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Abstract: The spatial distribution and seasonal variation in heavy metal pollution in road dust in
Liuzhou, China, were investigated. Road dust samples were collected during both drought and wet
periods, and the concentrations of nine heavy metals—Cr, Ni, Cu, Pb, Zn, Cd, As, Sb, and Hg—were
analyzed. The analysis showed that all nine heavy metals were higher than the background values of
Chinese urban soils in both the drought and wet periods, and the mean heavy metal contents of road
dust in the dry period were higher than those in the wet period, except for Cd. In the assessment of
the pollution of heavy metals in road dust, the results of Igeo showed that Cd and Hg were significant;
the results of NI showed that Cr and Ni were more significant. The spatial analysis shows that
the industrial concentration areas in the north and west of Liuzhou City are concentration areas
of heavy metal pollution. A Pearson correlation analysis showed high correlation between Cd in
road dust heavy metals and Cd in the surrounding soil. Source identification via PCA revealed
four main contributors: metallurgical and coal-fired industries, mechanical manufacturing, green
belt maintenance, and waste treatment facilities. A quantitative analysis via APCS-MLR modeling
confirmed that metallurgical and coal-fired industrial sources are the most widespread and important
pollution sources in Liuzhou. There is a significant increase in the contribution of waste treatment
sources to Hg contamination during wet periods.
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1. Introduction

In recent decades, with the acceleration in industrialization and the continuous ex-
pansion of urbanization in China, the development of industrial cities has become a key
driver of national economic growth [1]. However, this rapid development has also resulted
in numerous environmental issues, with heavy metal pollution in road dust of particular
concern [2,3]. Road dust, which is a distinct urban environmental component, functions
as both a sink and a source of pollutants [4] and serves as a vital connection between the
atmosphere, soil, and water [5,6]. Road dust refers to fine particulate matter suspended
in air as a result of various factors, including human activities, transportation, and con-
struction in urban environments [7,8]. These particles include but are not limited to soil
particles, construction material debris, vehicle exhaust particles, industrial emissions, plant
pollen, and atmospheric aerosols, with sizes ranging from a few micrometers to several
tens of micrometers [9–11]. Heavy metals in these particles can enter the human body via
inhalation, ingestion, and skin contact, where they can accumulate in various organs and
tissues [12,13]. This accumulation can cause severe damage to the nervous, hematopoietic,
renal, and reproductive systems, leading to acute or chronic diseases, including cancer, and
even death, thus posing a serious threat to human health [14,15].

Heavy metal pollution in road dust is influenced by various sources, including in-
dustrial, residential, traffic-related, and natural sources, with industrial pollution as the
most significant contributor [16]. In cities where heavy industry plays a dominant role
in the economy, emissions resulting from industrial activities profoundly impact heavy
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metal pollution in road dust [17]. Major sources include emissions originating from metal
smelting plants, forging mills, and steel mills, as well as smoke resulting from coal and
oil combustion [18,19]. For example, in metallurgical, metal pickling, and electroplating
processes, Cu, as a primary component of fossil fuels and lubricants, can be released into
road dust [20]; industrial fumes generated during metallurgical and refining processes can
lead to Cd, Cu, and Zn pollution [21]; and Sb, which is widely applied in metal alloys
and solders, may be enriched in road dust due to its extensive use in the electronics and
machinery industries [22]. Additionally, emissions originating from the electronics, paper,
and pharmaceutical industries and fuel combustion contribute to the accumulation of As,
Cr, Fe, and Hg in urban environments [4].

Urban transportation emissions are also a significant source of pollution. In the
20th century, the use of leaded gasoline resulted in severe Pb contamination in soils and
surface dust in cities [23]. With the ban on leaded gasoline [24], the contribution of exhaust
emissions to urban heavy metal pollution has markedly decreased, and noncombustion
emissions have become an important source of Pb and other heavy metals [25]. Traffic-
related noncombustion heavy metal pollution is concentrated in areas with high traffic
density levels and is closely related to traffic flow, braking behavior, and proximity to
intersections [26,27]. The primary sources include brake wear, corrosion and wear of
vehicle components, leakage of lubricating oil, wear of road markings, and road surface
abrasion [28]. In 2022, the number of Motor Vehicles in Liuzhou City was 1,330,500, of
which the number of automobiles has exceeded 1,000,000; compared with 2012, the number
of automobiles in Liuzhou City has increased by 786,000 during the 10-year period, an
increase of 3.68 times (www.liuzhou.gov.cn). Urban soil is another important source of
heavy metal pollution in road dust [29]. Owing to the bioaccumulative and persistent
nature of heavy metals, they can enter urban soils via various pathways and remain
for extended periods [30]. Anthropogenic activities such as industrial emissions, traffic
pollution, construction, and waste management contribute to the accumulation of heavy
metals in soil [31]. Heavy metals in soil can be resuspended in air due to wind erosion or
vehicle movement, contributing to pollution in road dust [32]. Additionally, rainfall can
lead to the runoff of heavy metals from soil into road dust [13,33]. Pesticides, fertilizers,
and other chemicals encountered in urban soils, particularly in green spaces and areas with
frequent agricultural activities, often contain heavy metals such as Cd and Pb, rendering
these areas key sources of road dust pollution [34].

