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Spatial Dynamics and Ecological Risk

Assessment of Microplastics in

Littoral Sediments of the Sea of

Marmara, Türkiye. J. Mar. Sci. Eng.

2025, 13, 1159. https://doi.org/

10.3390/jmse13061159

Copyright: © 2025 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Spatial Dynamics and Ecological Risk Assessment
of Microplastics in Littoral Sediments of the Sea of
Marmara, Türkiye
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Department of Chemical Oceanography, Institute of Marine Sciences and Management, Istanbul University,
Istanbul 34134, Türkiye; ebillur@istanbul.edu.tr

Abstract: Plastic and especially microplastic (MP) pollution has posed a serious threat to the
marine environment for decades. Studies on MPs have started to gain momentum especially
in the Sea of Marmara (SoM), which is an international waterway, under the pressure of
intense maritime traffic and exposure to domestic and industrial discharges. The aim of
this study was to evaluate the MPs found in surface sediments collected from the coastal
area of the SoM according to the locations and to reveal the extent of the existing pollution.
This is the first study to examine MPs in both the surface sediments of the entire shorelines
of the SoM, which have not been previously reported, and in the surface sediments of
Çanakkale Strait. Accordingly, the highest MP abundance was detected at Yenice station
(St 15) with 1286 items/kg, and the lowest MP abundance was detected at Turan Village
station (St 14) with 199 items/kg. The most dominant shapes across all sampling stations
and months were fiber (37%) and fragment (26%), while the most dominant color was blue
(35%). According to the polymer characterization results, PE (polyethylene) was found
to be the most dominant polymer type. Additionally, most stations were found to have
“Moderate” and “High” pollution levels in terms of the contamination factor (CF), and
regions were classified as “Moderate” and ‘High’ in terms of the pollution load index (PLI),
with the St 15 station specifically exhibiting “Very High” pollution levels. Furthermore,
hazard index (HI) and pollution risk index (PRI) values were also calculated regionally,
revealing that regions have pollution levels classified as “High”, “Very High”, and even
“Dangerous”. This study concluded that there are no areas with low pollution levels in
SoM, and that the threat posed by MP pollution in this sea is increasing. Furthermore, this
study found that stations with high MP pollution levels are located near river discharges
and that rivers significantly contribute to MP pollution in the seas. The findings are of great
importance in terms of the need to implement sustainable plans and measures to prevent
pollution in the SoM and to take concrete steps to protect and ensure the sustainability of
coastal ecosystems, particularly those under serious pollution threats.

Keywords: plastic contamination; the Sea of Marmara; shoreline sediments; oceanography

1. Introduction
Aquatic ecosystems are among the ecosystems most affected by MP pollution. The

main reason for this is domestic and industrial wastewater discharges into aquatic areas,
which are considered the primary source of MP, leachate from solid waste disposal sites,
and aquaculture activities [1,2]. Although most MPs with a polymer chemical structure
resistant to degradation are removed in wastewater treatment plants [3], it is known that
MPs leaking from wastewater treatment plants accumulate in aquatic areas that serve as
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receiving environments. In particular, most MPs that enter the marine environment never
sink due to their low density and the high density of seawater and can float or remain
suspended indefinitely [4], and their occurrence speed will affect the distance of MPs in
their travel from the source [5]. Nevertheless, they can also sink to the bottom due to their
ability to adsorb various contaminants. As a result of these processes, approximately 70%
to 90% of MPs in water could be expected to accumulate in sediments [6]. Consequently,
the continuous release of MPs into coastal environments, along with their subsequent
vertical transport and sedimentation following suspension in the water column, contributes
to the substantial accumulation of MPs in nearshore sediments. So, the presence and
concentration of MPs in coastal areas have begun to be investigated in different regions
around the world in recent years [7–11].

MPs are described as plastic pieces smaller than 5 mm and have been found globally in
various marine environments, such as seawater and sediments [12–14]. Studies conducted
particularly in marine areas have shown that plastics accumulate both in the water column
and in bottom and coastal sediments [15,16]. MP pollution in marine environments rep-
resents a critical environmental issue and has emerged as an international priority due to
its extensive and rapidly escalating distribution [15,17,18]. An estimated 8 million tons of
plastic enter the world’s oceans each year in addition to the 150 million metric tons of plastic
already known to exist in the oceans [19,20]. These micropollutants have anthropogenic
origins and contaminate various environmental media directly and/or indirectly, adversely
affecting the ecosystem and ecological processes in the environment [21–23].

The Marmara Region has 11 cities and a population of 24,465,194. The SoM is a semi-
enclosed inland sea with a coastline of approximately 1200 km, including the straits, and
together with the Istanbul Strait and the Çanakkale Strait forms the Turkish Straits System
(TSS) being an international waterway. In particular, the location of major cities such as
Istanbul, Bursa, Kocaeli, Balıkesir, and Tekirdağ on the coast of the sea, and the domestic
and industrial waste/wastewater, agricultural activities, and maritime activities originating
from these cities, significantly increase pollution [24,25]. In addition to all this, pollutants
also come from the Danube River, which accounts for 50% of the pollution in the Black
Sea [26]. Although the number of studies on SoM sediments has been increasing recently,
most of these studies have been conducted in the eastern part of the SoM, particularly in
specific regions such as the Istanbul Strait and its coasts [27–31], the Golden Horn [32,33],
the Küçükçekmece Lagoon [34], the Gemlik Bay [35], and the Bandırma Bay [36]. However,
it should also be noted that there is no study that reveals the degree of MP pollution
exposure of all coastal area sediments in the SoM and evaluates this pollution collectively
across all regions. Therefore, this study is the first to examine the entire coastal zone of the
SoM, including the Istanbul and Çanakkale Straits, not only as an inland sea but also as
an international waterway. Within this framework, the amount of MP in coastal surface
sediments collected along the entire coastal zone of the SoM, including the Çanakkale
Strait, their morphological characteristics, and the variation of polymer types according to
stations and regions were investigated, and an ecological risk assessment was conducted.

