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ABSTRACT

Air pollution coming from industrial activities is a matter of interest since their emissions can seriously
affect to the human health of nearby populations. A more detailed study about industrial emissions is
required in order to discriminate different activities contributing to pollutant sources. In this sense,
gaseous pollutants (NO,, SO, and O3) and PM10 levels has been studied in a complex industrial area in
the southwest of Spain (La Rabida and the nearby city of Huelva) during the period 1996—2017. Hourly,
daily, monthly and annual variations of PM10 and gaseous pollutants concentrations point to the in-
dustrial activity as the main SO, source. Furthermore, traffic and resuspension emissions contribute to
the NO, and PM10 levels, respectively. Results from chemical composition of PM10 at both sites during
the period 2015—2017 are characterized by high concentrations of the crustal components derived from
natural and local resuspension. Arsenic is found to be the main geochemical anomaly at La Rabida
(annual mean of 7 ng m3), exceeding the European annual target of 6 ng m >, which supposes a risk for
the nearby population. An emission source from Cu-smelter has been identified in La Rabida and Huelva.
A second source corresponding to emissions from polymetallic sulfides handling in a port area has been
described for the first time in La Rabida. In addition, arsenic speciation results have identified three
different As impacts scenarios as a function of the dominant wind direction, the SO, episodes and the As
extraction efficiency: impact of the Cu-smelter, impact of the bulk polymetallic sulfides and a mixed
impact of both sources.

© 2020 Published by Elsevier Ltd.

1. Introduction

Viana et al., 2008a,b; Belis et al., 2011; Hopke, 2016). These tech-
niques enable the identification and quantification of natural

Atmospheric aerosol, also referred as Particulate Matter (PM), is
a main pollutant in air characterized by the wide physico-chemical
variety of its components and sources (Moreno et al., 2006; Giere
and Querol, 2010; Calvo et al., 2013). With the aim of identifying
PM origins, different source contribution models have been applied
(e.g. Principal Component Analysis or Positive Matrix Factorization;
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sources (e.g. soils resuspension, desert dust or sea salt aerosols) and
anthropogenic sources mainly related to exhaust and non-exhaust
traffic (Amato et al.,, 2009), industrial (Viana et al., 2008b) and
biomass burning emissions (Sanchez de la Campa et al., 2018).
Nowadays, most part of the world population is concentrated in
urban areas, frequently located near industrial estates. Therefore, it
is of high interest to quantify industrial sources apportionment,
since their emissions can add toxic elements and compounds to
atmospheric pollution, leading to a negative impact on human
health (Pope, 2007). Sometimes, source contribution analysis are
not able to discriminate different industrial activities because the
corresponding studies are undertaken in urban areas. In this sense,
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industrial emissions can be mixed between them or with other
urban sources such as traffic or local dust resuspension (Lee et al.,
2003; Pandolfi et al., 2011; Ferndndez-Camacho et al., 2012). An
exhaustive identification of sources contribution analysis is
required in order to isolate the different industrial emissions and
their quantification, and to compare with the results from a nearby
urban area. In addition, it must be taken into account the impact of
economic crisis on the atmospheric emissions in industrialized and
developing countries, like the global recession starting in 2008
(Cusack et al., 2012; Monteiro et al., 2018; Li et al., 2018).

The urban area of Huelva (SW Spain) is a good example of a city
influenced by complex industrial emissions (Querol et al., 2002;
Alastuey et al., 2006). Trace elements such as Ni and V and pollutant
gases (SO, and NOy) have been studied in relation to petrochemical
activities (Ferndndez-Camacho et al., 2012). Also, high concentra-
tions of As and other toxic trace elements (Sb, Cu, Zn, Pb and Sn) in
PM have been found in the city of Huelva (urban background) as a
result of the emissions of a Cu smelter (Gonzalez Castanedo et al.,
2014; Chen et al., 2016). However, no source contribution studies
have been undertaken within the industrial area in order to better
discriminate emission sources.

The purpose of the present work is to identify the sources
contribution of PM10 (coarse fraction of PM with aerodynamic
diameter < 10 um) in La Rabida (SW Spain), a monitoring stations
near an industrial complex area. Furthermore, data obtained from
the nearby urban station in the city of Huelva will be also consid-
ered to compare the impact of the industrial emissions at both sites.
To this aim, pollutant gases and PM10 levels temporal series
(1996—2017) were evaluated according to the wind direction in
order to discriminate possible emission sources. Moreover, source
apportionment analysis of the chemical composition and As
speciation of PM10 samples (period 2015—2017), were carried out
as a tool to distinguish between different industrial sources.

2. Methodology
2.1. Study area

The city of Huelva (145.000 inhabitants) is located in the SW of
Spain, 5 km from the confluence of the Odiel and Tinto Rivers,
which form the estuary of Huelva (Fig. 1). The province of Huelva,
situated at the western end of the Guadalquivir River basin, has a
Mediterranean climate with Atlantic influence. Winters are mild,
with an annual mean temperature above 10 °C, and summers are
warm with a mean temperature of 25 °C in the region, exceeding
sometimes 40 °C. Precipitation is moderate (235 L m~—2in 2019) and
occurs largely in winters since summers are dry (7 L m~2 between
June—September 2019). Data were obtained from a station of the
Spanish State Meteorological Agency (AEMET, 2019) located in
Huelva. The wind direction is dominated mainly by two compo-
nents due to the Atlantic breeze (SW) and the topography of the
area: NW (Odiel River), and to a minor extent by NE (Tinto River)
(see wind rose in Fig. 1). Daily air masses origin affecting to the
study area were obtained using back trajectories provided by NOAA
Air Resources Laboratory’s (ARL) HYSPLIT model (Stein et al., 2015).

Air quality in the city of Huelva has been deeply studied because
of its high industrialization since 1960’s. The major industrial es-
tates are settled down in two main areas at the S of the city (Fig. 1):
Punta del Sebo and Nuevo Puerto. A petrochemical industry and
other industrial activities such as TiO; production are developed at
the Nuevo Puerto estate. The production of phosphate derivatives
and a Cu smelter plant are the most important industrial activities
in Punta del Sebo estate. The Cu production process is said to be
responsible of significant emissions of SO,, As, Sb, Pb, Zn and Sn
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(Gonzdlez-Castanedo et al., 2014).

Very close to Nuevo Puerto facilities (SW) tons of raw materials
in bulk are handled by dockers, including the transport and
handling of, among others, coal, ore sulfide concentrates, clinker
and coke, generating PM emissions into the atmosphere. The cargo
is normally unloaded from ships to a hopper with a crane and then
from hoppers to trucks to be transported. This material is also
moved and piled by wheel dozers. Therefore, the high probability of
resuspension when they are handled can entail dust emissions
affecting to nearby zones.

It is also important to note that all the industrial activities
mentioned above are beside and even inside the natural site Mar-
ismas del Odiel (Fig. 1), a high value ecosystem. Thus, a sustainable
development of the activities is needed in order to improve the
environmental quality of this area.

Most of the prior studies on air quality in Huelva are based on
the industrial impact on urban air quality in order to know the
effects over its population. However, the nearby populated area to
the industries has hardly been considered. La Rabida is a small town
situated at the SE of Huelva, crossing the Tinto River (Fig. 1), be-
tween the industrial areas Punta del Sebo and Nuevo Puerto, and it
can be considered as an urban area with industrial influence
affected by two types of emissions: channelized and fugitive.

2.2. Sampling

High volume PM10 sampling for chemical analysis was carried
out at two monitoring stations:

e La Rabida: urban monitoring station with industrial influence. It
is situated on the SE part of the estuary of Huelva (Fig. 1),
halfway between the two industrial estates.

e Campus: urban background monitoring station located in the El
Carmen University campus within the city of Huelva (Fig. 1).

At both monitoring sites sampling was performed using quartz
fiber filters (MUNKTELL) and MCV high volume captors (30 m> h™1)
following the normalized method UNE-EN 12341, 2015. One daily
sample (24 h) was collected every four-six days during the study
period (2015—2017). The total number of samples collected was
197 at La Rabida and 183 at Campus monitoring stations. Before
sampling, filters were heated 200 °C for 4 h and conditioned for
48 h at 20 °C and 50% of relative humidity. Then they were weighed
by standard procedures in order to calculate the gravimetric PM10
concentration.

Furthermore, a 21-year record (January 1996—December 2017)
of PM10 and gaseous pollutants levels was carried out at Campus
and La Rabida monitoring stations. Both stations are equipped with
automatic instrumentation to monitor hourly data of NO, (chem-
iluminescence), SO, (UV fluorescence), O3 (UV photometry) and
PM10 (beta attenuation) following the reference methods of the
European directive on air quality (EU, 2008). Meteorological mea-
surements as wind direction, wind speed, temperatures and rela-
tive humidity were obtained from the same station.

European directive (EU, 2008) establishes specific techniques
and methodologies to determine particulate matter levels. How-
ever, it is possible to use another kind of equipment if their mea-
sures can be corrected by comparing to the European reference
method. Thus, PM10 data measured by automatic equipment were
corrected with those obtained from high volume captors MCV. The
inter-comparison factor obtained (Table S1 on Supplementary
Data) was approximately 1, so values from automatic methods
could be considered.
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Fig. 1. Location map of sampling sites (Campus and La Rabida monitoring stations). Squares indicate industrial estates.

2.3. Sample treatment and chemical analysis

Prior to chemical analysis, sampled filters were placed in a
desiccator for 24 h at 20 °C and 50% relative humidity, following
standard procedures (UNE, 2015). They were then weighed in a
Sartorius LA 130 S—F balance. Once PM10 levels were obtained by
standard gravimetric methods, filters were subjected to several
analytical treatments following the method proposed by Querol
et al. (2001). A half fraction of each filter was acid digested
(2.5 mL HNOs3: 5 mL HF: 2.5 mL HCIO4) for the analysis of major and
trace elements by ICP-OES (Jobin Yvon model ULTIMA2) and ICP-
MS (Agilent model 7900), respectively. For quality control, anal-
ysis of the NIST-1663 b (fly ash, Reference Standard Material) was
carried out during every analytical run of both ICP techniques.
External calibration was performed in ICP-MS by using cocktail
solutions (1, 10, 50, 100 and 250 ppb as well as a HNO3 5% blank).
With the aim of minimizing the possible fluctuations of the plasma,
193Rh was used as internal standard. The external calibration for
ICP-OES was performed using elemental standards solutions
(0.05—100 ppm and a HNO3 5% blank). Accuracy and precision were

in the range of 5—10% for the elements studied.

Another quarter of the filter was leached with Milli-Q grade
deionized water in order to extract water soluble ions (50‘2{, NO3,
ClI~ and NH}) for the subsequent analysis by ion chromatography
(Methrom 883 Basic IC Plus) (Querol et al., 2002). The quality
control of the results for soluble water ions were determined by
solution cocktails for low and high range of cations (1—10 ppm) and
anions (0.05—2.5 and 0.5—50 ppm). The accuracy and detection
limit for IC was 10% and 0.4 pg m~>. Finally, a portion of 1.5 cm? of
each filter was used for the analysis of organic carbon and
elemental carbon (OC and EC) using a Sunset Laboratory OC-EC
Analyzer and following the EUSAAR-2 protocol (Cavalli et al.,
2010). In this technique, an external sucrose aqueous solution
was used in order to ensure the consistent operation of the in-
strument and the quality of the measurements.

SiO, and CO3~ concentrations were indirectly calculated by
stoichiometry from the contents of Al, Ca and Mg, on the basis of
experimental equation established by Querol et al. (2001):
(3A1,03 = SiOy; 1.5Ca + 2.5 Mg = CO3 ). SO non-sea salt Was ob-
tained by subtracting the SO3 ea sair (indirectly calculated by
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stoichiometry from the soluble Na levels) from SO3 total-

For As speciation, circular fractions (1.2 cm?) of each PM10
sample were cut using a hollow and sharp-edged steel cylinder
(diameter 1.24 cm). These circular portions were extracted by using
a 100 mmol L~! of NH,OH-HCl solution as the extractant with the
aid of microwave radiation (domestic microwave Samsung TDS,
operated at 100 W) for 4 min. This procedure has been previously
carried out for As speciation of TSP, PM10 and PM2.5 samples
(Sanchez-Rodas et al., 2012). A QA/QC study of the extraction pro-
cedure of arsenic in atmospheric particulate matter has been
described in Oliveira et al. (2005). The determination of individual
inorganic As species (As(Ill) and As(V)) was achieved by coupling
High Performance Liquid Chromatography, Hydride Generation and
Atomic fluorescence Spectrometry (HPLC-HG-AFS). The detection
limits obtained were of 0.1 ng m—> for As(Ill) and 0.4 ng m~> for
As(V).

2.4. Statistical treatment and PMF

A temporal trend analysis was performed in the pollutant con-
centrations during the study period by using the Theil-Sen statis-
tical estimator (Theil, 1950; Sen, 1968), available in the Openair
package for R (Carslaw and Ropkins, 2012; Carslaw, 2015). The
Theil-Sen function allows the calculation of the regression param-
eters of the data trend, including slope, uncertainty in the slope and
the p value (significance of the trend). Monthly PM10 and gaseous
pollutants mean values were calculated for hourly resolution data.
The symbols shown next to the trend estimate relate to how sta-
tistically significant the trend estimate is: p < 0.001 = ***
p <0.01 = ** p < 0.05 = *, p < 0.1 = +; no symbol stands for no
significant trend.

The chemical speciation data of the collected daily PM10 sam-
ples were used within the Positive Matrix Factorization model (PMF
v5.0 EPA) for source identification and apportionment. The PMF
model is a factor analytical tool to calculate the contributions and
chemical profiles of the sources affecting the receptor site using
ambient species concentrations. It was developed by Paatero and
Tapper (1994) and it is explained in detail by Paatero (1997). PMF
is based on the following mathematic algorithm:

p
Xi=Y_ &k + e
k=1

The data set can be expressed as a matrix x of i by j dimensions,
where i is the number of samples and j is the chemical elements
measured. Additionally, p is the number of independent factors, gi
is the amount of mass contributed by each factor for each individual
sample, fi; represents the species profiles of each factor, and e;; is
the residue for each sample by element.

