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Abstract: Pollution with anthropogenic waste, particularly persistent plastic, has now reached every
remote corner of the world. The French Atlantic coast, given its extensive coastline, is particularly
affected. To gain an overview of current plastic pollution, this study examined a stretch of 250 km
along the Silver Coast of France. Sampling was conducted at a total of 14 beach sections, each with
five sampling sites in a transect. At each collection site, a square of 0.25 m2 was marked. The top
5 cm of beach sediment was collected and sieved on-site using an analysis sieve (mesh size 1 mm),
resulting in a total of approximately 0.8 m3 of sediment, corresponding to a total weight of 1300 kg
of examined beach sediment. A total of 1972 plastic particles were extracted and analysed using
infrared spectroscopy, corresponding to 1.5 particles kg−1 of beach sediment. Pellets (885 particles),
polyethylene as the polymer type (1349 particles), and particles in the size range of microplastics
(943 particles) were most frequently found. The significant pollution by pellets suggests that the
spread of plastic waste is not primarily attributable to tourism (in February/March 2023). The
substantial accumulation of meso- and macro-waste (with 863 and 166 particles) also indicates
that research focusing on microplastics should be expanded to include these size categories, as
microplastics can develop from them over time.

Keywords: Atlantic coast; microplastic; plastic pollution; beaching; infrared spectroscopy

1. Introduction

Plastic is an essential, often indispensable, and ubiquitous material [1]. In the last
decade, plastics, and especially plastic waste, have become the focus of interest at various
societal and political levels [1,2]. The United Nations Environment Programme estimates
that between 75 Mt to 199 Mt of plastic waste has accumulated in the oceans [3,4]. The
uncontrolled disposal of waste on land, as well as waste production through fisheries and
shipping, coupled with widespread single-use plastic consumption, has led to the accumu-
lation of plastic waste in the environment [5]. Improperly disposed plastic waste not only
impacts the environment but also coastal tourism; the disposal of plastic waste significantly
increases costs for coastal communities (estimated at USD 197 billion in 2030) [5]. Without
intervention, the amount of plastic waste entering aquatic ecosystems, which is currently
around 1.7 Mt [6], is projected to increase to approximately 23 Mt to 37 Mt per year by
2040 [3–5]. The entry of plastic waste into the oceans is exclusively anthropogenic and
can occur through various pathways [7,8]. Plastic waste varies in terms of plastic type,
density, color, shape, and size. Once plastics enter the seas, they undergo decomposition
and fragmentation due to sunlight, wind, water, mechanical abrasion, and other envi-
ronmental influences [9–11]. A consistent definition of micro-, meso-, and macroplastics,
particularly in terms of size, is currently lacking [1,7,9]. In many publications, including
this one, microplastics are defined as particles with a size or length ranging from 1 µm to
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5 mm. Mesoplastics are often defined as ranging from 5 mm to 25 mm, and macroplastics
from 25 mm to 1 m [12]. Microplastics are further categorised into three types (see Figure 1):
primary microplastics, intentionally manufactured within the specified size range [2,7];
primary unintentional microplastics, which result from the usage of macroplastics and
subsequently break down into microplastics; and secondary microplastics, which result
from the fragmentation of macro- and mesoplastics in the environment [8,13,14].

Primary Microplastics,
intentionally manufactured Macroplastics

Tyres PackagingPellets

Production

EnvironmentEnvironment

Usage Fragmentation

Primary microplastics,
not intentionally manu-
factured

Secondary
microplastics

Figure 1. Schematic progression from the production of plastic to its distribution in the environment
and transformation into microplastics (adapted from [15]).

As macro- and mesoplastics often serve as the origin of microplastics, it is crucial
to systematically examine and analyze the transport and fate of these size groups in the
environment [1,16]. Furthermore, the European Union (EU) directive 2008/56/EC of the
European Parliament and Council, dated 17 June 2008, calls for the documentation of state
descriptions regarding chemicals, sediment contamination, and pollution hotspots [17]. To
enhance the understanding of the processes related to the accumulation of plastic waste in
the environment and to assess the risk of plastic pollution, comprehensive environmental
samples are important [1,18]. The number of studies on meso- and macroplastics is sig-
nificantly lower than the number of studies on microplastics in the marine environment.
In the studies used here from 2021 onward, it is evident that there is a research gap con-
cerning these sizes, with 22 studies on microplastics [1,4,7,8,10,11,19–34] and 5 studies that
include meso- and macroplastics [5,12,13,35,36]. Therefore, this study not only focuses
on microplastics but also considers meso- and macroplastics, capturing particles ranging
in size from 1 mm to 1000 mm. Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR spectroscopy) is employed for detection, which is already an
established standard method used in microplastic analysis. Due to the lack of studies, an
assessment of current plastic pollution on the beaches along the entire French Silver Coast,
the Côte d’Argent, was conducted [33,37,38]. In particular, the examination focused on the
various sizes of micro-, meso-, and macroplastics; their distribution; as well as the type of
plastic, their shape, and their existing color. This provides a comprehensive overview of
plastic pollution.
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2. Materials and Methods
2.1. Studied Area

