N

N

Occurrence, loading and exposure of atmospheric
particle-bound POPs at the African and European edges
of the western Mediterranean Sea.

Javier Castro-Jimenez, Badreddine Barhoumi, Andrea Paluselli, Marc Tedetti,
Begona Jiménez, Juan Munoz-Arnanz, Henri Wortham, Mohamed Ridha

Driss, Richard Sempere

» To cite this version:

Javier Castro-Jimenez, Badreddine Barhoumi, Andrea Paluselli, Marc Tedetti, Begona Jiménez, et al..
Occurrence, loading and exposure of atmospheric particle-bound POPs at the African and European
edges of the western Mediterranean Sea.. Environmental Science and Technology, 2017, 51 (22),
pp.10.1021/acs.est.7b04614. 10.1021/acs.est.7b04614 . hal-01621291

HAL Id: hal-01621291
https://hal.science/hal-01621291

Submitted on 4 May 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01621291
https://hal.archives-ouvertes.fr

E@!lﬁ%@f.!‘&ﬂum'q Aix--Marseille

Occurrence, loading and exposure of atmospheric particle-bound POPs
at the African and European edges of the western Mediterranean Sea

Javier Castro Jiménez, Badreddine Barhoumi, Andrea Paluselli, Marc Tedetti, Begofa
Jiménez, Juan Mufoz-Arnanz, Henri Wortham, Mohamed Ridha Driss, and Richard Sempéré

Environ. Sci. Technol., Just Accepted Manuscript « DOI: 10.1021/acs.est.7b04614 « Publication Date (Web): 20 Oct 2017
Downloaded from http://pubs.acs.org on October 20, 2017

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.

Environmental Science & Technology is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

N4 ACS Publications



Page 1 of 42

10

11

12

13

14

15

16

17

18

Environmental Science & Technology

Occurrence, loading and exposure of atmospheric particle-bound POPs at the

African and European edges of the western Mediterranean Sea

Javier Castro—Jiménezl*, Badreddine Barhoumi’, Andrea Paluselli', Marc Tedettil,
Begona J iménez’ , Juan Mufioz-Aranz’, Henri Wortham®*, Mohamed Ridha Drissz,

Richard Sempere1

'Aix Marseille Univ, University de Toulon, CNRS, IRD, MIO UM 110, Marseille,

France.

? Laboratory of Heteroatom Organic Chemistry, Department of Chemistry, Faculty of

Sciences of Bizerte, University of Carthage, Tunisia

Department of Instrumental Analysis and Environmental Chemistry, Institute of

Organic Chemistry (IQOG-CSIC), Madrid, Spain

*Aix-Marseille University, CNRS, Laboratory of Environmental Chemistry (LCE),

Marseille, France
*Corresponding author. Phone: +33(0)486090524;

E-mail: javier.castro-jimenez@mio.osupytheas.fr

ACS Paragon Plus Environment



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

Environmental Science & Technology

Abstract

A comparative study for 62 toxic chemicals based on the monthly collection of aerosol
samples during 2015-2016 in two coastal cities at both the African (Bizerte, Tunisia)
and European (Marseille, France) edges of the W Mediterranean basin is presented.
Legacy polychlorinated biphenyls (X;sPCBs) and polychlorinated dibenzo-p-dioxins
and dibenzofurans (X,7PCDD/Fs) show generally higher median levels at the African
edge (2.1 and 0.2 pg m™, respectively) compared to the European coastal site (1.0 and
0.08 pg m>, respectively). Contrary, the “emerging” polybrominated diphenyl ethers
(2,7PBDEs) median concentrations were higher in Marseille (~ 9.0 pg m™) compared to
Bizerte (~ 6.0 pg m™). Different past usage and current emission patterns were found at
both edges of the W Mediterranean, most probably linked to the respective different
regulatory frameworks for toxic chemicals. Our results indicate that the total organic
carbon (TOC) and/or the elemental carbon (EC) contents in the atmospheric aerosol
may have a stronger effect than the total suspended particle (TSP) content as a whole on
the spatial-temporal variability and the long-range atmospheric transport potential of the
studied POPs. A “jumping” of the PBDE local atmospheric stocks from the NW
European Mediterranean edge to the NW African coast seems to be possible under
favorable conditions at present. While a higher PBDE median loading is estimated for
Marseille area (~ 550 ng m? y'l) compared to Bizerte (~400 ng m? y'l), the median
PCB and PCDD/F dry deposition fluxes were higher at the African site, resulting in a 3-
fold higher toxic equivalent (TEQ) loading of dioxin-like pollutants (400 pg TEQ m?y’
") compared to Marseille (~140 pg TEQ m™ y™) with potential implications for the
aquatic organisms. However, the inhalation exposure assessment points to a minimum

risk for human health at both sites.
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Introduction

Atmospheric particulate matter has been recognized as a major environmental airborne
pollutant impacting human health and ecosystems.! A recent study performed in the
Mediterranean Sea supports the hypothesis that atmospheric aerosols can elicit a
number of toxic effects in marine organisms due to the presence of hydrophobic
contaminants intimately associated to the atmospheric particle phase.” High molecular
weight (HMW) polycyclic aromatic hydrocarbons (PAHs) and generally persistent
organic pollutants (POPs) such as polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs) and polychlorinated biphenyls (PCBs) are among the contaminants
suspected to produce these hazardous effects.” In addition, POPs associated to the
atmospheric particle phase can be more resistant to atmospheric degradation processes
(e.g. photodegradation) increasing therefore their atmospheric residence times,
subsequent long-range atmospheric transport (LRAT) and potential expossure.2 A first
step in order to elucidate the potential role of particle-bound POPs in toxic pathways
and to estimate their atmospheric dry deposition, considered as the main vector for the
introduction of the most hydrophobic contaminants in aquatic ecosystems, is their
accurate qualitative (congener specific distribution) and quantitative (environmental
concentration) determinations in the atmospheric aerosol. The legacy PCDD/Fs and
PCBs may lead to complex mixtures in the environment. However, the seventeen
2,3,7,8-chlorine substituted PCDD/Fs (i.e. seven PCDDs or “dioxins” + ten PCDFs or
“furans”) and the twelve dioxin-like PCBs (p PCBs) named CBs-81, -77, -105, -114, -
118, -123, -126, -156, -157, -167, -169, -189, jointly considered as dioxin-like
pollutants, have received most of the attention due to their accumulation and toxic

