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Abstract

In developing countries, growing construction
works encourage stone quarry and crushing
activities. The middle catchment of east
India’s Dwarka River basin has a total of
239 quarrying and 982 crushing units, which
produces huge stone dust affecting not only air
but also river morphology and water quality.
The present study aims to ascertain the impact
of stone dust on river morphology change and
water quality. The study identified growing
channel bed aggradations (average: 0.02–0.52
m) due to stone dust. A multi-parametric
approach based on machine learning methods
like Fuzzy Inference System and Random
Forest Algorithm incorporating eleven rele-
vant parameters identified river bed accretion
susceptibility due to stone dust. In all the cases
6–17% area is identified as highly susceptible
zones. Sediment load is abnormally enhanced
exceeding the carrying capacity of the river.
River bed mining is identified as the major
reason behind the loitering of the thalweg axis
of the rivers. Degradation of water quality due

to admixing of stone dust is as high as beyond
drinkability and irrigability.
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4.1 Introduction

Mining operations consistently lead the develop-
mental process (Xiang et al. 2018; Pal and Mandal
2021). In the twenty-first century, rapid urbaniza-
tion, industrialization, and many developmental
processes are sweeping a high-rise demand for
construction materials (Minnullina and Vasiliev
2018). So, control of open-pit mining activity is a
greater challenge for good sustainability of the
environment (Chen et al. 2015; Lei et al. 2016;
Esposito et al. 2017; Xiang et al. 2018). The
assessment of the impacts of open-pit mining using
geomorphologic knowledge can boost the reasons
responsible for the qualitative degradations of our
environment and we construct the necessary
strategies for the betterment of the future generation
(Toy and Hadley 1987; Wilkinson and McElroy
2007; Xu et al. 2019). Rivers are a vital aspect of an
open natural system of the earth and it is constantly
subject to change and transformation triggered by
both natural as well as manmade agents (Nayyeri
and Zandi 2018). Mining activity is such a type of
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activity that changes the natural component like
rivers (Festin et al. 2019; Milczarek 2019). On a
global scale, river systems have been modified due
to increasing sediment and nutrient loads (Xiang
et al. 2018). Fluxes of stone dust, fly ash, eroded
soil, and fertilizer residues also play a vital role in
changing the biogeochemical characters (Holmes
et al. 2012; Peña-Ortega et al. 2019) of a river.
Change of habitat quality of a river due to changes
in channel morphological characters like the
roughness of river bed, depth of water, the slope of
the bank, sediment load, etc. is also vital concerning
the influx of stone dust (Hauer et al. 2013; Costea
2018; Hohensinner et al. 2018). Moreover, direct
mining of stone from river beds also causes channel
bed modification and changes in flow characters
and biological habitat characters of the species
living there over (Singh et al. 2016;Wiejaczka et al.
2018).
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River water quality modification due to stone
quarrying and crushing is one of the important
issues in this connection (Nayyeri and Zandi
2018). A huge influx of stone dust can alter the
physicochemical composition of the water (Fu
et al. 2014, 2016; Qi et al. 2018; Quinn et al.
2018). So the influx of dust in a river or pond
water can change physicochemical properties
like turbidity, PH level, DO, COD, BOD, etc.
(Calle et al. 2017; Barman et al. 2018; Affandi
and Ishak 2019). Change of water quality beyond
optimum level can change the habitability of
species in a river and irrigability in its sur-
rounding agricultural field (Mandal and Pal
2020). The high concentration of total dissolved
solids (TDS) above 2250 ppt can make the water
non-irrigable as per the Bureau of Indian Stan-
dards (BIS 1991). Irrigation with such water can
change the soil composition of the agricultural
land too (Trujillo-González et al. 2017; Khalid
et al. 2018; Pal and Mandal 2019a) which may
affect the productivity of the soil. Change in
water quality directly affects the livelihood of the
fishermen (Samah et al. 2019). Qualitative dete-
rioration of water provides hardship to fish
communities which are the mainstay of fisher-
men’s economy (Lyons et al. 2016; Dembowska
et al. 2018; Massi et al. 2019; Mariya et al.

2019). Pal et al. (2016) explored that due to
qualitative change of water, availability of fish is
diminished in Bakreshwar river of India and it
also causes shifting of livelihood of the fisher-
men to other occupations like daily wage laborer,
a rickshaw puller etc.

