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H I G H L I G H T S  

• GC/MS characterization of 76 polar and apolar organic compounds. 
• Natural sources highly contribute to organic aerosol in the background environment. 
• SOA markers predominate in warmer seasons; biomass burning tracers in cold seasons. 
• African dust promote the formation of oxygenated organic compounds. 
• Regional forest fires increase biomass markers and PAH concentrations.  
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A B S T R A C T   

This work presents a thorough analysis of PM10 speciated organic composition at Sanabria Lake Natural Park, a 
rural remote area in NW-Spain, including diacids, hydroxy and poliacids, fatty acids, alkenoic acids, sugars, sugar 
alcohols, n-alkanes, PAHs, quinones, hopanes, tracers of biomass burning, and biogenic secondary organic 
aerosol (BSOA) from isoprene and α-pinene. 

PM10 ambient concentrations at Sanabria (mean value of 12.2 μg m− 3) were within the typical range registered 
in regional-background air quality monitoring stations in Spain. However, the occurrence of African dust out-
breaks and biomass burning events produced significant increases in the PM10 levels at this monitoring site (daily 
mean levels of 29.2 μg m− 3 and 13.7 μg m− 3, respectively). 

Major organic compounds were levoglucosan, sacharides and 2-methyltetrols, markers for biomass burning, 
soil dust and BSOA respectively. 

SOA contributed more than 53% of the total measured organics in summer Samples with high levels of SOA 
include most of the African dust events, suggesting that African dust might promote the formation of oxygenated 
species such as SOA derivatives in this area. This contribution decreased to a 14% in winter. Biomass burning 
tracers represented 37% of the analysed organic pollutants in winter, indicating that this is the main source of 
organic compounds in the colder seasons, mainly due to the influence of regional biomass burning events and the 
use of biomass as fuel in domestic heating. Hence, the fact that African dust outbreaks and biomass burning 
events are likely to become increasingly frequent in the context of climate change makes this type of analysis 
particularly relevant for assessing their impact on natural protected areas.   
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1. Introduction 

Atmospheric aerosols have recognized influence on climate, air 
quality, human health and ecosystem functioning. They can change the 
atmospheric radiation budget directly by scattering and absorbing ra-
diation, and indirectly by altering the cloud processes; they represent 
one of the main air pollutants affecting human health and modifying 
nutrient availability in the different biogeochemistry systems (Wang 
et al., 2009; IPPC et al., 2013; WHO Regional Office for Europe, 2013; 
WHO, 2014; Gonçalves et al., 2014; Mahowald et al., 2017; Yli-Juuti 
et al., 2021). 

Organic matter is a major component of atmospheric aerosols, con-
sisting of a complex mixture of hundred of compounds that contribute 
10–70% to their mass (Saxena et al., 1995). It is important to understand 
the organic aerosol composition to evaluate its possible health effects, 
their relation to photochemistry or long range atmospheric transport 
and the induced alteration of biogeochemcical cycles (Simoneit and 
Mazurek, 1982; Rooge et al., 1991; Brown et al., 2002; Alves, 2008; Fu 
et al., 2016). 

Relative contributions of primary versus secondary sources depend 
on the type of local emissions, meteorology and atmospheric chemical 
conditions (Brown et al., 2002). 

At rural areas, the most important primary sources are biomass 
burning and particles from soil dust (Simoneit, 2004; Medeiros and 
Simoneit, 2007, van Drooge et al., 2015). 

Biogenic secondary organic aerosols (BSOA), originated from the 
photooxidation of biogenic volatile organic compounds (VOCs), repre-
sent a major contribution to atmospheric aerosols in natural and rural 
environments, due to the large VOC emissions from vegetation (Fu and 
Kawamura, 2011 and references therein, Ding et al., 2014, Klyta and 
Czaplicka, 2020). 

It is currently assumed that the main contributions to PM10 regional 
background levels by natural sources in southern Europe are attributed 
to African dust intrusions (Pey et al., 2013 and references therein) and 
biomass burning smoke emissions from wildfires (Alves et al., 2011; 
Vicente et al., 2013; Faustini et al., 2015). Interestingly, the frequency 
and intensity of dust events in the western Mediterranean basin have 
increased in the last decades (Salvador et al., 2022). As a consequence of 
global warming, a robust increase in the area burned by wildfires is 
expected over Mediterranean Europe in the next decades based on 
climate-fire model projections (Turco et al., 2018). 

