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Abstract

Lichen samples from contrasted environments, influenced by various anthropic activities, were investigated focusing on the
contaminant signatures according to the atmospheric exposure typologies. Most of the contaminant concentrations measured in
the 27 lichen samples, collected around the industrial harbor of Fos-sur-Mer (France), were moderate in rural and urban
environments, and reached extreme levels in industrial areas and neighboring cities (Al up to 6567 mg kg™, Fe 42,398 mg kg ',
or "PAH 1417 ugkg ' for example). At the same time, a strong heterogeneity was noticed in industrial samples while urban and
rural ones were relatively homogeneous. Several metals could be associated to steel industry (Fe, Mn, Cd), road traffic, and
agriculture (Sb, Cu, Sn), or to a distinct chemical installation (Mo). As well, PCDFs dominated in industrial samples while
PCDDs prevailed in urban areas. The particularities observed supported the purpose of this work and discriminated the contri-
butions of various atmospheric pollution emission sources in lichen samples. A statistical approach based on principal component
analysis (PCA) was applied and resolved these potential singularities into specific component factors. Even if a certain degree of
mixing of the factors is pointed out, relevant relationships were observed with several atmospheric emission sources. By this
methodology, the contribution of industrial emissions to the atmospheric metal, PAH, PCB, and PCDD/F levels was roughly
estimated to be 60.2%, before biomass burning (10.2%) and road traffic (3.8%). These results demonstrate that lichen biomon-
itoring offers an encouraging perspective of spatially resolved source apportionment studies.
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atmospheric inputs. Their biological activity is permanent
throughout the year, allowing bioaccumulation studies during
winter as well as other seasons. A number of works were
concerned with metal elements, demonstrating the incidence
of human activities on their bioaccumulation in lichens
(Brunialti and Frati 2007; Occelli et al. 2016; Boonpeng
et al. 2017). A more limited number of studies carried out
for PAH determination in lichens also depicted the anthropic
impact, either from road traffic, industry, or biomass burning
(Augusto et al. 2013; Kodnik et al. 2015; Van der Wat and
Forbes 2015). Literature also reports some PCDD/F measure-
ments in lichens (Augusto et al. 2015; Protano et al. 2015),
and Augusto et al. (2016) recently qualified a particular indus-
trial source from other influences by examining their PCDD/F
congener profiles.

Determining the different sources involved into the ambi-
ent air contaminant concentrations is a key element when
planning to reduce the exposure to atmospheric pollutants.
Also, rational information about emission source contribu-
tions is particularly valuable to local stakeholders willing to
optimize their efforts regarding health and environmental
threats. Generally, atmospheric source apportionment
methods involve active sampling or on-line measurements.
Those are thus limited to one or a very few locations but gather
short time-resolved data which can be correlated to meteoro-
logical measurements (Viana et al. 2008). In lichen samples,
the evaluation of pollution sources is limited to a very few
recent studies through the analysis of contaminant profiles,
either metals (Hissler et al. 2008; Agnan et al. 2015;
Boamponsem et al. 2017; Boonpeng et al. 2017), PAHs
(Augusto et al. 2009) or PCDD/Fs (Augusto et al. 2016), but
never all together. Nevertheless, using lichen biomonitoring to
achieve a spatial distribution of identified contributions of
emission sources to atmospheric pollution would be very
complementary to instrumental time-resolved methods and
would become particularly helpful to stakeholders.

In the very industrialized and contrasted region of Fos-sur-
Mer and Berre Lagoon (Provence, France), petrochemical and
steel industry activities are major atmospheric emission
sources among other industries, biomass burning, road traffic,
and ship emissions. Xanthoria parietina sampling was held in
27 sites in January 2015 for the determination of metals,
PAHs, PCDD/Fs, and PCBs. The aim of the study was pri-
marily to identify specific profiles that could be associated to
known emission sources. The hierarchical clustering and prin-
cipal component analysis (PCA) multivariate analysis
methods were performed with the gathered data to identify
the contaminants that could be related to emission sources
and eventually draw some particular patterns. The PCA was
preferred here as a first step to identify specific and consistent
factors in locations potentially influenced by numerous and
contrasted emission sources (Christensen et al. 2018).
Consequently, it focuses in a first place towards contaminant
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profiles combining metals and organics in all samples and
aims to identify peculiarities in relation with the various ex-
posure typologies, including industrial, urban, and rural.
Beyond, an extensive statistical work based on PCA was car-
ried out to identify component factors in relation with known
emission sources and further to estimate their relative
contributions.

