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We present the spatiotemporal distribution of microplastics (MP) in surface waters and sediments between 2020
and 2022 in the Bay of Marseille. Microplastics were extracted with an improved, ecological protocol from 27
surface water and 16 sediment samples. The hydrodynamical circulation model MARS3D-RHOMA was used with
in-situ data to test the influence of meteorological and hydrodynamic forcing on the concentration of MPs during
the study period. The reported concentrations are analogous to abundances previously found in the Bay of

Marseille, as well as in similar coastal systems. Average MP concentrations are 5.79 + 12.71 MP.m™° in surface
water and 855 + 413 MP.kg~! dw in sediments. Simulations revealed hydrodynamic features associated with
several episodes of Rhone intrusion in the Bay of Marseille. The observed MP concentrations and distribution in
February 2020 suggest that the Rhone River’s plume entered the Bay of Marseille.

1. Introduction

The world plastic production has increased from year to year,
reaching 390.7 million tons in 2021 (Plastics - the Facts, 2022, s.d.) and
4.8-12.7 million tons are assumed to enter the ocean annually (Jambeck
etal., 2015). Plastics have contaminated all compartments of the marine
environment from the highly populated coastlines to the sea floor bot-
tom where they accumulate (Galgani et al., 1995; Hess et al., 1999;
Galgani et al., 2000; Kane and Clare, 2019; Simon-Sanchez et al.,
2022b). The implications of plastic pollution are multiple, from the
strangulation of marine species (Laist, 1987) to the transport of persis-
tent organic pollutants (POPs) (Mato et al., 2001) and exogenous species
(Barnes, 2002).

Microplastics (MP) or plastic items <5 mm, represent about 92% of
marine plastic (Eriksen et al., 2014). They are manufactured (primary
MPs) or derived from the fragmentation of macroplastics (secondary
MPs). They enter the marine environment through various pathways
(water runoff, river discharges, or atmospheric deposits) and accumu-
late in marine waters and sediments (Thompson, 2004), contaminating
all the ocean reservoirs (Coyle et al., 2020). MPs are a complex mixture
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of polymers and additives, capable of easily transporting contaminants
because of their specific physical properties (Teuten et al., 2009). The
exposure of marine organisms to MPs alters their fertility, their feeding
behaviour, or CO, absorption (Galloway et al., 2017; Seuront et al.,
2022).

Studies on plastic and MP pollution have grown exponentially since
the early 2000 s. However, the protocols used are as diverse and
numerous as the studies themselves, and no standard protocol exists to
extract, quantify, and characterise MPs (Cutroneo et al., 2020; Seuront
et al., 2022; Simon-Sanchez et al., 2022a). As a result, the sampling
methods and extraction protocols can lead to an underestimation of
certain MP types such as fibres (Barrows et al., 2017; Ryan et al., 2020)
thus compromising inter-site comparisons.

The Mediterranean Sea hosts 150 million inhabitants, undergoes
mass tourism, industrialisation, intense shipping, and fishing activities
(Fabres et al., 2012), and is thus under high anthropogenic pressure. It is
particularly affected by plastic contamination, making it the most plastic
and MP polluted sea in the world (Cozar et al., 2015; Cincinelli et al.,
2019). This situation is mainly due to its geomorphology as a
semi-enclosed basin with an anti-estuarine circulation and reduced
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communication with the Atlantic Ocean through the Strait of Gibraltar.
Moreover, it receives continental water discharges from highly urban-
ised countries, some with poor waste (water) management, contributing
further to its plastic pollution (Lebreton et al., 2017; Cincinelli et al.,
2019).

To manage and mitigate this issue, it is critical to precisely quantify
and characterise the amount of MPs in the Mediterranean Sea and their
possible sources. Despite an increasing number of studies on MP pollu-
tion in the Mediterranean Sea, only a few have focused on Marseille
given the complexity of the site (Collignon et al., 2012; Gérigny et al.,
2022; Henry and Galgani, 2013; Schmidt et al., 2018, 2021; Tsiaras
et al., 2022). Most surveys analyse MP contamination based on punctual
surficial water samples while analyses of MP contamination in sedi-
ments are scarce (Ourgaud et al., 2022). Another challenge is to un-
derstand the processes controlling MP distribution in areas where
forcing factors are diverse and variable, acting at different time scales
(diurnal, seasonal and interannual). In the Bay of Marseille, while the
diurnal variability (tides) is negligible, hydrodynamical complexity re-
sults from various forcing factors (e.g. variable wind patterns, northern
current and Rhone River plume intrusions; Allou et al., 2010; Gatti et al.,
2006; Petrenko et al., 2008). In this context, hydrodynamic and
Lagrangian transportation models have proven to be powerful tools to
understand the distribution and transport of MP particles (Tsiaras et al.,
2022; Zayen et al., 2020).

In this paper, we present for the first time, based on a 3-year survey
(2020-2022), a comprehensive dataset on MP quantification and char-
acterisation in the Bay of Marseille from water and sediment samples. To
tackle the hydrodynamic forcing on MP distribution, we used a high-
resolution model simulation MARS3D-RHOMA (Fraysse et al., 2013)
updated for the monitored period. Comparisons with different
hydro-meteorological forcings were tested as well as particle trajectory
simulations with Ichthyop software (Lett et al., 2008). Monitoring and
model simulation provided new insights into the episodic influence of
the Rhone River plume on MP distribution in the Bay of Marseille. Our
results are compared to previous work in the Bay of Marseille and to
international studies with comparable geographic environments.

2. Material and methods
2.1. Study area characteristics

The Bay of Marseille is in the eastern part of the Gulf of Lion (western
Mediterranean Sea, France). The Bay is naturally delimited by two
calcareous units: the Calanques mountain range (National Park) on the
eastern side and the Nerthe mountain range (Cote Bleue) on the western
side. Offshore, Planier island limits the Bay (Fig. 1). The Bay is divided in
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two parts by the Frioul islands: the northern Bay and the southern Bay
that are distinct in terms of occupation. The northern part is mainly
dedicated to cruise terminals, ship repair basins and warehouses
whereas the southern part hosts beach facilities and marinas. The two
areas are characterised by contrasted rates of land artificialization: 92%
and 23% of their surface respectively for the northern and southern bay
(AGAM, 2016).

