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Fig. 1. Geological map of the Irankuh Pb-Zn mine and location of sampling sites
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Table 1. Experimental conditions and reagents required in the Tessier sequential extraction procedure [Tessier et al.

(1979)] for 1 g tailing sample of Irankuh Mine

stage Fraction Reagents Operating conditions
Exchangeable
1 8ml 1M MgCL (pH 7) 1 hat25°C
Associated with carbonates 8ml 1M NaOAC (pH 5
2 Shat25°C
with acetic acid)
20ml of NH,OH.HCI, 0.04
3 Associated with Fe-Mn oxides M in 25%w/v HOAc 6 h at 96°C
(pH~2)
3ml 0.02M HNO3/5 ml of
Associated with organic matter 2 hat85°C
30% m/V H202
4 3hat85°C
+3ml of 30% m/v H,O,
30 min at 25°C
+5ml of 3.2 M NH40AC
10ml HF+2ml HCIO, On the sand bath until drying
10ml HF+1ml HCIO,4 On the sand bath until drying
5 Residual 1ml HC104 On the sand bath until

appearance a white powder

Dissolving the residue in 1:1
HCI 12N HCI1
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Table 2. Descriptive statistics of elements concentrations (mg/kg) in the soil, tailing and manure samples of Irankuh
district. The world soil average values and maximum allowable concentrations (MAC) for agricultural soils are also

presented.
Ag Al As Ba Cd Co Cr Cu Fe Mn
Mean 0.2 53000 14.5 1081.2 1.5 11.3 741 34.6 30000 606.9
Agricultural soils Min. 0.1 28000 5.5 283 0.2 9 16 17 41000 464
Max. 1.1 72000 57.1 5861 8.5 13 109 61 47000 796
Mean 0.9 35000 71.6 25799 154 144 544 331 18000 741.8
Mine soils Min. 0.2 23000 12.9 554 1.2 12 48 23 20200 558
Max. 4.2 45000 254 4946 55.1 18 64 60 25000 989
World soil average 0.13 67000 6.83 460 0.41 11.3 595 389 32000 488
(Kabata-Pendias,
2011)
MAC - - 15-20 - 1-5 20-50  20- 60- - -
(Kabata-Pendias, 200 150
2011)
Manure 0.2 300 2.3 65 0.5 <1 25 72 200 366
Dry tailing 4 9971 50.9 5041 6.3 13 8 52 26349 6062
Wet tailing 41 9998 141.2 8386 29.5 15 6 96 35119 7327
Ni Pb Sb Sc Sr Ti V Zn Zr
Mean 50.7 275.7 2.4 11.4 5059 2600 78.3 893.8 121
Agricultural soils Min. 29 22 0.5 5.7 23 1600 48 94 66
Max. 68 3451 21.6 15.6 1047 3400 107 9907 163
Mean 434 1801.5 27.1 7.2 261.63 21069 60 11875 97.5
Mine soils Min. 36 137 1 4.6 31 1292 43 516 62
Max. 48 6239  90.7 9.1 403 3000 72 48899 129
World soil average 29 27 0.67 11.7 175 7038 129 70 267
(Kabata-Pendias,
2011)
MAC 20- 20- 10 - - - 150  100- -
(Kabata-Pendias, 60 300 300
2011)
Manure 8 26 0.9 0.8 165 165 10 435 10
Dry tailing 11 2869 15.6 1.9 20 579 20 3986 28
Wet tailing 12 2801 232 1.9 26 509 21 9393 28
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Table 3. Classification of enrichment factor values (Sutherland, 2000) and situation of the studied elements in soil

samples around the Irankuh Mine

Enrichment ) )
Intensity of Enrichment
Factor Value

Studied elements

deficiency to low
EF<2

enrichment
2<EF<5 moderate enrichment
5<EF<20 significant enrichment
20<EF<40 very high enrichment
EF>40 extremely enrichment

