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Abstract: Microplastic pollution in aquatic ecosystems has drawn attention not only because mi-
croplastics are likely to accumulate anywhere but also because they cause negative impacts both
to aquatic biota and, indirectly, to public health, as a result of their presence. The understanding
of the distribution and accumulation patterns of this “new contaminant” is fundamental for the
calibration of environmental risk studies. However, research on its migration pattern and consequent
distribution is still limited. The present study has focused on the peculiar physical characteristics of
plastic microparticles and the response to environmental factors such as hydrodynamics and physical
chemistry of water on the diffusion dynamics of these pollutant agents. Therefore, we examined
information about the vertical abundance distribution, the composition, and the sizes of microplas-
tics, along with the varied aquatic environments existing on Earth. This study provides valuable
evidence for the accumulation trend of microplastics across the environment and the peculiar particle
characteristics that dictate their distribution patterns. The present study concluded that detailed
studies should be carried out in order to add information about the behavior of plastic microparticles
in aquatic environments and thus subsidize the calibration of existing information, thus increasing its
accuracy in understanding the diffusion patterns of these polluting agents.
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1. Introduction

Since its creation in the 1930s and subsequent mass production during the follow-
ing decades, plastic has become one of the main raw materials used in the most varied
industries. Due to their great durability and extremely versatile character, plastics turned
into one of the most abundant forms of anthropogenic marine debris along the shorelines.
Millions of tons of plastic residue are discharged through the world’s oceans at a rate that
is expected to increase by an order of magnitude by 2025, unless sustainable procedures
are adopted during their management and disposal [1].

Between diffuse and point sources, there are a variety of paths for microplastics
to migrate through riverine environments, traverse transition environments between
fresh and salty water sites and finally enter sea waters then accumulate along marine
environments [2—4]. On the other hand, plastic particles can also be transferred to other
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environments through percolation through the soil until they reach subterranean reservoirs
and, finally, emerge in the most different ecosystems [5].

Once in the seawater, during its degradation, plastics can have their density modified
by processes such as UV rays’ action, the leaching of additives, biofouling, and incorpora-
tion within marine aggregates. These processes stimulate microplastics to sink onto the
aquatic environment floor, even if their original characteristics kept them buoyant [6-8].

Modeling microplastic dispersion is challenging given the number of parameters,
sometimes unpredictable, that must be taken into account in the dispersion process, includ-
ing physical, chemical, and biological processes [9].

However, the microplastic diffusion and accumulation pattern in the riverine and/or
seawater ecosystems is additionally influenced by the hydrodynamics. Floating plastics
present higher transportation competence under surface longshore currents. In deeper
water depths bottom currents potentially carry less buoyant plastic. So, based on all the
exposed variables, it becomes clear that the microplastic particle migration and deposition
process in the ocean environment follows a very variable and particular pattern, which
makes it difficult to predict its decanting pattern and resulting accumulation dynamic.

The precision of plastic microparticle emission projections is nowadays hindered by a
lack of data. Specifically, information on MP transport efficiency in runoff and streams is
missing [10]. To date, several field investigations have been conducted across the global
freshwater ecosystems [11-19]; however, limited investigations have been reported so far
for exploring the transport of microplastics through the different fresh and saltwater ecosys-
tems [2-23]. The biggest difficulty in managing microplastic pollution in marine ecosystems
lies in the inconsistent acknowledgement of microplastic diffusion and accumulation dy-
namics in the environment [24]. The main objective of the present study is to provide an
overview of all the factors that influence the dispersion dynamics of plastic particles and
how they interact in the different environments present in the natural environment. This
article sought to correlate the environmental factors of aquatic sites with the physical and
chemical particularities of plastic microparticles in order to provide subsidies for modeling
the dispersion of these particles in natural aquatic environments.

2. Microplastic Sources

In the worst case, 42% of human plastic residue production is maintained and stored
on land, with a considerable fraction in landfills, often under poorly managed conditions [1]
(Figure 1). Additionally, onshore sources, different from aquatic environments, may pro-
duce secondary microplastic particle wastes at a higher rate, since in dry environments,
plastic is exposed to more intense weathering degradation, higher temperatures, and ex-
posure to UV radiation. Similarly, use in homes, industry, and transportation represent
significant sources of secondary microplastic particles associated with everyday products.
For instance, laundry waste, paint, and car tires have been suggested as important sources
of secondary microplastic particles on land [25-28] and potentially loaded through punc-
tual or diffuse paths along riverside and coastal areas, with a global trend to find more
plastic microparticles in the vicinity of densely populated coastal areas [29]. Based on this
information, and on much research about plastics in estuaries, it is not a mistake to consider
that land sources are the major origin of microplastics in the aquatic environment [30].
For instance, Andrade (2011) [9] suggested that 80% of the microplastic found in the sea
originates from terrestrial sources. Jambeck et al. (2015) [1] estimated that usage and
waste account for a fraction of between 1.5 and 4.5% of human plastic production that is
released directly to marine ecosystems. So, although microplastics can potentially reach
coastal environments from both land and sea because of accidental spills during storage or
shipping processes, they can either be released from residential and industrial wastes [31],
or swept into rivers, estuaries, and the sea by riverine transport or stormwater runoff
diffusion transport [24].
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Figure 1. Microplastic sources and types.