Liuzhou, which is a significant industrial city in China, is renowned for its long
industrial history and abundant resources (www.liuzhou.gov.cn). One major initiative
was the Liuzhou Environment Management Project (www.worldbank.org), which was
supported by the World Bank from 2005 to 2011 and focused on increasing wastewater
treatment, pollution control, and solid waste management. Despite the increasing focus
on heavy metal pollution in urban environments [35,36], there remains a notable gap in
understanding the seasonal variability in heavy metal concentrations and their sources
in industrial cities such as Liuzhou [37]. Existing studies have focused primarily on
static measurements without accounting for the fluctuations due to seasonal changes,
which can significantly influence pollution patterns [38]. Additionally, while many studies
have revealed general pollution sources, the application of advanced statistical models to
precisely quantify such sources remains limited [39,40].

This study aimed to bridge these gaps by investigating the spatial and temporal
variations in heavy metal pollution in road dust across different seasons, thereby utilizing
advanced statistical techniques such as principal component analysis (PCA) and APCS-
MLR modeling to identify and quantify the contributions of various pollution sources.
By comprehensively applying numerical statistical analysis, pollution evaluation, spatial
distribution determination, correlation analysis, PCA, and APCS-MLR modeling, this
research aimed to determine the following: (1) the spatial and temporal variations and
pollution levels of heavy metals in road dust; (2) the sources of heavy metal pollution in
road dust; and (3) the seasonal changes in the contribution rates of pollution sources.

www.liuzhou.gov.cn
www.liuzhou.gov.cn
www.worldbank.org


Sustainability 2024, 16, 10051 3 of 18

2. Materials and Methods
2.1. Study Area

Liuzhou city is located in the northern–central part of the Guangxi Zhuang Au-
tonomous Region and serves as an important transportation hub connecting South China,
Central China, and Southwest China. It is situated at the intersection of the Xiang-Gui, Qian-
Gui, and Zhi-Liu railways, with geographic coordinates ranging from 108◦32′ to 110◦28′ E
longitude and 23◦54′ to 26◦03′ N latitude. Liuzhou exhibits a subtropical monsoon climate
characterized by warm and humid conditions. Rainfall is concentrated between April
and August each year, accounting for approximately 70% of the total annual precipitation.
The average annual rainfall ranges from 1500 to 1600 mm, with the extreme annual rainfall
reaching up to 2026.5 mm (www.liuzhou.gov.cn). The seasonal distribution of rainfall
significantly influences the dispersion and accumulation of heavy metal pollution in road
dust in Liuzhou city [41,42].

2.2. Sample Collection

In this study, the sample size was chosen to align with the practical constraints of the
study area and the available resources for sample collection and analysis. The systematic
sampling method [43] employed across 160 grids of 1.5 km × 1.5 km in Liuzhou ensured
comprehensive coverage of the urban area. This approach allows for a detailed examination
of the spatial distribution of pollutants and provides a robust dataset for the subsequent
statistical analysis. Samples (Figure 1), including road dust and soil samples, were collected
during the drought period (November 2022) and the wet period (May 2023). Road dust
was collected after seven consecutive days without rain, with approximately 5 g of dust
collected at each site. Soil samples were collected within 30 m of the dust sampling sites in
green belts at a sampling depth of 1020 cm, with approximately 1 kg of soil collected at
each site. All the samples were stored in refrigerated containers and promptly transported
to the laboratory for further analysis to ensure their freshness and reliability.
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2.3. Chemical Analysis

The methods used to preprocess the road dust and soil samples included natural air
drying, debris removal, grinding, and sieving. All the samples were subjected to acid
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digestion via a graphite digestion instrument. The final volume was adjusted to 50 mL, and
the samples were stored for analysis. Heavy metals were measured via atomic absorption
spectrometry (ICP-AAS) for Cr, Ni, Cu, Pb, Zn, and Cd; via atomic fluorescence spectrom-
etry (ICP-AFS) for As and Sb; and via an RA-915M LUMEX mercury analyzer (LUMEX
instruments, Mission, BC, Canada) for Hg. During the measurements, the operational
conditions (e.g., wavelength and flame temperature) were strictly controlled. Standard
samples were used for calibration before each measurement, with parallel measurements
conducted to ensure data accuracy. For quality control, national standard soil samples
(GSS-8) were employed, and blank and parallel samples were inserted to monitor the
experimental errors. The recovery rates for all the measured elements were above 85%, and
the relative standard errors were smaller than 5%.

