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A B S T R A C T

There is growing interest in investigating the human health risk associated with metals in airborne particulate
matter. The objective of this paper is the health risk assessment of Al, Be, Sb, Sn, Ti and Tl in PM10 un-
der different advections of air masses. These metals/semi-metal were studied in samples collected in an area
influenced by industrial activities in northern Spain with the aim of analysing the variations in PM10 metal/
semi-metal. Elemental concentrations were assessed over a period of one year in terms of air mass origin by
means of back trajectories (HYSPLIT), the conditional probability function, polar plots, PM concentration
roses, aerosol maps (NAAPs) and receptor modelling. The mean concentrations of Al, Be, Sb, Sn, Ti and Tl
were 254, 0.02, 1.30, 1.15, 15.3 and 0.20 ng/m3, respectively, and were within the usual range for suburban
stations in Europe. The highest levels were recorded during conditions of regional air mass origin, highlight-
ing the importance of sources not far from the station. Under these circumstances, the renovation of air masses
was not produced. The main sources of metals were anthropogenic, mostly related to the use of coal and coke
production. In general, the cancer and non-cancer risk values obtained in this study fell within accepted pre-
cautionary criteria in all trajectory groups. However, in order to improve air quality and reduce risks to human
health, the impact resulting from the joint inhalation of Al, Be, Sb, Sn, Ti and Tl should not be ignored when
air masses are fundamentally of regional origin.

© 2019.

1. Introduction

Airborne particulate matter has been classified as group 1 carcino-
genic to humans by the International Agency for Research on Can-
cer (IARC). Heavy metals constitute a significant part of the compo-
sition of these particles (Dimitriou and Kassomenos, 2017b; Sun et
al., 2014). Al and Tl are metals present in the Earth's crust (ATSDR,
2008; ATSDR, 1992). The average concentration of Tl is generally
below 1ppm (Belzile and Chen, 2017), while Al is the most abun-
dant metal. Fossil fuel combustion (i.e. coal) stands as an impor-
tant anthropogenic emission source of Al and Tl (Demiray et al.,
2012; Chen et al., 2013). Other important anthropogenic sources of
Tl are metal smelting and cement production (Demiray et al., 2012;
Kazantzis, 2000; Peter and Viraraghavan, 2005). Tl is a constituent of
coal and many sulphide ores, and can be partially vaporized in flue
gases, reaching concentrations in fly ash 2–10 times higher than in
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coal. Furthermore, this metal remains in air, water and soil for a long
time and does not decompose (López Antón et al., 2013).

Be and Sb also enter the environment as a result of both natural
and human activities. Be is present in the atmosphere due to soil re-
suspension from places where it is enriched (e.g. open-cast mines or
near factories processing raw materials with Be) (Bohdalkova et al.,
2012; Thorat et al., 2001). Emissions from coal burning have been
identified as a relevant source together with the steel industry, smelt-
ing, road traffic and waste incineration (Goddard et al., 2016; Sutton et
al., 2012). There is general agreement among the scientific community
as to the greater influence of traffic in explaining the levels of Sb in
the atmosphere (Smichowski, 2008). Mbengue et al. (2014) used this
semi-metal as a tracer for brake wear emissions (Matĕjka et al., 2011).
As Sb is used as a catalyst during plastic manufacturing, emissions of
this semi-metal have been detected in the surroundings of incineration
facilities burning polyethylene terephthalate (Iijima et al., 2009). Sb
has also been quantified around refinery plants as a consequence of
the combustion of pet-coke (Bosco et al., 2005).

Inorganic tin compounds are found in small amounts in the Earth's
crust and the atmospheric presence of Sn is generally caused by an-
thropogenic activities (Malandrino et al., 2016). Gases, dusts and
fumes containing Sn may be released from smelting (Querol et al.,
2007) and refining processes, the burning of waste and fossil fuels

https://doi.org/10.1016/j.chemosphere.2019.125347
0045-6535/ © 2019.
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(ATSDR, 2005; Bozkurt et al., 2018), glass-making activities (Ledoux
et al., 2017), electronic and mechanical industries (Altintas et al.,
2016), coke ovens and other coal processing industries (Khare and
Baruah, 2010). This metal is also emitted by traffic (Megido et al.,
2016a), being present in road dust (Amato et al., 2009) due to brake
abrasion (Minguillón et al., 2013) and probably, to a minor extent, due
to tyre abrasion because of the lower amounts of Sn in tyres (Amato et
al., 2014).

Ti is defined as a crustal matter species as a consequence of the rel-
ative high abundance of mineral oxides (Daher et al., 2012; Guo et al.,
2017; Habashi, 2001). Accordingly, its presence in the atmosphere is
explained by natural soil resuspension (Negral et al., 2008) or after the
abrasion of the road surface (Shirmohammadi et al., 2017). Ti oxide
is used as refractory material (Habashi, 2001; McMullen and Faoro,
1997). Powdered Ti is being implemented for aerospace, automotive
and other industrial applications (Abkowitz et al., 2011). Powdered ti-
tanium carbide is used in the production of hard-alloy tools, carbide
steels, abrasive pastes and dispersion-hardened alloys (Onishchenko et
al., 2019). In addition to the refractory application, TiO2 acts as cata-
lyst for chemical/photochemical reactions (Morillas et al., 2019; Nem-
mar et al., 2013).

