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Abstract: Recently, one of the major environmental issues is the pollution of soil with Antimony (Sb),
which is ecologically detrimental and potentially carcinogenic to humans. In developing countries
such as Iran, Sb concentrations in soils have not yet been accurately determined. Therefore, the
purpose of this study was to examine the levels of Sb and the other HMs (Pb, Cd, As, Ni, Hg and
Cr) in the surface soils of Bojnourd, Iran, as well as their distribution and potential risks to the
environment and human health. A total of 37 soil samples (0–20 cm) were taken from different
sampling stations: 900 × 900 m regular grid for traffic areas (TA), residential areas (RA) and suburb
areas (SA). The contamination factor (CF) and geo-accumulation index (Igeo) are two indices that
were used to reflect the potential ecological risk from HMs. Geographic information system (GIS),
Spearman correlation matrix and health risk indexes were utilized to investigate the source and
potential hazard of HMs. The results showed that the average concentration of HMs in TA was
highly enriched compared to other areas. Most soil samples were identified to have low levels of
Sb and Ni pollution, while having moderate to high levels of Pb, Cr, As, Hg and Cd pollution, as
determined by the pollution indices (Igeo and CF). Geostatistical analysis and GIS mapping of the
spatial distribution of HM concentrations showed that there have been similar patterns of spatial
distribution for Cd, Cr, Ni and Sb and their hot spots were in the southeast, west and center of the city.
Neither the hazard quotient (HQ) nor the hazard index (HI) of the examined HMs indicated any non-
carcinogenic risk to adults or children. However, carcinogenic risk assessment revealed that cancer
risk was raised from Cr and Cd contents for children, while these elements showed an acceptable
risk for adults. Furthermore, children’s carcinogenic and non-carcinogenic values were greater than
adults’, indicating more potential health hazards associated with these HMs. Therefore, assessing the
risk posed by HM pollution in urban surface soil is vital and urgent for children. A more detailed
investigation is also required to identify the spatial distribution of soil pollution in areas recognized
as enriched in Sb. A proper assessment of the environmental risk and the corresponding risk to
humans from HM in a study area can be critical to developing an appropriate remediation method.

Keywords: urban soils; Antimony; heavy metals; pollution index; spatial distribution

1. Introduction

The concentration of potentially harmful elements in soil is increasing worldwide
due to increasing urbanization and progressive expansion of industrial sectors, which
has sparked significant concern in several developing nations [1–3]. Due to the non-
degradability and long residence time of HMs, urban soil has gradually become the critical
sink and source of HM pollutants in urban ecosystems [4,5]. The major pollutants in cities
are traffic emissions, heating and power plants, municipal waste, traffic and household
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boilers. Against this background, the pollution level of HMs in surface soils may pose
a critical risk to human health and the ecosystem [6,7]. Human exposure to HMs can
occur through various routes, such as ingestion, inhalation, skin contact and accidental
ingestion [8]. Therefore, many researchers have recently focused on the contamination of
soils with HMs, the pollution processes and the identification of sources through various
geostatistical techniques [7].

Despite extensive research on the content of HM in urban soils, it is still advisable
to monitor and evaluate the levels of HM because the content of HM in soils is generally
increasing [9]. To quantify the ecological risk assessment of HMs, environmental scientists
have developed a variety of approaches in recent decades. The Geo-Accumulation Index
(Igeo), the Comprehensive Ecological Risk Index (RI), the Single Pollution Index (Pi) and
the Ecological Risks Index for Individual HMs (Ei) are all examples of such assessment
indices [10–13]. Assessing the ecological risk of HMs in soil is critical for determining
the extent of contamination and developing effective mitigation measures [14]. In addi-
tion to ecological risk assessment, human health risk assessment has recently attracted
considerable interest because it has the potential to quantify the health risk of HM in
soil [15]. Unfortunately, many nations lack their own national health risk assessment
procedures and most of the studies conducted to date have instead relied heavily on the
US Environmental Protection Agency (EPA) model and parameters [16]. Many studies
have effectively assessed the human health risk posed by HMs in polluted soils using the
USEPA approach, including those conducted in Poland [17], China [18], Chad, Africa [19],
India [20], Turkey [21] and Brazil [22]. In addition, spatial distribution and heterogeneity
of pollution status can also be assessed in great detail when these data are integrated with
geographic information system technology (GIS) [23,24]. Considering this, there has been a
wide variety of studies that have utilized both deterministic and geostatistical interpolation
methods to determine soil HM spatial distributions. [25–29].

Antimony (Sb) has been a prominent focus of environmental concern since it is a
naturally occurring, widely distributed and acutely hazardous environmental contami-
nant [30,31]. According to the United States Environmental Protection Agency and the
European Union, Sb and its compounds are listed as priority pollutants in the Basel Con-
vention’s list of banned hazardous compounds [32]. Similar to Pb, Sb is also a cumulative
toxicant [33]. In fact, these elements have relatively similar anthropogenic geochemical
cycles and their environmental impacts are comparable in several cases [34]. Urban topsoil
contains Sb in amounts of 0.05 mg·kg−1 to 73.20 mg·kg−1 (mean = 1.72 mg·kg−1), represent-
ing its wide distribution. The Netherlands has recommended Sb target and intervention
levels of 3.0 and 15.0 mg·kg−1 [35]. In Canada, the Sb target value is 20 mg·kg−1 for
agricultural land, parks and residential areas [36]. Sb emissions into the environment have
significantly increased as a result of using Sb alloys in various motor vehicle components,
which is particularly evident in locations with high traffic density and with a substantially
lower Cu/Sb ratio than the earth’s crust [37]. The main sources of Sb in these areas are
considered to be the abrasion of tires, brake pads and engine bearings, as well as the
operation of the wheels, rails and cables of trains [38–40]. Other major sources of Sb in the
environment include battery factories, waste dumps, flame retardants, coal combustion,
bullet manufacturing and use, power plants and the automotive industry [41,42].