effects in biota and humans.>® In addition, a set of non-dioxin-like PCBs, commonly
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referred as indicator PCBs (jpPCBs), containing CBs-28, -52, -101, -138, -153 and -180
are often monitored due to their higher environmental concentrations and potential toxic
effects by different mechanisms of action.”” Other POPs with recognized toxicity too,
such as polybrominated diphenyl ethers (PBDEs) can add up to the “contaminant-
aerosol cocktail”.'™"" These pollutants have different sources in the environment.
PCDD/Fs can occur as unintentional by-products in a number of industrial processes

1213 while current emissions of PCBs are urban/industrial centers,

and domestic heating,
open burning of products containing PCBs, waste incinerations, accidental fires and re-
volatilization from environmental reservoirs.'*'> PBDE were mostly used (and still used
in some regions) as flame retardants and, contrary to PCDD/Fs and PCBs, are
considered as a first generation of “emerging contaminants” (only recently restricted).
Three PBDE commercial formulations were extensively used worldwide: the penta-
formulation (with predominance of BDE-47 and -99), the octa-BDE (with PBDE-183 as
one of the major components) and the deca-BDE (with BDE-209 predominating).16

These contaminants are globally banned by the Stockholm Convention of POPs
(including all PBDE formulations) and regulated by the Water and Marine Strategy
Framework Directives at European level (except for the octa- and deca-PBDE
formulations). However, still very little or no information exists on current base line
levels and stocks for many marine areas, even in environments under important
anthropogenic pressure like the Mediterranean Sea. This semi-enclosed environment of
high ecological and socio-economic relevance is largely impacted by POPs and related
contaminants.'”'®!” PCDD/Fs, PCBs and PBDEs are among the POPs found in the
atmospheric compartment from various NW Mediterranean coastal environments (from

20-26

rural to large cities), and the central/Eastern basin?">®, but also farther from the

coast in the entire Mediterranean Sea.”*>® The European Mediterranean coast is by far

ACS Paragon Plus Environment 5
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the most studied and only few measurements (focussing in the SE Mediterranean) have
been carried out in the African Mediterranean edge. >"*®. The atmospheric occurrence of
POPs over the NW Mediterranean African coast still largely unknown. In addition,
parallel observations at both the African and European margins of the Mediterranean
Sea have never been attempted to the best of our knowledge.

We report here results from 22 aerosol samples (total suspended particles, TSP)
simultaneously collected (once per month) in two urban coastal sites at both the African
and European edges of the W Mediterranean. The samples have been analysed for 62
toxic chemicals associated to the atmospheric aerosol. The main objectives of this study
are: (1) to establish base line atmospheric levels of three of the most toxic POPs
families (i.e. PCDD/Fs, PCBs, and PBDEs) in two reference urban coastal sites in the
European and African W Mediterranean and (2) to compare the status of pollution, to
estimate the atmospheric loading and potential exposure of those chemicals at both

edges of the W Mediterranean coast.

Materials and Methods

Sampling and study areas

Atmospheric aerosols samples (TSP) were simultaneously collected from March 2015

to January 2016 in two representative coastal locations under strong anthropogenic

pressure at both the African and European W Mediterranean Sea edges: the cities of

Bizerte (Tunisia) and Marseille (France) (Figure S1). The air was drawn through pre-

combusted quartz fiber filters (QFFs) placed in high volume air samplers (Tisch

ACS Paragon Plus Environment 6
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Environmental, Inc, USA). The sampling volume raged from ~ 1800 to ~5000 m’

depending on the site and sampling event (Table S1).

Marseille: Samples were collected at the roof (~10m AGL) of the Endoume Marine
Research Station (43° 16' 49.90" N, 5° 20' 57.32" E) located at the water front and
around 4 km from the city center and the Marseille maritime terminal. Marseille can be
considered as a NW large coastal city of the Mediterranean basin (~1 million
inhabitants), inducing important car traffic and biomass burning. A detailed area
description has been reported elsewhere. ***' Briefly, Marseille hosts one of the most
important ports of the Mediterranean Sea (~88 million tonnes of goods handled per
year) and stands in the vicinity (40 km SE) of the large petrochemical and industrial
complex of Fos-Berre area (e.g. petroleum refining, cement factory, waste combustion
units, metallurgical industries). The region is well known for its intense photo-oxidative

4243 and several characteristic wind patterns, generally below 5m s,

pollution episode
except during the Mistral events (NW strong wind, 20-30 m s") which are frequent in

the area (100 days/year) (Figure S1)

Bizerte: Sampling was conducted on the roof top (~8 m AGL) of the Faculty of Science
of Bizerte (37° 16' 0.5802" N, 9° 52' 49.875" E) around 1 km far from the city center,
close to the Gulf of Bizerte shoreline and Bizerte lagoon water front (Figure S1). A
detailed sampling description is offered elsewhere. ** Briefly, Bizerte is a medium-size
city (~127 000 inhabitants), located in the north of Tunisia, between the Mediterranean
Sea and the Bizerte lagoon. Even if agriculture and fishery activities are important in the
area, a considerable number of light and heavy industries (i.e., cement, plastic, textile,

mechanic and electronic, iron and steel metallurgy, petroleum refining and lubricants)

