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Abstract The Sungun porphyry copper deposit is located
100 km northeast of Tabriz in the Azarbaijan province of
Iran. The total concentration and chemical fractionation of
metals and metalloids (As, Se, Cd, Cr, Ni, Co, and Zn) in
sediment downstream of the Sungun mine was investi-
gated. The degree of contamination was evaluated using
the sediment pollution index (SPI) and enrichment factor.
The concentrations of As, Cd, Se, and Zn in the contami-
nated sediments were elevated due to anthropogenic
activities. According to the SPI, surface sediments in the
ephemeral rivers flowing in the vicinity of the Sungun
porphyry copper deposit are classified as natural sediment
with no ecological risk, while sediments that received
contaminated effluents are classified as slightly polluted.
Sequential extraction indicated that Co was principally
associated with the iron and manganese oxide fraction,
while other elements (As, Zn, Cr, Se, and Ni) were mainly
distributed in residual phases. Cadmium is the only element
that has a high potential for mobility and bioavailability in
the sediments and, of the investigated elements, it poses the
greatest potential risk to the local aquatic ecosystems. The
chemical fractionation pattern of elements appears to be
influenced by industrial effluents. Although the bioavail-
able fraction of most contaminant metals is low due to the
freshness of the sediments, over time, the oxidation of
sulfide minerals in these sediments could contribute con-
taminant elements in soluble form.
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Introduction

Weathering of soils and rocks, atmospheric deposition, and
mining are important sources of trace metals in sediments
(Cevik et al. 2009). Although mining affects a relatively
small area, it can have a significant environmental impact,
depending on factors such as climate, mining methods,
geological conditions, and whether the mine is active or
abandoned (Bell et al. 2001). River sediments act as a sink
and source for a variety of environmental contaminants and
provide a record of stream pollution inputs into aquatic
ecosystems (Cevik et al. 2009; Milenkovic et al. 2005).
Changes in environmental conditions, such as acidification,
redox potential, organic ligand concentrations, or salinity,
can mobilize trace elements and contaminate surrounding
waters (Gonzaleza et al. 2000; Milenkovic et al. 2005;
Yuan et al. 2004).

Sequential extraction has been widely applied to eval-
uate the potential mobility of trace elements and how trace
elements are linked to soil and sediment phases (Guo et al.
2007; Shiowatana et al. 2001; Zemberyova et al. 20006). It
can provide information about the origin, chemical form,
source of trace metals (Shiowatana et al. 2001; Tessier
et al. 1979; Zemberyova et al. 2006) and has been used to
study the bioavailability and fate of metals and metalloids
in the environment (Shiowatana et al. 2001). Sequential
extraction generally follows the sequence: unbuffered salts,
weak acids, reducing agents, oxidizing agents, and strong
acids (Guo et al. 2007). Major potential problems in
sequential extraction procedures are the non-selectivity of
extractants and trace metal readsorption during phase
extractions (Guo et al. 2007). The most commonly
employed sequential extraction procedures are those
developed by Tessier et al. (1979), and the Commission of
the European Communities Bureau of Reference (BCR)
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Standards Measurement and Testing Program; Guo et al.
(2007); Quevauviller (1998). The BCR method is a three-
step sequential extraction procedure, which has been
applied to a variety of matrices, including sediments
(Zemberyova et al. 2006). This extraction method harmo-
nizes different extraction procedures for sediment analysis
and allows comparison between results obtained in differ-
ent laboratories (Ure et al. 1993). In this study, we used
sequential extraction to characterize total content and BCR
chemical fractionation pattern of As, Cd, Zn, Cr, Co, Se,
and Ni in sediments in the vicinity of the Sungun porphyry
copper mine to obtain information about their bioavail-
ability and whether they posed a potential risk to the
environment.

Geology and Site Characteristics

The Sungun porphyry copper deposit is located 100 km NE
of Tabriz and 75 km NW of Ahar in northwestern Iran (46
45 35E, 38 38N) (Fig. 1). This deposit is one of the most
important copper deposits associated with calc-alkaline
intrusive rocks in the so-called Cenozoic Sahand-Bazman
volcanic belt of Iran. This belt was formed as a result of
subduction of the Arabian plate beneath central Iran during
the Alpine orogeny (Asghari et al. 2009; Berberian and
King 1981; Hezarkhani 2006). Sungun porphyries contain
more than 500 Mt of sulfide ore, grading 0.76% Cu
and ~0.01% Mo (Hezarkhani and Wiliams-Jones 1998).
The Oligo-Miocene Sungun porphyry was intruded as a
sub-volcanic complex into upper Cretaceous carbonate
rocks, a series of Eocene arenaceous—argillaceous rocks,
and a series of Oligocene dacitic breccias, tuffs, and trachy-
andesitic lavas. The Sungun deposit occurs as stocks and
dikes, with composition from quartz monzodiorite through
quartz monzonite and granodiorite to granite (Calagari
2004). This deposit displays features related to both por-
phyrtic and skarn deposits (Karimzadeh 2004). Skarn-type
alteration (and associated mineralization) is as a narrow
layer along the eastern and northern margin of the stock in
the Sungun valley (Mehrpartou 1993).

