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Emissions of metals and metalloids as a result of industrial processes, entail a great risk to human health. A high
time resolution study on arsenic levels in PM;o in the city of Huelva (SW Spain) was carried out between
September 2021 and September 2022. Hourly data obtained with a near real-time technique based on X-ray
fluorescence were inter-compared with other offline analytical instrumentation. The results showed that the
main origin of As and other metal(loid)s such as Zn and Pb, was the copper smelter located southwest to the city.
Although the mean concentration of As during the study period (2.8 ng m~>) was lower than the target value (6
ng m~>) proposed by the European Directive 2004,/107/EC, hourly peaks of up to 311 ng m™—> were measured.
The highest concentrations of arsenic were reached in the early afternoon, related to the influence of breeze. A
source apportionment study has identified five major sources of PM;(: mineral, marine, combustion, regional and
industry. The industrial source is characterized by high concentrations of As, Cu, Pb and Zn, contributing 1% of
the total concentration of PM;( and related to copper smelter emissions. In addition, the analysis of two extreme
North African dust outbreak events that affected southwestern Europe in March 2022, showed that this natural
source contributed slightly to arsenic levels. The need to carry out high time resolution studies is demonstrated to
better understand the variability in exposure to industrial metal(loid)s by the population, compared to con-
ventional 24-h studies.

1. Introduction

Copper smelters (Cu-smelters) are one of the main anthropogenic
sources of sulfur dioxide (SO») and sulfide-related elements in the at-
mosphere (e.g., Gidhagen et al., 2002; Carn et al., 2007; Serbula et al.,
2014). The process of heating the ore to retrieve the blister copper
causes the release of other elements into the air as dust. Metals and
metalloids emitted in these industrial environments, such as arsenic
(As), chromium (Cr), lead (Pb) and mercury (Hg) are among the most
toxic pollutants threatening human health (McCartor and Becker, 2010),
but others such as cadmium (Cd), nickel (Ni) and zinc (Zn) are also
carcinogenic (Kim et al., 2015).

* This paper has been recommended for acceptance by Prof. Pavlos Kassomenos.

Arsenic exposure may not only affect and disable organs of the body,
but may also interfere with the proper functioning of the immune system
(Duker et al., 2005). Arsenic can cause cardiovascular (Lee et al., 2002)
and respiratory (Milton and Rahman, 2002) diseases, diabetes and hy-
pertension (Chen et al., 2007), hormonal and reproductive effects
(Chakraborti et al., 2003), and skin, lung and urinary bladder cancer (e.
g., Kapaj et al., 2006; Cantor and Lubin, 2007). In order to minimize its
harmful effects on human health, the European Directive 2004,/107/EC
set a target value for atmospheric As concentrations in PM; (particulate
matter with aerodynamic diameter <10 pm) to be less than 6 ng m >
averaged over a calendar year (European Commission, 2004). This
target value has been repeatedly exceeded in the past in Huelva (de la
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Fig. 1. Map of the study area: Campus monitoring station (red circle), Cu-smelter (yellow star), the three main industrial estates (I.E.) of the city (yellow shading)
and wind rose diagram for the study period (Sep. 2021-Sep. 2022). (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

Rosa et al., 2010; Sanchez de la Campa et al., 2011; Sanchez-Rodas et al.,
2012), an area in SW Europe with a significant association between As,
Cd, Cu, Pb and Zn, linked to industrial emissions, and mortality risk
(Tobias et al., 2018). Several studies have been made with the aim of
characterizing the air quality of the region (Querol et al., 2002; Alastuey
et al., 2006; Sanchez de la Campa et al., 2007, 2018) and more specif-
ically, the impact of As levels and related metals (e.g., Bi, Cu, Se, Zn) on
the city of Huelva (Sanchez-Rodas et al., 2007; Fernandez-Camacho
et al., 2010; Chen et al., 2016; Millan-Martinez et al., 2021).

