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Abstract: Heavy metals (HMs) in urban road dust could
cause human health risk through potential pathways, espe-
cially in industrial areas. To identify pollution sources and
propose countermeasures, the seasonal distribution of five
HMs (Cu, Cr, Zn, Pb, and Cd) were analyzed from 27 sites
of Qingshan Industrial District (QSD) and their induced
human health risk was assessed using a developed bioac-
cessibility-based risk assessment model. Results showed
that: (1) The concentrations of five HMs were Zn > Cr >
Pb > Cu > Cd. Compared with the background values of
each element, the dust enrichment capacity in summer
was Zn > Pb > Cd > Cu > Cr, and in winter was Cd > Zn >
Pb > Cu > Cr. (2) There was no non-carcinogenic risk in
road dust in QSD and children’s total non-carcinogenic risk
was higher than adults. The non-carcinogenic exposure of
each HM was ingested > dermal contact > respiratory inha-
lation. (3) Cu-Zn-Pb-Cd mainly came from the combined
pollution of traffic and industry, and Cr came from the
pollution of the steel industry and natural sources. (4)
Based on the assessment results, Cr, Zn, Pb, and Cd were
determined as the priority control HMs.

Keywords: street dust, health risk, risk management, bioac-
cessibility, industrial area

1 Introduction

As urbanization progresses rapidly, a majority of the global
population now resides in urban areas, exceeding the 50%
threshold [1], and urban road dust (also known as atmo-
spheric deposition) is increasingly attracting widespread
attention as a major carrier of environmental pollutants.
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Road dust is both a source of various types of pollutants in
the urban environment and a transport medium for pollu-
tants, storing a wide range of pollutants generated by
human activities [2]. Due to its porous and irregular struc-
tural properties, road dust often contains a variety of
heavy metals (HMs). These HMs are typically highly toxic
to living organisms and the ecological environment. Addi-
tionally, they can enter the human body through the food
chain, presenting a potential health risk to humans [3,4].
Studies had shown that HMs could enter the human body
through respiration, ingestion, and skin contact, leading to
a range of health problems including respiratory diseases,
neurological damage, and increased risk of cancer [5-7].
Notably, areas with high traffic density and intensive
industrial activity tend to have significantly higher concen-
trations of HMs compared to other regions [8]. Therefore, it
is of great significance to study distribution characteristics
and health risks of HMs in road dust in typical old indus-
trial areas for safety of urban ecological environment and
human health.

In recent years, many scholars have conducted studies
on HMs in urban road dust, exploring their spatial distribu-
tion, pollution sources, and health risks [9,10]. These road
dust HMs mainly originate from human activities such as
automobile emissions, industrial activities, building construc-
tion, and daily transportation. Therefore, for areas with high
population density, high traffic flow, and dense industry, the
content of HMs in road dust may have a high level [11]. In
addition, various meteorological factors, such as wind direc-
tion, temperature, and rainfall, affected the deposition, dis-
tribution, and concentration of HMs in road dust [12]. And
according to Bian and Zhu, most of the road dust is comprised
of particles smaller than 250 um, with HMs predominantly
concentrated in particles less than 63 pm. So, seasonal varia-
tions and dust particle size composition should be under con-
sideration for a scientific exposure risk assessment [13,14].
However, HMs in environmental carriers are not fully
absorbed by the human body, which can still result in poten-
tial harm. Further, bioaccessibility is another key factor
when assessing the health risk of HMs. Bioaccessibility
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refers to the proportion of the metal that is soluble and
absorbed in human exposure pathways [15]. For example,
when the human body was exposed to road dust, only a
fraction of the metal may cross the air-blood barrier of
the respiratory system and thus cause damage to human
health [16,17]. Therefore, the soluble fraction of HMs in pul-
monary fluid could much accurately represent their biolo-
gical effects doses. Conventional HMs metal assays had
mostly focused on total concentrations and neglected their
bioaccessibility, which may lead to an undesired overesti-
mation of the actual health risks [18,19]. Therefore, to make
a comprehensive consideration of seasonality, dust particle
size composition and bioaccessibility differences are of
importance during health risk assessment of road dust HMs.