Cu, Sr, Co, Fe, Cr, Ni, Sc, AL, V, Ti

Ag

As, Zn, Cd, Pb, Sb

As, Zn, Cd, Pb  Sals o (g p 3550 S Glad gl
Ba Sas e YUl Ag Sas 22 VL culg o Sh s
Al Co, Cr, ,ole .cul bwgeMn Sui sé caor g L6
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Sb> Pb> Cd> Zn> As> Ag> Ba> Mn> Cu> Sr>
Co> Fe> Cr> Ni> Sc> Al> V> Ti.
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Fig. 2. Mean values of the enrichment factors of the studied elements in the soil samples around the Irankuh Mine
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Fig. 3. The enrichment factors of the studied elements in tailing samples of the Irankuh Mine on the basis of average

crust composition (Taylor and McLennan, 1985)
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Table 4. Pearson’s correlation matrix of studied elements in the soil samples around the Irankuh Mine

Al As Cd Cr Cu Fe Mn Ni Pb Sc Ti \% Zn Zr
Al 1
As  -T7727 1
Cd -789"  .964™ 1
Cr 728" -433" -442" 1
Cu -.134 347 263 286 1
Fe 261 -.181 -.176 328 217 1
Mn  -555" 637" 612" =277 294 -.220 1
Ni 788" -517"  -570™ 879" 168 272 =315 1
Pb  -796" 914" 945™  -524™ 197 -.255 5627 -.649™ 1
Sc 995" 782" -804™  .765™ -.095 289 -567"  .820"  -815™ 1
Ti 972" -7737 0 -T7737 698 =210 185 -518" 765" -765™ 963" 1
\Y% 982" 739" -766™  750™ -.101 229 -5417 840"  -781™ 982" 974 1
Zn =727 914”7 .950™ -442" 204 -.194 540 -595™ 982 -748™  -702%  -715™ 1
Zr 959" 677 -T714™ 750™ -128 239 -4827 799" -T727 957 967 970" -.642™ 1
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Table 5. Total variance and component matrix for soil samples around the Irankuh Mine

Initial Eigenvalues

Component
% of .
Total . Cumulative %
Variance
1 10.310 57.279 57.279
2 4.134 22.964 80.243
3 1.115 6.196 86.439

Extraction Method: Principal Component Analysis

(05551l yame Bl bl S5 slaaises 1o polie cdale) Lol slaosls 5l oaisz! einl Jalse £ Jgus
Table 6. Extracted factors from the main data (the concentration of elements in soil samples around the Irankuh Mine)

component
1 2 3

Al 0.936 -0.259 -0.172
As -0.253 0.89 0.21

Cd -0.193 0.922 0.184
Cr 0.925 0.049 0.149
Cu -0.568 0.53 0.338
Fe -0.345 0.047 0.746
Mn -0.921 0.24 -0.01

Pb -0.275 0.93 -0.001
Sh -0.16 0.871 0.047
Sc 0.946 -0.261 -0.129
Sr 0.551 0.326 0.634
Ti 0.933 -0.263 -0.195
Vv 0.951 -0.216 -0.166
Zn -0.072 0.953 0.082

Zr 0.962 -0.182 -0.094
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Table 7. Results of the variance analysis between agricultural and mine soil samples of the Irankuh district

R
Al 0.003 11.198 1.077 1 1.077
As 0.010 7.636 0.150 1 0.150
Ba 0.001 14.632 1.777 1 1.777
Cd 0.003 10.384 1.760 1 1.760
Co 0.001 14.588 4.166 1 4.166
Cr 0.000 32.401 0.063 1 0.063
Cu 0.310 1.073 0.043 1 0.043
Fe 0.607 0.271 0.004 1 0.004
Mn 0.149 2.216 0.224 1 0.224
Ni 0.008 8.176 0.042 1 0.042
Pb 0.279 1.223 0.015 1 0.015
Sb 0.000 15.814 5.369 1 5.369
Sc 0.496 0.490 0.395 1 0.395
Sr 0.008 8.327 0.193 1 0.193
Ti 0.289 1.172 0.334 1 0.334
\% 0.085 3.209 0.045 1 0.045
Zn 0.030 5.276 0.065 1 0.065
Zr 0.000 16.046 5.848 1 5.848
0.115 2.655 0.041 1 0.041
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Fig. 4. The cluster analysis diagram of soil and tailing samples of the Irankuh mine on the basis of the total

concentration of the studied elements
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Table 8. The total concentration, sum of elements concentration in different fractions of sequential extraction analysis
(mg/kg), and the recovery percent in tailing samples of the Irankuh Mine