In environmental studies, certain aspects are considered depending on the types of
contaminating metals, the level of pollution and the potential risk to human health [43]. In
order to identify the source of pollution and mitigate the consequences of HMs on top-soils,
these aspects are compared, analyzed and described [44]. In recent decades, numerous
studies have been conducted on the effects of HM on urban soil and dust pollution, mostly
near industrial areas, urban roads and streets [22,45–50]. According to the literature review,
Sb concentration was the main topic of the few studies conducted worldwide. Thestorf
and Makki [51] used an integrated geostatistical method to analyze the causes of soil
Sb pollution in the Berlin metropolitan area. Their results show that the Sb content is
significantly higher than in the natural environment. In addition, they found that Sb is a
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significant pollutant that occurs exclusively in urban areas and has been neglected in the
past. According to Földi et al. [41], Sb contamination of brake pads is detectable in roadside
soils with a significant but negligible ecotoxicological potential for transfer into surface and
groundwater.

Previous studies on HM urban soil pollution in Iran have mainly focused on risk
assessment, spatial distribution, source identification and pollution level assessment across
the country [43,44,52–54]; however, the concentration of Sb in urban soils is not well known.
Dehghani et al. [55] investigated surface soils from the center of Tehran for important
potentially hazardous elements. They reported that Sb had higher surface soil variation
coefficients than street dust samples. They also found that only a small number of surface
soils had high enrichment factor values for Sb, indicating strong element enrichment.

The establishment and implementation of urban environmental pollution indicators
has become a valuable tool for public health policy and environmental protection manage-
ment [56]. The ability to make decisions about the extent and technique of remediation
or the option of not remediating at all is an outcome that could be measured as a result
of conducting a risk analysis. In such situations, the permittee is required to take precau-
tions to ensure that pollutants are controlled and that receptors are not at risk of exposure.
Therefore, a risk assessment is required to meet these requirements [57].

This study used a systematic sampling approach to assess Sb, Cd, Cr and Pb levels in
urban soil taken from Bojnourd. The primary aims were: (a) presenting geochemical maps
of the considered elements in the field of study; (b) defining the natural or anthropogenic
source of the chemical elements through combining multivariate statistics and GIS strategies
and (c) assessing the potential hazard to both adult and child health; (d) to evaluate the
HM levels in the soils of Bojnourd; (e) to understand hotspots and evaluate the potential
origin of pollutants. In addition, this study is the basis for conducting future studies in
larger cities in Iran.

2. Materials and Methods
2.1. Site Description and Sampling

Bojnourd city is situated in Northern Khorasan province, which spans an area of
around 28,434 km2, in northeastern Iran between 37◦22′ and 37◦58′ N and 57◦05′ and
57◦66′ E (Figure 1). High mountains, including Aladagh Mountain in the center and
Kope-Dagh Zone in the north, surround this city. The average annual temperature in
this area is 13.3 ◦C and the average annual rainfall is 272.4 mm, classifying it as a cold
semi-arid (steppe) climate. In recent years, Bojnourd has undergone numerous territorial
changes, including a sharp rise in population and urbanization, particularly following its
selection as North Khorasan’s provincial capital in 2004 [58]. Given that this city is among
the province’s most polluted cities, it is crucial to be informed of the influential factors
in environmental pollution. After that, appropriate remediation strategies can be used to
reduce and eventually eliminate these pollutants.

Firstly, using a systematic sampling distribution (900 × 900 m), 37 stations were deter-
mined for sampling from the urban surface soil. Based on the LUCAS methodology [59], at
each station, one soil sample (0–20 cm) was collected (traffic areas, residential areas and
suburbs) and, by using a Global Positioning System (GPS), each sampling location was
recorded [60,61]. Figure 1 shows the study area, as well as the locations of the sampling
points. A small plastic shovel was used to collect the soil samples. Then, each sample was
placed in polyethylene bags, labelled and taken to the laboratory for further analysis.
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2.2. Analytical Methods

Extraneous materials such as asphalt, paving stone, leaves, concrete and brick frag-
ments and other materials were taken from the samples by sieving them through a 63 µmm
sieve. Samples were then air dried, packed in polyethylene bags and labeled according to
the procedures described by Tanner et al. [62]. According to USEPA [63], GB/T 17238-1997
and GB/T 17441-1997 [64,65], five grams of the soil samples were combined with highly
purified nitric-hydrofluoric perchloric acids (4 mL HF, 2 mL HClO4, 5 mL HNO3). This
was undertaken so that the samples could be digested and their HM contents could be
determined. Finally, inductively coupled plasma-mass spectrometry was used to examine
the content of HMs (ICP-MS, Hewlett-Packard, the USA). Furthermore, a pH meter was
used to measure the soil’s pH in a ratio of 1:2.5 soil to distilled water in terms of w/w
(Jenway pH meter, 3540) [66].

2.3. HM Risk Assessment
2.3.1. Geo-Accumulation Index (Igeo)

In 1969, Muller proposed the concept of geo-accumulation (Igeo). This index allows us
to measure HM soil contamination in urban areas. Numerous studies have widely utilized
it since 1969 [14,50,67]. The following Equation (1) was used to determine the Igeo:

Igeo = log2

[
Cn

1.5 Bn

]
(1)



Sustainability 2023, 15, 3495 5 of 19

where Cn is the content of the HM that was determined (mg·kg−1) and Bn is the average
value of the geochemical background for the measured HM (mg·kg−1). A factor of 1.5 re-
duces the effect of potential alteration in the Bn values that emerged from a natural process.
Muller classified the Igeo scheme into seven levels. The classification criteria are as follows:
unpolluted, Igeo < 0; unpolluted to moderately polluted, 0 < Igeo ≤ 1; moderately polluted,
1 < Igeo ≤ 2; moderately to heavily polluted, 2 < Igeo ≤ 3; heavily polluted, 3 < Igeo ≤ 4;
heavily to significantly polluted, 4 < Igeo ≤ 5; and significantly polluted, Igeo > 5 [68].

