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A B S T R A C T

This study focuses on the evaluation of 2021–2023 PM10 concentrations, chemical speciation and source 
apportionment (with receptor modelling) of samples collected at 21 air quality monitoring stations (urban, 
urban-industrial, traffic hotspots and rural) from Andalusia (southern Spain). After subtracting the natural dust 
contribution, 9/21 sites would exceed the annual PM10 limit value of 20 μg m− 3 set by the new Ambient Air 
Quality Directive (EU) 2024/2881. Source apportionment analysis carried out with PMF identified six major 
sources of PM10: Crustal, Marine, Combustion (biomass burning and traffic mix), Traffic, Regional and Industrial. 
The main anthropogenic source was Combustion, with the exception of those stations located in cities with a high 
road traffic density, where Traffic was the dominant anthropogenic source. To comply with the objectives of the 
Directive (EU) 2024/2881, a reduction of 5–50 % in anthropogenic sources is proposed, based on the sum of their 
interannual mean concentrations at the nine potentially non-compliance sites. The study evidences the 
complexity of separating specific source contributions of PM10, highlighting the need to conduct higher time 
resolution studies to better identify and quantify source contributions and their temporal variations, as well as 
the need to combine deterministic and receptor modelling for a complete source apportionment, specially of 
secondary PM contributions.

1. Introduction

Particulate matter (PM) is a common proxy indicator for air pollu
tion, currently considered one of the main environmental threats to 
human health (World Health Organization, 2021; Chowdhury et al., 
2022; Marquès et al., 2022; Mebrahtu et al., 2023). A significant number 
of clinical and epidemiological studies have reported that exposure to air 
pollution increases mortality due to cardiovascular (e.g., Peters, 2005; 
Polichetti et al., 2009; Martinelli et al., 2013) and respiratory (e.g., 
Neuberger et al., 2004; Weinmayr et al., 2010; Jo et al., 2017) diseases. 
PM is characterized by its complex physicochemical properties and 
source contributions, both natural and anthropogenic (Moreno et al., 
2006).

Given the consistent association between PM and health outcomes, 
the European Commission adopted the Directive 1999/30/EC, which 
included an annual (40 μg m− 3) limit value for PM10 (particles whose 
aerodynamic diameter is equal to or less than 10 μm) (European Com
mission, 1999). This value was kept in the subsequent air quality stan
dard 2008/50/EC (European Commission, 2008). In 2021, an annual 
limit value of 15 μg m− 3 for PM10 was recommended (World Health 
Organization, 2021). In view of this recommendation, the new Ambient 
Air Quality Directive (EU) 2024/2881, which came into force in 
December 2024, set an annual PM10 limit value of 20 μg m− 3 (European 
Union, 2024). The compliance with this limit will be required since 
January 1st, 2030.

On a global scale, policies have been implemented to improve air 
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quality due to the encouragement of authorities and civil society to in
crease efforts to control and study the harmful effects of exposure to air 
pollution. One of the main hotspots, China, reduced its anthropogenic 
PM10 emissions by approximately 40 % between 2010 and 2017 (Zheng 
et al., 2018). However, despite these improvements, the global impact in 
deaths and years of healthy life lost has barely decreased since the 1990s 
(World Health Organization, 2021). In Europe, there is a consistent 
decreasing trend of the mean annual PM10 concentrations along the last 
two decades (European Environment Agency, 2024). Nevertheless, it is 
estimated that in different regions of Europe, including Spain, Italy and 
other southern and eastern European regions, there will be a high 
probability of non-compliance for the forthcoming new annual limit 
value (Beloconi and Vounatsou, 2023). For this reason, it is crucial to 
analyze the current source contributions to PM10 in order to assess 
cost-effective abatement strategies. A useful tool for this purpose is the 
Positive Matrix Factorization (PMF v5.0 EPA) receptor model (Paatero 
and Tapper, 1994). This receptor modelling tool allows the identifica
tion of sources through chemical profiles and the quantification of the 
contribution of each one based on PM chemical speciation datasets ob
tained at receptor sites. PMF is a more stable and robust receptor 
modelling tool compared to other models (Cesari et al., 2016a; Belis 
et al., 2019). In addition, the Research Infrastructures Services Rein
forcing Air Quality Monitoring Capacities in European Urban & Indus
trial AreaS (RI-URBANS, 2025) recently provided 16 advanced service 
tools to meet the demands of new and complex urban air quality sce
narios and enhance the analysis of air quality. One of these service tools 
consisted of a methodology for source apportionment receptor model
ling in which PMF was recognized as the most widely used receptor 
model (RI-URBANS-ST10, 2025).