2.4. Road Dust Pollution Assessment
2.4.1. Geological Accumulation Index Method

The geological accumulation index (Igeo) method, first proposed by Muller [44], is a
commonly employed metric for assessing the degree of heavy metal pollution in road dust.
This method can be used to quantify the accumulation level and degree of heavy metal
pollution via the calculation of the logarithmic ratio between the concentration of heavy
metals in road dust and the geochemical background value [45]. Igeo can be calculated as
follows [46]:

Igeo= log2

(
Cn

K × Bn

)
(1)

where Cn denotes the measured concentration of heavy metals in the soil or road dust
samples, Bn denotes the geochemical background value of the heavy metal, and K denotes
the correction factor for the geochemical background matrix. In this study, national ur-
ban soil background values were selected as background values for Igeo calculation [47].
Moreover, the K value was set to 1.5, which is commonly considered in such evaluations in
China [34]. On the basis of the calculation results, the pollution level determined via Igeo
can be divided into four categories: nonpollution, light pollution, moderate pollution, and
heavy pollution.

2.4.2. Nemerow Pollution Index Assessment

The Nemerow composite pollution index (NI) can be used to comprehensively assess
the heavy metal content in road dust. This method aims to provide pollution index values
for multiple heavy metal elements, accounting for both extreme and average values [48,49].
The NI can more comprehensively reflect the pollution status of road dust [50]. The Ni can
be calculated as follows [51]:

Fi =
Si

Bi
(2)

NI =

√
F2

max+F2
ave

2
(3)

where Fi is the pollution index of a given heavy metal element, Si is the measured concen-
tration of the heavy metal, and Bi is the standard value of the heavy metal concentration,
with reference to the risk screening values in GB36600-2018 [52]. Moreover, Fmax is the
maximum value among the single-factor indices of all heavy metals, and Fave is the aver-
age value of the single-factor indices of all heavy metals. On the basis of the NI results,
the pollution level can be categorized into four categories: nonpollution, light pollution,
moderate pollution, and heavy pollution.

2.5. Source Analysis of Road Dust Pollution
2.5.1. Spatial Distribution Characteristics of Road Dust

To analyze the spatial distribution characteristics of heavy metals in road dust in Liuzhou
city, kriging interpolation was employed to spatially interpolate the heavy metal concentration
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data collected during the drought and wet periods. Contour maps of heavy metal concentra-
tions were generated via Surfer 15 software. Kriging interpolation is a widely used spatial
interpolation method based on regionalized variable theory [53], which can be used to effec-
tively estimate the concentrations of heavy metals at unsampled locations [54]. The created
contour maps show the spatial distribution of heavy metals across the study area, helping to
identify potential pollution hotspots and pollution dispersion patterns.

2.5.2. Correlation Analysis Between Road Dust and Soil

A Pearson correlation analysis was used to explore the relationships between the
heavy metal concentrations in road dust and the surrounding soil. Pearson correlation
analysis is a statistical method that aims to measure the linear relationship between two
variables, with the correlation coefficient r ranging from −1 to 1. Values closer to 1 or −1
indicate a stronger linear relationship [55]. A correlation analysis was performed via IBM
SPSS Statistics 27 software, and the results helped determine whether road dust and soil
shared common pollution sources [56]. This analysis is crucial for identifying the extent
to which heavy metals in the surrounding soil contribute to the levels of heavy metals
measured in road dust.

2.5.3. Principal Component Analysis (PCA) to Analyze Pollution Sources

PCA was applied to analyze the relationships between the different heavy metal
elements in road dust. PCA is a statistical technique that aims to reduce the dimensionality
of a given dataset by transforming correlated variables into a smaller set of uncorrelated
variables, referred to as principal components. This method is particularly useful for
identifying potential pollution sources [57]. The principal component analysis of heavy
metals in road dust is preceded by the Kaiser-Meyer-Olkin (KMO) test and Bartlett’s
sphericity test; the KMO sampling adequacy quantities need to be greater than the test
requirement of 0.5, and the Bartlett’s sphericity test significance requirement is less than
0.005 [58].

In this study, PCA was employed to analyze the data for heavy metals in road dust,
with the goal of identifying the common pollution sources. The covariance or correlation
matrix was calculated to determine the relationships between the heavy metal concen-
trations. Eigenvalues and eigenvectors were obtained, with the eigenvalues representing
the variance explained by each principal component and the eigenvectors indicating the
direction of each component. The principal components are linear combinations of the
original heavy metal concentrations and provide insights into common pollution sources
among the different heavy metals [59,60]. The principal component score can be calculated
as follows:

Zi = ∑n
j=1 eijxj (4)

where Zi is the score of the i-th principal component, eij is an element of the eigenvector,
and xj is the observation of the original variable. By analyzing these scores, the contribu-
tions of major pollution sources to the measured heavy metal concentrations in road dust
were determined.

2.5.4. APCS-MLR Model Analysis to Quantify Pollution Source Contributions

The APCS-MLR model represents the combination of PCA and multiple linear regres-
sion (MLR) and can be used to quantify the contributions of different pollution sources to
the measured heavy metal concentrations in road dust [61]. First, major pollution source
factors were extracted via PCA, and the absolute principal component scores (APCSs) for
each sample were calculated. The APCS can be calculated as follows:

APCS = Zi − Z0i (5)
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where Zi is the principal component score of sample i and Zi0 is the principal component
score of a zero-concentration sample. Z0i can be calculated as follows:

Zi0 =
0 − Ci

σi
= −Ci

σi
(6)

Next, MLR was applied with the APCS as the independent variable and the heavy
metal concentration as the dependent variable to establish a regression model for quanti-
fying the contribution of each pollution source to the concentration of each heavy metal.
The MLR regression equation can be expressed as follows:

Ci= bi0 + ∑P
P=1(bPi×APCSP) (7)

where Ci is the predicted concentration of a given heavy metal in sample i, bi0 is the
regression constant, bPi is the regression coefficient, and APCSP is the absolute principal
component score of factor P. By analyzing the regression coefficients, the contribution
of each pollution source to the measured heavy metal concentrations in road dust was
quantified [59,62].