The French Atlantic coast spans over 1200 km from Brittany in the north to the Spanish
border in the south [39]. It has been heavily polluted with plastic waste for many decades.
Particularly during winter when the sea is turbulent, a significant amount of debris is
washed ashore [40]. The stormy season in the Bay of Biscay in the Golfe de Gascogne occurs
between October and February [41]. The Côte d’Argent is situated in the southern part of
the Golfe de Gascogne and features a predominantly sandy, straight coastline stretching
approximately 250 km [33,39]. Figure 2 depicts the Côte d’Argent along with the respective
sampling locations. Identifiers have been assigned to the beach names for convenience.
Table 1 summarizes the beach names, their coordinates, and their associated identifiers.

Figure 2. Map of the Côte d’Argent, marking the sampling locations (created with folium [42]).
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Table 1. Sampling locations along the Côte d’Argent. Each sampling location is given an identifier
(refer to Figure 2).

Beach Name Coordinates Identifier

Plage Ozéane, Port Médoc 43°33′33′′ N 1°30′1′′ W S1
Plage du Pin Sec 43°42′50′′ N 1°26′6′′ W S2
Plage sud, Lacanau Ozéane 43°57′14′′ N 1°21′50′′ W S3
Plage le Porge, Ozéane 44°12′15′′ N 1°18′1′′ W S4
Plage du Truc Vert 44°30′55′′ N 1°15′16′′ W S5
Plage Pereire, Arcachon 44°34′53′′ N 1°13′21′′ W S6
Plage du Cap Ferret, ouvest 44°37′21′′ N 1°15′11′′ W S7
Plage de la Pointe, Cap Ferret 44°37′55′′ N 1°15′33′′ W S8
Plage au sud, Dune du Pilat 44°39′33′′ N 1°11′40′′ W S9
Plage de La Salie Sud, jetée de Wharf 44°43′3.4′′ N 1°15′1.2′′ W S10
Plage Sud, Mimizan 44°53′30′′ N 1°13′6′′ W S11
Plage de vielle, Saint-Girons 44°59′32′′ N 1°12′11′′ W S12
Plage de l’ Agneau, Capbreton 45°16′5′′ N 1°9′59′′ W S13
Plage du Métro 45°33′60′′ N 1°5′21′′ W S14

The Côte d’Argent is subject to numerous anthropogenic influences. In addition to
intense touristic use of the beaches with approximately one million visitors per year, the
coast is utilised for professional and recreational fishing, aquaculture, and recreational
sports activities [33]. Furthermore, in the vicinity of the Bassin d’Arcachon, there is a
wastewater system that transports industrial and municipal effluents from five different
treatment plants (S10) [7,33].

2.2. Sampling

As part of this study, samples were collected from mid-February to mid-March 2023
along a 250 km stretch, as depicted in Figure 2. The selection of this season, situated between
the winter and tourist seasons, was based on the reduced quantity of marine debris due to
the calmer weather conditions, which also resulted in fewer disturbances during sample
collection. Simultaneously, the tourist season was yet to commence, mitigating significant
impacts on the discovered plastic waste. Additionally, outside of the peak season, there is a
decrease in beach cleaning activities conducted by local municipalities. The beaches are
exposed to waves and exhibit a meso-macrotidal regime [33,43]. Sampling was conducted
on the beach section from Plage Océane Port Médoc to Plage du Métro, including sampling
at the Bassin d’Arcachon and Dune du Pilat. A high tide line was consistently chosen for
sampling. As standardized sampling strategies have not yet been established, various
publications were consulted for guidance [16,37,44]. Sampling was conducted along a
total of 14 beach sections, each with five sampling sites arranged in a transect [45]. The
positioning of sampling sites along individual beach sections was determined before each
sampling event by assessing the location of the high tide line. Additionally, the starting and
ending points of each transect were identified before sampling commenced, and Global
Positioning System (GPS) coordinates were recorded. Each transect spanned 100 m and
ran parallel to the high tide line [16,46]. A sample was collected every 25 m, marked by
a 0.25 m2 square at each sampling site. The top 5 cm of sand was collected using a metal
shovel. The sample was sieved on-site with a stainless steel analysis sieve (mesh size
1 mm) to minimize the transported sample volume. Due to challenges in sieving wet and
highly clumping sand, a smaller mesh size could not be used. Therefore, 1 mm represents
the lower limit of detectable particles. After sieving, all suspected plastic particles were
collected using stainless steel tweezers and transferred to Petri dishes.

