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Abstract The major aim of the present study is to assess
(1) depth-wise physico-chemical characteristics and pseu-
do-total metal concentrations in the abandoned chromite-
asbestos mine waste, contaminated agricultural soil, and
control agriculture soil; (2) degree of soil contamination
and metal geoaccumulation index in agricultural soil; and
(3) concentrations of metal in the sediment and water
samples of river, tributary, and different water bodies lo-
cated in the vicinity of an abandoned chromite-asbestos
mine of Roro hill. Nutrient content and physical properties
of the mine waste were found low and poor. Pseudo-total
metal concentrations in the mine waste were found in the
order of Cr> Ni> Mn > Cu>Pb> Co > Zn> Cd.
High concentrations of Cr (1148 mgkg™') and Ni
(1120 mg kg~ ") were found in the contaminated agricul-
tural soils which far exceed the soil threshold limits. The
contamination factor and geoaccumulation index in the
agricultural soils were found high and decreased with in-
crease in depth for Cr and Ni, indicating strong con-
tamination. Concentrations of Zn, Mn, Co, Cu, Pb, and
Cd were found low and within toxicity limit. Further, metal
grouping and site grouping cluster analysis also revealed
that Cr and Ni are closely linked with each other and
chromite-asbestos mine waste was the major source of
contamination. Sediment samples were found high in metal

Electronic supplementary material The online version of this
article (doi:10.1007/s12665-015-4282-1) contains supplementary
material, which is available to authorized users.

P Adarsh Kumar
adarsh.ese @gmail.com

Department of Environmental Science and Engineering,
Centre of Mining Environment, Indian School of Mines,
Dhanbad 826004, Jharkhand, India

content and decreased with increase in distance and mine
waste influence. Water flowing from the mine adit was
found high in Cr and Ni concentration (above critical
drinking water total concentration). Further research is
required to study the pollution factors for sediment and
water samples and metal accumulation pattern in naturally
growing plants and locally practised crops to access its
impact on human and livestock.
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Introduction

The ever growing world population leading to rapid ur-
banization and industrialization, is extensively causing
environmental problems throughout the world (Kumar and
Maiti 2014; Benhaddya and Hadjel 2014). Abandonment of
metal mines is one of the most important environmental
concerns (Das and Maiti 2008; Mileusnic et al. 2014).
There are various reasons for abandonment of mines, such
as economic reasons (low commodity price or high pro-
duction cost), geological surprises (low grade or size of ore
body), technical (adverse geotechnical condition or
equipment failure), regulatory (safety or environmental
violation), social or community pressure, closure of
downstream industries or markets (Maiti 2013). These
abandoned and active mine waste or sites can act as con-
tinuous source of heavy metals pollution which has toxic
effects on soil, water, and living biota (Fernandez-Caliani
et al. 2009; Mileusnic et al. 2014). The wastes are generally
very fine, loose, and homogeneous, with low bulk density
and moisture-holding capacity and devoid of nutrients,
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which not only hinders the plant colonization but also
contaminates its surrounding during strong winds and
heavy run-off during monsoon (Mileusnic et al. 2014;
Kumar and Maiti 2014). Furthermore, the mine waste is
easily carried away to agriculture fields and nearby water
bodies during monsoon, and contaminates soil, sediment,
water, and crops. The interaction between natural water
and serpentine rocks can cause enrichment in heavy metals
in water (Apollaro et al. 2011). Heavy metals easily get
adsorbed and accumulated in sediments, and may exert
lethal effects on the organisms when reaching significant
concentrations (Tang et al. 2014).

Most of the chromite and asbestos fibers are produced
by extensive opencast mining, generating enormous
amount of mine waste and host rocks. The Roro hills of
Chaibasa district (West Singhbhum, Jharkhand, India) have
undergone extensive open cast and underground mining
operations for extraction of magnetite, chromite, and as-
bestos and generated million tons of toxic mine waste and
host rocks (Fig. 1). These wastes contain potentially toxic
heavy metals, mainly chromium (Cr) along with asbestos
fibers. Apart from Cr, mine wastes are generally rich in
other metals which are associated with serpentine soil such
as Ni and Mn (Ho et al. 2013; Kumar and Maiti 2013).
Chromium and asbestos are carcinogenic and their expo-
sure may lead to cancer, mesothelioma, pneumoconiosis,
skin irritations, and other respiratory problems (Whalley
et al. 1999; OSHA 2006; Bloise et al. 2008; Pugnalonia
et al. 2013).

To assess the level of heavy metal pollution from mine
waste, contamination factor (CF) and geoaccumulation
index (Igeo) are frequently used by several researchers for
predicting contamination of soil in multi-metal-con-
taminated agricultural field (Machender et al. 2013; Huang
et al. 2013), sediments (Zhang et al. 2013; Lin et al. 2013;
Wang et al. 2014), mine smelter area (Khorasanipour and
Aftabi 2011), farming soils (Moghaddas et al. 2013), and
pyritic soils (Fernandez-Caliani et al. 2009). Geoaccumu-
lation index and contamination factor are single, easy to
apply, and quantitative index which can be applied without
considering the grain size and natural geochemical
variability.

Although it is considered that bioavailable portion of
toxic metals is the basis of soil risk assessment of soil
contaminants, there are still only few reports which are
using bioavailable metal concentration for this purpose.
In most of the cases, total or pseudo-total metal con-
centrations are used to calculate the different soil pol-
lution factors (Das and Maiti 2008; Kumar and Maiti
2014).

The major aim of the present study is to assess (1) depth-
wise physico-chemical characteristics and pseudo-total
metal concentrations of abandoned chromite-asbestos mine
waste (CMW), contaminated agricultural soil 1 and 2
(CAS1 and CAS2), and control agriculture soil (CS); (2)
degree of soil contamination and metal enrichment in
agricultural soil; and (3) concentrations of metal in the
sediment and water samples of river, tributary, and

Fig. 1 Distant view of the abandoned chromite-asbestos mine waste
of the Roro hills located in Chaibasa district of West Singhbhum,
Jharkhand, India. Number / and 4 are the boulders and small rock
mine waste produced during the extraction of chromite and asbestos
from the parent material. Number 2 and 3 are the fine sand-textured
chromite-asbestos mine waste which was crushed down to obtain
asbestos fibers along with chromium. The entire mine waste together
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acts as continuous source of pollution to the surroundings due to wind
and water erosion. Tributaries flowing from the hill also cause gully
erosion (clearly seen in number 2 and 3). Other parts of the hill, where
toxic waste was not found layed down, dense growth of trees was
noticed. All the mine waste is located next to the adits from which it is
being excavated
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different water bodies located in the vicinity of abandoned
chromite-asbestos mine of Roro hill.