Thus, the author believes that these results will contribute to the establishment of an
MP monitoring system in the future and provide useful information for a comprehensive
assessment of the potential risks posed by MPs in sediments in all coastal areas. Addition-
ally, it will provide important information by serving as a database for future studies on
biota samples in these areas in terms of the spatial–temporal determination of point and
diffuse sources, thereby assisting in the development of pollution-related policies.
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2. Material and Methods
2.1. Research Area

In the Black Sea, including the Straits of Istanbul and Çanakkale, there is a two-layered
water system where the slightly saline (18 PSU) waters flowing from the Black Sea to the
Mediterranean Sea and the saline (38 PSU) waters flowing from the Mediterranean Sea to
the Black Sea do not fully mix due to their different salinity and density levels [37–39]. The
halocline layer, where two different layers meet and there is a small amount of mixing, is
located at approximately 25 m. Coastal salinities may vary depending on freshwater inputs
such as river discharges in the regions. Within the scope of this study, coastal sediments
were collected from 21 different stations along the coast of the SoM.

Fieldwork was conducted between April 8 and 15, 2024. Sampling stations are shown
in Figure 1.

Figure 1. Sampling points (1—Garipçe, 2—Florya, 3—Marmara Ereğlisi, 4—Tekirdağ,
5—Şarköy, 6—Gelibolu, 7—Burhanlı Köyü, 8—Bigalı, 9—Kumkale, 10—Kepez, 11—Çardak,
12—Kemer, 13—Erdek, 14—Turan Village, 15—Yenice, 16—Kurşunlu, 17—Büyükkumla, 18—Yalova,
19—Karamürsel, 20—Başiskele, and 21—Poyrazköy).

2.2. Sampling

Surface sediments (0–10 cm) were collected from all stations according to depth by
diving or Van Veen grabs or manually into glass jars, which were then tightly sealed. Fol-
lowing collection in glass jars, the samples were transported under refrigerated conditions
and preserved at −18 ◦C until further analysis. In order to obtain a dry research material,
it has been reported that the sample must be dried prior to analysis, and freeze-drying
has been recommended to prevent the polymer structure of the MP in the sample from
deteriorating [40]. Therefore, prior to analysis, the samples were removed from the deep
freezer and freeze-dried in a lyophilizer without allowing them to thaw.

2.3. Microplastic Extraction

Pritzker et al. [41] used two different extraction methods to identify MPs in sediment
samples and compared the differences between them. In the first method, 140 g/L of NaCl
solution was added to 1 kg of wet sediment sample, mixed for 5 min, left to settle for 1 h,
and then filtered through a sieve, and then it was examined under a microscope. In the
second method, 10 g of dry sediment sample was taken and 150 mL of NaCl (1.2 g/mL)
solution was added in three stages, mixed for 1 min, and left to settle for 5 min. Then, 5 mL
of 30% v/v H2O2 was added for the decomposition of organic matter, and the mixture was
left to stand for 24 h, filtered, and counted under a microscope. In the second method,
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the number of MP particles and the color scale were found to be higher than in the first
method [41].

Thus, the second method was applied to 10 g of sediment sample after drying using
ZnCl2 (Fisher Scientific, Waltham, MA, USA) solution. For this purpose, 10 g of sediment
sample was placed in three separate beakers, and 150 mL of ZnCl2 (1.7 g/mL) solution was
added in three stages to each beaker, with five minutes of mixing between each stage. The
analyses were conducted in three separate parallel sets. The clarity of the upper layers was
monitored, and the samples were left to settle completely for 48–72 h. After settling was
complete, 10 mL of 30% v/v H2O2 (Merck Scientific 50%, Darmstadt, Germany) was added,
and the mixture was left to settle for 24 h. Finally, the natant in the samples was decanted
and filtered through GF/C filter paper, then the paper was dried in an oven at 35 ◦C and
visually assessed under a microscope.

2.4. Physical and Chemical Characterization

Filter papers were examined under a stereomicroscope (AccuScope—AccuScope—
3075-LED-E Binocular Zoom Stereo Microscope, New York, NY, USA) to identify the
morphological structures of MP particles based on visual assessment according to Hidalgo-
Ruz et al. [15]. These particles are classified according to their shapes as fibers, filaments,
particles, films, beads, and foams.

The polymeric characterizations of the separated MPs were determined by FTIR
(Fourier Transform Infrared Spectroscopy—PerkinElmer—Rowville, Melbourne, Australia)
spectroscopy. Analyses were performed in the wavelength range of 4000 cm−1 to 400 cm−1.
Particle spectra analysis results were compared with library data in the device.

2.5. QA/QC

Throughout the analyses conducted in this study, as in other similar studies, the
analyses were carried out with great care to ensure that there was no contamination from
the external environment [42,43]. The instruments and equipment used in the laboratory
processes were rinsed with distilled water prior to analysis, left to dry in an airtight
environment, and stored in aluminum foil until analysis. Extractions and microscopic
observations were performed using cotton clothing and nitrile gloves in an environment
free of air currents. Therefore, all sources of air circulation, such as windows and doors,
have been kept closed. In addition, before each use, the filter papers were individually
checked under a microscope for any contamination.

2.6. Microplastics Contamination Factor and Pollution Risk Index

The MP contamination factor (Cf) indicates the contamination of MPs in the research
material (MPi) based on background reference values (MPb), the calculation is shown in
Equation (1). Since there is no internationally accepted reference value for this study, the
lowest MP value recorded in this study (199 items/kg) was taken as MPb. This value
was found in a sample taken from Turan Village (St 14), located at the highest point of the
Kapıdağ Peninsula, where the lowest MP amount was detected, there is no industrialization,
and settlement is sparse. Additionally, the regional MP pollution load index (PLI) was
calculated as the nth root of the product of the Cf values at the stations (Equation (2)) [44].

Cf = MPi/MPb (1)

PLI = (Cf1 × Cf2 × Cf3 × . . .. . .. . .× Cfn)1/n (2)

In this study, MPLI values were calculated for six different regions considered to be
affected by different sources: The Istanbul Strait (IS), the northern shelf of the SoM (NS),
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the Çanakkale Strait (ÇS), the southern shelf of the SoM (SS), the Gemlik Bay (GB), and the
Gulf of Izmit Bay (GI). The spatial distribution of stations is as follows: IS (St 1, 21), NS (St
2, 3, 4), ÇS (St 6, 7, 8, 9, 10, 11), SS (St 12, 13, 15), GI (16, 17, 18), and GI (St 19, 20) (St 14 was
excluded from regional calculations as it was considered a reference value).

