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ABSTRACT

Human activities, such as agriculture or mining, are a continuous source of risk for heavy metal pollution that seri-
ously disturbs the soil environment. Massive efforts are being made to identify the tools to determine indicators of
soil quality condition. This study characterises and evaluates the heavy metal (Cd, Cu, Ni, Pb and Zn) contents in the
Province of Golestan (northern Iran). Pollution was assessed using the pollution index (PI) and the integrated pol-
lution index (IPI). The potential harmful effects of these heavy metals were evaluated by the Potential Ecological Risk
Index (PERI) Method. Kernel density estimation (KDE) and Local Moran's [ were used for the hotspot analysis of soil
pollution from a set of observed hazard occurrences. In all, 346 topsoils were examined, which represent three areas,
approximately including the middle-south, west and north-east areas in this region. The heavy metal concentrations
in the analysed samples did not generally present high values, despite anthropic heavy metal input. However, the
potential ecological risk indexes (RI) indicated that approximately 68% and 5% of the study samples had medium
and high pollution levels, respectively. Multiple hotspots for the above five heavy metals were located in the
middle-south and west study areas. This anthropic heavy metal input is related to mining, agricultural practices
and vehicle emissions. It was concluded that a moderate and high potential ecological risk covered about 90% of

this province. In contrast, the natural origin input became more marked on a long spatial scale.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The natural concentration of heavy metals like Cd, Cu, Zn, Pb or Cr in
soils tends to remain low to ensure an optimum ecological equilibrium.
However due to human activities, the heavy metal (HM) concentration
in soils frequently rises. Indeed, problems relating to the presence of
HM s in agricultural soils are well-known and affect many parts of the
world (Kheir, 2010), including the Middle East. Concern about increas-
ing levels of trace elements, especially Cd and Pb, in Iranian soils has
recently led the Environmental Protection Administration (EPA) of the
Islamic Republic of Iran to start a collaborative research programme to
establish the presence of trace elements in Iranian soils and to obtain
a meaningful picture of the spatial distribution of HMs in some selected
provinces, such as Golestan.

The native metal concentration depends primarily on the geological
parent material composition (Alloway, 1995). Moreover, soil properties
can greatly influence the availability of HMs through processes such as
adsorption or complexation, which affect their ability to extract nutrients
from soils (Ross, 1994). Industrial activity, power generation, mining,
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smelting, waste spills or fossil fuel combustion (Li and Feng, 2012;
Rodriguez Martin et al., 2014a,b; Shah et al., 2010; Weber and
Karczewska, 2004) are the main sources of metal input into the envi-
ronment. The most apparent result is Zn, Pb, Cd or Hg soil enrichment
(Adriano, 2001; Gil et al., 2004; Ramos-Miras et al., 2011; Rodriguez
Martin et al., 2007, 2013b). Metal input into agricultural soils takes
place mainly through agrochemicals, manures, biosolids and compost
amendments (Carbonell et al., 2011; Mantovi et al., 2003; Rodriguez
Martin et al,, 2013a), which substantially increase Zn, Cu and Cd content
in soils (Nicholson et al., 2003). Irrespectively of the origin or contami-
nation source, HMs can accumulate in crops and reach humans through
the food chain (Burger, 2008; Rodriguez Martin et al., 2013a). In the last
few decades, many soil pollution surveys on trace elements have been
carried out on different scales and many studies are reported in the
scientific literature (Amini et al., 2005; Rodriguez Martin et al., 2009;
Weber and Karczewska, 2004; Yeganeh et al., 2013). However, very
few research works have been conducted in developing countries such
as Iran. To date, several attempts have been made to determine the con-
centration of HMs in Iranian soils (e.g., Amini et al., 2005; Dankoub
et al, 2012; Dayani and Mohammadi, 2010; Geranian et al., 2013;
Ghaderian and Ghotbi Ravandi, 2012; Karimi et al., 2011; Nael et al.,
2009; Naimi and Ayoubi, 2013; Parizanganeh et al,, 2010; Qishlaqi et al.,
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2009; Yeganeh et al., 2013). Except for one recent study (Yeganeh et al.,
2013), research works into HMs concentrations in Iranian soils on the
provincial scale are lacking. The interrelations among these soil HMs
exhibit complex correlations and variations in space. There are numerous
reported studies that have applied geostatistical techniques to natural
resource distributions (Li and Feng, 2012; Rodriguez Martin et al., 2007,
2014a). Spatial data help scientists to define the areas at high risk and
can help decision makers to identify locations where remediation efforts
should be focused (Mass et al., 2010). In this context, the purpose of this
research was to quantify heavy metal concentrations and spatial patterns
in surface soils in the Province of Golestan in Iran. The specific objectives
were to (1) determine the Cd, Pb, Cu, Ni, and Zn contents in topsoils in
this province; (2) assess the ecological risk of HMs in the study area and
(3) identify pollution hotspots by these HMs in the topsoils in Golestan.

