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Abstract The present investigation is an attempt to
assess the contamination of heavy metals in the ground
and surface water of the Singrauli industrial belt area.
Pollution indices like heavy metal index (HPI), contam-
ination index (CD) and heavy metal evaluation index
(HEI) are used for the evaluation of heavy metal pollu-
tion (arsenic As, mercury Hg, cadmium Cd, and lead
Pb). Contour maps are constructed to interpret metal
spatial distribution. Further, the land-use/land-cover
(LULC) maps for the year 2000, 2010 and 2016 are
prepared using Landsat satellite data. A total of 48 water
samples (Groundwater (27), Surface water (21)) are
analysed for heavy metal concentration. Eighty-eight
percent of groundwater and 90% of surface water sam-
ples are contaminated with Hg. Similarly, high concen-
trations of Pb and Cd were found in the samples. Sur-
prisingly, all the water samples have As concentration
above the WHO permissible limit of 10 ppb. Further,
95% of the samples have an HPI value greater than 100
indicating high heavy metal contamination. CD value
denotes contamination of 89% of the samples with
heavy metals (As, Hg, Cd, Pb). Through spatial distri-
bution, it can be interpreted that most of the contami-
nated samples lie near thermal power plants, ash ponds,
and coal mines. LULC (land use/land cover) study

shows a significant decrease in water bodies by
(108 km2), agricultural land by (54 km2) and bare/
fallow land by (51 km2) from 2000 to 2016. During
these 16 years, there has been a fourfold increase in the
overburden, a threefold increase in dumping yards, a 2.5
times increase in urban areas, and a twofold increase in
mining areas. Both the environment and the water qual-
ity are deteriorating at an alarming rate. Such scientific
investigations are relevant for risk management studies
of potable water. The knowledge acquired from such
assessment shall be considered with utmost priority by
concerned authority considering degrading water quali-
ty in the study area. Hence, this study is applicable for
designing action plans and control measures to reduce
water resource pollution.

Keywords Heavymetal (As, Hg, Pb, Cd)
contamination . Coal-based thermal power plants
(TPPs) . Spatial distribution . Land use land cover
(LULC) . Pollution indices . Energy capital of India

Introduction

Balancing the supply of freshwater with increasing de-
mands is a major global challenge for the growing
populations of the world. The exponential growth of
population in various regions in recent decades has led
to enhanced urbanization and rapid industrial growth,
which in turn led to the exploitation of water resources
(Simeonov et al. 2003; Brindha et al. 2014). The quality
of water is deteriorating globally; hence, water pollution
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is emerging as a major concern for the twenty-first
century. Water gets contaminated either by natural pro-
cesses or through anthropogenic activities. Example of
natural processes are leaching of minerals, interaction of
rocks with water, groundwater movement and
mineralisation (Shukla et al. 2010, Machiwal and Jha
2014, Raju et al. 2009); while anthropogenic activities
include discharge of domestic sewage, industrial dis-
charge (slurry water and drain water), agricultural runoff
and mining activities (Simeonov et al. 2003; Singh et al.
2005; Sharma et al. 2007; Förstner andWittmann 2012).
About two million tons of waste (sewage, industrial,
agriculture) is discharged into world water daily (UN
WWAP 2003).

Pollution of water resources with heavy metals like
mercury, arsenic, lead, cadmium, iron, and zinc has
become a concern in the Indian sub-continent. Many
parts of India such as the western part of Uttar Pradesh
(UP), Jharkhand, West Bengal, Punjab and Orissa are
facing scarcity of potable water (Tiwari et al. 2014).
Ninety percent of urban and 20% of the rural Indian
population are dependent on untreated ground and sur-
face water resources. More than ten million Indians are
at risk of fluoride and arsenic contamination as they are
over-dependent on groundwater resources (Singh et al.
2007). According to one report, the Ganga-Meghna-
Brahmaputra region is widely contaminated with heavy
metal Arsenic (Chakraborti et al. 2013). More than 30
districts in UP have arsenic concentrations above the
WHO permissible limit of 10 ppb (WHO 2011) in
groundwater (Yano et al. 2012). The origin of these
contaminants can be either natural or anthropogenic
depending on variations in different geo-environmental
settings. However, the main anthropogenic contributors
of heavy metal pollution in water resources are indus-
trial discharges, mining activities, coal-based thermal
power plants, use of arsenic-based fertilizers, and agri-
culture runoff (Sharma et al. 2007; Pandey et al. 2011;
Dubey et al. 2012; Chowdhury et al. 2016; Singh and
Kumar 2017; Usham et al. 2018).

As India is blessed with a rich variety of mineral
resources, mining is a key industry of the country
(Mehta 2002). The major mineral resource is coal,
which is being mined extensively. It is the primary fuel
for power generation in India accounting for 50–55% of
the total power generation. However, coal mining has
adverse consequences on the environment such as soil
erosion, acid mine drainage, agricultural land degrada-
tion and changes in natural topography and drainage

pattern. Runoff water from coal washeries can further
contaminate ground and surface water as they carry
loads of heavy metal (Finkelman 2007). The combus-
tion of coal in thermal power plants (TPP) is concluded
to be a major source for water pollution (Dubey et al.
2012,). The combustion of coal, mostly in thermal pow-
er plants (TPP), generates huge amounts of the bottom
and fly ash. This ash is mainly discarded in ash ponds
near some water sources such as a river or a lake
(reservoir) while only 5% is utilized in various processes
(Bhattacharjee et al. 2002). Ash contains many harmful
heavy metals and has the potential to contaminate both
ground and surface water resources. Hence, both the
production and the combustion of coal contribute to
the release of harmful heavy metals in the surrounding
through different pathways.

An area where there are many open cast coal mines
and TPPs is the Singrauli region in central India which
has been declared a critically polluted region by the
Ministry of Environment and Forests (MoEF). This
region is one of the most highly polluted industrial areas
of Asia and it has an extremely high comprehensive
environmental pollution index (CEPI) of CPCB (Sahu
et al. 2014). Owing to the presence of many TPPs, this
region is recognized as “Energy Capital” of India. These
TPPs are considered as the main source of pollution in
this region contaminating the river, ground and reservoir
(Rihand reservoir) water (Pandey et al. 2011). Even the
soil samples that are collected from various sites near the
mining area indicate a higher concentration of Cd, Pb,
As and Ni (Agrawal et al. 2010). A study carried out by
the Centre for Science and Environment (CSE) found
significant concentrations of heavy metals such as mer-
cury in people residing in this area (CSE 2011). In
addition, the air quality of this region is very poor and
the primary reason of atmospheric pollution is the emis-
sion from these coal-based TPPs (Prasad et al. 2012).

