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Abstract: This study aims to increase our current knowledge on the concentration of particulate-
bound mercury (PBM) in urban environments of three Iranian cities, where high concentrations of
dust particles can act as carriers for mercury transport and deposition. A total of 172 dust samples
were collected from Ahvaz, Asaluyeh, and Zabol residential houses and in outdoor air and were
analyzed for total mercury content. Ahvaz is a highly industrialized city with large metallurgical
plants, refineries, and major oil-related activities, which were assumed to contribute to elevated
contents of PBM in this city. Very high levels of Hg contamination in Ahvaz indoor dust samples were
calculated (Contamination Factor: CF > 6). Sampling sites in Asaluyeh are influenced by Hg emissions
from the South Pars Gas Field. However, the results revealed a relatively lower concentration of
PBM in Asaluyeh, with a low-to-moderate level of Hg contamination. This is likely ascribed to the
lower content of total mercury in hydrocarbon gases than crude oil, in addition to the absence of
metal smelting plants in this city compared to Ahvaz. Zabol, as a city devoid of industrial activity,
presented the lowest levels of PBM concentration and contamination. Indoor dust in Ahvaz showed
considerable potential to cause a non-carcinogenic health risk for children, mainly through the
inhalation of PBM, while the health risk for other cities was below safe limits. The trend of health risk
was found in the order of indoor > outdoor and children > adults in all studied cities.

Keywords: mercury; dust; metallurgical plants; refineries; risk assessment; Iranian cities

1. Introduction

Urban dust is a complex heterogeneous mixture of organic and inorganic non-metallic
and metallic solid particles of various origins [1,2]. It is composed of naturally occurring sub-
stances (weathered rocks, eroded soil particles, plant litters, etc.), as well as anthropogenic
particles mainly released from industries, vehicles, houses, and urban infrastructure [3,4].
Dust is an important medium in a city’s atmosphere, hosting various air pollutants, includ-
ing potentially toxic elements (PTEs) loosely bound to the surface of dust particles [5,6].
As a result of rapid urbanization and industrial development, the emission and deposition
of PTEs increased in many urban environments throughout the world. Exposure to PTEs
through urban dust can threaten the ecosystem and cause a wide range of adverse health
effects for city dwellers [7]. Dust can also accelerate environmental pollution by suspending
and transporting particulate-bound PTEs; hence, it is considered a key pertinent indicator
of urban environmental quality and human health [8,9]. PTEs have frequently been investi-
gated in the soil and street dust of numerous cities around the globe [10–14]. The focus,
however, has mainly been on typical urban elements, such as Pb, Cd, Cu, and Zn [15–17],
while mercury (Hg) as a hazardous contaminant has received less attention.
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Mercury is a non-essential toxic element that may pose health impacts even at very low
concentrations [18,19]. This element is listed as a priority by many international agencies,
such as UNEP, WHO, and FAO [20]. Even though sources of Hg can be natural (e.g., geo-
chemical anomalies, volcanoes, forest wildfires), anthropogenic factors are responsible for
the largest portion of Hg emissions in the environment [21,22]. Due to the accelerating pace
of industrialization and its by-products, the levels of Hg on a global scale have constantly
increased in recent decades, compared to the natural contributions [23,24]. The emission
levels of Hg have reached up to 24 times higher today than those before the industrial
period [25,26]. Mining and nonferrous metal production, chemical, and pharmaceutical
industries, coal combustion, municipal solid waste incineration, and cement production
plants contribute significantly to atmospheric Hg input [27–31].

Atmospheric Hg can be categorized into three defined forms: gaseous elemental mer-
cury (GEM)-Hg0, reactive gaseous mercury (RGM)-Hg2, and particulate-bound mercury
(PBM) [32]. Particulate-bound mercury plays an important role in biogeochemical cycling,
even if it is not the predominant constituent of total Hg in ambient air [33–35]. PBM is of
prevalent concern due to its high deposition velocity and scavenging coefficients, which
lead to its natural wet and dry settlement to the ground [36,37]. On the other hand, through
adsorption onto the particle surface, gaseous phase mercury precipitates in terrestrial and
aquatic ecosystems [38,39]. PBM can be transported at long distances or be set down near
the source, depending on meteorological conditions, particularly wind speed and humidity,
particle size, and deposition rate [40].

The association of particulate matter and Hg with health issues, including neurological
and behavioral disorders, cancer, and mortality, is well documented [41–43]. Hg contami-
nants in urban dust can enter the human body through swallowing, breathing, and dermal
adsorption and can cause health problems, especially in children [44,45]. About 80% of
inhaled elemental mercury remains in body organs (ATSDR, 1999).

Some scholars believe that respirable particulate matter in indoor air is a more impor-
tant source of exposure to Hg and the occurrence of health issues than outdoor atmospheric
particles [46,47]. It is argued that people, and in particular apartment-dwelling inner-city
children, spend more time at home, where outdoor dust entering through doors, windows,
etc., is added to household dust from various residents’ activities [48,49]. Air conditioner
filter dust is assumed to be representative of particulate matter (PM) in indoor air [50].
When air passes through the air conditioning systems, the re-suspended particles from the
settled dust on the surfaces of food, skin, toys, and furniture are attached to the filters to
improve the indoor air quality [51].

