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Abstract

In this investigation, the level of metals and metalloids (As, Sb, Co, Cr, Hg, Pb, Zn, Ni, V, and Ti) was
determined in soil samples collected from the Sari Gunay gold mine surrounding area, west of Iran. A
total of 38 soil samples were taken from the area close to mine, agricultural lands, and villages. Average
concentrations of heavy metals in the soil samples were as follow: Co: 13.97 mg/kg; Cr: 95.79 mg/kg;
Hg: 9.03 mg/kg; Ni: 55.05 mg/kg; Pb: 163.13 mg/kg; Ti: 0.42%; V: 103.29 mg/kg; Zn: 145.42 mg/kg.
The mean concentration of metalloids was 106.53 mg/kg for As and 65.68 mg/kg for Sb. The results of
EF and CF indicate that soil samples were very highly polluted by As, Hg and Sb, highly polluted by
Pb, moderately polluted by Zn and V, and almost unpolluted by Ti, Ni, Co, and Cr. The C4 and PLI
revealed that most soil samples in the gold mine surrounding area are extremely polluted. Based on the
statistical analyses, including correlation coefficient analysis, principal component analysis (PCA), and
cluster analysis (CA), the main source of the elements is the orebody itself and mining activities have
increased the pollution degree. Arsenic, Hg, Sb, Pb, and Zn are related to gold mineralization veins and
sulfidic minerals (e.g. stibnite, realgar, orpiment, cinnabar, galena, and sphalerite), while the other
metals are originated from the oxide/hydroxide of iron in the supergene alteration zone and silicate
minerals existing in host rocks.
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Introduction

Heavy metal pollution in soils has got researchers' attention today (Ruilian et al., 2008; Rafiei et
al., 2010a; 2010b; Ebenebe et al., 2017; Rafiei et al., 2017; Khosravi et al., 2020). Soil is a critical
environment because it can act as a scavenger agent for heavy metals produced by natural and
anthropogenic activities (such as mining, industry, agriculture). However, the soil is not a passive
sink of heavy metals. The polluted soils are a source of contamination for other environmental
components and the food chain (Gholizadeh et al., 2015). Also, even in low concentrations, heavy
metals can persist in soil for a long time (Lizarraga-Mendiola et al., 2009).

Among many anthropogenic activities, mines and mining operations are obvious sources of
contamination in the surface environments and negatively impact the quality of the environment
(Adriano, 1986; Donkor et al., 2005; Acosta et al., 2011; Abiya et al., 2019). The level of heavy
metals and metalloids can be elevated around metalliferous mines due to mine waste dispersion
into nearby soils, agricultural products, and drainage systems. The contaminated soils may pose
a potential health risk to the people living around mining areas.

Many types of research are achieved on heavy metal contamination in soils, plants, waters
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and sediments from metallic mines throughout the world (e.g. Fuge et al., 1989; Merrington &
Alloway, 1994; Jung, 1995; Jung & Thornton, 1997; Rafiei et al., 2010a; 2010b; Mehrabi et al.,
2015, Gafur et al., 2018; Karn et al., 2021).

Gold mines have been documented as a source of heavy metal contamination in soils and
sediments all around the world (e.g., USA (Straskraba & Moran, 1990), South Africa (Gzik et
al., 2003), Iran (Rafiei et al., 2010a; 2010b), Ghana (Armah et al., 2014), Canada (Percival et
al., 2014) and Nigeria (Johnbull et al., 2019)).

Metals and metalloids associated with gold mines, including arsenic (As), cadmium (Cd),
mercury (Hg), antimony (Sb), chromium (Cr), copper (Cu), lead (Pb), nickel (Ni), zinc (Zn),
titanium (Ti), and vanadium (V) can be dispersed around the mines due to the weathering
process of orebody and tailings (e.g. Abdul-Wahab & Marikar, 2012; Xiao et al., 2017;
Mandeng et al., 2019: Okereafor et al., 2019; Adewumi & Laniyan, 2020).

The goals of this study were (1) to determine the level of contamination with heavy metals
and metalloids in the soil samples around the Sari Gunay gold mine using enrichment factor
(EF), contamination factor (CF), degree of contamination (Cq), and pollution load index (PLI),
(2) to determine the source of the elements as well as the relationship between them, lithology
and mineralogy of the study area using statistical methods.

Geological and geographical setting

The Sari Gunay gold mine is located in the northeast of Qorveh (35° 7' 30" to 35° 14’ 00" N and
48° 1" 30" to 48° 7' 00" E), Kurdistan Province, in western Iran (Fig. 1). The study area consists
of two main parts, Agh Dagh, and Sari Dagh, which are surrounded by several hills in the north.

The Sari Gunay gold mine is a part of the Qorveh-Takab metallogenic zone, located in the
Sanandaj-Sirjan structural zone (Stoklin, 1968; Bolourchi, 1979). The oldest rocks found in this
region are slate, phyllite, and Jurassic quartzite, and the youngest ones are Neogene
volcanoclastic conglomerates, basaltic flows, and quaternary agglomerates (Fig. 1). The
intrusive rocks of the study area are semi-deep microgranite-microgranodiorite with calc-
alkaline nature and microgranular-porphyry texture (Neogene), and dacite-rhyodacite (cropped
out in Agh Dagh and Sari Dagh) (Rastad et al., 2000; Niroomand et al., 2013).

These acidic to intermediate igneous rocks are mainly composed of minerals such as
plagioclase, hornblende, biotite, clinopyroxene, orthopyroxene, magnetite, in smaller quantities
of quartz, and sanidine (Richards et al., 2006).