Materials and methods
Study area, geology, and mineralization

Abandoned chromite-asbestos mine of Roro hill (N22°29’,
E85°39’) is located 22 km away from Chaibasa district of
Jharkhand, India (Fig. 2). Nearly, 0.7 million tons of toxic

Fig. 2 Location map and
sampling sites of the Roro hills,
West Singhbhum, Jharkhand,
India

Jharkhand

asbestos waste mixed with chromite-bearing host rock were
being left since 1983. No major scientific study so far has
been carried out to assess the fate and impact of the
abandoned mine waste materials on the agricultural soil,
crops, naturally growing plant species, water, and sedi-
ment. Abandoned mine wastes are spread over ap-
proximately 100 m at the top and 400 m down-slope of the
hill, and further extends to the agriculture fields situated at
the foothills. About 40 cm of thick CMW deposited over
the agriculture fields is imparting deleterious effect on the
environmental and human health. The perennial water

A el ) -

- o o’ - —~ Ve
P L i) Thered

ot Anjedbera Projected Forezst

.| / T, >
e rol LN
e ? Chromite-azbesto: mine waste —
. CementFactory Chimney’y Roro River / * wist
J ‘\* S //

\ \ ‘
NG ey B
e ~ v
S n S Roro "(en] Srmber .
i h‘f Roro)f‘:.';} . ’ 2 : 5
Anjedbera Rezerve Forest N o ,./' Ay ) Al
e ~7 ~ -:’{-/ . - -

MNP

Fi s A .'~/\ o lt
I , o 5 /{3 i
_,/ ¢
" Anjedbera Projected Forest
2t y i
- A . «*
- 4
T iku
e

Chromite-asbestos
mine waste

Roro hill

/T

Tilaisud

85939 E

Tn'butéies Q\ Rororiver

9.

$4

Figurenot to scale

Chromite-2sbestos mme waste 22°29'N
B Contammated zgricultural soil

W Water
Sedment

@ Springer



2620

Environ Earth Sci (2015) 74:2617-2633

flowing from the hill relocates large volume of toxic mine
waste by intensive rainfall and wind erosion and meets the
Roro river carrying high concentration of toxic metals.

In the Roro area, the chromite-bearing ultramafic rocks
of Archaean age are emplaced within the meta-sedimentary
rocks of the Iron Ore Super Group represented in the area
by shale, phyllite, slate, quartzite, chert, dolomitic lime-
stone, and altered basic lava of the Singhbhum Craton
(Fig. 3). Laterization of the ultramafic rocks was found to
be one of the common features of this region. In the Roro-
Jojohatu areas, the ultramafic rocks along with the country
rocks were co-folded into a major easterly closing syn-
formal structure in a single deformation stage. A band of
high-grade chromite ore with a thickness of 0.3 m could be
traced in the Roroburu persistently more than 1.6 km along
the contact of pyroxenite and peridotite. The ultramafic
rocks are metamorphosed into greenschist to amphibolite
facies. Chromite ore bodies are confined mainly to the
dunites and pyroxenites and are concentrated to the margin
of the ultrabasic rocks. The growth of ferrochromite to
magnetite along its border or along fracture of the chromite
grains was observed in the Roro chromites. The massive
chromites show a narrow range of Cr,O; = 56.42-59.06
wt%, Al,O3 = 9.16-9.86 wt%, MgO = 10.26-10.94 wt%,
and TiO, = 0.29-0.47 wt% (GSI 2010).

The climate of study area is tropical, characterized by
high annual precipitation of approximately 1422 mm
within 4 months (July—October) with peak summer (April—
June) of extreme high temperature (46 °C) and cold winter
(November—March). Currently, the region of the chromite-
asbestos mine is considered to be a hot spot of pollution for
the entire region. Wind blow, water run-off, and illegal use
of this fine toxic waste as filling material for construction
of roads pits are continuously creating environmental

Fig. 3 Detailed geological map
of the area around Roro-
Jojohatu area, Singhbhum,
India (GSI 2010)

concern for the local populations. Children of the local
villagers inhale and come in contact with this waste while
playing on the hill resulting in skin rashes, nose bleeding,
inhalation of asbestos fibers, and other health issues
(Fig. 4a—d).

Soil sampling and analyses

The soil samples for three different profiles of 0-15 cm
(rhizospheric soil), 15-30 cm, and 30—45 cm depth were
collected using core from four different locations (1)
chromite-asbestos mine waste (CMW, n =9); (2) con-
taminated agricultural soils (CAS1) (located on the foot
hill, n = 5); (3) contaminated agricultural soils (CAS2)
(located 500 m away from the mine waste, n = 5); and (4)
control soil (CS) (referred as reference site, located at
1000 m away, free from contamination; n = 5). CMW
samples were collected randomly from abandoned mine
waste dump by considering the whole dump as a single
sampling unit. Each sample was a composite of four bulked
sub-samples and was prepared using Coning and quartering
method. By removing the top vegetation cover and litter
fall, all the samples were collected and filled in
polypropylene zip bags and brought to the laboratory. The
samples were air dried for 3 days, oven dried at 105 °C,
allowed to pass through stainless steel nylon sieve below
<1 mm, and kept in polypropylene air tight zip bags for
further analysis.

The general physico-chemical characteristics of chro-
mite-asbestos mine waste, agricultural soils, and control
soils were determined using standard methods. Particle size
distribution (PSD) was determined by sieving method (Gee
and Bauder 1986). Water holding capacity (WHC) was
determined using Keen’s box, whereas bulk density
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Fig. 4 Pictorial diagrams showing a local children playing on the
slope of chromite-asbestos mine waste (CMW); b naturally growing
plant on the top of the abandoned CMW hill; ¢ widespread of CMW

(BD) by metal core sampler method (Mukhopadhyay et al.
2013). Pore space (PS, porosity) was determined from BD
measurements with an assumed particle density of
2.65 Mg m> (Sobek et al. 1978). The pH and electrical
conductivity (EC) of the soil samples were measured in a
soil-water suspension (1:1; soil:deionised water) using pH
meter (Cyberscan 510) and conductivity meter (EI 601),
respectively (Maiti 2013). Organic carbon (OC) was de-
termined by rapid dichromate oxidation method (Walkley
and Black 1934). Available phosphorus (Av. P) was de-
termined by Olsen method (Olsen and Sommers 1982)
using UV—Visible Spectrophotometer (UV 265, Shimadzu)
and available nitrogen (Av. N) by alkaline permanganate
method (Subbiah and Asija 1956). Cation exchange ca-
pacity (CEC) was determined using 1 N ammonium ac-
etate extraction method (Jackson 1973) using Flame
photometer (Systronics 128) (Das and Maiti 2008; Li et al.
2011). Total metal concentrations were determined by di-
gesting accurately weighed 1 g of waste or soil samples
using HNO; conc. (69-71 %, Rankem), HF (40 %; Ran-
kem), HC1O,4 (71-73 %; Rankem) (5:1:1; v/v/v) in Teflon
vessels till the complete dissolution of the sample was
achieved (Zhao et al. 2009; Ho et al. 2013). Pseudo-total
(conc. HNO; (1:1 w/v slurry); 30 % H,0, and HCl) metals
were determined using USEPA 3050B method. Digested
samples were warmed with 1 % HNO;, filtered (Whatman
#42 filter, pore size 2.5 pm), made up the volume up to
100 mL with the same using standard volumetric flask, and

SR

on hill slope, agricultural fields, natural vegetative area, and fallow
lands; d illegal loading and use of toxic mine waste as filling material
in the construction of the roads etc

stored in polyethylene bottles at 4 °C. Metal concentrations
of all the samples were analyzed using a flame atomic
absorption spectrophotometer (FAAS-GBC Avanta, Aus-
tralia) at the most sensitive resonance wave length, re-
spective to each element.

