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a b s t r a c t

Total concentrations of heavy metals in the soils of mine drainage and surrounding agricultural fields in
the northern part of Bangladesh were determined to evaluate the level of contamination. The average
concentrations of Ti, Mn, Zn, Pb, As, Fe, Rb, Sr, Nb and Zr exceeded the world normal averages and, in some
cases, Mn, Zn, As and Pb exceeded the toxic limit of the respective metals. Soil pollution assessment was
carried out using enrichment factor (EF), geoaccumulation index (Igeo) and pollution load index (PLI). The
soils show significant enrichment with Ti, Mn, Zn, Pb, As, Fe, Sr and Nb, indicating inputs from mining
eywords:
nrichment
eoaccumulation
ollution load index
eavy metals
rincipal component
ine drainage

activities. The Igeo values have revealed that Mn (1.24 ± 0.38), Zn (1.49 ± 0.58) and Pb (1.63 ± 0.38) are
significantly accumulated in the study area. The PLIs derived from contamination factors indicate that
the distal part of the coal mine-affected area is the most polluted (PLI of 4.02). Multivariate statistical
analyses, principal component and cluster analyses, suggest that Mn, Zn, Pb and Ti are derived from
anthropogenic sources, particularly coal mining activities, and the extreme proximal and distal parts are
heavily contaminated with maximum heavy metals.

© 2009 Elsevier B.V. All rights reserved.

. Introduction

Coal plays an important role in energy generation, and approxi-
ately 27% of the world’s energy consumption originates from the

ncineration of coal. Underground and open pit coal exploitation
ncludes a phase development in mine and removal of surrounding
ocks, which are low in coal content (<30%) and often contain iron
ulfide minerals. During the process of opencast and underground
oal mining, a variety of rock types with different compositions
re exposed to atmospheric conditions and undergo accelerated
eathering. These materials are often deposited nearby as mine
aste rocks and mine dust.

Acid mine drainage (AMD), which usually occurs at coal min-
ng sites in the world, represents serious environmental problems
or the global community. AMD can occur during the exploitation
f coal and coal-bearing minerals, and ore bodies containing acid-
orming metal sulfides such as pyrite (FeS2) [1]. The oxidation of
uch sulfides exposed to atmospheric O2 during or after mining
ctivities generates acidic waters with high dissolved SO4

2−, Fe,

∗ Corresponding author at: Graduate School of Natural Science & Technology,
kayama University, Okayama 700-8530, Japan. Tel.: +81 86 251 7881;

ax: +81 86 251 7895.
E-mail address: amirhb75@yahoo.com (M.A.H. Bhuiyan).

and heavy metals. The low pH may cause further dissolution of
local country rock and leaching of additional metals into water [2],
thereby adversely impacting on aquatic life and the surrounding
vegetation [3].

Earlier studies on environmental impacts of coal mining have
shown that soil acidity, toxic metal concentrations [4] and vege-
tation damage [5] are the predominant negative impacts of AMD.
Seepage of water from overburden dumps, exposed overburden
and coal processing etc. constitutes mining effluent, which contains
heavy metals [6]. Pollution of the natural environment by heavy
metals is a worldwide problem because these metals are indestruc-
tible and most of them have toxic effects on living organisms at
certain concentrations [7].

The Barapukuria coal mine, located in the northern part of
Bangladesh, has the potential of contributing significantly to resolv-
ing the current energy crisis and improving the living standards
in Bangladesh. It will bring long term social and economic bene-
fits to the country. However, the cumulative effects of exploration
activities at multiple sites within an area have the potential to
drive environmental change, particularly from a larger regional
perspective. The more common and noticeable effects of these
cumulative impacts include changes in aquatic and terrestrial
ecosystem health. In order to take the initiative for remediation
of affected soil, necessary information is required on the extent of
pollution. This work is, therefore, carried out to explore the degree

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.08.085
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Fig. 1. Location map of the study area.

and spatial distribution of heavy metal pollution of the coal mine-
affected agricultural soils in northern Bangladesh.

2. Study area

Barapukuria coal basin is located in Dinajpur District of north-
ern part of Bangladesh. It lies between latitudes 25◦31′45′′N and
25◦33′5′′N, and longitudes 88◦57′48′′E and 88◦58′53′′E (Fig. 1). The
two big rivers, Ganges and Brahmaputra, separate the northwestern
part of Bangladesh from the other parts. The main drainage system
of the study area includes Atrai, Little Jamuna, Karatoa, Bandali.
All the rivers originate from the Himalayas in the north and flow
towards south and southeast. A few small rivers have cut across the
Pleistocene Barind Tract towards the south, while the others flow
along the eastern and western margins of the upland. Maddhapara
and its adjoining areas are part of the Barind Tract, which is drained
by local Jamuna river in the west and Jabuneswari river in the east.
The Kala river, an intermittent stream and a distributary of the Chir-

nai river (Fig. 1), is separated from Chirnai at Kasamat Union and
rejoins Chirnai at Debipur union.

3. Methodology

3.1. Sample collection

Thirty-two surface soil samples (from 5 to 15 cm depth), con-
sisting of 10 from mine drainage (samples prefixed CS) and 20
from agriculture field, were collected in polyethylene bags with
a stainless spatula. Of the agricultural soils, 10 samples each were
collected from the west bank (prefixed WS) and east bank (prefixed
ES) of the irrigation drainage. The 30 sampling points were classi-
fied into 10 sampling sites as follows: Site 1 (ES1, WS1, CS1), Site 2
(ES2, WS2, CS2), Site 3 (ES3, WS3, CS3), Site 4 (ES4, WS4, CS4), Site
5 (ES5, WS5, CS5), Site 6 (ES6, WS6, CS6), Site 7 (ES7, WS7, CS7), Site
8 (ES8, WS8, CS8), Site 9 (ES9, WS9, CS9) and Site 10 (ES10, WS10,
CS10). The sampling points were separated linearly by 50 m and
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laterally by approximately 20 m (Fig. 1). Two unaffected soil sam-
ples (US1 and US2) were also collected from an agricultural land
at a distance of about 7 km from the coal mine influenced area for
background studies.

3.2. Measurement of physico-chemical properties

The pH and EC of the samples were measured with a JENWAY
pH meter (Model 3051) and JENWAY conductivity meter (Model
4070) calibrated with a buffer solution (pH 7), respectively. The
total organic carbon content (TOC) in soil samples was measured
by titration method, using FeSO4 after digestion of samples with
K2Cr2O7–H2SO4 solution [8].