2.3.2. Contamination Factor (CF)

The Contamination factor (CF) can also be used to evaluate soil pollution. This index
allows the evaluation of soil pollution, based on the content of HM from the surface soil
presented by Håkanson [69] and it was considered using the following Equation (2):

CF =
Cmetal

Cbackground
(2)

where Cmetal is the concentration of the HM that was evaluated in each sample (mg·kg−1)
and Cbackground is the background content. The CF is generally classified into the following
categories: slightly polluted (CF < 1), moderately polluted (1 < CF < 3), significantly
polluted (3 < PI < 6) and very strong pollution (CF > 6) [70].

2.3.3. Health Risk Assessment

Prolonged exposure to toxic metals can have adverse impacts on human health and the
United States Environmental Protection Agency (USEPA) has proposed a model for risk as-
sessment to study and predict these effects [63,71]. Ingestion, skin contact (dermal exposure)
and inhalation are the three potential routes of exposure that can be analyzed using this
in-depth model. This makes it possible to assess carcinogenic as well as non-carcinogenic
risks in both children and adults [63,71,72]. The average daily dose (ADD, mg·kg−1 day−1)
for metallic elements was estimated based on Equations (3)–(5) for ingestion, inhalation
and dermal, respectively [71,73].

ADDing =
C× IngR× EF× ED

BW×AT
× 10−6 (3)

ADDinh =
C× InhR× EF× ED

PEF× BW×AT
× 10−6 (4)

ADDderm =
C× SA×AF×ABS× EF× ED

BW×AT
× 10−6 (5)

where ADD ingestion, ADD inhalation and ADD dermal represent the average daily
dose intake from ingestion, inhalation and dermal contact, respectively (mg·kg−1 day−1).
C represents the total HM concentration in the soil (mg·kg−1); IngR (mg·day−1) is the
ingestion rate and InhR (m3.day−1) is the inhalation rate of soil particles; EF and ED are
the exposure frequency (day/year) and exposure duration (year), respectively; BW is the
exposed individual’s average body weight (kg); AT (day) is average exposure time; SA, AF
and ABS are the skin surface area (cm2), the skin adherence factor (kg cm2·d−1) and the
dermal absorption factor, respectively. Table S1 provides the values for the parameters.

Non-Carcinogenic and Carcinogenic Risk Assessment

The Hazard Index (HI) and the Carcinogenic Risk (CR) were utilized to evaluate
the possible health risks posed by HMs [48]. In this study, the non-carcinogenic and
carcinogenic health risks of soil HMs for each pathway were calculated as in [71,72,74,75]
using the following Equations (6)–(9):

HQ =
ADDi

RfDi
(6)
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HI = ∑ HQi (7)

CR = ADDi × SFi (8)

TCR = ∑ CRi (9)

where HQ is the non-carcinogenic risk quotient, which measures the non-carcinogenic
hazard in every route; ADDi is the cancer risk of a single contaminant through a single
route; RfD is the reference dose (mg·kg−1 d−1) of the pathway; HI is the overall non-cancer
risk posed through many exposure pathways to a given pollutant. According to USEPA, if
HQi or HI ≤ 1, no detrimental health impacts are detected; HQi or HI > 1 demonstrate the
possibility of adverse health impacts. The carcinogenic risk (CR) indicates the potential of
developing cancer risk due to multiple exposure pathways [71]. The slope coefficient (SF)
is the cancer slope factor (mg·kg−1 day−1). If CR is between 10−6–10−4, this indicates that
the hazard is within acceptable limits; if the CR value is greater than 10−4, this indicates
that human tolerance is exceeded and when CR < 10−6, this means that there is no health
risk. All HM risk references of SFi and RfDi used in this study are based on Table S2.

2.4. Statistical Analysis

Statistical analysis, normal test (Kolmogorov–Smirnov) and correlation analysis of
seven HMs were performed employing SPSS 21.0. Initially, the processing of data was
conducted using descriptive statistics (including average, min-max range and standard
deviation). In order to examine the differences in HM concentration between various types
of land, a non-parametric Kruskal-Wallis test was run and then multiple comparisons were
made post hoc. ArcGIS 10.6 was applied to create a map of the HMs’ spatial distribution.
As an interpolation method, the inverse distance weighted (IDW) method was chosen.
Spearman’s correlation was performed to evaluate the possible association among Sb and
the other HMs. Excel 2019 was used to perform the calculations for the ecological and
health risk assessments, as well as the construction of statistical graphics.

3. Results and Discussion
3.1. Descriptive Statistics of HMs in Soils

Interpretation of HM content is critically important for identifying potential effects
on surrounding environments and community health for sustainable protection of the
environment [76]. The descriptive statistics of Sb and other HMs (Cd, Cr, As, Ni, Hg and
Pb) in soils of different land-use types and their background values are given in Table 1.
The average pH of 8.04 for traffic areas (TA), 7.58 for residential areas (RA) and 7.54 for
suburb areas (SA) suggested that the urban soil in the RA and SA was neutral, while TA
was alkaline. We noticed a tendency for the gradual growth of pH values toward stations
related to TA, which was consistent with the results found by Konstantinova et al. [77].
Moreover, the mean concentrations of Sb, Cd, Cr, As, Ni, Hg and Pb for TA were 4.72, 2.77,
59.04, 20.23, 52,6, 0.23 and 26.67 mg·kg−1, respectively. The mean concentrations of the Sb,
Cd, Cr, As, Ni, Hg and Pb for RA were observed to be 7.58, 1.79, 2.01, 46.97, 21.03, 35.64,
0.63 and 14.17 mg·kg−1, respectively; while SA were 7.54, 0.92, 1.45, 39.42, 29.36, 30.81, 0.75
and 10.03 mg·kg−1, respectively (Figure 2).
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Table 1. Descriptive statistics of HMs in urban soils samples (mg·kg−1).

