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Abstract

The potential hazard to human health from exposure to heavy metals in surface soil was
assessed using 66 soil samples collected from Ahvaz oil field. To this end, the contents of
heavy metals were measured by the inductively coupled plasma spectroscopy (ICP-OES).
Mean levels of As, Cd, Co, Cr, Cu, Ni, Pb, V, and Zn were 5.9, 0.4, 7.1, 36.5, 41.2, 39.8,
67.4, 31.5, and 77.6 mg/kg, respectively. Contents of all studied heavy metals, with the
exception of Co, Cr, and V, were several times higher than that of baselines. Correlation
coefficients and principal component analysis (PCA) identified two main groups as sources
of heavy metals in the surface soil of Ahvaz oil-field. Metals such as Co, Cr, and V were
observed to originate from natural sources and As, Cd, Cu, Ni, Pb, and Zn originated from
anthropogenic sources such as petroleum leakage and the pollution caused by drilling mud
from oil wells. Pb and Zn were of significantly high EF mean enrichment value, and Co, Cu,
Cd, and As had high enrichment in surface soil. Pb, Cr, V, Zn, Co, Cu, Ni, and As had a low
potential ecological risk (PER) whereas Cd had a moderate PER. The risk of carcinogenic
and non-carcinogenic diseases was detected to be higher in children than in adults. The car-
cinogenic risk (Cr) calculation was more than 1 x 10°® for children and adults. Additionally,
the CR of Cr for both children and adults indicated risk under control conditions.

Introduction

Over the past two decades, special attention has been paid to the ramifications of environmen-
tal pollution due to the growing needs of the population, the development of land and mineral
resources, and the creation of a wide range of chemical pollutants including heavy metals
[1,2]. As a stable complex, soil is in contact with other environmental components such as air
and water; therefore, contaminants can spread to the surface and groundwater as well as air,
thereby polluting them [3]. The most important soil pollutants are heavy metals, acid precipi-
tation, and organic matters, among which heavy metals have attracted considerable attention
owing to their non-degradable, toxic, and carcinogenic properties [4]. In general, heavy metals
are present in the evironment via anthropological and natural mechanisms. Indeed, human
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activity may lead to the buildup of more heavy metals in the soil. All heavy metals are toxic to
the soil at concentrations higher than normal levels [5]. The oil industry is one of the key
industries in Iran and the rest of the world owing to its critical role in supplying energy and
generating raw materials for many other industries. Moreover, a highly significant source of
soil heavy metal pollutants exists in this industry. Despite its importance, the oil industry is
also considered as one of the polluting industries [6]. Crude oil is a complex combination of
organic (polycyclic aromatic hydrocarbons) and inorganic components [7]. A plethora of
heavy metal contents are found in crude oil, varying with the type of oil extracted in different
regions. Accordingly, the pollution from heavy metals is an environmental issue associated
with the terrestrial ecosystems of oil-producing countries [8]. The construction and produc-
tion of refineries are among the activities that lead to the release of heavy metals into the soil. It
is also possible that petroleum hydrocarbons contaminate the soil during oil refining and treat-
ment processes. However, along with these petroleum pollutants, heavy metals such as Ni, V,
Pb, Cd, Zn, and Cu are added to the soil [9-11]. The high concentration of such heavy metals
has myriad negative effects on human health, mainly through ingestion, inhalation, and der-
mal contact. Children are reported to absorb more of these metals compared with adults,
which disrupts their metabolic behavior [12]. Besides, the excessive consumption of heavy
metals by individuals causes acute and chronic toxicities such as damage to the central nervous
system, blood, lung, kidney, and liver and death. Nazarpour et al. [4] assessed the amount of
contamination and the potential ecological risk (PER) of certain heavy metals in the oil-field
surface soil; using the Nemerow integrated pollution index (NIPI), they detected a remarkable
amount of pollution in all metals, except for V. Moreover, in a study on the PER of the exam-
ined metals, V, Cd, Zn, and Cr were less risky ecologically, and Cu had moderate ecological
risk whilePb and Ni showed significant risks. Moreover, Ebrahimi et al. [13] reported that the
possible oil leakage from storage tanks, pipe fractures, or sewage canals contaminated the soil
around Sarkhoon Gas Refinery in Bandar Abbas (Iran) with oil contaminants. They further
showed that soil contamination in this area augmented other pollution index parameters,
including total soluble solids, suspended solids, and chemical and biological oxygen demand.
Similarly, Fasihi et al. [14] studied the environmental pollution status of petroleum com-
pounds and heavy metals in Tehran, concluding that the area was highly polluted in terms of
air and soil. The high concentration of these compounds in the soil was reported to be detri-
mental to human health [15]. As shown in the findings, the soil Ni and V did not exceed the
standard level; however, their relatively high amount in the soil of the research zone was con-
sidered as a risk to human health and environment. Accordingly, the environmental impor-
tance of this issue necessitates investigating the concentrations of heavy metals in Ahvaz oil
field as the largest crude oil field in Iran. Ahvaz oil field (67 km long and about 6 km wide) is
Iran’s largest oil field located in Khuzestan province, southwest of Iran. It is also Iran’s largest
crude oil-field in terms of its crude oil storage capacity and the world’s third largest oil field
after Ghawar (Saudi Arabia) and Burgan (Kuwait). On average, the crude oil production
capacity of Ahvaz oil field is 800,000 barrels per day; its gas production capacity (gas plus oil)
is over 13 million cubic meters per day. The field’s crude oil storage capacity is estimated at
more than 65 billion barrels, from which approximately 37 billion barrels can be extracted on
average.