2.3. Preparation of Samples

The Petri dishes were opened and placed in a closed container with filtered warm air
for drying. Subsequently, the samples were brushed with a natural bristle brush to remove
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any remaining sand and organic material. Afterward, the Petri dishes were tightly sealed
and stored in a cool environment until analysis.

2.4. Contamination Control

Precautions were taken from on-site sampling to chemical analysis in the laboratory
to minimize sample contamination. Nitrile or cotton gloves were used during sample
collection, and cotton lab coats along with nitrile gloves were used during laboratory
analysis. Throughout the sampling process, the sample collectors positioned themselves
leeward to avoid contamination from clothing. All materials and equipment used for sam-
ple preparation were washed with filtered ethanol and water. Due to the lower detection
limit of 1 mm, significant cross-contamination was not expected.

2.5. Visual Sorting

The visual sorting of microplastic particles was conducted using a stereomicroscope
(Leica, S6E, Wetzlar, Germany) within a magnification range of 6.3× to 40×, equipped
with a cold light source of 8 V/20 W. All particles suspected to have an organic origin,
such as seed capsules, were extracted and stored separately. Subsequently, the presumed
anthropogenic particles were documented under a digital microscope (Keyence, VHX-7000,
Osaka, Japan) within a magnification range of 20× to 1000×, using a 4K CMOS camera.
The length (i.e., the longest dimension), width (i.e., the shortest dimension), shape, and
color of the particles were documented. For the categorization of the particles, various
shape categories were established. This selection was based on a thorough examination of
the shapes occurring in the samples of this study, taking into account the shapes that plastic
particles can generally have. Furthermore, a careful evaluation of relevant literature sources
was conducted [25–28]. In this study, six shape categories were distinguished: item (a),
stick (b), string (c), fragment (d), pellet (e), and foil (f). Example images of these categories
taken with a digital microscope are presented in Figure 3.

Figure 3. Digital microscopic images of plastic particles. The six distinguished shape categories
are item (a), stick (b), string (c), fragment (d), pellet (e), and foil (f). The particles were placed on
millimeter paper and a scale was inserted.
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2.6. ATR-FTIR Spectroscopy

Each particle was analysed using an ATR-FTIR spectrometer (Perkin Elmer, Spectrum
Two, Waltham, MA, USA) equipped with a lithium tantalate mid-infrared (MIR) detector
and a diamond window. The ATR-FTIR spectra were recorded in the range of 400 cm−1 to
4000 cm−1 with a spectral resolution of 8 cm−1 using the Perkin Elmer Spectrum 10 STD
software. Subsequently, the spectra were compared with various libraries to identify
the chemical composition of the particles. Libraries from Perkin Elmer and ST Japan
(Polymer ATR Starter Library L30002-2) were acquired, containing spectra of polymers and
plastic-related components (e.g., additives, plasticizers, coatings). Commercial libraries
contain references from newly manufactured materials. The particles themselves, especially
their surfaces, undergo changes due to environmental influences, making it challenging
to match them with the spectrum of brand-new polymers in the library. Therefore, in
preliminary work, a dedicated library was created, encompassing plastic particles from
various environmental matrices. In total, each particle was compared with 12.441 spectra.
Only spectra with a match of at least 80 % were considered [44]. For lower matches, the
spectrum was manually evaluated. All suspected organic particles could be confirmed
as such. Suspected plastic particles that could not be identified but were definitively
non-organic in origin were documented separately.

