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Chemical composition of PM10 at a rural site in the western Mediterranean
and its relationship with the oxidative potential
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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• PM10 mainly made up of organic matter
and crustal components.

• WSOC and MSOC come from combus-
tion sources and secondary aerosol
formation.

• OPAA was not strongly correlated with
any of the species measured.

• Moderate to strong correlations between
OPDTT and biomass burning tracers.

• PM10 is not a good metric for aerosol
toxicity in the study area.
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A B S T R A C T

A comprehensive chemical characterization (water-soluble ions, organic and elemental carbon, water- and
methanol-soluble organic carbon, levoglucosan, and major and trace metals) of PM10 samples collected in a rural
area located in the southeast of the Iberian Peninsula was performed. Additionally, the oxidative potential of the
samples, used as an indicator of aerosol toxicity, was determined by the ascorbic acid (OPAA) and dithiothreitol
(OPDTT) assays. The average concentration of PM10 during the study period, spanning from late winter to early
spring, was 20.2 ± 10.8 μg m− 3. Nitrate, carbonate and calcium (accounting for 20% of the average PM10 mass
concentration) and organic matter (with a contribution of 28%) were the main chemical components of PM10.
Average concentrations of traffic tracers such as elemental carbon, copper and zinc (0.31 μg m− 3, 3 ng m− 3, and
9 ng m− 3, respectively) were low compared with those obtained at an urban site in the same region, due to the
almost total absence of traffic in the surrounding of the sampling site. Regarding levoglucosan and K+, which can
be considered as tracers of biomass burning, their concentrations (0.12 μg m− 3 and 55 ng m− 3, respectively) were
in the lower range of values reported for other rural areas in Europe, suggesting a moderate contribution form
this source to PM10 levels. The results of the Pearson’s correlation analysis showed that volume-normalised OPAA

and OPDTT levels (average values of 0.11 and 0.32 nmol min− 1 m− 3, respectively) were sensitive to different
PM10 chemical components. Whereas OPAA was not strongly correlated with any of the species measured, good
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correlation coefficients of OPDTT with water-soluble organic carbon (r = 0.81) and K+ (r = 0.73) were obtained,
which points to biomass burning as an important driver of the DTT activity.

1. Introduction

Air pollution has been recognised as one of the main causes of pre-
mature deaths in the world. Particulate matter (PM) is the pollutant of
greatest concern since it was responsible for almost 240000 premature
deaths in Europe in 2020, far ahead of nitrogen dioxide and ozone (EEA,
2022). Exposure to PM has been linked to cardiovascular and respiratory
diseases (Newell et al., 2017), cancer (Turner et al., 2020), adverse
pregnancy outcomes (Hannam et al., 2014), psychiatric disorders
(Borroni et al., 2022) and cognitive decline (Kilian and Kitazawa, 2018).

Recent research indicates that the adverse effects of atmospheric PM
on human health at the cellular level are linked to the production of
oxidative stress (Chirino et al., 2010; Lionetto et al., 2021; Pietrogrande
et al., 2019). This occurs when the generation of oxidising agents ex-
ceeds the available antioxidant defences. The primary oxidising agents
are reactive oxygen species (ROS). These species are oxygen-containing
molecules, such as hydroxyl radical (HO⋅) and superoxide anion (O2⋅–),
that have one or more unpaired electrons, which make them highly
reactive. ROS are normal products of aerobic cell metabolism; however,
the enhanced ROS production can induce molecular damage since they
readily react with proteins, lipids and nucleic acids (Grahame and
Schlesinger, 2012). The ability of PM to produce oxidative stress is
called oxidative potential (OP) and is recognised as a better exposure
metric than just PM mass concentrations (Calas et al., 2018).

Different acellular assays, which are faster and less resource inten-
sive than cellular assays, have been recently developed to measure the
OP of atmospheric aerosol samples (Bates et al., 2019; Pietrogrande
et al., 2019). Among these methods, the dithiothreitol (DTT) and
ascorbic acid (AA) assays are probably the most used because they are
simple, fast and inexpensive. These methods are based on the mea-
surement of the depletion rate of DTT and AA, which can be considered a
proxy for cellular reductants and antioxidants, respectively. The re-
sponses of both methods to different PM components and, in turn, to
different PM sources may vary depending on the assay, the character-
istics of the sampling site and the season of the year (Bates et al., 2019;
Calas et al., 2019; Clemente et al., 2023a; Patel and Rastogi, 2018).

The study of the concentrations, chemical composition and OP levels
of atmospheric aerosols at rural sites provides information on the
background conditions in a given geographic area. So far, studies on the
relationship between PM chemical composition and the OP in rural
areas, far from anthropogenic sources, are still scarce. In the present
work, a comprehensive chemical characterization of PM10 samples
collected at a rural site in southeastern Spain was performed, including
different carbonaceous components such as elemental carbon (EC), total
organic carbon (OC), water-soluble organic carbon (WSOC), methanol-
soluble organic carbon (MSOC) and levoglucosan, considered a spe-
cific tracer of biomass burning (Bhattarai et al., 2019). The OP of the
samples using the DTT and AA assays was also determined and the
relationship between chemical components and OP measurements was
analysed. OP values measured in the present study were compared with
those previously obtained at an urban site in the same region (Clemente
et al., 2023a) with the aim of evaluating the sensitivity of both assays to
the site typology and contribute to our knowledge on the use of OP as a
predictor of aerosol toxicity, which is still a matter of debate (Dominutti
et al., 2023; Pietrogrande et al., 2022).

