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ARTICLE INFO ABSTRACT

Keywords: A total of 75 outdoor PM; o, PM3 5, and PM; samples from 14 schools, and 9 samples from potential local emission
PM10 sources, were collected and analysed for their metallic content and lead (Pb) isotope ratios in 2 seasonal cam-
PM2.5 paigns in Tarragona (Catalonia, Spain) to identify and apportion contamination sources and to assess associated
PMDi/i(ling Models health risks. Lead was predominantly found in PM;, and although its levels were below air quality standards, its
Lead isotope ratios Enrichment Factors (EF), along with those of other potentially toxic elements (Cd, Cr, Cu and Sb), indicated
Inhalation exposure extremely severe enrichment in all PM sizes. Seasonal differentiation in Pb enrichment was particularly signif-
Non-carcinogenic risk icant in PM; during the cold campaign. This suggests an anthropogenic origin, mainly from combustion processes
Tarragona such as road traffic and a municipal solid waste incinerator, as supported by profiles of other metals (Cu, V and
Zn) and the spatial distribution of the EFpy, respectively. Non-radiogenic Pb isotope ratios (?**Pb/2%Pb and
206pp,/204ph) indicated a geogenic origin in some PM;o samples, based on their similarity to the geochronology of
specific Spanish ore samples. However, radiogenic ratios (2**Pb/2%’Pb and 2°°Pb/2%7Pb) pointed to coal-fired
electrical plants (EGUs) and road traffic as the sources of the majority of the samples. These findings were
corroborated by EF spatial distribution maps and by our previous study coupling air masses back trajectories
with C and N isotopes in the same PM samples. Bayesian mixing models using both 2°*Pb- and 2°’Pb-normalised
Pb isotope ratios estimated sources’ contributions as follows: i) municipal solid waste incinerator (at least 10 %
in PM;( and up to 60 % in both PMjy 5 and PMy); ii) road traffic (up to 40 % for all size fractions); iii) coal-fired
EGUs (around 20 % for all size fractions); and iv) geogenic particles (<10 % for all size fractions). Despite this
strong contribution of anthropogenic sources, the potential health impacts of potentially toxic elements exposure
were low, i.e., 3 additional cancer cases for adults per million of people due to Pb exposure, which nonetheless is
comparable to levels observed in cities with populations 30 or more times larger than that of Tarragona.

1. Introduction accumulate in human tissues via inhalation, to be able to reach the lung

alveoli in their smallest fractions, and to cause both short- and long-term

Airborne particulate matter (PM) has been classified as carcinogenic
(Group 1) by the International Agency for Research on Cancer (IARC -
International Agency for Research on Cancer, 2013), based on strong
evidence that it harmfully affects human health (e.g. Loomis et al.,
2013). Potentially toxic elements present in this PM have been proved to
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adverse health effects, especially for children (e.g. Kampa and Castanas,
2008). Among these metals, lead (Pb) is a neurotoxic element (e.g.,
Lanphear et al., 2003; Lanphear et al., 2005), ubiquitous in modern
technologies and one of the most persistent anthropogenic pollutants
(Settle and Patterson, 1980; Chang et al., 2016).
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Identifying sources of Pb and other potentially toxic elements in PM
is thus critical for mitigating risk to human health. Pb is directly released
to the atmosphere from the mining and smelting of Pb-containing ores,
through the combustion of Pb-containing fuels (e.g., coal and gasoline),
or from the release of abrasion-generated road paint particles (Komarek
et al., 2008). Relative concentration of chemical elements with respect
to their Upper Continental Crust concentration, known as Enrichment
Factors (EF), is a widely employed metric for elucidating the geogenic
(EF < 10) or anthropogenic (EF > 10) origin of Pb and other potentially
toxic elements in the environment (e.g. De la Cruz et al., 2009; Nory
et al., 2021).

Lead isotope ratios (IRs) offer an alternative method for Pb sourcing
in the environment, which, unlike the EF and other approaches, can be
used as fingerprints of specific Pb sources (De la Cruz et al., 2009; Sun
et al., 2014; Dai et al., 2023). Ore processing, smelting, and casting do
not generate isotope fractionation (Ault et al., 1970; Kylander et al.,
2010), and, thus, Pb IRs are directly linked to the origin of the raw
material. Lead possesses four stable isotopes, 2°8Pb, 206Pb, 207pp and
204pp, whose abundances are ~52 %, 24 %, 23 % and 1 %, respectively
(CIAAW - Commission on Isotopic Abundances and Atomic Weights and
International Union of Pure and Applied Chemestry, 2024). While 206pp,
207ph and 2°8Pb represent the end-products of the 238U, 25U and 232Th
decay chains, respectively (Audi et al., 2003), 204pp s the only non-
radiogenic isotope. Therefore, IRs for any Earth material are shaped
by its initial U, Th and Pb concentrations, its age and the half-life of
parent isotopes. The ores preserve the Pb crustal isotope ratio they ac-
quired at the time of their formation (Dickin, 1995; Amelin and Ney-
mark, 1998; Faure and Mensing, 2005). Therefore, the younger the
geological ore, the more radiogenic its isotopic signature, i.e., higher
20Xpt, /204p ratios (with X = 6, 7, or 8), along with higher 206pp, /207pp
and 2°8pb/27pb ratios. For example, very old ores, such as the Broken
Hill ore (formed around 1.7 billion years ago and used in European
leaded gasoline), are characterized by 2°°Pb/2°7Pb ratios ranging be-
tween 1.05 and 1.13, whereas younger ones (formed hundreds of mil-
lions of years ago during the Jurassic or Miocene eras) fall within 1.18
and 1.25 (Deboudt et al., 1999; Hansmann and Koppel, 2000). There-
fore, anthropogenic Pb sources possess distinct isotopic ratios, reflective
of the specific ore deposits they are derived from (Sangster et al., 2000).