2.7. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a thermal measurement technique that
provides information on the amount of heat absorbed or released by a sample during
isothermal operation, heating, or cooling. It measures not only endothermic and exothermic
first-order transitions (such as melting and crystallization) but also second-order transitions
(such as the glass transition temperature) and the enthalpy of a substance under various
thermal conditions. This method allows for precise identification and differentiation
between certain types of polymers [24]. Particles that could not be identified through ATR-
FTIR spectroscopy were examined using DSC. For this purpose, a calorimeter (Netzsch,
DSC 214 Polyma, Selb, Germany) with a ring sensor was employed at a heating rate of
10 K min−1. The data were analysed using Netzsch software (Proteus 8.0).

2.8. Statistical Evaluation

The statistical analysis, figures, and charts were created using LaTeX, Excel [47],
Inkscape 1.3.2 [48], and Python 3.8.10 [49] with the modules pandas [50,51], openpyxl [52],
lat_lon_parser [53], matplotlib [54], and folium [42]. An imbalanced distribution of vari-
ables is a common phenomenon in data analysis. In this study, a sampling method was em-
ployed where the beaches were selectively investigated, leading to an under-representation
of minorities. Therefore, in addition to box plots, kernel density estimation in the form of
violin plots was used to model the distribution of a variable based on a random sample [55].
In comparison to box plots, violin plots may provide additional information about the
frequency distribution of all data, akin to bar charts. Further information about violin plots
can be found, for example, in [56–58].

3. Results

In this section, the distribution of plastic particles and their characteristics in beach
sediments along the Côte d’Argent is presented. An overview is provided covering the
entire coast from Plage Océane Port Médoc to Plage du Métro. In total, 14 beach sections
with 70 sampling sites were investigated. This corresponds to a sample mass of beach
sand of approximately 870 l or 1300 kg, assuming a mean density of 1.5 g cm−3 [59] for
the beach sediment. From the total sample mass, 1972 plastic particles were extracted.
This averages to 1.5 particles kg−1 of beach sediment. The dominant shape categories were
pellets (N = 885), and the predominant polymer type was polyethylene (PE) (N = 1349),
constituting 45 % (pellets) and 68 % (PE) of all plastic particles, respectively.
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3.1. Distribution

Figure 4 depicts a bar chart showing the number of extracted plastic particles for each
individual beach, along with the median of the total quantity.

Figure 4. Bar chart illustrating the total number of particles found for each beach.

Except for one sampling site (Petri dish number 51) in transect S1, plastic particles were
found at all other sampling sites. The highest number of plastic particles, with N = 352,
was discovered at S13. The fewest plastic particles, totaling N = 50, were found at S14.
The median number of plastic particles found on the beaches was 99.5. The total mass was
288 g. With an examined volume of roughly 0.8 m3 (or 1300 kg) of beach sediment, this
corresponds to a proportion of 0.2 ‰ or 1.5 particles kg−1. One sample (Petri dish number
84) from S13 contained the highest weight of 25 g and also the most particles, totaling
N = 352. The lightest sample from a single sampling site was from S2 (Petri dish number
124) with a mass of 1.3 g. In Figure 5, the statistical representation of all samples, showing
the number of extracted plastic particles from each sample (Petri dish), is depicted in the
form of box and violin plots. The violin plot provides an estimation of the core density on
both sides of the distribution, thus illustrating the density distribution of the data. The box
plots encompass the median, the 75th and 25th percentiles, with whiskers extending over
1.5 times the interquartile range. From Figure 5, it can be observed that the median is at
21 particles (orange line). However, the mean is at 27 particles per Petri dish (blue line),
with the 75th and 25th percentiles at 12.5 and 37 particles (ends of the box), respectively.
There are four outliers with particle counts of 80, 93, 110, and 126 (black circles) in a single
sample. The violin plot (blue area) illustrates the frequency distribution of particles across
the Petri dishes, with the frequency maximum observed at 17 particles. This could be
interpreted as the estimated number of particles most commonly found across a large
number of Petri dishes.



Sustainability 2024, 16, 2992 8 of 19

Figure 5. Statistical representation of the number of plastic particles extracted per Petri dish. The
orange line depicts the median, while the blue line illustrates the mean. The box extends between the
75th and 25th percentiles. Outliers are indicated by black circles, and the violin plot is represented by
the blue area.