In recent years, numerous studies aimed at assessing the source 
contributions to PM in relation to air quality assessment in port areas (i. 
e., Pérez et al., 2016; Clemente et al., 2021), industrial estates (i.e., 
Cesari et al., 2016b; Li et al., 2018) and urban environments (i.e., Gupta 
et al., 2012; Amato et al., 2014; Sharma et al., 2014; Liu et al., 2025a). 
However, most of these works are based on a limited number of moni
toring stations and cover time periods of approximately one year. 
Short-term studies do not take into account the wide variability of 
meteorological scenarios that may occur or the impact of different 
sources. This causes a loss of information on seasonal variations, weaker 
representativeness, difficulty in identifying long-term trends, and less 
robust spatial comparisons. These disadvantages are solved considering 
instead long-term and multi-site studies. Despite this scarcity of 
long-term studies, some steps have already been taken to abate PM10 
levels and improve air quality, mostly based on assessments derived 
from emission inventories and deterministic modelling tools. In the case 
of road traffic, congestion charges and low emission zones (LEZs) have 
been implemented in several European cities, restricting the access and 
circulation of vehicles (e.g., Holman et al., 2015; Santos et al., 2019; 
Zhai and Wolff, 2021; Gu et al., 2022). The limit for sulphur content of 
fuel oil for ships has been reduced to 0.5 % following the rule IMO 2020. 
The implementation of successive EURO1/I to 6/VI vehicle emission 
standards, and of the directives on industrial emissions, have consider
ably reduced PM concentrations (i.e., in ′t Veld et al., 2021). All this 
policy actions have prompted in a decrease of PM10 across Europe (with 
some regions succeeding more than others, European Environment 
Agency, 2024). Accordingly, continued efforts to reduce PM10 are 
needed, although this is currently more complex than in previous de
cades, as the largest fraction of PM is of secondary origin (i.e., in ′t Veld 
et al., 2021).

This study provides an evaluation of PM10 concentrations, chemical 
speciation, and source contribution in Andalusia, southern Spain, a 
highly populated region characterized by complex orography, during 
2021–2023. A receptor-modelling source apportionment analysis with 
PMF was carried out with samples from 21 air quality monitoring sta
tions (urban, urban-industrial, traffic hotspots and rural) distributed 
throughout the region to assess on the origin of PM10 at each one. The 

aim of the study was to understand the regional and temporal variability 
in source contributions, and to propose abatement strategies, especially 
for these cities with a high 2030 non-compliance potential for PM10. The 
main contribution of this study is the implementation of receptor 
modelling source apportionment based on the evaluation of long-term 
PM10 speciation datasets to assess on the strategies needed to attain 
compliance with the PM10 standard of the Ambient Air Quality Directive 
(EU) 2024/2881 to be met from January 1st, 2030.

2. Study area

Andalusia is the most populated (ca. 8.4 M inhabitants) autonomous 
region of Spain and the second largest in extension (ca. 88 000 km2). Its 
complex orography is dominated by the mountain systems of Sierra 
Morena to the north, and the Betic Ranges to the south (Fig. 1). In the 
latter, the highest altitude of the Iberian Peninsula (3478 m a.s.l.) is 
located. Both systems are separated by a NE-SW oriented topographic 
depression, the Guadalquivir Valley (ca. 650 km in length).

Andalusia has a dominant Mediterranean climate, with mild winters, 
irregular precipitation, and warm and dry summers. Due to its large 
extension and complex topography, other microclimates such as desert 
and highland climates, locally occur in Andalusia. The region is 
geographically located in the southwest of Europe and very close to the 
North African coast (Fig. 1), so it is also affected by the impact of 
frequent high African dust air masses crossing Europe (Rodríguez et al., 
2001; Salvador et al., 2022).

Andalusia has traditionally been an agricultural region, especially in 
the Guadalquivir Valley area. Nevertheless, from the 60s and 70s, 
tourism became a key economic factor. Another important sector, 
although with less relevance to the local economy, is industry. Two 
major areas related to the chemical and petrochemical industries have 
been extensively studied in prior campaigns: the Bay of Algeciras (e.g., 
Moreno et al., 2010; Pandolfi et al., 2011; Li et al., 2018) and the Estuary 
of Huelva (e.g., Querol et al., 2002; Alastuey et al., 2006; Sánchez de la 
Campa et al., 2018; Millán-Martínez et al., 2021a). Some towns in Jaén 
have developed an important ceramic industry and/or biomass burning 
processes over the years (e.g., Sánchez de la Campa et al., 2010; 
Pérez-Pastor et al., 2020). Finally, in some metropolitan areas of 
Andalusia (Granada, Málaga and Seville), pollution hotspots related to 
significant urban road traffic have also been identified (de la Rosa et al., 
2010).

3. Methodology

3.1. Sampling locations

The 21 air quality monitoring stations considered in this study are 
distributed among the 8 provinces into which Andalusia is divided: 
Almería, Granada, Jaén and Málaga (eastern Andalusia), Cádiz, 
Córdoba, Huelva and Seville (western Andalusia). The monitoring sites 
selected cover different types of environments, including the following 
ones (Table S1). 

⋅ Urban (8 stations): Alcalá de Guadaíra, Lepanto, Mediterráneo, 
Palacio de Congresos, Plaza Castillo, Ronda del Valle, San Fernando 
and Villanueva del Arzobispo.

⋅ Urban-Industrial (7 stations): Bailén, Campus, La Línea, La Rábida, 
Los Barrios, Moguer and Puente Mayorga.

⋅ Traffic (4 stations): Carranque, Granada Norte, Príncipes and 
Torneo.

⋅ Rural (2 stations): Matalascañas and Sierra Norte.

