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Abstract

-).T. Coutinho'

- Z.Kertesz*- S. M. Almeida’

This study aimed to identify possible sources of settled dust events that occurred in an urban area nearby an industrial park,
which alarmed the local population. Settled dust was collected in January 2019 and its chemical characterization was assessed
by micro-PIXE, focusing on a total of 29 elements. Comparison with chemical profiles of particulate matter from different
types of environment was conducted, along with the assessment of crustal enrichment factors and Spearman correlations,
allowing to understand which sources were contributing to this settled dust event. A nearby industrial area’s influence was
identified due to the contents of Fe, Cr and Mn, which are typical tracers of iron and steel industries.
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Introduction

Air quality has become a worldwide concern for govern-
ments and society in general, due to a strong scientific
research investment in the last decades, where the impact of
natural and anthropogenic emissions on the air that people
breathe was assessed, along with its potential health impact
on the citizens [1, 2]. Among the several air pollutants that
are studied and legislated, particulate matter (PM) is of
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particular interest since a wide evidence of its impact on
human mortality [3, 4] and morbidity [5, 6], along with a
wide range of different implications (such as visibility [7]
and climate change [8, 9]), has been arising.

In 2013, the fine fraction of PM (PM, s, i.e., particulate
matter with an aerodynamic diameter below 2.5 um) was
classified as carcinogenic to human beings by the Interna-
tional Agency for Research on Cancer (IARC) of the World
Health Organization (WHO) [10, 11]. Around 5500 deaths
are attributable to PM, 5 exposure in Portugal with an annual
mean concentration of 9.8 ug m=> (which is below both
European and WHO’s guidelines, namely, of 25 ug m~> and
10 ug m™3), regarding 2015 [12]. As stated by WHO, there
is no evidence of a safe level of PM exposure or a concentra-
tion value below which no adverse effects occur [13].

Despite the risk perception of air pollution has not always
been a reality for citizens [14, 15], environmental health
literacy has been increasing in order to empower the popu-
lations with knowledge about sources, adverse impacts (in
terms of environment, health and climate) and potential miti-
gation measures [16, 17]. This strategy may be a powerful
tool in order to change individual behaviors and to promote
societal pressure for implementation of actions that may
mitigate air pollution and its harmful effects [18].

Due to a higher awareness of citizens towards air pollu-
tion, the population of an urban area in Portugal, located
nearby an industrial park, noticed occasional settled dust
events and promoted some pressure over the authorities in
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order to understand its sources and potential health hazards.
With the purpose of assessing the population exposure and
associated health risks regarding these events, along with
corresponding with the population’s needs, the local coun-
cil promoted a set of actions, such as, assess the chemical
composition of the settled dust in order to understand its
source. Therefore, the present study aims to reach this goal,
namely, perform the chemical characterization of the settled
dust, using the micro-PIXE technique, and assess the poten-
tial pollution sources, through the analysis of their chemical
tracers and comparison with chemical profiles of different
types of environments.

Experimental
Study site
This study was carried out in the municipality of Seixal

(Portugal), which is located in the peninsula of Setibal and
nearby the Tagus river. The area pertaining this study has

a high influence of industries, having in the vicinity a ship-
yard, a steelwork and other metallurgic activities, as well as
the residential area of Seixal containing 165 547 inhabit-
ants in 95.5 km? [19]. Figure 1 shows the location of the
study site, which was in the parish of “Unido das Freguesias
do Seixal, Arrentela e Aldeia de Paio Pires” within Seixal
municipality. The sampling site was the cemetery of Aldeia
de Paio Pires (38°37'35.72"N, 9°4'51.69"W), which is adja-
cent to a steelwork (200 m away), 150 m away of national
roads, 3 km away of the highway and with a distance of
2.5 km from a shipyard.

Sampling and treatment

In order to evaluate the recent events of dust deposition iden-
tified by the local population, the samples were collected
from the surface of recently washed (previous or same
day that the sampling occurred) graves of the cemetery of
Aldeia de Paio Pires. This strategy allowed to sample only
the dust material that deposited due to these events, while
the choose of the graves was due to their horizontal surface

Fig. 1 Location of the study site within Seixal municipality (Portugal). Red dot identifies the sampling location (cemetery of Aldeia de Paio

Pires). (Color figure online)
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with knowledge that the dust deposited on them was recent
since they were washed, at the maximum, 24 h before. The
sampling was performed on 15th January 2019.

The dust was collected with the help of brush and the
assistance of a card frame to standardize the sampling area
and, afterwards, stored in polyethylene containers (as shown
in Fig. 2. A total of 7 samples were collected from five dif-
ferent graves (from A to E), whereas three samples (A1, A2
and A3) were sampled from the same grave.

At the laboratory, it was found that the collected settled
dust had magnetic properties by testing with a magnet, as
shown in Fig. 3.

Micro-PIXE analysis

Micro-Particle Induced X-ray Emission (micro-PIXE) was
used to determine the quantitative elemental composi-
tion of the seven dust samples, using the scanning nuclear
microprobe installed at the 0° beamline of the SMV Van de
Graaff accelerator at the Institute for Nuclear Research of
the Hungarian Academy of Sciences, Debrecen, Hungary
[20]. The samples were irradiated with a focused H* beam
with 2.5 MeV energy and of 200-300 nA. The beam size
was 3 um X 3 um.

