
RESEARCH ARTICLE

Characterization of atmospheric emission sources in lichen
from metal and organic contaminant patterns

Aude Ratier1,2 & Julien Dron1
& Gautier Revenko1

& Annabelle Austruy1 & Charles-Enzo Dauphin1
& Florence Chaspoul3 &

Emmanuel Wafo4

Received: 7 November 2017 /Accepted: 26 December 2017
# Springer-Verlag GmbH Germany, part of Springer Nature 2018

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−1, Fe 42,398 mg kg−1,
orΣPAH 1417 μg kg−1 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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Introduction

The adverse effects of atmospheric metallic and organic con-
taminants, such as polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs), and dibenzodioxins and
furans (PCDD/F)s, on the environment and human health
are long since considered (Stockholm Convention 2001;
IARC 2013; EEA 2016). In contrast to instrumented tech-
niques, atmospheric biomonitoring allows the simultaneous
sampling of numerous locations for the determination of a
wide panel of contaminants integrating a long time range.

Among the various air bioindication methods, biomonitor-
ing with lichens has demonstrated a great potential in evalu-
ating the exposure to atmospheric pollution (Nimis et al. 2002;
Augusto et al. 2013), potentially offering capabilities to dis-
criminate pollution sources from their contaminant accumula-
tion pattern. These symbiotic organisms, lacking protective
cuticle and root system, are essentially dependent of
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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

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 PCAwas 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 × 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 u5, u6, and u7 as well as r2, r3; Fig. 1). Elsewhere,
hay is the main culture amongMediterranean 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 receivesMediterranean 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
Météo-France data of the Istres station, noted BA^ 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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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)

& Urban-industrial: Urban environments near (< 5 km) in-
dustrial installations (numbered from ui1 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 r1 to r4)

Fig. 1 Detailed map of the study area with the 27 sampling sites and wind conditions (hourly data from Météo-France)
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The quality of the results in lichen biomonitoring is depen-
dent on the sampling strategy and local significant variations.
In particular, the sampling variability can be related to the
dimensions of the sampling sites, reaching up to 40–60% for
example in a 100-km2 mesh, but kept under 35% when
narrower (Adams and Gottardo 2012). In the present study,
the site parcels covered approximately 200 m2 areas and
should thus limit local variations considering the whole study
area of almost 1000 km2. The sampled lichens were collected
from all sides of five to ten tree trunks (mainly poplar, tamarix,
ash, oak …) and at least 1 m above the ground to avoid the
potential influence from soil particles. It should be noted that
the tree species supporting the collected lichens (phorophytes)
may have an influence on the contaminant bioaccumulation.
However, this is generally limited, in particular when the sam-
pling sites are not totally opposing in terms of phorophyte
species like it was the case here or in other studies (Bajpai
et al. 2009; Daimari et al. 2013).

Whole X. parietina thalli were collected using ceramic
knives to separate the lichen from their phorophytes (Fig.
S1) until the sample reached at least 10–15 g wet weight.
The sampled thalli were placed in Nalgene© flasks brought
to the laboratory in less than 3 h. They were then stored away
from light at 4 °C for a maximum of 48 h and sorted with non-
metallic material (ceramic and PS) to remove remaining dust,
barks from their phorophytes, and unwanted species. They
were then stored at −30 °C for at least 24 h, freeze-dried for
72 h (−55 °C/0.035 mbar, Christ-Alpha 1-4LD) and finally
ground in a ball mill (1.5 min, 25 Hz, Retsch MM 400
equipped with ZrO2 beads and capsules), leading to homoge-
nized fine-powder composite samples.

Chemical analyses

For each chemical analysis procedure, the full chemical refer-
ences and the complete results of quality controls are provided
in Supplementary Information S1, Table S1 (metals), Table S2
(PAHs), and Table S3 (PCBs).

Metals and metalloids

About 300 mg of the homogenized samples were dissolved in
a mixture of nitric acid (7.5 mL, 65% v/v) and hydrochloric
acid (2.5 mL, 37% v/v) for the determination of 18 metals and
metalloids (Ag, Al, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni,
Pb, Sb, Sn, Tl, V, Zn). Mineralization was carried out using a
microwave system (Ethos advanced μ-wave LabStation) at
180 °C for 20 min. The sample was then diluted in ultrapure
water to 50 mL and analyzed by ICP-MS (ICAP Q,
ThermoElectron).

Mercury (Hg) was prepared apart, by dissolving 300 mg in
nitric acid (5 mL, 65% v/v) and adding a solution of gold
(100 μL at 10 μg L−1) to form a Hg–Au complex and avoid

the volatilization of Hg. This solution was allowed to stand for
72 h at room temperature before analysis using ICP-MS.
Duplicates were prepared and analyzed for all samples, from
the homogenized powder. Briefly, the quality control was
based on the determination of concentrations in lichen and
ray grass-certified materials, which were all within the recom-
mended values. Detection limits range from 0.05 to
0.1 mg kg−1 and standard deviations from 5% to 10%.
Further details regarding metal elements analysis are provided
in the Supplementary Information S1 and Table S1.

PAHs

The analysis of polycyclic aromatic hydrocarbons (PAHs) fo-
cused on the 16 compounds from the US Environmental
Protection Agency (USEPA) priority list, naphthalene (Nap),
acenaphthylene (Acy), acenaphthene (Ace), fluorene (Flu),
phenanthrene (Phe), anthracene (Ant), fluoranthene (FlA),
pyrene (Pyr), benzo(a)anthracene (BaA), chrysene (Chr),
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF),
benzo(a)pyrene (BaP), benzo(ghi)perylene (BPe),
dibenzo(ah)anthracene (DBA), and indeno(1,2,3-cd)pyrene
(IPy), and was adapted from Sarrazin et al. (2006). Freeze-
dried ground samples (~ 0.5 g) were extracted with 20 mL
acetone in an ultrasonic bath (2 × 15 min at 40 Khz and
200 W, JP Selecta). It was left for 12 h at room temperature,
and a 10 mL aliquot of the supernatant was filtered through a
9-cm glass microfiber filter (pore size 2.7 μm, Grade GF/D,
Whatman). Then, 15 mL of ultrapure water was added, and
the solution was passed through a 1-g C-18 cartridge (6 mL
volume, Bond Elut, Agilent) previously wetted with 5 mL
acetone and further conditioned with 5 mL of acetone/water
40:60 (v:v). The columnwas air dried for 20min, and the PAH
was eluted with 3 × 1 mL acetone followed by 2 × 1 mLmeth-
anol. They were finally analyzed by HPLC (Waters 2695
Alliance) equipped with UV and fluorescence detectors
(Waters 2487 and 2475) and a C-18 column (Waters 5 μm
HAP 4.6 × 250 mm). Two to three replicates from the pooled
powder samples were prepared and analyzed. In the absence
of lichen-certified material, the analytical reliability was deter-
mined as the individual congeners recoveries which were cal-
culated from a spiked test sample collected by station i6 and
ranged from 73% to 100%. The detection limits were
1 μg kg−1, and the mean deviations based on the replicate
analyses of the field samples (N = 27) ranged from 3% to
16%. More details on the analytical method and quality tests
are given in the Supplementary Information S1 and Table S2.