The emission from these coal power plants is the
source of conditions like dust, haze and smog in this
region. Annually, six million tons of fly ash is emitted
from these TPPs. In some parts of Singrauli area, this fly
ash lies in 5-ft. thick piles, which has toxic heavy metals
like mercury, cadmium, lead and arsenic in addition to
fine particles (Yadav et al. 2017). The most common
illness that is witnessed in this region is tuberculosis,
bronchitis and asthma, which are associated with the
inhalation of fine dust particles and fly ash fines (Yadav
et al. 2017). Due to the incomplete combustion, these
TPPs result in the emission of black carbon (BC) soot
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that can affect both human health and vegetation. The
very high concentration of BC (> 200 μg/m3) and aero-
sol optical depth (AOD) (~ 1.0) is observed near thermal
power plants in Singrauli area (Singh et al. 2018).

However, heavy metal contamination study in vari-
ous water bodies such as ground, pond, reservoir and
drain water has not been carried out extensively. Hence,
this study attempts to assess the variations of heavy
metal in groundwater (hand pump) and surface water
(drain, pond and dam reservoir water) with the spatial
distribution of heavymetals such as arsenic andmercury
and thus figure out the impact of coal mining. Various
pollution indices such as heavy metal pollution index
(HPI), heavy metal evaluation index (HEI) and contam-
ination index (CD) are used for the evaluation of water
pollution in the study area. Finally, the changes in land
use/land cover of this industrial belt have been assessed
with the help of remote sensing and geographical infor-
mation systems (GIS) to evaluate the impact of coal
mining and waste dump from these TPPs.

Material and methods

Study area

As mentioned earlier, the Singrauli region is designated
as a critically polluted area (CPA) byMoEF. This region
is located between 24°03′N to 24°33′N latitude and
82°33′E to 83°03′E longitude sharing the border of
Singrauli district of Madhya Pradesh and Sonebhadra
district of Uttar Pradesh. Figure 1 shows the location of
various samples near the Rihand dam reservoir. These
samples have been taken from the vicinity of Renukoot,
Anpara, Vindhya Nagar, Kakri Mines, Khadia Mines
and Jayant Mines. The satellite image of 2016 is taken
by using NIR, RED AND GREEN bands. The study
area covers an area of approximately 3020 sq. km. The
development started in this area after the construction of
the Rihand dam in 1962 (Govind Ballabh Pant Sagar
dam) on River Rihand which is a tributary of Sone
River. With the discovery of abundant coal reserves in
the western part of Rihand Dam, the exploitation of the
area began in the form of open cast mines. Due to the
presence of various coal mines and abundant water
supply from the Rihand dam reservoir, many thermal
power plants (TPPs) and industries were established in
this area (Khan et al. 2013). These industries and various
mining operations in the region are considered to be the

potential sources for contamination of water, air and
soil, thus, affecting the health of the people staying here.

Geologically, the study area falls in the Vindhyan
(Kaimur and Semri Groups) and Gondwana Super-
groups which comprises mainly of sedimentary rocks
such as sandstone, limestone, quartzitic sandstone, and
quartzite; Precambrian Mahakaushal Group comprising
of volcano sedimentary rock formations; and Precam-
brian Chotanagpur Granitic-Gneiss Complex compris-
ing predominantly of migmatitic granitic gneisses and
porphyritic granites (Kumar and Ahmad 2007; Singh
and Srivastava 2011; Usham et al. 2018). The granitic-
gneissic complex is situated in the eastern side of the
study area while the western side is mainly composed of
Gondwana Supergroup. This Permo-Carboniferous Su-
pergroup hosts coal bearing formations of Barakar,
Talchir and Raniganj formations. Most of the coal mines
of the study area extract coal from Gondwana Super-
group (Singh et al. 2014; Usham et al. 2018). The depth
of the dug wells ranges from 3 to 21 mbgl with depth to
water level varies from 2.41 to 16.70 mbgl. In the pre-
monsoon season, the water level raged from 8 to 12 bgl
in the district while in post monsoon it ranges from 5 to
10 bgl (CGWB 2013).

Water sampling

Extensive field work was carried out in this region in
December 2015. More than 50 water samples in dupli-
cate were collected from this region. Out of these sam-
ples, 27 samples were collected from the groundwater,
mainly hand pumps in the vicinity of the human settle-
ments. Twenty-one samples of surface water were col-
lected from various ponds, drains including slurry water
and reservoir water. The water in the ponds is mainly
used for washing purposes and irrigation in the agricul-
ture field. The drains from the power plants pass their
effluents and waste to Rihand dam reservoir water. Two
spare samples of ash slurry water from ash-pond were
collected for future studies. As most of the mines and
coal-based TPPs are located on the western side of the
reservoir, sampling was carried out on this site only.
Samples were collected in duplicate in 1-L polypropyl-
ene sample collection bottles. These sample collection
bottles were soaked in 10% HNO3 for 24 h and properly
dried before taking to field work. The sampling bottles
were rinsed many times with the same water and then
completely filled till the brim and tightly closed to
minimize any contact with air (Shukla et al. 2010).
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Fig. 1 Study area map showing sampling locations in the vicinity
of coal mines, TPPs, and Rihand reservoir. Five TPPs in the study
area are ATPP: Anpara Thermal Power Plant; RTPP: Renusagar
Thermal Power Plant; STPP: Shaktinagar Thermal Power Plant;

VTPP: Vindhyachal Thermal Power Plant; WTPP: Waidhan Ther-
mal Power Plant. The areal extent is shown by Landsat satellite
image of 2016 displayed using standard false colour composite
(FCC)
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Physical parameters like pH and temperature are mea-
sured on the field using digital instrument. The water
samples were filtered using 0.45-μm filter paper and
preserved by adding concentrated nitric acid (HNO3)
(2 ml) to maintain the pH of 2, and were brought to
the laboratory at Indian Institute Technology (IIT)
Mandi. One set of the samples were sent to NABET
(National Accreditation Board for Education and Train-
ing) accredited laboratory i.e. CEG Test House, Malviya
Nagar in Jaipur for heavy metal analysis: mainly As,
Hg, Cd and Pb, using ICPMS and one set of samples
were analysed at IIT Mandi using HeavyMetalyser HM
1000 (Soni and Shukla 2018). The flowchart for the
methodology adopted in our study is shown in Fig. 2.

Analytical work (heavy metal analysis with Metalyser
HM 1000)

The Metalyser HM 1000 has a lower limit detection of
10, 3, 5 and 5 ppb for As, Cd, Hg and Pb, respectively,
and the upper limit is 500 ppb for all the four heavy
metals. This instrument has a correlation of 97% for
estimation of As with graphite furnace atomic absorp-
tion spectrometry (GF-AAS) Swash (2003). In addition,
it is certified by the Sri Ram Institute, Delhi and Uni-
versity of Delhi (Shukla et al. 2010; Dubey et al. 2012).
Such hand-held instruments are useful for As testing (up
to 100 ppb) in the field having a correlation of 0.95 with
laboratory measurements (Sankararamakrishnan et al.
2008).