The Aras River forms the border between Iran and
Armenia and Azerbaijan and lies approximately 40 km
north of the mine. The Aras River flows in a northeasterly
direction to reach the Caspian Sea some 200 km to the east.
Two major river systems, the Illgineh and the Zarnekab,
are also located in this area. The Sungun copper mine lies
within the catchment area of the Illgineh River, while the
tailing dam and impoundment area lie within the catchment
area of the Zarnekab River. Illgineh is the main stream in
the mine area; sub-streams include Sungun chay, Pakhir
chay, Miyankafe, and Khoineroad, which all ultimately
flow into the Illgineh River.
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Materials and Methods
Sediment Sampling

Sediment samples were collected in May 2008. A judg-
mental approach was used to select sampling sites, because
random sampling is often uneconomical and time consum-
ing in industrially contaminated areas. At least 1 kg of
sediment was taken from 44 stations at depths of 0-5 cm,
using a plastic device to avoid possibly contaminating the
samples with metals. Sampling points are shown in Fig. 2.
Sediment samples were collected from the riverbanks,
moving from upstream to downstream of the selected rivers.
The collected samples were put in polyethylene bags and
were immediately sent to the laboratory where they were air-
dried at room temperature, sieved through 64 pm mesh size,
and stored in polyethylene plastic containers. Elemental
concentrations of sediment samples were measured using
ICP-MS/OES at the Labwast laboratory, Australia. The
digestion procedure includes adding HCl + HNO3 + HF
into the sample, running it through a microwave at high
temperature and pressure conditions, and finally adding
boric acid solution to complex free fluoride and re-dissolve
precipitates. This method yields near-total dissolution, and
achieves good recoveries for the most resistive minerals.
Precision was checked using replicate samples. The mean
relative standard deviation ranged from 1.80 for Se to 4.50
for Cd. The analytical quality and measured values for both
total and extracted concentrations of metals were verified by
analyzing a blank sample (containing only the reagents),
standards, and certified reference materials (STD TMDA-
70), and by duplicate samples in each analytical series.

Sequential Extraction Method

Eleven sediment samples were chosen for BCR sequential
extraction, based on total concentration of the targeted
elements and a background sample. Fractionation pattern in
the samples was evaluated using the BCR three step
sequential extraction procedure (Iskandar and Kirkham
2000; Lacala et al. 2003, Rao et al. 2008; Ure et al. 1993).
Each chemical fraction was determined as follows:

Exchangeable (F1): 50 mL of 0.11 M acetic acid
(CH3COOQOH) was added to 1 g of air dried sieved sediment
sample in a polypropylene tab and shaken for 16 h at room
temperature.

Contaminants bound to iron and manganese oxides (F2)
were extracted by adding 50 mL of 0.1 M hydroxylamine
hydrochloride (NH,OH-HCI) (adjusted to pH 2) onto the
residue from fraction 1 with continuous shaking for 16 h.

Elements bound to organic matter and sulfides (F3):
10 mL of 8.8 M hydrogen peroxide (H,O,) was added to
the residue from the F2 step. The tubes were covered and



Mine Water Environ (2012) 31:29-39

31

"o
N38745;

A Sungun mine

& N38*33
L

N3B8 27

Central Iranian Tectono-volcanic Belt
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Fig. 2 Location of sediment sampling points (pump station and
concentrate plant is in the Sungun chay (upstream of Illgineh River),
rock waste is in the Pakhir chay (midstream of the Illgineh River), and
the tailings dam is in the upstream section of the Zarnekab River)

the contents digested for 1 h at room temperature with
occasional manual shaking and 1 h at 85°C in a water bath.
Then, the volume was reduced to around 2-3 mL by fur-
ther heating. After cooling, 50 mL of 1.0 M ammonium
acetate solution (CH3COONH,) (adjusted to pH 2 by
adding HNO;3;) was added to the residue. The sample
solution was shaken as described in Step 1.

Residual fraction (F4): The residue from F3 step was
extracted by adding a mixture of 30 mL hydrochloric acid
and 10 mL nitric acid (ratio 3HCL:1HNO3).