Previous studies in other areas with Cu-smelters (e.g., Gidhagen
et al., 2002; Wong et al., 2006; Boyd et al., 2009; Kovacevic et al., 2010;
Sorooshian et al.,, 2012; Kim et al., 2016; Hu et al., 2019) have

determined arsenic concentrations in PM;o. However, these works are
based on 24-h offline sampling, thus omitting the hourly variations of As
and any other element of interest. This causes the loss of information
about its origin and correlation with other pollutants and meteorological
parameters such as wind speed and direction. The use of near real-time
(NRT) techniques (e.g., Xact 625i Ambient Metals Monitor) has been
shown to be very useful for carrying out high time resolution studies for
the measurement of As and other metal(loid)s. The Xact 625i has already
been used in short field campaigns for quantification and source
apportionment of PM in big cities (Park et al., 2014; Acciai et al., 2017;
Manchanda et al., 2021; Shukla et al., 2021) or small towns (Belis et al.,
2019), intercomparison with other spectrometry methods (Park et al.,
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2014; Furger et al., 2017), evaluation of a firework episode (Rai et al.,
2020) and identification of nickel sources in an industrial area (Font
et al., 2022). Nevertheless, few long-term studies have been conducted
by using this technique (Chang et al., 2018; Tremper et al., 2018; Yu
et al., 2019; Hasheminassab et al., 2020; Manousakas et al., 2022).

This work presents a 12-month study (September 2021-September
2022) focused on the use of the NRT Xact 625i for the characterization of
arsenic behavior in PM;( at a monitoring station located within the city
of Huelva. We compared the results obtained with this high time reso-
lution (1-h) instrument with those from chemical analysis of other low
resolution (24-h) offline instrumentation, located at the same station, to
validate them. Two extreme Saharan dust outbreak events that took
place during the study period were also analyzed in detail with the aim
of assessing if this natural source contributed significantly to arsenic
levels.

2. Study area

The city of Huelva (ca. 143,000 inhabitants) is located in the SW of
Spain and belongs to the autonomous region of Andalusia (Fig. 1).
Huelva is over a flat area in the confluence of the Odiel and Tinto Rivers,
thus defining the estuary known as the Ria of Huelva. This region has a
transitional Mediterranean-Atlantic climate with mild winters and warm
summers. The mean monthly maximum and minimum temperatures
were 26.0 °C and 11.5 °C between 1991 and 2020, similar to the tem-
peratures registered during the study period (mean monthly max.
26.8 °C, min. 10.9 °C). The total precipitation during the campaign was
203 mm. Information about wind direction and its temporal variation
can be found in Sanchez de la Campa et al. (2007): the main directions
are SW, NW and NE due to the Atlantic breeze (SW) and its circulation
adapted to the estuarine topography (NW-Odiel and NE-Tinto Rivers
valleys); the Atlantic component (W) predominates during January and
is associated with low-pressure systems producing significant precipi-
tation; February is characterized by NE and SW winds; in spring and
summer, sea breeze regimes prevail, increasing wind speed during the
afternoons with a SW component; N and NW are the main wind di-
rections both November and December. In the study period, the pre-
vailing wind directions came from the N and WSW (Fig. 1).

Huelva suffered an extensive industrialization process in the 1960s,
when large chemical and petrochemical industries were set up. Nowa-
days, three industrial estates are recognized to the South of the city
(Fig. 1): Punta del Sebo, Puerto Exterior and Nuevo Puerto. In the first, a
phosphoric acid-based industry oriented to the production of phosphoric
acid and phosphates, and a Cu-smelter plant are the most important
industrial activities. This smelter has a production capacity of up to 320
kt per year (United States Geological Survey (USGS), 2003). In Puerto
Exterior Industrial Estate, there is significant ship traffic, processes from
petrochemical industry, and other activities (Millan-Martinez et al.,
2021). A petrochemical industry (e.g., fuel oil, naphtha, gas oil and
gasoline) and other activities such as TiOg, chlorine and sodium hy-
droxide production are developed in Nuevo Puerto Industrial Estate.
These industrial activities are more detailed in Querol et al. (2002). The
wide variety of emission sources, the proximity of the industrial estates
to the city and their coastal location favors the frequent impact of in-
dustrial emission plumes on Huelva. In addition, diurnal inland breeze
often transports these plumes towards the city (Sanchez de la Campa
et al., 2007).