There are few studies relating desert dust episodes with organic 
compounds. The global atmospheric transport of dust carries predomi-
nantly mineral-crustal particulate matter. However, dust can mix with 
organic and inorganic compounds via heterogeneous reactions or 
adsorption processes during long-range transport (Gonçalves et al., 
2014; Fu et al., 2016 and references therein). Other studies have eval-
uated the effects of dust storms on the atmospheric chemistry of ozone 
(O3) (Bian et al., 2003; Bonasoni et al., 2004). The results suggest a 
possible impact of dust on the chemistry of organic carbon species, being 
most susceptible the oxigenated compounds. Salisbury et al. (2006) 
analysed the changes induced by dust in the photochemistry of 
oxygenated organic compounds, such as aldehydes and ketones. These 
authors found that during the dust periods, the daily cycles and the 
absolute concentrations of some species, such as acetaldehyde, were 
different, although these changes could not be attributed unequivocally 
to heterogeneous reactions with dust. 

Several studies on organic aerosols have been reported in Spain for 
urban, suburban and rural areas (Pindado et al., 2009; Mirante et al., 
2013, 2013v; van Drooge and Grimalt, 2015; Pérez et al., 2020). How-
ever, there is a lack of this type of information for atmospheric aerosols 
at remote sites located far away from anthropogenic sources of air pol-
lutants. The Sanabria Lake is the largest natural freshwater lake in the 
Iberian Peninsula, representing a unique ecosystem. It is located in a 
remote area with a very small population, situation that has allowed the 
maintenance of a typically oligotrophic state of the lake. Recent 

planktonic diatom blooms have risen the concern about a possible shift 
of the trophic status (Pahissa et al., 2015). For this reason, an intensive 
two-year monitoring programme was launched by the water compe-
tence authorities in order to analyse the status of the lake and the main 
drivers that could be affecting the ecosystem functioning. Within this 
framework, air quality was monitored simultaneously with the limno-
logical study, to analyse the contribution of atmospheric deposition to 
nutrient inputs in the Sanabria lake basin. 

The main objective of this study was to characterize the molecular 
composition of the organic fraction of the PM10 aerosol at the site. The 
comprehensive characterization of organic constituents in the PM10 
fraction can contribute to better understand the chemistry and sources 
of atmospheric aerosols, overcoming the existing lack of information on 
the current levels of organic compounds at regional background envi-
ronments, and can provide insights of drivers that could be affecting 
ecosystem functioning in this area of high ecological value, including the 
influence of African dust outbreaks and biomass burning events. 

2. Methodology 

2.1. Study area 

The Sanabria Lake is an oligotrophic water body located 1000 m.a.s.l 
in the Duero River Basin in NW Spain (42◦07′21′′ N, 6◦43′09′′ W; Fig. 1). 
With a glaciar origin, it is located in a territory of medium and high 
mountains formed by acid Paleozoic rocks (granites, gneiss, slates), 
intensely eroded by the action of the ice during the last glaciation. Ac-
cording to the historic data series (1950–2011) of an adjacent meteo-
rological station (Ribadelago Station; 42◦07′ N, 06◦45′ W) the local 
climate is wet Mediterranean mountain type with an annual mean 
temperature of 9 ◦C and mean annual rainfall of 1510 mm (Hernández 
et al., 2015). 

The lake and its surrounding area are included in a Special Protection 
Area of the Natura 2000 Network (ES4190105 “Lago de Sanabria y 
alrededores”) and in the protected area “Sanabria Natural Park”. This 
territory is home of several endangered or endemic species, many of 
them related to the aquatic habitats and peatlands. Other remarkable 
habitats in the area are oaklands, mountain heathlands and acidic high- 
mountain pastures. 

The Sanabria lake basin is far from important sources of pollutant 
emissions, but with some human pressure in the area, particularly dur-
ing summer, linked to touristic activities. In its approximately 127 km2, 
the greatest anthropogenic sources of atmospheric pollutants are tradi-
tional livestock activities and biomass combustion for home heating of 
the <1000 inhabitants in the catchment and closest town. 

2.2. Sampling method 

The sampling site was located at the Casa Forestal de la Playa de 
Viquiella (1020 m a.s.l.). This area corresponds to the lowest altitude in 
the basin and highest human activity at the Natural Park. 

A high-volume sampler CAV-A/mb (MCV, Spain) equipped with a 
PM1025-CAV inlet was used to take 24-h samples of PM10 on quartz 
filters Pall 2500 QAQ-UP (150 mm diameter), operating at a flow rate of 
30 m3 h− 1. Samples were taken once a week for 18 months, changing 
sucessively the weekday, from June 2016 to December 2017. Some 
samples were lost due to incomplete sampling periods caused by electric 
power disruption. This technical problem also caused missing samplings 
for several weeks. A total of 41 samples were finally collected. 

