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ARTICLE INFO ABSTRACT

Keywords: Urban road dust (URD) acts as both a sink and a secondary emission source of potentially toxic elements (PTEs),
Urban .road du§t posing ecological and human health risks in rapidly urbanizing cities. Although source-oriented probabilistic risk
Potentially toxic elements assessment integrating positive matrix factorization (PMF) with Monte Carlo simulation (MCS) has advanced,

PMF source apportionment
Monte Carlo simulation
Probabilistic risk assessment

applications remain largely confined to industrial cities and often rely on commercial software, limiting repro-
ducibility and transferability. Here, we develop and apply a fully open-source PMF-MCS framework implemented
in R to quantify pollution characteristics, source contributions, and probabilistic ecological and human health
risks of nine PTEs in URD from Da Nang, a tropical coastal city in central Vietnam. Three dominant sources were
identified based on PMF inference: traffic (44.8%), service-industrial activities (30.1%), and natural background
(25.2%). Cd (1.28 mg/kg) and Sb (1.62 mg/kg) exhibited strong enrichment, with Sb controlling 71-94% of the
integrated pollution index (INI = 3.11). Mean ecological risk was classified as “low ecological risk” (NCRI =
102.5), whereas upper-percentile values (P95 = 351.5) reached “high” to “very high ecological risk”, reflecting
localized hotspot conditions rather than widespread city-scale risk, driven by Cd and Sb enriched areas associ-
ated with traffic and service-industrial sources. Non-carcinogenic risks remained below thresholds across all
populations, while carcinogenic risk fell within the cautionary range (10~5-10~*%), particularly for children (mean
TCR = 5.51 x 10’6), dominated by As (69-82%) and traffic-related sources (46-48%). This study provides a
source-oriented probabilistic assessment of URD in a tropical coastal Southeast Asian city and delivers a trans-
parent, reproducible framework for risk-informed urban environmental management.

1. Introduction (Pangqing et al., 2023; Ustaoglu et al., 2026; Zafra-Mejia and Rondon--
Quintana, 2025). Accumulated PTEs can be redistributed to the atmo-

Urban road dust (URD) is an increasing environmental concern sphere, soils, and surface waters through resuspension and runoff,
under rapid urbanization and industrialization, acting as both a sink and leading to ecological degradation and human health risks (Akindele
a secondary emission source of potentially toxic elements (PTEs) et al., 2024; Albuja et al., 2024). Common URD-associated PTEs,
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including Cd, Sb, As, Pb, Cr, Zn, and Mn, are toxic, persistent, and
capable of bioaccumulation, with documented links to neurological,
respiratory, cardiovascular, and metabolic disorders. Human exposure
occurs primarily through ingestion, inhalation, and dermal contact, with
children being particularly vulnerable due to behavioral and physio-
logical factors, as well as increased sensitivity to toxic metals such as
lead (Pb), which exerts pronounced neurodevelopmental toxicity in
children and fetuses, and arsenic (As), a well-established human
carcinogen (Rehman et al., 2025; Yuksel et al., 2017; Yiiksel et al., 2010;
Zupancic et al., 2024). In tropical coastal cities, dense traffic, mixed
industrial and service activities, construction, tourism, and
monsoon-driven meteorology further enhance PTE accumulation and
resuspension, amplifying environmental and public health risks (Chen
et al., 2024; Tran et al., 2025).

Most existing studies on URD contamination, source apportionment,
and associated risks have focused on industrial cities in China, Europe,
Asia, and parts of North America (Asgari et al., 2025; Chen et al., 2024;
Khan et al., 2025; Oncii et al., 2025; Yang et al., 2024). Contamination
levels and associated ecological and human health risks are commonly
evaluated using deterministic indices such as the geo-accumulation
index, enrichment factor, pollution load index, and ecological and
health risk index (Adewumi, 2022; Dytlow and Gorka-Kostrubiec,
2021). To resolve emission sources, positive matrix factorization (PMF)
has been widely applied and, more recently, coupled with Monte Carlo
simulation (MCS) to enable source-oriented probabilistic ecological and
human health risk assessment, representing a major advance over
deterministic approaches (Wang et al., 2023b; Wu et al., 2024; Yang
et al., 2024).

Despite these advances, two critical gaps remain. First, PMF-MCS
based source-oriented probabilistic risk assessment (SO-PRA) has been
applied predominantly in industrial and inland urban settings, espe-
cially China, with limited evidence from tropical coastal cities in
Southeast Asia, where monsoon-driven resuspension, mixed traffic-
tourism-industrial emissions, and rapid urban expansion may alter risk
patterns (Asgari et al., 2025; Chen et al., 2024; Wang et al., 2024).
Second, existing PMF-MCS studies largely rely on commercial software
platforms (e.g., Oracle Crystal Ball), which limit transparency, repro-
ducibility, flexibility in uncertainty analysis, and licensing costs (Oncii
et al., 2025; Panqing et al., 2023; Yang et al., 2024). A fully open-source,
end-to-end implementation of SO-PRA for URD remains limited.