These metals and semi-metal present in the inhalable fraction of
particulate matter (PM) may cause human health risks. The IARC and
the United States Environmental Protection Agency (US EPA) have
classified toxic agents according to their weight-of-evidence (WOE)
for carcinogenicity in humans (IARC, 2018; US EPA, 2014). Al, Tl,
Sb and Sn are not classified by either the IARC or US EPA, although
the IARC states that “no determination of non-carcinogenicity or over-
all safety should be inferred” from this lack of classification (IARC,
2018). Chronic inhalation of antimony trioxide and titanium dioxide is
classified by the IARC as 2B: possibly carcinogenic (US EPA, 2014).
The US Department of Health and Human Services (DHHS) has de-
termined that Be is a human carcinogen (ATSDR, 2002). The US
EPA has determined that Be is a probable human carcinogen. The
chronic inhalation of Be compounds has been classified in the cate-
gories: 1-carcinogenic (IARC WOE) and LH-likely to be carcinogenic
(US EPA WOE) (US EPA, 2014).

The risk for human health caused by these metals/semi-metal is
associated with the concentrations in different air masses depend-
ing on their origin. Synoptic conditions regulate PM at any locality
(Dimitriou and Kassomenos, 2018), not only due to the precipitation
associated with some synoptic systems, but also to wind velocity and
direction, as well as atmospheric stability (Fonseca-Hernández et al.,
2018). Several forecasts have been published highlighting that varia-
tions in atmospheric circulation may negatively alter the efficiency of
European measures for the abatement of PM (Messori et al., 2018).
Moreover, the presence of pollutants in the troposphere may lead to
changes in the circulation of air masses. Microphysical interactions
among airborne aerosols and other atmospheric pollutants have been
reported as the driving force for disruptions observed in model circu-
lation patterns (Fiore et al., 2015). For example, on the Italian coast-
line of Venice, Masiol et al. (2015) found that certain elements of an-
thropogenic origin presented a notable inter-correlation in the submi-
cron mode (S, K, Mn, Cu, Fe and Zn) and the intermediate mode, 1-4
μm (Mn, Cu, Zn, Ni). In the latter size, these authors observed a geo-
chemical relationship explained by sea elements (Na, Mg and Cl) and
crustal elements (Si, Mg, Ca, Al, Ti and K). Atmospheric circulation
increased the anthropogenic elements when winds came from Central
and Eastern Europe and from the city of Venice. The concentration
of elements in submicron and intermediate modes also increased un-
der low wind velocities and calms. Conversely, strong winds favoured

the increase in the coarse mode: sea aerosol and silica-enriched parti-
cles. Papanastasiou and Melas (2009) reported that strong winds from
the sea were not necessary to worsen air quality in the coastal city of
Volos (Greece). These authors concluded that conditions leading to
stagnation, and therefore higher PM10 levels, were frequently found
during days with a sea breeze, while ventilation was generally not in-
tense.

Air mass residence time has been used as a predictor variable for
PM levels via the implementation of multivariate linear regression
(MLR) models (Kavouras et al., 2013). Dimitriou and Kassomenos
(2017a) applied the air stress index (PM10, O3, SO2, NO2 and CO)
to synoptic systems and airflows in Germany. These authors con-
cluded that the values of said index might have an epidemiological
impact of sufficient magnitude to warrant the development of stud-
ies with cohorts of the German population. This air stress index, how-
ever, did not include any heavy metal. In another study (Dimitriou
and Kassomenos, 2017b), they consequently warned about the cancer
risk caused by inhaling arsenic in PM10 when eastern airflows reached
some German cities. A study covering an entire country (Díaz et al.,
2017) has already pointed out the relationship between synoptic charts
responsible for African dust outbreaks over the Iberian Peninsula and
daily mortality in Spain. These studies did not cover the metals stud-
ied in the present paper.

To the best of our knowledge, very little research has been pub-
lished in the scientific literature on the variation in Al, Be, Sb, Sn, Ti
and Tl in PM10 as a result of atmospheric circulation that also con-
siders the implications for human health. The main objective of this
study was the assessment of the anthropogenic sources of Al, Be, Sb,
Sn, Ti and Tl present in PM10 and the meteorological influences and
their implications for human health in an area with historical problems
with PM10 levels. The results may contribute to helping environmental
managers to take measures to prevent the population from being ex-
posed to increased concentrations of pollutants based on the origin of
air masses. The following tasks have been performed in this study:

1. Evaluation of the concentrations of Al, Be, Sb, Sn, Ti and Tl pre-
sent in PM10 in terms of atmospheric circulation.

2. Investigation of the origin of the emissions of these six metals/
semi-metal in an industrial context.

3. Assessment of the possible risks resulting from the inhalation of
these particles for the health of the children and adults living in the
sampled area.