Prior to sampling, filters were combusted at 450 ◦C for 3 h and stored 
in baked aluminum foil packages, then weighted in a conditioned room 
for gravimetric analysis according to EN 12341, 2014. Finally, filters 
were wrapped in aluminium foil and stored at − 18 ◦C until analysis. 
Blank filters were also weighted and analysed periodically with each 
batch of samples. A total of 10 blank filters were employed. 

Meteorological parameters (wind speed and direction, precipitation, 
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radiation, air temperature and relative humidity) were continuously 
monitored at the sampling site. Atmospheric concentrations of ozone 
(O3), ammonia (NH3), nitrogen dioxide (NO2) and nitric acid vapour 
(HNO3) were monitored using passive samplers, following the meth-
odology explained in García-Gómez et al. (2016). Two replicate sam-
plers per gaseous species were exposed at 2 m during 36 consecutive 
periods of 2 weeks. Tube-type samplers (Radiello®; Fondazione Salva-
tore Maugeri, 2006) were used to measure atmospheric concentrations 
of NH3, NO2 and O3, while badge-type samplers, manufactured 
following Bytnerowicz et al. (2005), were used for HNO3. The years 
2016 and 2017 constitute a dry period in the area, with an average 
annual rain of 894 mm, and mean temperature and relative humidity of 
12.2 ◦C and 62.6%, respectively. Yearly mean concentrations of air 
pollutants (calculated for the period June 2016–May 2017) were 0.9 μg 
NO2 m− 3, 0.4 μg NH3 m− 3, 1.3 μg HNO3 m− 3 and 75.9 μg O3 m− 3, which 
are typical concentration values of Mediterranean rural areas that are far 
from significant sources of air pollution (García-Gómez et al., 2016). 
Seasonal values of meteorology and gaseous pollutants for the sampling 
period are shown in Table S1. 

2.3. Analytical procedure 

A quarter of each filter was extracted with dichloromethane:meth-
anol (2:1; v/v) under ultrasonication, and analysed following a method 
previously described (Pérez et al., 2020). 

In brief, 25 μl of the concentrated extract (1 mL) were derivatized 
with BSTFA/TMCS prior to GC/MS to analyse polar compounds (Frac-
tion 1). 

The remaining extract (975 μl) was submitted to a clean-up pro-
cedure on activated alumina and GC/MS analysed for aliphatics, 
hopanes, quinones and PAHs analysis (Fraction 2). 

Accuracy of method was checked by analyzing SRM1649b within 
each batch of samples. 

Blank filters were also analysed with each batch of samples. Small 
amounts of some analytes were encountered, typically some n-alkanes 
and fatty acids, which were less than 2% of compounds in real samples, 
or corrected to final concentrations. 

MDL were calculated as three times the standard deviation of results 
from analysis of six blank filters, and were estimated from 0.001 ng μL to 
1 for benzo(a)fluorenone to 0.17 ng μL-1 for hexadecanoic acid, which 

correspond to 0.01–5 ng m-3, assuming a sample volume of 740 m3. 
Replicate analyses of six fractions of a filter sample showed that the 

precision of the method, expressed as relative standard deviation was 
below 20% for most analytes. 

More detail on the method can be found in the Supplementary 
material. 

For the analysis of crustal elements, another quarter of each filter 
was diggested following 200.2 US-EPA method (Martin et al., 1994) and 
analysed by Inductively Coupled Plasma combined with Optical Emis-
sion Spectroscopy (ICP-OES) following 200.7 US-EPA method (U.S. EPA, 
1994). 

2.4. Identification of days with contributions of African dust and biomass 
burning smoke 

The identification of African dust outbreaks over NW Spain during 
the sampling period at Sanabria was carried out by means of a well- 
known methodology (Escudero et al., 2007; Querol et al., 2013). It is 
based on the daily interpretation of air mass back-trajectories, desert 
dust model forecast images, satellite imagery and synoptic meteoro-
logical maps. Currently, this is one of the official methods recommended 
by the European Commission for detecting the appearance of African 
dust plumes over a given region (Commission Staff Working Paper, 
2011). 