Marseille is the largest port in France. The city covers a large area
(240.6 km?) and is densely populated (3 587.9 inhabitants/km?, INSEE
2017), with intense shipping, cruising, and fishing activities. In addition
to urbanisation, two urban creeks, the Aygalades and the Huveaune,
discharge respectively in the commercial part of the Bay and in the
Calanques National Park. The Huveaune drains a 520 km? basin,
populated with more than 1 million inhabitants (25% urbanised and 2%
industrialised - Epage HuCA), and has been connected since 1976 with
Marseille’s main WWTP outlet located in the Calanques National Park
(Cortiou). Most of the time, with an average waterflow of 2 m3.s_1, the
creek discharges into the Cortiou calanque. During heavy rain episodes,
the waterflow increases (>30 m3.s_1), and the Huveaune creek dis-
charges sporadically near the Prado beach (Tramoy et al., 2022).
Although not monitored, the Aygalades creek has a low waterflow. It
drains a 50 km? catchment (55% urbanised) and discharges into the
commercial port of Marseille. However, the Aygalades creek is polluted
from its source because of quarrying and chemical industries in the
Maire valley.

Hydro-meteorological conditions in the Bay of Marseille are highly
variable with extreme events that are typical of a Mediterranean
climate. Average annual rainfall is 545 mm. However, flash storms can
bring 80-100 mm in a few hours. The Bay is subject to diverse wind
regimes, but the strongest winds are the Mistral (cold and dry N-NW
wind) and a S-SE wind (warm and humid) (Millot, 1990). Wind direction
shifts are frequent. The hydrodynamics in the Bay of Marseille is
strongly influenced by the N-NW winds and the S-SE winds that favour,
respectively, up and downwelling near the Calanques and the Cote Bleue
(Millot, 1990; Odic et al., 2022). During specific hydrodynamic events,
episodic eutrophic freshwater intrusions from the Rhone River plume
were observed to enter the Bay and transfer organic matter and micro-
particles (Gatti et al., 2006; Millet et al., 2018; Schmidt et al., 2020). In
this area, the tidal currents are of small amplitude and negligible (Millot,
1990).

The mouth of the Rhone River, located 35 km away from the Bay of
Marseille, is one of the largest inputs of freshwater and nutrients into the
Gulf of Lion, with a mean outflow of 1710 m®. s71. Although it does not
flow directly into the Bay, the Rhone River impacts the hydrodynamics
of the Bay by its plume extension. Due to the Coriolis effect, the Rhone
plume extends normally to the west, but under a N-NW wind regime it

Fig. 1. Sampling stations in the bay of Marseille and main forcing (satellite picture: Science Photo Library).
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extends to the south whereas under a S-SE wind regime it extends to the
east, along the northern coastline into the Bay of Marseille (Demarcq
and Wald, 1984).

Extensive simulations performed with the MARS3D-RHOMA model
showed that these intrusions appeared to be driven by a combination of
several favourable factors: wind forcing, the presence of a sub-mesoscale
eddy, a sufficient Rhone River discharge, variations in thermocline
depth and when the salinity is under the 37.8 threshold (Fraysse et al.,
2014). Rhone intrusions are therefore common with about 7 intrusions
per year, lasting 3 days in average, and occurring mainly in summer and
at the beginning of autumn. In addition, under a SE wind regime, the
Northern current flow can bring microparticles from the east and
particularly from the Cortiou WWTP (Millet et al., 2018).

2.2. Sampling methodology

Seven sites were sampled seasonally (spring and autumn) during a 3-
year survey (02/ 2020, 09/2020, 03/2021, 09/2021, and 03/2022) on
board CNRS-INSU R/V Antédon I In the northern Bay four sites were
selected: two sites in the path of the Rhone River plume (RN1, RN2), one
in the vicinity of the commercial port (RN3) and one close to the Frioul
islands (RN4). In the southern bay, three sites were selected near the
most touristic places and marinas (RS1, RS2, RS3) with intense marine
activities and in the path of the intrusion of the Northern Current.

Water and surface sediment were sampled at each site. Sample
location was geolocalised with the GPS system of the R/V Antédon II.
The surface water was collected by towing a manta trawl with an
opening of 0.15x0.50 m with 330 um mesh size at an average speed of 2
knots during a 20-minute circular path. The average water volume
collected for each manta sample was 86 m> (Supplementary data). The
manta net was then rinsed with filtered seawater to gather sampled
material which was transferred into a glass jar using filtered distilled
water (0.22 um). Surface sediment was collected using a Van Veen grab
sampler. The uppermost layer of unconsolidated sediment was trans-
ferred with a metal spoon into a glass jar. Samples were stored at 4°C
until analysis.

2.3. Extraction

The MP extraction protocol was done following Masura et al. (2015),
although some modifications were added to quickly extract MP from sea
water and sediment samples from our study site. All experiments were
carried out with filtered distilled water (0.22 um).

2.3.1. Adapted Protocol and validation

The main steps from the Masura et al. (2015) protocol are: sample
wet sieving between 250 um - 4 mm, oven dried at 50°C during 24 h,
oxidation (WPO) of 120 mg of the dry sample with 20 ml of FeSO4 and
as much Hy05 as necessary (50 ml by 50 ml), NaCl densimetric sepa-
ration of the sample, filtration of the light fraction on a 0.45 ym gridded
filter for the analysis. Two steps were adapted here to reduce the
duration and the amount of chemicals used.