The operating procedure of metalyser is voltamm-
etry method that consists of two main steps—
conditioning and analysis. It is essential that a work-
ing electrode is conditioned and plated first for the
metal of interest before any analysis. For ease of
access, the metals are clubbed and renamed into M
groups with different numbers. Cd and Pb fall under
M1 group while Hg and As fall under M2 and M3
group, respectively. For each analysis, the same M
group number is used for all the buffers, condition-
ing reagent and standards. Several samples can be
analysed for the metals once the conditioning and
calibration step is complete. The first step in condi-
tioning involves the use of either M1 or M2 or M3
(depending on the element to be assessed) condi-
tioning solution that forms a thin coating plate on
the working electrode. After proper conditioning,
the grey colour coating is seen on the electrode for
Cd and Pb analysis; yellow colour coating should be

visible prior to the analysis of As and Hg. Second
layer of conditioning is also carried out to achieve
the reliable results.

Further, the analysis is done via a calibration
method that establishes a calibration curve first be-
fore analysing a number of samples rapidly. The
calibration needs to be established just prior to anal-
ysis and also after a new plate is formed on the tip
of the working electrode. After successful condition-
ing, the respective metal buffer is added to sample
beaker, for example, M1 a & b buffer for the anal-
ysis of Cd/Pb while M2 and M3 for Hg and As
analysis, respectively. 20 ppb (280 μl) of respective
metal standards M1/M2/M3 is added. 20 ppb stan-
dard is added twice at an interval of 2 min to get
three-point calibration curve of 20, 40 and 60 ppb.
After the calibration, several successive analyses
were carried out for respective heavy metals in the
water samples. For analysis of Cd and Pb, 70 ml of
water sample was taken and M1&4a and M1&4b
buffer sachets were added to the sample beaker.
Similarly, M2 buffer sachets is added in 70 ml water
sample for Hg analysis. For total arsenic analysis,
67 ml of the water sample is added with 3 ml of
12 M concentrated HCL. The acid functions as the
oxidizing agent and buffer. Then the conditioned
electrode is dipped in the water sample and based
on the calibration curve (already stored in its mem-
ory) the concentration of the sample is measured.

Spatial distribution analysis

The data points for the contaminants were divided as
either ground or surface water and plotted in a GIS
environment using ArcGIS 10.3 software. These data
points were interpolated to obtain the spatial distribution
of respective contaminants in the study area to ascertain
the anthropogenic effects. Inverse Distance Weight
(IDW) technique is used for interpolation considering
that as one moves away from the observed data point, its
concentration will decrease.

Pollution evaluation indices

In this study, we are using heavy metal pollution index
(HPI), heavy metal evaluation index (HEI) and contam-
ination index (CD). The hand pump water is taken as
groundwater and surface water is divided into three
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categories (drain water, pond water and reservoir dam
water). Details about these indices are given below.

Heavy metal pollution index (HPI)

The combined effects of each heavy metal on the overall
quality of water can be evaluated using heavy metal
pollution index (Tiwari et al. 2014). Two steps are
involved in its calculation. Firstly, a rating scale is
prepared for selected parameters and secondly, a pollu-
tion parameter is selected based on which index is
formed (Giri and Singh 2014). For HPI, a unit

weightage (Wi) is calculated that is inversely propor-
tional to the recommended standard (Si) of the corre-
sponding parameter (Giri and Singh 2014). Here, we are
using Bureau of Indian Standard drinking water thresh-
olds (BIS 2012) for calculating Wi. After that, a quality
rating (Qi) is prepared and the summation of these sub-
indices in the overall index gives the HPI as mentioned
in the formula (Prasad and Bose 2001).

HPI ¼ ∑n
i¼1WiQi

∑n
i¼1Wi

Methodology

Water sampling/ �ield work

Polypropylene bottles soaked in 
10% HNO3 for 24 hours  

Collection of water samples in 
duplicate, with prior rinsing of 

sample bottles with same water.

Filtration of water samples using 0.45 
micron �ilter paper before analysis.

Preservation of  sample  using 
concentrated acid ((HNO3) (2 ml).

Bottles are tightly closed 
to minimize any contact 

with air.

Analytical work

Heavy Metalyser HM 1000

Conditioning of metalyser

Calibration of metalyser and 
establishment of 3 point 

calibration curve.

Preparation of water sample 
with respective metal buffer 

for �inal analysis.

ICPMS analysis

Fig. 2 Flowchart showing the methodology followed during sampling and analysis
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The sub-index (Qi) of the parameter is calculated by

Qi ¼ ∑
n

i¼1

Mi −ð ÞI ið Þ
SI−I ið Þ :

Si = highest permissible limit; Ii =maximum desir-
able limit; Mi =monitored value of ith parameter. The
(−) sign means only the difference value is kept and the
sign is neglected. Both the value for Si and Ii were taken
from BIS 2012. The value of Si is taken as 50, 1, 10 and
3 ppb for As, Hg, Pb and CD, respectively. The maxi-
mum desirable limit for As, Hg, Pb and Cd is taken as
10, 0, 0 and 0, respectively (BIS 2012).

Heavy metal evaluation index (HEI)

Heavy metal evaluation index is a method through
which water quality can be estimated with respect to
heavy metals. HEI is calculated as given by Edet and
Offiong 2002.

HEI ¼ ∑
n

i¼1

Hc

Hmac

Hc =monitored value; Hmac =maximum admissible
concentration (mac) of ith parameter.

Contamination index

Another method for evaluating the quality of water is
contamination index (CD) that summarizes the degree
of contamination of different parameters that are harm-
ful to domestic water (Backman et al. 1997). For its
calculation, the contamination factor is calculated for
each individual parameter and then its summation gives
the value of contamination index. Different values of
contamination index are found in different locations
considering only four contaminants i.e. As, Hg, Pb and
Cd. It is calculated as follows

Cd ¼ ∑
n

i¼1
Cfi

Cfi ¼ CAi

CNi
−1

Cfi = contamination factor of ith component; CAi =
analytical value of ith component; CNi = upper permis-
sible concentration of ith component. Edet and Offiong
(2002) had taken the value of MAC (maximum admis-
sible concentration) for CNi. However, after December
2003, MAC was abolished and “parametric valve” is
defined as per European Union Council directive 98/83/

EC. Hence, in this study, limiting values of 50, 1, 10 and
3 ppb for As, Hg, Pb and Cd, respectively, are used as
upper permissible concentration (CNi).

Land use/land cover (LULC) studies

Land use and land cover are two different terms that are
frequently used together (Dimyati et al. 1996). The
former refers to the functional employment of the land
while the latter depicts the characteristics of the earth’s
surface in physical terms (Rawat and Kumar 2015). The
areal increase in mining and other LULC classes is
assessed through remote sensing and Geographical In-
formation Systems (GIS) environment using ENVI 5.3
and ArcGIS 10.3 software.

LULC changes for the study area were carried out for
different years using multi-temporal satellite data of
2000, 2010 and 2016. Landsat 7, Landsat 5 and
Landsat-8 satellite images at 30 m spatial resolution
are used for 2000, 2010 and 2016 years, respectively.
Visual image interpretation technique is used for the
selection of training sites which were used for image
classification using Support Vector Machine (SVM)
algorithm. LULC map was prepared for 11 classes that
are industry, agriculture, vegetation, water body, ash
pond, ash water, mine area, dumping yard, overburden
area, urban area and bare land. The areal variation in
each LULC class for different years is computed in
ArcGIS 10.3 to analyse the change in spatial distribution
area statistics.