2. Materials and methods

2.1. Sampling site and PM10 measurements

PM samples were collected in Benejama, a small town (~1700

inhabitants) located in the northwest of the province of Alicante
(southeastern Iberian Peninsula, Fig. 1), approximately 45 km from the
Mediterranean coast. The town is located in a flat valley (~600 m above
sea level) surrounded by crop lands (mainly, olive trees and vineyards).

Benejama has a Mediterranean climate. Summers are short and hot,
with a maximum daily average temperature of around 27 ◦C, while
winters are long and cold. During this season average daily minimum
and maximum temperatures oscillate between 4 and 16 ◦C. The sampler
was located in a school yard on the outskirts of the town, far from sig-
nificant PM emission sources.

Twenty-four-hour PM10 samples were collected daily between 22
February and 4 April 2023 by means of a MCV high-volume sampler (30
m3 h− 1). A total of thirty-eight samples were collected onto 150-mm
quartz fibre filters (MK 360, Ahlstrom) during the measurement
campaign. Mass concentrations were determined gravimetrically using a
Mettler-Toledo model XP105 analytical balance with 10 μg sensitivity.
Filters were kept in controlled conditions (20 ± 1 ◦C and 50 ± 5%
relative humidity) for at least 24-h and weighted in quadruplicate before
and after sampling. Samples were stored in the fridge at 4 ◦C until
chemical analyses.

The campaign also included the measurement of meteorological
variables by means of a Davis Vantage Pro2 weather station located
approximately 350 m from the sampling site.

Fig. 1. Location of the sampling site in southeastern Spain.

N. Gómez-Sánchez et al.



Chemosphere 363 (2024) 142880

3

2.2. Chemical analyses

Elemental analysis was performed on a 47-mm diameter filter punch
by means of Energy Dispersive X-Ray Fluorescence (ED-XRF). An ARL
Quant’x Spectrometer (Thermo Fisher Scientific, UK) with a Si(Li) de-
tector was used. Details of the analytical setup are given in Chiari et al.
(2018).

EC and OC were determined using a Thermal-Optical Carbon Aerosol
Analyser (Sunset Laboratory, Inc.). All samples were analysed in
duplicate. For this, two filter punches (1.5 cm2 each) were analysed
separately with the EUSAAR2 temperature protocol, and EC and OC
concentrations were calculated as the average value of the two mea-
surements. To estimate MSOC concentrations, a 1.5 cm2 filter punch was
immersed in 1 mL of methanol for 2 h. The punch was dried in air for 24
h, and analysed for OC and EC using the thermal-optical method (Cheng
et al., 2016). These measurements were also carried out in duplicate.
MSOC concentrations were calculated by subtracting the OC mass con-
centration after methanol extraction from the total OC concentration.
MSOC is often considered as a proxy for brown carbon, i.e. light
absorbing organic carbon (Cao et al., 2021; Cheng et al., 2016), and has
been identified to have a stronger OP than WSOC in some previous
works (Cao et al., 2021).

An 8.7 cm2 filter punch of each PM10 sample was extracted in 6.5 mL
of deionized water under sonication for 45 min. The extracts were
filtered using nylon 0.45-μm pore syringe filters and analysed by ion
chromatography to determine water-soluble ion concentrations. The
analysis of cations was performed on a Dionex ICS-1100 ion chro-
matograph with a CS12A column (4 × 250 mm) using methane sulfonic
acid as eluent (20 mM, 0.8 mL min− 1). Anions were determined on a
Dionex Aquion system (Thermo Fisher Scientific) equipped with an
AS11-HC analytical column (4 × 250 mm) and NaOH as eluent (15 mM,
1 mL min− 1).

A TOC-L CSH analyser (Shimadzu) was used to determine WSOC and
inorganic carbon concentrations. Punches (8.7 cm2) of each PM10 filter
were extracted in 7.5 mL of deionized water, sonicated for 45 min and
filtered through nylon 0.45-μm pore syringe filters. A platinum catalyst
at 680 ◦C was used to convert the carbon in filtered extracts into CO2,
which was measured by a nondispersive infrared detector (NDIR).
WSOC was quantified as the non-purgeable organic carbon. For this,
water extracts were acidified with 1 M HCl and purged with pure air in
order to remove dissolved inorganic carbon and volatile organics.
Inorganic carbon (IC) was then estimated from the difference between
the total carbon and the WSOC.