3. Results and Discussion
3.1. Characterization of the Concentrations of Heavy Metal Elements in Road Dust

The results of the statistical analysis of the heavy metals (Cr, Ni, Cu, Pb, Zn, Cd, As, Sb,
and Hg) in road dust and the surrounding soil in Liuzhou city are summarized in Table 1.
During the drought period, the concentrations of heavy metals indicated the descending
order of Zn > Pb > Cu > Cr > Ni > As > Sb > Cd > Hg. The average concentration
of Zn was approximately 4.9 times greater than the national soil background value of
71.00 mg/kg, that of Pb was approximately 9.8 times greater than the background value of
28.00 mg/kg, and that of Cu was approximately 12.7 times greater than the background
value of 20.00 mg/kg, indicating relatively severe pollution. In contrast, although the
average Cd and Hg concentrations were relatively low, they were still 10 and 30 times
higher, respectively, than the background value of 0.08 mg/kg. The coefficients of variation
of Cd, Hg, and As were 205.26%, 140.25%, and 112.90%, respectively, which were all
exceeding 100%, indicating that these metals exhibited a wide distribution range and
possible significant pollution sources in certain areas [63].

During the wet period (Table 1), the concentrations of heavy metals followed the order
of Zn > Pb > Cr > Cu > Ni > As > Sb > Cd > Hg. Although the concentrations of most
heavy metals decreased during the wet period, the Pb and Zn pollution levels remained
high, at 7.5 and 3.3 times the background values, respectively. The average Cd and Hg
concentrations were 10.6 and 14.5 times greater, respectively, than the background values,
with coefficients of variation of 27.86% and 184.34%, respectively. The high coefficients
of variation of Hg and Ni (both exceeding 100%) suggest that the distributions of these
heavy metals varied significantly across the different sampling sites, likely because of the
environmental conditions during the wet period, which may have exacerbated the spatial
heterogeneity in pollution [17,64].

In the surrounding soil (Table 1), the concentrations of heavy metals followed the
order of Pb > Ni > Zn > Cu > Cr > As > Sb > Cd > Hg. The average Cd concentration
was 14.5 times greater than the national soil background value, that of As was 6.35 times
greater than the national soil background value, and that of Ni was 4.3 times greater
than the national soil background value. The concentrations of these heavy metals in
the surrounding soil were considerably higher than those in road dust during both the
drought and wet periods, suggesting that the high Cd, As, and Ni levels in road dust may
be influenced by the surrounding soil.

A comparison of the heavy metal contents in road dust and soil across the different
periods (Table 1) revealed that seasonal climate changes significantly impacted the distribu-
tion of heavy metals in road dust. Increased rainfall during the wet period led to a general
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decrease in the heavy metal content in road dust, whereas the decrease in rainfall during
the drought period resulted in the accumulation of these elements in road dust, causing
a significant increase in their concentrations. Despite the lower average concentrations
during the wet period, Hg maintained a high coefficient of variation, indicating that Hg was
influenced by specific pollution sources that were independent of seasonal environmental
changes. In the surrounding soil, the contents of heavy metals such as Cd, As, and Ni
were significantly greater than those in road dust, indicating that these elements may be
influenced primarily by the soil itself, whereas other elements such as Cr, Cu, Zn, and Hg
likely originated from additional pollution sources.

Table 1. Descriptive statistics of heavy metals in road dust and surrounding soil in Liuzhou city (mg kg−1).

Sample Cr Ni Cu Pb Zn Cd As Sb Hg

D
ro

ug
ht

pe
ri

od
(n

=
16

0)

Minimum 26.54 25.84 31.82 68.82 87.18 0.11 8.36 3.82 0.03
Maximum 580.67 346.99 1879.00 814.36 1437.71 20.69 259.22 147.27 5.76
Mean 129.16 58.05 254.40 274.69 346.63 0.80 31.80 23.29 0.60
Standard deviation 88.84 46.88 236.94 136.18 194.21 1.65 35.90 21.55 0.84
Coefficient of variation (%) 68.78 80.76 93.14 49.58 56.03 205.26 112.90 92.53 140.25

W
et

pe
ri

od
(n

=
16

0)

Minimum 9.67 1.73 6.11 0.81 7.35 0.60 0.66 0.02 0.01
Maximum 564.34 384.55 688.88 587.61 969.84 2.81 55.62 10.30 4.48
Mean 117.63 45.45 104.30 210.87 235.02 0.85 25.26 2.49 0.29
Standard deviation 74.25 47.76 74.52 109.94 147.31 0.24 11.23 1.66 0.54
Coefficient of variation (%) 63.12 105.08 71.45 52.14 62.68 27.86 44.44 66.50 184.34

Surrounding soil mean (n = 160) 42.94 123.76 91.49 269.15 120.40 1.16 107.93 12.45 0.28
Soil background of China * 70.00 29.00 20.00 28.00 71.00 0.08 17.00 1.40 0.02

* Geochemical background and baseline values of chemical elements in urban soil in China [47].