The main biomass burning events that occurred in the study region 
were also identified, based on the output from the NAAPS (Navy Aerosol 
Analysis and Prediction System) Global Aerosol Model. The NAAPS is a 
global aerosol transport model maintained operationally by the U.S. 
Navy for predicting the distribution of tropospheric aerosols (https:// 
www.nrlmry.navy.mil/aerosol/). This model uses geostationary satel-
lite and MODIS fire products to detect smoke emissions produced by 
active burning fires, such as wildfires and the combustion of agricultural 
residues. More details on the model initialisation and the estimation of 
smoke emissions, transport and removal can be found in Giglio et al. 
(2003) and Reid et al. (2009). 

Then, time series of daily PM10 data from two regional background 
air-quality monitoring sites were compiled and analysed to evaluate the 
real impact of African dust and biomass burning smoke on surface PM 
levels during each identified episodic day all the sampling period long. 
The applied method is in accordance with the European Commission 

Fig. 1. Geographical location of the Sanabria sampling site and the closest EMEP air quality monitoring stations: Peñausende and O Saviñao.  
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recommendations (Commission Staff Working Paper, 2011). Peñau-
sende (41◦17′00′′ N; 05◦52′00′′ W; 985 m.a.s.l.) and O Saviñao 
(43◦13′52′′ N; 07◦41′59′′ W; 506 m.a.s.l.) are stations of the Co-operative 
Programme for Monitoring and Evaluation of Long-Range Transmission 
of Air Pollutants in Europe (EMEP) located SE and NW of the Sanabria 
monitoring site, at a distance of about 117 and 147 km respectively 
(Fig. 1). They monitor background air-quality levels that are represen-
tative of a given area surrounding the station, ranging from 25 to 150 
km, depending on the local topographical features (EEA, 1999). 

3. Results and discussion 

3.1. Atmospheric levels of PM10 during the sampling period 

On average, PM10 levels registered at Sanabria Lake during the 
sampling period reached 12.2 μg m− 3. This value is in the lowest side of 
the range of regional background levels of PM10 obtained at EMEP 
monitoring stations (12–20 μg m− 3) and other rural stations (14–21 μg 
m− 3) in Spain in the period 1999–2010 (Querol et al., 2012). Daily mean 
PM10 levels registered at Peñausende and O Saviñao along the sampling 
period (11.9 and 11.3 μg m− 3, respectively) were within the same range. 
It suggests that despite the reduced number of samples obtained in 
Sanabria, compared to the initial work plan, the results obtained from 
the analysis of these samples are representative of the entire period. 

10 samples were collected during African dust outbreaks and 9 
during biomass burning events in the vicinity of the station. Half of the 
African events occurred in summer, while one third of the biomass 
burning events occurred in summer and one third in spring. On 5 oc-
casions both types of events occurred simultaneously. During the 
occurrence of such events, PM10 levels increased above the current 
levels registered in Sanabria. On average they reached 29.2 μg m− 3 and 
13.7 μg m− 3 under African dust outbreaks and biomass burning events, 
respectively. When no events happened, mean PM10 levels in Sanabria 
decreased to 5.8 μg m− 3 during the sampling period. 

One of the PM10 samples was obtained during an unusually intense 
African dust event that happened on 23-February-2017 and has been 
described elsewhere (Fernández et al., 2019; Oduber et al., 2019). This 
event caused the highest PM10 value (110.6 μg m− 3) recorded at Sana-
bria during the experimental period (Fig. 2). For this reason the highest 
average PM10 value was recorded in winter (19.3 μg m− 3). If this sample 
is excluded, the highest seasonal mean PM10 value was recorded in 
summer (14.6 μg m− 3) and the lowest in winter (4.1 μg m− 3). 

3.2. Atmospheric levels of organic compounds 

The sum of quantified organic compounds on average corresponded 
to 2% of the total measured mass of PM10 in summer samples, increasing 
up to 4% in autumn and winter. Total quantified organics ranged from 
172 to 246 ng m− 3 in winter and spring respectively (mean 210 ng m− 3). 
Box and whisker plots of seasonal variation of PM10 and total organics 
are shown in Fig. 2. The higher concentrations achieved during the 
warmest months can be related to the higher prevalence of natural and 

secondary organic compounds in the aerosol, due to the photochemical 
transformation of biogenic VOCs and the higher emission rates. These 
results are in agreement to those found in other remote areas (Sheesly 
et al., 2004). 

Tables S2 and S3 present the mean concentrations of seventy-six 
measured organic compounds. Most abundant species were levogluco-
san (mean 27.4 ng m− 3), sacharides (manitol, glucose) and SOA isoprene 
derivatives (2-methyltetrols), i.e. compounds associated with biomass 
burning, soil dust, and secondary aerosol respectively. This same trend 
was found by García et al. (2017) in their study of organic aerosols in the 
Saharan Air Layer at Izaña Observatory, located at 2400 m a.s.l. on the 
island of Tenerife. 