PMF is a weighted least-squares method so that individual es-
timates of the uncertainty in each data value are needed in order to
be included in the input matrix. There are several sources of error
contributing to the measurements uncertainty, but the associated
with the analytical procedure is probably one of the most impor-
tant. The uncertainties were calculated following the methodology
proposed by Amato et al. (2009).

Elements were classified using the signal-to-noise S/Nj ratio
defined by Paatero and Hopke (2003). Those elements with S/N < 2
were generally defined as weak variables. Since S/N ratio is very
sensitive to sporadic values much higher than the level of noise, the
percentage of data above detection limit was used as comple-
mentary criterion.
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3. Results and discussion
3.1. Annual time series of gaseous pollutants and PMyg levels

Data availability of PM10, NO, NO;, NOx, SO, and O3 between
February 1996 and December 2017 at La Rabida and Campus
monitoring stations enabled us to calculate mean annual levels of
these pollutants during this period (Table S2, Fig. 2). In order to
evaluate time trends, mean concentrations were plotted and
analyzed for statistical significant trends. Hourly, daily, weekly and
seasonal cycles were also calculated (Fig. S2).

3.1.1. NO,

NO;, levels at both monitoring sites diminished during the study
period, with a decrease rate of —0.53 and —0.93 pg m—>-year~! at
Campus and La Rabida stations, respectively (Fig. 2). The concen-
trations of NO; showed a noticeable reduction since 2009 with low
values until the end of the period. Even in the early years when
mean levels were maximum (31 pg m—> La Rabida in 1998), the
European Union NO, annual standard (40 pg m—=, EU, 2008) was
not exceeded. NO, has strong traffic and industrial origin, and
hence the Spanish economic crisis (around 2008) caused a dimi-
nution of these sources. At the end of the period, NO, values
remained constant possibly due to the economy recovery from the
crisis and the development of emission reduction technology.

Mean hourly levels of NO2 at the two monitoring stations
showed two maxima during the working days at rush hours early in
the morning and in the evening. These peaks point to vehicle
exhaust and industrial emissions as the main responsible of NO;
concentrations. Regarding seasonal patterns (Fig. S2), NO, levels
were higher in winter, which is typical from pollutants related to
traffic. However, high concentrations during the summer were also
observed. In this way, a detailed study of the pollutant was carried
out over the year and it suggested an industrial source of NO,. Two
predominant wind directions were identified at La Rabida in the
summer months: NW, where Punta del Sebo industrial estate is
located and SE, proceeding from Nuevo Puerto industrial estate. In
the same way, the high NO, concentrations at Campus in May come
from the SW direction, pointing to industrial emissions. According
to the polar plot (Fig. S3 on Supplementary Data), NO, concentra-
tions in the evenings may be due to the regional traffic pollution,
whereas in the morning (8:00—9:00) NO; levels point to both
traffic and industrial sources.

3.1.2. SO,

SO, concentrations showed a very similar pattern in both
monitoring stations. Levels decreased considerably in 2001 at La
Rabida (7 pg m3), increasing afterwards until 2007 (13 pg m—3).
After that, concentrations diminished until a minimum value of
5 ug m~> in 2015. At Campus monitoring station, SO, concentra-
tions also showed a smooth increase until 2009 (10 pg m~>) with a
subsequent decrease that finished in 2015 (5 pg m~3). Even though
there is not an annual SO, limit stablished, the European normative
recommends not exceeding more than 24 times per year 350 SO,
pg-m~3-h~1L This target value is rarely exceeded, however sporadic
hourly SO, peaks (>20 pg m—> h~1) have been measured during the
study period. The number of days with SO, impacts has diminished
throughout the years (Fig. S5), as well as the concentration corre-
sponding to these peaks, due to the implementation of emission
abatement technologies in the Cu smelter during the study period
(Sanchez de la Campa et al., 2018).

Regarding the number of days per month with SO, impacts
(Fig. S5), there is a seasonal pattern at Campus with highest number
of impact days in the warmer months. At La Rabida station, a high
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Fig. 2. Annual variation of gaseous pollutants and PM10 at Campus (2008—2017) and La Rabida (1996—2017) monitoring stations.

number of SO, impact days can also be observed in January and
February as a consequence of its closeness to the industrial estates.
The combined effect of the pollution abatement strategies and the
economy recession caused the reduction of this anthropogenic
pollutant for the end of the period (—0.25 pg m—>-year™1).

Considering SO, concentrations at La Rabida, mean hourly levels
were higher between 0-5 h and 12—15 h as a consequence of the
prevailing wind from the NW direction. On the other hand, high
values of SO, concentrations are found at Campus monitoring
station between 14 and 18 h, when the SW component dominates
the wind direction (Fernandez-Camacho et al., 2010). Although
there is not a clear seasonal pattern, SO, concentrations increased
in March, July, August and December (Fig. S2). It has been
demonstrated the industrial provenance of SO, in Huelva and its
relationship with toxic elements (Fernandez-Camacho et al., 2010;
Sanchez de la Campa et al., 2018). The main SO emission sources in
La Rabida are derived from petrochemical activities, a Cu smelter
and the production of TiO, pigments, being their contribution in
2016 56, 40 and 4%, respectively (Spanish Register of Emissions and
Pollutant Sources; PRTR, 2016). This idea can be supported
considering the SO, provenance coming mostly from NW direction
(Cu smelter) but a secondary source can be observed in the SE (oil
refinery and TiO, production).

3.13. 03

O3 concentrations remained constant from 2003 to 2017 at both
monitoring stations (0.33 and 0.12 pg m~>-year~! at Campus and La
Rabida, respectively).

O3 levels reached maximum values everyday between 15 and
20 h (Fig. S2) at both monitoring stations, coinciding with the
diurnal time when sun light intensity is higher and when sea
breeze air transport prevails. In the same way, O3 showed a sea-
sonal pattern characterized with maximum concentrations during
the warmer months.

3.14. PM10

In the case of PM10, a pronounced decrease can be seen at La
Rabida in 2003 (Fig. 2) followed by higher concentrations until
2007, decreasing afterwards, at both monitoring stations at a rate
of —1.07 and —0.80 pg m3-year ! at Campus and La Rabida,
respectively. The European annual target value of 40 pg m~> (EU,
2008) was not exceeded during the latest years.

PM10 concentrations experiment a noticeable raise during the
working days between 17 and 20 h. According to the seasonal
evolution, maximum values of PM10 occur in the warmer months
and March, when Sahara dust events and dry periods are more
frequent (Viana et al., 2002). However, regarding the summer
months at La Rabida, when the typical SW breeze occurs in the
afternoon, an important PM10 source were found coming from this
direction. This source is attributable to the regional anthropogenic
emissions caused by handling loose materials by the dockers.
Moreover, the lack of rainfalls during the summer enhances these
fugitive emissions. At Campus station high PM10 concentrations
are observed in the evening coming from the N direction where
local roads and a highway are located and the resuspension is more
likely to occur.

It is also important to emphasize the relatively low PM10 annual
concentrations obtained at La Rabida during the latest years of the
period (32 pg m~3, 27 ug m~3, and 30 pg m~3 in 2015, 2016 and
2017 respectively). Therefore, the EU air quality annual standard
(EU, 2008) of 40 pg PM10-m~> was not exceeded during these
years. Besides that, the number of exceedances of the daily Euro-
pean limit value 50 pg PM10-m~> recorded at the end of the period
(2015—2017) were 53 days, 43 of which were attributable to North
African dust outbreak (NAF) coming from Saharan air masses. In
this way, the maximum of the 35 days of exceedances imposed by
the European normative was not exceeded in any of the years 2015,
2016 and 2017 (27, 8 and 18 days of exceedances accordingly). Most
of the NAF daily exceedances recorded in this latest period were
observed mainly in February, March and in the summer. However,
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when the daily exceedances were due to anthropogenic sources,
high concentrations of PM10 were showed in March, April, August,
September and December, with a non-defined pattern.

3.2. Chemical composition of PM10

Mean levels of PM10, major components and trace elements and
its annual statistical trend at both monitoring stations (Campus and
La Rabida) during the period 2015—2017 are showed in Table S2.

The mean PM10 inter-annual concentrations, gravimetrically
measured from Campus and La Rabida stations for the period
2015—2017, were 29 and 32 pg m~> respectively, in agreement with
the PM10 range reported by Querol et al. (2012) for urban back-
grounds with industrial influence (28—47 pug m—>). Therefore, the
annual 40 pg PM10-m~2 limit fixed by the European Directive (EU,
2008) was not exceeded at the two considered monitoring stations.

Regarding PM10 components, high concentrations of mineral
dust have been found at the two monitoring stations
(892-9.51 pg m3), within the range described for urban-
industrial backgrounds (6—13 pug m~3, Querol et al., 2008). More-
over, crustal components in the two monitoring stations have
increased their concentrations over time. Considering the time
plots of these pollutants, sporadic peak concentrations were found
during the months February—March every year, being correlated
with the Saharan dust outbreak events (Pey et al., 2013).

The contribution of secondary inorganic compounds (sum of
NO3, NHZ, SO?() does not reach annual average concentrations
higher than 6 pg m—3. These values are lower than those found in
earlier works performed at urban monitoring stations in Huelva
(Fernandez-Camacho et al, 2010). NO3 concentrations
(1.95—2.09 pg m~2) are consistent with the concentrations values
previously observed in Huelva (Querol et al., 2012). Non-sea salt
S03~ does not reach levels higher than 4 pg m—3. Time series of
anthropogenic SO7~ exhibited a seasonal evolution with levels
slightly higher in summer-autumn (Fig. S6), resulting from the
increased oxidation of SO, to SO?{ that occurs in this warm period
(Harrison et al., 1996; Pio et al., 1998). A converse seasonal pattern is
shown by NO3 as a consequence of the low thermal stability of
NH4NO3 in summer, resulting in the formation of the gaseous nitric
acid and ammonia (Adams et al., 1999). In contrast to SOF~ and NO3
concentrations, NHJ levels presented a bimodal seasonal variation
over the 3 years of the study: values normally increase during the
summer time but, on the other hand, winter peak concentrations
were also observed in the time variation plot (Fig. S6). NHj
measured in the cooler months is due to the formation of NH4NOs3,
whereas in the summer period (NH4),SO4 is the dominant specie,
as it has been explained before (Cusack et al., 2012).

Annual concentrations of carbonaceous particles (OC + EC:
organic and elemental carbon), ranged from 3.94 to 4.06 pg m—> as
expected for this urban-industrial environment (Querol et al.,
2012). OC + EC concentrations were higher at Campus station
since these PM10 components come mainly from vehicle exhaust
and industrial combustion.

The mean contribution (2.72 and 2.91 ug m~> at Campus and La
Rabida monitoring stations, respectively) of sea salt aerosols (Na™,
Cl~ and sea salt SOZ~) was within the typical range for Atlantic
coastal sites in the Iberian Peninsula (Querol et al, 2008).
Maximum concentrations of Na* were obtained in summer as a
consequence of the stronger influence of see breezes, whereas Cl~
levels were lower during the summer months due to its volatili-
zation as HCl derived from the formation of NaNOs by interaction of
the gaseous HNOs3 and sea salt NaCl. It should be noted the partial
anthropogenic origin of ClI-, which can be observed in the CI™
excess presented in some peak events.
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In reference to the trace elements, As was found to be the main
geochemical anomaly in PM10. Annual mean concentrations at La
Rabida (7.95, 6.18 and 6.76 pg m~> in 2015, 2016 and 2017,
respectively) were above the target value recommended by the EU
(6 ng As-m 3, EU, 2004). On the other hand, mean As concentra-
tions measured in Campus were lower for the whole period (2.96,
3.05 and 2.46 pg m~> in 2015, 2016 and 2017, respectively). Con-
centrations values were consistent with those reported by Sanchez
de la Campa et al. (2018) in urban stations in Huelva in recent years
(2014—2015). Nevertheless, it is important to note the decrease of
the As concentrations in 2017 with regard to 2015. La Rabida
monitoring station is very close to the industrial area where the Cu
smelter is located, and high As concentrations have been previously
described as a result of its emissions (Gonzalez-Castanedo et al.,
2014).

Cu and Zn concentrations at Campus are similar to the values
obtained by Querol et al. (2008) at urban monitoring sites of Spain.
However, higher concentration are observed at La Rabida as a
consequence of polymetallic sulfides handling near the station. Bi
(0.93 ng m~3) and Se (0.46 ng m~3) at La Rabida have also char-
acteristic values for a station close to a Cu smelter. Levels of V
(6.13 ng m—>) and Ti (71.4 ng m~—>) were especially high at La Rabida
probably due to the emissions from a petrochemical plant and a
TiO, production facility developed in Nuevo Puerto estate (Alastuey
et al., 2006). Concerning other elements with limit target values in
the EU air quality standards such as Pb, Ni and Cd, none of them
exceeded air quality thresholds (500 ng Pb-m~3, EU, 2008; 20 ng
Ni-m~2 and 5 ng Cd-m~3; EU, 2004) in none of the monitoring
stations. Although As, Cu and Pb did not show a clear seasonal
variation, they presented random maximum peaks which probably
come from the close Cu smelter or from the industrial activity.

It is important to emphasize the similar concentrations of mayor
components of PM10 at both monitoring stations with the excep-
tion of Fe that may originate from the mineral fugitive emissions
occurred near La Rabida station. Concerning trace elements, the
high values of As, Cu, Zn and Pb at La Rabida showed a stronger
industrial influence in this monitoring station.