The city is geographically located close to the North African coast, so
it is affected by the frequent Saharan air masses coming from this region
and crossing Europe. These dust outbreaks correspond to natural con-
tributions of PM;q enriched in Al, Ca, Na, K, Mg and Fe, major constit-
uents of the mineral material (mainly clay minerals) of North African
soil (Sanchez de la Campa et al., 2007).
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3. Methodology
3.1. p.m.;¢ and gaseous pollutants sampling

Between September 17th, 2021, to September 26th, 2022, contin-
uous measurements of PM; o and gaseous pollutants (CO, NO, NO3, NOy,
O3 and SO,) were carried out at the urban-industrial station of Campus
(37°16'18"N, 6°55'31"W) by using automatic online instrumentation.

For PM;( measurements, a Thermo Fisher Scientific model 5014i
based on the radiometric principle of beta attenuation, was employed. A
Teledyne API model 300E based on infrared absorption, was used for
CO. For NO, NO; and NOx measurements, the Teledyne API model T200
based on the detection of chemiluminescence, was employed. For the
determination of O3 concentration, a Teledyne API model 400E based on
ultraviolet radiation absorption, was used. Finally, for SO, measure-
ments, the Thermo Fisher Scientific model 43i based on the principle of
fluorescence, was employed.

3.2. Arsenic and other metal(loid)s NRT sampling and analysis

During the same period as PM;o and gaseous pollutants, hourly
concentrations of Al, As, Ba, Bi, Br, Ca, Cd, Cl, Cr, Cu, Fe, K, Mn, Ni, Pb,
Rb, S, Sb, Se, Si, Sn, Sr, Ti, V and Zn in PM;o were measured at Campus
with the Cooper Environmental Services Xact 625i Ambient Metals
Monitor located in a mobile unit next to the station.

This NRT instrument is based on reel-to-reel filter tape sampling
followed by nondestructive X-ray fluorescence (XRF) analysis. In this
campaign, Teflon filter tape was used and replaced every 20-25 days
with a new one. Sampling time resolution was 1 h and ambient air
particles were sampled with a flow rate of 16.69 L min~! through the
PM; inlet. The PM deposit on the tape is excited with an X-ray tube in
three energy conditions and a silicon drift detector measures the
resulting XRF. During this analysis, a new sample is collected on the next
clean spot of the filter tape located 2 inches away. NRT measurements
are achieved by conducting continuous sampling and analysis simulta-
neously, except for the time required to advance the tape (~20 s) and the
time required for daily automated quality assurance (QA) checks, per-
formed every night at midnight (30 min). The electric current inside the
mobile unit as well as the proper functioning of the instrument (e.g., X-
ray tube temperature and sampling flow rate) were checked twice a day
during the campaign.

3.3. Statistical analysis and receptor model

A correction factor (CF) was applied to Xact 625i hourly data after
the inter-comparison carried out with offline analytical techniques: Ion
Chromatography (IC) and Inductively Coupled Plasma — Optical Emis-
sion Spectrometry (ICP-OES) or — Mass Spectrometry (ICP-MS). This
comparison showed an overestimation of Xact 625i measurements for As
(CF = 0.90) and S (CF = 0.95). For the rest, the CFs were greater than 1,
ranging from Cu (CF = 1.02) to Ni (CF = 3.02) (Supplementary Material,
Table S1, and Fig. S1). However, some elements were not taken into
account in the discussion of results because they had a weak correlation
due to low concentrations, being close to the limit of detection (Ba, Cd,
Sb, Se and Sn). To validate the corrected Xact 625i data, goodness-of-fit
indicators were calculated without applying the CF and applying it
(Table S2). With the application of CF, an improvement in the values of
these indicators was obtained (Table S3), suggesting a moderate fit be-
tween Xact 625i and offline instrumentation. To assess the significance
of the intercomparison, p-values (0.05) were also calculated for each
element. The application of the CF displayed a good statistical signifi-
cance (p-value >0.05) for most of them (Table S4).