Sediment and water sampling and analyses

A total of seven sediments and nine water samples were
collected from different locations which include river,
pond, well, and tributary flowing from the adits (Table 1).
The grab sediment samples were air dried for 3 days, oven
dried at 105 °C, allowed to pass through nylon sieve below
<1 mm and kept in polypropylene air tight zip bags for
further analysis. Accurately weighed 0.2 g of sieved sam-
ple was taken in Teflon crucible and digested with mixture
of conc. HF acid, 1:1 H,SO, acid, and 0.5 N HCI acid
(8mL +5mL 4+ 5mL) on hot plate for analysis of
metals (Co, Cr, Cu, Mn, Ni, and Zn). For analysis of Pb,
similarly 0.2 g of sieved sample was digested with mixture
of HF acid and 3 % HNO; acid (3 mL 4+ 5 mL) on hot
plate (APHA 2012). The digested samples were then fil-
tered through Whatman filter paper no. 42 and volume was
made 100 mL with double distilled water and analyzed in
FAAS.

The grab water samples were collected in 2-L capacity
polypropylene jerry cans, previously soaked and washed
with 10 % HNO; and double distilled water and sealed

@ Springer
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Table 1 Description and sampling location of the sediment and
water samples collected from Roro hill and its vicinity

Sample no. Description and sampling location

S1 Pond (200 m from the hill)

S2 Roro river (4000 m from the hill)

S3 Roro river (Upstream, 1000 m from the hill)

S4 Roro river (Downstream, 700 m from the hill)

S5 Tributary (water mixing with Roro river,
2300 m from hill)

S6 Adit water (flowing from the underground mining
site from the top of the hill)

S7 Tributary flowing from the hill (on the mid of the hill)

S8* Well water (on the foot of the hill)

S9* Hand-pump water (400 m from hill)

* Only water samples were collected

properly to prevent overflow. Preservation of water sam-
ples were done in the laboratory by lowering the pH < 2
using HNOj (Analytical reagent grade) and kept at 4 °C in
refrigerator. For the analysis of heavy metals, 1-L of water
sample was concentrated to 50 mL by volume in a Kjeldahl
flask by using 5 mL of conc. HNOj (to eliminate the or-
ganic matter interference). The concentrated solution was
filtered through Whatman No. 42 filter paper and used for
metal analysis (Co, Cr, Cu, Mn, Ni, Pb, and Zn) by FAAS.

Soil pollution indices

To assess the impact of pollution, different soil pollution
indices (contamination factor and geoaccumulation index)
are calculated as follows:

Contamination factor (CF) It is the assessment of metal
contamination in respect to control soil and calculated as
(Hakanson 1980; Silva et al. 2014; Cicchella et al. 2014):

[C] (heavymetal) ( 1 )

Contamination factor (CF) = T
(

background)

where [Cl(neavymetany 18 the concentration of each metal in
contaminated soil, and [C]packground) 18 the concentration of
each metal in non-contaminated or unpolluted control soil.
The contamination levels may be classified based on their
intensities on a scale ranging from 1 to 6 as follows:

CF = 0: none; CF = 1: none to medium; CF = 2:
moderate; CF = 3: moderate to strong; CF = 4: strongly
polluted; CF = 5: strong to very strong; and CF = 6: very
strong. The highest number indicates that the metal con-
centration is 100 times greater than what it could be ex-
pected in the crust.

Geoaccumulation index (Igeo) It is the assessment of
contamination by comparing the current and past concen-
trations originally used with bottom soil or sediment and was
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determined using Muller’s (Muller 1969; Khorasanipour and
Aftabi 2011; Machender et al. 2013) expression:

Metal
Geoaccumulation index (Igeo) = log, [%} ,
: b

(2)

where (Metal), is the concentration of metals examined in
soil samples, and (Metal), is the geochemical background
concentration of the metal. Factor 1.5 is the background
matrix correction factor due to lithospheric effects. The
geoaccumulation index consists of seven grades or classes
as follows:

Lo < 0: practically uncontaminated; 0 < Iy, < 1: un-
contaminated to moderately contaminated; 0 < Iy, < 2:
moderately contaminated; 2 < Iy, < 3: moderately to
heavily contaminated; 3 < I, < 4: heavily contaminated;
4 <Igeo < 5: heavily to extremely contaminated; and
5 < Igeo: extremely contaminated and can be hundredfold
greater than the geochemical background value.

Quality assurance and quality control

For quality assurance and quality control (QA/QC), proper
handling and care were taken during the whole process
from sample collection at the field to analyses in the
laboratory to avoid sample contamination and to obtain
reliable data. All analytical grade or supra-pure quality
reagents were used. All glassware used were soaked in
nitric acid and cleaned properly. Reagent blanks, dupli-
cates, and spiked samples were used. All the samples were
prepared using double deionised Millipore water (Milli-Q
system, Millipore). Standard Reference Materials (Ac-
cuTrace, AccuStandard Inc., USA; Matrix 2-5 % nitric
acid; CRM uncertainty &5 %; verified against NIST SRM#
3108 for Cd; 3112a for Cr; 3136 for Ni; 3128 for Pb; 3132
for Mn; 3168a for Zn; 3113 for Co; and 3114 for Cu) were
used for the preparation and calibration of each analytical
batch. Calibration coefficients were maintained at a high
level >0.99. Precision and accuracy of the analysis were
checked by means of duplicate analysis of the selected
samples (less than 10 % relative variation). Inter batch
variations were monitored by repeated analysis of selected
samples in various analytical batches (less than 10 %
relative variation). The accuracy of the analytical proce-
dure adopted for FAAS analysis was checked by running
standard solutions after every 15 samples.

Statistical analyses

The statistical analyses were conducted to determine mean,
minimum, maximum, and standard deviation by using Data
Analysis package of MS Excel 2007 (Microsoft Inc.).
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Analysis of variance (ANOVA) and Multivariate analysis
of variance (MANOVA) were carried out to compare the
means of different combinations and parameters. Where
significant F value was observed, differences between in-
dividual means were tested using DMRT (Duncan’s Mul-
tiple Range Test) at 5 % level of significance. Hierarchical
cluster analysis (CA) was performed on the normalized
dataset of heavy metals and to group the similar sampling
sites with depth by using Ward’s method with Euclidean
distances as measure of similarity (Varol et al. 2013).
Principal component analysis (PCA) was performed for the
metal concentration in soil (Moghaddas et al. 2013;
Mathivanan and Rajaram 2014). Normalized variables
(original variables) were transformed into the rotated
components to extract the significant principal components
(reducing the contribution of variables with minor sig-
nificance). Further, these principal components were sub-
jected to Varimax rotation and Kaiser-Meyer-Olken
(KMO) test (eigen value>1 and loading -coeffi-
cient > 0.10) to generate PC factors/groups and to find out
suitability of data for PCA. All the data were executed
using SPSS 16.0 (SPSS Inc. Chicago, USA) and XLSTAT
2007 package.