An intermediate sieving at 250 ym was introduced during the WPO
to remove fine organic compounds. This reduced the volume of HyOy
used by 17%. As this step did not change the MP counts significantly
after extraction (Fig. S1), we shifted to a smaller sieve mesh (63 pm). In
this case, the HyO, volume was reduced by 75%. No significant differ-
ences were observed in the MP counts (Fig. S1) and visual inspection of
the <63 um fraction confirmed that there were no MPs in the size range
250 pm -4 mm, nor any fibres that passed through the sieve due to their
small diameter. While the density separation was maintained for the
extraction of the MP from the sediment samples, this step was consid-
ered too time-consuming and not efficient enough for water samples in
view of the low organic matter content in the surface water. For water
samples, direct sieving after the digestion at 63 ym was preferred to an
overnight NaCl density separation, without any impact on the MP counts
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(Fig. S1). Lastly, this protocol, adapted so as to be suitable for the
environmental context of the Bay of Marseille, reduced the use of
chemicals, and is more eco-friendly and fitting for potential use in
participatory sciences.

2.3.2. Contamination control

Contamination needs to be carefully considered during sample
collection and preparation. MP can be cloth-derived, airborne, or
attached to operating equipment. Therefore, operators wore a fuschia-
pink cotton lab coat to enable natural fibre contamination to be easily
spotted. During on board sampling, an open Petri dish with a gridded
filter was placed nearby and covered once sampling had resumed.
Sampling and laboratory equipment were thoroughly pre-washed with
0.22 um filtered distilled water and as far as possible plastic-free dish-
ware, except for the Teflon wash bottle and the stockage tubes, was used.
Samples were kept covered with watch glass whenever possible. Con-
trols/blanks using filtered distilled water and washed (450°C) diato-
maceous earth were run in parallel as analytical blanks. In addition,
during the laboratory manipulations, whenever the sample was uncov-
ered or was being transferred, a Petri dish with a gridded filter was left
open to assess ambient microplastics in the air.

2.3.3. Water samples

Once in the laboratory, the > 330 pm size fraction was successively
sieved at 4 mm and 250 um and rinsed to remove sea salt, macro debris
and fine material. The > 4 mm size fraction was dried and stored in a
glass vial. The > 250 um size fraction was resuspended in 100 ml of
filtered distilled water and transferred into a Folsom sampler to be split
into two 50 ml sub-samples. The 50 ml aliquots were either frozen until
further analysis or immediately transferred into a beaker for WPO.

To remove organic matter, 20 ml of aqueous 0.05 M Fe (II) solution
and 50 ml of 30% H,05 were added to the >250 um size fraction. After a
boiling reaction, the mixture was sonicated to further break down the
organic compounds. Once cooled, another 50 ml of hydrogen peroxide
were added with sonication after the boiling reaction. The mixture was
then sieved at 63 um to collect the non-digested particles. The >63 um
size fraction was resuspended in filtered distilled water, and vacuum
filtered on a 0.45 um gridded cellulose filter. The filter was placed in a
Petri dish and dried overnight at room temperature.

2.3.4. Sediments

For each sediment sample, a small quantity was dried overnight at
50°C in a pre-weighed aluminium weighing tray. After drying and
weighing, the amount of wet sediment corresponding to 100 g of dry
sediment was placed in a sealed glass container with 20 ml of clay
dispersing agent and filtered distilled water and left to rotate for 2 h. The
sediment mixture was then successively sieved at 4 mm and 250 ym and
rinsed to remove sea salt, macro debris and fine material. The > 4 mm
size fraction was dried and stored in a glass vial. The > 250 um size
fraction was resuspended in 200 ml of 5M NaCl solution. After
decanting for one hour, the supernatant was collected with a glass
pipette and transferred into another clean beaker. This step was
repeated twice. The supernatant was then vacuum filtered on a 180 um
filter to eliminate the NaCl solution. The >180 um size fraction under-
went wet peroxide oxidation and the final step of 0.45 um filtration, like
the sea water samples.

2.4. MP identification and chemical characterisation

After extraction, MPs collected on gridded filters were observed
under a binocular microscope (LEICA). To rule out non-plastic frag-
ments, each particle was submitted to a pressure test with inox forceps
and a fusion test with a heated needle. Each MP was classified following
Masura et al. (2015). The type (fibre, fragment, film, and foam), colour
and size class were recorded. The size was determined using the
3 mm-squares on gridded filters. MPs were classified following 13 size
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classes: from 0.5 mm to 5 mm with an interval of 0.5 mm between each
class, with additional size classes of <0.25 mm, 0.25 mm and >5 mm.
On each filter, all suspected MPs were counted, collected, and stored in a
glass vial. For surface water, MPs were expressed in units of MP per
cubic metre (MP.m 2 - and MP.km~2) and for sediment samples in MP
per kilogram of dried weight sediments (MP.kg™! dw). The chemical
characterisation of surface and sediment samples was performed with an
Agilent Cary 630 ATR-FTIR (ICTA-UAB, Barcelona, Spain). For technical
constraints, we selected dominant MPs larger than 250 um. In the case of
fibres, similar items were gathered. A total of 155 particles were ana-
lysed collected during three sampling campaigns (February 2020, March
2021, September 2021). For the surface water samples 105 particles
were analysed (43 fibres, 33 fragments, 17 foams, 12 films). For the
sediment samples 50 particles were analysed (33 fibres, 5 films, 7
fragments, and 5 foams).

2.5. Hydrodynamic model and surface dispersal modelling

To simulate the hydrodynamic conditions in the Bay of Marseille
before and during our sampling period, the MARS3D-RHOMA model
configuration (Pairaud et al., 2011; Fraysse et al., 2013) and the model
visualizer SimuXplorer (created by Vincent Faure, MIO; Garnier et al.,
submitted) were used. The hydrodynamic model used for this study was
the free surface, three-dimensional MARS3D model (3D hydrodynamic
Model for Applications at Regional Scale, IFREMER) (Lazure and
Dumas, 2008). The high resolution MARS3D-RHOMA model configu-
ration (From RHOne River to MArseille Bay) was developed to better
understand the anthropogenic impact and inputs of particulate and
dissolved organic matter of the Marseille metropolis, the emissaries, the
coastal rivers, and the Rhone River.