Methodology of offline sampling and chemical analysis of elements
in PMjg are described in Supplementary Material, including precision
and accuracy of filter analysis per element. Hourly data processing of
meteorological parameters, conventional pollutants and metal(loid)s
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Table 1

Environmental Pollution 367 (2025) 125602

Statistical parameters (ng m~>) of elements measured at Campus monitoring station (17th Sept. 2021-26th Sept. 2022) with Xact 625i; Mean: arithmetic mean; Sd:
standard deviation; Q25%, Q50%, Q75%: quartile 25%, 50%, 75%; IQR: inter-quartile range; Max: maximum; N: number of hourly observations >1/2 LOD; %:
percentage of observations >1/2 LOD compared to the total hours of the campaign (8998 h). The LODs for Rb and Sr are not determined (ND).

Element Mean Sd Q25% Q50% Q75% IQR Max N %
Al 524 1805 57.5 157 460 403 36637 5440 60.5
As 2.8 7.7 0.2 0.9 2.5 2.3 311 7411 82.4
Bi 0.4 3.8 0.2 0.2 0.2 0.0 328 482 5.4
Br 3.7 3.7 1.3 3.2 5.3 4.0 145 7692 85.5
Ca 1013 2159 190 506 1031 842 46410 7725 85.9
Cl 810 1264 63 302 1004 940 11153 7529 83.7
Cr 1.7 3.9 0.1 0.4 1.7 1.6 72.2 5355 59.5
Cu 16.1 48.0 1.1 4.1 11.0 9.9 1765 7484 83.2
Fe 539 1051 130 317 605 475 19075 7725 85.9
K 354 717 118 235 413 295 39347 7707 85.7
Mn 6.0 15.8 0.3 2.5 6.1 5.8 310 7034 78.2
Ni 1.3 2.7 0.2 0.2 1.2 1.1 48.2 3752 41.7
Pb 5.1 22.0 0.1 0.1 0.1 0.0 520 2124 23.6
Rb 1.3 3.1 0.3 0.6 1.2 0.9 48.6 ND ND
S 386 398 137 282 525 388 8185 7706 85.6
Si 1565 4570 64.7 600 1579 1514 92471 7098 78.9
Sr 4.6 13.3 1.3 2.4 4.4 3.1 778 ND ND
Ti 50.0 119 8.1 23.7 50.0 41.9 2234 7690 85.5
A 1.7 3.5 0.1 0.6 2.1 2.0 58.7 5815 64.6
Zn 18.6 35.4 3.8 9.1 19.8 16.0 951 7712 85.7

was carried out with the Openair package in R (Carslaw and Ropkins,
2012).

The goal of receptor models is to solve the chemical mass balance
between measured species concentrations and sources profiles. In this
study, the Positive Matrix Factorization model (PMF v5.0 EPA) was used
as the method for estimating sources identification and contributions.
The method is described in greater detail in Paatero and Tapper (1994)
and Paatero (1997). PMF is a multivariate factor analysis tool that de-
composes a matrix of speciated sample data (X) of i by j dimensions into
two matrices: factor contributions (G) and factor profiles (F). The model
is based on the following equation:

p
Xj=>_ Gu*Fy + Ey
k-1

(eq. 1)

where i is the number of samples and j the chemical species measured.
The number of factors is expressed by p. Gi is the contribution of each
source to each sample, Fy; represents the concentration of the species
from each source and Ej; is the residual for each sample/species.

PMF uses both sample concentration and user-provided uncertainty
associated with the sample data to weight individual points. Results are
obtained using the constraint that no sample can have significantly
negative source contributions. The number of species selected in the
PMF was chosen based on their signal-to-noise ratio (S/N) (Paatero and
Hopke, 2003). Those elements with an S/N value > 2.2 were classified as
“strong”, those with 0.2 < S/N < 2.2 as “weak”, and those with S/N <
0.2 as “bad”. These last elements are not considered in the model. In our
study, As, Bi, Br, Ca, Cl, Cu, Fe, K, Mn, S, Si and Zn were “strong”, and Al,
Cr, Ni, Pb, Rb, Sr and V were classified as “weak”.