ACS Paragon Plus Environment 7
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are present in the area. ** Average temperature of 22 °C, with hot summer and mild
spring, frequent (200 days per year) NW winds (average speed of 6-8 m s”) and
precipitation episodes mostly in fall and winter months, characterized the climate of

Bizerte area. *

Sample processing

QFFs were lyophilized, weighed, and spiked with a suit of PCDD/Fs, PCBs, and PBDEs
BC-labeled standards prior to Soxhlet extraction (24h) with a n-hexane: DCM (9:1)
mixture. Extracts were rota-evaporated and cleaned-up by using the “Dioxin Prep
System-Florisil Version” (Supelco, Bellefonte, PA, USA). PCBs and PBDEs were
collected in a first fraction by elution (100 mL of n-hexane) of the multilayer silica gel
column coupled to a florisil column and a subsequent elution (40 mL of DCM) of only
the multilayer silica gel column (prior removal of the florisil column). PCDD/Fs were
obtained in a second fraction by elution of the florisil column with 50 mL of DCM.
Final extracts were rota-evaporated to ~ 1 mL, transferred to vials, and dried under a
gentle nitrogen steam. Fractions were reconstituted in a few microliters of the respective
PCDD/F, PCB, and PBDE "*C-labeled injection standards prior to instrumental analysis

(Text S1).

Instrumental Analysis

Samples were analysed for 17 PCDD/Fs (congeners 2,3,7,8-susbtituted), 18 PCBs (12
pLPCBs+61pPCBs) and 27 PBDEs (Text S1). Quantification was carried out by isotopic

dilution according to 1613 US EPA method® on a gas chromatograph (Trace GC ultra,

ACS Paragon Plus Environment 8
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Thermo Fisher Scientific, Milan, Italy) coupled to a high resolution mass spectrometer
(DFS, Thermo Fisher Scientific, Bremen, Germany). The injection temperature was 260
°C and 1 pL of extract was injected (splitless mode). GC separation of PCBs and
PCDD/Fs was achieved using a 60 m X 0.25 mm x 0.25 um DB-5MS column (Agilent
J&W, USA), while a 15 m % 0.25 mm % 0.10 pm Rxi®-5Sil MS column (Restek, USA)
was used for PBDEs. Different oven temperature programs were used for each family of
analytes (Table S2). Positive electron ionization (EI+) was used operating in selected

ion monitoring (SIM) mode at 10,000 resolving power.

Quality assurance / quality control (QA/QC)

Clean QFFs were individually wrapped in aluminum foil, baked at 450 °C overnight,
weighted and then stored at -20 °C in double sealed plastic bags until used. Field blanks,
consisting on baked QFFs transported to the sampling area, mounted in the sampler, and
dismounted, were collected at both sites, stored and analysed concurrently with the
samples. After sampling, QFFs were wrapped in aluminium foil again and stored in the
dark at -20°C. Blank levels were generally low for the three POP classes compared to
their concentrations in the samples, ranging from 0.02 to 3.5 pg (PCDD/Fs), from not
detected (n.d.) to 150 pg (PCBs), and from n.d. to 530 pg (PBDEs) depending on the
congener and sample (Table S3). Laboratory blanks (1 blank per five-sample batch)
showed lower or similar levels to field blanks, so no contamination during sampling,
storage and analysis occurred. Results were blank corrected. Chromatographic peaks
were only considered when the ratio between the two monitored ions was within £15%

of the theoretical value, and the signal-to-noise (S/N) ratio>3 (instrumental limit of

ACS Paragon Plus Environment 9
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detection, LOD). Limits of quantification (LOQs) corresponded to S/N>10. Calibration
curves were daily checked. Median LODs ranged from ~ 0.3 to ~ 1.1 pg (PCDD/Fs),
from 2.1 to ~ 8.3 pg (PCBs) and from ~ 1.1 to 32.5 pg (PBDEs) depending on the
compound and sample (Table S4). Median method recoveries (extraction-cleanup-
analysis) varied from 70 to 97 % (PCDD/Fs), from 83 to 110 % (PCBs) and from 60 to

120 % (PBDESs) (Table S5). Results were corrected by recoveries.

TOC, EC determinations and statistical analysis

Total organic carbon (TOC) content was determined in filter subsamples by high
temperature combustion (CHN analyser).46 For the -elemental carbon (EC)
determination, additional filter sub-samples were pre-combusted at 340 °C during 2 h
under oxygen flow"” and then analysed as above indicated. STATA/SE 12.1 software

was employed for the statistical data analysis.

Results and discussion

Concentrations in the atmospheric aerosol

Dioxin-like POPs

>2,3,7,8-PCDD/F concentrations in the aerosols over Bizerte area (Tunisia) ranged
from 32 to 1100 fg m™ (222 fg m™, median) along the sampling period and were
generally higher than those over Marseille coastal area (France), varying from 31 to

1280 fg m™ (83 fg m™, median) (Figure 1A). The highest differences were found for the

ACS Paragon Plus Environment 10
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months of April, July and September 2015 (3, 11, ~5-fold higher levels in Bizerte,
respectively). However, these values were not significantly different (Mann-Whitney
test, p=0.28) for the sum of 2,3,7,8-PCDD/Fs most probably due to the high annual
variability, in particular in Bizerte site, and the limited number of samples analysed.
Significant differences were only found for two furan congeners (i.e. 2,3,4,6,7,8-
HxCDF and 1,2,3,4,6,7,8-HpCDF) (Mann-Whitney test, p=0.04) (Figure S2, Table S6).
A general trend showing higher PCDD/F levels in the coldest months of the year was
observed at both sites. This effect has been previously reported in other Mediterranean
coastal areas and has been attributed to the combined effect of the increase of diffusive
combustion sources (e.g. domestic heating and road traffic) and a less efficient
dispersion of the local emissions during cold conditions. **

