conditions of XPERT-PRO
diffractometer (Maity and
Maiti 2016)

1. Wavelength: 1.5406 Å Cu Ka

2. Generator power: 40 kV and 30 mA

3. Goniometer type: h/h

4. Goniometer radius: 240 mm

5. Emitting slits: 2 and 4 mm

6. Receiving slits: 0.5 and 0.3 mm

7. Scan type: Continuous scan

8. Goniometer speed: 1°/min

9. Acquisition step size: 0.03°

10. Scanned interval: 7°–45°2h
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nk = 2d sin h (n = a whole number, k = X-ray wavelength, d = the distance
between planes of atoms and h = the angle of incidence). Most of the important
peaks for mineral recognition are detected between the values of 8° and 43°2h. The
qualitative classification of minerals was done by searching the strongest peak or
peaks for a minerals and then by finding the positions of weaker peaks for the same
mineral (Fig. 4.4). Once a series of peaks was verified as the finest match for a
particular mineral, then the weaker peaks were removed from consideration. All
remaining peaks were identified by the repetition of the same technique.

4.4.3 Quantification of Different Minerals in Sediments

The quantification (%) of different minerals present in the sediment samples is done
using the ‘matrix flushing method’ as proposed by Chung (1974). This method is
independent of the matrix effect; all absorption aspects are precisely flushed out. It
represents a perfect relationship between the intensity and concentration as no
assumption or approximation is considered. The functioning Eq. (4.1) of this matrix
flushing method is very easy to understand, no complicated computations are
implicated.

Xi
Xc

ki

� �
Ii
Ic

� �
ð4:1Þ

Xi = weight fraction of component mineral i, Xc = weight fraction of corundum
(the flushing agent), ki = the Reference Intensity Ratio of mineral i, Ii the intensity
of X-rays diffracted by a selected plane (hkl) of mineral i, and Ic the intensity of
X-rays diffracted by a selected plane (hkl) of corundum (flushing agent). Corundum
(a-Al2O3) has been chosen for Reference Intensities by the Powder Diffraction File
as it is pure, stable and available. In my study, corundum is used as the flushing
agent for the same justification. The Reference Intensities of different minerals were
detected using the same diffractometer under the same instrumental configurations.
Sediment samples were treated and prepared suitably for the quantification of
various minerals by matrix flushing technique. A fixed quantity of corundum
(flushing agent) was then added into the sediment samples. All the peaks in the
diffractogram were accurately identified, and the intensity of the strongest line of
each mineral component was quantified under the same instrumental configurations.
The amount of minerals (in percentage) in sediment samples was calculated fol-
lowing the Eq. (4.1) and is shown in Tables 4.4 and 4.5.
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4.5 Mineralogy of Sediments

4.5.1 Mineralogy of River Bank Sediment Samples

The mineralogical composition of sediments of both the river banks is almost alike.
All the sediments are dominated mainly by illite (24–32%) and smectite
(25–31.3%) minerals (Table 4.5). Chlorite (10.22–13%), kaolinite (8.12–12%) and
quartz (7.5–9.34%) are also important constituent minerals detected in sediment
samples. Goethite (3–6.13%), feldspar (2.2–6%) and mixed layer minerals
(1.6–5%) are present in very small proportion (Table 4.5). Mixed layer mineral is
not detected in sediment sample 1 in the left bank and sample 7 in the right bank.
Laumontite and strontianite (4.15%) is detected only in the sediment sample 3 in
the left bank (Table 4.5).