The hydrodynamic MARS3D-RHOMA model configuration evalua-
tion was based on in situ hydro-meteorological data acquired in 2007
and 2008 (Pairaud et al., 2011) in the Rhone River and Marseille area.
The MARS3D-RHOMA configuration used a realistic bathymetry, a dis-
cretization grid with a resolution of 400 m in the horitontal plane and 30
vertical layers and solved the hydrodynamical and dispersion equations
with a time step of 30 seconds. The model is forced by the WRF atmo-
spheric model (Yohia, 2017), the Rhone River daily flow, the urban
creek flows (Huveaune and Aygalades), the Cortiou’s wastewater out-
puts, precipitations, and atmospheric factors (e.g winds). The western
and southern open boundaries are forced by the larger MARS3D-MENOR
configuration (north-western Mediterranean MARS3D area - 1.2 km
resolution) (Nicolle et al., 2009; Garnier et al., 2014). The model and the
meteorological factors were updated to simulate the year 2020.

The MARS3D-RHOMA simulations were run for February 2020 and
September 2020 during one month before our sampling campaign. The
outputs (simulation results of currents, temperature, and density) were
implemented to drive the Ichthyop software (Lett et al., 2008) and
simulate the Lagrangian dispersion of MPs. In the Ichthyop software,
3000 particles (corresponding to the total found in the bay of Marseille)
were released from potential source locations of MPs. MP particles were
considered to have a mean size of 350 um and were assumed to be
floating. Biologic processes were not considered.

2.6. Statistical analysis

The statistical analysis of MP concentrations in water and sediments
used a nonparametric test, because of the small number of stations and
samples and the non-gaussian distribution of the data. Consequently, the
Kruskal-Wallis test associated with the Dunn test at 95% confidence
level was chosen. The difference in the MP abundance between the
southern Bay and the northern Bay, as well as the spatial and temporal
differences and typology variations, were tested with the Kruskal-Wallis
test associated with the Dunn test. The mean value between the repli-
cates for each station and the standard deviation for each sample were
calculated. All analyses were conducted using the GraphPad Prism 8 and

Regional Studies in Marine Science 73 (2024) 103457

Excel software.
3. Results
3.1. Blanks and contamination

Water blanks (n=10) contained 1.5 £+ 0.7 MP, mainly transparent
fibres and spherical white fragments. Their size varied from 1 mm for
the fibres to 0.5 mm for the fragments. They were similar to those
observed in surface water samples. Sediment blanks (n=8) contained 32
+ 22.6 MP, mainly 95.3% fibres and a few films (4.7%), of various
colours. Most of these MPs resembled those observed in sediment sam-
ples. It is likely that high MP concentrations in sediment blanks could be
derived from the conditioning of the diatom earth (plastic container)
and the longer protocol process time. The filtered distilled water used for
all the experimentations and on the vessel contained 0 + 1 MP. Field
airborne contamination can be considered as negligible with 0.7 + 1.2
MP (n=11). Most aerial contamination consisted of non-plastic fibres
(98.6% of cotton and plant fibres). In the following results, MP con-
centrations are given corrected from blank values by removing the blank
MP number from the MP counting.

3.2. MPs in surface water

3.2.1. Microplastics abundance

MPs were detected at every station for each campaign (Fig. 2A).
Generally, the southern Bay displayed higher concentrations (mean 7.00
+ 16.54 MP.m~°) than the northern Bay (mean 4.83+7.17 MP.m_S), but
the difference was not significant (p-value=0.480) (Table. S2). In sur-
face water the mean MP abundance was 5.79 + 12.7 MP.m°. The
minimum MP concentration was 0.47 + 0.09 MP.m ° (RN3, March
2021) while the maximum MP concentration was 72.66 + 18.16 MP.
m~3 (RN2, February 2020).

Variability through time was observed. MP concentrations were
significantly higher in February 2020 at all stations than for other sea-
sons (Fig. 2A). Overall, MP concentrations in September 2020, March
and September 2021, and March 2022 were very similar. Even though
MP concentrations in September 2020 seemed higher than those of
March 2021, September 2021, and March 2022, they were far lower
than those of February 2020 (Fig. 2A). The graphical trend showing
abnormal MP concentrations in February 2020 was confirmed by sta-
tistical analysis with February 2020 being significantly different from
March and September 2021 and March 2022 (p<0.005) (Table. S1) and
to a lesser extent different from September 2020 (p<0.05). Furthermore,
seasonally, there were no statistical differences between spring and
autumn (p-value = 0.804).

Regardless of the statistical test results, temporal variations punc-
tually occurred. Considering an average value for all stations, the MP
concentration in February 2020 (22.74 + 23.60 MP.mfs) was higher
than in September 2020 (4.09 + 2.09 MP.m’3), March 2021 (1.57 +
0.64 MP.m’S), September 2021 (1.99 + 1.19 MP.m*B) and March 2022
(and 1.6940.61 MP.m_?’). Regardless of the season, an average MP
concentration of 5.79 + 12.7 MP.m > was measured in the surface
waters of the Bay of Marseille.

3.2.2. MP Typology and chemical characterisation

For all water samples, fibres (mostly transparent) were the most
abundant MP type representing 66.9-88.7% (Fig. 3A). Fragments were
the second most common type of MP (8.4 — 29.4%), with foam (2.3 -
8.1%) and film (0.6 — 2.6%) being poorly represented. However, punc-
tual heterogeneity occurred as in March 2021 where RN1, RS1, and RS3
stations displayed 50% of fragments whereas sample RN3 had >60% of
foams (Fig. S2).

The most striking feature in the MP distribution in the bay of Mar-
seille is that, over the four seasons and across the seven stations sampled,
the 1 mm-sized MPs dominated with an average occurrence of 27%
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(Fig. 3B) and 75.1% of particles observed sized between 250 ym and
1 mm. The second most abundant size class was 0.5 mm-sized MPs with
an average occurrence of 19%. Interestingly, about 20% of MPs were
<0.25 mm in February and September 2020, whereas in March and
September 2021 and March 2022, they accounted for <10%.