Against this background, this study investigates URD in Da Nang, a
rapidly urbanizing tropical coastal city in central Vietnam. It uses an
integrated, fully open-source framework for SO-PRA of PTEs. The study
addresses the critical lack of open-source, transferable risk assessment
tools for data-limited coastal cities in Southeast Asia, where unique
environmental and socio-economic factors may influence risk patterns.
The objectives are to: (i) implement MCS fully in the open-source R
platform with publicly available scripts; (ii) strengthen PMF-based
source apportionment using complementary statistical analyses
(Spearman correlation, hierarchical cluster analysis) and GIS spatial
coherence to ensure robust source identification; and (iii) quantify
source-oriented, probabilistic ecological and human health risks to
identify priority emission sources and dominant risk drivers. This study
provides a PMF-MCS application in a tropical coastal Southeast Asian
city and delivers a transferable open-source framework that supports
risk-informed URD management in regions with limited data and tech-
nical capacity.

2. Materials and methods
2.1. Study area and road dust sampling
2.1.1. Study area
Da Nang is a rapidly urbanizing tropical coastal city in central

Vietnam (15°55-16°4' N, 107°18-108°20' E), situated on a narrow
coastal plain influenced by monsoon circulation. Seasonal contrasts
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between dry and rainy periods promote the accumulation of urban road
dust and its remobilization through resuspension and runoff, enhancing
the mobility of particle-bound potentially toxic elements (PTEs) (Tran
et al., 2025; Tran, 2025).

Rapid urban expansion has been accompanied by heavy traffic, with
approximately 950,000 registered vehicles in 2023, of which more than
90% were motorcycles. Industrial and construction activities contribute
25.3% of the gross regional domestic product and are concentrated in
major industrial zones, including Hoa Khanh, Lien Chieu, Hoa Cam, and
the Da Nang High-Tech Park, while tourism and services remain key
economic drivers (Tran, 2025). This combination of dense traffic, mixed
industrial activities, and coastal monsoon conditions makes Da Nang
representative for examining source-oriented probabilistic risks of PTEs
in urban road dust in tropical coastal cities of Southeast Asia.

2.1.2. Road dust sampling

A total of 56 urban URD samples were collected in August 2024 from
roads representing 56 wards/communes across Da Nang (Fig. 1, black
dots). Sampling was conducted under dry conditions, with no rainfall for
at least 7 days prior to collection, to minimize wash-off effects. Sampling
sites were pre-surveyed and georeferenced using a handheld GPS.

At each site, dust was collected from road shoulders using clean
plastic tools after coarse debris was removed. Individual samples (0.75-
1.50 kg) were placed in labeled polyethylene bags and transported to the
laboratory on the same day for storage under dry conditions prior to
processing (Fig. S1). Four background samples, collected from areas
minimally affected by traffic and urban activities, were adopted from
Tran et al. (2025) to represent local geochemical background levels.

2.2. Chemical analysis and quality control

In the laboratory, URD samples were air-dried and sieved to <100
pm to obtain the fine fraction relevant to resuspension and human
exposure (Jeong and Ra, 2022; Osorio-Martinez et al., 2021). Approxi-
mately 0.50 g of each sample was digested by microwave-assisted acid
digestion (HNO3-HCl, 2:1), filtered through a 0.45 pm membrane, and
analyzed for PTE concentrations using inductively coupled plasma mass
spectrometry (ICP-MS; Agilent 7700x). Nine PTEs were quantified: Cd,
Sb, As, Pb, Cr, Zn, Mn, Al, and Fe. Quality assurance and quality control
included reagent blanks, duplicate samples (n = 10), matrix spikes (n =
5), and certified reference material SRM 1648a (Urban Particulate
Matter) (NIST, 2020). Blank values were negligible, duplicate variability
was <10%, and recoveries (CRM) ranged from 80 to 110% for all PTEs,
indicating satisfactory analytical accuracy and precision. Detailed
analytical quality control parameters, including MDLs, method-level
limits of detection (LODs), estimated limits of quantification (LOQs),
CRM recoveries, and duplicate precision, are summarized in Table S1
(Supporting Information).

2.3. Source apportionment

Source apportionment of PTEs in URD was conducted using the PMF
model (v5.0) (US.EPA, 2014) based on measured concentration and
uncertainty matrices. The optimal number of factors was determined
using Q values, scaled residuals, factor interpretability, and rotational
ambiguity. Model robustness was evaluated using diagnostic tools and
further supported by Spearman correlation and hierarchical cluster
analysis. Detailed PMF configuration and validation are provided in Text
S1 and Fig. S2.

2.4. Pollution level assessment

Pollution levels of PTEs in URD were quantified using the geo-
accumulation index (Igeo) (Miiller, 1969):
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Fig. 1. Study area and URD sampling locations in Da Nang City, Vietnam (sampling sites: green dots; background sites: red dots).

Cij
Igeovi‘j = 1082 (Eé) (@)

where Cj; is the concentration of the element j in sample i, B; is the local
geochemical background value, and k = 1.5 accounts for natural
variability.

Integrated pollution intensity was evaluated using the improved
Nemerow pollution index (INI) (Huang et al., 2021):

2 2
INIi _ Igeo(uvg).i + Igeo(max),i (2)

2

where Iﬁeo(m,g),i and Iﬁeo(max)j denote the mean and maximum Igeo values
across elements in sample i. Pollution categories are listed in Table S2.
Uncertainty was quantified using MCS (Section 2.7).