Results and discussions

The concentration of various heavy metals (As, Hg, Pb
and Cd) in the groundwater and surface water samples is
presented in Table 1. Various pollution indices were also
calculated as explained in earlier sections and are given
in Table 1. The statistical summary of the samples is
provided in Table 2. The permissible limit of ground-
water is considered from WHO 2011. As surface water
samples in this study comprises of Rihand Dam reser-
voir water, pond water and drain water samples, so for
evaluating the water quality, we considered the limit
defined by Environmental Protection Act (EPA 2002)
for effluent discharge. The drains coming out of power
plants and the ponds are drained into reservoir, thus, we
considered it as effluent water. However, the Rihand
dam water cannot be considered as effluent water, but
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we took the conservative approach to analyse such
surface water samples.

Heavy metal contamination (As, Hg, Pb, and Cd)

The arsenic (As) concentration in the water samples
varied from nearly 12 to 209 ppb (Table 1). Considering
the WHO permissible limit of 10 ppb of As in water; all
the water samples have a concentration above this limit
as shown in Fig. 3(a). Interestingly, the average and
median concentration of As in groundwater are
78.87 ppb, 72.84 ppb while in surface water, it is
43.06 ppb, 31.00 ppb, respectively (Table 2). 9.52% of
the surface water sample has As concentration above
EPA guidelines of effluent discharge (EPA 2002).
Therefore, the groundwater samples have a higher con-
centration of arsenic as compared to those of surface
water. However, the highest concentration of 209 ppb is
observed in one surface water sample (V9-drain water)
which lies near Vindhyachal TPP. Two hand pumps i.e.
K1 (near Kakri coal mine) and R3 (near Renusagar TPP-
Parasi coal mine) area have high As concentration of
196 ppb and 198 ppb, respectively, which is nearly 20
times the WHO permissible limit (WHO 2011).

Mercury (Hg) concentration in the Singrauli Indus-
trial area varies from nearly 5 to 33 ppb, though the
WHO permissible limit is 1 ppb (Table 1). Except a few
locations where no data value is observed, all locations
have Hg concentration above the WHO limit. The aver-
age Hg concentration is nearly similar in both ground-
water (10.81 ppb) and surface water (9.95 ppb). 52.38%
of the surface water sample are exceeding EPA limit of
Hg (5 ppb) as effluent discharge (Table 2). The median
concentration in surface water (9.82 ppb) is similar to
the average concentration, while that in ground water is
7.41 ppb. Thus, on average, the Hg concentration in
water of this region is roughly ten times higher than
the permissible WHO limit. The highest concentration
of Hg (33 ppb) is observed in a hand pump location (R4)
near Renusagar TPP-Parasi coal mine area (Fig. 3b).
Similarly, high concentration (4.1 ppm) of Hg was ob-
served in Rihand dam reservoir water (Rai 2008).

Lead (Pb) and Cadmium (Cd) concentration vary
from nearly 5 to 317 ppb and 3 to 108 ppb, respectively
(Table 1), in the study area. 88% of the ground water
samples have Pb concentration higher than the WHO
drinking water limit of 10 ppb. While 4.76% surface
water sample have Pb concentration above EPA effluent
discharge limit of 50 ppb. Further, the highest value

(317 ppb) observed at one location near Rihand Bridge.
The areas near Anpara TPP and Renusagar TPP have
also high concentrations of Pb with the highest being
225 ppb in a hand pump (A4) sample (Fig. 3c). The
mean and median Pb concentrations in groundwater
samples are 72.63 ppb and 22.55 ppb, respectively,
while that of surface water is 35.72 ppb and 27.51 ppb
(Table 2). Thus, the groundwater is more contaminated
than surface water. Similar observations have also been
reported by Agrawal et al. (2011) in the vicinity of
Anpara TPP and Renusagar TPP. Also, high concentra-
tions of Pb were observed in water samples of a well
near Yatagan power plant, Mugla city, Turkey (Baba
et al. 2003). Very high concentration of Pb (17 ppm)was
observed at Belwadha site near Anpara power plant (Rai
2009).

Nearly 83% of the samples have Cd concentration
beyond the WHO permissible limit of 3 ppb with the
highest value (108 ppb) recorded in a hand pump (R2)
near Renusagar TPP. The mean and median Cd concen-
trations in groundwater samples are 34.42 ppb and
7.48 ppb while that in surface water samples are
22.56 ppb and 23.98 ppb respectively. Thus, the mean
concentration varies 7 to 11 times the WHO permissible
limit. In comparison to groundwater, surface water is
less contaminated (Fig. 3d). Still high values are record-
ed at various locations with the highest value of 40 ppb
(A7) in the drain water of Anpara TPP. 14.28% of
surface water samples are exceeding EPA effluent dis-
charge limit of 10 ppb The high concentration of Cad-
miumwas earlier reported in water samples near Anpara
TPP and Renusagar TPP in Sonebhadra district of Uttar
Pradesh (Agrawal et al. 2011). Similarly, very high
concentration of Cd (4.5 ppm) was recorded at Belwadh
site near Anpara TPP (Rai 2009).

The burning of coal is considered as the potential
source for leaching of As, Hg, Pb and Cd into soil,
surface water and groundwater (Fytianos et al. 1998;
Kim and Kazonich 1999; Finkelman 2007; Agrawal
et al. 2011, Sahoo et al. 2016; Das et al. 2018; Li et al.
2018). In one study involving contamination of ground-
water in areas of Gonabad and Bajestan, Eastern Iran,
33% and 52% of the rural areas have Cd value above
WHO limit of 3 ppb (Qasemi et al. 2019). In another
study carried out to determine the heavy metals in
groundwater of Lower Dir, Pakistan (Rashid et al.
2019) revealed the contamination Pb in 70% and Cd in
45% of the samples. High Pb and Cd concentrations are
observed in various industrial areas of India such as
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Table 1 Sample locations with corresponding heavy metal (As, Hg, Pb and Cd) concentration in ppb. HPI, CD and HEI computed using
concentration of all these heavy metals are also given. Samples that were below detection limit (BDL) are marked as –

Sr.
no

Location name Code pH Type Source Arsenic
(ppb)

Mercury
(ppb)

Lead
(ppb)

Cadmium
(ppb)