Interpretation of Pb IRs is usually performed studying bivariate
isotope plots that compare the characteristics of the study samples to
those of known sources (Monna et al., 2000; Bird et al., 2010; Alvarez-
Iglesias et al., 2012). While this approach is adequate for interpreting
well determined systems, such as discriminating anthropogenic vs.
lithogenic Pb or petrol-derived vs. ore-derived Pb sources, it has limi-
tations in the presence of three or more mixing endmembers. In such
cases, Bayesian mixing models have recently been successfully applied
to solve Pb apportionment in complex anthropogenic environments (e.
g., Longman et al., 2018; Anaman et al., 2024). Indeed, recent studies
have applied these models for apportioning Pb sources in PM samples,
focusing mainly on coarse particles (Dietrich et al., 2021; Wu and
Huang, 2021; Ray et al., 2024), and barely on fine particles (Chen et al.,
2023). To our knowledge, Pb isotope-based Bayesian models have not
been applied yet for submicron particles.

With that in mind, the objective of this study was to use a Bayesian
mixing model based on Pb IRs to identify and apportion atmospheric
pollution sources in an urban and industrial complex city using size-
segregated PM samples comprising 3 PM size fractions: PMjg, PMa 5
and PM; (i.e., PM with aerodynamical diameters equal or inferior to 10,
2.5, and 1 pm, respectively), considering that smaller particles deeply
reach lungs and therefore are more harmful. PM samples were previ-
ously collected from 14 schools in Tarragona (Spain) in 2 seasonal
outdoor air sampling campaigns, as most people’s activities are seasonal
compared to industrial ones that remain somewhat constant through the
year (Sanchez-Soberodn et al., 2019; Plasencia Sanchez et al., 2023). In
this study, we characterized them for Pb concentrations and used their
Pb isotopic compositions in a Bayesian mixing model (MixSIAR model,
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Stock and Semmens, 2016) to qualitatively and quantitatively identify
and apportion Pb pollution sources. This approach was complemented
with the study of EF values associated with Pb and other potentially
toxic elements, and with a previous air masses back trajectories
modelling (Plasencia Sanchez et al., 2023). Finally, a health risk
assessment was performed for exposure to Pb and other potentially toxic
elements to children and adults as a broad estimate of the potential
carcinogenic and non-carcinogenic effects across the city.

2. Methodology
2.1. Study site and sampling strategy

The city of Tarragona is located in northeast Spain, on the shore of
the Mediterranean Sea. The city and its surrounding area are considered
as one of the most industrialised zones in southern Europe (Dominguez-
Morueco et al., 2017; Rovira et al., 2024). Local industrial activities
comprise (Fig. 1): (A) the north Complex (or Petrochemical area) that
includes an oil refinery and several petrochemical industries; (B) the
northwest Constanti industrial estate that includes a Hazardous Waste
Incinerator (HWI); (C) the south Complex, comprising several chemical
industries; (D) the industrial harbour and, (E) the southeast Riu Clar
estate, that includes a Municipal Solid Waste Incinerator (MSWI). In the
framework of a project assessing children’s exposure to indoor (Sanchez-
Soberon et al., 2019) and outdoor (Plasencia Sanchez et al., 2023) PM,
fourteen schools (Fig. 1) were selected to perform air quality sampling
during two seasonal campaigns (cold and warm seasons; December 2016
to March 2017 and September to October 2017). These schools are all
located ~2 km away from the four main industrial activities, except
location #1, which, being more than 6 km away from any industrial
activity, was also selected, and expected to represent the local back-
ground. A total of 75 Quartz microFiber Filters (QFF) were collected
using high volume air samplers, 25 for each PM size fraction: coarse
(PM;), fine (PMz5) and submicron (PM;) particles (see details of
equipment and methodology in Plasencia Sanchez et al., 2023). In
addition, 9 samples (M1-M9) from anthropogenic sources were ob-
tained: 3 collected at potential local PM sources (M1, M4, M6) and 6
blind samples (M2, M3, M5, M7-M9) provided by the Tarragona

1

Fig. 1. Sampling points. School’s location and ID number (#1 to #14) sampled
by Plasencia Sanchez et al. (2023) are marked with green diamonds. The closest
industrial estates in Tarragona are also shown: (A) the North Complex (or
Petrochemical); (B) the Constanti industrial estate, which contains a Hazardous
Waste Incinerator (HWI) (pink circle); (C) the South Complex; and (D) the in-
dustrial harbour and (E) the RiuClar estate, where the Municipal Solid Waste
Incinerator (MSWI) is also pointed with a pink circle. The base map (World
Imagery — Clarity) was obtained from ArcGIS10.2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Chemical Business Association (Associacié Empresarial Quimica de Tar-
ragona; AEQT — Associacio Empresarial Quimica de Tarragona, 2024).
See Table A1 for additional information.

2.2. Pb concentrations and isotope ratios

All samples were prepared in a clean laboratory (class-100) and
measured for both Pb concentration and Pb isotope ratios at the Geotop
laboratory in Montreal (UQAM) following the procedure described in
Widory et al. (2010). In brief, a 6-mm diameter piece of the filter was cut
and placed in a Savilex Teflon beaker and leached with aqua regia
(HNOs + 3 HCI), then, Pb concentrations were measured by ICP-MS
(iCAP-Q, ThermoScientific). For Pb quantification, the limit of detec-
tion (25 ng/L) was defined as three times the standard deviation of the
blanks. For isotope measurements, each solution was purified on an
anion exchange resin (BioRad AG1X-8, 200-400 mesh) in a HBr/HCl
medium (adapted from Manhes et al., 1978). After chemical purifica-
tion, samples were diluted in a 2 % HNOj3 solution doped with thallium
(TD to correct for the mass bias (Belshaw et al., 1998; Woodhead, 2002)
on a MC-ICP-MS (NuPlasma II), normalizing to the international stan-
dard NBS-981. An internal standard (CGPB-1) was also measured for
monitoring the long-term stability (2°°Pb/2%%Pb = 37.98 + 0.02;
207pp/20%ph = 15.698 + 0.007; 2°°Pb/2%*Pb = 18.592 + 0.008;
206pp /207pp = 1.1844 + 0.0002; n = 50; 26). Procedural blanks were
measured by isotope dilution and yielded 0.4 pg of Pb, associated with
average 29%pb/20%Pb = 37.65 + 0.05; 2°7Pb/2%Pb = 15.59 + 0.02;
206pp,/ 204ph — 18,18 + 0.02; 2°°Pb/27Pb = 1.175 + 0.025 (n = 6; 20).