3.2. Assessment of Heavy Metal Pollution

The Igeo values for the nine heavy metals in road dust during both the drought and
wet periods in Liuzhou city were calculated and are shown in Figure 2a. The results
revealed that the mean Igeo values for Cr, Ni, and As during both periods were close to
the nonpollution threshold. The minimum Igeo values for these metals fell within the
nonpolluted category, while their maximum values reached the light to moderate pollution
levels. This indicates that the pollution levels of these three heavy metals were relatively
low, with minimal seasonal influences. The variation in the Igeo values between the drought
and wet periods was low, suggesting that the release of these metals was less affected by
seasonal fluctuations. However, the mean Igeo values for Cu, Pb, Cd, Sb, and Hg (except
for Cu and Sb during the wet period) reached the moderate pollution level. The maximum
Igeo values for Cu, Cd, Sb, and Hg during the drought period reached the severe pollution
level. Cd and Hg also exhibited high pollution levels during the wet period, indicating
that these two metals may have been influenced by long-term, stable pollution sources in
the study area. Significant seasonal variation in Igeo was observed for Cu, Pb, Zn, Cd, Sb,
and Hg, with notable differences between the two periods. Except for Cd, the Igeo values
for these heavy metals during the wet period were significantly lower than those during
the drought period, suggesting that rainfall during the wet period alleviated pollution.
In contrast, the mean Igeo value for Cd was greater during the wet period than during
the drought period, indicating that Cd accumulates more easily under wet environmental
conditions, further highlighting the unique nature of Cd pollution sources.

The NI values for the nine heavy metals in road dust during the drought and wet
periods in Liuzhou city are shown in Figure 2b. The results indicated that the NI values for
Cu, Zn, Cd, and Hg remained at the nonpolluted level during both periods, suggesting
relatively low pollution stemming from these metals. However, the Cr, Ni, Pb, As, and Sb
pollution levels were relatively high. The NI values for Cr and Sb during the drought period
reached the moderate pollution level, whereas the NI values for Cr, Ni, and Pb during
the wet period indicated slight pollution. A comparison of the NI values between the two
periods revealed that the values for Cr, As, and Sb were significantly greater during the
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drought period, demonstrating clear seasonal variation, with rainfall during the wet period
causing a reduction in heavy metal concentrations. Notably, the NI value for Ni during the
wet period was greater than that during the drought period, indicating a specificity in the
pollution source for this metal during the wet period.
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3.3. Spatial Distribution of Heavy Metals in Road Dust During the Different Periods

The spatial distribution of heavy metals in road dust during the drought period re-
vealed that Cr and Ni exhibited similar patterns (Figure 3a,b), with polluted areas primarily
concentrated in the central region of Liuzhou city. This area is home to several factories,
and additional polluted zones were found in the northern–central and southern–central
regions, suggesting that the observed pollution could be due to migratory effects from
industrial zones or contributions from other pollution sources. The spatial distributions of
Cu, Pb, Zn, Cd, As, and Sb (Figure 3c–h) also demonstrated similar patterns, with polluted
areas concentrated in the northern industrial zone and near major transportation routes in
the western part of the city. Significant Pb, Zn, and Sb pollution hotspots (Figure 3d,e,h)
occurred in the southeastern part of the city, indicating that these three metals may share
common pollution sources. Hg (Figure 3i) exhibited a relatively dispersed spatial distribu-
tion, with polluted areas located in the northeastern, southwestern, and southern–central
residential zones, suggesting contributions from multiple sources [11,65].
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During the wet period, the spatial distribution of heavy metals in road dust revealed
that Cr and Ni (Figure 3j,k) still exhibited similar patterns, with pollution concentrated in
the northern and central areas of Liuzhou city, which is consistent with the distribution
during the drought period. This indicates that the pollution sources for these two heavy
metals likely occurred in the central industrial zone. High levels of Cu, Pb, Zn, Cd, As,
and Sb pollution (Figure 3i–q) were observed in the northern part of the study area. When
combined with the drought period data, these findings suggest that the northern industrial
zone may be a consistent pollution source for these metals. Additionally, notable Cu, Pb, Zn,
and Sb pollution hotspots (Figure 3l,m,n,q) were observed in residential areas, suggesting a
potential pollution source within these zones. High concentrations of Hg (Figure 3r) were
primarily found in the central region of the city, which is also a residential area, indicating
that residential activities could contribute to Hg pollution.