A correlation analysis was performed among individual organic 
compounds, PM10 and O3 using the Statgraphics Centurion XVII statis-
tical software (95% confidence, p < 0.05). The results obtained for the 
target compounds grouped by chemical families are discussed below. 

Organic diacids, n-alkanes, SOA markers from isoprene and 
terpenes and PM10 showed significant correlations with each other 
(>0.6), also positive with O3 (>0.3). Alkanes and organic diacids can be 
either biogenic or anthropogenic in origin, whereas measured isoprene 
and terpene markers are proved biogenic compounds. Their correlations 
could indicate a preferred natural origin of all of these families in this 
area. In fact, the highest n-alkane concentrations at Sanabria were 
observed for the C27 and C29 homologs for all seasons, which suggest a 
vegetation source. Also, the carbon preference index (CPI), defined as 
the ratio between odd to even hydrocarbons (minimum during winter 
1.7, up to 3.2 in summer) denotes biogenic origin. The higher CPI in 
summer is related to a larger influence of vegetation waxes in the aerosol 
(Mazurek et al., 1989; Kavouras and Stephanou, 2002; Brown et al., 
2002, and references therein). 

2-Methylthreitol (2 MT) and 2-methylerythritol (2 ME), 2-methylgly-
ceric acid (2MGA) and C5-alkene triols: cis-2-methyl-1,3,4-trihydroxy-1- 
butane, 3-methyl-2,3,4-trihydroxy-1-butane and trans-2-methyl-1,3,4- 
trihydroxy-1-butane, recognized products of oxidation of isoprene 
were measured (Claeys et al., 2004; Wang et al., 2005; Wu et al., 2020). 
The highest levels of these compounds were reached in summer (76 ng 
m− 3), with minimum during winter (4.8 ng m− 3), mean of 39 ng m− 3. 
These values were consistent with those found in a Japanese forest in 
summer and in Amazon and Hungarian forests (Alves, 2008 and refer-
ences therein, Fu and Kawamura, 2011; Ding et al., 2014). 

The relative contribution (percentage of abundances) of the SOA 
isoprene tracers according to season is shown in Fig. 3. The predomi-
nance of 2-methyltetrols (up to 94 ng m− 3) has been previously observed 
in other field studies (Li et al., 2013) and is consistent with their for-
mation as major products in low NOx atmospheres found in chamber 
studies (Ding et al., 2014 and references therein). Indeed, NOx concen-
trations measured at Sanabria were always very low (<4 μg m− 3) during 
the whole period of sampling. The relative abundance of treitols and 
MGA slightly decreased in the cold seasons, while C5-alkene triols 
increased their proportion. 

The detected α-pinene oxidation products included pinic and cis- 
pinonic acids, 3-hydroxyglutaric acid (HGA) and 3-methyl-1,2,3- 

Fig. 2. Boxplots of PM10 (μg m− 3) and total organics content (ng m− 3) during each season in Sanabria Natural Park. The x represents the average winter PM10 value, 
excluding the unusually high value associated with the African dust event produced on 23 February 2017. 
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butanetricarboxylic acid (MBTCA). The sum of SOA pinene tracers 
(mean 13 ng m− 3) varied from 17.2 ng m− 3 in summer to 5.7 ng m− 3 in 
winter, following all the individual compounds this seasonal trend. 

In the presence of O3, α-pinene originates pinonic and pinic acid. 
Further reaction of pinic and pinonic acids originates HGA and MBTCA, 
so these can be considered as second generation products of oxidation of 
α-pinene (Claeys et al., 2007; Wu et al., 2020). Besides, all of these 
compounds have been reported to dominate in the fine particulate 
fraction excep cis-pinonic acid which was preferably in the coarse 
fraction (Mahilang et al., 2021; Kanellopoulos et al., 2021). These fac-
tors can explain the lack of correlation found between cis-pinonic acid 
and their derivatives, also discussed in several field studies (Ding et al., 
2011; Alier et al., 2013; Pérez et al., 2020). 

A higher relative contribution (% abundance) during the cold pe-
riods was found for cis-pinonic acid, respect to the other terpene tracers, 
which could be explained by its transformation to MBTCA promoted by 
the higher temperatures and stronger radiation in the summer. In this 
sense, the ratio cis-pinonic acid/MBTCA can be used to establish the 
aging of α-pinene SOA. A higher ratio indicates less transformation of 
pinonic acid to MBTCA and thus relatively fresh SOA. This ratio was 4.0 
in winter, and decreased to 1.4 in spring and summer, showing the 
higher photochemical activity in hot seasons (Ding et al., 2014). 