Results and discussion
Physico-chemical characteristics of soils

The PSD and other different physical and chemical char-
acteristics of CMW, CAS1, CAS2, and CS under varying
depth of 0-15 cm, 15-30 cm, and 30-45 cm are presented
in Figs. 5 and 6. PSD varied substantially from site to site
which reveals that mining activities have caused distur-
bances in this area. CMW, CASI, and CAS2 are mainly
composed of sand with a maximum mean value of 95.6 %
in the top layer of CMW and minimum mean value of
90.5 % in the CAS2. Ho et al. (2013) had also reported
higher percentage of sand content in the serpentine soil of
Wan-Ron Hill of Tiwan. The maximum silt and clay
content of 24 % was found for control soil. It was found
that the percentage of sand decreases with increase in the
depth for all the soils and mine waste. BD was also found
high in CMW, CAS1, and CAS2 soil as compared to CS.
Because of the high sandy texture and BD, WHC and PS
for CMW and CAS:s for all the profiles were found low and
ranged between 22-30 % and 38-44 %, respectively,
whereas in case of CS it ranged between 32-34 % and
48-51 %, respectively.

The pH value for all the soil samples ranged between
neutral to slightly alkaline. The EC, OC, Av. N, and Av. P
were found very low in the CMW and CAS2. Low nutrient
availability in the agricultural fields was found because of

the spreading and deposition of mine waste from the hill
into the surrounding area which was occurring mainly
during monsoon and summer season, whereas these values
were found slightly higher in case of CAS1 may be because
of the addition of organic manures or P-fertilizer (Phos-
phorous-fertilizer) in the agricultural field by the local
farmers. Das et al. (2013) also reported lower availability
of nutrients mainly N, P, K, and OC in the chromite
overburden dump. A significant increase was found in the
EC, OC, Av. N, and Av. P in third profile (30-45 cm) of
CAS2. The possible reason for the sufficient nutrient
availability in this profile could be because of the farther
allocation resulting in thin-layer deposition of mine waste
in the lower depth and non-influence of this agricultural
soil from CMW. The CEC ranged between 0.47 and 0.56
cmol(+) kg~ for the mine waste in all the three profiles. In
case of CAS2, minimum CEC was found in the top profile
(3.48 cmol(+) kg_l), whereas maximum in the bottom
profile (4.8 cmol(+) kg_l). Exchangeable cations (Exc. K,
Ca, and Na) were found very low in the CMW and CASs
because of the higher influence of CMW in this area.

Pseudo-total metal content and soil pollution indices
of soils

The pseudo-total metal content of eight heavy metals in
CMW, CAS1, CAS2, and CS in the three different profiles
of 0-15 cm, 15-30 cm, and 30-45 cm are statistically
(p < 0.05) presented in Table 2. High metal concentrations
were found in the order of Cr>Ni>Mn > -
Cu > Zn > Co > Pb > Cd. Significant differences
(p < 0.05) were found between the metal content of dif-
ferent sampling sites for the same profile. However, for
most of the metals, no significant differences were found in
CMW, CASI, and CAS2, suggesting possibility of CMW
as a source of metal contamination for the agricultural
soils. The average pseudo-total metal concentrations in all
profile (045 cm) of CMW, CAS1, and CAS2 ranged be-
tween 215-2125 mg Cr kg~'; 108-1280 mg Ni kg™ ';
18-47 mg Zn kg~ '; 212-444 mg Mn kg~ '; 4-11 mg Co
kg™'; 12-36 mg Cu kg~ '; 2-10mg Pb kg '; and
0.1-1.1 mg Cd kg~'. The CF and Igeo for the metals were
generally found in the order of Ni > Cr > Cd > Cu > -
Co > Mn and Zn (Table 3). The critical ranges of heavy
metals in soil and guidelines for safe limits of some metals
in agricultural soil (mg kg~') are presented in Table 4.

Chromium (Cr) and nickel (Ni)
Chromium exists in nature in Cr >* and Cr®" form. The
average Cr concentration of 100 mg kg™' exists in the

earth’s crust (Alloway 2013). The trend and variations of
Cr differ considerably with different soil type and profiles.
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Fig. 5 Physical properties of
chromite-asbestos mine waste,
contaminated agriculture soils,
and control soil in the three
different depth profiles of
0-15 cm, 15-30 cm, and
30-45 cm. Shapes representing
the samples: diamond—CMW;
triangle—CAS1; cross—CAS2
and square—CS
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Concentration of Cr in all the CMW and CAS1 and CAS2
samples was found very high and above the critical soil
total concentration of 75-100 mg kg™ (Alloway 2013).
Significant differences (p < 0.05) were found for the
pseudo-total metal content in different sampling sites
for the same profile. High concentration of Cr ranged be-
tween 1345-2702 mg kg~', 1101-1195 mg kg™' and
1098-1120 mg kg~ " was found in the top profile of CAW,
CASI1, and CAS2, respectively. The percentage values of
pseudo-total Cr concentration of 88, 58, and 62 % of total
content (data not shown) were found in the top profile of
CAW, CASI, and CAS2, respectively. Such type of high
concentrations of Cr normally shows serpentine nature of
the soil with average Cr concentration of 3000 mg kg™
(Alloway 2013). Reeves et al. (2007) had also reported
high Cr concentration of 1400-3640 mg kg™' in the ser-
pentine soils of Santa Elena peninsula, Costa Rica. The
total Cr concentration varied from 0.5-250 mg kg~' with
an average range of 40-70 mg kg~' in normal soil (Al-
loway 2013). High concentration of Cr in the mine waste
could be because of the mining of hills to extract chromite
ores from mafic and ultramafic rocks, which typically re-
mains associated with the MgO, Al,O;, and SiO,. The
highest mean pseudo-total Cr concentration was found in
the top layer of CMW (2124 mg kg™ ") and decreased with
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increase in depth and distance in soil samples. All the layer
of CASI1 and CAS2 are highly contaminated with Cr be-
cause of the thick deposition of CMW which is rolling
down from the hill, get transported through water and wind
and deposited into the agricultural fields during summer,
winter, and monsoon. However, lower concentration of Cr
was found in the bottom layer of CAS2 as compared to other
two layers because of its farther distance, resulting in thin
deposition of CMW in this agricultural field. Addition of
P-fertilizer could be one of another possible reason for the
increase of Cr concentration in CAS1 as compared to CAS2
(Huang et al. 2013; Wang et al. 2014). The CF for CMW,
CAS1, and CAS2 were found above 6, which represents that
the soil is very strongly contaminated with Cr. The CF values
had increased with increase in depth and maximum CF was
found for CMW (18.07) of 30-45 cm depth soil, whereas
minimum for CAS2 (1.98). Similarly, Igeo was ranged be-
tween 0.4 and 3.6 which represents that all the soils are
moderately to heavily contaminated with Cr.