PCDD/Fs

The determination of PCDD/F concentrations concerned the
17 congeners from the WHO list (Van den Berg et al. 2006) in
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all samples except sites u5, u6, and u7, and was performed by
La Drôme Laboratoire (Valence, France).

The ASE extraction (ASE300, Dionex) was carried out
with dichloromethane/acetone (50/50, v/v) and by running
3 cycles of 5 min at 120 bar and 100 °C. The samples
were concentrated to 10 mL and treated with copper (12-h
stirring). The extracts were spiked with corresponding
13C-labeled compounds and acidified with 2 mL of con-
centrated sulfuric acid (98%). Then, the solution was pu-
rified using Florisil 3%, and the PCDD/Fs were eluted
using toluene. A second purification was performed using
carbon-celite 18%. PCDD/Fs were separated by GC
(Agilent 7890A) equipped with an apolar column
(RTXPCB 40 m × 0.18 mm × 0.18 μm). The temperature
program was as follows, 140 °C (hold for 0.6 min) in-
creased to 210 °C at a rate of 35 °C min−1; to 250 °C at
1.6 °C min−1; and finally to 310 °C at 3.5 °C min−1. The
samples were detected by HRMS after electronic impact
ionization (Jeol 800D). Details concerning the analytical
quality control for the determination of PCDD/F can be
found in the Supplementary Information S1.

PCBs

PCBs were determined for the six indicators (PCBi 28, 52,
101,138, 153, and 180) and 12 dioxin-like congeners (PCB-
DL 77, 81, 105, 114, 118, 123, 126, 156, 157, 167, 169, and
189) defined in the European regulations (European
Commission 2011).

Quantitative analyses of PCBs were performed follow-
ing previously described procedures (Wafo et al. 2006).
Briefly, the samples (0.5 g) were Soxhlet extracted with
hexane (16 h at 45 °C) and purified with concentrated
sulfuric acid. The extracts were then submitted to an ac-
tivated alumina solid phase extraction and eluted with
hexane (fraction A). An additional extraction using acti-
vated silica and hexane elution (fraction B) was achieved
to recover residuals of eight PCB-DLs (77, 81, 114, 126,
156, 157, 169, 189). Fraction A was determined by GC/
ECD equipped with a 63Ni detector (HP 6890), and frac-
tion B by GC/MS (Agilent 6890 N). Two to three repli-
cates of the homogenized powder were prepared and an-
alyzed. Shortly, the individual congener recoveries were
calculated from a spiked test sample collected by station
i6 and ranged from 70 to 124%. The detection limits
were 0.01 μg kg−1, and the mean deviations based on
the replicate analyses of the field samples (N = 13) ranged
from 12 to 29%, except PCB105 (66.9% in average) due
to levels that were all near its detection limit in the sam-
ples. More details on the analytical method and quality
tests are given in the Supplementary Information S1 and
Table S3.

Data analysis

The water content was determined by deducting the sample
weight before and after they were freeze-dried, and the con-
taminant concentrations in X. parietina strictly refer to their
dry weight in order to avoid any influence due to water content
variability (8% to 30% depending on sampling conditions).
The undetected metallic elements Hg and Ag as well as Tl
(detected in two sites only) were not included in the data
analyses.

Statistical analyses and graphical representations were per-
formed with the statistical software R version 3.2 (R Core
Team 2016) and the vector graphics editor Inkscape.
Compounds which were not detected (nd) or below the limit
of quantification (< lq) were considered as the limits of detec-
tion (ld).

Principal component analyses (PCA) were carried out as-
suming missing values as the mean of all other values for the
factor (applies to 14 PCBs and 3 PCDD/F samples not mea-
sured) and considering standardized data (z-scores). It was
preferred here to the more constrained analyses, such as pos-
itive matrix factorization (PMF) or non-negative matrix fac-
torization, in order to identify in the first place the contaminant
signatures that could be drawn in relation with the main atmo-
spheric emissions that are consistent in the study area.

The hierarchical cluster analysis of metallic elements was
realized using standardized data also, employing Euclidean
distances and the ward.d2 criterion (Murtagh and Legendre
2014; R Core Team 2016).

Significant differences were considered according to the
one-way ANOVA results and post hoc Tukey’s tests (confi-
dence level = 0.95). The latter was realized using the
BHSD.test^ function from the Bagricolae^ package (de
Mendiburu 2017).

Results and discussion

Metals and metalloids

Many metals and metalloids have their concentrations above
the recently calculated French background levels reported by
Agnan et al. (2015) and Occelli et al. (2016), even in the least
exposed locations (Table 1). In particular, they both indicate
lower backgrounds than the present rural concentrations for
As (under 0.85 mg kg−1), Cr (under 4.23 mg kg−1), and Sb
(under 0.30 mg kg−1). The element Fe background, only re-
ported by Agnan et al. (2015), is also much lower
(1330mg kg−1) thanwhat was measured here in rural samples,
representing here the lowest Fe levels. Globally, the concen-
trations are in the range of what observed in the previous years
(Dron et al. 2016), and of other industrial environments,
where the literature generally reports the highest
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concentrations as for examples Al (350–6700 μg kg−1), V (2–
100 μg kg−1), Fe (1200–28,000 μg kg−1), or As (0.4–
9 μg kg−1) (Hissler et al. 2008; Demiray et al. 2012; Occelli
et al. 2013). Because Hg and Ag were never detected, and Tl
only in two industrial sites (0.10–0.11 mg kg−1), they were not
reported in Table 1.