The >2,3,7,8-PCDD/F was clearly dominated by the contribution of PCDDs in
Marseille whereas a more even contribution of PCDDs and PCDFs was found for the
aerosols of Bizerte area (Figure 1A), pointing to different PCDD/F sources at both sites.
This is the first time that PCDD/Fs have been measured in atmospheric aerosols from
the Marseille area and in a coastal site at the African Mediterranean edge. The
concentrations found at both sites are within the range of those previously reported for a
coastal area in the Gulf of Lion (50-1500 fg m> )23, urban/industrial sites from
Barcelona area (570-1162 fg m™)** and in the open NW Mediterranean (94-990 fg m™).
3% Reported values from a cruise transect close to the NW Mediterranean African coast
(38 fg m'3) are lower than those measured in Bizerte coastal area. *> Concentrations
measured in a background site in Barcelona area (230 fg m™) are lower too than those in
Marseille*!. No data for comparison was found in the central/eastern Mediterranean Sea.

Recent PCDD/F measurements carried out in the atmospheric aerosol over remote areas

ACS Paragon Plus Environment 11
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from the Atlantic, Pacific and Indian oceans revealed 6 to 11-fold lower background

levels (5to 113 fg m?).*

The ) ;sPCB concentrations measured in the aerosols from Bizerte, ranging from 0.7 to
~4.0 pgm™ (2.1 pg m~, median) were significantly higher (Mann-Whitney test, p=0.03)
than those measured in the aerosols over Marseille, which varied from 0.5 to 2.7 pg m™
(1.0 pg m>, median). pPCBs dominated the total levels at both sites with Y pPCB
concentrations significantly higher too in Bizerte (0.6 to 3.4 pg m”, median value of ~
2.0 pg m™) than in Marseille (0.3 to 1.8 pg m™~, median value of 0.8 pg m™) (Mann-
Whitney test, p=0.01) (Figure 1B). Y pi PCB concentrations, which represented a minor
contribution to the total PCB atmospheric stock at both sites, were not statistically
different (0.1 - 0.5 pg m™ in Bizerte compared to 0.1 - 0.8 pg m™~ in Marseille).
However, the concentrations of some of the most toxic pp PCBs (i.e. CB-81, -126, -169)
as well as the CBs-167, -189 were significantly higher in Bizerte than in Marseille
coastal area (2-4 fold-higher median values depending on the congener) (Figure S3,
Table S7).

> 1sPCB (and Y ;pPCB) concentrations exhibited different annual trends in both sites.
While a general increase of concentrations was observed in winter months compared to
spring and summer in Marseille, a more pronounced seasonality was observed for
Bizerte, showing clearly higher concentrations in spring-early summer and late autumn-
winter months, with minimum levels in August, September and October (Figure 1B). As
a result, 2 to 8-fold higher > ;sPCB levels were measured in Bizerte than in Marseille
from March to July while the concentration differences between the two sites in winter
months were less important, and in some months (e.g. November) higher for Marseille.

Interestingly, higher Y piPCB concentrations were generally measured from August

ACS Paragon Plus Environment 12
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2015 to January (except in December) in Marseille. These facts highlight the differential
environmental behaviour, seasonality and related exposure of individual PCBs at both
sites.

PCB data comparability may be tricky since different number and type of PCBs may be
considered. Therefore, for comparative purposes we focus only on pPCBs. Z;pPCB
concentrations measured at both edges of the NW Mediterranean Sea were generally
lower than previous coastal measurements performed in the NW Mediterranean in the
Gulf of Lion (0.5 to 7.2 pg m> )23’26 and those carried out close to Barcelona area (9 - 26
pg m™).?° Cruise measurements encompassing the Mediterranean Sea and the SW Black
Sea in 2006 and 2007 revealed higher concentrations too for £pPCB (0.4-18 pg m™),
but PCB-118 was included in the sums.’® However, concentrations measured in Bizerte
and Marseille were generally higher that those reported for a coastal site (considered as
a background location) in the Eastern Mediterranean®’ consistent with previous studies
indicating higher PCB levels in the W Mediterranean.’® Most of the previous studies
correspond to measurements performed more than a decade ago (as for PCDD/Fs) so
comparison must be done carefully. Particle-bound PCBs have received little attention
since then in the Mediterranean basin compared to gas phase PCBs, most probably due
to the dominant role of vapor PCBs driving total PCB ambient levels (especially for low
MW congeners) and the increasing applications of passive sampling techniques to POP
atmospheric measurements. Thus, recent studies in the Mediterranean Sea considered
only the gas phase or the assemble gas+particle phases. **** Y PCB background
measurements in the atmospheric aerosol over remote areas from the Atlantic, Pacific
and Indian oceans revealed up to 500-fold lower levels (1 - 2675 fg m>).*

These figures confirmed that the NW Mediterranean Sea is considerably exposed to

dioxin-like POPs, and might act in turn as a potential secondary source, in particular of

ACS Paragon Plus Environment 13
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PCBs, for other Mediterranean regions (less exposed) and for the most pristine areas of
the major oceans of the Earth. It has been reported that the principal control on the
levels of legacy POPs in active circulation in the global environment is currently in a
state of transition (from primary to secondary source control)."* The role of the NW
Mediterranean Sea (and other similar impacted marine areas) as potential secondary

sources at present remains uncertain and requires further investigation.