3.3. Source apportionment analysis

A PMF analysis was performed for both monitoring stations in
order to identify the natural and anthropogenic sources contrib-
uting to PM10 over the period 2015—2017. Fig. S7 shows the
chemical profiles and the species percentage for each source. 5
sources were identified at Campus monitoring station: crustal 1,
crustal 2, aged sea salt, Cu smelter, and traffic-biomass burning. In
the case of La Rabida station, 6 sources were found: traffic, crustal,
aged sea salt, regional, Cu smelter and sulfides (Fig. 3).

The crustal source is characterized by the typical silicate com-
ponents as Al,0s, Fe, Ca, Rb, Ti, Mn and Sr. The long-range transport
dust and the local resuspension are the main contributing factors of
this source. Similar crustal contribution were reached at Campus
monitoring site (Crustal 1: 5.3 pg m >, 19%) and La Rabida
(5.0 pg m~3, 16%), affected by urban and industrial resuspension,
respectively. A second crustal source (Crustal 2: 3.9 pug m—>, 14%)
was found at Campus showing high concentrations of Y and Th.
Apart from that, La Rabida is also influenced by the handling of bulk
material.

The traffic source represents a higher PM10 contribution at
Campus (10.6 pg m~3, 39%) than at La Rabida (8.8 pg m 3, 29%). It is
characterized by high loads of NO3, NHZ, EC and OC, deriving from
vehicle exhausts emissions. This factor is also made up by high
concentrations of Ca, K, Ti, Cr, Sn, and Sb; attributed to non-exhaust
vehicle emissions (Amato et al., 2014), mostly from the brake and
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Campus

Traffic+biomass
burning;
10.6 pg-m3; 39%
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La Rabida

Traffic;

8.8 ug-m3; 29%

Fig. 3. Percentage source apportionment of PM10 mass.

tyre wear as well as the road dust resuspension. Regarding traffic
profile in Campus monitoring station, the presence of PO3~ points
to emissions from biomass burning. Levels of these compounds
were higher in the winter months, since the planetary boundary
layer is reduced and pollutants are concentrated in the atmosphere.

A regional source was identified at La Rabida (5.7 pg m—3, 19%)
with SO4~, NO3 and NHj as typical components. These components
are associated to PM usually derived from emissions of petro-
chemical activities and the production of phosphates derivatives
(Ni, V, Co, Sn, Pb, Sb, Cr, Mn and Fe). This relationship has been
previously reported by other authors (Querol et al., 2002; Alastuey
et al.,, 2006). Levels of this source were higher in summer as a
consequence of the coupling of refinery emissions to the air masses
proceeding from North Africa with predominant SW wind direction
(Pandolfi et al., 2014).

An aged sea salt source was identified at both monitoring sta-
tions. The typical sea salt components (Na, Cl and Mg) showed
similar contribution at Campus (5.8 pg m~> 21%) and La Rabida
(5.5 pg m—3, 18%). This component was also characterized by the
presence of Sr as a result of the dust resuspension.

In relation to the Cu smelter, a single source was isolated at the
two monitoring stations considered in this work. These emissions
arise from Cu smelting operations that take place in the Punta del
Sebo industrial estate. They include high concentrations of As, Bi,
Pb, Sb, Sn, Se, Cd, Cu and Zn; and accounted for 1.9 ug m3 (7%) and
3.5 pg m > (11%) at Campus and La Rabida, respectively. Concerning
the time evolution of this component, sporadic peaks are related to
certain meteorological conditions which cause the impact of
emissions from the Cu smelter. This source has been broadly
described in early works in the city of Huelva (e.g. Fernandez-
Camacho et al., 2010). Furthermore, a sulfide-mineral source was
also identified at La Rabida with a contribution of 2.1 pg m~3 (7%).
The high loads of Cu, Fe, Zn, Ni, Cd, Co, As, Sb and Bi suggest a
geochemical profile typical from sulfide mineral concentrates.
Polymetallic sulfide mineral are specifically unloaded by the
dockers in the port and fugitive dust could be emitted, affecting
directly to the nearby area.

3.4. Arsenic speciation in PM10

The European Air Quality normative (EU, 2004) only considers
the total content of As in PM10, with a target annual value of
6 ng m—> of As in PM10. However, the degree of toxicity of As varies
depending on its oxidation state or molecular structures it may be
present. In this way, inorganic species such as arsenite and arsenate
(As(IIT) and As(V)), are more harmful than methylated species. Of
the two inorganic species, As(Ill) is more toxic than As(V) because
of their interaction with sulfhydryl groups of proteins and enzymes
inhibiting their function (Francesconi and Kuehnelt, 2004). The

main anthropogenic emissions of As to air in the study area come
from the smelting of metals and the combustion of fuels, gas and
carbon. However, recent studies have also evaluated the presence
and release of As from dust material handled by the dockers like
coal, clinker, or ore sulfide mineral (Moreno et al., 2009). Moreover,
As-bearing sulfide is the most common form of inorganic As found
in coal, and it is also associate with Cu, Pb and Zn sulfides (Liu et al.,
2007).

In this sense, it was possible to determine different types of As
sources (channeled and fugitive) by means of As speciation anal-
ysis, combining the As extraction of the sampled filters, wind di-
rection and SO, peaking days. A total of 33 PM10 samples with high
As concentrations were selected during the period 2015—2016 at
the two monitoring stations considered in this study. Most of the
samples correspond to synchronic sampling of PM10, in order to
compare results of the same days.

The ranges of As concentrations of the selected PM10 samples
with high levels of this metalloid are shown in Table 1 at Campus
and La Rabida monitoring stations. As(IIl) and As(V) concentrations
determined by HPLC-AF-HG, as well as the extraction percentage
obtained from PM10 samples and the dominant wind direction are
also reported in Table 1. These parameters are specified for both
monitoring stations depending on the major As source. There are
two main As emission sources near the monitoring stations, a
channelized one corresponds to a Cu smelter industry located in
the Punta del Sebo industrial estate, and fugitive emissions attrib-
utable to the bulk material handled by the dockers (mostly ore
sulfide concentrate). The distinction between both sources can be
related to the efficiency of As extraction. In the case of the Cu
smelter, As is quantitatively extracted (>80%) from PM10 probably
because it is occurring in high temperature fly ash or slag particles
resulting from oxidative metallurgy. On the other hand, in the bulk
material accumulated in the dock, As is an impurity of the poly-
metallic sulfides, from which As is poorly extracted. Regarding to
these two As emission sources, three different scenarios can be
considered concerning the possible impact on the monitoring sites:

(a) Impact from metallurgy emissions: The As extraction effi-
ciency is very high, (80—100%) (Table 1) and it is usually
associated with SO, plumes originated from the Cu smelter
emissions. This situation normally occurs at La Rabida when
wind direction is dominated the NW component. However,
at Campus monitoring site the SW component dominates the
wind direction when the Cu smelter impact occurs.

(b) Impact from bulk polymetallic sulfides: This scenario in-
cludes the impact of the resuspension of sulfide mineral
concentrates handled by dockers and the resuspension of
sulfide of polluted soils around the city of Huelva (Torres
et al, 2017). The As extraction efficiency is low (<20%,
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Classification of the different scenarios of As impacts in Campus and La Rabida monitoring stations in the period 2015—2016 according to arsenic sources (Cu smelter and

sulfides concentrate). N indicates the number of samples and WD the wind direction.

PM10 Fraction Campus La Rabida
Cu smelter (N = 6) Sulfides (N = 1) Mixed (N = 4) Cu smelter (N = 5) Sulfides (N = 3) Mixed (N = 6)
ng-m—>
As(III) 0.6—0.0 0.0 0.1-0.3 0.2-0.0 0.3-0.7 0.2—-0.7
As(V) 2.6—13.7 1.6 0.7-5.7 5.6—22.3 0.2-8.0 3.1-9.6
Species sum 2.7-14.0 1.6 3.3-10 5.8-22.3 0.9-8.3 3.3-10
Total As ICP-MS 3-15 16 5-21 6—24 25—-45 5-21
% extraction 83-96 4-18 37-75 94-100 4-18 37-75
WD N-NNW-NW WSW-SW N-NNW; WSW-SW N-NNW-NW WSW-SW N-NNW; WSW-SW

Table 1) and the dominating wind components at La Rabida
are SW or WSW with pointing to a sulfide origin source.
Furthermore, As concentrations resulting from these fugitive
emissions are much higher than those resulting from the
metallurgy emissions.

(c) Mixed impact. The third scenario is an intermediate situation
which occurs with a mix of the wind directions (primarily
NW and SW components) along the day and causes the as-
sociation of the two As sources at La Rabida monitoring site.
This situation is the most frequent and is characterized by
moderate extraction yields (30—70%) of As from PM10.

It is clear from the results that the most important As source
comes from the Cu smelter emissions as it has been described in
prior studies (Ferndndez-Camacho et al, 2010; Gonzdlez-
Castanedo et al., 2014). However, there is a fugitive As source
related to the handling by dockers of polymetallic sulfides which
gives rise to episodic high As concentrations in PM10. In this sense,
this methodology allows us to identify two different As origin
(metallurgy and bulk polymetallic sulfides), which has not been
taken into account previously in the same monitoring station.

The low percentage of As extraction of sulfide mineral compared
with Cu smelter emission particles indicates low biodisponibility,
and in consequence a small degree of hazardous for the environ-
ment. In consequence, the importance of the As origin relies on the
requirement of investigating new strategies in order to reduce the
emission of As that can affect to nearby areas.

4. Conclusions

A general decreasing trends were observed for the concentra-
tions of gaseous pollutants and PM10 in the industrialized area of
Huelva (SW Spain) in the period 1996—2017. This diminution is
more evident since 2008 due to the economic recession and the
enforcement of air quality European Directives. From a detailed
analysis of the pollutants, it was inferred a strong industrial
contribution of SO, whereas traffic emissions contributed to NO,
levels. The high resuspension proceeding from the bulk sulfide
material handled by the dockers enhanced PM10 concentrations,
especially crustal components at La Rabida monitoring station.

Arsenic was found to be the main geochemical anomaly in
PM10. Factorial analysis of the chemical composition of PM10 and
As speciation analysis allowed to identify two As emission sources.
One of them corresponds to Cu smelter emissions already
described in the study area in prior studies. However, the second
one is due to emissions that take place when bulk polymetallic
sulfides are handled by the dockers. The low biodisponibility of As
in the sulfide mineral implies a low hazardous impact for the air
quality and human health. The results obtained in this study
allowed us to identify for the first time two different sources
contributing to the high As concentrations in the same place of a

complex industrial area.
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ARTICLE INFO ABSTRACT

Keywords: The influence of North African (NAF) dust events on the air quality at the regional level (12 representative

PM10 monitoring stations) in Southern Europe during a long time series (2007-2014) was studied. PM10 levels and

North African dust chemical composition were separated by Atlantic (ATL) and NAF air masses. An increase in the average PM10

:zziﬁzlioggrlz;:on concentrations was observed on sampling days with NAF dust influence (42 pg m~>) when compared to ATL air
masses (29 pg m™>). Major compounds such as crustal components and secondary inorganic compounds (SIC), as
well as toxic trace elements derived from industrial emissions, also showed higher concentrations of NAF events.
A source contribution analysis using positive matrix factorisation (PMF) 5.0 of the PM10 chemical data,
discriminating ATL and NAF air mass origins, allowed the identification of five sources: crustal, sea salt, traffic,
regional, and industrial. A higher contribution (74%) of the natural sources to PM10 concentrations was
confirmed under NAF episodes compared with ATL. Furthermore, there was an increase in anthropogenic sources
during these events (51%), indicating the important influence of the NAF air masses on these sources. The results
of this study highlight that environmental managers should take appropriate actions to reduce local emissions
during NAF events to ensure good air quality.

1. Introduction 2008) establishes an annual limit PM10 value (40 pg m’3) as well as a

daily limit value (50 pg m~3, with a maximum of 35 days of exceed-

Mineral dust is one of the main components of atmospheric partic-
ulate matter (PM). Large loads of mineral particles are transported from
arid areas, contributing to different effects on climate, human health,
and the environment (Towhy et al., 2009; Mahowald et al., 2010; Zhang
et al., 2016; Middleton, 2019). The main global dust source regions are
Central Asia, the Middle East, and North Africa, with the last region
accounting for 55% of global dust emissions (Ginoux et al., 2010). Some
authors have reported that dust coming from the Sahara desert can be
transported to the Atlantic Islands and the Caribbean Sea (Prospero,
1999; Mahowald et al., 2005), and Southern Europe (Rodriguez et al.,
2011; Salvador et al., 2019). PM levels are often increased as a conse-
quence of these dust outbreaks (Viana et al., 2002; Querol et al., 2009;
Salvador et al., 2013). In the case of Europe, the current Directive (EU,
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ances). Furthermore, a procedure was developed to calculate the North
African (NAF) load of the daily PM10 value when these events occur. For
this purpose, PM10 background regional levels were calculated by
applying either the 30th percentile (Escudero et al., 2007) or the 40th
percentile to PM10 time series at regional background stations, after
extracting the data associated with NAF dust outbreaks. Subsequently,
the net African dust loads were obtained by subtracting the PM10
regional background levels from the PM10 values measured at the
regional background sites during the NAF episodes. The European
Directive 2008/50/EC (EU, 2008) allows the discount of PM exceed-
ances due to NAF dust events.