4.2 Study Area

The middle catchment of the Dwarka River
basin (3882.71 km2), a sub-basin of the
Mayurakshi River basin, is characterized by
Dharwanian sedimentary rocks (Hercynian oro-
geny, 360–300 million years ago) (Jha and
Kapat 2009). The area is therefore extremely
rich in stone and related crushing. Bedrock
rivers have the potential for direct stone har-
vesting from the river bed. Almost 239 stone
quarrying and 982 crushing centers and so
many river bed mining (river bed cutting) cen-
ters there, as per the tally of 2018 and these are
mostly located in the middle catchment (Pal and
Mandal 2017, 2019a, b, 2020) (Fig. 4.1). These
are generating a huge volume of stone dust and
these are discharging into rivers. River bed
stone quarrying (river bed cutting) is also going
on at different sites of the rivers. All these can
change the hydrological and geo-morphological
characteristics of the river and other surface
water bodies. In this sense, the present work
aims to investigate the impacts of stone quar-
rying, crushing, and river bed mining on river
morphology and also the water quality of the
Dwarka river basin of Eastern India.

4.3 Materials and Methods

4.3.1 Methods for the Volume
of Stone Dust Estimation
on the River Bed

To measure the concentration of stone dust in all
six tributaries, eight sites for each tributary have
been selected to measure the depth of dust
deposition. Direct field digging is done for



measuring the depth. The average dust depth of
all sites is then multiplied by the area of the river
for obtaining the total volume of dust deposition
in a river.
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Fig. 4.1 Study area: A Basin extension within Jharkhand and West Bengal, B showing the field study site within the
basin, a–f selected tributaries for the study, and cross-section site (T1 represents tributary 1 and vice versa)

4.3.2 Methods for Assessing Impacts
on Channel Morphology

Cross-sections across the present bed level of
some selected six tributary sites used a dumpy
level to demonstrate river bed aggradations
condition. For obtaining the bed level of the
parent rock, each staff site location digging
operation has been done and the depth of stone
dust is measured. Deducting dust depth from
present bed level, bedrock level (profile before
dust deposition) is obtained for a comparable
illustration of both the profiles (before and after
dust deposition). While doing the depth of dust
deposition, litho facets of 06 sites have also been
assessed.

4.3.2.1 Methods for Assessing
the Channel Path
Modification Due
to Direct Stone Mining
from the River Bed

For assessing the impact of direct stone quarry-
ing from river bed on river flow path we have
selected some other tributaries of Dwarka river
(except the previous six selected) thalweg axis of
flow from 2001 to 2017 has been digitized from
Google earth image and superimposed for illus-
trating the change. As the tributaries carry a very
less amount of flow, it follows mainly the deepest
part of the entire cross-section. It facilitates us to
detect the thalweg axis of the concerned period
easily without profiling. For making it confirm,
the thalweg axis of 2017 is cross-validated with
the field. The departure of the digitized thalweg
axis from the field-based thalweg axis is <0.6 m
in all the cases. For better visibility of the
change, only two consecutive reaches of a
tributary are shown here.



The bed shear stress (s0) is expressed as a force
per unit area of the bed (in N m−2) and increases
with flow depth and channel steepness.
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4.3.3 Assessing Stone Dust Accretion
Susceptibility
at the Riverbed

4.3.3.1 Data Layer Selection
and Preparation for River
Bed Accretion
Susceptibility

Along with spatial stone dust accretion mapping,
stone dust accretion susceptibility of two suc-
cessive reaches of six selected tributaries has
been done based on a multi-parametric approach.
Total eleven conditioning parameters like
(1) volume of dust heaping (2) direct dust
deposition at the river (3) distance of river from
dust heaping sites (4) distance from the crusher
units (5) river bed slope (6) bed shear stress
(7) velocity of flow during pre-monsoon season
(8) steepness of bank slope (9) density of water
(10) depth of river water (11) velocity of the river
in monsoon season have been taken into account
for all the selected tributaries. The digital eleva-
tion model for the mentioned parameters is pre-
pared in Erdas software. The selection of
parameters is based on the field experience and
following the predecessors in this field. Jakoyl-
jevic et al. (2009) and Mehdi et al. (2011) also
studied these types of susceptibility by using few
such parameters in their respective study regions.

Volume of Dust Heaping
Stone dust from the stone crusher units often
influxes into the nearby river channel. The field
survey was conducted to determine the dust
heaping zone and the volume of dust from the
distance is estimated at a surface of one square
meter per location. Field experience proves that
more dust is heaped to the channel near the
crushing unit. On this basis, ratings 10, 7.5, 5,
2.5, and 1 are assigned to dust heaping zones,
respectively, with extremely high, high, moder-
ate, low, and very low volume. DEM is created
in ERDAS remote sensing software based on the
rating values of the selected sites.

