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Abstract

The port area around Saldanha Bay, South Africa, is an industrial hub that processes large quantities of mining material and produces
metals and steel, which leads to the visible emission of industrial dust. This study addresses the spatial and temporal variation of
potentially toxic metals in the dust surrounding the industrial hub of Saldanha Bay and the potential health risks associated with
them. Monitoring by the Saldanha Bay Municipality using dust buckets gives insight into the monthly Fe, Mn, Cu, Pb, and Zn content
and deposition fluxes from 2016 to 2023. In addition, an extended sampling effort with Big Spring Number Eight (BSNE) samplers
allowed us to additionally determine the Al, As, Ba, Cd, Co, Cr, Mo, Ni, Sb, Se, Sn, Sr, and V content in the dust particles. Results showed
that in general, the Fe, Mn and Zn fluxes increased over time while the Pb flux decreased. Health risk indices suggest that the Pb and
Mn content in the dust particles could pose a significant risk to public health. Certain regions in the study area are at higher risk than
others, illustrating the need to monitor the spatial variability. Furthermore, the content of Co, Cu, Mn, and Ni is high compared to
published concentrations in other urban areas around the world. Future work could investigate the precise origin of each metal to

develop appropriate mitigation plans and protect public health in such industrial areas.

Keywords

Air pollution; dust deposition; toxic metals; health risk assessment; industry

Introduction

Air pollution is considered an important environmental threat
to human health worldwide, causing around 6.7 million
premature deaths annually (Health Effects Institute, 2020; WHO,
2021). One important cause of air pollution is the emission of
dust particles by anthropogenic activities such as industry,
mining, energy production, and traffic. The health risks of the
dust particles emitted by such activities are determined by the
quantity of particles, as well as the presence of potentially toxic
metals like Pb, Zn, Cr, and Mn, among others (Nan et al., 2023;
WHO, 2021, 2016; Yan et al., 2025). The global emission of dust
and toxic metals associated with industries and mining has
greatly increased in the last century due to land-use changes
and an increase in production and industrialisation (Han et al.,
2002; Hooper and Marx, 2018; McConnell and Edwards, 2008;
Nriagu, 1996; Tian et al., 2015; Wan et al., 2016). To mitigate the

harmful effects of toxic metals in dust, the possible sources of
these metals and the risk they pose to public health must be
understood (Li et al., 2019).

Saldanha Bay is located on the west coast of South Africa and
hosts animportantexport hub and industrial development zone.
Several industrial activities take place in the area, including ore
transport, smelting, and steel galvanising. Annually, around
55.2 million tons of Fe ore and 4.7 million tons of Mn ore are
exported, in addition to the processing of lead, zinc, copper,
and galvanised steel (AEC, 2022). Concerns have been raised
about possible air pollution caused by these industries and the
impacts on public health. The Fe ore transport, processing, and
storage have drawn particular attention due to the generation
of visible red dust dispersed throughout the area. However,
other operations such as ore processing and steel production
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could also emit particles containing potentially toxic metals,
as has been reported from operations around the world (Al-
Swadi et al., 2022; Entwistle et al., 2019; Nelson, 2013; Utembe
et al., 2015; Zheng et al., 2010). Further industrial development
is planned in the Saldanha Bay area (AEC, 2022), increasing the
possible negative health risk.

Monitoring by the Saldanha Bay Municipality targets both
the concentration of particles smaller than 2.5 um (PM,,) and
the total deposition of dust. The PM,, concentrations and
dust deposition data have been analysed by Vos et al. (2024)
and suggest a low risk for public health in the Saldanha Bay
Municipality. However, the potentially toxic metal content of the
dust, which has generally been associated with a negative impact
of industrial dust on public health, had not yet been considered.
Understanding the metal content of the dust, and not just the
quantity of dust, will contribute to improved knowledge of the
health risks associated with such an industrial hub.

This study investigates the metal content of the dust in Saldanha
Bay, with a focus on its temporal and spatial variability and
potential public health impacts. The Saldanha Bay Municipality
has been conducting dust monitoring in line with the national

air monitoring guidelines (DEA, 2017), measuring the long-
term total dust deposition flux and analysing the Fe, Mn, Zn,
Cu, and Pb content in the dust. We extended this monitoring
effort by collecting additional total dust samples and analysing
an expanded suite of metals. We focus on metals commonly
associated with industrial activities and mining, and known to
threaten public health (Al-Swadi et al., 2022; Briffa et al., 2020;
Chen et al., 2022; Okanigbe et al., 2017; Ondrasek et al., 2025;
Zhengetal.,2020). Altogether, this study targets Al, As, Ba, Cd, Co,
Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Se, Sn, Sr,V, and Zn. The study aims
to (a) quantify the concentration of metals and the metal flux in
the dust in residential areas surrounding the port, (b) determine
the temporal and spatial variability of the metal fluxes, and (c)
evaluate the health risks associated with potentially toxic metals
in the dust. We also propose recommendations for improving
this assessment and identify further research to more accurately
evaluate the health impact of air pollution.

Material and methods

Study area

The Saldanha Bay Municipality is located on the west coast of
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Figure 1: Map of the study area indicating the location of the dust buckets, the BSNE samplers, the climate station, and major industrial areas.
Ground map provided by ESRI (World Street Map, ESRI, Tomtom, Garmin, Foursquare, FAO, Meti/NASA, USGS) and train track data by OpenStreetMap

(Humanitarian OpenStreetMap Team, 2024).
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South Africa (Figure 1). The Saldanha Bay Municipality hosts the
Saldanha Bay port and the surrounding Besaansklip industrial
area. The industrial area is surrounded by several residential
areas, with Vredenburg and Saldanha being the most populated.
The area is semi-arid, with a winter rainy season and an average
annual rainfall of approximately 230 mm. The wind in this area
is predominantly from the south to the southwest (Figure 2a and
Figure 2b), but northern winds also prevail in winter, from April
to September (Figure 2b). The weather conditions are explained
in more detail in Vos et al. (2024).