Hence, this study aimed to 1) determine the levels of heavy metals such as Pb, Ni, Zn, Cu,
Cd, Cr, As, V and Co in the soil surrounding the drilling rigs and oil installations in Ahvaz oil-
field; 2) use statistical analyses such as Pearson’s correlation coefficients, principal component
analysis (PCA), and cluster analysis (CA) to specify the relationships between different ele-
ments used in detecting the natural or anthropogenic sources of such elements and understand
how they are transferred in the environment; and 3) evaluate the risks of heavy metals on

PLOS ONE | https://doi.org/10.1371/journal.pone.0242703 November 24, 2020 2/16


https://doi.org/10.1371/journal.pone.0242703

PLOS ONE

The assessment of the potential ecological and human health risks of heavy metals in Ahvaz oil field, Iran

human health and environment based on environmental indices such as enrichment factor,
geoaccumulation index, potential ecological risk, and human health risk.

Materials and methods

Sampling

In this study, environmental indices were assessed through sampling some heavy metals in the
surface soil of Ahvaz oil field in June 2018. The distribution map of the sampling points is
shown in Fig 1. Using a mixture of random and systematic point sampling distribution in Arc-
GIS sofware version 10.4, the authors specified the sampling and collection strategies. After-
wards, through modifying the site of each sampling location, the Universal Transverse
Mercator (UTM) of each site was applied to GPS to immediately access the sampling location.
The points were selected so that the entire study area was covered. Mixed samples (six mixed
samples from 5 to 10 m apart) with an approximate weight of 500 grams were further collected.
This paper is from the first author’s PhD thesis, who is employed in National Iranian Oil Com-
pany (NIOC), and all of the soil samples were collected with coordination process of NIOC
license. Ahvaz oil field is located in a wide open area and we have a license from our university
and NIOC as permission for soil sample collection. Next, 66 samples were collected from 0-10
cm depth by authors, packed in plastic bags, and transferred to the laboratory. The samples
were then air-dried, passed through a 220 mesh (63 pm), and stored in polyethylene bags, and
labeling was carried out.

Extraction and analysis of heavy metals

Heavy metal contents were determined by the inductively coupled plasma spectroscopy
(ICP-OES) model Varian 735, using a four-acid dissolution method for sample analysis (HF,
HCI, HCIO,4, HNO:3) [16]. The samples were weighed, and 0.250 g of HF (8ml) 40% and
HCIO, (1ml) 70% was added. The solution was then relocated to a HOTBOX with water for
max. 200°C until a gel solution was formed. Next, HCl (3.75 ml) 37% and HNO; (1.25 M) 65%
were decanted, and the solution was made to a volume of 25 ml, followed by the final analysis
with ICP-OES. The quality assurance (QA) and quality control (QC) were evaluated by mea-
suring blank and standard reference material NIST 2710. This provided an accuracy of

100 + 5% (n = 15) whereas the precision of duplicate samples was 4-6%. To ensure the data
quality of the samples, standard reference material (SRM) 2710 was simultaneously applied to
15% of the soil collected from the surface soil samples.

Statistical analysis

Kolmogorov-Smirnov test (K-S) was employed to assess the normal distribution of data. Prin-
cipal Component Analysis (PCA) and Cluster Analysis (CA) (Tokalioglu and Karatal, 2008)
were also employed to identify the origins of heavy metal contaminations in surface soil sam-
ples. SPSS software package (version 20) was used for statistical analysis, and index calculations
were performed using Excel software.