From a global perspective, natural sources, such as NAF events, are
more frequent than anthropogenic PM emissions. However,
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anthropogenic sources are important in several urban and industrial
backgrounds in Spain (Rodriguez et al., 2007; Querol et al., 2008;
Pandolfi et al., 2011). These emissions, mainly derived from traffic,
industrial activities, and biomass burning, can release toxic elements
and compounds, resulting in health problems for the local population
(Galindo et al., 2018; Tobias et al., 2018). Recent studies have
emphasised the negative health effects of NAF events (Pérez et al., 2008;
Tobias et al., 2011; Pandolfi et al., 2014; Querol et al., 2019). In addition
to the fact that higher coarse PM concentrations pose a risk to the human
respiratory system, there is also a synergic effect between natural and
anthropogenic pollutants. This dust transport brings about a PM con-
centration change, as well as a different air chemical composition (Pérez
etal., 2012). Some authors have reported the adverse effects of NAF dust
on regional pollutants, for example, the planetary boundary layer (PBL)
is reduced when dust outbreaks occur (Pandolfi et al., 2014), causing the
accumulation of anthropogenic pollutants. Furthermore, emissions from
petrochemical activities or maritime transport are frequently
co-transported with desert dust (Querol et al., 2019). Epidemiological
studies have demonstrated an increase in daily mortality due to car-
diovascular and respiratory diseases when Saharan dust events occur
(Pérez et al., 2008; Sajani et al., 2011; Jiménez et al., 2010). Considering
that North African dust transport has a strong impact on the Mediter-
ranean basin (Pey et al., 2013; Salvador et al., 2014; Cabello et al.,
2016), it is of great interest to determine how NAF dust affects PM levels
and their different sources in the area.

The purpose of this study was to perform a PM10 source contribution
analysis of natural and anthropogenic emissions under the influence of
North African dust events in a large region (Andalusia) in Southern
Europe. To this end, PM10 levels and their chemical components were
studied at 12 monitoring stations (rural, urban, urban-industrial, and
hot-spot traffic) belonging to the air quality monitoring network of the
Autonomous Government of Andalusia during the period 2007-2014.
Furthermore, a PMF analysis of the PM10 chemical composition was
carried out considering the air mass origin during the sampling days to
compare the source contribution.
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2. Methodology
2.1. Study area

Andalusia is the southernmost autonomous community of mainland
Spain and is the only European region with coastlines on both the
Mediterranean and Atlantic oceans, which meets with the African
continent through the Strait of Gibraltar. The main topography ranges of
Andalusia are shown in Fig. 1, with the two most important mountain
ranges in the north and the Baetic Range in the south. The Guadalquivir
basin lies between these two mountainous areas. In general, the climate
is typically the Mediterranean, with dry and hot summers and mild
winters. There is a climatic variety with less wet weather in the eastern
area of Andalusia. Higher rainfall is found from north to south as the sea
is closer. Even though annual temperatures are not lower than 15 °C,
they can vary depending on the altitude and continental characteristics
of the considered area. Due to its proximity to North Africa, Andalusia is
also affected by the impact of desert air masses, which increases PM
concentrations (Rodriguez et al., 2001; Cachorro et al., 2008; Fernan-
dez-Camacho et al., 2010).

Although Andalusia is traditionally an agricultural area, the service
sector (especially tourism) has grown in recent decades. Furthermore,
deficient public transport results in dense urban road traffic and,
consequently, road dust emissions (Amato et al., 2014; Milford et al.,
2016). Likewise, although the industrial sector represents a minor per-
centage of the local economy, there are two main areas highly indus-
trialised in Andalusia, which have been extensively studied: Algeciras
Bay and the Ria of Huelva (Millan-Martinez et al., 2021). Many authors
have concluded that there is a high proportion of anthropogenic and
natural mineral particles in PM10 (Querol et al., 2004; Querol et al.,
2008; de la Rosa et al., 2010; Pandolfi et al., 2011; Sanchez de la Campa
et al., 2018; Millan-Martinez et al., 2021).

PM10 concentrations and chemical composition databases were
obtained during the period 2007-2014 at 12 monitoring stations
distributed across Andalusia (South Spain, Fig. 1). The considered
monitoring sites belong to the Air Quality Monitoring Network of the
Regional Government of Andalusia and were selected considering their
location (rural, urban, or industrial background), as well as the main
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Fig. 1. Geographical location of the 12 monitoring stations considered in this study. Classification of the monitoring stations: traffic (square); urban-industrial

(circle); urban (triangle); rural (cross).
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nearby emission sources (Table S1):

1. Four traffic monitoring stations: Principes (Seville), Granada Norte,
Carranque (Malaga), and Mediterraneo (Almeria).

2. Four urban-industrial monitoring stations: Campus (Huelva), La
Linea (Cadiz), Puente Mayorga (Cadiz), and Bailen (Jaen).

3. Three urban monitoring stations, San Fernando (Cadiz), Ronda del
Valle (Jaen), and Lepanto (Cordoba).

4. One rural monitoring station: Matalascanas (Huelva).

Principes and Granada Norte monitoring stations are located in the
two most populated cities of Andalusia (Seville and Granada, respec-
tively); hence, they are affected by dense urban traffic emissions
(Fernandez-Camacho et al., 2010; Sanchez-Rodas et al., 2017).

As previously mentioned, several monitoring stations are located in
complex industrial areas. The campus is in the vicinity of the Huelva
Estuary (Fig. 1), where industrial estates are established: a petrochem-
ical complex, a phosphate industry for fertiliser production, and a Cu-
smelter (Sanchez de la Campa et al., 2018). Previous studies in this
area have reported sulfide-related toxic elements in PM (As, Cd, Sb, Bi,
or Pb) as the main geochemical anomalies (Sanchez de la Campa et al.,
2018; Millan-Martinez et al., 2021). In addition, one of the largest in-
dustrial estates of Andalusia is located close to the Strait of Gibraltar
(Cadiz), which includes a petrochemical plant and oil refinery, a power
plant, and a stainless-steel industry. Consequently, high levels of Ni, V,
and Cr have been found at the monitoring stations in that area (La Linea
and Puente Mayorga) as a result of this industrial activity, as well as the
dense maritime traffic passing through the Strait of Gibraltar (Pandolfi
et al.,, 2011; Li et al., 2018). The city of Bailen is one of the largest in-
dustrial estates producing structural ceramics in Spain, contributing to
high levels of PM and SO (Sanchez de la Campa et al., 2007; Sanchez de
la Campa and de la Rosa, 2014).

The rural monitoring station of Matalascanas is located close to the
coastal city of Huelva Matalascanas, within Donana Natural Park and 30
km away from the industrial estates of Huelva.

2.2. PM10 sampling and chemical analysis

PM10 sampling was performed using quartz fibre filters (MUNK-
TELL) and high-volume captors (MCV: 30 m®h'and TISCH68 m®h™1)
following the normalised method UNE-EN 12341 (UNE, 2015). One
daily sample (24 h) was collected every 6 days. The mass of PM10
retained on the filters was determined by the standard gravimetric
procedures (temperature, 20 °C; relative humidity, 50%), employing a
Sartorius LA130 S-F balance (0.1 mg sensitivity) (UNE, 2015). A total of
4793 daily samples were collected using the above procedure.

The analytical methodology used to determine PM10 chemical
composition comprises several techniques, following the modified
method proposed by Querol et al. (2002). A half fraction of each filter
was acid digested (2.5 mL HNOs: 5 mL HF: 2.5 mL HClO4) for the
analysis of major and trace elements by ICP-OES (Jobin Yvon model
ULTIMA2) and ICP-MS (Agilent model 7700), respectively. For quality
control, analysis of the NIST-1633b (fly ash, Standard Reference Mate-
rial) was carried out during every analytical run of both ICP techniques.
The digestion procedure of the PM samples and ICP analysis was also
validated using the Standard Reference Material 1648a. External cali-
bration was performed by ICP-MS using 1, 2, and 4 SPEX CertiPrep
Claritas PPT® multielement solutions (1-250 pg L ™! as well as HNO3 5%
blank). To minimise the possible fluctuations in the plasma, 103ph was
used as an internal standard. The external calibration for ICP-OES was
performed using elemental standard solutions (0.05-100 mg L~ and
HNOj3 5% blank). Accuracy and precision ranged from 5 to 10% for the
elements studied.

Another quarter of the filter was leached with Milli-Q grade deion-
ised water to extract water-soluble ions (SO42~, NOs~, CI~, and NH4 ™)
for subsequent analysis by ion chromatography (Methrom 883 Basic IC
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Plus) (Querol et al., 2002). The quality control of the results for soluble
water ions was determined by solution cocktails for alow and high range
of cations (1-10 mg L) and anions (0.05-2.5 and 0.5-50 mg LY. The
accuracy and detection limit for IC were 10% and 0.4 pg m >, respec-
tively. Finally, a portion of 19.6 cm? of each filter was used for the
analysis of the total carbon (TC) with a LECO SC-144 DR instrument.

SiO, and CO32~ concentrations were indirectly calculated from the
stoichiometry of Al, Ca, and Mg-based on the experimental equation
established by Querol et al. (2002): (3*Al303 = SiOy; 1.5*Ca + 2.5*Mg=
CO3%7). SO4% non-sea salt Was obtained by subtracting the S04% sea salt
(indirectly calculated by stoichiometry from the soluble Na levels) from
the 80427total- On average, 75%-86% and 67%-82% (for NAF and ATL,
respectively) of PM mass were determined after analysing the collected
filters.

2.3. Statistical treatment and source contribution

The chemical speciation data of the collected daily PM10 samples
were used within the PMF (v5.0 EPA) for source identification and
apportionment. The PMF model is a factor analytical tool used to
calculate the contributions and chemical profiles of the sources devel-
oped by Paatero and Tapper (1994) and Paatero (1997). The PMF is
based on the following mathematical algorithm:

P
2= Y ewfytey
k—1

The dataset can be expressed as a matrix x of i by j dimensions, where
i is the number of samples and j is the measured chemical elements, p is
the number of independent factors, gj is the amount of mass contributed
by each factor for each sample, fi; represents the species profiles of each
factor, and e;; is the residue for each sample by element.

PMF is a weighted least-squares method in which individual esti-
mates of the uncertainty in each data value need to be included in the
input matrix. Several sources of error contribute to measurement un-
certainty, but the associated with the analytical procedure is probably
one of the most important. The uncertainties were calculated according
to the methodology proposed by Amato et al. (2009).

Elements were classified using the signal-to-noise ratio defined by
Paatero and Hopke (2003). Elements with S/N < 2 were generally
defined as weak variables. The only common weak element at all the
monitoring stations was As, although other sulfide-like trace elements
such as Zn or Bi also appeared to be weak in some of the sites. Because
the S/N ratio is very sensitive to sporadic values much higher than the
level of noise, the percentage of data above the detection limit was used
as a complementary criterion.

2.4. Air masses origin

The origin of air masses affecting the monitoring stations for each
sampling day was determined by considering two representative loca-
tions: western Andalusia (37° N, 6° W) and Eastern Andalusia (37° N, 3°
W). To this end, a five-day back-trajectory analysis starting at three
different altitudes (500, 1500, and 2500 m a. s. 1.) was carried out using
the HYSPLIT model (Stein et al., 2015) of the NOAA Air Resources
Laboratory (ARL) (https://www.ready.noaa.gov/HYSPLIT.php). Addi-
tionally, NAF events affecting the monitoring stations were also studied
using aerosol and dust maps and satellite images from NRL (http:
//www.nrlmry.navy.mil/aerosol), SKIRON (https://forecast.uoa.gr/e
n/forecast-maps/dust/north-atlantic), BSC DUST (https://ess.bsc.es/b
sc-dust-daily-forecast), and Earth Data NASA project (https://
worldview.earthdata.nasa.gov/).

We classified the daily air masses as North African (NAF) when an
African dust outbreak occurs, and the Atlantic (ATL), including the one
from N, NW, SW, and W Atlantic air masses. There are also other minor
air masses (regional, Mediterranean, and European origins <5%).
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During the study period (2007-2014) NAF represented 26% and 31%
of the total for Western and Eastern Andalusia, respectively (Fig. S1).
The occurrence of NAF air masses is more frequent between March and
September and is especially significant during the summer months
(Fig. S2).

3. Results and discussion
3.1. Chemical composition of PM10

The interannual mean PM10 levels measured in Andalusia for the
period 2007-2014 ranged from 28 pg m™° (rural), 23-30 pg m°
(urban), 32-36 pg m~3 (urban-industrial)-33-40 ng m~3 (traffic)
(Fig. 2). PM10 concentration generally decreased in every type of
monitoring station compared to previous data in the same study area.
For example, de la Rosa et al. (2010) reported higher values (31-32,
35-53, 31-62 and 54-63 pg m~? at rural, urban, urban-industrial, and
traffic monitoring sites, respectively) in 2007. At the Bailen monitoring
site, a PM10 concentration of 57.7 pg m~> was obtained during the
period 2003-2008 (Sanchez de la Campa et al., 2014). Furthermore, 41
and 44 pg-PM10 m 3 were observed at Principes and Granada Norte,
respectively, from 2007 to 2010 (Amato et al., 2014). The same
decreasing trend in PM10 concentration was observed at the industrial
estates of La Linea and Puente Mayorga for the period 2005-2007 (37
and 38 pg m~> Li et al., 2018) and at Campus site (37 ug m > for the
period 2001-2008) (Sanchez de la Campa et al., 2018). All these studies
conclude that the implementation of industrial emission abatement
systems and the application of European directives on air quality are the
main reasons to obtain lower PM10 concentrations. Fig. 2 shows that the
maximum mean PM10 concentrations at the regional level were always
associated with NAF episodes compared to ATL air mass origin, which
has been observed in many other studies in Spain and the Mediterranean
basin (Querol et al., 2019; Salvador et al., 2019; Conte et al., 2020).

3.1.1. Major components

The contribution of the major components to PM10 for each type of
monitoring station for the NAF and ATL air masses is shown in Fig. 3.
Higher mean concentrations of crustal components (CO52~ Al,03, SiO5,
Fe, Ca, K, Fe, and P) were found in traffic sites (Granada Norte, Prin-
cipes, Carranque, and Mediterraneo), reaching 34 %-42% of the PM10
mass. However, the mean concentrations observed under the influence
of NAF (20.4 pg m—3) were almost twice the mineral dust concentration
for ATL air masses (11.4 pg m™>). Lower concentrations (11.4-15.0 g
m % and 7.2-8.6 pg m ™~ for NAF and ATL air masses, respectively) were
obtained for the urban-industrial background, except for Bailen (24.7
and 12.2 pg m~2 for NAF and ATL, respectively), related to a relevant
ceramic industrial activity (Sanchez de la Campa and de la Rosa, 2014).
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Fig. 2. Whisker and box plot of PM10 concentrations measured at the moni-
toring stations of Andalusia during the period (2007-2014) under NAF and ATL
air masses.
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Fig. 3. Mean ranges of PM10 major components (ug-m~>) measured at the
monitoring stations of Andalusia under NAF and ATL air masses origin.