Finally, a 47-mm diameter filter punch was extracted in 12 mL of
water by ultrasonic agitation during 45 min and analysed to determine
the levoglucosan content and OP of PM10 samples, after filtration to
remove insoluble particles and any filter fibre. Levoglucosan was
quantified by high-performance anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD) using a Thermo Scientific
Dionex Integrion system equipped with a two-way valve. This setting
allows to alternately run two NaOH solutions with different concentra-
tions. The separation was carried out on a Dionex Carbopac PA1 column
(250 × 4 mm) with 30 mM NaOH eluent at a flow rate of 0.5 ml min− 1.
After 25 min run time, the column was cleaned with 200 mM NaOH for
8 min and re-equilibrated with 25 mM NaOH for 17 min before the in-
jection of the next sample. For the amperometric detection a gold
working electrode was used.

2.3. OP measurements and correlation analysis

OP analyses were performed on PM10 water extracts using the AA
and DTT assays (Clemente et al., 2023a). Equivalent PM10 concentra-
tions in the extracts generally ranged from 60 to 200 μg mL− 1. In the AA
assay, 1.5 mL of the PM10 extracts were incubated at 37 ◦C with 1.35 mL
of 0.1 M potassium phosphate buffer (pH = 7.4) for 10 min. Then, 150
μL of 2 mM AA were added to the solution. At different reaction times

(usually 15, 30 and 45 min to ensure a linear kinetic behaviour), the
remaining AA was determined spectrophotometrically at 265 nm.

For the DTT assay, three aliquots of 0.45 mL of the sample extracts
were incubated at 37 ◦C with 90 μL of 0.1 M potassium phosphate buffer
(pH = 7.4) for about 5 min, after which 60 μL of 1 mM DTT were added.
Subsequently, 0.5 mL of trichloroacetic acid (10% w/v) were added to
each aliquot at 15, 25 and 35 min to ensure a linear kinetic behaviour.
Finally, 2 mL of Tris-EDTA (0.4 M Tris with 20 mM EDTA) and 50 μL of
10 mM 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) were added to the
mixture and the absorbance of the solution was measured at 412 nm.

The initial concentration of AA and DTT in the solutions was 100
nmol mL− 1. Blank filters were analysed following the same procedures
as those of PM10 samples. All assays were run in duplicate.

Volume-normalised AA and DTT activities (OPv) in nmol min− 1 m− 3

were calculated as follows.

OPV=
-
(
asample - abl

)
⋅ Vext⋅Afilter

Va ⋅ Vair⋅Apunch

where asample and abl are the depletion rates of AA or DTT (in nmol
min− 1) in the sample and blank extracts, respectively; Vext is the
extraction volume (12 mL); Va is the volume of sample used in the assay
(1.5 mL for the AA assay and 0.45 mL for the DTT assay); Vair is the
sampled air volume (in m3); and Afilter and Apunch (cm2) are the total
areas of the filter and the filter punches used for analysis.

Mass-normalised OP values (OPm, nmol min− 1 μg− 1), referred as
intrinsic oxidative potential, were subsequently obtained by dividing
OPv by the atmospheric concentration of PM10.

To assess whether there are statistically significant relationships
between OP values and PM10 chemical components, and also among
other analysed parameters, the Pearson’s correlation coefficients were
applied.

3. Results and discussion

3.1. PM10 concentrations

The average PM10 concentration during the measurement period was
20.2 ± 10.8 μg m− 3. Daily mean levels varied between 8.5 and 73.6 μg
m− 3 (Fig. 2). Maximum concentrations were measured at the beginning
of the sampling period and were due to an intense Saharan dust event
affecting the study area. When these two values were removed from the
data base, the average PM10 concentration was 10% lower andmuch less
variable (18.2 ± 5.1 μg m− 3).

PM10 levels observed in this study are of the same order of those
registered at other background sites in the Mediterranean region such as
the Capo Granitola Observatory (Sicily, 23.2 μg m− 3; Dinoi et al., 2017)
or the Għarb rural background station (Maltese archipelago, 18.2 μg
m− 3; Scerri et al., 2016). However, these values are low compared with
those measured at rural sites heavily impacted by anthropogenic sources

Fig. 2. Daily PM10 concentrations between late February and early April 2023.
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such as biomass burning (>30 μg m− 3; Pérez-Pastor et al., 2020; Pie-
trogrande et al., 2021).

When concentrations at the rural site are compared with those
recorded at other locations within the same geographical area, it can be
observed that the average PM10 value measured in this study is between
the levels reported for a regional background station (~14 μg m− 3;
Clemente et al., 2023b; Galindo et al., 2017) and those observed at
residential (25 μg m− 3; Galindo et al., 2021) and urban sites in Elche
(~30 μg m− 3; Clemente et al., 2023b) located close to the Mediterranean
coast, approximately 50 km from the monitoring site (Fig. 1).

3.2. Ionic components

Average concentrations of the water-soluble ions measured in PM10
samples are presented in Table 1. The mean carbonate concentration,
estimated from inorganic carbon concentrations obtained with the TOC
analyser, is also shown. It is worth mentioning that a strong correlation
(r = 0.95, p < 0.05) between IC concentrations and the anion deficit,
calculated from the ionic balance between cations and anions (Nicolás
et al., 2009), was obtained. Additionally, the correlation coefficient
between IC and Ca2+ concentrations (excluding the two highest PM10
values) was good (r = 0.86, p < 0.05). These results indicate that the
anion deficit can be mainly attributed to calcium carbonate and
bicarbonate.