3.2. Size

When categorising the data by size, it was observed that plastic particles with a
count of N = 943 (47.8 %) were primarily present in samples ranging from 1 mm to 5 mm
(microplastic particles). 863 particles (43.8 %) belonged to the mesoplastic size range of
5 mm to 25 mm. Macroplastics were least encountered, with 166 particles, belonging to
the size range of 25 mm to 1000 mm. Figure 6 illustrates the statistical representation of all
Petri dishes with the number of extracted plastic particles from each sample categorised by
size (micro-, meso-, macroplastics) in the form of box and violin plots.

Figure 6. Statistical representation of the number of extracted plastic particles categorised by size
(micro-, meso-, macroplastics) in the samples. The orange line depicts the median, while the blue line
illustrates the mean. The box extends between the 75th and 25th percentiles. Outliers are indicated
by black circles, and the violin plot is represented by the blue area.

Figure 7 illustrates the percentage distribution of the different size categories based on
the sampled beaches. S14 had the lowest amount of detected microplastics and the highest
number of mesoplastics. In comparison to other beaches, the directly adjacent beaches, S6
and S9, had the lowest amount of macroplastics.
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Figure 7. Percentage distribution of microplastics, mesoplastics, and macroplastics at differ-
ent beaches.

3.3. Shape Categories

In Figure 8, various shape categories are assigned to different beaches in different
colors, along with their respective percentage distributions. Pellets and fragments were the
most prevalent in the samples, with 885 and 861 plastic particles, respectively. They were
followed by items (N = 110), strings (N = 51), sticks (N = 50), and foils (N = 15). Thus,
pellets dominated at all sampling sites, constituting 44.9 % of the particles. Foils were found
at the fewest beaches and were concentrated at the S5 sampling site. No sticks were found
at beaches S5, S6, and S14.

Figure 8. Percentage distribution of shape categories at sampled beaches. Pellets (44.9 %) and
fragments were the most common, followed by items, sticks, strings, and foils.

In Figures 9 and 10, the number of all plastic particles extracted from the samples is
depicted based on shape categories (fragment, string, pellet, item, foil, stick) as box and
violin plots. The violin plot of the fragments indicates that frequencies were mainly in the
range of 0 to 20 particles, with very few Petri dishes containing a higher number of particles.
The violin plot of the pellets shows a wide distribution of lower frequencies, with the most
common being 0 to 12 pellets found. However, compared to the fragments, it clearly shows
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more frequent particle occurrences above 20 particles, with outliers exhibiting significantly
higher particle quantities. The median (orange line) for fragments was N = 10, and for
pellets, it was N = 8, with the mean (blue line) for both being 12 particles. The frequency
distribution is also very similar, with nine particles for fragments and seven particles for
pellets. In Figure 10, for the string, foil, and stick shapes, a different scaling of the ordinate
was chosen as significantly fewer particles were found compared to fragments and pellets.
Strings, foils, and sticks were very rarely or not found at all, with the frequency maximum
(and also mean or median) being in the range of 0 to 1 particles. In comparison, items
were found much more frequently, with an average of one particle per Petri dish, and
larger values also occurring, showing a flat decrease in frequency up to four particles per
Petri dish.

Figure 9. Box and violin plots of all extracted particles in the shape categories of fragment and pellet.
The orange line depicts the median, while the blue line illustrates the mean. The box extends between
the 75th and 25th percentiles. Outliers are indicated by black circles, and the violin plot is represented
by the blue area.

Figure 10. Box and violin plots of all extracted particles in the shape categories of string, item, foil,
and stick. The orange line depicts the median, while the blue line illustrates the mean. The box
extends between the 75th and 25th percentiles. Outliers are indicated by black circles, and the violin
plot is represented by the blue area.

3.4. Color

Figure 11 illustrates the percentage distribution of different color categories at the
sampled beaches. The majority of plastic particles, totaling 1226, consisted of white particles,
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comprising 62.1 % of the total. The predominant portion of white particles was white-
translucent, with N = 856 (43.4 %), of which 71.5 % (N = 612) were pellets alone. Blue
was also quite prevalent, with 174 plastic particles, but only 6.3 % (N = 11) of these were
pellets; primarily, fragments with 131 particles were found. At beach S10, no black particles
were found, distinguishing it from the others. Transparent plastic particles, on the other
hand, were only detected at nine out of the 14 beaches.

Figure 11. The amount and distribution of different color categories.