MA —— SPCD/Fs 5PCDDs SPCDFs A
1400 BZ —e—3PCD/Fs - SPCDDs SPCDFs
1200

1000

800
600
400
200
0
MA —— 5pcas 3ID-PCBs $DL-PCBs
4500 BZ . secas a- 5ID-PCBs SDL-PCBs
o 4000 5
£ 3500
0 3000
—
p 2500
2 2000
)
g 1500
c 1000
3 500
c
o 0
o
60000 c
50000 MA —— 527PBDEs BDE-209
BZ —«577PBDEs -+ BDE-209
40000

30000

20000

10000

ACS Paragon Plus Environment 14

Page 14 of 42



Page 15 of 42

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

Environmental Science & Technology

Figure 1. Temporal variability of PCDD/F (A), PCB (B) and PBDE (C) concentrations
in atmospheric aerosols over Marseille (MA) and Bizerte (BZ) coastal areas from March

2015 to January 2016.

PBDEs

Y,7PBDE concentrations were generally higher than dioxin-like POPs (in particular
compared to PCDD/Fs) at both sites. Levels in the aerosol from Bizerte ranged from 1.0
to 54.0 pg m” (~ 6.0 pg m™, median), while in Marseille varied from 2.2 to 17.6 pg m™
(~ 9.0 pg m”, median) (Figure 1C). A general trend of higher levels in Marseille area
was found, with the exception of the samples collected in spring in Bizerte, in particular
the one of March 2015 (which exhibited 3 to ~50-fold higher PBDE levels than the rest
of samples collected in Bizerte). This concentration peak can be attributed to an unusual
higher concentration of medium-high MW PBDEs in that sample compared to the
others, in particular BDE-183 (Table S8), likely due to the combined effect of the air
mass back trajectories (BTs) and potential local sources during this sampling event (see
discussion below). However, the concentrations at both sites did not show a statistical
difference (Mann-Whitney test, p>0.05). Still, some individual congeners exhibited
statistical differences but with contrasting trends, like BDE-47 with 3-fold higher
median concentrations in Marseille than Bizerte (Mann-Whitney test, p=0.01), while
BDE-3, -7, -71, -77, -126, and -156 showing higher levels in the aerosols from Bizerte
(p<0.01 — 0.04) (Figure S4, Table S8). PBDE-209 was the major contributor to the total

>,7PBDE for most of the samples at both sites (Figure 1C).
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327  X7PBDE concentrations measured in Marseille and Bizerte were generally within the
328 range of those reported for a coastal site in the NW Mediterranean (2-18 pg m™,
329  XsPBDE)®, higher than levels in a coastal background site in central/E Mediterranean
330 (0.5-2 pg m™, £;sPBDE)™ but in the lower end of values reported for acrosols collected
331 over large cities in the E Mediterranean like Athens (Greece) (15-23 pg m™,
332 X,PBDE)® and Izmir (Turkey) (27-62 pg m™, Z,PBDE). **

333

334 POPs patterns in the atmospheric aerosol

335

336 The PCDD/F atmospheric pattern (congener relative contribution) for most of Bizerte
337  samples showed an important contribution of furans, with 1,2,3,4,6,7,8-HpCDF and
338  OCDF accounting for the 16.3£3.7 % and 12.2+7.3 % of the }2,3,7,8-PCDD/F, values
339 almost reaching the relative contribution of 1,2,3,4,6,7,8-HpCDD (17.0+4.0 %) and
340 OCDD (25.5+4.5 %) which are the two most abundant PCDDs (Figure 2A-1). However,
341  the PCDD/F pattern in samples from Marseille was dominated by a higher contribution
342  of 1,2,3,4,6,7,8-HpCDD (21.2+6.8 %) and OCDD (53.0+4.0 %) and lower contribution
343  of 1,2,3,4,6,7,8-HpCDF and OCDF accounting for the 5.8+3.0 % and 6.0+2.8 % of the
344  »2.37,8-PCDD/F, respectively (Figure 2A-2). A higher contribution of PCDFs in the
345 PCDD/F atmospheric pattern compared to PCDDs has been associated in previous
346  studies to ‘fresh’ emissions (sources). A situation in which the lower chlorinated
347  congeners, in particular PCDFs, have insufficient time to experience significant
348  atmospheric degradation / depletion processes.”>>***° Contrary, a predominance of
349  higher chlorinated PCDDs and little contribution of PCDFs is considered as a ‘sink’
350 signal where the lighter congeners were ‘weathered’ in their travel from the source to

351  the sampling sites due to atmospheric processes (e.g. photodegradation).
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These patterns suggest current local PCDD/F emission in Bizerte in combination with a
minor contribution of long/medium-range atmospheric transport of PCDD/Fs to the
area. Contrary, the long/medium range atmospheric transport seems to drive the
atmospheric occurrence of PCDD/Fs in Marseille area with a minor contribution of
local sources. The possibility of short-range atmospheric transport from the adjacent
industrial areas (Fos-Berre) to Marseille with known sources of PCDD/Fs (e.g. from
incinerators, metallurgical and petrochemical facilities) is not excluded. Nevertheless,
because of the surrounding topography of Marseille, bordered by the Mediterranean
from the SW and enclosed from N, E and S by mountain ranges up to ~700m ASL,
direct transport from the Fos-Berre area to Marseille is rarely observed. Such transport
could occur when the wind is a composition of land/sea breeze and light Mistral but the
air mass will go towards the sea before to come back to Marseille which corresponds to
a half-range atmospheric transport. Furthermore, these wind conditions correspond

