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Abstract

In this research, fifteen potentially toxic elements (PTEs) (Al, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Sb, Sc and Zn) were
analysed and quantified in samples collected at 44 sites in an urban area of Iran. Sources were apportioned using enrichment
factors (EFs), modified pollution index (MPI), principal component analysis (PCA), multivariate linear regression of absolute
principal component scores (MLR-APCS) and speciation, with a focus on anthropogenic PTEs in the urban and industrial soils of
the Arvand Free Zone area, an oil-rich zone in the country. Furthermore, the bioaccessibility and the human health risks of PTEs
were investigated. The EF revealed a significant enrichment for elements such as Cd, Cu, Hg, Mo, Pb, Sb and Zn. Values of MPI
showed that Abadan industrial district and Abadan petrochemical complex are the most polluted sites in the study area.

The PCA/MLR analysis revealed four main sources: natural sources, fossil fuel combustion, traffic and oil derivatives and
petroleum waste. The relative contribution of each source to PTE concentration varied from 32.3% of the natural sources to
30.6% of traffic and from 20.1% of petroleum waste to 17% of fossil fuel combustion. The source apportionment of metals
generated using MLR-APCS receptor modelling revealed that 85.0% of Hg was generated by oil products. Chemical speciation
results were compatible with the results obtained from PCA. Bioaccessibility of PTEs decreased from gastric to intestinal phase
except Mo and Sb due to their different geochemical characteristics. Hazard index (HI) for non-cancer risk of PTEs for both
children and adults based on total element concentrations was estimated to range from 2-fold to more than 10-fold higher than
that of bioaccessible phases.
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Introduction environment (Burges et al. 2015; Guney et al. 2010). Due to

the fast development of industries, agriculture and urbanisa-

Among different kinds of environmental contaminants, poten-
tially toxic elements (PTEs) represent a serious issue due to
their ubiquity, toxicity and persistence in the ambient
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tion in many cities of the world, increasing inputs of PTEs into
the environment have accelerated environmental problems
(Farsani et al. 2018; Prabhakar et al. 2014; Soltani et al.
2017; Yang and Cattle 2018). In urban areas, PTEs and other
contaminants can reach soils via natural and anthropogenic
activities (Wei and Yang 2010), with anthropogenic inputs
dominating over lithogenic inputs. Metals could originate
from mining and smelting activities, vehicle exhaust, industri-
al wastes, coal and oil combustion and deposition of atmo-
spheric dust and aerosols, depending on site characteristic
(Farsani et al. 2018; Prabhakar et al. 2014; Soltani et al.
2017; Yang and Cattle 2018). This contamination could ad-
versely impact soil biology and functioning, change soil phys-
icochemical properties and cause other environmental issues
(Papa et al. 2010), which ultimately lead to considerable risks
for humans and the ecosystem (Siciliano et al. 2009).
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The evaluation of characteristics and contamination
levels of PTEs in urban soils is necessary to preserve the
urban environment and human health due to their long
half-lives in the human body (Keshavarzi et al. 2015).
The PTEs exert their toxicity through ingestion and dermal
contact; thus, hand-to-mouth activities of children may
cause them to be more sensitive (Ali et al. 2013; Pefa-
Fernandez et al. 2014; Ruby and Lowney 2012). In most
of the studies on soils, the main pathway of toxicity was
found to be ingestion of contaminated soils (Ruby and
Lowney 2012; Shi et al. 2011; Siciliano et al. 2009; Wu
et al. 2015); thus, in vitro tests simulating the human gas-
trointestinal tract have been developed for their precision,
ease, rapidity and low cost (Koch et al. 2007). Different
tests have been devised to assess the bioaccessibility of
PTEs in soils, such as the Solubility Bioavailability
Research Consortium (SBRC) test (Li et al. 2016), the
in vitro gastrointestinal (IVG) and the Deutsches Institut
fiir Normung e.V. (DIN) methods (Li et al. 2015; Xie et al.
2019) and the physiologically based extraction test (PBET)
(Lietal. 2015; Ren et al. 2015). Some of them, such as the
SBRC, have also been validated for one or more elements
using in vivo results (Li et al. 2015, 2016).

The PTEs in soils originate from various sources in
urban areas, including natural (pedogenic processes) and
different anthropogenic origins; therefore, it is important
to distinguish pollution sources of PTEs that have become
a significant environmental issue, to control pollution di-
rectly and define mitigation strategies (Hu and Cheng
2013; Luo et al. 2015; Szolnoki et al. 2013). Many ap-
proaches have been applied to identify different sources
and quantitatively analyse the contributions of each
source to the total pollution load, including receptor
models such as chemical mass balance (CMB) model,
principal component analysis (PCA)-related methods (ab-
solute principal component scores (APCS); multiple linear
regression (MLR), PCA-MLR; UNMIX model) and posi-
tive matrix factorisation (PMF) (Abbasi et al. 2020; Fei
et al. 2019; Qu et al. 2018; Song et al. 2018). Among
these receptor models, PCA-MLR or MLR-APCS has
been widely applied for the source apportionment of con-
taminants in various media, such as soils and sediments,
as it does not require a priori knowledge of the number of
sources nor of the source profiles (Ashayeri and
Keshavarzi 2019; Fei et al. 2019; Huang et al. 2018;
Luo et al. 2015).

In recent years, several researches have focused on soil
contamination in industrialised and urbanised areas of devel-
oped and developing countries, where there is specially great
concern owing to ubiquity of dust and anthropogenic sources
(Ajmone-Marsan and Biasioli 2010; Gulan et al. 2017; Li
et al. 2017; Luo et al. 2015; Manta et al. 2002; Mehr et al.
2017; Qing et al. 2015; Tepanosyan et al. 2017; Xiong et al.
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2016). Limited studies are available in urbanised and
industrialised cities of Iran. The Arvand Free Zone, located
in the Khuzestan Province, northwestern part of Persian Gulf
(Fig. 1), is a long-established oil-rich zone of the country due
to good transportation facilities, which include the Karoon and
Arvand rivers, roads, rail, ports and airports. Lands of this
zone have been allocated to industrial activities, in
Khorramshahr and Abadan cities, such as the Abadan oil re-
finery, which is the oldest oil refinery in the Middle East, and
other sectors as trade, tourism and office, ports, warehousing
and transit.

