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Brief Summary:  Systematic field and laboratory studies on the distribution and behavior 
of heavy metals in mine tailings, surface soils, ground water and vegetables from the 
Khetri copper mining region of Rajasthan were carried out to understand the impact of 
copper mining on the immediate environment. The salient findings are physiochemical 
characteristics of tailings; nature, mineralogy and geochemical makeup of soils; behavior 
of heavy metals in tailings and soils; quality and chemical composition of waters; heavy 
metal abundances in several types of vegetables; probable source(s) of various elements 
in both water and soils in addition to the status of heavy metal pollution in the 
environment of the region.  
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Abstract
Mines show spectral resemblance with other landscape features; hence, their identification with satellite imagery can be 
difficult. To address this, land surface temperature (LST) derived from thermal infrared images of satellite remote sensing 
data was used to differentiate mines. Higher surface temperatures were observed for mined land than other classes (built-up 
and fallow land) in nighttime data. This indicates that the increased surface temperature of the other classes is due to solar 
heating while geothermal and pyrite oxidation contribute warmth at mined sites. Nighttime LST can be used to locate mines 
and their spatial extent despite the low spatial resolution of satellite data. It also confirms a mine’s heat island phenomenon 
due to geothermal energy.

Keywords  Geothermal energy · Land surface temperature · Remote sensing · Renewable energy

Introduction

Mining and its impacts is a global environmental issue 
(Hudson-Edwards 2016). The extent of mining’s adverse 
environmental impacts depends on the magnitude of ore 
extraction and waste management strategies. Spatial tools 
including remote sensing are widely used to monitor and 
map mined land and its surrounding environment (Rathore 
and Wright 1993). However, the spatial resolution of satel-
lite data often poses challenges in mapping small, inactive 
or abandoned mines.

Mine water in abandoned and operating mines are recog-
nized as a potential source of geothermal energy (Hall et al. 
2011; Watzlaf and Ackman 2006). Identification of these 
sites is important for the potential establishment of geother-
mal energy extraction infrastructure. Geothermal energy is 
a renewable energy source that can be used for heat produc-
tion (Banks et al. 2019) and electricity generation (Clauser 
2006). Among renewable energy sources, geothermal energy 
is considered to be one of the most promising options due to 
its relatively low pollutant emissions and energy generation 
cost (Popiel et al. 2001).

The spectral resolution of satellite data can help 
identify surface mines often missed due to spatial 
resolution and the heterogeneity of the mining land-
scape. For this, indices such as normalized difference 
water index [NDWI = (green − NIR)/(green + NIR)] 
(McFeeters 1996), normalized difference vegetation 
index [NDVI = (NIR − red)/(NIR + red)] (Rouse et  al. 
1973), bare soil index {BSI = [(SWIR + R) − (NIR + B)]/
[(SWIR + R) + (NIR + B)]} (Li and Chen 2014), and nor-
malized difference built-up index [NDBI = (SWIR − NIR)/
(SWIR + NIR)] (Zha et al. 2003) are used to distinguish 
water bodies, vegetation, barren land, and built-up land, 
respectively. Developing a spectral index for identification of 
surface mines is difficult as their spectral signature is similar 
to areas with low moisture and vegetative cover, such as bar-
ren and built-up land.

Mining leads to loss of vegetation and soil moisture, 
increasing ambient and surface temperatures. Thus, remotely 
sensed spectral data captured in the thermal infrared (TIR) 
band can assist in identifying and mapping mining land-
scapes. Additionally, the feasibility of mine water for geo-
thermal energy can be assessed. With this premise, we 
have used the TIR imaging capability of Terra Advanced 
Spaceborne Thermal Emission and Reflection Radiometer 
(ASTER) satellite data to identify surface mines in the Ara-
valli ranges of Rajasthan and their geothermal energy poten-
tial. These ranges are famous for sulphide mineralization, 
and surface and underground mines. An active surface mine 
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Abstract
The mobility and behaviour of metals (Cu, Zn, Ni, Cr, and Pb) in mine tailings and neighbouring soils were studied in the 
Khetri copper mine region, Rajasthan, India. Single reagent extraction was used to assess the mobility and availability of 
metals, while sequential chemical fractionation (water soluble, acidic, and reducible) was used to evaluate their behaviour 
in the environment. Samples were divided into two different physical grain size fractions to assess the impact of grain size 
on extraction. The mobility trend in both tailings and soil followed the order Ni > Zn > Cu. Metals of lithogenic origin (Cr 
and Pb) were less extracted in the water soluble fraction or non-residual fractions than those associated with mining. The 
acid leachable fraction was high in the tailings due to the presence of sulphide minerals. Hence, acidification of tailings 
would enhance leaching of metals. Results of single and sequential chemical extraction indicate that the Cu, Zn, and Ni are 
anthropogenic, as they were mostly associated with the non-residual fraction of the soil.