Pollution assessment

The levels of soil contamination with heavy metals were evaluated and specified using different
environmental indices:
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Fig 1. Location map of (a) Iran (b) Khuzestan Province and (C) border of Ahvaz oil field and soil sampling sites.

https://doi.org/10.1371/journal.pone.0242703.g001

Index of geoaccumulation (Igeo). This index specifies the severity of the heavy metal pol-
lution of soil and dust [17]. It is calculated as follows:

Igeo = Log,(C,/1.5%B,) (1)

where Igeo is the index of geoaccumulation, C,, is the concentration of heavy metals measured
in the sample, and By, is the field content of the same heavy metal in the earth’s crust. In this
equation, a coefficient of 1.5 was used to correct the effects of the natural fluctuations of the
materials on the environment. Based on this index, pollution can be classified into seven
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groups: no pollution (Igeo>0), no to low pollution (0>Igeo>1), low pollution (1>Igeo>2),
low to high pollution (2>Igeo>3), high pollution (3>Igeo>4), high to very high pollution
(4>Igeo>5), and very high pollution (Igeo<5) [18].

Enrichment factor (EF). As a widespread formulation, enrichment factor (EF) is a simple
method for assessing the extent of enrichment and comparing different environmental con-
taminants [19]. EF reflects the level of heavy metal pollution in the soil, and it is a useful index
for distinguishing the natural and human sources of metals from each other [20]. In other
words, EF is used to investigate the possible effects of human activities on the levels of heavy
metals, which is calculated by Eq (2) [17].

(&)Sample

Cref.

EF= (& )Background

(2)

where () The sample, is the concentration ratio of the heavy metal measured in the soil to
the field metal concentration in the sample; (&’e‘f) The background, is the concentration ratio
of the sample metal to the base metal in the background values. Moroever, EF is the enrich-
ment factor, C, is the concentration of the element measured in the soil sample, and C,.¢is the
concentration of the reference element. In calculating EF, the reference element must have
very little variability and be of a purely-geological origin. In certain environmental investiga-
tions, Zr, Ti, Fe, Al, and Sr have common uses as reference elements [21]. Therefore, the pres-
ent research considered Al as a reference element as its human-related origins of
contamination were not significant. The degree of heavy metal contamination was defined by
the EF at five levels: low(EF> 2), moderate (2>EF>5), high (5>EF>20), very high
(20>EF>40), and extremely high (EF <40).

Potential ecological risk (PER). Potential ecological risk (PER) assessment of heavy met-
als was first presented by Hakanson (1980). In the present study, the PER of heavy metals
under analysis were determined by use of the following equations:

C; = C,/cj" 3)
E =T, xC (4)

RI=YE (5)

In this relationship, C' is the measured metal level in the soil sample, C; is the baseline refer-

ence value of that element, Tr is the toxicity response factor of each heavy metal (Cd, Cu, Pb,
Cr, As, Zn, Vand Ni are 30, 5, 5, 2, 10, 1, 2 and 5) [22]. Furthermore, E]’ is the PER factor of

each studied element, and RI is the PER of all elements. According to the ecological risk, the
levels of heavy metal contamination were categorized into five levels, namely low PER
(PER>40), moderate PER (40> PER>> 80), significant PER (80 > PER>160), high PER (160>
PER >320), and very high PER (PER<320). The contamination levels were classified into four
categories based on the risk index: low (RI<150), moderate (150>RI< 300), significant
(300>RI< 600), and high ecological risk (RI>600).

Human health risk. The risk of carcinogenic and non-carcinogenic heavy metals was
assessed (as a multi-stage process) in two parts based on the health risk assessment method
proposed by the US Environmental Protection Agency (USEPA) [23]. In the assessment of
both carcinogenic and non-carcinogenic risks, human exposure to metals was considered
through ingesting, breathing in, and dermic exposure; also, the average daily dose value
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Table 1. Exposure factor for metals doses.

Factor
IngR
InhR

EF
ED
BW
AT
PEF
SA
AF
ABF

https://doi.org/10.1371/journal.pone.0242703.t001

(ADD) in each route was calculated using Eqs 6-8 [24,25].

C x IngR x CF x EF x ED
ADD,, =
e BW x AT

C x InhR x EF x ED

ADD., =
inh PEF x BW x AT

~ CxSA x CF x SL x ABF x EF x ED
dermal — BWXAT

ADD (8)

where ADD;,g, ADDjph, ADDgerma are the average daily metal intake (mg/kg-day) by inges-
tion, inhalation, and dermal contact, respectively. C is the concentrations of metals in soil
(mg/kg), IngR and InhR are the rates of soil ingestion and inhalation (mg/day and m*/day), EF
is the exposure frequency to metals (day/year), CF is the conversion factor, ED is the exposure
duration to metals (year), BW is the bodyweight of the person in contact with metals (Kg), AT
is the averaging time (timespan during which exposure is averaged-days) to any amount of
metals on a daily basis, SA is the skin area exposed to metals (cm?), SL is the skin adherence
factor (mg/cm?), PEF is particle emission factor, and ABF is absorption factor (unitless).
Table 1 depicts the details of each parameter and its values in the risk assessment. The average
daily dose value of the metals (ADD) were calculated via ingestion, inhalation, and dermal
contact; after that, thenon-cancer hazard quotient (HQ) was calculated based on the reference
daily intake (RD;) using Eq (9).