2.3. Other metals concentrations

For each sample, the content of 55 chemical elements, including As,
Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Sb, Sr, Ti, V and Zn, was previously
reported elsewhere (Plasencia Sanchez et al., 2023). The detailed

description of the methodology followed can be found in Rovira et al.

Table 1
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(2018).
2.4. Enrichment Factors (EF)

Enrichment Factors (EF) were calculated using the following equa-
tion (e.g. Rahn, 1967; Sun et al., 2014):

EF = (Ci/CFE)sample/(Ci/CFe)UCC €))

where C; and Cg. are the concentration of the considered element and
the conservative element (Fe in our study), respectively, measured in the
sample or in the Upper Continental Crust (UCC). We considered the
following UCC elemental abundances (expressed in mg/kg or pg/g or
ppm): 2, 41,500, 0.15, 25, 102, 66.5, 56,300, 20,900, 23,300, 950, 14,
0.2, 370, 5650, 120 and 70 for As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Pb,
Sb, Sr, Ti, V and Zn, respectively (Haynes, 2016). EF are then catego-
rized depending on their value (Chen et al., 2007): no enrichment (EF <
1); minor enrichment (1 < EF < 3); moderate enrichment (3 < EF < 5);
moderately severe enrichment (5 < EF < 10); severe enrichment (10 <
EF < 25), very severe enrichment (25 < EF < 50); and extremely severe
enrichment (EF > 50).

2.5. Potential sources of atmospheric Pb

In addition to the Pb isotope characterization of the local emission
sources (M1-M9 samples in Table A3), we considered a set of source
values encountered in environments similar to Tarragona (S1-S5 in
Table 1) and reference values (R1-R4 in Table 1) from the literature.
These sources of atmospheric Pb include a geogenic source in the
country: NW Spanish Pb ores (S1) that, as discussed in Arias et al.
(1996), show more radiogenic (defined as excess in 206pp and 208Pb, ie.,
higher 2°6Pb/294Pb and 2°®pb/2%*Pb ratios) Pb IRs than those predicted
for UCC by crustal Pb evolution models (Zartman and Doe, 1981; Lud-
wig et al., 1989).

Pb isotope characteristics for selected sources (S1-S5) and reference values (R1-R4) of atmospheric Pb. Mean value and standard deviation (in brackets) are showed for

each considered Pb IR. n = number of values.

Source/Reference value Context Material n 208p}, /204ppy 207pp /204pp 206p}, /204pp 208p}, /207ppy 206p}, /207pty 204pp,/207p
(reference)
X 2.44 1.15 0.06
S1 - NW Spanish ores (a) Galenas raw 6 38.5(0.3) 15.76 (0.08) 18.07 (0.07) (<0.01) (<0.01) (<0.01)
2.46 1.16 0.06
Sulfosalts raw 6 39.0 (0.5) 15.8 (0.2) 18.4 (0.1) (<0.01) (<0.01) (<0.01)
S2 - Steel Industry (b) Metallur PM;o - 38.76 15.82 19.34 2.45 1.22 0.06
lantgy PM, s - 38.46 15.79 19.05 2.44 1.21 0.06
P PM; - 38.20 15.74 18.80 2.43 1.19 0.06
. 15.60 18.02 2.43 1.15 0.06
S3 — MSWI (c,d) Paris (cold) fly ash 3 37.95(0.02) (<0.01) (<0.01) (<0.01) (<0.01) (<0.01)
. 15.60 2.43 1.15 0.06
Paris (warm) fly ash 3 37.87(0.02) (<0.01) 17.93 (0.02) (<0.01) (<0.01) (<0.01)
S4 - EGU (e) Coal-fired fly ash - 38.87 15.62 18.91 2.49 1.21 0.06
S5 — Road traffic (b) Diesel and leaded PM;o - 37.40 15.58 17.62 2.40 1.13 0.06
gasoline fleet PM; - 37.50 15.57 17.69 2.41 1.14 0.06
Anthracite, ligniti B
R1 - Coal (f,g,h,i,j,kD) nthracite, fignite, raw 179-320 387 (0.7) 15.6 (0.2) 18.6 (0.6) 248 (0.03)  1.19 (0.03) 0.06
bituminous (<0.01)
R2 - Central heating (c) Fuel-oil fly ash 5 37.9 (0.6) 15.60 (0.03) 18.1 (0.6) 2.43 (0.03) 1.16 (0.03) (360061)
Natural Gas fly ash 5 38.1 (0.9 15.65 (0.04) 18.3 (0.5) 2.43 (0.02) 1.17 (0.03) (<0(.)0(§)1)
Coal-fired fly ash 1 38.37 15.66 18.40 2.45 1.18 0.06
RS(;I)O Idest Earth crust Devil Canyon, CAUSA  raw - 29.48 103 9.31 2.86 0.90 0.10
R4 - Industrial lead line Broken H'ﬂl ores, raw B 35.66 15.39 16.00 232 1.04 0.06
(n,0) Australie (n)
Missisipi Valley ores, 0.06
USA (o) raw 3 40.0 (0.5) 15.88 (0.03) 21.1 (0.4) 2.52 (0.03) 1.33 (0.02) (<0.01)