After completing each step, the extracted phases were
separated from the solid phase by centrifugation at
2,500 rpm for 30 min. The supernatant was then filtered
through a 0.45 pm filter (ALBET, Nitrato Celulosa), keep in
dark glass bottles and stored at 4°C until analysis. Extracted
solutions were sent to the ACME laboratory, Canada, where
the concentrations of trace elements (As, Se, Cr, Co, Cd, Ni,
and Zn) were determined using ICPMS. The accuracy of the
sequential extraction method was evaluated from the ele-
mental recovery after the entire extraction procedure. The
recovery percentage for each element in each sediment
sample was calculated by comparing the sum of the four
fractions with the total concentration. The percent recoveries
of As, Se, Cr, Co, Cd, Ni, and Zn were 108.45, 117.8, 65.73,
110.45, 96.82, 96.27, and 115.8%, respectively.

Assessment of Sediment Contamination Intensity

The enrichment factor (EF) is often used to evaluate
anthropogenic inputs in sediment. EF is calculated by
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comparing the concentration of an element with a reference
element. Common reference elements include Sc, Mn, Ti,
Al, Zr, Sr, and Fe (Cevik et al. 2009; Eby 2004; Hernandez
et al. 2003; Liu et al. 2009; Wang et al. 2008). The fol-
lowing formula is generally used to calculate the EF

(%) Sample

(RE)
R Background

where M is the concentration of the target element in
sample, M'is the concentration of the target element in
background, and RE is the reference element in both
sample and background.

In this study, Al was chosen as the reference element,
because it was assumed that the Al in the sediments was
mainly associated with natural sources. The uncontami-
nated sediment from natural drainages (sample S-3) was
taken as background since it was not affected by anthro-
pogenic sources. According to Sutherland (2000), five
contamination classifications can be recognized, based on
the enrichment factor:

EF =

EF < 2 deficiency to mineral enrichment
EF = 2-5 moderate enrichment

EF = 5-20 significant enrichment

EF = 20-40 very high enrichment

EF > 40 extremely high enrichment

Singh et al. (2002) developed the concept of a sediment
pollution index (SPI). SPI is a multi-metal method for
assessing sediment quality by considering trace metal
concentrations and potential metal toxicity. SPI was
determined using the following equation:

sPL=3" (CEm x Wm/z wm)
CFpn = My /M,

where CF,, is the ratio of mean metal concentration (Mx)
in the sediment to background value (M), Wy, is toxicity
weight, and W, is for Cr = 2, Zn = 1, Ni = 5, Cd = 30,
As = 10 (Lin et al. 2008; Yang et al. 2009). The following
SPI categories are recognized:

SPI < 2 natural sediment

SPI = 2-5 low polluted sediment

SPI = 5-10 moderately polluted sediment
SPI = 10-20 highly polluted sediment
SPI > 20 dangerous sediment
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Results and Discussion

Trace Metal Concentration

Table 1 shows total concentrations of As, Se, Cr, Co, Cd,
Ni, and Zn in the surface sediments. The mean concen-
tration distribution displays the following order:
Zn > Cr > Ni > As > Co > Se > Cd. Contaminant levels
in sediment samples, the average metal concentration for
continental shale (Turekian and Wedepohl 1961), and
background values are also provided in Table 1. The
average concentration of Se and As in the sediments was
much higher than the shale and background values, while
the concentration of Ni, Cr, Zn, Cd, and Co was close to
background values, indicating little enrichment of these
metals. Chromium, Ni, and Co concentrations in the
Illgineh River sediment were lower than in the Zarnekab
River sediment, while As, Zn, Cd, and Se concentrations in
the sediment of Illgineh River were higher. These results
indicate the different natural sources of elements near the
Sungum mine, because these sediments were not contam-
inated by anthropogenic inputs.

Sediment quality guidelines (SQGs) are commonly
used to evaluate potential ecological effects of contami-
nated sediment. For this purpose, MacDonald et al. (2000)
suggested two consensus-based SQGs, threshold effect
concentration (TEC) and probable effect concentration
(PEC). TECs are values below which harmful effects on
sediment dwelling organisms are not expected. PECs are
values above which harmful effects on sediment-dwelling
organisms are expected to occur frequently. In this study,
trace metal concentrations in sediments of the Sungun
mine were compared to the consensus-based TEC and
PEC values (Table 1). Chromium, Ni, Cd, and Zn con-
centrations were below the PEC, while As was much
higher than the PEC.