2.5. Ecological risk assessment

Ecological risks associated with PTEs in URD were evaluated using
the potential ecological risk framework by Hakanson (1980), which
integrates contamination levels with element-specific toxicity.

2.5.1. Potential ecological risk factor of individual elements

The potential ecological risk factor (E;;) for element j in sample i was
calculated as:

C::

Eij=T; x B_:J 3)
where Tj is the toxicity-response factor. Toxicity factors were adopted
from the literature: Cd = 30, As = 10, Pb =5, Cr = 2, Zn = 1 (Hakanson,
1980), (Sb = 7) (Wang et al., 2018), and Mn = 1 (Luo et al., 2020).

2.5.2. Integrated ecological risk index
The integrated ecological risk was expressed using the Nemerow

composite ecological risk index (NCRI):

2 2
NCRL _ Ei,avg —;Ei.max (4)

where E; gg and E; qy are the mean and maximum Ej; values across all

elements. Risk categories are provided in Table S2.

2.5.3. Source-oriented probabilistic ecological risk assessment

Source-oriented ecological risk was assessed by integrating PMF
outputs. Source-resolved concentrations of the element j in sample i
attributable to the source k were estimated as:

ct

ij:Ci,k X ij (5)
These concentrations were used to calculate Ej; and NCRI for indi-
vidual sources. Uncertainty was propagated using MCS (Section 2.7),
and results are presented as probability distributions. The analytical
workflow is shown in Fig. S3.

2.6. Health risk assessment

Human health risks from PTE exposure in URD were assessed for
children, adult females, and adult males across ingestion, inhalation,
and dermal contact pathways.

2.6.1. Exposure dose estimation
Average daily dose (ADD) of element j in sample i was estimated as:

Cij X Rpg x EF x ED

W AT x 10 (6)

Ingestion : ADDjpg;; =

Cij XR[nh X EF x ED

Inhalation : ADDj;i = 7
nhalation inhij PEF % BW x AT ()
) _ Cij x SA x AF x ABF X EF x ED 6
Dermal contact :  ADDger;; = BW x AT x 10
®

PTE concentrations were derived from chemical analysis, and
exposure parameters were adopted from the literature (Table S3).

2.6.2. Non-carcinogenic risk assessment
Non-carcinogenic risk was expressed as the hazard quotient (HQ):
ADD,ah i
HQuunij = T Tpathly 9
Qpat J1j R poathJ

where HQpqh,ij is the hazard quotient of the element j via pathway path,
and RfDpqmj is the pathway-specific reference dose (Table S4).
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The hazard index (HI) was calculated as:

HI; = ZZHQpath,i,j (10)

j path
Potential health concern is indicated when HI > 1.

2.6.3. Carcinogenic risk assessment
Carcinogenic risk for carcinogenic elements (Cd, As, Pb, and Cr) was
calculated as:

CRpath.i.j = ADDpath.ij X SFpath.j an

where CRpanij is the carcinogenic risk and SF,qnj is the pathway-
specific slope factor (Table S4).
Total carcinogenic risk (TCR) was calculated as:

TCRi=> Y CRyunij 12)

Jj path

TCR < 107 is considered “acceptable”, 107% < TCR < 10~* indicates
“potential carcinogenic risk”, whereas TCR > 10~ * is considered “un-
acceptable” (US.EPA, 2009).

2.6.4. Source-oriented probabilistic human health risk assessment
Source-oriented probabilistic health risks were quantified by
combining PMF-resolved sources with MCS to specifically estimate HI
and TCR for each source. This approach enables the identification of
how individual source categories contribute to overall health risks.
Source-resolved PTE concentrations provided the basis for calculating
exposure and corresponding health risk indices. MCS was used to
propagate uncertainty, and HI and TCR outcomes are presented as dis-
tributions with key percentiles (P5, P50, P95) to directly assess the
likelihood of risk exceedance. The process is depicted in Fig. S3.

2.7. Uncertainty and sensitivity analysis

Uncertainty in pollution indices and ecological and health risks was
quantified through 10,000-iteration MCS in R (v4.4.2). By modeling PTE
concentrations with lognormal distributions and using variable-specific
distributions for exposure parameters (see Table S3), the analysis
highlights which PTEs, pathways, and source inputs most strongly in-
fluence risk uncertainty. All calculations used open-source R packages,
and the analysis workflow can be reproduced using the openly available
R scripts (see R Script - SI).

3. Results and discussion
3.1. General characteristics and spatial distribution of PTEs
3.1.1. General statistical characteristics of PTEs
Descriptive statistics of PTE concentrations in URD are summarized

in Table 1. Fe and Al dominated the elemental composition, reflecting
natural mineral inputs, followed by Zn, Mn, and Cr, while Pb, As, Sb, and
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Cd occurred at lower mean concentrations. Several elements exhibited
wide concentration ranges, particularly Zn, Cr, and Al, indicating sub-
stantial spatial heterogeneity. Variability patterns further highlight this
contrast, with Cd (71.5%), Cr (52.2%), and Zn (43.2%) showing high
variability, whereas Mn (16.7%) and Fe (12.2%) exhibit relatively low
variability. Right-skewed distributions and elevated kurtosis for Cd, Sb,
As, Cr, and Zn suggest that overall variability is driven by localized
enrichment rather than uniformly elevated concentration (Table 1).