The urban monitoring stations are located in large population cen
ters (Córdoba, Almería, Granada and Jaén). The urban site of Villanueva 
del Arzobispo stands out for the high levels of PM associated with 
biomass burning emissions from the use of olive waste as biofuel for 
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domestic heating (Pérez-Pastor et al., 2020). The urban-industrial sites 
are located near the industrial areas of the Bay of Algeciras (La Línea, 
Los Barrios and Puente Mayorga) and the Estuary of Huelva (Campus, La 
Rábida and Moguer). In the case of Bailén station, high concentrations of 
SO2, PM and other elements associated with the ceramic industry and 
the burning of pine and olive husk (K, Ni, Rb and V), have been 
measured (de la Rosa et al., 2010; Sánchez de la Campa et al., 2010). 
Regarding rural stations, Matalascañas is located about 40 km from the 
industrial area of the Estuary of Huelva, so it may be influenced by in
dustrial emissions from the activities carried out there. Sierra Norte 
station is located far from any major population center, so it is not 
affected by nearby anthropogenic emissions. Traffic monitoring sites are 
located in areas with a significant density of vehicles within heavily 
populated cities: Príncipes and Torneo (Seville), Carranque (Málaga) 
and Granada Norte (Granada). At these traffic hotspots, high levels of 
PM10 and gaseous pollutants (CO and NO2) have been reported (de la 
Rosa et al., 2010; Amato et al., 2014; Fernández-Camacho et al., 2016; 
Millán-Martínez et al., 2021b; Piscitello et al., 2021).

3.2. PM10 sampling and chemical analysis

Offline PM10 sampling was performed using manual gravimetric 
MCV or DIGITEL high-volume (30 m3 h− 1) or low-volume (2.3 m3 h− 1) 
samplers equipped with MUNKTELL quartz fiber filters. The sampling 
frequency was one daily filter (24-h) every 6 days. A total of 3722 daily 
samples were collected between 2021 and 2023 using this procedure. 
After sampling, filters were placed in a constant temperature and rela
tive humidity (20 ± 1 ◦C and 50 ± 5 %, respectively) room. The 
gravimetric analysis of blank and sampled filters was performed in this 
room using a Sartorius LA130S-F balance (0.1 mg sensitivity). The 
standard method UNE-EN 12341 (UNE-EN 12341, 2024) was followed.

For chemical analysis, a half of each filter was digested in acidic 
medium (2.5 mL HNO3: 5 mL HF: 2.5 mL HClO4) following the method 
proposed by Querol et al. (2002). Determination of the contents of major 
elements was performed using ICP-OES (Agilent 5110), and trace 

elements by using ICP-MS (Agilent 7900). For quality control, analysis of 
NIST-1663b (fly ash, Standard Reference Material) was conducted 
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). The external calibration for 
ICP-OES was performed using elemental standards solutions (0.05–100 
ppm and a HNO3 5 % blank). More detailed information on controls and 
calibration can be found in Millán-Martínez et al. (2021a). The average 
precision and accuracy fall for most of the elements under the typical 
analytical errors (in the range of 5–10 %), and were controlled by 
repeated analysis of NBS-1633c (fly ash) reference material.

The soluble fraction of a 1/4 of each filter was extracted with Milli-Q 
grade deionized water at 60 ◦C and the content of major anions (Cl− , F− , 
NO3

− and SO4
2− ) and NH4

+ in the leaches was determined by ion chro
matography (Metrohm 883 Basis IC plus). The accuracy and detection 
limit were 10 % and 0.4 μg m− 3 (Millán-Martínez et al., 2021a). A 1.5 
cm2 rectangular portion of each filter was used to determine elemental 
and organic carbon (EC and OC, respectively) with thermo-optical 
method (Sunset Lab Analyzer) using the EUSAAR_2 protocol (Cavalli 
et al., 2010).

SiO2 and CO3
2− concentrations were indirectly determined from the 

contents of Al, Ca, and Mg, on the basis of experimental equations 
(3*Al2O3 = SiO2; 1.5*Ca +2.5*Mg = CO3

2− ) (Querol et al., 2001). Levels 
of SO4

2− anthropogenic were obtained by subtracting the SO4
2− marine 

(indirectly determined by stoichiometry from the soluble Na levels) 
from SO4

2−
total (Querol et al., 2002). The chemical components were 

grouped as follows: a) Mineral (sum of CO3
2− , SiO2, Al2O3, Ca, Fe, K and 

PO4
3− ); b) Sea Salt (sum of Na, Mg, F− , SO4

2− marine and Cl− ); Secondary 
Inorganic Compounds (SIC, sum of SO4

2− anthropogenic, NO3
− and NH4

+); 
and d) Total Carbon (TC, sum of OC and EC).

3.3. Receptor model

The goal of receptor models is to solve the chemical mass balance 
between measured species concentrations and sources profiles. In this 

Fig. 1. Map with the location of the 8 most important cities in Andalusia (black circles) and the 21 monitoring stations considered in this study, classified as: Urban: 
blue circle; Urban-Industrial: green triangle; Traffic: red star; Rural: yellow square. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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study, the Positive Matrix Factorization model (PMF v5.0 EPA) was used 
as the method for estimating sources identification and contributions. 
The method is described in greater detail in Paatero and Tapper (1994)
and Paatero (1997). PMF is a multivariate factor analysis tool that de
composes a matrix of speciated sample data (X) of i by j dimensions into 
two matrices: factor contributions (G) and factor profiles (F). The model 
is based on the following equation: 

Xij =
∑p

k− 1

Gik*Fkj + Eij (eq. 1) 

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

PMF uses both sample concentration and user-provided uncertainty 
associated with the sample data to weight individual points. The number 
of species selected in the PMF was chosen based on their signal-to-noise 
ratio (S/N) (Paatero and Hopke, 2003). Those elements with an S/N 
value > 2.2 were classified as “strong”, those with 0.2 < S/N < 2.2 as 
“weak”, and those with S/N < 0.2 as “bad”. These last elements are not 
considered in the model. The species considered in the source appor
tionment analysis from the 21 monitoring stations were Al, Ca, K, Na, 
Mg, Fe, Mn, Ti, PO4

3− , Zn, Sr, Pb, SO4
2− , NO3

− , Cl− , NH4
+, OC and EC. Other 

species were taken into account or not according to each station 
(Table S2).