The highest concentrations of all elements are found in
industrial areas, except Cu and Sb (Fig. S2). In more detail,
the industrial category presents significantly higher concentra-
tions for V, Cr, Mn, Fe, Cd, and Pb compared to urban and
rural environments (Table 1, Fig. S3). For these elements, but
also Al, Co, Ni, Zn, As, and Mo, the industrial samples reveal
much greater disparities compared to urban or rural sites,
showing the complexity and the diversity of industrial expo-
sures at the local scale.

Even though the prominence of Fe, Al, andMn (Table 1) in
the lichen samples is often attributed to crustal dust inputs or
road traffic (Agnan et al. 2015; Liu et al. 2016), the extreme
levels and the strong discrepancies observed here clearly point
out steel activities and possibly ore terminals as predominant
contributors. The strong bioaccumulation of metallic elements
in lichens reflects here the major impact of the steel industry
emissions which are characterized by high Fe and Mn inputs
as recently shown in the same area (Sylvestre et al. 2017).
Hierarchical clustering was applied to metallic elements

(standardized data), aiming to split these variables into groups
with similar behavior among the area under study (Reimann
et al. 2008). The resulting dendrogram illustrates how the
variabilities of Mn and Fe are associated, along with Cd and
in a lesser extent As which may also be related to steel indus-
try (Fig. 2). On the other hand, Al seems more specific to ore
terminal activities, as recently documented locally in PM2.5
(Sylvestre et al. 2017). In contrast with Fe, Al is more con-
centrated in sites i2 and i3 by the main ore terminals, rather
than sites i5 to i8 surrounding the steel industrial complex
(Fig. S2), supporting this assumption. In addition, other sub-
stantial sources, such as the aluminate cement plant by site ui5
(Fig. 1) may contribute to the bioaccumulation of Al (high
levels in sites ui5 and ui6).

The elements V, Zn, and Pb are also well-clustered together
(Fig. 2). According to recent works, these are more represen-
tative of chemical, petrochemical, and oil refinery emissions
(Sylvestre 2016). Molybdenum (Mo) stands out as it is used in
only one chemical plant in the Fos-sur-Mer area (Dron and
Chamaret 2015), located between sites i2 and i3 which are the
two Mo outliers (Figs. S2 and S3).

On the contrary, the elements Cu, Sn, and Sb are of com-
parable levels in lichens from all environments. The similar
behavior obtained for these elements was already observed in
literature (Veschambre et al. 2008; Agnan et al. 2015;

Table 1 Mean concentrations and
standard deviations for metals and
metalloids (mg kg−1), PAHs and
PCBs (μg kg−1), and PCDD/Fs
(ng kg−1) measured in
X. parietina samples according to
site categories (N = 9; N = 7; N =
7; N = 4 in industrial, urban-in-
dustrial, urban, and rural catego-
ries, respectively). Different let-
ters between brackets indicate
significant differences between
categories, as a result of ANOVA
and post hoc Tukey’s test (Ba^ or
Bb^; both letters Bab^ specifies
that the value is not significantly
different than Ba^ and Bb^)

Industrial Urban-ind. Urban Rural

Al 3661 ± 1554 (a) 3488 ± 1082 (a) 2953 ± 969 (a) 2198 ± 829 (a)

V 11.7 ± 4.4 (a) 7.16 ± 1.88 (b) 4.71 ± 1.24 (b) 3.50 ± 0.64 (b)

Cr 30.0 ± 16.6 (a) 14.9 ± 6.3 (b) 7.40 ± 1.30 (b) 6.33 ± 1.19 (b)

Mn 194 ± 116.7 (a) 93.0 ± 13.5 (b) 62.4 ± 16.7 (b) 54.2 ± 12.4 (b)

Fe 14,114 ± 11,786 (a) 5508 ± 1007 (ab) 3632 ± 1050 (b) 3521 ± 528 (b)

Co 1.24 ± 0.42 (a) 1.13 ± 0.17 (a) 0.87 ± 0.21 (a) 0.78 ± 0.19 (a)

Ni 14.0 ± 11.1 (a) 13.6 ± 7.1 (a) 9.79 ± 4.9 (a) 7.00 ± 2.7 (a)

Cu 17.9 ± 11.1 (a) 13.0 ± 5.6 (a) 25.5 ± 27.5 (a) 10.3 ± 1.9 (a)

Zn 70.9 ± 49.6 (a) 46.4 ± 11.0 (a) 32.3 ± 7.8 (a) 28.6 ± 10.3 (a)

As 2.39 ± 1.12 (a) 1.61 ± 0.72 (a) 1.17 ± 0.80 (a) 1.10 ± 1.01 (a)

Mo 13.9 ± 28.5 (a) 1.44 ± 0.48 (a) 1.37 ± 0.66 (a) 1.20 ± 0.18 (a)

Cd 0.48 ± 0.24 (a) 0.39 ± 0.16 (ab) 0.21 ± 0.04 (ab) 0.23 ± 0.05 (b)

Sn 4.40 ± 2.37 (a) 3.93 ± 1.32 (a) 4.33 ± 2.60 (a) 4.15 ± 1.01 (a)

Sb 1.71 ± 0.61 (a) 2.01 ± 1.97 (a) 1.20 ± 0.22 (a) 0.78 ± 0.21 (a)

Pb 21.4 ± 9.4 (a) 14.4 ± 4.6 (ab) 9.26 ± 3.09 (b) 7.50 ± 2.09 (b)

ΣPAH 904 ± 263 (a) 784 ± 92 (ab) 675 ± 40 (b) 570 ± 14 (b)

ΣPCDD1 51.3 ± 42.4 (a) 46.9 ± 23.6 (a) 58.5 ± 41.8 (a) 22.5 ± 5.3 (a)

ΣPCDF1 64.4 ± 99.0 (a) 17.1 ± 7.8 (a) 17.3 ± 10.7 (a) 11.5 ± 2.6 (a)

PCDD/FITEQ
1 3.83 ± 2.70 (a) 1.77 ± 0.38 (a) 2.28 ± 0.71 (a) 1.90 ± 0.69 (a)

PCBis
2 8.23 ± 2.47 (a) 6.96 ± 0.58 (a) 9.51 ± 2.09 (a) 6.53 ± 1.34 (a)

PCB-DLs2 1.87 ± 0.28 (ab) 1.34 ± 0.27 (b) 2.85 ± 0.70 (a) 1.92 ± 0.14 (ab)

1N = 4 in the urban category
2N = 3; N = 2; N = 6; N = 2 in industrial, urban-industrial, urban, and rural categories, respectively
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Boonpeng et al. 2017), and the present results show a signif-
icant correlation between Cu and Sb, R = 0.62; p = 0.001
(Pearson excluding outliers). Cu and Sb are known to be char-
acteristic of road traffic emissions from brake wear (Sternbeck
et al. 2002; Lough et al. 2005). Also, they precisely present
here their highest concentrations in the most busy city centers
(sites ui6 and ui7, Fig. S2). Other elevated levels of Sb occur
in sites i2, i3, and i4 also suggesting a significant contribution
from industrial activities, while Cu is particularly high in sites
u5, u6, and u7 where the use of Cu-based fungicides can be
significant (extensive vineyards and olive tree fields).