Materials and methods
Study area

The study area is located around Fos-sur-Mer, 50 km west
from Marseille (France). It covers about 30 X 30 km and is
populated by approximately 180,000 inhabitants. It is charac-
terized by a very contrasted environment, including numerous
major atmospheric emission sources, as it hosts the main mar-
itime industrial zone in France, including several heavy indus-
try activities (oil refining, petrochemistry, chemistry, coke pro-
duction and steel industry, cement plant, household and indus-
trial waste incineration units) and world-leading maritime ter-
minals (containers, ore, oil, gas, cereal). Furthermore, agricul-
tural activities in the northern part of the area may be locally
significant where large vineyards and olive fields predominate
(by sites uS, u6, and u7 as well as 72, 73; Fig. 1). Elsewhere,
hay is the main culture among Mediterranean fruits. It remains
obvious that road traffic emissions should be considered in
urbanized areas and next to major highways. On the other
hand, this territory is flanked by wide natural areas, the Plain
of Crau and Alpilles mountains (300 to 500 m a.s.l.) to the
north, and the Camargue nature reserve to the west, as well as
marine territories to the east (Berre Lagoon) and south
(Mediterranean Sea), the shipping channels and anchorages
being mainly located within the Gulf of Fos. It is very flat
with only a few gentle hills (<200 m a.s.l.) between sites u1
and u2, and u3 and u4 (Fig. 1).

The Fos-sur-Mer area receives Mediterranean climatic con-
ditions, where the mean temperatures range from 2.8-11.2 °C
in January to 18.9-30.2 °C in July (average low—high temper-
atures). Rainfall usually concentrates in autumn and spring,
often heavily, cumulating annually 554.3 mm in the 1981—
2010 period distributed into an average of 53.5 rainy days
(calculated over the 1981-2010 reference period from the
Meétéo-France data of the Istres station, noted “A” in Fig. 1).

Sampling and preparation

The present sampling campaign represents the fourth consec-
utive yearly campaign of a long-term program (Dron et al.
2016) and lasted for 1 week overall in January 2017.
Assuming an integration by lichens of contaminants over at
least several weeks or months (Nimis et al. 2002; Augusto
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Fig. 1 Detailed map of the study area with the 27 sampling sites and wind conditions (hourly data from Météo-France)

et al. 2009), it could be considered that all the area was sub-
mitted to comparable climatic conditions. During the 8 weeks
preceding sampling, mean temperatures and relative humidity
were 9.3-10.2 °C and 73-76%, respectively, and total precip-
itations ranged from 84 to 131 mm in the three major meteo-
rological stations located in the area. The period was also
dominated by similar NW and E winds throughout the area,
as shown in Fig. 1 (all meteorological averages are based on
hourly data from Météo-France).

The 27 sampling sites have been positioned away from
main road sides and culture fields to avoid direct contam-
ination. They were chosen to form a representative panel
of the various exposures offered in the study area, in order

to explore the specificities of their potential signatures,
and classified into four categories according to their envi-
ronment and distance to the closest major industrial
installation:

* Industrial: By heavy industries (0.5 to 5 km) but away
from urban centers (numbered from i1 to i9)

e Urban-industrial: Urban environments near (<5 km) in-
dustrial installations (numbered from wuil to ui7)

*  Urban: Within cities more than 5 km away from major
industries (numbered from u1 to u7)

*  Rural: Rural areas away from any urban center, major
road, or industry (numbered from 71 to 74)
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