4. Results and discussion

4.1. Levels of PM10 during the study period

The 2021–2023 mean of PM10 concentrations reached 17.9–31.8 μg 

m− 3 at urban sites, 18.7–30.1 μg m− 3 at urban-industrial sites, 
24.0–29.9 μg m− 3 at traffic sites, and 18.6–22.3 μg m− 3 at rural sites. In 
18/21 sites, PM10 annual mean exceeded the forthcoming (2030) new 
limit value of 20 μg m− 3 (Fig. 2 and Table S3). The site with the highest 
PM10 concentration mean was Villanueva del Arzobispo (31.8 μg m− 3). 
This urban station was also the one with the maximum annual mean 
levels in 2021 (33.4 μg m− 3) and 2023 (31.1 μg m− 3), while for 2022 it 
was the Torneo traffic station (36.3 μg m− 3) (Table S3).

The above ranges are lower than those previously measured by 
Millán-Martínez et al. (2021b) at some of these monitoring sites for the 
period 2007–2014. These latter ranges were already lower than those 
reported by de la Rosa et al. (2010) for Andalusia in 2007. This down
ward trend is particularly noticeable in urban-industrial and traffic 
monitoring sites. The decrease is attributed to reductions of PM (and 
gaseous precursors) emission abatements associated to the above Eu
ropean, national, regional and local policy actions implemented (i.e., 
Querol et al., 2014; Li et al., 2018; Sánchez de la Campa et al., 2018; in ′t 
Veld et al., 2021).

4.2. PM10 net load of African dust

As previously mentioned, PM10 concentrations in Andalusia are 
frequently affected by outbreaks of high African dust air masses, given 
its proximity to the African continent (around 30 % of the days, with 
3.0–4.3 μg m− 3 annual contribution, as averages for 2001–2016, Querol 
et al., 2019). These natural PM contributions are allowed to be sub
tracted from daily and annual means for the evaluation of compliance 
with the Ambient Air Quality Directive (EU) 2024/2881 (European 
Union, 2024). The procedure recommended by the European Commis
sion (2011) has been used in this study.

Firstly, two regional background stations were selected: Barcarrota 
(for western Andalusia) and Viznar (for eastern Andalusia). More 

Fig. 2. Bar plots of the concentration of each source identified for each monitoring station in this study including the North African dust load (NAF) (A) and 
excluding it (B). The red dotted line represents the limit of 20 μg m− 3 set by the new Ambient Air Quality Directive (EU) 2024/2881. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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information on both can be found in Escudero et al. (2007). Subse
quently, the 40th percentile was subtracted from the daily value of PM10 
on those days in which African dust events occurred at Barcarrota and 
Viznar stations (as detected by the output of the modelling tools refereed 
by European Commission, 2011). The difference between the daily PM10 
levels measured at both stations and the daily PM10 levels calculated 
using this methodology represents the net PM10 African dust load.

In 2021–2023, the PM10 African dust load ranged between 3.0 and 
4.3 μg m− 3 for stations located in western Andalusia (similar to the range 
given by Querol et al., 2019) and between 6.0 and 7.7 μg m− 3 in eastern 
Andalusia (higher than the range mentioned) (Table S3). This load 
represented more than 34 % of the concentration of the crustal contri
bution (determined by chemical speciation) in western and eastern 
Andalusia. The year in which the highest concentration of PM10 African 
dust was measured was 2022 (Fig. S1). By subtracting the contribution 
of PM10 African dust, the forthcoming annual limit value of 20 μg m− 3 

would have been exceeded in 9/21 sites (Alcalá de Guadaíra, Villanueva 
del Arzobispo, Bailén, Campus, La Línea, Moguer, Granada Norte, 
Príncipes and Torneo), as opposed to the 18/21 before the subtraction 
(Table 1, Fig. 2 and Table S3).

4.3. PM10 major components

The major PM species were grouped into four components: Mineral, 
Sea Salt, SIC and TC. (Table 2). Information on the mean concentration 
of each species in each year at the 21 monitoring sites are reported in 
Tables S4–S6.

The sum of the chemical components of PM10 for each monitoring 
site is depicted in Fig. 3. In general, the highest variability was observed 
at urban and urban-industrial monitoring stations. Rural stations clearly 
showed the lowest mean values of the SIC and TC components. The 
mean concentration of the Mineral component (CO3

2− , SiO2, Al2O3, Ca, 
Fe, K and PO4

3− ) for the period 2021–2023 reached 5.5–16.7 μg m− 3 at 
urban sites, 5.0–14.6 μg m− 3 at urban-industrial sites, 9.3–14.6 μg m− 3 

at traffic sites, and 8.3–10.2 μg m− 3 at rural sites (Fig. 3). This 

component represented between 49 and 55 % of the annual PM10 con
centrations. The site with the highest mean concentration was the Pal
acio de Congresos urban site (16.7 μg m− 3) in Granada. The maximum 
annual mean was also reached at this station (20.8 μg m− 3) in 2022 
(Fig. S2) where this component represented the 71 % of the total PM10 
concentration. This high percentage was due to the fact that, in March of 
that year, Granada was one of the Andalusian regions most affected by 
two episodes of extreme African air masses outbreaks across Europe (e. 
g., Cuevas-Agulló et al., 2024; Rodríguez and López-Darias, 2024). At 
the Granada Norte traffic station, a high value of the Mineral component 
was also measured in 2021–2023 (15.8 μg m− 3; 62 % of the total PM10 
concentration). Other mineral contributions with high load of calcite 
(CaCO3) and dolomite (CaMg(CO3)2), enriched in the soils and rocks of 
some parts of Andalusia (e.g., López-Quirós et al., 2016), could also have 
contributed to increasing Mineral component.