Galactosan, mannosan, levoglucosan, dehydroabietic acid, 
PAHs and xilitol were highly correlated (0.7–0.9). These compounds 
were not related to PM10 or O3, indeed some PAHs isomers showed a 
negative correlation with O3 (− 0.3), which could indicate their 
photodegradation. 

PAHs showed very low concentrations (mean value of 0.30 ng m− 3), 
which ranged from 0.54 ng m− 3 in winter to 0.15 ng m− 3 in summer. 
Quinones followed a similar trend (0.12 ng m− 3 in winter to 0.006 ng 
m− 3 in summer, mean 0.06 ng m− 3), pointing to the clean natural at-
mosphere in this area. The increase of PAHs in winter has been observed 
in other rural areas of Europe (van Drooge and Grimalt, 2015) and can 
be attributed to biomass combustion for residential heating in combi-
nation with stable atmospheric conditions. Retene, a marker of pine 
wood combustion was not detected in the samples, whereas benzo(b) 
fluoranthene was the most abundant. 

The low impact of road traffic emissions in this area is related to the 
low levels registered of phthalic acids and hopanes (average 0.011 ng 
m− 3), which are tracers of motor vehicle exhaust gases (Glasius et al., 
2022). Hopanes were only well correlated with each other (0.8) and 
PM10 (0.7). 

Levoglucosan, a recognized tracer of biomass burning, was the most 
abundant organic compound in the analysed samples, showing values 
ranging from 11.8 to 59.7 ng m− 3 in spring and winter respectively 
(average 29.4 ng m− 3). Puxbaum et al. (2007) reported similar levo-
glucosan concentrations (32 ng m− 3) at a rural site in Portugal. 

Dehydroabietic acid (DHA) is a specific tracer of conifer resins. This 
compound has been identified in the vegetation smoke both of natural 

and thermally altered aerosol particles, and is emitted in large quantities 
during the combustion of coniferous wood (Rooge et al., 1998; Medeiros 
and Simoneit, 2007). Highest concentrations were found during winter 
(up to 3.2 ng m-3), annual mean 1.9 ng m-3. These levels are much lower 
than those found in other rural areas of Spain affected by local biomass 
burning emissions (van Drooge and Grimalt, 2015; Pérez et al., 2020). 

Saccharides (glucose and trehalose) and mannitol, considered 
molecular markers of fungal spores, and also related to soil particles 
were well correlated (0.8–0.9). These compounds were moderately 
correlated to PM10 (>0.4). Their higher concentrations during spring 
can be explained by the higher biological activities in soils, higher plant 
growth and contribution from pollen (Fu et al., 2012; Alier et al., 2013; 
Zhu et al., 2022). 

Fatty acids showed positive correlations with a variety of other 
compounds, such as diacids, MBTCA, aliphatics, some PAHs such as 
phenanthrene, fluoranthene or chrysene, PM10 and O3, showing the 
high number of different sources, which can contribute to increase their 
levels. 

Based on this correlation study, compounds were grouped into 14 
classes according to functional groups and sources. Concentration data 
depending on the season and the development of biomass burning 
events and African dust outbreaks are summarized in Table 1. 

3.3. Influence of African dust outbreaks and biomass burning events 

The previous analysis of inorganic markers for traffic and crustal 
aerosols (Alonso del Amo et al., 2018), determined the low anthropo-
genic influence in this site, confirmed by the low concentrations of 
PAHs, hopanes and pthalic acids measured and the lack of correlation 
with n-alkanes. However, as it has been previously mentioned, PM10 
levels in Sanabria significantly increased during the occurrence of Af-
rican dust outbreaks and biomass burning events. 

Fig. 4 represents the influence of African dust outbreaks and biomass 
burning events in the total organics content. A clear increase was 
observed during African dust episodes (278 ng m-3), higher when both 
episodes were coincident (325 ng m-3). The ANOVA test confirmed 
significant differences among data (F = 4.93, P = 0.0056 at 95% con-
fidence). The multiple range test found differences for the two groups of 
samples affected by African dust in relation to no event samples. Gon-
çalves et al. (2014), analyzing the content of organic compounds in 
PM10 at Cape Verde, also found that the organic content was higher 
during the occurrence of African dust outbreaks. In the western Medi-
terranean basin, African dust episodes take place mostly in summer (Pey 
et al., 2013). In this season, the higher temperatures contribute to BSOA 
formation. In this work, 5 out of 10 samples influenced by dust were 
taken in summer, and two of them were also affected by biomass 
burning smoke emissions, so it is difficult to differentiate both effects. 