3.5. Identification

Figure 12 provides an overview of the percentage distribution of different polymer
categories at the examined beaches. Regardless of the sampling location, PE was the most
frequently found polymer, constituting 68.4 % (N = 1349) of the total. It was followed
by polypropylene (PP) at 25.8 % (N = 508) and polystyrene (PS) at 3.1 % (N = 61) plastic
particles. At beaches S11 and S8, only PP and PE plastic particles were detected, in contrast
to the other beaches. Beach S14 had the lowest number of PE particles, with N = 12, but
it had the highest number of PS particles, also with N = 12. Out of a total of 1972 plastic
particles, N = 26 could not be definitively identified; these particles were mostly visually
identified as weathered foam. Additionally, 13 particles were identified as organic during
pre-sorting, mostly seed capsules or fragments of shells. These were further examined
using ATR-FTIR spectroscopy and confirmed as non-anthropogenic.

3.6. DSC Measurements

Additionally, nine plastic particles that could not be identified using ATR-FTIR spec-
troscopy were examined with DSC. Only four of them could be identified using DSC
but with an uncertain correlation factor of less than 80 %. These particles were heavily
weathered and mixed with sand, soil, and organic material, making a clear assignment
challenging. Therefore, these particles continued to be classified as “not identified”. The dif-
ferentiation between Low-Density Polyethylene (LDPE) and High-Density Polyethylene
(HDPE) using ATR-FTIR spectroscopy proved to be unreliable. To gain an overview of
the distribution, an additional 10 PE pellets were randomly selected (from various Petri
dishes) and analysed using DSC. Seven pellets were identified as LDPE, and three pellets
as HDPE. In relation to the total number of PE pellets found (711 particles or 36.1 %), this
would correspond to 497 LDPE pellets. However, a sample size of 1.5 % lacks statistical
significance and serves only as a rough estimate.



Sustainability 2024, 16, 2992 12 of 19

Figure 12. Bar chart depicting various polymer categories, sampled beaches, and their respective
percentage distribution.

4. Discussion
4.1. Distribution

A short overview of plastic pollution in beach sand or sediments, mainly in Europe,
is given in Table 2 for comparison purposes. As can be seen, many beach sand sedi-
ments and sediment samples have significantly higher values compared to this study:
The range of occurrence of plastic particles is very wide, ranging from 0 particles kg−1 to
2457 particles kg−1. Sampling methods are also extremely diverse, as there are currently no
standardized methods, which complicates comparability. Besides possible geographical
sampling site divergences (e.g., different degrees of pollution), for example, in comparison
to the distribution at a similar beach section investigated in this study, Bassin d’Arcachon in
France was examined [33], where 6 particles kg−1 were found. The concentration measured
here of 1.5 particles kg−1 for Côte d’Argent is of the same order of magnitude. One possible
reason for the slightly higher concentration found in the study by Lefebvre et al. [33] is that
the present study includes microplastic particles of very small size (<1 mm). In compari-
son, this size was not included in the aforementioned study, and, therefore, a significant
amount of particles may not have been detected. This needs to be investigated further
for clarification.

On average, the distribution of plastic particles was similar at all beaches. The only
exception in the distribution was beach S13, which had a significantly higher number of
plastic particles, with N = 352, in comparison to the other beaches. The reason for the
significantly higher quantity at this beach section could not be determined. The Bassin
d’Arcachon is connected to the Atlantic Ocean. At the mouth, two main channels, the North
Channel (outflow) and the South Channel (inflow), connect the bay to the ocean, facilitating
water circulation. Approximately two-thirds of the water volume is renewed during each
tidal cycle [60]. Sampling site S9 is located at the South Channel, whereas sampling sites
S7 and S8 are located at the North Channel (see Figure 2). The distribution of particles
indicates that there are significantly more particles (S9 N = 233) at the South Channel, the
inflow, compared to the North Channel, the outflow (S7 N = 96 and S8 N = 155). This
may suggest that currents are carrying plastic waste into the bay, where it accumulates [37].
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Table 2. Overview of plastic pollution in beach sand or sediments in various coastal regions worldwide.