Several studies have analyzed the PTEs from soil and airborne dust in Iranian cities or
in heavily industrialized areas, also providing estimates of health risk assessment [52–56].
However, much less attention has been given to Hg emissions and concentrations in urban
and industrialized areas in Iran [57,58]. This study provides an analysis of the content of
particulate-bound mercury (PBM) in urban outdoor and indoor household dust from three
Iranian cities with different characteristics regarding their industrial and dusty background,
i.e., Ahvaz, Asaluyeh, and Zabol. Household and ambient air pollution by PBM was
assessed to explore where the investigated cities stand, compared to other urban sites.
Moreover, this study evaluates the residents’ health risks from prolonged exposure to
PBM via dust (outdoor and indoor) through the inhalation, ingestion, and dermal contact
pathways both for children and adults.

2. Study Areas

This study was conducted in three polluted Iranian cities, namely Ahvaz (31◦19′ N
and 48◦41′ E) in the southwest, Asaluyeh (27◦28′ N and 52◦36′ E) in the south, and Zabol
(31◦01′ N and 61◦29′ E) in the east. The study areas and the locations of the sampling sites
are shown in Figure 1. These sites were chosen for their different pollution characteristics.
Ahvaz, as the largest city in southwest Iran, is highly impacted by vehicle emissions,
industrial activity, and dust storms [59,60]. Assaluyeh is a medium-sized city with a
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nearby high industrial area [57], and Zabol is highly impacted by dust storms during the
summer season [55].
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Ahvaz city, with a population of about 1.32 million (census 2016), is located in the
center of Khuzestan province, an oil-producing province in southwest Iran. Ahvaz is a
historical city and capital of ancient civilizations built on the banks of the Karoon River.
Ahvaz has an arid climate with an average annual rainfall of about 213 mm and an average
temperature of 25 ◦C. The prevailing wind direction is from the west/northwest (Figure 1).
Nowadays, Ahvaz has emerged as an important, highly industrial city with numerous
oil-related operations and large metal smelting plants. Ahvaz is surrounded by numerous
oil wells belonging to the Ahvaz and Ramin oil fields operated by the National Iranian
South Oil Company (NISOC), National Iranian Drilling Company (NIDC), Khuzestan Steel
Company (KSC), and many other metallurgical and petrochemical plants. On the other
hand, Ahvaz is located downwind of frequent and severe dust storms originating from
the vast deserts of the Arabian Peninsula, Iraq, and Syria [59–61]. The combination of dust
storms and urban/industrial emissions results in a severe deterioration of air quality and
can pose an important human health risk, rendering Ahvaz one of the most polluted cities
in the world [62–64].

Asaluyeh is a coastal town in south Iran, known as one of the most heavily indus-
trialized areas in the world, with several gas and petrochemical industries and the most
important oil refineries in Iran. This area is like a narrow strip of land located between
the Persian Gulf and the Zagros Mountains (Figure 1). It is situated ~300 km from the
southeast of Bushehr city and has about 70,000 residents. The sampling sites in Asaluyeh
were selected in the South-Pars region, the most industrial and residential area (Figure 1).
The south Pars Economic Exclusive Zone is a core area of 14,000 ha, hosting huge petro-
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chemical complexes of various plants and refineries and is the closest land point to one of
the world’s largest natural gas fields, the South Pars Gas Field [57]. It comprises 16 gas
processing plants, 15 petrochemical complexes, and their downstream industries. In addi-
tion, the arid zones surrounding this area are sources of desert dust, which may also be
long-range transported over Asaluyeh via strong northwesterlies (Shamal) throughout the
year, with higher frequency in spring and summer [65].

Zabol is located in the northeastern part of Sistan and Baluchestan province, in East
Iran, with a population of 166,448 people (census 2016). Zabol is not an industrial city,
and its economy is based on agricultural activities in the surrounding fields that are fed
by the Hamoun lakes complex, Hirmand River, and its tributaries [66,67]. It has a hot and
dry desert climate with an average temperature of 23 ◦C and average annual precipitation
of ~55 mm. Zabol is exposed to a high volume of dust particles throughout the year,
but mostly during the summer dusty period, under the influence of a violent northern
wind (Levar or 120-day wind) [68]. Zabol is characterized by poor air quality as a result of
frequent and intense dust storms, and is considered among the most polluted cities over
the globe in terms of dust particulate matter [69,70].

During the sampling periods (spring–summer), winds were mostly from west/northwest
directions in all cities (Figure 1), representing the Shamal regime in Ahvaz and Asaluyeh
and the Levar regime in Zabol. Previous studies analyzing air-mass back trajectories identi-
fied the Iraqi plains and arid/desert regions in northeast Arabian Peninsula as the main
sources of dust in Ahvaz [60] and the Hamoun dried beds as the major sand/dust source
for Zabol [67]. However, trace elements, which may be contaminated and transported with
dust, may have a different origin, i.e., from local sources, oil refineries, and combustion
emissions, which are very difficult to quantify.