Land Use Parameter pH Sb Cd Cr Pb As Ni Hg

Traffic areas

Minimum Value 7.87 0.47 1.85 36.32 8.16 7.40 25.7 0.02

Maximum Value 8.20 11.14 3.24 69.73 43.15 30.90 85 1.06

Mean 8.04 4.72 2.77 59.04 26.67 20.23 52.6 0.23

SD 0.09 3.69 0.51 9.17 9.83 6.36 16.24 0.31

Residential areas

Minimum Value 7.37 0.33 1.01 33.89 5.11 12.90 20.50 0.06

Maximum Value 7.76 6.24 3.11 56.93 22.89 33.75 49.1 1.20

Mean 7.58 1.79 2.01 46.97 14.17 21.03 35.64 0.63

SD 0.13 2.03 0.57 7.91 5.59 6.53 8.83 0.37

Suburb areas

Minimum Value 7.36 0.32 0.56 30.35 4.33 13 17.50 0.07

Maximum Value 7.66 2.91 2.09 55.75 28.01 57 46 1.43

Mean 7.54 0.92 1.45 39.42 10.03 29.36 30.81 0.75

SD 0.09 0.69 0.58 7.51 7.58 13.64 9.53 0.40
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Comparisons were made between the HM contents measured in the soil samples and
recommended soil quality guidelines in the Netherlands and Canada, as well as urban
soils from Africa, India and China (Table 2). Accordingly, the mean Sb concentration
in RA and SA was lower than the Dutch soil standard, while it was higher in TA. The
mean concentrations of Pb and Cr in the Bojnourd soil samples are lower than those in
Chinese and African urban soils and in Canadian and Dutch standard soils. Cr content
was considerably lower than in Indian urban soils. The mean concentrations of Pb, As, Ni
and Cr in TA and RA are higher than those in global soils. It is also noticeable that the
concentration of Pb, As and Ni in TA is higher than that in Indian urban soils. The average
Cd concentration in the soil samples is lower than that in African urban soils and Canadian
standard soils, while the Cd and Ni concentrations in TA and RA are higher than those in
global and Chinese urban soils and in Canadian and Dutch standard soils. Compared with
Chinese urban soils and Dutch standard soils, the average Hg concentration in TA is lower,
but the concentrations in RA and SA are higher. The content of HMs in SA is lower than
most standards, except for As.
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According to Utermann et al. [78], the pseudo-total background value of Sb for surface
soils containing natural background material is 0.80 mg·kg−1 on average. Therefore,
this study indicates that Sb most likely impacts the urban soil samples of the Bojnourd,
contributed by anthropogenic sources. The mean concentrations of Sb in soils from some
stations related to RA and SA were lower than the background values, while concentrations
in TA exceeded these values. This finding was consistent with those of Thestorf and
Makki [51], who found that Sb contents and other HM contents in the soils of Berlin
decreased in suburban areas. They concluded that an elevated level of Sb is more likely
to occur along the streets, channels, railway lines and residential and industrial areas.
The lower Sb content in RA and SA confirms that the Sb concentration in urban soils is
primarily derived from the parent material. The source of Sb in TA is probably heavy traffic,
car tires and brake abrasion. In the western (Gorgan Road) and southeastern (Esfarayen
and Mashhad Road) parts of Bojnourd city, roads were scratched, which increased the
wear of asphalt tires. Statistical analysis showed that the concentration decreased with
increasing distance from TA, which means that there is a significant relationship between
pseudo-total Sb and distance, which proves traffic emissions as the main cause. The results
of pseudo-total Sb concentrations in Bojnourd soils agreed with those of Foeldi et al. [41],
who indicated that Sb accumulates strongly in the soil of TA due to emissions from vehicles
and the content decreases with increasing distance from TA. In addition, they reported that
the main source of such pollution is probably abrasion from tires and brake pads. We also
observed that the Sb concentration decreased with increasing distance, almost to SA and the
natural background levels: 0.92 mg·kg−1 (SA) and 0.45 mg·kg−1 (background), respectively.

Over recent decades, there has been a concurrent rise in the population of Bojnourd,
which has led to an increase in the number of motor vehicles in the city. Consequently, solid
particles from tire abrasion, exhaust fumes, brake pad wear and road surface abrasion have
significantly increased the levels of Sb, Cd, Pb, Ni and other HMs in the soil. The study area
showed higher HM levels compared to the background, which suggests that it has been
contaminated by human activities. Various sources of pollution, such as human activities
and traffic, have contributed to the gradual accumulation of Cd, Cr, Pb, Ni and Sb in the
soils over time. Similar findings were reported by Wang and Lu [79] and Yan et al. [80]. The
total Cd concentrations of some stations related to the SA were under 1.0 mg·kg−1. In this
regard, Kabata-Pendias [81] reported that the contents of Cd do not exceed 1.0–1.1 mg·kg−1

for most surface soils around the world. Therefore, the values in SA possibly represent
pedogeochemical backgrounds. However, the mean concentrations of As (29.36 mg·kg−1)
and Hg (0.75 mg·kg−1) in SA were higher than in other land types. As mentioned by
Okoye et al. [82], As is utilized in the production of pesticides and has other industrial
applications. Most of the soil samples taken from SA were on agricultural land and near
industrial facilities, which may be the reason for the elevated levels of this element. Human
activities are the main contributors to Hg emissions, with the majority coming from urban
agglomerations, waste incinerators, coal-fired power plants and metal smelters [83].

Higher average Pb content (26.67 mg·kg−1) was measured along traffic routes in
TA, which was directly related to pollution from car exhaust. TA was influenced by
excessive traffic activities as well as vehicle exhaust and other components that contributed
significantly to Pb dispersion. Morera-Gómez et al. [47] reported Pb concentration in
urban soils from Cuba, which is in agreement with our results, and found a high degree
of pollution for this element. In addition, the high level of Cr and Cd in the study area
is probably due to brakes and tires. In addition, Cr is also released from concrete due to
construction activities. Zhang et al. [84] reported a similar finding in the roadside soil of
Urumqi City.
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Antimony replaced asbestos in brake pads in the late 1980s [85], which was a major
concern because of PM2.5 and PM10 aerosols containing Sb emitted by vehicles, as well as
the potential cancer risk of Sb2S3 [86,87]. One of the main sources of Pb is brake pad abra-
sion [88], which is widely recognized as a substantial hazardous gasoline additive [89,90].
Since the early 2000s, Iran has banned the addition of Pb to gasoline. Nevertheless, Pb
has accumulated in the urban environment over time due to its extended half-life and low
leaching from soil [91,92].