Variations of SPI and average value of EF along the
course of the rivers are displayed in Figs. 3 and 4. The EF
results are given in Table 2. The EF for Ni and Cr are less
than 2 over the entire course of the two rivers, showing that
the sediment is not significantly contaminated by Ni and
Cr. In contrast, Zn in S-18 and S-19 (Pakhir chay) of the
Illgineh River sediments is significantly enriched, with an
EF value of 6, while Sungun mine sediments was not
enriched in Zn. The EF of Co was 1 in river sediment of the
Sungun mine, showing no enrichment of this metal, except
in the tailings dam sample (S-40) (Fig. 2). The EF of Cd in
the S-18, S-19 (Pakhir chay), and S-12 (a tunnel below the
mine pit) sediment samples was 3.5, 3, and 4, respectively,
reflecting moderate anthropogenic contamination. Gener-
ally, the EF for Cd was less than 1 in the river sediments
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Table 1 Trace metal concentration (in mg/kg, except for Al) in Sungun mine sediments compared with mean metal concentrations and sediment
quality guidelines (S-1 to S-39 from Illgineh and S-40 to S-44 from Zarnekab River)

Sample Ni Zn Cr Al (%) Co Cd As Se pH
S-1 57.0 126.5 101.0 8.21 22.5 0.5 20.0 0.4 79
S-2 86.0 119.7 123.0 7.10 17.7 0.2 138.7 0.3 72
S-3 42.0 126.1 73.0 7.44 19.2 0.7 15.1 1.1 7.9
S-4 54.0 86.0 81.0 7.20 19.3 0.3 12.8 1.0 7.1
S-5 50.0 36.1 66.0 7.69 26.9 0.2 25.7 8.7 7.8
S-6 63.0 82.6 65.0 7.22 353 0.4 20.9 6.8 7.9
S-7 61.0 142.4 71.0 7.39 232 0.5 32.0 32 7.7
S-8 53.0 142.6 71.0 7.72 24.1 0.5 34.6 32 8

S-9 38.0 110.3 64.0 7.06 15.1 0.3 13.7 0.4 8.1
S-10 69.0 96.1 57.0 6.86 34.6 0.4 29.0 6.7 7.1
S-11 64.0 92.7 59.0 6.56 32.0 0.5 27.3 6.6 7.7
S-12 22.0 71.7 12.0 2.68 7.3 1.0 15.6 9.4 5.7
S-13 63.0 82.7 55.0 6.80 329 0.5 27.7 7.9 7.6
S-14 58.0 84.6 58.0 6.90 28.7 04 25.0 5.8 8

S-15 30.0 49.0 69.0 8.28 7.9 0.3 250.4 8.3 8.1
S-16 37.0 63.2 50.0 6.49 16.9 0.3 143.0 7.4 8.2
S-17 53.0 86.6 54.0 7.02 25.4 0.4 28.3 5.1 8.2
S-18 71.0 729.8 61.0 7.49 26.4 22 57.4 4.3 8

S-19 59.0 747.0 62.0 7.38 24.2 22 59.0 4.5 7.7
S-20 57.0 129.1 59.0 6.46 29.4 0.7 40.1 6.1 8

S-21 56.0 131.9 55.0 6.16 27.0 0.6 39.1 5.1 7.9
S-22 42.0 183.2 49.0 7.22 19.6 0.8 41.5 3.4 8

S-23 38.0 108.4 68.0 7.21 18.1 0.3 26.5 0.4 8

S-24 44.0 139.0 59.0 6.51 19.7 0.6 35.0 3.0 7.8
S-25 52.0 1359 98.0 6.34 242 0.5 48.5 1.4 8.1
S-26 42.0 113.8 72.0 5.06 24.1 0.5 42.6 1.3 8.2
S-27 62.0 134.1 125.0 7.39 28.6 0.4 112.5 0.4 8.3
S-28 49.0 130.2 94.0 5.71 239 0.5 474 1.5 8

S-29 50.0 122.9 99.0 6.28 23.6 04 46.5 1.1 8.1
S-30 50.0 124.5 90.0 5.50 24.8 0.5 45.2 13 8

S-31 41.0 109.2 84.0 8.04 15.2 0.8 11.7 0.5 7.7
S-32 40.0 87.3 76.0 8.23 15.4 0.5 10.8 0.5 7.7
S-33 40.0 99.3 76.0 7.34 14.4 0.5 10.2 0.5 7.5
S-34 38.0 79.5 88.0 6.78 159 0.3 18.0 0.5 8

S-35 40.0 89.9 84.0 7.10 17.7 0.3 29.1 0.3 8.4
S-36 45.0 82.2 94.0 7.14 17.2 0.3 19.3 0.4 8.2
S-37 30.0 73.8 61.0 8.09 14.2 0.3 12.4 0.5 8

S-38 3.0 3.8 97.0 6.88 1.4 0.1 1.5 < 0.05 7.9
S-39 43.0 114.0 94.0 6.65 22.1 0.4 36.1 0.9 8

S-40 88.0 52.3 44.0 5.95 51.7 0.2 17.6 10.7 8.5
S-41 74.0 110.2 119.0 7.17 17.0 0.5 15.5 0.4 72
S-42 43.0 99.3 89.0 7.81 17.6 0.3 16.3 0.4 8