For each sample, one pellet with 5 mm diameter was pre-
pared from the collected dust by using a stainless-steel press
without adding any aggregate. The pellets were fixed on a
sample holder, which was placed in the vacuum chamber

of the nuclear microprobe. Regarding the measurement, on
each sample two randomly selected areas of 1 mmXx 1 mm
were measured, with an accumulated charge on each
measurement point between 120 and 150 nC.

Samples were positioned in the focus point of the cham-
ber with the help of two lasers. PIXE spectra and elemental
maps were recorded from all measured areas. Two X-ray
detectors placed at 135° geometry to the incidence beam
were applied to collect the emitted characteristic X-rays. A
SDD detector with AP3.3 ultra-thin polymer window (SGX
Sensortech) with 30 mm? active surface area was used to
measure low and medium energy X-rays (0.2—12 keV,
Z>5). A permanent magnet protected the detector from
the scattered protons. A Gresham type Be windowed Si(Li)
X-ray detector with 30 mm? active surface area equipped
with an additional kapton filter of 125 um thickness was
applied to detect the medium and high energy X-rays
(3-30 keV, Z>19). The beam dose was measured with a
beam chopper. Full description of the setup can be found
elsewhere [21].

The obtained PIXE spectra were evaluated with the
GUPIXWIN program code [22]. The samples were treated
as thick samples and the trace elements mode was used for
the evaluation. A total of 29 elements were fitted, namely,
Al, Ba, Br, Ca, Cd, Cl, Co, Cr, Cu, Fe, Ga, Ge, Hf, K, Mg,
Mn, Na, Nb, Ni, P, Pb, S, Se, Si, Sr, Ti, V, Zn and Zr.

The uncertainty of the PIXE measurement for the main
components was between 2% and 5%, while for the trace

Fig.2 a Cemetery with the industrial area in the background; b detail of settled dust on the marble of a gravestone; ¢ collection of the settled

dust using a brush and a card frame

Fig. 3 Magnetic properties of the settled dust by using a magnet
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elements it was between 10% and 15%. The uncertainty
originated from the fitting process was added to it. Carbon
could not be fitted with GUPIX, therefore it was treated
as matrix elements with an average of 7 wt% concentra-
tion. The composition of the samples is given in weight %
for elements present in samples with more than 1% and in
mg/kg for the trace elements.

In order to check the quality and accuracy of the dose
measurement and of the determination of the concentrations,
measurements on standard reference materials were carried
out, namely, NIST 610 glass, a series of pure metals (Pb,
Zn, Fe, Sn) and a layered sample (6 um thick Ti foil on
50 pm Ni). The calibration of the beam chopper was also
done at the beginning of the campaign. These measurements
were used for the determination of the exact measurement
conditions (e.g., solid angles of detectors).

Crustal enrichment factor

The crustal enrichment factor method has been widely used
to identify the contribution of the crustal and non-crustal
origin of elements [23, 24], i.e., the degree of enrichment
of a certain element compared to the relative abundance of
it in crustal material [25]. In this study, crustal enrichment
factor (EF) was calculated using Si as a crustal reference
element [26] and the reference values of soil composition
defined by Mason and Moore [27]. The EFs were calculated
based in Eq. (1):

(3)

(@)
[S1 / crustal

Statistical analysis

EFy = M

Statistical analysis was performed using STATISTICA soft-
ware version 13. To perform an analysis of variance of the
results, non-parametric statistics at a significance level of
0.050 were selected. Spearman correlations were used to
understand the associations between parameters.

Results and discussion
Chemical composition

As an example, Fig. 4 presents the elemental maps recorded
for sample Al during a measurement (with a scan size
of I mmXx1 mm). Overall, all analyzed samples had a
similar aspect and it was found that Zn and K particles had,
generally, the greatest sizes, namely between 50 um and
100 um. Moreover, Zn appeared often together with CI and Na.

@ Springer

Taking in account that all samples referred to the settled
dust into the graves in the last 24 h prior the sampling, the
elemental characterization of the settled dust was done by
considering the mean of all the analyzed samples.

Table 1 presents the mass fractions of major and trace
elements of the settled dust.

The major elements (> 1%) found in the settled dust were,
by decreasing order, Fe (32.4%), Ca (26.2%), Si (14.9%), Al
(9.7%), Mg (6.3%), Mn (4.6%) e Cr (1.7%).

Understanding the origin of the settled dust

In order to understand the type of sources that could be
promoting and influencing the dust event under study, a
literature review was conducted to gather mean values of the
chemical composition of PM,, for different types of environ-
ments in different countries, for comparison purposes. Three
different settings were analyzed: urban areas (Greece [28],
Italy [28], Portugal [28, 29], Spain [28, 30, 31] and Swit-
zerland [32]), rural areas (Spain [30, 31] and Switzerland
[32]) and industrial areas with steel works nearby (Australia
[33], France [34, 35], Germany [36], Greece [37], Poland
[38], Spain [31, 39] and Turkey [40]). It is noteworthy to
highlight that the 13 studies considered above refer to atmos-
pheric particles with an aerodynamic diameter below 10 um,
whereas the samples of settled dust considered in the present
study are of a much higher granulometric dimension.

The mean values found for each type of environment were
compared with the ones obtained from the present study in
order to identify potential common sources of the settled
dust collected. Table S 1 (in section “Supplementary Infor-
mation”) presents the mean values of the elemental mass
fractions for the different three settings, based in the above
literature.

