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Environmental significance

Unveiling the first two-year dataset on the
atmospheric deposition of heavy metals in

a southern Vietham megacity: potential driving
factors and ecological risk assessment

Ly Sy Phu Nguyen, ©2*@ |e Quoc Hau,?® Vo Truong Gia Han,®® Tran Hoang Minh,2®
Vo Thi Tam Minh,?® Tran Anh Ngan® and To Thi Hien®

Characterizing atmospheric deposition of heavy metals (HMs) through bulk sampling provides critical
insights into environmental pollution patterns in fast-developing urban centers. Despite being a key
economic hub in Southeast Asia (SEA), Ho Chi Minh City (HCMC) has received comparatively limited
scientific attention regarding atmospheric deposition of HMs. This study reports the first 2 year (2023-
2024) observation data of atmospheric deposition of HMs in HCMC. The volume-weighted mean (VWM)
concentrations and deposition fluxes exhibit the same decreasing order: Zn (32.9 ng L% 59 885 pg m—2
year ) > Mn (22.0; 40151) > Cu (2.16; 3872) > Pb (1.52; 2839) > Ni (0.70; 1271) > Cr (0.42; 765.7) > V
(0.19; 349.4) > As (0.09; 173.7). Bulk HM deposition fluxes increase during the rainy season as a result of
enhanced rainfall, whereas the concentrations are lower (rainy < dry season), likely due to dilution
effects. Seasonal variability in HM deposition is strongly modulated by the East Asian monsoon through
its combined effects on air-mass transport pathways and rainfall-driven scavenging. Enrichment factor
(EF) assessments, combined with principal component analysis (PCA), identified four major potential
contributing factors on rainwater characteristics at HCMC: a mixture of non-combustion traffic sources
and industrial sources, combustion sources, crustal sources, and meteorological influences. Ecological
risk assessments indicated a low risk for most HMs (E; < 30), in which Pb exhibits a high risk, accounting
for 60% of the total potential ecological risk, implicating industrial emissions as the dominant
contributor. This work provides the first quantitative assessment of atmospheric HM deposition in SEA,
improving understanding of toxic metal inputs and supporting environmental management in rapidly
urbanizing areas.

Atmospheric deposition of heavy metals (HMs) constitutes an important pathway of pollutant transfer to urban ecosystems, yet observational evidence remains
scarce in Southeast Asia (SEA). This study presents the first comprehensive dataset of atmospheric HM deposition in a megacity in SEA, revealing pronounced

seasonal variability that is dominated by abundant tropical monsoonal rainfall. Traffic- and industry-related emissions play a central role in governing the
characteristics of atmospheric HM deposition. Despite lower mass contributions, Pb poses the highest ecological risk, accounting for approximately 60% of the

total potential ecological risk index. These findings improve environmental risk assessment and provide a scientific basis for source-oriented pollution control

in Southeast Asian megacities.

1 Introduction

anthropogenic sources, for example industrial emissions, fossil
fuel combustion, vehicular exhaust, waste incineration, and

Heavy metals (HMs), also known as potentially toxic elements,
are a class of elements characterized by a high atomic mass and
a density typically exceeding 5 g cm ™. Present naturally within
the Earth's crust, HMs are introduced into the atmosphere via
both geogenic processes, such as soil dust and sea spray, and
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mining activities.>® With recognized toxicity even at low
concentrations, HMs are regarded as persistent environmental
pollutants of global concern because of their bioaccumulative
nature and detrimental impacts on both ecological systems and
human health.* In recent decades, rapid urbanization and
industrialization (driven by intensified energy consumption,
transportation, population growth, and construction) have
significantly elevated atmospheric HM emissions in many
regions across Asia, including China and Southeast Asia (SEA).>®
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HMs emitted into the atmosphere are typically adsorbed
onto the surface of atmospheric aerosols, especially in the
accumulation mode (0.1-1 pm), which facilitates their long-
range transport over hundreds to thousands of kilometers.**
Once released into the atmosphere, HMs can persist for days or
weeks and are eventually eliminated from the atmosphere via
dry and wet deposition, resulting in their transfer to terrestrial
and aquatic ecosystems.®'® Atmospheric HMs in bulk deposi-
tion originate from both natural sources (e.g., soil dust, volcanic
activity, and biomass burning) and anthropogenic activities
(e.g., coal combustion, industrial manufacturing, trans-
portation, and fertilizer).>'"'* Regarding spatial source contri-
butions, both local emissions and long-range atmospheric
transport of air pollution have been identified as significant
contributors to HM deposition.”*** Wet deposition,
precipitation-based removal via rainout and washout, is
particularly efficient in humid subtropical regions and serves as
a critical pathway for environmental HM loading.**** Human
activities have further intensified HM deposition across
particular regions, including mining sites, transport routes, and
central urban areas.>®

The deposition flux of HMs is influenced by factors such as
rainfall intensity, meteorological conditions, and the physico-
chemical properties of particles.>'* Wet deposition, driven by
rainfall or snow, and dry deposition, occurring via gravitational
settling or surface impact, are both significant pathways for
removing atmospheric HMs."" Numerous studies have
demonstrated that atmospheric deposition represents a key
input of HMs into soils and agroecosystems.>**® For instance,
atmospheric deposition contributes more than 50% of total
inputs of toxic HMs, such as arsenic (As), cadmium (Cd),
chromium (Cr), mercury (Hg), and lead (Pb), in Chinese crop-
lands.”*** Unlike organic pollutants, HMs are non-degradable
and possess high environmental persistence and bi-
oaccumulative potential, posing chronic ecological and human
health threats.®*

Over the past decades, atmospheric deposition of HMs has
intensified considerably across East Asia, particularly in China,
where deposition rates have been reported to be approximately
an order of magnitude higher than those observed in
Europe.>**> Numerous regional investigations have revealed
pronounced spatiotemporal variability in HM fluxes, driven by
emission sources, meteorological conditions, and regulatory
interventions.*>*® For instance, deposition fluxes of Pb, nickel
(Ni), and Cd in the Yangtze River Delta ranged from 1.11 to
27.3 mg m~ > year " between 2015 and 2017, while significant
reductions in rural Beijing by 2020 reflected the efficacy of
emission control policies.*® In South Asia, air pollution hotspots
such as Bangladesh have been shown to receive transboundary
HMs input via monsoonal circulation systems.'*** In contrast,
SEA, despite experiencing rapid urbanization and industrial
growth and being strongly affected by the East Asian monsoon,
observation studies on HMs deposition remain markedly
limited in the literature. Most existing studies in Thailand,
Malaysia, and Vietnam have focused on HM concentrations in
particulate matter (PM), with limited data available on wet or
bulk deposition fluxes.® The limited deposition measurements
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hinder assessments of the impacts of atmospheric HM pollu-
tion and highlight a significant knowledge gap in SEA.