Among the particles analysed by ATR-FTIR (n= 50), 55% were
chemically identified as plastic belonging to seven polymer types

(Fig. 3E). The most abundant polymer was polypropylene (PP — 21.9%),
followed by polyethylene (PE — 18.1%), polyamide (nylon, PA - 3.8%),
polyvinyl chloride (PVC - 3.8%), polystyrene (PS — 2.9%), polyvinyl
siloxane (PVS - 1.9%), polyurethane (PU - 1.9%) and finally, polyvinyl
acetate (PVAc — 0.9%).

The 45% of remaining particles (mainly foams and fragments) that
were not identified as MPs did not correspond to any spectra of the
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size distribution.; (C) Water surface particles chemical type; (D) Sediment microplastic typology; (E) Sediment microplastic size distribution; (F) Sediment particles
chemical types. For panels B and E, the dotted lines indicate the sieve mesh size used for sample preparation.

databases (NI - 29.5%) or were identified as non-plastic particles such as
organic matter (14.3%) or minerals (0.9%).

3.3. MPs in bottom sediments

3.3.1. Microplastics abundance

Similarly to water samples, MPs were detected in all bottom sedi-
ment samples (Fig. 2B). MP concentrations varied from 405 + 106 MP.
kg~ ! dw (RS2) to 1490 + 127 MP.kg ! dw (RN1) (Fig. 2B). Since there
were no statistical differences between spring and autumn (Table. S2),
MP concentrations were averaged at each site for all the sampling pe-
riods. Graphically, high MP concentrations were recorded in the
northern bay with values ranging from 905 to 1490 MP.kg ™! dw. The
southern bay displayed lower concentrations ranging from 405 to 990
MP. kg~! dw.

All sites combined, sediments from the bay Marseille contained in
average 856 + 412 MP. kg~ dw.

3.3.2. MP typology and chemical characterisation

All stations combined, >95% of MPs found in sediments were fibres
(Fig. 3C), a feature that is more pronounced than in water samples.
Fragments, film, and foam accounted for <2%. A similar trend to that of
water samples was observed with MP size distribution in sediment
samples. All seasons combined, over the seven sites, >30% of MPs were
in the 1 mm size range (Fig. 3D) sometimes reaching >50% as in sample
RS2. RS3 was the only site where 37.25% of MPs were in the size class of
0.5 mm. Among the particles analysed by ATR-FTIR, 58% were identi-
fied as plastic belonging to four polymer types (Fig. 3E). The most
abundant polymer was PP (26%), followed by PE (18%), PA (10%), and
PS (4%). The 42% of remaining particles that were not identified as MP
did not correspond with any spectra of the databases (NI — 26%) or were
identified as non-plastic particles such as organic matter (14%) or
minerals (vermiculite — 2%).

4. Discussion
4.1. MP distribution in the bay of Marseille

4.1.1. Surface water

The mean surface water MP concentration (5.79 4+ 12.7 MP.m 2 or
9.1 10° + 1.3 10° MP.km ) reported in the Bay of Marseille between
2020 and 2022 exhibited the same magnitude as the MP abundance
recorded over a decade by several studies (Collignon et al., 2012;
Gérigny et al., 2022; Ourgaud et al., 2022; Schmidt et al., 2018, 2021;
Tsiaras et al., 2022) (Fig. 4A).

Direct inter-study comparison can be challenged by different sam-
pling methodologies and extraction protocols. In all the above-
mentioned studies, the mesh size of the manta net was 330 um or
333 pum and plastic items <5 mm were considered. Two protocols were
used for sample preparation: either without treatment (direct sieving
and filtration, gravity separation from organic matter) (Gérigny et al.,
2022; Collignon et al., 2012), or with treatment (oxidation and densi-
metric separation) (Ourgaud et al., 2023; Tsiaras et al. 2022). For
example, the protocol used in Schmidt et al. (2018) removed all the fi-
bres in their counts to avoid any contamination risks. When fibres are
removed from our counts, the results obtained are close to the estima-
tions of Schmidt et al. (2018) (Fig. 4A). In Gérigny et al. (2022), the
extraction protocol used a densimetric separation step and no oxidation.
We have however shown that neither densimetric separation nor the
oxidation step alter the number of MPs extracted (Fig. S1). Additionally,
all our reagents were filtered for analysis.

Therefore, we suggest that all the studies considered here provide
comparable results. Most of the MP concentrations fall in the same range
of values (1.0 10® MP.km™). Two exceptions can be mentioned, with
abundance peaks observed in the Bay in June 2018 (1.8 10® MP.km™,
Gérigny et al., 2022) and in February 2020 (2.5 10° MP.km™ mean value,

our study, Fig. 4A). Apart from these isolated values, the absence of general spatial or temporal
trends in the Bay since 2010 is revealed despite the highly variable dynamics at a local scale

(Fig. 4A).

Our results are coherent with data from semi-enclosed bays even if
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Fig. 4. (A) Comparison of the mean water MP concentration (MP.km ) in the Bay of Marseille from Collignon et al., 2012; Gérigny et al., 2022; Ourgaud et al., 2022;
Schmidt et al., 2018, 2021; Tsiaras et al., 2022 and this study. (B) Comparison of the mean water MP concentration (MP.m~2) in Mediterranean (Tesan-Onrubia et al.,
2021, Tsiaras et al., 2022) and non-Mediterranean (Frere et al., 2017, Nakano et al., 2021) semi-enclosed bay systems similar to the Bay of Marseille (Tesan-Onrubia
et al., 2021, Tsiaras et al., 2022). (C) Comparison of the mean sediment MP concentration (MP.kg’1 dry sediment) between 6 studies in Mediterranean (Ourgaud
et al., 2022, Vianello et al., 2013, Abidli et al., 2018) and international (Frere et al., 2017, McEachern et al., 2019, Matsuguma et al., 2017) semi-enclosed bay
systems similar to the Bay of Marseille. The grey zone represents the range of MP abundance noticed in the Mediterranean marine sediments (min. 1.66 + 1.77 MP.
kg’lg max. 2.43-10° + 2.10° MP; kg’lg Simon-Sanchez et al., 2022a). For (A),(B), (C), the box plots are limited by the Q1 and Q3 (quartiles), showing the mean value
(cross) and the median value (horizontal bar). The vertical bars indicate the total range of MP concentration. In panel (A) the absolute MP value for RS3 (February
2020) is not shown on real scale for graphical reasons but is included in the statistical calculations.