Direct Dust Deposition at the River
In the present study, the authors identified direct
dust deposition point (DDDP) to the river

through the field visit. The area of the affected
channel is demarcated by direct observation of
the field. This analysis is carried out in the light
of five integrated buffers from the DDDP (direct
dust deposition point) and the rating is given in a
specific manner. The highest rating is rated as 10
and granted to the DDDPs immediate peripheral
zone (up to 250 m), rating values 7.5, 5, 2.5, and
1 are allocated to the buffer zones 250–500 m,
500–750 m, 750–1000 m and beyond 1000 m.
Random points are taken from every buffer area,
and every DDDP and DEM are created. Given
the subjective but logical approach of assigning a
weight to the buffer zone as the deposition rate
decays over distance. Priority is given to decid-
ing on buffer radius field experience and per-
ception of people.

Distance from the Crusher Units
This analysis is also carried out considering five
dispersed buffers from the units of stone crusher
which are the main source of stone dust and
rating is given in a specific manner. The highest
rating is rated as 10 and granted to the Nearer
dust deposition points (NDDP) immediate
peripheral zone (up to 250 m), rating values 7.5,
5, 2.5, and 1 are allocated to the buffer zones
250–500 m, 500–750 m, 750–1000 m and
beyond 1000 m. DEM is then prepared based on
these values.

Bed Shear Stress

s ¼ yDSw ð4:1Þ

where, s = spatially averaged bed shear stress (N
m2), y = weight density of water (N m3), D =
average water depth (m), Sw = water surface
slope.

It is assumed that high dust deposition offers
more resistance. Forty sites in each river are
selected and shear stress on those sites is com-
puted. The river is reclassified into five rating
groups, offering 10, 7.5, 5, 2.5, and 1 at very
high, high, moderate, low, and very low-stress



levels, based on the range of high and low shear
stress values. Based on the rating values taken
randomly from different reclassified zones DEM
is prepared.
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Velocity of Flow During Pre-monsoon
and Monsoon Season
The monsoon period and pre-monsoon period
flow velocity of the river have been measured.
For the selection of velocity measuring sites,
random sampling rules have been followed.
40 measuring sites from each studied tributary
have been selected for this study and classified
into five very high to very low flow velocity
zones as done in other layers and finally DEM is
prepared for both the seasons.

Steepness of Bank Slope and River Bed Slope
The riverbank slope and bed slope have been
measured directly from the field. The water depth
and flow of the tributaries are so low that they
can be measured. 40 measuring sites are selected
from each tributary for this study and plotted into
the ArcGIS environment. Abney level is used to
measure slope. DEM is prepared based on these
values. DEM is then reclassified giving a rating
as given in other layers. The maximum rating of
10 is given to the lowest slope class.

Density of Water
The density according to USGS (2018) is only
the weight of a specified quantity or amount of
material. A common water density measurement
unit is gram per milliliter (1 g ml−1) or 1 g per
cubic centimeter (1 g cm−3). For analyzing the
water density, 40 water samples from each
studied tributary has been collected using the
hydrometer (it is one of the most basic portable
devices for scientific measurement) and classified
into low to high flow water density zones as per
the measured data and finally, a DEM is
prepared.

Depth of River Water
Using simple staff reading depth of water is
measured at 40 sites (for each tributary) from the
field in post-monsoon season (Mid October to
November). Based on these depth values DEM is

prepared. Here it is mentioned that a lower depth
of river water indicates less volume of water and
less volume of water indicates the low stream
energy as well as low velocity. So, the decreasing
stream energy and velocity influence the proba-
bility of dust deposition on the river bed (Hofler
et al. 2018; Turowski 2018). Based on this logic,
reclassification of the depth layer is done and
rating values are assigned. The river is reclassi-
fied into five rating classes giving 10, 7.5, 5, 2.5,
and 1 at very high, high, moderate, low and very
low water depth zones.

Not all parameters affect the susceptibility to
dust accretion in the same direction. So for
making the data layers unidirectional and stan-
dardized in the present case a ten (10) point scale
of logical inference is taken into account to
assign maximum point rating to a maximum
chance of effect in Arc GIS software (v.10.3) by
the reclassification method (Pal and Mandal
2017; Pal and Debanshi 2018). Under such a
logical assumption, each parameter is categorized
into ten classes, and the scale point is allocated.
Figure 4.2 displays the used data layers for dust
accretion susceptibility.

4.3.3.2 Susceptibility Zoning Using
Fuzzy Logic

FIS is a mathematical system, which is formed
by the mathematical tool of the multi-value logic
base. Zadeh (1965) introduced the theory of
fuzzy set and has since been widely used to
develop complicated models in various fields.

A fuzzy logic system simulates the whole
system to delineate the notion out of inputs spatial
data layers of the model. The Mamdani method
(Yanar 2003) is the greatest used FIS. This
Mamdani method attempts higher performance to
appraise people’s know-how and factual involve-
ment in classification as well as accountability
(Mamdani 1977). This system mainly constitutes
four stages (Sami et al. 2014) namely—(i) fuzzi-
fication of the data set (ii) evaluation of the rule
(iii) inference of the product of fuzzy (iv) opera-
tions of the de-fuzzification.