3. Material and Methods
3.1. Sample Collection and Preparation

A total of 172 household and outdoor settled dust samples were collected from Ahvaz
(n = 36), Asaluyeh (n = 30), and Zabol (n = 20) during spring (April–May 2019), and the same
number of samples in each city was repeated during the summer (June to August 2019).
These are the hottest days of the year when the use of air conditioning for domestic cooling
is maximized. The household total suspended particles (TSP) were collected on split air
conditioner filters from a total of 86 residences (1 sample per each) at random district
zones. The surveyed residences were private dwelling units selected based on landlords’
willingness to participate in this study. An effort was made to choose houses with the
minimum of major indoor particle sources, such as smokers, coal, and oil furnaces, etc.
All air conditioners were wall-mounted, and the majority were installed in the living
rooms. The place of the installations, close to balcony doors or windows, did not show
any meaningful influence. Prior to sampling, filters were unfastened from the units and
thoroughly washed by submerging in a volume of water mixed with a small amount of
mild detergent or liquid soap. The filters were soaked for 1 h, thoroughly rinsed, and air
dried before fixing back. After that, dust particles were gently brushed from the filter
screens onto clean papers and then placed into plastic sealed labeled bags.

At each site, within 10–50 m of the houses, the exterior dust samples were passively
taken from the deposited particles on flat plastic containers laid at a height of 1.5 m above
the ground. According to Del Rio-Salas et al. [71], only the particles suspended at elevations
below 3 m contribute to the exposure paths of elements to the human body. Throughout
the sampling periods, the meteorological conditions were steady, without strong wind and
precipitation. Dust samples were swept into polyethylene sealed bags with fingers wearing
powder-free gloves after removal of any visible debris, grit, or hair. Samples were then
transferred to the laboratory and stored at a temperature below 5 ◦C until analysis.
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3.2. Analytical Procedures

About 25 to 50 mg of each dust sample was weighed and then analyzed to measure
the amount of mercury using an AMA 254 Mercury Analyzer (Leco Corporation, Agilent
Tech, CA, USA), for which no previous chemical digestion is requested. Ultrapure oxygen
was used as a carrier gas with an inlet pressure of 250 kPa and a flow rate of 200 mL/min.
Each sample was analyzed in triplicate.

Instrument calibration was performed with a NIST-traceable Hg solution (AccuTrace
Single Element Standard; AccuStandard Inc., New Haven, CT, USA). Seven replicate
analyses of standard reference materials, SRM 1633b (Constituent Elements in coal fly
ash), SRM 2709 (San Joaquin Soil Baseline Trace Element Concentrations), and SRM 2711
(Montana II soil), were used to verify the reliability of the analysis. The accuracy of
SRM measurements was found to range between 96% and 108%, with a relative standard
deviation (RSD) < 13%. To prevent the carry-over effect, at least one procedural blank
was analyzed after three replicates of the same sample. The method detection limit (LOD)
was estimated at 0.3 ng/g dry weight (dw) for all considered matrices. The limit of
quantification (LOQ) of the proposed method was calculated in blank samples as 3-fold of
the average blank concentrations and set at 1 ng/g dry weight (dw). The accuracy of the
replicate analysis is shown in Table 1.

Table 1. Results of the quality assurance procedure for mercury analysis (µg/g).

Certified Value Our Results Accuracy

NIST-1633 0.141 0.153 +8.5%
NIST-2709 1.400 1.455 +3.9%
NIST-2711 6.250 6.011 −3.9%

NIST: National Institute of Standard and Technology.

3.3. Statistical Analysis

The geochemical results were analyzed for descriptive statistics using Microsoft Excel
and SPSS 23.0 software. The Kolmogorov–Smirnov test was carried out to control the
normality assumption of the data. A non-parametric Mann–Whitney U test was applied to
determine the difference in Hg concentration between the outdoor and indoor samples and
those taken during the spring and summer periods.

The single index of the Contamination Factor (CF) was calculated as an indicator of
pollution [72]. This widely used geochemical criterion is the quotient of concentration of
each element in a sample (Cn) and the concentration of the same element in the reference
soil (Bn):

CF = Cn/Bn

In this study, the world average concentration of Hg in uncontaminated soils (0.07 mg/Kg)
given by Kabata-Pendias [73] was used as a reference value. According to the degree of
pollution, CF is classified into four classes, from unpolluted to very polluted, as below [74]:

• CF < 1 low contamination;
• 1 ≤ CF < 3 moderate contamination;
• 3 ≤ CF < 6 considerable contamination;
• CF ≥ 6 very high contamination.

3.4. Human Health Risk Assessment
3.4.1. Exposure Assessment

The degree of non-cancer risk associated with particulate-bound Hg in indoor and
outdoor dust samples was assessed using the health-risk assessment model introduced
by the U.S. Environmental Protection Agency (USEPA) [75]. This model evaluates the
probability of health issues based on the level of exposure to risk factors through the
three main pathways of ingestion, inhalation, and dermal contact [15,76]. This study also
investigated respiratory exposure in two susceptible groups of residents: adults (up to
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the age of 70 years) and children (up to the age of 15 years). The average daily intakes of
mercury via the pathways of ingestion (ADIing), inhalation (ADIinh) and dermal contact
(ADIdrm) were calculated using Equations (1)–(3):

ADIing = Cs ×
IngR × EF× ED

BW × AT
× 10−6 (1)