4. Results and discussion
4.1. Levels of PM;¢ and gaseous pollutants

The average concentration of PM in the study period was 22.9 ug
m 3, below the limit value of 40 pg m~> during a calendar year estab-
lished by the European Directive 2008/50/EC (European Commission,
2008). The daily limit value of 50 pg m~ was exceeded 11 times, less
than the 35 days set by the same directive. In the case of NO,, the
average concentration was 5.4 ug m~°, lower than the limit value of 40
pg m > established by the Directive 2008/50/EC. The hourly limit value
of 200 pg m~3 (not to be exceeded more than 18 times a calendar year)

was not exceeded at any time. The average O3 concentration was 57 ug
m 2. Finally, the average concentration of SO, was 3.4 pg m~>. The
hourly (350 pg m 3, not more than 24 times) and daily (125 pg m~, not
more than 3 times) limit values established by the Directive 2008/50/EC
for SO,, were not exceeded at any time. Nevertheless, the European
Union (EU) proposed a new air quality directive in September 2022 that
included, among other changes, halving the annual limits for PM;o and
NO; (European Commission, 2024). This would not imply a problem for
NO,, but it would be for PM;o because the average concentration
measured during this campaign would exceed the new EU annual limit
(20 pg m’s).

Information about temporal variation of these conventional pollut-
ants can be found in Fig. S2. In the case of PMj(, the highest monthly
average concentration was reached in March 2022 (42.4 pg m™),
temporally correlated with two extreme North African dust events that
affected mainland Spain (Rodriguez and Lopez-Darias, 2024). For NO,,
two concentration peaks were observed throughout the day: 09:00 h and
21:00-22:00 h local time (LT). The Campus station is located close to the
main avenue of the city and at the entrance of a highway, so the influ-
ence of the morning rush hours is very important. Its concentration
values were clearly lower on weekends than on weekdays. The highest
concentration was reached during winter months. Os reached its
maximum values during the afternoon (15:00-17:00 h LT), coinciding
with the minimum of NO,, and its lowest values at 09:00 h LT, coin-
ciding with the peak of NO,. This is because NO is one of the precursors
of tropospheric ozone in urban environments (e.g., Sillman, 1999). The
highest concentrations of O3 were reached in summer, when the
ozone-forming photochemical reactions develop more rapidly due to
higher temperatures and solar radiation. The highest hourly values of
SO, were reached around 15:00-16:00 h LT. Summer months were the
ones with the highest concentrations, especially July 2022. In Fig. S3,
their sources are identified with wind speed and direction data. The
main sources of PM;y came from NE and SE, corresponding to the di-
rections of arrival of North African air masses in SW Spain (Rodriguez
et al., 2001). The origin of NO5 was local, associated with traffic around
the station. In the case of Os, it came from more distal precursor sources.
Finally, the origin of SO, was associated with the Cu-smelter of Punta del
Sebo Industrial Estate, to the SW.

4.2. Hourly chemical composition of As and other metal(loid)s in PM;o

Arsenic had a mean concentration of 2.8 ng m~3 (Table 1), lower
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Fig. 2. Temporal variation and bivariate polar plots of industrial tracer elements (As, Zn, Pb, Cu and Bi) concentrations (ng m) during the study period. Shaded

area corresponds to the 95% confidence interval in mean.

than the target value (6 ng m~>) set by the Directive 2004,/107/EC.
However, this value was exceeded 835 h, corresponding to 9.3% of the
total for the study period. For the rest of the EU regulated heavy metals,
the mean concentrations of Ni (1.3 ng m~3) and Pb (5.1 ng m3) were
also below the annual mean PM target values of 20 and 500 ng m_3,
respectively (European Commission, 2004; European Commission,
2008). The target value was exceeded 24 h (0.3%) for Ni and 1 h for Pb.
The new EU directive will also involve the establishment of limit values
for As, Cd, Ni and Pb (European Commission, 2024). Considering Al as a
reference element, an enrichment factor (EF) greater than 40 was ob-
tained for As and other associated metals (Table S5), showing a clear
anthropogenic origin for these elements in relation to others with lower
values (e.g., Fe, K and Rb) (Mummullage et al., 2016).