4.5.2 Mineralogy of River Bed Sediment Samples

Quartz is the mineral having strongest peak in diffractogram in all sediment sam-
ples, along with illite, chlorite, chloritoid, anatase, goethite, oligoclase, sillimanite
and corundum. The proportion of quartz is greater than 55% in all the sediment
samples. The highest amount (68.49%) of quartz is measured in the sample S5;
whereas lowest amount (55.07%) is observed in the sample S11 (Fig. 4.5 and
Table 4.4). Quartz (55.07–68.49%), illite (2.11–10.04%), chlorite (2.01–3.79%),
chloritoid and mirabilite (2.15–5.58%), oligoclase (2.95–11.39%), goethite
(5.53–10.06%), chromite (2.33–7.37%), sillimanite (2.29–4.05%) and corundum
(2.99–10.18%) are the minerals, detected in all the sediment samples (Fig. 4.5 and
Table 4.4). Tourmaline is observed in the sediment samples S1 and S2 only; while
anatase is detected in the samples S1, S2 and S3. Laumontite and strontianite are
identified in very little proportion (2.03%) only in sediment sample S10 (Fig. 4.5
and Table 4.4). Calcite and staurolite are detected in the sediment samples S5, S7,
S9, S10 and S11; whereas ilmenite and actinolite (2.61%) are identified in the
sample S8 only. Garnet (Pyrope), the unique mineral, is observed in the sediment
samples S4, S5, S8 and S12. Dolomite and epidote are identified in the sediment
samples S2, S5, S7 and S8 (Fig. 4.5 and Table 4.4).

Chi-square (x2 test) statistical test signifies that quartz mineral shows steady
trend in distribution in all the sediment samples. At 11 degree of freedom, at 5%
significance level the estimated value of x2 is 2.7162392 but the critical value is
19.68, which reveals that the variation of spatial distribution of percentage of quartz
in sediment samples is insignificant (Table 4.6). Similar result is found for all other
minerals except tourmaline and anatase. At 5% significance level the spatial vari-
ation of percentage of tourmaline and anatase is significant, which designates the
unequal distribution of these two minerals in the lower reach (Table 4.6).
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4.6 Principal Component Analysis (PCA) of Bed Sediment
Minerals

Principal component analysis (PCA) is used as a standard multivariate statistical
technique mainly for its two advantages: (1) Reduction of the number of correlated
variables and to extract smaller number of uncorrelated principal components which
signify the majority of the variability contributed by the multiple variables and
(2) to improve the interpretability of the components as combinations of multiple

Fig. 4.5 Quantity of different minerals in sediments (Maity and Maiti 2016). Source Laboratory
experiment
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variables (Cheng et al. 2006). PCA measures the interrelationship among multiple
variables with the help of correlation (covariance) matrix.

Total seventeen variables (minerals), detected from XRD analysis of 13 river bed
sediment samples and their percentage value were used for Principal Component
Analysis in this work. These minerals are quartz (qz), oligoclase (ol), dolomite (do),

Table 4.6 Statistical significance of minerals distribution (Maity and Maiti 2016)

Minerals Calculated
value of x2

Degree
of
freedom

Critical value of x2

(5% significance
level)

Remarks

Quartz 2.7162392 11 19.68 Equal distribution at
different locations

Oligoclase 11.652523 Equal distribution at
different locations

Dolomite 15.824156 Equal distribution at
different locations

Tourmaline 25.976346 Unequal distribution
at different locations

Calcite and
staurolite

9.7855428 Equal distribution at
different locations

Dolomite and
epidote

14.527632 Equal distribution at
different locations

Ilmenite and
actinolite

2.4364315 Equal distribution at
different locations

Garnet
pyrope

16.236289 Equal distribution at
different locations

Chromite 2.8253219 Equal distribution at
different locations

Sillimanite 0.5197432 Equal distribution at
different locations

Corundum 8.5853876 Equal distribution at
different locations

Illite 9.875198 Equal distribution at
different locations

Chlorite 3.8962987 Equal distribution at
different locations

Chloritoid
and
mirabilite

6.2649865 Equal distribution at
different locations

Goethite 2.5358732 Equal distribution at
different locations

Anatase 20.022946 Unequal distribution
at different locations

Laumontite
and
strontianite

10.152502 Equal distribution at
different locations
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tourmaline (tr), calcite and staurolite (cs), dolomite and epidote (de), ilmenite and
actinolite (ia), garnet pyrope (gp), chromite (cr), sillimanite (si), corundum (co),
illite (il), chlorite (ch), chloritoid and mirabilite (cm), goethite (go), anatase (an),
laumontite and strontianite (ls). The matrix of inter correlations (R) among the
percentage amount of these minerals is calculated and is shown in Table 4.7. The
nature of bi-variate relationship among the percentage amount of these minerals in
sediment samples is easily understood from the correlation matrix.