Dust sampling and analyses

For this study, two monitoring datasets were used to quantify
the potentially toxic metals in airborne dust. The first dataset
originates from the Saldanha Bay Municipality’s monitoring
efforts conducted following the air monitoring guidelines
stipulatedinthe National Framework for Air Quality Management
(DEA,2017). Dust buckets collected deposited particles,and from
these samples, the concentrations of selected target metals,
Fe, Mn, Cu, Zn, and Pb were measured. This monitoring was
performed monthly at seven stations since 2014. For this study,
we considered the dust deposition data from 2016 to 2023 due to
data gaps in the earlier years. In total, 461 samples were taken.
More details on this municipal monitoring are described in the
Dust monitoring 2016 to 2023 section. This long-term monitoring
approach allows the determination of the temporal and spatial
variability. However, the national air monitoring guidelines only
prescribe the monitoring of the five metals (DEA, 2017), despite
the larger number of potentially toxic metals associated with
industrial, smelting, traffic, and mining processes.
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Additionalsampling was conducted to expand the array of metals
to beincluded in the risk analyses. Five Big Spring Number Eight
(BSNE) samplers, which capture the horizontal flux of dust, were
installed in residential areas (Figure 1). The sampling period was
from 18 September 2023 to 13 November 2023. The following
suite of metals was determined in this additionally collected
dustin 2023 and 2024: Al, As, Ba, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb,
Sb, Se, Sn, Sr, V, and Zn. These metals were chosen due to their
potential health impacts and their association with mining and
industrial activities (Al-Swadi et al., 2022; Briffa et al., 2020; Chen
etal., 2022; Csavina et al., 2012; Okanigbe et al., 2017; Ondrasek
et al., 2025). This method is discussed more extensively in the
Extended dust sampling for additional relevant metals section.
By combining both approaches, we aim to understand the
changes in metal content over time and the spatial variability,
while simultaneously being able to evaluate the health risks of a
wider range of potentially toxic metals.

Dust monitoring 2016 to 2023

The Municipality of Saldanha Bay has been monitoring the
dust deposition and dust chemical content at seven sites using
so-called ‘dust buckets’ These monitoring stations are named
north-A (N-A), north-B (N-B), northeast (NE), central north (CN),
central south (CS), southwest (SW), and southeast (SE) according
to their relative location within the sampler array (Figure 1). The
dust was collected roughly once per month, but during and in
the aftermath of the COVID-19 pandemic, the sampling intervals
were longer. For each sampling period, the depositional flux (in
mg day* m?) and the content of Fe, Mn, Cu, Zn, and Pb (in ppm)
of the deposited dust were determined. The depositional flux
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Figure 2: Summertime (a) and wintertime (b) wind roses for the study area measured hourly from 2016 to 2023 at the climate station in Langebaanweg
(Figure 1). Here, summer is considered to span from October to March, and winter from April to September.
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of the total dust was analysed by Vos et al. (2024). Combining
the total deposition flux with the content of the dust, the
deposition flux (in mg m? day?) of the specific elements can be
calculated. The dust and metal content analysis was conducted
in the Société Générale de Surveillance (SGS) Environmental
Laboratory in Randburg, South Africa, a South African National
Standards (SANS) 17025-accredited facility. The samples
were digested with a mixture of nitric and hydrochloric acids,
following National Institute for Occupational Safety and Health
(NIOSH) methods 7300 and 7301 (NIOSH, 1994). The digest is
then analysed by inductively coupled plasma optical emission
spectrometry (ICP-OES). The dataset is publicly available at
https://sbm.gov.za/environmental. Due to the long monitoring
period and monthly measurement interval, it is possible to
determine the long-term and seasonal variability of the metal
fluxes and the variability between the different stations.

Extended dust sampling for additional relevant metals

To expand the number of metals included in the health risk
assessment, five BSNEs were additionally installed, from which
the sampled dust was analysed. These five BSNE samplers were
installed at the stations named St Helena Bay, Vredenburg,
Saldanha, Blouwater Bay, and Langebaan (Figure 1). These
passive dust samplers captured the horizontally travelling
particles. It should be noted that, similar to the dust buckets,
the BSNEs are likely to capture the larger dust particles that
are suspended in the atmosphere (Goossens, 2004; Mendez et
al., 2016; Yang et al., 2018). In these five samples, the Al, As, Ba,
Cd, Co, Cr, Mo, Ni, Sb, Se, Sn, Sr, and V content were analysed
in addition to the Cu, Fe, Mn and Pb content that were also
measured by the municipality (see Dust monitoring 2016 to
2023). The dust was analysed for the metal content with an
Agilent 7900 Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) at Stellenbosch University Central Analytical Facilities
(CAF) following digestion with nitric acid and hydrochloric acid
using the MARS microwave digester vessels.