Keywords  Single reagent extraction · Sequential chemical fractionation · Major oxides · Khetri copper mine

Introduction

Metal-rich tailings and waste dumps are susceptible to dis-
persal by wind and water, and can contaminate the environ-
ment with metals (Lee et al. 2001). In the presence of water 
and oxygen, sulphides present in the tailings and overburden 
can generate acid mine drainage (AMD), leading to acidifi-
cation and leaching of metals. Assessment of total concen-
trations of metals is not sufficient for environmental studies 
because their potential availability is also important. Single 
reagent extraction and sequential fractionation of metals are 
commonly used to assess availability, and to identify the 
mobile pollutant pool (source) in soil and sediments (Tack 
and Verloo 1991; Ure 1996). For pollution studies, sequen-
tial fractionation must be carried out to assess the potential 

bioavailability of metals (Ma and Rao 1997; Khorasanipour 
et al. 2012; Moore and Aghazadeh 2012).

The mobility and behaviour of metals near copper mines 
has been studied in different parts of the world (Hansen et al. 
2005; Ramirez et al. 2005; Giri and Singh 2017). The pre-
sent study was carried out in the Khetri region, which is 
located in the state of Rajasthan, India, and has been famous 
for copper mining since historical times. The region lies in 
a semi-arid part of the country (Fig. 1a). The altitude of 
the study area is 550 m above mean sea level, with a geo-
graphic location of latitude N 28°04.070′ and longitude E 
75°49.294′. The mean annual rainfall in the region is around 
500 mm. In summer, the temperature ranges from 12 to 
45 °C and during winter, it ranges from 2 to 25 °C.

Mining is currently going on at Banwas, Madhan-Kud-
han, and Kolihan. Banwas and Kolihan have more than 
70 Mt of ore with 1.14–1.7 wt% Cu, while Madhan-Kudhan 
contains 66 Mt of ore with an average of 1.12–1.71 wt% Cu 
(Knight et al. 2002). Chaandmari is an abandoned surface 
mine near the Kolihan mines. Agricultural and residential 
areas are present in the immediate vicinity of the Khetri 
mines. Geologically, the rocks are garnet-chlorite-amphibole 
schists, andalusite—and graphite-bearing biotite schists, 
phyllites, and amphibole or feldspathic quartzites, folded 
into regional synclines and anticlines (Das Gupta 1968).

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s1023​0-018-00582​-1) contains 
supplementary material, which is available to authorized users.
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Metal contamination is a major concern of the present time 
due to its persistence in the environment and human health 
risks. Industrialization, urbanization and mining activities 
along with agricultural activities lead to metal contamination 
of soils. Among these, the effect of mining activities is one 
of the most dangerous depending on the metal being mined 
(Krishna et al. 2013). Metals present in the soil are easily 
accumulated by the crops and directly impact the human 
beings (Chen et al. 1999; Tripathi et al. 1997). Metals such 
as Cu, Fe, Mn, Zn and Ni plus Cr are essential for organism’s 
growth, while Cd and Pb are not essential biologically but 
cause adverse health impacts like renal failure, liver damage 
and chronic toxicity in the humans (Sathawara et al. 2004). 
Hence understanding the abundance of metals, identification 
of their source and assessment of dispersal paths are impor-
tant to monitor and minimize the impact on environment 
and human health.

Metal contamination of soil due to copper mining is well 
reported by many researchers from different parts of the 
world (Qin et al. 2012; Rastmanesh et al. 2011; Gómez-
Álvarez et al. 2011; Meza-Figueroa et al. 2009; Wang et al. 
2004; Ali et al. 2004). In India, very little is known on the 
soil pollution due to copper mining (Pandey et al. 2007). The 
Khetri copper complex mines located in north-western India 
are active for the last several decades and generated large 
quantities of sulfide rich tailings and overburden materials. 
Approximately 25,000 tons/year of tailings are being gener-
ated and dumped in the open area at Khetri (Mishra et al. 
2008). Yadav and Rajamani (2003) suggested KCC mines 
as the source for the observed higher concentrations of Cu 
(0.39 µg/m3) in the aerosols of Delhi.