Region Abundance Unit Reference

Eastern Argentina 1693 particles kg−1 [19]

Southern Morocco (2018) 915 particles kg−1
[20]

(2019) 1448 particles kg−1

Eastern Morocco 40 to 230 particles kg−1 [61]
Western Algerian 55 particles m−2 [21]
Caribbean beaches 557 to 2457 particles kg−1 [22]
East Chinese 664 particles kg−1 [23]
Northern Slovenia 23 particles kg−1 [25]
Northeast Thailand 6 to 81 particles kg−1 [26]
West France 67 particles kg−1 [38]
West France 13.5 particles kg−1 [37]
West France 6 particles kg−1 [33]
South France 80 particles l−1 [34]
Southwest Turkey 63 to 379 particles kg−1 [62]
West Scotland 161 to 432 particles kg−1 [63]
North Germany 1.8 to 30.2 particles kg−1 [64]
Northwest Germany 2 to 4 particles kg−1 [65]
South Australia 0.5 to 2 particles kg−1 [66]
North Italy 6 to 26 particles kg−1 [67]
North Greece 0 to 32 particles m−3 [68]
Southeast Bangladesh 8 particles kg−1 [44]

4.2. Size

The Atlantic Ocean has been investigated much more frequently than the French
Atlantic coast. Typically, water samples are collected and analysed for plastic pollution
in these studies, revealing a generally higher proportion of microplastics (80 %) and sig-
nificantly fewer meso- and macroplastics [2]. In the present sampling, however, micro-
and mesoplastics were approximately equally represented, accounting for 48 % and 45 %
of the total, respectively. It is reasonable to assume that the number or proportion of
identified microplastic particles in this study represents a lower estimate. This is due to
the lower detection limit of 1 mm, which excluded all particles smaller than 1 mm from the
sampling. Macroplastics were much less prominent in this sampling compared to the other
two categories. The number or proportion of macroplastics should also be considered a
lower estimate, as larger macroplastic pieces are regularly collected by municipal beach
cleaning or cleanup initiatives.

4.3. Shape Categories

With a share of approximately 45 %, pellets comprised the majority of the particles.
In Ref. [37], investigations at the same beach sections (S6 and S10) in 2021 revealed a
pellet proportion ranging from 34 % to 50 %, which is comparable to the findings of this
study (45 %). Analysis of the surfaces using digital microscopy during documentation
revealed various aging states of the pellets. The most common pellets were white, had a
smooth surface, and showed only slight signs of aging. This applied to 80 % of the pellets.
In Ref. [46], 50 % of the discovered pellets were also identified as new, found in beach
sediments collected consistently throughout the year at fixed locations [46]. This could
indicate a short residence time in the marine environment [36,69]. In visually identified
aged pellets, surface features such as cracks, material loss, erosion, adhesion, granulation,
and color changes were observed. Among the remaining plastic particles, especially in
the category “items”, mainly marine debris was found. In contrast, a European Union
study [16] in 2016 reported 50 % single-use plastic waste on European beaches. One possible
influencing factor is tourism, which is less active in this area during the winter months. In
combination with municipal beach cleanings, this could potentially lead to less packaging
waste on the beaches. Another influencing factor is the elapsed time and the nature of the
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last beach cleaning, which could result in overestimation or underestimation of the number
or respective proportions [9]. However, it could not be determined how often the sampled
beaches are cleaned during the winter months and when the last cleaning took place. A
total of 50 sticks were found in the samples. Among the clearly identifiable sticks, 33 (66 %
of the sticks) were cotton bud sticks, and one was a lollipop stick; however, 16 sticks (32 %
of the sticks) could not be assigned. Due to the varying degrees of aging, the origin (new or
waste) could not be definitively determined. In Ref. [70], cotton bud sticks were the most
frequently found particles in the Golfe de Gascogne, accounting for 13.7 % along European
coasts [16,70]. In contrast, foam sponges, plastic lids, and tangled nets/cords/ropes and
strings were found much less frequently. Foils were comparatively rare, likely because they
fragment into smaller particles more quickly and, therefore, do not fall within the detected
size range [71].