2. Materials and methods
2.1. Study area

The province of Golestan is located in the northeast of Iran and on the
south-eastern shore of the Caspian Sea. The study area is located between
53° 51’ to 56° 21’ of eastern longitude and 36° 30’ to 38° 7’ northern
longitude, which comprises a region of approximately 20,437.74 km?
with 11 districts and a population of some 1.6 million.

The province is bounded to the south by the elevated mountains
covered by dense forests (highest altitude: 3881 m), the Caspian Sea
to the northwest and the alluvial plain to the north. In general, Golestan
has a moderate, humid climate known as “the moderate Caspian cli-
mate”. The effective factors behind this climate are: the Alborz mountain

range, the direction of the mountains, the altitude in the area, and prox-
imity to the sea, vegetation surface, local winds, and altitude and weath-
er fronts. As a result of these factors, three different climates exist in the
region: plain moderate, mountainous, and semi-arid. Average annual
rainfall and temperature in the region are 556 mm and 18.2 °C,
respectively.

The area includes different land uses, which include agricultural,
industrial, urban, forest, range and uncultivated lands. Agricultural,
industrial and urban areas are located mainly in the central and western
parts of this region. The most important manufacturing establishments
in the province of Golestan are manufacturers of food products and bev-
erages, chemicals and chemical products, rubber and plastic products,
and other non-metallic mineral products and paper and paper products.
The most important crop types in Golestan are wheat, barley, cotton,
soya beans, rice and citrus fruits. Most of the mines that operate in
Golestan, including the mining of coal and mining of ballast, are located
in the central south and the northeast of this province (Fig. 1).

2.2. Sampling and chemical analyses

In all, 346 surface soil samples (0-30 cm) were collected in the study
area (Fig. 1). The coordinates of sampling locations were recorded with a
GPS. About 1 kg of each sample was sent to the laboratory for an element
analysis. Soil samples were dried indoors at room temperature, and im-
purities such as stones and tree leaves were removed from them. They
were passed through a 2-nm nylon sieve. Portions of soil samples
(about 50 g) were finely ground manually using a pestle and mortar to
be passed through a 0.149-mm sieve and stored in closed polyethylene
bags for the HM concentration analysis.
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Fig. 1. The study area and the distribution of soil samples.
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For the total HM concentrations of Cu, Cd, Zn, Ni and Pb, soil samples
(1 g) were digested by a HClo4 (5 cc)-HNgs3 (7.5 cc)-HF (2.5 cc) mixture
in a PTFE vessel at 160 °C for 6 h in an oven. Mineral residues were dilut-
ed with deionised water to 50 mL in a volumetric flask and stored in a
refrigerator at 4 °C before the analysis (Bai et al., 2011). The soil Cd con-
centration was determined by graphite furnace atomic absorption
spectroscopy (GFAAS, Shimadzu AA-670G, Japan). Cu, Ni, Pb and Zn con-
centrations were determined by flame atomic absorption spectroscopy
(FAAS, Shimadzu AA-670, Japan). Cu, Ni and Zn concentrations were
detected in all 346 samples, but the total concentrations of Cd and Pb
were detected in 216 samples. An analytical quality control was carried
out with standard reference material: SRM 2711 Montana II Soil
(350.4 mg kg~ ! for Zn, 41.70 mg kg~ ! for Cd, 114 mg kg~ ! for Cu,
1162 mg kg™~ for Pb and 20.6 mg kg~ 'for Ni). Duplicates and reagent
blanks were also used as part of the quality assurance/quality control
(QA/QC) (Bai et al., 2011). The analytical precisions, as determined by
the relative standard deviations of the five HMs, fell within 3 and 10,
and recovery was good (81.6-98.5%).