ADIinh = Cs ×
InhR× EF× ED
PEF× BW × AT

(2)

ADIdrm = Cs ×
ESA× SAF× DAF× EF× ED

BW × AT
× 10−6 (3)

where CS is the total concentration of Hg in the dust samples (mg kg−1); IngR is ingestion
rate (mg/d), 100 for adults and 200 for children; EF is exposure frequency, 350 days/year;
ED is exposure duration, 30 years for adults and 6 years for children; BW is body weight,
70 kg for adults and 15 kg for children; AT is averaging time (d), 10,950 for adults and
2190 for children; ESA is exposed surface area (cm2), 5700 for adults and 2800 for children;
SAF is skin adherence factor (mg/cm2), 0.07 for adults and 0.2 for children; DAF is dermal
absorption factor (unitless), 10−3 for adults and children; InhR is inhalation rate (m3/d),
20 for adults and 7.6 for children [77]; PEF is particle emission factor, 1.36 × 109 m3 kg−1

(USEPA [75]).

3.4.2. Non-Carcinogenic Risk Assessment

Non-carcinogenic hazards of a single element are defined as the hazard quotient (HQ),
which is calculated by dividing the average daily intakes by a specific reference dose
(Equation (4)):

HQe =
ADIe

R f D
(4)

where RfD is the reference dose (mg/kg/day), an estimation of the maximum allowable
level of an element that has no hazardous impact on human health, and e represents
the pathway. The reference doses for mercury used in the analysis were taken from the
USEPA [75], which are 1.6 × 10−1 for direct ingestion, 3.20 × 10−2 for dermal absorption,
and 2.86 × 10−6 for inhalation. The overall risk using the Hazard Index (HI) is obtained
by summing the hazard quotients for each pathway (Equation (5)). According to the
USEPA [75], when the HQ or HI value is <1, adverse health effects are unlikely to be
experienced by residents. Whereas HQ > 1 indicates the potential of non-carcinogenic
health effects, with an increasing probability as the HQ increases [78,79].

HI = ∑ HQe = ∑
ADIe

R f D
(5)

Due to the lack of a carcinogenic slope factor (SF) for Hg, the carcinogenic risk was
not estimated.

4. Results and Discussion
4.1. Total Concentration of PBM in Urban Dust

Descriptive statistics of mercury concentrations (mg kg−1) in indoor and outdoor
dust of the three urban areas are shown in Table 2. The skewness and kurtosis inspection
demonstrated that the Hg concentrations in the indoor and outdoor dust of Ahvaz and
Asaluyeh do not follow a normal distribution. This was confirmed by the Kolmogorov–
Smirnov (K-S) normality test (p value < 0.05). The non-normal distribution might reflect
the influence of diverse anthropogenic factors. In contrast, the distribution of Hg data in
Zabol dusts, both indoor and outdoor, was found to be mostly normal (K–S p > 0.05). This
may be an indication of a uniform source for Hg in Zabol, without the presence of specific
hot spots of Hg or outliers.
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Table 2. Descriptive statistics of mercury concentration (mg kg−1) in urban dust samples in compari-
son to uncontaminated soils, and the average values in different cities of the world.

Particulate-Bound Mercury (PBM) Min Max Mean Median SD Skewness Kurtosis

Indoor dust

Ahvaz (n = 36) 0.04 3.95 0.67 0.37 0.86 2.48 6.04

Asaluyeh (n = 30) 0.01 0.12 0.05 0.03 0.03 1.09 0.13

Zabol (n = 20) 0.01 0.08 0.04 0.04 0.02 0.60 1.82

Outdoor dust

Ahvaz (n = 36) 0.02 1.06 0.07 0.04 0.17 5.75 33.5

Asaluyeh (n = 30) 0.02 0.26 0.04 0.02 0.01 4.61 23.6

Zabol (n = 20) 0.00 0.06 0.03 0.03 0.02 0.19 0.93

Uncontaminated soil 1 0.07

Exterior dusts
(street/road/

roadway dusts)

Beijing (China) 2 0.34

Hamedan (Iran) 3 0.01 1.34 0.15

Luanda (Angola) 4 0.13

Nanjing (China) 5 0.05 0.34 0.12

Kavala (Greece) 6 0.10

Aviles (Spain) 7 1.20 10.80 0.002

Vanadzor (Armenia) 8 0.04 0.54 0.26

Household dust
Šid

(Serbia) 9 0.005 1.56 0.13

Ottawa (Canada) 10 0.01 37.00 1.72
1 Kabata-Pendias [73]; 2 Xinmin, et al. [80]; 3 Modabberi et al. [56]; 4 Ferreira-Baptista and De Miguel [81];
5 Hu et al. [4]; 6 Christoforidis and Stamatis [82]; 7 Ordóñez et al. [42]; 8 Sahakyan, et al. [83]; 9 Nedić, et al. [84];
10 Rasmussen et al. [85].

It was statistically (Mann–Whitney U test) confirmed that the seasonal variation
between spring and summer has little effect on the distribution of Hg in indoor and
outdoor dust samples (p value > 0.05) in all of the studied areas. Hence, these data were
treated together in one group. However, as can be noted from the Mann–Whitney U test
(Figure 2), the content of Hg in the indoor dust of Ahvaz and Asaluyeh differs significantly
from that in the outdoor dust (p value ~ 0.00). This difference was not identified in Zabol
dust, presenting a significance level of about 0.314, suggesting similarity in the Hg contents
of both indoor and outdoor samples (Figure 2).