Despite the importance of the Arvand Free Zone and the
numerous possible sources of PTEs in the area, there is no
available data on pollution of urban and industrial soils in
the Arvand district nor data on the possible sources, and the
environmental and related human health risks.

The primary goals of this work were (i) to evaluate the
concentration and contamination degree of metals in urban
and industrial soils, (ii) to determine the origins of PTEs using
multivariate statistical analyses (PCA and PCA-MLR), (iii) to
determine the bioavailability of PTEs using Community
Bureau of Reference (BCR) method and the bioaccessibility
of PTEs using both gastric and intestinal phases of SBRC
method and (iv) to assess non-cancer health risks related to
exposure to elements via various routes (ingestion, dermal
contact and inhalation) based on total and bioaccessible con-
centrations for adults and children.

There is no comprehensive study on both urban and indus-
trial soils in Iran, which investigates this number of bioacces-
sibility of PTEs in both gastric and intestinal fractions.
Furthermore, this research focuses on investigating of Hg pol-
lution resulting from different sources of Hg including
chloralkali unit of Abadan petrochemical complex. So, this
study constitutes the basis of a database to estimate the risk
for the environment and humans as well as remediation of
PTE-contaminated soils.

Materials and method
Study area

The Arvand Free Zone, with an area of 37,400 ha, is located at
the anastomosis of the Karoon and Shatt al-Arab rivers. It is at
the north-west of the Persian Gulf border, at a height of 3 m
above sea level and in the vicinity of Iraq. The Arvand Free
Zone consists of the cities of Abadan, Khorramshahr and
Minushahr. The first oil refinery of the Middle East was
established in Abadan, and the largest trade port of Iran is in
Khorramshahr. This refinery started to operate in 1912 with a
capacity of 2500 barrels/day. The Abadan petrochemical com-
plex is another important industry in the Arvand Free Zone
which was officially launched in 1969, producing mainly
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Fig. 1 Sampling stations in the Arvand Free Zone

polyvinyl chloride (PVC) with the capacity of 20,000 tons per
year (Shokrollahzadeh et al. 2008).

Due to numerous explosions at the Abadan oil refinery dur-
ing Iran—Iraq war periods and other accidents, significant

emissions of pollutants have occurred in different periods of
time. Khorramshahr has a special importance in the province
of Khuzestan owing to its economic impact and
industrialisation, as well as its ports and associated cargo transit.
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Sample collection

A total of 44 soil samples were collected in October 2017
(Fig. 1). These included thirty-two urban soils, nine samples
in industrial areas and three samples as local background soil.
Background soil samples were collected from zones far from
population centres, industrial areas and other possible pollu-
tion sources at 50 cm deep to evaluate the geochemical back-
ground of elements. The study area is covered with quaternary
sediments and recent alluvial deposits. According to pedolog-
ical maps, Entisols and Aridisols are the soil types in the study
area which do not reveal any profile development other than
an A horizon (Moore and Keshavarzi 2014). Each surface
sample consists of no less than five sub-samples from 1 to
10 cm surface soil. Different types of land use and possible
sources of contaminants (industrial, commercial, high traffic
and residential) were the factors which were considered for
sampling site selection. Clean, self-sealed polyethylene bags
were used for keeping them. The samples were dried at room
temperature and passed via a 63-pum sieve for determination of
the total concentration of PTEs, 200 um for the SBRC test
(Padoan et al. 2017) and a 2-mm sieve for physicochemical
characteristics and BCR test in laboratory. The sieves were
thoroughly washed and rinsed between samples by deionised
water then oven-dried at 50 °C to exclude cross-contamina-
tion. Eventually, PTEs were analysed using inductively
coupled plasma mass spectrometry (ICP-MS) at the accredited
Acme Analytical Laboratory in Canada, using the digestion
method of Liang and Grégoire (2000).

Physiochemical characteristics

The procedure of hydrometer described by Gee and Bauder
(1986) was utilised for determination of the grain size distri-
bution (sand, silt and clay fraction), and the USDA classifica-
tion system was used for determination of soil texture.
Electrical conductivity (EC) and pH were measured on 1:2
soil-to-water suspensions. Cation exchange capacity (CEC)
was measured by the sodium acetate—ammonium acetate
(NaOAc-NH40OAc) method (Ryan et al. 2007). Upon further
drying at 105 °C, the organic matter (OM) content was
assessed by measuring the loss on ignition (LOI) to constant
mass at 550 °C for 4 h. The total organic carbon (TOC) value
was calculated using a correction factor of 1.724 (TOC =
OM / 1.724) (Schumacher 2002).

Extraction and analysis of PTEs

The total content of the elements was determined by weighing
approximately 0.25 g of sieved samples (< 63 um) to which a
mixture of concentrated HF HNOs; HCIO, was added and,
afterward, the solutions were warmed and dried. A 3:1 mix-
ture of concentrated HCI and HNO; (aqua regia) was applied
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for the residue digestion and then diluted with deionised water
up to 25 mL. The dissolved solution was analysed by ICP-
MS.

The analysis of reagent blanks, analytic duplicates and cer-
tified reference material (CRM) such as multi-element STD
OREAS45EA and OREAS45c¢ and an internal standard STD
DS11 were utilised for QA/QC determination. The CRM re-
covery percentages were always within 88 to 106%, showing
a good agreement between the measured and certified values
(Table S1). The analytical precision was determined by eval-
uating the relative standard deviation (Aquisman et al. 2019);
it was below 7%, which is within the acceptable range
(Table S1).

Modified BCR sequential extraction procedure

Twelve samples (S7, S8, S11, S15, S24, S25, S29, S31, S33,
S34, S35, S39) out of 44 samples were selected for metal
speciation. This sub-group of samples was carefully selected
based on the different pollution loads (low, medium and high)
and on the spatial distribution, so that it was possible to extend
their results to the entire area.

The extraction method of this study was the “modified
BCR” (Rauret et al. 2000). In the first step of BCR, ionic form
of PTEs and those that were precipitated or coprecipitated
with carbonate were leached in 0.11 mol/L acetic acid at
pH 2.8. In the second step, PTEs which were adsorbed to
amorphous Fe and Mn (hydro)oxides were separated in
0.1 mol/L hydroxylamine hydrochloride at pH 2. In the third
step, PTEs incorporated to organic matter and sulfides were
released undergoing oxidation in acid-stabilised 30% hydro-
gen peroxide and leaching in 1 mol/L ammonium acetate at
pH 2 regulated with nitric acid. The residue from the third step
was dissolved using aqua regia (fourth step) (Rauret et al.
2000). Standards, blank and duplicated samples were
analysed in each analytical step (Ko et al. 2005), and results
were accepted when the coefficient of variation was under
5%. Accuracy was verified using certified reference materials
for aqua regia—soluble contents (CRM 141R, Community
Bureau of Reference, Geel, Belgium).