The Sea Salt (Na, Mg, F− , SO4
2− marine and Cl− ) concentrations 

reached 1.2–5.1 μg m− 3 at urban sites, 1.4–4.6 μg m− 3 at urban- 
industrial sites, 1.5–3.0 μg m− 3 at traffic sites, and 1.2–3.7 μg m− 3 at 
rural sites (Fig. 3). The relative contribution of Sea Salt reached 10–15 % 
of the total PM10. Maximum concentrations were measured at stations 
located on the Atlantic (San Fernando and Matalascañas stations) or the 
Mediterranean (Carranque, La Línea, Mediterráneo, Plaza Castillo and 
Puente Mayorga stations) coast. In 2021, this component came to 
represent up to 30 % of the total PM10 concentration at Plaza Castillo 
urban station (5.8 μg m− 3; Fig. S2). It is also relevant to mention that Sea 
Salt can be also considered as a natural PM10 contribution according to 
European Commission (2011), and consequently subtracted from 
measured PM10 for compliance purposes.

SIC (SO4
2− anthropogenic, NO3

− and NH4
+) mean concentrations 

reached 2.8–4.2 μg m− 3 at urban sites, 3.1–5.8 μg m− 3 at urban- 
industrial sites, 3.5–4.0 μg m− 3 at traffic sites, and 2.0–2.9 μg m− 3 at 
rural sites (Fig. 3). The mean relative contribution to PM10 reached 
15–20 %. The site with the highest mean concentration was La Línea 
(5.8 μg m− 3) and the second was Puente Mayorga station (4.4 μg m− 3), 
both located in the province of Cádiz (Fig. 1). Maximum annual mean 

Table 1 
Interannual (2021–2023) mean concentration (μg m− 3) of each source identified at each monitoring station (Urban: UB; Urban-Industrial: UB-IN; Traffic: TR; Rural: 
RU). The contribution of the North African dust load (NAF) has been indicated. Stations that exceeded the PM10 limit of the new directive (20 μg m− 3) have been 
indicated in red. In a bold box, the main anthropogenic activities of each station are highlighted (see text).
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was also reached at La Línea urban-industrial station (8.7 μg m− 3; 40 %) 
in 2021 (Fig. S2). High values of this component in urban-industrial 
stations are expected due, among others, to SO4

2− emissions of anthro
pogenic origin from fuel oil combustion from shipping in areas such as 
the Bay of Algeciras and the Strait of Gibraltar (Pandolfi et al. 2011).

The TC (OC + EC) concentrations reached 2.2–7.3 μg m− 3 (OC/EC 
ranged between 3.1 and 5.7) at urban sites, 2.1–5.4 μg m− 3 (OC/EC 
ranged between 3.1 and 6.5) at urban-industrial sites, 3.5–6.0 μg m− 3 

(OC/EC ranged between 2.5 and 4.6) at traffic sites, and 2.4–3.0 μg m− 3 

(OC/EC ranged between 6.9 and 11.8) at rural sites (Fig. 3). The relative 
contribution of TC to bulk PM10 reached 16–21 %. The station with the 
highest TC (7.6 μg m− 3, OC/EC reached 5.4) and OC (6.4 μg m− 3) 
concentrations was the Villanueva del Arzobispo site, due to the wide
spread biomass combustion processes in that area (Pérez-Pastor et al., 
2020). Maximum annual mean was also reached at this station (8.2 μg 
m− 3) in 2021 (Fig. S2) where TC reached the 29 % of the total PM10 
concentration. However, when considering the average for the group of 
sites, traffic sites showed the highest mean of this component (Table 2
and Fig. 3) due to PM exhaust emissions (Amato et al., 2014; Piscitello 
et al., 2021). The Granada Norte and Torneo traffic sites were the sta
tions with the highest concentration of EC (1.7 μg m− 3 and 1.5 μg m− 3, 
respectively).

4.4. Trace elements

As it could be expected, the highest 2021–2023 loads of metals 
associated with metallurgical activity were measured at urban-industrial 
sites (Table 2). Particularly, the maximum mean concentration of As 
(6.6 ng m− 3), Cd (0.8 ng m− 3), Cu (242.7 ng m− 3) and Pb (32.3 ng m− 3) 
were measured at La Rábida station (Tables S4–S6). As has been re
ported in prior studies (e.g., Fernández-Camacho et al., 2010), these 
elements are associated with the emissions from a copper smelter 
located in the Estuary of Huelva. In the case of As, the mean concen
tration exceeded the European annual target value in PM10 (6 ng m− 3, 
European Commission, 2004), which will become a limit value from 
January 1st, 2030 (European Union, 2024). However, other works car
ried out at this station (e.g., Millán-Martínez et al., 2021a) showed a 
higher concentration of the As species with a lower harmful effect on 
health. The target value of Cd (5 ng m− 3, European Commission, 2004) 
and the limit value of Pb (500 ng m− 3, European Commission, 1999), 
were not exceeded. The Campus and Moguer sites are also influenced by 
the emissions of this smelter (e.g., Pérez-Vizcaíno et al., 2025), although 
the measured concentrations were lower. In the case of Zn, the highest 
concentration was measured at the Lepanto site (81.2 ng m− 3), associ
ated with emissions from smelters located near the city of Córdoba (de la 
Rosa et al., 2010). However, in the stations of La Rábida, Campus and 
Moguer, Zn concentrations were also high and related to the copper 
smelter of Huelva.