On the other hand, in environments not so studied, the underground reservoirs
include wastewater, litter, atmospheric deposition, and soil and surface water pollution
as potential sources of plastic microparticles. Atmospheric agents such as wind, rain, or
snow precipitation promote microplastic particle distribution over long distances [32]. So,
according to the hydrogeological cell, atmospheric water contribution is the main source of
aquifer recharge. Contents of microplastic particles were recorded in precipitation along
cities and remote areas by some authors [32], reinforcing the ubiquitous nature of these
contaminants, being recorded globally from mountaintops [33] to seafloors [7].

A wide number of studies have tried to project the preferential presence of microplastic
particles based on their particular aspects in confrontation with the local characteristics
of the aquatic systems [34-38]. In aqueous environments, microplastic particle transport
and subsequent dispersion are dictated by physical hydrodynamic aspects. On the other
hand, particle mobility varies as a direct effect of its particular characteristics in response to
environmental stimuli. [39,40].

3. Characteristics of Microplastics That Influence Their Transport Dynamics

Microplastic particles are extremely variable in both their composition and physical
form, due to their variable sources and the weathering actions to which they are exposed
during all of their existence [41]. They present high heterogeneity in composition and re-
sulting buoyancy behavior, depending on their physical properties, such as particle density,
shape, and size [20-22,42], directly influencing their transport through any environmental
path. Initially, density represents one of the priority factors to be considered when dealing
with fluctuation and diffusion through the aqueous medium [41]. The plastic raw material
density varies from <0.05 g cm ™2 for polystyrene foam to 2.1-2.3 g cm~2 for polytetrafluo-
roethylene [43]. Its variation strongly impacts the microplastic particles distribution along
the environment; densities under seawater typical values result in particle buoyancy or
floating through the water column with neutral density [44,45]. For instance, a significant
number of authors recorded predominant amounts of polyethylene (PE), polypropylene
(PP), and polystyrene (PS) in surface waters [46—48].
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On the other hand, higher densities determine deposition in aquatic environments.
Low-density polyolefin plastic microparticles, for example, tend to float under lentic hydro-
dynamic patterns. Other plastic matrices, on the other hand, such as nylon, polyethylene
terephthalate (PET), or polyvinylchloride (PVC), with different compositions and resulting
higher densities, should decant and deposit in sediments under the same environmental
conditions [49].

In a similar way, plastic microparticle shapes influence their mobility. So, based on the
settling differences dictated by different microplastic particle shapes, Rodriguez-Seijo and
Pereira (2017) [50] categorized them into three groups (Figure 2): monodimensional (fibers,
lines), bidimensional (films, flakes, flat thin particles), and three-dimensional (3D) (irregular
fragments, pellets, ovoids, cylinders, and spherules) classes. For instance, microplastics
presenting fibrous or filmous aspects hardly decant through the water columns, being more
bioavailable in all subsurface layers of the aquatic water system. Three-dimensional forms,
on the other hand, show a greater capacity to settle. Jung et al. (2021) [51], through their
ecotoxicological assays of microplastics in different coastal environments, recorded that
non-three-dimensional particles presented a higher chance to be assimilated than spherical
ones. The same authors found that non-three-dimensional particles presented a higher
abundance in coastal waters than in open oceanic water.
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Figure 2. Characteristics of microplastics that influence their transport dynamics.

Finally, another characteristic that can strongly influence microplastic particles’ dif-
fusion and consequent dispersion is size. According to the available literature, microplas-
tic particles vary in a wide range of sizes across all aquatic pools, between 10 um and
5 mm [52,53]. Comparing microplastic particles with natural mineral particles, a range size
of 5 mm, the upper size limit for microplastic particles, corresponds to the size of fine gravel,
while a range of 10 um is equivalent to the mineral silty grain. Scientific sedimentation
studies use grain size as one of the main aspects to keep in mind as a controller of sediment
movement, even in aquatic environments [54,55].

Despite this similarity between the fields, not all research related to microplastics
uses granulometry as an evaluation criterion. The reason may lie in the variations in
hydrodynamic behavior patterns imposed by the wide variation in compositions and
textures presented by plastic microparticles, which are still not fully understood by the
scientific community. Filella (2015) [56] was the first author to highlight the lack of attention
to standardized size classification and its importance, using the sediment analogy.