Table 2. Guideline values based on local background and references (mg·kg−1).

Origin Sb Cd Cr Pb As Ni Hg Reference

World soils - 1.1 42 14 4.7 18 - CEPA [93]

Indian urban soils - - 211.16 16.715 9.9 52.46 - Adimalla [7]

Dutch soil quality guidelines 3 0.8 100 100 29 35 0.3 VROM [35]

Canadian soil quality - 22 87 87 12 50 - CEPA [93]

Chinese urban soils - 1.8 122 187 14 42 0.26 Pecina et al. [48]

African urban soils - 5 250 150 - 100 - Yabe et al. [94]

Soil geochemical
background 0.45 0.33 30.07 3.45 8.59 33.45 0.068 This study

Earlier studies have found that the concentration of HM in soils is strongly influenced
by the different types of land uses, particularly those that include a wide variety of human
activities [95]. Traffic areas are considered as HM sources, especially for Cd and Pb [96,97].
Findings suggest that roadside soils are significantly contaminated by Ni, Zn, Pb, Cd
and Cr [97,98]. The concentrations of HMs in TA were higher than those in RA, SA and
the background levels, showing how the distance from roads affects the distribution of
HM in urban soils [99]. Consistent with the findings of Li et al. [99], our investigation
found that soil HM concentrations reduced with increasing distance from roads and streets.
Comparing the content of soil HMs throughout different land use types also revealed that
HM concentrations were significantly affected by the land use type and human activities
in the study area. In this study, with regard to the mean concentrations of the studied
elements, SA had the lowest values, followed by RA. TA is associated with stations located
mainly in the center, south, southeast and west.

3.2. Spatial Distribution of HMs

In order to detect spots with high and low concentrations of soil HMs, a geochemical
map is an indispensable tool [2,100]. The inverse distance weighted (IDW) approach was
applied to obtain spatial distribution maps of Sb, Ni, As, Cr, Hg, Cd and Pb in urban
surface soils. All maps are presented in Figure 3. Sb, Cd, Ni and Cr all exhibited a similar
distribution pattern in that their concentrations were higher in the center, west and south-
eastern directions of the Bojnourd city, while the south-eastern and western regions have
the highest concentration of Pb. In these parts of the city, the major highway with several
roadways and transit hubs with bus terminals are situated; consequently, the contamination
of HMs appears to be derived from vehicle emissions. Due to the decline in the volume of
traffic/vehicle emissions, Sb concentrations reduced in the northern section of the study
area. In addition, As and Hg showed a similar pattern in that their main concentrations
were in the southeast and north-eastern of the city, which is mainly located in SA.
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3.3. Ecological Risk Assessment

The geo-accumulation (Igeo) model is extensively used to estimate the extent of soil
HM pollution [68,101,102]. Using the geo-accumulation index, the levels of Sb, Cd, Cr, As,
Ni, Hg and Pb pollution in the study area soils were determined. Table 3 summarizes the
findings. The highest Igeo values of Sb (2.14), Cd (2.46) and Pb (2.49) were found in TA soil
samples, indicating a moderately to heavily polluted level. Hoshyari et al. [29] also made a
similar finding. The Igeo values for Ni and Cr in all sampling stations and Sb in RA and SA
were smaller than 1, signifying that soil was viewed as unpolluted to moderately polluted.
Meanwhile, the Igeo for Cd, As and Pb in RA and SA signifies a moderate contamination.
Additionally, Hg was the most harmful element to the environment. The highest values
of this element were estimated in RA (2.63) and SA (2.88), moderately to heavily polluted.
Specifically, TA had the highest values of Igeo for the studied HMs, except for As and Hg,
which is in agreement with the findings from Fei et al. [103]. Pb and Cd had moderately
polluted the majority of monitoring stations’ soils in Bojnourd.

Table 3. Contamination factor (CF) and geo-accumulation (Igeo) for four HMs in the study area.

HMs
Geo-Accumulation (Igeo) Contamination Factor (CF)

TA RA SA TA RA SA

Pb 2.49 1.74 1.2 10.49 3.98 2.1

Cd 2.46 1.96 1.42 7.73 4.11 2.91

Cr 0.37 0.037 −0.22 8.4 6.1 4.39

Sb 2.14 0.76 0.21 1.97 1.57 1.32

As 0.65 0.71 1.19 2.35 2.45 3.41

Ni 0.07 −0.50 −0.70 1.57 1.1 0.92

Hg 1.17 2.63 2.88 3.38 9.26 11.03
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The current study calculated the contamination factor (CF) for chosen HMs to estimate
the pollution level and potential anthropogenic inputs in urban surface soil samples.
Obtained CF values for individual HMs in soil samples are listed in Table 3. The CF values
of the four HMs follow a declining order: Hg > Pb > Cr > Cd > As > Sb > Ni. The highest and
lowest CF values were both found in the SA land type, 11.03 for Hg and 0.92 for Ni. Sb and
Ni in the entire city display low contamination; thus, these HMs do not seem to be impacted
by anthropogenic sources of pollution in soil samples. According to this index, As and Hg
showed considerable to very strong pollution levels in RA and SA. Shrivastava et al. [104]
and Majumdar et al. [105] also found a high level of As pollution in their investigation. The
CF value for Cr, Pb and Cd indicated a considerable pollution level in RA, whereas the
CF values for those HMs in the TA soil samples indicated extreme contamination levels,
suggesting that soil in the study area was highly polluted by human-induced activities.

3.4. Multivariate Analysis of HMs in Soil

The Spearman correlation between HMs contents in soil samples from Bojnourd is
displayed in Table 4. The Kolmogorov–Smirnov test was applied to normalize the results of
analyzed HMs. After the data were normalized, the inter-element relations between HMs
were evaluated using Spearman correlation to identify possible HM sources and routes.
Positive correlations were identified among Pb-Cd-Cr-Ni-Sb, indicating a common source
for these HMs. Other studies have also reported a strong positive correlation between
Cr-Cd-Pb [44,45]. Interestingly, Hg and As did not show any strong positive correlations
with the other HMs, indicating they may come from a separate source. Zhang et al. [106]
also found a similar result.