References: (a) Arias et al., 1996; (b) Véron et al., 1999; (c) Widory et al., 2004; (d) Carignan et al., 2005; (e) Chiaradia et al., 1997; (f) Farmer et al., 1999; (g) Monna
et al., 2006; (h) Diaz-Somoano et al., 2007; (i) Diaz-Somoano et al., 2009; (j) Bi et al., 2017; (k) Das et al., 2018; (1) Das et al., 2020; (m) Tatsumoto, 1973; (n) Ostic
et al., 1967; (0) Doe and Delevaux, 1972
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2.6. Isotope mixing model

The MixSIAR framework in R (Stock and Semmens, 2016) was used
for source apportionment based on Pb IRs. This module has been
recently used to determine the respective contributions of different
sources of Pb bound to PM (e.g. Longman et al., 2018; Chen et al., 2023;
Dai et al., 2023). Two sets of Pb IRs were used separately: the
206p}, /204ppy, 207pp /204ph and 2°8pb/2%4Ph ratios shown in Table 1 were
used as input parameters, as described in Longman et al. (2018), to
maximize sensitivity in the Pb isotope signatures and because each of the
radiogenic Pb isotopes forms through a distinct radioactive chain.
Additionally, 2°4Pb/2%7Pb, 2°6pb/207Pb and 2°®Pb,/2%Pb ratios were also
used as input parameters to compute comparative tests of performance
and accuracy (through Epsilon and Gelman-Rubin convergence criteria)
in several concentration-independent model runs.

2.7. Carcinogenic and non-carcinogenic health risk

Inhalation is the direct route of human exposure to Pb-enriched
particles, whereas indirect exposure includes intake via hand-to-mouth
activities of particles settled on food, drinks and outdoor surfaces
(ATSDR — Agency for Toxic Substances and Disease Registry, 2023).
While PM; tend to deposit in the nasal-pharyngeal region, PM5 5 can
travel deeply into the respiratory tract and reach lungs. PM; can reach
the lung alveoli. In this study, the Carcinogenic health risk (CR) via the
inhalation exposure to Pb and other potentially toxic elements present in
PM;9, PM3 5 and PM; was calculated for children and adults following
the United States Environmental Protection Agency (US-EPA) human
health risk assessment models (US-EPA — United States Environmental
Protection Agency, 1989, 2009). The Hazard Quotient (HQ) and the
Hazard Index (HI) were used for evaluating non-carcinogenic risks (US-
EPA — United States Environmental Protection Agency, 1989). More
details are reported in the supplementary material section A.1.1.

2.8. Data analysis

Statistical analysis was performed using Statgraphics XVII. The
dataset was categorized by PM size and campaign. The default signifi-
cance level was set at « = 0.05. Normality was evaluated using the
Shapiro-Wilk’s test, equality of variances through Levene Test at a p-
value of 0.05 and difference of means by Mann Whitney U test or
alternatively by one-way ANalysis Of VAriance (ANOVA) at a p-value of
0.05, by default. All maps were generated using ArcGIS 10.2. The Spatial
Analyst toolbox was used for assessing Inverse Distance Weighting
interpolation (IDW, Shepard, 1968) for the EF value maps. US-NOAA air
masses back-trajectories were obtained by Hybrid Single-Particle
Lagrangian Integrated Trajectories (HYSPLIT, Draxler, 1999) model in
a previous work (Plasencia Sanchez et al., 2023). Charts were generated
using MapPlotLib package in Python 3.10.

3. Results and discussion
3.1. Pb vs. other metals concentrations

Lead concentrations in the Tarragona PM samples and in the po-
tential local emission sources are listed in Table A3 and Table A5,
respectively. Pb atmospheric concentrations for all schools (from 2 x
10 °t06.87 x 1072 pg/mg) remain below the European Union (EU) air
quality standard of 0.5 pg/m® (Directive 2008/50/EC), the United
Kingdom (UK) air quality objective of 0.25 pg/m? (Air quality standard
2010) or even the stricter United Stated (US) ambient air Pb limit of
0.15 pg/m> (National Ambient Air Quality Standards — review 2016).
Fig. Al shows that while Pb in the PM; fraction is higher than in the
others fractions for both sampling seasons, Pb mass concentrations are
roughly evenly distributed across each fraction, displaying statistically
similar mean values (p < 0.05). This suggests that Pb is predominantly
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present in PM;, which disfavours an origin via mechanical processes and
may rather hint that a chemical process such as combustion (Khan et al.,
2021) is the main vector of atmospheric Pb in Tarragona. This hypoth-
esis would agree with the findings of Duan et al. (2012) for the city of
Beijing (China) and Moreno et al. (2007) for the city of Puertollano
(Spain).

A comparison with other metals (data reported in Plasencia Sanchez
et al., 2023) reveals that average Pb concentrations, especially in PMj 5,
are always lower than those of Cu, Mn and Cr, in stark contrast with
what was reported for some Asian cities by Sun et al. (2014) or Chifflet
et al. (2018) and references therein. Despite this, Pb accounts for up to
16 % and 9 % of the total metal content during the cold and warm
seasons, respectively. As shown in Table A2, Cu/Pb ratios >1 indicate
the absence of aerosols of natural origin, whereas higher ratios (e.g., Cu/
Pb >10) clearly show that emissions from industrial activities and
vehicular fossil fuel combustion prevail in the samples. Some of the
samples display V/Pb ratios >1 that indicate that these are strongly
influenced by coal combustion (Plasencia Sanchez et al., 2023). Unfor-
tunately, as most Ni concentrations were below the limit of quantifica-
tion of 0.02 pg/m3 (Plasencia Sanchez et al., 2023), we could not
systematically use the classical V/Ni ratio to assess the influence of
shipping traffic. However, for the two annual campaigns (PM5 5 in 2001
and PM; in 2004; Table A2) when Alastuey et al. (2007) were able to
determine V/Ni ratios in Tarragona PM samples, these were in a good
agreement with what is expected for the west Mediterranean basin
where the combustion of fuel-oil from power generation units, industrial
and shipping represent the main vector of atmospheric V (Querol et al.,
2009). Additionally, we observed a decrease in the total metal content
from the coast to the mainland (Plasencia Sanchez et al., 2023).