The Eigen values of the matrix (R) have been calculated and these 17 Eigen
values in descending order are 5.071, 3.357, 2.686, 1.624, 1.399, 0.931, 0.851,
0.553, 0.293, 0.180, 0.050, 0.005, 4.058 � 10−15, 2.668 � 10−15, −9.137 � 10−17,
−4.31 � 10−15 and −1.070 � 10−14. There are five Eigen values clearly greater
than unity as 5.071, 3.357, 2.686, 1.624 and 1.399. These five Eigen values con-
tribute for 5:071þ 3:357þ 2:686þ 1:624þ 1:399

17 � 100 ¼ 83:154% of the total variation of
the data matrix (Table 4.8).

The PCA1 contribute for about 29.828% of the total variation and is dominated
by quartz, chromite and Goethite, which have positive loadings and illite, chlorite,
chloritoid and mirabilite, having negative loadings (Table 4.8), i.e., this component
is more significant where these minerals don’t present high values. The PCA2
contributes for the 19.748% of the total variation of the data. It is represented by
dolomite, tourmaline, sillimanite and anatase, all of them with positive loadings
(Table 4.8), i.e., this component is more important where these minerals do present
high values. The PCA3 accounts for about 15.798% of the total variation of the data
and is dominated by calcite and staurolite having negative loading (Table 4.8). The
PCA4 and PCA5 jointly contribute for 17.780% of the total variation of the mineral
distribution (Table 4.8). In that case, Garnet Pyrope has positive loading whereas
Laumontite and Strontianite have negative loading.

4.7 Understanding the Sources of Sediments

The sediments of lower reach of the Rupnarayan River is dominated by quartz
mineral with minor presence of goethite, illite, chlorite, chloritoid and mirabilite,
chromite, oligoclase, sillimanite and corundum (Fig. 4.5 and Table 4.4). The pro-
portion of tourmaline in the rocks of the upper catchment is very little and it is
detected in the sediments at Bandar (S1) and Jasar (S2) only; while anatase mineral is
distributed up to Kolaghat (S3) from the upper catchment area (Fig. 4.5 and
Table 4.4). Though, laumontite and strontianite is not detected in the rocks of upper
catchment but it has been detected in very little proportion (4.15%) in the sediment
sample 3 on the left bank of the lower reach. The presence of laumontite and
strontianite in the sediment at Amberia (S10) indicates that these minerals have been
supplied to the river from the local river bank source. The specific gravity of different
minerals play significant role to control the distribution of these minerals in the lower
reach. Because of high specific gravity (2.83–3.32 and 3.90 respectively), tourmaline
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and anatase have been transported comparatively less distance (up to Jasar [S2] and
Kolaghat [S3] respectively) from the upper catchment area.

In contrast to this, due to low specific gravity, quartz (2.65) has been transported
a long distance towards downstream and is detected in all the sediment samples
with very high proportion (Figs. 4.5, 4.6a and Table 4.4). Specific gravity is also
low for the minerals like, calcite (2.69–2.71), oligoclase (2.64–2.66), chlorite
(2.54–2.78), illite (2.6–2.9) and dolomite (2.8–2.9) and these minerals are identified
in all the sediment samples (Figs. 4.5, 4.6b, c, 4.7d and Table 4.4). The change of
forms of some minerals into other forms is very significant to explain the distri-
bution of minerals in the lower reach. Some of the minerals change their form easily
than the other minerals. Quartz is very rigid and is not easily dissolved, thus it
prevents itself from both physical and chemical weathering. Because of this, it is the
common mineral in all the sediment samples in the lower reach.

The upper and middle catchment area of the Rupnarayan River is mostly
composed of granite and gneiss (Fig. 1.3 in Maity and Maiti 2018) and becomes the
source of supply of quartz as the dominant constituent mineral in all the sediment
samples in the lower reach. Minerals like feldspar, plagioclase, augite, olivine and
other pyroxene minerals are very susceptible to chemical reactions and form new
minerals quickly. Because of this these minerals are substantially less common in
sediment samples. Feldspar, plagioclase, olivine and pyroxene minerals are easily