S-43 38.0 83.0 94.0 7.20 16.2 0.2 13.0 0.4 8.2
S-44 62.0 83.9 151.0 7.09 19.6 0.1 10.2 0.3 8.3
Mean 49.93 129.46 76.75 - 21.78 0.51 39.15 3.07 7.8
Minimum 3 3.8 12 2.68 1.4 0.1 1.5 0.2 5.7
Maximum 88 747 151 8.28 51.7 2.33 250.4 10.74 8.5
SD 15.7 138.2 24.9 0.96 8.4 0.41 443 3.1 -
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Table 1 continued

Sample Ni Zn Cr Al (%) Co Cd As Se pH
Shale® 68 95 90 - 19 0.3 13 0.6 -
Background value® 42 126.1 73.00 7.44 19.2 0.73 15.1 1.14 -
Threshold effect concentration® 22.7 121 434 - 0.99 9.8 - -
Probable effect concentration® 48.6 459 111 - 4.98 33 - -

? The world average concentration of shale (Turekian and Wedepohl 1961)

® Uncontamination sediment sample (S-3)
¢ MacDonald et al. (2000)

| Efngineh River
EfZarnekab River

Enrichment Factor
[

As Se

Fig. 3 Average enrichment factor values for sediments of Illgineh
and Zarnekab Rivers

down-gradient of the Sungun mine, showing no enrichment
of this element.

Arsenic was moderately enriched in most sediment
samples of the Illgineh River, but was not enriched in the
Zarnekab River sediment samples. Arsenic pollution in
S-27 (Ardeshir chay) and S-2 (natural spring) samples is
due to geogenic or natural sources, because these samples
are not affected by anthropogenic sources.

Selenium has the highest EF values among the analyzed
elements. The highest Se EF values occurred in S-3
(a tunnel below the mine pit). Iligineh River sediments also
showed very high Se enrichment, and the Sungun mine

sediment samples were also moderately enriched in Se
(mean EF 3.17). Selenium concentration in volcanic rocks
around Sungun mine is mainly around 0.5 mg/kg, which is
higher than the bulk crust continental concentration
(0.13 mg/kg) of this element. Therefore, the enrichment of
Se in sediment is mainly associated with relatively high
natural concentration of Se in this area.

The calculated EF values for Cd, Zn, Se, and As in the
sediment samples of the Illgineh River was higher than that
of the Zarnekab River, while the EF for Ni, Cr, and Co of
the Illgineh River sediment was lower than in the Zarnekab
River. These differences in enrichment values are associ-
ated with the natural occurrences of trace elements in
Zarnekab River basin as well as the contamination of
Illgineh River sediments by anthropogenic sources, such
as effluents from the mineral dressing plant, rock waste
drainages, and a portion of the tailings. The EF values for
Ni, Zn, Cr, Co, Cd, As, and Se in the tailing waste were 2.6,
0.5, 0.8, 3.4, 0.4, 1.5, and 11.8 (S-40). The EF values for
Ni, Zn, Cr, Co, Cd, As, and Se in the effluents discharging
of concentrate plant were 1.35, 0.48, 0.90, 1.62, 0.40, and
1.54 (S-4 and S-5). EF displayed the following decreasing
trend in the sediments: Se > As > Ni > Co > Cr >
Zn > Cd.

The SPI value for Ni, Cr, Co, Cd, Zn, Se, and As
varied between 0.57 and 3.83 in the Illgineh River

Fig. 4 Sediment pollution 4.0
index variations for sediments
in Illgineh and Zarnekab Rivers
(S-1 to S-39 from Illgineh
River, and S-40 to S-44 from 3.0 1
Zarnekab River)
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Table 2 Calculated enrichment factors for trace metals in surficial sediments (S-1 to S-39 for Illgineh and S-40 to S-44 for Zarnekab River)