As the most densely populated and urbanized city in Viet-
nam (i.e, a SEA country), Ho Chi Minh City (HCMC) is
increasingly burdened by air-quality issues arising from traffic
emissions, industrial activities, and construction work.**2¢
Nevertheless, previous studies in HCMC have predominantly
concentrated on HMs associated with road dust or PM;,,>”
resulting in a notable gap in understanding of atmospheric HM
deposition processes. To address this limitation, this study
focuses on (1) quantifying the levels and estimating the fluxes of
selected HMs in bulk deposition, (2) identifying the potential
emission sources and controlling mechanisms responsible for
HM deposition, and (3) exploring the potential ecological risk of
HM bulk deposition. Beyond providing baseline observational
data, this study aims to advance the mechanistic understanding
of HM deposition under tropical monsoon conditions. By
integrating seasonal flux analysis, trajectory clustering, and
multivariate source apportionment, this work seeks to clarify
how monsoon dynamics modulate both the magnitude and
chemical composition of HM deposition in a rapidly urbanizing
tropical environment, helping to support future efforts in air-
quality management, risk assessment, and sustainable urban
planning in the region.

2 Methodology
2.1 Site descriptions

In this study, bulk deposition samples were collected at the
Nguyen Van Cu (NVC) campus of VNUHCM-University of
Science (10.762°N, 106.680°E; Fig. S1). The sampling site lies in
the central urban zone of HCMC, which is marked by dense
population and heavy traffic activities.***® The sampling was
conducted on the rooftop of Block E (4th floor), about 25 m
above ground level (a.g.l.). This elevation minimized immediate
ground-level interferences while providing a representative
height for monitoring urban atmospheric conditions. In addi-
tion, the bulk deposition sampler was installed at an open
rooftop location with no significant obstructions within a 40 m
radius, ensuring representative exposure to atmospheric inputs
and minimizing potential interference from nearby structures.
To enhance the reliability of rainfall data used for deposition
flux calculations, the sampler was placed approximately 5
meters from the rain gauge, ensuring consistency and spatially
representative rainfall measurements under field conditions.
Our sampling site is adjacent to Nguyen Van Cu Street,
a major arterial road with consistently high traffic volumes,
particularly during peak hours.>*** The surrounding environ-
ment comprises mixed land uses, including residential neigh-
borhoods, commercial establishments, and small-scale
industrial operations.”**”** In addition to traffic-related emis-
sions, the site’s ambient air quality is influenced by nearby
industrial sources within a 40 km radius. HCMC hosts several
industrial parks and manufacturing clusters, such as Tan Binh,
Binh Tan, and Tan Thuan, across both core and adjacent
districts.”” These zones accommodate a wide range of indus-

tries, including metal processing, plastic and rubber
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manufacturing, textiles, electronics assembly, and battery
production.”®* Emissions from these facilities, including
combustion byproducts, HMs, and volatile organics, can be
transported over varying distances and contribute to the
atmospheric deposition observed at urban sites.>>?%*°

HCMC is subject to a tropical monsoonal climate, domi-
nated by two distinct seasonal wind regimes: the northeast (NE)
monsoon prevailing during the dry season (December to April),
and the southwest (SW) monsoon during the rainy season (May
to October). These seasonal transitions influence both the
direction and origin of air mass transport, along with the
strength and spatial distribution of rainfall.>**° Over the course
of the study period, the annual rainfall at the site (NVC) is more
than 1800 mm, with the majority occurring during the rainy
season. The mean atmospheric temperature is 28.4 + 2.5 °C,
and the mean ambient relative humidity is 79.7% =+ 11.4%,
consistent with the hot and humid climatic conditions typical
of southern Vietnam.>*?%3°

2.2 Bulk deposition sampling and analysis

Bulk deposition samples were obtained using a custom-
designed open-field sampler placed on a stainless-steel stand
to minimize splash contamination from surrounding surfaces
(Fig. S2A).*"*> The sampling setup consisted of a 15 cm diameter
high-density polyethylene (HDPE) funnel mounted on a 1 L
HDPE collection bottle (Fig. S2B). As the sampling device was
kept open throughout the study period, bulk deposition
samples represented a combination of wet and dry deposi-
tion.>* Consequently, the measured fluxes cannot be parti-
tioned into separate wet and dry components. Therefore, while
rainfall clearly drives temporal variability, the contribution of
dry deposition processes cannot be neglected and should be
interpreted as embedded within the reported bulk fluxes. The
concentrations of 8 HMs (zinc (Zn), manganese (Mn), copper
(Cu), Cr, Ni, Pb, vanadium (V), and As) were quantified using
Inductively Coupled Mass Spectrometry (ICP-MS) following the
US EPA method 200.7 and the US EPA method 200.8. To
investigate the potential sources of HM contamination in
rainwater, additional elements (i.e. selenium (Se), antimony
(Sb), calcium (Ca), and iron (Fe)) were quantified. Comprehen-
sive descriptions of the sampling procedures, analytical meth-
odologies, and QA/QC protocols are provided in SI Text S1.

2.3 Concentration and bulk deposition estimations

In this study, the monthly/yearly average concentration of HMs
was taken as the volume-weighted mean (VWM) of HM
concentrations; the calculation was as follows eqn (1):

where Cywy is the concentration of the ith sample (ug L™"), and
V; is the corresponding sample volume.

The weekly bulk deposition flux was calculated by multi-
plying the measured HM concentration in the rainfall by the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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corresponding weekly rainfall depth. Monthly and annual bulk
deposition fluxes were estimated using the VWM concentra-
tions and the cumulative rainfall for each respective period.'®**

2.4 The HYSPLIT model

The Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model, created by the National Oceanic and Atmo-
spheric Administration (NOAA), has been extensively applied in
various studies to simulate air-mass pathways before reaching
sampling sites.**** This model has been extensively applied in
air pollution research both domestically and globally. In this
study, 72 hour backward trajectories (BWTs) were generated
with the HYSPLIT model, with input data from the Global Data
Assimilation System (GDAS) at a spatial resolution of 1° x 1°.
For each week with recorded rainfall, four BWTs were simulated
at 00:00, 06:00, 12:00, and 18:00 (local time, UTC + 7), at an
arrival height of 1000 m (a.g.1), corresponding to typical rainfall
periods. 72 hour backward trajectories were selected to capture
regional-scale transport pathways, while minimizing trajectory
uncertainty that increases with longer simulation durations. An
arrival height of 1000 m a.g.l. was chosen to approximate the
lower free troposphere and typical cloud base levels, thereby
better representing the air masses contributing to atmospheric
scavenging rather than near-surface local turbulence. Cluster
analysis was performed with the TrajStat software.**