2. Methodology

2.1. Description of the location

PM10 samples were taken from an industrial suburban station lo-
cated in Langreo, in an area with historical problems with PM10 lev-
els. The sampled area is located in the Nalón Valley, oriented in
the northwest-southeast direction, forming part of the ‘green’ region
of the Iberian Peninsula, within the Eurosiberian region, 30km from
Spain's northern shoreline. The area, which has a population of around
3000 inhabitants, has undergone rapid, disorderly industrial develop-
ment which led to the growth of industrial facilities around existing
dwellings. Details on local industrial activity and neighbourhoods are
provided in Fig. 1 and the Supplementary Material. Moderate traffic
(15 000-25 000 mean vehicles/day) also influenced the station, with
the equipment being located 200m from the AS-117 regional highway
(Megido et al., 2017a).
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Fig. 1. a) Location of the air pollution sampling station and the main local industries: an industrial hub with a refractory materials factory, an asphalt agglomerate factory and a metal
recycling plant (1); a machined and forged parts factory (2); an asphalt plant (3); a coal storage yard (4); a coal-fired power plant (5); a fly ash and slag landfill (6); a metal waste
recycling plant (7); the sampling station (8); a factory producing ceramic materials (9); and a coke plant (10). b) Classification of air masses reaching Langreo according to their
origin.

2.2. Sample collection and treatment

PM10 samples were collected on a daily basis (24 h) from October
26, 2013 to October 26, 2014 using a MCV CAV-A/MSb high-volume
sampler (30 m3/h). A microbalance with 0.01 mg resolution (Met-
tler Toledo XA105) was used for subsequent gravimetric determina-
tion. The sampler was placed on the roof of the sampling station, 3
m above ground level. Glass microfibre (MCV GF1-150) and quartz
microfibre (Pallflex-Tissue Quartz 2500QAT-UP) filters, 150 mm di-
ameter, constituted the matrix for particle collection. Quartz microfi-
bre filters were chemically preferred to glass microfibre filters due to
the presence of lower amounts of chemical interference (Megido et al.,
2016a). Fifty-two samples were collected on the quartz microfibre fil-
ters for subsequent chemical analysis, immediately after gravimetric
determination. These samples were taken homogeneously distributed
over the entire sampling period (one year), covering the four seasons.
The quartz microfibre filters were used once a week, rotating the day
of the week every new week. The chemical analysis followed were
those described in Megido et al. (2016a; 2016b) and comprised 40
analytes including metals/semi-metals, organic and elemental carbon,
and inorganic ions. Regarding the quality assurance of the analysis,
blank filters and reference material from the National Institute of Stan-
dards and Technology, namely Standard Reference Material® 1648a
(urban particulate matter), were used as control for the analysis. Errors
mostly remained below 10% for the certified elements in the standard.
Further details on the analytical determination are provided in the Sup-
plementary Material. The remaining 314 glass microfibre filters were
solely used for gravimetric determinations.

2.3. Meteorological scenarios

Fig. 2 shows the wind rose obtained from data recorded by the
weather tower at the sampling station. Daily information on maxi-
mum wind speed, wind direction and elemental concentration in PM10
was used to draw polar plots of the analysed species in PM10. The
NAAPS Global Aerosol Model and the analysis of five-day isen-
tropic back trajectories (ending at 12:00 UTC) calculated at three
heights (750, 1500, 2500 m above sea level) using the HYSPLIT
model from NOAA (Stein et al., 2015) were reviewed daily to char

acterize the air masses. The back trajectories of these air masses
reaching the sampling point led to the classification of the masses as
Northern Atlantic (AN), North-western Atlantic (ANW), Western At-
lantic (AW), South-western Atlantic (ASW), Northern African (NAF),
Mediterranean (ME), European (EU) and Regional (RE). This classi-
fication (Fig. 1) was based on the air mass trajectories reaching the
Iberian Peninsula (Font Tullot, 2000). During these advections, the
paths that wind uses to reach a point can be associated with the source
of pollutants (Dimitriou and Kassomenos, 2018; Gildemeister et al.,
2007; Kavouras et al., 2013). The air mass origins were grouped into
four clusters according to their origin and associated pollutant lev-
els. Group 1 includes AN, ANW and AW; this pattern comprises sys-
tems that normally reduce the pollution level due to the advection
of Atlantic air masses, usually associated with cleaner air conditions
(Saavedra et al., 2012). Group 2, which includes ASW and NAF, is
associated with the detection of African dust outbreaks that expect-
edly worsen the atmospheric environment due to mineral contribution
from African deserts (Escudero et al., 2006). Group 3 is represented
by EU air mass origin, usually resulting in depletion of air quality due
to transportation of air pollutants from Central Europe (Megido et al.,
2017b). Group 4 comprises only RE and is associated with stagnant
conditions that do not facilitate the dispersion of pollutants (Negral et
al., 2012). ME air mass origin was not detected during the sampling
period.

Another meteorological application of the wind direction is the
conditional probability function (CPF). This can be used as a method
to estimate the relative frequency or probability that a given condition
(e.g. a high score event) occurs in a wind direction. As the relative po-
sition of a receptor is important for it to be influenced by a pollution
source, this strategy may help to highlight the source (Gildemeister et
al., 2007). If the CPF is associated with a feature in a population (e.g.
the 90th percentile), events in the upper range of the population will
be plotted according to the wind direction. In this paper, the CPF was
calculated and plotted for the 90th percentile of PM10 and each metal/
semi-metal in PM10 (Uria-Tellaetxe and Carslaw, 2014). The CPF was
mathematically calculated as in Dimitriou and Kassomenos (2017b):

(1)



UN
CO

RR
EC

TE
D

PR
OO

F

4 Chemosphere xxx (xxxx) xxx-xxx

Fig. 2. a) Wind rose at the sampling station from October 26, 2013 to October 26, 2014. b) Mean PM10 concentration rose (μg/m3) during the sampling period. c) Conditional proba-
bility function for PM10. d) Polar plot of Tl (ng/m3).

where CPFi is the conditional probability function of a variable in
wind sector i; mi is the number of days when the 90th percentile
concentration of a variable (i.e. either PM10 or a metal/semi-metal in
PM10) was exceeded in wind sector i; and ni is the total number of days
under the same wind direction i.