However, when comparing only samples from the warmest periods, 
the ANOVA test also showed significant differences between the two 
groups of samples, those affected by African dust episodes (F = 3.57, P 
= 0.0377 at 95% confidence) and the unnafected samples. The results 
indicate that African dust events promote the increase of total organic 
compounds in PM10. 

Biomass burning tracers showed a clear seasonal trend (Fig. 5a), with 
maximum levels during winter (68.3 ng m− 3) and minimum in spring 
(13.8 ng m− 3). The ANOVA test showed significant differences (F =
3.78, P = 0.0185, 95% confidence) between warm and cold periods. The 
highest daily mean values were obtained from November 2016 to March 
2017.5 out of the 9 biomass burning events were identified in this 
period. However, high levels of biomass burning tracers were also ob-
tained in no events days, mainly in December 2016. Since it is common 
to use biomass as a fuel for residential heating in rural areas of Spain in 
the winter season, this result suggests that this source also had a clear 
impact on the organic PM10 content recorded in Sanabria. 

Regarding the influence of African dust episodes and biomass 
burning events (Fig. 5b), ANOVA test showed also statistically 

Fig. 3. Abundance (%) of the SOA isoprene tracers according to season.  
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significant differences among groups (F = 4.41, P = 0.0095, 95% con-
fidence). The multiple range test found differences for samples affected 
by biomass burning events and the rest of samples, as expected. The 
same trend was observed for PAHs. 

SOA compounds showed an opposite seasonal trend, with maximum 
in summer and minimum in winter, for both primary and second- 
generation products of oxidation of terpenes, as reported in other 
clean enviroments (Deng et al., 2021). As an example, SOA isoprene 
tracers box and whisker plot for seasons is shown in Fig. 6a. The ANOVA 
test showed significant differences (F = 9.98, P = 0.001, 95% confi-
dence) for hot and cold periods. Higher levels of these compounds were 

found during African dust episodes (82.9 ng m3), as shown in Fig. 6b. 
Also, ANOVA test showed significant differences (F = 3.63, P = 0.0215, 
95% confidence) for the samples affected by African events related to no 
event or biomass burning alone events. This trend could be related to the 
tendency of these episodes to occur during summer, when the SOA 
production is higher due to the elevate radiation and temperatures, but 
also to the enhancement of photooxidation reactions in the presence of 
dust. Highest concentrations of SOA isoprene and terpenes were also 
previously measured in samples associated to African dust (García et al., 
2017). 

In fact, a statistically significant linear relationship with a relatively 
high correlation coefficient (r = 0.82) between the crustal content in 
PM10 samples, estimated as the sum of Al, Fe, Mg, Ti and Ca content, 
and the associated SOA isoprene concentration values has been ob-
tained, as shown in Fig. 7. 

Although it is not possible to establish unique sources for many of the 
studied organic compounds, SOA contributed more than 53% to the total 
measured organics in summer, considering the sum of dicarboxylic and 
hydroxycarboxylic acids, isoprene and terpene tracers. Samples with 
high levels of SOA include most of the African dust events, but also 
reflect the importance of the vegetation emission and photochemistry in 
the area. This contribution decreased to a 14% in winter. Biomass 
burning tracers, including correlated compounds (levoglucosan and its 
isomers, dehydroabietic acid, PAHs and xylitol) represented 37% of the 
analysed organic pollutants in winter, indicating that this is the main 
source of organic compounds in the colder seasons, mainly due to the 
influence of regional wildfires, agricultural waste open burning and the 
use of biomass in domestic heating. 