Polycyclic aromatic hydrocarbons (PAHs)

All of the 16 PAHs from the USEPA priority list were detected
in all samples. The samples collected in the industrial and
industrial-urban areas are the most concentrated (ΣPAH rang-
ing from 569 to 1417 μg kg−1 and from 683 to 949 μg kg−1,
respectively), significantly above the urban and rural catego-
ries (ΣPAH ranging from 624 to 728 μg kg−1 and from 549 to
582 μg kg−1, respectively), highlighting the great influence of
the industrial activities on the local PAH atmospheric concen-
trations (Table 1). Similarly, the disparities observed for
ΣPAH increase strongly from rural and urban locations
(RSD = 2.5% and 5.9%, N = 4 and 7, respectively) to indus-
trial (29.1%, N = 9).

In comparison, the mean values measured in X. parietina
thalli collected during the 2011–2013 period in the same sites
(Dron et al. 2016) were in the same range for the industrial
sites (ΣPAH= 1199 ± 307 μg kg−1) and the industrial-urban
samples (ΣPAH= 650 ± 38 μg kg−1), but two to three times
lower in urban and rural areas (ΣPAH= 265 ± 42 μg kg−1 and
ΣPAH = 200 ± 62 μg kg−1, respectively). The difference ob-
served with the 2011–2013 period is particularly meaningful
in urban and rural environments. This could reflect a signifi-
cant impact of biomass burning and residential heating emis-
sions and will proportionally affect more the urban and rural

categories than the industrial ones which present comparative-
ly higher ΣPAH levels induced by industrial emissions. The
present sampling was held later in January, compared to the
previous years carried out in Nov–Dec with warmer late au-
tumn conditions (mean temperatures 2 months before sam-
pling were 2 to 7 °C below the previous year campaigns).
Accordingly, the local seasonality of the biomass burning con-
tribution in PM2.5 does not increase consistently before the
end of November in the Fos-sur-Mer region (Sylvestre 2016).
Kodnik et al. (2015) measured higher ΣPAH levels in urban
sites in winter as well and noted that, on the contrary, the
influence of small industrial units could be enhanced in sum-
mer compared to urban and rural environments. However, the
upper-end concentrations observed here are much higher than
what reported in other foliose lichens from urban environ-
ments, still supporting the hypothesis of a strong industrial
impact on ΣPAH concentrations in lichens (Domeño et al.
2006; Augusto et al. 2009; Van der Wat and Forbes 2015).

The distribution of the PAH congeners is quite homoge-
neous throughout the study area. Some compounds still show
noticeable variations among their exposure, as Nap and Ipy
which relative contributions to ΣHAP are higher in industrial
samples, or on the contrary Ant, BaA, and Chr which relative
contributions toΣHAP are higher in rural samples (Table S4).
As shown in Fig. 3, the profiles are dominated by the 3-rings
PAHs (Phe, Acy, and Ace; 31 ± 11%, 20 ± 9%, and 14 ± 10%,
respectively), as observed in most lichen samples worldwide
(Van der Wat and Forbes 2015; Dominguez-Morueco et al.
2017). The three-ring congeners Ace and Acy are the most
reactive PAHs, explaining their higher contributions under
cold winter conditions (Atkinson and Arey 1994; Dimashki
et al. 2001). However, such relations with atmospheric reac-
tivity still require complementary works to elucidate.

Dioxins and furans

As for PAHs, all the PCDD/F congeners were detected in all
samples. The great disparity in contaminant concentrations
within the industrial category is here again illustrated, gather-
ing the lowest as well as the highest levels in the studied sites

Fig. 2 Hierarchical clustering of the metal and metalloid standardized
levels (z-scores, N = 27)

Fig. 3 Distribution of PAH according to their number of aromatic rings
and the site typology
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(Table 1, Fig. 4a). The industrial concentrations range from
26.2 to 472 ng kg−1 while urban and urban-industrial samples
have narrower ranges, ΣPCDD/F from 43.0 to 154 ng kg−1

and from 34.5 to 107 ng kg−1, respectively. Rural samples are
very homogeneous and below all other categories, ΣPCDD/F
ranging from 27.3 to 42.2 ng kg−1. Globally, the concentration
levels are comparable to previous years’mean values through-
out the area, which were ranging from 108 ± 88 ng kg−1 to
156 ± 156 ng kg−1 (Dron et al. 2016). On the other hand, they
are quite higher than what were obtained by Augusto et al.
(2015) in X. parietina since 2009 in a lower-scale industrial
zone (Setubal, Portugal). However, the evolution of the
ΣPCDD/F concentrations during the 2011–2014 time span
does not show any clear trends in the Fos-sur-Mer region
and suggests constant atmospheric levels at this scale.

In all the investigated sites, octa- and heptachlorinated di-
oxin and furan congeners were largely prevailing, accounting
for 60 ± 11% and 20 ± 5%, respectively (Table S5), similarly
to the last observations in X. parietina reported by Augusto
et al. (2015). The PCDD/F atmospheric concentrations de-
pend on primary emission levels, atmospheric reactivity, and
gas/particle partitioning. Also, the atmospheric reactivity of
PCDD/Fs decreases when the number of chlorine atoms be-
comes higher, and at equal chlorination degrees, PCDFs have
longer atmospheric lifetimes than PCDDs (Atkinson 1996).

However, the spatial distribution of PCDD/Fs according to
their chlorine content did not differ significantly, contrarily
to the furan-to-dioxin ratios (PCDF/PCDD) indicating that
the differences observed in the PCDD/F profiles are not due
to atmospheric reactivity. The PCDF/PCDD ratios range from
0.25 to 2.15, with particularly elevated values in the industrial
sites i2 to i5, which are surrounded by incineration facilities
and other industries (Fig. 4b). On the contrary, PCDFs are
notably low in all the urban sites, where PCDF/PCDD ratios
range from 0.28 to 0.37, suggesting that the main PCDD/F
local sources (presumably industrial and urban) lead to differ-
ent patterns in lichen, either PCDF or PCDD predominance,
respectively. Interestingly, rural sites show intermediate and
homogeneous PCDF/PCDD values (0.48 to 0.57), which
could reflect a substantial industrial contribution despite low
PCDD/F concentrations (Fig. 4), as these sites are not exposed
to any other source of PCDD/Fs in their vicinity. Similarly,
PCDD/F industrial patterns were also recently observed in
lichen samples having low concentrations, collected nearby
a cement plant in Portugal (Augusto et al. 2016).