Wind directions were grouped into 16 wind sectors.

2.4. Receptor model: PCA-MLRA

Principal Components Analysis was used as a statistical tool to
reduce the information from 40 analytical variables (including met-
als, carbon and soluble species, after discarding ten other analytical
variables) to a lower number of independent factors. The distance be-
tween factors was broadened by Varimax rotation. Each of the for-
mer 40 variables presented robust values of concentration during 52
days, each PM10 sample being taken over a period of 24 h. Review-
ing the factor loadings for each factor, chemical tracers allowed each
independent factor to be associated with either a source or a recog-
nized pattern for aerosols. After identifying the source/factor, a mul-
tiple lineal regression analysis (MLRA) was implemented consider-
ing the identified factors/sources as regressors and PM10 or a chemical

species as the dependent variable. The model was run using the Statis-
tica software as explained elsewhere (Megido et al., 2017b).

2.5. Human health risk assessment

The model used to calculate human exposure to PM10 metals/
semi-metal was based on those developed by the US EPA. The follow-
ing assumptions underlie the model applied in this study: 1) the poten-
tial receptors of metal particles suspended in the air were the residents
living in the sampled area; 2) the target subjects were divided in two
groups, namely children (≤6 years) and adults (≥21 years) (US EPA,
2014); 3) the analysed via of exposure was inhalation; and 4) no char-
acteristic population parameters for local residents or exposure char-
acteristic parameters from the location under study were found. Stan-
dard default values were used in the calculation.

The numerical expressions used in the calculations of the inhala-
tion exposure concentration (ECinh), inhalation cancer risk (CRinh) and
inhalation non-cancer risk (HQinh) were based on those developed by
the US EPA (2009). The US EPA inhalation dosimetry methodol-
ogy was based on the ECinh. The methodology assumes that ECinh
is directly related to airborne metal concentration (Cair). Due to the
uncertainty associated with the Cair estimate, we used the 95% up
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per confidence limit (UCL) on the arithmetic mean metal PM10 chosen
as the exposure point concentration. (US EPA, 1989). ECinh was cal-
culated for each of the six metals/semi-metal in each air mass group,
according to the following expression (US EPA, 2009).

where ET represents exposure time (24 h/day); EF, exposure rate
(350 days/year for local residents); ED, exposure duration (the recom-
mended default values of US EPA (2014) were used, i.e. 6 years for
children and 20 years for adults); and AT is the averaging time (for
carcinogens, AT = 70 years ∙ 365 day/year ∙ 24 h/day and for non-car-
cinogens, AT = ED ∙ 365 day/year ∙ 24 h/day).

Once the exposure had been assessed, the CRinh and HQinh were
analysed, the latter via the calculation of the Hazard Quotient (HQ)
(US EPA, 1989; 2009):

where IUR represents Inhalation Unit Risk, 2.4∙10−3 (μg∙m−3)−1 for Be
(US EPA, 2017); and RfCi, Inhalation Reference Concentrations.

RfCi values for Al, Be, Sb and Ti were 5·10−3, 2·10−5, 2·10−4

and 1·10−4 mg/m3, respectively (US EPA, 2017). Sb and Ti were as-
sumed to be present as Sb (trioxide) and Ti (tetrachloride), respec-
tively. Ferreira-Batista et al. (2005) and Keshavarzi et al. (2015) con-
sidered that, once the particles were inhaled, the absorption of their
toxins had similar effects on human health to those caused by their in-
gestion. Accordingly, as RfCi data on Sn and Tl were not found, they
were replaced by oral reference doses (RfDo) of Sn and Tl (oxide):
6·10−1 and 2·10−5 mg/(kg∙day), respectively (US EPA, 2017; Sun et
al., 2014).

3. Results and discussion

3.1. Composition of PM10: Al, Be, Sb, Sn, Ti and Tl

The mean concentration of PM10 during the sampling period was
20 μg/m3, which is the current annual mean guideline PM10 concen-
tration established by the World Health Organization (WHO, 2005).
The number of days above 50 μg/m3 was 11, which is below the Eu-
ropean Union threshold (35 days per year). The daily values are pre-
sented in the Supplementary Material (Fig. S2). Table 1 presents the
concentrations of Al, Be, Sb, Sn, Ti and Tl in PM10. The mean con-
centration of Al was nearly twice the value determined by Megido et
al. (2016b) at a suburban traffic-oriented station in Gijón, a coastal
city 30 km from Langreo, namely 132 ng/m3. The contribution from
local industry, including the handling of bulk materials, may explain
this difference. Limbeck et al. (2009) published the Al content at ur-
ban stations with different traffic intensity in Vienna. These authors
obtained annual mean values ranging from 570 to 340 ng/m3, traffic
being responsible for the upper extreme of the range.

The mean concentrations of the other elements were 1-5 orders of
magnitude below the annual mean concentration of Al, with Be con-
stituting the scarcest species. Be concentration remained below the
levels recorded at stations on the Iberian Peninsula in a similar con-
text: for urban background stations (0.02–0.05 ng/m3) or industrial

stations influenced by building material activities such as glaze and
ceramic tile (0.02–0.05 ng/m3), and brick manufacturing (0.07 ng/m3)
(Querol et al., 2007). This overview can be compared with suburban
industrial stations across the United Kingdom (32·10−3-4·10−3 ng/m3)
(Goddard et al., 2016).