HPI CD HEI

1 Anpara 1 A1 6.80 GW HP 110 6 18 – 519.50 22.90 25.90

2 Anpara 2 A2 6.50 GW HP 56 – 11 7 65.63 1.65 4.65

3 Anpara 3 A3 8.90 GW HP 112 4 78 49 734.04 26.67 30.67

4 Anpara 4 A4 6.10 GW HP 22 5 225 80 1083.74 50.13 54.13

5 Kakri 1 K1 6.10 GW HP 196 13 127 94 1698.85 56.79 60.79

6 Kakri 2 K2 6.19 GW HP 78 19 22 5 1376.02 20.69 24.69

7 Kakri 3 K3 6.40 GW HP 26 8 16 6 606.06 8.04 12.04

8 Kakri 4 K4 6.40 GW HP 23 5 15 4 354.16 3.89 7.89

9 Kakri 5 K5 6.40 GW HP 30 8 – – 560.76 6.73 8.73

10 Renukoot 1 Rk1 6.80 GW HP 81 5 4 3 352.76 3.71 7.71

11 Renukoot 2 Rk2 6.60 GW HP 57 29 156 108 2941.09 77.83 81.83

12 Renukoot 3 Rk3 6.70 GW HP 45 4 12 6 358.57 4.59 8.59

13 Renukoot 4 Rk4 6.50 GW HP 98 14 23 6 1030.55 16.36 20.36

14 Renukoot 5 Rk5 6.60 GW HP 118 – 160 – 113.63 16.33 18.33

15 Renusagar 1 R1 6.70 GW HP 73 – – – 2.16 0.46 1.46

16 Renusagar 2 R2 6.40 GW HP 110 5 131 103 1243.84 50.90 54.90

17 Renusagar 3 R3 6.40 GW HP 198 16 110 8 1240.60 29.47 33.47

18 Renusagar 4 R4 6.30 GW HP 93 33 70 51 2738.83 55.17 59.17

19 Renusagar 5 R5 6.42 GW HP 56 4 12 36 585.96 14.74 18.74

20 Rihand Bridge RB 6.20 GW HP 128 12 317 – 1072.40 43.58 46.58

21 Vindhya Nagar 1 V1 7.80 GW HP 36 16 24 28 1347.65 24.75 28.75

22 Vindhya Nagar 2 V2 8.00 GW HP 42 12 5 – 815.02 10.11 13.11

23 Vindhya Nagar 3 V3 7.60 GW HP 34 6 16 3 457.21 5.36 9.36

24 Vindhya Nagar 4 V4 8.00 GW HP 129 4 108 84 1012.29 41.58 45.58

25 Vindhya Nagar 5 V5 6.70 GW HP 54 16 5 2 1094.69 13.90 17.90

26 Waidhan 1 W1 7.80 GW HP 106 5 134 – 425.61 17.30 20.30

27 Waidhan 2 W2 7.60 GW HP 17 7 18 5 518.33 6.53 10.53

28 Anpara 5 A5 7.30 SW RD 19 10 – – 702.82 8.58 10.58

29 Anpara 6 A6 7.10 SW RD 39 7 – – 460.65 5.47 7.47

30 Anpara 7 A7 6.50 SW DW 136 14 30 40 1273.91 28.68 32.68

31 Anpara 8 A8 6.60 SW PW 31 – 13 14 115.81 3.54 6.54

32 Kakri 6 K6 6.60 SW DW 47 5 – – 374.22 4.36 6.36

33 Kakri 7 K7 6.60 SW PW 32 5 – – 378.51 4.13 6.13

34 Kakri 8 K8 6.70 SW PW 21 21 122 – 1547.37 30.91 33.91

35 Kakri 9 K9 6.80 SW RD 12 4 28 34 578.26 14.72 18.72

36 Renusagar 6 R6 6.30 SW DW 35 5 – – 331.82 3.51 5.51

37 Renusagar 7 R7 6.60 SW PW 33 – 8 3 27.03 0.60 2.40

38 Vindhya Nagar 10 V10 4.12 SW PW 40 22 – – 1514.79 20.80 22.80

39 Vindhya Nagar 11 V11 6.80 SW DW 28 4 – – 277.22 2.58 4.58

40 Vindhya Nagar 12 V12 8.10 SW RD 24 4 – – 303.22 2.87 4.87

41 Vindhya Nagar 13 V13 5.90 SW DW 23 5 28 – 372.36 5.34 8.34

42 Vindhya Nagar 14 V14 6.71 SW DW 21 5 – – 344.42 3.42 5.42

43 Vindhya Nagar 6 V6 6.90 SW RD 17 11 – – 739.92 9.09 11.09
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Kanpur-Unnao having 86–895 ppb of Pb and 37–74 ppb
of Cd (Dwivedi and Vankar 2014); Bangalore up to
170 ppb of Pb and 50 ppb of Cd (Gowda et al. 2003);
Tuticorin in Tamil Nadu having 63–704 ppb of Pb and
9–49 ppb of Cd (Selvam et al. 2015). Lower concentra-
tions of lead and cadmium are observed in the regions
where mining and industrial activities are absent.

Spatial distribution of As and Hg in ground and surface
water

The main objective of our study is to evaluate the metal
pollution through indexing approach and interpretation
of its source through spatial modelling. The heavy
metals in the water resources cannot be fully monitored
by classical monitoring methods and need spatial
modelling plus GIS approach. Many studies have eval-
uated the spatial distribution and risk assessment of
heavy metals in environment (Zhang et al. 2017; Lü
et al. 2018; Torregroza-Espinosa et al. 2018; kalita
et al. 2019). A study carried out to determine the spatial
distribution of arsenic in groundwater of Bengal basin,
India (Ghosh et al. 2019) interpreted the future trends of
arsenic contamination. In another study, using integrated
geostatistical models revealed the direct relationship
between mining operations and mercury content in en-
vironment (Dołęgowska and Michalik 2019). Another
study carried out to determine spatial distribution and
risk assessment of Hg in Ganga Alluvial Plain, Luck-
now region, India (Raju et al. 2019) revealed the prob-
ability of high health risk in 2/3 of the population
residing in 58% of the area.

In our study, the arsenic concentration varies from 17
to 198 ppb in groundwater (Table 1). Concentrations of
more than ten times the WHO limit are found at loca-
tions R3 (198 ppb), K1 (196ppb), V4 (128 ppb), RB
(127 ppb), RK5 (117 ppb), A3 (111ppb) and A1

(110 ppb) (Fig. 4a). Locations A1, A3, K1 and R3 lie
near Anpara TPP, Renusagar TPP, and Kakri coal mine.
After the burning of coal in coal-based TPPs, arsenic
enters into the atmosphere and contaminates water
through leaching (Finkelman 2007; Baba et al. 2010).
Earlier reports have established leaching from coal
mines and TPPs as a major factor for water contamina-
tion (Baba et al. 2003; Agrawal et al. 2010, 2011; Tiwari
et al. 2016). The high concentration of As is found in the
vicinity of the coal mines or TPPs as clearly shown by
the spatial distribution map prepared using IDW (Fig.
4a). However, there are certain locations such as RB,
Rk5 and Rk4 that are away from mines or TPPS, yet
have very high As concentration which may be because
of the presence of other industries (Chemical and Alu-
minium) of Renukoot. There are certain locations such
as V4, W1 having high As concentrations that lie in the
vicinity of ash ponds (marked as grey colour in Fig. 4a).
Wang et al. (1999) reported the contamination of
groundwater because of the leaching of arsenic from
ash. Harmful metals such as As can leach out from the
storage of ash in these ash ponds and further contami-
nates groundwater. Similarly, high value of As
(764.8 ppb) was observed in ground water of
Hangjinhouqi country indicating the influence of min-
ing and anthropogenic activity (Dong et al. 2019).