The entire model was accomplished in the
ArcGIS environment by applying two tangible
tools—(i) membership fuzzy tool (ii) fuzzy



The large membership function is used to
indicate the fact that large values of the input
raster have high membership in the fuzzy set.

where, µ(x) = fuzzy membership function, fi =
spread (default is 5 in ArcGIS environment for large
membership) fj = midpoint of the range of values,
x = degree of a element. The membership value of
each component indicates a different degree of
support and confidence from 0 to 1 according to this
approach (Ercanoglu and Gokceoglu 2002). In
Eq. 4.3, the fuzzy set is formulated.

The RFA is one of the more versatile data clas-
sification algorithms and it can classify a large
volume of data using numerous attributes. The
algorithm itself is very well suited to paral-
lelization the RAF consists of different attributes.

overlay tool. First, all data are transformed into
fuzzy and subsequently categorized into four
categories which, according to the expert judg-
ment, demonstrate high vulnerability to low.
Therefore, we used a large membership operation
with the help of Eq. 4.2 in the context of a few
continuing membership functions.
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Fig. 4.2 Spatial data layers of the selected tributary 6 (Segment I) for the river bed accretion susceptibility model

lðxÞ ¼ 1

1þ x
fj

� ��fi
ð4:2Þ

a ¼ x fxð Þf g ð4:3Þ

where, a = fuzzy set, x = membership value of
the elements, fx = fuzzy membership function.

In this study, the fuzzy ‘if–then’ method is
formulated to make the zonations of river bed
accretion susceptibility. The susceptibility maps
are categorized into several zones (very high,
high, moderate, and low) to explicit the spatial
variability of that vulnerability. The following
logical structure defines the fuzzy rules, i.e., If the
average volume of dust heaping is high or direct
dust deposition at the river is high or distance of
river from dust heaping sites is less or distance
from the crusher units is less or river bed slope is
low or bed shear stress is high or velocity of flow
during pre-monsoon season is low or steepness of
bank slope is high or density of water is high or
depth of river water is low and velocity of the
river in monsoon season is low then river bed
accretion susceptibility will be high.

4.3.3.3 Methods for River Bed
Accretion Susceptibility
Model Using Random
Forest Algorithms (RFA)



This is a supervised method of machine learning
for classification and regression analysis (Brei-
man 2001; Youssef et al. 2016; Naghibi et al.
2017; Gayen et al. 2019). A decision tree has to
be developed to get the class output and obtain
the dependent variable, respectively to classifi-
cation and regression of the data sets (Kim et al.
2018). This approach consists of several decision
trees and integrates them to clarify the spatial
connection between the vulnerability of the river
bed and the factors of stone dust affecting it (Kim
et al. 2018). The advantages of the RFA model in
comparison to other methods are (1) it can handle
large datasets with high dimensionality as well as
avoid the overfitting of the datasets. (2) No
assumptions on explanatory and response vari-
ables are necessary and (3) it does not require
any prior data to transform and rescale the
datasets (Youssef et al. 2016; Naghibi et al.
2017). The vector of prediction is indicated with
log 2(M + 1), where M indicates the algorithm
input number (Kim et al. 2018). Mean squared
error can be estimated to test the model’s output
(Kim et al. 2018).

RF is used to regulate the division in every
node by the number of trees and the numbers of
predictive variables (Naghibi et al. 2017). The
average tree projection is estimated as

Kappa coefficient (Eq. 4.6) and Overall
accuracy (Eq. 4.7) assessment also have been
carried out for the derived accretion susceptibil-
ity models. Kappa coefficient values range from
0 to 1. As per the recommendation of Monserud
and Leemans (1992) that Kappa coefficient val-
ues ranges <0.4 represent the poor or very poor
agreement, 0.4–0.55 represent the fair agreement,
0.55–0.7 represents good agreement and the 0.7–
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e ¼ ðVobserved � VresponseÞ2 ð4:4Þ

where e represents the mean-square error,
Vobserved is the observed data, and Vresponse

indicates the variable’s outcome.

S ¼ 1
k

X
kthvresponse ð4:5Þ

where S marks every forecast of forest and
K reflects the trees of the model.