Relative to local geochemical background values, Sb showed the
strongest enrichment (28-fold), followed by Cd (11.6-fold), Zn (4.5-
fold), Cr (3.1-fold), As (2.5-fold), and Pb (1.85-fold). In contrast, Fe
(1.22-fold), Mn (1.00-fold), and Al (0.91-fold) were near background
levels, supporting their predominant association with natural mineral
inputs (Huang et al., 2021; Navrotsky, 1994). High variability and
enrichment in Sb, Cd, and Zn indicate a stronger influence from local-
ized anthropogenic sources. Most PTE concentrations in Da Nang are
lower than those in heavily industrialized cities (Table S5), but Zn levels
are comparatively elevated for this tropical coastal setting. These find-
ings highlight the significance of investigating contamination sources
and spatial variation in PTEs to inform targeted risk assessment and
remediation strategies, as moderate mean contamination can mask
significant local enrichment and heterogeneity.

3.1.2. Spatial distribution of PTEs

Spatial distributions of nine PTEs in URD across Da Nang are shown
in Fig. S4, using inverse distance weighting interpolation for 56 sites.
Enriched elements (Cd, Sb, Zn, Cr, As, and Pb) exhibited spatial het-
erogeneity, with high concentrations along major traffic corridors and in
industrial zones. In contrast, background-associated elements (Fe, Al,
Mn) showed more uniform spatial patterns.

Among enriched PTEs, Cd and Sb formed high-concentration belts
along busy roads, whereas Zn and Cr formed localized hotspots in ur-
banized and industrial areas. Higher peri-urban concentrations corre-
spond to construction and land disturbance, while Pb was more broadly
distributed, associated with the primary road network. These contrasts
highlight how anthropogenic activities drive localized PTE hotspots and
geogenic components remain more uniform, underscoring the impor-
tance of spatial heterogeneity for risk evaluation in this tropical coastal
city.

The observed patterns align with findings from other Asian cities
(Hao et al., 2023; Wang et al., 2024; Wang et al., 2023a), and provide
rare evidence by examining a rapidly urbanizing tropical coastal city in
Southeast Asia. This study demonstrates that identifying concentration
hotspots is crucial for PMF-based source apportionment and SO-PRA,
thereby enhancing our understanding of how spatial heterogeneity,
rather than uniform background enrichment, drives elevated PTE con-
centrations and their impact on ecological and human health risks.

3.2. Source identification and quantification

The PMF identified an optimal three-factor solution (Fpeak = —0.3),
supported by minimized Q values, 100% model convergence, and robust

Table 1

Descriptive statistics of PTE concentrations (mg/kg) in urban road dust.
Statistic cd Sb As Pb Cr Mn Zn Al Fe
Mean 1.28 1.62 9.91 28.3 81.3 253 465 10491 22098
SD 0.918 0.619 2.12 8.52 42.4 42.1 201 5120 2697
Min 0.131 0.426 6.24 6.84 16.8 124 65.3 49.9 15702
Max 3.80 2.74 14.5 42.4 171 340 902 19320 26529
CV (%) 71.5 38.1 21.4 30.1 52.2 16.7 43.2 48.8 12.2
Kurtosis 3.39 1.92 2.04 2.23 1.86 3.92 2.31 3.16 2.45
Skewness 1.12 0.015 0.320 —0.492 0.383 —0.510 0.064 —1.02 —0.578
Background value! 0.111 0.057 4.01 15.32 26.25 252 103 11549 18164

Note: Mean, arithmetic mean; SD, standard deviation; Min-Max, minimum-maximum; CV (%), coefficient of variation; Kurtosis and Skewness describe distribution
shape; Background values represent local soil reference concentrations from Tran et al. (2025).
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bootstrap and displacement diagnostics (Tables S6-S8). Bootstrap
resampling (n = 100) confirmed stable factor profiles across all three
factors, with inter-run profile correlations exceeding 0.95, indicating
that source-resolved concentration estimates (Cjjx) used in the source-
oriented risk assessment are reliable within model uncertainty. All
PTEs were classified as strong variables, with signal-to-noise ratios
>4.98 (US.EPA, 2014). Observed and PMF-predicted concentrations
showed strong agreement (r2 = 0.88-0.95 for most elements), except for
As (r? = 0.52), indicating overall satisfactory model performance
(Fig. S5).

The PMF analysis resolved three factors contributing 44.8% (Factor
1), 30.1% (Factor 2), and 25.1% (Factor 3) to total PTE concentrations in
URD (Fig. 2a). These factors represent inferred source profiles derived
from receptor modeling and supported by Spearman correlation analysis
(p > 0.6, p < 0.05) and hierarchical clustering, which group elements
with similar sources (Fig. 2c-d).

Factor 1 represents the largest contribution (44.8%) and is domi-
nated by traffic-related tracers, including Sb, Zn, Pb, Cd, and Cr. These
elements exhibit strong intercorrelations and are spatially associated
with major traffic corridors and the urban core (Fig. S4). Based on
established source signatures (Table S9), Sb is commonly associated
with brake wear, Zn with tire wear and asphalt additives, and Pb, Cd,
and Cr are commonly associated with brake abrasion, lubricants, and
vehicle-related emissions. The consistency among chemical profiles,
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spatial patterns, and statistical relationships suggests that Factor 1
represents traffic-related emissions, consistent with previous URD
studies (Cao et al., 2021; Gunawardana et al., 2012; Hao et al., 2023; Liu
et al., 2020; Mielke et al., 2011; Yang et al., 2023a).