Ni is mostly associated with the Cr and presents in all
rock types from traces to relatively high concentration.
High concentrations of Ni are particularly found in ser-
pentine soil (2000 mg kg~') and normally 80 mg kg™'
exist in the earth’s crust (Adriano 2001). Significant dif-
ferences (p < 0.05) were found for the metal content in
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Fig. 6 Chemical characteristics pH (1:1; wiv) EC (dS m) OC (%)
of chromite-asbestos mine
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different sampling sites for the same profile. The Ni con-
centration in the CMW and CASs was found very high and
above the critical soil total concentration (100 mg kg™").
High concentration of Ni in the top profile of CMW, CASI,
and CAS2 was found ranged between 945-1620 mg kg™ ',
1099-1160 mg kg~', and 1115-1280 mg kg~', respec-
tively. Das et al. (2013) had reported Ni concentration of
224-523 mg kg~ in the chromite dump of Sukinda, India.
High concentration of 691-1220 mg kg™' of Ni was re-
ported in the abandoned site of serpentine mine, Wan-Ron
hill, Taiwan (Ho et al. 2013). Percentage values of pseudo-

total Ni concentration were about 96, 95, 92, and 71 % in
the top profile of CMW, CAS1, CAS2, and CS of its total
metal content (data not shown), respectively. These high Ni
concentrations represent normally found average Ni con-
centration (2000 mg kg™ ') in the serpentine soil (Alloway
2013). However, the total Ni concentration varied from 0.2
to 450 mg kg~' with a world average of 22 mg kg™ in
normal soil (Alloway 2013). Total Ni concentration of
101 mg kg~ was found in the top layer of CS. Because of
the association of Ni with Cr in serpentine soils and close
ionic radii of Ni (II)* with Mg(II)" and Fe(IIl)*, ionic
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Table 2 Pseudo-total metal concentrations (mg kg™") in the three different profiles of CMW, CAS1, CAS2, and CS

Depth (cm)  Sampling site  Cr Ni Zn Mn Co Cu Pb Cd
0-15 CMW 2124.56 + 519.29a  1225.11 £ 218.35a  31.78 &+ 6.16¢ 443.83 £ 74.96a 104 £ 4.47a 3554 £8.78a 827 £ 2.1b 1.11 £ 0.17a
(1345-2702) (945-1620) (23-42) (325.5-568) (4.5-20.2) (21.545.5) (5.5-11.5) (0.85-1.31)
CAS1 1147.67 £+ 47b 1120.33 4 34.39a 4733 £ 12.71b  391.33 £ 64.5a 825+ 0.79ab 2388 +4.73b 8.1 + 0.5b 0.78 &+ 0.03b
(1101-1195) (1099-1160) (39.5-62) (345-465) (7.77-9.1) (18.55-27.55) (7.6-8.6) (0.75-0.81)
CAS2 1112.33 4+ 12.42b 1195 & 82.61a 43.49 4+ 4.01bc  371.33 £ 26.5a 724 £ 037ab 242 £+ 2.32b 7.03 + 0.31b 0.51 & 0.09¢
(1098-1120) (1115-1280) (39.58-47.6) (345-398) (6.88-7.62) (22.55-26.85) (6.70-7.30) (0.45-0.61)
CS 168 £ 13.89¢ 4533 + 7.02b 101.2 &+ 12.4a 227.33 & 11.24b  4.04 £ 0.17b 11.4 &+ 0.85¢ 30.5 £ 7.81a 0.25 + 0.03d
(152-177) (38-52) (92.8-115.5) (215-237) (3.88-4.21) (10.5-12.2 (21.5-35.5) (0.22-0.27)
15-30 CMW 1964 £ 233.98a 1278 4+ 93.07a 29.94 £ 3.02¢ 421 £ 9597a 11.11 £ 1.89a  30.89 £4.23a 577 £ 1.77c 0.81 £ 0.08a
(1620-2250) (1145-1445) (25.5-36) (289-589) (8.2-13.5) (24.5-38.5) (3.58-9.24) (0.68-0.89)
CAS1 1018.33 £ 92.51b 1089.67 & 100.33b  41.75 £ 6.14b 400 £ 11.53a 9.5 & 0.53a 2575 £ 3.9a 9.79 £ 0.51b 0.67 & 0.08b
(925-1110) (985-1185) (36.5-48.5) (389-412) (8.9-9.9) (23.5-30.25) (9.25-10.25) (0.6-0.75)
CAS2 772.33 + 78.59b 317 £ 8¢ 21.22 4+ 0.86d 307 £ 12.12ab 4.24 + 0.46b 13.27 £ 0.78b 2.7 £ 0.05d 0.5 &+ 0.05¢
(688-825) (309-325) (20.25-21.96) (300-321) (3.77-4.69) (12.5-14.05 (2.65-2.75) (0.45-0.55)
CS 118 £ 6.55¢ 41.33 £+ 6.44d 87.85 £ 6.92a 208.66 & 17.89b  2.87 + 0.12b 30.51 £ 1.71a  21.67 &£ 1.24a  0.25 £ 0.02d
(112-125) (35.5-48.25) (80.25-93.8) (189-224) (2.74-2.99) (29.5-32.5 (20.25-22.55) (0.22-0.27)
30-45 CMW 1961.89 + 242.81a  1280.44 + 119.16a  27.63 £ 4.15b 37322 +20.12a 743 £ 1.47a 3031 £3.92a  9.19 £ 1.53b 0.7 & 0.08a
(1555-2220) (1045-1399) (20.25-32.5) (339-401) (4.5-9.1) (25.5-36.7) (6.58-11.5) (0.65-0.85)
CAS1 928 £ 53.51b 1122.33 & 23.01b 30.42 £ 2.01b 302.67 & 8.02b 6.3 £ 0.78a 23.17 &= 4.04b 496 £ 0.72¢ 0.63 &+ 0.02b
(875-982) (1099-1145) (28.5-32.5) (295-311) (5.55-7.1) (19.5-27.5) (4.25-5.68) (0.61-0.65)
CAS2 214.5 4 29.58¢ 107.73 & 10.46¢ 17.75 £+ 3.63c 211.53 & 6.6¢ 3.93 £+ 0.08b 12.04 +3.13c  2.04 £ 0.04d 0.12 &+ 0.01c
(181-237) (96.5-117.2) (14.25-21.5) (204.5-217.6) (3.88-4.02) (9.56-15.55) (2.01-2.09) (0.11-0.13)
CS 108.6 £ 7.88c 46.2 £ 1.54c 91.7 £ 5.65a 185.53 & 14.98c  1.66 £ 0.03c 7.7 £ 0.62c 2043 £ 1.04a  0.17 £ 0.03c
(102.5-117.7) (44.5-47.5) (85.5-96.8) (172.5-201.9) (1.62-168) (6.99-8.12) (19.5-21.55) (0.14-0.19)