Table 4. Spearman correlation matrix of HMs in topsoil samples.

HM Pb Cd Cr Sb As Ni Hg

Pb 1 0.884 ** 0.891 ** 0.803 ** −0.142 0.703 ** −0.682 **

Cd 1 0.915 ** 0.830 ** −0.019 0.705 ** −0.685 **

Cr 1 0.837 ** −0.221 0.737 ** −0.722 **

Sb 1 −0.072 0.509 ** −0.520 **

As 1 −0.077 −0.013

Ni 1 −0.921 **

Hg 1
Note: ** p < 0.01.

3.5. Health Risk Assessment of HMs

In this investigation, the potential non-cancer and cancer hazards via ingestion, skin
contact and inhalation of Sb, Pb, Ni, As, Cr, Hg and Cd in urban soil were evaluated
for adults and children in the study area. The ADD via multiple pathways showed the
disparity between the land types in Table S3. A summary of the research on the cancer and
non-cancer effects of HMs in soils on adults and children is provided in Tables 5 and 6.

As shown in Table 5, for both children and adults, the HQ values for four HMs
were ingestion > dermal > inhalation, showing that the primary exposure route for the
whole study area was through ingestion, which was more in agreement with similar
investigations [7,107]. Inhalation was the lowest exposure route for HQ, therefore it is
unlikely to pose a greater risk than ingestion. This means that inhalation of HMs through
the nose and mouth will be a less significant route of exposure than the others. The values
of HQ and HI for different HMs followed the order: As > Cr > Sb > Pb > Cd > Ni > Hg.
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Table 5. The results of non-cancer health risk evaluation from soil HMs.

HMs
Land
Type

Adult Children

HQing HQinh HQdermal HI HQing HQinh HQdermal HI

Sb

TA 1.62 × 10−2 - - 1.62 × 10−2 1.51 × 10−1 - - 1.51 × 10−1

RA 6.13 × 10−3 - - 6.13 × 10−3 5.72 × 10−2 - - 5.72 × 10−2

SA 3.15 × 10−3 - - 3.15 × 10−3 2.94 × 10−2 - - 2.94 × 10−2

Cd

TA 3.8 × 10−3 7.49 × 10−6 1.55 × 10−3 5.32 × 10−3 3.54 × 10−2 5.69 × 10−7 9.92 × 10−3 4.54 × 10−2

RA 2.74 × 10−3 5.44 × 10−6 1.1 × 10−3 3.86 × 10−3 2.57 × 10−2 4.13 × 10−7 7.2 × 10−3 3.29 × 10−2

SA 1.99 × 10−3 3.92 × 10−6 7.93 × 10−4 2.79 × 10−3 1.85 × 10−2 2.98 × 10−7 5.2 × 10−3 2.38 × 10−2

Cr

TA 2.71 × 10−2 0.000319 5.38 × 10−3 3.27 × 10−2 2.52 × 10−1 2.42 × 10−5 3.52 × 10−2 2.87 × 10−1

RA 2.15 × 10−2 0.000254 4.28 × 10−3 2.6 × 10−2 2.01 × 10−1 1.93 × 10−5 2.81 × 10−2 2.28 × 10−1

SA 1.8 × 10−2 0.000213 3.6 × 10−3 2.18 × 10−2 1.68 × 10−1 1.62 × 10−5 2.35 × 10−2 1.92 × 10−1

Pb

TA 1.05 × 10−2 1.17 × 10−6 2.78 × 10−4 1.07 × 10−2 9.74 × 10−2 8.89 × 10−8 1.82 × 10−3 9.93 × 10−2

RA 5.55 × 10−3 6.22 × 10−7 1.48 × 10−4 5.7 × 10−3 5.18 × 10−2 4.72 × 10−8 9.66 × 10−4 5.27 × 10−2

SA 3.93 × 10−3 4.4 × 10−7 1.04 × 10−4 4.03 × 10−3 3.67 × 10−2 3.34 × 10−8 6.84 × 10−4 3.73 × 10−2

As

TA 4.75 × 10−2 4.75 × 10−2 3.96 × 10−2 1.34 × 10−1 4.43 × 10−1 1.24 × 10−11 3.18 × 10−2 4.75 × 10−1

RA 4.92 × 10−2 7.26 × 10−12 4.12 × 10−2 9.06 × 10−2 4.61 × 10−1 1.29 × 10−11 3.31 × 10−2 4.94 × 10−1

SA 6.89 × 10−2 1.01 × 10−11 5.75 × 10−2 1.26 × 10−1 6.43 × 10−1 1.8 × 10−11 4.61 × 10−2 6.90 × 10−1

Ni

TA 1.85 × 10−3 2.1 × 10−13 7.82 × 10−5 1.93 × 10−3 1.73 × 10−2 3.72 × 10−13 6.28 × 10−5 1.73 × 10−2

RA 1.25 × 10−3 1.42 × 10−13 5.3 × 10−5 1.31 × 10−3 1.17 × 10−2 2.52 × 10−13 4.25 × 10−5 1.17 × 10−2

SA 1.08 × 10−3 1.23 × 10−13 4.58 × 10−5 1.13 × 10−3 1.01 × 10−2 2.18 × 10−13 3.68 × 10−5 1.02 × 10−2

Hg

TA 5.40 × 10−4 2.78 × 10−13 8.8 × 10−5 6.28 × 10−4 5.04 × 10−3 4.93 × 10−14 7.06 × 10−5 5.11 × 10−3

RA 1.48 × 10−3 7.62 × 10−13 2.41 × 10−4 1.72 × 10−3 1.38 × 10−2 1.35 × 10−12 1.93 × 10−4 1.40 × 10−2

SA 1.76 × 10−3 9.07 × 10−13 2.87 × 10−4 2.05 × 10−3 1.64 × 10−2 1.61 × 10−12 2.30 × 10−4 1.67 × 10−2

Table 6. The results of cancer health risk evaluation from soil HMs.