The sum of the fractions extracted by the four steps was
compared with the aqua regia (AR) digestion (extraction) of 1-
g sample results. This represents a pseudo-total content.
Recovery was computed as the ratio of the sum of the fractions
to the AR, expressed as percentage. The recovery of all ele-
ments except Hg were between 70 and 130%, considering the
sum of the 4 extracted fractions, which is acceptable (Cuong
and Obbard 2006; Dehghani et al. 2017; Franklin et al. 2016;
Sutherland and Tack 2002). The low recovery of Hg shows
that BCR is not a suitable method for Hg fractionation as the
addition of aqueous solutions and the heating may cause Hg
volatilisation (Sladek and Gustin 2003).
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Assessment of the bioaccessibility of PTEs

In this study, the SBRC in vitro assay (Kelley et al. 2002),
including both gastric and intestinal simulations, was utilised
for the assessment of the bioaccessibility of PTEs in the soils.
In this method, 10 mL of simulated gastric fluid containing
glycine (30.03 g/L) was used for the extraction of 0.1 g of soil
(<200 pm). The solution was regulated to pH 1.5 with con-
centrated HCI in 50-mL centrifuge tubes. Sealed bottles were
placed into a water bath and rotated end-over-end at 37 °C +
2 °C for 1 h. The extract was passed through a disposable
0.45-um cellulose acetate filter into a clean 20-mL polyethyl-
ene vial. The samples were kept at 4 °C before elemental
analysis by ICP-MS (Dodd et al. 2013; Li et al. 2016). The
remaining solution was regulated to 7.0 with NaOH; then,
intestinal phase extraction was performed by adding bile
(1.75 g/L) and pancreatin (0.5 g/L) to the solutions. After
shaking in a thermo bath at 37 °C, at 150 rpm for 4 h, the
samples were centrifuged, filtered and moved to polyethylene
tubes to keep at 4 °C, and then analysed by ICP-MS. The
absolute bioaccessibility of PTEs was computed by dividing
the extracted element (Cpipaccessibles Mg/kg) by the total ele-
ment content (Cora, mg/kg) in soils (Eq. (1)) (Li et al. 2015).

C . .
Absolute bioaccessibility of PTEs (%) = % (1)
total

Data analysis
Pollution evaluation, risk assessment and statistical analysis

Quantification of the enrichment of PTEs can be done by
several geochemical methods in soil samples. In the present
study, enrichment factors (EFs) were calculated by the follow-
ing equation based on Yuen et al. (2012) to evaluate the pol-
lution level of PTEs:

( » )san
Crer ple
( “’ )ba 0

c ckgr und

where C; is the concentration of the target element and Cif is
the concentration of the reference element. Aluminum was
considered as the reference element due to the low variation
coefficient (VC) in the samples. The mean concentration of
three background soils was compared with geochemical back-
ground of Mahshahr (Mehr et al. 2016), which is close to the
Arvand Free Zone with similar soil types (Entisols and
Aridisols) to ensure that three samples represent the geochem-
ical background. The results were similar showing that the
mean concentration was acceptable to be used as geochemical
background (Table 1). Ranges of EF values corresponding to

EF = (2)

the levels of soil enrichment according to Birch and Olmos
(2008) were defined as deficiency to minimal enrichment (<
2), moderate enrichment (2-5), significant enrichment (5-20),
very high enrichment (20—40) and extremely high enrichment
(>40).

The modified pollution index (MPI) is a method to assess
the degree of contamination of a soil using EF values which is
thought to be more reliable than other indices due to normal-
isation versus the reference element (Brady et al. 2015), and
was calculated as:

MPI = \/ (EFaye)” + (EFmy)* (3)

2

The following terminology was used for the MPI based on
values: MPI < 1, unpolluted; 1 < MPI <2, slightly polluted; 2
<MPI <3, moderately polluted; 3 < MPI <5, moderately—
heavily polluted; 5 <MPI< 10, severely polluted; and
MPI > 10, heavily polluted.

In order to determine human exposures to PTEs, a health
risk evaluation model was used. Exposure to PTEs in soil can
occur through soil consumption (ingestion), dermal contact,
and inhalation. The chronic daily intake (CDI) of a contami-
nant via soil ingestion, dermal contact and inhalation was
assessed using the three equations reported in the Electronic
Supplementary Material (ESM) and in Table S2 according to
RAIS (2020).

Based on standard EPA methods, the ratio of the dose
obtained from exposure to site media compared to a specific
reference dose (RfD) was indicated as the risk of non-
carcinogenic effects. This ratio is known as the hazard quo-
tient (HQ). The HQ was estimated by the following equation
(USEPA 1989):

HQ = 20 4)

RfD

The maximum allowable risk through daily exposure via
three-exposure route is expressed as RfD (RfD,, mg/kg/day)
for ingestion, RfD for dermal contact (mg/kg/day) and RfC
(mg/m?*/day) for inhalation. The RfD threshold value is ap-
plied to reveal the bad health effect during a lifetime. The HQ
can be used to express the non-cancer risk for humans. If the
HQ exceeds 1, there might be adverse health effects (USEPA
1993). RfD values were taken from the risk assessment infor-
mation system (RAIS 2020), Integrated Risk Information
System (IRIS 2008) and Environmental Protection Agency
(US EPA 2009). RfD for dermal soil contact was determined
using Eq. (5) (RAIS 2020).