Pyrite, arsenopyrite, stibnite, realgar, orpiment, galena, Sphalerite, chalcopyrite, cinnabar,
tennantite, and rutile are formed by hypogene processes. Iron oxide/hydroxides (hematite and
goethite) are found in the supergene alteration zone, in which sulfides are replaced by oxides,
jarosite, and rare alunite (Richards et al. 2006; Ranjbarian, 2018). The Sari Gunay mine is a
gold deposit hosted by a middle Miocene volcanic complex formed in epithermal veins (Rastad
et al., 2000; Richards et al., 2006; Niroomand et al., 2013). There are different mineralization
stages in the gold mine hydrothermal system. In the early stage, quartz-sulfide-magnetite veins
were created with low-grade mineralization of copper and gold. The next stage involves
creating quartz-tourmaline veins with low-grade gold. The main gold mineralization has
occurred in quartz-pyrite-stibnite-realgar-orpiment veins. Arsenopyrite and locally cinnabar are
also found in some veins (Richards et al., 2006).

Material and methods
Sampling

A total of 38 samples were collected from surface soils (0 to 20 cm), including mine area and
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agricultural soils (Fig. 1). Sampling points were selected considering the possibility of more
contamination in areas close to the mine and the rural regions. The samples were packed in
polyethylene bags and sent to Bu-Ali Sina University, Hamedan, for further treatments such as
physicochemical and chemical analyses.

Physicochemical analysis
Soil samples were air-dried after transferring to the laboratory for 48 hours. In order to

determine the pH of samples, a mixture of soil and water was prepared in the ratio of 1 to 5
(Segura et al., 2006), and pH was measured by pH meter model 744Q ohmmeter.
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The granulometry method was used to investigate particle size distribution and texture
recognition for all samples. The main part of each sample was separated from the fine grains
by the wet sieving method. A column of sieves was used for the coarse-grained part (Lewis &
MacConchie, 1994) where the subsample finer than 62.5 microns was tested by Fritsch A22
Compact in the sedimentological laboratory of Bu-Ali Sina University. Calcium carbonate in
sediments was determined by the titration method (Carver, 1971).

Chemical analysis

The samples were passed through a 2 mm sieve and ground completely with an agate mortar
for chemical analysis. Inductively coupled plasma-optical emission spectrometry (ICP-OES)
was employed to determine the total concentration of elements in the samples. The soil samples
were completely acid-digested with HCI-HNO3—HClO4. The cold vapor atomic absorption
spectroscopy (AAS) method was used to measure mercury. These analyses were performed in
the ALS Chemex Laboratory, Canada.

Contamination assessment

Enrichment factor (EF), contamination factor (CF), contamination degree (Cd4) proposed by
Hékanson (1980), and pollution load index (PLI) proposed by Tomlinson et al. (1980) were
used to determine metal pollution in soil samples. These methods are the most common
environmental pollution indices used for single and integrated elements assessments (Caeiro et
al., 2005; Hou et al., 2013).

The enrichment factor (EF) is utilized to differentiate between the metals originating from
anthropogenic activities and those from natural sources and assess the degree of human
influences. This index is based on normalizing a given element against a reference one (Liang
et al., 2017). A reference element is usually a conservative metal, such as Al, Fe, Mg, Mn, Sc,
Ti (Hernandez et al., 2003; Mishra et al., 2004). In the present research, Sc was chosen as the
reference element, and EF was calculated as follow:

EF = (Cm/CSc)sample / (Cm/CSc)reference (l)
where, Cm is the concentration of the examined element, and Csc is the concentration of the Sc.
In this equation, (Cm/Csc)sample shows the ratio of the element and Sc concentrations in the
sample and (Cm/Csc)reference indicates their ratio in the background. To determine the degree of
contamination and enrichment, five contamination categories were recognized (Sutherland,
2000): (a) deficiency to minimal enrichment (if EF < 2), (b) moderate enrichment (if 2 < EF <
5), (¢) significant enrichment (if 5 < EF < 20), (d) very high enrichment (if 20 < EF < 40), and
(e) extremely high enrichment (if EF > 40).

The contamination factor (CF) is a single-metal index and calculated by the ratio of the
average concentration of a metal in the soil sample (Cm) to the same metal in the background
(Crx):

CF=Cu/Chok 2)

Cok in this study is the concentration of the studied metal in the Upper Continental Crust
(UCC) suggested by Rudnick & Gao (2003). The background values of metals (Cok) were
considered as 4.8, 17.3, 92, 0.05, 47, 17, 0.4, 3100, 53 and 67 mg/kg for As, Co, Cr, Hg, Ni,
Pb, Sb, Ti, V, and Zn, respectively. For this index, four classes of contamination were suggested
by Hékanson (1980): (a) low contamination factor (if CF < 1), (b) moderate contamination
factor (if 1 < CF < 3), (c¢) considerable contamination factor (if 3 < CF < 6), and (d) very high
contamination factor (if CF > 6).

The contamination degree (Cq) is an integrated pollution index and defined as the sum of all
CF in a particular sample and is divided into four classes (Hakanson, 1980): (a) low degree of
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contamination (Cd < 8), (b) moderate degree of contamination (8 < Cd < 16), (c) considerable
degree of contamination (16 < Cd < 32), and (d) very high degree of contamination (Cd > 32).
This index is calculated as follow:
Ca= YT CF (3)
The pollution load index (PLI), proposed by Tomlinson et al. (1980), is another integrated
pollution index that comparatively determines each sample's heavy metal pollution level. This
index is a geometrical average of CFs in a sampling site, and it is calculated by using the
following equation:
PLI=%/ CF; X CF, X .. X CF, 4)
where, n is the number of metals, and CF is the contamination factor of each pollutant. The PLI
value is classified into four groups (Wang et al., 2010): (a) no pollution (if PLI < 1), (b)
moderate pollution (if 1 <PLI <2), (c) heavy pollution (2 < PLI < 3), and (d) extreme pollution
(PLI > 3).