Element DT WT Element DT WT
sum 53.9 145.2 sum 6242 6676
As total 50.9 141.5 Mn total 6062 7327
recovery 105.9 102.8 recovery 103 91.1
sum 7.3 29.8 sum 13.2 13.5
Cd total 6.3 29.5 Ni total 11 12
recovery 115.9 101 recovery 120 112.5
sum 7.4 6.5 sum 2686 3001
Cr total 8 6 Pb total 2889 2801
recovery 92.5 108.3 recovery 93 107.1
sum 533 95.3 sum 16.1 24
Cu total 52 96 Sb total 15.6 23.2
recovery 102.5 99.3 recovery 103.2 103.4
sum 26820 29126 sum 3589 9745
Fe total 26349 35119 Zn total 3986 9393
recovery 101.8 82.9 recovery 90 103.7

sla S ).>AS3+ Jg_.’» O @}M S, T (e bl
s el gl 63,8 a sl (B 5y A5L) il g
Oy soins ASTT sl sdasoLs FS 5L s oSu T
(sl el LSS 55 S sasnl L
Kreidie et al., 2011; Favas et) & ‘;,Slf 9y |
o3la U S &S )T o 3 VA I 2 o8l es L(al., 2011

RS ‘5..\._..4.5}...' ‘Sh)'b BL J.A..P U’i‘ )}.,b oMbuL&; _)f JT

cladas sad Calizes glajls s 5 Jg,:, a4 S, T e 5T
:J)b )}.é} 4”9\;
F5 (45.85%) >F3 (20.29%) >F4 (18.68%) >F1
(15.16%)
odole U 50 L el ¢S )T adbl (glad gas 3 ¢ ol ol
jl_écobu:_m‘J)}_AW:SJSC‘J.;&_,«\J)))J.C__.JJJ_QA
e 5148 s sl 5 5 LSl sdiasilis ol SL
4> .(Tessier et al., 1979) .l pslie adsl sladdl



OH5en 50,8534l bay

Kreidie ) 5,05 (5 7S o Sl &8 555 0 Jos AS™
Sy T e 15 S 55 (ol b (et al., 2011
o on (AS™ 55 5AS™ &) poan) ST sLasl L !
3L S o ST e 5 oYL B w3
la bl ULy odmsolis ol ol syls s i dsls
Sl o yslome (65,53S" GacST 05 S o dT 55 (g4l

.(Forghani et al., 2015)

A COHEREORENER

100
80 :
=
£ 7 °g g”
-
G 1HWE
— 0
: REREEE
at 0 = =
0 b 9 - b
10 og o . g og
ul ) - Lol ]
0; e = = 3
0y — = o H o
N 1 En ag =l g
o o B g
Lo = 4 5 :
e o D — D
U i hi

As Cd C Co Fe Mo NP0 In S

dled 5 il (gt nST (gLl L oS )T sl e
Vol il 5K 5 AT st 4 ate ol olasd 555
FSn 5 AT Slod 81 51 VL PH L slaeS s s
ST o3 540 (o 058U olis go Sl Ol o
Kreidie et al., 2011; Anju and ) .S » s
Oslay Eeb ladd) yw O g wlaST .(Banerjee, 2010

4_51AS3Jr U J}.&Lsﬁ JAT 6\.&4:5})4:.& 9 C)w}w AIAS:;Jr

B RN EREEB BHER

100 @ =
: =
80 , 0 i
: L E M
- =l 5 ol B
£ O 0. o
96 152 o wa b @

4] — o
L = = G
0 - - =2 g
~ = = I
U = = = =
= - ==
] 7] i
] i ) e
) | oo 8§ B
go = ra
=

=L L Ry L

0 e T T a2 T

As Cd C Co Fe Mo N0 Po In b

F2 F1 05 SSlpl ase 5 albl (o o 05l jolie 35ludisS B g 05Tl ] yome Sis albl o cow 05l jolie g5ludiss A O JSCi
S oo 0,Lil oaile B 51 g T eole 4 Juaie ST 4y e «ls,S 4 fatio «pdy Jols slaslé 4 s say F5 g F4 F3