Dermal RfD (mg/kg/day) = RfD, x ABS (GI) (3)

In this equation, RfD, is the oral RfD (mg/kg/day) and
ABS (GI) is the fraction of ingested contaminant absorbed in

@ Springer



40578 Environ Sci Pollut Res (2020) 27:40573-40591
Table 1 Summary statistics of PTEs in the urban and industrial soil of the Arvand Free Zone

DL Unit Min—-max Mean + SD Variation coefficient (%) Local background World soil average
Al 0.01 % 0.85-1.94 1.38 +£ 0.25 18 1.5 2.5
As 0.1 mg/kg 2.9-28 62+42 67 44 6.83°
Cd 0.01 mg/kg 0.16-1.7 0.43 +0.34 79 0.18 0.41°
Co 0.5 mg/kg 7-19 11.8+24 20 13 11.3°
Cr 0.1 mg/kg 37-88 60 + 12 19 64 38.9°
Cu 0.01 mg/kg 19-1075 97 +217 224 21.5 389
Fe 0.01 % 1.23-4.14 20+05 23 2.0 35
Hg 5 ug/kg 21-32,238 1839 + 6940 377 28 70°
Mn 1 mg/kg 336-708 472 + 83 17 532 488°
Mo 0.01 mg/kg 0.5-47 20+75 262 0.4 1.1°
Ni 0.1 mg/kg 51-134 84 + 20 24 99 20°
Pb 0.01 mg/kg 6-644 43 + 97 228 7.1 27°
Sb 0.02 mg/kg 0.1-42 0.59 + 0.96 163 0.06 0.67°
Sc 0.1 mg/kg 2.3-6.5 44+0.9 21 5.2 11.7°
Zn 0.1 mg/kg 45-725 165 + 152 91 45 70°
pH - - 6.33-8.56 733 +£0.5 0.2 6 -
CEC - cmol/kg 7.69-26.91 14.07 £ 4.51 32 - -
oM - % 8.02-28.17 14.80 +3.82 15 55 -
EC - mS/cm 10.61-163.30 71 +41 1711 627 -
Sand - % 5-69 37+ 17 274 44 -
Silt - % 20-65 42 + 13 166 30 -
Clay - % 7-61 21 £13 50 - -

DL detection limit, SD standard deviation
# Kabata-Pendias and Mukherjee (2007)
" Kabata-Pendias (2011)

the gastrointestinal tract. If the ABS (GI) is > 50%, it is set to
100% for the calculation of dermal toxicity values (RAIS
2020).

The overall potential for non-carcinogenic effects of multi-
elements was evaluated by the hazard index (HI), which was
formulised according to Guidelines for Health Risk
Assessment of chemical mixture of USEPA (USEPA 1989).

HI = YHQ, (6)

where i refers to different PTEs. HI shows the addition of
hazard quotient for more than one element and/or different
exposure pathways (USEPA 1989). Therefore, a combination
of non-cancer risks on humans across different exposure path-
ways can be estimated by summation of the HI of each expo-
sure pathway (USEPA 1989).

Total exposure hazard index = Y HI; (7)

where i refers to the different pathways.

To assess the relationship among data and hypothetical
sources of PTEs in soil samples, the commercial statistics
software package SPSS (version 23) for Windows was used
to execute the Spearman correlation and PCA. PCA is often
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leveraged for source apportionment as it is a bilinear model to
illustrate variance in investigated data by reduction of the
number of orthogonal variables (Guo et al. 2004); therefore,
it can provide a transparent view of the soil pollution profile.
Prior to using the PCA method, Bartlett’s test of sphericity (p
value) on the original experimental data and the Kaiser—
Meyer—Olkin (KMO) measure of sampling adequacy were
used to detect the presence of partial correlation and depen-
dence among variables to exclude the potential non-
independence of the original data, which can influence the
PCA result. The KMO measure of sampling adequacy and
Bartlett’s test of sphericity should reveal a value > 0.6 and p
<0.05, respectively, for applicable data (Gu et al. 2016).
Concentrations of all the elements were autoscaled and nor-
malised using z scores before PCA application.

After the determination of the number and specifications of
feasible sources by PCA, quantitative source contributions of
soil PTEs were then computed using multiple linear regression
(PCA-MLR) (Cao etal. 2011; Thurston and Spengler 1985). It
produces estimates of the kinds and relative significance of the
sources using receptor modelling, based on a regression of the
APCS. In PCA, factors with eigenvalues higher than 1 were
retained. MLR was applied with the total concentration of
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PTEs as the dependent variable and the factor scores as inde-
pendent variables (Pan et al. 2017; Shi et al. 2008). The MLR
model is depicted by the basic equation:

y=YmX;+b (8)

where y is the total value of PTEs (3| PTEs), .X; is the PCA
factor score, m; is the regression coefficient and b is the resid-
ual error. The regression model is represented as follows, after
normalisation of the variables of Eq. (8):

=28 X; )

where z displays the standardised normal deviates of
PTEs, X; is the PCA factor score and B; is the regression
coefficient. MLR was carried out stepwise by SPSS software,
and a default level of significance of 0.05 was applied.

The average percent contribution of each factor was com-
puted as:

B;
Average contribution of source i (%) = 100 x (ZB ) (10)

Results and discussion

The physicochemical properties of soil samples are presented
in Table 1. Soil samples predominantly showed loamy texture
(Fig. S1), with a great variation of clay fraction between 7 and
61%. The pH of soils was in the range of 6.3 to 8.6, which is
considered to be neutral to slightly alkaline based on USDA
(1998). The CEC exhibited a mean value of 14.07 cmol/kg
and is considered to be low to moderate for most samples
(Dehghani et al. 2017). The OM content and EC ranged be-
tween 8.02 and 28.17% and between 10.61 and 163.30 mS/
cm, respectively. The fate of PTEs and their concentration in
the environment can be influenced by soil physicochemical
properties considerably; hence, physicochemical properties
are very important for source recognition of soil pollutants
(Zhang et al. 2008). Soil pH affects the sorption of PTEs as
the solubility of metal hydroxides, metal carbonates and phos-
phates are directly controlled by the pH. It also influences
metal hydrolysis, ion pair formation, solubility of organic mat-
ter as well as surface charge of iron and aluminum oxides,
organic matter and clay edge (Appel and Ma 2002). Soil or-
ganic matter content can affect the soil concentration of PTEs
due to the high affinity of some PTEs to organic matter (Zhang
et al. 2008). Moreover, the CEC mineral content in a clay
fraction of soil plays a major role in sorption and desorption
of PTEs (Capra et al. 2014).

The summary statistics of the concentration of PTEs in
Arvand Free Zone samples and in background areas are
shown in Table 1. The comparison of the mean concentration

of each element with the concentration in the local back-
ground and with world average showed that Cd, Co, Cr, Cu,
Hg, Mo, Ni, Pb and Zn were enriched in the Arvand area.