Factor 2 accounts for 30.1% of total PTE concentrations and is
mainly characterized by Cd, Cr, and Zn. These elements show strong
correlations and are spatially elevated in central service areas and near
industrial zones in the city's northwestern part (Fig. S4). According to
compiled source information (Table S9), Cd and Cr are commonly
associated with fossil fuel combustion, metal processing, and high-
temperature industrial activities. There may be some overlap with
traffic emissions. Given Da Nang's mixed land-use structure, this factor is
interpreted as being associated with mixed service-industrial activities,
based on PMF inference and supporting evidence. This interpretation
agrees with findings from other rapidly developing urban environments
(Dobaradaran et al., 2017; Hao et al., 2023; Krupnova et al., 2020;
Kurmus and Mohajerani, 2020; Luo et al., 2022).

Factor 3 accounts for 25.1% of the total PTE burden and is dominated
by Al, Fe, and Mn, which form a distinct cluster separated from
anthropogenic elements (Fig. 2d). These elements exhibit relatively
uniform spatial distributions and low enrichment relative to background
levels (Fig. S4; Table 1). This pattern suggests predominant influence
from natural mineral inputs. According to the source summary
(Table S9), Al and Fe are characteristic of natural mineral dust and
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crustal materials. Mn is largely associated with weathering processes but
may receive secondary anthropogenic inputs at certain urban and in-
dustrial sites (Hao et al., 2023; Wang et al., 2024). Accordingly, Factor 3
is interpreted as a natural background source with potential minor
anthropogenic influence on Mn.

Overall, the convergence among PMF results, cross-validation, and
spatial patterns indicates three dominant source categories: traffic,
mixed service-industrial, and natural background, governing PTE con-
centrations and associated risk in Da Nang. The three-factor PMF solu-
tion shows that anthropogenic sources (traffic and service-industrial)
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dominate total PTE contributions (~75%), despite generally low abso-
lute contamination levels indicated by Ige,. This pattern reflects that PMF
apportion sources based on relative contributions to observed concen-
trations rather than absolute enrichment. Notably, this anthropogenic
dominance is primarily driven by Cd, Sb, and Zn, which exhibit the
highest enrichment ratios (11.6-fold, 28.4-fold, and 4.5-fold above
background), whereas elements near background levels contribute
smaller mass fractions. Similar patterns reported in previous URD
studies (Hao et al., 2023; Wang et al., 2024) confirm the complementary
nature of PMF and Ig, rather than any inconsistency between the two
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approaches.

It should be noted that PMF provides inferred source profiles based
on statistical decomposition of observed concentrations. Therefore,
source identification in this study is interpreted as indicative rather than
definitive and is supported by multiple lines of evidence, including
correlation analysis, hierarchical clustering, and spatial distribution
patterns.

3.3. Probabilistic pollution levels of PTEs

MCSs show strong agreement between simulated and observed mean
values for I, and INI, confirming the reliability of the probabilistic
framework (Fig. S6). Specifically, detected and simulated means were
almost identical for all PTEs: Cd (2.58 vs. 2.59), Sb (4.11 vs. 4.12), As
(0.688 vs. 0.687), Pb (0.217 vs. 0.233), Cr (0.826 vs. 0.872), Mn
(—0.606 vs. —0.601), Zn (1.41 vs. 1.41), and INI (3.07 vs. 3.11), indi-
cating negligible model bias.

Probability distributions reveal a clear pattern in which a subset of
elements (notably Cd, Sb, Cr, and Zn) dominates pollution levels, with
most probabilities falling within I, > 1, corresponding to moderate to
high contamination. In contrast, other elements (e.g., As, Pb and Mn) are
generally associated with lower pollution categories, indicating limited
overall contribution to contamination (Fig. S6; Table S10).

P5-P95 ranges further highlight this contrast, with wider intervals
observed for enriched elements, especially Cd (0.804-4.40), Sb (3.04-
5.14), and Zn (0.088-2.77), reflecting spatial heterogeneity and episodic
sources (Table S10). At the integrated level, INI probabilities are mainly
in the range 2 < INI < 3 (40.6%) and 3 < INI < 4 (56.6%), indicating
moderate-to-high pollution overall. Sensitivity analysis supports this
pattern, showing that INI variability is primarily controlled by Sb (70.9-
93.7%), followed by Cd (1.8-5.4%), with other PTEs contributing less
than 1% (Fig. S6k). Overall, these results indicate that pollution in-
tensity in URD is governed by a small subset of enriched and spatially
variable elements, forming the basis for subsequent source-oriented
ecological and health risk assessments.

3.4. Ecological risk

3.4.1. Content-oriented ecological risk assessment

MCS results for Ei and NCRI are presented in Fig. 3a-h and Table S12.
Simulated means closely match detected estimates for all PTEs: Cd
(195.6 vs 205.0), Sb (58.1 vs 58.7), As (16.5 vs 17.3), Pb (10.0 vs 10.2),
Cr (6.0 vs 6.5), Mn (1.3 vs 1.3), Zn (4.3 vs 4.6), and NCRI (102.5 vs
108.4). Together, these results confirm the robustness of the probabi-
listic framework.