Laboratory simulations performed by some researchers evaluated and tried to correlate
plastic microparticles” physical and chemical aspects and their impacts on deposition
processes [22,43]. Ballent et al. (2012) [21] experimentally compared the settling speeds
of pellets with three different densities, under seawater values. The authors proved that
settling velocity increased with higher density most of the time. According to the same
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authors, not just the density, but also the shape directly impacts the sinking rate. The assay
performed in the study indicated a higher sinking rate of polyamide (1.14 g cm~2) than
polyvinyl chloride (1.56 g cm~3), which suggested that the shape of the plastic microparticle
significantly impacts its decanting speed [22]. Results found by Sagawa et al. (2018) [57]
reinforced this theory, finding that the average size of microplastics in bottom sediments
was significantly smaller than that of deposited particles.

The biota’s impact on the microplastic diffusion dynamic cannot be ignored. So,
not just the shape but also the size of plastic microparticles contribute to the trophic
incorporation of these pollutants. Particle color is considered another physical property
that impacts its rate of assimilation at different trophic levels. Darker colored particles tend
to attract predators in a more effective way, mimetizing their original prey [58]. During
the time that plastic remains in the environment, its original characteristics tend to change
due to several factors. Under ultraviolet light exposure for a long time, plastic tends to
change to a less plastic and more brittle character [59]. At the same time, smaller particles
are potentially assimilated by microbiota and subsequently ingested by bigger organisms
during trophic chain evolution [60].

Other factors must be taken into account when projecting the settling potential of
microplastic particles: low-density plastic microparticles may be stimulated to sink due to
biofouling and resulting aggregation with other particles, increasing the density /volume ra-
tio [7,61-64]. Microbiota can rapidly colonize the surface of plastic particles through biofilm
development [9,65]. Cézar et al. (2014) [66] suggested that the biofouling process shows the
capacity to increase microplastics’ densities, making particles lighter than seawater decant
under seawater conditions. Similar results were found by Morét-Ferguson et al. (2010) [64]
in the western North Atlantic. On the other hand, biofilms are able to decrease the hy-
drophobicity of the plastic matrix, stimulating microparticles to sink [63], and permitting
compounds such as polyethylene and polypropylene, to accumulate under marine sedi-
ments. For instance, Chubarenko et al. (2016) [43] recorded that heavier particle microparti-
cles take more than 18 h to decant in the central Gotland Basin (250 m). On the other hand,
in the same study, authors reported that polyethylene fibers spend about 6-8 months in the
lightning depth before settling on the floor because of biofouling.

Additionally, the organic aggregates attaching process represents another potential in
which lighter particles have their decanting capacity stimulated [7]. Long et al. (2015) [8]
promoted, under laboratory conditions, the incorporation of diatom aggregates with
polystyrene microbeads. The results showed an increase of orders of magnitude in the
decanting ratio of the used plastic microparticles.

4. Riverine Transport

Once plastic particles arrive in an aqueous environment, water flux acts as a vehicle
distributing and spreading the particles throughout its course. According to some authors,
around the globe, rivers are responsible for the discharge of about 1.2-2.4 MT per year, of
plastic pollutants from terrestrial areas to oceans [66,67]. In this context, 10 major rivers
discharge the biggest part of the plastic residues to the oceans, reaching, according to some
authors, 80-90% of the ocean plastic pollution [68]. The quantity of plastic material that
reaches the sea water by each river is shown in Figure 3 [69]. This process occurs at different
water column depths and riverbed fluxes as well [70]. Keeping in mind the high levels
of microplastics recorded in estuarine ecosystems, these projections can be considered
reasonable [30]. So, based on this information, it can be said that small and medium river
contributions are not negligible [71].
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Figure 3. Major river contributing to plastic in oceans [modified from John et al., 2022] [69].

Significant quantities of microplastics have been reported along riverbeds around
the world, suggesting that rivers function not just as pathways but also as potential pools
of plastic microparticles [72]. Under the influence of changing water currents, due to
seasonality, for instance, deposited plastic particles on riverbeds can either return to the
water column mobilized by the water flow or stay still settled [70]. On the other hand,
floating plastic particles would respond in a different way under the same hydrodynamic
conditions (Figure 4). However, deeper research on the diffusion of varied microplastic
types in river sediments is scarce.

Figure 4. Three-dimensional particles migrate preferentially by saltation or dragging move-
ment. Mono and bidimensional particles migrate preferentially by suspension movement, through
river flow.
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5. Underground Water Transport

Microplastic presence and resulting contamination is still poorly evaluated in under-
ground water systems. Most of the time, studies on plastic microparticle pollution focus
only on surface ecosystems. As a result, only a few authors have examined microplastic
pollution in caves and underground [73].