This study moved forward using the four key
measures: (1) first preparation and collection of
the dataset of river bed accretion susceptibility.
Regarding this work, eleven predisposing factors
were considered. (2) Preparing data sets for testing
and validation by repeated random sampling.
(3) River bed accretion susceptibility mapping
using RF machine learning algorithm. (4) Finally,

validation of the model by the remaining valida-
tion datasets. This RF model was implemented in
R (version 3.2.4) software using the “ran-
domForest” package. For an RBAS, data repre-
senting both sensitive and non-sensitive areas are
the main requirements. Conditioning data is typi-
cally stored as ArcGIS grid cell layers. The out-
come of the decision trees was generated based on
the RF model. Finally, the spatial model output
was transferred into ArcGIS and reassess into four
classes namely high, moderate, low, and very low
river bed accretion susceptibility based on natural
break statistics. The accuracy of the models was
tested. The overall training datasets are usually
split by 70% of the samples for training models
and others for validation.

Assessing Performance of the Models
A total of 32 field sites from each tributary are
visited for measuring the depth of dust accretion
over the river bed. Based on these field and
model data, Kappa coefficient, area under the
curve in Receiver Operating Curve, and corre-
lation coefficient are computed.

For validating the prepared river bed accretion
susceptibility models receiver operating charac-
teristics (ROC) curve is prepared. That is
invented to appear in the true positive rate
(TPR) in respect of false-positive rate (FPR) at
assorted threshold contexts. The AUC is known
as the fitness rate. It helps to compute the suc-
cession and prediction rate. Rasyid et al. (2016)
categorized this area under curve into five classes
such as (i) excellent (0.90–1.00), (ii) good (0.80–
0.90), (iii) satisfactory (0.70–0.80), (iv) poor
(0.60–0.70) and (v) fail (0.50–0.60). SPSS
statistics software (v.17.0) has been used for
preparing the ROC curve as well as the success
and prediction rates.



0.85 agreement is very good and the >0.85
agreement between models and the ground real-
ity is outstanding.

Þ

where N refers to overall pixel count; r refers to
matrix number of rows; Xii equal to the number
of rows i observation and columns ii, xi and x +
i = marginal totals for both the row.

Suspended and soluble sediment load is mea-
sured at all six selected tributaries. All the cases
measuring temporary stations are at the con-
fluence point of the tributaries. The suspended
load is measured at different discharge levels and
based on these data; the suspended sediment load
rating curve is prepared following power
regression Eq. 4.8. A rating curve is plotted over
a log–log graph. The power regression equation
and coefficient of determination can state the
direction and degree of change of sediment load
in about change of discharge.

40 water samples from various Dwarka river
affluents were obtained in different stone mining
areas to examine water quality. Physico-chemical
properties of water (referred to in Table 4.3) have
been tested and the results are compared to the

standard state of water quality as defined by BIS
(1991) and ISDW (1963). Some water sample
parameters such as actual water temperature, pH,
and watercolor are gradually measured on-site
after water sample collection with the digital
thermometer, pH meter, and visual espial. The
water sample was collected in glass bottles to
analyze the dissolved oxygen and then added
dissolved oxygen reagents. We used the azide
modification method for the Winkler method here
(The technique of azide modification is a standard
method for testing the DO). The laboratory test
method is used to test the chemical oxygen
demand (COD), alkalinity, and total hardness
(Th) for analysis. To analyze selected parameters
that exceed the threshold limit after Ramesh et al.
(2008) we have applied the parameter specified
water quality index (PSWQI) with certain neces-
sary modifications. The individual quality ratings
(IQRs) of BOD, COD, DO and TDS based on
Eq. 4.9 have been done for better understanding.

ð

84 I. Mandal and S. Pal

k ¼ N
Pr

i�1 Xii�
Pr

i�1 xiþ �xiþ ið
N2 �Pr

i�1 xiþ �xiþ ið Þ ð4:6Þ

Oac ¼ Tncs=100% of Tsm ð4:7Þ

where Oac = Overall accuracy, Tncs = complete
valid sample number, Tsm = Total sample.

4.3.4 Measuring Sediment Load

log10 FðxÞ ¼ m log10 xþ b

FðxÞ ¼ xm:10b
ð4:8Þ

where m is the slope; b is the intercept point on
the log plot; x = logx and y = logy.

4.3.5 Methods for Analyzing Water
Quality

PSWQI ¼ 100ðVi=SiÞ 4:9Þ

where PSWQI = the selected specific parame-
ter’s sub-index, Vi = the tested value of the
parameter, Si = standard value.

4.4 Results

4.4.1 Volume of Dust Deposition

Table 4.1 depicts the volume of dust deposition in
the selected six tributaries at eight sample sites. The
volume of dust differs from 302 to 978 kg m−3 in
the case of all the tributaries. Themean value varies
from 601 to 759 kg m−3 and its variation is mainly
determined by the nearness of stone crushing units,
their total dust production, the velocity of water,
etc. Tributary 4 registered maximum dust deposi-
tion in its course owing to 489–987 kg m−3.