These spatial distribution patterns provide insights into the characteristics of heavy
metal pollution across the different areas [66]. A detailed analysis of activities in the
northern industrial zone, western transportation routes, and residential zones could help
to identify specific pollution sources. Field investigations in these areas revealed that the
northern industrial zone includes an iron and steel plant, a steel processing plant, and a
power plant. The western road is a major transportation route for factories in the northern
industrial area, and the distribution of Cu, Pb, Zn, As, and Sb pollution overlaps with the
geographic location of the northern industrial area and the western transportation route. In
the western region, large vehicle manufacturing plants and heavy machinery production
facilities, along with several smaller processing factories, overlap with the distribution of
Cr and Ni pollution. In residential areas, the distribution of waste transfer stations was
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identified as highly overlapping with the distribution of Hg pollution. The overlapping of
heavy metal pollution distribution with anthropogenic activities can give a preliminary
indication of the source of heavy metal pollution.

3.4. Correlation Analysis of Heavy Metals Between Road Dust and Surrounding Soil

During the drought period (Figure 4), Cr in road dust was strongly correlated with
Cu, Pb, Zn, Sb, and Hg in the surrounding soil, with p values less than 0.001. Ni was also
significantly correlated with Pb, Zn, Sb, and Hg in the surrounding soil. Pb in road dust was
highly correlated with As in the surrounding soil, and Cd was highly correlated with Cd in
the surrounding soil. In terms of the other heavy metals, the correlations were relatively
low. During the wet period (Figure 4), Cr in road dust was strongly correlated with Zn in
the surrounding soil, and Ni was strongly correlated with Zn. Pb in road dust was highly
correlated with Pb, Zn, and Sb in the surrounding soil, whereas Cd was correlated with Cd
in the surrounding soil. Sb was also correlated with Sb in the surrounding soil. Notably,
Cu, As, and Hg in road dust were not significantly correlated with any heavy metals in the
surrounding soil during either period, suggesting that the sources of these metals differed
from those affecting the metals observed in the surrounding soil [67]. In contrast, Cd in
road dust was consistently correlated with Cd in the surrounding soil during both periods,
indicating that Cd pollution in road dust and the surrounding soil likely originated from
the same source. Moreover, the significant correlations between Pb and Sb in road dust
and the surrounding soil during the wet period suggested that seasonal environmental
changes may cause these metal pollution sources to conform more closely with those in the
surrounding soil [5,68].
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3.5. Principal Component Analysis to Determine Pollution Sources

The KMO test results for the drought and wet periods were 0.66 and 0.79, respectively.
Since both values exceeded the required threshold value of 0.5 and since Bartlett’s test
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values were less than 0.005, PCA was considered appropriate for analyzing the heavy metal
data for both periods.

Owing to the complexity and diversity of pollution sources, PCA was used to extract
several principal components that could explain the majority of the variance in the heavy
metal pollution data. Four principal components were identified, which explained 75.70%
and 74.02% of the total variance in pollution in road dust during the drought and wet peri-
ods (Table 2), respectively. Each principal component represents a distinct pollution source,
allowing us to identify the main contributors to the measured heavy metal concentrations
in road dust [69,70].

Table 2. Total variance explained and component matrices for the heavy metals during the different periods.

Variables
Drought Period Wet Period

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4

Cr 0.43 0.85 0.05 0.01 0.57 0.60 −0.30 0.04
Ni 0.24 0.90 0.07 0.03 0.52 0.62 −0.22 0.09
Cu 0.63 0.06 −0.25 −0.36 0.64 0.39 0.06 −0.01
Pb 0.75 −0.21 0.22 0.17 0.81 −0.18 0.18 −0.22
Zn 0.80 −0.07 0.11 −0.18 0.79 −0.25 0.06 −0.14
Cd 0.11 −0.12 0.92 0.12 0.47 −0.28 0.07 0.83
As 0.64 −0.39 −0.16 −0.12 0.57 −0.40 −0.31 −0.17
Sb 0.78 −0.18 −0.07 0.06 0.71 −0.35 0.15 −0.08
Hg 0.30 −0.01 −0.28 0.87 0.10 0.33 0.86 −0.02

Total 2.97 1.80 1.07 0.97 3.34 1.46 1.05 0.81
Eigenvalue of variance (%) 32.96 19.99 11.93 10.81 37.16 16.22 11.70 8.94

Total variance explained (%) 32.96 52.96 64.89 75.70 37.16 53.38 65.08 74.02

During the drought period, the PC1 component accounted for 32.96% of the total
variance in the heavy metal pollution level. In PC1 during the drought period, all the
heavy metal loading scores (Table 2) were greater than 0, and the loadings showed con-
sistent trends (Figure 5a), indicating that the PC1 component contributed to all the heavy
metals. Notably, the loadings for Cu, Pb, Zn, As, and Sb were 0.63, 0.75, 0.80, 0.64, and
0.78 (Table 2), respectively, indicating relatively high loadings (>0.60). The analysis of the
spatial distribution characteristics of heavy metals in road dust during the drought period
revealed that Cu, Pb, Zn, As, and Sb pollution (Figure 3c,d,e,g,h) was concentrated in the
northern part of the study area, near steel plants and coal-fired power plants. Therefore, on
the basis of the above analysis, the PC1 component during the drought period represents
metallurgical and coal-fired industrial pollution sources.