Site Sampling location Ni Zn Cr Co Cd As Se

S-1 Sungun chay 1.2 0.9 1.3 1.1 0.6 1.2 0.3
S-2 Spring 2.1 1.0 1.8 1.0 0.3 9.6 0.3
S-3 Drainage 1.0 1.0 1.0 1.0 1.0 1.0 1.0
S-4 Sungun chay before waste plant concetrate 1.3 0.7 1.1 1.0 0.5 0.9 0.9
S-5 Sungun chay after waste plant concetrate 1.2 0.3 0.9 1.4 0.3 1.6 7.3
S-6 Sungun chay after waste plant concetrate 1.5 0.7 0.9 1.9 0.6 14 6.1
S-7 Sungun chay 1.5 1.1 1.1 1.2 0.7 2.1 2.9
S-8 Sungun chay 1.2 1.1 0.9 1.2 0.7 22 2.7
S-9 Drainage 1.0 0.9 0.9 0.8 0.4 1.0 0.3
S-10 Sungun chay 1.8 0.8 0.8 2.0 0.7 2.1 6.4
S-11 Sungun chay 1.7 0.8 0.9 1.9 0.8 2.0 6.5
S-12 Tunnel below pit mine 1.5 1.6 0.5 1.1 39 2.9 23.0
S-13 Sungun chay 1.6 0.7 0.8 1.9 0.7 2.0 7.6
S-14 Sungun chay 1.5 0.7 0.9 1.6 0.6 1.8 55
S-15 First exploration tunnel 0.6 0.3 0.8 0.4 04 14.9 6.6
S-16 Sungun chay(after first exploration tunnel) 1.0 0.6 0.8 1.0 0.5 10.9 7.4
S-17 Sungun chay before Pakhir chay junction 1.3 0.7 0.8 1.4 0.6 2.0 4.7
S-18 Pakhir chay before Sungun chay junction 1.7 5.8 0.8 1.4 3.0 3.8 3.7
S-19 Pakhir chay after waste dump 1.4 6.0 0.9 1.3 3.0 39 4.0
S-20 Sungun chay after Pakhir chay junction 1.6 1.2 0.9 1.8 1.1 3.1 6.1
S-21 Sungun chay 1.6 1.3 0.9 1.7 1.0 3.1 54
S-22 Sungun chay before miyankafe chay junction 1.0 1.5 0.7 1.1 1.1 2.8 3.1
S-23 Miyankafe chay before sungun chay junction 0.9 0.9 1.0 1.0 0.4 1.8 0.3
S-24 Illgineh chay (after sungun chay and miyankafe chay junction) 1.2 1.3 0.9 1.2 0.9 2.7 3.0
S-25 Illgineh chay before ardashir chay junction 1.5 1.3 1.6 1.5 0.9 3.8 1.4
S-26 Illgineh chay after ardashir chay junction 1.5 1.3 1.5 1.8 0.9 42 1.6
S-27 Ardeshir chay 1.5 1.1 1.7 1.5 0.6 7.5 0.3
S-28 Iligineh chay 1.5 1.3 1.7 1.6 0.9 4.1 1.7
S-29 Illgineh chay 1.4 1.2 1.6 1.5 0.7 3.6 1.2
S-30 Illgineh chay before khoinehroad junction 1.6 1.3 1.7 1.7 0.9 4.1 1.6
S-31 Khoinheroad 0.9 0.8 1.1 0.7 1.0 0.7 0.4
S-32 Khoinheroad 0.9 0.6 0.9 0.7 0.6 0.6 0.4
S-33 Khoinheroad 1.0 0.8 1.1 0.8 0.6 0.7 04
S-34 Khoinheroad before doroash junction 1.0 0.7 1.3 0.9 0.5 1.3 0.5
S-35 Doroash before khoinheroad junction 1.0 0.7 1.2 1.0 0.4 2.0 0.3
S-36 Khoinheroad after doroash junction 1.1 0.7 1.3 0.9 0.4 1.3 0.4
S-37 Khoinheroad 0.7 0.5 0.8 0.7 0.4 0.8 0.4
S-38 Khoinehroad before Illgineh chay junction 0.1 0.0 1.4 0.1 0.1 0.1 0.0
S-39 Illgineh chay after khoinehroad junction 1.1 1.0 1.4 1.3 0.7 2.7 0.9
S-40 Tailing waste 2.6 0.5 0.8 34 0.4 1.5 11.8
S-41 Tailings dam leakage 1.8 0.9 1.7 0.9 0.7 1.1 0.4
S-42 Zarnekab chay 1.0 0.8 1.2 0.9 0.3 1.0 0.3
S-43 Zarnekab chay 0.9 0.7 1.3 0.9 0.3 0.9 0.3
S-44 Aghababsangi village stream 1.2 0.9 1.3 1.1 0.6 1.2 0.3

sediments, and gradually decreased downstream. The
stream sediment in the Illgineh River is classified as
natural sediments, with no ecological risk. The calculated

SPI for the same elements ranged between 0.5 and 0.92 in
the Zarnekab River sediment. Therefore, they also pose
no ecological risk.
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Table 3 Ranges of trace metal concentration (mg/kg) in various fractions of surface sediments from the Sungun mine (F1: Exchangeable
fraction, F2: Fe-Mn oxid fraction, F3: Oraganic matter/sulphide fraction, and F4: Residual fraction)