For urban monitoring stations, the mineral contribution ranged between
9.3 and 19.8 pg m~> during NAF events, compared to the interval
5.6-9.8 pg m > registered under ATL influence. The mean concentration
observed in the rural station (Matalascanas) during NAF episodes (13.0
g m~3) was more than twice that obtained during ATL air masses (5.8
g m~3). More marked concentration differences were observed at the
stations (Granada Norte, Bailen, and Ronda Valle) with important local
sources, mainly industrial or traffic. These monitoring sites are located
in Eastern Andalusia, at higher altitudes, where the NAF air mass fre-
quencies are higher. In conclusion, the differences between NAF and
ATL samples could be due to several factors, such as site typology, local
sources, and monitoring station altitude.

Regarding secondary inorganic compounds (SIC: NO3 ™, 8042 non-sea
sale and NH4 "), high mean concentrations were found at the industrial
monitoring stations as is expected due to the anthropogenic S04%e-
missions from fuel oil combustion. A remarkable decrease in SIC con-
centrations compared to earlier periods was observed (e.g. 10 ug-SIC
m_3, Amato et al., 2014). The higher mean concentrations obtained
under NAF air masses of these anthropogenic compounds (8.7 pg m~>) in
comparison to the ATL air masses (5.4 jg m~>). At the traffic sites, the
concentrations found were similar to those measured at the industrial
monitoring stations, with a mean value of 7.7 pg m > for NAF air masses
and 5.1 pg m~> for ATL influence. Lower mean concentrations were
observed at urban (5.5 and 3.8 pg m~° for NAF and ATL air masses,
respectively) and rural (6.7 and 3.8 ug m~ for NAF and ATL air masses,
respectively).

The mean contribution of sea salt aerosol reached higher values at
urban-industrial and rural monitoring stations (3.1-4.6 ug m~>), coin-
ciding with most of the coastal sites of the study. No significant differ-
ences were observed between the NAF and ATL air masses. The mean
concentrations of TC under NAF air masses increased from 3.3 pgm > in
rural background stations, to 5.4 and 5.6 pg m~° in urban and urban-
industrial sites, respectively. The highest mean concentration (7.2 pg
m %) corresponded to traffic sites in relation to vehicle exhaust emis-
sions. Furthermore, high levels of carbonaceous particles were also
observed in Bailen, in agreement with previously published results
(Sanchez de la Campa and de la Rosa, 2014). In this industrial estate,
coke, olive husks, and wood are used as fuels for structural ceramic
manufacturing (Sanchez de la Campa et al., 2010).

From these results concerning the crustal components, SIC and TC, it
can be concluded that higher concentrations were always found under
NAF events compared to ATL air masses origin, as has also been previ-
ously observed for PM10 concentrations.
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3.1.2. Trace elements

The mean interannual concentrations of representative trace ele-
ments in PM10 were studied individually for each monitoring site
(Fig. S3). The highest level of As was found in Campus, which was
derived from nearby Cu-smelter emissions (Sanchez de la Campa et al.,
2018). The difference of mean As concentrations between ATL (4.3 ng
m~2) and NAF (7.2 ng m~3) air masses is remarkable, exceeding, in this
case, the European annual target value (6 ng m~>), which does not take
into account synoptic scenarios and air masses origin. In the case of the
Campus monitoring station, these results suggest that during NAF
events, there is an increase in As concentrations favoured by their
coupling with industrial plumes (Fernandez-Camacho et al., 2010). In
this monitoring station, it is also noteworthy that the mean levels of Cu
(64.2 ng m™>), Zn (63 ng m ), Pb (16.3 ng m~>), Cd (0.76 ng m %), and
Bi (0.96 ng m~3) under NAF influence, originated from the Cu-smelter
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activities. However, concerning the elements with annual target
values in the EU Normative, air quality thresholds were not exceeded
(500 ng Pb-m~3, EU, 2008; 5 ng Cd-m~3; EU, 2004) in Huelva.

Lepanto is characterised by high mean levels of Cu and Zn (105 and
219 ng m~3, respectively, for NAF episodes) as a result of nearby
smelters of these metals. Another example of high concentrations of Cu
was found in Bailen (137 ng m ™~ under NAF) and was related to a nearby
ceramic industry (Sanchez de la Campa et al., 2014).

V and Ni are other tracers of industrial activity linked to ship traffic
emissions and petrochemical activities (Moreno et al., 2006). High mean
Ni concentrations were observed in the Strait of Gibraltar (La Linea and
Puente Mayorga), showing similar concentrations of NAF and ATL
masses (14-18 ng m3) (Fig. S3), although the European limit did not
exceed (EU, 2004). Levels of V also showed high mean values in these
industrial monitoring sites, especially during NAF episodes (36.2 and
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Fig. 4. Pie charts of average source contribution (ug m~S, %) to PM10 for the selected monitoring stations under NAF and ATL air masses.
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31.9 ng m 3 at Puente Mayorga and La Linea, respectively). (Fig. S3).
Rodriguez et al. (2011) reported the presence of V in desert dust as a
consequence of industrial emissions from North Africa. Furthermore, as
has been previously observed (Sanchez de la Campa et al., 2014), the
coke used as fuel in brick factories in Bailen resulted in high V con-
centrations (33.5 ng m~3 in NAF air masses).

Maximum values of mean Cr concentrations were registered at La
Linea and Puente Mayorga (8.5 and 8.9 ng m >, respectively for NAF),
derived from the industrial activity of a stainless-steel factory. In this
case, Cr concentrations under ATL air masses (11.9 and 10.9 ng m 3 at
La Linea and Puente Mayorga, respectively) are higher because of the
dominant westerly wind in the area (Pandolfi et al., 2011). Likewise, this
metal can be found in high concentrations (5.9 ng m~2 for NAF) in
Granada Norte, and is derived from heavy traffic. The hot-spot traffic
monitoring sites considered in this work showed the highest mean
concentrations of Sn and Sb and trace elements related to brake and tyre
wear. Average Sn and Sb levels found at Granada Norte during NAF
episodes were 5.2 and 4.1 ng m >, respectively. In addition, the
non-exhaust vehicle emissions caused high mean concentrations of Cu
and Cr (approximately 60 and 5 ng m >, respectively) in the traffic sites.

3.2. Source contribution analysis (NAF vs ATL)

Following the PMF model described above, a source apportionment
analysis using PMF 5.0 was performed to identify and quantify the
natural and anthropogenic sources contributing to PM10 at every
monitoring station during the period 2007-2014. Fig. 4 shows the
different sources determined by considering the two main air masses
originating in the study area, NAF and ATL.

The contribution of the sources is highly defined by the type and
location of the monitoring stations. Nevertheless, the majority of them
have the contribution of two main groups of sources in common: natural
(crustal and sea salt) and anthropogenic (traffic, regional, and
industrial).

The crustal source showed typical silicate components, such as
AlyO3, Fe, Ca, Rb, Ti, Mn, and Sr. These soil-like elements are mainly
derived from local dust resuspension and long-range transport of North
African dust. As expected for an area close to the sea, a sea salt source
was also identified with the characteristic marine elements Na, Cl, and
Mg.

The traffic source was characterised by high concentrations of
NO3~, NH4*, and total carbon (TC) due to vehicle exhaust emissions.
Furthermore, high concentrations of Sn, Sb, Cu, Zn, K, Ca, and Ti were

Table 1
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also found within this source, originating from the non-exhaust vehicle
emissions (brake and tyre wear and road dust resuspension) (Amato
et al., 2014).

Another source found in all monitoring sites was a regional one,
with S042~, NO3~, and NH,4* as typical components. These components
are normally associated with emissions from petrochemical activities or
maritime transport, characterised by high concentrations of Ni, V, Co,
Sn, Pb, Sb, Cr, and Mn. Moreover, an industrial source was identified in
some of the monitoring stations with a specific chemical profile deter-
mined by nearby industrial activities.

Table 1 summarises the average source contribution of the selected
monitoring stations under NAF and ATL air masses. Concerning the
crustal source, a higher mean contribution under NAF (15 pg m™>) in-
fluence compared to ATL (6 pg m_3) air masses (Fig. 4), as a conse-
quence of the mineral components coming from the desert dust, has
been observed. Maximum mean concentrations of the crustal source
were obtained at the hot-spot traffic sites (19.1 and 19.8 at Granada
Norte and Carranque under NAF events, respectively) (Table 1). These
high values, derived from the road dust resuspension coupled to NAF
dust, are in the range observed in previous works in the Mediterranean
basin (Querol et al., 2008; Pandolfi et al., 2016). In general, the con-
centration of the sea salt source was higher at the coastal monitoring
stations with a similar contribution under NAF and ATL events (4 and 5
pg m~3, respectively).

The same mean contribution of the traffic source was found for NAF
and ATL (7 pg m™>) in most of the monitoring sites. This fact was also
observed in Principes (Fernandez-Camacho et al., 2016), and can be
attributed to the fine particulate fraction origin of the traffic-related
compounds (Amato et al., 2014). It is also worth noting that NAF
events normally occur during warmer seasons, whereas traffic sources
always increase their contribution during the winter (Cesari et al., 2018;
Mazzei et al., 2008). Furthermore, in some monitoring sites, this source
was mixed with biomass combustion (with K as the main tracer) (Alves
et al., 2011).

Regarding the regional source, derived mainly from long-range
anthropogenic emissions, contributions were almost twice under NAF
events in most of the monitoring stations (Table 1). A mean concen-
tration of 8 pg m~> was obtained for NAF air masses in comparison to
ATL (5 pg m ), within the range described in other Southern European
cities (Amato et al., 2014; Cesari et al., 2018), although no difference
between NAF and ATL air masses has been found in these studies.

Different industrial sources were identified according to the indus-
trial activity developed in the area surrounding each monitoring station.

Mean source contribution (pg m~%) to PM10 levels at the monitoring stations of Andalusia under North African (N) and Atlantic (A) air masses during the period

2007-2014.

Monitoring station Natural Sources pg m > (%)

Anthropogenic sources pg m > (%)

Traffic Crustal Sea salt Traffic Regional Industrial

NAF ATL NAF ATL NAF ATL NAF ATL NAF ATL
Granada Norte 19.1 (39) 5.1 (16) 2.6 (5) 2.0 (16) 14.8 (30)° 17.1 (5D 12.6 (26) 8.8 (27) - -
Principes 15.4 (35) 6.8 (23) 3.9(9) 3.4 (12) 7.3(17) 8.3 (28 9.4 (22) 5.2 (18) 7.5(17) 5.5 (19)
Carranque 19.8 (49) 11.6 (42) 8.3 2D 5.9 21 6.2 (15) 6.3 (23) 6.2 (15) 4.1 (14) - -
Mediterraneo 16.6 (50) 9.7 (38) 4.1 (12) 5.4 (22) 4.9 (15)° 6.4 (25)° 7.9 (23) 3.7 (15) - -
Urban-Industrial
Bailen 16.7 (39) 7.1 24) 4.4 (1D 311D 6.0 (14) 7.0 24) 11.6 (27)° 9.4 (32)" 3919 2.8 (9
Campus 8.7 (28) 4.8 2D 4.4 (14) 4.3(18) 7.9 (25)° 8 (34 8.3(27) 4.9 2D 2.1(6) 1.4 (6)
La Linea 12.6 (34) 7.7 (29) 4.5 (12) 4.6 (18) 11.1 (29) 5.0 (19) 8.4 (22) 7.2 (28) 1.1(3) 1.5 (6)
Pte. Mayorga 13.9 (37) 8.0 29) 8.5 (22) 7.0 (26) 6.8 (18)° 5.8 21" 7.6 (20) 5.3 (19) 1.0 (3 1.3(5)
Urban
Ronda Valle 17.5 (49) 7 (29) 2.9 (8 2.1(9) 9.3 (26) 9.9 (42) 6.3 (17)° 4.7 (200 - -
Lepanto 20.1(48) 8.6 (33) 1.4 (3) 1.2 (D 7.4 (18)" 8.3 (32)" 10.8 (26) 5.6 (22) 2105 2.1 (8)
San Fernando 8.9 (37) 5.2 (26) 4.4 (18 5.5 (28) 5.3 (23)¢ 6.1 (30)° 5.1 (22) 3.3 (16) - -
Rural
Matalascanas 15.9 (46) 5.0 24) 3.7 (1D 6.2 (29) 4.7 (19)° 4.8 (22)° 8.5 (24) 4.2 (20) 1.8 (5 1.1 (5

@ Traffic + Combustion.
b Regional + Combustion.
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At the Bailen industrial site, a source characterised by high concentra-
tions of V, Ni, Pb, and SO42_ was found. These components, derived
from brick factory emissions (Sanchez de la Campa and de la Rosa,
2010), showed a contribution of 3.9 and 2.8 pg m™2 for NAF and ATL
influence, respectively. Two industrial sources were observed at
Campus. The first one, typified by Cu, Zn, As, Cd, and Pb, corresponds to
the emissions from a Cu-smelter (Fernandez-Camacho et al., 2010).
Another industrial source is the production of phosphate derivatives,
which has also been described by other authors (Querol et al., 2002;
Alatuey et al., 2006; Fernandez-Camacho et al., 2012). The sum of the
two industrial sources contributed to PM10 mass 2.1 and 1.4 pg m > for
NAF and ATL air masses, respectively. Even though Matalascanas is
considered a rural site, an industrial source derived from the two in-
dustrial estates mentioned above at the Campus site was identified. This
is due to the closeness (ca. 30 km) of the rural station to the industrial
activity, representing a contribution of 2.0 and 1.0 pg m~> under NAF
and ATL air masses.