The concentration of arsenic varies from 12 to
209 ppb in surface water (Table 1). The highest concen-
tration (209 ppb) is found in drain water at one location
(V9) which is near to Vindhyachal TPP in Vindhya
Nagar (Fig. 4b). Other high concentrations of arsenic
in surface water are found at four locations viz. A7
(135ppb), V8 (66ppb), W7 (38ppb) and K6 (47 ppb).
Interestingly, three samples namely A7, V8 and W7 lie
in the vicinity of ash ponds. These ash ponds collect the
ash generated from TPPs that contain arsenic in various
forms. Ultimately, As deposited in these ash ponds

Table 1 (continued)

Sr.
no

Location name Code pH Type Source Arsenic
(ppb)

Mercury
(ppb)

Lead
(ppb)

Cadmium
(ppb)

HPI CD HEI

44 Vindhya Nagar 7 V7 5.90 SW RD 14 11 – – 743.94 9.09 11.09

45 Vindhya Nagar 8 V8 8.20 SW RD 67 19 – – 1317.55 18.45 20.45

46 Vindhya Nagar 9 V9 6.51 SW DW 209 11 – – 777.49 13.38 15.38

47 Waidhan 4 W4 7.30 SW RD 18 10 21 – 690.42 9.29 12.29

48 Waidhan 7 W7 8.40 SW PW 39 12 – – 837.00 10.92 12.92

SW surface water, GW ground water, HP hand pump, DW drain water, PW pond water, RD Rihand Dam Water
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become a source which can further contaminate the
aquatic environment through leaching. Earlier findings
have reported high amounts of arsenic in both the sur-
face and tube well water near coal based TPPs (Pandey
et al. 2011). Comparatively lower concentrations are
observed in all the samples of the reservoir dam: A6
(39 ppb), V12 (23 ppb), A5 (18 ppb), W4 (18ppb), V6
(16ppb), V7 (14ppb) and K9 (12 ppb). Due to the
mixing with water of the reservoir, the As concentration
is lower, still more than the WHO limit. Arsenic con-
tamination of the environment including soil, surface
water and groundwater in many parts of India has been
related to mining activities (Agrawal et al. 2010, 2011;
Masto et al. 2015; Sahoo et al. 2016; Tiwari et al. 2016).
Recently, high level of arsenic (0.248 mg/L) was ob-
served in surface water of Kütahya, western Turkey as
the influence of mining activities (Şener and Karakuş
2017). With the exploitation of coal mines, burning of

coal in TPP, and dumping of ash in ash ponds will
further irreversibly contaminate the environment.

The concentration of mercury varies from 5 to 33 ppb
in groundwater samples exceeding the WHO limit of
1 ppb. High concentrations of Hg are observed at loca-
tions R4 (33 ppb), RK2 (29 ppb), K2 (19 ppb), V1
(16 ppb), R3 (16 PPB), V5 (15 ppb) and RK4
(14 ppb) (Table 1). Out of the samples; R4, R3, K2,
K3 and V5 lie in the vicinity of Renusagar TPP, Kakri
and Jayant coal mines as shown in (Fig. 4c). Similar
observations are observed in Anpara region, where eight
times higher concentration of Hg were found in ground-
water (CSE 2011). Thus, the possibility of contamina-
tion frommine drainage as well as the burning of coal in
TPPs cannot be ruled out. High concentration of mer-
cury at location V1 (16 ppb) is due to the leaching of
trace elements from ash as it is in the proximity of an ash
pond (marked as grey colour in Fig. 4c). The
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Table 2 Statistical analysis of the samples analysed for heavymetal (As, Hg, Pb and Cd) concentration in ppb; HeavyMetal Pollution Index
(HPI), Contamination Index (CD) and Heavy Metal Evaluation Index (HEI)

Sr. no Heavy metals and indices Arsenic (ppb) Mercury (ppb) Lead (ppb) Cadmium (ppb) HPIa CDa HEIa

Permissible limits (WHO 2011) 10 1 10 3 100 3 10

Statistical parameter for ground water

1 Minimum 17.00 4.00 4.00 2.00 2.16 0.46 1.46

2 Maximum 198.00 33.00 317.00 108.00 2941.09 77.83 81.83

3 Mean 78.81 10.67 79.16 34.40 901.85 23.34 26.89

4 Median 73.00 7.50 24.00 7.50 734.04 16.36 20.30

5 Standard deviation 49.07 7.86 83.14 38.59 708.07 20.64 20.91

6 Skewness 0.90 1.57 1.21 0.89 1.50 1.04 1.01

7 % of samples more than permissible limits 100.00 88.00 88.00 60.00 92.59 92.59 74.07

Sr. no Heavy metals and indices Arsenic (ppb) Mercury (ppb) Lead (ppb) Cadmium (ppb) HPIc CDc HEIc

Permissible limits for effluent discharge (EPA
2002)

100 5 50 10 500 15 50

Statistical parameter for surface waterb

1 Minimum 12.00 4.00 8.00 3.00 27.03 0.60 2.40

2 Maximum 209.00 22.00 122.00 40.00 1547.37 30.91 33.91

3 Mean 43.10 9.74 35.71 22.75 652.80 9.99 12.36

4 Median 31.00 10.00 28.00 24.00 578.26 8.58 10.58

5 Standard deviation 46.31 5.82 38.94 17.23 439.06 8.49 8.85

6 Skewness 2.91 0.96 2.39 −0.24 0.83 1.33 1.35

7 % of samples more than permissible limits 9.52 52.38 4.76 14.29 52.38 19.05 0.00

a The classification range for HPI, CD and HEI is based on Edet and Offiong 2002 and modified for this study
b The samples for surface water includes reservoir water, drain water, and pond water. Due to lack of permissible limits, we took the
conservative approach and used effluent discharge limits given by EPA 2002 as that for surface water
c Since the regulations for Effluent discharge shows approximately 5 times the permissible limit of groundwater, hence the values of HPI, CD
and HE for surface water have been kept 5 times those for groundwater



groundwater gets contaminated because of leaching
from ash ponds (Carlson and Adriano 1993; Agrawal
et al. 2011). Thus, mercury contamination in the envi-
ronment can be correlated with mining and combustion
of coal in TPPs (Agrawal et al. 2010; Masto et al. 2015;
Sahoo et al. 2016; Das et al. 2018).