The PC2 component could explain 19.99% of the total variance in the heavy metal
pollution level during the drought period, in which the loading scores for Cr and Ni were
0.85 and 0.90 (Table 2), respectively, while the loading score for Cu was 0.06. The remaining
heavy metals exhibited loading scores less than 0. Figure 5 shows that only Cr and Ni
exhibited the same loading trend, which suggested that the PC2 component contributed to
Cr and Ni pollution only during the drought period. The spatial distribution characteristics
of heavy metals in road dust during the drought period revealed that Cr and Ni pollution
(Figure 3a,b) was concentrated near automobile manufacturing plants and heavy machinery
manufacturing plants. Therefore, on the basis of the above analysis, during the drought
period, the PC2 component represents mechanical manufacturing and metal processing
pollution sources.

The PC3 component during the drought period accounted for 11.93% of the total
variance in the heavy metal pollution level. The loading scores for Cd, Pb, and Zn in the
PC3 component were 0.92, 0.22, and 0.11, respectively, whereas the loading scores (Table 2)
for the other heavy metals were less than 0.1. The consistent loading trends (Figure 5b)
for Cd, Pb, and Zn indicate that the PC3 component primarily contributed to pollution of
these heavy metals, with the highest contribution to Cd pollution. The spatial distribution
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characteristics of heavy metals in road dust during the drought period revealed that Cd
pollution (Figure 3f) was relatively dispersed. The coefficient of variation of Cd in road dust
during the drought period reached 205.26% (Table 1), indicating significant anthropogenic
influence. The Cd content in the surrounding soil was much higher than that in road dust
and the soil background value (Table 1). Additionally, a correlation analysis revealed a
highly significant correlation between Cd in road dust and Cd in the surrounding soil
during the drought period (Figure 4), suggesting that Cd pollution in road dust during the
drought period may have originated from the surrounding soil in green belts. The use of
pesticides and growth agents during the planting and maintenance of green belts could
lead to Cd enrichment in the soil, which, under the influence of weathering and rain,
could migrate into road dust [71,72]. Therefore, the PC3 component represents green belt
maintenance-related pollution sources.
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The PC4 component during the drought period accounted for 10.81% of the total
variance in the heavy metal pollution level. The loading score for Hg in the PC4 component
was 0.87, whereas the loading scores for Pb and Cd were 0.17 and 0.12 (Table 2), respectively,
with the loading scores for the other heavy metals lower than 0.1. The loading trends for
Hg, Pb, and Cd in the PC4 component (Figure 5b) suggested that this principal component
contributed the most to Hg pollution, with lower contributions to Pb and Cd pollution.
The spatial distribution characteristics of heavy metals in road dust during the drought
period revealed that Hg pollution (Figure 3i) was concentrated near residential areas and
coincided with the locations of waste transfer stations. On the basis of these observa-
tions [73,74], the PC4 component during the drought period represents waste treatment
pollution sources.

During the wet period, the PC1 component accounted for 37.16% of the total variance
in the heavy metal pollution level. The loading scores and trends of heavy metals in the PC1
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component during the wet period were consistent with those during the drought period
(Table 2 and Figure 5c). However, during the wet period, PC1 also exhibited increased
contributions to Cr, Ni, and Cd pollution. The spatial distribution characteristics of heavy
metals in road dust during the wet period (Figure 3l,m,n,p,q) further revealed that Cu, Pb,
Zn, As, and Sb pollution was concentrated near steel plants and coal-fired power plants.
Therefore, PC1 represents metallurgical and coal-fired industrial pollution sources during
the wet period.

The PC2 component during the wet period accounted for 16.22% of the total variance
in the heavy metal pollution level, with loading scores (Table 2) of 0.60, 0.62, 0.39, and
0.33 for Cr, Ni, Cu, and Hg, respectively, as well as consistent loading trends (Figure 5c)
for these heavy metals. Among these, Cr and Ni exhibited the highest loading scores and
the most significant trends in the PC2 component. The spatial distribution characteristics
of the heavy metals revealed that Cr and Ni pollution (Figure 3j,k) was concentrated near
automobile manufacturing plants and heavy machinery manufacturing plants. Therefore,
on the basis of the above analysis, PC2 during the wet period also represents mechanical
manufacturing and metal processing pollution sources.

The PC3 component during the wet period accounted for 11.70% of the total variance
in the heavy metal pollution level, with loading scores (Table 2) of 0.86, 0.18, and 0.15 for
Hg, Pb, and Sb, respectively. The loading trend for Hg in the PC3 component during the
wet period (Figure 5d) was most significant, and the spatial distribution characteristics
revealed that Hg pollution (Figure 3r) was concentrated around waste transfer stations.
Therefore, on the basis of the above analysis, PC3 during the wet period represents waste
treatment pollution sources.