As shown in Table 2, the PBM concentration of indoor dust in Ahvaz ranged from
0.04 to 3.95 mg kg−1 with a median of 0.37 mg kg−1, which is about 8.6 times greater than
the median Hg concentration for outdoor dust (0.04 mg kg−1) in Ahvaz. The mean indoor
Hg concentration is significantly higher (0.67 mg kg−1), indicating episodes of very high
Hg levels. A relatively lower PBM concentration was found in Asaluyeh dust samples,
ranging from 0.01 to 0.12 mg kg−1 (median of 0.03 mg kg−1) in indoor and from 0.02 to
0.26 mg kg−1 (median: 0.02 mg kg−1) in outdoor dusts. The concentrations of PBM in all of
the analyzed Asaluyeh house dust samples exceeded those of the outdoor samples, with a
ratio of 1.26. Higher accumulation of PBM in house (indoor) dust compared to ambient
air was also reported in other studies, and was partly attributed to the effect of building
materials (e.g., interior decorations, paints, fluorescent lamps) [86] and the affinity of Hg
for organic matter [85]. However, the indoor and outdoor dust in Asaluyeh showed fairly
similar values of Hg with respect to Zabol, with median concentrations of 0.04 mg kg−1

(0.01–0.08 mg kg−1) and 0.03 mg kg−1 (0.00–0.06 mg kg−1), respectively.
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The Hg concentrations in indoor and outdoor dust from all the investigated cities were
not found to be correlated, suggesting different conditions, sources, and episodic events
of enhanced Hg in each city and dust sample. Nevertheless, both types of dust showed a
decreasing pattern of PBM concentrations from Ahvaz to Asaluyeh and Zabol, indicating
that Ahvaz dust was more significantly loaded with PBM. Comparable results were docu-
mented for the road dust in Ahvaz from different industrial, traffic, and residential sites,
with mean Hg values of 0.05, 0.49, and 0.04 mg kg−1 [87]. Another study on Hg levels in
street dust of Ahvaz conducted by Nazarpour et al. [58] showed an average concentration
of 2.53 mg kg−1, ranging from 0.02 to 8.75 mg kg−1. A previous study in Asaluyeh [57]
showed a very similar Hg concentration (0.03 mg Kg−1) from street dust samples, while to
the best of our knowledge, no previous research regarding Hg was conducted in Zabol.

The reported average content of Hg in the continental crust and global surface
soils is about 0.07 mg kg−1, ranging from 0.03 to 0.1 mg kg−1, [73,88], while highly Hg-
contaminated sites generally exhibit soil concentrations of 2- to 4-orders of magnitude
higher [89–91]. In general, in urban environments, the concentration of particulate mercury
is highly variable due to the intervention of different anthropogenic factors. Mercury con-
centrations in dust samples from 60 cities in China ranged from 0.020–39.1 mg kg−1, with a
median value of 0.457 mg kg−1 [92]. The average concentrations of mercury in dust samples
from various cities throughout the world are listed in Table 2. Data on household dust Hg
concentration are rather scarce in the literature. These comparisons should consider the
influence of methodological differences in various studies, as well as the geological features
of each region and their contribution to elemental concentrations in dust samples, apart
from differences in emission sources. Regarding indoor dust, it should be noted that the
characteristics of each construction, including age, elevation, renovation history, building
tightness, distance from roads and industries, number of occupants, and lifestyle, may con-
tribute to significant differences in PBM and PTE concentrations between houses at the
same site [81,93–95]. In addition, different times of natural ventilation of homes by opening
windows may highly differentiate the PBM levels [78]. It has been stated that PBM can also
be related to household appliances and electronic products [96]. Potential indoor sources
for Hg include gas-fired appliances (ovens, water heaters, furnaces), LCD screens and
monitors, batteries (mainly button cell batteries), old model electrical devices with mercury
switches, chest freezers, clothes dryers, clothes irons, washing machines, fluorescent bulbs,
neon lights, and thermometers [97,98]. All these factors may justify the wide variation in Hg
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concentration in urban environments and from one residence to another, even within the
same district. In addition, the presence of Hg mine and chlor-alkali plants was identified as
the main source of PBM in dust in certain cities, such as Idrija, Slovenia (20.9 mg kg−1 [99]),
and Grenoble, France [100]. In general, the PBM concentrations of outdoor dust in the
cities examined here are lower than those observed in highly polluted and industrialized
megacities, such as Beijing and Nanjing. Hamedan city (~800,000 inhabitants) in west Iran
also exhibited higher Hg concentrations for outdoor dust samples (Table 2).