Data analyses

To determine the relationship between different values and
the statistical significance between different groups, several
statistical tests were used. To calculate whether two groups
of datasets differ significantly from each other, Wilcoxon tests
were done. To compare multiple groups of datasets, ANOVA
tests were utilised. For both the Wilcoxon and ANOVA tests,
an alpha value of 0.01 was used for statistical significance.
When determining the seasonal patterns of dust fluxes, the
values from summer (October to March) and winter (April
to September) were compared. For the development and
visualisation of the statistical analyses, the R packages “stats”
(R Core Team, 2013) and “ggplot2” (Wickham, 2016) were used.
To visualise the relationship between multiple units, such as
metal concentrations, a correlation matrix was created using the
package “corrplot” in R (Wei and Simko, 2021).

Health risk assessment
In this study, we focus on the possible toxic effects of metals
in dust. The health risk assessment model from the United

States Environmental Protection Agency (US EPA, 1996, 1989)
estimates the carcinogenic and non-carcinogenic health risks of
potentially toxic metals in dust particles. It should be noted that
these health risk indices serve as an initial assessment of the
possible risks of metals in dust and that they do not represent
the measured health impacts in a given community.

Chemical daily intake

To determine the impact of toxic metals in dust, we calculated
the Chemical Daily Intake of toxic metals (CDI, in mg kg* day?)
via inhalation (CDI, ), ingestion (CDIing), and dermal absorption
through skin contact (CDI ). The intake via ingestion is
generally the highest of the three routes (Dahmardeh Behrooz et
al., 2021; Drahota et al., 2018; Ma et al., 2022; Zheng et al., 2020),
and is especially high for children (Guney et al., 2010). The CDI
values were calculated with equations 1 to 3 (US EPA, 1989):

Rinh*Fexp*Texp

CDlinp = Cppm * PEF+ABW+T,yg (1)
SAF*Agin* DAFrFexp+Texp _
CDI =C * = * 1076
dermal ppm ABW+T,yg (2)
_ Ring*Fexp*Texp -6
CDIing - Cme * ABW+Tqayg * 10 3)

Where C,omrepresents the elemental concentration (in ppm),R, |
is the dust inhalation rate (in m® day?), Ring is the dust ingestion
rate (in mg day?), F., IS the exposure frequency (in day year
1), T, is the time of exposure (in years), PEF is the particulate
emission factor (in m® kg?), ABW is the average body weight
(in kg), and Toe is the average time of illness to develop (Texp
expressed in days), SAF is the skin adherence factor in mg cm™
hrt, A, is the exposed skin area in cm?, and DAF is the dermal
absorption factor. The values used for these calculations are
shown in Table 1. For this model, we will differentiate between

Table 1: The exposure parameters used to calculate the CDI using
equations 1to 3.

Parameter Adults Child Reference
USEPA
-1 -1
ing 100 mg day 200 mg day 1996: 2011
Van den
3 -1 3 -1
R 20 m* day 7.6 m*day Berg 1994
Feeo 350 days year* 350 days year* US EPA 1996
Too 24 years 6 years US EPA 1996
PEF 1.36 109 m3kg! 1.36*109m*kg! USEPA2001
ABW 70 kg 15kg US EPA 1989
TagON" 1 s3g5days T *365days  USEPA1996
carcinogenic exp P
Toe carcinogenic 25,550 days 25,550 days US EPA 2001
SAF 0.70mgcm?hrt  0.07mgcm?hrt  USEPA2001
Ay 5700 cm? 2800 cm? US EPA 2001
DAF 0.001 0.001 US EPA 2001

CLEAN AIR JOURNAL
Volume 35, No 2, 2025

© 2025. The Author(s). Published under a
Creative Commons Attribution Licence.



Research article: Variation and health risks of the potentially toxic metals in dust around an industrial hub

Page 5 of 16

the effects on children and adults. It is important to note that the
values used to calculate the CDI and represented in Table 1 are
general assumptions on personal exposure (such as Foo and Texp)
and body characteristics (such as BW and A ). For this reason,
the calculated CDI does not represent exact individual intakes
but rather a general estimation of the intake and the associated

risks.

The concentration (Cppm) reflects the ‘reasonable maximum
exposure’ (US EPA, 1989). In the case of the monitoring data, this
is defined as the 95% upper limit concentration (Hu et al., 2011;
US EPA, 1996), which is calculated for the total dataset and each
individual station. For the additional sampling, due to the limited
number of samples, the maximum concentration measured is
used to represent the reasonable maximum exposure.

Hazard Index and Carcinogenic Risk

From the CDls, the non-carcinogenic Hazard Index and the
Carcinogenic Risk per element are calculated using equations 4
and 5 (US EPA 1989, 1996, 2001):

_ CD[inh,dermal,ing
Hazard Index = ZinDo * BAF (4)
Carcinogenic Risk = ), CDIipn,dermaling * BAF * SF (5)

Here, RfD is the reference dose (mg kg day?) and BAF is the
bioaccessibility factor (%), see Table 2. For the elements that
could have a carcinogenic impact via ingestion (As and Cr(Vl)),
the carcinogenic risk is calculated with the BAF and the slope
factor (SF), which is an estimate of the increase in carcinogenic
risk per element (mg kg?! day?) (US EPA, 2011). The BAF can
have a large variability depending on the dust and the intake
pathways (Hu et al., 2011; Okorie et al., 2012), and it is not
known for each element. When a BAF value is not presented in
the literature, a bioaccessibility of 100% is assumed to represent
the maximum risk that this metal poses. This assumption
also means that the Hazard Index of this element might be
overestimated. For the Hazard Index, a value above 1 indicates
that there are significant non-carcinogenic health risks (US EPA
2001), where a higher Hazard Index represents a higher possible
impact. A Hazard Index value below 1 means that the dust has
a likely non-significant health effect. For the Carcinogenic Risk,
a value below 1.0E-4 is considered tolerable (US EPA 2001). A
detailed overview of the parameters and factors included in the
Hazard Index and carcinogenic risk assessments is presented by
the US EPA (2011).