3.3. Elemental analysis by EDXRF method

The elemental analysis was performed by energy dispersive X-
ray fluorescence (EDXRF) spectrometer at the Chemistry Division of
Atomic Energy Centre, Dhaka. The experimental setup and the data
acquisition system consist of a Cd-109 radioisotope annular source
(NEN), a Si (Li) detector (Canberra, Model SL 80175), a fast spec-
troscopy amplifier (Canberra, Model 2024), a high voltage power
supply (Tennelec, Model TC 95OA), and a multi channel analyzer
(Canberra, Series 35, Model 3201). The detection limits of elements
in the samples were calculated from the experimental background
counts and were plotted as a function of their atomic numbers [9].
The minimum detection limits (in mg/kg) of heavy metals in the
studied soils are: 1204 (K), 915 (Ca), 116 (Ti), 86 (Mn), 65 (Fe), 12
(Zn), 20 (Pb), 5.28 (Rb), 7.5 (Sr), 20 (Zr) and 15 (Nb) in XRF ana-
lytical methods. The detection limit of As has been measured as
0.001 mg/kg in AAS methods. The analytical precision and accuracy
on the XRF technique was accomplished by analyzing six replicate
samples of IAEA certified material, Soil-7. The precision was better
than 10% for all analyzed elements. XRF-data processing and the
quantitative analysis were performed using software called quan-
titative X-ray analysis system (QXAS) [10]. The peak integration and
all necessary corrections were made by QXAS through optimization
of all parameters. Arsenic was measured by a PerkinElmer Atomic
Absorption Spectrophotometer (Model 3110).

3.4. Quantification of soil pollution

3.4.1. Enrichment factors (EF)
The enrichment factor for each metal is calculated by dividing

its ratio to the normalizing element by the same ratio found in the
chosen baseline [11]. Thus, EF is computed using the relationship
below:

EF = (Metal/Fe)Sample

(Metal/Fe)Background

Rubio et al. [12] recommended the use of regional background
values. While the geochemical background values are constant, the
levels of contamination vary with time and places. Background val-
ues are distinctly different among different soil types, especially
with respect to Na, Mg, Al, K, Ca, Ba, Sc, Ti, Fe and Br [13]. For most
heavy metals of environmental interest, concentrations in soil eas-
ily vary over 2–3 orders of magnitude depending on the parent
materials [14]. In this regard, the background values in the present
study were calculated from the mean concentrations of heavy met-
als in unaffected soils of the study area, following the approach of
Cabrera et al. [15] and Yaqin et al. [16]. The EF values close to unity
indicate crusted origin, those less than 1.0 suggest a possible mobi-
lization or depletion of metals [17], whereas EF >1.0 indicates that
the element is of anthropogenic origin. EFs greater than 10 are con-
sidered to be non-crusted source. In this study, iron (Fe) was used

as the reference element for geochemical normalization because of
the following reasons: (1) Fe is associated with fine solid surfaces;
(2) its geochemistry is similar to that of many trace metals and (3)
its natural concentration tends to be uniform [18].

3.4.2. Geoaccumulation index (Igeo)
Geoaccumulation indexes for the metals were determined using

Muller’s [19] expression:

Igeo = Log2(Cn)
1.5(Bn)

where Cn is the concentration of metals examined in soil sam-
ples and Bn is the geochemical background concentration of the
metal (n). Factor 1.5 is the background matrix correction factor
due to lithospheric effects. The geoaccumulation index consists of
seven grades or classes [20]. Class 0 (practically uncontaminated):
Igeo ≤ 0; Class 1 (uncontaminated to moderately contaminated):
0 < Igeo < 1; Class 2 (moderately contaminated): 0 < Igeo < 2; Class 3
(moderately to heavily contaminated): 2 < Igeo < 3; Class 4 (heavily
contaminated): 3 < Igeo < 4; Class 5 (heavily to extremely contami-
nated): 4 < Igeo < 5; Class 6 (extremely contaminated): 5 < Igeo. Class
6 is an open class and comprises all values of the index higher than
Class 5. The elemental concentrations in Class 6 may be hundredfold
greater than the geochemical background value.

3.4.3. Contamination factor (CF)
The CF is the ratio obtained by dividing the concentration of each

metal in the soil by the baseline or background value (concentration
in unpolluted soil):

CF = Cheavy metal

Cbackground

The contamination levels may be classified based on their
intensities on a scale ranging from 1 to 6 (0 = none, 1 = none to
medium, 2 = moderate, 3 = moderately to strong, 4 = strongly pol-
luted, 5 = strong to very strong, 6 = very strong) [21]. The highest
number indicates that the metal concentration is 100 times greater
than what would be expected in the crust.

3.4.4. Pollution load index (PLI)
For the entire sampling site, PLI has been determined as the nth

root of the product of the n CF [22]:

PLI = (CF1 × CF2 × CF3 × · · · × CFn)1/n

This empirical index provides a simple, comparative means for
assessing the level of heavy metal pollution.

3.5. Statistical analysis

The experimental data were treated statistically using SPSS soft-
ware (version 17.0 for Windows). Principal component analysis
(PCA) was employed to infer the hypothetical source of heavy met-
als (natural or anthropogenic). Factor analysis (FA, the components
of the PCA) was performed by Varimax rotation. Varimax rotation
was employed because orthogonal rotation minimizes the number
of variables with a high loading on each component and there-
fore facilitates the interpretation of PCA results. Cluster analysis
(CA) was applied to identify different geochemical groups, clus-
tering the samples with similar heavy metal contents. CA was
formulated according to the Ward-algorithmic method, and the
squared Euclidean distance was employed for measuring the dis-
tance between clusters of similar metal contents. Pearson’s product
moment correlation matrix was used to identify the relationship
among metals and support the results obtained by multivariate
analysis.
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Table 1
Descriptive statistics, enrichment factors and geoaccumulation indices (Igeo) of heavy metals for agricultural soil.