The results of this study do not lead to a robust conclusion about the sources of Hg
in the studied cities. However, it is likely that oil and gas flare burnings are associated
with enhanced mercury emissions in Ahvaz and Asaluyeh, respectively. Mercury is a
naturally occurring element in oil and gas and its concentration in crude oil can reach up to
10 mg kg−1 [101]. Ahvaz city is downwind of a supergiant oilfield, called “Ahvaz”, and it
is in the vicinity of another large oilfield called “Ramin”. Several operating wells are pro-
ducing crude oil from these fields, and they continuously burn the flare gas. For example,
operation unit No2 is burning 10 million cubic feet of petroleum-associated gas per day.
The locations of the oilfields and major gas fields in the area are shown in Figure 3. It is
inferred that the flare gases of the wells might be responsible for the elevated concentration
of PBM in this city. This source factor can surely be considered along with the influence
of several metal smelting plants in Ahvaz, of which the role in releasing mercury in the
atmosphere cannot be overlooked.
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As mentioned above, the study area in Asaluyeh is adjacent to the South-Pars Gas-
Condensate field. Hydrocarbon gases contain a lower concentration of total mercury than
crude oil, and this may explain the lower concentration of PBM in Asaluyeh dust compared
to Ahvaz dust. Because of the lack of a specific anthropogenic source, it is supposed that
particulate-bound mercury in Zabol has a geogenic source. The normal distribution of Hg
in both dust types and the insignificant difference between Hg concentrations in household
and outdoor dust samples in Zabol is in agreement with this assumption.
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4.2. Degree of Contamination by PBM

The contamination factor (CF) for PBM in indoor and outdoor urban dust of Ahvaz,
Asaluyeh, and Zabol was calculated and illustrated in the boxplots of Figure 4.
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The highest contamination factor was observed for Hg in the indoor dust of Ahvaz,
with an average CF value of 9.58. About 42% of the household Ahvaz samples exhibited
CFs ranging from 6.03 to 56.47, which indicated a very high level of contamination.

The majority of the indoor dust samples in Asaluyeh (77%) were in the category of low
contamination for mercury (CF < 1), and the remaining revealed moderate contamination,
with CF values in the range of 1.00–1.69. The lowest contamination in indoor dust was
observed for the Zabol samples, with an average CF = 0.61. This indicates that despite the
intense dust storms in Zabol, contamination by PBM appears to be of relatively low concern,
as opposed to other PTEs, such as Pb, Cr, Cu, and Zn, that exhibited high Enrichment Factor
(EF) values [102]. A similar finding was reported for Zahedan city, in the same province as
Zabol (~200 km to the south) [103].

For outdoor dust in Ahvaz, the average CF of Hg was 1.06, while for Asaluyeh and
Zabol, low contamination was found for the outdoor samples, with average CF values of
less than one (Figure 4). Considerable-to-high levels of Hg contamination were reported in
street dust in other cities in Khuzestan province, attributed to petrochemical industries and
oil refinery plants in these areas [104]. According to Mokhtarzadeh et al. [105], about 85.0%
of Hg in soils of the Arvand Free Zone in Khuzestan is generated by oil products.

4.3. Non-Carcinogenic Health Risk Assessment

Based on the average daily intake of particulate-bound mercury through the ingestion,
inhalation, and dermal pathways, non-cancer health risk was assessed for dwellers of
Ahvaz, Asaluyeh, and Zabol cities. The results are summarized in Figure 5 and Table 3.
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Figure 5. Hazard index of PBM in urban indoor and outdoor dusts of the studied cities for children
and adults and the Grade (I) threshold (HI = 1.00).

Table 3. Hazard quotient (HQ) and hazard risk (HI) for PBM in urban indoor and outdoor dusts in
the studied cities through three exposure routes.

Adults Children
Household HQ(ing) HQ(inh) HQ(drm) HI HQ(ing) HQ(inh) HQ(drm) HI

Ahvaz
Min 3.76 × 10−7 3.10 × 10−6 7.51 × 10−9 3.48 × 10−6 3.51 × 10−6 1.11 × 10−1 1.76 × 10−5 1.11 × 10−1

Max 3.38 × 10−5 2.79 × 10−4 6.75 × 10−7 3.13 × 10−4 3.16 × 10−4 9.98 1.58 × 10−3 9.98
Med 3.16 × 10−6 2.61 × 10−5 6.31 × 10−8 2.93 × 10−5 2.95 × 10−5 9.33 × 10−1 1.48 × 10−4 9.33 × 10−1

Asaluyeh
Min 1.19 × 10−7 9.80 × 10−7 2.37 × 10−9 1.10 × 10−6 1.11 × 10−6 3.51 × 10−1 5.55 × 10−6 3.51 × 10−2

Max 1.01 × 10−6 8.33 × 10−6 2.02 × 10−8 9.36 × 10−6 9.44 × 10−6 2.98 × 10−1 4.72 × 10−5 2.98 × 10−1

Med 2.65 × 10−7 2.18 × 10−6 5.28 × 10−9 2.45 × 10−6 2.47 × 10−6 7.80 × 10−2 1.23 × 10−5 7.80 × 10−2

Zabol
Min 7.47 × 10−8 6.15 × 10−7 1.49 × 10−9 6.91 × 10−7 6.97 × 10−7 2.20 × 10−2 3.49 × 10−6 2.20 × 10−2

Max 7.23 × 10−7 5.95 × 10−6 1.44 × 10−8 6.69 × 10−6 6.74 × 10−6 2.13 × 10−1 3.37 × 10−5 2.13 × 10−1