Figure 5 shows the comparison of the elemental mass
fractions between the different types of environments and
the studied settled dust. Taking into account the major seven
elements, industrial setting with steelworks presented the
following decreasing order: S>Ca>Fe>Cl>Zn>Si>K,
while urban environment presented a different decreasing
mass fractions order, namely, S > Cl> Si>Fe>Ca>Na>K;
and the rural environment presented the following decreasing
order: Ca>Na> Cl>Fe> K> Al>Mg. For major elements
found in the settled dust, only the industrial environment
with steelworks presented elements with similar mass
fractions (with a variability of 30%), namely, Fe and Ca,
as noted by Fig. 5. Sr and Ga levels in industrial environ-
ments with steelworks were also found to have similar mass
fractions (variability of 30%) with the ones found in the
studied settled dust. In other types of environments, similar
variability (30%) was found for Ba, Zr, Ni and Se for urban
environments, and for P, Ba, Cu, Zr, Ni and Se for rural
environments.
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Fig.4 Elemental maps recorded on sample Al, for the second measurement area with the scan size of 1 mm X 1 mm

Table 2 presents the variability, in %, between the ele-
mental mass fractions found in the studied settled dust
and the different types of environments. For comparison
purposes, it was added results from studies on road settled
dust, one in Czech Republic [41] and other in Portugal
[42], whose mass fractions can be found in Table S 2 (Sup-
plementary Information section).

Based on Table 2, it is possible to assess that the levels of
Fe and Ca found in the studied settled dust are in agreement
(below 30% of variability) to the ones found in industrial
environments with steelworks. In fact, the possible anthro-
pogenic sources for these elements may be iron and steel
industries for Fe and the cement industry or from fugitive
emissions from the sinter plant for Ca [26, 43], respectively.
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Table 1 Elemental mass

fractions of the settled dust, Type Element " Mass fractions (ug ¢™") %
whereas n stands for the number Mean +SD Min Max
of replicates
Major Fe 14 183,000 + 14,000 158,600 208,800 324
Ca 14 148,000 + 13,000 132,900 172,900 26.2
Si 14 83,900 + 5400 79,100 98,500 14.9
Al 14 54,600 + 6000 45,500 67,900 9.67
Mg 14 35,700 +2900 31,000 40,700 6.33
Mn 14 26,100+ 1600 22,300 28,300 4.62
Cr 14 9460+ 680 8100 10,500 1.68
Trace Ba 13 801+ 155 570 1130 0.14
Br 7 46.4+8.5 40 60 0.01
Cd 10 375+82 245 540 0.07
Cl 14 2520+1910 460 6580 0.45
Co 14 682+101 530 910 0.12
Cu 14 310+55 220 420 0.06
Ga 12 32.1+99 15 45 0.01
Ge 8 494+15.2 35 85 0.01
Hf 7 153 +51 85 230 0.03
K 14 1180+ 660 350 2420 0.21
Na 13 5360+6740 950 25,000 0.95
Nb 14 223 +86 135 375 0.04
Ni 14 105 +46 45 220 0.02
P 14 2010+320 1150 2400 0.36
Pb 8 238+163 120 620 0.04
S 14 2680+ 630 1940 3915 0.47
Se 5 24.0+9.6 10 35 < 0.01
Sr 14 263 +56 150 360 0.05
Ti 14 3230+340 2720 4000 0.57
\Y 14 74092 560 850 0.13
Zn 14 2620+1100 955 4950 0.46
Zr 13 188+32 110 390 0.03
I Scttled Dust Industrial with Steelworks Il Urban Rural
1000000
_~ 100000
©o
i:? 10000 I |
g
g 1000 |
=
ﬁ 100
=
10
1

Fe Ca Si Al MgMn Cr Na Ti S Zn CI P K Ba V Co Cd Cu Sr Pb Nb Zr Hf Ni Ge Br Ga Se
Elements

Fig. 5 Comparison of elemental mass fractions in the studied settled dust and in PM,, studies available in the literature for different type of envi-
ronments
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Table 2 Variability of elemental mass fractions between the studied settled dust and different types of environments, in %. Ind. w/SW refers to

“Industrial with steelworks” and RSD stands for road settled dust

Variability between Settled Dust .
with the dif}gerent envifonments (%) Possible Sources [26]
Elements | Urban | Rural | Ind. w/SW | RSD [1] | RSD [2] Natural Anthropogenic
Fe 86 95 76 79 Soil Oil burning and iron and steel industries
Ca 85 86 n/a 77 Soil Cement industry
Si 66 n/a 60 n/a Soil
Al 85 86 81 n/a 40 Soil Coal burning and non-ferrous metal industries
Mg 87 88 55 n/a 93 Sea salt
Mn 99 99 85 94 99 Oil burning and iron and steel industries
Steel industry, heavy industry, oil burning, iron and
steel industries and non-ferrous metal industries
Sea salt
Heavy industry and coal burning
Oil burning, coal burning and automobile diesel
Heavy industry, iron and steel industries, non-
ferrous metal industries, refuse incineration, vehicle
tailpipe and mechanical abrasion of tires
Sea salt

Sea salt, mineral dust [49],
primary biogenic sources,
volcanic eruptions [47]

Agricultural fertilizers [48], biomass burning
[48] and fossil fuel combustion [47]

Refuse incineration, biomass burning and firework

il .
Soi combustion
. Firework combustion and mechanical abrasion of
Soil
brakes
Heavy industry, petrochemical industry and oil
burning