Arsenic concentrations in PM; exhibited large variability during the
campaign. The maximum hourly value was 311 ng m~>. As showed a

good correlation with other elements associated with polymetallic sul-
fides treated in the Cu-smelter of Punta del Sebo Industrial Estate such as
Cu, Pb and Zn (Fig. S4). For As, Cu, Pb and Zn, the maximum mean
values were measured in the early afternoon (14:00-16:00 h LT) due to
the influence of the Atlantic breeze that allowed the arrival of industrial
plumes from the smelter to the city (Fig. 2). On weekends, concentra-
tions decreased in relation to weekdays, with Friday being the day with
the highest values. The lowest mean concentrations were reached in
June and the month with the highest values varied for each element:
August, for As; July, for Cu; December, for Pb; February, for Zn. In the
case of Bi, the bivariate polar plot was similar to that of As, Cu, Pb and
Zn. The peak of concentration occurred during the early morning,
although an increase in concentration was also identified in the early
afternoon (Fig. 2). Saturday was the day with the highest mean values
and January was the month with the highest concentration of Bi. June
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Fig. 4. Conditional bivariate probability function plots of As concentrations separated into four percentile ranges (90-100th, 80-90th, 70-80th and 60-70th).

was the month when the minimum concentrations were reached.

In the case of Ni and S, no correlation was observed with As (Fig. S4).
The pattern of daily variation of Ni was similar to that of As, Cu, Pb and
Zn, although in the case of Ni the concentration peak occurred a little
earlier than the rest, around 13:00 h LT (Fig. 3). Saturday was the day
with the highest mean concentration of Ni, similar to Bi, while for S high
values were reached on Monday, Thursday and Saturday. Ni and S
alternated months with high concentrations (March, May and August)
and others with low concentrations (April, June and November). The
origin of Ni seemed to correspond not only to the Cu-smelter, but also
probably the petrochemical industry of Nuevo Puerto Industrial Estate,
located to the South, and/or long-range transport from other combus-
tion sources. In the case of S, its polar plot showed a mixture of the in-
dustrial activity carried out in the three industrial estates.

In this study, conditional bivariate probability function (CBPF) plots
were applied to industrial tracer elements (Uria-Tellaetxe and Carslaw,
2014). These plots allow estimating the probability that a concentration
value exceeds a set threshold taking into account wind speed and di-
rection. A clear focus located in the opposite direction to the main source
of the SW was identified for the range of 3.1-5.7 ng m~> (Fig. 4).
Considering the absence of arsenic-emitting sources to the NE of the city,
this would correspond to the return of the Atlantic breeze still enriched
with the plume of industrial elements from the Cu-smelter. At lower

concentration ranges this focus was more diffuse, extending towards E
and SE (Fig. 4). The return, which would not be possible to distinguish

CPF (1.5t0 2.1)

CPF (2.1t03.1)

with 24-h sampling, was also observed in the CBPF plots of Cu, Pb and
Zn, and not for Ni and S. This demonstrates a high residence time of As
and other industrial elements, such as Zn and Pb, within the ultrafine
particles range (Fernandez-Camacho et al., 2012; Gonzalez-Castanedo
et al., 2014).

For the rest of the elements, the highest average hourly concentra-
tion was for Si with 1565 ng m~ (Table 1). Ca was the second highest in
concentration (1013 ng m’3), followed by CI (810 ng m’3), Fe (539 ng
m~3), Al (524 ng m~3), S (386 ng m~>) and K (354 ng m™~>). The source
of marine aerosol (Br and Cl) was distal and came from the S and SW
(Fig. S5), where the Atlantic coast of Huelva is located. Both elements
reached higher values on Saturdays, although their daily variation
pattern was different: the maximum hourly mean value of Br at 15:00 h
LT coincided approximately with the minimum of Cl. The main origin of
crustal tracer elements (Rudnick and Gao, 2003) came from NE and SE
(Fig. S6) because of the two extreme dust events during the campaign. In
the case of Cr, a local source was also recognized. This source was
attributed to traffic since this element is used as a friction material in
brake pad manufacture (Amato et al., 2014). V showed two additional
sources to the S and SW, related to the emissions from Punta del Sebo
and Nuevo Puerto industrial estates. All crustal elements had an hourly
peak of concentration around 09:00 h LT, because of the resuspension of
particles during morning rush hours, and the maximum monthly mean
value occurred in March 2022.
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Fig. 5. Temporal variation and bivariate polar plots of source concentrations (ug m~>) during the study period. Shaded area corresponds to the 95% confidence