Statistical analysis

All data gathered here were subjected to process using Statistical Package for Social Sciences
(SPSS) version 21 and Minitab 2020. Bivariate correlation, cluster analysis (CA), and principal
component analysis (PCA) were carried out to interpret potential sources of heavy metals and
metalloids in the soil samples of the study area.

The Bivariate correlation (Pearson correlation coefficient) measures the strength of the
relationship between two variables (elements). Cluster analysis (CA) was performed to classify
elements of different sources based on their chemical properties similarities. A dendrogram was
constructed to assess the consistency of the clusters formed, in which correlations among
elements are readily observed. Principal component analysis (PCA) was used to reduce data
(Loska & Wiechuya, 2003) and to investigate the source of elements and the extent of metal
pollution (Dragovic et al., 2008). PCA is also employed to analyze the relationship among the
observed variables. The CA is complementary to PCA.

Results and discussion
Physicochemical properties of soil samples

The texture, pH value, carbonate content of soil samples are shown in Table 1. The soil textures
range from muddy sand to sandy mud and silty sand to sandy silt. The samples were classified
as muddy sand (two samples), silty sand (three samples), sandy mud (twenty-three samples),
and sandy silt (ten samples) according to Folk (1974) textural classification (Fig. 2). Therefore,
about sixty-seven percent of samples are composed of fine-grained sediments (sandy mud and
sandy silt). The pH values vary from 7.15 to 7.75 (Table 1), which shows low alkaline nature.
The carbonate content varies between 0.75 to 14.37 % (mean 3.40%), indicating low CaCOs3in
the soil samples.

Heavy metal concentration

The total concentration of As, Sb, Co, Cr, Fe, Hg, Pb, Zn, Ni, V, Ti, and S in the soil samples
is presented in Table 1. The concentrations of As in the soil samples ranged from 18 to 485
mg/kg (mean 106.53 + 91 mg/kg), and the arsenic content of 39% of samples is more than the
mean value, markedly higher than its concentration in soils around the world. The overall
average value of total As for soils varies from 5.0 to 6.83 mg/kg (Kabata-Pendias, 2011). High
concentrations of As in the soil samples are found in the study area, particularly near the sulfide
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orebody, as shown by Rafiei et al. (2010a). Concentrations of Sb ranged from 5 to 640, with an
average of 65.68 + 119 mg/kg, and 23.5% of samples show Sb level higher than the mean value.
The presence of high Sb content close to the mine is also attributed to orebody and mining
activities. Cobalt concentrations varied from 4 to 23 mg/kg. The mean value for Co in surface
soil samples is 13.97 £ 4 mg/kg. About 58% of the samples show concentration levels higher

than the mean value.

Table 1. Heavy metals and metalloids concentrations (mg/kg) and physicochemical properties of the
soil samples around the Sari Gunay gold mine