Element Fraction S-2 S-3 S-5 S-15 S-18 S-24 S-27 S-30 S-31 S-40 S-43
As Fl1 0.16 0.08 0.15 1.4 0.00 0.09 0.39 0.06 0.36 0.20 0.16
F2 70.78 1.77 10.95 65.0 3.76 6.52 10.97 5.38 2.02 7.36 3.08
F3 26.21 1.11 6.90 19.8 0.95 3.12 6.24 3.16 1.59 6.49 1.59
F4 56.78 15.42 11.45 157.5 50.43 26.42 117.25 43.65 10.05 8.80 4.30
Cd Fl1 0.05 0.21 0.11 0.07 0.00 0.27 0.16 0.17 0.27 0.08 0.08
F2 0.09 0.42 0.05 0.1 1.19 0.27 0.26 0.19 0.41 0.04 0.08
F3 0.04 0.09 0.02 0.05 0.24 0.06 0.05 0.06 0.09 0.03 0.02
F4 0.05 0.11 0.03 0.03 0.21 0.03 0.06 0.06 0.10 0.03 0.04
Co Fl1 0.33 1.11 2.08 24 0.01 1.75 0.73 1.33 0.99 1.03 0.42
F2 6.84 12.47 4.79 4.2 20.95 12.02 17.84 8.89 8.44 10.75 7.65
F3 1.40 1.78 5.96 0.6 1.17 1.84 2.11 1.75 1.89 6.38 1.63
F4 8.08 7.58 13.82 2.2 6.88 7.87 11.67 13.83 6.67 40.32 7.58
Cr Fl1 0.58 0.41 1.42 0.4 0.00 0.56 0.62 0.65 0.43 2.88 0.50
F2 3.96 4.67 16.32 12.3 8.23 6.23 5.94 4.65 4.88 9.98 4.05
F3 8.71 6.80 4.76 53 3.33 4.27 7.95 4.60 8.94 393 5.73
F4 60.13 40.48 9.29 559 44.29 27.70 66.02 35.07 48.41 5.72 41.21
Ni Fl1 2.46 293 2.66 3.1 0.05 3.23 3.50 2.10 1.28 1.98 2.46
F2 8.95 14.32 8.54 6.3 26.32 11.85 15.08 10.45 7.87 15.10 9.12
F3 10.47 7.29 10.14 2.7 3.32 5.16 7.70 4.76 7.24 9.90 6.02
F4 47.87 24.33 26.23 16.7 25.54 17.04 37.74 31.13 29.13 60.01 21.30
Se Fl1 0.02 0.00 0.11 0.06 0.00 0.04 0.04 0.03 0.00 0.15 0.02
F2 0.10 0.05 0.70 0.1 0.38 0.38 0.08 0.09 0.12 0.54 0.19
F3 0.15 0.10 6.08 24 0.65 1.02 0.16 0.26 0.26 4.11 0.21
F4 0.05 0.22 2.26 8.0 3.48 2.09 0.17 1.17 0.17 8.44 0.04
Zn Fl1 12.34 13.89 7.15 9.5 0.42 17.89 9.40 12.66 10.81 10.86 7.65
F2 47.25 35.79 20.07 18.2 358.47 50.57 37.98 41.61 33.59 31.24 24.11
F3 17.93 18.56 8.23 5.1 66.42 21.90 17.54 19.31 19.50 11.42 14.43
F4 43.14 88.26 7.79 20.0 342.55 50.51 103.52 75.32 58.70 7.03 52.79

Chemical Speciation of Trace Elements in Sediment

Table 3 shows the sequential extraction results for the
studied trace elements in the Sungun mine sediment sam-
ples. The mean concentrations (%) for the extraction steps
and residuals (determined using the BCR sequential
extraction procedure) are displayed in Fig. 5. On average,
only 10% of the As, Se, Ni, Cr, Co, and Zn were extracted
in the exchangeable fraction, while a high percentage (over
30%) of the Cd was exchangeable, which was due to the
high concentration of carbonates in the sediments. CdCO;
is easily formed at neutral pH and is sensitive to environ-
mental conditions such as pH. When pH decreases, Cd
bound to carbonate is released into the water, thus causing
pollution (Balistrieri et al. 2007). Generally, the
exchangeable fraction is assumed to be bioavailable to
organisms living in the sediments (Owor et al. 2007).
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Overall, the speciation of Cd in the sediments from Sungun
mine exhibited high bioavailability; consequently, this
element poses a high potential risk to the aquatic
ecosystem.

Twenty-two per cent of the As, 43% of the Co, 17% of
the Cr, 24% of the Ni, 15% of the Se, 42% of the Cd, and
34% of the Zn exist in the Fe—-Mn oxides phase (F2). So,
the release of these contaminants into the water is limited
by their adsorption to Fe-Mn oxy-hydroxides. Under
reducing conditions, decomposition of Fe and Mn oxides
would remobilize Fe** and Mn** (Passos et al. 2010).
Also, acidification of sediments by anthropogenic input can
decrease the retention of metals by the oxide fractions (e.g.
Al, Fe, and Mn oxides) in the pH ranges below the point of
zero charge (Wilkens and Loach 1997).