Oxidation states of Cr and As

For the Hazard Index and related calculations, our analysis
provided concentrations of total Cr and total As, which neglect
speciation. However, the toxicity is species-dependent for both
metals. Cr(VI) ismuch moresoluble, mobile, and toxic than Cr(lll),
which is largely insoluble, immobile and less toxic. Cr in dust
particles from eroded soil, including mine dust, typically occurs
asCr(lll),such asin chromite; Cr(Vl)-bearing minerals, in contrast,
are rather rare. In the atmosphere, Cr typically exists as Cr(lll)

Table 2: Bioaccessibility factors (BAF), reference dose (RfD) values,

and slope factors (SF) are used to calculate the Hazard Index and
Carcinogenic Risk per element as described in equations 4 and 5. The BAF
values are sourced from Hu et al. (2011), and the RfD and SF values are
sourced from US EPA (2023) guidelines, except for the Pb values, which
were provided by WHO (2017)

Element BAF (%) RfD SF
Al - 1 -
As 38.8 3.0E-4 1.5
Ba - 0.2 -
Cd 74.5 1.0E-4 -
Co 22.1 3.0E-4 -
Cr (V1) 5.83 3.0E-3 0.5
Cu 29.8 4.0E-2

Fe 3.88 0.7

Mn 47.6 2.4E-2

Mo - 5.0E-3

Ni 15.7 1.1E-2

Pb 47.0 3.5E-3

Sb - 4.0E-4 -
Se — 3.0E-3 -
Sn - 0.6 -
Sr - 0.6 -

Vv 11.2 5.0E-3 -
Zn 60.1 0.3 -

(Torkmahalleh et al., 2013), particularly in particles derived from
soil erosion, mainly because the oxidation from Cr(lll) to Cr(VI) is
slow in the atmosphere and limited to a few constituents such
as ozone or Mn dioxide (Stanin, 2005). However, the oxidation of
Cr(Ill) to Cr(Vl) in the natural environment may occur whenever
conditions are favourable (Apte et al., 2006). Bell and Hipfner
(1997) reported that Cr(VI) contributed approximately 20% to
the airborne Crin a small urban area in Canada. Also, Cr(VI) has
been reported as enriched in PM_, (Yu et al., 2014) and found to
contribute up to 50% of the total Cr in city centres and around
30-40% in aerosols collected close to road traffic (e.g., Swietlik
et al., 2011). Consequently, in our health risk estimates, we use
a Cr(VI) contribution to a total measured Cr of 25%, following
Keshavarzi et al. (2015) and Soleimani-Sardo et al. (2023).

Trivalent arsenic (As(lll)) is much more toxic to humans than
pentavalent arsenate (As(V)). In atmospheric particulate matter,
As(V) is the dominant (50-99%) inorganic form in urban (Huang
et al.,, 2014; Lin et al., 2022; Tanda et al., 2020), industrial
(Sdnchez-Rodas et al., 2007) and remote (Gonzélez-Castanedo
etal., 2015) areas around the world. Nonetheless, it appears that
at least in urban areas, As(lll) increases in the fine PM (Huang
et al., 2014; Nocon and Rogula-Koztowska, 2019), and As(lll)
can be the dominant species in PM, _ (Tirez et al., 2015). Here,
we follow the EPA guidelines using total As in our health risk
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Figure 3: The concentration of the metals Fe, Mn, Zn, Cu, and Pb (a), and the metal deposition flux (b), measured from 2016 to 2023, at the seven
monitoring stations as shown in Figure 1. The boxplot displays the distribution of the dataset: the box spans the interquartile range (Q1 to Q3) with a line
marking the median (Q2). Whiskers extend to the lowest and highest values within 1.5 x IQR, while values outside this range appear as points. A diamond

indicates the dataset’s mean.

calculations, considering that most of the total As is pentavalent.
Nevertheless, the resultant Hazard Index might underestimate
the actual risk in areas where dust is predominantly fine PM and
contains non-negligible contributions of As(ll1).

Results

Dust composition and deposition flux

During the monitoring of the dust deposition at seven stations
from 2016 to 2023 (see Figure 1), the concentrations of the
potentially toxic metals Fe, Mn, Zn, Cu, and Pb in the dust were
measured (Figure 3a). For these metals, the variance of the
concentration is between 100 to 1000-fold. By combining the
dust composition and the total dust deposition flux, the metal
deposition flux was calculated (Figure 3b), which shows a
similarlylargevariance. Despitethislargevariance,some patterns
are distinguishable: Fe showed the highest concentrations and
fluxes, whereas lower concentrations and fluxes were observed
for Mn, Zn, and Cu. The lowest concentrations and fluxes were
observed for Pb (Figure 3).

The Fe, Mn, Zn, Cu, and Pb concentrations in the dust show a
generally moderate positive relationship with each other (r >
0.44; Figure 4). In contrast, each individual metal concentration
is strongly negatively correlated to the total dust deposition
flux (r <-0.62, p < 1.0E-15; Figure 4). This indicates that a high
dust deposition flux is mainly influenced by particles with low
Fe, Mn, Zn, Cu, and Pb contents. Furthermore, each metal flux
correlates significantly but weakly to the total dust deposition
flux (r =-0.08, 0.11, 0.33, 0.28, and 0.14, and p = 0.0063, 0.013,
0.0022, 3.81E-13, and 5.6E-10 for Pb, Cu, Mn, Zn, and Fe,
respectively; Figure 4). The negative correlation between the
total dust flux and each metal concentration of the dust, and

3
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Figure 4: Correlation matrix showing the relationships between the year
of sampling and the logarithmic value of the total dust deposition flux,
the metal concentration, and the metal dust deposition flux.