Sample pH EC (�S m−1) TOC
(mg/kg)

K Ca Ti Mn Fe Zn

Concentration
(mg/kg)

EF Igeo Concentration
(mg/kg)

EF Igeo Concentration
(mg/kg)

EF Igeo Concentration
(mg/kg)

EF Igeo Concentration
(mg/kg)

EF Igeo Concentration
(mg/kg)

EF Igeo

ES1 6.73 43 55.54 11000 ± 300 1.49 0.56 77000 ± 600 16.01 3.98 14600 ± 100 1.96 0.95 2219 ± 11 2.92 1.53 51300 ± 200 2.92 (0.02 367 ± 15 3.83 1.92
ES2 6.58 82 15.18 10500 ± 1500 1.61 0.49 28700 ± 700 6.74 2.56 10800 ± 100 1.64 0.52 2204 ± 23 3.27 1.52 45400 ± 100 1.00 (0.20 255 ± 10 3.00 1.39
ES3 7.88 190 14.01 12600 ± 300 2.01 0.75 17000 ± 100 4.17 1.80 12700 ± 200 2.01 0.75 1289 ± 13 2.00 0.74 43500 ± 100 1.00 (0.26 219 ± 11 2.69 1.17
ES4 8.70 190 15.69 10400 ± 500 1.99 0.47 16500 ± 800 4.85 1.76 11300 ± 300 2.14 0.58 1943 ± 24 3.61 1.33 36300 ± 700 1.00 (0.52 443 ± 12 6.53 2.19
ES5 7.70 195 22.25 12200 ± 400 1.19 0.70 12600 ± 400 1.90 1.37 18700 ± 800 1.82 1.31 1642 ± 12 1.56 1.09 70900 ± 500 1.00 0.45 362 ± 19 2.73 1.90
ES6 6.25 41 6.79 21400 ± 700 1.91 1.52 52200 ± 600 7.14 3.42 13700 ± 300 1.21 0.86 1442 ± 19 1.25 0.90 78000 ± 200 1.00 0.59 129 ± 9 0.88 0.41
ES7 7.79 209 23.35 22400 ± 600 3.71 1.58 42800 ± 100 10.89 3.13 12500 ± 100 2.05 0.73 1204 ± 12 1.94 0.64 41900 ± 900 1.00 (0.31 144 ± 12 1.84 0.57
ES8 7.78 160 27.36 11500 ± 700 1.10 0.62 32800 ± 100 4.83 2.75 17200 ± 300 1.64 1.19 3154 ± 25 2.94 2.03 72400 ± 200 1.00 0.48 460 ± 19 3.40 2.24
ES9 7.77 185 14.94 11400 ± 200 1.11 0.61 22800 ± 200 3.41 2.23 11000 ± 400 1.06 0.54 1620 ± 16 1.53 1.07 71300 ± 800 1.00 0.46 163 ± 7 1.22 0.75
ES10 7.75 175 16.22 12200 ± 300 1.36 0.70 20800 ± 100 3.56 2.09 12000 ± 100 1.33 0.67 1856 ± 18 2.01 1.27 62300 ± 100 1.00 0.26 143 ± 5 1.23 0.56
WS1 6.50 83 45.54 16300 ± 130 2.39 1.12 66800 ± 500 15.06 3.78 15600 ± 400 2.27 1.05 2099 ± 15 2.99 1.44 47300 ± 300 1.00 (0.14 416 ± 12 4.70 2.10
WS2 6.70 76 21.18 21100 ± 500 2.91 1.49 26100 ± 300 5.52 2.42 12800 ± 100 1.75 0.76 2112 ± 28 2.83 1.45 50400 ± 200 1.00 (0.04 273 ± 11 2.90 1.49
WS3 7.30 160 15.12 15100 ± 100 2.26 1.01 16000 ± 700 3.67 1.71 10700 ± 300 1.58 0.50 1485 ± 15 2.15 0.95 46500 ± 400 1.00 (0.16 279 ± 10 3.21 1.52
WS4 6.70 182 14.19 13400 ± 700 2.37 0.84 17100 ± 200 4.65 1.81 12500 ± 100 2.20 0.73 2133 ± 25 3.67 1.47 39200 ± 100 1.00 (0.41 455 ± 42 6.21 2.23
WS5 7.00 191 12.55 15200 ± 130 1.51 1.02 13200 ± 200 2.01 1.44 17700 ± 500 1.74 1.23 1589 ± 22 1.53 1.04 69900 ± 500 1.00 0.43 402 ± 16 3.08 2.05
WS6 6.50 121 16.38 20400 ± 200 1.94 1.45 49600 ± 300 7.26 3.35 13500 ± 200 1.28 0.84 1456 ± 32 1.35 0.92 72900 ± 400 1.00 0.49 239 ± 17 1.75 1.30
WS7 7.76 189 20.05 19400 ± 800 2.96 1.37 48800 ± 400 11.44 3.32 15600 ± 300 2.36 1.05 1194 ± 27 1.77 0.63 45500 ± 800 1.00 (0.19 154 ± 7 1.81 0.66
WS8 8.00 142 29.46 16500 ± 700 1.54 1.14 29800 ± 700 4.27 2.61 18100 ± 100 1.68 1.26 2883 ± 24 2.61 1.90 74400 ± 200 1.00 0.52 470 ± 16 3.38 2.27
WS9 7.78 173 24.94 22500 ± 200 2.25 1.59 23600 ± 200 3.63 2.28 11900 ± 700 1.18 0.66 1830 ± 18 1.78 1.25 69300 ± 100 1.00 0.41 216 ± 14 1.67 1.15
WS10 8.20 169 19.11 21700 ± 100 2.06 1.54 18000 ± 100 2.62 1.88 10900 ± 200 1.02 0.53 2025 ± 13 1.86 1.39 73300 ± 900 1.00 0.50 196 ± 9 1.43 1.01
CS1 6.13 85 64.14 20100 ± 200 2.20 1.42 54400 ± 600 9.15 3.48 17600 ± 600 1.91 1.22 2311 ± 17 2.46 1.58 63400 ± 100 1.00 0.29 432 ± 13 3.64 2.15
CS2 6.50 96 51.21 19510 ± 500 2.06 1.38 47700 ± 100 7.73 3.29 11700 ± 300 1.22 0.63 2244 ± 30 2.30 1.54 65800 ± 400 1.00 0.34 305 ± 11 2.48 1.65
CS3 6.88 180 44.11 21600 ± 400 3.70 1.53 21200 ± 400 5.58 2.12 17700 ± 400 3.01 1.23 1438 ± 15 2.39 0.90 40500 ± 700 1.00 (0.36 279 ± 7 3.68 1.52
CS4 7.00 200 25.19 18400 ± 100 2.31 1.30 19500 ± 800 3.76 2.00 13100 ± 100 1.63 0.79 1844 ± 23 2.25 1.26 55300 ± 100 1.00 0.09 356 ± 14 3.44 1.87
CS5 6.80 185 27.55 17200 ± 500 1.62 1.20 36600 ± 500 5.28 2.91 19700 ± 800 1.84 1.38 1522 ± 12 1.39 0.98 73900 ± 500 1.00 0.51 422 ± 12 3.05 2.12
CS6 6.75 94 18.72 20400 ± 200 2.06 1.45 47200 ± 400 7.31 3.28 15700 ± 700 1.57 1.06 1402 ± 11 1.37 0.86 68900 ± 200 1.00 0.41 218 ± 7 1.69 1.17
CS7 8.00 210 33.45 21400 ± 100 2.76 1.52 40800 ± 300 8.07 3.07 15400 ± 400 1.97 1.03 1314 ± 14 1.64 0.77 53900 ± 900 1.00 0.05 185 ± 14 1.83 0.92
CS8 8.20 198 37.16 19500 ± 700 1.80 1.38 52400 ± 200 7.41 3.43 17900 ± 500 1.63 1.25 3255 ± 11 2.91 2.08 75400 ± 700 1.00 0.54 420 ± 22 2.98 2.11
CS9 6.80 201 54.72 21100 ± 200 2.25 1.49 34800 ± 100 5.70 2.84 11100 ± 400 1.17 0.56 1840 ± 17 1.91 1.25 65100 ± 100 1.00 0.32 244 ± 10 2.00 1.33
CS10 7.00 95 24.44 24400 ± 400 2.37 1.70 18800 ± 400 2.81 1.95 19100 ± 100 1.84 1.34 2020 ± 28 1.91 1.39 71400 ± 300 1.00 0.46 233 ± 11 1.75 1.26
Max 8.70 210 64.14 24400 77000 19700 3255 78000 470
Min 6.13 41 6.79 10400 12600 10700 1194 36300 129
SD 0.68 53 14.78 4348 17053 2912 530 13318 111
Mean 7.25 150 27.02 17360 33520 14427 1886 59853 296
World normal 15000 24000 2900 550 26000 60
Toxic limit 15000 1500(3000 70(400