2.5 The enrichment factor (EF)

The enrichment factor (EF) was used to assess anthropogenic
contributions to HMs in atmospheric deposition by normal-
izing metal concentrations to a crustal reference element.>**¢ In
this study, Fe was selected as the reference element due to its
high crustal abundance and relatively low anthropogenic
influence. Upper continental crust values from Querol et al.*®
were used as baselines. EF values were calculated according to
eqn (2) and interpreted using established classification criteria

(Table SZ) .
( C]le)
C sample

— 2
CFC background

2.6 Principal component analysis

EF =

Principal component analysis (PCA) is a multivariate tool
commonly applied to determine and apportion potential sour-
ces or contributing factors of HMs in multiple environmental
matrices, including bulk deposition.*® In this study, PCA was
employed as a receptor modeling approach, incorporating
VARIMAX rotation to enhance interpretability, and was per-
formed using SPSS software. This method reduces data
dimensionality by extracting a smaller number of independent
principal components (PCs) that effectively represent the orig-
inal dataset.”**® The selection of PCs is based on eigenvalues
greater than one (>1), following the Kaiser criterion. Addition-
ally, Kaiser-Meyer-Olkin (KMO) values above 0.6 were used to
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ensure sampling adequacy.*® The explained variance and
cumulative variance percentages were also computed to eval-
uate the contribution of each factor. VARIMAX rotation, an
orthogonal rotation technique, was applied to maximize the
variance of factor loadings and to ensure the derived compo-
nents remained uncorrelated.*

2.7 Potential ecological risk (PER)

The Potential Ecological Risk Index (RI) is a widely recognized
method for evaluating the potential ecological threats posed by
environmental pollutants. This index is calculated using
a specific set of formulas (eqn (3) and (4)) to quantify the
potential harm that HMs could cause to ecosystems.

. G
E =T x = 3
. (3)
RI=>E/ (4)
i=1

where E,’ is the single-factor potential ecological hazard index,
T,! is the toxic response factor of HMs, C4' is the concentration
of HMs (Pb, Zn, Cu, Ni, Cr, and As) in rainwater, and C,' is the
reference value. In this study, the reference values for HMs were
based on the Vietnamese National Technical Regulation on
Surface Water Quality, which represents the highest standard
for surface water intended for domestic use. The classification
criteria for ecological risk indices of HMs are presented in Table
S2. In ecological risk assessments, the RI requires that pollutant
classifications be tailored to account for both the specific type of
pollutant and its concentration. The methodology was adjusted
as per the proposed method by Ma et al.” It should be noted that
the ecological risk assessment in this study is based on the di-
ssolved (<0.45 um) fraction of HMs measured in bulk deposi-
tion. Particulate-bound metals retained on filters were not
quantified. As several elements, particularly Pb and Cr, may
exist partly in less soluble particulate forms, the calculated RI
reflects the potentially bioavailable fraction rather than total
atmospheric HM input. Consequently, the reported risk levels
should be interpreted as conservative, screening-level estimates
of ecological threat. In addition, the bioavailability of the
excluded particulate-bound fraction could change after depo-
sition (e.g., via soil acidification), potentially leading to a higher
actual ecological risk than estimated.

3 Results and discussion
3.1 Rainwater HM concentrations

A total of 70 weekly samples were obtained between January
2023 and December 2024, representing around 97% of the total
rainfall. Table S3 summarizes the characteristics of 8 HMs in
bulk deposition samples collected in HCMC, with a relatively
balanced distribution between 2023 (34 samples) and 2024 (36
samples). However, the temporal distribution in 2024 was
uneven, as no samples were collected during February to April.
The presence of all HMs indicates a pronounced accumulation
of HMs in rainwater samples, implying the combined influence
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of multiple anthropogenic activities (e.g., urban traffic,
construction activities, and light-industry emissions). Among
the 8 HMs, Zn exhibits the highest concentration (32.9 ug L™,
indicating its dominant role in the HM deposition in the study
area (Table S3). A similar trend (i.e. higher Zn concentrations
than other HMs) is also observed in road dust and PM,,
samples in HCMC,*”** indicating the widespread presence and
persistence of Zn across multiple environmental compart-
ments, likely due to its association with traffic-related emissions
and/or industrial sources, the primary sources of air pollution
in HCMC.”

Furthermore, Fig. S3A illustrates the distribution of HMs
observed in this study, indicating a pronounced disparity
among individual elements. Zn and Mn are the most abundant
species, comprising 59.4% and 31.9% of the total HMs,
respectively. Cu and Pb form a secondary group of notable
contributors (Fig. S3A). In contrast, other HMs (i.e., Ni (1.3%),
Cr (0.7%), V (0.3%), and As (0.2%)) account for only marginal
proportions, suggesting their relatively minor roles in the
overall HM profile. The relatively low As concentrations found
in this study are consistent with earlier results from PM, , and
PM;, studies conducted in the same area.>**® This pattern is
mainly driven by key emission sources in HCMC, with vehicular
traffic and light industries playing the predominant role,
whereas inputs from coal combustion in heavy industries are
relatively limited.”>*”*® In addition, the distribution of HMs
exhibits notable seasonal variation between the rainy season
(May-October; Fig. S3B) and the dry season (November-April;
Fig. S3C). In both seasons, Zn and Mn are the dominant
constituents, accounting for over 85% of the total metal
concentrations. Both Zn and Mn show higher relative propor-
tions in the rainy season (59.9% and 32.2%, respectively)
compared to the dry season (58.1% and 31.8%, respectively). In
addition, the contribution of Pb increases significantly in the
dry season compared to the rainy season (Fig. S3B and C). These
results suggest that the HM composition in rainwater was
influenced by both seasonal emission source origins and
meteorological conditions.

Weak but statistically significant negative correlations (p <
0.05 for all; Fig. S4) are observed between rainfall and HM
concentrations, suggesting HM concentrations
decreased with increasing rainfall depth (dilution effect).
Similar observations have been recorded in previous research
conducted in China,” Malaysia,”” Korea,” and Taiwan.'® A
possible explanation for this phenomenon is that during the
initial stages of rainfall, atmospheric HMs are efficiently scav-
enged by rainwater. As rainfall continues, the incoming rain
becomes progressively less concentrated in pollutants, leading
to a dilution of HM concentrations in the rainwater
samples.?**443