4.4.2 Channel Bed Accretion

Due to the seasonal rainfall and scanty runoff at
the source segment tributaries, stone dust often



becomes consolidated over the river bed and
pond. Stone dust is often deposited over the river
bed and pond due to seasonal rainfall and insuf-
ficient drainage in the source segment tributaries.
The depth of stone dust varies from 0.02 to 0.52
m according to the January 2018 measurement
(Fig. 4.3a–f). At the proximity of the stone
crusher units, the dust depth is maximal. The
amount of inflow of stone dust to the tributaries is
high during the monsoon season due to maximum
surface runoff triggered by high rainfall concen-
tration. The average suspended load during the
monsoon period is 15,762 g m−3. Due to the rise
of discharge during monsoon, a good amount of
loose dust is discharged further downstream.
A lot of loose dust is released further downstream
due to the increase of discharge through mon-
soons. But such dust heaped the armoring of the
river’s bed during the non-monsoon seasons.
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Field observation of the litho facets (avg.
condition) (Fig. 4.4) This difference in compo-
sition and their varying width can be explained in
terms of size of the produced stone chips,
influencing factors of dust deposition in the river
bed, and so on.

4.4.3 Simulated Result of River Bed
Accretion Susceptibility
and Performance
Assessment

Figures 4.5 and 4.6, respectively illustrate river
bed accretion susceptibility model in selected
two reaches of each six tributaries using Fuzzy

inference system (FIS) and Random Forest
Algorithm (RFA) compiling eleven conditioning
parameters. In the case of FIS and RFA very high
accretion susceptible zone covers from 5 to 12%
in the former model and 4–21% in the case of the
latter model. Tributary 5 and 4 have appeared as
the most susceptible as per both the applied
models. Flowing of those rivers across highly
dense crusher units strongly influences such high
susceptibility. Figure 4.6 also displays which
factor is dominantly responsible for accretion
susceptibility. Direct deposition of dust at the
river bed, the distance of river from heaped up
dust site, distance from crusher unit, bed slope
are some dominant conditioning factors for
susceptibility.

Table 4.1 Tributary and site-specific volume of dust estimation (kg m−3)

Tributary Volume of dust (kg m−3)

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8

Tributary 1 (T1) 487 964 784 978 648 324 321 302

Tributary 2 (T2) 845 479 487 475 815 426 654 654

Tributary 3 (T3) 968 475 963 364 785 463 427 472

Tributary 4 (T4) 489 889 785 987 624 745 752 804

Tributary 5 (T5) 897 876 396 874 785 354 365 904

Tributary 6 (T6) 879 635 478 587 745 748 742 421

Table 4.2 shows the estimated K, AUC, and
r values of two used models in all the tributaries.
K value ranges from 0.81 to 0.93 which means
that the relationship between model state and
ground reality is good to excellent. While justi-
fying the applicability and interpretability of the
applied two models, it can be stated that RFA is
more effective in these cases as the average
K value (0.91) shows good agreement on the FIS
model between model and ground reality (Mean
K = 0.84). AUC values (>0.8) are also accept-
able for both the models but the RFA model (0.9)
shows better agreement than the FIS model
(0.84). The correlation coefficient between the
depth of deposition and model value ranges from
0.71 to 0.82. At the 0.01 confidence level, all of
these values are significant. However, the degree
of correlation is high in the case of the RFA
model.
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Fig. 4.3 Cross-sections of the selected tributaries (a–f), showing the current level of channel bed accredited with stone
dust

Fig. 4.4 Litho facets of the river bed deposition

4.4.4 Shifting of Flow Paths

Figures 4.7 and 4.8 display the thalweg shifting
of a tributary from 2001 to 2017. There is no
definite trend of shift due to irregular mining of
stone from the river bed. The average yearly
shifting is 42 m. Some parts of the selected
reaches show a very high rate of annual shifting
(>85 m). It mainly depends on where good
quality of the stone is found. On a riverbank
where there is a good quality of stone for the
concerned mining, shifting tendency is toward
that side. It causes asymmetric channels and
increases the chance of riverbank failure (Das
et al. 2013). The average depth of mining in all
six tributaries varies from 10 to 80 cm.



registered when sediment load is compared with
rivers affected by stone dust and free from such a
problem. Figure 4.9 depicts the suspended sedi-
ment load rating curve describing the influence
of discharge on load. The volume of load ranges
from 6584 to 79,888 g m−3 with a discharge of
1–25.5 m3 s−1 in all six selected affected tribu-
taries. The mean sediment load of the rivers
ranges from 7420 to 31,245 g m−3. The highest
sediment load is recorded in the tributaries
flowing across densely settled crusher units. The
composition of load depicts that out of total load
>75% is stone dust. While describing the relation
between discharge and sediment load, most