Sample As Rb Sr Pb Zr Nb

Concentration
(mg/kg)

EF Igeo Concentration
(mg/kg)

EF Igeo Concentration
(mg/kg)

EF Igeo Concentration
(mg/kg)

EF Igeo Concentration
(mg/kg)

EF Igeo Concentration
(mg/kg)

EF Igeo

ES1 8.25 ± 0.02 0.51 −0.98 182 ± 6.0 0.89 −0.19 408 ± 21 7.16 2.82 490 ± 17 3.66 1.85 1150 ± 12 4.86 2.26 70 ± 6.0 4.30 2.08
ES2 10.80 ± 0.01 0.76 −0.59 120 ± 5.0 0.66 −0.79 256 ± 17 5.08 2.15 521 ± 18 4.40 1.94 573 ± 17 2.73 1.26 67 ± 4.0 4.65 2.02
ES3 14.20 ± 0.01 1.04 −0.20 182 ± 5.0 1.05 −0.19 257 ± 10 5.32 2.15 345 ± 12 3.04 1.35 1619 ± 29 8.06 2.75 120 ± 11 8.69 2.86
ES4 17.60 ± 0.01 1.55 0.11 80.4 ± 3.0 0.55 −1.37 315 ± 13 7.81 2.45 373 ± 15 3.94 1.46 526 ± 16 3.14 1.13 55 ± 3.0 4.77 1.74
ES5 9.30 ± 0.05 0.42 −0.81 214 ± 4.0 0.76 0.04 555 ± 33 7.05 3.26 471 ± 36 2.54 1.79 1099 ± 16 3.36 2.20 95 ± 9.0 4.22 2.53
ES6 21.70 ± 0.09 0.89 0.41 308 ± 6.0 0.99 0.57 147 ± 9 1.70 1.35 446 ± 10 2.19 1.72 983 ± 19 2.73 2.03 54 ± 4.0 2.18 1.71
ES7 13.00 ± 0.07 0.99 −0.33 155 ± 4.0 0.93 −0.42 70 ± 5 1.50 0.28 155 ± 8 1.42 0.19 826 ± 17 4.27 1.78 25 ± 1.2 1.88 0.60
ES8 22.70 ± 0.02 1.00 0.48 238 ± 6.0 0.82 0.20 501 ± 30 6.23 3.12 498 ± 13 2.63 1.88 883 ± 12 2.64 1.88 80 ± 6.5 3.48 2.28
ES9 24.40 ± 0.08 1.09 0.58 234 ± 3.0 0.82 0.17 98 ± 6 1.24 0.76 331 ± 13 1.78 1.29 19.5 ± 14 0.06 −3.62 19.9 ± 0.1 0.88 0.27
ES10 19.20 ± 0.02 0.98 0.24 184 ± 4.0 0.74 −0.18 188 ± 8 2.72 1.70 382 ± 17 2.35 1.49 681 ± 11 2.37 1.50 70 ± 6.0 3.54 2.08
WS1 9.64 ± 0.01 0.65 −0.76 211 ± 11 1.12 0.02 368 ± 14 7.00 2.67 445 ± 16 3.60 1.71 1240 ± 22 5.68 2.37 77 ± 5.0 5.13 2.22
WS2 12.60 ± 0.04 0.80 −0.37 98 ± 7.3 0.49 −1.08 306 ± 13 5.47 2.41 519 ± 12 3.94 1.93 633 ± 18 2.72 1.40 96 ± 8.0 6.00 2.54
WS3 13.12 ± 0.01 0.90 −0.31 223 ± 4.1 1.20 0.10 277 ± 15 5.36 2.26 355 ± 19 2.92 1.39 1225 ± 79 5.71 2.35 104 ± 10 7.05 2.66
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4. Result and analysis

4.1. Soil quality

The agricultural soils that are irrigated by mine drainage
water contain very high levels of potentially toxic trace elements,
although the total contents vary considerably depending on the
location of the samples (Table 1). The pH values range from 6.13 to
8.70 with the mean of 7.25. The values of EC and TOC range from 41
to 210 �S m−1 and 6.79 to 64.14 mg/kg with means of 150 �S m−1

and 27.02 mg/kg, respectively. The mean concentrations of Ti, Mn,
Fe, Zn, As, Rb, Sr, Pb and Zr are 14,427, 1886, 59,853, 296, 17.55,
200, 296, 433 and 877 mg/kg, respectively. Potassium and Ca show
the highest concentrations in the range of 10,400–24,400 and
12,600–77,000 mg/kg, respectively, with the mean values in 2–5
orders of the world normal averages (Table 1). Noticeable Zn and
Pb concentrations were recorded among all the points in the study
area. Arsenic concentration ranges widely from 8.25 to 26.4 mg/kg,
with 17.55 mg/kg as the mean value. The Pb, Mn, Zn and As concen-
trations reported here are likely to be of concern to human health
and the environment.