Table 4.8 Depiction of loadings on principal components

Component loading PCA1 PCA2 PCA3 PCA4 PCA5

Quartz (qz) .628 −.295 −.397 .522 .078

Oligoclase (ol) −.147 .292 −.486 −.476 .538

Dolomite (do) −.140 .776 −.045 −.219 −.108

Tourmaline (tr) .283 .647 .483 .214 −.253

Calcite and staurolite (cs) −.046 −.128 −.734 −.133 −.245

Dolomite and epidote (de) .598 −.428 .298 −.334 −.006

Ilmenite and actinolite (ia) .458 −.469 .490 −.472 −.015

Garnet pyrope (gp) −.251 −.434 .105 .713 .423

Chromite (cr) .778 −.224 .419 −.051 .110

Sillimanite (si) .230 .659 −.553 .102 .105

Corundum (co) .610 .476 .313 .149 .145

Illite (il) −.936 .150 .206 −.020 .053

Chlorite (ch) −.766 .011 .413 .260 .021

Chloritoid and mirabilite (cm) −.934 −.078 .197 −.080 .045

Goethite (go) .668 .401 −.172 .089 .425

Anatase (an) .294 .777 .366 .149 −.258

Laumontite and strontianite (ls) .150 −.230 −.427 .177 −.702
Eigen value 5.071 3.357 2.686 1.624 1.399

% of variance 29.828 19.748 15.798 9.552 8.228

Cumulative % of variance 29.828 49.576 65.374 74.926 83.154
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converted into clay minerals and produce illite, smectite and chlorite (Loughnan
1969; Eggleton and Boland 1982; Huang 1989). Epidote group minerals are pro-
duced due to easy alteration of plagioclase feldspar. Pyroxene and amphibole
minerals are easily converted into chlorite group minerals (Churchman 1980).
Chlorite, epidote and actinolite are produced due to quick alteration of augite, a
significant pyroxene group rock forming mineral (Allen and Hajek 1989). Due to
this, minerals like feldspar, plagioclase, olivine, augite, amphibole and pyroxene are
not detected in the sediments in the lower reach though they are the significant rock

Fig. 4.6 Spatial distribution of quartz (a), oligoclase (b), illite (c) and goethite (d) in the lower reach
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forming minerals in the upper and middle catchment area of the studied river (Maity
and Maiti 2016).

No noticeable trend in the spatial distribution of the different minerals either
towards upstream or downstream is observed in the lower reach. Spatial distribution
of the minerals reveals that the distribution of minerals is unsystematic in the lower
reach (Figs. 4.6, 4.7 and 4.8). The distribution of a small number of minerals can be
explained systematically. The high percentage of illite in some sediment samples is

Fig. 4.7 Spatial distribution of chromite (a), sillimanite (b), corundum (c) and chlorite (d) in the
lower reach
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associated with the more concentration of chlorite, chloritoid and mirabilite
(Figs. 4.5, 4.6c, 4.7d, 4.8a and Table 4.4). But the percentage amount of minerals
like, goethite, chromite and corundum is less in those samples (Figs. 4.6d, 4.7a, c
and Table 4.4). The samples within which the percentage of oligoclase is high, the
percentage of dolomite and epidote are measured to be less (Figs. 4.6b and 4.8b).
But the distribution of other minerals is found to be unsystematic and hapazard in
the lower reach (Figs. 4.6, 4.7 and 4.8) (Maity and Maiti 2016).

Fig. 4.8 Spatial distribution of chloritoid and mirabilite (a), dolomite and epidote (b), calcite and
staurolite (c) and garnet pyrope (d) in the lower reach
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In the lower reach of the studied river, having estuarine characteristics, there is a
mixing of sediments and minerals in both the tidal phases (during high and low
tide). Minerals which are drained from the upper and middle catchment are caught
up in the estuary and are redistributed again towards upstream by stronger flood
tide. This mechanism is responsible for such unsystematic and irregular distribution
of minerals in the lower reach (Maity and Maiti 2016). Thus, it can be concluded
that the upper and middle parts of the catchment area are the main source of
minerals as well as sediments deposited in the lower reach of the Rupnarayan
River. Some of the minerals including quartz, illite, chlorite and goethite are also
supplied to the river from the lower catchment area because these minerals have
been identified in the sediments of the lower catchment area. Erosion of river banks
is also an important source of sediments in the lower reach of the river, because
quartz, illite, chlorite, goethite, laumontite and strontianite have been identified in
the sediment samples collected from the river banks.
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Chapter 5
Conclusion

Abstract In the lower reach of the Rupnarayan River, sedimentation is the result of
the combined interaction between fluvial and marine processes. Seasonal variation
of available shear stress during high and low tide in connection to critical shear
stress is the main factor controlling sedimentation. Sediments are mostly trans-
ported by suspension with rolling and graded suspension and are deposited in the
environment with low to moderately low energy conditions. Sediments are mainly
supplied from the upper and middle catchment of the river with little contribution
from the river banks. The result of the work will act as a decision supporting system
to the engineers, hydrologists, planners and other concerned authorities, working on
the aspects of sedimentation and management of associated problems.