The two monitoring stations located near the Strait of Gibraltar (La
Linea and Puente Mayorga) presented an industrial source characterised
by high concentrations of Cr, Ni, Zn, Mn, Cd, and Pb, related to the
metallurgical activity emissions (Li et al., 2018). In this case, a similar
contribution of this source was observed under ATL air masses (1.5 and
1.3 pg m 3 at La Linea and Puente Mayorga, respectively) compared to
NAF events (1.1 and 1.0 pg m~>) related to dominant western winds in
the area (Sanchez de la Campa et al., 2011).

Other monitoring stations with industrial sources are Principes
traffic site due to local industrial emissions from detergent production
(Fernandez-Camacho et al., 2016); and the urban station of Lepanto, as a
result of metallurgic-related activities developed close to the monitoring
station (de la Rosa et al., 2010; Sanchez-Rodas et al., 2017).

The most significant difference between the studied air mass origins
was observed in the average contribution of the crustal source (15.5 and
6.8 ug m ™2 for NAF and ATL, respectively), corresponding to an increase
of 128%. This has already been postulated as the main reason for the
PM10 concentration difference (Rodriguez et al., 2011; Salvador et al.,
2019). However, the higher contribution of some anthropogenic pol-
lutants to NAF events is also remarkable. Even though the traffic pol-
lutants kept similar concentrations under both air masses, an increase in
the sum of regional and industrial sources when comparing NAF (11.8
pg m~>) and ATL (7.8 pg m™>) events was noticed, representing a dif-
ference of 51% (Fig. 3). This may suggest an influence of the dust coming
from North Africa over the anthropogenic pollutants, in addition to the
well-known mineral contribution of these events.

North African dust events are associated with an increased risk of
mortality (Tobias et al., 2011; Pandolfi et al., 2014; Stafoggia et al.,
2016). These dust episodes cause PBL reduction due to a pushing-down
effect of the warm overlying African air masses, which changes the
temperature profile and lowers the inversion (Pandolfi et al., 2013).
Consequently, anthropogenic emissions tended to accumulate. The fine
grain size origin of anthropogenic particle pollutants and their high
concentration in toxic elements have harmful effects on the health of the
population. Hence, environmental managers should take appropriate
actions to reduce local emissions during NAF events to ensure good air
quality.

4. Conclusions

The present study highlights the importance of performing long-term
series studies of source contribution using chemical data of PM10 at the
regional level in Southern Europe. Mean PM10 concentrations and their
chemical composition were studied during the period from 2007 to 2014
to differentiate between two scenarios: NAF events and ATL air masses
origin. The results showed an increase in the mean PM10 concentrations
under the NAF episodes compared to the ATL air masses. Furthermore,
SIC compounds and some toxic elements (As, V, Ni, Pb, and Bi) related to
industrial emissions also presented higher mean concentrations under
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these dust events.

Two main groups of sources have been identified by PMF, consid-
ering the origin of NAF and ATL air masses: natural (crustal and sea salt)
and anthropogenic (traffic, regional, and industrial). The crustal
contribution represents a gain of 128% during the NAF air masses. In
addition, there was also a significant increase (51%) in anthropogenic
sources, suggesting an influence of the NAF events on local anthropo-
genic emissions. Therefore, it has been demonstrated at the regional
level that dust coming from North Africa affects not only PM10
exceedances but also their chemical composition. The population could
be especially exposed to more harmful air quality during these days, and
hence, additional considerations should be taken to reduce the toxic
anthropogenic pollution affecting human health.
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HIGHLIGHTS

e The effect of Covid-19 lockdown over
air pollutants has been studied at
Andalusia.

e PM10 trace elements and NO, levels,
related to traffic, were highly reduced.
e General conclusions for industrial sites

cannot be drawn.

ARTICLE INFO

Handling Editor: Dr. R Ebinghaus

Keywords:

Lockdown

Covid-19

PM10 trace elements
Industrial activity
Traffic

GRAPHICAL ABSTRACT

LOCKDOWN PERIOD

Industrial Traffic

Covid-19 * *

ABSTRACT

Trace element concentrations within PM10, gaseous pollutants (NO3 and SO3), and PM10 levels were studied
during the Covid-19 lockdown at a regional level in Southern Spain (Andalusia). Pollutant concentrations were
compared considering different mobility periods (pre-lockdown, lockdown, and relaxation) in 2020 and previous
years (2013-2016). An acute decrease in NO3 levels (<50%) was observed as a consequence of traffic diminution
during the confinement period. Moreover, a lower reduction in PM10 levels and a non-clear pattern for SOy
levels were observed.

During the lockdown period, PM10 elements released from traffic emissions (Sn and Sb) showed the highest
concentration diminution in the study area. Regarding the primary industrial sites, there were no significant
differences in V, Ni, La, and Cr concentration reduction during 2020 associated with industrial activity (stainless
steel and oil refinery) in Algeciras Bay. Similarly, concentrations of Zn showed the same behaviour at Cordoba,
indicating that the Zn-smelter activity was not affected by the lockdown. Nevertheless, stronger reductions of Cu,
Zn, and As in Huelva during the confinement period indicated a decrease in the nearby Cu-smelter emissions.
Brick factories in Bailen were also influenced by the confinement measures, as corroborated by the marked
decrease in concentrations of Ni, V, Cu, and Zn during the lockdown compared to that from previous years.
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This work has shown the baseline concentrations of trace elements of PM10, which is of great value to air
quality managers in order to minimise pollution levels by applying the confinement of the population, affecting
both traffic and industrial anthropogenic activities.

1. Introduction

By the end of 2019, the first case of Covid-19 (derived from the
coronavirus SARS-CoV-2) was reported in Wuhan (China). The virus
rapidly spread into Europe throughout Italy, and on 11th March a global
pandemic was declared by the World Health Organization (WHO,
2020a). Since then, several countries have established lockdown mea-
sures to minimise the number of people infected. With the aim of
diminishing human mobility, most economic activities, except those for
essential purposes, were reduced. Consequently, flights, trains, and
vehicular and public transportation were stopped. This exceptional sit-
uation supposed an enormous change from a social, economic, and
environmental point of view.

The scientific community took this opportunity to study air quality
with less human influence on the environment. TROPOMI and OMI
satellite image analysis showed that NO, levels decreased in China
(40%), South Korea (30%), the United States (42-48%), and Western
Europe (20-38%) (Bauwens et al., 2020) during the corresponding
confinement periods. Other studies in China have also reported the
reduction of gaseous pollutants and PM10 and PM2.5, as a result of
lower emissions from road traffic and coal combustion (Xu et al., 2020;
Silver et al., 2020). Furthermore, a marked decrease in PM2.5 concen-
trations was observed in India and the USA, especially in major urban
cities with traffic influence (Chen et al., 2020; Mahato and Ghosh,
2020). However, these observations did not always apply to SO, levels,
which experienced only a slight decrease (Shi and Brasseur, 2020;
Kandari and Kumar, 2021). SO, emissions were associated with coal
burning for residential heating and energy production, and these ac-
tivities were not suspended during the confinement periods. Apart from
evaluating the drop in air pollutant concentrations, other studies have
emphasised the relationship between exposure to atmospheric pollution
and Covid-19 deaths (Wu et al., 2020; Shakoor et al., 2020). It has been
demonstrated that the presence of certain air pollutants (i.e. NO,, PM10,
and PM2.5) increases respiratory and cardiovascular health problems.
Therefore, polluted air can involve an extra risk, considering that the
virus spreads by droplet and aerosol transmission (Wang and Du, 2020;
Zhu et al., 2020; Naqvi et al., 2021).

The Covid-19 virus quickly reached Europe at the end of March
2020; therefore, restriction measures were taken across the territory.
Filonchyk et al. (2021) showed the greatest reduction in PM10 and
PM2.5 concentrations in April and March 2020 compared to the same
period in 2019 in large cities of Poland. Other European cities from the
UK and Italy found a clear decrease in NOy levels, while SO did not have
the same pattern at all monitoring sites (Collivignarelli et al., 2020;
Donzelli et al., 2020; Higham et al., 2021; Wyche et al., 2021). In spite of
the numerous works mentioned above, all of them focus on the study of
gaseous and particulate matter (PM) concentration changes, neglecting
its chemical composition.

Spain is one of the countries most affected by Covid-19, becoming
the fifth state with the highest number of cases (WHO, 2020b). On 14th
March, Spain’s President declared a state of emergency, imposing a
lockdown across the country and limiting all unnecessary displacements
of the people. The confinement period in Spain was approximately two
months followed by a progressive relaxation period. Subsequently, a
“new normal” was created. In addition to the rest of the world, many
research groups have studied the changes in air quality in Spain
considering these three periods. The authors concluded in an important
reduction in NOy, NO,, and NO emissions (~40-60%) due to the dimi-
nution of road traffic, notably in large cities such as Madrid, Barcelona,
and Valencia (Baldasano, 2020; Tobias et al., 2020; Donzelli et al.,

2021). The PM concentrations also decreased in these cities (30%
PM10), although variations in PM2.5 values were less pronounced
because this secondary pollutant has other potential emission sources
such as industry, farming, or agricultural biomass burning, but also
because of the contribution of secondary component to its total mass
concentration. Another important finding was the relative change in SO,
and CO levels: a smaller decrease or increase was observed because of
their origin from specific industrial activities, cargo shipping, or do-
mestic coal heating, which were less affected by government restrictions
(Martorell-Marugan et al., 2021; Querol et al., 2021). All of the above
works concurred that the confinement imposed in 2020 has offered to
the scientific community ideal conditions to study the factors most
implied in air quality improvement. Nevertheless, there is no back-
ground information about the influence of mobility measures on the PM
chemical composition. Until now, most of the authors have focused on
gaseous pollutants and changes in PM10 levels. They coincided with a
lower decrease in PM10 concentrations compared to NO; levels. In this
sense, it is interesting to emphasise the complex origin of PM given the
physicochemical variety of its components and sources (Moreno et al.,
2006). Thus, understanding the evolution of the PM chemical compo-
sition during the lockdown should allow a better comprehension of the
PM diminution origin and its respective sources.

In this study, we aimed to assess the change in PM10 trace elements
during the year 2020 at a regional level (Andalusia, Southern Spain) as a
consequence of the adopted lockdown to avoid the spread of Covid-19.
For this purpose, the concentrations of PM10 trace elements related to
traffic and industrial emissions obtained during 2020 were compared to
values recorded in earlier periods (2013-2016). Furthermore, we pro-
vide gaseous pollutants (SO3 and NO5) and PM10 levels during this year
with mobility restrictions. These results can be used in the future to
improve air quality in areas with a significant contribution of traffic and
industry.

2. Methodology
2.1. Study area

Andalusia is the southernmost region of the Iberian Peninsula and
the largest community in Spain (approximately 8.5 million inhabitants,
INE, 2021). This region is separated from North Africa by the Strait of
Gibraltar, where the Mediterranean Sea (East) and the Atlantic Ocean
(West) meet (Fig. 1). The topography of Andalusia encompasses three
different areas: the Sierra Morena Range in the north, the Baetic
Mountains in the south, and the basin of the Guadalquivir River lies
between these two mountainous areas. The climate in Andalusia is
generally Mediterranean (hot summers and mild winters), with great
variation due to its complex topography: the weather is dryer in the east,
and rainfall increases in the coastal locations. Furthermore, a more
continental climate is found in areas adjacent to the main mountainous
ranges. North African dust outbreaks affect the air quality of Andalusia,
which normally occurs during February, March, and summer months.
(Rodriguez et al.,, 2001; Cachorro et al., 2008; Fernandez-Camacho
et al., 2010; Millan-Martinez et al., 2021b).

The economy of Andalusia is primarily based on service and agri-
cultural sectors, although there are also important industrial estates
located across the territory. In this sense, several studies highlight
emissions related to different industrial activities. High concentrations
of SOy, and certain toxic metals released from metallurgic processes,
ceramic industries, and oil refineries are some examples (Querol et al.,
2004, 2008; de la Rosa et al., 2010; Pandolfi et al., 2011; Sanchez de la
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Campa et al., 2018; Millan-Martinez et al., 2021a, 2021b). Another
important source of pollution in Andalusia is road traffic. The levels of
NO5 and PM10 are higher in populated urban areas because public
transportation is, in most cases, insufficient (de la Rosa et al., 2010;
Amato et al., 2014).

For PM10 geochemical composition characterisation purposes, 12
monitoring sites belonging to the Air Quality Monitoring Network of the
Regional Government of Andalusia were considered in this study. They
are distributed in the eight provinces of Andalusia (Fig. 1) and were
selected considering their environments and nearby emission sources.

1. Four traffic monitoring stations: Principes (Seville), Palacio Con-
gresos (Granada), Carranque (Malaga), and Mediterraneo (Almeria).
These sites are located in metropolitan areas of some of the most
populated cities of Andalusia (Seville, 700,000 inhabitants; Malaga
578,000 inhabitants, INE, 2021) and, hence, are affected by dense
urban traffic emissions. The air quality in these locations has been
previously studied (Fernandez-Camacho et al., 2016; Sanchez-Rodas
et al., 2017).

2. Five urban-industrial monitoring stations: Campus (Huelva), La
Rabida (Huelva), Nerva (Huelva), Puente Mayorga (Cadiz), and
Bailen (Jaen). Campus and La Rabida sites have been broadly studied
because of the industrial estates established in this area. Thus, the
emission of sulphide-related trace elements in PM10 (As, Se, Cd, Sb,
Bi, or Pb) from a Cu-smelter has been the principal geochemical
anomaly found in many studies (Chen et al., 2016; Sanchez de la
Campa et al.,, 2018; Millan-Martinez et al., 2021a). The Nerva
monitoring station is located in the vicinity of a mining district
(Riotinto) characterised by sulphide geochemical anomalies derived
from fugitive emissions (Sanchez de la Campa et al., 2020). Very
close to the Strait of Gibraltar (Algeciras Bay, Cadiz) (Fig. 1) are
located a petrochemical plant and oil refinery, a power plant, and a
stainless-steel industry. Considering this industrial activity and the
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high maritime transport, high concentrations of Cr, V, and Ni have
been reported in the nearby selected monitoring sites (La Linea,
Fig. 1) (de la Rosa et al., 2010; Pandolfi et al., 2011). Bailen is
another industrial site characterised by the presence of one of the
largest ceramic industries in Spain (Sanchez de la Campa et al., 2010;
Sanchez de la Campa and de la Rosa, 2014).