The release of high metal content in the mine drainage soil is
dependent on the weathering effects of mine drainage water [23].
Pyrite weathering releases soluble ferrous iron (Fe2+) and acidity
that is represented by production of protons (Eq. (1)):

FeS2(s) + H2O + 7/2O2(aq) → Fe2+ + 2SO4
2− + 2H+ (1)

If sufficient dissolved oxygen is present or solutions can be oxy-
genated by contact with the atmosphere, the dissolved ferrous iron
will be oxidized to ferric iron (Fe3+), consuming acidity in the pro-
cess (Eq. (2)):

2Fe2+ + 1/2O2 + 2H+ → 2Fe3+ + H2O (2)

When ferric iron reacts further to precipitate as iron oxyhydrox-
ide minerals, a much greater net production of acidity occurs (Eq.
(3)):

Fe3+ + 3H2O ↔ Fe(OH)3(s) + 3H+ (3)

This may react with pyrite to produce more acidity and ferrous
iron (Eq. (4)):

14Fe3+ + FeS2(s) + 8H2O → 2SO4
2− + 15Fe2+ + 16H+ (4)

Mine water often attains solubility equilibrium with these min-
erals because the forward and reverse reactions are relatively rapid
for the precipitation and dissolution of ferric hydroxide compared
to residence times of discharge water in mine workings [23]. The
ferrous iron produced by the earlier reaction can be re-oxidized by
available dissolved oxygen, perpetuating the cycle represented by
the reactions (Eqs. (2)–(4)). Metal sulfides other than pyrite will
not necessarily produce acidity, but will release soluble metal ions
to solution. For example, sphalerite (ZnS) will release Zn into the
environment by oxidization through the reaction below (Eq. (5)):

ZnS(s) + 2O2(aq) → Zn2+ + SO4
2− (5)

Similarly, Mn, Ti, Pb, As, Sr and Zr are released from siderite,
rutile and anatase, galena, melnikovite and mispickel, strontianite
and zircon, respectively [24,25].

Although kaolinite commonly contains anatase and rutile as
impurities, Ti may also substitute for Al in tetrahedral sites [26].
Kaolinite decomposition during the carbonization process would
then be expected to release TiO2. This suggests that kaolinite is the
main source of the TiO2. Average claystones and siltstones are nor-
mally enriched in Rb [27]. It is generally thought that these two
elements have mainly aluminosilicate affinity [28].

Lead is generally associated with mineral matter in coal, primar-
ily with sulfides such as galena (PbS), clausthalite (PbSe) [24] and
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Table 2
Metal contamination factors (CFs) and pollution load indices (PLIs) for agricultural soil.

Sample Contamination factors (CFs) PLI

K Ca Ti Mn Fe Zn As Rb Sr Pb Zr Nb

ES1 2.20 23.69 2.90 4.32 1.48 5.66 0.76 1.31 10.60 5.41 7.19 6.36 2.72
ES2 2.10 8.83 2.15 4.29 1.31 3.94 0.99 0.87 6.65 5.76 3.58 6.09 2.63
ES3 2.52 5.23 2.52 2.51 1.26 3.38 1.31 1.31 6.68 3.81 10.12 10.91 2.21
ES4 2.08 5.08 2.24 3.78 1.05 6.84 1.62 0.58 8.18 4.12 3.29 5.00 2.83
ES5 2.44 3.88 3.72 3.19 2.05 5.59 0.86 1.55 14.42 5.20 6.87 8.64 2.77
ES6 4.29 16.06 2.72 2.81 2.25 1.99 2.00 2.22 3.82 4.93 6.14 4.91 2.62
ES7 4.49 13.17 2.48 2.34 1.21 2.22 1.20 1.12 1.82 1.71 5.16 2.27 1.67
ES8 2.30 10.09 3.42 6.14 2.09 7.10 2.09 1.72 13.01 5.50 5.52 7.27 4.02
ES9 2.28 7.02 2.19 3.15 2.06 2.52 2.24 1.69 2.55 3.66 0.12 1.81 2.66
ES10 2.44 6.40 2.38 3.61 1.80 2.21 1.77 1.33 4.88 4.22 4.26 6.36 2.54
WS1 3.27 20.55 3.10 4.08 1.36 6.42 0.89 1.52 9.56 4.92 7.75 7.00 2.75
WS2 4.23 8.03 2.54 4.11 1.45 4.21 1.16 0.71 7.95 5.73 3.96 8.73 2.78
WS3 3.03 4.92 2.13 2.89 1.34 4.31 1.21 1.61 7.19 3.92 7.66 9.45 2.40
WS4 2.68 5.26 2.48 4.15 1.13 7.02 1.84 0.69 10.78 4.67 3.48 10.45 3.09
WS5 3.05 4.06 3.52 3.09 2.02 6.20 1.77 1.54 11.82 4.87 6.89 8.27 3.20
WS6 4.09 15.26 2.68 2.83 2.10 3.69 2.04 2.09 4.13 4.49 6.28 7.73 2.89
WS7 3.89 15.02 3.10 2.32 1.31 2.38 1.30 1.23 4.23 2.93 6.16 11.36 1.94
WS8 3.31 9.17 3.60 5.61 2.15 7.25 1.99 1.75 12.42 5.66 4.83 8.00 3.97
WS9 4.51 7.26 2.36 3.56 2.00 3.33 2.43 1.62 5.14 4.11 0.12 1.81 2.98
WS10 4.35 5.54 2.17 3.94 2.11 3.02 2.03 1.40 2.81 5.17 7.01 6.09 3.05
CS1 4.03 16.74 3.50 4.50 1.83 6.67 0.93 1.39 12.99 5.19 7.70 7.91 3.05
CS2 3.91 14.68 2.32 4.37 1.90 4.71 1.01 1.18 8.21 5.88 4.21 8.73 2.97
CS3 4.33 6.52 3.52 2.80 1.17 4.31 1.48 1.39 6.44 3.70 11.39 9.00 2.38
CS4 3.69 6.00 2.60 3.59 1.60 5.49 2.06 1.24 8.08 4.22 3.83 5.82 3.07
CS5 3.45 11.26 3.91 2.96 2.13 6.51 1.13 1.76 14.60 6.36 7.49 9.18 3.12
CS6 4.09 14.52 3.12 2.73 1.99 3.36 2.27 2.24 6.13 5.92 6.03 14.00 3.01
CS7 4.29 12.55 3.06 2.56 1.56 2.85 1.54 1.26 4.16 4.25 6.04 11.36 2.36
CS8 3.91 16.12 3.56 6.33 2.18 6.48 1.84 1.86 13.27 6.39 5.04 8.36 4.02
CS9 4.23 10.71 2.21 3.58 1.88 3.77 2.26 1.69 5.14 4.81 6.29 1.81 3.08
CS10 4.89 5.78 3.79 3.93 2.06 3.60 2.43 1.40 3.12 6.06 0.12 1.81 3.36