Heavy industry and coal burning

Copper metallurgy, non-ferrous metal industries

Cu 67 and mechanical abrasion of brakes

Sr 39 42 n/a 80 Soil Firework combustion and coal combustion [44]
Ceramic industries, coal burning, non-ferrous metal

Pb 87 industries, refuse incineration and firework

combustion

Nb 91 n/a 99 n/a 91

Zr 74 n/a 47 Ceramic industries

Hf n/a n/a 97 n/a 97

Ni 7 95 Steel mdusitrll'(}i/{l;iivznglgﬁsérgén?sgochemlcal

Ge 72 n/a 90 n/a 91

Br n/a n/a n/a Sea salt Biomass burning

Ga 86 91 n/a Coal combustion [45]

Se n/a n/a Coal burning

B variovitity < 75 % [ -75 % < variability < -30 % [l -30 % < variability < 30 %

Regarding the industrial environment with steelworks
nearby, a good agreement between elemental mass fractions
were also found for Ga and Sr (also below 30% of variability).
Although these elements are not typically associated with
industry activities, some studies have already found an
association with coal combustion [44, 45]. When compar-
ing with elemental levels in urban environments, Ba, Zr, Ni
and Se showed the lowest variability with the levels found
in the studied settled dust. Barium is a tracer of mechanical
abrasion of brakes [26] and, together with Zn (that reported
a variability of 31% and it is associated with mechanical
abrasion of tires [24, 46]), can indicate the contribution of

30 % < variability <75 % variability > 75 %

a local traffic source to the settled dust. The remaining ele-
ments, namely, Ni, Se and Zr, are usually associated with
industrial activities (steel, heavy, petrochemical industries
and oil burning, coal burning and ceramic industries, respec-
tively [26]).

The rural environments presented a similar elemental
variability (below 30%) regarding P, Ba, Cu, Zr, Ni and Se.
As the possible sources identified for urban environments,
Ba and Cu may be originated from the mechanical abra-
sion of brakes [26] and Ni, Se and Zr may be originated
by industrial activities. In this environment, P also had a
similar variability. Phosphorous may have natural (sea salt,
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mineral dust, primary biogenic sources, volcanic eruptions)
and anthropogenic sources (agricultural fertilizers, biomass
burning and fossil fuel combustion) [47]. The similar P
levels in the settled dust to the rural environments may
indicate an anthropogenic contribution from, for instance,
fertilizers [48].

When comparing the studied settled dust with other
studies regarding to road settled dust, for example, in Czech
Republic (Ostrava) [41] and in Portugal (Oporto) [42], other
elements presented similar levels. For instance, in Czech
Republic, Ti levels presented a similar variability (7%),
which may indicate an industrial source, namely, heavy
industry and coal burning [26]. In Portugal, Ba, S, Pb, Ga
presented similar levels and their provenience may come
from traffic, coal burning or industrial activities [26].

Crustal enrichment factors

Figure 6 presents the enrichment factors (EF) for the studied
settled dust. Elements with EF values that approach unit
can be considered predominantly from crustal source [46],
while elements with EF values higher than 10 indicate that
their source is associated with other natural or anthropogenic
sources due to local, regional and/or long transportation phe-
nomena. Several elements presented EF values above the
threshold of 10, which indicates their non-crustal origin,
namely, Ba, Fe, Ca, Cu, V, S, Ge, Cl, Nb, Pb, Zn, Mn, Br,
Co, Hf, Cr, Se and Cd.

Some of the possible anthropogenic sources [26] may be
heavy industry, usually characterized by elemental finger-
prints of V, Cr, Co, Zn and Pb; cement industry identified by
Ca contribution; iron and steel industries due to the contri-
bution of Mn, Cr, Fe and Zn; coal burning identified by the

contribution of elements such as Co, Pb and Se; or traffic due
to contribution of mechanical abrasion of tires (Zn), automo-
bile diesel (S) and mechanical abrasion of brakes (Cu and
Ba). This mixture of different anthropogenic sources that
contribute to the studied settled dust, namely, from industrial
activity to traffic influence, agrees with the location where
the sampling was conducted, taking into account that it is
characterized by an urban area with an industrial area with
strong activity nearby.

Spearman correlations

Table 3 presents the Spearman correlations between the
assessed elements for the studied settled dust. From the total
dataset, the elements Ba, Br, Cd, Ga, Ge, Hf, Na, Pb and Se
were not considered, along with two replicas, due to miss-
ing values. Therefore, the analysis of Spearman correlations
considered only 12 replicas with a characterization of 20
elements.

Significant positive correlations were found for: (1) Ba
with Ni (r=0.65) and Sr (r=0.59); (2) Cl and Na (r=0.76),
which indicates their sea salt source [26]; (3) Cr and Fe
(r=0.59) and Mn (r=0.85), indicating their common source
as iron and steel industries [26]; (4) Ni and S (r=0.65) that
are usually associated with oil burning [26]; Nb and Sr
(p=0.59); and P and Ti (p=0.63) that may indicate fuel
combustion [26, 42].