Polychlorinated biphenyls

Among the 18 PCBs measured in 13 of the 27 investigated
sites, the 6 indicators (PCBis) and 3 of the 12 PCB-DL were

Fig. 4 Comparative spatial
distributions of (a) PCDD/F total
concentrations (ng kg−1) and (b)
furans-to-dioxins ratios (N = 24)
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found in all sites while the other 9 PCB-DLs were never de-
tected. The sum of the concentrations for these 18 PCBs
ranges from 7.1 μg kg−1 (industrial site i3) to 16.4 μg kg−1

(urban site u5), with PCBis accounting for 72 to 87%
(Table 1).

The samples collected in urban locations have the highest
ΣPCB levels (ranging from 10.1 to 16.4 μg kg−1), followed
by those from industrial sites (7.1 to 12.4μg kg−1). The spatial
distribution of PCB concentrations in lichen suggests a larger
implication of urban sources (residential heating, road traffic),
contrasting with the industrial predominance observed for the
other contaminant categories. However, literature concerning
the accumulation of PCBs in lichen is particularly scarce and
is limited to fruticose species, causing a lack of reference
points. The results observed here are 1 to 3 orders of magni-
tude higher than in remote areas such as the Tibetan plateau or
Antarctica, respectively (Park et al. 2010; Zhu et al. 2015), and
about 5 to 10 times higher than the levels reported by Protano
et al. (2015) around a solid waste incinerator in Italy.

The pentachlorinated PCBs are the most abundant conge-
ners, representing 40.3 ± 7.7% on average of the ΣPCB.
Among them, the PCB 101, PCB 105, and PCB 118 have
higher contributions in urban and rural samples, while the
PCB 180 reveals a stronger industrial influence. The other
compounds were relatively homogeneously distributed, re-
gardless of the exposure typologies (Fig. 5, Table S6). The
reactivity of PCBs in the atmosphere essentially involves
OH radical addition which kinetics is faster for the lower de-
grees of chlorination, leading to a longer lifetime of highly
chlorinated congeners, lasting from several days to months,
respectively (Atkinson 1996; Anderson and Hites 1996). The
preeminence of PCBs having an intermediate degree of chlo-
rination, and more importantly the homogeneous concentra-
tions and profiles throughout the study area indicate that all
the samples were roughly exposed to the same sources of
PCBs. Considering the nature of the investigated locations,
spread out over very different typologies, a regional-scale
contribution is thus probably substantial.

Characterization of exposure typologies
from contaminant profiles

The industrial proximity induces strong contrasts compared to
the more urban and rural environments, either in terms of total
contaminant class concentrations (metals, PAHs, PCDD/Fs)
or congener and element signatures (metals, PCDD/Fs). The
sampling of all sites lasted for only 1 week, and the atmo-
spheric reactivity conditions were comparable among the
whole study area and along the sampling period at the time
scale of lichen bioaccumulation. During the sampling week,
hydroclimatic conditions were indeed homogeneous, with
mean temperatures ranging from 7.2 to 8.2 °C and humidity
from 70% to 79%, and total precipitations from 0 to 0.4 mm
(Meteo-France data fromweather stations A, B, and C, Fig. 1).
Moreover, the climatic conditions were quite homogeneous in
the three weather stations at least during the approximative
accumulation time of lichens (8 weeks), as indicated in the
BSampling and preparation^ section. Thus, even though local
climatic phenomena may still have some incidence, the bio-
accumulation of contaminants in the sampled lichens should
principally depend on their different exposure to emission
sources. Also, particular emission sources may generate spe-
cific contaminant profiles, which could be retrieved in lichen
samples. Multivariate analyses, and more particularly princi-
pal component analyses (PCA), are well suited to characterize
potential relationships between a wide set of variables and
observations together and are commonly used in atmospheric
source apportionment studies applied to volatile organic com-
pounds or particulate matter composition (Viana et al. 2008;
Reimann et al. 2008). They also offer various valuable graph-
ical opportunities to describe the results as for example geo-
graphical mapping of the identified groups (principal compo-
nents). It was also preferred to the common PMF analysis, as a
first step in order to identify signatures and patterns potentially
implying numerous factors (Christensen et al. 2018). Also,
specific contaminant patterns could have been sorted from
the PCA applied to all 27 samples, the 15 ubiquitous metals,

Fig. 5 PCB congener mean concentrations according to the site typology. Error bars correspond to min/max when N = 2 and standard
deviations when N > 2
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and 12 organic classes (5 PAH classes according to their num-
ber of rings, PCDD, and PCDF, 5 PCB classes according to
their number of chlorine atoms). In particular, the profiles of
the sorted factors (i.e., contaminants) show peculiarities in
several components which are very relevant considering what
expected from local emission sources (Fig. 6a).

The main component (explaining 34.1% variability) in-
cludes all metals, PAHs, and PCDD/Fs. Regarding the
mapping of the observed coordinates of this first compo-
nent (Fig. 6b), it suggests a global industrial contribution
which is particularly high in all industrial sites (except site
i1) and shows also strong inputs in the neighboring cities
(sites ui1, ui2, ui6, and ui7).

The second component is more specific and explains
13.5% of the variability. It is exempt of organics and is
driven by the metallic elements Sn, Fe, Mn, Cd, and As.
Among what has been determined here in the BMetals and
metalloids^ section, these elements were recently identi-
fied locally as atmospheric markers of the steel industry

emissions (Sylvestre et al. 2017). More generally, numer-
ous metals and particularly Fe and Mn are usually associ-
ated to steel industry (Pernigotti et al. 2016); nevertheless,
Mn can also result from vehicular traffic emissions.
However, the hypothesis of a prominent industrial origin
is still supported by the geographical distribution of this
component around the steel industry installations (sites i5
and i8), which also impacts the nearby cities (sites ui1, ui2,
ui4). Its high level in more rural locations illustrates the
potentially elevated relative contributions in less contami-
nated samples (Fig. 6), as observed for the PCDF/PCDD
ratios (Fig. 4).