Nitrate, carbonate and calcium were the most abundant ions, rep-
resenting around 20% of the total PM10 mass concentration. The mean
calcium concentration was similar to that found in a residential area
within the same study region (Galindo et al., 2021) and significantly
higher than the values found at other rural sites in southern Europe
(<0.4 μg m− 3; Malaguti et al., 2015; Pietrogrande et al., 2021). Simi-
larly, the average IC concentration found in the present study (0.41 μg
m− 3) was higher than the value found at a rural site in Southern Italy
(0.17 μg m− 3; Malaguti et al., 2015). The most likely reason is that soils
in our study area are enriched with calcium carbonate.

Sulfate, nitrate and oxalate showed good correlations among them (r
> 0.73, p < 0.05), pointing to a common origin from atmospheric
photochemical reactions of gaseous precursors. This was not unexpected
since a substantial fraction of oxalic acid (the most abundant organic
dicarboxylic acid) is thought to be of secondary origin. Significant as-
sociations between oxalate and secondary inorganic ions, particularly
sulfate, have been found in a number of previous studies (Laongsri and
Harrison, 2013; Navarro-Selma et al., 2022; Jiang et al., 2014; Zhou
et al., 2015). In contrast, no correlation between secondary ions and
carbonate was found, since CO32− mainly comes from soil dust. In fact,
carbonate concentrations were positively correlated with temperature
(r = 0.63, p < 0.05) and negatively correlated with relative humidity (r
= − 0.58, p < 0.05), most likely because resuspension of soil dust is
favoured by high ambient temperatures and low relative humidity.

Magnesium and chloride were highly correlated with sodium (r >

0.9, p < 0.05), as already observed in the study area (Galindo and
Yubero, 2017). The slope of the regression line between Mg2+ and Na+

(0.13) was very close to the mass ratio between these two ions in
seawater (0.12; Millero et al., 2008). However, the linear regression
between Cl− and Na+ showed a slope of 1.44, slightly lower than the
Cl− /Na+ mass ratio found in seawater (1.8; Millero et al., 2008). This
indicates a deficit of Cl− caused by the reactions of acids with NaCl
during the transport of marine aerosols from the coast, which results in
the loss of chloride as HCl gas.

K+ concentrations were low compared with those measured at other
sites in the Mediterranean basin (Malaguti et al., 2015; Pietrogrande
et al., 2021), including the residential location mentioned above (0.26
μg m− 3; Galindo et al., 2021). Soluble potassium can be emitted by
multiple sources such as biomass burning, soil dust, sea salt, cooking,
industry and fertilizers (Pachon et al., 2013; Urban et al., 2012). In the
present study, K+ did not show any correlation with Na+ and Ca2+,
indicating that sea salt and soil dust did not significantly contribute to
potassium emissions during the study period. In contrast, the correlation
with levoglucosan was moderately good (r = 0.67, p < 0.05), which
points to biomass burning as the main source of potassium during the
measurement campaign. Therefore, the low K+ concentrations may
indicate that the sampling site was moderately influenced by wood
burning emissions during the study period.

3.3. Carbonaceous species

3.3.1. Organic and elemental carbon
Table 2 shows mean concentrations of the carbonaceous components

analysed in the samples. EC levels were low, as expected for a rural site
with little influence of direct exhaust emissions. The average EC con-
centration was very similar to those reported for other Mediterranean
rural sites (Dinoi et al., 2017; Malaguti et al., 2015) and much lower
than the values found at urban stations (Clemente et al., 2023b; Dinoi
et al., 2017). The mean OC concentration was approximately half the
observed levels in residential and urban areas located in the same study
region (Galindo et al., 2021; Clemente et al., 2023b), as a result of lower
emissions from traffic and other anthropogenic sources. These emissions
include the release of primary OC and gaseous precursors of secondary
organic aerosols. Similar outcomes have been described in previous
studies (Dinoi et al., 2017; Laongsri and Harrison, 2013). Organic matter
(OM), calculated by multiplying OC by a factor of 1.8 recommended for
rural sites (Chow et al., 2015), accounted for 28% of the average PM10
mass concentration. This contribution was lower than that found at
other rural sites in Europe (Błaszczak and Mathews, 2020; Borlaza et al.,
2022), most likely because of higher dust loads favoured by the low
vegetative cover of the study region and also due to lower OM emissions
from biomass burning and biogenic sources.

3.3.2. Water-soluble organic carbon
WSOC concentrations (Table 2) are in line with measurements made

at other rural sites in Europe (Laongsri and Harrison, 2013; Sandrini
et al., 2016), although the results are not fully comparable since the
sampling campaigns were carried out in different seasons or had a
different duration. However, the value of 1.33 μg m− 3 found in the
present study was slightly higher than the annual mean concentration
registered for PM1 at an urban background site in Elche (0.95 μg m− 3;
López-Caravaca et al., 2023). Although previous works have reported

Table 1
Mean concentrations and standard deviations (SD) of water-soluble
species (μg m− 3).