3.2. Enrichment Factors (EF)

As shown in Fig. A2, the EF for As, Ca, Co, K, Mg, V and Zn are mostly
categorized as severe or very severe (50 > EF > 10) attending to PMy 5
results, which strongly suggests an anthropogenic origin. This conclu-
sion is beyond doubt for Pb, together with Cd, Cu and Sb, which reached
extremely severe EF in all PM sizes. In the case of Pb, this enrichment
was statically higher (p < 0.05) in the cold than in the warm campaign
for PM; samples, which is also observed for V and Zn, pointing to
petroleum-derived fuels and oils. This behavior was, however, not
observed for PM; 5 and PM;o samples. The spatial distribution of the Pb
enrichment factors (EFpp) identifies emission hotspots mostly located
between the HWI and the harbour estate (Fig. A3). The different size
fractions display variability: while PMy 5 and PM; samples collected in
the cold campaign all yield extremely severely enriched EFpy, for PM,
areas located near the west shoreline in the cold campaign and between
the eastern inland and shoreline in the warm campaign are less enriched.
Both PM; o and PM; samples collected in the warm campaign in the close
vicinity of school #12 are severely enriched, whereas surrounding areas
are less impacted, with moderately severe EFpy,.

3.3. Pb isotope ratios

The 2°*Pb-normalised Pb IRs (i.e., 208p}, /204ph and 2°6Pb,/204Ph) are
typically used to compare the geochronology of ores for geogenic
sources (e.g., Ludwig et al., 1989), while 207pp.normalised Pb IRs (i.e.,
208p}, /207phy and 2%6pb/297Pb), also known as radiogenic ratios, are
commonly used to identify some anthropogenic activities (e.g., De la
Cruz et al., 2009). The analysis of the distribution of both the non-
radiogenic and radiogenic Pb IRs would therefore document the
geological age or the activities responsible for the presence of atmo-
spheric Pb.

3.3.1. Description and interpretation of non-radiogenic Pb IRs
The range of values of the 2°8Pb,/2%Pb and 2°°Pb,/2%4Pb ratios varied
according to the PM size fraction for both sampling campaigns (see
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Table A5 and Fig. A4). Minimal variation in both ratios was observed in
the submicron fraction (PM;), especially in the cold campaign, whereas
a higher variability was observed in the coarse fraction (PM;(). When
examining the normally distributed PM; and PMj 5 subsets from the cold
season, their 2°8Pb/2%4Pb mean values (38.01 & 0.09 and 38.07 + 0.06,
respectively) were significatively distinct (p < 0.05) from those of the
warm campaign (37.8 + 0.2 and 37.93 £ 0.02, respectively). In
contrast, the mean value of 2°°Pb/2%*Pb ratios in PM; remained sta-
tistically constant (p > 0.05) throughout the year, with values of 37.9 +
0.1 and 37.8 + 0.3 for the cold and warm campaign, respectively. This
suggests that, while a single emission source may have annually shaped
Pb in the coarse fraction, for the fine and submicron fractions it may
reflect either different sources contributing seasonally or the same
sources characterized by seasonally varying contributions.

The outliers for both 2°Pb/2%4Pb and 2°°pb,/2%*Pb ratios correspond
mainly to school #4, with the lowest values in the PMy 5 and PM;o
fractions for both campaigns, and to school #12, also with low radio-
genic IRs values in the warm PM fraction. These schools are coincident
to the locations having lower anthropogenic influence according to their
EFpp < 50 (i.e., severe and very severe enrichment areas in Fig. A3).
Therefore, these areas may reflect Pb geogenic inputs from external air
masses. To further investigate this hypothesis, data were plotted on an
EFpy, vs. 2%8Pb/204Pb graph (Fig. A5A). The PM samples exhibiting both
EFpp, < 50 and a low radiogenic 208p, /204p} ratio include PM;( samples
from schools #12 and #4 during the warm campaign, as well as those
from schools #12, #1 and #8 during the cold campaign. Additionally,
PM; samples from schools #1 and #10 in the warm campaign fall into
this category. The modelled air masses back trajectories for these sam-
ples also align with geogenic inputs from external air masses (Fig. A6).

3.3.2. Description and interpretation of radiogenic Pb IRs

In contrast to the non-radiogenic ratios, the radiogenic ratios,
206ph,/207ph and 2°8pb,/2°7Pb, show almost no outliers (Fig. A4). The
mean values of the 2°°Pb/2%7Pb ratio were statistically constant between
the cold and warm campaigns: 1.162 + 0.004 and 1.161 + 0.003 for
PMj, 1.163 £ 0.003 and 1.161 = 0.003 for PMy 5 and 1.164 + 0.003 and
1.165 + 0.005 for PM, respectively, with only school #14 being an
outlier in the warm PMj, s size fraction. These average values align with
the 29Pb/2%7Pb range reported for the UCC (1.151 to 1.232, Ray et al.,
2024), hinting at probable geogenic inputs. However, they are near to
the upper range values observed in the Chinese industrial megacity
Tianjin, where reported 2°°Pb/27Pb range for PM (1.142-1.164) was
latter mainly associated to a mixing of emissions from coal combustion
(around 50 %, with secondary contribution from a waste incineration
power plant), iron and steel plants (~30 %) and road vehicles (~20 %)
(Dai et al., 2023). In contrast, our 206p}, /207ph values range out from
those reported for PMy 5 in another industrial city in northern China,
Changzhi (1.088-1.098), where the source apportionment indicated a
more evenly distributed mix of pollution sources (Chen et al., 2023).