Wuhan city, the capital city of Hubei Province, is an
indispensable industrial base in China with a complete
industrial production system. Qingshan District (QSD) of
Wuhan, a typical area of iron and steel industry, has a
permanent population of 458,168 and covers an area of
153.83km? The total GDP in 2023 reached 100.33 hillion
RMB (1 RMB = 0.14 USD on June 1, 2024), and the secondary
industry dominated. Industrial emissions and motor vehicle
exhaust emissions obviously caused local environmental
pollution issues to some extent [20]. Li et al. conducted a
comparison of HM concentrations, including Cd, Cr, Cu, Zn,
Ni, and Pb, in the topsoil of urban parks located in Wuhan,
Hubei Province. Furthermore, they evaluated the potential
health risks for both children and adults through the appli-
cation of Monte Carlo simulations. The findings indicated
that the sources of HMs included a combination of transpor-
tation and industrial emissions, as well as natural, agricul-
tural, and other transportation-related sources. Furthermore,
the health risks associated with Cd and Cr were particularly
concerning for children, given their potential link to cancer
risk [21]. Liu et al. evaluated the health risk of HMs from
PM2.5 resuspended fugitive dust in Wuhan metropolitan
area, and the results showed that transportation-related activ-
ities were the main cause of the carcinogenicity risk of Cr due
to RFD2.5 [22]. Chen et al. determined the concentrations of
HMs (Cr, Mn, Ni, Zn, Fe, Cu, Cd) in street dust in QSD, and
evaluated the contamination levels of HMs in street dust by
the geo-accumulation method (Igeo) and potential ecological
risk assessment [23]. However, as urbanization and industria-
lization rapidly advance in the region, the anthropogenic
influence on urban street dust is intensifying. In addition,
the health risk assessment models used in the above studies
mostly neglect particle size composition and bioaccessibility
differences, which may result in a biased estimation of actual
health risk. Hence, a bioaccessibility-based health risk assess-
ment model for the road dust HMs from QSD should be
established, and then give targeted risk management policies.
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The purposes of this study were: (1) to analyze the
seasonal distribution of five HMs (Zn, Cr, Pb, Cu, and Cd)
in road dust in QSD; (2) to evaluate HM’s potential health
risks via improved health risk assessment methods based on
their bioaccessibility; (3) to analyze the pollution sources of
HMs via multivariate statistical analysis; and (4) to put for-
ward countermeasures and suggestions for prevention and
control of HM pollution and health risk management.

2 Materials and methods

2.1 Study area

QSD has a subtropical monsoon climate in the middle and
low latitudes. Among the four pillar industries of Wuhan,
the two major industries of steel and petrochemicals are in
QSD [24]. QSD has evolved into a prominent industrial
town, primarily attributed to its eight core industries:
metallurgy, chemical manufacturing, environmental pro-
tection, electric power generation, machinery production,
shipping and logistics, construction services, and building
materials [25]. In 2021-2023, the contribution of the sec-
ondary industry to local GDP was 61.7, 62.4, and 59.9%,
respectively. Meanwhile, some large equipment enterprises
are also important components of the city’s manufacturing
industry. Surrounding these enterprises, there are many
communities and schools where most factory workers and
their children live and study. HMs produced in the produc-
tion settled with the dust may threaten residents’” health.

2.2 Sample collection and analysis

27 sampling points were set up, numbered S1-S27, according
to the purpose of the study and the size of the survey area, on
account of the grid layout method of Technical Specifications
for Soil Environmental Monitoring (2004) [26], combined with
factors such as the annual wind direction rose map of
Wuhan, receptors for sensitive people in QSD, and the traffic
flow of people and vehicles in and around the main road. And
then the latitude and longitude of sampling points were deter-
mined, according to the high-precision image in the Baidu
map and Gaode map and its latitude and longitude posi-
tioning function. The specific location of each sampling point
in QSD was determined, and its surrounding landmark build-
ings for quick positioning were marked.

In the actual sampling process, it is necessary to com-
bine the actual situation of each sampling point and fine-
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Figure 1: Distribution of sampling points [27].

tune the position of the sampling point on the premise of
ensuring scientific and reasonable distribution. The sam-
pling of road dust in QSD in summer and winter was car-
ried out on a clear and windless day after the local weather
remained clear for at least 3 consecutive days. In the sam-
pling process, it is necessary to record the latitude and
longitude of each actual sampling point with GPS, and
then draw the actual sampling point position diagram, as
shown in Figure 1 [27]. In proximity to the sampling point,
3-5 impervious surfaces, each measuring 5m x 5m, were
randomly chosen. Subsequently, dust samples within the
designated area were gathered using a broom, plastic
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brush, and dustpan. Then, dust samples collected in several
areas were screened 10 mesh (2 mm) to remove impurities
such as hair, wood chips, gravel, etc., and mixed into one
sample, while ensuring that the dust samples collected at
each sampling point were at least 0.5kg. Finally, the col-
lected samples were put into polyethylene zip locks and
sealed for storage. The sampling location, number, time,
and other information were marked, and environmental
characteristics such as traffic conditions, building layout,
and greening around the sampling point were recorded.
About 50 g of the original sample after 10 mesh sieve
(2mm) was placed in a zip locking bag for the
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determination of pH value, and three-quarters of the sample
was used for particle size distribution. The sample sieve was
divided into four particle size segments: <62 pm, 62-100 pm,
100-150 pm, and 150-2,000 pm. The contents of organic
matter, HM, and bioaccessibility of the first three particle
size segments were determined. The above sample processing
process was strictly implemented by the relevant demands of
China agricultural industry standard “Soil Testing (TY/T 1121).”