Different alphabetical letters in the same column for the same depth represent significant difference at p < 0.05 according to Duncan’s multiple range test. Mean + standard deviation. Values
in the parenthesis are the minimum and maximum range value

CMW chromite-asbestos mine waste, CAS/ contaminated agricultural soil located on the foot hill, CAS2 contaminated agricultural soil located away from the hill, CS control soil
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Table 3 Contamination factor Depth (cm)  Sampling site  Cr Ni Zn Mn Co Cu Pb cd
(CF) and geoaccumulation
index (Igeo) of CMW, CAS1, Contamination factor (CF)
and CAS2 0-15 CMW 1265 2702 031 195 258 312 027 450
CASI 683 2471 047 172 204 210 027 3.6
CAS2 6.62 2636 043 163 179 212 0.8  2.08
15-30 CMW 1664 3092 034 202 387 101 027 324
CAS1 863 2636 048 192 331 084 045  2.68
CAS2 6.55 7.67 024 147 148 043 0.2 2.0
30-45 CMW 1807 2772 030 201 449 394 045 449
CASI 855 2429 033 163 380 301 024 376
CAS2 198 233 019 114 237 156 010 072
Geoaccumulation index (Igeo)
0-15 CMW 308 417 —226 038 078 106 —247 158
CAS1 219 404 —168 020 045 048 —250  1.08
CAS2 214 414 —180 0.2 026 050 —3.04 047
15-30 CMW 347 437 —214 043 137 —057 -250 111
CAS1 252 414 —166 035 114 —083 —173  0.84
CAS2 213 235 —263 —003 —002 —179 -359 042
30-45 CMW 359 421 -231 042 158 139 —174 158
CASI 251 402 -217 012 134 100 -263 133
CAS2 040 0.64 -295 —040 066 006 —391 —1.06

Table 4 Critical range of heavy metals in soil, guidelines for safe limits of metals in agricultural soil, water and results of present study

Cr Ni Mn Zn Co Cu Pb Cd
Critical soil total concentration 75-100 100 1500-3000 70400  25-50 60-125 100400 3-8
(Alloway 1990, 2013)
Chromite-asbestos mine waste (CMW)*  1450-3120 985-1658  412-675 39-84 45-89 102-154  68-105 1.0-1.6
Control soil (unpolluted, CS)* 152-177 38-52 215-237 92-115 3.8-4.2 11-12 22-36 0.2-0.3
Safe limits in agricultural soil
Indian standard (Awasthi 2000) - 75-150 - 300-600 - 135-270  250-500 3-6
European community commission 100 3045 - 150-300 - 50-140 50-300 1-3
ECC (Mushtaq and Khan 2010)
Contaminated agricultural soil 1 1885-2140 1120-1225 415-501 68-83 53-65 66-73 80-91 1.2-14
(CAS*
Contaminated agricultural soil 2 1645-1850 1245-1355 465-523 68-76 50-61 63-76 46-61 1.1-1.2
(CAS2)*
Critical drinking water total 0.05 0.02 0.10 5.0 - 0.05 0.01 0.003
concentration (mg L_l) (IS 10500
2012)
Water quality criteria for drinking 0.05 0.07 - 5.0 - 2.0 0.01 0.003
water (mg L™") (WHO 2004)
Tributary (Mine adit water) (mg L™")*  0.059 0.623 0.0048 0.0014  <0.004 <0.001 <0.01 -
Sediment of Cauvery river 389 28 - 93 - 11.2 43 1.3
Sediment of Tapti river 212 200 - 217 - 326 25 -
Sediment of tributary (Mine adit 3561-3564 1939-1977 103.5-137.5 454-488 127.9-134.7 3.9-5.2 21.2-31.85 -
sediment)*
Sediment of Roro river* 322-330 55.5-57.5 69.4-139.5 553-558 23.8-28.5 16.4-21.3 353-40.7 -

All values are in mg kg~' unless it is not specified

* Present study
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substitution easily takes place in these Mg-rich minerals
resulting in increase in concentration of Ni in mine waste
(Bloise et al. 2010; Kumar and Maiti 2013). The mean
pseudo-total Ni concentration of 1225 mg kg~' was found
in the top profile of CMW and increased with increase in
depth may be because of the increase in silt and clay per-
centage (McGrath and Loveland 1992). High concentra-
tions of Ni were found in the different layers of CAS1 and
CAS2 with minimum concentration of 108 mg kg~' in
third profile of CAS2 may be because of the non-influence
of Ni contamination in the deeper profile of distantly si-
tuated agricultural field. The CF in top profile of CMW,
CASI1, and CAS2 was found above 24, which represents
that the soil is very strongly contaminated with Ni. With
increase in depth, the CF values for Ni decreased.
Similarly, Igeo was ranged between 0.6 and 4.4 which
represents that all the soils are heavily contaminated with
Ni except last profile of CAS2.

Zinc (Zn), manganese (Mn), and cobalt (Co)

All the profiles of CMW were found low in Zn content re-
sulting in improper and stunted growth of plants. The mean
pseudo-total metal concentrations of Zn in three different
profiles of 0-15 cm, 15-30 cm, and 30-45 cm were
32mgkg™!, 30mgkg ', and 28 mgkg™' in CMW;
47 mg kg~', 42 mg kg~', and 30 mg kg~" in CAS1; and
43 mgkg', 21 mgkg™', and 18 mg kg~ ' in CAS2, re-
spectively. Das et al. (2013) had reported low concentrations
of Zn (10-24 mg kg~ ") in the overburden dump of chromite.
It was found that in most of the cases metal concentrations
decreased with depth may be because of the lesser organic
matter content in the lower profiles (Alloway 2013). How-
ever, CASs had little higher concentration of Zn as compared
to CMW may be because of the addition of manure and
P-fertilizer (Tang et al. 2014). The typical background con-
centration of Zn in soil ranged between 10 and 100 mg kg™ ',
whereas the global average background concentration in soil
is 55 mg kg~' (Alloway 2013). However, these concentra-
tion values vary widely between soils.

The Mn and Co concentrations were found below the
critical toxicity limit (Mn: 1500-3000 mg kg~ and Co:
25-50 mg kg~ '; Alloway 2013) in all the CMW and CASs
samples. The Co, Mn, and Zn are the essential elements
required by the plant for their proper growth and devel-
opment. Because of the similar chemical properties, both
Co and Mn remain closely related with each other in the
soil. The ratio of Co:Mn was found 0.11 which was found
close to the reported values of ultramafic soil (Levinson
1974). Significant differences (p < 0.05) were found for
the pseudo-total metal content in different sampling sites
for the same profile. However, Co is of least concern in the
environment when it is present in low concentration. The

@ Springer

pseudo-total concentration of Co under different depths
was found ranged between  7.4-11.1 mg kg ',
63-95mgkg™' and 3.9-7.2 mgkg™' in the CMW,
CASI1, and CAS2, respectively. Similarly, pseudo-total
concentration for Mn ranged between 373-444 mg kg™ ',
303-400 mg kg~' and 212-371 mg kg™ for different
profiles of CMW, CAS1, and CAS2, respectively. Ho et al.
(2013) had reported Mn concentration of
683-832 mg kg~' in the abandoned site of serpentine
mine. Percentage values of pseudo-total Co and Mn con-
centrations were about 17, 14, 13, 13 %, and 82, 87, 75,
63 % in the topsoil of CMW, CAS1, CAS2, and CS of its
total content (data not shown), respectively.