Therefore, a mixture of various geogenic/anthropogenic sources
likely contributed to Pb contamination in the Tarragona PM samples.
This is supported by the “mixing plots” (i.e., Pb isotope ratios vs. inverse
Pb concentration, e.g. Faure, 1986; Hansmann and Koppel, 2000; Chen
etal., 2022) (Fig. A7), which do not display clear linear mixing patterns,
further suggesting the contribution of at least three distinct sources with
different Pb isotopic compositions in both campaigns.

3.3.3. Potential sources of atmospheric Pb

As shown in Table 1, despite the large heterogeneity in their incin-
erated waste materials, European Municipal Solid Waste Incinerators
(MSWI, S3) exhibit relatively homogenous Pb IRs in their emissions
(Komarek et al., 2008). Emissions from coal-fired blast furnaces from the
steel industry (S2) and Electrical Generation Units (EGUs, S4) exhibit Pb
IRs distinct from those of their parent coal (R1, which represents the
world average isotope ratios for mineral coal ores). This distinction
strongly suggests that Pb in these emissions does not solely originate
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from the raw material. R1 is certainly a reference value for Tarragona
considering the extensive use of coal for domestic heating and leisure
activities (e.g., barbecues during winter and summer) and for fuelling
EGUs, industrial furnaces and blast furnaces, which are found within 50
km around Tarragona. However, R1 could not be an appropriate source
(input for the mixing model) due to the high variability of its Pb IRs
(coefficient of variation, CV = 3 %). In other words, if R1 was considered
a geogenic source, its higher CV would result in contributions that would
mask S4, and probably also S2, contributions. Thus, in the opposite
scenario, considering anthropogenic sources S4 and S2, that display
lower variability (CV =~ 0.5 %), the largest the variability of their con-
tributions the largest the possible geogenic contribution. Values of Pb
IRs for central heating systems (R2) vary depending on the type of
combusted fuel and cannot be isotopically discriminated due to over-
lapping ranges (Table 1). Therefore, contribution from R2 is encom-
passed within the uncertainty of the contribution from other sources
combusting the same fuel. Values of Pb IRs associated to road traffic
emissions (S5) are in a good agreement with the isotope ranges reported
for the different gasoline types in the literature (Véron et al., 1999). The
commonly accepted “industrial lead line” (R4) represents a mixture of
materials ranging from the low radiogenic Pb Australian deposits (e.g.,
Broken Hill ores) to the more radiogenic Pb Mississippi Valley type ores
(USA), which were both used for almost a century in the production of
leaded gasoline around the world (Komarek et al., 2008). We, thus, refer
to this line also as “leaded gasoline line”. As that S2 lies along R4, most
of the legacy of leaded gasoline (contaminated soil resuspension) is
likely included in the variability of S2 contribution. Finally, Devil
Canyon troilite, USA (R3) represents a time reference (4.55 billion years-
old) in the classic dual 2°®Pb/2%pb vs. 206pp/204pp diagram (Doe and
Stacey, 1974).

3.3.4. Pb source identification in samples

The use of the bivariate isotope plots comparing the Pb IRs of the PM
samples with those of the potential local (blind) emission samples (M1-
M9, Table A3), known sources, and reference materials reported in the
literature (Table 1) may aid constraining contamination sources. First,
the Pb IRs of the potential local emission sources were compared to
those of known sources and reference materials. In the non-radiogenic
Pb ratios plot (Fig. 2A-B) the sample from the coal harbour (M4) is
consistently positioned similar to the coal ore (R1) or the coal-fired EGU
(S4) emission sources. The diesel tailpipe sample (M1) and the blind
sample M2 are positioned near the road traffic source (S5). M7 (blind) is
closely associated with the municipal solid waste incineration (S3),
whereas M9 is clearly distinct to the others, exhibiting the lowest values
for both non-radiogenic Pb IRs (Fig. 2A). M3, M5, M6 and M8 have Pb
IRs values that fall between those of M1-M2 and M4. On the other hand,
according to radiogenic Pb IRs (Fig. 2C-D), all potential local (blind)
source samples, including M9, plot within the range of road traffic (S5)
and coal-fired EGU emissions (S4), with potential contributions from
NW Spanish ores (S1) in source samples such as M3 and M6 that
exhibited EFp, < 50 (Fig. A5B), as well as from the global average for
coal ore (R1).

Similar to the local emission samples, most of the results for the PM
samples shown in Fig. 2, independently of their fraction size and sam-
pling season, plot within the Pb IRs measured for sources S5 (road
traffic) and S4 (coal-fired EGUs). Either for non-radiogenic (Fig. 2A-B) or
radiogenic (Fig. 2C-D) Pb IRs, most of the PM samples are clearly aligned
above the industrial lead line/leaded gasoline line (orange dotted line),
discarding a direct contribution from leaded gasoline after its phase-out
in 2001 in Spain, as seen in recent studies (e.g. Das et al., 2018). Despite
this, soil resuspension, through Pb NW Spain ores (S1), steel industry
emissions (S2) and MSWI emissions (S3), could have exerted great in-
fluence on how the different size-segregated PM are dispersed along the
whole mixing area in the bivariate isotope plots.

Only in the case of non-radiogenic Pb IRs, some PM;o samples,
collected both in the cold and warm campaigns, yielded low isotope



E. Plasencia Sanchez et al.

42.0 4 © R1-Coal ore (world avg)

O R2 - Central heating

© RS3-Devil Canyon - USA

< R4 - Broken Hill ore - AUS

¢ R4 -M. Valley ores - USA

1 *++* Industrial Lead Line

| ¢ S1-NW Spanish ores
e+++ S1 -regression line

37.0 4 O S2- Steel industry

S3 - MSWI Paris

5S4 - coal-fired EGU ' 4

M S5 - Road traffic &

m M1-9 .