The urban-industrial station of Bailén registered the highest con
centration of V (24.9 ng m− 3) and Rb (2.1 ng m− 3). The first is associated 
with emissions from the combustion of coke in the numerous local brick 
factories (Sánchez de la Campa and de la Rosa, 2014), while the second 
is related to the combustion of olive husk (Sánchez de la Campa et al., 
2010). The two sites with the highest mean values of Cr and Ni were the 
urban-industrial stations of La Línea (14.9 ng m− 3 and 10.4 ng m− 3, 
respectively) and Puente Mayorga (11.1 ng m− 3 and 9.2 ng m− 3, 
respectively). Nevertheless, Ni levels were lower than the annual target 
value of 20 ng m− 3 (European Commission, 2004). These elevated Cr 
values and a V/Ni ratio between 0.5 and 0.6 for the three stations in the 
Bay of Algeciras (La Línea, Los Barrios and Puente Mayorga) suggest a 
significant influence from the stainless-steel manufacturing plant 
located in that area (Moreno et al., 2010; Pandolfi et al., 2011).

Finally, the highest mean concentrations of Sn and Sb were measured 
at the Granada Norte (4.0 ng m− 3 and 1.9 ng m.3, respectively) and 
Torneo (4.6 ng m− 3 and 2.1 ng m− 3, respectively) traffic sites. In urban 
environments, these elements are associated with vehicle brake wear 
(Amato et al., 2014; Piscitello et al., 2021).

4.5. Source apportionment

A PMF analysis was performed for the 21 monitoring stations to 
identify and quantify the sources that contributed to PM10 levels during 
the study period. The results were similar to that obtained by Mill
án-Martínez et al. (2021b) between 2007 and 2014 in Andalusia. Six 
sources were recognized: Crustal, Marine, Combustion, Traffic, Regional 

Table 2 
Interannual (2021–2023) mean concentration of major components (μg m− 3) 
and trace elements (ng m− 3) for each group of stations (Urban, Urban-Industrial, 
Traffic and Rural). LOD: Limit of Detection.

Major components

μg m− 3 Urban Urban-Industrial Traffic Rural

Ctotal 4.0 3.2 4.8 2.7
OC 3.3 2.6 3.6 2.4
EC 0.7 0.6 1.2 0.3
CO3

2- 3.2 2.4 3.3 2.1
SiO2 4.2 3.7 4.5 3.9
Al2O3 1.4 1.2 1.5 1.3
Ca 1.5 1.1 1.6 1.0
K 0.5 0.4 0.4 0.4
Na 1.0 1.2 0.9 1.0
Mg 0.4 0.3 0.4 0.3
Fe 0.5 0.5 0.8 0.4
PO4

3- 0.1 0.1 0.1 0.1
SO4

2-
total 1.7 2.0 1.7 1.5

F− <LOD 0.1 <LOD 0.1
SO4

2− anthropogenic 1.4 1.7 1.5 1.2
SO4

2− marine 0.3 0.3 0.2 0.3
NO3

− 1.7 1.7 1.8 1.1
Cl− 0.9 1.0 0.7 0.9
NH4

+ 0.2 0.4 0.3 0.2

Mineral 11.4 9.4 12.1 9.2
Sea Salt 2.6 2.9 2.2 2.5
SIC 3.3 3.8 3.5 2.4
TC 4.0 3.2 4.8 2.7

Trace elements

ng m¡3 Urban Urban-Industrial Traffic Rural

Li 0.5 0.5 0.5 0.5
Be 0.1 0.1 0.1 0.1
Sc 0.1 0.1 0.2 0.1
Ti 50.5 51.3 66.0 44.6
V 2.6 6.9 3.5 1.9
Cr 2.5 6.0 4.5 1.7
Mn 8.3 8.8 11.3 9.0
Co 0.2 0.3 0.3 0.2
Ni 2.6 6.0 3.0 2.2
Cu 9.0 63.3 16.3 3.8
Zn 27.9 36.5 28.2 20.8
Ga 0.2 0.2 0.3 0.2
Ge 0.2 0.2 0.2 0.2
As 0.4 2.1 0.6 0.8
Se 0.1 0.1 0.1 0.1
Rb 0.1 1.1 1.2 1.1
Sr 5.5 3.9 5.9 3.3
Y 0.5 0.4 0.5 0.4
Zr 1.8 1.8 2.2 1.5
Nb 0.2 0.2 0.2 0.1
Mo 3.5 3.1 3.5 3.0
Cd 0.1 0.4 0.1 0.1
Sn 1.4 1.1 3.3 0.7
Sb 0.8 0.7 1.7 0.3
Cs 0.1 0.1 0.1 0.1
Ba 14.0 11.6 21.1 9.1
La 0.5 0.7 0.6 0.4
Ce 1.0 0.8 1.1 0.8
Pb 4.6 12.7 5.8 4.0
Bi 0.7 0.4 0.4 0.1
Th 0.1 0.1 0.1 0.1
U 0.1 0.1 0.1 0.1
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and Industrial. These sources are also consistent with those identified in 
southwestern Europe in other studies (e.g., Karagulian et al., 2015; Liu 
et al., 2025b). Source profiles for each station and the unaccounted 
concentration can be found in Fig. S3 and Table S7, respectively.