HMs
Land
Type

Adult Children

CRng CRinh CRdermal TCR CRng CRinh CRdermal TCR

Cd

TA 2.31 × 10−5 2.69 × 10−9 9.24 × 10−8 2.32 × 10−5 2.16 × 10−4 2.05 × 10−10 6.05 × 10−7 2.17 × 10−4

RA 1.68 × 10−5 1.96 × 10−9 6.7 × 10−8 1.69 × 10−5 1.57 × 10−4 1.49 × 10−10 4.39 × 10−7 1.57 × 10−4

SA 1.21 × 10−5 1.41 × 10−9 4.83 × 10−8 1.22 × 10−5 1.13 × 10−4 1.07 × 10−10 3.17 × 10−7 1.13 × 10−4

Cr

TA 4.04 × 10−5 3.83 × 10−7 6.45 × 10−6 4.73 × 10−5 3.77 × 10−4 2.91 × 10−8 4.23 × 10−5 4.2 × 10−4

RA 3.22 × 10−5 3.05 × 10−7 5.13 × 10−6 3.76 × 10−5 3 × 10−4 2.32 × 10−8 3.36 × 10−5 3.34 × 10−4

SA 2.7 × 10−5 2.56 × 10−7 4.31 × 10−6 3.16 × 10−5 2.52 × 10−4 1.94 × 10−8 2.82 × 10−5 2.8 × 10−4

Pb

TA 3.11 × 10−7 1.73 × 10−10 1.24 × 10−12 3.11 × 10−7 2.9 × 10−6 1.31 × 10−11 8.12 × 10−12 2.9 × 10−6

RA 1.65 × 10−7 9.19 × 10−11 6.58 × 10−13 1.65 × 10−7 1.54 × 10−6 6.98 × 10−12 4.31 × 10−12 1.54 × 10−6

SA 1.17 × 10−7 6.5 × 10−11 4.66 × 10−13 1.17 × 10−7 1.09 × 10−6 4.94 × 10−12 3.05 × 10−12 1.09 × 10−6

As

TA 7.33 × 10−6 1.08 × 10−14 6.12 × 10−6 1.34 × 10−5 1.71 × 10−5 4.78 × 10−15 1.23 × 10−6 1.83 × 10−5

RA 7.62 × 10−6 1.12 × 10−14 6.36 × 10−6 1.4 × 10−5 1.78 × 10−5 6.76 × 10−6 1.28 × 10−6 2.58 × 10−5

SA 1.06 × 10−5 1.56 × 10−14 8.88 × 10−6 1.95 × 10−5 2.48 × 10−5 6.94 × 10−15 1.78 × 10−6 2.66 × 10−5

Ni

TA 1.16 × 10−5 1.57 × 10−15 6.16 × 10−6 1.77 × 10−5 2.7 × 10−5 6.96 × 10−16 1.23 × 10−6 2.82 × 10−5

RA 7.83 × 10−6 1.06 × 10−15 4.17 × 10−6 1.2 × 10−5 1.83 × 10−5 4.71 × 10−16 8.37 × 10−7 1.91 × 10−5

SA 6.77 × 10−6 9.19 × 10−15 3.61 × 10−6 1.04 × 10−5 1.58 × 10−5 4.08 × 10−16 7.23 × 10−7 1.65 × 10−5

In the study area, As exhibited the highest HQ value among these seven HMs for
the ingestion route in both children and adults, while compared to inhalation the dermal
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contact pathway was more hazardous for both age groups. In the present study, HQ
and HI values through three exposure pathways exposed to HMs for adults were less
than for children. This finding implies that non-carcinogenic risks are more severe for
children than for adults due to all three mentioned exposures. Recent studies have also
found that the two main factors contributing to children’s health risks are increased soil
ingestion and lower body weight [2,108]. Furthermore, the HQ and HI values for both
adults and children are less than 1, suggesting that the seven examined HMs pose no
non-carcinogenic health risk. However, the HI values of Cr and As for children were very
close to the recommended value of 1; as a result, paying proper attention to these elements
and children’s health is critical. These findings support the results of Tyagi et al. [109], Li
et al. [110], Huang et al. [111] and Wu et al. [112]. Ghani et al. [113] and Shen et al. [114]
indicated that, for both children and adults, ingestion is the main route of exposure, which
is associated with soil particles being in suspension and with hand-to-mouth contact.

Table 6 shows the calculated cancer risks only for the five HMs (Pb Cr, As, Ni, Cd
and As), because the carcinogenic slope factors for Sb and Hg were not available. It has
shown that the CR and TCR values of Pb, Cr, Ni, Cd and As for children and adults are
still categorized as ingestion > dermal > inhalation. The total carcinogenic risk (TCR) of
Cd, Cr, As, Ni and Pb to adults ranged from 1.22 × 10−5 to 2.32 × 10−5, 3.16 × 10−5

to 4.73 × 10−5, 1.34 × 10−5 to 1.95 × 10−5, 1.04 × 10−5 to 1.77 × 10−5 and 1.17 × 10−7

to 3.11 × 10−7, respectively, and for children 1.13 × 10−4 to 2.17 × 10−4, 2.8 × 10−4 to
4.2 × 10−4, 1.83 × 10−5 to 2.66 × 10−5, 1.65 × 10−5 to 2.82 × 10−5 and 1.09 × 10−6 to
2.8 × 10−4, respectively. The CR values increased as follows: Pb < Ni < As < Cd < Cr
for adults and children. The TCR values indicated that the carcinogenic risks associated
with Ni and As in soil were within the permissible limit for both adults and children. In
addition, the total TCR and CR ingestion values of all HMs (except Pb) for adults were
10−5, which show acceptable risk. Since the TCR and CR were below the 1.00 × 10−4

threshold range, it implies that there is no detectable cancer threat for adults in the study
area due to carcinogenic HMs. However, children seemed more susceptible to health risks
associated with chronic health problems than adults, according to carcinogenic HMs. Only
the CR values of Cr and Cd for children through ingestion surpassed the acceptable risk
level of 1.00 × 10−4. In children, the calculated CR values for Pb were below the acceptable
risk level. Moreover, TCR values of Cr and Cd for children were higher than 1 × 10−4,
which was a significant cancer risk. Bineshpour et al. [44] reported that, in Arak surface
soil, children were shown to have a higher cancer risk from HMs than adults. Several other
investigations have confirmed the same findings [115–117].