Sample Al As Co Cr Fe Hg N Pb S Sb Ti V  Zn | pH C“‘,ZOJ Sﬁ/‘:d izt C(,'Zy
L gsa 32 15 50 579 003 23 81 004 5 038 134 183 |775 132 5522 3203 1275
2 874 207 20 150 572 16 67 60 002 86 044 126 126 |729 099 2696 4005 3299
3 774 43 17 123 446 031 95 40 004 5 048 116 105 |730 1437 3238 5094 1668
4 505 115 21 109 474 03 6 55 002 9 047 126 124 |727 367 3782 3564 2654
50708 80 18 121 397 LI8 92 117 005 52 041 113 98 |725 255 47.64 3024 22.12
6 667 485 7 51 232 100 33 117 049 640 03 92 8§ |726 097 2051 3772 4177
Too97 329 11 88 419 575 48 545 043 318 043 96 97 |7.65 243 2457 3683 38.60
8 948 114 7 84 397 548 45 130 072 24 038 80 64 |726 233 4284 3476 2240
9  ge4 71 7 84 326 071 32 57 o1l 11 037 99 8§ |726 352 5390 2072 1638
10 515 58 16 130 407 022 84 42 004 71 044 117 104 |729 1400 3412 4683 19.05
8o 131 16 151 504 026 67 74 002 250 046 124 127 |731 186 4759 3006 2235
120 568 81 18 159 562 056 73 76 003 28 048 134 122 | 731 261 4596 3469 1935
B 8o 137 15 125 423 178 73 249 001 96 049 109 105 |7.53 097 4536 34.60 20.04
4 903 13 17 85 501 100 51 371 006 254 04 106 267 |730 161 2871 40.75 30.54
15 923 49 12 91 47 08 52 158 003 33 041 11 171 |735 250 4215 37.79 20.06
16 gop 153 11 94 371 05 47 80 001 43 041 91 95 |761 075 2771 4407 2822
7" 1005 55 4 47 48 018 31 23 0.7 11 023 66 181 |730 255 5324 3276 14.00
18 891 75 14 80 525 253 49 121 005 20 043 114 311 |721 595 4362 3296 2342
19 903 104 13 78 454 067 50 161 005 27 046 114 232 |7.62 332 4261 2867 2872
W 955 23 10 78 345 143 50 191 004 51 032 96 137 | 731 279 4791 2437 27.72
U 6o 122 14 87 4 478 52 681 006 68 039 96 220 | 729 344 2927 4537 2536
2 5 154 11 105 337 263 62 106 015 91 039 97 88 |723 335 3741 37.99 24.60
B 798 109 13 105 415 148 65 185 012 51 043 110 144 |723 211 4481 3239 22.80
Mo 903 112 23 126 484 027 62 123 004 24 051 137 190 |733 211 SLII 2632 22.57
35 945 16l 13 79 432 041 51 205 005 27 032 98 274 |725 389 4777 29.92 2231
6 775 56 15 134 404 0.4 51 166 002 13 039 105 165 |734 154 3360 4375 22.65
7 01 67 16 93 435 02 62 280 002 30 043 104 231 | 727 569 4428 3646 1926
8 97 44 14 86 402 003 61 53 002 12 044 101 117 | 745 500 3938 47.14 1348
P 687 64 11 60 319 007 40 61 002 28 037 8 8 |722 38 3288 5175 1537
30 54 9 8 63 273 LI8 29 271 004 31 035 8 275 | 756 7.66 2422 5327 2251
3824 23 13 68 403 006 47 54 002 7 04 100 103 | 761 297 4409 3573 20.18
2 703 193 18 80 408 94 57T 73 003 39 041 99 141 |756 561 4212 3744 2044
B g1 37 17 114 425 003 79 30 002 6 047 107 102 | 715 186 2570 5668 17.62
34 707 18 16 122 393 001 6 26 001 5 046 103 77 |720 175 4404 40.63 1533
3350783 43 17 114 467 003 66 29 002 6 05 114 97 |751 168 4122 4053 1825
36 g2 30 11 52 426 01 29 68 002 14 042 8 210 |722 175 3410 5174 14.16
T 843 20 18 97 449 002 46 39 001 5 049 117 99 |725 193 57.68 3166 10.66
B 957 21 14 77 46 003 37 29 002 5 048 118 88 |721 180 4799 37.62 14.39
Min 667 1800 400 4700 232 001 2300 2600 00l 500 023 1100 64.00 | 715 075 20.51 2437 10.66
Max  10.05 485.00 23.00 159.00 579 100.00 95.00 830.00 0.72 640.00 0.51 137.00 311.00 | 775 1437 57.68 56.68 41.77
Mean 805 10653 13.97 9579 427 9.03 5505 16313 0.09 65.68 042 10329 14542 | 7.35 3.40  40.07 3821 2173

Median 802 80.50 14.00 89.50 424 046 5150 11150 0.04 27.50 0.43 10450 123.00 | 730 253 4238 37.14 21.28
SD 080 9107 415 29.14 075 2654 1728 17856 0.5 11948 0.06 2193 6523 | 0.15 3.00 956 7.90 6.9




Geopersia 2022, 12(1): 173-189 179

80 20

50 50

40
30 sC
20

10
c |

Clay ‘)IO 8‘0 7‘0 6‘0 50 40 30 20 10 Sllt
Figure 2. Textural classification of the studied soil samples based on Folk (1974). (S = sand, s = sandy;
Z =silt, z = silty; M = mud, m = muddy; C = clay, c= clayey)
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Chrome concentrations ranged from 47 to 159 mg/kg with an average and median of 95.79
+ 29 and 90 mg/kg, respectively, and 42% of the soil samples have Cr content higher than the
mean value. [ron concentrations in the studied samples ranged between 2.32% and 5.79%. It is
believed that Fe is mainly found as oxides and hydroxides in soils. The mean value of Fe is
4.27%, and near 45% of the samples indicate a higher concentration than the mean value.

Mercury concentrations ranged from 0.01 to more than 100 mg/kg (average 9.03 + 26.54
mg/kg). The measured concentration of Hg is drastically increased toward the mine. The
median value for Hg is 0.46 mg/kg. About 10% of the analyzed samples show concentration
levels higher than the average value. Three soil samples 6, 14, and 32 show the highest Hg
concentration (Table 1).

Concentrations of Pb and Zn ranged from 26-830 (mean 163.13 = 178) and 64-311 (mean
145.42 + 65) mg/kg, respectively. The highest concentrations of both metals were measured in
the mining area. Close to 32% and 34% of soil samples have Pb and Zn concentrations above
the mean values, respectively. Increasing lead and zinc levels are attributed to the occurrence
and disintegration of galena (PbS) and sphalerite (ZnS) in the orebody.

The concentrations ranged between 23- 95 mg/kg (mean 55.05 + 17 mg/kg), 11- 137 mg/kg
(mean 103.29 + 22 mg/kg) and 0.23 — 0.51% (mean 0.42 + 0.06%) for Ni, V, and Ti,
respectively. Based on the results presented in Table 1, about 45% of samples for Ni, 53% for
V, and 50% for Ti show higher concentration levels than their average values. The highest Ni,
V, and Ti levels are measured in the samples near the mining area.

The high concentrations of studied elements, especially in the samples near mine and
orebody, indicate that the Sari Gunay gold mine and mining operations resulted in an extensive
distribution of metals and metalloids around the mining site.