Throughout the entire sampling and testing process,
we utilized guaranteed reagents for all chemical substances
and ultrapure water for all solutions. No metallic tools were
used, and all glassware and plastic containers underwent thor-
ough soaking in 10% (v/v) nitric acid (HNO3) for a minimum of
24 h, subsequently being rinsed multiple times with ultrapure
water prior to utilization. To guarantee the precision and
dependability of the analytical data, blank samples, duplicate
samples, and national standard reference materials (GBW GSS-
5) were incorporated into each sample batch. The deviation
between duplicate sample sets remained below 5%, and the
concentrations of the reference materials fell within the
accepted range. As a result, the analytical data adhered to
the criteria specified in the “soil environmental quality Risk
control standard for soil contamination of agricultural land
(GB 15618-2018)” and “Ambient air quality standards (GB
3095-2012).”

2.3 Geoaccumulation index method

Geoaccumulation not only mirrors the natural distribution
of HMs in soil but also indicates the influence of anthro-
pogenic activities on their accumulation. In essence, it
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2.4 Bioaccessibility-based health risk
assessment

The health risk assessment model is widely used both
domestically and internationally. In practical applications,
health risk assessment models are often associated with
different types of uncertainties. Incorporating bioaccessi-
bility into the model can effectively reduce these uncertain-
ties, thereby ensuring that the evaluation results more accu-
rately reflect the actual risk levels. The bioaccessibility of
HMs is calculated as follows:

CxV
Ghio = T @)
. Ghio
Bio = =22, 3
io G 3

where Gy, is the amount of HMs dissolved in the stomach
stage; C is the concentration of HM in simulated gastric
juice, mg/L; V is the volume of simulated gastric juice, L;
m is the amount of soil tested, kg; Bio is the bioaccessibility
of HMs in simulated stomach phase, %; C, is the total
amount of HMs in dust, mg/kg.

Risk of human exposure to HMs in road dust in QSD was
evaluated utilizing the exposure risk framework based on the
United States Environmental Protection Agency (EPA). There
are three types of human exposure to road dust: hand-oral
ingestion, respiratory inhalation, and dermal contact, and the
five HMs (Cu, Cr, Zn, Pb, and Cd) in this study all have chronic
non-carcinogenic risks, while Cr and Cd have carcinogenic
risks. The formula for calculating the average daily exposure
of HM under different exposure pathways is as follows:

Gix IngR x EF x ED _

takes into account the double effects of natural diagenesis ADDjyg = 1076, 4)
and human interventions on HM concentrations in soil BW x AT
[28,29]. The formula is provided below: _ G x InhR x EF x ED 5)
ADDinh = ~prE X BW x AT
Ilog 10g2 (Ci/kBi): (1)
_ G x SA x AF x ABS x EF x ED 6 ©)

where C; represents the measured concentration of HM i, ADDgermal = BW x AT x 107,
mg/kg; B; represents the geochemical background value of
im o . . . Ci x EF InhRhilg X EDechilg
, mg/kg; k is a coefficient applied to adjust for background LADDy, =
variations resulting from rock-forming processes, typically PET > AT BWenita o)
assigned a value of 1.5. The HM pollution degree of road 9 InhRagur ¥ EDadult]
dust is divided into seven levels, as shown in Table 1. BWaguit ’
Table 1: Pollution classification of HM
Level I I 11 v v VI VII
Igeo <0 0-1 1-2 2-3 3-4 4-5 >5