® cPM1 3

Atmospheric Research 316 (2025) 107939

208pp/204pp

32.0

A cPM2.5 S,
A cPM10 i

e wPM1 )
A wPM2.5 S

wPM10 L2

1

27.0

8.5 13.5 18.5

206pp/204ph

R1 - Coal ore (world avg)
R2 - Central heating
2.5 1
R4 - M. Valley ores - USA |
+ Industrial Lead Line
S1 - NW Spanish ores
S2 - Steel industry
S3 - MSWI Paris
S4 - coal-fired EGU
S5 - Road traffic
M1-9
cPM1
cPM2.5
cPM10
wPM1
wPM2.5
wPM10

Po000

7z 0O e

208pp207Pp

2.4 1

e mEN

o »

. c

2.3 —
0.9 1.0
206pp/207Pp

1.1 1.2 13

40.0.
". '@
39.0 -
%,
|
O
) o .
38.0 S
M| S gyR
g O e
m e ..
B IR T B
37.0 et ;
17.5 18.5 19.5
2.50.7
N
<@
i Dﬂ,"
Q-
m1]
5
[m
2_40‘\ 1“ Phd . .
1:12 147 1.22

Fig. 2. Bivariate isotope plots of non-radiogenic (A and B) and radiogenic (C and D) Pb IRs for the size-segregated PM samples (Table A5), the potential end-members
(local (blind) emission sources -M1-M9, Table A3- and literature end-members — S1-S5, Table 1-) and reference values (R1-R4, Table 1). Prefixes “c” and “w” stand
for the cold and warm seasons, respectively. When not shown, uncertainties are smaller than the symbols.

ratios below the leaded gasoline line, and in line with blind source M9
(Fig. 2A). These low radiogenic Pb IRs are also lower than those deter-
mined from the conventional modern continental crust model
(17.29-19.33 for 2°°Pb/2*Pb and 38.56-39.06 for 2°Pb/2**Pb, Zart-
man and Doe, 1981), which indicates that they derive from a distinct
geologic reservoir. They all plot on an extended line connecting the
galena and sulfosalts Pb isotope signatures of the NW Spanish ores (S1,
green dotted line in Fig. 2A). In accordance with what we discussed
previously for the EFpy, vs. 2°6Pb/204Pb plot (Fig. A5A), we hypothesise
that the low isotope ratio of these samples is indicative of a geogenic
origin by transport and/or resuspension of weathered soil materials
(Chen et al., 2022; Dausmann et al., 2019). This hypothesis is supported
by the fact that the four lowest values of 2°®Pb/2%4Pb ratio in the cold
campaign (PM;o from schools #1, #4, #8 and #12) occurred when air

masses from NW of Spain were present in Tarragona (Fig. A7). During
the warm campaign, most of the lowest non-radiogenic Pb IRs values
(mainly PM; from schools #4 and #12, and PM; from school #1 and
#10) were coincident with simultaneous occurrence of both air masses
intrusions from NW of Spain and others from the Balearic Islands
(Fig. A7).

In summary, the bivariate isotope plots suggest that, along with some
geogenic contributions, anthropogenic sources such as MSWI, EGU, and
road traffic —but not leaded gasoline—directly contributed to Pb
contamination. Consequently, for source apportionment, the set of
sources S1-S5, which form a convex polygon on the bivariate isotope
plots, were considered as end-member sources in our Bayesian mixing
model.
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3.4. Atmospheric Pb source apportionment

To address the wide range of values for the 2°2Pb,/2%Pb isotope ratio,
we categorized the data into subsets as follows: D90 included the 10
lowest 2°8pb/2%*Pb values, D09 the next 4 lowest ones, and D01 the
remaining data. DOO was defined as DO1 + D09 + D90 (whole dataset),
whereas D10 included only DO1 and D09.

First, using increasing computational iterations from the lowest
(Test) to the highest (VeryLong) in the MixSIAR interface (following the
protocol described in Longman et al., 2018), we evaluated several
mixing scenarios. These scenarios incorporated different datasets (D01,
D10 or DOO0) and categories (campaigns, PM fractions, or both), always
considering the five sources S1-S5 (see Table A6 and Fig. A8). Instead of
using the 90th percentile (e.g. Longman et al., 2018) or the minimum-
maximum range criteria (e.g. Ray and Das, 2023), we chose to express
the highest apportion probability for each emission source by the means
of its interquartile range value (Plasencia Sanchez et al., 2023). This was
motivated by both its statistical significance and its acotated range
values, overcoming any possible small source bias.

No significant differences were observed in terms of uncertainty
reduction (value of mean or interquartile range for each epsilon) or total
source contributions (the sum of interquartile range for each source)
when using the 2°6Pb/2%4pb, 297pb/2%4pb and 2°°Pb/2%Pb ratios as
tracers. However, excluding the 207Pb/2%Pb ratio and only considering
the other 2 ratios (i.e., 206pp, /204pp and 208Pb/2°4Pb), improved the
model performance by over 15 %. Additionally, normalizing isotope
ratios to 2°’Pb instead of 2°Pb reduced uncertainties by half and nearly
doubled the total contributions.

Source contributions in the PM samples of the three size fractions
(PM;, PM; 5 and PM;() were determined using several mixing models
with both 2°Pb- and ?*’Pb-normalised Pb isotope ratios. Calculated
source contributions for the most relevant scenario, which combines
tracers and computational efforts, are presented in Fig. 3 Detailed run
configurations, results and convergence evaluations are provided in
Table A6.