2.3. Assessment of the soil contamination level and ecological risk

Soil pollution is often evaluated by comparing metal concentrations
with the related environmental guidelines or by quantifying an accu-
mulation factor (pollution indices, Pls) in comparison to the relevant
background values. There are different indices for estimating the degree
of HM pollution, such as the pollution index (PI) and the integrated pol-
lution index (IPI) (Sun et al.,, 2010), the index of geoaccumulation (Igeo)
(Muller, 1969), the enrichment factor (Loska et al., 2004), the contami-
nation factor and degree of contamination (Hakanson, 1980), the indi-
vidual element polluted index, the contamination factor (CF) (Rashed,
2010),the pollution load index (PLI) (Muhammad et al., 2011) and the
total contamination index (Zs) (Kumpiene et al., 2011). There are also
two methods to calculate the size of the polluted area from soil samples.
One is the proportion of contaminated samples, and the other method
calculates the polluted area from an interpolation map of soil HMs
(Xie et al., 2011).

In Iran, no environmental quality standard for soils is available.
Therefore in this study, both the PI and the IPI were used to assess soil
pollution in accordance with the background concentration. Back-
ground concentrations were obtained from the average concentration
of soil samples of untapped and unpolluted areas of the East Province.
The PI and the IPI were used to assess environmental soil quality,
while a PI of each metal and an IPI of the five HMs were attributed to
the study area. The PI was defined as the ratio of the HM concentration
in the study to the background concentration (Table 2) of the corre-
sponding metal in Golestan. The PI of each metal was calculated and clas-
sified as low (PI < 1), middle (1 < PI < 3) or high (PI > 3). The IPI of the
five HMs for the study area was defined as the mean value of the HMs'
PI, and was then classified as low (IPI < 1), middle (1 < IPI < 2) or high
(IPI>2) (Sun et al,, 2010).

A potential ecological risk index (RI), originally introduced by
Hakanson (1980) was used to assess the degree of HM pollution in soil
according to the toxicity of the HMs and the response of the environment:

RI=YF (1)

E = Tif; (2)
G
fi=g 3)

where Rl is calculated as the sum of all four risk factors for HMs in soils, E;
is the monomial potential ecological risk factor and T; is the metal toxic

factor. Based on the standardised HM toxic factor developed by
Hakanson (1980), the order of the HM toxicity level is Cd > Pb = Cu =
Ni > Zn. The toxic factor for Pb, Ni and Cu is 5, 30 for Cd and 1 for Zn
(Zhao et al,, 2005). f; is the metal pollution factor, C; is the concentration
of metals in soil, and B; is a reference value for metals. RI represents
the sensitivity of various biological communities to toxic substances
and illustrates the potential ecological risk caused by HMs. Hakanson
(1980) defined five E; categories and four RI categories, as shown in
Table 1.