Assessment of soil Contamination

Enrichment factor (EF) is one of the most commonly used indices for pollution assessment. The
EF near 1 indicates natural and geogenic origin, whereas EF values greater than 1.5 can show
anthropogenic sources (Sutherland et al., 2000). Although some natural sources result in high
EF in soils and sediments (such as sulfidic mines including chalcophile elements (Hg, Pb, Zn)
and elements such as Fe, As, Sb, Co, and Ni), the high EF value does not entirely represent
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anthropogenic origin. The results of EFs are displayed in figure 3a, b and Table 2, which shows
the distribution of each element’s EF. Due to vertical scale differences, the EFs of studied
elements were plotted in two separated diagrams.

Table 2. Contamination assessment of the soil samples around the Sari Gunay gold mine using single-
element (enrichment factor (EF) and contamination factor (CF)) and integrated-pollution (contamination
degree (Cd) and pollution load index (PLI)) indices

Sample As Co Cr Cu Hg Ni Pb Sb Ti v Zn
No. EF CF EF CF EF CF_EF_CF EF CF EF _CF__EF CF EF CF EF CF_EF CF_EF_ CF Ccd PLI
1 6.2 6.7 0.8 0.9 05 05 09 1.0 0.6 0.6 05 05 44 48 11.7 12:5 L 12 24 25 25 217 329 1.8
2 355 43.1 1.0 1.2 1.3 16 1.1 1.3 26.4 32.0 1.2 14 29 3.3 1771 215.0 1.2 14 20 24 15 19 3035 53
3 84 90 09 1.0 12 13 12 13 5.8 6.2 19 20 22 24 11.7 12.5 14 15 20 22 15 16 397 2.7
4 21,0 240 1.1 12 1.0 12 12 13 53 6.0 13 1.5 28 32 19.7 22:5 13 15 21 24 16 19 653 33
5 16.7 16.7 1.0 1.0 i B T 1.2 12 23.6 23.6 20 20 6.9 6.9 130.0 130.0 13 13 24 21 1.5 iS5 186.4 4.6
6 1286 101.0 0.5 0.4 07 06 1.7 13 25455 20000 09 0.7 88 6.9 20364 16000 12 10 22 1.7 17 13 37136 7.7
7 96.0 685 0.9 0.6 13 10 1.7 12 161.0 115.0 14 1.0 449 321 1113.0 7950 19 14 25 18 20 14 10179 73
8 23.8 238 04 0.4 09 09 09 09 109.6 109.6 1.0 1.0 8.2 8.2 60.0 60.0 12 12 1.5 1.5 1.0 1.0 2075 3.9
9 18.8 148 05 04 1209 07 06 18.1 142 09 07 43 34 35.0 27.5 15 12 24 19 17 13 662 2.6
10 12.1 12.1 0.9 0.9 14 14 13 13 44 4.4 1.8 18 25 2.5 177.5 177.5 14 14 22 22 16 16 2058 3.5
11 255 213 0.9 0.9 15 16 12 13 49 52 13 14 41 4.4 5833 625.0 14 15 22 23 18 19 671.6 4.7
12 13.9 169 09 1.0 14 1.7 11 13 9.2 1.2 13 1.6 37 45 57.6 70.0 13 15 21 25 15 18 1128 40
13 25.0 285 08 0.9 1.2 14 1.0 12 31.2 35.6 1.4 16 128 146 2100 240.0 14 16 1.8 21 14 1.6 3278 5.7
14 343 319 11 1.0 1.0 09 13 1.3 21538 20000 12 1.1 235 218 6838 6350 14 13 22 20 43 40 26990 99
15 11.9 102 08 0.7 12 1.0 L1 1.0 18.9 16.2 13 L1 108 93 96.3 825 15 13 02 02 30 26 1251 3.0
16 29.8 31.9 0.6 0.6 1.0 1.0 08 09 9.3 10.0 09 1.0 456 488 100.3 107.5 12 13 1.6 1.7 13 1.4 205.3 4.5
17 LS 1.5 02 0.2 05 05 06 06 3.6 3.6 07 07 139 139 27.5 275 07 07 12 12 27 27 62.5 22
18 16.8 156 09 08 09 09 09 09 545 50.6 L1 77 71 53.8 50.0 15 14 23 22 50 46 1342 44
19 253 217 09 0.8 10 08 09 08 15.6 134 12 11 1o 9s 78.8 67.5 1.7 15 25 22 40 35 1218 4.1
20 538 423 07 06 L1 08 11 09 364 28.6 14 11 143 112 1623 1275 13 1.0 23 18 26 20 2170 45
21 323 254 1.0 0.8 12 09 715 12 121.7 95.6 1.4 1.1 510 40.1 216.4 170.0 16 13 23 18 42 33 3403 6.3
22 374 32.1 0.7 0.6 13 11 1.2 1.0 61.4 52.6 1.5 13 13 6.2 265.4 227.5 15 T3 24 1.8 15 13 3259 4.8
23 245 227 08 0.8 12 11 1.3 12 3188 296.0 1.5 14 117 109 137.3 127.5 15 4. 22 20 23 21 466.0 6.1
24 21.8 23.3 12 1.3 1.3 14 08 09 5.0 5.4 1.2 1.3 6.8 72 56.0 60.0 1.5 16 24 26 26 28 107.1 4.2
25 42.7 335 1.0 0.8 . 09 20 16 10.4 8.2 14 11 153 121 85.9 67.5 13 10 24 18 52 41 131.0 4.1
26 12.6 1.7 09 0.9 1.6 15 09 09 3.0 2.8 1.2 11 105 98 35.0 325 14 13 21 20 27 25 65.8 3.1
27 16.3 14.0 1.1 0.9 1.2 1.0 1.3 1Ll 4.7 4.0 1.5 13 192 165 87.5 75.0 1.6 14 23 20 40 34 119.5 3.9
28 117 92 1.0 08 1209 10 08 0.8 0.6 17 13 40 3.1 38.2 30.0 1.8 14 24 19 22 17 510 22
29 20.7 133 1.0 06 1.0 07 09 06 22 1.4 13 09 56 3.6 108.9 70.0 19 12 24 16 19 12 944 23
30 263 206 0.6 0.5 09 07 08 06 30.0 236 08 0. 203 159 98.6 77.5 14 1.1 21 16 52 41 146.3 3.9
31 6.1 4.8 1.0 0.8 09 07 1.0 08 1.5 12 1.3 1.0 40 32 223 17:5 1.6 13 24 19 20 15 339 1.9
32 51.2 40.2 1.3 1.0 I 09 I.I 09 23927 18800 15 1.2 55 4.3 124.1 97.5 .7 1.3 24 19 27 21 20304 6.7
33 9.0 7.7 1.1 1.0 14 12 13 11 0.7 0.6 20 17 21 1.8 17.5 15.0 18 15 24 20 18 15 340 2.0
34 4.0 38 1.0 09 14 13 08 08 0.2 0.2 1.5 14 16 15 13.5 12.5 16 15 21 19 12 11 26.2 1.6
35 9.0 9.0 1.0 1.0 1.2 12 1.1 1.1 0.6 0.6 14 14 1.7 1.7 15.0 15.0 16 16 22 22 14 14 35.1 2.0
36 8.8 6.3 0.9 0.6 08 06 1.0 07 2.8 2.0 09 06 56 4.0 49.0 35.0 1.9 14 23 16 44 3.1 55.2 22
37 4.5 42 1.1 1.0 1.1 L. 09 09 0.4 0.4 LT 10 25 2.3 13.5 12.5 1.7 16 24 22 16 15 27.7 1.7
38 4.1 4.4 0.8 0.8 08 08 07 08 0.6 0.6 0.7 0.8 1.6 1.7 117 12.5 14 15 21 22 12 13 26.7 1.6
Min 4.0 38 02 02 05 05 06 06 0.2 0.2 05 05 16 1.5 11.7 125 07 07 02 02 10 10 262 1.6
Max 1286 1010 13 1.3 1.6 17 20 1.6 25455 20000 20 20 51.0 488 20364 16000 19 16 25 26 52 46 37136 99
Mean 252 222 09 0.8 11 1.0 1.1 1.0 2157 1806 13 1.2 108 9.6 190.0 164.2 1.5 13 21 19 24 22 381 4.0
Median _ 19.8 168 09 08 12 1.0 11 10 9.3 9.1 13 1.1 68 6.6 82.3 68.8 15 14 22 20 19 1.8 1234 39