Results indicate that emissions from waste incinerators (S3) are
generally the major contributor for all fractions and seasons, with con-
tributions of at least 20 % and up to 60 %. Although S3 corresponds to fly
ash samples from a MSWI, due to the potentially toxic elements profile,
we consider that in Tarragona both the MSWI and the HSWI contributed
to Pb contamination. Second in importance, road traffic (S5) contributes
to 20-40 % for all PM fractions, with slightly higher contributions for
the fine fraction during the warm season, in agreement with previous
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Fig. 3. Apportioned source contributions, segregated by PM size and season-
ality. Contributions were determined according to the best performance (lowest
mean uncertainties €; and e3) scenario in MixSIAR, using 206pp,/207ph and
208pt, /207p, ratios as tracers and normal longitude chains for computing effort.
Prefix “c” in the legend box and bluish bars refer to the cold sampling

campaign, whereas “w” and reddish bars correspond to the warm sampling
campaign. Uncertainties are showed at the right down corner.
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findings (e.g., Oliveira et al., 2010). Contributions from coal-fired EGUs
(S4) are rather constant between fractions and seasons, generally ac-
counting for 15-35 %, with values slightly increasing with the size
fraction (PM; < PMy 5 < PMjy). Finally, NW Spanish ores (S1) and in-
dustrial activities (S2) each contribute <10 % all fractions, with S1
exhibiting relative higher contributions during the cold campaign
compared to the warm campaign.

3.5. Health risk assessment

Carcinogenic health risk values were broadly estimated for both
children and adults (as detailed in A.2.1). In Table 2 they are presented
as the probable number of additional cancer cases per million of people,
under the worst-case scenario (24 h outdoor exposure). On average, CR
values were higher during the cold than the warm campaign for all
metals, with the exception of Co and Ni. Generally, the calculated CRs
increased with the size fractions (PM; < PMy 5 < PM;). Notably, the
CRs calculated for PMy 5 were similar to the overall averages, high-
lighting the importance of this fraction. In most cases, CR values were
below the threshold of 10~ (i.e., 100 case per million people), and thus
can be considered as acceptable, except for Cr in adults. Indeed, Cr and
to a lesser extent Co, As, Cd or Ni were the metals associated with the
highest number of additional cancer cases. In contrast, Pb appeared to
have a lower impact in the city, with a maximum of 3 additional adult
cancer cases per million of people (Table 2).

The CRs estimated in this work align closely with those of a previous
study conducted in Tarragona for PM;q (Rovira et al., 2024). Notably,
obtained Pb CRs are comparable to those reported for the city of Madrid
(Spain) (PM;jg; De Miguel et al., 2007), which has a population of 3
million, 20 times higher than that of Tarragona. Our PB CR values are
roughly half of the values observed in Nanjing, China (8 million in-
habitants; TSP and PMy s; Hu et al., 2012), and about one third of those
reported for Chengdu, China (16 million inhabitants; PMys; Li et al.,
2016).

4. Conclusions

In this study, we assessed the contributions of various Pb air pollu-
tion sources to size-segregated PM (PM;, PMj 5 and PM; () samples in the
complex industrial and urban environment of Tarragona. The Pb IRs
profiles in the PM samples for the two seasonal campaigns revealed a
strong anthropogenic contamination, a finding corroborated by the
study of the metal EF values and their spatial distributions. Despite this,
some PM;  samples exhibited extremely low 2°°Pb/2%*Pb isotope ratios,
which were attributed to a geogenic origin, a conclusion further sup-
ported by the corresponding modelled air mass back trajectories.

Pb source apportionment using both 2°Pb- and 2°’Pb-normalised
isotope ratios within a Bayesian mixing model identified waste in-
cinerators (MSWI and HWI) as the primary contributors to Pb air
pollution (accounting for at least 10 % in PM;o and up to 60 % in both
PM, 5 and PM;), followed by road traffic and coal-fired EGUs (contrib-
uting up to 40 % and 20 %, respectively, in all PM fractions). Geogenic
particles (NW Spanish ores and possible soil resuspension) contributed
less than 10 % in all PM fractions.

Linked to MSWI and HWI emissions, carcinogenic and non-
carcinogenic health risks were assessed for various potentially toxic el-
ements and PM sizes. Our findings suggest that the PM; 5 size fraction
serves as a reliable proxy for estimating the overall metal-related health
impact. Although the estimated probable additional cancer cases (e.g., 3
additional cancer cases for adults per million of people due to Pb
exposure) were low in absolute numbers, they are comparable to those
observed in much more populated cities, indicating a notable health
concern for Tarragona.
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Table 2
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Carcinogenic health risk (CR) associated to metal exposure by inhalation. CR is expressed as the probable number of additional cancer cases per million of people

during their lifetime.

Overall average PM; PM; s PM;o
Population Element cold warm cold warm cold warm cold warm
Children As 0.9 0.5 0.3 0.1 0.9 0.4 1.6 0.9
Ccd 0.7 0.1 0.5 0.0 0.5 0.1 1.1 0.2
Co 1.2 5.7 1.3 9.5 0.9 3.8 1.6 3.8
Cr 69.9 48.2 19.4 69.4 84.8 31.4 105.5 43.8
Ni 0.3 0.6 0.5 0.6 0.1 0.6 0.2 0.7
Pb 0.3 0.2 0.2 0.1 0.3 0.1 0.5 0.3
Adults As 6.2 3.2 1.8 0.8 6.0 2.7 10.7 6.2
cd 4.6 0.7 3.1 0.3 3.6 0.7 7.0 1.0
Co 8.3 38.3 8.4 63.6 5.7 25.6 10.6 25.6
Cr 466.0 321.3 129.2 462.9 565.7 209.4 703.2 291.72
Ni 1.85 4.28 3.07 3.69 0.99 4.17 1.48 5.0
Pb 2.28 1.02 1.65 0.47 2.08 0.90 3.10 1.7
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