generally to sunny period inducing strong photochemical processes. -+

The PCB atmospheric pattern was dominated in general by the HMW p,PCBs at both
sites. A clear predominance of PCB-180 in Bizerte (accounting for the 35.0+£8.7 % of
the > ;sPCBs) was observed compared to Marseille area (19.2+5.1 % of the ) ;3sPCBs).
A similar pattern was observed in the two sites for p PCB, but PCB-118 and -105
predominated in Marseille (12.6+3.2% and 5.7+1.8%, respectively) compared to Bizerte
(4.6+£2.0% and 1.9+0.5%, respectively). The different abundance of these three major
PCBs may be either the reflect of different past usage of PCB commercial mixtures at
both sites or distinct emissions rates to the environment at present. For example, PCB-
180 is one of the major constituent of Aroclor 1260 and 1262, while CB-105, 118 were

relatively more abundant in the Aroclor 1254 formulation. One of the major uses of
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these Aroclor formulations was as industrial oils destined to transformers. °' It has been
very recently reported that a large number of transformers containing PCBs are still
used or stored in unsatisfactory conditions in Bizerte area with high probability of oil

leaks. ** This could explain the higher contribution of PCB-180 in Bizerte compared to
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Figure 2. Average atmospheric pattern (n=11) of PCDD/F (A) and PCBs (B) in

Marseille (MA) and Bizerte (BZ) coastal areas. The small figures (1) and (2) show a
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focus on the differences in the atmospheric pattern found in Bizerte (dominated by a
characteristic “source pattern”, n=7) and in Marseille (dominated by a characteristic

“sink” pattern, n=9).

The predominance of BDE209 was reflected also in the atmospheric congener pattern
(Figure 3) accounting for the 72.3+18.6% and 65.5+18.0% of the Z,7PBDE in Marseille
and Bizerte, respectively. The important abundance of this BDE denotes the past and
maybe current usage of deca-PBDE formulations at both edges of the NW
Mediterranean Sea.'® In addition, the predominance of BDE-47 and BDE-99 in the
pattern from Marseille samples too, together with their higher abundance (6.8+7.3% and
5.3+4.5% for BDE-47 and -99, respectively) compared to the pattern in Bizerte (2.0
+1.9 % and 2.8+2.5 % for BDE-47 and -99, respectively), point first to a major usage of
penta-PBDE compared to the octa-PBDE formulations in Marseille. Second, to a
different emission and usage pattern compared to Bizerte, where a major usage of octa-
PBDE formulations may be the most likely scenario represented by a higher BDE-183, -
206, -207 predominance in Bizerte reaching up to 31.6, 9.1 and 13.8% of the X,;PBDE,

respectively.
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Figure 3. Average atmospheric pattern (n=11) of PBDEs in Marseille and Bizerte

coastal areas.

Factors affecting temporal and spatial variability

The finest fractions of the atmospheric TSP, like TOC and EC, have been reported to
efficiently sorb POPs-like contaminants.”*> Generally higher median concentrations
of TSP (66.0 ug m™), TOC (7.5 ug m™~) and EC (2.0 ug m™~) were measured in the
aerosols over Bizerte compared to Marseille area, exhibiting 48.0, 6.4 and 0.9 ug m™ of
TSP, TOC and EC, respectively. However, only significant differences (Mann-Whitney
test, p=0.03-0.006) were found for the TSP and EC (Figure S5). No correlations were
found for PCDD/F concentrations and TSP levels in any of the sites and only ) ;sPCB,
> bPCBs and one PCB congener correlated (p=0.01-0.04) with TSP concentration in
Bizerte (Figure S6). > PCDD/F and ) p PCB (as well as most of PCDD/Fs and a certain

number of p PCBs) concentrations positively correlated with TOC concentration
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(»=0.004-0.03) but not with EC levels in Marseille. Only 2,3,7,4-TCDD positively
correlated with TOC concentrations in Bizerte and no correlations were observed for
pLPCBs and TOC in Bizerte. Interestingly, PCDD/F concentrations were not correlated
with EC levels in any of the sites, while > p PCBs, > sPCB and ) pPCBs were
correlated with EC mostly in Bizerte (p=0.002-0.01), most probably due to the higher
EC levels in this site. X,7PBDE concentrations did not significantly correlate with TSP,
TOC or EC in any of the sites. However, while only two individual PBDEs correlated
with TSP levels (Bizerte) a considerable number of PBDE congeners were correlated
with TOC concentrations in Marseille and with EC levels in Bizerte (Figure S7). The
fact that PCDD/Fs did not correlate with EC is somehow unexpected since this
correlation has been suggested in other atmospheric studies. >**° The narrow range of
variation of EC concentrations in the samples analysed could have resulted in this lack
of correlation. Regarding TOC, the correlations mostly observed for Marseille could be
the result of different TOC sources (different sorption properties) in both sites (e.g.
more related to urban activities in Marseille and predominantly industrial activities in

Bizerte).

Our results indicate that the TOC and/or EC contents in the atmospheric aerosol may
have a stronger effect than the TSP as a whole on the spatial-temporal variability of the
studied POPs. Concentrations normalized by TOC slightly decreased the >2,3,7,8-
PCDD/F, ' 1sPCB Y pPCBs and Y ,7PBDE annual variability at both sites (except for
the month of January 2016) and confirmed the similar spatial variability with no
significant differences for PCDD/Fs (p=0.67) and PBDEs (p=0.66) and higher levels of
> 1sPCB (although not significant, p=0.07) and ) pPCBs (p=0.03) in Bizerte (Figure

S8). The higher concentrations in January 2016 resulted in 4 to 9-fold higher levels in
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Bizerte (412, 1050, 154 and 3210 ng gTOC'l) compared to Marseille (80,113, 51 and 811
ng gTOC'l) for >2,3,7,8-PCDD/F, > pPCB, p PCBs and },,PBDE, respectively. In
addition, an increase of the concentration differences (normalized by TOC) compared to

their respective volumetric concentrations was found for ) p PCBs in March 2015.