HQ = ZRf—D 9)

HQ; is a non-cancer hazard quotient in each intake path, ADD; is the average daily dose
value of metal intake by ingestion, inhalation, and dermal contact (mg/kg/day), and RD; is a
reference of daily intake that estimatesthe maximal risk of heavy metals in the human popula-
tion (adults and children) [31,32]. The RD; values of the studied metals were collected from
the US Department of Energy’s Risk Assessment Information System (RAIS) [27]. RD; at HQ
<1 has no adverse effects on human health, but when HQ>1, a negative impact is expected.
The total chronic noncancerous hazard index (HI) for adults and children can be generated in

Unit Adult Children Reference
mg/day 100 200 [26]
m®/day 12.8 7.63 [26]

day/year 350 350 [27]

Year 24 6 [26]

Kg 55.9 15 [28]

Days 365xED 365xED [29]

m®/kg 1.36E+09 1.36E+09 [26]

cm? 4350 1600 [26]
mg/cm’-day 0.7 0.2 [29]
0.001 0.100 [30]
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the three pathways to estimate the risk of all contaminated metals according to Eq (10).
HI = YHQ, (10)

The total chronic non-cancer hazard index (HI) calculated for all elements indicates the
severity of undesirable effects in all pathways of human exposure. If HI < 1, the total chronic
non-cancer hazard is associated with a non-significant risk; an HI value of more than 1 implies
that the total chronic non-cancer hazard is highly probable, which likelihood increases with an
rise in the amount of HI [33]. The health risk assessment for carcinogenic heavy metal expo-
sures for both adults and children was calculated through ingestion, inhalation, and dermal
contact by Eq (11).

Carcinogenic risk(CR) = > ADD, x SF, (11)

In the above equation, CR is the cancer risk, and ADD;, SF; is the risk factor for cancer per
unit of exposure to metals (mg/kg/day). Generally, according to the US Environmental Protec-
tion Agency, negligible carcinogenic risk (CR) is less than 1x10°° (the probability of one’s can-
cer in every one million people) whereas if the CR is more than 1x10™, it is hazardous to
human health. CR ranging from 1x107 to 1x10™* represents an acceptable risk under control
and monitoring conditions [34]

Results and discussion
The measurement of heavy metal concentration

Table 2 illustrates the statistical concentration data pertaining to the heavy metals in the soil of
Ahvaz oil field. According to the results, the contents of As, Cd, Co, Cr, Cu, Ni, Pb, V, and Zn
were 2-28, 0.2-0.9, 3-15, 12-60, 13-88, 11-68, 8-295, 13-66, and 13-252 (mg/kg), respectively.
The average concentrations of these elements were 5.9, 0.4, 7.1, 36.5, 41.2, 39.8, 67.4, 31.5, and
77.6 mg/kg. The lowest and highest mean concentrations of heavy metals for Cd and Zn were
obtained at 0.4 and 77.6 mg/kg. Concentrations of all studied elements, except for Co, Cr, and
V, were higher than the baseline concentration (concentration in the earth’s crust). The high
concentration level of these heavy metals is attributed to anthropogenetic activities(such as
pollution) caused by oil refining and treatment activities in the region [35]. The main causes of
heavy metal contamination in the studied oil-field are oil extraction and exploitation activities
and combustion of petroleum hydrocarbon and gases in the flares operating in the area.
Numerous studies have shown that Ni, Pb, and As are the cause of kidney and liver conditions
and cancer problems in humans [36]. These metals, Pb in particular, can impact the environ-
mental performance of areas contaminated with high concentrations [5]. Therefore, it is

Table 2. The summarized statistical parameters of heavy metal concentrations (mg/kg).