3. Two urban monitoring stations, San Fernando (Cadiz) and Lepanto
(Cordoba). The latter is affected by emissions from not-too-far met-
allurgy factories (Sanchez-Rodas et al., 2017).

4. One rural monitoring station was Matalascanas (Huelva). This
monitoring site is situated on the eastern coastline of Huelva, 30 km
from the industrial estate already mentioned for the Campus site.
Furthermore, Matalascanas is within Donana National Park, declared
a UNESCO “World Reserve of the Biosphere”.

To evaluate the Covid-19 restriction measures over the concentration
of pollutants, we compared the following subperiods:

1. The pre-lockdown period: 1st February to 15th March when the state
of emergency was declared in Spain.

2. Lockdown period: 16th March to 10th May when a relaxation period
was established.

3. Relaxation period: 11th May to 31st July. In Spain, different relax-
ation measures were taken depending on the region (Querol et al.,
2021), but in Andalusia, this relaxation applied to nearly the entire
territory.

These three sub-periods were studied for PM10 trace element con-
centrations comparing the year 2020 to the average concentrations
obtained during 2013-2016, since no data were available during
2017-2019.
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Fig. 1. Map of the study area indicating the provinces and the monitoring stations.



M. Millan-Martinez et al.
2.2. Industrial activity

The confinement imposed in 2020 supposed strict mobility re-
strictions and, thus, a direct impact on transport and traffic-related at-
mospheric emissions. Nevertheless, essential services were not wholly
suppressed; therefore, the influence of the lockdown on the industrial
sector remains unclear. It has already been mentioned that some
monitoring stations are influenced by different industrial activity
emissions in Andalusia. Consequently, it is very important to study the
main air pollutant emissions derived from these activities during 2020
and previous years using the European Pollutant Emission Register
(EPER, 2021). Furthermore, Emissions Inventory of Andalusia Govern-
ment (2003-2019) has been consulted in order to select the main
pollutant contributions in the different Andalusian provinces (htt
ps://bit.ly/38QfZxE). From this inventory, it can be inferred that the
most representative emissions correspond to several activities located at
specific industrial estates (Huelva, Algeciras Bay and Bailen).

In the province of Huelva, several industrial estates affect the
monitoring sites of Campus and La Rabida (Millan-Martinez et al.,
2021a). The predominant activities contributing to SO, emissions are an
oil refinery (La Rabida) and a Cu-smelter, and to a much lesser extent,
the TiO, pigment manufacturing industry. Comparing SO emissions to
those obtained in previous years (Fig. S1), a no relevant variation can be
observed in 2020. The production of Cu is also responsible for the
release of Cu and other sulphide-related elements such as Zn, As, Sb, and
Pb, which have significantly decreased over the years (Fig. S1).
Attending to Ni emissions coming from the refinery, a decreasing trend
was noticed beginning in 2015, whereas Ni levels from the Cu-smelter
were higher in 2020 than in previous years.

The other relevant industrial area of Andalusia corresponds to the
Algeciras Bay (province of Cadiz, Fig. 1), where is located the Puente
Mayorga monitoring station. In this case, SO levels proceed from an oil
refinery and a coal-fired power station, which has been inactive since
March 2019. Furthermore, the substitution of coke as fuel by natural gas
in the oil refinery has resulted in a progressive decrease in SO, emissions
since 2015 (Fig. S2). High Cr emissions have also been registered in the
area, primarily as a result of the presence of a stainless-steel
manufacturing plant (Pandolfi et al., 2011; Millan-Martinez et al.,
2021b). The amount of Cr emitted from this industry does not present a
high variation in 2020 (Fig. S2), but considering the oil refinery, the
emissions of Cr have decreased significantly since 2014.

Finally, the ceramic industry (brick and pottery) is highly developed
in the city of Bailen (province of Jaen, Fig. 1). These activities are
characterised by the emissions of air pollutants such as SO, Ni, Zn, Pb,
and Cu derived from coke combustion emission plumes (Sanchez de la
Campa et al., 2010). Selecting a representative ceramic industry, a
reduction in the emissions of these pollutants has been observed in 2020
(Fig. S3).

2.3. PM sampling and analysis

During 2020, PM10 sampling was performed using low-volume
captors (DIGITEL DPA14; 58 m® day!). Sampling frequency was one
filter every six days for a duration of 24 h. Furthermore, intensive
campaigns were also performed at the industrial monitoring stations of
Puente Mayorga and Campus (192 and 184 filters/year, respectively).
Quartz glass filters were used to collect PM10.

For PM10 chemical analysis, a half fraction of each filter was acid
digested (2.5 mL HNOs: 5 mL HF: 2.5 mL HClOy) for the analysis of trace
elements by ICP-MS (Agilent model, 7900) using a modified method
proposed by Querol et al. (2001). For quality control, analysis of the
NIST-1633c (fly ash, Standard Reference Material) was carried out
during every analytical run of the ICP-MS methodology. The digestion
procedure of the PM10 samples and ICP-MS analysis were also validated
using NIST-1648a (urban particulate matter, Standard Reference Ma-
terial). External calibration was performed by ICP-MS using 1, 2, and 4
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Agilent® multielemental solutions (1-250 pg L™}, as well as HNO3 5%
blank). To minimise the possible fluctuations in the plasma, 103ph was
used as an internal standard. The average precision and accuracy fall for
most of the elements under typical analytical errors (in the range of
5-10%).

PM10 chemical information obtained in 2020 was compared to the
mean values from 2013 to 2016. In addition, PM10 and gaseous
pollutant levels (NOy and SO»), recorded by the corresponding auto-
matic instrumentation (reference methods, EU 2008), were studied
during 2020 and the period 2013-2016. In this respect, the monitoring
stations Granada Norte site, next to Palacio Congresos, and La Linea site
in Algeciras Bay (Fig. 1), were also considered.

3. Results and discussion
3.1. Pluviometry and air masses origin

It is widely known that dust coming from the Saharan desert is often
transported to Southern Europe, causing an increase in PM10 levels
(Viana et al., 2002; Querol et al., 2009; Salvador et al., 2013). For this
reason, it is important to consider these events during the study period.
To this end, air masses in the monitoring stations were studied consid-
ering two representative locations: Western Andalusia (37° N, 6° W) and
Eastern Andalusia (37° N, 3° W). A five-day back-trajectory analysis
starting at three different altitudes (500, 1500, and 2500 m a. s.1.) was
carried out using the HYSPLIT model (Stein et al., 2015) of the NOAA Air
Resources Laboratory (ARL) (https://www.ready.noaa.gov/HYSPLIT.
php). Additionally, North African dust events affecting the monitoring
stations were also studied using aerosol, dust maps, and satellite images
from NRL (http://www.nrlmry.navy.mil/aerosol), SKIRON (https://
forecast.uoa.gr/en/forecast-maps/dust/north-atlantic), BSC DUST (htt
ps://ess.bsc.es/bsc-dust-daily-forecast), and Earth Data NASA project
(https://worldview.earthdata.nasa.gov/).

The daily atmospheric episodes are classified as North African (NAF)
when an African dust outbreak occurs, Atlantic (ATL), including the
ones from N, NW, SW, and W Atlantic air masses, and other minor air
mass origins (regional, Mediterranean, and European origins >5%).

By analysing the mass origin frequency during 2020 and the period
2013-2016, we found Atlantic to be the most frequent origin for West-
ern (58% and 62%, respectively) and Eastern Andalusia (46% and 52%,
respectively). In addition, when comparing air masses during lockdown
months, similar NAF events occurred for 2013-2016 and 2020: 30% and
34% for Western Andalusia, and 41% and 44% for Eastern Andalusia
(Fig. S4).

Rainfall is another relevant driving parameter for pollutant levels
since it is well known that precipitation can “wash” the atmosphere and
result in the deposition of air pollutants. Data from the Spanish State
Meteorological Agency show that during lockdown months in 2020,
cumulative precipitation was 80 L, which is comparable to the average
obtained for the period 2013-2016 (74 L) for the same months.

3.2. Gaseous pollutants and PM10 levels

The percentages of change in NO3, SO, and PM10 levels in 2020 are
shown in Table 1 for each monitoring site compared to the same sub-
periods in 2013-2016. A general overview reveals an important
decrease in NO2 emissions and PM10 levels in most of the monitoring
sites during confinement. In the case of SOj, a clear pattern is not
observed.

During the lockdown period, NO5 levels were reduced by half in most
of the monitoring sites. This fact is especially important in traffic
monitoring stations with high NO, levels (i.e. the annual mean in
Granada Norte in 2016 was 44 pg NOo m~3), where the annual NO,
concentration standard (40 ug m~>) established by European directives
(EU, 2008) is sometimes exceeded. The primary NO, anthropogenic
sources are vehicles exhaust emissions and fossil fuel combustion
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Table 1

Variation of percentages in 2020 pollutants levels at the considered monitoring
stations of Andalusia during the pre-lockdown, lockdown and relaxation pe-
riods, compared with the respective averaged values for the same three periods
in 2013-2016.

MONITORING PRE- LOCKDOWN RELAXATION

STATION LOCKDOWN

TRAFFIC

Granada Norte SO, -30 —-20 -9
NO, 8 -58 -20
PM10 11 -35 -11

Principes SO, -17 -31 —22
NO, —-21 —61 —41
PM10 8 -33 -15

Carranque SO, -76 -79 -53
NO, 7 -55 -11
PM10 7 -23 -23

Mediterraneo SO, —55 —64 -72
NO, -6 —66 -29
PM10 20 —41 —-28

URBAN-INDUSTRIAL

Bailen SO4y 25 -2 20
NO, -1 -55 -2
PM10 -4 —41 -12

Campus SO, 80 -1 -5
NO, 35 -35 —-36
PM10 1 -12 -5

La Linea SO, 77 -84 —82
NO, -19 —58 -37
PM10 —26 —-34 -37

URBAN

Lepanto SO, —34 —47 -20
NO, -11 —-72 —40
PM10 30 -27 —4

San Fernando SO, —67 -76 —62
NO, —26 -77 -25
PM10 11 -13 7

RURAL

Matalascanas SO, -13 33 39
NO, -18 -71
PM10 15 3 -19

(Hesterberg et al., 2009), and in Spain, more than 75% of NO5 emissions
are due to road traffic (MITECO, 2020). This gaseous pollutant con-
tributes to the formation of PM2.5, and Os in the air, representing a
human health risk (Santurttn et al., 2017). Fig. 2 shows a pronounced
decrease in NO; levels corresponding to the beginning of the lockdown
period at the traffic monitoring stations. Although levels tended to
recover during the relaxation period, they did not reach the values
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recorded in January 2020. This is due to the mobility restrictions
imposed by the Spanish government between certain regions, as well as
the enhancement of teleworking with the aim of avoiding human con-
tact. Therefore, the influence of the lockdown on traffic emissions and
the corresponding NO, level reduction in Andalusia agrees with previ-
ously published results in other regions of Spain (Baldasano, 2020;
Tobias et al., 2020; Querol et al., 2021; Ceballos-Santos et al., 2021;
Donzelli et al., 2021).

In the case of PM10 levels, a less marked decrease occurred in the
study area. PM10 concentrations were reduced between 12% and 41%,
with the highest variation in the inland cities of Andalusia. There are
various sources that contribute to the total mass content of PM10; ma-
rine aerosols and mineral dust from natural resuspension are two of the
primary sources. This could explain why Campus (urban-industrial) and
Matalascanas (rural) PM10 levels remained stable or slightly decreased
during the lockdown period. These monitoring stations, located in the
western part of Andalusia, have a high contribution of mineral dust and
marine aerosols to PM10 (Millan-Martinez et al., 2021) and are strongly
affected by NAF episodes. Nevertheless, a PM10 chemical composition
study is needed to comprehend the actual origin of the decrease.

SO, is a gaseous pollutant generated by high-temperature processes
such as industrial activities, energy production or domestic heating. In
Andalusia, 34% of SO, emissions were derived from oil refineries (EPER,
2019). SO, levels are normally low, not higher than 10 pg m~3, and
small differences in concentrations could involve high variation per-
centages. The European normative does not establish any annual SO,
limit; however, it is recommended that it does not exceed 350 SO,
pg-m~3h~! more than 24 times per year. This target value is rarely
exceeded; nevertheless, sporadic hourly SO, peaks (>20 pg m > h™1)
have often been measured at industrial sites. In this sense, it is more
interesting to evaluate the number of days with SO impacts over the
previous years to those in 2020.

The monitoring stations of Campus and Puente Mayorga have been
previously described because of the high industrial influence of the oil
refineries, petrochemical plants, and metallurgic activities developed in
the area (Pandolfi et al., 2011; Sanchez de la Campa et al., 2018). In
Fig. 3, it can be clearly seen that there has been no decrease in SO5
impact days in Campus since 2012. In the case of Puente Mayorga,
impact days started to be reduced from 2018 to 2020, possibly as a result
of the use of natural gas as fuel in several industrial activities (personal
communication). This is in concordance with the high reduction per-
centage of SO, levels in La Linea, not only in the lockdown period.

Analysing the year 2020, impact days became lower than in Campus
over several months, contrary to what has been observed in previous
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Fig. 2. Time variation of NO; concentrations during the year 2020 at the traffic monitoring stations considered in this study. PRINC: Principes; G.NORTE: Granada
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Fig. 3. SO, impacts days per year in the period 2012-2020 (left) and per
Puente Mayorga.

years. Another important observation is the slight reduction of the SOy
impact days in March in Campus, whereas in Puente Mayorga, impacts
are higher in March than in February. Nevertheless, SO concentrations
are highly dependent on the wind regimes, making it more difficult to
evaluate industrial activity during the lockdown period.