Pollution degree  Clean  Light pollution  Neutral pollution

Moderate pollution

Heavy pollution  Serious pollution  Severe pollution
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where ADDjng, ADDiyp, and ADDgermar are the daily expo-
sure amount of hand-oral ingestion, respiratory inhalation,
and dermal contact, mg/(kg day), respectively. C; represents
the concentration of HMs by different ingestion routes
(mg/kg), this study selected the maximum concentration
of HMs extracted from Simulated Gastric Fluid (SBET) as
the ingestion concentration for the health risk evaluation
across three particle size segments. The concentration of
HMs in dust particles smaller than 62 pm was used to
represent the respiratory exposure concentration, while
the maximum concentration of HMs across all three par-
ticle size segments was chosen as the ingestion exposure
concentration. IngR is the rate of dust ingestion through
hand-oral ingestion, mg/day; InhR is respiration inhalation
rate, m*/day; EF is exposure frequency, day/year; ED is the
exposure period, year; BW is the average weight, kg; AT is
the average exposure time, day; PEF is dust emission
factor, m3/kg; SA is the surface area of exposed skin, cm?
AF is the amount of skin adhesion dust, mg/(m? day); ABS is
a skin absorption factor with no dimension. For carcino-
genic effects, an individual’s total exposure in childhood
and adulthood is evenly distributed over the life cycle.
Since the US EPA only gave the carcinogenic slope factor
of the respiratory inhalation and did not give the carcino-
genic reference value of hand-oral ingestion, and dermal
contact, this study only considered the carcinogenic risk of
Cr and Cd caused by the respiratory inhalation.

The formula of non-carcinogenic and carcinogenic
risks of HMs in road dust is:

1o - ADD; .
3

HI; = ) HQ, ©)
j=1

CRi = LADDi X SE‘, (10)

where HQj is the non-carcinogenic risk of HM i under the j
exposure pathway; RfD; is the reference dose of HM i
under the j exposure pathway, mg-kg -d™%; HI; is the total
non-carcinogenic risk of HM i, CR; is the carcinogenic risk
of HM i. SF; is the carcinogenic risk slope coefficient of HM
i, kg-day'mg ™. Table S1shows details about the parameters.
When HI < 1, the non-carcinogenic risk of HMs is minimal
or can be disregarded. When HI > 1, there exists a notable
risk of non-carcinogenic effects associated with exposure
to HMs. It is generally believed that when the carcinogenic
risk is less than 107¢, the associated risk is negligible, with
no significant harm to the human body [30]. However,
studies have shown that HMs in environmental carriers
are not fully absorbed by the human body, which can
still result in potential harm [31]. Furthermore, research
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indicates that dust particles smaller than 100 ym are more
likely to be resuspended by wind, while particles smaller
than 62 pm are more readily inhaled by humans. To more
rigorously and accurately assess the health risks associated
with HMs in road dust, this study selected the maximum
concentration of HMs extracted from simulated gastric fluid
(SBET) as the ingestion concentration for the health risk
evaluation across three particle size segments. The concen-
tration of HMs in dust particles smaller than 62 um was used
to represent the respiratory exposure concentration, while
the maximum concentration of HMs across all three particle
size segments was chosen as the ingestion exposure concen-
tration. The reference doses and carcinogenic slope factors
for the HMs are provided in Table S2.

3 Results and discussion

3.1 Physicochemical properties of HM in QSD

Generally, an alkaline environment promotes the adsorp-
tion and precipitation of HMs, while an acidic environment
favors their desorption [32]. The overall pH of road dust in
QSD was alkaline, significantly exceeding the standard back-
ground pH of 6.5 for Chinese soils. The analysis also revealed
a slight increase in pH levels from summer to winter. Spe-
cifically, in summer, the pH of the dust ranged from 7.37 (S2)
to 10.73 (S22), with an average of 8.70. In winter, the pH
ranged from 7.60 (S2) to 10.73 (S7), with an average of 9.26.

In QSD, the organic matter content in road dust ranged
from 0.47 to 8.32%. Organic matter levels in winter dust were
consistently higher compared to those in summer. The average
organic matter content in summer dust samples for the three
particle size categories were 2.32% (<62 pm), 2.35% (62-100 ym),
and 1.67% (100-150 pm), respectively. In winter, the average
organic matter content in these same categories were 2.95%
(<62 pm), 2.92% (62-100 pm), and 2.41% (100-150 pm), respec-
tively. Notably, the organic matter content in the fine particles
(<62 um) during both summer and winter exceeded the back-
ground value of 2% established for China. In both spring and
autumn, the organic matter content generally decreased as
particle size increased.

3.2 Overview of HM concentrations

The statistical results for HMs content are presented in
Table S3. The spatial distribution of HMs concentrations
is presented in Figure S1. The concentrations of HMs fol-
lowed the order: Zn > Cr > Pb > Cu > Cd. However, when
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compared to their respective background values, the dust
enrichment patterns differed by season: in summer, the
order of enrichment was Zn > Pb > Cd > Cu > Cr, while
in winter, it was Cd > Zn > Pb > Cu > Cr. Notably, the
concentration of Cd across all particle sizes and the con-
centration of Pb in fine particles were significantly higher
in winter compared to summer. The Cu content in winter
dust showed a modest increase over summer levels. In
contrast, the levels of Cr and Zn in winter dust were similar
to those in the summer. Additionally, in summer, the Pb
content in larger dust particles was slightly higher than in
the finer particles.