The analysed elements were categorised into two groups
based on VC values: Al, Co, Cr, Fe, Mn, Ni and Sc showed
lower VCs, while As, Cd, Cu, Hg, Mo, Pb, Sb and Zn had
higher values, probably affected by anthropogenic factors.

Concentrations of PTEs in soils were compared with those
in other urban districts as shown in Table 2. Elemental con-
centrations in different cities and within cities are extremely
variable due to the different traffic volumes, industrial activi-
ties and meteorological profiles, among other causes (Biasioli
and Ajmone-Marsan 2007; Soltani et al. 2015). Generally, the
average concentrations of Pb and Zn in urban soils of the
Arvand Free Zone were higher than those in other cities, such
as Xi’an, Xiangjiang, Beijing, Siena and Kragujevac. In addi-
tion, Cu had values higher than those in other selected cities,
except Erbil.

Enrichment factors in soil samples for each element are
presented in Fig. 2, while spatial variation is evidenced in
Fig. 3 using GIS maps calculated by inverse distance
weighting (IDW) interpolation. The results revealed that EF
values were generally low for Al, As, Co, Cr, Fe, Ni and Sc.
Nickel and Cr showed concentrations higher than world soil
average, but no enrichment at any site, indicating that the
major source was geogenic. Molybdenum, Pb, Cu, Zn, Cd,
Sb and Hg showed low to severe enrichment in the order Hg >
Sb>Pb>Mo>Cu>Zn>Cd. This can be representative of
sources due to human activities for these elements.

The spatial variation of the EF for Al, Cr, Co, Fe, Ni and Sc
was very low between all stations. Conversely, Cu and Sb
showed a larger variation, with highest levels occurring in a
field close to the Abadan oil refinery, used in past for oil waste
burial (S29) and inside the Abadan oil refinery (S35). Also,
the Khorramshahr landfill (S8) showed severe enrichment for
Sb. Molybdenum revealed a high enrichment in the Arvandan
shipyard factory (S24) and Abadan oil refinery (S35) stations.
Moreover, Hg showed a different spatial distribution pattern,
with high EF level in the Abadan industrial district (S31), in
the Abadan petrochemical complex (S33) and in the field
close to Abadan oil refinery station (S29).

Figure 4 shows the MPI results of the assessed elements;
calculations showed that the 32% of the samples were severe-
ly polluted. Particularly, the soils were slightly polluted in
Shalamcheh (S1), Minushahr (S28) and the road between
Abadan and Arvandkenar (S44); moderately polluted in the
Khorramshahr entrance from Shalamcheh (S3),
Khorramshahr Power Plant (S22), the road between Abadan
and Khorramshahr (S25), Shaneh village (S26), Islamic Azad
University (S27), Tank Farm (S41) and Zolfaghar Square
(S42); and moderately—heavily polluted at the area between
the port and the customs of Khorramshahr (S5), chemical
martyrs of Behbahan (S9), old bridge of Khorramshahr
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Reference

Elements

Table 2  Ranges of total concentrations of PTEs, in mg/kg (mean values in parenthesis), in urban and industrial soils of the Arvand Free Zone compared with other selected cities in the world

Location

@ Springer

Zn

Sb

Pb

Ni

Cu

Cr

Co

Cd

As

0.1-4.2 (0.59) 45-725 (165) Present study

51-134 (84) 6-644 (43)

19-1075 (97)
21.2-85(32.5)

37-88 (60)

0.16-1.7 (0.43) 7-19 (11.8)

Arvand Free Zone 2.9-28 (1.38)

54.3-464.8 (93.3) (Chen and Lu 2018)

28.8-738.4(139.2) (Li et al. 2018)

19.8-157 (36.3)
2.4-109.3 (26.7)

19.6-85.1 (31.3)

15.1-32.2(20.1) —

Xi’an City (China) 3.1-14.5 (10.8) —

10.3-75.3 (29.8)

25.4-205.2 (85.7)

0.3-15.1 3.1)

Xiangjiang New

District (China)
Beijing (China)
Siena (Italy)

26.7-225.2 (80.3) (Liu et al. 2016)

11.2-135.4 (25.4)
16.3-37.5 (26.1)

8.4-213.1 (20.8)
20.4-24 (22.5)

0.07-0.47 (0.14) —

(Nannoni and

57.2-90.1 (75.3)

0.8-1.3 (1)

24.8-55.6 (40.3)

0.05-0.17 (0.12) 6.8-15.4 (11.1) 47.6-91.5(70.9)

Protano 2016)
(Biasioli and

8-21(11) 0.2-8.1 (1.3) 14-190 (27) 140-480 (233) 33-290 (94) 91-350 (164) 42-490 (124) 1-9 (2.8) 30-460 (170)

Turin (Italy)

Ajmone-Marsan 2007)

(Rastegari et al. 2017)
(Stajic et al. 2016)

69-6555 (470)

27.4-727.4 (92.6) 26.4-125.6 (61.7) 18.5-1929.9 (179.8) —

5-178.9 (16.2) 025-74.7 22) 6.6-21.2 (13.2) 34-311 (80.6

7.5-20.2 (11.3) 1.7-3.2 (2.2)

Isfahan (Iran)
Kragujevac

52.7-179 (88.3)

41.8-113.5(73.1) 15.3-46.7 (26.3)

10.2-22.8 (13.9) 65.2-167.4(110.4) 15.6-67.8 (28.1)

(Serbia)
Erbil (Iraq)

76-1201.7 (262.8) (Amjadian and

22.2-842.2 (140.7) -

14.2-432.7 (113.6) —

33.7-54.3 (39.6)

0.1-3.3 (1.03)

Sacchi 2016)

46.2-193.8 (100.3) (Mihailovi¢ et al. 2015)

10.2-74.2 (28.7) 8.9-999.1 (82.3)

4.4-459.2 (38.8)

1.6-50.8 (28)

3.5-11.2(7.3)

Novi sad (Serbia) 2.1-11.1 (6.5)

(S16), Ashayer Square (S18) and Abadan oil refinery (S35).
The maximum values of MPI occurred at the Abadan indus-
trial district (1091) followed by the Abadan petrochemical
complex (1068). These stations were extremely enriched with
Hg (1539 and 1506, respectively).