pyrite, as well as aluminosilicates and carbonates [29]. Swaine [30]
suggests that an organic association may be possible for containing
Pb, most likely in the lower rank coals.

4.2. Indices of pollution

The results of the present study show that with the exception
of Rb, most of the metals are significantly enriched in the agricul-
tural soils (Table 1). The EF values for Ti range from 1.1 to 3.71, Mn
from 1.25 to 3.67, Zn from 0.88 to 6.53, As from 0.42 to 1.63, Rb
from 0.34 to 1.2, Sr from 1.24 to 7.81, Pb from 1.42 to 4.40, Zr from
0.06 to 4.86 and Nb from 0.88 to 8.69. Overall, the average order
of EF values for the metals is Sr (4.63) > Nb (4.49) > Zr (3.43) > Pb
(2.84) > Zn (2.80) > Mn (2.20) > Ti (1.72) > As (0.95). The highest EFs
(1.55 and 1.63) for As occur at points ES4 and WS4, which are
located linearly at the same distance from the mine site. According
to Zhang and Liu [31], EF values between 0.05 and 1.5 indicate that
the metal is entirely from crustal materials or natural processes,
whereas EF values higher than 1.5 suggest that the sources are more
likely to be anthropogenic. Han et al. [32] divide the contamination
into different categories based on EF values, where EF ≤ 2 suggests
deficiency to minimal metal enrichment, whereas EF > 2 suggests
several degrees of metal enrichment.

The geoaccumulation index (Igeo) introduced by Muller [21] was
also used as a reference of estimating the extent of metal pollu-
tion. The Igeo values for the metals of environmental interest are
0.52–1.38 for Ti, 0.63–2.08 for Mn, 0.41–2.27 for Zn, 0.42–1.63
for As, −1.37–0.58 for Rb, 0.28–3.28 for Sr, 0.19–2.09 for Pb,
−3.62–2.92 for Zr and 0.27–3.22 for Nb (Table 1). The Igeo values
indicate moderate to heavily pollution of investigated metals in
the study area, although some deviation is observed depending
on each metal and sampling location. Among the environmentally
most toxic metals, Mn, Zn and Pb are significantly accumulated
in the soils, as indicated by their respective average Igeo values of
1.24 ± 0.38, 1.49 ± 0.58 and 1.63 ± 0.38. In contrast, the Igeo value of

Rb (−0.122 ± 0.47) is less than zero, suggesting that the area is not
polluted by this metal. Among the 10 sampling sites, the Igeo value
of Pb is slightly higher in the drained soils than the bank soils. The
contamination factors (CFs) of the heavy metals of environmental
concern range as Ti: 2–3.7, Mn: 3–6.5, Zn: 2–6.5, Sr: 1.8–14.6, Pb:
1.71–6.39, Zr: 0.12–10.12, Fe: 1–2 and As: 0.76–2.43 (Table 2). The
pollution load index (PLI) calculated from CF shows that the soils are
moderately to heavily contaminated by investigated heavy metals
(Table 2). The sampling Site 8 shows the highest PLI (4.02) within
the study area and Sites 4, 5 and 10 are second highest (PLI around
3) and the rest of the area is low to moderately polluted.

4.3. Pollution source identification

For further evaluation of extent of metal contamination in the
study area and source identification, principal component analy-
sis was used following standard procedure reported in literature
[12,33–36]. PCA was performed on the logarithmic form of the
metal data. Varimax rotation [37] was used to maximize the sum of
the variance of the factor coefficients. This technique clusters vari-
ables into groups, such that variables belonging to one group are
highly correlated with one another. The results of the PCA of heavy
metal contents are shown in Table 3. Five principal components
(PCs) with eigenvalues greater than 1 were extracted. PCA leads to
a reduction of the initial dimension of the dataset to five compo-
nents which explain 80% of the data variation. Therefore, these five
factors play a significant role in explaining metal contamination in
the study area.

In details, principal component 1 (PC1), which has the high-
est loadings of Mn, Pb, Sr, Zn and accounts for 21% of variance
(Table 3), and is the most important component. PC1 could be better
explained as anthropogenic source, specifically derived from coal
mine effluents. Zinc, Sr and Pb may be released from sphalerite,
strontianite, goyazite, galena and clausthalite minerals that are
associated with coal seams. Studies elsewhere have also reported
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Table 3
Rotated component matrix of five-factor model with moderate to strong loadings
in bold typeface.