Ecological risk is strongly dominated by a limited subset of elements,
with Cd contributing the largest (mean Ei = 195.6; P95 = 488.7), fol-
lowed by Sb (mean Ei = 58.1). By contrast, other PTEs (As, Pb, Cr, Zn,
and Mn) fall into the low-risk category, indicating that overall ecological
risk is controlled by a few enriched elements rather than evenly
distributed across all PTEs (Fig. 3a-g).

At the integrated level, the mean NCRI value (102.5) indicates low
overall ecological risk at the city scale. In contrast, the P95 reaches
351.5, corresponding to a high-to-very-high risk level at upper percen-
tiles (Fig. 3h). This contrast reflects spatial heterogeneity, where
elevated risk is confined to the upper tail of the probabilistic distribution
and represents localized hotspot probabilities rather than widespread
city-scale risk. Therefore, reliance on mean values alone may underes-
timate site-specific ecological threats in heterogeneous urban
environments.

3.4.2. Source-oriented ecological risk assessment

Source-oriented results further highlight consistent patterns in
ecological distribution (Fig. 3h-k). At the mean level, the service-
industrial source has the highest mean NCRI (60.3), followed by traffic
(37.6), while the natural source contributes minimally (4.35). In terms
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of probabilities, high (16.1%) and very high (12.5%) risks mainly
originate from service-industrial sources. In contrast, traffic risks are
mostly low to moderate, and natural sources consistently contribute low
risks (Fig. 3i). The source-risk linkage is supported by spatial corre-
spondence between high-NCRI sites and emission locations, with traffic
and industrial zones aligning with their respective source contributions
(Fig. S4).

In terms of total contributions, ecological risk is primarily driven by
traffic (49.8%), followed by service-industrial activities (42.8%) and
natural sources (7.4%) (Fig. 3j). Sensitivity analysis shows Cd drives
total ecological risk (73.3%), followed by Sb (15.4%) and As (7.9%)
(Fig. 3k). At the source level, traffic-related risk is driven by Sb (46.0%)
and Cd (37.5%), while service-industrial risk is mainly caused by Cd
(72.0%) and Sb (18.8%). These results link risk hotspots to service-
industrial emissions and highlight Cd as the main ecological risk
driver in both assessment approaches.

3.5. Probabilistic health risk assessment of PTEs

3.5.1. Concentration-oriented probabilistic health risk assessment

MCS results show a consistent pattern in which HI decreases across
population groups in the order: children > adult females > adult males,
with respective mean values of 2.27 x 10_1, 5.27 x 10_2, and 4.65 x
1072 (Fig. 4h; Table S13). All P95 values (5.39 x 107! for children, 1.35
% 107! for adult females, 1.20 x 107! for adult males) remain below the
HI = 1 benchmark, indicating acceptable non-carcinogenic risk for all
groups. However, right-skewed ECDFs, particularly among children,
suggest that upper-tail exposures may occur in specific subpopulations
and are not fully captured by mean values (Fig. 4h).

Non-carcinogenic risk is primarily driven by a limited group of ele-
ments, with Cr and As contributing most across all population groups.
For instance, in children, HQ¢ = 1.02 x 10! and HQas =7.69 X 1072
Pb and Sb show lower contributions, while Mn, Zn, and Cd have only
marginal effects (Fig. 4a-g; Table S13). This consistent pattern indicates
that risk is controlled by dominant toxic elements rather than evenly
distributed across all PTEs.

For carcinogenic risk, a similar pattern is observed, with mean TCR
values consistently higher in children (mean: 5.51 x 1075, P95: 1.26 x
107°) than adult females (mean: 4.25 x 1076, P95: 9.85 x 10’6), and
adult males (mean: 3.80 x 10_6, P95: 8.81 x 1079) (Fig. 5e; Table S13).
All TCR distributions fall within the US. EPA-recommended cautionary
range (1 075-107%. Carcinogenic risk is overwhelmingly dominated by
As (69-82% of total TCR), whereas Cd and Cr play secondary roles and
other elements remain negligible (Fig. 5a-c,d; Table S13).

Sensitivity analysis (Fig. S7) further highlights that variability in
health risk is primarily controlled by exposure - related parameters
(exposure duration, exposure frequency, dust ingestion rate, and body
weight), whereas dermal-contact parameters have a minor influence.
Overall, concentration-based probabilistic results indicate that non-
carcinogenic risks from URD in Da Nang remain within acceptable
limits. In contrast, carcinogenic risks are driven by upper-tail conditions
associated with As exposure, fall within the conventional cautionary
range (107%-10~%), particularly in children. This pattern underscores the
importance of considering both population vulnerability and probabi-
listic variability when assessing health risks in rapidly urbanizing
tropical coastal cities.

3.5.2. Source-oriented probabilistic health risk assessment

Source-oriented probabilistic health risks were quantified by inte-
grating PMF-resolved sources with MCS. This approach enabled the
attribution of non-carcinogenic and carcinogenic risks to specific sour-
ces: traffic, service-industrial, and natural, for children, adult females,
and adult males (Fig. 6). The source-risk linkage is supported by PMF
bootstrap stability (Tables S6-S8) and spatial correspondence with
emission locations (Fig. S4), confirming the reliability of PMF-resolved
inputs.
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Fig. 4. ECDFs of non-carcinogenic risk: (a-g) HQ for each PTE, (h) total HI for children, adult females, and adult males. Dashed lines show means; dotted lines show

the benchmark (HQ or HI = 1).