2.4. Statistical analysis and geostatistic analysis

Descriptive statistics (mean, median, standard deviation, first and
third quartiles, range, maximum, minimum, frequency histogram, skew-
ness, kurtosis and the Kolmogorov-Smirnov (K-S) test) were deter-
mined by Excel 2003 (Microsoft Inc., Redmond, USA) and SPSS v.16.0
(SPSS Inc., Chicago, USA). A significance level of 0.05 was used in all the
statistical tests.

The two main purposes of soil mapping are to analyse the spatial soil
pollution pattern and to identify the contaminated areas, while interpo-
lation accuracy is a relative concept; the criteria vary according to the
interpolation purpose. The prediction result of the overall spatial trend
of soil HMs should be as precise as possible. There is no doubt that ordi-
nary kriging (OK) is best able to predict the overall soil pollution trend.
However, for the purpose of identifying contaminated areas, the inter-
polation techniques are required to predict the local feature of HM
input (especially local hotspots and local coldspots) more precisely.
Hotspot analysis methods, such as Local Moran's I, was used, and the
local maxima (hotspot) and local minima (coldspot) are reserved on
the pollution map. It should be quite clear that all the interpolation
results contain errors. Identifying a region as being contaminated
should not be merely based on the result of the interpolation results.
It has been suggested that the natural background and human activities
should be considered before making a decision. The uncertainty of a pol-
lution assessment is located mainly in the region of high local variation,
so additional sampling in an uncertainty region is advised (Xie et al.,
2011). The uncertainty in soil HM pollution mapping and ecological
risk mapping lies mainly in the following regions: (a) the local maxima
region, with a small number of isolated samples of high pollution levels
surrounded by less polluted samples; (b) the local minima region, with
central clean (less polluted) samples surrounded by relatively high pollut-
ed samples; and (c) the boundary of the contaminated areas. Hotspot-
areas with high levels of pollution in comparison to surrounding areas
need to be identified in order to provide a scientific basis for better
environmental management (Zhang et al., 2008). Kernel density esti-
mation (Lin et al., 2011) and local Moran's I (Zhang et al., 2008) are
used to identify the location, spatial extent and intensity of soil pollu-
tion hotspots.

The general form of a kernel density estimator in a 2-D space, termed
KDE henceforth, is given by (Xie and Yan, 2008):

A(S) = zn: % k <%> 4)

i=1

where A (s) is the density at location s, r is the search radius (band-
width) of the KDE, n is the number of sampling points, k is the weight
of a point i with distance to location s. k is usually modelled as a ker-
nel function of the ratio between d and r. To identify soil pollution
hotspots, the KDE package, based on the ArcGIS software, was used
in this study.

The local Moran's [ index examines the individual locations to en-
able hotspots to be identified based on a comparison made with
neighbouring samples. Pollution hotspots can be clustered (spatial
clusters) or exist individually (spatial outliers). In this study, spatial
clusters of pollution would be soil samples with a high HM concen-
tration surrounded by other samples with a high concentration. In
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Table 1

Risk grades indices and grades of a potential ecological risk of heavy metal pollution.
E; Risk grade RI Risk grade
<40 Low potential ecological risk <50 Low potential ecological risk
40-80 Moderate potential ecological risk 50 <RI < 100 Moderate potential ecological risk
80-160 Considerable potential ecological risk 100 < RI < 200 High potential ecological risk
160-320 High potential ecological risk RI > 200 Significantly high potential ecological risk
>320 Significantly high potential ecological risk

contrast, spatial outliers of pollution would be samples with a high HM
concentration surrounded by samples with low values. They can be
identified by the local Moran's I index (Anselin, 1995):

n

I :Z”o—_f > [wi(z-2)] 5)

i=1,j#i

where z; is the value of variable z at location i; zbar is the average value
of z with the sample number of n; z; is the value of variable z at all the
other locations (where j # i); 0? is the variance of variable z; and w;
is a weight which can be defined as the inverse of distance d;; between
locations i and j. Weight w;j can also be determined using a distance
band: the samples within a distance band are given the same weight,
while those beyond the distance band are given a weight of 0.