the Bay of Marseille appears to be more contaminated than other French
bays (Fig. 4B). The mean MP concentration of 5.79 + 12.7 MP.m 2 in
the Bay of Marseille (this study) is higher than values recorded in the
Mediterranean Sea and in French bays: 0.439 MP.m 3 in the Gulf of
Saronikos (Greece) (Tsiaras et al., 2022), 1.564 MP.m 3 in the Gulf of
Gabes (Tunisia, Tsiaras et al., 2022), 1.49 MP.m 2 in the Bay of Genova
(Italy; Tesan Onrubia et al., 2021), 0.28 MP.m 2 in the Bay of Toulon
(France; Tesan Onrubia et al., 2021), and 0.25 MP.m 2 in the Bay of
Brest (France; Frere et al., 2017) (Fig. 4B).

When compared to Asian bays, MP concentrations in the Bay of
Marseille also displayed higher values: 2.26 MP.m™3, in Tokyo Bay,
Japan (Nakano et al., 2021), and 0.4 MP.m 2 in Cua Luc Bay to 28.4 MP.
m~2 in Dinh estuary, in Vietnam (Strady et al., 2021).

Our results add to the global picture of surface water plastic pollu-
tion. Recent work by Chevalier et al. (2023) suggests that surface water

pollution might be underestimated since the water column contamina-
tion is not taken in account. In the Bay of Marseille, it was possible to
estimate MP distribution in the sub-surface water from surface con-
centration data when considering environmental parameters (e.g. wind
conditions) (Chevalier et al., 2023). This site-specific approach needs
however to be completed by other in-situ data, to improve MP distri-
bution control forcing in the water column and the potential accumu-
lation of MPs in the sedimentary compartment. Even if the comparison
must be considered with caution because of the different methodologies
in sampling, extraction and identification, the compilation of results in
the Bay of Marseille showed a constant level of contamination despite
the implementation of a zero plastic waste policy since 2016 by regional
authorities. It is clear that, actions against plastic waste should be
implemented at a larger scale in the Mediterranean Sea to reduce the
level of microplastic contamination (Ziveri et al., 2023). Once more this
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emphasises the importance of field data as a valuable diagnostic tool of
contamination in coastal areas for decision makers.

4.1.2. Sediments

To our knowledge, our study provides the first extended dataset on
sediment MP contamination at 7 sites in the bay of Marseille, in addition
to discrete quantification by Ourgaud et al. (2022) at 2 sites south of
Frioul Islands and offshore, respectively. Here we report a mean MP
concentration of 856 + 413 MP.kg*1 dw whereas Ourgaud et al. (2022)
recorded an average value of 2531 + 1565 MP.kg™! ww (Fig. 4C).
However, different normalisation protocols (MP concentrations
expressed as items per dry weight sediment versus wet weight) hinder
direct comparison. Overall, we assume that both studies recorded
comparable levels of contamination, within the range of values observed
in other Mediterranean sediments (Fig. 4C). It should, however, be
pointed out that the basin-wide concentration range is large. This vari-
ability is even more pronounced when considering areas with specific
forcings outside the Mediterranean Sea (e.g., tide range, urban pressure)
(McEachern et al., 2019; Matsuguma et al., 2017; Frere et al., 2017)
(Fig. 4C), highlighting the influence of contrasted hydrodynamic and
anthropic contexts on MP accumulation processes in sediments.

In the Bay of Marseille, no significant differences in MP concentra-
tions were revealed between stations despite contrasted grain-size dis-
tributions (Jeudy de Grissac and Le Fur, 1983; Vousdoukas et al., 2011).
Some studies showed that MPs tend to preferentially accumulate in fine
sediments related to low-dynamic areas (Strand et al., 2013; Vianello
et al., 2013). However, other studies suggest that no clear trend can be
established between sediment grain-size and MP deposition (e.g., Alo-
mar et al., 2018; Brown et al., 2010). We hypothesise that in the Bay of
Marseille, MPs might accumulate preferentially in fine sediments from
the northern Bay by contrast to the coarser-grained sediments from the
southern Bay - a trend observed in our data but not statistically
confirmed. Interestingly, the physico-chemical characteristics of the
MPs (size, types, polymers) are comparable in water and sediment
samples.

Low density MPs were found in sediment samples (e.g., PP, PS),
raising the question of the biological and physical processes driving the
surface-bottom coupling as well as the vertical transport in the water
column of these compounds (e.g., biofouling, incorporation into organic
matrices, advection) (e.g., Harris, 2020). Furthermore, the dominance of
small-sized (~1 mm) MPs in surface water and sediment suggests a low
contribution of offshore input in the Bay, as larger MPs are expected to
travel long distances in the open sea (Schmidt et al., 2018; Tsiaras et al.,
2022).

4.1.3. Fibre typology and characterisation

The type and size distribution observed in our samples, with fibres
being dominant, is commonly observed in the north-western Mediter-
ranean Sea (Santini et al., 2022).

The MPs observed in the Bay of Marseille are relatively small
(0.3-1 mm) (Fig. 2B, E) and have the same size range as that found in
previous studies on the Bay (Gérigny et al., 2022; Schmidt et al., 2018).
This is also in full agreement with data observed in the Mediterranean
Sea showing that 50% of microfibres have a length <2 mm (33% be-
tween 1 mm and 2 mm) (Santini et al., 2022).