Source identification of PTEs

The normality of the elemental concentrations and the differ-
ences between the concentration of urban and industrial soils
were checked using Shapiro-Wilk and Mann—Whitney (U)
tests, respectively (non-parametric statistical procedures,
Table S3). The results indicated that more than half of the
analysed elements were non-normally distributed and only
Cu, Mo and Zn displayed a significant difference between
the urban and industrial soils (p < 0.05) (Table S3).

To establish inter-element relationships in soil samples,
the Spearman correlation coefficients of PTEs were com-
puted and the results are shown in Table S4. A very
strong positive correlation was observed between Al,
Co, Cr, Fe, Mn, Ni and Sc at p <0.01, which can be
indicative of their similar characteristics, fate and com-
mon origin. These elements are expected to be mostly of
natural origin (Balabanova et al. 2011). Furthermore, sig-
nificant correlations between Pb, Cu, Sb and Zn at the
level of p <0.01 suggest that these PTEs can be released
from the same contamination sources. Mercury did not
show a significant correlation with any other PTEs. This
might be due to the different origins of Hg in the study
area.

To this end, PCA was used to find out the origin of pollut-
ants. Prior the use of PCA method, the KMO measure of
sampling adequacy and Bartlett’s test of sphericity were ap-
plied. The KMO measure of sampling adequacy result was
0.69~0.7 and Bartlett’s p =0<0.05 for data, which meant
the suitability of the data for PCA (Joliffe 2002). The source
apportionment results of PCA using varimax rotation with
Kaiser normalisation for PTE concentrations are presented in
Table 3.

Based on the results of initial eigenvalues, PCA extracted
four components explaining about the 87% of the cumulative
variance (Table 3). Principal component 1 (PC1) presented
high loadings of Ni, Co, Mn, Fe, Cr, Sc and Al. All these
elements have been described in previous studies having pre-
dominantly lithogenic sources (Abbasi et al. 2018; Keshavarzi
et al. 2018; Soltani et al. 2015); thus, this factor probably
represent the natural sources of PTEs. The second rotated
principal component (PC2) was strongly correlated to Mo,
As and Cu. Arsenic and Mo are released during fossil fuel
combustion (Tsukuda et al. 2005), which might be released
from the industries such as Abadan oil refinery, while Cu had
also other sources, as denoted from its equal value of loading
on both the PC2 and the PC3. Principal component 3 (PC3)
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Fig. 2 Enrichment factor of
potentially toxic elements (PTEs) 10,000+
in the Arvand Free Zone soils
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Fig. 4 Calculated modified
pollution index for the Arvand
Free Zone soil samples
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was linked to Pb, Zn, Cd, Sb and Cu contents of soil samples.
These PTEs are released from many traffic-related sources, as
the abrasion of tires and brake pads, corrosion, lubricating oils
and fuel additives (Tomasevic and Anicic 2010). Pb, in par-
ticular, is a well-known vehicle-related metal in urban areas
due to its use for several years as an anti-knocking agent in
gasoline (Ajmone-Marsan and Biasioli 2010; Dehghani et al.
2017; Laidlaw and Filippelli 2008). However, the sources of
Zn could also be linked to the industrial emissions and paints
from vehicles, as well as wearing down of batteries. This
factor may be related to the urban sampling points with high
traffic density, such as S14, S20, S38 and S39. Principal com-
ponent 4 (PC4) only presents loading from Hg. The maximum
concentration of Hg occurred in Pasargad Arvand unit
(32,238 ug/kg) in the Abadan industrial district, which

Table 3  Principal component analysis of PTEs
PTEs Components

1 2 3 4
Al 0.936 0.009 0.047 0.199
As 0.330 0.865 0.217 —0.153
Cd 0.219 -0.195 0.619 —0.426
Co 0.915 0.303 0.023 —0.100
Cr 0.953 0.122 0.140 0.052
Cu —0.043 0.627 0.627 0.203
Fe 0.729 0.566 0.288 —0.007
Hg 0.020 —0.096 0.139 0.873
Mn 0.841 0.246 —0.036 -0.311
Mo 0.201 0.934 0.075 —0.049
Ni 0.930 0.062 0.234 0.008
Pb 0.000 0.044 0.848 0.177
Sb 0.103 0.504 0.728 -0.029
Sc 0.942 0.049 —0.158 —0.080
Zn 0.048 0.519 0.811 0.113
Variance 38.84 20.53 19.61 8.06
PCA-MLR (%) 323 17.0 30.6 20.1

The maximum values for each element are presented in italics
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produces petrochemical products. That site was followed by
the Abadan petrochemical complex (30,845 pg/kg), and from
a site close to the Abadan oil refinery (8560 pg/kg), used for
burring oil wastes up to 50 years ago and nowadays used for
construction. Therefore, PC4 is likely related to oil, its deriv-
atives and petroleum wastes.

Results from the multiple regression analysis revealed that
average model-predicted values and actual values were con-
siderably close, with a ratio near unity, thus reliable. PCA-
MLR analysis indicated that the natural sources contributed
32.3% of the total concentrations. The anthropogenic sources
are largely predominant (67.7%), as expected, with the most
important proportion being related to traffic, contributing for
the 30.6%, followed by oil derivatives and petroleum waste
with 20.1%, while fossil fuel combustion contributed for the
17%. Figure 5 displays the source apportionment results gen-
erated using MLR-APCS receptor modelling. Those results
indicated that As (58%) and Mo (79%) concentrations in soils
seem to be primarily due to fossil fuel combustion, while Cd
(52%) and Pb (68%) can be primarily generated by traffic
sources. Moreover, 45% and 36% of Cu, 43% and 50% of
Sb and 39% and 49% of Zn appeared to be contributed by
fossil fuel combustion and traffic, respectively. In addition,
almost the totality of Hg (85%) was attributed by the model
to the source may be related to oil products (Fig. 5).

BCR elemental partitioning

The fractionation pattern of PTEs in soil samples of the select-
ed stations is displayed in Fig. 6. Results were considered to
be acceptable for all elements apart Hg, due to its too low
recovery, problem already evidenced on previous studies
(Sladek and Gustin 2003).

Aluminium, Sc, Cr, Mn, Fe, Co and Ni were mainly pres-
ent in the residual fraction (F4) at all sampling sites (with an
average of 87%, 94%, 87%, 54%, 87%, 75% and 83%, re-
spectively), which confirmed their probable prevailing natural
source as found using EF on total concentrations. These ele-
ments in the residual phase are fixed in the crystal lattice of the
samples and are not available for remobilisation or
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dissociation except under very harsh conditions (Dixon and
Schulze 2004).