Element
As

Cd

Co

Cr

Cu

Ni

Pb

\Y%

Zn

Unit

(mg/kg)
(mg/kg)
(mg/kg)
(mg/kg)
(mg/kg)
(mg/kg)
(mg/kg)
(mg/kg)
(mg/kg)

Min-Max Mean + SD Skewness CV Upper crust content
2-28 59+6.1 2.4 1.1 2.1

0.2-0.9 04+0.2 1.3 0.4 0.02

3-15 7.1£2 0.9 0.3 10

12-60 36.5+10.2 -0.02 0.28 98

13-88 41.2 +£24.1 0.6 0.6 33

11-68 39.8+11.9 0.1 0.3 20

8-295 67.4+70.5 1.2 1.1 15

13-66 31.5+94 1.4 0.3 60

13-252 77.6 £ 62.8 1.1 0.8 28

https://doi.org/10.1371/journal.pone.0242703.t002
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essential to reduce heavy metal concentration levels so as to prevent the potential hazards of
metals to the environment and human health. The spatial distribution maps of heavy metals
based on GIS methods can provide some information on the pollution sources of heavy metals
in soils and their relative contribution from different sources. The spatial distribution of heavy
metal concentrations can also be conducive to identifying their possible sources and certain
pollution hot spots. Fig 2 illustrates the spatial distributions of Ni, Cr, Pb, Ni, Zn, and Cu con-
tents, which were remarkably similar over a large area. Their high contents were mainly dis-
tributed in areas with a high density of oil well drilling activities, oil prodution, and oil de-
saltation units; however, it was only in the middle parts of the study area that they were
sparsely distributed (Fig 2).

Identification of heavy metal sources

Spearman’s correlation coefficients were used to specify the associations between different
studied heavy metals (Table 3). The correlation coefficient between the contaminants showed
that at 0.01% level, Pb had a significant positive correlation with Zn (0.81), Cu (0.77), Cd
(0.74), and As (0.70) because they had the same source of release into the environment. On the
other hand, Cr, Ni, V, and Co were found to have a significant positive correlation at a 0.01%
level, suggesting another cause of pollution for these elements. Principal Component Analysis
(PCA) was utilized to examine the associations among heavy metals in the Ahvaz oil field and
determine their potential sources of contamination. The PCA findings (Table 4) for heavy
metal concentrations revealed that the two principal components (PCs) comprised 72% of the
total variance. The first principal component (PC1) accounted for 39% of the total variance
and included Pb, Zn, Cu, As, and Cd. The contamination source of these heavy metals is prob-
ably anthropogenic sources such as petroleum leakage [35] and the pollution caused by drilling
mud from oil wells [2]. The latter was the second major component (PC2) accounting for 33%
of the total variance and included Co, Cr, V, Ni. The present observations showed that the con-
tamination source of heavy metals such as Co, V, and Cr was probably the natural sources
because the concentrations of Co, Cr and V were lower than the baseline concentration (con-
centration in the earth’s crust); however, anthropogenic sources were the cause of Ni contami-
nation in the study area (Fig 3). The results of CA and PCA were compared to ensure the
accuracy of the results of the final identified sources. Accordingly, the examined heavy metals
were divided into two main groups, the first one consisting of Pb, Zn, Cu, As, and Cd and the
second one including Co, Cr, V, and Ni (Fig 4). These findings confirm the PCA results.
Index of geoaccumulation (Igeo). The index of geo accumulation (Igeo) is commonly
employed to evaluate regional environmental quality [11]. Table 5 presents the Igeo accumula-
tion values of heavy metals. The results showed that the average Igeo of the studied heavy met-
als in soil samples decreased as follows: Pb > As > Zn > Ni > Cu > >Cd > Co >V > Cr.
The contamination level of each element in the study area was based on the average Igeo: V,
Cu, Cr, and Co were non-contaminated (Igeo> 0) while As, Cd, Ni, Zn, and Pb were of non to
slightly contaminated levels (0>PI>1). Additionally, according to the results shown in
Table 5, V and Cr with 66 samples (100%) and Co with 65 samples (98.49%) were non-con-
taminated. On the other hand, Ni with 52 samples (78.79%), As with 33 samples (50%), and
Zn with 32 samples (48.48%) had low to very high levels of contamination. With 31 samples
(43.94%), Pb was slightly to severely contaminated.

Enrichment factor (EF)

The enrichment factor (EF) was further investigated to specify the anthropogenic or natural
sources of heavy metals in the surface soil of the Ahvaz oil field. Table 6 shows the enrichment
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Fig 2. Spatial distribution of heavy metals in the surface soil of Ahvaz Oilfield.
https://doi.org/10.1371/journal.pone.0242703.9002
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Table 3. Correlation among heavy metal concentrations in Ahvaz oil-field.

As
Cd
Co
Cr
Cu
Ni
Pb
\%

Zn

*Correlation is significant at 0.05 level (2-tailed).