Parameter PC1 PC2 PC3 PC4 PC5

pH −0.035 −0.150 −0.066 0.808 −0.101
EC −0.106 0.033 −0.005 0.940 0.011
TOC 0.328 0.017 −0.042 −0.049 0.889
As −0.110 −0.506 0.520 0.332 −0.279
Ca −0.101 0.111 0.152 −0.580 0.586
Fe 0.219 −0.231 0.868 −0.112 −0.046
K −0.410 −0.110 0.464 −0.090 0.478
Mn 0.852 −0.256 0.004 −0.093 0.144
Nb 0.174 0.884 −0.002 −0.055 −0.131
Pb 0.744 0.039 0.368 −0.374 −0.133
Rb −0.122 0.060 0.866 −0.099 0.094
Sr 0.818 0.499 −0.010 −0.005 0.046
Ti 0.329 0.410 0.512 0.091 0.329
Zn 0.864 0.276 −0.102 0.102 0.165
Zr −0.016 0.860 −0.094 −0.089 0.104
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10 which are enriched with K, As, Fe, Rb and Ti. Among all the sites,
the sites of Groups 1 and 4 are the most polluted in the study area
and dominantly controlled by anthropogenic activities, especially
from Barapukuria coal mining and coal fired thermal power plant.

Table 4
Scores for the five-factor model for sampling sites with relatively high scores in bold
typeface.

PC1 PC2 PC3 PC4 PC5

WS1 0.88416 0.17451 −1.16319 −1.95265 0.99428
WS2 0.53523 −0.36836 −1.71273 −1.53221 −1.28093
WS3 −0.74539 1.13468 −0.67940 0.78145 −1.13714
WS4 0.79205 −0.46018 −2.28574 1.30821 −0.87642
WS5 0.81792 1.21475 0.31632 0.98141 −0.60810
WS6 −1.44269 −0.02983 1.49642 −2.49383 −1.62475
WS7 −2.62835 −0.43741 −1.24946 0.82993 1.66638
WS8 1.70352 −0.02602 0.69268 0.70423 −0.11836
WS9 −0.55717 −2.35176 0.09905 0.42723 −0.97464
WS10 −0.42646 −0.23468 −0.12392 0.36415 −1.12649
ES1 0.44942 0.50599 −0.62893 −1.15669 1.37737
ES2 0.35769 −0.10604 −1.07790 −1.16257 −0.26855
ES3 −0.51029 0.75392 −0.58986 0.22975 −1.01571
ES4 0.85590 0.17714 −1.47760 0.25479 −1.13513
ES5 0.47571 0.94607 0.87005 0.74351 −1.27673
ES6 −0.95343 0.32731 1.19156 −0.80068 −0.32205
ES7 −1.76605 1.05819 −0.30056 0.57395 0.62120
ES8 1.46006 0.07077 1.02023 0.78791 0.27632
ES9 −0.14598 −2.36624 0.48701 0.65296 0.36137
ES10 −0.45241 −0.57211 0.51939 0.56897 −0.57548
CS1 0.83869 0.51468 −0.04192 −1.13516 1.74665
CS2 0.52135 −0.16689 −0.45272 −1.24694 0.91733
CS3 −0.67652 1.04493 −0.21895 0.71638 1.17016
CS4 0.19532 −0.15928 −0.11151 0.64706 −0.00575
CS5 0.61755 1.27367 1.06089 0.12355 0.31556
Eigenvalues 3.207 2.442 2.433 2.194 1.666
% of variance 21.377 16.280 16.223 14.624 11.106
Cumulative % 21.377 37.657 53.880 68.505 79.610

n similar observations [24,25]. The significant source of Mn is
n-rich siderite that is common in fresh- to brackish-water sub-

queous sediments that overlie coal. According to Larsen and Mann
38], this is especially the case for coals formed in wet, tropical
nvironments. Manganese, Pb, Sr, Zn have close association with
rganic matter [39]. Geochemical weathering of sulfide minerals
erived from mine drainage contributes to enrichment of the soil
ith these heavy metals. Considering the above reasons, the com-
onents loading of PC1 may have been derived from coal mine
rainage sources, and PC1 may be defined as a coal mine drainage
omponent. PC2, which has high positive loadings of Nb and Zr,
oderate positive loading of Sr and negative loading of As, accounts

or 16% of variance. PC2 can be considered as a measure of leaching
f crustal materials because an important fraction of all the metals
s lithogenic. Strontium is highly correlated with PC1 and mod-
rately correlated with PC2, indicating a mixed source from both
ithogenic and anthropogenic inputs. PC3 has high loadings of As,
e, Rb and Ti and accounts for 16% of variance. PC3 can be considered
s an atmospheric component. Coal mine dust and fly ash (derived
rom the nearby thermal power plant) consist of some sulfide min-
ral particles which are deposited in the vicinity of the mine. The
ulfide minerals (e.g. pyrite, melnikovite, mispickel etc.) may be
xidized in an open environment and release As and iron oxides to
oil. The oxide minerals, such as rutile, anatase and brookite, often
ssociated with coal and deposited as mine dust also react in acid
ine drainage and release Ti to the soil. PC4, which is highly loaded
ith pH and EC and negatively loaded with Ca, accounts for 15% of

ariance and can be considered as the agriculture factor. For irriga-
ion purposes, the farmers often use the mine drainage water and
hemical fertilizer that often release some ion in soil. PC5, which
ccounts for 11% of the total variance, is characterized by high load-
ngs of TOC, Ca and K, and can be explained by the significant role
f organic matter that is bound closely with Ca and K.

Based on information assessed from principal component anal-
sis, hierarchical cluster analysis was performed [37]. Four main
lusters can be distinguished in the dendrogram obtained from the
A performed on the analyzed parameters with Ward’s method
nd the squared Euclidean distance as a similarity measure (Fig. 2).
luster 1 includes elements Zn, Sr, Mn and Pb, which in the previous
ection were identified as contaminants derived from anthro-

ogenic sources (coal mine drainage). Cluster 2, which contains
r, Nb, TOC and Ca, are derived from organic matter and chemi-
al weathering of some metal bearing minerals. Cluster 3 contains
H and EC derived from agricultural activities, which is mostly
ontrolled by anthropogenic sources. Cluster 4 contains K, As, Fe,
Fig. 2. Dendrogram obtained by hierarchical clustering analysis for parameters.

Rb and Ti which support the factor scores are mainly generated
from mine dust and coal fly ash that are controlled by atmospheric
processes.