interval in mean.

4.3. Source apportionment

A PMF analysis was performed for Campus monitoring station in
order to identify the natural and anthropogenic sources contributing to
PM; during the study period. The sources are similar to those obtained
by Millan-Martinez et al. (2021) at the same station between 2015 and
2017 with offline instrumentation. A total of 5 sources were identified:
mineral, marine, combustion, regional and industrial (Fig. 5 and
Figs. S7-S8).

The first source is characterized by a mixture of crustal and non-
exhaust trace elements (Al, Ca, Cr, Fe, K, Mn, Rb, Si, Sr, Ti and V).
The main contribution factors to this source are the Saharan dust epi-
sodes and the local resuspension of particles during morning rush hours.
This source contributes 29% to the total concentration of PM;o. The
patterns of daily, weekly and annual variation are the same as those of
crustal tracer elements (Fig. S6). The origin is located to the NE and SE
due to the directions of arrival of North African air masses in SW Spain

during the campaign.

A marine source, characterized by the typical sea salt components
(mainly Cl and to a lesser extent, Br), was identified. The temporal
variation is more similar to Cl than Br. The origin of this source is located
to the SW, corresponding with the location of the Atlantic coast in
Huelva. The contribution to the total PM;o was 12%.

The road traffic and biomass burning source is mainly characterized
with exhaust emissions and K. This is the source that contributes the
most to the concentration of PM; o, with 33%. The origin of the source is
located to the E and NE. The daily variation pattern is characterized by a
peak around 11:00 h LT and the lowest concentrations around
18:00-19:00 h LT.

A regional source characterized with Ni, S and V was identified,
probably related to emissions of petrochemical activities and/or long-
range transport. The patterns of daily, weekly and annual variation
and the bivariate polar plot are more similar to S (Fig. 3) The contri-
bution of this source is 25% and the origin is located to the S and SE,
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Fig. 6. Temporal variation diagram of elements analyzed with Xact 625i at Campus monitoring station between 13th-31st of March 2022. The origin of air masses
has been indicated from their back trajectories: Atlantic (ATL), North African dust (NAD) and Mediterranean (MED).

corresponding with the location of Puerto Exterior and Nuevo Puerto
industrial estates.

The industrial source only represents 1% to the total concentration of
PM; and is characterized by As, Cu, Pb and Zn. The patterns of daily and
weekly variation are similar to those of these elements. This source has a
clear origin to the SW, corresponding to the location of the Cu-smelter of
Punta del Sebo Industrial Estate.

4.4. Extreme North African dust events

In the second half of March, the Iberian Peninsula was subjected to
two episodes of intense Saharan air masses outbreaks, with Andalusia
being one of the most affected regions of Spain. The first event took
place between March 14th-17th and progressed from Eastern to Western
Andalusia. It was linked to a low-pressure center located in North Africa
and an anticyclonic core over the central Mediterranean (Rodriguez and
Lopez-Darias, 2024). The second event was temporally more prolonged
and reached its maximum intensity between March 24th-27th. This
episode was conditioned by another cyclone that evolved through North
Africa, allowing the arrival of Saharan dust from East to West of
Andalusia. In Huelva, the second episode was more intense, reaching its
maximum on March 26th.