Conversely, the available fractions (F1 + F2 + F3) repre-
sented the majority for the elements having anthropic origin,
as highlighted from PCA results. Zinc had more than the 50%
of the total concentration in the fraction (F1 + F2+F3), to a
maximum of 69% in sample S33. Copper showed a similar
availability to Zn, with both partly present in the F2 fraction,
related to iron and manganese oxides (15% and 21%, on av-
erage); these are released when the matrix is subjected to re-
ducing conditions, as in case of flooding (Ajmone Marsan
et al. 2019). The fraction associated to organic matter (F3)
accounted for the 25% of Cu, confirming its high affinity to
organic matter. In fact, due to the high stability of organic Cu
complexes, it could easily make complexes with organic mat-
ter (Li et al. 2001; Morillo et al. 2004; Ramirez et al. 2005).
The association between high concentrations of Cu and organ-
ic matter has also been reported in several studies (Arias et al.
2008; Fytianos and Lourantou 2004; Ramirez et al. 2005;
Wong et al. 2007). Arsenic was mainly extracted in the resid-
ual fraction (58%) followed by F2 (27%) and then F3 (11%).
These findings are compatible with the results obtained from
prior reports in which As was associated with reducible
phases, indicating that Fe(Ill) oxyhydroxides and crystalline
Fe(Ill) oxides have a great effect in his accumulation (Asta
et al. 2010; Fukushi et al. 2003; Torres and Auleda 2013).
Thus, if these minerals, especially the low crystalline ones,
are reduced, As is released to the pore water (Torres and
Auleda 2013). Moreover, the sites with the highest as avail-
ability (S8 (56%), S24 (56%) and S35 (60%)) were also the
most enriched in As. Molybdenum was predominantly ex-
tracted in the F4, with an average of 63%, followed by the
exchangeable fraction (20%). However, in S24 soil, the 76%
of Mo was in an available form, mostly present in the reduc-
ible fraction.

Elements

Cadmium was mostly related to the Fe and Mn oxides, with
an average of 31% extracted in F2. In S11, the more mobile
fractions (F1 + F2, 70%) comprised the largest portion of Cd,
compatible with the high EF obtained in this site. Antimony,
with an average value of 57%, was largely distributed in the
residual fraction. Results showed that the highest percentage
of Sb associated with the F4 (99.7%) was occured in S25. The
average percentage of Pb related to different fractions was in
the following order: residual (40%), oxidisable (38%), reduc-
ible (21%) and soluble (1%).

Gastric and intestinal bioaccessibility of PTEs in soil
samples

The results of the SBRC in vitro tests showed high values of
bioaccessible concentrations for most of the elements apart
Mo and Sb, which were below the detection limit in most of
the soil samples. The maximum bioaccessible concentrations
of Co, Ni, Cu, Zn and Pb were found in the sites close to the
oil refinery station.

Bioaccessible fractions better illustrate the differences be-
tween PTEs. The average oral bioaccessibility (OBA) fraction
of PTEs (as percentage of the total concentration) for gastric
and intestinal phase is shown in Fig. 7.

The mean bioaccessibility of selected PTEs in the gastric
phase ranged from 1.4% in the case of Mo to 77% for Cd and
from 0.1% for Pb to 78% for Mo in the intestinal phase. The
more bioaccessible PTEs in the gastric phase were Cd, As
(51%) and Pb (45%), while the maximum average of PTE
bioaccessibility for intestinal phase was determined for Mo,
followed by Sb (26%). Bioaccessibility values were always
low for Al, Fe, Cr and Ni, the metals mostly present in the
crystalline phases of the soils, as observed using PCA and
BCR results and in previous studies (Padoan et al. 2017). It
is well understood that chemical forms and structure of the
metals determine their bioaccessibility (Dieter et al. 1993;
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Fig. 6 Phases of PTE fractionation in selected sites (%)

Freeman et al. 1992). Beside to the speciation, the differences
between several studies could also be due to the diversity of
soil properties. Therefore, understanding the controlling fac-
tors for metal bioaccessibility in soils needs further
investigation.

With regard to the two exposure stages, the bioaccessibility
of PTEs decreased from the gastric to intestinal phase except
for Mo and Sb, as already observed in previous studies
(Madrid et al. 2008; Pelfréne et al. 2012). The pH increment
(1.5 to 7) and the addition of pancreatin and bile salts in the
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intestinal phase can lead to the precipitation of some elements
(Ruby 2004). In addition, in the carbonate-rich environment
of the intestine, PTEs may be fixed in solution through com-
plexation, undergo readsorption to preexistent or altered sites
at the particle surface or precipitate as relatively insoluble
compounds (Ren et al. 2015).

Conversely, Mo exhibits unusual geochemical behaviour
since in most environmental media, it is likely to form
oxyanions (Kabata-Pendias and Mukherjee 2007). As the soil
solution becomes more alkaline, M0042_ availability is often
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found to increase as its adsorption on soil particles such as
oxides and clay minerals raises up to a peak near pH 3, and
then every unit increase above pH 3, MoO,> solubility en-
hances approximately 100-fold, primarily through reduced
adsorption of metal oxides (Goldberg et al. 1996; Kaiser
et al. 2005). Acidic soils may contain high Fe and Al oxides
and hydroxides. It is reported that Mo adsorbs on Al and Fe
oxides via ligand exchange with surface hydroxyl ions
(Ferreiro et al. 1985; Jones 1957). Another type of M00427
adsorption is the reaction between MoO4>~ and aluminum
silicate minerals. The MoO,>~ ions react with octahedral Al
by replacing the OH groups located on the surface plane of the
mineral. This type of reaction is also prevalent under acidic
condition in the gastric phase (Gupta 1997).

Also, the bioaccessibility of Sb increased in the intestinal
phase rather than in the gastric phase. It is also easily adsorbed
when it occurs as oxyanions, especially at low pH values
(Kabata-Pendias and Mukherjee 2007). Iron (hydr)oxides
(Spuller et al. 2007) and Al oxides (Brannon and Patrick
1985; Lintschinger et al. 1998; Tighe et al. 2005) are sug-
gested to be important sorbents for Sb in soil. Amorphous
Fe oxide and hematite play an important role in Sb sorption
at pH 3 to 6.5 and pH < 7, respectively (Tighe et al. 2005).