As per the available literature, no systematic study has 
been carried out to understand the abundance and distribu-
tion of metals in mine tailings and soils of the region. This 
makes it more important to investigate, document and report 

Abstract  We present here the results of the study on metal 
pollution by identifying source, abundance and distribu-
tion in soil and tailings of Khetri copper complex (KCC) 
mines, Rajasthan India. The region is highly contaminated 
by copper (Cu) with higher values in the soil near overbur-
den material (1224 mg/kg) and tailings (111 mg/kg). The 
average Cu (231 mg/kg) concentration of soil is ~9, 5 and 
32 times higher than upper crust, world average shale (WAS) 
and local background soil (LS), respectively. However this 
reaches to ~82, 46 and 280 times higher in case of tailing 
when compared. The correlation and principal component 
analysis for soil reveals that the source of Cu, Zn, Co, Ni, 
Mn and Fe is mining and Pb and Cd could be result of 
weathering of parent rocks and other anthropogenic activi-
ties. The source for Cr in soil is both mining activities and 
weathering of parent rocks. The values of index of geo-accu-
mulation (Igeo) and pollution load index for soil using LS as 
background are higher compared to values calculated using 
WAS. The metal rich sulphide bearing overburden material 
as well as tailings present in the open environment at KCC 
mines region warrants a proper management to minimize 
their impact on the environment.

Keywords  Metal sources · Principal component 
analysis · Pollution load · Khetri copper complex mines · 
Rajasthan · India
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Abstract: The present study determines the abundance of heavy metals (Cu, Zn, Fe, Ni, Co, Mn and Pb) in the 
groundwater (pre and post monsoon) of the Khetri copper mine region, India and evaluates the pollution indices 
and risk assessment to assess the suitability of groundwater for human consumption. In majority of the groundwater 
samples, the concentration of heavy metals exceeds the desirable limits set by WHO, 2011 and Bureau of Indian 
Standards (BIS), 2012, whereas, average Fe concentration is 1.65 and 1.9 ppm during pre and post monsoon season 
respectively, which is above the BIS permissible limit (0.3 ppm) probably due to oxidation of iron-rich sulfides. 
Principal component analysis (PCA) and correlation matrix indicate a common source i.e. anthropogenic activity 
(mines) for Cu, Co, Ni and Mn. The calculated pollution indices namely contamination index (CI) and index of 
environmental risk (IER) for the heavy metals suggest that majority of the studied groundwater samples are in the 
slightly contaminated zone. However, a few of the samples close to mines, overburden rocks and tailings fall in 
the highly contaminated zone indicating their unsuitability for drinking purposes. The calculated hazard quotient 
for non-carcinogenic health effects is in the acceptable limit for all the groundwater samples except samples 
from Chaandmari (an abandoned mine), while the Health Index (HI) is in the medium range for all the samples 
barring a few samples. 

Key words: Heavy metals, groundwater, Khetri copper mines, pollution indices, risk assessment. 

Introduction

Sulphide-rich waste generated from mining activities 
is one of the major causes for deterioration of 
environment. (Fergusson, 1989). A study by Nasrabadi 
(2008) on groundwater surrounding the Sungun open 
cast copper mine in Iran shows concentrations of Fe 
and Al higher than the permissible limit prescribed by 
US Environmental Protection Agency (EPA). Bech et 
al. (1997) reported high concentrations of As and Cu 
in soil and plants around the Andes copper mine of 
Northern Peru. 

Amari et al. (2014) found heavy metal (Cu, Fe, Pb, 
Cd, Zn, Co, Cr, Ni, Se and As) concentration in the 
groundwater from the Kettara mine area within the 
acceptable limits of Italian Standards, despite relatively 
higher concentrations of heavy metals in Acid Mine 
Drainage (AMD) of the mine tailings. The observed low 
abundances of heavy metals in the groundwater were 
attributed to dry climatic condition which inhibits the 
metal mobility (Amari et al., 2014).

In India, copper is being mined extensively since 
historical times at Khetri in the state of Rajasthan in 
north western part of the country. In the process, huge 
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