The high specificity of molybdenum (Mo) emissions, iden-
tified as a specific marker of a single chemical industry instal-
lation (Dron and Chamaret 2015), generates a distinct compo-
nent (12.6% of the variability) which also includes PCDD/Fs,
but no other contaminants. This component appears spatially
associated to this industrial activity along with the other co-
located industries, including two waste incinerators that can

Fig. 6 Principal component analysis of the contaminant levels through
the study area (standardized data, N = 27). (a) Detailed distributions of
factors (i.e., contaminants) in the first four principal components and (b)

mapping the coordinates of the individuals (i.e., sampling sites) in the
factorial planes of the same four components
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produce substantial PCDD/F emissions (Fig. 6). Among its
great incidence on site i3 nearby, the influence of this compo-
nent spreads out to the rural areas, similarly to the steel indus-
try component and the geographical distribution of the PCDF/
PCDD ratios (Fig. 4). Again, this suggests a significant rela-
tive input in these more distant sites which are not directly
exposed to other particular sources.

A PAH exclusive component contributes to 10.2% of the
variability and is exempt of any metallic element and
PCDD/F. Such profiles are generally attributed to biomass
burning in atmospheric source apportionment studies (Viana
et al. 2008; Pernigotti et al. 2016). Here, the lichen PAH com-
ponent appears to be homogeneous across the study area,
which is consistent with a regional impact of biomass burning
sources distributed in urban (heating purposes) and rural en-
vironments (heating, stubble-burning). Logically, this compo-
nent is also influenced by the main petrochemical complex in
the study area, regarding its specifically high level in site i9,
possibly evidencing some mixture of biomass burning and
petrochemistry factors here.

The Sb and PCDD contaminants contribute intensively in
the seventh component, which explains 3.8% of the overall
variability. These compounds (see the BMetals and
metalloids^ and BDioxins and furans^ sections) suggest an
urban and road traffic-related profile, in accordance with the
fact that the highest positive coordinates are obtained for six
urban sites (ui6, ui7, u1, u2, u3, and u7) along with sites i4, i5,
and r1.

Even though a potentially high degree of mixing of sources
remains in the components, the sum of those which were
mainly associated to industrial emissions exceeds 60%, cor-
roborating the strong influence of industrial emissions among
the bioaccumulation of atmospheric contaminants in lichens,
even when located 20–30 km away from these sources where
total concentrations are more limited.

Conclusions

The analysis of metals, PAHs, PCDD/Fs, and PCBs in 27 li-
chen samples from contrasted environments (industrial, urban,
rural) located around a major industrial and portuary zone from
South of France revealed specificities related to the sampling
site typology. Approaching industrial installations generally
lead to much higher concentrations, but also to increasing var-
iability due to the proximity of fixed and canalized sources.

The statistical analysis of the collected data, through con-
taminant profiles, hierarchical clustering, and PCA, demon-
strated the possibility of evaluating the contributions of pecu-
liar industrial activities, in particular steel industry, from li-
chen sample pollutant concentrations. The specificity of a
Mo-PCDD component supports this capability and shows that
more specific markers can characterize some atmospheric

emission profiles with enhanced reliability and reduced
mixing of sources in the components, as generally admitted
in atmospheric source apportionment works. Thereby, source
evaluation in lichens could benefit from known atmospheric
markers, such as levoglucosan to discriminate biomass burn-
ing and hopanes to identify oil-related origins, as these organic
compounds may also accumulate in lichens just as PAHs,
PCBs, or PCDD/Fs. Furthermore, with an adequate number
of observations along with well-chosen markers and a suffi-
cient knowledge of the local emission sources, improved sta-
tistical analysis such as PMF could be considered in further
works. Then, the estimation of sources contributions could
take a spatial dimension, at the lichen bioaccumulation time
scale integrating relatively long periods.
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FIGURE S1
Photography of sampling epiphytic Xanthoria parietina thalli (photo credits: J.Dron/IECP).



SUPPLEMENTARY INFORMATION S1. Chemicals and analyses quality control.

Chemicals and materials
Water used for all manipulations was always ultrapure (resistivity 18.2 MΩ.cm). The glassware
and all  laboratory  and sampling materials  were cleaned with diluted hydrochloric  acid and
acetone (or detergent TFD4 dec FT30), rinsed several times after each step with ultrapure
water,  and  oven  dried  at  80 °C (sampling  materials)  or  200 °C  (analytical  materials).  The
analytical materials were finally rinsed twice with the corresponding solvent before use.
Metals mineralization acids were Superpure for trace analysis grade (Carlo Erba) HCl 34-37 %
and HNO3 (67-69 %). The standards were prepared from the multi-element solution for ICP/MS
(certified reference materials) purchased from Sigma-Aldrich.
The n-hexane used for the PCB extraction was Pestipur grade (Carlo Erba) and the sulfuric
acid RPE 96 % grade (Carlo Erba). The PCB standards were realized from a PCB Congener
Mix (each at 10 µg.L-1 in isooctane, Accustandard).
Methanol and acetone used in the PAH extraction steps were RPE for analysis and RS for
HPLC  grades,  respectively  (Carlo  Erba).  The  PAH  standard  solution  (PAH  solution  mix,
Accustandard) contained each of the 16 congeners from the USEPA  priority list at a 0.2 mg.L-1

concentration in CH2Cl2/MeOH (50:50, v:v).

Quality controls methods
Metal  elements  ICP-MS  analysis  was  controlled  by  determining  the  lichen  and  ray-grass
certified materials IAEA-336 and ERM CD-281 (Table S1). As no lichen or similar certified
material is available commercially for PAH and PCB, a marine clam certified sample (IAEA
451) with comparable concentration values was chosen (Table S2 and S3, respectively).
For a more robust validation of PAH and PCB analyses, additional quality tests were realized
by determining the analytical recoveries using a test lichen sample collected near station #6
and spiked with standard solutions. The test sample was Soxhlet  extracted during 16 h at
45 °C and dried at 105 °C to remove initially present PAHs and PCBs, and finally stored for
24 h in a dessicator. About 500 mg of test lichen was then spiked with a standard solution. In
the  case  of  PAHs,  the  Accustandard  PAH  solution  mix  (Interchim)  was  added  at  the
concentrations 6.25 and 50 µg.L-1 which correspond to “mid” and “high” levels in the calibration
curves (analytical  range is  0.31 - 50 µg.L-1,  linearity > 0.999).  For  PCBs,  the  spiking  levels
were 1.56, 12.5 and 50 µg.L-1 which are the “low”, “mid” and “high” levels in the calibration
range (1.56-50 µg.L-1, linearity > 0.994).