Mercury (EF ranges from 0.2 to 2545.5 with an average of 215.7) and Sb (EF ranges from
11.7 to 2036.4 with an average of 190) have mean EFs higher than 40, indicating extremely
high enrichment in soil samples. Arsenic has an average EF of about 25.2, which shows very
high enrichment. The average EF of Pb is 10.8 and is classified as significant enrichment. The
EFs’ ranges for Zn (1-5.2) and V (0.2-2.5) are low, indicating moderate enrichment, while Ti
(0.7-1.9), Ni (0.5-2), Cr (0.5-1.6) and Co (0.2-1.3) show deficiency to minimal enrichment.

The mean EFs decrease in the order of Hg > Sb > As > Pb > Zn >V > Ti > Ni > Cr > Co.
The soil samples were taken from adjacent to the orebody, and the active mine area exhibits the
greatest EF's for studied elements, especially Hg, Sb, As, and Pb. With average EFs higher than
10, these elements might be originated from both geogenic and anthropogenic sources. Natural
physical weathering processes and mining activities can also disperse contaminant metals and
metalloids around the mining area.

Contamination categories percentage based on EF values of metals and metalloids is
presented in figure 4a. About 66% of soil samples have EF values higher than 40 for Sb,
indicating the study area is extremely high enriched for antimony. The percent of this category
for Hg, As, and Pb is 24%, 13%, and 8%, respectively. All samples show deficiency to minimal
enrichment for Cr, Co, and Ti.

The distribution of each element’s CF is shown in the figures. 3c, 3d, and Table 2. Antimony
(CF ranges from 12.5 to 1600), As (3.8-101), Hg (0.2-2000), and Pb (1.5-48.5) have mean CFs
higher than 6, Showing a very high contamination factor. The percentage of contamination
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classes based on CF values of Sb, As, Hg and Pb is 100%, 89.5%, 58%, and 52% of total soil
samples (Fig. 4b). The CF values of Zn ranges from 1 to 4.6; 21% of samples are classified as
considerable contamination factor, and 79% are classified as moderate contamination factor.
Titanium (0.7-1.6) and V (0.2-2.6) have an average of CF values 1.3 and 1.9, respectively,
indicating moderate contamination factor. Ninety-seven percent of soil samples are moderately
contaminated by these heavy metals. Nickel (0.2-2), Cr (0.5-1.7) and Co (0.2-1.3) show the
least contamination factor in the study area. About 79% of samples for Ni, 53% for Cr and 29%
for Co represent moderate contamination factors. The mean CFs decrease in the order of Hg
(180.6) > Sb (164.2) > As (22.2) > Pb (9.6) > Zn (2.2) > V (1.9) > Ti (1.3) > Ni (1.2) > Cr (1.0)
> Co (0.8), that shows the same trend as EF. The soil samples™ C4 and PLI (integrated pollution
indices) are presented in figure 3e and Table 2.
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Figure 3. Box-plot of (a and b) enrichment factor (EF) (c and d) contamination factor (CF), and (e)
contamination degree (Cq4) and pollution load index (PLI), for some potentially toxic metals and
metalloids studied in the soil samples. The EFs and CFs were plotted in two separate diagrams due to
differences in the vertical axis. The median value of C4 shows very high contamination for the study
area. Circles (0 ) show outliers in the data with corresponding sample numbers. Vertical lines show
reference lines for EF and CF classifications
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Figure 4. (a) Enrichment factor class distribution for each element in the study area. Antimony is
significant to extremely high enriched in all samples. (b) Contamination factor class distribution for
each element in the study area. All samples show very high CF for Sb. (c) Integrated pollution indices
(Cq and PLI) in the soil samples of the study area