Sb presented a similar concentration to that found at the suburban
station on the shoreline: 1.1 ng/m3 (Megido et al., 2016a). In the afore-
mentioned study, the influence of traffic was proven by correlations
and ratios of traffic tracers such as Sb. In the present study, the Cu/Sb
ratio reached a value of 5.4, in line with the ratio of 7.0± 1.9 published
by Amato et al. (2009). At a similar monitoring station located 150
km east of Langreo, a concentration of 1.8 ng Sb/m3 was obtained at
a point influenced by industrial activity and traffic (Fernández-Olmo
et al., 2016). All these values for the northern Iberian Peninsula fall
within the lowest extreme of the range for similar stations in Europe
(Amato et al., 2016). Sb is predominantly emitted by traffic (Matĕjka
et al., 2011), low levels signifying the ameliorated impact of traffic at
the station.

The mean Sn concentration in Langreo was also low, particularly
when compared with traffic-oriented stations, e.g. up to 34 ng/m3 in
Milan (Amato et al., 2016). This finding supports the idea of the scant
influence of traffic at the sampling point.

As Ti is a crustal species (Guo et al., 2017), it was not surprising
that it ranked as the second most abundant element of the six. The
concentration fell within the range of other urban/suburban studies in
Spain, 18–83 ng/m3 (Querol et al., 2007), and Europe, 13.7–30.2 ng/
m3 (Amato et al., 2016). In the study by Megido et al. (2016a), the
Al/Ti ratio was nearly the same as in this paper (around 17). A simi-
lar ratio endorses the hypothesis of common behaviour for both met-
als. The Al/Sb ratio was found to be 120 in Megido et al. (2016a) and
195 in this study. This difference points to an unequal pattern for Sb,
a traffic tracer (Shirmohammadi et al., 2017), compared to Al and Ti.
The latter elements are also traffic tracers due to road surface abrasion
and subsequent road dust resuspension. It can thus apparently be con-
cluded that traffic was not so intense at the Langreo station, as it did
not interfere in non-exhaust emissions.

Despite the fact that the sampling station is close to different in-
dustrial facilities, Tl only reached 0.2 ng/m3. Nevertheless, the mean
concentration in Langreo was once again double to that recorded in
Gijón (0.1 ngTl/m3) (Megido et al., 2016a). This confirmed the an-
thropogenic influence of this metal in the local atmosphere, as it was
above the usual level for rural backgrounds (0.1 ng/m3), remaining in
the reported range for urban backgrounds (0.05-0.4 ng/m3) (Querol et
al., 2007). The main influence was probably due to coal combustion
to the detriment of other sources such as traffic. Nearly 2 ppm were
detected in fly ash by Lieberman et al. (2016), while Tl was not gen-
erally detected in road dusts (Amato et al., 2014).

3.2. Chemical factorization and source apportionment

Eight factors were extracted after the PCA, explaining 80.4% of
the variance of the data. The eight factors were associated with the
following sources (Fig. S1): coal combustion (30.7% contribution to
PM10); ceramic and building materials industry (3.5%); metallurgy
(0.7%); coke industry (19.5%); secondary aerosol (27.9%); marine
aerosol (6.1%); mineral and bitumen industry (2.9%); and traffic
(8.7%).

The contribution of coal combustion and coke production was
above half the overall contribution of PM10. Simultaneously, any one
of these sources comprised the first contribution of the six elements,
with the exception of the semi-metal (Fig. S1). The factor loadings of
chemical species and the values observed and predicted by the model

(2)

(3)

(4)
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Table 1
Elemental concentrations and health risk assessment for Al, Be, Sb, Sn, Ti and Tl in PM10 at the Langreo sampling station according to air mass origin. Group 1: AN, ANW and
AW; Group 2: ASW, and NAF; Group 3: EU; and Group 4: RE. LCL stands for a 5% confidence limit, and UCL for a 95% upper confidence limit. The calculated health risk values
are: inhalation non-cancer risk (HQinh), inhalation cancer risk (CRinh) and the hazard index (HI).

Group Value Element HI

Al Be Sb Sn Ti Tl

1 Metal conc. (n = 31) Min. 14.1 <0.01 0.08 0.07 1.22 0.03
LCL 26.6 <0.01 0.09 0.15 2.04 0.03
Mean 173 0.01 0.96 0.95 10.8 0.16
UCL 380 0.02 2.46 2.27 36.8 0.41
Max. 609 0.06 4.03 3.17 53.5 0.47
HQinh children 7.29E-02 1.12E-03 1.18E-02 3.63E-06 3.53E-01 1.95E-02 4.58E-01

adults 7.29E-02 1.12E-03 1.18E-02 3.63E-06 3.53E-01 1.95E-02 4.58E-01
CRinh children 3.95E-09

adults 1.31E-08
2 Metal conc. (n = 3) Min. 143 <0.01 0.39 0.70 7.03 0.04

LCL 143 <0.01 0.39 0.70 7.03 0.04
Mean 267 <0.01 0.63 0.99 23.4 0.18
UCL 371 0.02 0.92 1.38 43.8 0.25
Max. 371 0.02 0.92 1.38 43.8 0.25
HQinh children 7.12E-02 7.29E-04 4.42E-03 2.21E-06 4.20E-01 1.20E-02 5.08E-01