2.7. Hazard Index and Pollution Risk Index

The ecological effects of MP types of polymers also differ and can be calculated using
the polymer hazard index (HI) formula given below (Equation (3)). During the production
of each polymer, hazard scores (Sn) have been developed based on the relationship between
the toxic substances contained in the polymer and the risk of exposure to these substances
after the polymer has contaminated the natural environment [45]. “Pn” is the percentage of
each polymer type at that point.

HI = ΣSn × Pn (3)

The pollution risk index (PRI) represents the ecological risk posed by different polymer
types, as determined by their respective pollution loads. The PRI value is calculated
according to the following formula (Equation (4)).

PRI = ΣHI × PLI (4)

2.8. Statistical Analysis

Statistical analyses of the data were conducted using IBM SPSS Statistics version
22. Spearman correlation analyses were performed to examine the relationships between
MPs and shapes, as well as between MPs and colors. Kruskal–Wallis tests were applied
to compare MPs across different regions. A p-value of less than 0.05 was considered
statistically significant.

3. Results
3.1. Abundance and Distribution of MPs in Sediments

Top-layer seabed samples from twenty-one distinct coastal locations of the SoM,
encompassing the Çanakkale Strait, were examined. A total of 11,837 items were detected
in sediments from all sampling points. Distribution patterns of MPs in seabed sediments
varied between 199 and 1286 items/kg dw across all regions. The average MP particle
count varied depending on the stations and regions where the samples were collected.
The SS exhibits relatively higher MP levels than the NS, with particularly high values per
kilogram recorded in the ÇS and the SS. However, the lowest MP value per kilogram was
detected in Turan Village (St 14), located at the highest point of the Kapıdağ Peninsula on
the SS of the SoM, with 199 items (Figure 2a).

The MP extraction protocol applied in this study demonstrated a high recovery effi-
ciency, yielding over 95% of MPs from sediment matrices. Validation tests using reference
polymers revealed recovery rates ranging from 90% to 98% for the three predominant
polymer types commonly detected in marine sediments—polyethylene (PE), polyethylene
terephthalate (PET), and polypropylene (PP). Among these, PET exhibited the lowest recov-
ery efficiency, while PE showed the highest, indicating both the robustness and selectivity
of the method across polymer types.
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Figure 2. Physical properties of detected MPs: (a) amount of MPs, (b) shapes of MPs, (c) colors of
MPs, and (d) size pf MPs.

3.2. Physical and Chemical Profiling of MPs

The predominant size class of MPs was <0.5 mm, as illustrated in Figure 2d. Based on
morphological characteristics, MPs were classified into six categories: fibers, films, pellets,
filaments, foams, and fragments (Figure 2b).

MPs were found in all sediment samples taken in this study. When MPs were evaluated
across stations according to their shape, fibers (35%) and fragments (27%) were found to
have the highest proportion (Figure 2b). The other MP shapes following the fiber type are
filament (13.4%) and film (12.1%), while the shapes with the lowest percentage are bead
(8.6%) and foam (6.36%). The station with the highest fiber MPs among the stations is
Florya station with 57%. This was followed by Kemer station with 57%. Foam and bead
type MPs were detected in most of the stations, although they had the lowest proportion.

Nine different MP colors were detected across all stations, with blue being the most
common color (mean 35.1%). This was followed by black (mean 25.8%) and red (24%).
Colors with relatively lower rates are transparent (10.9%), green (6.2%), white (4.9%), yellow
(4.6%), and purple (1.9%). Brown was also detected at only one station (Figure 2c).

Forty randomly selected sub-samples of MPs from the sediment samples in the appro-
priate size range were analyzed using FTIR spectroscopy. The most common polymer type
was polyethylene (PE) with 47.2%, followed by polyethylene teraphthalate (PTE—16.7%),
polypropylene (PP—16.7%), polyvinyl cloride (PVC—13.8%), and acrylonitrile butadiene
citrene (ABS—5.6%).

3.3. Contamination Factor and Pollution Load Index

MP contamination factors (Cf) were calculated to reveal the degree of pollution in
coastal area sediments collected from different stations. The lowest Cf value was found
at Poyrazköy (St 21) station with 1.66, and the highest value was found at Yenice (St 15)
station with 6.46. The highest Cf value is about 4 times higher than the lowest value. PLI
values were calculated regionally on the basis of Cf values; the lowest value was found in
İstanbul Strait with 1.66, and the highest value was found in the southern shelf with 3.44.
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3.4. Pollution Risk Index and Polymer Hazard Index

Pollution risk index and polymer hazard index values were calculated to determine
potential ecological risks according to the concentrations and polymer types identified by
stations. Across all polymers, HI values ranged between 14 and 1100, and PRI values ranged
between 48 and 3784. PE was found to have the highest findings for both calculations.

4. Discussion
Although there are regional studies in Türkiye, especially in the SoM, there is no

historical data on the MP pollution of the entire coastal area and the coasts of the Çanakkale
Strait. The distribution, abundance, and transport patterns of MPs with various physi-
cal properties throughout water bodies show different characteristics [46]. The presence,
amount, and distribution of MPs can be altered by anthropogenic [47] as well as envi-
ronmental [48–50] influences. It has even been stated that environmental factors such as
currents, wind directions, cyclones, and ambient hydrodynamics have more influence on
this situation than anthropogenic factors [51–53]. The transport of MPs in coastal areas
can be affected by coastal hydrodynamic conditions (waves, tides, and wind), biological
effects, and physical properties (particle size, shape, and density) [51]. Similarly, wind and
waves have been reported to be the most important factors in the transport of MPs in the
ocean and coastal zone. Zhang et al. [51] reported that although there was a calm marine
environment during the sampling periods as indicated by meteorological and hydraulic
records, the distribution of MPs may have been affected and altered by poor sea conditions
prior to sampling.