A high positive local Moran's I value implies that the location under
study has similarly high or low values as its neighbours; thus, locations
are spatial clusters. Spatial clusters include high-high clusters (high
values in a high value neighbourhood) and low-low clusters (low values
in a low value neighbourhood). In soil pollution, low-low clusters are
“cool spots”, while high-high spatial clusters can be regarded as “region-
al hotspots”. A high negative local Moran's I value means that the
location under study is a spatial outlier. Spatial outliers are values that
are obviously different from the values of their surrounding locations
(Lalor and Zhang, 2001). Spatial outliers include high-low (a high
value in a low value neighbourhood) and low-high (a low value in a
high value neighbourhood) outliers. In soil pollution, high-low spatial
outliers can be regarded as isolated “individual hotspots”. To identify
the soil pollution hotspots, the Anselin local Moran's I package, based
on the ArcGIS software, was used in this study.

3. Results and discussion
3.1. Heavy metal contents and ecological risk assessment

In general terms, the HMs concentration ranges in the province of
Golestan (Table 2) do not generally present high values. It is expected
that the elements with smaller coefficients of variation are dominated
by natural sources, while those with larger coefficients of variation are
more likely to be affected by anthropogenic sources (Manta et al.,
2002). Background values were used as a basis for the threshold values
for HM pollution in soil (Table 2); in Table 2, the mean HM concentration

values in soil were higher than the background values, but differences
were not significant, and the mean HMs concentrations, especially Cu,
Pb and Ni, came close to their local background contents.

According to several works reported by Iranian studies (Amini et al.
(2005) 25.6 mg kg~ '; Qishlaqi et al. (2009) 596.16 mg kg~ '; Dayani
and Mohammadi (2010) 101.9 mg kg™ '; Parizanganeh et al. (2010)
128.51 mg kg~ !; Karimi et al.(2011) 44.25 mg kg~ !; Dankoub et al.
(2012) 139.3 mg kg~ !; Geranian et al. (2013) 46.5 mg kg~ '; Naimi and
Ayoubi (2013) 99.4 mg kg~ 1), the Pb content in Golestan soils does not
entail any risk. The Pb levels in these studies were higher than those
described for the Golestan soils in Iran. The Zn concentrations in
Golestan soils do not, in principle, pose any risk. The Zn (mean:
82.08 mg kg~ ') values are below the values reported by most Iranian
studies done, such as Qishlagi et al. (2009) (mean: 845.7 mg kg~ !);
Dayani and Mohammadi (2010) (mean: 250.3 mg kg~ !); Parizanganeh
et al.(2010) (mean: 606.2 mg kg~ !); Dankoub et al. (2012) (mean:
118.7 mg kg~ !); Geranian et al. (2013) (mean: 233.5 mg kg~ ') and
Naimi and Ayoubi (2013) (mean: 101.1 mg kg~ !). Nonetheless, the levels
that Darvish Bastami et al. (2012) reported for sediments from the Gorgan
Bay (mean value: 42 mg kg™ !) and Nael et al. (2009) for forest soils
(mean value: 64.95 mg kg~ !) are lower than those obtained for Golestan
soils. According to Roca-Perez et al. (2010), a reference value for Zn in
Mediterranean soil is 246 mg kg™ in natural soil.