-1

the weak correlation between the total dust flux and each
metal flux, emphasise that the total dust deposition should not
be regarded as representative of the metal quantity in dust. In
contrast, the metal concentrations correlate strongly with the
respective metal fluxes for Pb, Cu, and Mn (r>0.69, p < 1.0E-15),
and moderately for Fe and Zn (r = 0.41 and 0.46, respectively,
and p < 1.0E-15; Figure 4). This indicates that the concentration
of a metal is a good indicator of the flux of this same metal, but
that these values should not be considered interchangeable. In
contrast to the good correlation among metal concentrations,
only a few of the fluxes of different metals correlate well, such as
the Fe and Mn flux or the Fe and Zn flux (Figure 4).
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grouped per monitoring station. See Figure 1 for the location of the monitoring stations. The boxplot displays the distribution of the dataset: the box
spans the interquartile range (Q1 to Q3) with a line marking the median (Q2). Whiskers extend to the lowest and highest values within 1.5 x IQR, while
values outside this range appear as points. A diamond indicates the dataset’s mean.
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Figure 6: The metal deposition flux measured from 2016 to 2023 at the municipal monitoring stations, grouped per year. The boxplot displays the
distribution of the dataset: the box spans the interquartile range (Q1 to Q3) with a line marking the median (Q2). Whiskers extend to the lowest and
highest values within 1.5 x IQR, while values outside this range appear as points. A diamond indicates the dataset’s mean.

Spatial varia blllty of metal fluxes metal flux in this northern area could be the result of the winds
The individual metal fluxes seem to be generally similar from the south crossing the industrial area on the way north.

between the seven investigated stations across the industrial L
hub and its surroundings (Figure 5). ANOVA analyses served Temporal variation of the metal fluxes

to test for significant changes in the metal fluxes between To determine the annual variation in the deposition fluxes of
different monitoring sites (See Supplementary 1). The only Fe, Mn, Zn, Pb, and Cu, the fluxes of each metal are grouped per
metal that does not show any statistically significant difference year (Figure 6). The ANOVA analyses of these fluxes between
in the depositional flux per station is Cu. The stations that have the different years are shown in Supplementary 2 and show
statistically similar metal fluxes are the close-lying N-A and N-B, only limited changes between the years. However, the Pearson
and the southern stations SW, CS, and SE. There is a generally correlation coefficients (Figure 4) indicate a weak positive
higher flux of Mn, Fe, Zn, and Pb in the northern sites N-A, N-B, correlation between the years and the deposition flux of Zn (r
and NE, but the exact flux pattern varies for each metal. The high =0.44, p < 1.0E-15), Fe (r = 0.39, p < 1.0E-15), and Mn (r = 0.25,
CLEAN AIR JOURNAL © 2025. The Author(s). Published under a
Volume 35, No 2, 2025 7 Creative Commons Attribution Licence.



Research article: Variation and health risks of the potentially toxic metals in dust around an industrial hub Page 8 of 16

1e+01
mCN
1e+00 mCS
6 m N-A
©
£ = N-B
© 1e-01
®© mNE
3
T SE
1e-02 mSW
mAll
1e-03

Fe Mn Zn Cu Pb
Adult Child Adult Child Adult Child Adult Child Adult Child

Figure 7: The Hazard Index calculated from data from 2016 to 2023 for the seven monitoring stations and the total, for children and adults. These values
are based on the intake and conditions described in Table 1 and Table 2, and equations 1 to 5. See Figure 1 for the location of the monitoring stations.
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Figure 8: The annual Hazard Index of Fe, Mn, Zn, Cu, and Pb from 2016 to 2023 for adults (a) and children (b). This is measured from the seven monitoring
stations. The annual Hazard Indices are based on the yearly dust conditions, the intake and conditions described in Table 1 and Table 2, and equations 1
to 5. Note the logarithmic y-axis scale.

p = 1.5E-8). Figure 6 visualises this increase in these fluxes over Table 3: Summary of the statistically significant differences observed
the years. The Pb flux, in contrast, shows a general decrease between the deposition flux for different metals in summer and winter at
) ’ ’ different stations. The full analyses are shown in Supplementary 3. See

in deposition flux (r = -0.28, p = 8.7E-10), which is especially Figure 1 for the location of the monitoring stations.

noticeable between 2016 and 2020. In addition to the interannual
changes, Wilcoxon tests revealed a few seasonal differences
(Supplementary 3, Table 3). The Fe, Mn, and Pb fluxes show a Total flux N-A, SW (summer), NE (winter)
seasonal pattern at certain sites, especially at the stations north
of the industrial area. Generally, higher fluxes were observed in
summer, arguably caused by more prominent southern winds
in summer (Figure 2 and Vos et al. 2024). The differences in both Mn N-B, NE (summer), SW (winter)
seasonal and annual variations of metal fluxes indicate the

Deposition flux Seasonal higher flux

Pb N-A, N-B (summer)

Fe N-A, N-B, NE, SW (summer)

- . . ) Cu None
diversity of sources and behaviours of metals in aerosols.
Zn None
CLEAN AIR JOURNAL 8 © 2025. The Author(s). Published under a
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Figure 9: The Hazard Index (a) and Carcinogenic Risk (b) calculated for children and adults from the five BSNE samples as described in section 2.4. BSNE
sampler stations are given in Figure 1. The Hazard Index and Carcinogenic Risk values are based on the intake and conditions described in Table 1 and
Table 2, and equations 1 to 5. Elements marked with an asterisk have no known BAF, and the assumed 100% BAF might lead to an overestimated Hazard

Index.