Relatively low percentages (9.24—-13.85%) of six trace
elements (As, Cd, Co, Ni, Zn, and Cr) were found in the
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Fig. 5 Partitioning of speciation of trace metals in surface sediments
of the Sungun mine (a: Illgineh River, b: Zarnekab River, c:
background sample)

organic and sulfide phases (Step 3). However, 34% of the
Se was contained in the organic and sulfide fraction. The
results from the total concentration studies indicate that
the Se was adsorbed by organic matter (Kabata-Pendias and
Mukherjee 2007). Under oxidizing conditions, contaminants
present in this fraction may be remobilized into the aquatic
environment. In general, organically-bound trace metals are
often more phytoavailable than other fractions (Stevenson
1991).

All studied contaminants, except Cd (65% of the As,
41% of the Co, 68% of the Cr, 57% of the Ni, 48% of the
Se, and 41% of the Zn), were contained in the residual
fraction. These are most likely of natural origin and would
not be expected to be remobilized into the local aquatic
environment, except over very long time scales (Forghani
et al. 2009; Zhigang 2008).

Table 4 indicates the contaminant concentration in the
non-residual and residuals fraction in the Sungun mine
sediment. High values of Cd associated with the non-
residual fractions show that it could be transferred into the
food chain through water reservoirs. The highest residual
phase concentrations of As, Se, Cr, Cd, and Zn was in the
Illgineh River sediment, while the highest residual fraction
concentration for Ni and Co was found in the Zarnekab
River sediment.

The average order of decreasing potential trace metal
mobility in the sediments of the Sungun mine was
Cd > Co > Zn > Se > Cr > Ni > As. The mobility and
potential bioavailability for plant uptake decreases in the
approximate order of the sequential extraction sequence
(Lottermoser et al. 1999). Trace contaminants in absorptive
sites of stream sediments are most available to fluvial
organisms.

Conclusions

This study indicates that the geo-environmental behavior of
most of the studied trace elements in the sediments near the
Sungun porphyry copper mine is controlled by their natural
sources. Investigation of trace elements (As, Se, Ni, Cr, Cd,
Co, and Zn) in the sediment around the Sungun copper
mine show that only As and Se were apparently elevated,
but that the concentration of As and Se was high in some
samples due to lithogenic sources. The elements Cd, Zn,
As, and Se were found to be enriched in the Illgineh River
sediments. The EF values for Cr, Ni, and Co were high in
the Zarnekab River sediments. However, the sediments in
both rivers were classified as natural sediment, without
ecological risk, because the residual fraction dominated
and the contaminant concentrations were low. The
enrichment factor in the studied sediments, from highest to
lowest, were Se > As > Ni > Co > Cr > Zn > Cd. Most
of the contaminated samples were associated with rock
waste drainages, tailings waste, and natural sources. The
sequential extraction indicates that the Cd is potentially
highly mobile; given its biological availability for living
organisms, it may pose long-term risks for bioaccumulation
in the Sungun mine aquatic system. The main fraction of
As, Se, Cr, Co, Zn, and Ni in sediments was associated
with the residual fraction, which has minimal
bioavailability.
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Table 4 Trace metal concentrations (mg/kg) in non-residual (NR) and residual (R) fraction in sediment of the Sungun mine

Site As R Cd R Co R Cr R Ni R Se R 7Zn R
NR NR NR NR NR NR NR

S-2 21.0 36.9 26.1 21.6 17.2 48.5 6.0 81.9 10.5 68.6 28.0 159 21.4 35.8
S-3 54 83.9 28.9 13.4 22.3 33.0 7.6 77.3 16.7 49.8 13.6 59.3 14.5 14.5
S-5 20.4 389 28.7 13.8 16.0 51.9 23.6 29.2 14.9 55.2 25.1 24.7 27.3 18.0
S-15 11.8 64.6 30.3 9.0 25.6 23.1 8.2 75.5 14.1 57.8 8.3 75.1 20.8 37.7
S-18 2.8 91.5 29.0 13.0 25.4 237 6.9 79.3 17.9 46.2 7.6 77.1 18.5 44.6
S-24 9.0 73.1 31.8 4.5 222 335 9.5 71.5 18.1 45.7 13.6 59.1 21.4 359
S-27 44 86.9 29.3 12.0 21.3 36.1 6.0 82.0 13.7 58.9 20.7 38.0 12.8 61.5
S-30 5.5 83.5 29.1 12.6 15.5 53.6 7.3 78.0 11.9 64.3 8.2 75.5 16.5 50.6
S-31 9.5 71.6 29.6 11.1 21.0 37.1 7.6 77.3 12.0 64.0 23.1 30.7 17.4 479
S-40 20.5 38.5 28.8 13.5 104 68.9 249 254 10.3 69.0 12.1 63.8 29.5 11.6
S-43 17.6 472 27.5 17.6 18.7 439 6.7 80.0 15.1 54.8 30.1 9.6 15.6 53.3
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