The mean value of Ni in the Golestan region (34.88 mg kg~ !) exhibit
lower contents than Iranian literature that range from 53 to 71 mg kg ™!
(Dankoub et al., 2012; Naimi and Ayoubi, 2013; Solgi et al., 2012;
Yeganeh et al,, 2013). In the Angouran region (NW Iran) Qishlaqi et al.
(2009) reported a mean value of 22.59 mg kg~ !. Normally, soil Ni content
is associated with soil parent rock control on a regional scale (Nanos and
Rodriguez Martin, 2012). Consequently, this suggests a lithogenic control
over Ni distribution. The Cu concentration in the study soils ranges
between 9 and 93 mg kg™, which is a wide range with a coefficient of
variation of 37% (Table 2). The mean Cu concentration (23.9 mg kg™ ')
is similar to those reported by Amini et al. (2005) in various soils from
Isfahan (16.74 mg kg™ '), by Naimi and Ayoubi (2013) in industrial soils
(21.1 mg kg™ 1), by Karimi et al. (2011) in urban soils (38.50 mg kg~ 1)
and in other studies (Dankoub et al., 2012; Darvish Bastami et al,, 2012;
Nael et al., 2009; Qishlaqgi et al., 2009), but is significantly lower
than those indicated by Qishlaqgi et al. (2009) in cropland soils
(1100 mg kg™ ). In short, Cu in Golestan soils does not reflect anthropic
activity. The residual copper present in oxides and other minerals usually
constitutes around 50% of total copper. Hafezi Moghaddas et al. (2013)

Table 2

Descriptive statistics of the elements in topsoils in the province of Golestan.
Variable (mg kg~ 1) Sample number Max Min Median Mean SD CV (%) Skewness Kurtosis Q1 Q3 BC?
cd 216 0.36 0.01 0.11 0.12 0.07 58 0.62 2.54 0.05 0.175 0.07
Pb 216 44 6.8 136 15.42 5.81 37.6 1.52 6.5 11.65 185 118
Cu 346 93.7 93 21.85 239 9.07 379 2.63 15.74 186 26.62 186
Zn 346 4174 25 7837 82.082 30.87 37.6 4.86 47.29 65.5 92.75 64.2
Ni 346 85.35 9.5 33.85 34.88 11.59 3322 0.79 3.95 24.92 41.8 30.3

¢ Background concentrations.
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Statistical results of the pollution index (PI) of heavy metals in Golestan topsoils and the potential ecological risk of all five heavy metals in soil and their main mean values in soil.

Element PI Number of samples
Min Max Mean Low Middle High

cd 0.14 5.14 1.69 90 102 24
Cu 0.52 5.03 1.29 86 257 3

Ni 031 3.07 1.16 124 221 1

Pb 0.57 3.72 1.30 63 151 2
Zn 0.39 6.50 1.28 80 263 3

IPI 0.66 2.76 134 91 236 19

Potential ecological risk of all five heavy metals in soil and their main mean values in soil

Heavy metal Potential ecological index range Mean value Standard deviation
cd 4.28-154.28 50.99 32.03

Cu 2.60-25.18 6.47 243

Ni 1.56-15.37 5.83 1.95

Pb 2.88-18.64 6.54 245

Zn 0.39-6.50 1.28 0.49

RI 39.88-125.99 69.82 14.54

found that Cu in Golestan soils is probably related to mafic rocks. Howev-
er, some activities are considered to be local anomalies, and were deter-
mined by a hotspot analysis.

The Cd concentrations found in the province of Golestan (mean
value 0.12 mg kg™ ') are similar to those reported in Spanish soils
(0.16 mg kg~ !; Nanos and Rodriguez Martin, 2012). The Cd concentra-
tion is a relatively low concentration when compared with the mean
value reported by Iranian studies in industrial soils (1.26 mg kg~ ! report-
ed by Solgi et al. (2012), 3.46 mg kg~ ! reported by Parizanganeh et al.
(2010)), in agricultural soils (5.3 mg kg~ ! reported by Qishlagi et al.
(2009)), where Cd is associated with the use of phosphorus fertilisers
(Hafezi Moghaddas et al., 2013; Rodriguez Martin et al., 2013a), in
mining-urban soils (0.79 mg kg™~ ! by Dayani and Mohammadi (2010)),
in grassland soils (1.1 mg kg~ ' by Qishlaqi et al. (2009)), or in uncultivat-
ed soils (1.61 mg kg~ ' reported by Amini et al. (2005)).