rainwater

Table S4 summarizes the concentrations of HMs in rainfall
at HCMC and various sites in Asia. The concentration of Zn in
the HCMC rainwater is 32.9 pg L, representing a moderate
level. This value is comparable to that observed in urban Kol-
kata, India (31 pg L"), yet remains considerably lower than the
concentrations reported in urban regions of Bangladesh (177.7-
535.6 ug L), where elevated Zn levels have been attributed to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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emissions from widespread brick kilns, industrial processes,
and vehicular abrasion.*®*” Furthermore, the Zn concentration
recorded in this study is generally higher than those reported at
coastal, remote, and suburban locations, except for Satkhira,
Bangladesh, where higher values were observed (Table S4). The
observed Mn concentrations in HCMC are elevated compared to
those at most previously reported locations, with the exception
of Jomsom, Nepal, a remote site where arid conditions, limited
rainfall, and emissions arise from regional crustal dust and
biomass burning.* The concentrations of Cu (2.16 ug L) and
Pb (1.52 pg L") observed in HCMC are lower than those
observed at most other urban areas, such as Singapore, and
Dinajpur and Sylhet in Bangladesh (Table S4), suggesting
a lower intensity of anthropogenic activities and/or influence
from regional sources.”® However, Cu and Pb levels in HCMC
remain elevated compared to those in remote and suburban
sites, such as Nam Co, China and Chuncheon, Korea (Table S4),
suggesting notable urban influence. The highest recorded Pb
concentration (6.5 ug L") was observed at the coastal site in
Satkhira, Bangladesh, likely influenced by historical Pb usage
and ongoing industrial activities in this region."

In contrast to other HMs, Cr concentration in HCMC (0.42 pg
L") is higher than at Sylhet (0.12 pg L™"). This suggests that Cr
in HCMC may originate from different localized sources, which
are not as prominent in Sylhet. Moreover, Cr levels at several
remote sites (i.e. Northeast Tibet, China (9.2 pg L™") and Jom-
som, Nepal (2.66 ug L)) exceeded those reported in urban
areas, indicating that natural sources, such as crustal dust or
long-range transported air pollution, may also play a significant
role in regional Cr deposition. The typical distribution of Cr
highlights the importance of considering both anthropogenic
and geogenic contributions in interpreting its atmospheric
behavior. Ni in HCMC (0.7 pg L~ ') is among the lowest across all
urban sites and even lower than in several remote and coastal
sites in Bangladesh and Tibet, China (Table S4). Both V and As
exhibit relatively low concentrations in HCMC rainwater, with
mean values of 0.19 ug L™ " and 0.09 ug L™, respectively. These
levels are not only lower than those observed at urban sites but
also lower than at several remote locations (e.g., Jomsom, Nam
Co; Table S4). This trend suggests that V and As in HCMC are
less influenced by local anthropogenic activities than other
sites. Previous studies in HCMC also reported comparatively
low As concentrations in road dust and PM samples relative to
other Asian sites,?>*” reinforcing this observation. The elevated
levels of these elements in some remote regions likely reflect
contributions from geogenic sources or long-range atmospheric
transport.*»*»*>*° In general, rainwater HM concentrations in
HCMC exhibit distinct urban characteristics, with elevated Zn
and Mn levels compared to most remote and coastal sites,
reflecting urban emissions. Conversely, lower Cu, Pb, As, V, and
Ni concentrations relative to other Asian cities suggest
moderate anthropogenic influence, while Cr levels imply mixed
local and regional natural sources. It should be noted that
dilution effects may also contribute to concentration differ-
ences among sites; however, this factor could not be fully
assessed due to limited rainfall data availability in the
literature.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.2 Bulk deposition fluxes of HMs

The bulk deposition fluxes of HMs collected in HCMC during
2023-2024 reveal substantial atmospheric inputs of HMs into
the urban environment, with notable interannual variability
(Table S3). HM deposition fluxes exhibit a slight downward
trend in 2024 compared to 2023, which may be partly attributed
to the decrease in HM concentrations in 2024 (Table S3).
However, interpretation of interannual differences should
consider the absence of sampling during February-April 2024.
Based on sensitivity analysis, excluding equivalent months in
2023, the estimated interannual flux difference remains within
+15%, suggesting that overall trends are robust within obser-
vational uncertainty. Among all HMs, Zn consistently showed
the highest bulk deposition flux, with an annual value of
59885.4 pg m > year ', emphasizing its dominant role in
atmospheric deposition, likely attributed to traffic-related
emissions and industrial activities (i.e., metallurgical combus-
tion sources'). Other HMs, including Cu, Pb, and Ni, exhibit
considerable deposition fluxes of 3872.2, 2839.8, and 1271.6 pg
m ™2 year ', respectively, indicating sustained emissions from
diverse anthropogenic activities. Although As is detected at
lower fluxes (i.e., 173.7 pg m™ > year '), its high toxicity, envi-
ronmental persistence, and potential for bioaccumulation
warrant significant environmental concern.

Rainfall exhibits a significant positive correlation with the
bulk deposition fluxes of all HMs (R* = 0.28-0.71; Fig. 1), with
Zn showing the strongest dependence, as rainfall explains 73%
of its variability. This strong coupling indicates that wet depo-
sition is the dominant pathway for Zn removal, with rainfall
events substantially enhancing its atmospheric scavenging
efficiency. Pb and As fluxes are also notably rainfall-driven, with
more than 60% and 44% of their variability, respectively,
explained by weekly rainfall. These findings are in agreement
with previous studies in China,**** which reported rainfall
contributions of up to 70% to HM deposition flux variability. In
contrast, relationships between deposition fluxes and rainwater
HM concentrations are generally weak for most HMs (R” < 0.15
for Zn, Pb, As, V, and Cr), suggesting that their deposition was
controlled more by rainfall intensity and frequency than by
concentration (Fig. S5). The exception is Mn, which displays
a moderate flux-concentration correlation (R*> = 0.528),
implying a greater influence from stable local emission sources,
such as soil resuspension or industrial activities, where depo-
sition was more directly tied to atmospheric abundance. The
consistently stronger rainfall-flux correlations compared to flux-
concentration relationships suggest that rainfall is a more
robust predictor of HM removal from the atmosphere.

Despite exhibiting relatively moderate concentrations (Table
S4), particularly when compared with several urban and
industrial sites in China and South Asia, the annual deposition
fluxes of HMs in HCMC are generally higher than those re-
ported at many sites worldwide (Table S5). This apparent
contrast between lower concentrations and higher fluxes is
primarily attributable to substantial annual rainfall (~1855
mm), which markedly enhances the total deposition to local
ecosystems. Such patterns indicate the importance of
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Fig. 1 Relationships between bulk deposition flux and rainfall amount.

considering precipitation volume in interpreting bulk deposi-
tion data, especially when comparing regions with differing
climatic regimes. This effect is particularly evident for Zn (59
885.4 ugm >year ') and Mn (40 150.9 ug m > year '), two HMs
associated with traffic-related emissions, abrasion from brakes
and tires, and industrial processes. The deposition fluxes of Zn
and Mn in HCMC far exceed those at remote Tibetan sites such
as Nam Co, Southeast Tibet, and Lhasa, and even surpass levels
in some urban Chinese locations (Table S5), despite lower
precipitation concentrations (Table S4). Compared with highly
polluted South Asian sites, however, the Zn and Mn fluxes
observed in HCMC remain moderate. For instance, Sylhet,
Bangladesh, recorded extremely high Zn and Mn fluxes (1 052
512 and 36 771.8 pg m~ > year ', respectively), largely driven by
intense rainfall (5944 mm) and substantial local emissions.*
Similarly, Dinajpur exhibited high Zn fluxes (938335 pug m™>
year ') under moderate rainfall (1752 mm), indicating that both
emission intensity and rainfall amount synergistically control
deposition magnitudes.