adults 7.12E-02 7.29E-04 4.42E-03 2.21E-06 4.20E-01 1.20E-02 5.08E-01
CRinh children 3.95E-09

adults 1.31E-08
3 Metal conc. (n = 4) Min. 67.1 <0.01 0.50 1.09 7.18 0.09

LCL 67.1 <0.01 0.50 1.09 7.18 0.09
Mean 208 0.01 1.39 1.28 12.7 0.18
UCL 286 0.02 2.39 1.65 18.0 0.28
Max. 286 0.02 2.39 1.65 18.0 0.28
HQinh children 5.48E-02 9.45E-04 1.15E-02 2.64E-06 1.73E-01 1.32E-02 2.53E-01

adults 5.48E-02 9.45E-04 1.15E-02 2.64E-06 1.73E-01 1.32E-02 2.53E-01
CRinh children 3.95E-09

adults 1.31E-08
4 Metal conc. (n = 14) Min. 8.45 <0.01 0.34 0.58 5.25 0.07

LCL 8.46 <0.01 0.40 0.59 5.34 0.08
Mean 444 0.03 2.18 1.57 24.4 0.31
UCL 1.53E+03 0.12 6.73 4.16 70.1 0.76
Max. 1.57E+03 0.14 6.78 4.64 70.6 0.76
HQinh children 2.94E-01 5.71E-03 3.23E-02 6.65E-06 6.72E-01 3.64E-02 1.04

adults 2.94E-01 5.71E-03 3.23E-02 6.65E-06 6.72E-01 3.64E-02 1.04
CRinh children 2.37E-08

adults 7.89E-08
Metal conc. (all days, n = 52) Min. 8.45 <0.01 0.08 0.07 1.22 0.03

LCL 15.3 <0.01 0.17 0.24 2.12 0.03
Mean 254 0.02 1.30 1.15 15.3 0.20
UCL 773 0.05 4.02 2.27 52.5 0.54
Max. 1.57E-03 0.14 6.78 4.64 70.6 0.76

Units: metals/semi-metal concentration (ng/m3).

are provided in the Supplementary Material (Table S1 and Fig. S2).
The first factor, F1, explained 34.0% of the variance of data, with As,
OC, EC, Pb, Cd and Sn presenting the highest factor loadings. Fig.
S1 shows that F1 explained more than half of the concentrations of Ti
and Tl, these elements being associated with coal (Chen et al., 2013;
Steinmetz et al., 1988). From Fig. 2, the impacting directions of Tl
can be seen to be NE (0-45°) and W and NW, the last with infrequent
events. A coal-fired power station is located 0.5 km NNE, with a coal
fly ash/slag landfill 1km to the NW. A residential borough SW of the
station contains dwellings burning coal as their heating system. The
relevance of these directions is shown on the graph of the CPF in Fig.
2. For these reasons, it was proposed to associate F1 with coal com-
bustion.

The second factor, F2, accounted for 10.1% of the variance. The
highest factor loadings were observed for La, Ce, Zr, Cr and Ti.
These elements are related to emissions during the production of ce-
ramic materials, most of which are of crustal origin (Minguillón et al.
(2013); Rudnick and Gao (2003); Vikulin et al. (2004); Nath et al.
(2018). It should be noted that coal fly ash may be used as a raw ma

terial during the processing of building materials, e.g. concrete
(Lieberman et al., 2018). There were facilities manufacturing refrac-
tory products, ceramic materials, mortar and concrete 0.6 km NE of
the station. A series of facilities belonging to the ceramic, stonework
and building materials industry were based at 315-325°. These facil-
ities stored bulk materials in open yards which were used to produce
dry mortar, concrete and cement, among other such materials. The
topography of the valley meant that pollutants from these activities
reached the sampling station from the NE. The factory producing ce-
ramic materials, situated SE of the station, helped to explain the situa-
tion due to its use of bentonite and kaolin as raw materials.

The third factor, F3, accounted for 9.1% of the variance. The el-
ements with the highest factor loadings were Zn, F, Mn, Bi and Mg.
Scrapyards and metallic carpentry workshops may account for the
presence of these metals (Chicharro et al., 1998; Westfall et al., 2016;
Fuge, 2019; Di and Zhuang, 2010; Shang et al., 2012). There was
a scrapyard 0.12 km NNE of the sampling station, with mechanized
steel workshops located a little further away in the same direction.
Two other metal recycling facilities were located on an industrial es
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tate at a distance of 2.7 km, 315-325° from the station, although their
emissions reached the station from the NE due to the local topogra-
phy. Metallic carpentry workshops, entailing welding and oxy-cutting,
were situated to the south of the station, which could explain the influ-
ence on F3.

The fourth factor, F4, explained 7.7% of the variance. Al, Sr, Ba,
Ti, Be, Li, K, La, Ce, Fe, Ta, Tl, V, Co and the carbonaceous fraction
had factor loadings above 0.4. Many of these elements are mineral in
nature (Pey et al., 2013) and may be associated with mineral phases
present in coal (Querol et al., 1996; Lieberman et al., 2018). There was
a coke plant SE of the station. The plant employed hard coal to pro-
duce coke as a raw material. Fe, Ca, Al, K, Ba, Sr, Co and V are ele-
ments present in PM emitted during coke production (Tsai et al., 2007;
Konieczynski et al., 2012; Hedberg et al., 2005). For these reasons, F4
was defined as coke industry.