In surface water, the concentration of mercury varies
from 5 to 22 ppb (Table 1). High concentrations of Hg
(between 10 and 20 times more than the WHO limit of
1 ppb) are observed at V10 (22 ppb), K8 (21 ppb), V8
(19 ppb) and A7 (13ppb) (Table 1). Out of these, K8 and
V10 are samples of pond water that lie near Kakri and
Khadia coal mines while locations A7 and V8 are situ-
ated near ash ponds (Fig. 4d). Similarly, high concen-
tration of Hg (0.19 ppm) was observed in the ash pond
near Bina/Kakri coal mine (Rai 2009). The release of Hg
from ash ponds to surface as well as groundwater has
been reported (Carlson and Adriano 1993; Twardowska
et al. 2003; Agrawal et al. 2011). The water of the
Rihand dam is also contaminated with high Hg concen-
tration as observed in V8 (19 ppb), V7 (11 ppb) and V6
(11 ppb). Though the concentration is less because of
the continuous influx of fresh water in the reservoir, it is
still more than ten times the WHO limit. CSE has

reported that the Dongiya drain that drains in the Rihand
dam also has 10 ppb of Hg at the dam site (CSE 2011).
Some other locations for drain water samples that were
collected from Vindhya Nagar area (V9, V11, V13,
V14) also have Hg concentration which can be related
to the discharge from Vindhya Nagar TPP. Hence, this
TPP seems to be the most probable reason for such high
concentration of mercury in drain water. Thus, the op-
erations of coal mines and TPPs’ discharging drains,
mine tailings, and ash in the form of a slurry, fly, and
bottom ash that deposits high levels of mercury in the
area cannot be overlooked.

Pollution evaluation indices

The indexing approach has emerged as an effective tool
for the evaluation of heavy metal pollution in recent
years. Many studies have used these methodologies to
interpret the metal pollution in water resources (Yankey
et al. 2013; Abou Zakhem and Hafez 2015; Milivojević
et al. 2016; El- Hamid and Hegazy 2017).

In the present study, the HPI values for groundwater
vary from 2.16 to 2941.09 with an average of 901.85
and a standard deviation of 694.83 (Table 2). For surface
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Fig. 3 Depiction of concentration of heavy metals in the ground-
water and surface water of study area for a arsenic, b mercury, c
lead and d cadmium. The dashed line in red colour shows the
permissible limit for respective heavymetals as perWHO2011 for

groundwater and EPA 2002 for surface water that is conservatively
considered as effluent discharge. (See the text and Tables 1 & 2 for
more details)
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water, HPI values range between 27.03 and 1547.37 and
a mean of 652.80 with a standard deviation of 428.48
(Table 2). The highest HPI for groundwater is 2941.09
(Rk2), which is near Renukoot which has many indus-
tries surrounding it. Similar results are obtained in
Thoothukudi District, Tamil Nadu, where different in-
dustries including TPPs are present, thus contaminating
the groundwater with heavy metals leading to a maxi-
mum HPI value of 612 (Singaraja et al. 2015). 92% of
the groundwater samples have HPI value greater than
the critical value of 100 (Prasad and Bose 2001), indi-
cating the unsuitability of groundwater for drinking.
Recently, a study is carried out to determine the heavy
metal pollution in ground water of Peenya Industrial
Area in Bangalore (Shankar 2019) revealed very high
HPI value (146.32) in ground water and a threat to
public health. The regulations of heavy metal in effluent
discharge shows approximately five times the permissi-
ble limit of groundwater, hence the values of HPI, CD
and HE for surface water have been kept five times
those for groundwater. In that respect, 52.38% of the
surface water sample are exceeding the critical value of
500, indicating the unsuitability of surface water for
irrigation purpose. Further, in surface water, the

maximum value of HPI is recorded in pond water K8
(1547.37) and V10 (1514.79) that is near Kakri and
Khadia coal mines. Similarly, for drain water and reser-
voir dam, the maximum value of HPI reaches 1273.91
and 1317.55, respectively (Fig. 5). The HPI value
recoded in Yamuna river of India was 176, which was
above the critical value, such high value indicates the
heavy metal pollution and influence of industrial activ-
ities (Rama Pal et al. 2017). Similar studies (Sisira
Withanachchi et al. 2018) have been carried out to
evaluate heavy metal pollution in Mashavera, Kazretula
and Poladauri rivers. Mean HPI value is 80.676 in
Uglješnica River, Serbia with the highest value recorded
at one landfill site (Milivojević et al. 2016). In other
study, the overall HPI value was found to be 350.14 in
Damietta Nile branch water, indicating heavy metal
pollution as a result of anthropogenic and industrial
activities (Yasser El-Ameir 2017).

To estimate the extent of metal pollution, the CD is
used as a reference and is calculated for different water
types. For groundwater (hand pump), it ranges from
0.46 to 77.83 with an average of 23.34 and for surface
water (drain, reservoir and pond), the CD value ranges
from 0.60 to 30.91 with an average of 9.99 (Table 2).

ba

c d

Fig. 4 Map showing spatial distribution of aAs in groundwater, b
As in surface water, c Hg in groundwater and d Hg in surface
water. Groundwater sample locations are marked with black dot,

while sample locations marked with black triangle are for drain
water, red dot for pond water, black star for Rihand dam and
yellow dot for river water
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The maximumCD values in surface water are 30.91 and
28.68 for pond and drain water, respectively. According
to (Edet and Offiong 2002), the CD values can be
classified into three categories: high (CD > 3), medium
(CD, 1–3) and low (CD < 3). 92% of the ground and
19.05% of the surface water samples have CD values
more than the critical value of 3 and 15 respectively
(Table 2). In one study involving contamination of
ground water in Saharanpur, Uttar Pradesh (India), CD
value was seen to be 34.89, indicating the contamination
of ground water with trace element (Kumar et al. 2019).
Bhuiyan et al. (2010) observed similar findings where,
CD value varies from 9 to 383 for surface water (mine
drain water) in Dinajpur district of Bangladesh.

As mentioned earlier, heavy metal evaluation indices
(HEI) is used for better evaluation and understanding of
pollution indices (Edet and Offiong 2002). For surface
water and groundwater samples, the range and average
of HEI are 2.40–33.91, 12.36 and 1.46–81.83, 26.89,
respectively. HEI value for surface water (mine drain
water) ranges from 10 to 367 in Dinajpur district, Ban-
gladesh (Bhuiyan et al. 2010). Because of spatial vari-
ability, the hydro-geochemical data are typically skewed
i.e. the sets of data are not symmetric around the mean or
median. Skewness and percentage deviation for both
median and mean are shown in Table 2.

The values of HPI, CD and HEI that fall below their
mean value, as indicated in Fig. 5, suggest relatively

better water quality (Prasad and Bose 2001; Edet and
Offiong 2002). From the value of all the three indices, it
can be evaluated that both the surface water and ground-
water are highly contaminated with heavy metals. Sur-
face water is not suitable for irrigation and agricultural
purposes as it will contaminate the soil with heavy
metals, which can cause toxicity to agricultural produce
(Mishra et al. 2014). Groundwater contaminated with
heavy metal is not suitable for drinking and can cause
several deadly diseases such as minimata, arsenicosis
and itai-itai.

Land use/land cover

The spatial distributional pattern of land use/cover of the
Singrauli study area for the years 2000, 2010 and 2016
is given in Fig. 6a, b, and c, respectively. Area-wise
distribution of the land use/cover for the years 2000,
2010 and 2016 is mentioned in Table 3 and shown as the
pie chart in Fig. 6d.