For other HMs, As deposition flux at HCMC (173.7 ug m >
year ') is markedly lower than values reported across Asia and
especially China (Table S5). In Bangladesh, urban sites, such as
Dinajpur (593.8 ug m~>year ') and Sylhet (1820 pg m 2 year™ %),
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exhibited considerably higher fluxes. More strikingly, Chinese
urban and remote sites displayed extremely high As deposition
flux, reaching 4400 and 4800 pg m™~> year ' (Table S5), while
remote regions, such as Lhasa (233 ug m > year ') and Satkhira
(893.3 pg m? year '), also exceeded the HCMC level. These
elevated fluxes could not be explained by rainfall amount, since
annual rainfall in Chinese urban (~750 mm) and remote (~950
mm) sites was far lower than in HCMC (~1855 mm). Instead,
they strongly reflect intense coal combustion, which is well
recognized as the dominant source of atmospheric As in
China.>*** The contrast in As concentration highlights that
drove the extreme As burden observed at Chinese sites. The V
flux in HCMC (349.4 pg m™? year ') exceeds that of Jomsom,
Nepal, which experiences very low rainfall (131.9 mm), and is
comparable to those of some remote Tibetan regions (Table S5),
suggesting contributions from petroleum combustion and
possible long-range atmospheric transport.*’ In contrast, V flux
in Singapore is substantially higher than in HCMC (Table S5),
reflecting the combined effects of stronger emission intensities
and higher annual precipitation (~2600 mm). Although abun-
dant precipitation in HCMC enhances deposition, it is insuffi-
cient to offset the lower emission strength relative to Singapore,
highlighting the coupled control of emissions and precipitation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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on deposition fluxes. Pb fluxes at HCMC are markedly lower
than those in coastal Bangladesh (e.g., Satkhira: 12 549 pg m—>
year '; Cox's Bazar: 25 008 g m > year ') and suburban China
(e.g., Dinghushan: 42840 pg m~? year '), reflecting a strong
influence from local and regional anthropogenic sources.'***
On the other hand, Pb fluxes in HCMC remain more than 10
times higher than in Nam Co, Lhasa, and are comparable to
those observed in multiple urban and remote sites in China
(2500 and 2200 pg m 2 year '), indicating a pronounced urban
influence (Table S5). In general, the relatively high Pb deposi-
tion at HCMC, despite lower or comparable concentrations
(Table S4), could be explained by its abundant rainfall, whereas
the extreme fluxes at Bangladesh sites primarily result from
intense local emission sources.*®

Cu and Ni deposition fluxes in HCMC (3872.2 and 1271.6 pg
m > year !, respectively) are moderate compared with global
observations (Table S5). For Cu, fluxes in HCMC are lower than
those reported in Sylhet, Bangladesh (42 371 pg m>year™ ") and
Dinajpur (16 562 ug m~> year '), and exceed those observed at
Tibetan remote sites (231-584 pg m™ > year ') and Beijing (560
ug m~2year '). For Ni, HCMC fluxes are substantial, surpassing
Beijing (530 pg m~?year ') and Tibetan Plateau sites (97-171 pg
m 2 year '), though they are still far lower than those recorded
in Sylhet (90673 pg m~> year ') or Satkhira (6491 pug m~>
year '). On the other hand, Cr deposition fluxes in HCMC
(765.7 ng m~> year ') exceed those at all other sites, as reported
in Table S5. Values at Sylhet, Cox's Bazar, Dinajpur, and Beijing
were consistently lower, while remote Tibetan Plateau sites such
as Nam Co (139 pg m > year ') and Lhasa (118 ug m > year™ ')
showed only a fraction of HCMC levels. This dominance is

150 20000
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particularly striking given the moderate Cr concentration in
rainwater (0.42 pug L~', Table S4), emphasizing the role of
abundant rainfall in enhancing fluxes. These results indicate
that both local emissions and high rainfall contribute to the
exceptionally high Cr deposition observed in HCMC. Overall,
these results reveal that HCMC is subjected to substantial HM
deposition driven by urban emission sources, with high rainfall
acting as a critical enhancer of total deposition loads. Although
absolute levels remain below those in South Asian cities, the
cumulative fluxes to local ecosystems are nonetheless
considerable.

3.3 Seasonal patterns

Fig. 2 illustrates the seasonal patterns of concentrations and
bulk deposition fluxes of HMs in HCMC during the study
period. A distinct seasonal contrast is evident, reflecting the
strong influence of rainfall on deposition dynamics in HCMC.
These pronounced seasonal contrasts are closely linked to the
East Asian monsoon circulation.'®*® During the rainy season
(May-October), deposition fluxes of most HMs increase mark-
edly, while their concentrations in rainwater tend to decrease
(Fig. 2). This inverse relationship indicates that enhanced
rainfall not only promotes efficient atmospheric scavenging but
also dilutes the dissolved HM concentrations. Such dynamics
emphasize the dual role of rainfall in regulating wet deposition
through both washout processes and dilution effects.'®* The
highest VWM concentrations for most HMs (except for Mn and
Ni) occur in February, when limited rainfall (3.7 mm) reduces
dilution and atmospheric cleansing (Fig. 2). In contrast, except
for V, the lowest concentrations of all the HMs were recorded in
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Fig. 2 Seasonal variations of HM concentrations, bulk deposition fluxes and rainfall at HCMC during the study period.
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April, a period consistently associated with the annual
minimum in air pollution over HCMC.>****%* This reduction is
influenced by the dilution effect of clean marine air masses
transported from the open ocean.***** The maximum bulk
deposition fluxes of all HMs were recorded in the rainy season,
with particularly high values in October, when rainfall is most
intense. This divergence highlights the important role of rain-
fall in shaping the seasonal pattern of HM deposition, whereby
heavy rainfall enhances deposition fluxes through effective
washout, while simultaneously diluting dissolved HM concen-
trations in rainwater.