Ion Mean SD

Cl− 0.47 0.44
NO3− 1.36 0.86
SO42− 0.83 0.45
CO32− 2.07 0.77
C2O42− 0.09 0.04
Na+ 0.38 0.29
NH4+ 0.29 0.17
K+ 0.12 0.06
Mg2+ 0.08 0.04
Ca2+ 1.03 0.37

Table 2
Mean concentrations and standard deviations (SD) of carbonaceous species. All
concentrations are given in μg m− 3, except for levoglucosan (ng m− 3).

Component Mean SD

EC 0.31 0.12
OC 3.11 0.47
MSOC 1.96 0.31
WSOC 1.33 0.32
Levoglucosan 55 29

N. Gómez-Sánchez et al.
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higher WSOC levels at urban sites than at rural stations (Li et al., 2023;
Sandrini et al., 2016), it has to be considered that different PM size
fractions were measured at the rural and urban background locations. In
addition, traffic restrictions due to COVID-19 were still in place at the
urban background site during the measurement period.

The WSOC/OC ratio found in the present study was 0.42, implying
that 42% of OC is water-soluble. This value was in the lower range of
those reported for rural sites worldwide (0.45− 0.61; Pio et al., 2007;
Ram and Sarin, 2010; Suto and Kawashima, 2021; Szidat et al., 2009;
Theodosi et al., 2018; Xie et al., 2019). WSOC is generally formed by
oxygenated organic compounds and includes different classes of polar
species such as carboxylic acids and sugar compounds (e.g. levogluco-
san). It is assumed that a large fraction of WSOC is formed from
oxidation reactions of volatile organic compounds, although it can also
come from biomass burning (López-Caravaca et al., 2023; Pio et al.,
2007; Suto and Kawashima, 2021; Xie et al., 2016). In order to provide a
first insight into the origin of WSOC in the study area, WSOC was
correlated against oxalate (which can be considered as a marker of
secondary organic aerosols; Petit et al., 2019), as well as with levoglu-
cosan and potassium, used as tracers of biomass burning (Bhattarai
et al., 2019; Suto and Kawashima, 2021). The correlation coefficients,
all statistically significant at the 95% confidence level, were 0.75, 0.49
and 0.85 with oxalate, levoglucosan and K+, respectively. These findings
suggest that WSOC in the study area was the result of secondary aerosol
formation and biomass burning emissions. Previous works have also
reported moderate to strong correlations betweenWSOC and the species
mentioned above (Suto and Kawashima, 2021; Theodosi et al., 2018;
Zhang et al., 2012). A statistically significant correlation betweenWSOC
and EC was also observed (r = 0.73), which could be the result of EC
originating from biomass combustion, although a certain contribution
from traffic emissions cannot be completely ruled out (López-Caravaca
et al., 2023; Xie et al., 2016). In contrast, no correlations between
water-insoluble organic carbon (WIOC), calculated by subtracting
WSOC from OC, and biomass burning markers was observed, indicating
that insoluble organic components must come from other sources. A
limited contribution from biomass burning toWIOC concentrations have
also been found in previous studies (Sciare et al., 2011) since most of the
organic matter emitted from wood burning is water-soluble (Dusek
et al., 2017; Sciare et al., 2011). Unexpectedly, WIOC did not correlate
either with EC, although fossil fuel combustion has been identified as a
main source of WIOC, as indicated by its strong relationship with traffic
tracers (not only EC but also carbon monoxide) in urban environments
(Henningan et al., 2009; Miyazaki et al., 2006). Since wood burning and
fossil fuel combustion are not likely sources of water-insoluble organic
compounds at the measurements site, we hypothesise that WIOC during
the sampling period was mainly due to primary biogenic emissions such
as resuspended soil (Hasheminassab et al., 2014).

3.3.3. Methanol-soluble organic carbon
As expected, MSOC concentrations were significantly higher than

WSOC concentrations, since methanol dissolves a larger fraction of
organic compounds than water (Rathod et al., 2024). During the study
period, MSOC contributed 63% to the total OC average concentration.
This percentage can be considered quite low, as many studies performed
both in rural and urban areas have reported values generally larger than
85% (Cheng et al., 2016; Xie et al., 2016, 2019; Zou et al., 2022).

MSOC is mainly released into the atmosphere by biomass burning
(Zhang et al., 2020), although vehicle emissions and secondary organic
aerosols formed from anthropogenic and biogenic precursors have been
also been identified as sources of methanol-soluble organic compounds
(Cao et al., 2021; Cheng et al., 2016; Xie et al., 2019; Zhang et al., 2020).
Moderate correlation coefficients of MSOC with EC and soluble potas-
sium were found in the present study (r = 0.52, p < 0.05), while no
correlation with levoglucosan was observed. On the other hand, MSOC
also showed a moderate positive correlation with oxalate (r = 0.54, p <

0.05). These results suggest that the variability in MSOC concentrations

during the sampling campaign was not dominated by a single source.
WSOC and MSOC concentrations exhibited a relatively good correlation
(r = 0.67, p < 0.05), which indicates that they share some common
sources. This was not unexpected since both fractions contain highly
polar compounds (Cao et al., 2021).