The first source is the Crustal source and it is mainly characterized by 
Al, Ca, Fe, Mn, Rb, Sr and Ti. These elements are associated with African 
dust episodes (e.g., Rodríguez et al., 2001) and/or local anthropogenic 
dust, such as road and construction dust, and soil dust resuspension (e. 
g., Querol et al., 2001). The concentration of this source is similar 
(7.3–8.9 μg m− 3) in the four groups of stations (Fig. 4), although it 
represents a higher percentage (41 %) in rural stations due to the lower 
source contribution of the other sources. The Moguer urban-industrial 
site was the station with the highest concentration of this source, both 
including the African dust (12.3 μg m− 3) and subtracting it (8.0 μg m− 3) 
(Table 1).

The Marine source is characterized by the typical marine species Cl− , 
Mg and Na. These elements are the main constituents of common sea 
salts (e.g., Fujitani et al., 2007; Cochran et al., 2017). The sites where the 
Marine source is more relevant are urban-industrial monitoring stations 
(4.2 μg m− 3; 18 %; Fig. 4) due to the influence of sea breeze as most of 
them are located near the coast (Fig. 1). In some stations (Palacio de 
Congresos, Villanueva del Arzobispo, Campus and Granada Norte), the 
sea sprays interact with secondary inorganic aerosols and gaseous pre
cursors such as SO4

2− and NO3
− , thus corresponding to an ‘Aged’ Marine 

source (Fig. S3).
The third source is Combustion and the main associated species are 

K, Rb, OC and EC. These species are emitted from agricultural processes 
(e.g., Yin et al., 2023) and domestic biomass burning (e.g., Samara et al., 
2014). EC and OC are also emitted by road traffic, but in cities with high 
biomass burning contributions, they are included in the Combustion 
source. The concentration of this source ranged between 1.0 and 5.2 μg 
m− 3, with traffic sites having the lowest concentrations (Fig. 4), when 
the Traffic source is clearly identified. This source accounts for the 

highest PM10 load at rural sites (28 %). The site with the highest Com
bustion contribution was Villanueva del Arzobispo (11.4 μg m− 3; 40 %; 
Fig. S4).

The Traffic source is characterized by different components (Ba, Ca, 
Cr, Cu, Fe, K, Sb, Sn, Zn, OC, EC) derived from emissions from vehicle 
exhaust (e.g., diesel soot), brake and tire wear or road dust (e.g., Amato 
et al., 2014; Charron et al., 2019; Piscitello et al., 2021). As it could be 
expected, the concentration and relative contribution of Traffic to PM10 
reached the highest levels at traffic sites (7.3 μg m− 3; 29 %; Fig. 4). 
Granada Norte reached the highest contribution (10.7 μg m− 3; 39 %; 
Fig. S4), and a traffic source associated with exhaust emissions and 
another associated with road dust were reported separately at this site 
(Fig. S3).

The fifth source is Regional. The species are secondary aerosols 
(NH4

+, NO3
− and SO4

2− ) generated from gaseous precursors and associated 
with regional production of SIC and long-range transport (e.g., Viana 
et al., 2008; Karagulian et al., 2015). NH4

+ originates from the use of 
fertilizers and agricultural activities, while NO3

− and SO4
2− are secondary 

inorganic aerosols formed from the oxidation of other species (NOx and 
SO2, respectively) emitted in industrial and/or combustion contexts (Liu 
et al., 2025b). Other elements (V, Ni and Pb) are also included as they 
correspond to tracers of residual oil combustion emissions such as 
shipping or power plants (e.g., Pandolfi et al., 2020). The contribution of 
this source was similar in the four groups of monitoring sites (3.1–4.2 μg 
m− 3; 14–17 %; Fig. 4). The site with the highest concentration was 
Carranque (9.4 μg m− 3; 41 %; Fig. S4).

Finally, the Industrial source is characterized by metals and metal
loids such as As, Cd, Cu, Ni, Pb and Zn. These elements are associated 
with emissions from smelters, oil refineries, industrial power plants and 
ceramic facilities (e.g., Serbula et al., 2014; Yang et al., 2024), among 
other types of activities. The highest contribution of this source was 
measured at urban-industrial sites (3.5 μg m− 3; 15 %; Fig. 4). At La 
Rábida and Campus stations, more than one source associated with 

Fig. 3. Box-and-whisker plots of 2021–2023 mean concentrations of the four major components (Mineral, Sea Salt, SIC and TC) between 2021 and 2023 at the 
monitoring stations.
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industrial activity were identified (Fig. S3), with the latter showing the 
highest concentration (5.8 μg m− 3; Fig. S4) among all stations in this 
study.

4.6. Emission reduction strategies for 2030 compliance

To reduce annual PM10 levels at the 9/21 air quality monitoring sites 
that would have exceeded the annual limit value of the Ambient Air 
Quality Directive (EU) 2024/2881, it is necessary to abate the emissions 
from the high PM10 contribution sources identified (Fig. S5). These 
emissions come mostly from Traffic, Combustion (biomass burning and 
traffic mix) and/or Industrial sources. These 9/21 sites were Alcalá de 
Guadaíra, Villanueva del Arzobispo, Bailén, Campus, La Línea, Moguer, 
Granada Norte, Príncipes and Torneo stations (Table 1). It should be 
noted that the contribution of the African dust load may vary annually, 
so the reduction percentages proposed below correspond to the mini
mum decrease of each source.