Fig. 5. A: The speciation of potentially toxic elements in dry tailing sample of Irankuh Mine, and B: The speciation of
potentially toxic elements in wet tailing sample of Irankuh Mine. F1, F2, F3, F4 and F5 refer to the exchangeable,
carbonate bound, oxide bound, organic matter bound and residual fractions, respectively.
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Introduction

Pollution of soils with potentially toxic elements
(PTEs) is one of the most important hazards
threatening the health of natural ecosystems. In
recent decades, the anthropogenic activities have
led to the disruption of the geochemical and
biochemical circles of these elements. Mining
activities are one of the most important
anthropogenic sources for PTE,. The mine tailings
are the most important pollution sources of
surrounding soils and groundwater (Ferreira da
Silva et al., 2004; Boularbah et al., 2006). Indeed,
agricultural activities have a significant impact on
the soil pollution with PTE; (Keskin, 2010). Soil
plays a vital role in human life. Thus, the
monitoring and assessment of soils pollution is of
great importance. The Irankuh Pb-Zn mine,
located in the SW of Esfahan, is one of the most
important mines of Iran. Mining and subsequent
processing of ores in this region generates high
volumes of mine wastes which are deposited near
the mine site. On the other hand, agricultural
activities in the Irankuh area are extensive and the
mine's tailing ponds usually neighbor the farms.
The present study aims to investigate the
concentration, mobility and availability of PTE; in
the Irankuh mine tailings and to determine the
source of these pollutants in the surrounding soils.

Material and Methods
After the preliminary field studies, 28 soil samples

including 8 mine- and 20 agricultural soils as well
as two representative tailing samples were
collected. One manure sample was also collected
to identify the impact of agricultural activities on
the concentration of PTEs in the soils, if any.
First, the soil samples were air-dried at room
temperature. Then, the large fragments and plant
residuals were removed from the samples and the
remaining portion was passed through a 2 mm
stainless steel sieve. The sieved samples were
ground to about 0.074 mm using an agate mortar
and pestle and finally stored in polyethylene bags
prior to laboratory analysis. The total
concentrations of elements were measured by
ICP-OES instrument after digesting by strong
acids. The five-stage method of Tessier et al.
(1979) was employed for sequential extraction
analysis. In order to assess the pollution of the
soils and tailings, the enrichment factor was
calculated. Having obtained the results of the
analysis, descriptive and multivariate data
analyses were conducted.

Results and discussion

The average concentration of Ag, As, Ba, Cd, Co,
Mn, Pb, Sb and Zn in the mine soils are higher
than the agricultural soils. The application of
manure to the agriclutural soils led to increase in
Cu and Cr concentration of the soils; the high
concentration of these two elements in the manure
sample is indicative. The concentration of Ag, As,
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Cd, Ba, Pb, Ni, Zn and Sb in both agricultural and
mine soils are higher than the average world soil
composition (Kabata-Pendias, 2011), pointing to
the impact of anthropogenic activities on the PTEs
concentrations in the soils. The tailing samples are
highly encirched with respect to As, Cd, Cu, Sb,
Mn, Pb and Zn. Enrichment factor values
confirms pollution of soils with respect to Ag, As,
Cd, Pb, Sb and Zn. Tailing samples are also
extremly contaminated by these elements.

On the basis of the analysis of variance, there is a
significant statistical difference between the
element concentrations in mine and in agricultural
soils. The cluster analysis indicates the impacts of
mining activity on the PTEs concentrations in
soils. On the basis of principal component
analysis, the elements originate from three
sources: 1- geogenic stable elements 2-
anthropogenic elements and 3- the weathering
products of carbonate units. Total concentrations
of PTEs provide no information on their likely
environmental impacts. The speciation studies
through sequential extraction analysis could be
used to determine the mobility and availability of
PTEs. By employing sequential extraction
procedure, it is possible to predict occurrence
manner, mobility, solubility, bioavailability,
toxicity and transport as well as the origin of
PTEs (Favas et al., 2011). The results show that,
on the average, 24.9, 20.3, 18.6, and 15.2 % of
Cu, Mn, Cd and As, respectively, are present as
exchangeable fraction. Therefore, the weathering
of mine tailings may increase the bioavailability
of these elements in agricultural soils and
groundwater around the mining area. The mobility
of arsenic and iron is lower than other studied
elements. Chromium and nickel are not mobile.
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