As
1.000
0.566**
0.229
0.433
0.729**
0.223
0.704**
0.223
0.674"*

Cd

1.000
0.121
0.156
0.579**
-0.021
0.734**
0.084
0.778"*

Co Cr Cu Ni Pb \ Zn
1.000

0.774** 1.000

0.248 0.291 1.000

0.761** 0.869"* 0.076 1.000

0.208 0.243 0.765"* 0.012 1.000

0.708** 0.811** 0.301 0.813** 0.248 1.000

0.311 0.315 0.812** 0.095 0.805"* 0.278 1.000

**Correlation is significant at 0.01 level (2-tailed).

https://doi.org/10.1371/journal.pone.0242703.t003

factor (EF) values of heavy metals. As observed, the mean EF of the studied heavy metals in the
sampled soil was reduced as Pb > Zn > As > Cd > Cu > Co > V > Ni > Cr. Based on mean
EF, the contamination level of each element in the research zone was as follows: V, Ni, and Cr
caused moderate enrichment (2>EF<5), Co, Cu, Cd, and As were of high enrichment level
(5>EF<20), and Zn and Pb had very high enrichment (20>EF<40). Furthermore, according
to the results shown in Table 5, V with 53 samples (80.3%), Ni with 58 samples (88%), and Cr
with 58 samples (88%) were of moderate enrichment levels. Furthermore, Cd with 51 samples
(77.3%), Co with 50 samples (75.8%), Cu with 42 samples (63.6%), As with 34 samples
(51.5%), and Zn with 38 samples (57.8%) had high enrichment levels. Meanwhile, with 30 sam-
ples (45.4%), Pb had a very high enrichment level. The present observations revealed that the
values of pollution index varied among the studied heavy metals.Heavy metal pollution levels,
on the other hand, indicated the severe contamination caused by heavy metals [20,37] and
their anthropogenic sources in the soil of the study area [22].

Potential ecological risk (PER)

The potential ecological risk of heavy metals in the study area was measured based on the
Hakanson method [38]. The values of PER and RI (Tables 7 and 8) indicate that the mean PER

Table 4. Matrix of PCA loadings for toxic metal concentrations in the surface soils of Ahvaz oil field.

Element Component Communities
1 2
As 0.703 -0.285 0.576
Cd 0.646 -0.434 0.606
Co 0.400 0.700 0.650
Cr 0.546 0.735 0.837
Cu 0.817 -0.250 0.729
Ni 0.301 0.883 0.871
Pb 0.810 -0.308 0.751
\Y% 0.393 0.681 0.618
Zn 0.828 -0.338 0.800
Initial Eigenvalue 3.470 2.970
Total variance % 38.552 32.998
Cumulative % 38.552 71550

https://doi.org/10.1371/journal.pone.0242703.t1004
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Fig 3. PCA of heavy metals in the surface soil of Ahvaz Oilfield.
https://doi.org/10.1371/journal.pone.0242703.g003

for the studied heavy metals in soil samples was reduced as Cd > As > Pb > Ni > Cu >
>Co > Zn >V > Cr. Based on the average amounts of PER for heavy metals, Cr, V, Zn, Co,
Cu, Ni, Pb, and As had low PER (PER> 40) whereas Cd had a moderate PER (40>PER>80).
Based on the results, the RI of all samples varied from at least 52 to a maximum of 311. Based
on the mean RI (130), the samples were of low risk (RI>150). It was further observed that 44
samples (66.66%) had low risk, 20 samples (30.30%) had moderate risk, and two samples
(3.04%) were of significant risk. Cd was identified as an effective factor in increasing PER in
Ahvaz oil field; the prolonged exposure to this element in the surface soil can entail severe

Rescaled Distance Cluster Combine

Label

As

Cu
Cd

Pb

za | —

Cr
Co
v
Ni

Fig 4. Cluster analysis (CA) of heavy metals in the surface soil of Ahvaz Oilfield.
https://doi.org/10.1371/journal.pone.0242703.g004
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Table 5. Statistical results of the Igeo of heavy metals in the study area.

Metals | Min | Max
As -0.58 3.14
Cd -0.58 1.58
Co -2.32 0.01
Cr -3.61 | -1.29
Cu -1.93 0.83
Ni -1.45 1.18
Pb -1.67 | 3.53

\% -2.79 | -045
Zn -1.69 | 2.58

Igeo Number of samples (%)

Mean | Non polluted | Non polluted to slightly polluted | Slightly to very polluted | very polluted | Very to extremely polluted
0.47 33(50%) 18(27.27%) 8(9.09%) 6(12.49%) 1(1.15%)
0.24 38(57.58%) 17(25.75%) 11(16.67%) - -
-1.14 65(98.49%) 1(1.15%) - - -
-2.07 66(100%) - - - -
-0.52 42(63.63%) 24(36.37%) - - -
0.34 14(21.21%) 49(74.24%) 3(4.55%) - -
0.49 35(53.03%) 2(3.03%) 10(15.15%) 15(22.72%) 4(6.07%)
-1.57 66(100%) - - - -
0.42 34(51.52%) 9(13.63%) 15(22.73%) 8(12.12%) -

https://doi.org/10.1371/journal.pone.0242703.t005

toxicity in humans and lead to kidney diseases. Cd in the surface soil candamage the internal
tissues of children and adults through dermal contact [36]. It can further impact the ecological
performance of areas with high concentrations [5].