Concentrations normalized by EC (Figure S9) showed predominant levels of }2,3,7,8-
PCDD/F for Marseille in March 2015 and January 2016 (where the lowest
concentration of EC were measured) and confirmed the ) ;sPCB and ) ;pPCB higher
levels in Bizerte during spring-early summer compared to Marseille, but pointed to
generally higher concentrations in Marseille from September to winter. Interestingly, a
statistically significant (p<0.01) predominance of Y p; PCB levels in Marseille resulted
from the normalization by EC, which was not verified as volumetric or TOC normalized
concentrations. The same effect (p<0.001) was observed for the Y ,7,PBDE, exhibiting
higher levels in Marseille for all months (7.4 ug gec”', median value) than in Bizerte

(3.0 ug gec”', median value) with clear peak differences in August and September.

Four-day BTs were calculated (50, 500 and 1000m AGL) by using the HYSPLIT
model*® (Figure S10). The lowest >2,3,7,8-PCDD/F levels were registered in the
months of June, July and August 2015 in Marseille, where air masses had a clear
Atlantic influence, while the highest level was measured in the month of January 2016
with air masses showing continental influence (Figure S9). A similar min-max temporal
pattern was observed in Bizerte, with lower levels in summer months (except for July)
than in January. However, the BTs in July revealed a more important continental
influence for Bizerte compared to Marseille. ) ;sPCB concentrations had minimum level

in April 2015 over Marseille, with air masses mostly circulating over the W
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Mediterranean waters and peaked also in January 2016. The lowest ) ;sPCB
concentrations were measured in October in Bizerte, whereas the higher levels
correspond to April 2015 (with air masses circulating over the Bizerte area and the
African continent) consistent with suspected current local PCB emissions.

Interestingly, > »7PBDE exhibited the lowest concentrations in the months of March
2015 over Marseille, with air masses showing an important component coming from the
N African coast, while the highest concentrations were measured in the same month in
Bizerte, with air masses showing the 50m height component coming from the Gulf of
Lion area. Recent reports have shown evidences of the North to South atmospheric

57,58
. In

particle transport over some regions in the NW and E Mediterranean Sea
addition, PBDEs have been described to be mostly associated to the finest particles of
the atmospheric aerosol®’, consistent with the correlations found with the TOC and/or
EC contents (more abundant and stronger) compared to the TSP as discussed above.
This will result in higher atmospheric residence times and a higher potential of LRAT.
These facts may support the hypothesis of the potential “jumping” of PBDE local
atmospheric stocks from the NW European Mediterranean edge to the NW African
coast (where lower PBDE ambient levels has been generally measured) under favorable
conditions. Indeed, the two sites are relatively close (around 780 km straight line).
However, this hypothesis requires further confirmation with more sites at both edges of
the NW Mediterranean. In addition, a better characterization of PBDE local sources
(emission inventory) at the African edge is needed. The BT analysis reveals too other
potential hot spots farther west in the N African coast which find their way to Bizerte
area passing through the Gibraltar strait and along the African cost, as observed in the

month of May 2015. The three POP families exhibited higher levels in Bizerte area

compared to Marseille (with a different air mass circulation pattern) in this month. This
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situation has been previously described for PCDD/Fs* and PAHs'® in the same region.
BTs could only explain part of the annual and spatial variability for the studied POPs,
most probably due to their different environmental sources and current local emissions
patterns (mostly for legacy POPs) at the studied sites as discussed above, which may
prevail over the BT influence at a local/regional scale in different seasons of the year. In
addition, other parameters affecting the atmospheric gas-particle partitioning of POPs

(e.g. temperature, relative humidity) may have an important influence at local scale.

Atmospheric dry deposition and exposure

Dry deposition fluxes (Fpp, pg m™ d') of PCDD/Fs, PCBs and PBDEs were calculated
as:

FDDZ Vd CA [1]

where Cy is the POP volumetric concentration in the aerosol (pg m~) and vq (cm s7) is
the particle deposition velocity. A reference value of 0.2 cm s for vy was adopted for
both sites. This value is within the range of vq experimentally measured™ or previously
used in coastal NW Mediterranean Sea™>"° for the estimation of dry deposition fluxes
of POPs. However, a degree of uncertainty is associated to this calculation due to the

lack of v4 measurements during the sampling events.

Overall, the atmospheric loading at both coastal areas is dominated by PBDEs, ranging
from 70 to ~ 3400 ng m™ y”', followed by PCBs (30 to ~ 250 ng m™ y"') and PCDD/Fs
(2 to 80 ng m™ y™') as expected from their relative atmospheric concentrations and the

assumptions considered in these calculations (Table 1, S9-S11). These fluxes were
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generally within the range of previously reported dry deposition estimations in the
Mediterranean and SW Black Sea for the same POPs****%_ However, some differences
were found in the atmospheric loading at both edges of the Mediterranean Sea. While a
higher PBDE median loading is estimated for Marseille area (~ 550 ng m™ y™)
compared to Bizerte (~400 ng m” y), the median dry deposition fluxes of PCBs (135
ng m~y"', and PCDD/Fs (14 ng m™” y™') in Bizerte were higher than those of Marseille,
~60 and 5 ng m? y', respectively. Indeed, a 3-fold higher loading of dioxin-like
pollutants was estimated for Bizerte as toxic equivalents (TEQ)™ (400 pg TEQ m™ y'l,
median) compared to Marseille (137 pg TEQ m™ y”, median) due to a higher
contribution of PCDFs and p; PCBs in Bizerte (Table 1). These figures indicate a higher
potential exposure to these toxic chemical at the African edge of the W Mediterranean.