The fifth factor, F5, supposed 5.7% of the variance. The secondary
inorganic compounds SO4

2−, NH4
+ and NO3

− were the species with
the highest factor loadings. All these substances have been previously
included in factors known as secondary aerosol (González-Castanedo
et al., 2015).

The sixth factor, F6, comprised 5.2% of the variance. Na, Mg, Cl−
and, to a lesser extent, Ni were the species with the highest factor load-
ings. The first three elements are tracers of marine aerosol (Megido
et al., 2017b), whereas the last would not be of natural origin. Dur-
ing days with an important contribution from this factor, the V/Ni ra-
tio was two orders of magnitude (up to 0.07) lower than that from
the Earth's crust (2.06) (Rudnick and Gao, 2003). At the same time,
the Cl/Na ratio (2.1) was similar to that of sea water (Zapico López,
2015). Consequently, it may be posited that Ni was brought by marine
air masses transporting ship emissions from oil combustion (Viana et
al., 2014). For all the above reasons, F6 was proposed to be defined as
marine aerosol.

The seventh factor, F7, explained 3.9% of the variance. Three
elements had high factor loadings: Rb, Sb and Ta. The association
with mineral-crustal elements (e.g. Li, Al, Ba, Sr and Ti) was found
to a certain extent in F7. As to airborne Sb, apart from brake pads,
the sources of this pollutant have also been attributed to combustion
(González-Castanedo et al., 2015). This was in keeping with the de-
tection of V and Ni in F7; in fact, these elements were found in road
asphalt containing bitumen (Hedberg et al., 2005). The presence of the
high factor loading of Ta, a high field strength element, was difficult
to interpret. Nonetheless, it may be attributed, on the one hand, to Sn
mining and scrap (Filella, 2017; Sánchez-Rodas et al., 2017) and, on
the other, to the influence of intense traffic (Querol et al., 2004).

There was an industrial plant manufacturing asphalt aggregate 2.8
km NE of the sampling station. The process consumed aggregates of
calcium, silica, bitumen and cement as raw materials as well as fuel oil
and gasoil to produce heat. F7 presented its maximum peak on June
23, 2014, when dust from the African desert had been penetrating the
area for some days. This situation may cautiously suggest F7 to be a
factor influenced by the asphalt aggregate industry and mineral contri-
bution.

The eighth factor, F8, explained 3.2% of the variance. Fe, Cu, Sn
and Ca were elements with notable factor loadings. Fe, Ca, Al and Mg
form part of the crustal matter related to traffic due to road dust resus-
pension (Karanasiou et al., 2011). Zn was released into the atmosphere
by tyre abrasion, whereas Ba, Cu and Sb were released due to brake
wear (Moreno et al., 2011). OC, EC, Mo, Ce and NO3

− (resulting from
nitrogen oxides) can be listed among the exhaust emissions of internal
combustion engine vehicles (Karanasiou et al., 2011). On the basis of
the tracers and weak pattern detected in F8, which decreased on week-
ends, this factor may be proposed as traffic.

3.3. Meteorological scenarios

According to the information provided in Table 1 and Fig. S3, all
extreme values for the metals/semi-metal appeared under regional air
masses (Group 4), with a lack of intense ventilation. In line with this
finding, low ventilation rates were shown to be less efficient in re-
moving ultrafine particles (Kylafis et al., 2019). This is not surprising
for crustal elements like Al, which may originate from wind-blown
soil dust and resuspension of soil dust, (Khare and Baruah, 2010).
However, Langreo is a wet area with broad-ranging plant coverage,
where the resuspension of natural soils would be limited. This situa-
tion highlights the importance of sources across the local valley during
pollution episodes. The minimum levels for metals/semi-metal were
recorded under the influence of Group 1 air masses. This was to be
expected, as Atlantic air masses are assumed to be cleaner than lo-
cal emissions (Saavedra et al., 2012). The levels of metals/semi-metal
also decrease in the event of air masses directly reaching the sam-
pling point via the 30 km trajectory from the coast and in the pres-
ence of rainfall. Variable amounts of rainfall (from 0.4 to 9.5 mm)
were detected on the days with minimum concentrations of metals/
semi-metal. Intense advections from Group 2 and 3 air mass origins
increased the concentrations of the six elements in the lower part of the
range (i.e. minimum and lower confidence limit, LCL), while the con-
centrations of the six elements were lower in the upper extreme of the
range (i.e. UCL, upper confidence limit, and maximum). This obser-
vation would mean that powerful drags from Africa or Europe would
slightly increase levels of pollutants, acting as a background increase.
This is agreement with Al, a tracer of African dust outbreaks (Querol
et al., 2019), which clearly increased the minimum and LCL concen-
trations by two orders of magnitude when considering North African
air masses instead of all air mass origins. However, the presence of
advections from Groups 2 and 3 was not as important in peak pollu-
tion events as regional air masses, Group 4. In summary, the impor-
tance of meteorology was greater than that of the sources around the
station. This is agreement with the conclusions published by Sutton et
al. (2012), who observed that airborne Be was preferentially correlated
with local weather patterns and PM10, rather than with operational ac-
tivities.