Considerations
The chemical characterization of the settled dust is cru-

cial to understand its sources. The present work aimed
to perform its elemental characterization by micro-PIXE,

10000
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Fig.6 Crustal enrichment factors for the studied settled dust. Red line stands for the threshold of 10 regarding a non-crustal source. (Color figure

online)
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which allowed to compare it to chemical profiles of par-
ticulate matter from different types of environment, in
order to understand the origin of the studied settled dust.
As already stated, the granulometric fractions between
the studies considered were different, since levels of par-
ticulate matter are usually assessed focusing on specific
granulometric fractions, such as PM,, or PM, 5, which are
regulated by the European directives and national legis-
lation. It is noteworthy to highlight this fact, since the
elemental mass fractions in the different granulometric
fractions are different taking in account their sources. For
instance, some contaminants, including metals, are found
at higher concentrations in finer particles than in coarser
particles [50], due to the process (such as combustion)
that originates them [26]. However, the analysis between
elemental mass fractions of different environments and
granulometric fractions allows to identify the potential
sources that are common between them.

Taking into account that the studied settled dust is
characterized by coarse particles, which are heavier and
have a short lifetime in the atmosphere (i.e., travel short
distances) [51], it is possible to suggest that the emission
source of the settled dust event is nearby the sampling location.
The analysis of the chemical profile of the studied settled
dust indicates a major contribution from the industrial area
nearby, along with minor traffic influence. It is possible that
the source of this settled dust event is not only the industrial
processes conducted in the industrial area, but also due to
fugitive emissions of raw materials, for instance [52, 53].

Regarding the potential health risk of this settled dust
to the population, it is possible to state that it won’t have a
significant impact [54], since the health risk increases with
the decrease of the particle size [55] and coarser particles
will not penetrate in the human respiratory tract, minimizing
their health impact. However, it is noteworthy to highlight
the possibility of other exposure ways, such as ingestion
[56], when the particles deposit in food or water, for
instance. Moreover, taking in account that children usually
have a more frequently hand-to-mouth contact, this group
of the population may be more exposed to the settled dust.

In order to understand exactly which are the settled dust’s
specific sources and/or from which industrial activity it is
being originated (since the industrial area gathers several
different types of processes), it would be important to evalu-
ate raw materials stored in the industries’ areas, in order
to compare them to the studied settled dust. Moreover, for
future work, an assessment of PM,;, and PM, 5 levels and
their chemical characterization should be conducted in the
area, in order to define, by receptor models, what are the
contributions of the different emission sources. This infor-
mation would allow to identify more carefully the health risk
for the population regarding the local air pollution, namely,
the inhalable fraction of particulate matter in the air.

@ Springer

Conclusions

This study allowed to identify potential sources that con-
tributed to the settled dust event through the analysis of
the chemical composition assessed by micro-PIXE and
comparison with chemical profiles of particulate matter
from different types of environments. A strong contribu-
tion of iron and steel industrial sources, based, namely, on
Fe, Cr and Mn levels of the samples, along with a known
short lifetime of coarse particles, such as the studied set-
tled dust, indicates that the origin of this event may be due
to the nearby industrial area.

This preliminary approach allows to identify potential
sources and to define future strategies to perform monitoring
campaigns to comply with national legislation and to
understand the human exposure of the population to local
air pollution and its associated health risk.

Acknowledgements N. Canha acknowledges the support of the Por-
tuguese Science Foundation (FCT, Portugal) through the Postdoc
Grant SFRH/BPD/102944/2014 and the contract IST-ID/098/2018
(Nuno Canha). The FCT support is also gratefully acknowledged by
C2TN/IST authors (through the UID/Multi/04349/2013 project) and
by CESAM author (through the CESAM’s strategic programme UID/
AMB/50017/2013). The authors also acknowledge the support of
Camara Municipal do Seixal (Portugal) for their availability through-
out all the study.

Compliance with ethical standards

Conflict of interest The authors declare no conflicts of interest.

References

1. Kim KH, Kabir E, Kabir S (2015) A review on the human health
impact of airborne particulate matter. Environ Int 74:136-143

2. Landrigan PJ, Fuller R, Acosta NJR et al (2018) The lancet
commission on pollution and health. Lancet (London, England)
391:462-512. https://doi.org/10.1016/S0140-6736(17)32345-0

3. LevyJI, Hammitt JK, Spengler JD (2000) Estimating the mor-
tality impacts of particulate matter: what can be learned from
between-study variability? Environ Health Perspect 108:109—
117. https://doi.org/10.1289/ehp.00108109

4. Lelieveld J, Evans JS, Fnais M et al (2015) The contribution of
outdoor air pollution sources to premature mortality on a global
scale. Nature 525:367-371. https://doi.org/10.1038/nature 1537
1

5. LiP, XinJ, Wang Y et al (2014) Association between particulate
matter and its chemical constituents of urban air pollution and
daily mortality or morbidity in Beijing city. Environ Sci Pollut
Res 22:358-368. https://doi.org/10.1007/s11356-014-3301-1

6. Miri M, Alahabadi A, Ehrampush MH et al (2018) Mortality
and morbidity due to exposure to ambient particulate matter.
Ecotoxicol Environ Saf 165:307-313. https://doi.org/10.1016/j.
ecoenv.2018.09.012

7. Zhao H, Che H, Zhang X et al (2013) Characteristics of visibil-
ity and particulate matter (PM) in an urban area of Northeast


https://doi.org/10.1016/S0140-6736(17)32345-0
https://doi.org/10.1289/ehp.00108109
https://doi.org/10.1038/nature15371
https://doi.org/10.1038/nature15371
https://doi.org/10.1007/s11356-014-3301-1
https://doi.org/10.1016/j.ecoenv.2018.09.012
https://doi.org/10.1016/j.ecoenv.2018.09.012