The size of the MPs may be used as an indicator of the distance of the
MP from its source with larger particles near the source and fragmented
and smaller MP far from the source (Frias et al., 2014). Based on this
hypothesis, our data suggest four scenarii: (i) MPs entering the Bay of
Marseille are distant from the source, (ii) the MPs released by the urban
areas are negligible, (iii) the MPs released by the urban areas are rapidly
expelled outside the Bay, or (iv) the small MPs (mostly fibres) are
directly released by wastewater treatment plant outputs Additional data
from outside the Bay are required, however, to elucidate these issues.

In our water samples, fibres represented almost 77.2% of the micro-
litter. The fragments derived from the breakdown of microplastic litter
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(secondary MPs) accounted for 16.7%. Foams (4.9%) and films (1.2%)
were the least abundant types in the surface water despite their low
density and their high buoyancy. This distribution could be linked either
to their ability to be dispersed vertically or to a lower input of these
types in the Bay.

Various sources can promote the delivery of these particles in surface
waters: clothes laundering and its release though wastewater facilities,
or the degradation of fishing supplies such as nets or fishing lines. In the
Bay of Marseille, the Cortiou WWTP or the Rhone River are known for
their high MP contamination (Schmidt et al., 2018) and could explain
the dominance of fibres in the samples. This local signature is also in
accordance with other studies on the Mediterranean Sea where fibres
accounted for 47% of the MPs encountered (Santini et al., 2022). Ac-
cording to several studies, the Mediterranean Sea is the most
fibre-contaminated marine basin (Constant et al., 2020; Suaria et al.,
2016). We found however some discrepancies with MP typology
observed in previous studies on the Bay of Marseille which reported the
dominance of fragments in the Bay (Gérigny et al., 2022), whereas in our
samples fibres are dominant. The MP abundances are similar in the two
studies (Gérigny et al., 2022, our study, Section 4.1.1.) but the type
distribution differs. In Gerigny et al. (2022) fibres are present (ac-
counting for 24-72%) but are mostly reported as mesoplastics (plastic
particles with a size range of 5 — 20 mm). Between 2016 and 2018, the
most frequently encountered MP type was fragments in the bay of
Marseille (Gérigny et al., 2022) and from 2020 to 2022 (this study) the
most abundant type found was fibres. The different methods used in the
studies could be one reason for the shift in type distribution. Another
explanation could be linked to a change of MP sources in the Bay of
Marseille.

4.2. Hydrometeorological controls on MP distribution

4.2.1. Main hydrodynamic factors

The Bay of Marseille is known to have highly variable hydro-
meteorological conditions strongly influenced by NW (Mistral) and SE
wind regimes, controlling up/downwelling events. Mediterranean
rainfalls are scarce but can be intense. Surface water is changeable,
eddies and currents can be created episodically, and the Northern Cur-
rent (part of general circulation in the NW Mediterranean Sea) can enter
the bay under certain wind conditions. The impact of this hydrody-
namical context on particle dispersion was examined using high reso-
lution modelling based on the MARS3D-RHOMA model (Fraysse et al.,
2013, 2014; Millet et al., 2018; Ross et al., 2016; Schmidt et al., 2019;
Chevalier et al., 2023). These studies have highlighted four dominants
hydrodynamic forcings to explain particle dispersion in the Bay of
Marseille:

— The NW wind (Mistral) and the SE winds dominating the bay, inti-
mately linked to the surface water fluxes induced by the swell. The
winds, swell and short-lived surface currents can evict or transport
particles depending on their direction and strength.

— Precipitations and the associated runoff bringing land and urban
litter. In addition, the flow of the urban creeks (Aygalades and
Huveaune) can contribute after heavy rain events (AGAM 2016,
EPAGE HUCA). The Huveaune, normally flowing into the Cortiou
Calanque, can be deviated towards its natural course and discharge
directly into the Bay of Marseille (if the flow >30 m3.s-1).

— The northern current, which can intrude the Bay of Marseille and
transport particles from the Cortiou wastewater outlet (Millet et al.,
2018)

— The Rhone River plume can be advected towards the Bay of Marseille
linked to wind shifts episodes.

All these conditions may result in the mean MP distributions
observed in the Bay of Marseille during our sampling period
(2020-2022) and also in earlier surveys (Collignon et al., 2012; Gérigny
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et al., 2022; Ourgaud et al., 2022; Schmidt et al., 2018, 2021; Tsiaras
et al., 2022).

However, one specific period emerged in our data: the high MP
content observed in all stations in the Bay of Marseille for February
2020, despite the fact that neither the Northern Current nor swell and
runoff were dominant factors at this period. February 2020 is charac-
terised by an intense NW-E wind regime followed by a SE wind regime
with several wind shifts (16th, 20th February and 24th February) less
than one week before our sampling (25th and 27th February 2020)
(Fig. S3). These wind shifts could have favoured the formation of the
Marseille Eddy and consequently the plume intrusion (Fraysse et al.,
2014). Indeed, the MARS3D-RHOMA simulation for February 2020
showed that Rhone plume intrusions occurred at least 4 times during
this period: (i) 3rd of February (measured in-situ, Chevalier et al., 2023);
(ii) 10-11th of February; (iii) 13-17th of February; (iv) 22-23rd of
February (Fig. 5; Fig S4A). This is an unusual number of Rhone plume
intrusions during such a short period. Following Fraysse et al.,(2014),
the intrusion events (i) and (iii) correspond to the “short-lived” event
(large spatial coverage and short duration) whereas the intrusion event
(ii) is categorised as a “big” event (large spatial coverage and long
duration).

The particularity of these conditions is obvious when they are
compared with the situation in September 2020, where no Rhone plume
intrusions were reported with the MARS3D-RHOMA simulation
(Fig. S4B).