Considering 1.6 x10'® m* as the surface of the Gulf of Lion® and an equivalent surface
in the surroundings of Bizerte in the African coast, from 9 to 10 kg of POPs can be
annually loaded (median value) to surface waters at both edges of the Mediterranean
associated to the atmospheric aerosol. The sensitive environment of Bizerte coastal
lagoon (1.28 x10® m?)** could receive up to 0.5 kg of POPs yearly. This loading of toxic
chemicals may have implications for the aquatic organisms but this evaluation cannot

be performed with the present data. However, it should be further investigated.

A human health risk assessment for the whole set of dioxin-like POPs was performed
based on the inhalation exposure. We follow here a similar approach as a very recent
assessment based on only two dioxin-like PCBs performed in Bizerte area*. Briefly,
concentrations expressed as WHO(s TEQ were calculated using the latest available
toxic equivalency factors (TEFs).®” A daily air inhalation volume of 15 m® for an adult

of 60 kg was assumed.®® The >2,3,7,8-PCDD/F and ZpPCB concentrations in the
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aerosols over Bizerte area, ranged from 0.7 — 70.2 and 0.07 - 2.2 WHOQOys TEQ fg m'3,
respectively, whereas in Marseille levels varied from 0.4 — 23.0 and 0.03 to 0.3 WHO,
TEQ fg m>, respectively. Median TEQ values (for all dioxin-like congeners) of 6.3 and
2.2 WHO.s TEQ fg m™ (Bizerte and Marseille) would result to potential intakes of
0.002 and 0.001 pg TEQ kg' day”, respectively. Both levels are three orders of
magnitude lower than the daily intake threshold of 1-4 pg TEQ kg day™ propose by
WHO®. The atmospheric particle phase PCDD/F concentration can be considered as a
good descriptor of the total atmospheric concentration due to their general
predominance in this compartment after their emissions to the environment.?**2>%
Contrary, PCBs show a general preferential partitioning (mostly low MW congeners) to
the vapour phase.’®*® However, according to filed measurements performed in various
urban, coastal and remote Mediterranean environments and inland aquatic ecosystems
the Xp; PCB gas phase concentrations are not expected to exceed more than 100 fold the
measured particulate phase concentrations. 23,27,36,63,65 Therefore, the worst case Xp PCB
TEQ concentration could be estimated as 100 fold the TEQ calculated considering only
the particle-bound PCB concentrations, resulting in a corrected daily intake (for all
dioxin-like congeners) of 0.01 and 0.004 pg TEQ kg day™ in Bizerte and Marseille
areas, respectively. This new value stills far below the daily intake threshold proposed
by WHO and therefore a risk by the inhalation route is excluded at present in the
studied areas. It should be noted thought that the daily intake threshold proposed by
WHO is based on toxicity studies evaluating dose-response through oral exposure.
However, absorption and tissue partitioning could be different via the inhalation route
and the local toxicity effect to lungs is not considered, so there is still an uncertainty

degree in this assessment.
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There are no TEFs associated to PBDEs and according to the European Chemicals
Agency, the risks of deca-BDE and lower brominated transformation products to the
humans via the environment cannot be adequately addressed in a quantitative way due
to the high uncertainties regarding long-term exposure and effects.®® Similarly to
PCDD/Fs, PBDE particle-bound atmospheric concentrations can be a good indicator of
the total atmospheric levels, particularly considering that one of the most abundant
PBDEs is the HMW PBDE-209 (almost exclusively in the particle phase). For example,
the PBDE particle-bound fraction in a large Mediterranean city (Athens, Greece)
exhibiting similar atmospheric TSP concentration as Marseille and Bizerte accounted
from more than the 70% of the total airborne PBDE concentrations.” Following the
above calculations, median intakes of 1.6 and 2.2 pg kg day” were estimated for
Bizerte and Marseille, respectively. As a reference, three order of magnitude higher
(~7.0 ng kg day™) PBDE intakes has been reported for American adults.®” However,
the exposure to PBDE has been mostly associated to indoors environments (mainly dust
ingestion and dermal contact)®” and inhalation is not considered as the main route of

concern for these substances.
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Table 1. Atmospheric dry deposition fluxes of PCDD/Fs, PCBs and PBDEs in Marseille and Bizerte coastal areas

Flux (ngm” y') TEQ' (pgmi” y")
Marseille (FR) Bizerte (TN) Marseille (FR) Bizerte (TN)
Median Mean Range Median  Mean Range Median ~ Mean Range Median Mean Range
%,PCDDs 4.4 12.1 15-71.2 58 10.0 1.7 - 40.1 60.9 179.7 9.7-941.0 122.5 4212  28.2-1955.8
%,0PCDFs 1.5 25 0.5-9.6 8.0 9.2 0.3-29.0 84.0 1399  16.9-507.8 214.2 6029  16.5-2473.1
2,,PCD/Fs 52 14.6 2.0-80.8 14 19.2 2.0-692 128.6  319.7 26.5-14488 3753 1024.1  45.0 - 4428.9
3 120.PCBs 12.1 17.7 8.7-522 16.1 16.9 54-322 8.40 10.10 20-21.6 23.7 37.8 4.1-136.7
Y 610PCBs 49.0 553  20.81-1152 1187 1241  359-216.1 /
Y 1sPCBs 61.1 73.0 30.8-167.4 1348 1410  413-246.2 /
Y,7PBDEs 54790 58690 141.0-11103 405.00 695.80 69.4 - 3386.0 /
> POPs 614.2°  6745° 173.8-1358.5° 553.9° 855.9° 112.7-3701.4° 137.1° 329.8° 28.5-1470.4°  399.0° 1061.9° 49.2 - 4565.4°

906 “TEQ values are calculated using WHO-TEF 2005; °Y,POPs; °Y,oPOPs (dioxin-like POPs)
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