Journal of Radioanalytical and Nuclear Chemistry (2019) 322:1953-1964

1963

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

China. Atmos Pollut Res 4:427-434. https://doi.org/10.5094/
apr.2013.049

Meszaros E (1999) Fundamentals of atmospheric aerosol chem-
istry. Akadémiai Kiad6, Budapest

Fuzzi S, Baltensperger U, Carslaw K et al (2015) Particulate
matter, air quality and climate: lessons learned and future needs.
Atmos Chem Phys 15:8217-8299

IARC (2013) Outdoor air pollution a leading environmental
cause of cancer deaths. World Health Organization

Loomis D, Grosse Y, Lauby-Secretan B et al (2013) The car-
cinogenicity of outdoor air pollution. Lancet Oncol 14:1262-
1263. https://doi.org/10.1016/S1470-2045(13)70487-X

EEA (2018) Air quality in Europe—2018 report. EEA Report
No 12/2018, Luxembourg

WHO Regional Office for Europe (2013) Health effects of par-
ticulate matter, p 20

Schwartz J (2006) Air pollution: why is public perception so
different from reality? Environ Prog 25:291-297. https://doi.
org/10.1002/ep.10160

Bickerstaff K, Walker G (2001) Public understandings of
air pollution: the “localisation” of environmental risk. Glob
Environ Change 11:133-145. https://doi.org/10.1016/S0959
-3780(00)00063-7

Kelly FJ, Fussell JC (2015) Air pollution and public health:
emerging hazards and improved understanding of risk. Environ
Geochem Health 37:631-649. https://doi.org/10.1007/s1065
3-015-9720-1

Nali C, Lorenzini G (2007) Air quality survey carried out by
schoolchildren: an innovative tool for urban planning. Envi-
ron Monit Assess 131:201-210. https://doi.org/10.1007/s1066
1-006-9468-2

Ramirez AS, Ramondt S, Van Bogart K, Perez-Zuniga R (2019)
Public awareness of air pollution and health threats: challenges
and opportunities for communication strategies to improve envi-
ronmental health literacy. J Health Commun 24:75-83. https://
doi.org/10.1080/10810730.2019.1574320
PORDATA—Seixal Municipality (2019) https://www.porda
ta.pt/Municipios/Quadro+Resumo/Seixal+(Municipio)-23308
5. Accessed 5 May 2019

Rajta I, Borbély-Kiss I, Morik G et al (1996) The new ATOMKI
scanning proton microprobe. Nucl Instrum Methods Phys Res
Sect B Beam Interact Mater Atoms 109-110:148-153. https://
doi.org/10.1016/0168-583X(95)00897-7

Kertész Z, Szikszai Z, Szoboszlai Z et al (2009) Study of indi-
vidual atmospheric aerosol particles at the Debrecen ion micro-
probe. Nucl Instrum Methods Phys Res Sect B Beam Inter-
act Mater Atoms 267:2236-2240. https://doi.org/10.1016/j.
nimb.2009.03.050

Campbell JL, Boyd NI, Grassi N et al (2010) The Guelph PIXE
software package IV. Nucl Instrum Methods Phys Res Sect
B Beam Interact Mater Atoms 268:3356-3363. https://doi.
org/10.1016/j.nimb.2010.07.012

Canha N, Almeida SM, Freitas MC, Wolterbeek HT (2014)
Indoor and outdoor biomonitoring using lichens at urban and
rural primary schools. J Toxicol Environ Heal Part A Curr Issues
77:900-915. https://doi.org/10.1080/15287394.2014.911130
Belis CA, Karagulian F, Larsen BR, Hopke PK (2013) Critical
review and meta-analysis of ambient particulate matter source
apportionment using receptor models in Europe. Atmos Environ
69:94-108

Kothai P, Saradhi 1V, Pandit GG et al (2011) Chemical char-
acterization and source identification of particulate matter at
an urban site of Navi Mumbai, India. Aerosol Air Qual Res
11:560-569. https://doi.org/10.4209/aaqr.2011.02.0017

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Calvo Al Alves C, Castro A et al (2013) Research on aerosol
sources and chemical composition: past, current and emerging
issues. Atmos Res 120-121:1-28

Mason B, Moore CB (1982) Principles of geochemistry. Wiley,
New York

Amato F, Alastuey A, Karanasiou A et al (2016) AIRUSE-
LIFE+: a harmonized PM speciation and source apportionment
in five southern European cities. Atmos Chem Phys 16:3289-
33009. https://doi.org/10.5194/acp-16-3289-2016

Almeida SML (2004) Composigao e origem do aerossol atmos-
férico em zona urbano-industrial. Universidade de Aveiro
Aldabe J, Elustondo D, Santamaria C et al (2011) Chemical
characterisation and source apportionment of PM2.5 and PM10
at rural, urban and traffic sites in Navarra (North of Spain).
Atmos Res 102:191-205. https://doi.org/10.1016/j.atmos
res.2011.07.003

Rodriguez S, Querol X, Alastuey A et al (2004) Comparative
PM10-PM2.5 source contribution study at rural, urban and indus-
trial sites during PM episodes in Eastern Spain. Sci Total Environ
328:95-113. https://doi.org/10.1016/S0048-9697(03)00411-X
Hueglin C, Gehrig R, Baltensperger U et al (2005) Chemical char-
acterisation of PM2.5, PM10 and coarse particles at urban, near-
city and rural sites in Switzerland. Atmos Environ 39:637-651.
https://doi.org/10.1016/j.atmosenv.2004.10.027