The CF of Co and Mn was found decreasing with in-
crease in depth and found none to moderate, whereas for
Zn it was found below 1 representing no contamination.
Similarly, Igeo of Mn, Co, and Zn for CMW, CASI, and
CAS2 was found below 0 to slightly above 1, which rep-
resents that the soil is unpolluted to moderately polluted.

Copper (Cu), lead (Pb), and cadmium (Cd)

The pseudo-total metal content of Cu and Pb was found
low and below the critical soil total concentration in all the
mine waste and soil samples. The background concentra-
tion of Cu typically depends on geology and varies be-
tween 2 and 50 mg kg~' and normally 60 mg kg~" exist in
the earth’s crust (Alloway 2013). Significant differences
(p < 0.05) were found for the pseudo-total metal content in
different sampling sites for the same profile. Cu concen-
trations in top layer were ranged between 30-36 mg kg™
and 23-26 mg kg~' and 12-24 mg kg™' in the CMW,
CASI, and CAS?2, respectively. Similarly, Pb concentra-
tions in top layer were ranged between 5-9 mg kg~' and
5-10 mg kg~ ' and 2-07 mg kg~ in the CMW, CAS1, and
CAS2, respectively. Percentage values of pseudo-total Cu
and Pb concentration were about 28, 34, 35 %, and 10, 09,
13 % in the top profile of CMW, CAS1, and CAS2 of its
total content (data not shown), respectively.

Cadmium is naturally occurring non-essential element
present in divalent form and normally available in the
range of 0.1-1.0 mg kg~ ' in the soil with maximum up to
3 mg kg~' (Alloway 2013; Gomez-Puentes et al. 2014).
The Cd concentration was found low and ranged between
0.1 and 1.1 mg kg~ ' in all the topsoil samples. However,
Cd concentrations in top layer of CMW and CASs were
found slightly higher than the normal soil. The pseudo-total
metal concentrations of Cd were ranged between
0.3-1.1 mg kg~', 0.3-0.8 mg kg~' and 0.2-0.7 mg kg~
in the three different profiles of 0-15 cm, 15-30 cm, and
3045 cm of soil samples, respectively. The Cd and Pb
concentrations were found slightly high in CASs soils than
CMW may be because of addition of P-fertilizer (Alloway
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2013; Tang et al. 2014; Guo and He 2013). Majority of Cd
remains bound to organic matter in soils with pH < 6.5,
whereas Fe-oxides become most important adsorptive
constituent at pH > 6.5 (Buekers et al. 2008).

The CF and Igeo of Cu were ranged between 1-4 and
—0.5 to 1.4, respectively, which suggests its non to moderate
contamination. The CF and Igeo for Pb were found <0.5 and
suggests no contamination. With increase in depth, CF of Cd
increased and ranged between 3.2 and 4.5 suggesting its
strong contamination, whereas Igeo was ranged between —1
and —1.6 suggesting its moderate contamination.

Heavy metal concentrations in sediment and water
samples

Concentration of heavy metals in the sediment samples and
its corresponding concentration in water samples are pre-
sented in Table 5. High concentration above toxicity limits
found for Cr and Ni with maximum concentration of
3561 mg Cr kg~ ' and 1957 mg Ni kg~' was found in the
sediment sample of mine adit (from where underground
mining was done). The concentrations of Cr (>0.05 mg
L") and Ni (>0.02 mg L") in the mine adit water sam-
ples were also found high and above the critical water
toxicity limit which shows the slow but continuous release
of these potentially toxic metals in the environment.
However, Cr concentration was found low (<0.05 mg L™
for rest of the water samples collected from different areas.
Concentration of Ni was found high (>0.02 mg L™') in
almost all the water samples suggesting its continuous
contamination may be because of its higher solubility and
mobility in water and sediment, respectively (Kumar and
Maiti 2013) Tributaries flowing from the hill carrying huge
volume of mine waste passing through the agricultural
fields along with high concentration of different metals mix
the Roro river and it further delivers in the major river of
Jharkhand, Subernrekha. The concentrations of Cr and Ni
were found high in the sediments of the pond which is
being used by the farmers for local irrigation purpose. Use
of such lands which are contaminated and deposited with
mine waste sediments may result in accumulation of toxic
metals in the crops and naturally growing local plants, and
its regular consumption may transfer potentially toxic
metals in human and livestock (Machender et al. 2013).

Hierarchical cluster analysis

Source identification and metal grouping cluster analysis
The results obtained from cluster analysis (CA) revealed
that Cr, Ni, and Mn were closely related to each other

(Fig. 7a). The hierarchical cluster analysis using Ward’s
method produced three clusters; the first cluster contains

Co, Pb, Cu, and Cd, whereas the second cluster contains
Mn and Zn and the third cluster contains only Cr and Ni. Cr
is most distantly linked with the first and second group of
clusters of metals and closely linked with Ni, reveling that
the Cr has a single source of origin which is highly asso-
ciated with Ni. Since, Cr and Ni are the transitional ele-
ments, these metals are closely related with each other (Das
et al. 2013).

Spatial similarity and site grouping cluster analysis

Similarly, spatial CA was applied to group the different
sampling sites CMW, CASI1, CAS2, and CS each with
three different profiles of 0-15, 15-30, and 3045 cm with
the similar features/characteristics. Hierarchical CA was
performed in all the sampling sites and it rendered a den-
drogram (Fig. 7b). Dendrogram presented three clusters.
Cluster 1 consists of non-metal influenced control soil and
low contaminated agricultural soils of deeper profile: CS
(0-15 cm), CS (15-30 cm), CS (30-45 cm), CAS2
(15-30 cm), and CAS (30-45 cm). Cluster 2 contains
(CMWI1, 0-15cm; CMW, 15-30cm; and CMW,
3045 cm) highly Cr- and Ni-contaminated CMW sites.
The third cluster contains the contaminated agricultural
soils (CAS1, 0-15cm; CAS1, 15-30 cm; CASI,
30-45 cm; and CAS2, 15-30 cm) which are moderate to
highly contaminated because of the influence of CMW and
has very high and strong CF and Igeo values. The result
showed that, because of the greater distance of CAS2 from
CMW, thin layer was only deposited on the top profile of
CMW resulting in moderate to high contamination. PCA
has revealed that PC1 has contributed 57.8 % of total
variance and mainly comprised of Cr and Ni with high
loading values (Fig. 8). The first PC seemed to be asso-
ciated to the earth’s crust and geological formation of the
area. The PC2 contributed to Mn and Zn and elucidated
22.6 % of total variance. This factor can be attributed to
the previous mining activities of the area. PC3 contributed
12.5 % variance and includes other metals like Cd, Co, Cu,
and Pb which may be because of the use of fertilizers in the
agricultural fields. Complementary results of PCA and CA
had also revealed that the Cr and Ni cluster together,
whereas Mn and Zn are closely related and linked together.
PCA suggested that the primary sources were anthro-
pogenic, namely mining and extensive use of manures
(Guo and He 2013).