Contamination degree and PLI range from 26.2 to 3713.6 (mean 385.1) and 1.6 to 9.9 (mean
4.0), respectively. Based on Cd, near 92% of soil samples indicate a very high degree of
contamination, and on PLI, about 66% of samples show extreme pollution (Fig. 4c). The
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greatest values of Ca and PLI are observed in the soil samples adjacent to the mining site (Fig.
1 and Table 2).

Statistical Analysis

To evaluate the impact of the Sari Gunay gold mine and mining activities on the accumulation
of some heavy metals and metalloids in the surrounding area of the mine, trace element
concentrations in the soil samples were measured. Pollution indices showed high-level
contamination for As, Sb, Hg, and Pb and medium to low-level contamination for Zn, V, Ti,
Ni, Cr, and Co in the study area. The source of metals and metalloids is related to the geology
and lithology of the mine area. Statistical methods were used to establish a relationship between
the distribution of elements and their origin.

Pearson’s correlation coefficient of elements in soil samples around the Sari Gunay gold
mine is summarized in Table 3. Bivariate correlation showed that there is a strong and positive
correlation between As and Hg (r=0.585), As and S (1=0.566), As and Sb (r=0.851), As and Pb
(r=0.330), and a negative correlation between As and Fe (r=-0.338) and As and Ti (r=-0.331).
The other strong and positive correlations are observed between Ti and Co (r=0.755), Ti and
Cr (0.630), Ti and Fe (r=0.414), Ti and Ni (1=0.561), Ti and V (r=0.519). The significant
positive correlation among elements in each group indicates that these elements are of a
common source. The significant negative correlation between elements existing in the two
separate groups shows their different origin and occurrence.

Iron, Co, Ni, As, and Sb are all chalcophile, but they can act differently in the earth's crust.
Iron, Co and Ni act as chalcophile and lithophile, As and Sb as chalcophile elements. Titanium,
V, and Cr elements are also lithophile metals.

Cluster analysis (CA) for potentially toxic elements in the soil samples showed that the
studied elements are divided into two main clusters (Fig. 5a). The first cluster consists of As-
Sb-Hg-S-Pb-Zn that is divided into two sub-clusters of 1) As-Sb-Hg-S, and 2) Pb-Zn. The
second cluster, including Ti, Co, Ni, Cr, Fe, and V, can also be divided into two sub-clusters of
1) Ti-Co-Ni-Cr, and 2) Fe-V based on the cluster weight and similarities. The cluster shows
that the elements are highly correlated with each other and have an identical origin.

Principal component analysis (PCA) was also applied to find metal sources in the soil
samples (Table 4).

Table 3. Pearson’s correlation coefficient matrix of the studied elements' concentrations
Al As Co Cr Fe Hg Ni S Sb Ti \Y% Zn Pb
Al 1
As 0215 1
Co 0023 022 1
Cr -0014 -0.108 0.655" 1

Fe 0.603™ 0.556"  0.356" 1

0.338"
Hg -0.185  0.585™  -0.023 -0242 -0.196 1

Ni -0.176 ~ -0.12 0.640™  0.792™  0.208 -0.137 1

S -0.192  0.566” -0.530" -0.242  -0.317  0.262 -0.242 1

Sb -0.237  0.851"  -0.212 -0.092  -0292  0.635" -0.117 0.515" 1

Ti -0.029 0.755"  0.630" 0.414™ -0.24 0.561 -0.335" -0.243 1

0.331°

v -0.054  -0.047  0.635™  0.457" 0.385"  -0.064 0.350"  -0.255 -0.044 0519 1
Zn 0.433™  -0.063  0.008 -0.286  0.256 0.091 -0.272 -0.279 -0.099  -0.215  -0.052 1
Pb 0.113 0.330°  -0.245 -0.152 -0.149  0.071 -0.182  0.212 0202  -0.227  -0.237 0246 1

** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).
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Table 4. Rotated component matrix for data of Sari Gunay gold mine (PCA loadings > 0.3 are indicated
in bold)

Rotated Component Matrix?®

Component
1 2 3

Co 903 -.105 258
Cr 841 -.099 -.220
Ti 805 -.252 -.043
Ni 783 -.093 -.262
\Y% 723 .039 .164
As -.094 922 -.148
Sb -.047 912 -.162
Hg -.044 784 145
S -.352 528 -471
Pb -.278 335 216
Zn -.203 .032 .885
Fe 508 -.234 515

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.
a. Rotation converged in 6 iterations.