Polychlorodibenzodioxins and furans (PCDD/F)
PCDD/F  analyses  were  realized  in  the  Drôme  departmental  laboratory  (La  Drôme
Laboratoires,  Valence,  France).  The  laboratory  is  granted  with  the  ISO  17025:2005
certification, attributed by the French Committee for Accreditation (Cofrac), covering foodstuffs,
solids,  environment  and air  quality  among other.  This  implies  that  regular  quality  controls
including recoveries and determination of standard deviations and detection limits fulfill  the
requirements of analytical quality requested by the ISO and Cofrac certifications.
Recoveries were determined by spiked 13C-labeled standards and corrections were applied to
each sample individually for each corresponding PCDD/F.



Table  S1.  Analytical  performances  and  quality  tests  for  metal  and  metalloid
analyses.  RSD  and  detection  limits  are  based  on  regular  daily  or  weekly
calculations and the later depend on samples quantities.

congeners RSD
%

Lichen IAEA 336
measured (recommended)

mg.kg-1

Rye grass ERM CD281
measured (certified)

mg.kg-1

Detection
limits

mg.kg-1

Al 10 555 (680*) 0.1

V 5 1.51 (1.47*) 0.1

Cr 5 1.25 (1.06*) 24.6 (24.8 ± 1.3) 0.1

Mn 5 63 (63 ± 7) 77 (82 ± 4) 0.1

Fe 10 414 (430 ± 50) 205 (180*) 0.1

Co 5 0.25 (0.29 ± 0.05) 0.1

Ni 5 15.1 (15.2 ± 0.6) 0.1

Cu 5 3.59 (3.60 ± 0.04) 10.2 (10.2 ± 0.5) 0.1

Zn 10 31.0 (30.4 ± 3.4) 30.7 (30.5 ± 1.1) 0.1

As 5 0.66 (0.63 ± 0.08) 0.039 (0.042 ± 0.010) 0.05

Mo 5 2.51 (2.22 ± 0.12) 0.1

Ag 5 0.1

Cd 5 0.10 (0.12*) 0.118 (0.120 ± 0.007) 0.05

Sn 5 0.070 (0.062 ± 0.011) 0.05

Sb 5 nd (0.07 ± 0.01) 0.040 (0.042 ± 0.007) 0.05

Hg 5 0.19 (0.20 ± 0.04) nd (0.016 ± 0.002) 0.1

Tl 5 0.1

Pb 5 4.69 (4.90*) 1.53 (1.67 ± 0.11) 0.1

* Information values



Table S2. Analytical performances and quality tests for individual PAH congeners.
Detection limits are estimated from weekly determinations and depend on sample
quantities.

congeners Mean RSD %
(duplicates of

N=27 field
samples)

Recoveries %
(spiked test sample)
mid (N=3) and high

range (N=3)

Clam IAEA 451
measured (certified)

µg.kg-1

Detection
limits

µg.kg-1

Nap 8.8 80.0 80.7 14.9 (14.8 ± 1.2) 1

Acy 4.8 82.9 86.0 2.2 (2.2*) 1

Ace 3.2 72.8 80.5 2.2 (2.0*) 1

Flu 7.6 79.1 92.6 1.9 (2.6*) 1

Phe 3.8 86.7 89.5 17.1 (15.8 ± 5.6) 1

Ant 13.1 74.7 83.4 6.1 (5.1*) 1

FlA 11.9 85.1 80.1 51.7 (49.3 ± 3.2) 1

Pyr 5.3 77.0 87.8 37.9 (40.0 ± 4.6) 1

BaA 6.1 86.0 86.7 19.4 (19.2 ± 1.3) 1

Chr 7.7 86.0 90.2 27.6 (26.9 ± 2.0) 1

BbF 6.0 96.3 88.8 35.1 (35.8 ± 6.2) 1

BkF 4.8 75.1 93.2 12.7 (14.7 ± 3.2) 1

BaP 3.0 84.3 98.4 18.9 (18.2 ± 2.4) 1

BPe 9.6 84.3 89.5 22.5 (19.5 ± 2.4) 1

DBA 5.9 99.3 91.0 16.1 (5.3 ± 1.4) 1

IPy 16.2 99.4 71.1 23.0 (23.8*) 1

* Recommended or information values

 



Table S3. Analytical performances and quality tests for individual PCB congeners. 
Detection limits are estimated among weekly determinations and depend on 
sample quantities. Indicator PCB ar marked as (i).

congeners Mean RSD %
(duplicates of

N=13 field
samples)

Recoveries %
(spiked test sample)
low (N=1) mid (N=2)

and high range (N=10)

Clam IAEA 451
measured (certified)

µg.kg-1

Detection
limits

µg.kg-1

28 (i) 28.9 85.3 91.3 91.0 0.50 (0.85 ± 0.09) 0.01

52 (i) 16.6 95.7 99.5 92.7 0.53 (0.82 ± 0.04) 0.01

101 (i) 15.1 123.8 107.8 93.3 1.25 (1.74 ± 0.14) 0.01

105 66.2 69.9 74.2 91.5 0.55 (0.49 ± 0.12) 0.01

118 17.8 118.6 106.5 89.1 0.83 (1.01 ± 0.08) 0.01

123 26.8 not determined not determined 0.01

138 (i) 14.9 93.6 86.2 91.8 5.51 (5.30 ± 0.58) 0.01

153 (i) 12.0 96.2 108.7 92.6 9.36 (8.59 ± 0.78) 0.01

156 nd 70.4 94.7 95.2 0.98 (0.56*) 0.01

180 (i) 28.5 101.7 94.9 92.0 6.60 (6.56 ± 1.20) 0.01

* Information value



FIGURE S2

Metal elements spatial distributions (Al, Fe, expressed in g.kg-1 dw ; V, Cr, in mg.kg-1 dw).



FIGURE S2 (continued)

Metal elements spatial distributions (Mo, Ni, Cu, Sb, in mg.kg-1 dw).



FIGURE S3

Distribution  of  metal  and  metalloid  standardized  (z-scores)  levels  according  to  the
sampling stations categories.

Boxplots represent the median values (white or black lines), 1st and 3rd quartiles (box limits)
and most extreme data or 1.5-times the interquartile range if outliers (whiskers).