Conclusions
The present study revealed that the abandoned chromite-

asbestos mine waste is acting as perennial source of
contamination for the nearby agriculture fields. High
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Table 5 Concentration of heavy metals in the sediment (S) samples (mg kg™') and its corresponding concentration in water (W) samples (mg L™")

Sample no. Cr Ni Zn Mn Co Cu Pb
S w S w S w S w S w S w S w

S1 814.83 £ 1.53¢  <0.003  226.50 & 2.78d 0.109 134.83 & 7.32a  0.0020 577.67 + 1.61a 0.0032  40.75 + 12.8¢c <0.004 63.23 £+ 1.21a <0.001  25.30 +£2.76b  <0.01
(813.5-816.5) (223.5-229) (127-141.5) (576.5-579.5) (28.5-54.15) (62.3-64.6) (22.45-27.9)

S2 99 + 3.28e <0.003  30.65 £ 1.79% 0.053 83.67 £ 10.42d  0.0038 226.50 +20.29d  0.0006  21.50 £ 3.21de  <0.004 1731 £ 0.26bc  <0.001  23.6 & 1.41bc  <0.01
(96.0-102.5) (28-32) (74.5-95) (207-247.5) (19.5-25.2) (17.1-17.6) (22.5-25.2)

S3 193.33 + 1.04e  <0.003  35.50 &+ 3.12¢ <0.009  117.50 £ 23.5b  0.0025 513.17 £ 22.01b  0.0006  20.23 £ 1.55¢ <0.004  15.37 £+ 1.06¢ <0.001  26.15 £+ 0.74b  <0.01
(192.5-194.5) (33-39) (94.5-141.5) (491.5-535.5) (18.7-21.8) (14.4-16.5) (25.5-25.5)

S4 326.67 £3.82d <0.003  56.53 £+ 1.00 0.021 103.77 & 35.0c  0.0012 556.33 £ 2.89a 0.0002  26.95 + 2.68d <0.004  19.48 £ 2.66b <0.001  37.72 £2.79a  <0.01
(322.2-330.0) (55.5-57.5) (69.4-139.5) (553-558) (23.85-28.5) (16.4-21.3) (35.25-40.7)

S5 867.67 £ 0.29¢  <0.003  614.60 &+ 10.70c  0.065 63.08 £ 3.07e 0.0017 139.00 £ 6.26e 0.0002  53.42 + 3.55b <0.004 227 £0.2le <0.001 17.80 + 4.85d  <0.01
(867.5-868.0) (602.5-622.8) (60.45-66.45) (132.5-145) (50.25-57.25) (2.1-2.5) (13-22.7)

S6 3561.7 £ 1.89a  0.059 1957.9 & 34.0a 0.623 121.83 £ 17.1b  0.0048 469.33 &+ 17.24c  0.0014  131.17 £ 3.4la  <0.004 4.63 + 0.67d <0.001  27.18 £545b  <0.01
(3561-3564) (1939-1977) (103.5-137.5) (454-488) (127.9-134.7) (3.9-5.2) (21.2-31.85)

S7 2095.6 + 4.3b <0.003  1033.33 £3.79b  0.092 96.50 & 27.55¢  <0.0005  543.33 £ 63.62a  0.006 43.12 £ 2.33bc <0.004  12.40 £ 9.38¢ <0.001  20.68 £+ 8.25¢  <0.01
(2092-2100) (1029-1036) (68-123) (473.5-598) (41.55-45.8) (1.85-19.8) (12.35-28.8)

S8* - <0.003 - <0.009 - 0.0025 - 0.006 - <0.004 - <0.001 - <0.01

S9* - <0.003 - <0.009 - 0.0015 0.006 - <0.004 - <0.001 - <0.01

Detection limit ~ <0.003 <0.009 <0.0005 <0.0001 <0.004 <0.001 <0.01

Different alphabetical letters in the same column represent significant difference at p < 0.05 according to Duncan’s multiple range test
Detection limits Cr: < 0.003; Ni: < 0.009; Zn: < 0.0005; Mn: < 0.0001; Co: < 0.004; Cu: < 0.001; Pb: < 0.01 mg kg{1
* Only water samples were collected; Mean &+ SD (Min-Max)

Bold values indicate concentrations of Cr and Ni above critical drinking water total concentration (IS 10500)
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Fig. 7 Hierarchal dendrogram (a)

showing a clustering of

different metals, and 0 5

b clustering of soil sampling T Jem e

sites with depth (0-15 cm,
15-30 cm, and 3045 cm) using Co

Rescaled Distance Cluster Combine

Rescaled Distance Cluster Combine

Wards’s method Pb
cd
Zn
Cu
Mn
Cr
Ni
(b)

u]

Site depth Fm————
CS 15-30 crn —
CS 30-45 crn —
CS 0-15 cn
CAS2 30-45 cm —
CA%S2 15-30 cm
CHU 15-30 cnn —
CHU 30-45 cn
CHU 0-15 cmm -
CiS1 0-15 cm —
CiS2 0-15 cm
Cas1 15-30 cm —
Cas1 30-45 cm —

concentrations of Cr and Ni above soil toxicity limit
were found in the contaminated agricultural soils
(Fig. 8). The contamination factor and geoaccumulation
index of the mine waste were found very high and strong
for Cr and Ni, while for the other metals, it was found
none to moderate. High concentrations of metal in all the

LS
1

PC2 (57.8%)
|

o

%

T T
2

1 -

T
-1 0 1

PC1 (22.6%)
ocda Qce Ocr OCu paMn AN X P O2n

Fig. 8 Principle component analysis for the heavy metals of soil
samples

three profiles (0—45 cm) showed thick deposition of
sediment in the nearby agricultural fields. Water flowing
from the mine adit was found with significant concen-
tration of Cr and Ni above critical drinking water total
concentration. Cr concentration above toxicity limit was
found in the sediment and water sample of tributary
flowing from the hill. Metal grouping and site grouping
cluster analysis have also revealed that Cr and Ni are
closely linked with each other and mine waste is the
major source of Cr and Ni contamination for the agri-
cultural soils. Complementary results of FA and CA had
further confirmed the association of Cr and Ni. Use of
such lands which are contaminated and deposited with
mine waste sediments may result in accumulation of
toxic metals in the staple crops and naturally growing
plants and its regular consumption may transfer poten-
tially toxic metals in human and livestock. Though,
practice of limited crops with low Cr and Ni accumu-
lation and transfer ability is recommended, phytostabi-
lization of waste is also essential by using organic
manures and perennial aromatic grasses.
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