Keywords Fluvial and marine processes � Available and critical shear stress
Depositional environment � Sources of sediments

Detailed studies on causes, mechanisms and magnitude of sedimentation reveal
that, in the lower reach of the Rupnarayan River, sedimentation is the result of the
combined interaction between fluvial and marine processes. The seasonal variation
of available shear stress during low tide and high tide in connection to critical shear
stress (related to grain size of sediment) is the main factor controlling sedimenta-
tion. The available shear stress, in most of the cases during low tide (except
monsoon season) is lower than the critical shear stress required for entrainment of
sediment and this is found to be the main reason of sedimentation in the area under
study, especially in non-monsoon season when this deviation becomes maximum.
Most of the places, having deficiency of energy (available shear stress is lower than
critical shear stress), during low tide are characterized by deposition of sediments.
Sedimentation in some places is affected by the factors like sheltering, imbrications,
packing of grains, grain-fabric effects, adhesion forces and organic mats. Very fine
grained sand, silt and clay particles are sheltered by moderately coarse and coarse
sand particles, which increase the critical shear stress of entrainment and restrict the
sediments to be eroded. The presence of mud (silt and clay) above the critical limit
(30%) in some of the sediment samples (14 samples in pre-monsoon, 6 samples in
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monsoon and 11 samples in post-monsoon) generates the cohesive property and
restricts the entrainment of sediments. The proportion of mud is more in dry season
which increases the cohesive property, restricts the entrainment of sediments and
increases the rate of sedimentation. During prolonged dry period (scarcity of ter-
restrial discharge) the growth of surface mat of algae on river bed creates a binding
force between clay particles in muddy sediments which increases the critical shear
stress of sediment entrainment.

Sedimentation, in the area under study is taking place in estuarine environment
and most of the sediments are transported by suspension with rolling and graded
suspension. The dominance of very fine sand (63.80%) and coarse silt (24.44%)
type of sediments indicates low and moderately low energy conditions of the
depositional environment. Kurtosis values indicate the high energy environment in
monsoon season than that of in non-monsoon season. During dry season, the
marine environment becomes dominant over the fluvial environment due to
insufficient riverine discharge, but during monsoon season, occurrence of huge
rainfall increases the riverine discharge and reduces the influence of marine pro-
cesses. XRD analysis reveals that quartz is the main mineral in all the bed sediment
samples (>55%) along with illite, chlorite, chloritoid, goethite, oligoclase, corun-
dum, chromite etc. The minerals identified in bed sediments have their origin in the
upper and middle catchment which indicates that most of the sediments at the lower
reach are drained from the upper and middle catchment. Some of the minerals
(illite, chlorite, quartz, goethite, laumontite and strontianite) in little proportion are
also supplied from the lower part of the catchment area and from the erosion of the
river banks.

Most of the earlier works, in the study area, mainly by the Hydrologists and
Engineers are based on short duration monitoring and location specific. In the
present study attempt has been made to understand the process of interaction
between marine and fluvial processes in a holistic approach that leads to sedi-
mentation. All sorts of hydrological, bathymetric and geometric characteristics of
the river, responsible for sedimentation have been studied and monitored in detail.
The geological, geomorphological and hydrological characteristics of the upper and
middle catchments of the river have also been studied to understand and explain the
characters at the source region. The study has been linked and compared with
mostly accepted works of different researchers. In most of the cases the result of the
study agreed with the previous works. The result of the work will act as a decision
supporting system to the engineers, hydrologists, planners and other concerned
authorities, working on the aspects of sedimentation and management of associated
problems not only in case of the area under study but also in any of the river in the
world, having similar climatic, geological, geomorphological, hydrological,
bathymetric and hydraulic characteristics.
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