Table 3 shows the pollution index (P;) calculated according to the
background HM concentrations. The P; values for all the metals are
above 1.0, are classified as middle and are ranked in the following
order: Cd > Pb > Cu > Zn > Ni. Nickel presents the lowest value, ranging

[ <50
B 50 < RI<100
B 100 < RIS200

L%

Fig. 2. Distribution of grades on the potential ecological risk of heavy metals in soil.

from 0.31 to 3.07. Lead, zinc and copper obtained similar means, 1.30,
1.28 and 1.29 respectively. For Cd, the mean P; was 1.69, ranging from
0.14 to 5.14, but 24 samples were classified as high P;, indicating the pres-
ence problematic Cd input of soils in Golestan. Only 3, 1, 2 and 3 samples
with high P for Cu, Ni, Pb and Zn, respectively, indicate the lack of prob-
lematic element pollution of Golestan soils. However for Cd, 91 samples
showed a high P;. Thus the soil quality of the samples has undergone a
moderately impact. According to other authors (Luo et al., 2012; Mass
et al.,, 2010), Cd contributes significantly to pollution. A high ecorisk
index value for this metal might be due to the addition of such metals
from anthropogenic sources. The major sources of Cd pollution are P-
fertilisers (Rodriguez Martin et al.,, 2013a).

The results reveal that the E; for Cu, Ni, Pb and Zn in all the study soil
samples was under 40 and that these HMs also present a low potential
ecological risk. Conversely, the E; for Cd in all the study soil samples
varies over a broader range in the potential ecological risk index;
47.15% of the potential ecological risk index for Cd is below 80, and for
all the study soil samples. The samples with moderate and considerable
potential ecological risks for Cd obtain 31.30% and 21.55%, respectively.
The potential ecological risk indexes (RI) for all the study soil samples
are distributed with a site-specific characteristic (Fig. 2). The soil sam-
ples showing a high potential ecological risk are distributed over the
two southern parts in the study area, whereas the soil samples with a
moderate potential ecological risk are distributed over the most of the
study area. In the eastern part of the study area, the northeast part,
some soil samples present a low potential ecological risk. Generally, the
grade of potential ecological risk lowers from southwest to northeast.
The polluted soils with a moderate and high potential ecological risk
cover about 91.01% of all the study areas (Fig. 2).

3.2. Soil pollution hotspot maps

Kernel density estimation (KDE) transforms a dot pattern into a con-
tinuous surface, and provides a more useful representation of soil pollu-
tion distributions (Fig. 3) to allow easier detection of possible pollution
hotspots (Lin et al., 2011). The results demonstrate that hotspots are
often multiple, and that the spatial pattern of the five HMs are similar
and notably indicate the same source of various HM hotspots. This
study found that soil pollution hotspots are more clearly defined by
KDE, probably because of the clustered distribution of soil pollution
occurrences.

The spatial patterns also reveal Pb and Zn hotspots in the central-
southern parts of the study area (Fig. 3). The areas with Cd, Cu and Ni
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Fig. 3. The kernel density maps (stretched to a min-max range) of Pb, Cd, Cu, Ni and Zn.

Table 4
Comparison of the numbers of the significant and non-significant spatial outliers and
spatial clusters.

Heavy  Not High-high  Low-low  Low-high  High-low  Total
metal significant

Cd 200 10 2 2 2 216
Cu 310 23 9 3 1 346
Ni 252 43 44 3 4 346
Pb 185 27 2 1 1 216
Zn 323 10 8 2 3 346

hotspots are particularly located in the central (middle-south) and west-
ern parts of the study area. Most of samples for all five HMs are not signif-
icant according to the local Moran's I analysis (Table 4). Generally, most
samples in the eastern part of the study area are insignificant. This
might be due to the lack of development in eastern parts of Golestan if
compared to other parts (Fig. 1). High-high spatial clusters or hotspots
of the five HMs are generally located in the south central province and
in the west (Fig. 4) (this result is the same as the results in Fig. 3). There
are also hotspots in northeast parts of the study area near the Iranian
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Fig. 4. Spatial distribution map of significant hotspots and cool spots for data.