Interestingly, the small-scale mining of stone for
grinder, stone pots, statues, etc. causes the for-
mation of small geometric pothole-like features
over the river bed. It also causes increasing tur-
bulence in the river flow.
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Fig. 4.5 River bed accretion
susceptibility (RBAS) model
using fuzzy inference system
(FIS)

4.4.5 Impact on Sediment Flow

Sediment load in the rivers of the Rarh region is
recorded high in most cases. But it is rather high
in the areas with the thermal plant producing
huge fly ash, stone mining, and crushing units
(Pal and Mandal 2019a, b). Such a difference is



of the tributaries recorded breakpoints indicating
decreasing carrying capacity and thus deposition
of sediment over the river bed. From the
regression graphs for each tributary (Fig. 4.9),

it is observed that trend is positive and the
coefficient of determination (R2) value is 0.6–
0.75 with a p-value < 0.05. These statistics
demonstrate the controlling power of discharge
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Fig. 4.6 River bed accretion susceptibility (RBAS) model using the random forest algorithm

Table 4.2 Performance
level of the applied models
for accretion susceptibility

Error
estimation

Model T1 T2 T3 T4 T5 T6

Kappa
coefficient

FIS 0.89 0.81 0.92 0.84 0.81 0.82

RFA 0.92 0.91 0.9 0.89 0.94 0.93

AUC value FIS 0.821 0.806 0.802 0.874 0.852 0.866

RFA 0.922 0.905 0.879 0.887 0.912 0.886

Correlation
coefficient

FIS

RFA 0.745 0.82 0.745 0.654 0.712 0.802



on sediment load is significant but not absolute.
If the R2 value would be near 1 or 1 it could be
stated that discharge is the absolute determinant

of sediment load. But as the computed value is
not 1, the influences of other factors could be
anticipated.
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Fig. 4.7 Shifting of thalweg
lines (2001–2017) (Reach 1)

Fig. 4.8 Shifting of thalweg
lines (2001–2017) (Reach 2)



by BIS (1991). For example, the allowable pH
for drinkable water is between 6.5 and 8.5 and
for irrigation is 6–8.5 but for three tributaries it is
observed that pH is >8.5. In all cases, BOD and
COD excessively exceed the permissible limit
(Table 4.3). Excessive water BOD means that the
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Fig. 4.9 Suspended and dissolved sediment load—(T1) for selected tributary 1, (T2) for tributary 2, (T3) for the
selected tributary 3, (T4) for tributary 4, (T5) for tributary 5, and (T6) for the studied tributary 6

4.4.6 Impact on Ambient Water
Quality

Table 4.3 shows that the selected tributaries’
average water quality condition exceeds the
permissible drinking and irrigation threshold set



densely located crusher units are more affected
by this problem. As most of the tributaries carry
very scant water or remain dry during the non-
monsoon period, rivers get the ambiance of dust
deposition (Faershtein et al. 2016; Pal and
Mandal 2017, 2019a, b). Moreover, during
monsoon time discharge level of the river is not
so high to carry out all the dust deposited over
the river bed. Moreover, during this time a huge
amount of dust was additionally admixed into the
river through surface runoff. So, dust remainder
within the river is a very common fact and it
causes the change in river morphology (Mugade
and Sapkale 2015; Ali et al. 2017). If gradually
the rivers lose their carrying capacity in this way
in future dust may affect wider surfaces specifi-
cally agricultural land. Analysis of river bed
accretion susceptibility can give a picture of
susceptible areas of dust deposition. An
advanced simulation model with acceptable
accuracy can guide what measures could be
taken where for discharging stone dust for the
sustenance of the river. Direct mining of stone
from river beds creates manmade micro-level
pools over there which changes the flow resis-
tance and flow characters (Padmalal et al. 2008;
Sreebha and Padmalal 2011; Preciso et al. 2012;
Brunier et al. 2014; Wang et al. 2018). The
laminar character of flow in most of the cases has
converted into the turbulent flow (Lajeunesse
et al. 2010; Martín-Vide et al. 2010; Bhuiyan
et al. 2014). Excessive sediment load contributed
from crusher units is majorly responsible for

river and pond water are oxygen-deficient and
that there is an aerobic condition there. The
development of aquatic life is very detrimental to
this situation. This prevents the cycle of
decomposition of organic waste. The total dis-
solved solids (TDS) measured in the water for all
levels are 4–5 times the normal level for the
water quality. Water quality is 9–16 times higher
in cases of biological oxygen demand (BOD) and
chemical oxygen demand (COD) is 1308–1378
times enhanced than the standard limit.
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Table 4.3 Tributary wise water quality status (physico-chemical properties) with standard permissible limits (BIS
1991)

Physico-
chemical
parameters

Selected tributaries

Tributary
1 (T1)

Tributary
2 (T2)

Tributary
3 (T3)