4.4. Color

The characterization of the color of plastic particles is often a component of studies on
plastic waste. In Ref. [72], a study conducted in the Golfe de Gascogne suggests that white
and white-transparent plastic particles predominantly occur near the coast. The authors
also found that as the distance from the coast increases toward the open sea and the size of
the plastic particles decreases, the number of white particles decreases. The predominant
color of all plastic particles in this study was also white, with the majority being white-
translucent. This aligns with the results of other studies in the Golfe de Gascogne [37,72].
Overall, white, blue, and green were most the frequently found colors, which is common in
marine waste. In another study conducted in Arcachon Bay [33], 45 % of particles found
in beach sediment were black. However, it is essential to note that the study in Arcachon
Bay focused on microplastic particles ranging from 17 µm to 5000 µm, whereas this study
only partially considered such a size range, with a detection size ranging from 1 mm to
1000 mm. Another study investigating the Atlantic [73] also found predominantly black
plastic particles, but it specifically examined the micro-range (<1 mm). Since this size range
was not explored in the current study, it can be assumed that the actual number of black
particles in beach sediment was underestimated. Therefore, it appears that black is the
prevalent color in smaller particles, and its frequency decreases for particles larger than
1 mm. Furthermore, it is noticeable that the majority of unidentified particles here were
black. One possible reason for this may lie in the fact that identifying the plastic type in
black plastic particles is generally more challenging using ATR-FTIR spectroscopy [32,74].
It can be assumed that polymer fragmentation mechanisms generally differ between bright
and dark colors. This is because the aging of bright plastics is predominantly attributed to
UV radiation, whereas dark plastics undergo aging due to a combination of UV radiation
and thermooxidation processes, as they absorb more heat from the sun [29].

4.5. Identification

The most commonly occurring polymer groups in the environment—PE, PP, and
PS—represent the most widely used commodity plastics, primarily utilised for packaging.
In the EU, plastics account for 80 % to 85 % of anthropogenic marine litter, with 50 % of it
being single-use products [18,30,72]. Polyamide (PA), polymethyl methacrylate (PMMA),
polyurethane (PU), and polyvinyl chloride (PVC) are also common, but numerically less
significant compared to PE and PP [73]. In this study, all of these polymer groups were
found, with PE and PP being by far the most prevalent. In a study on the Côte d’Argent [75],
mussels were examined for particle sizes ranging from 50 µm to 100 µm. The main polymer
types detected were PE and PP; however, a significant amount of acrylonitrile butadiene
styrene (ABS) was also found, which was barely present in this study with one particle. On
average, the polymer groups were equally distributed across all beaches, except for beach
S14, which deviated from the overall distribution. Here, larger quantities of PS were found,
along with the majority of unidentified polymers. The PS particles consisted of white
expanded PS, which could originate from a single source. Furthermore, this beach was the
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only one where thermoplastic elastomer (TPE) was found. All unidentified particles were
made of neon-green foam, visually and spectroscopically identified as the same material.
This raises the question of whether the widespread distribution of these polymer types (on
beach S14) is artificial, as these are large objects that may have fragmented on the beach.
Considering that these materials are also used for kite and surf equipment and these sports
are particularly popular on this beach, the high contamination may originate from these
activities [76].

4.6. DSC Analysis

It was found that DSC can serve as a supplementary analytical method when ATR-FTIR
spectroscopy results are uncertain or when analysis is not possible [77]. DSC was able to
clearly distinguish between LDPE and HDPE. For the particles that could not be identified
with ATR-FTIR (N = 9), DSC measurements also could not yield a clear identification. Most
of these particles consisted of neon-green foam. As DSC did not show melting processes
for these particles, it can be assumed that they consist of an elastomeric polymer, which
is generally difficult to identify with DSC. Furthermore, DSC is a destructive analytical
method, where measurement runs typically take one to two hours, in contrast to only a
few minutes for an ATR-FTIR spectroscopy measurement. Therefore, it should not be the
primary choice.

5. Conclusions

In 2016, 84 % of waste found along European coasts consisted of plastic [16]. Under-
standing the composition and distribution patterns of waste in different environmental
matrices is crucial for identifying its origin and developing effective measures [16]. This
study examined 250 km of coastline at 70 sampling sites. With a total analysed matrix
weight of approximately 1300 kg of beach sediment, 1972 plastic particles were found
and investigated, providing a comprehensive overview of plastic pollution on the Côte
d’Argent. The exclusion of particles smaller than 1 mm and larger than 1000 mm from
the study suggests that the calculated 1.5 particles kg−1 of beach sediment might be an
underestimation. Pellets (N = 885) dominated as the form category, followed by fragments
(N = 861). The most prevalent polymer type was polyethylene (N = 1349), followed by
polypropylene (N = 508). White/white-translucent emerged as the most common color,
with 1226 particles. The particles mainly identified as pellets in this study indicate that
pellet loss plays a significant role in beach pollution, even more than waste from tourism,
at least outside the tourist season. Pellets have never been produced into a product and,
therefore, provide no societal value. These findings underscore the need for ways to prevent
plastic pellet loss into the environment.
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