It shows that the elements are grouped into three components. These components (PC1, PC2,
and PC3) show 69% of the total variance. PC1 includes 32% of total variability and has a high
loading on Ti, Co, Cr, Ni, V, and Fe, indicating a similar source for these elements. PC2
accounts for 24% of the total variance and has positive loading on As, Sb, Hg, S, and Pb. PC3
with 13% of total variance has high loading on Zn and Fe elements. A PCA loadings plot is
presented in figures 5b, ¢, and the relationships among the elements are readily observed. As
shown in figures 5b, ¢, Zn and Fe are separated by a considerable distance in the PCA loading
plot, suggesting that the two elements are poorly correlated (Table 3) and have different sources.

Source of the metals and metalloids

The statistical analyses showed that the elements (metals, metalloids, and sulfur) are classified
into closely related groups and their source rocks. Bivariate correlation (Table 3) revealed that
metals in soil samples are originated from similar geogenic and/or anthropogenic sources,
particularly mine and mining activities. The strong positive correlation between elements
indicates the same source for them. Arsenic shows a significant and positive correlation with
Sb, Hg, Pb, and S. The strong negative correlation of As with Fe and Ti indicates different
origins for these elements. It means there should be at least two distinct source rock types for
the studied elements. The significant and positive correlation between Fe and Al, an element
that originates from silicates, shows the existence of Fe in silicate minerals like micas and clay
minerals in the soil samples. Also, Fe is positively correlated with Ti, V, Cr, and Co, indicating
a similar source for these elements.

Based on cluster analysis, two groups of elements are observed. The As-Sb-Hg-S-Pb-Zn
group is notably different from another group and divided into two subgroups: As-Sb-Hg-S and
Pb-Zn. All elements existing in group As-Sb-Hg-S-Pb-Zn are chalcophile and tend to form
sulfidic minerals. Stibnite, realgar, orpiment, cinnabar, galena, and sphalerite are the main
minerals formed in the veins in the orebody and host rocks. Although two subgroups include
sulfide minerals, they occurred in two different veins formed in different mineralization phases.
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Figure 5. (a) Hierarchical dendrogram for 12 elements. Two main clusters are distinguished on this
diagram, and PCA results in the 2D (b) and 3D (c) spaces (PC1 vs. PC2 vs. PC3) for 12 elements

Epithermal quartz-pyrite-stibnite-realgar-orpiment veins are the last stage of epithermal
veining and are characterized an increasing As and/or Sb-bearing minerals, pyrite, arsenopyrite,
and locally cinnabar. These veins host the main zone of gold mineralization (Richards et al.,
2006; Niroomand et al., 2013). The veins containing quartz-calcite-pyrite-Galenatsphalerite
with higher Ag concentrations mainly occur outside the main gold mineralization zone in
propylitic alteration areas (Rastad et al., 2000; Richards et al. 2006). Thus, the two sub-clusters
are separated from each other.

The Co-Ti-Cr-Ni-V-Fe is observed as a separate group, which implies a different origin. It
also shows two sub-groups Co-Ti-Cr-Ni, and Fe-V. The abundance of magnetite, hematite,
limonite, and minerals such as rutile and ferromagnesian minerals in host rocks can be the
second group's main sources. Magnetite is associated with quartz-sulfide-magnetite veins, and
hematite and limonite are enriched in the supergene alteration zone (Richards et al., 2006;
Niroomand et al., 2013).

Besides, source identification can be obtained from the PCA. High loading of Co-Ti-Cr-Ni-
V-Fe in the first component confirms the results of CA, suggesting a common source. The
second component, including As-Sb-Hg-S-Pb, shows a strong correlation. A high loading is
observed between Fe and Zn in the third group (PC3), but no positive correlation is seen in
Pearson’s correlation; thus, they have no common source.

Some elements show an affinity for more than one geochemical group. For example, iron is
a siderophile, but it acts as a chalcophile and lithophile element in the earth's crust (Mason &
Moore, 1982). It seems Fe has a relatively high loading in the first and third components,
suggesting it may have distinct origins: silicate and oxide minerals as well as sulfides (pyrite).
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Conclusion

This investigation was conducted to determine the concentrations, contamination, and source
of some heavy metals and metalloids in soil samples around the Sari Gunay gold mine,
Kurdistan Province, west Iran. The results indicate that the distribution of As, Sb, Co, Cr, Hg,
Pb, Zn, Ni, V, and Ti in the soils is not uniform over the study area. Their concentrations change
according to distance from the mine and mineral processing plant.

Based on CF and EF indices, soil samples show extremely high to high contamination of Hg,
Sb, As, and Pb. The order of mean CF is Hg > Sb > As >Pb>Z7Zn >V >Ti > Ni > Cr > Co, and
mean EF is also the same as CF values. The high contamination degree of the Hg, Sb, As, and
Pb is related to gold mineralization and its paragenesis minerals such as cinnabar, stibnite,
realgar, orpiment, and galena. The calculated CF and EF are uncontaminated or moderately
contaminated for Zn, V, Ti, Cr, and Co.

The correlation analysis, PCA, and CA analyses were used to find insight into the sources of
metals and metalloids in soil samples. Relationships between elements concentration in the soil
samples indicated Hg, As, Sb, Pb, and S are positively correlated, showing the same origin of
these metals. Titanium, V, Ni, Cr, Co, and Fe are also distinguished to have the same source.
Two main sources for the studied elements were identified. Mercury, As, Sb, Pb, and Zn are
attributed to sulfide mineralization, which originates mainly from both geogenic and
anthropogenic sources. Furthermore, Ti, V, Ni, Cr, Co, and Fe originate mainly from geogenic
sources, including supergene alteration zone and silicate minerals in host rocks.
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