The spatial distribution of HMs is illustrated in Figure 1.
The distribution of Cu in summer and winter was quite
different, and the distribution of Cu in three particle sizes
(<62 pum, 62-100 ym, and 100-150 ym) in summer dust was
more consistent, mainly concentrated in the western and
centra regions of QSD. In winter, Cu in dust with small
particle size (<62 pm) and medium particle size (62-100
um) was mainly located in the south and east, while Cu
in dust with large particle size (100-150 pm) was mainly
located in the north and east. In summer, Cr in dust with
small particle size dust was mainly located in the middle,
Cr in dust with medium particle size dust was mainly
located in the middle and east, and Cr in dust with large
particle size dust was mainly located in the west. The dis-
tribution of Cr in the three particle sizes of winter dust was
consistent, mainly located in the middle. The percentage of
Zn content in the three particle sizes in summer dust
exceeded the secondary standard (300 mg/kg) was 66.7,
48.1, and 33.3%, respectively. In the three particle sizes of
winter dust, the percentage of Zn content exceeding the
secondary standard (300 mg/kg) were 74.1, 51.9, and 37.1%,
respectively. In the dust with small particle size, Pb was
mainly located in the north and south, while in the dust
with large size and medium particle size, Pb was mainly
located in the north and west. The distribution of Pb in
the three particle sizes of dust in winter was consistent,
mainly located in the south. In addition, Pb in dust with
small particle size at all sampling sites exceeded the sec-
ondary standard (100 mg/kg) in summer. In summer, the
areas of Cd in small particle size dust that exceeded the
secondary standard (0.6 mg/kg) were S2 (1.975 mg/kg) and
S19 (0.636 mg/kg). In large particle size dust, the areas of
Cd exceeded the secondary standard (0.6 mg/kg) were
S2 (1.271 mg/kg), S19 (1.105 mg/kg), and S26 (0.639 mg/kg).
The proportion of Pb exceeding the secondary standard
(100 mg/kg) in dust with medium particle size was 40.7%.
In the three particle size segments of winter dust, the per-
centage of Cd content exceeding the secondary standard
(0.6 mg/kg) was 96.3, 85.2, and 40.7%.
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The geoaccumulation index of HMs was calculated and
classified using Formula 1, with the results presented in
Table S4. Except for Cr, all HMs in the road dust of QSD
exhibited varying degrees of pollution. The extent of HM
contamination in the dust was generally more pronounced
during winter than in summer. Furthermore, a negative
correlation was observed between particle size and the
severity of HM pollution: finer road dust particles were
associated with higher levels of contamination. In terms
of pollution levels, the order of HM contamination in QSD
road dust was Zn > Pb > Cd > Cu > Cr in summer, and Cd >
Zn > Pb > Cu > Cr in winter.

3.3 Bioaccessibility of HMs

The bioaccessibility contents of HMs are shown in Table 2.
The average bioaccessibility of Cu was higher in winter
than in summer, and a positive correlation was observed
between bioaccessibility and decreasing dust particle size.
Similarly, the average bioaccessibility of Cr was also higher
in winter. The mean bioaccessibility of Zn in winter and
summer was similar.

The mean bioaccessibility of Pb with small particle size
(<62 pm) and large particle size (100-150 pm) exhibited
notable elevations in winter compared to summer, and
the mean bioaccessibility of Pb in middle particle size
(62-100 pm) in winter and summer was similar. In summer,
the bioaccessibility of HMs in dust was Zn > Cu > Pb > Cd >
Cr, and in winter, the bioaccessibility of HMs in dust was
Cu>Cd>Zn>Pb>Cr.

3.4 Bioaccessibility-based improved
health risk

In this study, the maximum concentration of HMs extracted
from simulated gastric juice (SBET) in three particle sizes
was designated as the intake concentration. The HM concen-
tration in small particle size (<62 um) was chosen as the
respiratory concentration, and the maximum concentration
of HMs in three particle sizes was considered as the intake
concentration. The Bioaccessibility-based health risk value
of HM was calculated and is detailed in Table S5.