Table 1 
Mean concentrations (ng m− 3) of analysed compounds in PM10 aerosols collected at Sanabria Natural Park since June 2016 to December 2017, during each season and 
during the occurrence of African dust outbreaks (AD) and biomass burning events (BB) and the simultaneous development of both events (AD/BB).  

ng m− 3 Spring (n =
9) 

Summer (n =
13) 

Autumn (n =
9) 

Winter (n =
10) 

Total (n =
41) 

AD (n =
5) 

BB (n =
4) 

AD/BB (n =
5) 

Rest of samples (n =
27) 

∑
n-alkanes 17.1 18.0 12.0 11.8 15.0 18.8 19.9 20.2 12.6 

∑
PAHs 0.161 0.153 0.374 0.540 0.297 0.197 0.511 0.281 0.287 

∑
quinones 0.058 0.006 0.052 0.121 0.056 0.061 0.199 0.018 0.040 

∑
hopanes 0.018 0.021 <0.002 <0.002 0.011 0.045 <0.002 0.025 0.003 

Biomass burning 
tracers 

13.8 16.0 40.6 68.3 33.7 13.5 79.9 75.5 22.8 

Fatty acids 31.5 25.8 30.7 32.9 29.9 38.1 34.5 38.1 26.1 
Alkenoic acids 9.78 6.03 11.4 6.03 8.02 9.41 7.72 6.68 8.06 
Sugars 40.4 20.9 29.3 13.4 25.2 36.5 11.3 26.5 24.9 
Sugar alcohols 35.4 20.3 22.1 12.2 22.0 20.8 10.8 30.4 22.4 
∑

Diacids 11.6 12.6 9.44 7.67 10.5 15.8 12.0 16.6 6.15 
Pthalic acids 3.04 3.70 3.49 4.07 3.60 3.14 5.65 6.18 2.90 
∑

Hydroxy/ 
polyacids 

17.2 13.4 4.75 4.68 10.2 16.0 9.19 17.1 8.15 

BSOA tr (isoprene) 49.1 76.0 13.6 4.85 39.0 82.9 23.3 68.6 27.8 
BSOA tr (α-pinene) 17.3 17.2 10.6 5.68 13.0 23.0 13.5 19.1 9.91 
Total organics 246 230 188 172 210 278 228 325 174  

Fig. 4. Boxplots of total organics concentrations (ng m− 3) during the occur-
rence of no events (NE), African dust outbreaks (AD), biomass burning events 
(BB) and the simultaneous development of both events (AD/BB) in Sanabria 
Natural Park. 

Fig. 5. Boxplots of biomass burning tracers concentrations (ng m− 3) during each season a) and during the occurrence of no events (NE), African dust outbreaks (AD), 
biomass burning events (BB) and the simultaneous development of both events (AD/BB) b) in Sanabria Natural Park. 
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4. Conclusions 

Low mean concentrations of PM10 were obtained at Sanabria Lake 
Natural Park from June 2016 to December 2017 (12.2 μg m− 3), 
remaining in the lowest range of values registered in regional back-
ground monitoring stations of EMEP and other rural stations in Spain. 
The occurrence of African dust outbreaks and biomass burning events 
significantly increased PM10 concentrations. 

The quantified organic compounds accounted for only a small pro-
portion of the total mass of PM10 collected, ranging from 2% in summer 
to 4% in autumn and winter. In particular, the results showed very low 
concentrations of anthropogenic organic compounds, such as PAHs, 
hopanes and phthalic acids, indicating that the Sanabria Lake Natural 
Park represents a quite pristine area. In fact, plant emissions and other 
inputs from natural and biological sources were important sources of 
organic aerosol in this background natural environment. 

Biomass burning smoke represented an important contribution to 
organic compounds in PM10 during winter, while SOA dominated 
during summer. In detail, biomass burning smoke contributed to 37% of 
the quantified organic compounds in winter, mainly due to house 
heating in combination with stable atmospheric conditions and the 
occurrence of wildfires and agricultural waste combustion. While 
biomass burning tracers and PAHs concentrations showed the maximum 
values at this time, the total organic compounds concentration was the 
smallest during the year. 

SOA accounted for more than 53% of the evaluated organics in 
summer, which decreased to a 14% in winter. The observed predomi-
nance of 2-methyltetrols among the SOA isoprene tracers is consistent 
with an atmosphere with low NOx. Their percentage slightly decreased 
in the cold seasons, while C5-alkene triols increased. The trend of SOA 

terpenes tracers reflected a higher conversion of pinonic acid to second 
generation products during hot seasons. African dust events could pro-
mote the formation of SOA species due to the fact that the occurrence of 
these events was associated with increases of total organic compounds in 
PM10 with lower concentrations of PAHs and biomass burning tracers. 

All these results demonstrate that the characterization of organic 
compounds in atmospheric aerosols provide relevant information on 
human activities that could be affecting the conservation of areas with 
high ecological value such as the Sanabria Lake Natural Park. The need 
for further research on the implications of African dust on the photo-
chemistry and formation of SOA and biomass burning events on the 
levels of certain organic compounds is emphasized, especially in the 
current context of climate change under which the frequency of such 
events is expected to increase. 
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