Daily average levoglucosan concentrations ranged from 17 ngm− 3 to
119 ng m− 3, and were higher at the beginning of the campaign due to
lower ambient temperatures (Fig. 3). The average concentration during
the whole study period was lower than the value of 68 ng m− 3 registered
in the city centre of Elche during winter (from December to February;
Clemente et al., 2024). Levoglucosan levels measured at other rural lo-
cations in Europe significantly vary with sampling location. For
instance, Ytti et al. (2019) reported values ranging from 12 ng m− 3 to
668 ng m− 3 during the winter/spring period at different rural back-
ground sites in Europe, while Maenhaut et al. (2012) found concentra-
tions between 34 ng m− 3 and 200 ng m− 3 (median values) during winter
at rural stations in Flanders (Belgium). Based on these results, moderate
contributions from biomass burning to PM10 at our sampling location
compared to other European rural sites can be expected.

3.4. Metals

Average concentrations of major and trace metals, excluding the first
two days of the sampling period, are shown in Table 3. Mean concen-
trations for these two days affected by African dust (AD) are also shown
in order to illustrate the huge influence of these events on the levels of
crustal elements, as already observed at a high mountain site located in
the same study region (Galindo et al., 2017). It is important to mention
that calcium in the study area is in the form of soluble salts, such as
CaCO3 and Ca(NO3)2, as demonstrated by the strong correlation be-
tween Ca concentrations measured by ion chromatography and ED-XRF
(slope = 1.06, r = 0.94, p < 0.05). Because Mn, V and Cu had concen-
trations below the detection limit in a significant number of samples
(between 10% and 35%), gaps were filled with half the detection limit.

Strong correlations among K, Ca, Fe, Ti and V were found (r =

0.64− 0.94, p < 0.05), indicating a common crustal origin. Although the
correlation coefficients of these metals with Mn were generally lower (r
= 0.41− 0.72), they were statistically significant (p < 0.05), suggesting
that Mn mainly comes from soil dust. Zn was positively correlated with
EC (r= 0.61, p< 0.05), which points to traffic as the main source of zinc.

The levels of all metals were considerably lower than those previ-
ously measured at the traffic site in the city of Elche, particularly for Fe,
Mn, V, Cu and Zn (annual mean levels for these metals in Elche were
399, 14, 7, 16, and 26 ng m− 3, respectively; Galindo et al., 2018). These
results indicate a significant contribution from road traffic to the levels
of the mentioned species in urban areas. It is well known that brake
abrasion is an important source of Fe (also emitted from road surface
wear), Cu and Mn, while tyre wear is considered as the main contributor
to atmospheric Zn (Piscitello et al., 2021). Zn concentrations obtained in
the present work were also low compared to other rural sites in central

Fig. 3. Daily temperatures and levoglucosan concentrations during the
study period.
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(15 ng m− 3; summer average; Mach et al., 2021) and southern Europe
(21 ng m− 3, winter average; Pietrogrande et al., 2021).

3.5. Association of oxidative potential with PM10 chemical components

Table 4 presents a statistical summary of volume normalised and
mass normalised OP values performed by the AA and DTT assays during
the study period. OPAA levels measured at the traffic site in Elche
(Clemente et al., 2023a) during winter (0.71 nmol min− 1 m− 3 and 0.029
nmol min− 1 μg− 1) were considerably higher than those found in the
present study. The same rural-urban gradient has been observed in
previous works (Borlaza et al., 2022; Grange et al., 2022, in ’t Veld et al.,
2023; Vörösmarty et al., 2023), which may be an indication that the
composition of particles in rural areas makes them less oxidant than in
urban environments. Conversely, for the DTT method, differences were
not as well-defined and winter OP values at the urban site (0.40 nmol
min− 1 m− 3 and 0.018 nmol min− 1 μg− 1; Clemente et al., 2023a) were
similar to those measured at the rural station, especially mass normal-
ised values, although PM10 concentrations were around 20% higher at
the urban site (24.2 μg m− 3, Clemente et al., 2023a). This implies that
the intrinsic OPDTT is the same at both locations. Shaffer et al. (2006)
also observed a limited variability in the DTT activity of PM samples
collected at urban canyon, urban background and rural sites in Europe.
Likewise, they found that variations across sites were lower for
mass-normalised than for volume-normalised values. These outcomes
suggest that chemical drivers of DTT activity are similar between sites
and that some of these drivers are regional and not dominated, for
example, by fresh vehicle emissions (Shafer et al., 2016 and references
cited therein).