Hazard indication of dust exposure based on

toxic metal content

The CDI via the three main exposure pathways (inhalation,
ingestion, and dermal contact) was calculated using the
measured metal concentrations (equations 1 to 3, see the Health
risk assessment section). The different CDIs (see Supplementary
4) indicate that ingestion is the predominant intake route,
followed by inhalation and dermal contact, which is consistent
with findings from previous studies (Kurt-Karakus, 2012; Li et
al., 2022; Mohmand et al., 2015). The CDI is furthermore higher
for children, which can be linked to their lower body weight
and higher presumed ingestion rate. From the total CDI, the
Hazard Index was determined (Figure 7). The Hazard Indices
were elevated for children due to higher CDI values. The non-
carcinogenic Hazard Indices rank in the order of Mn > Pb > Cu >
Zn > Fe (Figure 7). The Hazard Index calculated from all stations
exceeds the threshold value of 1 for Mn and Pb, indicating
that there may be significant health risks, especially at certain
stations (Figure 7). The Mn Hazard Index exceeds the threshold
at the northern stations N-A, N-B, and NE, while the Pb Hazard
Index exceeds the threshold value at stations N-A, N-B, and SW.

Overall, the metal deposition fluxes increased for Fe, Mn, and
Zn from 2016 to 2023, but decreased for Pb (Figure 4 and Figure
6). A similar temporal pattern can be seen in the Hazard Index
of these elements calculated from all stations (Figure 8). As
such, the increasing Mn content over time led to a Hazard Index
higher than 1 since 2017, whereas the decline in Pb resulted
in acceptable Hazard Index values since 2019, although an
increase in the Hazard Index value is noted with the increase
in Pb concentration in 2023. Figure 8 also illustrates strong
fluctuations over time, as observed, for example, in the Cu
Hazard Index. These fluctuations highlight the importance

of multi-year monitoring over snapshot testing. It should
furthermore be noted that the Hazard Index is not a definite
assessment of the health impact, and a value below one does
not represent an exclusion of any possible health impacts.

While the municipal long-term monitoring targeted a selected
few metals, an extended suite of potentially toxic metals
was measured in dust collected using the BSNE samplers in
2023 (see the Dust sampling and analyses and Extended dust
sampling for additional relevant metals sections). The metal
concentrations from the individual station are in Supplementary
5, and the calculated CDI values are reported in Supplementary
6. This extended suite allows calculating Hazard Indices and
Carcinogenic Risk of potentially toxic metals (Figure 9). Again,
the risk is higher for children, who have a generally higher CDI
than adults. Neither the Hazard Indices nor the Carcinogenic
Risk exceeded the threshold of 1 and 1.0E-4, respectively.
However, similar to the monitoring data, certain elements such
as Al, As, Cd, Co, Mn, Pb, and Sb do approach the threshold of
the non-carcinogenic Hazard Index. It should be noted that for
several elements, including Al and Sb, the BAF value was not
known and was set to 100%, possibly leading to overestimates
of the Hazard Index value of these elements.

Discussion and conclusion

Comparison with other urban and indus-

trialised areas

The potentially toxic metal content in the residential areas
around the industrial hub of this study was compared to
previously published contents in other urban areas around
the world (Table 4). For this comparison, average values of
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previously published metal content in urban dust were used.
We selected studies spanning a similar time period, i.e. the last
10 years, that investigate the potentially toxic metals in outdoor
dust in residential and urban areas (Table 4). Some are located
near industrial areas, but we did not include studies directly
measuring industrial emissions. The elements Ba, Mo, Sb, Se,
Sn, and Sr were excluded since these were rarely measured in
dust content studies. This comparative study is not exhaustive,
and it solely serves to illustrate the variability of metal content
that can be found in and around urban areas, often under
industrial impact and provide context for the interpretation of
our findings.

Several of the metal contents (in ppm) measured around
Saldanha Bay are higher (e.g., Mn, Co, Cu, and Ni) than in other
urban areas of the world (Table 4). The average Mn contentin our
study is the highest of all reported concentrations. The average
Co content from this study is only lower than that measured
in Akure, Nigeria (Adewumi, 2022). Similarly, the average Cu
content is only lower than that measured in Antofagasta in
Chile, which hosts a copper concentrate stockpile (Tapia et
al., 2018). The Ni content is only lower than that measured in
Dezful, Iran (Mostafaii et al. 2021). Lastly, Cr and Pb contents are
higher than in most of the other urban studies. The Cd, Fe, and

Table 4: The average metal content of dust (in ppm) in urban areas presented in recent studies around the world. Referenced studies were selected as
focusing on a similar time period, i.e. the last 10 years and investigating similar potentially toxic metals in outdoor dust in residential and urban areas.

n - indicates the number of samples included in the respective study.