In the first event, the hourly mean value of the Ca/Al, Fe/Al and K/Al
ratios were 1.01, 0.64 and 0.34, respectively. We have compared these
values with those obtained at Izana Observatory (Tenerife, Spain) by

Rodriguez et al. (2020) using hourly offline PIXE analysis. These authors
describe 5 potential source areas (PSA) of dust masses in northern and
central Africa according to their mineralogical composition. In the case
of Ca/Al and K/Al ratios, the values measured at Campus station are
more similar to those of PSA1 (~0.62 and up to 0.22, respectively),
although they are higher. This PSA1 corresponds to northern Algeria.
However, the mean value of the Fe/Al ratio at Campus is more similar to
that of PSA3 (~0.49), corresponding to southern Algeria. The significant
geographical distance between the areas of PSA1 and PSA3 suggest that
the origin of the African air mass that took place in March 2022 was due
to a mixing between both regions, close to the Hoggar massif (central
Algeria). It should be taken into account that values of the ratios higher
than those measured by Rodriguez et al. (2020) may also be influenced
by the distance and enrichment in Ca, Fe and K before reaching Huelva
and interferences from other sources during the transport of air masses.
During the second event, the ratio values were even higher.

The pattern of temporal variation for crustal and non-exhaust trace
elements (Al Si, Ca, Fe, K, Mn, Cr, V, Rb and Sr) and Ni during the two
huge dust outbreaks was similar (Fig. 6). For the first episode, a single
peak of prolonged duration was registered and when it ended, the
concentrations decreased sharply. Instead, higher but temporally
shorter peaks were measured during the second episode and when it was
over, concentrations decreased more progressively. Levels of marine
aerosol (Br and Cl) were not as affected by the two North African air
masses since their maximum values were not temporally correlated with
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Fig. 7. Seasonal scatterplot of V vs Ni vs Al during the study period at Campus monitoring station. The two trends (Saharan dust and combustion) have been

represented.

the days of high intensity of dust outbreaks (Fig. 5). The pattern of As, Bi,
Cu, Pb and Zn was different from that of crustal elements and Ni,
although punctual peaks were correlated with the two episodes (Fig. 6).
This suggested that the extreme dust events were a very important
source of Ni but of lesser importance for the rest of industrial tracer
elements.

Bivariate polar plots of V and Ni and the evolution of their concen-
tration during the two Saharan events, showed that the levels of these
two elements were affected by natural and anthropic sources. In other
studies (e.g., Moreno et al., 2010; Horemans et al., 2011; Zhao et al.,
2013; Viana et al., 2014; Police et al., 2018), it has been observed that
low values of the V/Ni ratio (~0.5) were associated with combustion
processes. For most of the study period at Campus station, the trend of
the V/Ni ratio value was 0.8 (Fig. 7), probably due to the influence of the
industrial estates of Huelva. However, in spring an additional trend was
recognized with a value of 2.7 (Fig. 7). The new trend was characterized
by also high concentrations of crustal elements, such as Al. The value
was within the typical range (V/Ni of 2-4) of North African dust epi-
sodes (Moreno et al., 2010). This suggests a relationship in which
sources that cause an increase in Al concentration, would also imply an
increase in the value of the V/Ni ratio.

5. Conclusions

In this 12-month high time resolution study, carried out at the urban-
industrial station of Campus (Huelva, SW Europe), it has been found that
metals and metalloids analyzed presented an important hourly varia-
tion. In some cases, with a maximum hourly value of up to two orders of
magnitude higher than the mean value. In addition, its concentrations
depended on meteorological factors such as the Atlantic breeze and its
return. This causes a re-exposure in the population to metal(loid)s such
as As, Cu, Pb and Zn due to their high residence time. It has also been
possible to clearly identify the geographical position of the emission
sources, corresponding in this case to the copper smelter located SW of
the city. Finally, very high levels of crustal tracer elements were
observed during two extreme North African dust outbreaks events,
exceeding the daily limit value for PMjo (50 pg m~>) considering only
Ca, Si and Fe.

Similar to other conventional pollutants such as gases, PM;o, and

PM, s, the present work highlights the need for high temporal resolution
studies and continuous monitoring of As and metals in particulate
matter in urban areas affected by industrial emissions, in order to con-
trol and minimize population exposure.
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