In coastal areas under the combined influence of tides and rivers and the interaction
between MPs, waves, and wind can cause the MPs to drift into the upper layers of wa-
ter. On the other hand, the sediment deposition of MPs can be explained by biofouling,
which causes an increase in the concentration of MPs [54,55]. In addition, transport from
neighboring areas [16], ocean currents, and atmospheric transport [56,57] are thought to be
another cause of deposition of MPs.

Rivers are one of the important pollution sources of the SoM. Particularly, Simav
River, which is the largest river flowing into the southern shelf, is one of these polluting
rivers. Before flowing into Lake Simav, the river receives its first source of pollution from
the vicinity of Şaphane Mountains. It also passes through certain settlements and the
district of Karacabey and is fed by many other streams with different flow rates, such as
Mustafakemalpaşa Stream, Orhaneli Stream, Nilüfer Stream, and Kocaçay, as well as the
excess waters of the Uluabat and Kuşgöl lakes, and continues to reach the SoM. Simav
River is also known as the Susurluk River. In the Susurluk Basin, where the Balıkesir, Bursa,
and Kütahya provinces and districts are located, there are many industrial establishments
such as meat–dairy integrated plants and oil, sugar, cement, and marble factories and
agricultural areas [58,59]. This river is known to be heavily polluted [60]. Among the
stations, Yenice (St 15), where the highest MP per kg was detected, is also located in the
Susurluk Basin where the Simav River flows.

In Kumkale (St 9) and Kepez (St 10), the other stations with high values, concentra-
tions were 858 items/kg and 1083 items/kg. These two stations are under the influence
of more than one pollution source. Kepez station (St 10) is close to the Kepez, Umurbey,
and Çanakkale Streams, while Kumkale station (St 9) is close to the Hamamlık Stream
and Küçük Menderes Stream. These stations are also located towards the exit of the
Çanakkale Strait. Therefore, the high values suggest that the pollution load carried by vari-
ous streams/rivers is caused both by the pollution load carried by various streams/rivers
and the pollution of the SoM in addition to the pollution originating from the Black Sea
coming through the upper current system along the straits.
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It has been reported by Andrady [17] that up to 80% of the total amount of litter in
the marine environment consists of plastic litter originating from land. Moreover, these
particles, which are < 5 mm in size, are called MPs and are 93% of the plastic litter in the
sea [61]. MPs have emerged as a growing environmental concern due to their capacity
to disrupt ecological balance and adversely affect human well-being [62,63], and there
is a constant flow of information and updates on their occurrence and contamination of
the marine environment [64–66]. The Ellen MacArthur Foundation predicts that MPs will
outnumber fish in the seas and oceans by 2050, unless necessary and important roadmaps
on waste management are set [67,68].

The shapes of MPs are categorized as fiber, fragment, film, filament, foam, granule,
round, oval, rod, angular, long, and irregular [69]. The distribution of MP shapes detected
in this study is given in Figure 2b. The most common type of MP detected in littoral
sediment samples is fiber. Of the total 1162 MP particles detected in the study area,
34.9% were fibers, 26.8% were fragments, 13.4% were filaments, 12.1% were films, 8.6%
were beads, and 6.4% were foam plastics (Şekil 2b). Fibers are the most common shapes
found in studies conducted both along the coasts of Istanbul and the SoM, as well as in
other regions and seas [29–31,34,36,70,71]. Fiber-shaped MPs are primarily derived from
synthetic fabrics, garments, and plastic waste transported through domestic wastewater
systems, as well as from fishing-related materials such as nets and lines commonly used in
coastal regions [72–74].

Florya (St 2) (57.5%), Yenice (St 15) (47.3%), Erdek (St 13) (47.1%), and Kumkale (46.5%)
had the highest fiber content. Florya station is located within the borders of Istanbul
province, which has a high number of inhabitants as a residential area, as well as human-
induced activities such as shopping malls, beach activities, etc. In addition, the availability
of easy access to this area increases the circulation of people here during the day. Moreover,
off the coast of Florya, there are various large and small ships waiting in line to pass
through the Istanbul Strait. The combination of all these anthropogenic activities explains
the high pollution in the environment. In Erdek station (St 13), anthropogenic sources and
low water circulation due to being a gulf can increase pollution. As mentioned above, the
Susurluk River flows near Yenice station. Kumkale station is also located at the exit of
Çanakkale Strait and is fed by several small rivers and streams. The other two stations
with high fiber content (St 9 and St 15) have in common that they are located close to
rivers. The elevated presence of fibrous MPs in the area is likely linked to fluvial discharges
from nearby rivers, which act as significant transport pathways for land-based synthetic
debris into the marine environment [75–77]. Rivers entering the marine system are also
considered critical sources of MP contamination, as previously reported [78,79], and plastic
waste produced on land is discharged into the sea by rivers and contributes to MP pollution
in the marine environment [80]. According to a study in Gemlik Bay, sediments near the
outflow of Karsak Creek exhibited high levels of MPs, with fibers constituting a significant
proportion of the detected particles [35]. The fact that two of the four stations mentioned in
this study have high fiber-type MPs indicates that fiber-type MPs are predominant in rivers
and are directly contaminating the sea and that the seas are also significantly exposed to
MPs through rivers.

These MP fragments originate primarily from the fragmentation of larger plastic
items—such as containers, packaging materials, and household goods—manufactured
using high-strength synthetic polymers [81,82]. Fragments can originate from textiles,
rubber particles from building materials, and plastic containers transported to the coastal
zone via rainwater outlets and river runoff [69,82]. Macro-sized debris break down and
form fragment-type plastics under the influence of environmental factors such as the
mobility of the marine environment, the presence of oxidative substances, radiation, and
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hydrophilic water properties [17,83]. Within the scope of our study, fragment is the most
dominant species (26.2%) after fiber-type MPs across the stations. Fragments were found to
be the most common MP type in the Pendik-Tuzla coasts of SoM [27]. Belivermiş et al. [33]
recorded fragments as the most dominant species in sediment core samples in the SoM
Golden Horn. In addition, similar studies conducted in different coasts of the Black Sea
have also reported that fragment type MPs are more common [84,85].