Med 3.37 × 10−7 2.77 × 10−6 6.72 × 10−9 3.11 × 10−6 3.14 × 10−6 9.92 × 10−2 1.57 × 10−5 9.92 × 10−2

Outdoor

Ahvaz
Min 1.55 × 10−7 1.28 × 10−6 3.10 × 10−9 1.44 × 10−6 1.45 × 10−6 4.58 × 10−2 7.25 × 10−6 4.58 × 10−2

Max 9.06 × 10−6 7.46 × 10−5 1.81 × 10−7 8.38 × 10−5 8.46 × 10−5 2.67 4.23 × 10−4 2.67
Med 3.67 × 10−7 3.02 × 10−6 7.32 × 10−9 3.39 × 10−6 3.42 × 10−6 1.08 × 10−1 1.71E × 10−5 1.08 × 10−1

Asaluyeh
Min 1.59 × 10−7 1.31 × 10−6 3.18 × 10−9 1.47 × 10−6 1.49 × 10−6 4.70 × 10−2 7.44 × 10−6 4.70 × 10−2

Max 4.90 × 10−7 4.04 × 10−6 9.78 × 10−9 4.54 × 10−6 4.57 × 10−6 1.44 × 10−1 2.29 × 10−5 1.44 × 10−1

Med 1.94 × 10−7 1.6 × 10−6 3.86 × 10−9 1.80 × 10−6 1.81 × 10−6 5.71 × 10−2 9.04 × 10−6 5.71 × 10−2

Zabol
Min 6.95 × 10−9 5.72 × 10−8 1.39 × 10−10 6.43 × 10−8 6.49 × 10−8 2.05 × 10−3 3.24 × 10−7 2.05 × 10−3

Max 8.04 × 10−7 6.62 × 10−6 1.60 × 10−8 7.44 × 10−6 7.50 × 10−6 2.37 × 10−1 3.75 × 10−5 2.37 × 10−1

Med 4.17 × 10−7 3.44 × 10−6 8.32 × 10−9 3.87 × 10−6 3.89 × 10−6 1.23 × 10−1 1.95 × 10−5 1.23 × 10−1
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According to the USEPA model for non-carcinogenic health risk assessment, the av-
erage daily intake of Hg is over one order of magnitude higher in children than adults in
all of the studied areas. The highest ADI value across the three routes of exposure was
8.5 × 10−6 for Ahvaz children exposed to indoor dust.

Model calculations of the hazard quotient (HQ) showed that inhalation can initi-
ate detrimental health effects in residents of the three studied cities more than other
routes of intake. In other words, HQinh was estimated as the most harmful pathway
for both population groups, as also shown by other studies on the risk of exposure to
mercury from urban dusts [106–108]. The trend of children > adults, as also reported
in other urban areas [109–111], demonstrates that children are at higher risk of being af-
fected by PBM due to lower body weight, their habit of playing on the ground, and the
hand-to-mouth pathway [78].

As expected, the obtained HQ value was relatively higher for the inhabitants of
Ahvaz city (Table 3), due to higher PBM concentrations for both indoor and outdoor dust
samples. The highest likelihood of non-carcinogenic risk was found to be through the
inhalation of PBM by children (HQinh = 9.98) and adults (HQinh = 2.67) in Ahvaz. Asaluyeh
was the second city revealing the remarkable value of HQinh for children through indoor
(2.98 × 10−1) and outdoor dust (1.44E × 10−1). Absorption of Hg by inhalation showed
low-to-moderate potential to cause non-carcinogenic effects in the city dwellers (HQ < 0.1
to 0.1 ≤ HQ < 1). As for the dermal contact pathway, the highest and the lowest hazard
quotient threatening children were estimated to be in Ahvaz (1.58 × 10−3) and Zabol
(3.24 × 10−7). HQing was found to have the least contribution to the total non-carcinogenic
health risk of Hg.

For the overall accumulative non-carcinogenic risks, the HI values ranged from
1.11 × 10−1 to 9.98 (median 9.33 × 10−1) for indoor and from 4.58 × 10−2 to 2.67 (me-
dian 1.08 × 10−1) for outdoor dust of Ahvaz (Table 3). The median HI value for indoor
dust in Ahvaz was about 10 times higher than in other investigated cities. About 44% of the
indoor dust samples taken in Ahvaz showed high levels of non-cancer health risk (HI≥ 10).
None of the Ahvaz indoor dust samples fell in the category “no risk” or “low risk” (HI < 0.1
and 0.1 ≤ HI < 1, respectively) for children (Figure 5). In Asaluyeh, the HI values ranged
from 3.51 × 10−2 to 2.98 × 10−1 (median 7.80 × 10−2) for indoor and from 4.7 × 10−2

to 1.44 × 10−1 (median 5.71 × 10−2) for outdoor dust, which is in long term exposed to
children. These results indicate that young residents of Asaluyeh are at low-to-moderate
levels of risk caused by PBM indoors and outdoors. The difference in Hg health risk for
children between the indoor and outdoor dust samples in Zabol was negligible, as justified
by the very close median HI values of 0.10 and 0.12, respectively. The health-risk estimates
showed that the overall non-carcinogenic risks of Hg were within the safe allowable limit
(HI ≤ 1) for adults in all studied cities. This result is consistent with those of other studies
that have shown no non-carcinogenic risks of Hg for adults [4].