Tributary
4 (T4)

Tributary
5 (T5)

Tributary
6 (T6)

Standard
permissible
limit (mg/L)

PH 8.1 8.9 8.4 8.8 8.1 8.6 6.5–8.5

DO (ppm) 3.11 3.23 2.98 2.99 2.89 3.17 4.0–6.0

TDS (mg/l) 2344 2421 2398 2414 2143 1948 500

COD (mg/l) 12,745.4 13,149.4 12,632.8 12,879.4 12,360.8 12,543.2 10

BOD (mg/l) 41.6 47.8 30.3 41.3 35.7 41.8 3

Transparency (cm) 3.7 4.4 4.1 5.9 4.9 5.7 –

4.5 Discussion

Stone crusher units specifically produce micro
stone chips that can yield more dust. Micro-level
stone dust particles spread over the larger part of
the surrounding crusher center. According to the
central pollution control board of India (CPCB
2009), the real dust production area is fairly
small it is about 0.5–1 m2. But the dust spreads
more than 10–15 times larger and definite emis-
sion at near about 3–8 m height. Stone dust
admixing to the surrounding river water con-
taminates the water quality (Singh et al. 2016;
Okafor and Egbe 2017; Van Duc and Kennedy
2018; Pal and Mandal 2019a, b). The excessive
influx of dust can change the river morphology
as found in the present case. Increasing sediment
load, and river bed aggradations are the direct
footprint observed in the tributaries of the
Dwarka River basin. Tributaries flowing across



aggradation of river bed and change of channel
morphology. Original bed topography is armored
with thick stone dust. People harvest stone from
the river bed in a very irregular manner based on
the quality of stone and accessibility of harvest-
ing (Padmalal et al. 2008; Kamboj et al. 2017;
Sadeghi et al. 2018; Ciszewski 2019). It controls
the flow path of the river. Sometimes mining
from riverside is caused for riverbank failure and
severe change of thalweg line. In this thalweg, a
shift is given priority since river bed mining is
concerned (Omoti et al. 2016; Kamboj and
Kamboj 2019). Overall river shifting is not so
high in the studied segment. Mossa and James
(2013) reported river shifting due to stone and
sand mining from river bed and soil from the
river bank. It often causes loss of agricultural
land settlement areas. The present study area is
sparsely settled and there is very little chance of
engulfing the settlement area.
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Water quality change is another major con-
cern as reported in the present study area. The
enhanced degree of BOD, COD, turbidity level,
and PH all can adversely affect the habitat quality
of the river and species diversity and safety
(Mandal and Pal 2021). Armoring river bed with
stone dust creates an artificial habitat platform
where species have to be re-adapted. It strongly
hampers the functionalities of the primary pro-
duces (Ashraf et al. 2011; Monjezi et al. 2013;
Brunier et al. 2014; Mudenda 2018). Pal et al.
(2016) identified the lowering rate of fish pro-
duction and breaching of some fish species.
Increasing turbidity level can influence to
enhance the temperature of the water which
withstands against the growth of species.

Fly ash and stone dust-induced water quality
change is a very common issue addressed by
many scholars (Saha and Padhy 2011; Divya
et al. 2012; Ozcan et al. 2012; Pal et al. 2016; Pal
and Mandal 2017). But the change of river
morphology like the change of sediment load,
simulation models for identifying river bed
accretion sites due to stone dust deposition, and
shifting of thalweg due to river bed mining are
some new dimensions of this work.

Few limitations of this work could be pointed
out. Gauge data relating to discharge and load for

a long time across different rivers can provide a
strong database for analysis. Instead of only six
tributaries as sample study, more number of
samples from different mining and crushing
landscape could provide a more comprehensive
result.

4.6 Conclusions

Stone dust is often a major cause of channel bed
accretion in the tributaries of the river flowing
across stone quarrying and crushing units.
Admixing of dust in water is responsible for
increasing sediment load in water and, when it is
beyond carrying capacity, it precipitates in the
river bed. Assessing potential areas susceptible to
dust accretion in rivers identified 6–17% areas,
which represent very high susceptible zones.
Direct riverbed stone mining for small-scale
industries is caused for frequent diversion of
the flow axis of the rivers. River water contam-
ination due to stone dust is well identified and the
level of contamination is often beyond irrigabil-
ity and drinkability. Moreover, such contamina-
tion may also affect the normal ecological
functioning of river water. The continuous
deposition may convert the small tributaries or
parts of it into the land. These examples denote
the change in fluvio-geomorphic setup of the
river. Considering the serviceability of the river,
crusher units should be more cautious about
discharging stone dust. The ancillary dust refin-
ery industry may solve this problem to some
extent as the refine dust may be used for some
other industries like fertilizer, cement, etc.
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