Once deposited on the ground, plastic microparticles can be transferred horizontally
by surface carriage, or vertically, through percolation through soil particles, moving across
long distances, passing through unconsolidated sediments, rock pores, or fractures, until
they reach an aquifer and accumulate [74,75] (Figure 5). Some authors focused on the
downward percolation movement of microparticles through soil [76,77]. Microplastic
particles can diffuse downward to deeper layers in a soil profile with percolating water.
This migration process is limited and dependent on the size and shape of microplastics as
well as the soil grain size and resulting porosity and permeability. Transport downward is
easier through cracks, faults, or macropores [78]. Where the macropores density decreases
the microplastic particles will likely again be blocked in their further downward leaching by
the porosity characteristics distribution of the matrix. Although migration of microplastic
particles to deeper soil layers is relatively limited and deterioration of buried microplastic
particles in soils is considered slow [79], it is clear that after the natural degradation process
and resulting decrease in particle size to the nanoplastics category, the transport of the
particles to deeper layers and groundwater becomes faster.

Surface electrostatic

attraction

Passive Percolation

Groundwater flux

\J v >
— >

Figure 5. Vectors of microplastic particles for groundwater reservoirs.

Additionally, Lwanga et al. (2017) [80] studied the bioturbation impact on microplastic
soil diffusion. Microplastic particle transportation performed by soil organisms is directly
related to the size of both elements: microplastic and biota. Small particles are transported
faster than bigger particles. On the other hand, smaller species will also relatively enhance
microplastic transportation [80]. Dong et al. (2020) [81] suggest the strong electrostatic
forces of small plastic debris as stimulators of aggregation among particles and invertebrate
species bodies surfaces. So, according to the same authors, this mechanism could explain
the microplastic transport capacity of invertebrates through soil pores and cavities, although
little data is available to help the understanding of how microplastic transport is impacted
by electrostatic attraction between microplastic particles and invertebrates [80]. Finally,
another kind of microplastic soil transport is performed by earthworms that effectively
show the capacity to drag plastic particles into their galleries, transporting them into deeper
soil layers.
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On the other hand, not just the nature of the soil but the hydrogeological architecture of
the basin and seasonal water flux variations must be considered, as well as the water flux of
streams and riverbeds. So, hydrogeological diagnosis as well as aquifer types are decisive
in the comprehension of the migration ratio and flux of microplastic in underground
water environments.

6. Estuarine Transport

Estuarine ecosystems consist of transitional sites between land and oceanic waters. As
a result, drastic variation in the water column happens because of the different densities
of the water contacts [82,83]. The mixture and resulting stratification processes between
the saline and freshwater could potentially impact the migration of buoyant microplastic
particles. Still, the strong tidal currents may impact their residence time and transport
processes between high and low tides [84,85].

Once present in estuarine waters, the particles may be dispersed throughout all com-
partments. Through the saline wedge, low-density plastics generally tend to submerge [2];
smaller particles are carried by the flow of water and settle where water movements are
less intense [86], such as in intertidal flats and mangrove swamps [87].

Plastic fragments reach estuarine environments either by land runoff or from the
ocean through wind, waves, and tidal currents [88]. Microplastics trapping or accu-
mulation in estuarine environments such as salt marshes or mangroves has been richly
documented [89-92].

With their highly complex hydrodynamics, estuaries can act as natural filters to
selectively trap particles [84]. The efficient trapping character of estuarine environments is
due, in part, to the existence of many macrophyte or mangrove plant species that contribute
to decreasing the current flux across the aquatic compartment. Especially in some spots of
the estuary, the smaller transport competence stimulates floating particles to decant and
accumulate in the fine-grained muddy bottom (Figure 6). Some authors suggested that
typical estuarine flora together with tide fluxes work as potential microplastics retainer
within estuarine systems [93,94]. For instance, mangrove forest specimens, presenting
their pneumatophores, promote the current blockage, stimulating the accumulation of
microplastic particles in sediments. Since the decantation of plastics is size dependent,
small plastic particles tend to sink downward to the estuarine floor, while larger particles
preferentially stay afloat in surface waters for a longer period [95].
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Figure 6. Mangrove forest specimens working as microplastic traps.

Estuarine water tends to be a highly productive environment. Because of the eutrophic
character of the water, a variety of fouling biota, such as algae or invertebrate species, may
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potentially attach to buoyant microplastics, increasing their weight and resulting decanta-
tion capacity [2,96-98]. Once they hit the estuarine floor, some of them can be covered
by sediment, undergo the process of physical, chemical, and biological deterioration, and
finally be buried, accumulating in the environment for a long period [99]. On the other
hand, depending on their size, they can be incorporated into the food chain by benthic
and demersal biota [100-103]. Under stormwater hydrodynamic change, the deposited
particles can be remobilized and migrate to the open sea.

7. Sea Coast Transport

Beaches are those environments that deserve our attention regarding microplastic
particles contamination. Being an extremely dynamic ecosystem resulting from the interac-
tion between physical agents (waves, tides, longshore currents) [104] these environments
represent the habitat to a variety of species that are extremely mobile and adaptable to
variable site conditions [105]. Additionally, beaches are generally subjected to intense
recreational activities that generate large amounts of plastic litter.