Across all sources and population groups, mean HI values remain
well below the non-carcinogenic threshold (HI = 1), indicating low
overall risk. A consistent pattern is observed in which traffic sources
contribute the largest share of HI, followed by service-industrial and
natural sources. In children, this pattern is most pronounced (mean HI =
9.37 x 1072 for traffic, 7.32 x 1072 for service-industrial, and 4.50 x
102 for natural sources), with similar but lower magnitudes observed
for adults (Fig. 6al; Table S14). Upper-tail values follow the same trend,
with the highest P95 also attributable to traffic sources (2.65 x 107H.
Source contribution analysis further confirms this pattern, with traffic
sources account for 45-46% of total HI, service-industrial sources
contribute 28-31%, and natural sources composed 24-25% (Fig. 6¢1).
Exceedance probabilities remain negligible, with >99.98% of HI values
fall below the safety threshold and only marginal exceedance (<0.1%)
observed for children (Table S17).

A similar source-dependent pattern is evident for carcinogenic risk.
Mean TCR values for all sources and population groups were mostly
within the cautionary range (107°-107%), with higher values consis-
tently observed in children than in adults. In children, mean TCR values
were highest for traffic (2.36 x 10’6), followed by service-industrial
(1.64 x 107%) and natural sources (1.17 x 107°). Traffic also domi-
nated the upper tail (P95 = 6.71 x 1075 Fig. 6b1; Table S14). Patterns

for adult females and adult males were similar, though absolute TCR
values decreased with age (Fig. 6b2-b3; Tables S14-516). Traffic-related
emissions made up about 46-48% of total TCR. Service-industrial
contributed 25-32%, and natural sources contributed 23-26%
(Fig. 6¢2). Exceedance analysis showed a high probability of TCR > 107°
(84.5-88.9%), especially among children. There were no cases exceeding
the unacceptable threshold (TCR > 10~ (Table S17).

Overall, these results indicate that health risks are governed by
consistent source-related patterns rather than isolated extreme values.
Non-carcinogenic risk remains negligible across all sources, whereas
carcinogenic risk is driven by upper-tail conditions but remains within
the cautionary range. Traffic emissions consistently represent the
dominant contributor to both HI and TCR, followed by service-industrial
sources, while natural sources contribute mainly to baseline exposure.
These findings highlight the importance of prioritizing traffic and
service-industrial emissions in risk mitigation strategies for rapidly ur-
banizing coastal cities.

3.6. Comparison with industrial cities

URD in Da Nang shows much lower mean concentrations of most
PTEs than those reported in industrial cities, especially in northern and
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central China, Africa, the Americas, and Europe (Table S5). For example,
reported mean concentrations of key elements such as mean Cd (1.8-4.5
mg/kg), Pb (38-106 mg/kg), and Cr (89-296 mg/kg) in cities such as
Datong, Xi'an, Jinan, and Shijiazhuang are consistently higher than in
Da Nang (Wang et al., 2024; Wang et al., 2023b; Yang et al., 2024). This
reflects ongoing industrial emissions and long-term accumulation.

Despite these differences in mean contamination, probabilistic
comparisons indicate a consistent pattern in which pollution behavior is
governed more by variability and risk structure than by average con-
centrations. In both industrial cities and Da Nang, a limited group of
elements (notably Cd and Sb) dominates probabilistic pollution in-
dicators, showing pronounced right-skewed distributions toward higher
I, classes. The key distinction lies in spatial organization: industrial
cities tend to exhibit more spatially consistent and elevated INI levels,
whereas Da Nang is characterized by moderate mean INI but strong
upper-tail behavior (P95), indicating localized hotspots influenced by
monsoon-driven resuspension and heterogeneous land use (Arfaeinia
et al., 2019; Osorio-Martinez et al., 2021).

Ecological risk patterns further reinforce these contrasts. Across
different urban contexts, ecological risk is typically controlled by a small
subset of elements, particularly Cd (and Cr in some cases), rather than
uniformly distributed across all PTEs (Wang et al., 2024; Wang et al.,
2023b; Yang et al., 2023a; Yang et al., 2024). In industrial cities, this
often results in high mean NCRI values (>200), indicating considerable
to high ecological risk. By contrast, Da Nang exhibits low mean NCRI but
pronounced upper-tail risk levels, where “high” or “very high ecological
risk” levels occur in localized areas associated with traffic and
service-industrial sources enriched in Cd and Sb. Similar hotspot-driven
risk patterns have been reported in coastal urban environments such as
Bandar Abbas (Heidari et al., 2021).

Human health risks comparisons show similarly consistent patterns.
In most industrial cities, non-cancer risk for children often meets or
exceeds the benchmark (HI = 1), driven by key toxic elements such as
Cr, Pb, and As (Oncii et al., 2025; Wang et al., 2024; Yang et al., 2023a;
Yiiksel et al., 2025). In Da Nang, HI is below the threshold for all groups,

indicating lower overall non-carcinogenic risk. However, carcinogenic
risk shows convergence across urban contexts, with TCR generally fall-
ing within the cautionary range (107°-107%), dominated by As
(60-80%). Notably, the probability of TCR exceeding 10~° for children
in Da Nang is comparable to those in industrial cities, despite lower
contamination (Yang et al., 2024; Yang et al., 2023b).