The current results show that PBM in the dust of Ahvaz city has considerable potential
to cause non-carcinogenic risks to young residents. Moreover, the risk associated with
indoor dust is even higher. It is important to consider that simultaneous exposure to two
or more PTEs may have cumulative effects on human health [112]. According to previous
studies [10,113], Ahvaz soil and dust are moderate to heavily contaminated by other
elements, including Cd, Cu, Pb, and Zn, which can amplify the negative health impacts
of Hg on the human body. Moreover, the current estimation has taken into account only
one urban medium (dust). Hg contamination and health impacts can be introduced and
magnified in the human body via other compartments of soil, water, and food. A previous
study in Ahvaz showed that the inhalation cancer risks and HIs of Pb, Cr, and Ni were
lower than the threshold limits [63].

Some alarming health risks of up to moderate levels were observed for children in
Asaluyeh and Zabol cities. It is worth mentioning that even though Hg does not seem to
represent a non-carcinogenic risk for adults, the population of the studied cities is predicted
to be at morbidity and mortality risk due to the long-term exposure to fine particulate matter
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generated as a consequence of intense dust storms over their adjacent arid and semi-arid
regions, as previous studies in both sites have shown [57,69]. Especially in Zabol, a recent
study [55] revealed very high health risks related to PTEs (Mn, Zn, Pb, As, Cu, Cd, Cr, Co,
Ni) in TSP and PM2.5 airborne dust samples. More specifically, the non-carcinogenic risks
for individual PTEs were above the safe limit (HI > 1) for inhalation and dermal contact
in both population groups, as well as ingestion for children. Furthermore, high cancer
risks were estimated in Zabol for the ingestion pathway (1.2–2.8 × 10−4), while cancer
risks above the safe limit of 10−4 for inhalation and dermal contact were found in adults.
Similar to the current results, inhalation was the pathway with the highest non-carcinogenic
risk in Zabol.

Dust emissions and their related health impacts are a topic of worldwide concern [114].
However, the health risk assessment should be critically considered in view of the under-
lying assumptions included in the USEPA model [75]. Parameters, such as body weight,
exposure duration, frequency, and average time may differentiate between population
groups in different countries or between people living and working in rural or urban
environments. These assumptions may significantly influence the estimates of actual health
risk on children and adults, and several countries have different regulation limits of PTEs,
resulting in different risk assessments [115]. Moreover, only total Hg data are available in
this study, which may add further uncertainty to the risk estimates, since Hg species may
be very different in bioavailability and toxicity, and therefore, have different consequences
for the health risk.

5. Future Perspectives

This research raises several questions that need further investigation. The anthro-
pogenic emissions of Hg can lead to a general increase in the content of this element
locally, regionally, and globally. Hence, detailed geochemical studies on mercury in soil
and airborne dust samples over Iranian cities, and in particular, in the critical oil and gas
producing urban areas in the south and southwest of the country, are needed. Further
studies should consider the emission characteristics of all forms of Hg to better understand
the possible health risks associated with different species and their role in the transport
and deposition of PBM. More work is recommended on source identification and spatial
distribution patterns of mercury, especially in highly polluted and industrialized cities like
Ahvaz. Analyses of PBM with the wind direction, and based on particle-size classification
and the binding mechanisms between Hg and dust particles are also suggested. In response
to the increasing concerns regarding identification of dust emissions in the Middle East,
as a consequence of climate change, decrease in precipitation, increase in temperature,
and desertification [116], investigating the cumulative effects of joint exposure to PBM and
other PTEs in urban dust may provide a more realistic perspective on the likelihood and
degree of human health impacts.

6. Conclusions

This study provided for the first time data on the concentration of particulate-bound
mercury in indoor and outdoor dust of three Iranian cities, Ahvaz, Asaluyeh, and Zabol.
Even though PBM in the investigated cities was not found in concentrations as high as
in some heavily polluted megacities, such as Beijing, it still represents a potential health
risk for residents. The Hg concentration in the analyzed dust samples appeared to be the
highest in Ahvaz, followed by Asaluyeh and Zabol. This trend showed a correlation with
the stage of industrial development and the presence of oil and gas-related activities, which
prevail in Ahvaz. The comparison of Hg concentrations in outdoor vs. indoor dust in
Ahvaz and Asaluyeh were found to be indoor dust > outdoor dust, whereas this difference
was not observed in Zabol. This evidence, along with the normal distribution of Hg across
all samples and the absence of any specific source of anthropogenic Hg emissions in Zabol,
suggests a geogenic origin of the metal. According to the USEPA model for health risk
assessment, the inhalation pathway for PBM was recognized as the main route of exposure
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posing a potential health risk for people in the studied cities. The population of children in
Ahvaz is expected to be at a high level of no-carcinogenic risk caused by Hg in household
dust. In contrast, the potential occurrence of chronic non-carcinogenic health problems in
children of Asaluyeh and Zabol was low to moderate. Adults showed a similar trend of Hg
hazard index; however, they are less prone to be affected by PBM in indoor and outdoor
dust in any city.
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