It is evident from Table 3 and Fig. 6, vegetation
covered an area of 1145 km2 in 2000 which is increased
to 1466 km2 in 2010 but decreased to 1258 km2 in the
next 6 years. Interestingly, the area under water body
that was 424.38 km2 (14.05%) in 2000, reduces to
308.11km2 (10%) in the next 10 years (2010). Within
16 years, the area of the water body decreased by nearly
110 km2. The area under fallow land covers 892 km2 in
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Fig. 5 Depiction of Contamination Index (CD); Heavy metal Evaluation Index (HEI and Heavy metal Pollution Index (HPI) in the ground
and surface water of the study area. The dashed lines are the mean values for these indices (for more details, see Tables 1 and 2 and text)



2000 which is reduced to 608 km2 in 2010. An overall
decrease of 50.38 km2 is observed from 2000 to 2016 in
the fallow land area. An extensive change is observed in
the ash pond area, which was 2.93 km2 in 2000 and
increases to 10.45 km2 in 2010 showing a fast increasing
trend. The continuous increase of dumping yard and
overburden dump area is observed from 2000 to 2016.
In 2000, overburden dumps occupied an area of
7.28 km2 which increases to 13.59 km2 in 2010 and
further extends to 28.89 km2 in 2016. Similarly, the
mining area increases significantly from 2000 to 2016
with an overall increase of 17.79 km2. Urban area was
29.18 km2 in 2000 which increased to 72.24 km2 in
2010 and 76.64 km2 in 2016. The increase in mining
area led to the migration and influx of people as a result
of which urban area increased extensively. The reduc-
tion of the area of the land occupied by agriculture, bare
land and water body is due to the expansion of coal
mining activities, which has converted the area into
overburden dumps, dump yards, mining areas, and fly

ash ponds. The reduction of area under water body is
possibly due to decline in annual rainfall, increase in
withdrawal of water from Rihand reservoir for cooling
the generators of TTPs and increased demand for water
in coal washeries, water sprinkling on roads to stop dust
generation on haul roads, dumpsites and in open cast
mines.

It is interesting to note that the areas such as
Shaktinagar, Anpara, Vindhynagar and Renukoot have
expanded in terms of urbanization, industrialisation and
extension of coal based TTPs. The upgradation and
expansion of TPPs has led to increase in the size of
ash ponds as visible in Fig. 6. These are the areas where
heavy metal contamination have been observed. Specif-
ically, the surface water of these regions is contaminated
with As, Hg, Pb and Cd respectively (Fig. 4). In addition
to these, there is a visible expansion of coal mining areas
and their dumping yards as shown in Table 3 and Fig. 6,
which has led to heavy metal contamination of ground
water through leaching and contaminant transport.
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Fig. 6 Land use land cover (LULC) map of study area showing variation in different classes during a 2000, b 2010 and c 2016. The
variation in different classes is shown in d pie chart for respective years



Areas such as Kakri mines and Jayant mines have higher
contamination of Hg and As in the ground water (Fig.
4a, c). Thus, it is evident that the area where heavy metal
contamination is observed are situated near the coal
mines, coal-based TPPs and their respective ash ponds.
A study carried out to determine the Spatio-temporal
dynamics of LULC change in Singrauli area (Kumari
and Sarma 2017, Kumar et al. 2019) revealed an in-
crease in the wasteland and marshy area and a decline in
the forest area. Similarly, LULC studies carried out
during 2010–2015 in the same study area (Ahmad and
Goparaju 2017) exhibited an increase of 573 ha of
mining land area. Hence, the environmental degradation
could be strongly attributed to anthropogenic activities
in this region that needs to be critically assessed and
studied in detail.

Conclusion

Both the ground and surface water samples are contam-
inated with heavy metals such as As, Hg, Pb and Cd at
alarming levels, as concentrations of themwere found to
be above (WHO) permissible limit in most of the sam-
ples. Similarly, HPI, HEI and CD values indicate high
heavy metal pollution and contamination in the water
bodies of the Singrauli area. Almost all the groundwater
samples are contaminated with Hg and As, which make
it unsuitable for drinking and domestic purposes. Inter-
pretation of spatial distribution of heavy metals Hg and

As shows that most of the contaminated samples lie in
the vicinity of thermal power plants, mining area and
ash ponds. The ash ponds act as a source for such
contamination which leaches to groundwater and con-
taminates the nearby hand pumps. Major LULC chang-
es have been recorded that include a reduction in the
water bodies and agricultural land while showing in-
creases in the mining area, fly ash ponds and dump
yards. During these 16 years, there is a fourfold increase
in the overburden, a threefold increase in dumping yard,
2.5 times increase in urban areas and a twofold increase
in the mining area.

From the above changes, it can be interpreted that
both the mining and industrial activities have greatly
impacted the environment and the hydrosphere of the
region. With the increasing population, both the scarcity
of water and its contamination are prevalent in this study
area thus affecting the population health. Hence, there is
a need for proper regulation, monitoring and treatment
of the water resources. The result of this study shall be
considered with utmost priorities by the concerned wa-
ter resource authority for abatement of ground and sur-
face water pollution in this area. Hence, further pollution
must be prevented by proper management practices.
There should be strict guidelines and penalty for dis-
charge of untreated wastewater into water bodies. Such
studies can be considered as a better platform and suit-
able mode for assessment of water quality. Further, the
study has relevance in making action plans for reducing
the heavy metal influx into the groundwater.

Table 3 Area wise distribution of land use/cover classes for the year 2000, 2010 and 2016

Sr. no Land cover 2000 2010 2016 Area change (km2)

Area (km2) % Area Area (km2) % Area Area (km2) % Area 2000–2010 2000–2016 2010–2016

1 Ash pond 2.93 0.10 10.45 0.35 6.92 0.23 7.52 3.99 − 3.53
2 Ash pond water 2.93 0.10 7.53 0.25 5.43 0.18 4.60 2.50 − 2.10
3 Bare/fallow land 892.25 29.53 608.11 20.13 841.87 27.86 − 284.15 − 50.38 233.76

4 Dumping yard 3.51 0.12 4.26 0.14 9.30 0.31 0.75 5.79 5.04

5 Industry 9.66 0.32 9.66 0.32 9.66 0.32 0.00 0.00 0.00

6 Mine area 22.57 0.75 28.97 0.96 40.36 1.34 6.40 17.78 11.39

7 Over burden 7.28 0.24 13.59 0.45 28.89 0.96 6.31 21.61 15.30

8 Standing agriculture 480.80 15.91 492.21 16.29 427.03 14.13 11.41 − 53.76 − 65.17
9 Urban 29.18 0.97 72.24 2.39 76.64 2.54 43.06 47.46 4.41

10 Vegetation 1145.80 37.92 1466.16 48.53 1258.78 41.66 320.36 112.98 − 207.38
11 Water body 424.38 14.05 308.11 10.20 316.40 10.47 − 116.27 − 107.98 8.29

Total 3021.29 100.00 3021.29 100.00 3021.29 100.00 0.00 0.00 0.00
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