A wide range of articles have recorded microplastic contamination on beach surfaces
worldwide, and alarming levels of microplastic particles have been announced [106-110].
The amount of microplastic particles recorded on sandy beaches varied in different studies,
ranging from 1 piece/kg d.w. to more than 2000 pieces/kg d.w [111-113].

Most of the research discusses the abundance and distribution of microplastic particles
in beach sand. On the other hand, cross-shore distribution of microplastic particles on
beaches [39] or even microplastic particles behavior along coastal waters has received less
focus [114]. Understanding microplastic particles’ vertical distribution is fundamental to
understanding the diffusion of these pollutants along the beach environment.

Along nearshore shallow waters, the physical hydrodynamics dictating microplas-
tic particles migration is expected to be mainly impacted by the effect of shallowing
bathymetry, which is responsible for strong changes of the wave pattern and resulting
currents production. Coastal waters are considered a temporary deposit for plastics because
of the local hydrodynamics promoting onshore transport [85,115]. Still, nearshore zones
can also function as sources of plastics in the open ocean [116], especially during extreme
events [117].

Most plastic bodies have a density smaller than seawater, resulting in their floating,
and maintaining them in the surface strata of the water column of the sea [44]. Thus,
their diffusion and consequent distribution in the oceans are mainly associated with the
hydrodynamic cell in which the body is located. A large part of the littoral sediment
transport occurs in the swash zone, both cross-shore and longshore, which influences
particle sedimentation. On the other hand, the microplastic particles that drift within and
out of the surf zone are, again, strongly influenced by the particles” physical compositional
properties [118], which impact their distribution dynamics in the coastal zone [119]. A
significant group of microplastic particles presents a high buoyancy capacity. Therefore,
they tend to reach the open sea area, being towed by the resultant force resulting from the
sum of surface currents, strokes drift, and mesoscale eddies [120].

The diffusion and accumulating dynamic of microplastic particles along beach ecosys-
tems is dictated by the same parameters and dynamism that transports natural sedi-
ment particles [121,122]. On the other hand, the density of plastic particles, on average,
varies from 0.9-1.4 g cm?, while the density of natural beach sediment varies around
2.65 g cm? [123]. This aspect can make the distribution patterns of microplastic particles
more difficult to predict.

Beach sediment, located in the surf zone, is governed by an extremely complex hydro-
dynamic balance. It is temporarily moved/distributed by climate and resulting currents
across and along the shoreline, responsible for the formation of subaquatic sandbars, which
in turn influence wave breaking dynamics and further increase the dissipation of wave
energy [124]. Basically, the surf zones are geomorphologically unstable, and are constantly
reshaped by wave action.
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Gradually, as waves approach the shallow coastal water, the bottom increasingly im-
poses wave transformations (shoaling and refraction) (Figure 7), reflecting the velocity drift
and direction of wave propagation known as the Stokes drift [125]. This effect is stronger
in the upper water layers, decreasing along the water column, even resulting in opposite
currents near the bottom (i.e., offshore drift). In addition to these nearshore current systems,
water turbulence resulting from wave breaking in the swash zone causes intense sediment
mobilization within the surf zone. So, in the surf zone, sediment can be transported in
three ways: as bottom drag, in suspension, and by sheet flow movement [126]. As the
characteristics of plastic microparticles differ from those of natural sediments, these ele-
ments react to these hydrodynamic processes and wave-induced flow forces similarly but
not completely identically to natural sediments. Forsberg et al. (2020) [123] performed a
modeling assay and found that heavier plastic particles are expected to present similar
diffusion patterns such as natural sand, preferentially accumulating in the breaking zone.
Still, the same authors suggested that lighter microplastic particles are more effectively
moved by onshore or offshore winds, being more easily exported to other environments
such as the open sea or back to the continent.

Decantation

Figure 7. Schematic diagram of longshore microplastic diffusion mechanisms (modified from Critchell
and Lambrechts, 2016) [127].

8. Oceanic Transport

Eriksen et al. (2014) [128] suggest that there are more than five trillion plastic pieces
floating in the oceans, representing more than 250,000 tons of plastic circulating. Once at
the open sea, the distribution of plastic microparticles through the water column, unlike
the floating particles, presents a greater complexity in its distribution, which aroused the
curiosity of the scientific community. According to Kanhai et al. (2018) [129], there is a
vertical pattern distribution, between 8 and 4369 m depth, in the Arctic Central Basin.
Through their investigations, the authors recorded an increase in fragments in the mixing
layer depth. Wind currents and geostrophic circulation participate in this stratification
process, resulting in patterns that determine convergent zones of particles located in the
so-called “subtropical gyres” [130,131] (Figure 8). Kukulka et al. (2012) [44] suggested the
great influence of the wind in the turbulence mixing zone, confirming the influence of
hydrodynamic cells on the distribution of plastic microparticles. Still, the particular physical
features of microplastics make the microplastic vertical distribution through the variable
advective flux even more complex [132], which, in turn, impacts the vertical distribution of
these particles. Enders et al. (2015) [97] evaluated the vertical diffusion of microplastics
in open sea water through the water column and confirmed that, in the same way as
in other aquatic environments, vertical dispersion is directly impacted by particle size.
According to the authors, larger-sized plastic microparticles are significantly less impacted
by turbulent mixing. On the other hand, according to a flux modeling study, fibrous-
shaped microplastics present a lower speed, followed by sheets and three-dimensional
particles [52].
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Figure 8. Oceanic gyres concentration plastic particles.