The most likely reason for the differences in the spatial behaviour of
OPDTT and OPAA is that both assays are sensitive to different PM com-
ponents, as pointed out in many previous works (Bates et al., 2019;
Borlaza et al., 2022; Clemente et al., 2023a; Grange et al., 2022). The
linear correlation analysis between volume normalised DTT and AA
activities showed that the two datasets were moderately correlated (r =
0.52, p < 0.05). The slope of the regression line between OPDTT and
OPAA normalised by volume was lower than unity (0.68 ± 0.19), sug-
gesting that the OPAA is more sensitive to changes in PM chemical
composition than the OPDTT (Vörösmarty et al., 2023). This can
contribute to explain the higher variability in the OP measured by the
AA assay compared to the DTT method as a function of the site typology

(rural-urban). The above findings are in agreement with the outcomes of
Calas et al. (2019), who found larger inter-site variations in the OPAA

than in the OPDTT between different urban areas in France.
In order to contextualize our observations, OP values were compared

with those from recent studies performed at rural stations in Europe
(Table 5). However, it is important to bear in mind that comparisons are
hampered by differences in the analytical protocols (such as the initial
concentration of AA and DTT or the concentration of PM added to the
assay), the season of the sampling campaign and the size fraction of
particles. Regarding the use of different analytical procedures, previous
studies have reported a non-linear dependency between OP values and
PM mass concentrations, especially in samples with significant contri-
butions of soluble transition metals such as Cu and Mn (Charrier et al.,
2016; Shahpoury et al., 2022).

OP values measured in the present work were low compared with
those found in other European rural areas, in particular for the AA assay.
From the data shown in Table 5 it can be inferred that there is not a
direct relationship between OP levels and PM concentrations, as sug-
gested in other works (Clemente et al., 2023a; Calas et al., 2019).

Pearson’s correlation analysis was used to evaluate the association
between OP values and specific PM10 components (Table 6). The cor-
relation coefficients with PM10 concentrations are also shown. In order
to avoid the effect of extreme concentrations of some species on the
results of the correlation study, the two days under the influence of high
Saharan dust loadings were excluded from the analysis.

As already observed at the traffic site located in Elche (Clemente
et al., 2023a), the DTT activity was better correlated with a wide variety
of chemical species than the AA activity. These outcomes differ from
those obtained by Pietrogrande et al. (2021), who found similar asso-
ciations between both assays and PM10 components at the rural site of
Novaledo (Italy). Our findings suggest that, during the study period,
there was not a clear source associated with the OPAA at the rural station.
Instead, the variability in the daily AA activity was affected by different
sources, as suggested by the marginal correlations with traffic tracers
(EC and Zn) and secondary ions (nitrate, sulfate and oxalate). It is
important to mention that water-soluble ions are not redox-active;
therefore, their correlation with the AA assay may indicate a certain
contribution of secondary aerosol formation to the OPAA. Although a
statistically significant correlation with K+ was observed, OPAA values
were not correlated with levoglucosan, which suggests that biomass
burning emissions did not significantly contribute to OPAA levels during
the measurement period.

The OPDTT showed the best correlations with WSOC and soluble
potassium, which points to biomass burning as an important driver of
the DTT activity during the measurement period. This result is in
agreements with previous studies, which found that wood burning is a
significant source for OPDTT during the cold period (Bates et al., 2019;
Calas et al., 2018). Strong correlations between DTT measurements and
WSOC has been reported in a number of previous works, indicating that
water-soluble organic matter, such as quinones and humic-like com-
pounds, is the main material associated with DTT consumption (Bates
et al., 2019; Pietrogrande et al., 2021; Verma et al., 2015; Wang et al.,
2020).

Differently from the results of other works performed in rural areas
(in ’t Veld et al., 2023 Pietrogrande et al., 2021), no correlation between
OP values and PM10 concentrations were found in the present study,
which indicates that the temporal variability of both parameters is
driven by different sources. A possible reason for this finding may be the
lower contribution from anthropogenic sources (such as traffic and
biomass burning), which are associated with high oxidative potential
(Daellenbach et al., 2020), to PM10 levels at the sampling site.

4. Conclusions

The composition of PM10 at a rural site in southeastern Spain was
dominated by organic matter (OM), although its contribution (28%) was

Table 3
Mean concentrations and standard deviations (SD) of the metals analysed in
PM10, excluding the two days of high Saharan dust loadings. Average concen-
trations for these two days are also shown (AD). All concentrations are given in
ng m− 3.

Metal Mean SD AD

K 176 63 937
Ca 898 398 1689
Fe 128 55 1546
Ti 15 7 198
Mn 5 2 43
V 2 1 26
Cu 3 2 2
Zn 9 3 17

Table 4
Average, standard deviations (SD), maximum, and minimum OP levels at the
rural station of Benejama. OPv is expressed in nmol min− 1 m− 3, while and OPm is
given in nmol min− 1 μg− 1.