The PC4 component during the wet period accounted for 8.94% of the total variance
in the heavy metal pollution level, with a loading score of 0.83 for Cd, whereas the loading
scores for the other heavy metals were less than 0.1 (Table 2). The loading trend for Cd in
the PC4 component during the wet period (Figure 5d) was most specific. The correlation
analysis results (Figure 4) revealed a highly significant correlation between Cd in the
surrounding soil and Cd in road dust during the wet period, and the Cd content in the
surrounding soil was much greater than that in road dust during the wet period (Table 1).
On the basis of the above analysis, pollution encompassed initial enrichment in the soil
and subsequent migration into road dust. Therefore, PC4 during the wet period represents
green belt maintenance-related pollution sources.

3.6. APCS-MLR Modeling for Quantitative Analysis of Pollution Sources

The APCS-MLR model was employed to quantify the contributions of the various
pollution sources to the heavy metal concentrations in road dust during the drought and
wet periods. The results are shown in Figure 6, which shows the quantitative contribution
rates of the four major pollution sources—metallurgical and coal-fired industrial sources,
mechanical manufacturing and metal processing sources, green belt maintenance sources,
and waste treatment sources—to Cr, Ni, Cu, Pb, Zn, Cd, As, Sb, and Hg.

During the drought period, metallurgical and coal-fired industrial sources contributed
66% to the total Cu concentration, 67% to the total Pb concentration, 79% to the total Zn
concentration, 77% to the total As concentration, and 75% to the total Sb concentration,
rendering them the primary sources of these metals. Notably, mechanical manufacturing
and metal processing sources were responsible for 78% of the observed Cr pollution and
89% of the observed Ni pollution, establishing them as the dominant sources for these
two metals. Green belt maintenance sources contributed 69% to the total Cd pollution
level, whereas waste treatment sources were the primary contributors to the total Hg
pollution level, with a contribution rate of 59%. During the wet period, the contribution
of metallurgical and coal-fired industrial sources increased for Ni, Pb, Zn, and Cd, with
rates of 16% for Cr, 76% for Pb, 84% for Zn, and 39% for Cd. Mechanical manufacturing
and metal processing sources remained the primary contributors to Cr and Ni pollution,
with contribution rates of 76% and 77%, respectively. Green belt maintenance sources
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contributed 60% to the total Cd pollution level, similar to that during the drought period,
whereas waste treatment sources contributed 74% to the total Hg pollution level, an increase
from that during the drought period.

A comparison of the pollution contribution ratios of the four sources to heavy metals
in road dust during the two periods clearly revealed that the contributions of metallurgical
and coal-fired industrial sources to Ni, Pb, Zn, and Cd increased during the wet period
compared with those during the drought period, whereas the contributions to Cr, Cu,
As, Sb, and Hg pollution decreased. The reduction in the contributions to these metals
during the wet period may be attributed to the washing effect of rainwater and changes
in temperature [75,76], which reduced their accumulation in road dust. However, more
attention should be given to metals whose contributions increase with seasonal changes,
and targeted prevention and control measures should be implemented to address these
anomalies. For mechanical manufacturing and metal processing sources, the contributions
to Cr, Ni, and As pollution decreased during the wet period, indicating that seasonal
changes imposed a diluting effect on these metals [77,78]. However, the contribution
to Cu increased from 18% to 35%. With respect to green belt maintenance sources, the
contributions to Pb, Cd, and Sb decreased during the wet period, suggesting that fewer
of these metals were released due to seasonal effects. However, the contribution of waste
treatment sources to Hg pollution increased from 59% during the drought period to 74%
during the wet period, likely due to the increased rainfall levels and lower temperatures,
which facilitated Hg release from these sources.
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These findings indicated that metallurgical and coal-fired industrial sources are the
most widespread and important pollution sources in Liuzhou, followed by mechanical
manufacturing and metal processing sources. Green belt maintenance and waste treat-
ment sources, while less significant overall, were the primary contributors to Cd and Hg
pollution levels, respectively. The seasonal variations in pollution contributions highlight
the need for targeted pollution control measures that account for both industrial and
environmental factors.
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4. Conclusions

This study provides an in-depth analysis of the seasonal variations and source contri-
butions to heavy metal pollution in road dust in Liuzhou city. The findings highlighted
the influence of both industrial activities and environmental factors on pollution patterns.
Metallurgical and coal-fired industries were identified as the primary sources of Cu, Pb,
Zn, and As pollution, with their contributions to Ni, Pb, Zn, and Cd pollution increasing
during the wet period due to rainfall effects. Conversely, the contributions to Cr, Cu, As, Sb,
and Hg pollution from these sources decreased during the same period, likely due to the
washing effect of rain. Mechanical manufacturing and metal processing were significant
contributors to Cr and Ni pollution, with an increase in Cu pollution during the wet period.
The influence of green belt maintenance on Cd pollution was greatest, which decreased
slightly during the wet period. Waste treatment sources, particularly for Hg, demonstrated
a notable increase in contribution during the wet period, reflecting seasonal environmental
changes. Overall, this study demonstrates the need for targeted pollution control measures
that account for seasonal changes, especially in industrial cities such as Liuzhou. By apply-
ing advanced statistical models, this research provides a comprehensive understanding of
the variability in pollution sources and their contributions, offering valuable insights for
environmental management and public health protection.
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