Finally, the particle density shows the influence capacity in whatever compartment it
is present: surface waters, water columns, shallow sea bottoms, or deep-sea sediment [133].
High-density microplastics present low buoyancy, resulting in their deposition on the
seafloor [134]. As a result, there is a great chance that the absolute majority of microplastic
that reached the ocean remained there [135] since plastic particles do not deteriorate
completely, being just turned into smaller particles [136].

9. Conclusions and Future Perspectives

Records of microplastic particles have been made in the most remote oceanic areas,
subaquatic sediments, or shorelines as a result of their diffusion through the hydrody-
namics resulting from waves, currents, tides, and other forces. Additionally, the peculiar
characteristics of microplastics directly impact their dispersion through all environments,
acting in conjunction with the physical and chemical characteristics of the water column.
On the other hand, the gradual transformation of the plastic matrix submitted to the
environment’s conditions, such as UV rays’ actions, and the potential particle surface
microorganism’s colonization, make its dispersion even more unpredictable. The present
study tried to detect a diffusion and accumulation pattern in the varied aquatic ecosystems
present on Earth. On the other hand, the scarcity of data still does not allow for projecting a
clear behavior pattern of plastic microparticles. So, more detailed research is necessary for
the understanding and possible projection of the dispersion of plastic particles and their
deposition rates, in view of the innumerable variables that the environment offers and the
specific characteristics of these contaminants. The production of a global database becomes
essential for a more effective projection of patterns of different types of microplastics and
their respective responses to environmental variants.

Among the processes to be studied in more detail are the effects of biofouling and
aggregation in the various aquatic environments in which microplastic particles are present.

Author Contributions: M.P.d.A. conception; development of the theory; discussion of results and
contribution to final manuscript; C.G. conception; development of the theory; discussion of results
and contribution to final manuscript; F.C.P. discussion of results and contribution to final manuscript;
J.A.B.N.: discussion of results and contribution to final manuscript; J.d.ED. discussion of results and
contribution to final manuscript; L.d.S.L. discussion of results and contribution to final manuscript;
C.V.N. discussion of results and contribution to final manuscript; D.S. discussion of results and con-
tribution to final manuscript; K.S.V. discussion of results and contribution to final manuscript; E.M.E.
conception; development of the theory; discussion of results and contribution to final manuscript.
All authors have read and agreed to the published version of the manuscript.



Microplastics 2023, 2 73

Funding: This research was funded by Marica Development Company—CODEMAR and by Con-
selho Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq). The authors are also grateful to
the Municipality of Marica for infrastructure and administrative support.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No data available.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jambeck, ].R,; Geyer, R.; Wilcox, C.; Siegler, T.R.; Perryman, M.; Andrady, A.; Narayan, R.; Law, K.L. Plastic waste inputs from
land into the ocean. Science 2015, 347, 768-771. [CrossRef]

2. Cole, M.; Lindeque, P.; Halsband, C.; Galloway, T.S. Microplastics as contaminants in the marine environment: A review. Mar.
Pollut. Bull. 2011, 62, 2588-2597. [CrossRef] [PubMed]

3. Sadry, S.S.; Thompson, R.C. On the quantity and composition of floating plastic debris entering and leaving the Tamar Estuary,
Southwest England. Mar. Pollut. Bull. 2014, 81, 55-60. [CrossRef] [PubMed]

4. Dris, R.; Gasperi, J.; Rocher, V.; Saad, M.; Renault, N.; Tassin, B. Microplastic contamination in an urban area: A case study in
Greater Paris. Environ. Chem. 2015, 12, 592-599. [CrossRef]

5. Samandra, S.; Johnston, ].M.; Jaeger, J.E.; Symons, B.; Xie, S.; Currell, M.; Ellis, A.V.; Clarke, B.O. Microplastic contamination of an
unconfined groundwater aquifer in Victoria, Australia. Sci. Total Environ. 2021, 802, 149727. [CrossRef] [PubMed]

6.  Galgani, F. Marine litter, future prospects for research. Front. Mar. Sci. 2015, 2, 87. [CrossRef]

7. Van Cauwenberghe, L.; Vanreusel, A.; Mees, J.; Janssen, C.R. Microplastic pollution in deep-sea sediments. Environ. Pollut. 2013,
182, 495-499. [CrossRef]