Mean concentration (ppm)

Study n Fe Mn Cu Zn
This study 451-461 20865 1808 685 691
This study 5

Mvovo and Magagula (2022) 54 316 161
Delibasic et al. (2020) 117 3150 236 30 82
Safiur Rahman et al. (2019) 88 262 50 239
Tapia et al. (2018) 31 39564 537 10821 11869
Lietal. (2022) 9 33624 668 71 1425
Wang et al. (2020) 7 119 803
Wang et al. (2020) 7 147 795
Wang et al. (2020) 6 139 789
Zhaoyong et al. (2019) 34 829 140 792
Jadoon et al. (2021) 13 251 80 169
Jadoon et al. (2021) 10 343 37 192
Rani et al. (2019) 12 220
Dehghani et al. (2017) 30 864 275 666
Mostafaii et al. (2021) 5 29035

Alsbou and Al-Khashman (2017) 55 4694 12 25
Aguilera et al. (2021) 482 5722 235 100 281
Batbold et al. (2021) 57 66 571
Adewumi (2022) 16 115 38 73
Mohmand et al. (2015) 10 77 61 124
Mohmand et al. (2015) 10 93 13 196
Mohmand et al. (2015) 10 90 12 137
Trojanowska and Swietlik (2020) 4 20600 565 239 618
Al-Swadi et al. (2022) 3 18500 357 127 982
Al-Swadi et al. (2022) 2 15000 294 24 666
Al-Swadi et al. (2022) 17 12900 210 24 599
Al-Swadi et al. (2022) 2 11500 179 10 603
Delgado-Iniesta et al. (2022) 35 411 895
Rakhmatov and Abdullaev (2021) 104 56 1056
Dat et al. (2021) 25 394 154 466

Pb As Cd Co Cr Ni Place
245 Sal.danha Be.1y M.unicipality, South
Africa- Monitoring
s o7 3 e s SRS Soun
89 0.2 23 East London, South Africa
52 3.2 33 73 Towns of Bosnia and Herzegovina
19 81 116 144 37 Dhaka, Bangladesh
710 2394 45.0 17 61 29 Antofagasta, Chile
1841 22.7 1.7 13 203 31 EbinurLake Basin, China
251 0.9 492 Panzhihua, China - Industrial area
214 0.8 538 Panzhihua, China - Heavy traffic areas
209 0.8 490 Panzhihua, China - Residential area
147 44.0 3.1 19 279 43 58Chinese cities
70 03 3 24 14 Alexandria, Egypt
30 02 7 32 20 Kafr El-Sheikh, Egypt
195 22 200 56 Kharagpur Town, India
213 54 0.8 77 58 Teheran,lran
45 1.3 394 320 Dezful City, Iran
32 9.7 Petra region, Jordan
128 7 51 36 Mexico City, Mexico
52 16.5 10 70 21 Ulaanbaatar, Mongolia
32 1.8 3.0 39 3 12 AkureCity, Nigeria
189 12 2 15 7  Punjab, Pakistan - Industrial
170 23 3 20 8  Punjab, Pakistan - Urban
62 04 2 6 5  Punjab, Pakistan - Rural
88 54 50 Radom, Poland
39 0.7 8 30 29 MahadAD’Dahab, Saudi Arabia - Urban
7 ol s 19 |20 zljtf:j:lbgrl?’Dahab, Saudi Arabia -
16 01 5 30 27 Riyadh, SaudiArabia - Urban
9 00 3 24 22 Riyadh, Saudi Arabia - Suburban
290 1.3 100 42 Madrid, Spain
61 182 10 96 41 Sogd region, Tajikistan
50 05 8 102 36 Ho Chi Minh City, Vietnam
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Zn content, in contrast, are comparable to other urban studies,
which is especially surprising for the Fe content considering the
proximity to open-air Fe ore storage in the Saldanha Bay area. In
summary, this global comparison shows that the metal content
around this South African industrial hub can be considered high
compared to other areas, with especially Mn, Co, Cr, Cu, Pb, and
Ni being notable.

Variation of fluxes and composition
Thedustattheseven monitoringstationsrevealsalargevariation
in the concentrations and fluxes of the potentially toxic metals
Fe, Mn, Zn, Pb, and Cu (Figure 3). The total dust flux correlates
negatively with the metal concentrations and shows a weak
relationship with the metal dust fluxes. The total dust deposition
flux should therefore not be considered representative of the
quantity of potentially toxic metals. Partially, this negative or
weak correlation between total dust flux and metal content
might be explained by the grain size distribution. The particles
with a low metal content are likely of natural origin and are of
large grain sizes, such as sand and silt particles. Potentially toxic
metals in dust are mainly associated with small particles such as
PM, , (Barcan, 2002; Csavina et al., 2012, 2011). Considering that
such fine particles can penetrate the respiratory system, these
particles would be more harmful to human health than larger
particles like PM, .

Distinct variation in the temporal and spatial patterns of the
metal deposition fluxes suggests different sources of such
elements and/or different behaviour of these elements as
aerosols. Over time, a slow increase in dust deposition flux of
Fe, Mn, and Zn, and a decrease in Pb have been observed since
2016. The increase in Fe, Mn, and Zn flux is likely caused by the
general increase in industrial activities (AEC, 2022; DEA&DP,
2019). Pb in aerosol has mainly been associated with transport,
mining, and smelting activities (Benin et al., 1999; Landrigan et
al., 1975; Meza-Figueroa et al., 2009; Soto-Jiménez and Flegal,
2011). The closure of the Saldanha Steel smelting plant in 2020
could be associated with this decrease in Pb. Pb has furthermore
been associated with traffic, and despite the phasing out of
leaded gasoline since 2006 in South Africa, Pb concentrations
in soils are still elevated around petrol stations (Mathee, 2014;
Olowoyo et al., 2022). Hence, the observed trend in the Pb flux
may reflect the effect of global and local policies challenged by
legacy pollution and local sources. The fact that the elements
show different changes over time shows that the main sources
of these metals are likely different.