Similarly, sampling points were also analyzed by clustering
methods (Table 4) and organized in the dendrogram to identify the
identical geochemical groups (Fig. 3). The sampling points WS8,
ES8, CS8, WS5, ES5, CE5, ES1, CS1 and WS1 are clustered in Group
1. Group 2 contains WS2, ES2, WS4 and ES4. The sampling points
WS9, ES9 and CS10 are included in Group 3, whereas Group 4 con-
tains ES6, CS6, WS6, WS10, ES10, CS9, ES7, CS7, WS3, ES3, CS3, CS4
and WS7. Sites 1, 5 and 8 belong to Group 1 and are highly loaded
with Zn, Sr, Mn and Pb. Group 2 includes Sites 2 and 4, which are
loaded with Zr, Nb, TOC and Ca. Group 4 consists of Sites 3, 6, 7 and
CS6 −0.62244 0.86024 1.62294 −0.85958 −0.57264
CS7 −1.09737 0.71512 0.18735 0.82526 0.88970
CS8 1.47450 0.04680 1.22308 0.92084 1.08780
CS9 −0.24359 −1.21853 0.28970 0.13675 1.27737
CS10 0.28909 −2.32146 1.03772 −0.23801 0.21739



M.A.H. Bhuiyan et al. / Journal of Hazardous Materials 173 (2010) 384–392 391

Table 5
Pearson correlation matrix for heavy metal in soil samples.

Parameter Ti Mn Fe Zn As Rb Sr Pb Zr Nb

Ti 1
Mn 0.203 1
Fe 0.352 0.278 1
Zn 0.449* 0.633** 0.001 1
As −0.083 0.074 0.478** −0.214 1
Rb 0.338 −0.04 0.738** −0.133 0.402* 1
Sr 0.575** 0.546** 0.145 0.889** −0.368* 0.016 1
Pb 0.397* 0.601** 0.527** 0.469** 0.02 0.223 0.540** 1
Zr 0.272 −0.23 −0.21 0.126 −0.479** 0.185 0.261 −0.075 1

−0.340 0.028 0.364* 0.186 0.545** 1

4

o
I
o
c
a
c
b
(
l
w
p
c
s
s
a
s
b
a

ganic pollutants in China. No significant correlation between soil
pH and heavy metal content was observed for the analyzed soils.
These results are consistent with those obtained by Tume et al. [41]
for natural surface soils of Catalonia, Spain, characterized by a simi-
lar range of pH values and also by Manta et al. [42] for non-stratified
soils from Sicily. EC shows negative correlation with metals except
Zn and As, similar to the results reported from Dragović et al. [34]
in the study of heavy metals in soils. TOC shows strong positive
correlations with Ca (r = 0.458, p < 0.05), Mn (r = 0.377, p < 0.05) and
Zn (r = 0.396, p < 0.05). The correlations between heavy metal con-
centrations and soil organic matter content obtained in this study
agreed with those of Lee et al. [43] who indicated that soil organic
matter content played a fundamental role in the control of Pb sorp-
tion by soils. The adsorption of Mn was found to increase with
higher soil organic matter content [44], and in previous section
described as Mn-rich siderite minerals. X-ray absorption spectrom-
Nb 0.299 −0.1 −0.179 0.205

* Correlation is significant at the 0.05 level.
** Correlation is significant at the 0.01 level.

.4. Correlation matrix (CM)

Inter-element relationships in soil matrix provide information
n heavy metal sources and pathways in the geoenvironment [34].
n general, correlations between metals agreed with the results
btained by PCA, and CM was useful to confirm some new asso-
iations between metals that were not clearly stated in previous
nalysis. According to the values of Pearson correlation coeffi-
ients (Table 5), a significant positive correlation (p < 0.01) exists
etween Fe vs. As (r = 0.478, p < 0.01), Rb (r = 0.738, p < 0.01), Pb
r = 0.527, p < 0.01), and Mn shows relatively weak positive corre-
ation with Fe (r = 0.278). Titanum (Ti) is significantly correlated

ith Zn (r = 0.449, p < 0.01), Sr (r = 0.575, p < 0.01) and Pb (r = 0.397,
< 0.05). The strong correlation among elements indicates their
ommon origin, especially from carbonate and sulfide minerals (e.g.
phalerite, strontianite, galena etc.) that are associated with coal

eams [24,25]. The significantly positive correlation of As, Pb, Mn
nd Zn, Ti with Fe indicates that the elements were derived from
imilar sources and also moving together, especially from coal-
earing minerals in underground mining activities. Zhang et al. [40]
lso reported similar results for source identification of soil inor-

Fig. 3. Tree diagram obtained by clustering of sampling sites.

etry and electro spin resonance studies have shown that Pb and Zn
form inner-sphere complexes with soil organic matter, i.e. humic
acids [45]. Zinc is known to have a high affinity for clays and
sesquioxide surfaces [46].

5. Conclusion

Different useful tools, methods and indices have been employed
for evaluation of soil pollution in the agricultural soils surrounding
the coal mine area in the northern part of Bangladesh. Analysis
of soil samples from 30 sampling points in the irrigated field and
channel bottom show significant spatial variation of heavy metals
(Ti, As, Mn, Zn, Sr, Pb, Rb and Sr). The metal enrichment factor (EF)
and geoaccumulation index (Igeo) of most of the metals (Ti, Mn,
Sr, Zr, Pb and Nb) show that the soils in the study area are mod-
erate to highly polluted, whereas As and Rb are generally within
the background levels. Pollution load indices (PLIs) derived from
contamination factors show that all sampling points in the study
area exceed unity and may be considered as highly polluted sites.
Of all the sampling points in the study area, ES8 and WS8, which
are located at the distal part of the mine influenced area, show the
highest PLI (4.02). Multivariate analysis (PCA, CA) and correlation
matrix used in this study provide important tools for better under-
standing of the source identification and dynamics of pollutants.
The PCA applied on the investigated heavy metals identified five
components. Among them, PC1 and PC3, which are loaded with Mn,
Pb, Sr, Zn, As, Fe and Rb are related to the anthropogenic sources.
The same grouping was obtained from cluster analysis. Four main
clusters of elements are obtained by CA. The first, third and fourth
clusters are considered as anthropogenic sources which are loaded
with Zn, Sr, Mn, Pb, pH, EC, K, As, Fe, Rb and Ti. The CA classified
all the sampling points into four main groups of spatial similarities,
where different sampling points are included in different groups. A
significant positive correlation is observed among Sr, Fe, Rb, Pb, Mn,
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Ti, Zn and As, indicating that these metals have similar geochemical
behavior.
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