4. Conclusions

Exposure to different concentrations of Sb may lead to a variety of diseases, cancers
and genetic defects in humans. In this study, the concentration levels, geo-accumulation
index, contamination factor, human health risk and spatial distribution of Sb, Ni, As, Cr,
Hg, Cd and Pb in the top-soil of Bojnourd were investigated. The mean concentrations of
these HMs in the surface soil were higher than their background levels, indicating that this
contamination may be of anthropogenic origin. Cd, Cr and Pb showed extreme CF values
in RA, while Sb indicated the lowest CF value in all sampling stations. According to Igeo, a
large part of the study area was moderately contaminated by Pb and Cd. Pearson’s correla-
tion coefficient confirmed that all HMs showed a strong positive correlation, indicating a
common source, except for As and Hg. Geo-statistics and GIS methods were employed
in order to generate the spatial distribution maps of the HM contents. A similar spatial
distribution trend was found for Ni, Cr, Cd and Sb, with hot-spot areas correlated with the
city center, the west and the southeast of the city.

Human health risk assessment of HMs in soil samples revealed that ingestion caused
the greatest risk, followed by skin contact and inhalation. In the soil samples from Boj-
nourd, children have higher non-carcinogenic HQi levels for potentially hazardous metals
than adults. The values of HQ and HI were lower than 1 for each metal, indicating no
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noncarcinogenic risk for either age group. For adults and children, the cancer risk of Pb
did not exceed the permissible limit of 1.0 × 10−6, whereas the cancer risk for children
was serious for Cd and Cr. The carcinogenic risks of Cd and Cr for adults in the region
were also within acceptable limits. This study is useful and informative for the residents,
especially children, and for the authorities to take proper precautions in order to ensure the
safety of Bojnourd residents from this metal (Sb), which is almost unknown in Iran.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su15043495/s1, Table S1: Values of factors used in the risk assess-
ment formulae; Table S2: Reference dose (RfD) and slope factor (SF) of heavy metals for health risk
assessment; Table S3: Heavy metal average daily dose (ADD) by oral, dermal and inhalation exposure
routes among children and adults. References [118–126] are cited in the supplementary materials.
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9. Dąbkowska-Naskręt, H.; Różański, S.; Bartkowiak, A. Forms and mobility of trace elements in soils of park areas from the city of
Bydgoszcz, north Poland. Soil Sci. Annu. 2016, 67, 73. [CrossRef]

10. Li, Z.; Ma, Z.; Kuijp, T.; Yuan, Z.; Huang, L. A review of soil heavy metal pollution from mines in China: Pollution and health risk
assessment. Sci. Total. Environ. 2014, 468–469, 843–853. [CrossRef]

11. Hu, B.; Shao, S.; Ni, H.; Fu, Z.; Hu, L.; Zhou, Y.; Min, X.; She, S.; Chen, S.; Huang, M.; et al. Current status, spatial features, health
risks, and potential driving factors of soil heavy metal pollution in China at province level. Environ. Pollut. 2020, 266, 114961.
[CrossRef]

12. Baruah, S.; Ahmed, I.; Das, B.; Ingtipi, B.; Boruah, H.; Gupta, S.; Nema, A.; Chabukdhara, M. Heavy metal(loid)s contamination
and health risk assessment of soil-rice system in rural and peri-urban areas of lower Brahmaputra valley, Northeast India.
Chemosphere 2020, 266, 129150. [CrossRef]

https://www.mdpi.com/article/10.3390/su15043495/s1
https://www.mdpi.com/article/10.3390/su15043495/s1
http://doi.org/10.1016/j.chemosphere.2019.125015
http://www.ncbi.nlm.nih.gov/pubmed/31606003
http://doi.org/10.1016/j.scitotenv.2019.134466
http://doi.org/10.1016/j.uclim.2022.101394
http://doi.org/10.1016/j.apgeochem.2016.02.004
http://doi.org/10.1016/j.jhazmat.2009.09.001
http://doi.org/10.1016/j.ecolind.2021.107726
http://doi.org/10.1007/s10653-019-00324-4
http://doi.org/10.1007/s12665-016-5316-z
http://doi.org/10.1515/ssa-2016-0010
http://doi.org/10.1016/j.scitotenv.2013.08.090
http://doi.org/10.1016/j.envpol.2020.114961
http://doi.org/10.1016/j.chemosphere.2020.129150


Sustainability 2023, 15, 3495 15 of 19

13. Gujre, N.; Mitra, S.; Soni, A.; Agnihotri, R.; Rangan, L.; Rene, E.; Sharma, M. Speciation, contamination, ecological and human
health risks assessment of heavy metals in soils dumped with municipal solid wastes. Chemosphere 2021, 262, 128013. [CrossRef]

14. Liu, P.; Hu, W.; Tian, K.; Huang, B.; Zhao, Y.; Wang, X.; Zhou, Y.; Shi, B.; Kwon, B.; Ryu, J.; et al. Accumulation and ecological risk
of heavy metals in soils along the coastal areas of the Bohai Sea and the Yellow Sea: A comparative study of China and South
Korea. Environ. Int. 2020, 137, 105519. [CrossRef]

15. Sun, J.; Zhao, M.; Huang, J.; Liu, Y.; Wu, Y.; Cai, B.; Han, Z.; Huang, H.; Fan, Z. Determination of priority control factors for
the management of soil trace metal (loid)s based on source-oriented health risk assessment. J. Hazard. Mater. 2021, 423, 127116.
[CrossRef]

16. Yang, S.; Sun, L.; Sun, Y.; Song, K.; Qin, Q.; Zhu, Z.; Xue, Y. Towards an integrated health risk assessment framework of soil heavy
metals pollution: Theoretical basis, conceptual model, and perspectives. Environ. Pollut. 2023, 316, 120596. [CrossRef]
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