In the case of the Granada Norte traffic site, this decrease should be at 
least of 5 % the contribution of the Traffic source to the annual PM10 
mean. However, at Príncipes and Torneo sites in Seville, the reduction 
should reach around 33 % (Table S8). For these sites, the implementa
tion of LEZs in Granada and Seville including the areas where these sites 
are located, favoring the modal transport shift from private vehicles to 
public and active transport, implementing congestion charges, reducing 
the number of urban freight distribution vehicles, among others, are 
recommended (MITERD, 2025). In addition, the Regional Government 

of Andalusia incorporated a qualitative cost-benefit analysis, classifying 
the measures according to both their economic requirements and their 
expected emission reduction potential. This socio-economic evaluation 
provides evidence that strategies such as LEZs and other mitigation 
strategies are not only environmentally effective but also economically 
viable and context-appropriate in Andalusian cities.

In the case of urban-industrial and urban background sites, the 
concentration of the Combustion source should be reduced by 50 % at 
the Moguer station, and around 15 % at the Villanueva del Arzobispo 
and Alcalá de Guadaíra urban sites. In the rest of the urban-industrial 
sites, the reduction should reach 25 % (Campus) and 20 % (Bailén and 
La Línea) (Table S8). To reduce the concentration of Combustion 
contribution, agricultural, domestic-commercial and industrial biomass 
burning will need to be the major abatement target for emissions to 
reduce PM10 concentrations (MITERD, 2025).

The Industrial contribution should be reduced by 50 % at Moguer 
station, 33 % at Príncipes, 25 % at Campus, 20 % at Bailén and 15 % at 
Alcalá de Guadaíra (Table S8). To mitigate these emissions, it would be 
necessary to continue with the implementation of abatement techniques 
in the ceramic industry of Bailén (focused on the reduction of SO2 
emissions, Sánchez de la Campa and de la Rosa, 2014) and the industrial 
areas of the Bay of Algeciras and the Estuary of Huelva (such as wet 
electrofilters and bag filters in the copper production, Sánchez de la 
Campa et al., 2018).

Fig. 4. Pie charts of the mean contributions (μg m− 3) of each source to PM10 concentration for each group of stations (urban, urban-industrial, traffic and rural) and 
for all the stations in the study (Andalusia). NAF: North African dust load.
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5. Conclusions

An evaluation of the 2021–2023 PM10 concentrations, chemical 
speciation and receptor modelling source apportionment was carried 
out using data from 21 air quality monitoring sites throughout Andalusia 
(southern Spain). The novelty of the study is in the implementation of 
receptor modelling source apportionment based on the evaluation of 
long-term PM10 speciation datasets to assess on the strategies needed to 
attain compliance with the PM10 standard of the Ambient Air Quality 
Directive (EU) 2024/2881 to be met from January 1st, 2030.

The source apportionment analysis conducted with PMF recognized 
six major contributing sources of PM10: Crustal (traced by Al, Ca, Fe, Mn, 
Rb, Sr and Ti), Marine (Cl− , Mg and Na), Combustion (K, Rb, OC and EC, 
a biomass burning and traffic mix), Traffic (Ba, Ca, Cr, Cu, Fe, K, Sb, Sn, 
Zn, OC and EC), Regional (V, Ni, Pb, NH4

+, NO3
− and SO4

2− ) and Industrial 
(As, Cd, Cu, Ni, Pb and Zn).

Nine out of 21 study sites would have exceeded the 2030 limit value 
for PM10 with the concentrations recorded in 2021–2023. Specific 
emission abatement measures are recommended for each case according 
to the results of the source apportionment.

Receptor modelling tools do not allow tracing the origin of the 
gaseous precursors yielding to secondary inorganic and organic PM. To 
this end, the deterministic models should be used to assess on strategies 
to abate PM. However, the accuracy of these modelling tools may be 
lower than that of receptor modelling (starting for measurement data). 
Accordingly, due to the strictness of the forthcoming air quality stan
dards and the high proportion of secondary PM, it is highly recom
mended to link the results of deterministic and receptor modelling for 
obtaining a better accuracy for source apportionment of PM. This would 
yield in a marked improvement of the accuracy of the assessment for 
cost-effective measures.

Another step forward would be to combine with high time resolution 
(i.e., 1-h) PM speciation measurements to provide databases for receptor 
modelling to have a better knowledge in the variations of the different 
tracer elements of each source.
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Pérez-Vizcaíno, P., Sánchez de la Campa, A.M., Sánchez-Rodas, D., de la Rosa, J.D., 
2025. Application of a near real-time technique for the assessment of atmospheric 
arsenic and metals emissions from a copper smelter in an urban area of SW Europe. 
Environ. Pollut. 367, 125602. https://doi.org/10.1016/j.envpol.2024.125602.

Peters, A., 2005. Particulate matter and heart disease: evidence from epidemiological 
studies. Toxicol. Appl. Pharmacol. 207, S477–S482. https://doi.org/10.1016/j. 
taap.2005.04.030.

Piscitello, A., Bianco, C., Casasso, A., Sethi, R., 2021. Non-exhaust traffic emissions: 
sources, characterization, and mitigation measures. Sci. Total Environ. 766, 144440. 
https://doi.org/10.1016/j.scitotenv.2020.144440.

Polichetti, G., Cocco, S., Spinali, A., Trimarco, V., Nunziata, A., 2009. Effects of 
particulate matter (PM10, PM2.5 and PM1) on the cardiovascular system. Toxicology 
261, 1–8. https://doi.org/10.1016/j.tox.2009.04.035.

Querol, X., Alastuey, A., Rodríguez, S., Plana, F., Ruiz, C.R., Cots, N., Massagué, G., 
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