3.4.1 Spatial distribution of non-carcinogenic risk

The geographical dispersion of the total non-carcinogenic
risk of HMs was illustrated in Figure 2. The average non-
carcinogenic risk associated with each HM fell below 1,
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Table 2: Bioaccessibility ratio of road dust in QSD (%)
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HM Partical size Summer Winter
MIN MAX MEAN SD cv MIN MAX MEAN SD cv
Cu <62 10.49 51.43 32.72 11.46 35.03 33.50 88.86 60.66 14.19 23.38
62-100 13.67 86.0 34.23 16.07 46.95 21.38 71.30 46.54 13.57 29.16
100-150 7.0 84.09 28.97 19.97 68.93 9.29 92.79 39.52 19.00 48.08
Cr <62 1.03 14.19 4.54 2.88 63.40 7.96 25.07 15.65 5.1 32.66
62-100 137 12.49 5.89 3.43 58.15 3.49 23.00 12.44 4,95 39.81
100-150 1.66 17.60 7.03 3.86 54.87 5.20 36.50 13.59 8.13 59.87
Zn <62 19.66 71.87 53.98 12.35 22.88 28.85 60.11 49.26 9.24 18.76
62-100 2111 86.49 51.50 16.40 31.85 26.86 62.10 45.29 9.02 19.91
100-150 24.29 76.79 52.82 14.03 26.56 25.54 70.14 4419 10.79 24.42
Pb <62 6.75 32.29 12.87 5.77 44.80 13.32 70.02 38.76 18.99 48.99
62-100 12.30 64.88 31.54 11.19 35.50 19.48 70.25 37.28 14.43 38.70
100-150 6.08 51.31 19.66 11.45 58.21 10.15 69.50 36.52 14.90 40.79
Cd <62 5.64 46.97 22.16 10.90 49.19 12.39 86.07 56.34 21.85 38.77
62-100 9.04 27.55 17.14 5.54 32.35 10.34 84.75 49.67 17.28 34.79
100-150 3.50 35.88 12.43 6.54 52.63 16.52 82.02 45.01 17.15 38.1

signifying the overall non-carcinogenic level of each HM
was low, which was like the results of another study [33].
The primary route of non-carcinogenic exposure to each
HM was ingestion, surpassing dermal contact and respira-
tory inhalation, emphasizing the significance of ingestion
as the dominant non-carcinogenic exposure pathway for
HMs. In addition, the cumulative non-carcinogenic risk of
HMs was notably elevated in children. The risk contribu-
tion rate of HMs in children was Pb (46.85%) > Cr (43.83%) >
Zn (3.61%) > Cu (3.11%) > Cd (2.60%). The risk of HMs in
adults was Cr (52.47%) > Pb (39.43%) > Zn (2.95%) > Cd
(2.63%) > Cu (2.51%), indicating that Cr and Pb exerted a
more pronounced non-carcinogenic impact on human. The
non-carcinogenic effects of Cu were widespread, mainly
affecting the western, central, and northern parts. The
non-carcinogenic effects of Cr were mainly concentrated
in the central and northern parts. The non-carcinogenic
effects of Zn and Pb were mainly concentrated in the
southern part, with some effects in the eastern part. The

Figure 2: Spatial distribution of total non-carcinogenic risk of HMs in QSD.

non-carcinogenic effects of Cd were mainly located in the
south and have some effects in the west.

3.4.2 Spatial distribution of carcinogenic risk

The distribution of carcinogenic risk is shown in Figure 3.
The carcinogenic risk associated with Cr and Cd ranged
from 3.39 x 1077 to 1.31 x 107° and from 3.35 x 107? to 1.09
x 1079, respectively. The mean carcinogenic risks for Cr and
Cd were 5.87 x 1077 and 5.31 x 107, respectively, indicating
that Cd in QSD did not pose a significant carcinogenic risk.
However, the carcinogenic risk of Cr exceeded 107¢ at cer-
tain points, suggesting a significant carcinogenic risk at
these locations. Notably, significant carcinogenic risks for
Cr were observed at the S16 (1.13 x 1075) and S22 (1.31 x 10°%)
points. The carcinogenic risks for Cr were primarily con-
centrated in the central and eastern regions, while those
for Cd were mostly located in the western and northern
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regions. The variation coefficients for the carcinogenic risk
values of Cr and Cd were 40.39 and 38.67%, respectively,
indicating moderate variability, which suggests they are
influenced by certain human activities.