Mn generally followed this seasonal pattern, suggesting that
rainfall was a key factor in removing Mn-containing aerosols
and transporting Mn to the surface.>*® However, despite rela-
tively substantial rainfall in August (~158 mm), neither Mn
concentrations nor fluxes decrease significantly compared to
other rainy months. A year-to-year comparison confirms this
stability, as VWM Mn concentrations were 2.54 pg L' in August
2023 and 3.17 pg L' in August 2024, with rainfall amounts of
133.9 and 182 mm, respectively. This stability may result from
redox transformations and leaching saturation. Under oxygen-
rich conditions, Mn is readily oxidized to less soluble Mn(ui/
) oxides, such as MnO,, which reduces its solubility in rain-
water.”” In addition, once the readily soluble Mn fraction is
depleted earlier in the wet season, subsequent rainfall events
contribute little additional Mn, consistent with leaching satu-
ration reported in field studies.”®

Other HMs show distinct seasonal characteristics. V exhibits
notable monthly variability in rainwater concentrations, with
higher values observed during dry months and lower values
during the peak rainy months (Fig. 2). This pattern suggests that
atmospheric dilution and rainfall scavenging play important
roles in shaping its seasonal behavior. The elevated levels in the
dry season may be attributed to the accumulation of
combustion-related emissions, particularly from heavy fuel oil
and industrial processes, under limited washout conditions. By
contrast, enhanced rainfall in the wet season facilitates efficient
removal of V from the atmosphere, leading to lower measured
concentrations. Zn consistently dominates among all HMs,
contributing more than half of the total deposition, with
a pronounced seasonal contrast (Fig. 2). Concentrations peak in
February, reflecting pollutant accumulation during the dry
season when atmospheric washout is minimal. In contrast,
fluxes reach their maximum during the wet season, particularly
during September-October, when abundant rainfall enhances
the scavenging of Zn from the atmosphere. Zn is widely recog-
nized as a tracer of traffic-related emissions, including tire wear,
brake abrasion, and industrial additives.*”*>** Its high solubility
in rainwater further facilitates efficient washout during rainfall
events, which explains the marked increase in wet-season
deposition fluxes.***** Compared to less soluble metals, such
as Cr and Pb, Zn thus not only dominates in terms of concen-
tration but also contributes disproportionately to the total
deposition load.

Cu and Pb exhibit relatively stable
throughout most of the sampling months, with only minor
fluctuations, except for a pronounced increase in February

concentrations
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when both elements reached their highest levels. Despite these
elevated concentrations in February, the deposition fluxes of Cu
and Pb are not high in that period but instead peaked in
October, coinciding with the rainy season. This pattern high-
lights the dominant influence of rainfall volume on deposition
fluxes, as abundant rainfall in October facilitates more effective
removal of these elements from the atmosphere, resulting in
larger fluxes irrespective of concentration levels. In contrast, Cr
displays a more pronounced seasonal variation (Fig. 2).
Concentrations of Cr are higher during the dry months, while
the deposition flux reached a maximum in September. This
peak is driven by the combined effects of relatively elevated
concentrations and substantial accumulated rainfall, leading to
enhanced atmospheric deposition flux of Cr. Such differences
between Cu, Pb, and Cr imply a complex interplay between
emission intensity, atmospheric processes, and precipitation in
shaping the temporal variability of HM deposition in HCMC.

In general, the seasonal patterns of HM concentrations and
deposition fluxes in HCMC highlight the strong influence of the
tropical monsoon climate on atmospheric processes. The clear
contrast between the dry and rainy seasons indicates that
precipitation is the primary driver shaping HM deposition
dynamics. Although the highest concentrations of most HMs
are recorded in the dry months, the greatest bulk deposition
fluxes occur during the rainy season, particularly in October
when rainfall is most intense. This divergence emphasizes that
rainfall not only dilutes HM concentrations in rainwater but
also enhances their removal from the atmosphere, thereby
increasing the overall deposition load to terrestrial and aquatic
environments. The contrasting patterns of concentrations and
fluxes illustrate the complex interactions between meteorolog-
ical factors and anthropogenic emissions in determining the
chemical composition of rainwater. To further clarify the
contribution of specific emission sources to these patterns,
a source apportionment analysis was conducted, as presented
in the next section.

3.4 Source apportionment

3.4.1 BWT analysis. Clustering of backward trajectories
(BWTs) is employed to elucidate the variability in HM concen-
trations observed in HCMC (Fig. 3). The trajectories reveal the
combined influence of both the NE and SW monsoon systems,
transporting air masses across a mixture of continental and
oceanic pathways. Based on trajectory patterns during the study
period, 4 major clusters are identified, each representing
different transport characteristics and, consequently, distinct
HM profiles (Table S6 and Fig. 3).

Clusters 2, 3, and 4, which collectively represented 65% of
the total trajectories, are predominantly linked to southwesterly
flows passing over vast marine regions in the Indian Ocean, Bay
of Bengal, and Gulf of Thailand. The extended transportation of
these air masses over relatively clean oceanic environments
likely allowed for substantial dilution and deposition of
contaminants during transport, thereby reducing the effect of
long-range anthropogenic transport.>?**®> As a result, the
chemical signature of rainfall during these periods is more

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Cluster analysis result and distribution of the selected HMs in HCMC during the study period. The gray lines represent the BWTs associated

with rainy weeks.

strongly governed by local contributions. In contrast, cluster 1,
accounting for 35% of all trajectories, is associated with inland
pathways originating from northern and central Vietnam and
partly influenced by continental flows from East Asia. Unlike the
maritime clusters, these inland pathways offer less opportunity
for dilution, thereby favoring the gathering of pollutants along
the transport route.

The concentration profiles of HMs across the 4 clusters
exhibit consistent dominance of Zn and Mn but also marked
differences in the magnitude and distribution of HMs. In all
clusters, Zn ranked first, followed by Mn, indicating their
pervasive contribution to atmospheric deposition chemistry in
HCMC. However, the relative abundance of secondary metals,
such as Cu and Pb, varied considerably, leading to distinct
chemical signatures among clusters (Table S6). For all clusters,
the presence of Pb further highlights the persistent influence of
residual sources despite the global phase-out of lead gasoline,
reflecting localized industrial activities (Fig. 3). Similarly, Cu
enrichment indicates substantial traffic-related abrasion
processes in densely populated areas of HCMC (Fig. 3). Thus, the
predominance of these HMs implies the dominant role of local
emissions under the influence of cleaner maritime air masses.
Cluster 1 shows the highest total concentration, with Zn and Mn
contributing nearly 88% of the mass (Table S6). Cu is also
elevated, nearly double the levels recorded in clusters 2 and 3,
while Pb remains moderate. In contrast, results from Table S6
indicated that cluster 3 presents the lowest total concentration,
characterized by substantially reduced Mn and Cu, while Zn also
declines relative to cluster 1. This contrast suggests that cluster 3,
dominated by cleaner southwesterly air masses, is more strongly
influenced by dilution during oceanic transport, resulting in
uniformly lower concentrations of all metals. Cluster 2 has Zn

© 2026 The Author(s). Published by the Royal Society of Chemistry

(44.6 pg L") levels comparable to those of cluster 1 but slightly
reduced Mn, while cluster 4 exhibits the lowest overall HMs
concentrations among the clusters (Table S6).