boundary. In other words, there are generally three main pollution
hotspot groups for the five HMs in the south-central, western and
north-eastern parts of the study area, while most cool spots of the
HMs are found to the east of the study area where no development
has taken place. This pattern corresponds to the industrial complexes,
agricultural practices, mines, cities and roads network in the study
area (Fig. 1). Although it is still hard to establish a causal relationship
between pollution hotspots and the influencing factors based on spatial
distribution patterns, the most likely factors are pollution from the
agricultural practices, industrial areas and mines in the study area.
According to other authors, industrial activities are the main reasons

for HM emissions in these industrial areas and for HM concentrations
(Li et al., 2008). Liu and Bai (2006) and Essumang et al. (2006) have
reported that roadside soils near motorways become polluted with Pb
and other heavy metals by automobile exhausts. Many studies have
also reported anomalously high concentrations of HMs in the surround-
ing areas of ore deposits and mines (Rashed, 2010; Rodriguez Martin
et al,, 2014b; Shah et al,, 2010). There is a well-defined area of high soil
Pb concentrations with a series of regional hotspot clusters distributed
along the central-southern part of Golestan and in the northeast
(Fig. 4), which correspond to the region of Golestan where mineral mate-
rial extractions have been taken place for years (Fig. 1). Other recent
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studies have also indicated anomalously high Pb soil concentrations near
old mines (Rodriguez Martin et al,, 2014b).

One area with the most soil Cd contents or regional hotspots (high-
high values) are found near Gorgan city (the largest city) in the central-
western part of Golestan. Three hotspots have also been identified in
the southern-central area of this province. There are also three hotspot
groups of Cu in the study area located approximately in the south, west
and northwest, as well as two coolspots located in the east and southeast
parts of the study area. It seems that agricultural practices near the Atrak
River and mining activities are the most likely sources of hotspot. Normal
agricultural practices may cause HM enrichment (Mantovi et al,, 2003;
Nourzadeh et al., 2012). These practices are an important source of Zn,
Cu, and Cd (Nicholson et al., 2003; Ramos-Miras et al., 2011) from appli-
cations of liquid and soil manures (or their derivatives, compost or
sludge), or inorganic fertilisers. Intense human activities and agricultural
practices seem the most likely sources of hotspots in Golestan. There are
two main coolspot groups in the study area, located in the north-centre of
the study area, and also in the northeast. Finally, there are four high-low
outliers around the first main hotspot group.

4. Conclusions

The HM concentration ranges in the province of Golestan (Table 2) do
not generally obtain high values. However based on the background
values for HM pollution, this Iranian province shows contamination to
a certain degree, although the contamination factors are generally mod-
erate for all the HMs (Cd, Cu, Ni, Pb and Zn). Variation in the topsoil metal
concentrations is both natural and of anthropogenic origin. There are
three main pollution hotspot groups of five HMs in the southern-
central, western and north-eastern parts of the study area, while most
coolspots of the HMs are located to the east of the study area. Despite
natural resources, this pattern corresponds to the industrial complexes,
agricultural practices, mines, cities and road distribution in this area
under study. However in this study, attempts have been made to deter-
mine soil contamination by HMs in Golestan topsoils. Although the con-
tamination in the study area is not serious, several contamination
hotspots have been identified in Golestan, especially in the central-
southern part of the study area. Agricultural activities, mining and vehi-
cle emissions are the most likely sources of the HM hotspots in the study
area. This work also provides risk maps, based on geostatistic analysis
results, thus a potential use to policymakers to decide where remedia-
tion measures are required to protect Golestan soils from HM contami-
nation or where soil is deficient in certain HMs.
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