Human health risk

We assessed the human health risk in the soil samples of Ahvaz oil field in contact with metals
via the three main pathways of ingestion, inhalation, and dermal contact in children and
adults. Table 9 shows the hazard quotient (HQ) and the hazard index (HI) of all the three path-
ways regarding each heavy metal. The highest and lowest levels of HQ in both age groups were
as follows: ingestion > dermal contact > inhalation, respectively. Moreover, the HQ levels in
ingestion and inhalation pathways were higher in children than in adults; the HQ levels in the
dermal contact pathway, on the other hand, were higher in adults than in children. Also, in
both age groups, the highest HQ belonged to to As taken through ingestion. Overall, the HQ
of heavy metals in all three pathways was less than 1. Thus, they would have no adverse effects
on humans, as was confirmed by the results of Liu et al. [39] and Wei et al. [34]. Tao et al. [40]
reported that in children, the risk of exposure to heavy metals during ingestion was higher
than that of inhalation and dermal contact. Similarly, according to Table 9, the hazard index
(HI) values of all three pathways for children were 2.14-6.96 folds higher than those for adults.
In addition, the HI of all heavy metals in the soil of Ahvaz oil field were 0.72 and 0.14 for chil-
dren and adults, respectively. This implies that children are more exposed to the risk of heavy
metals in comparison to adults.The order of HI was As > Pb > Cr > Ni > Cu > Cd > Zn for

Table 6. Statistical results of the heavy metal enrichment factor (EF) in the study area.

Enrichment factor (EF)

Metals |Min |Max
As 7.9 51.2
Cd 7.8 48.9
Co 33 13.2
Cr 1.1 5.7
Cu 3.4 26.9
Ni 0.9 6.1
Pb 3.9 133.5
\% 1.8 11.7
Zn 4.9 94.3

Number of samples (%)

Mean |Low enrichment |Moderate enrichment |High enrichment | Very high enrichment | Extremely high enrichment
17.3 - 10(15.2%) 34(51.5%) 15(22.7%) 7(10.6%)

16.4 - - 51(77.3) 13(19.7%) 2(3%)

59 - 16(24.2%) 50(75.8%) - -

3.1 4(6%) 58(88%) 4(6%) - -

10.6 16(24.2%) 42(63.6%) 8(12.2%) -

3.4 5(7.6%) 58(87.9%) 3(4.5%) - -

33.7 5(7.6%) 31(47%) 4(6%) 26(39.4%)

4.4 1(1.5%) 53(80.3%) 12(18.2%) - -

24 - 1(1.5%) 38(58.7%) 15(22.7%) 12(18.2%)

https://doi.org/10.1371/journal.pone.0242703.t006
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Table 7. Statistical results related to the PER factor of heavy metals in the study area.

Skewness
2.4
1.3
0.9
-0.1
0.6
0.1
1.2
14
1

https://doi.org/10.1371/journal.pone.0242703.t007

SD
28.8
25.4

1
0.2
3.7

3

20.7
0.3
2.2

PER factor

Min Max Mean Metals
10 131.9 28.1 As
30 135 57.4 Cd
1.5 7.5 3.5 Co
0.2 1.2 0.8 Cr
2 13.3 6.2 Cu
2.8 17 9.9 Ni
2.4 86.8 19.8 Pb
0.4 2.2 1.1 \%
0.5 9 2.8 Zn

children and Cr > Pb > As > Ni > Cd > Cu > Zn for adults. The HI values of heavy metals
were less than 1, showing that the HI is low for heavy metals [23]. The HI values were much
higher in children than in adults, which is consistent with our results. Table 9 shows the cancer
risk (CR) assessment of heavy metals for children and adults, which follows Cr > Ni >

As > Pb > Cd. Therefore, in both age groups, Cr had the highest CR while Cd had the least
CR. In children, CR values were higher than those in adults. The CR of As, Ni, Cd, and Pb in
children and adults was less than 1x10°®, indicating that the CR of these metals in surface soil
can be neglected. On the contrary, in children and adults, the CR of Cr was greater than 1x10
® This indicates that the cancer risk of Cr requires immediate attention particularly because
children are more susceptible to human health risks of heavy metals. Chabukdhara and Nema
[30] also reported that in the industrial zone of India, the highest CR after Cr belonged to Ni,
Pb, and Cd. Our findings revealed that CR was higher in children than in adults, which is in
accordance with the results of Qing et al. [23].