8.  Long, M.; Moriceau, B.; Gallinari, M.; Lambert, C.; Huvet, A ; Raffray, J.; Soudant, P. Interactions between microplastics and
phytoplankton aggregates: Impact on their respective fates. Mar. Chem. 2015, 175, 39-46. [CrossRef]

9.  Andrady, A.L. Microplastics in the marine environment. Mar. Pollut. Bull. 2011, 62, 1596-1605. [CrossRef]

10. Nizzetto, L.; Bussi, G.; Futter, M.; Butterfield, N.; Whitehead, P.G. A theoretical assessment of microplastic transport in river
catchments and their retention by soils and river sediments. Environ. Sci. Process. Impacts 2016, 18, 1050-1059. [CrossRef]

11.  Kumar, R.; Sarma, P.; Bandyopadhyay, S. Evidence of microplastics in wetlands: Extraction and quantification in Freshwater and
coastal ecosystems. J. Water Process Eng. 2021, 40, 101966. [CrossRef]

12. Tibbetts, J.; Krause, S.; Lynch, I.; Sambrook Smith, G.H. Abundance, distribution, and drivers of microplastic contamination in
urban river environments. Water 2018, 10, 1597. [CrossRef]

13.  Kumar, R;; Sharma, P; Manna, C.; Jain, M. Abundance, interaction, ingestion, ecological concerns, and mitigation policies of
microplastic pollution in riverine ecosystem: A review. Sci. Total Environ. 2021, 782, 146695. [CrossRef]

14. Singh, N.; Mondal, A ; Bagri, A.; Tiwari, E.; Khandelwal, N.; Monikh, EA.; Darbha, G.K. Characteristics, and spatial distribution
of microplastics in the lower Ganga River water and sediment. Mar. Pollut. Bull. 2021, 163, 111960. [CrossRef]

15. Napper, LE.; Davies, B.E; Clifford, H.; Elvin, S.; Koldewey, H.J.; Mayewski, PA.; Miner, K.R.; Potocki, M.; Elmore, A.C,;
Gajurel, A.P; et al. Reaching new heights in plastic pollution—Preliminary findings of microplastics on Mount Everest. One Earth
2020, 3, 621-630. [CrossRef]

16. Singh, R.; Kumar, R.; Sharma, P. Micro-plastic in the subsurface: Extraction and characterization from sediments of River Ganga
near Patna, Bihar. In Advances in Remediation Techniques for Polluted Soils and Groundwater; Gupta, PXK., Yadav, B., Himanshu, S.,
Eds.; Elsevier: Amsterdam, The Netherlands, 2021; ISBN 978-0-128-23830-1.

17.  Bujaczek, T.; Kolter, S.; Locky, D.; Ross, M.S. Characterization of microplastics and anthropogenic fibers in surface waters of the
North Saskatchewan River, Alberta, Canada. Facets 2021, 6, 26—43. [CrossRef]

18. Droppo, I.; Ongley, E. Flocculation of suspended sediment in rivers of southeastern Canada. Water Res. 1994, 28, 1799-1809.
[CrossRef]

19. Kuizenga, B.; van Emmerik, T.; Waldschlager, K.; Kooi, M. Will it float? Rising and settling velocities of common microplastic
foils. ACS EST Water 2022, 2,975-981. [CrossRef]

20. Ballent, A.; Pando, S.; Purser, A.; Juliano, M.; Thomsen, L. Modelled transport of benthic marine microplastic pollution in the
Nazaré Canyon. Biogeoscience 2013, 10, 7957-7970. [CrossRef]

21. Ballent, A.; Purser, A.; de Jesus Mendes, P; Pando, S.; Thomsen, L. Physical transport properties of marine microplastic pollution.
Biogeosci. Discuss. 2012, 9, 18755-18798.

22. Kowalski, N.; Reichardt, A.M.; Waniek, ].J. Sinking rates of microplastics and potential implications of their alteration by physical,
biological, and chemical factors. Mar. Pollut. Bull. 2016, 109, 310-319. [CrossRef] [PubMed]

23. Kaiser, D.; Kowalski, N.; Waniek, J.J. Effects of biofouling on the sinking behavior of microplastics. Environ. Res. Lett. 2017, 12,
124003. [CrossRef]

24. GESAMP. Sources, Fate and Effects of Microplastics in the Marine Environment: A Global Assessment 90; Report Stud. GESAMP No. 90,

96, GESAMP: London, UK, 2015.