Compared to classical health risk assessments, which
only consider the carcinogenic risks of HMs through the
respiratory pathway, the improved health risk assessment
method in this study considers the concentration of HMs in
particles with a size of less than 62 um. In classical health
risk assessments, the exposure concentration is based on
the average amount of HMs in the environment. In con-
trast, the improved assessment method focuses on the con-
centration of HMs in fine particles (<62 um), which are
more likely to be inhaled and thus pose a greater health
risk. Previous studies [34] have shown that the HM content
in street dust is inversely correlated with dust particle size.
Therefore, when evaluating the carcinogenic risk of HMs in
street dust, the classical risk assessment tends to under-
estimate the actual risk, as it does not account for the
higher concentrations of HMs in finer, inhalable particles.
From some published studies home and aboard, classical
risk assessments based solely on the total concentration of
HMs tend to be overly conservative [35]. Ma et al. [36]
compared the bioaccessibility of HMs in dust and soil in
Lanzhou City and found that, during the stomach phase,
the bioaccessibility of HMs was higher in both dust and soil
compared to the intestinal phase. Additionally, the bioac-
cessibility of HMs in dust and soil during the stomach
phase was greater than that in the topsoil. Both Huang
[37] and Wu’s [38] studies showed that the traditional
risk assessment may lead to a higher risk value.

3.4.3 Priority control of HMs and regions

Compared with the background values of each element, the
orders of dust enrichment capacity in summer and winter
were Zn > Pb > Cd > Cu > Cr and Cd > Zn > Pb > Cu > Cr. For
Cu, the priority control areas in summer were S11, S21, and

CR-Cr
o Bz 1 31ED6

Lew.3.30E.07

Figure 3: Spatial distribution of Carcinogenic risk of Cr and Cd in QSD.
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$23, and in winter were S4 and S19. For Cr, the priority
control areas in summer were S4, S11, S21, S22, and S23, and
in winter was S16. The HM concentration and the relative
enrichment degree of Zn were high, and Zn should be
strictly controlled except for a few points. In summer,
the concentration levels of Pb surpassed those observed
in winter, and Pb in small particle size of all the sampling
points in summer exceeds the national secondary stan-
dard. The priority control areas of Pb in winter were S6,
$11, S12, S15, S16, S19, S20, S23, and S26. For Cd, the priority
control areas in summer were S2, S4, S8, S11, S12, S14, S15,
$18, S19, S20, S21, and S26. In winter, the concentration and
the relative enrichment degree of Cd were high, except for
S22. The Cd of all sampling points exceeded the national sec-
ondary standard. In summary, compared with the national
secondary standard, Zn, Pb, and Cd were the priority HMs,
and there were cases of exceeding the standard in the whole
QSD. Based on the geo-accumulation index analysis, Zn, Pb,
and Cd were the priority HMs. The health risk assessment
pinpointed Cr and Pb as the priorities for control measures,
and the priority control areas were concentrated in S16, S19,
S21, S22, and S26.

3.5 Source apportionment of HMs
3.5.1 Correlation analysis of HMs in road dust

SPSS software was used to calculate the Pearson correla-
tion coefficient of HM, and the results are shown in Table 3.

At the level of 0.01, a notable association was observed
between Cu, Zn, and Pb, as well as among Cu, Zn, and Cd,
suggesting a commonality in their pollution sources or the
presence of combined pollution that involves these HMs,
which was like the study of Chai et al. [39]. If there was a
correlation between Cr and Zn and Pb, but no correlation
with Cu and Cd, it indicated that the source of Cr may be
distinct from that of the other elements.

aAr
CR-Cd

gk . LOPEDD K-S

Lew. 3.35E.10
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Table 3: Pearson correlation coefficient of HM
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Table 4: Main results of HM PCA in QSD

HM Cu Cr Zn Pb cd
Cu 1

Cr 0.122 1

Zn 0.339** 0.171* 1

Pb 0.286** 0.181* 0.444** 1

Cd 0.308** 0.042 0.495** 0.140 1

*p < 0.05; **p < 0.01.

3.5.2 Principal component analysis (PCA) of HMs in
road dust

PCA serves as an effective method for diminishing the
extensive overlap of information between variables while
maintaining minimal loss of data integrity, within the con-
fines of a reduced, high-dimensional variable space. This
technique has been widely used. The Kaiser-Meyer-Olkin
(KMO) test serves as a prerequisite for conducting PCA,
with a KMO statistic below 0.5 suggesting unsuitability
for PCA application. In this study, a KMO test value of
0.634 was obtained, validating the appropriateness for
PCA, and the ensuing PCA results are presented in Table 4.

The results of PCA showed that principal components with
two eigenvalues greater than 1 contributed 61.87% of the total
variables, signifying that these two principal components could
encapsulate the majority of the information of the whole data.
Principal component 1 contributed 41.703% and principal com-
ponent 2 contributed 20.167% of the total variable. Principal
component 1 consisted of Cu, Zn, Ph, and Cd, and their load on
principal component 1 were 0.655, 0.826, 0.652, and 0.660,
respectively. Principal component 2 contained Cr, and its
load on principal component 2 was 0.803. Principal component
1 was mainly influenced by human sources, while principal
component 2 was mainly from natural sources.