Mohiuddin K, Strezov V, Nelson PF, Stelcer E (2014) Charac-
terisation of trace metals in atmospheric particles in the vicinity
of iron and steelmaking industries in Australia. Atmos Environ
83:72-79. https://doi.org/10.1016/j.atmosenv.2013.11.011
Alleman LY, Lamaison L, Perdrix E et al (2010) PM10 metal
concentrations and source identification using positive matrix fac-
torization and wind sectoring in a French industrial zone. Atmos
Res 96:612-625. https://doi.org/10.1016/j.atmosres.2010.02.008
Sylvestre A, Mizzi A, Mathiot S et al (2017) Comprehensive
chemical characterization of industrial PM2.5 from steel industry
activities. Atmos Environ 152:180-190. https://doi.org/10.1016/].
atmosenv.2016.12.032

Gladtke D, Volkhausen W, Bach B (2009) Estimating the contri-
bution of industrial facilities to annual PM10 concentrations at
industrially influenced sites. Atmos Environ 43:4655-4665. https
://doi.org/10.1016/j.atmosenv.2009.04.063

Voutsa D, Samara C, Kouimtzis T, Ochsenkiihn K (2002) Ele-
mental composition of airborne particulate matter in the multi-
impacted urban area of Thessaloniki, Greece. Atmos Environ
36:4453-4462. https://doi.org/10.1016/S1352-2310(02)00411-9
Larsen BR, Junninen H, Mgnster J et al (2008) The Krakow
receptor modelling inter-comparison exercise. JRC Scientific
and Technical Reports, EUR 23621 EN 2008, Ispra. https://doi.
org/10.2788/33914

Querol X, Viana M, Alastuey A et al (2007) Source origin of
trace elements in PM from regional background, urban and indus-
trial sites of Spain. Atmos Environ 41:7219-7231. https://doi.
org/10.1016/j.atmosenv.2007.05.022

Yatkin S, Bayram A (2008) Determination of major natural and
anthropogenic source profiles for particulate matter and trace ele-
ments in Izmir, Turkey. Chemosphere 71:685-696. https://doi.
org/10.1016/j.chemosphere.2007.10.070

Cabanova K, Hrabovska K, Matéjkova P et al (2019) Settled iron-
based road dust and its characteristics and possible association
with detection in human tissues. Environ Sci Pollut Res 26:2950—
2959. https://doi.org/10.1007/s11356-018-3841-x

Alves CA, Evtyugina M, Vicente AMP et al (2018) Chemical pro-
filing of PM,, from urban road dust. Sci Total Environ 634:41-51.
https://doi.org/10.1016/j.scitotenv.2018.03.338

. Lage J, Wolterbeek HT, Reis MA et al (2016) Source apportion-

ment by positive matrix factorization on elemental concentration
obtained in PM,, and biomonitors collected in the vicinities of

@ Springer


https://doi.org/10.5094/apr.2013.049
https://doi.org/10.5094/apr.2013.049
https://doi.org/10.1016/S1470-2045(13)70487-X
https://doi.org/10.1002/ep.10160
https://doi.org/10.1002/ep.10160
https://doi.org/10.1016/S0959-3780(00)00063-7
https://doi.org/10.1016/S0959-3780(00)00063-7
https://doi.org/10.1007/s10653-015-9720-1
https://doi.org/10.1007/s10653-015-9720-1
https://doi.org/10.1007/s10661-006-9468-2
https://doi.org/10.1007/s10661-006-9468-2
https://doi.org/10.1080/10810730.2019.1574320
https://doi.org/10.1080/10810730.2019.1574320
https://www.pordata.pt/Municipios/Quadro%2bResumo/Seixal%2b(Munic%c3%adpio)-233085
https://www.pordata.pt/Municipios/Quadro%2bResumo/Seixal%2b(Munic%c3%adpio)-233085
https://www.pordata.pt/Municipios/Quadro%2bResumo/Seixal%2b(Munic%c3%adpio)-233085
https://doi.org/10.1016/0168-583X(95)00897-7
https://doi.org/10.1016/0168-583X(95)00897-7
https://doi.org/10.1016/j.nimb.2009.03.050
https://doi.org/10.1016/j.nimb.2009.03.050
https://doi.org/10.1016/j.nimb.2010.07.012
https://doi.org/10.1016/j.nimb.2010.07.012
https://doi.org/10.1080/15287394.2014.911130
https://doi.org/10.4209/aaqr.2011.02.0017
https://doi.org/10.5194/acp-16-3289-2016
https://doi.org/10.1016/j.atmosres.2011.07.003
https://doi.org/10.1016/j.atmosres.2011.07.003
https://doi.org/10.1016/S0048-9697(03)00411-X
https://doi.org/10.1016/j.atmosenv.2004.10.027
https://doi.org/10.1016/j.atmosenv.2013.11.011
https://doi.org/10.1016/j.atmosres.2010.02.008
https://doi.org/10.1016/j.atmosenv.2016.12.032
https://doi.org/10.1016/j.atmosenv.2016.12.032
https://doi.org/10.1016/j.atmosenv.2009.04.063
https://doi.org/10.1016/j.atmosenv.2009.04.063
https://doi.org/10.1016/S1352-2310(02)00411-9
https://doi.org/10.2788/33914
https://doi.org/10.2788/33914
https://doi.org/10.1016/j.atmosenv.2007.05.022
https://doi.org/10.1016/j.atmosenv.2007.05.022
https://doi.org/10.1016/j.chemosphere.2007.10.070
https://doi.org/10.1016/j.chemosphere.2007.10.070
https://doi.org/10.1007/s11356-018-3841-x
https://doi.org/10.1016/j.scitotenv.2018.03.338

1964

Journal of Radioanalytical and Nuclear Chemistry (2019) 322:1953-1964

44.