The Mn, Fe, and Pb deposition fluxes are higher in northern-
lying stations. These elements also show a significantly higher
deposition flux during summer. These high fluxes of Mn,
Fe, and Pb at the northern stations could be caused by the
dominating southern winds during summer, which transport
more particles from the industrial area to the north. However,
this would not explain the lack of a seasonal pattern at station
SE, which would receive a higher flux in winter due to the more
frequently occurring northern winds during this period. The
seasonal patterns could furthermore be related to a change

in industrial activities, so the exact cause of this spatial and
seasonal variability cannot be determined with certainty. It does
indicate, however, that monitoring efforts should take seasonal
and spatial variability into account when determining potential
risks in residential areas. Furthermore, Cu and Zn fluxes did not
show a seasonal pattern, which again indicates the variability of
the sources and emission of metals in this area.

Health risk assessment

To understand the possible health risks associated with the
metals in the dust particles collected around the industrial hub
of Saldanha Bay, the CDI for children and adults was calculated,
from which the Hazard Index and Carcinogenic Risk could
be derived. The CDI (expressed as mg kg day?) is higher for
children, which leads to a higher Hazard Index and Carcinogenic
Risk for children. Considering the concentrations of Fe, Mn, Zn,
Cu, and Pb from 2016 to 2023, the Hazard Index of Mn and Pb
indicates potential risks for public health. Here, it should be
noted that the Mn content has increased over time and could
pose a more severe risk in the future. The additional sampling
with the BSNEs to measure the Al, As, Ba, Cd, Co, Cr, Mo, Ni, Sh,
Se, Sn, Sr, and V concentrations showed no significant risks of
these metals. However, the Hazard Index values for children are
above 0.1 for Al, As, Cd, Co, and Sb approach the threshold for
a significant health risk. These metals may likely be related to
industrial processes, mining, and/or traffic, due to the proximity
to the industrial area and studies describing the common
origin of the metals in aerosols (Csavina et al., 2012; Kar et al.,
2010; Sanchez-Rodas et al., 2007). However, the exact origin
of these metals in the Saldanha Bay Municipality has still to
be determined. It should be noted that these values were only
measured during one monitoring period and therefore only
represent the metal concentration in dust during a short period
of time. Public concern arose from visible dust deposition in the
area. Despite the high visibility of the red dust emitted from Fe
ore transporting, the measured Fe content of dust has a lower
health risk than that of other elements due to the relatively high
reference dose. Hence, visibility and health risks are not directly
related.

Considering the enrichment in toxic metals and related possible
significant non-carcinogenic risks, efforts to understand the
behaviour of these metals are necessary. Future monitoring
efforts could include a broader suite of metals, such as Al, As,
Cd, Co, Cr, Ni, and Sb. By expanding the metals analysed, the
risk assessment of potentially toxic metals and the change of
these risks over time could be better addressed. Future studies
should try to understand the precise origins of high-risk metals,
whereby the focus could be on the Al, As, Cd, Co, Mn, Ni, Pb,
and Sb. This could be the first step in developing mitigation
strategies to limit the health impact of toxic metals in residential
areas.

Critical evaluation of the health risk assess-
ment

As previously mentioned, the CDI calculations are based on
several generalised assumptions. To enhance the accuracy of
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these assumptions, actual measurements of resident exposure
to dust and toxic metals are needed, along with more detailed
population data such as age, body weight, and inhalation rates.
This should also include the sampling of metals using active
samplers to address the concentration of airborne metals. This
way, the health risks via inhalation can be better addressed.
Additionally, incorporating active sampling methods to
measure airborne metal concentrations would provide a clearer
understanding of inhalation-related health risks. Furthermore,
the BAF used to assess health risks varies considerably across
studies, with a reported coefficient of variation ranging from 0.14
to 0.58 (Hu et al., 2011). Different studies also report differing
BAF values (Hu et al., 2011; Okorie et al., 2012), which introduces
uncertainty into risk assessments, as BAF values directly
influence the calculated Hazard Index and Carcinogenic Risk. For
some elements, such as Al and Sb, the absence of established
BAF values may lead to an overestimation of associated health
risks. In addition, as described in the Health risk assessment
section, Cr and As exist in multiple oxidation states with
considerably different toxicities. In this study, we assumed
that Cr(VI) accounts for 25% of the total Cr content. However,
given the high toxicity of Cr(Vl) and the relatively high Hazard
Index and Carcinogenic Risk of Cr in this region, determining
the specific Cr(VI) content would be valuable. Likewise, As(lll) is
more toxic than As(V), and a more detailed analysis of arsenic
speciation could enhance our understanding of the potential
health impacts. In the future, studies evaluating public health
and non-communicable diseases in this area should help to
understand the risks, both general and carcinogenic, associated
with the dust’s geochemical composition in residential areas
around such vital industrial hubs.

Recommendations

In areas where metal contents are high, albeit not yet leadingto a
clear indication of immediate health risks, future developments
should be monitored carefully. Particularly, where strong,
diverse industrial development and related traffic are co-located
with formal and informal residential areas, regular spatially
resolved metal content monitoring is advised. Furthermore,
potential seasonal shifts in emission sources and particle
transportation pathways should be considered. In addition,
larger suites of metals rather than a selected few metals should
be monitored, at least at a low temporal and spatial resolution
to acknowledge the shifts in metal emissions with industrial
development and transport pathways. Lastly, we recommend
that metal speciation is included regularly in future monitoring
efforts.
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