Overall, cluster 1 and cluster 3 represent the two extremes of
concentration levels, with cluster 1 reflecting the accumulation
of pollutants under inland trajectories and cluster 3 high-
lighting the effect of long-range dilution over marine pathways.
The intermediate patterns of clusters 2 emphasize the complex
interplay between common Zn-Mn dominance and variable
enrichment of Cu under specific transport regimes.

3.4.2 Enrichment factors. Table S2 presents the EF values
of HMs in rainwater observed in this study. According to Table
S2, a wide range of enrichment levels was obtained for HMs in
our study. V showed a relatively low enrichment level, with an
average EF of 3.64, suggesting a moderate influence by local
anthropogenic activities (Table S7). In contrast, Cr (19.3) and
Mn (22.0) exhibited severe enrichment, indicating the contri-
bution of urban emission sources. Much higher EF values were
observed for Ni (44.6), Cu (90.2), Zn (307.1), As (57.9), and Pb
(73.7), suggesting strong enrichment relative to crustal abun-
dance. Among these elements, Zn exhibited the highest EF,
followed by Cu and Pb, highlighting the significant impact of
anthropogenic activities.®® The elevated enrichment levels are
commonly associated with traffic-related emissions, fuel
combustion, and urban industrial activities, which are major
emission sources in Ho Chi Minh City.?***%

Overall, the EF results indicate that most elements are
strongly influenced by anthropogenic inputs rather than purely
crustal sources. The evident enrichment of Ni, Cu, Cr, Mn, Zn,
As, and Pb suggests the presence of multiple urban emission
sources. To further distinguish and identify these potential
sources, PCA was subsequently applied.
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3.4.3 PCA studies. Table S8 illustrates the correlations
among metals in rainwater samples obtained throughout the
study period, suggesting that they share common sources.””
Specifically, Ni, Cu, Cr, and Mn show very high positive corre-
lations (r = 0.76-0.84), reflecting significant impacts from on-
road traffic and associated non-exhaust emissions (e.g., brake
and tire wear).>**” Furthermore, correlation of As with other
metals also indicates a combination of multiple sources as
moderate correlations with Fe (r = 0.54), Zn (r = 0.59), Pb (r =
0.76), and V (r = 0.67) (p < 0.01), highlighting the combined
effects of fossil fuel combustion and smelting activities.?*** On
the other hand, the analysis also shows significant contribu-
tions from natural sources. Ca shows only weak positive corre-
lations with anthropogenic metals such as As, Pb, and Se,
suggesting a clear contribution from crustal inputs (Table S8).
To identify and separate these contributions more precisely, we
performed PCA. The PCA was conducted to identify the major
factors contributing to the variation of HMs in HCMC rainwater
during 2023-2024 (Table 1). A Kaiser Meyer Olkin (KMO) value
of 0.733 indicated that the dataset is suitable for PCA. Four
principal components (PC) are extracted, explaining 73.3% of
the total variance, indicating a well-structured dataset (Table
S9).

The first PC (PC1), which accounts for 39.5% of the variance,
exhibits high positive loadings for Ni (0.88), Cu (0.84), Cr (0.78),
and Mn (0.76). These elements are widely recognized as tracers
of urban and traffic-related activities.”*” Strong correlations,
particularly between Cu-Ni (r = 0.79) and Cu-Cr (r = 0.81) (p <
0.01, Table S8), highlights the likelihood of common emission
sources. In the context of Ho Chi Minh City (HCMC), traffic
emissions represent a dominant contributor, especially given
the large number of two-stroke motorbikes (>450 000 (ref. 65)),
which release Ni, Cu, and Mn through incomplete fuel
combustion, lubricant additives, and mechanical wear
processes. A previous study in HCMC also identified tire wear,
fuel combustion, and metallurgical activities as significant
sources of Ni and Cu in PM,;,.?° The observed Cu-Cr and Ni-Cr

Table 1 PCA of HMs in bulk deposition in HCMC

Principle component (PC)

1 2 3 4

Ni 0.884 0.179

Cu 0.840 0.127

Cr 0.784 0.246

Mn 0.761 0.367

Sb 0.745 0.312 —0.350

As 0.195 0.931 0.175
Fe 0.925 0.214

Pb —0.117 0.825 —0.110
Zn 0.190 0.742

\% 0.355 0.709 0.139
Se 0.287 0.580

Ca 0.880

Rainfall —0.197 —0.149 —0.254 —0.644
Temperature 0.216 —0.157 0.830
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associations (r = 0.84) further suggest the combined impact of
non-exhaust vehicle emissions (e.g., brake and tire abrasion)
and localized industrial sources.”**” The strong Mn loading in
PC1, together with its significant correlation with Cu (r = 0.82, p
< 0.01), implies contributions from traffic activities. Taken
together, PC1 can be viewed as representing factors relating to
non-combustion traffic and industrial sources, reflecting the
strong imprint of urbanization on atmospheric deposition.

The second principal component (PC2), explaining 15.5% of
the variance, is dominated by As (0.93), Fe (0.92), Pb (0.82), Zn
(0.74), and V (0.71). These elements are commonly linked to
industrial activities, including metallurgical processes, fossil
fuel combustion, and shipping emissions.****® Moderate
correlations between Zn and Pb (r = 0.52) suggest shared
origins, possibly from local industrial emissions and/or traffic
emissions. Similarly, the Fe-As association (r = 0.54) revealed
these HMs originated from similar anthropogenic activities,
probably combustion of fossil fuel.?****%¢ Therefore, PC2 is
mainly attributed to combustion-related sources.

The third principal component (PC3), accounting for 9.93%
of the variance, is characterized by a single dominant loading of
Ca (0.88). Unlike the anthropogenic HMs in PC1 and PC2, Ca
exhibits weak and statistically insignificant correlations with
other variables (p > 0.05), indicating a predominantly natural
origin. Ca is widely regarded as a marker of crustal and resus-
pended dust, originating from soil particles, road dust, and
construction debris.’”%”® Its enrichment in PC3 is consistent
with inputs from wind-blown dust and urban land disturbance,
processes that are particularly relevant in rapidly developing
cities such as HCMC. The clear separation of Ca from anthro-
pogenic HMs further supports its geogenic nature. Similar
findings have been reported in other Asian urban environ-
ments, where Ca serves as a reliable tracer of natural mineral
dust contributions.®*%%%

The fourth component (PC4), explaining 8.32% of the vari-
ance, reflects the role of meteorological factors, primarily
temperature and rainfall, in modulating the characteristics of
rainwater in HCMC. Such influences are particularly critical in
tropical climates such as HCMC, where high rainfall intensity
and seasonal variability strongly affect atmospheric scavenging
processes.