OP Mean SD Max Min

OPAAv 0.11 0.06 0.27 0.03
OPDTTv 0.32 0.09 0.59 0.21
OPAAm 0.006 0.003 0.016 0.002
OPDTTm 0.018 0.008 0.040 0.008
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lower than that observed at other European rural environments prob-
ably because of the lower OM emissions from biomass burning and the
higher dust loads favoured by the low plant cover. In fact, the concen-
trations of crustal species such as Ca2+ and inorganic carbon (carbonate
and/or bicarbonate) were significantly higher than the values reported
for other rural sites in southern Europe, due to the dominance of calcium
carbonate in the soils of the study area. Water-soluble organic carbon
(WSOC) and methanol-soluble organic carbon (MSOC) contributed 42%
and 63% to the average OC mass concentration. These percentages are
low compared with most values reported in the literature, especially for
MSOC, implying that a significant fraction of the OC in the study area
comprises low-solubility compounds. Pearson’s correlation analyses
suggest that the variability in WSOC and MSOC concentrations was
influenced by emissions from biomass burning, as well as secondary
aerosol formation processes.

AA activities were significantly lower than those found at an urban
site within the same geographical area, while DTT activities were more
similar at both locations, most likely because the redox activity of both
compounds is driven by different PM components/sources. These results
indicate a higher variability of the OPAA as a function of the site typology
although the reasons are still unclear and need additional investigation.
OPDTT was best correlated with WSOC and K+ (r > 0.7) and showed a
moderate statistically significant correlation with levoglucosan (r =

0.44), pointing to biomass burning as an important source for OPDTT. In
contrast, OPAA was moderately correlated (r< 0.57) with secondary ions
(NO3− and C2O42− ) and traffic tracers such as EC and Zn, suggesting that

there was not a single and clear source for OPAA during the study period.
None of the assays was correlated with PM10 levels, most likely because
the variability of OP and PM10 levels is driven by different sources. This
result reveals that the PM10 mass concentration is not always a good
parameter for assessing aerosol toxicity, since it strongly depends on the
sources and specific characteristics of the sampling site. On the other
hand, the fact that both OPmethods provide different results point to the
need for further research to find a single metric suitable for aerosol
toxicity measurements.
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N. Gómez-Sánchez et al.

http://refhub.elsevier.com/S0045-6535(24)01774-0/sref5
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref5
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref5
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref6
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref6
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref6
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref6
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref6
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref7
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref7
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref7
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref7
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref8
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref8
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref8
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref8
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref9
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref9
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref9
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref9
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref10
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref10
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref10
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref11
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref11
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref11
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref11
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref12
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref12
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref12
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref12
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref13
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref13
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref14
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref14
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref14
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref14
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref15
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref15
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref15
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref16
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref16
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref16
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref17
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref17
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref17
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref17
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref18
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref18
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref18
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref19
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref19
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref19
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref19
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref19
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref20
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref20
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref20
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref20
https://doi.org/10.2800/488115
https://doi.org/10.2800/488115
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref22
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref22
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref22
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref23
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref23
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref23
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref24
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref24
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref24
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref25
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref25
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref25
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref25
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref26
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref26
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref26
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref27
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref27
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref27
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref28
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref28
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref28
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref29
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref29
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref29
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref29
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref30
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref30
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref30
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref31
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref31
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref31
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref31
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref32
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref32
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref32
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref33
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref33
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref33
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref34
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref34
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref35
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref35
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref35
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref35
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref36
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref36
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref36
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref36
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref37
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref37
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref37
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref38
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref38
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref38
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref39
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref39
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref39
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref40
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref40
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref40
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref40
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref41
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref41
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref41
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref42
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref42
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref42
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref43
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref43
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref43
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref44
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref44
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref44
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref44
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref45
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref45
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref45
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref46
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref46
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref46
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref47
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref47
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref47
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref48
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref48
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref48
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref49
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref49
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref49
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref49
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref50
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref50
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref50
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref51
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref51
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref51
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref51
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref52
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref52
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref52
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref53
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref53
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref53
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref53
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref54
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref54
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref55
http://refhub.elsevier.com/S0045-6535(24)01774-0/sref55


Chemosphere 363 (2024) 142880

9

Rathod, T.D., Sahu, S.K., Tiwari, M., Bhangare, R.C., Ajmal, P.Y., 2024. Optical
properties of water soluble and organic soluble carbonaceous aerosols at an urban
location in India. Atmos. Pollut. Res. 15, 101956.

Sandrini, S., van Pinxteren, D., Giulianelli, L., Herrmann, H., Poulain, L., Facchini, M.C.,
Gilardoni, S., Rinaldi, M., Paglione, M., Turpin, B.J., et al., 2016. Size-resolved
aerosol composition at an urban and a rural site in the Po Valley in summertime:
implications for secondary aerosol formation. Atmos. Chem. Phys. 16, 10879–10897.

Scerri, M.M., Kandler, K., Weinbruch, S., 2016. Disentangling the contribution of
Saharan dust and marine aerosol to PM10 levels in the Central Mediterranean.
Atmos. Environ. 147, 395–408.
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