Source-resolved comparisons highlight systematic differences in risk
drivers. In industrial cities, ecological and health risks are mainly
associated with service-industrial emissions and coal combustion,
whereas in Da Nang, traffic-related non-exhaust emissions play a
dominant role in human health risk, and service-industrial activities
control ecological risk hotspots. Overall, these comparisons indicate that
lower mean concentrations do not necessarily translate into lower risk,
as risk is governed by source-specific contributions and upper-tail
behavior. This underscores the importance of source-oriented probabi-
listic frameworks for assessing environmental risks in rapidly urbanizing
tropical coastal cities.

3.7. Advantages of an open-source PMF-MCS framework

This study uses a fully open-source PMF-MCS framework for SO-PRA,
offering clear advantages over commercial platforms. Full R script
documentation ensures transparent and reproducible analysis for dis-
tribution fitting, MCS, and risk estimation. This allows direct tracking of
how uncertainty leads to shifts in ecological risk levels. PMF settings and
diagnostics can be easily repeated or changed, making verification and
comparison across locations straightforward. Results show that simu-
lated and observed means (e.g., NCRI, HI, TCR) closely match, con-
firming the R-based method maintains accuracy.

The integration of PMF outputs with probabilistic modeling within a
single environment reduces data-transfer errors and enables consistent
evaluation of source-specific ecological and health risk. This flexible and
cost-effective approach is particularly suitable for rapidly urbanizing
regions with limited technical and financial resources.
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Fig. 6. Source-resolved cumulative probability distributions of HI (al-a3) and TCR (b1-b3) for children, adult females, and adult males based on PMF-integrated

MCS; (c1-c2) relative source contributions to HI and TCR.

3.8. Implications for urban environmental management

Source-oriented probabilistic assessment shows that environmental
and health risks in Da Nang are systematically underestimated by
deterministic approaches. Mean-based indices classify risk as “low”, but
probabilistic percentiles reveal localized hotspot conditions reaching
“high” to “very high” ecological risk levels, representing upper-tail
probabilities rather than widespread city-scale risk. This contrast high-
lights the importance of probabilistic, source-based approaches for
identifying and managing localized high-risk areas in tropical coastal
cities. Traffic-related non-exhaust emissions dominate risk, contributing
49.8% of NCRI and 46-48% of TCR, even with only moderate mean
concentrations. Mitigation should prioritize traffic-focused measures,
such as low-emission brake and tire standards, traffic optimization, and
enhanced street sweeping in busy corridors. Sb also emerges as a critical
but under-monitored indicator: despite a low mean (1.62 mg/kg), it
shows the strongest enrichment (28-fold over background) and drives
70.9-93.7% of INI variability, often causing localized conditions to shift
from "heavily" to "extremely contaminated".

Population-specific vulnerability narrows management priorities.
Non-carcinogenic risks (HI) remain below thresholds across all groups,
while carcinogenic risks for children fall within the “cautionary range”

10

(107%-10™*), with a high probability (up to 88.9%) of cases exceeding
the acceptable level (TCR>10’6). These results suggest the need for
targeted exposure reduction in environments frequently accessed by
children. The sources that drive the greatest ecological and health risks
are not necessarily those with the highest average concentrations.
Instead, upper-tail risk is controlled by hotspots of Cd, Sb, and As. These
findings indicate that risk in tropical coastal cities is governed more by
spatial heterogeneity and upper-tail behavior than by mean contami-
nation levels.

4. Conclusions

This study applied a fully SO-PRA framework to urban road dust in
Da Nang, a rapidly urbanizing tropical coastal city in Southeast Asia.
The research combines PMF-based source apportionment with MCS. It
provides a region-specific demonstration showing how emission sources
translate into ecological and human health risks under uncertainty.

Three dominant sources were identified based on PMF inference:
traffic emissions (44.8%), service-industrial activities (30.1%), and
natural background (25.2%). Mean indices show contamination as
“uncontaminated to moderately contaminated” and ecological risk as
“low ecological risk”. However, probabilistic analysis identifies
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localized hotspots where Cd and Sb may drive ecological risk into “high”
and “very high” categories at upper percentiles, indicating low-
probability, high-impact conditions rather than widespread risk across
the city. In these hotspots, Cd and Sb trigger transitions to “high” and
“very high ecological risk”. Ecological risk is mainly controlled by
service-industrial sources through Cd-dominated upper-tail NCRI
behavior. Traffic-related non-exhaust emissions dominate both non-
carcinogenic and carcinogenic health risks. Children are the most
vulnerable group, and As is the primary contributor to carcinogenic risk,
with TCR values generally within the cautionary range (107%-107%),
particularly for children, but remaining below the unacceptable
threshold.

Overall, these findings show that lower mean contamination may
still be associated with elevated risks under upper-tail conditions,
reflecting localized hotspot-driven rather than widespread risk. The
proposed open-source PMF-MCS framework provides a transparent and
reproducible approach for source-oriented probabilistic risk assessment,
supporting targeted environmental management.
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