Human health risk assessment

Table S5 summarises the non-carcinogenic health risks for
adults and children connected to the exposure to elements in
urban soils via different routes (ingestion, dermal and inhala-
tion) in the study area. No exposure pathway showed health
risks for adults and children, separately (HQ < 1). The inges-
tion HQ was higher than the other pathways and showed the
highest contribution to HI (the total risk), indicating that in-
gestion is the most important pathway for PTEs, as seen in
other studies (Du et al. 2013; Yuswir et al. 2015; Zhang et al.

PTEs

2013; Zheng et al. 2010). For children, the HI of Al, As, Co,
Cr, Cu, Fe, Hg, Mn, Ni and Pb was higher than 1, showing a
potential non-carcinogenic effect in the Arvand Free Zone.
However, when the bioaccessible concentrations were consid-
ered in the formulas, these risks decreased. The calculated HI
based on total concentration was estimated to be approximate-
ly 2-fold higher for As, Cd, Mn, Pb and Sc; 3-fold for Cr; 4-
fold for Co; 5-fold for Cu; 7-fold for Al and Ni; and more than
10-fold for Fe, Mo and Sb compared to that of bioaccessible
concentration in the gastric phase for adults (fig. 8). The com-
parison of the HI levels for children showed similar results
ranging from a 1.27-fold increase for Zn to 32.8-fold for Fe.
Figure 8 shows that estimated HI based on total concentration
was mostly greater than HI based on bioaccessible concentra-
tion in the intestinal phase for adults (Fig. 8). Moreover, the
ratio of HI based on total concentration to HI based on bioac-
cessible concentration in the intestinal phase for children
ranged between 1.14 for Mo and 217 for Fe.

According to bioaccessibility in the gastric phase, only
the risk (HI) for As, Co, Cr, Mn, Mo and Pb exceeded the
safety level for children and none of the PTEs showed health
risks for adults except Pb. If the HI was based on the bioac-
cessibility of intestinal phase, As, Cr, Mn, Mo and Pb
showed values higher than 1 for children and the HI of all
analysed PTEs was lower than the safety level for adults.
The HI of multiple PTEs from ingestion, dermal contact and
inhalation exposures was found to be higher than 1 for chil-
dren in all sampling sites. The maximum HI was 11, at site
S29, implying that children would suffer high health risks
(Table 4). For adults, the calculated HI was lower than 1 at
all sampling points except S29 (ground close to Abadan oil
refinery), S31 (Abadan industrial district) and S33 (Abadan
petrochemical complex). However, when bioaccessible
concentrations in gastric and intestinal phases were consid-
ered, S29, S31 and S33 revealed a non-carcinogenic health
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Fig. 8 Comparison of the HI levels based on total and bioaccessible concentrations (HI-G and HI-I were the HI based on bioaccessibility in the gastric

and intestinal phases, respectively)

risk for children. Children are more sensitive to a certain
dose of a toxin and are likely to accidentally ingest consid-
erable quantities of soil or dust because of hand or finger
sucking, which has been widely considered as one of the
key element exposure pathways for children (Rasmussen
et al. 2001). Since children are more susceptible to pollut-
ants through hand-to-mouth activity and inhalation, PTE
contamination should be controlled to prevent further health
problems for this vulnerable age group.

Conclusion

Potentially toxic elements are widely distributed in many ur-
ban and industrial soils. This study showed that the anthropo-
genic sources contributed for the major part of the analysed
concentrations of most of the selected elements. The identified
sources were, in descending order, traffic, oil derivatives and
petroleum waste. The chemometric analyses revealed, also,
that Ni, Co, Mn, Fe, Cr, Sc and Al mostly originated from

Table 4 Hazard index (HI) of multiple elements from different exposure pathways in the Arvand Free Zone

Hljp, Hlipe-G Hljp-1 HI;y, Hlyermal HI HI-G HI-L

Minimum

Children 1.38E+00 2.14E-01 2.14E-01 1.28E-02 7.86E—02 1.50E+00 3.66E-01 1.17E-01

Adult 1.29E-01 2.01E-02 1.50E-03 1.28E-02 1.31E-02 1.65E-01 5.99E-02 3.03E-02
Maximum

Children 8.66E+00 2.22E+00 1.03E+00 2.98E+00 1.49E+00 1.10E+01 4.52E+00 4.52E+00

Adult 8.12E-01 2.08E-01 9.66E-02 2.98E+00 2.49E-01 3.29E+00 3.03E+00 3.00E+00
Mean

Children 2.30E+00 4.78E—01 6.77E-02 1.72E-01 1.74E-01 2.64E+00 8.24E-01 6.23E-01

Adult 2.15E-01 448E-02 6.34E-03 1.72E-01 2.90E-02 4.16E-01 245E-01 2.07E-01

HIie-G and HIj,e-1 were HIj, based on their bioaccessibility in the gastric and intestinal phases, respectively; HI-G and HI-I were the HI based on their

bioaccessibility in the gastric and intestinal phases, respectively
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natural sources and were affected, to a lesser degree, by an-
thropogenic sources, as compared to the other metals. The
industrial district of Abadan and petrochemical complex sites,
which were severely enriched in Hg, showed the highest pol-
lution in the Arvand Free Zone, while the ground close to
Abadan oil refinery revealed high enrichment of Cu, Pb, Sb
and Hg. The dominant source of Hg was oil products. Among
the extracted PTEs in the SBRC test, Co, Ni, Cu, Zn and Pb
revealed the highest bioaccessible concentration for the gastric
phase and Mn, Ni, Cu and Pb for the intestinal phase at the
ground close to Abadan oil refinery. Since the soil system is a
major reservoir and sink for urban and industrial pollutants, it
is consequently a good indicator for environmental pollution
and an environment risk for human exposure. The health risk
based upon total concentration was overestimated for all PTEs
compared with those based on bioaccessible concentrations.
Significant changes were found for Al, Cu, Fe, Mn, Ni, Mo
and Sb for both children and adults. Although the HI values
for all stations exceeded the safety level for children, taking
into account the bioaccessible concentrations might give more
realistic estimations of the health risks posed by PTE contam-
ination. Overall, the health risk values and occurring adverse
effects of PTEs were higher for children rather than the adults
in all calculated methods.
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