Sources of filamentous MPs include a range of plastic materials used in consumer
packaging, such as plastic bags and wrapping films [73]. This type of MP was found to be
the third highest in this study with 13.4%. In addition, pellets within the scope of this study
have a rate of 8.8%. One study revealed that MPs in the form of granules on the coastline
are mostly caused by tire dust from vehicles passing on nearby roads [86]. The low rates
detected in this study and the fact that this MP type was not detected in every station were
attributed to the fact that there was not much transportation activity near the sampling
stations. MPs in the form of foam are likely to originate from different packaging materials
and fishing-related activities [75], as well as from the breakdown of disposable products.
It should also be taken into account that, similar to the size of MPs, their morphology
may undergo alterations over time as a result of continuous weathering processes in the
environment [69].

Film-type MPs are low-density sheet-shaped plastic parts with a very thin layer in flat
form [87]. The predominance of transparent MPs can be attributed to their origin from com-
monly used plastic bags and food packaging, which are typically colorless materials [88].
The percentage of film-type MPs detected in this study was found to be the fourth most
dominant shape with 12.1% after fiber, fragment, and filament. This can be explained by
the principle of formation of secondary MPs.

Possible sources of different forms of MPs found in littoral sediments are treated
and/or untreated wastewater discharged from large and small rivers and streams flowing
into this sea, synthetic cables, ropes, and textile wastewater used in fishing and industrial
activities, and airborne fibers [89]. Akarsu et al. [31] pointed out that the differences in
the findings were due to the differences in sampling sites. In addition, the physical and
chemical properties of MPs and marine dynamics also have an impact on this situation.
With the increase in disposable products and packaging, especially during the pandemic
period, it would be appropriate to predict that the film type will be one of the types that
will be seen more frequently and predominantly among the MPs that will be detected in
the near future.

The correlations between the total MP values and shaped MPs such as fibers, filaments,
fragments, and films identified in this study were also evaluated. When the correlation
between MPs and shapes was examined, a strong positive and statistically significant
correlation was found between MPs and film (r = 0.753, p = 0.000); a moderate positive
significant correlation with fiber (r = 0.671, p = 0.001); a very strong positive significant
correlation with filament (r = 0.802, p = 0.000); a moderate positive significant correlation
with fragment (r = 0.524, p = 0.015); and a strong positive significant correlation with foam
(r = 0.703, p = 0.001). Yıbar et al. [90] conducted a similar statistical evaluation in their
studies. Researchers found a high positive correlation between fragment and line MP
values (r = 0.868; p = 0.001) and also found that that total MP values were influenced by
both fragment and line MP values and that there was a very high positive correlation
between fragment MP values (r = 0.976; p < 0.001) and line MP values (r = 0.888; p = 0.001).

In studies related to MPs, different and various colors such as black, red, blue, white,
green, brown, yellow, transparent, and multicolored are generally defined [91]. The high
levels of white MP detected in environmental settings are thought to be due to degradation
processes, while colored MP have been reported to originate from packaging in various
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industries [92,93]. Plastic products, which are widely used in various industries, are dis-
carded after use and eventually break down into plastic debris [94,95]. This study also
examined the correlations between total MP concentrations and colors. The correlation
between MPs and colors indicated a very strong positive significant correlation with blue
(r = 0.825, p = 0.000); a weak positive significant correlation with red (r = 0.487, p = 0.029);
and a moderate positive significant correlation with black (r = 0.610, p = 0.003). Detailed ta-
bles and graphs related to correlations are provided in the Supplementary Tables S1 and S2
and Figure S1.

MPs were found in nine different colors in this study: blue, red, black, transpar-
ent, white, purple, yellow, yellow, green, and brown. Among all MP colors identified,
blue, black, and red were the most dominant colors with 35%, 25%, and 23%, respec-
tively (Figure 2c). The findings involving the different colors detected are in agreement
with [28,29,96,97], which report the most predominant MP entities as being blue. More-
over, various studies point to differences in the order of frequently observed colors. For
example, Hosseini et al. [98] noted black, transparent, and blue; Rasta et al. [99] reported
red, black, and blue; Baysal et al. [27] revealed black; and Mutlu et al. [36] stated blue and
black as the most common colors. Li et al. [100] observed that MP particles come in many
colors, including white, transparent, yellow, blue, red, and green. Most studies report that
white-transparent, black, and/or blue colors are predominant [101–103]. Peng et al. [14]
reported that the highest proportion of transparent MPs (42%) was found in sediments of
the Changjiang Estuary in China. Similar to these studies, MPs of different colors such
as red, black, blue, and transparent were identified in this study. When all stations were
evaluated, the most dominant colors were blue (35.1%), black (25.8%), and red (24%). This
situation can be explained by secondary MPs formed by the degradation of short-lifespan
plastic products such as single-use items, carrier bags, flexible packaging, and PET bottles,
especially their caps, originating from activities along the SoM coastline. It is considered
that white and/or colorless MPs may originate from the degradation of single-use products,
which increased during the pandemic.

The coloration of MPs plays a crucial role in determining ingestion rates among
organisms at different levels of the food web [104]. The colors of MPs can cause them to
be noticed by fish and other marine organisms and mistaken for food [105,106]. Some
commercially important fish species and their larvae, as visually driven predators, may
misidentify MPs—especially those in white, brown, and yellow hues—as zooplankton
prey [93]. Research carried out in the mangrove ecosystems of the Persian Gulf indicated
that MPs represented the predominant particle type detected in edible fish (60%), with
white MPs being the least common (7%) [93]. Another study identified the majority of
plastics found in Gorgon Bay as white and blue. These colors, notably similar to plankton,
may contribute to misidentification by local planktonivorous species, including mussels
and shrimps [107]. Overall, it can be concluded that organisms are more likely to ingest
MPs due to the dark hues of these particles or their resemblance to the organisms’ natural
food items [93]. In studies, it has been found that fish accidentally feed on MPs with yellow,
brown, and white resembling their planktonic preferred food [108–110], similarly, seabirds
have been found to accidentally ingest plastics of some shapes and colors [64,110].