3.5.3 Cluster analysis of HMs in road dust

SPSS was used for hierarchical clustering analysis (CA) of
HM data, and the results are shown in Figure 4. Cr and
other HMs were clustered into a class at a distance of 25, so
HMs can be divided into two categories, the first category
included Cu, Zn, Ph, and Cd, these four HMs had a strong
correlation, especially Zn and Cd. The second category was
Cr, its correlation with other elements was very weak. The
results of hierarchical CA were like those of correlation
analysis and PCA.

Cu concentration in street dust within QSD was highest
in the western region, where the traffic network is more

Project First principal Second principal
component component

Characteristic value 2.09 1.01

Rate of 41.70 20.17

contribution (%)

Cumulative 41.70 61.88

contribution rate (%)

Cu 0.66 -0.09

Cr 0.34 0.80

Zn 0.83 -0.11

Pb 0.65 0.31

Cd 0.66 -0.50

developed, and traffic flow is significant. It is hypothesized
that the Cu primarily originates from automobile exhaust
emissions, the corrosion of vehicle metal parts, and brake
material wear. The distribution of Zn in the street dust was
more widespread, with higher concentrations in the west,
again linked to the high traffic density, and possibly influ-
enced by automobile exhaust, tire wear, and aging. In the
eastern part of QSD, which is more industrialized and
experiences frequent large truck traffic, Zn levels may be
associated with tire and body wear from heavy vehicles. Pb
contamination in the street dust indicated combined pollu-
tion sources from both traffic and industrial activities. The
unusually high Pb concentrations around sampling points S17
and S19 can be attributed to nearby industrial facilities, such
as the Qingshan Shipyard of China Long Hang Shipbuilding
Industry Corporation, along with surrounding petrochemical,
mechanical, and building material companies, as well as
railway systems. Cd concentrations were notably high at

Zn 3

Cd 5]

Pb

Cr 2

Figure 4: CA of HM levels.
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sampling points S2 and S19. S2 is located near a school with a
high number of students, a busy bus stop, and surrounding
commercial areas, which contribute to increased traffic. S19 is
situated near a railway, overhead structures, and a heavily
trafficked area, with a concentration of mechanical and elec-
trical companies, and steel manufacturing facilities. It is thus
speculated that Cd pollution in the street dust of QSD arises
primarily from automobile exhaust, tire wear, and industrial
activities. Cr concentrations in street dust were relatively low
compared to background levels, and there was little seasonal
variation between summer and winter, suggesting that Cr in
the district’s street dust was predominantly from natural
sources. However, higher concentrations at specific points,
such as S16 and S21, may be influenced by industrial emis-
sions, particularly from nearby Wuhan Iron and Steel Group.
Overall, the findings indicated that Cr in the street dust of
QSD originates from a combination of steel industry emis-
sions and natural sources. Therefore, according to the com-
prehensive analysis of Pearson correlation analysis, PCA and
CA, Cu-Zn-Pb-Cd mainly came from the combined pollution of
traffic and industry, and Cr came from the pollution of the
steel industry and natural sources.

4 Conclusion

The study investigated the content levels, seasonal varia-
tions, and spatial distribution characteristics of HMs in
road dust in QSD, while assessing potential health risks
associated with these metals using a bioaccessibility-based
health risk assessment method. The results revealed that Cd
exceeded safety limits more significantly in both summer
and winter, with its concentration patterns showing greater
consistency, primarily in the western and southern regions.
HM pollution (excluding Cr) varied in intensity, with higher
pollution levels observed in winter. Overall, the extent of
HM contamination was inversely related to the particle size
of the road dust. The Cu-Zn-Pb-Cd pollution was mainly
attributed to the combined influence of traffic emissions
and industrial activities, while Cr pollution stemmed pri-
marily from the iron and steel industry as well as natural
sources. Based on these findings, several targeted risk con-
trol measures were proposed: (1) accelerating the industrial
transformation of QSD by fostering clean, energy-efficient,
and low-emission emerging industries; (2) enhancing source
control and pollutant discharge regulations; (3) establishing
a comprehensive environmental health risk monitoring
system; and (4) promoting environmental and health educa-
tion, strengthening information transparency, and increasing
public engagement. Furthermore, given the close relationship

DE GRUYTER

between dust, soil, and atmospheric particles, the migration
and transformation of HMs in urban street dust warrants
further investigation.
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