Conclusion

We determined the concentration values, index of geoaccumulation, enrichment factors, and
ecological and human health risk of potentially heavy metals (Pb, Zn, Cu, Cd, Cr, As, Ni, Co,
and V) in the surface soil of Ahvaz oil field; all heavy metals, with the exception of Co, Cr, and
V in the surface soil were higher than their corresponding upper crust content (UCC), hence
potential anthropogenic sources. Based on the correlation coefficients, cluster analysis (CA),
and principal component analysis (PCA), major sources of heavy metals in the soils of Ahvaz
oil field were mainly the petroleum exploration and production operations as well as the com-
bustion of petroleum gases and hydrocarbons in the flares operating in Ahvaz oil field and
their deposition in the soil of the area. The Igeo values in the surface soil decreased in the fol-
lowing order: Pb > As > Zn > Ni > Cu > >Cd > Co >V > Cr. As, Cd, Ni, Zn, and Pb were
of non to slightly contaminated levels. The EF values in the surface soil were reduced as fol-
lows: Pb > Zn > As > Cd > Cu > Co >V > Ni > Cr. Lead and Zn were of very high EF
mean enrichment values, and Co, Cu, Cd, and As had high enrichment in the surface soil, sug-
gesting that the soil in this study area is significantly influenced by human activities. Pb, Cr, V,

Table 8. Statistical results of Risk Index (RI) of heavy metals in the study area.

Mean
130

https://doi.org/10.1371/journal.pone.0242703.t008

RI

Max Min

311

Number of samples
Low risk Moderate risk Significant risk High risk
44(66.66%) 20(30.30%) 2(3.04) -
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Table 9. Health risk factors from heavy metal in the soil of Ahvaz oil field.

(mg/kg) | Pb
C(95% UCL) 67.42
RfDjpg (mg/kg day) 3.00E - 03
RfD;,, (mg/kg day) 3.52E - 03
RfDgerm (mg/kg day) 5.25E - 04
SF (mg/kg day)™ -
Children

HQipg | 2.46E-01
HQi,, | 6.86E-06
HQqerm | 2.62E-03
HI =YHQIi | 2.48E-01
CR | 2.66E-08

Adults
HQing | 3.30E-02
HQiu | 4.81E-06
HQuerm | 6.70E-03
HI = ¥HQi | 3.98E-02
CR | 3.57E-09

https://doi.org/10.1371/journal.pone.0242703.t009

Zn Cu Cr
77.61 41.17 36.52
3.00E - 01 4.00E - 02 3.00E - 03
3.00E - 01 4.02E - 02 2.86E - 05
6.00E - 02 1.20E - 02 6.00E - 05
- - 4.20E + 01
3.33E-03 131E-02 1.56E-01
9.27E-08 3.67E-07 4.58E-04
2.64E-05 7.01E-05 1.25E-02
3.33E-03 1.32E-02 1.69E-01
- - 1.44E-05
4.43E-04 1.76E-03 2.09E-02
6.52E-08 2.58E-07 3.22E-04
6.75E-05 1.79E-04 3.17E-02
5.11E-04 1.94E-03 5.30E-02
- - 1.93E-06

Cd
0.38
1.00E - 03
1.00E - 03
1.00E - 05
6.30E + 00

4.85E-03
1.36E-07
7.78E-04
5.64E-03
2.25E-08

6.51E-04
9.58E-08
1.98E-03
2.63E-03
3.02E-09

39.83
2.00E-02
2.02E-02
5.40E-03
8.40E-01

2.54E-02
6.93E-07
1.51E-04
2.56E-02
3.15E-07

3.41E-03
4.87E-07
3.85E-04
3.81E-03
4.22E-08

5.89
3.00E - 04
3.10E - 04
1.23E - 04
1.51E +01

2.51E-01
6.81E-06
9.79E-04
2.52E-01
8.31E-08

3.37E-02
4.79E-06
2.51E-03
3.62E-02
1.11E-08

Zn, Co, Cu, Ni, and As had a low PER while Cd had a moderate PER. The findings also
revealed that all samples had a low risk based on the mean RI. Human health risk assessment
of the studied metals in the surface soil samples indicated the following order of exposure path-
ways for the studied potentially heavy metals: ingestion > dermal contact > inhalation. The
hazard quotient (HQ) of potentially heavy metals in the surface soil samples of Ahvaz oil field
was higher in children than in adults. The HI value related to each metal was < 1 (close
enough), which suggests no non-carcinogenic risk for both target populations. The risk of car-
cinogenic and non-carcinogenic diseases was detected to be higher in children than in adults.

The Cr carcinogenic risk calculation was more than 1 x 10 for children and adults. Ulti-

mately, the CR of Cr for both children and adults indicated risk under control conditions.
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