In summary, as a consequence of the Covid-19 adopted measures,
there was a remarkable reduction in NO, emissions at a regional level as
a result of the lower traffic during the stay-home period. To a lesser
extent, due to the contribution of natural sources, lockdown measures
also resulted in a decreasing pattern in PM10 levels in most cases. A
different scenario was observed for SO, levels, with no clear trends in
change percentage and impact days during the lockdown period.

Table 2
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month during 2020 at the urban-industrial monitoring stations of Campus and

3.3. Geochemical maps of PM10 trace elements (2020 vs 2013-2016)

Annual average concentrations of main PM10 trace elements during
2020 are summarized in Table 2 and represented in more detail in the
geochemical maps in Fig. S5. When comparing with the mean concen-
trations obtained for the period 2013-2016 certain anomalies are still
observed in 2020 as a consequence of traffic or specific industrial
emissions.

V and Ni are two elements whose emissions are derived from in-
dustrial activities such as oil refineries, coal-fired power plants, and
maritime transport from fuel-oil combustion. Previous studies have
highlighted the high Ni and V concentrations in PM10 in Puente May-
orga as a consequence of industrial estate emissions (Moreno et al.,

Mean PM10 trace elements concentrations (in ng m~>) at the monitoring stations of Andalusia during 2020. P.CON: Palacio Congresos; PRINC: Principes; MED:
Mediterraneo; CARR: Carranque; PMAY: Puente Mayorga; CAMP: Campus; BAIL: Bailen; RAB: La Rabida; NERV: Nerva; LEP: Lepanto; S.FER: San Fernando; MAT:

Matalascanas.
Monitoring station Traffic Urban-Industrial Urban Rural
P.CON PRINC MED CARR PMAY CAMP BAIL RAB NERV LEP S.FER MAT
N, ng m3 54 61 60 59 192 184 64 58 63 62 59 62
Li 0.78 0.41 0.39 0.26 0.23 0.29 0.68 0.33 0.59 0.48 0.23 0.31
Be 0.02 0.02 0.01 0.01 0.01 0.01 0.03 0.01 0.02 0.03 0.01 0.06
Sc 0.17 0.12 0.10 0.08 0.05 0.09 0.15 0.10 0.18 0.13 0.07 0.08
A 3.28 1.79 2.75 4.08 2.55 1.60 23.71 1.91 1.71 1.76 1.65 1.39
Cr 3.46 3.34 3.21 2.94 13.1 1.24 2.32 2.36 1.57 2.56 1.75 1.12
Co 0.25 0.20 0.18 0.16 0.33 0.14 0.24 0.28 0.28 0.17 0.10 0.13
Ni 2.98 3.45 3.10 3.14 6.59 1.32 6.90 2.54 1.45 1.62 241 1.38
Cu 8.88 135 7.74 9.26 7.48 21.2 5.95 276 12.8 20.3 3.30 30.4
Zn 21.5 34.3 16.2 26.1 39.7 16.8 24.2 60.4 14.5 80.7 14.1 19.1
Ga 0.30 0.20 0.15 0.14 0.11 0.13 0.29 0.15 0.27 0.26 0.11 0.11
Ge 0.33 0.31 0.39 0.31 0.12 0.13 0.32 0.16 0.14 0.42 0.33 0.11
As 0.41 0.87 0.51 0.33 0.36 3.29 0.46 6.11 1.61 0.51 0.41 0.94
Se 0.10 0.12 0.10 0.10 0.04 0.12 0.13 0.19 0.13 0.14 0.13 0.10
Rb 1.50 0.98 0.67 0.71 0.32 0.68 2.14 0.76 1.18 1.87 0.47 0.60
Sr 11.0 3.97 4.83 3.24 2.28 2.07 5.33 3.59 3.37 4.19 3.40 3.32
Y 0.69 0.68 0.47 0.55 0.17 0.27 0.62 0.33 0.41 0.67 0.51 0.26
Zr 3.23 3.45 3.36 3.05 0.73 2.46 3.27 1.60 3.11 3.38 2.60 1.44
Mo 11.6 11.7 8.28 11.1 0.60 241 9.36 5.01 4.44 8.19 10.5 3.63
Ccd 0.07 0.08 0.06 0.07 0.29 0.37 0.08 0.61 0.11 0.30 0.03 0.10
Sn 2.06 2.46 2.14 2.44 1.39 1.28 0.88 0.97 0.65 2.24 0.84 0.60
Sb 1.26 1.58 1.02 1.16 0.55 0.66 0.79 1.23 0.48 1.24 0.33 0.24
Cs 0.07 0.04 0.04 0.02 0.02 0.03 0.11 0.03 0.06 0.10 0.02 0.02
Ba 17.9 19.2 16.2 20.9 3.12 6.92 19.2 8.73 8.77 20.9 13.8 7.11
La 0.63 0.48 0.37 0.32 1.66 0.33 0.56 0.35 0.50 0.67 0.30 0.28
w 0.03 0.03 0.03 0.03 0.08 0.02 0.04 0.08 0.10 0.08 0.03 0.09
Tl 0.01 0.01 0.03 0.01 0.01 0.02 0.25 0.03 0.02 0.07 0.00 0.01
Pb 5.28 4.98 4.06 3.19 6.05 10.8 14.5 26.6 6.37 7.32 3.32 3.63
Bi 0.12 0.34 0.18 0.17 0.12 0.57 0.15 0.85 0.26 0.21 0.16 0.10
0) 0.18 0.21 0.15 0.17 0.03 0.07 0.17 0.11 0.09 0.18 0.15 0.06
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2008; Pandolfi et al., 2011; Sanchez de la Campa and de la Rosa, 2014).
Even though a high concentration of V was still found in Bailen in 2020
(24 ng m~3), the recent use of natural gas as fuel in the nearby industries
of Puente Mayorga station (CEPSA, 2020) and the inactivity of the
coal-fired power plant (European Policies to reduce CO, emissions),
resulted in a strong reduction of V concentrations (2.6 ng m™°> 2020 vs
22 ng m~3 2013-2016). A similar situation was observed for Ni con-
centrations, with maximum values in Bailen (6.9 ng m~>) and an
important diminution in Puente Mayorga (average concentrations of 6.6
and 17 ng m~> in 2020 and 2013-2016, respectively). The highest
concentrations of Cr in 2020 (13 ng m’3) corresponded to Puente
Mayorga, derived from a stainless-steel factory located in Algeciras Bay.
In addition, the catalysts used in oil refining processes can release La,
explaining why this metal has the highest values in Puente Mayorga (1.7
ng m > 2020).

The concentrations of As were highest in the monitoring stations of
Campus and La Rabida in 2020 (3.3 and 6.1 ng m >, respectively) due to
Cu-smelter emissions in the area. As a result of this industrial activity,
high concentrations of Cu, Zn, and Pb were also found in La Rabida (276,
60, and 27 ng m~3, respectively in 2020). In the city of Cordoba (Lep-
anto monitoring station), previous studies have described high Cu and
Zn concentrations from the nearest Zn-smelters (de la Rosa et al., 2010;
Sanchez-Rodas et al., 2017; Millan-Martinez et al., 2021b). However, an
important decrease was observed in 2020 (Cu: 20 ng m~>; Zn: 81 ng
m’s).

Sn and Sb are typical elements released from non-exhaust traffic
emissions (brake wear) (Amato et al., 2014). The brake-pads of vehicles
contain SbyS3 as lubricant for friction material, which is emitted as
particles during break wear. The heat generated during this process can
oxide considerably SbySs (von Uexkiill et al., 2005; Lijima et al., 2007;
Amato et al., 2009). The related-origin of Sb with traffic emissions have
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been previously observed in other traffic monitoring stations of Anda-
lusia (Sanchez-Rodas et al., 2017). Accordingly, the highest concentra-
tions of these elements were registered in 2020 in the four
traffic-monitoring stations selected for this study (Fig. S4).

In summary, the principal geochemical anomalies already described
in previous years were also observed in 2020. However, the decrease or
inactivity of certain industrial activities, as well as the implementation
of abatement measures, have resulted in mean concentration diminu-
tions for some trace elements. Relevant reduction percentages were
registered in Puente Mayorga in V (88%) and Ni (60%) in 2020 with
respect to 2013-2016. Similarly, the mean concentrations of Cu and Zn
also decreased in 2020 at Campus (71% and 53%, respectively) and La
Rabida (32% and 58%, respectively). In addition, the concentrations of
these two elements were diminished by approximately 80% at Lepanto.
Cr (Puente Mayorga) and As (Campus and La Rabida) did not display
relevant variations in the annual concentrations of PM10 in both
periods.

3.4. Evolution of PM10 trace elements in year 2020

To study the influence of the Covid-19 mobility restrictions on the
PM10 trace element concentrations, a more detailed study was per-
formed during the year 2020. To this end, 2020 mean concentrations
were compared to those obtained in the earlier period of 2013-2016. In
both cases, the above-mentioned subperiods (pre-lockdown, lockdown,
and relaxation) have been considered. The concentration variations are
shown in Fig. 4.

The mean concentrations of V and Ni at the Puente Mayorga moni-
toring site showed significant differences during the three subperiods
when comparing 2020 and 2013-2016. Even though the percentage
reductions of both metals were approximately 80%, this decrease is
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Fig. 4. Comparison between mean trace elements concentrations (ng m~>) during 2020 and the period 2013-2016 taking into account the three different mobility

periods: pre-lockdown, lockdown and relaxation.
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related to the fuel change in the Algeciras Bay refinery and the inactivity
of the nearby coal-fired power station since 2019. In addition, regarding
La concentrations (cracking process catalysts of oil refinery) and Cr
(stainless steel industry), no significant diminutions were observed in
any subperiod. From these results, it can be inferred that the industrial
activity developed in the area did not decrease during the lockdown.

A different scenario occurred at the industrial site of Bailen. V and Ni
concentrations decreased during the lockdown and relaxation periods
during 2020 with respect to 2013-2016 (Fig. 4). In this case, the high
concentrations of Ni and V have been associated with the use of coke as
fuel in brick factories; therefore, a lower demand for construction sector
materials during the confinement may have produced a reduction in
these emissions.

Concerning Cu and Zn concentrations derived from the Zn metal-
lurgy activity at Lepanto, significant reductions were observed, between
70% and 90%, in the three subperiods. These activities do not seem to be
affected by the confinement measures because the diminution concen-
trations were also maintained during the pre-lockdown and relaxation
periods.

In the province of Huelva, Cu, Zn, and As concentrations showed the
highest diminution in 2020 with respect to the 2013-2016 mean values
in the lockdown and relaxation periods at Campus. This indicates a
decrease in the emissions from the Cu-smelter previously defined.
However, these toxic trace element concentrations did not show a high
diminution during the lockdown at La Rabida, which is also affected by
the Cu-smelter. The different scenarios given between La Rabida and
Campus can result from fugitive emissions due to the handling of pol-
ymetallic sulphides in a port area close to La Rabida. (Millan-Martinez
et al., 2021a).

Finally, significant reductions in Sn and Sb concentrations during the
lockdown stage were higher than those observed in the pre-lockdown
and relaxation periods. This decrease was registered in all the traffic
monitoring sites as well as in urban and industrial stations such as San
Fernando, Campus, and Puente Mayorga (Fig. 4). Traffic emissions were
remarkably reduced by the imposed confinement in 2020.

The comparison of the PM10 trace element mean concentrations
obtained in the three different subperiods in 2020 and 2013-2016
revealed the change in anthropogenic activities under mobility re-
strictions. Road traffic-related elements (mainly Sn and Sb) underwent a
significant reduction during this period. In the industrial sector, the
results showed that emissions from the stainless-steel factory (Cr) and
the oil refinery (V, Ni, and La) in Puente Mayorga were maintained. Zn-
smelters located in Lepanto were not affected during lockdown.
Conversely, the ceramic industry in Bailen and the Cu-smelter affecting
Campus (Huelva) experienced a decrease during confinement months.

4. Conclusions

Mobility restrictions imposed by the Spanish Government during the
global pandemic of SARS-CoV-2 (Covid-19) gave rise to unprecedented
conditions for evaluating the variation of certain air pollutant concen-
trations. In the present study, gaseous pollutants (NO2 and SO3) PM10
levels and trace element concentrations in PM10 during 2020 were
compared to those obtained in 2013-2016 in Andalusia (Southern
Spain). The results showed a strong decrease in NO in the study area
during the lockdown period resulting from traffic diminution. A
smoother reduction was observed in PM10 levels, and a non-defined
pattern was found for SO levels.

The trace element results revealed an accused diminution of road
traffic emissions during the lockdown period compared to previous
years. Considering the elements derived from particular industrial
emissions, different conditions can be distinguished. In Algeciras Bay,
the concentration variations of Cr, V, and Ni, as well as the lack of
reduction of SO, impacts during the lockdown period, corroborated the
continuity of the industrial activity (oil refinery and stainless-steel fac-
tory) in the area. At the Bailen site, a significant decrease in elements
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derived from the brick production industry (Ni, V, Cu, Zn, and Pb)
during the confinement period can be associated with a reduction in
construction sector demand. In the city of Huelva, trace elements asso-
ciated with Cu-smelter (As, Cu, and Zn) showed larger decreases during
the lockdown and relaxation periods. This fact seems to be in concor-
dance with the lower number of SO, impact days during March 2020,
which points to a steady reduction in the Cu-smelter emissions.

The results obtained in this study are of great interest to air quality
managers to determine the degree of reduction in the concentration of
metals in ambient air during the confinement of the population. The
most significant reduction in the metal concentration in PM10 is related
to traffic mobility. However, metals derived from industry are depen-
dent on the type of activity present.
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