In this study, the presence of predominantly blue-, black-, and red-colored MPs in
coastal area sediments raises awareness of their possible effects on biota and organisms
that use these areas as habitats. As a result, MP ingestion by marine organisms can cause
harmful effects and biological damage. The persistent accumulation of MPs in the SoM’s
sediments may significantly endanger ecological stability, compromising both ecosystem
function and the viability of local marine life. Ensuring the protection of the fragile marine
ecosystem in the SoM necessitates both the advancement of scientific research and the
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implementation of robust strategies to curb MP pollution. There is also a need for longer-
term monitoring studies, especially in coastal areas, and more comprehensive studies to
understand the exposure of organisms to MPs in these areas.

Besides color and shape, the size of MPs is one of the defining parameters defined
by the European MSFD Marine Litter technical subgroup [111]. These size distributions
and diversity may provide clues to help understand the potential sources of MPs [112]
but also provide important indicators of ecosystem health [113]. The categorization of
MPs according to their size is important as it has a determining effect on their transport,
bioavailability, and distribution in the marine environment. Sediment-derived MPs were
mainly below 0.5 mm in size, despite the classification including both < 0.5 mm and 1–5 mm
fractions, suggesting a significant predominance of fine MPs in the sampled region. The
fact that most of the MPs were less than 0.5 mm in size is consistent with the predominant
size ratio reported in the study by Hosseini et al. [98], but different from the findings of
MPs larger than 1 mm in the studies by Erkan et al. [28,29]. The dominant size ranges
in MP studies are reported as 0.1–0.5 mm [114,115], 1–2 mm [36,99], 1–5 mm [29], and
4–5 mm [116]. The difference here may be related to the rates of impact from deep-sea
discharges and the hydrodynamic structure of the SoM and may be explained by the fact
that low-density plastics can be easily displaced by currents and waves.

The plastic particles extracted from the sediment samples were taken in appropriate
sizes and chemically characterized. Accordingly, PE type plastics constitute the majority
of particles across all stations. Other dominant species were PET (16.7%), PP (16.7%),
PVC (13.8%), and ABS (5.6%) (Figure 3). The fact that plastics such as PE has the highest
abundance along the SoM coast and PP comes in second place suggest that it may be caused
by single-use plastics and packaging. In addition, these polymers are used at a high rate of
70% of plastic production worldwide, and most of these are disposable products [117]. PET
type plastics are widely used in industries such as soft drink and drinking water bottles
and food packaging [118]. PETs used in industries include bottles that are sensitive to UV
rays and perishable [119]. This leads to the presence of mostly PET in secondary MPs. PET
also tends to accumulate in sediments due to its higher density compared to other polymer
types. This leads to the possibility of ingestion by sediment-dependent feeding organisms.
Similarly, PP has low resistance to UV radiation and can degrade quickly [94,120]. ABS,
which has the lowest ratio, is a high-strength polymer and is used in industries such as
construction, automotive, and household appliances. The presence of different types of
polymers at Yenice station (St 15), which has the highest amount of MP, is also associated
with the Susurluk River, which flows into the sea very close to this region. Representative
FTIR spectrum of the two stations are shown in Figure 4. Spectra of other polymers are
shown in Figure S2 in the Supplementary.

Characterization differences and comparisons of MP studies conducted in coastal area
sediments of different regions around the world are given in Table 1. Since there is no
internationally established standard method for the extraction of MPs, the high-density
solutions used in the studies may vary, and laboratory facilities may not be similar [121].
Previous studies have indicated that results can differ by two- to threefold between research
groups, even when analyzing sediment samples from identical locations [122]. Therefore,
making comparisons between different studies may not give an accurate evaluation result,
but it is useful in terms of providing preliminary information. However, such differences
are also highly likely for pollutant groups such as MPs, which have different concentrations
and can move quickly in the marine environment.
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Figure 3. Polymer distribution in MPs of the sampling area.

 
(a) (b) 

Figure 4. Representative FTIR spectrum: (a) spectrum of PP (blue film, St 11); (b) spectrum of PE (red
fiber, St 13).

Flotation methods based on density difference are some of the most widely used tech-
niques to extract MPs from environmental media. These methods consist of extracting MPs
using highly concentrated solutions such as sodium chloride (NaCl), sodium iodide (NaI),
sodium bromide (NaBr), and zinc chloride (ZnCl2) [123–125]. Although the toxicity and
price of low-density solutions are lower, high-density solutions such as ZnCl2 are needed to
isolate relatively dense polymers such as polyethylene terephthalate (PET, 1.37–1.45 g/cm3)
and polyvinyl chloride (PVC, 1.16–1.58 g/cm3) [126–128].

In addition, the application of high temperatures for the drying of the samples prior to
the extraction of MPs may cause deformation, melting, and disintegration of MPs, leading to
different and/or overestimated results. Most studies have reported that sediment samples
were dried at temperatures up to 90 ◦C prior to the extraction of MPs [128–131]. Some
plastic polymers may not undergo any degradation or physical changes due to their high
melting point (>115 ◦C) [132–134], but researchers usually treat MPs at a maximum of 60 ◦C
to maintain their physical properties [134,135]. In this study, a lyophilizer (freeze-dry) was
used for drying the sediment samples and the highest temperature value of 40 ◦C was
maintained throughout the procedure of drying the filter paper after filtration following
extraction.
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Table 1. Comparison on MPs in coastal sediments of Türkiye and other regions in the world.