45.

46.

47.

48.

49.

50.

a steelworks. J Radioanal Nucl Chem 309:397-404. https://doi.
org/10.1007/s10967-016-4751-3

Widory D, Liu X, Dong S (2010) Isotopes as tracers of sources
of lead and strontium in aerosols (TSP & PM, ;) in Beijing.
Atmos Environ 44:3679-3687. https://doi.org/10.1016/j.atmos
env.2010.06.036

Pekney N, Davidson C, Zhou L, Hopke P (2006) Application of
PSCF and CPF to PMF-modeled sources of PM, s in Pittsburgh.
In: Aerosol science and technology. Taylor & Francis Group, pp
952-961

Canha N, Almeida SM, Freitas MDC et al (2014) Particulate mat-
ter analysis in indoor environments of urban and rural primary
schools using passive sampling methodology. Atmos Environ
83:21-34. https://doi.org/10.1016/j.atmosenv.2013.10.061

Shi J, Wang N, Gao H et al (2019) Phosphorus solubility in aero-
sol particles related to particle sources and atmospheric acidifica-
tion in Asian continental outflow. Atmos Chem Phys 19:847-860.
https://doi.org/10.5194/acp-19-847-2019

Srinivas B, Sarin MM (2012) Atmospheric pathways of phos-
phorous to the Bay of Bengal: contribution from anthropo-
genic sources and mineral dust. Tellus B Chem Phys Meteorol
64:17174. https://doi.org/10.3402/tellusb.v64i0.17174
Mahowald N, Jickells TD, Baker AR et al (2008) Global distri-
bution of atmospheric phosphorus sources, concentrations and
deposition rates, and anthropogenic impacts. Glob Biogeochem
Cycles 22:GB4026. https://doi.org/10.1029/2008 GB003240
Zhao H, Wang X, Li X (2017) Quantifying grain-size variability
of metal pollutants in road-deposited sediments using the coef-
ficient of variation. Int J Environ Res Public Health 14:850. https
://doi.org/10.3390/ijerph 14080850

@ Springer

51.

52.

53.

54.

55.

56.

Chang HH, Peng RD, Dominici F (2011) Estimating the acute
health effects of coarse particulate matter accounting for expo-
sure measurement error. Biostatistics 12:637-652. https://doi.
org/10.1093/biostatistics/kxr002

Almeida SM, Silva AV, Freitas MC, et al (2012) Characterization
of dust material emitted during harbour activities by kO-INAA
and PIXE. J Radioanal Nucl Chem 291:77-82. https://doi.
org/10.1007/s10967-011-1279-4

Silva AV, Almeida SM, Freitas MC et al (2012) INAA and PIXE
characterization of heavy metals and rare earth elements emis-
sions from phosphorite handling in harbours. J Radioanal Nucl
Chem 294:277-281. https://doi.org/10.1007/s10967-011-1524-x
Frampton MW, Rich DQ (2016) Does particle size matter?
ultrafine particles and hospital visits in eastern Europe. Am J
Respir Crit Care Med 194:1180-1182

Cassee FR, Héroux M-E, Gerlofs-Nijland ME, Kelly FJ (2013)
Particulate matter beyond mass: recent health evidence on the
role of fractions, chemical constituents and sources of emis-
sion. Inhal Toxicol 25:802-812. https://doi.org/10.3109/08958
378.2013.850127

Canha N, Mandin C, Ramalho O et al (2015) Exposure assess-
ment of allergens and metals in settled dust in French nursery and
elementary schools. Atmosphere (Basel) 6:1676—1694. https://doi.
org/10.3390/atmos6111676

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s10967-016-4751-3
https://doi.org/10.1007/s10967-016-4751-3
https://doi.org/10.1016/j.atmosenv.2010.06.036
https://doi.org/10.1016/j.atmosenv.2010.06.036
https://doi.org/10.1016/j.atmosenv.2013.10.061
https://doi.org/10.5194/acp-19-847-2019
https://doi.org/10.3402/tellusb.v64i0.17174
https://doi.org/10.1029/2008GB003240
https://doi.org/10.3390/ijerph14080850
https://doi.org/10.3390/ijerph14080850
https://doi.org/10.1093/biostatistics/kxr002
https://doi.org/10.1093/biostatistics/kxr002
https://doi.org/10.1007/s10967-011-1279-4
https://doi.org/10.1007/s10967-011-1279-4
https://doi.org/10.1007/s10967-011-1524-x
https://doi.org/10.3109/08958378.2013.850127
https://doi.org/10.3109/08958378.2013.850127
https://doi.org/10.3390/atmos6111676
https://doi.org/10.3390/atmos6111676

	Contribution of micro-PIXE to the characterization of settled dust events in an urban area affected by industrial activities
	Abstract
	Introduction
	Experimental
	Study site
	Sampling and treatment
	Micro-PIXE analysis
	Crustal enrichment factor
	Statistical analysis

	Results and discussion
	Chemical composition
	Understanding the origin of the settled dust
	Crustal enrichment factors
	Spearman correlations
	Considerations

	Conclusions
	Acknowledgements 
	References