Overall, the PCA results highlighted the complex contribu-
tion factors in rainwater at HCMC. The distinct clustering of
HMs in anthropogenic traffic-industrial groups (PC1 and PC2),
along with the contributions of natural crustal inputs (PC3),
and meteorological influences (PC4), suggested the multifac-
eted drivers of rainwater chemistry in a rapidly urbanizing
megacity. By disentangling the roles of urban activity, industrial
development, natural dust inputs, and meteorological controls,
this multivariate analysis provides a scientific foundation for
improving air quality management and pollution control in
tropical urban environments.

3.5 Ecological risk assessment

The ecological risk assessment of HMs in atmospheric deposi-
tion at HCMC reveals an evident divergence between measured

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ea00039h

Open Access Article. Published on 09 April 2026. Downloaded on 5/21/2026 9:05:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

concentrations and the associated ecological hazards. As illus-
trated in Fig. 4, the E; of Pb, Zn, Cu, Ni, Cr, and As all remain
below the threshold of 30, classifying them as low ecological
risk (Fig. 4A). When considered cumulatively, Pb accounts for
approximately 62.9% of the total ecological risk (Fig. 4B), fol-
lowed by Zn (24.8%) and Cu (7.3%), while the contributions
from Cr, Ni, and As are negligible (<3%). This distribution
identifies Pb as the dominant ecological risk factor in HCMC
rainwater.

An important observation emerges when comparing depo-
sition concentration and ecological risk. Zn displays the highest
concentration among the investigated HMs, reflecting its strong
anthropogenic presence in the urban atmosphere. Despite this
abundance, Zn contributes relatively little to the overall
ecological risk. This can be explained by the low T’ assigned to
Zn in the risk model, which greatly diminishes its weighted
ecological risk contribution. In addition, Zn is an essential
micronutrient for plants and organisms, and while excess Zn
can cause phytotoxicity or disturb microbial soil communities,
its ecological hazard per unit mass remains much lower than
that of Pb.” On the other hand, Pb shows a high ecological risk,
despite having lower absolute concentrations than Zn. This
reflects the strong persistence of Pb in the environment, lack of
biological function, high mobility in acidic soils and aquatic
systems, and its well-documented ability to bioaccumulate and
biomagnify through trophic chains.”*”> Pb exposure disrupts
enzymatic processes, interferes with photosynthesis, and cau-
ses neurotoxicity in higher organisms, even at trace levels. Thus,
the contrast between Zn and Pb highlights the critical role of
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toxicity weighting factors in risk models, and deposition
magnitude alone can not be used as a surrogate for ecological
threats. In addition, the results from HCMC are consistent with
national-scale assessments across China. For example, Ma
et al.’ reported a comprehensive RI of 11.8 for bulk deposition
across 31 sites, with the order of ecological risk contribution Cd
> Pb > As > Ni > Cr > Se. In China, Cd emerged as the dominant
risk factor, largely attributed to coal combustion and smelting
emissions, whereas Pb remained the second-highest
contributor.

The cumulative PER value is driven almost entirely by Pb
(Fig. 4B). This finding has important implications for environ-
mental management. Given that Pb pollution is difficult to
remediate once deposited, strict emission controls should be
prioritized. Measures such as enhanced regulation of industrial
Pb sources, phasing out informal recycling activities, and
mitigation of traffic-related Pb emissions are potentially
needed. Although Zn exhibits a lower relative risk, its high
deposition flux suggests the potential for long-term accumula-
tion in soils and aquatic ecosystems. Prolonged enrichment
may gradually shift Zn from a low to a moderate ecological
concern, particularly under conditions of acidification or
nutrient imbalance, which can enhance Zn bioavailability.

In summary, the ecological risk of HMs in HCMC is char-
acterized by a disproportionate dominance of Pb, reflecting its
high toxicity, environmental persistence, and anthropogenic
sources. Zn, despite being the most abundant HM in deposi-
tion, exerts only a secondary ecological influence due to its
lower toxicity coefficient and partial biological utility. This
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Fig. 4 Potential ecological hazard assessment of HMs in atmospheric bulk deposition in HCMC: (A) for each HM and (B) relative contribution to
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difference highlights the importance of adopting risk-based
approaches over concentration-based methods in air pollution
management. In the context of accelerating urbanization and
industrial growth in HCMC, targeted reduction of Pb emissions
should be considered a policy priority to safeguard ecosystem
health. The ecological risk assessment in this study is based on
the deposition of dissolved HMs, which reflects the more
bioavailable fraction but may underestimate total HM loading.
Inclusion of particulate-bound metals in future studies would
allow for a more comprehensive ecological evaluation.

4 Conclusion

This study provides a comprehensive dataset on atmospheric
deposition of HMs in HCMC, a rapidly urbanizing megacity in
southern Vietnam. The results indicate that both HM concen-
trations and deposition fluxes are strongly influenced by
seasonal rainfall patterns. Concentrations are generally lower
during the rainy season due to dilution, whereas deposition
fluxes are markedly enhanced by abundant precipitation. Zn
shows the highest concentration, with a VWM of 32.9 pg L™"
and an annual deposition flux of 59885 pg m™> year .
Although absolute concentrations are moderate compared with
several Asian urban sites, the cumulative deposition fluxes in
HCMC are higher than at other locations worldwide due to high
annual rainfall exceeding 1800 mm. The EF results indicate that
most of the investigated elements are predominantly influenced
by anthropogenic sources. Source apportionment using cluster
analysis and PCA reveals multiple contributing factors. Non-
combustion traffic emissions and industrial activities are
identified as dominant sources, supplemented by contributions
from combustion processes and crustal dust. Air masses from
continental pathways, particularly from the NE, are associated
with higher HM concentrations, while southwesterly marine
trajectories correspond to cleaner conditions. These findings
highlight the combined impacts of local anthropogenic sources
and regional transport on deposition patterns in the city.
Ecological risk assessment emphasizes the disproportionate
role of Pb. Although Zn dominates in terms of concentration
and flux, its ecological risk index is low. In contrast, Pb exhibits
a high ecological risk compared to other HMs, accounting for
nearly 60% of the total PER. This finding indicates Pb is the
most critical pollutant of concern in rainwater at HCMC,
requiring enhanced emission control strategies. Overall, this
study establishes the first quantitative assessment of HM
deposition in southern Vietnam under a tropical monsoon
climate. Our results address a significant data gap in SEA, where
atmospheric deposition measurements remain scarce. These
findings enhance the mechanistic understanding of HM depo-
sition in humid monsoon systems and provide a scientific basis
for pollution control strategies across rapidly urbanizing
regions of SEA.
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