Regions/
Locations

Amount of MPs
(items/kg) Solution Density Dominant Color Dominant

Polymer Dominant Shape Reference

Guangdong Coastal Areas,
South China 433.3–4166.3 ZnCl2 (1.5 g/cm3) Transparent Rayon Fiber [7]

Pendik-Tuzla (SoM), Türkiye 0.3–85.6 ZnCl2 (1.4 g/cm3) Black ABS Fragment [27]
Istanbul Strait (SoM), Türkiye 1957–4079.96 NaCl (1.20 g/cm3) Blue, white - Filament, fragment [28]

Istanbul Strait (SoM), Türkiye 9500 ± 20,300 NaCl (1.2 g/cm3) Blue,
White/transparent PE, PP Fiber, fragment [29]

Istanbul Strait (SoM), Türkiye 144.4–177.6 NaCl (1.20 g/cm3) Black, transparent PPS Fiber [30]
Southern Coast of Istanbul
(SoM), Türkiye 1364 ± 600 NaCl (6.14 M) Transparent PE, PET Fiber [31]

Golden Horn (SoM), Türkiye 140 NaCl (140 g/L) Yellow, transparent - Film, fiber [32]
Golden Horn (SoM), Türkiye 700–4100 NaCl (35 g/100 mL) - - Fragment, fiber [33]
Gemlik Bay (SoM), Türkiye 3333–9733 NaCl (1.2 g/cm3) Blue, black PVC, PP Fiber [35]
Gulf of Bandırma (SoM),
Türkiye 195–226 ZnCl2 (1.65 g/cm3) Blue, black PET Fiber [36]

Persian Gulf, Iran 1346 ± 601 NaI (1.6 g/cm3) Black PE, PP Fiber [70]
Black Sea 106.7 NaCl (1.2 g/cm3) Black, blue, PE, PP Fragment [84]
Southeast Black Sea, Türkiye 108 ZnCl2 (1.65 g/cm3) - PE Fragment, fiber [85]
Jiaochou Bay (China) 25 ZnCl2 (1.5 g/cm3) Black, blue PET, PP, PE Fiber [96]
South Baltic Sea (Poland) 0–27 NaCl (1.2 g/cm3) Transparent PVA Fiber [101]
Tunisian Coast
(Mediterranean Sea) 141–461 NaCl (140 g/L) Black PE, PP, PS Fiber, fragment [102]

Venice Lagoon, Italy 672–2175 NaCl (120 g/L) Blue, red PE, PP Fragment [135]
Southern Black Sea, Türkiye 64.06 ± 895 ZnCl2 (1.65 g/cm3) - SAC, PET, PE Fiber, fragment [136]
Cape town South Africa 38 ± 2 NaCl (360 g/L) White, blue/green Nylon Filament [137]
Coasts of SoM, Türkiye 199–1286 ZnCl2 (1.7 g/cm3) Blue, black PE, PET Fiber, fragment Present Study

PPS: polyphenylene sulphide, PVA: polyester, poly(vinyl acetate), “-”: not reported.

When the amount of MPs detected in this study was compared with other studies, it
was found to be higher than the findings of the study conducted in the Golden Horn [32]
and some studies conducted in the SoM [27] and Istanbul Strait [30] and lower than the
results of some other studies [28,29] from Istanbul Strait. Compared to studies worldwide,
the findings of this study are close to those of the Venetian lagoon but considerably higher
than those of other marine studies. On the other hand, considering that the findings of this
study are from data from 2024, it is inevitable that there will be differences as the effects of
increased waste during the pandemic period are thought to be ongoing.

Coastal areas have been facing significant pollution from dense settlement, urbaniza-
tion, and industrialization, leading to widespread littoral zone pollution [138]. In addition
to anthropogenic pressures, a range of environmental factors—including substrate compo-
sition and mobility, coastal geomorphological features, fluvial proximity, hydrodynamic
regimes (e.g., water currents), as well as prevailing wave and wind conditions—play a criti-
cal role in shaping the spatial distribution of MPs and driving variability in their potential
sources [139]. This may explain the station and regional differences in this study.

Differences in MP intervals between these findings and other studies may be due to
various factors such as temporal and spatial variations in MP distribution and heterogeneity
in the presence of MPs in the marine environment. The existence and persistence of these
factors may influence differences in the amount of MP in future studies. Therefore, it is
necessary to develop a more comprehensive and detailed strategy to monitor MP presence
and abundance, especially in the SoM, which has a different hydrodynamic structure.

Cf values were calculated according to the stations. Accordingly, CF values varied
between 1.66 and 6.46. The lowest CF was found at Poyrazköy station (St 21), and the
highest value was found at Yenice station (St 15) (Table 2). When CF values were evaluated
as averages by region, they were calculated as 2.20 (Moderate), 2.23 (Moderate), 3.50 (High),
3.90 (High), 2.40 (Moderate), and 2.62 (Moderate) for IS, NS, ÇS, SS, GB, and GI, respectively.
In addition, the CF value calculated for Yenice station (St 15) located on the South Shelf
was found to be in the “very high” class with 6.46.
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Table 2. Cf, PLI, H, and PRI values by station and region.

Station No Stations
HI PRI Regions PLICF PE PET PP PE PET PP

21 Poyrazköy 1.66 1100 - - 1826 - -
IS 1.661 Garipçe 2.73 - - - - - -

2 Florya 1.97 275 200 25 602 438 55

NS 2.19
3 M. Ereğlisi 1.91 550 - - 1205 - -
4 Tekirdağ 2.06 - - - - - -
5 Şarköy 2.99 - - - - - -

6 Gelibolu 3.00 - - 100 - - 336

ÇS 3.36

7 Burhanlı 3.16 550 - - 1848 - -
8 Bigalı 2.55 - 200 50 - 672 168
9 Kumkale 4.31 550 200 - 1848 672 -
10 Kepez 5.44 - - - - - -
11 Çardak 2.56 550 - 50 1848 - 168

12 Kemer 1.85 1100 - - 3784 - -
SS 3.4413 Erdek 3.40 1100 - - 3784 - -

15 Yenice 6.46 319 116 14 1097 399 48

16 Kurşunlu 2.24 1100 - - 2651 - -
GB 2.4117 Büyükkumla 2.60 - - - - - -

18 Yalova 2.36 - - - - - -

19 Karamürsel 2.40 1100 - - 2772 - -
GI 2.5220 Başiskele 2.84 550 - - 1386 - -

Risk Category [44] Low (I) Moderate (II) High (III) Very High (IV) Dangerous (V)

Contamination Factor (CF) <1 1–3 3–6 >6
Pollution Load Index (PLI) <1 1–3 3–4 4–5 >5
Polymer Risk Index (HI) <10 10–100 101–1000 1000–10,000 >10,000
Pollution Risk Index (PRI) <150 150–300 300–600 600–1200 >1200

Since stations 1 and 21 are evaluated together in the same region, station 21 is written in the top row.