TABLE  S4. Mean  concentrations  and  standard  deviations  for  PAH  congeners
(µg.kg-1 dw) measured in X. parietina samples according to site categories (N = 9 ;
N = 7 ;  N = 7 ;  N = 4  in  industrial,  urban-industrial,  urban,   rural  categories,
respectively).

congener Industrial Urban-ind. Urban Rural

Nap 96.4 ± 75.0 37.0 ± 21.9 41.6 ± 7.8 32.2 ± 16.3

Acy 130 ± 106 183 ± 60 154 ± 69 137 ± 47

Ace 198 ± 163 106 ± 47 60.3 ± 43.5 63.9 ± 22.4

Flu 43.2 ±13.4 30.6 ± 13.9 26.9 ± 9.5 30.7 ± 7.1

Phe 245 ± 87 251 ± 55 234 ± 84 139 ± 26

Ant 16.6 ±10.3 9.84 ± 1.63 9.11 ± 4.12 11.2 ± 1.9

FlA 13.4 ± 3.3 9.96 ± 1.75 11.4 ± 5.4 7.84 ± 1.09

Pyr 58.4 ± 21.0 52.6 ± 16.7 47.5 ± 15.3 35.5 ± 7.6

BaA 31.6 ± 14.6 37.4 ± 15.7 46.3 ± 8.2 60.2 ± 15.3

Chr 20.0 ± 9.7 18.4 ± 17.4 10.9 ± 6.2 15.9 ± 3.5

BbF 12.0 ± 5.5 10.6 ± 2.6 7.88 ± 0.70 8.08 ± 0.24

BkF 6.98 ± 1.29 6.75 ± 1.03 5.45 ± 0.22 5.78 ± 0.15

BaP 12.2 ± 3.3 13.6 ± 4.7 7.95 ± 2.42 10.1 ± 3.6

BPe 12.4 ± 4.7 11.6 ± 2.4 9.66 ± 0.77 9.96 ± 1.21
DBA 6.58 ± 3.63 5.42 ± 2.18 2.15 ± 1.40 1.68 ± 0.58

IPy 2.27 ± 1.84 0.57 ± 0.23 0.47 ± 0.47 0.18 ± 0.02



TABLE S5. Mean concentrations and standard deviations for PCDD/F congeners
(ng.kg-1 dw) measured in X. parietina samples according to site categories (N = 9 ;
N = 7 ;  N = 4 ;  N = 4  in  industrial,  urban-industrial,  urban,   rural  categories,
respectively).

congener Industrial Urban-ind. Urban Rural

2,3,7,8-TeCDD 0.16 ± 0.05 0.18 ± 0.07 0.14 ± 0.06 0.17 ± 0.04

1,2,3,7,8-PeCDD 1.13 ± 0.83 0.41 ± 0.25 0.80 ± 0.33 0.61 ± 0.34

1,2,3,4,7,8-HeCDD 0.76 ± 0.49 0.44 ± 0.06 0.39 ± 0.14 0.43 ± 0.20

1,2,3,6,7,8-HeCDD 1.82 ± 1.40 0.88 ± 0.29 1.17 ± 0.50 1.13 ± 0.23

1,2,3,7,8,9-HeCDD 1.05 ± 0.72 0.62 ± 0.11 0.86 ± 0.42 0.73 ± 0.22

1,2,3,4,6,7,8-HpCDD 8.65 ± 5.16 7.18 ± 2.29 7.80 ± 1.73 4.91 ± 0.65

OCDD 37.8 ± 35.5 37.0 ± 21.5 47.1 ± 39.3 14.5 ± 3.5

2,3,7,8-TeCDF 2.04 ± 1.06 1.51 ± 0.39 1.26 ± 0.26 1.07 ± 0.35

1,2,3,7,8-PeCDF 3.58 ± 5.69 1.13 ± 0.23 1.20 ± 0.30 1.21 ± 0.16

2,3,4,7,8-PeCDF 2.48 ± 1.48 1.30 ± 0.31 1.76 ± 0.53 1.30 ± 0.52

1,2,3,4,7,8-HeCDF 3.37 ± 4.22 1.05 ± 0.30 0.98 ± 0.35 0.97 ± 0.26

1,2,3,6,7,8-HeCDF 3.13 ± 3.78 0.96 ± 0.24 0.84 ± 0.35 0.89 ± 0.24

2,3,4,6,7,8-HeCDF 0.32 ± 0.42 0.13 ± 0.05 0.17 ± 0.10 0.19 ± 0.06

1,2,3,7,8,9-HeCDF 1.95 ± 1.83 0.73 ± 0.12 0.84 ± 0.34 0.71 ± 0.16

1,2,3,4,6,7,8-HpCDF 11.4 ± 13.4 3.59 ± 1.38 2.77 ± 0.56 2.05 ± 0.19

1,2,3,4,7,8,9-HpCDF 1.62 ± 2.35 0.30 ± 0.15 0.35 ± 0.22 0.31 ± 0.29

OCDF 34.5 ± 68.4 6.65 ± 5.34 7.21 ± 9.34 2.81 ± 0.85



TABLE  S6.  Mean  concentrations  and  standard  deviations  for  PCB  congeners
(µg.kg-1 dw) measured in X. parietina samples according to site categories (N = 3 ;
N = 2 ;  N = 6 ;  N = 2  in  industrial,  urban-industrial,  urban,   rural  categories,
respectively).

congener Industrial Urban-ind. Urban Rural

28 i 2.15 ± 1.46 1.38 ± 1.12 1.81 ± 1.30 1.79 ± 1.19

52 i 1.16 ± 0.20 0.97 ± 0.04 1.47 ± 0.26 1.21 ± 0.12

101 i 1.45 ± 0.39 1.33 ± 0.42 2.83 ± 0.94 1.60 ± 0.02

105 DL 0.04 ± 0.02 0.05 ± 0.01 0.18 ± 0.18 0.08 ± 0.08

118 DL 1.21 ± 0.22 0.88 ± 0.26 2.00 ± 0.52 1.51 ± 0.05

123 DL 0.62 ± 0.15 0.41 ± 0.02 0.68 ± 0.36 0.33 ± 0.11

138 i 1.55 ± 0.41 1.45 ± 0.13 1.88 ± 0.79 1.15 ± 0.03

153 i 1.39 ± 0.11 1.21 ± 0.12 1.32 ± 0.63 0.72 ± 0.00

180 i 0.54 ± 0.15 0.61 ± 0.17 0.18 ± 0.12 0.06 ± 0.02