3.4. Health risk assessment

Table 1 shows the values for HQinh and CRinh and the hazard index
(HI) corresponding to backward trajectory groups for Al, Be, Sb, Sn,
Ti and Tl in PM10.

As stated in the Introduction, the IARC classifies Be as Group
1, carcinogenic; and Sb2O3 and TiO2 as Group 2B, possibly carcino-
genic. Al, Tl and Sn are not classified by the IARC. In this paper, car-
cinogenic risks were only assessed for those elements whose inhala-
tion unit risk (IUR) has already been established by the US EPA. This
is the case of Be. The carcinogenic risk levels in children and adults
for this metal were <10−6, with higher values for adults than for chil-
dren (Table 1). Thus, carcinogenic risks for Be were lower than the
internationally accepted precautionary criterion (10−4-10−6), indicating
that the carcinogenic risk posed by Be via inhalation is acceptable in
Langreo for both children and adults, for all trajectory groups.

With respect to non-carcinogenic risks, the HQinh of single metals
(Al, Be, Sb, Sn, Ti and Tl) via inhalation was below the safe level of
1 for both subpopulations under study, in all trajectory groups (Table
1). This indicates no non-carcinogenic risk from inhalation exposure
for each single element. For children and adults, the HQinh of Ti un-
der the influence of Group 4 air masses was the highest (6.72∙10−1).



UN
CO

RR
EC

TE
D

PR
OO

F

8 Chemosphere xxx (xxxx) xxx-xxx

As expected, the HQinh for Ti increased in the regional trajectory
group. This endorsed the hypothesis of the importance of emitting
sources of this element not far from the sampling station (i.e. coal
combustion or the coke plant, Fig. S1). As regard the HQinh for Al, the
determined values were of the same order of magnitude as those cal-
culated by Brown et al. (2015) on one of the most highly trafficked
roads in Manchester.

The hazard index (HI) is equal to the sum of multiple-chemical or
multiple-route HQ (US EPA, 2009). If the HI value is greater than 1,
this shows that there is a chance that non-carcinogenic effects may
occur. Thus, the greater the HI value, the higher the probability of
non-carcinogenic effects (US EPA, 2001). HI values for those toxic
elements were lower than 1, except the HI values for Group 4 air
masses, which were slightly higher (1.04). Comparing the HI val-
ues of the backward trajectory groups, HI-Group 4 is approximately
50% higher than HI-Groups 1 and 2, and 76% higher than HI-Group
3. This means that the non-carcinogenic risk arose under circulation
types ending in recirculation of air masses (i.e. regional air masses).
Under these circumstances, the renovation of air masses was not pro-
duced and the accumulation of Al, Be, Sb, Sn, Ti and Tl worsened air
quality. Conversely, powerful advections helped to preserve a cleaner
atmosphere, regardless of their origin. The drag of fresh marine air
masses contributed to maintaining a healthier atmosphere in terms of
the non-carcinogenic risks caused by the aforementioned elements.

In the main, the health risks were assessed following a series of
assumptions and estimations. There were uncertainties in the estima-
tions of the exposure parameters and metal toxicity data, among oth-
ers. On the one hand, there are no specific parameters for calculating
the exposure of residents in the locality under study. Consequently, the
standard default values from the US EPA were adopted. On the other
hand, there are uncertainties associated with the metal/semi-metal tox-
icity data. In other words, total concentrations of the elements were
analysed (e.g. Sb, Ti and Tl were measured as total Sb, Ti and Tl, in-
stead of as Sb (trioxide), Ti (tetrachloride) and Tl (oxide), although
the latter were assumed in the calculations). Moreover, toxicity related
to the joint presence of these metals/semi-metal cannot be dismissed
(Wu et al., 2016). Six metals/semi-metal present in PM10 were consid-
ered, although residents (children and adults) may have been exposed
to other potentially toxic elements (Megido et al., 2017a).

4. Conclusions

Heavy metals in airborne particulate matter (Al, Be, Sb, Sn, Ti and
Tl) in an inhabited industrial suburban area of northern Spain were
studied. Air pollution and meteorological data were combined to as-
sess the potential associated human risks.

The main conclusions of the study are:

‒ The mean concentrations of the elements are within the usual range
for suburban stations in Europe.

‒ The main sources of metals were anthropogenic in nature, being
mostly related to the use of coal and coke production.

‒ The highest pollutant levels occur under the influence of regional
air masses, with poor renovation conditions. Under these circum-
stances, the mean Al concentration was 444 ng/m3, the mean con-
centrations of the other metals being considerably lower, ranging
from 0.03 to 24.4 ng/m3 for Be and Ti, respectively.

‒ Back trajectory air masses associated with intense advections re-
duced the levels of pollutants, particularly in the case of Atlantic air
masses. The drag of fresh marine air masses contributed to main-
taining a healthier atmosphere.

‒ In general, cancer and non-cancer risk values were below the ac-
cepted precautionary criteria (10−4 and 1, respectively) for both sub-
populations under study, i.e. children and adults, in all trajectory
groups. However, the accumulative non-cancer risk was not negli-
gible when regional air masses prevailed.
The results obtained in the present study may contribute to the

understanding of the potential risks associated with the inhalation of
airborne particulates in suburban environments. Environmental man-
agers could use these findings to prevent residents from being exposed
to increased concentrations of pollutants based on the origin of air
masses.
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