PLI is a parameter used to reveal the level of MP pollution [140]. In this study,
PLI values were calculated regionally to understand the pollution in the regions where
the stations are located because each region has different pollution sources. PLI values
across all regions are all higher than 1 (Low I). The IS, NS, GB, and GI regions are in
the 1–3 range, indicating a moderate (II) degree of MP pollution. However, since the PLI
findings in the ÇS and SS regions were above 3, these regions were found to have a high
(III) pollution level. The concentration and distribution of MPs in the marine environment
are shaped by regional anthropogenic activities, including population density, industrial
operations, economic development practices, and marine-based activities such as fisheries
and maritime transportation [140,141]. In addition, this can be explained by the fact that
in both ÇS and SS regions there are many large and small rivers flowing into the region.
Although pollution loads and MP values at stations in areas such as ÇS and SS were found
to be high, no statistically significant differences were found between regions (p > 0.05).

Considering the HI values, the general risk classification of MP pollution in the coasts
of the SoM varied between moderate (II) and very high (IV) according to the station and
polymer types (Table 2). Accordingly, HI values of MPs in marine sediments show a
significant regional trend of MP contamination. For instance, the coastal areas of stations
on the southern shelf and in the gulfs have HI values >1000 (very high-IV) due to the
presence of MPs of PE species with high hazard scores. Although the HI values of the
other polymer types detected have relatively lower scores, it should not be ignored that the
hazard class is medium (II) level and other regions are also in the pollution potential. Even
if concentrations are low in terms of MP, chemical toxicity should also be considered.

The potential ecological risk index (PRI) values of the coastal area sediments of the
Marmara Sea were found to be well above 1200 for PE polymer along the coasts of ÇS, SS,
GB, and GI (except for St 2) and were recorded in the Hazardous (V) class. For PET polymer
in all regions, the PRI values are in the range of 300–600 and are considered as high (III). In
this study, the combination of CF, PLI, HI, and PRI indices allowed a preliminary ecological
risk assessment of MP pollution in marine sediments along the coasts of the SoM.
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While the PLI and HI indices are useful in classifying the abundance of PMs in
the environment and their potential associated risks, it should be noted that there are
limitations. Within these limitations, the lack of information on the hazard coefficient of
some polymer types identified in the context of this research suggests that the calculated
PHI values may be underestimated [142]. Furthermore, while the HI takes into account the
hazard of different polymers based on monomer compositions, in most cases it does not
take into account the risk associated with various additives in the original and absorbed
state. Indeed, studies have emphasized that the toxicity of MPs may be due to the mixture
of chemicals attached to these particles rather than the particles themselves [143,144]. On
the other hand, although size and shape are important in environmental bio reactivity and
ecotoxicological effects [145–147], this information is not included in the PHI indices.

A large proportion of MP found in marine environments are formed as a result of
the physical, chemical, and biological degradation processes of commonly used synthetic
polymers under environmental conditions. Among these polymers, the most common are
thermoplastics such as PE, PET, PP, PVC, polystyrene (PS), and nylon (polyamide) [1,17].
Low-density polymers such as PE and PP are commonly found in disposable packaging,
bags, and fishing materials, while PET and nylon are mainly sourced from textile products
and fishing nets [81,139]. Additionally, microfibers that break off from textile products
during laundry washing processes pass through wastewater treatment plants and reach
the marine environment, constituting a significant source of secondary MP pollution. On
the other hand, primary MPs are particles that are produced directly in small sizes and
used in cosmetics, cleaning products, or as industrial raw materials (e.g., plastic pellets) [1].
In this regard, MPs have a wide range of marine sources and are linked to many factors,
from plastic production to consumer habits, waste management, and industrial activities.

Recently, it has been discovered that the adverse impacts of plastics on the ecosystem
and human health due to criteria such as their global distribution in oceans and seas
and their abundance, polymer structures, and physiological properties have made MPs
a substantial threat to environmental integrity. Due to their long lifetime in the marine
environment, even if their production is stopped now and disposal processes are completed,
the negative effects of the presence of current contaminations will continue for years [148].

5. Conclusions
In this study, the presence and abundance of MPs in surface sediments taken from

the littoral zone along the entire coast of the SoM, including the Çanakkale Strait, were
revealed and the findings were compared with studies conducted in different and nearby
regions. An ecological risk assessment was also carried out to interpret regional pollution
levels. Accordingly, it was determined that the southern shoreline of the SoM and the
Çanakkale Strait were severely polluted. In areas where MPs are concentrated, there are
not only anthropogenic sources but also rivers flowing into the sea. This is evidence that
MPs in the marine environment also arrive via rivers.

The fact that there is not yet a standard for the analysis methods of MPs in various
research materials causes the findings to differ from the results of similar studies. This situ-
ation once again highlights the need for an internationally accepted standard methodology
for MPs. In addition, more research on MPs in sediments is needed to reveal the long-term
behavior and processes of MPs in the SoM, which is under intense pollution pressure due
to the influence of many pollutant sources and has a very different hydrodynamic structure,
and to consistently monitor their potential effects.

The frequent use of composting and regular disposal methods as waste management
practices inevitably leads to the contamination of soil and other environmental media by
MP. Therefore, it is important to take sustainable and long-term measures. These measures
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include restricting the use of disposable products and collecting plastic waste from the
environment before it breaks down into MP and subjecting it to recycling. For this, it is
essential to raise awareness at the societal and even global level and translate this into
action, emphasizing that MP pollution can be reduced in the long term.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse13061159/s1, Figure S1: Correlation graphs for MPs and
shapes; (a) MPs-film, (b) MPs-fiber, (c) MPs-bead, (d) MPs-filament, (e) MPS-fragment, and (f) MPs-
foam; Figure S2: FTIR spectrums of detected polymers. Table S1: Spearman correlation coefficient for
MPs and shapes; Table S2: Spearman correlation coefficient for MPs and colors.
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3. Bozdaş, K.; Üstün, G.E.; Aygün, A. Micro Plastics and Removal Methods in Wastewater Treatment Plants. Uludağ Univ. J. Fac.
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