The Ichthyop dispersion model for the same period was used to
simulate the MP drift during the 13-17th February intrusion event.
About 3000 particles were released on 15th February 2020 from the
Rhone delta area and tracked until the sampling date (25th February).
The beginning of the simulation showed an eastward transport of some
of the particles toward the bay of Marseille (Fig. 6A) by contrast to a
southward transport during a Mistral event (Fig. 6B) or a westward
transport during typical outflow conditions. The eastward drift of the
particles is maintained by the formation of the Marseille Eddy (Figs. 5C,
6C), linked to the third intrusion event (22nd February), which pro-
moted the transport of the particles in the bay of Marseille (Fig. 6D).

We suggest that these successive Rhone plume intrusions during
February 2020 contributed to the transport of plastic contamination into
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the Bay, thus explaining the high MP concentrations for this period.
Large European rivers are important pathways for land-derived plastic
litter to coastal areas (Castro-Jiménez et al., 2019). The riverine system
contributes significantly to marine MP contamination since
1.15-2.41 million tonnes of plastics are discharged annually from the
rivers into the ocean (Lebreton et al., 2017). The Mediterranean Sea is
also impacted by the polluted river fluxes with approximately 223,000
macroplastic items being annually transported by the Rhone to the Gulf
of Lion (Castro-Jiménez et al., 2019). The MP flux estimation ranges
between 73 kg to 7.78 t transported annually by the Rhone to the Gulf of
Lion (Schmidt et al., 2019).

Our MP data obtained from a three-year survey documented the
influence of episodic Rhone intrusions that impacted the MP contami-
nation at the scale of the Bay of Marseille. This study highlights the need
to perform a regular monitoring to capture fine scale forcing factors on
MP distribution in coastal areas. These circumstances do not rule out the
other hydrometeorological and anthropogenic factors operating since
previous studies have highlighted the direct impact of the Cortiou
WWTP and direct urban pressure (Gérigny et al., 2022; Tsiaras et al.,
2022).

4.2.2. Direct urban pressure

Marseille is an attractive tourist city under strong demographic
pressure, especially during the summer months, inducing a factor of
pollution and contamination. Several human activities can lead to the
release of MPs in the Bay of Marseille. The harbour activity (commercial
and touristic) represents an important perennial source for MP
contamination in the Bay of Marseille. In addition, waste dumping in the
city or directly in the marine bay also results in a significant input of
plastic litter. The litter phenomenon is most probably increased during
summer, linked to beach occupation, swimming, boating, water sports,
as well as fishing nets. At this stage, it is difficult to differentiate between
the different types of input and sources related to these activities.
However, the impact of tourist activities on the MP contamination of the
Bay of Marseille cannot be assessed from our results since no significant
change was observed before (February) and after (September) the
summer tourist season. In addition, it is interesting to notice that the
Covid-19 crisis did not impact MP concentration in the bay, with no

salinily (16-3)- sigma  30.0- 2020-02-22 10:00

Fig. 5. Modelled surface salinity simulations (Model MARS3D-RHOMA) showing (A) typical outflow conditions (no intrusion, 6th of February 2020), (B)*“short-
lived” intrusion event (10th of February 2020), (C) “big” intrusion event (13th-17th of February 2020) with the arrows representing the surface currents and
highlighting here the formation of the Marseille Eddy, and (D)“short-lived” intrusion event (22nd of February 2020).
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Fig. 6. Simulated plastic particle dispersion between 15/02/2020 (beginning of the Rhone River plume “big” intrusion event) and 25/02/2020 (sampling date in the
Bay of Marseille, sampling stations are represented by the blue squares). 3000 particles released from the Rhone River mouth (blue square) dispersed within the
model MARS3D-RHOMA boundaries. (A) 16/02/2020: the particles released from the Rhone River move eastwards, advected by the plume. (B) 17/02/2020: the
plume intrusion event ends by a destruction mechanism of Mistral (NW wind) and the particles move southward, pushed by the Mistral wind. (C) 22/02/2020: the
wind shift (N-NW to S-SE) favoured the formation of the Marseille Eddy and another plume intrusion event occurs. The particles are remobilized and are dispersed
toward the Bay of Marseille. (D) 25/02/2020: sampling date. Some of the particles released the 15/02/2020 from the Rhone River enter the Bay and are located in

the vicinity of the sampling stations.

increase in MP concentration after the return of tourist and cruise ac-
tivities in 2021. However, the collected data are not sufficient to pre-
cisely quantify the diversity of anthropogenic sources in the bay of
Marseille (e.g. those linked to the bay activity versus those related to
waste management).

5. Conclusion

Spatio-temporal variability of MP contamination in the Bay of Mar-
seille was investigated in surface water and sediment samples collected
over 3 years (2020-2022) during 5 seasonal campaigns. The hydrody-
namical circulation model MARS3D-RHOMA was used with in-situ data
to test the influence of meteorological and hydrodynamic features on the
concentration of MPs during the study period. Our results provided a
complete data set of MP distribution, abundance, size, and types for 50
samples. Data were obtained using an optimised - quick and eco-friendly
- protocol validated for the study area. MP average concentrations in
surface water matched well quantitative estimates reported in the Bay
since 2012 and confirmed a constant level of contamination over a
decade in the Bay of Marseille. Furthermore, we provide the first dataset
of MP concentration in sediments for the bay. The physico-chemical
characteristics of MPs (colour, size, types, polymers) are similar in
water and sediment, raising the question of the processes driving the
transport of these low-density particles through the water column. The
influence of the Rhone intrusion as a source of MPs in the bay was
documented using the high-resolution model MARS3D-RHOMA and the
Ichthyop Lagrangian dispersion model for an abnormal high-
concentration event such as those reported in February 2020. Our
study captured an exceptional hydrodynamic event characterised by a
succession of Rhone plume intrusions impacting the MP distribution and
contamination in the Bay of Marseille. These results emphasise the need
to perform regular field monitoring combined with high resolution
modelling to capture fine-scale events in complex hydrodynamic coastal
areas.
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