http://doi.org/10.1126/science.1260352
http://doi.org/10.1016/j.marpolbul.2011.09.025
http://www.ncbi.nlm.nih.gov/pubmed/22001295
http://doi.org/10.1016/j.marpolbul.2014.02.020
http://www.ncbi.nlm.nih.gov/pubmed/24613232
http://doi.org/10.1071/EN14167
http://doi.org/10.1016/j.scitotenv.2021.149727
http://www.ncbi.nlm.nih.gov/pubmed/34461481
http://doi.org/10.3389/fmars.2015.00087
http://doi.org/10.1016/j.envpol.2013.08.013
http://doi.org/10.1016/j.marchem.2015.04.003
http://doi.org/10.1016/j.marpolbul.2011.05.030
http://doi.org/10.1039/C6EM00206D
http://doi.org/10.1016/j.jwpe.2021.101966
http://doi.org/10.3390/w10111597
http://doi.org/10.1016/j.scitotenv.2021.146695
http://doi.org/10.1016/j.marpolbul.2020.111960
http://doi.org/10.1016/j.oneear.2020.10.020
http://doi.org/10.1139/facets-2020-0057
http://doi.org/10.1016/0043-1354(94)90253-4
http://doi.org/10.1021/acsestwater.1c00467
http://doi.org/10.5194/bg-10-7957-2013
http://doi.org/10.1016/j.marpolbul.2016.05.064
http://www.ncbi.nlm.nih.gov/pubmed/27297594
http://doi.org/10.1088/1748-9326/aa8e8b

Microplastics 2023, 2 74

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Sundt, P,; Schulze, P-E.; Syversen, F. Sources of Microplastics-Pollution to the Marine Environment; Report M-321, 2015, Mepex;
Norwegian Environment Agency: Trondheim, Norway, 2014.

Lassen, C.; Hansen, S.F; Magnusson, K.; Noren, F; Bloch Hartmann, N.I; Jensen, PR.; Nielsen, T.G.; Brinch, A.
Microplastics—Occurrence, Effects and Sources of Releases to the Environment in Denmark; The Danish Environmental Protec-
tion Agency: Copenhagen, Denmark, 2015.

Gaylard, C.C.; Baptista Neto, J.A.; Fonseca, E.M. Paint fragments as polluting microplastics: A brief review. Mar. Pollut. Bull.
2020, 162, 9. [CrossRef]

Gaylard, C.; Baptista Neto, ].A.; Fonseca, E.M. Plastic microfibre pollution: How important is clothes’ laundering? Heliyon 2021,
1, 1. [CrossRef]

Ivar Do Sul, J.A.; Costa, M.F. The present and future of microplastic pollution in the marine environment. Environ. Pollut. 2014,
185, 352-364. [CrossRef]

Yonkos, L.T.; Friedel, E.A.; Perez-Reyes, A.C.; Ghosal, S.; Arthur, C.D. Microplastics in four estuarine rivers in the Chesapeake
Bay, U.S.A. Environ. Sci. Technol. 2014, 48, 14195-14202. [CrossRef]

EPA. Methods to Manage and Control Plastic Wastes; Report to the Congress/530-SW-89-051; Environmental Protection Agency:
Washington, DC, USA, 1990.

Allen, S.; Allen, D.; Phoenix, V.; Le Roux, G.; Jiménez, P.; Simonneau, A.; Binet, S.; Galop, D. Atmospheric transport and deposition
of microplastics in a remote mountain catchment. Nat. Geosci. 2019, 12, 339-344. [CrossRef]

Napper, LE.; Baroth, A.; Barrett, A.C.; Bhola, S.; Chowdhury, G.W.; Davies, B.F.; Duncan, EIM.; Kumar, S.; Nelms, S.E,;
Niloy, M.N.H. The abundance and characteristics of microplastics in surface water in the transboundary Ganges River. Environ.
Pollut. 2021, 274, 116348. [CrossRef]

Thompson, R.C.; Olsen, Y.; Mitchell, R.P.; Davis, A.; Rowland, S.J.; John, A.W.; Russell, A.E. Lost at sea: Where is all the plastic?
Science 2004, 304, 838. [CrossRef]

Ryan, P.G. Does size and buoyancy affect the long-distance transport of floating debris? Environ. Res. Lett. 2015, 10, 84019.
[CrossRef]

Baldwin, A.K.; Corsi, S.R.; Mason, S.A. Plastic debris in Great Lakes tributaries: Relations to watershed attributes and hydrology.
Environ. Sci. Technol. 2016, 50, 10377-10385. [CrossRef] [PubMed]

Cozar, A.; Marti, E.; Duarte, C.M.; Garcia-de-Lomas, J.; Van Sebille, E.; Ballatore, T.J.; Eguiluz, V.M.; Gonzalez-Gordillo, J.I;
Pedrotti, M.L.; Echevarria, F.; et al. The Arctic Ocean as a dead end for floating plastics in the North Atlantic branch of the
Thermohaline Circulation. Sci. Adv. 2017, 3, 1600582. [CrossRef] [PubMed]

Schwarz, A.E.; Ligthart, TN.; Boukris, E.; Van Harmelen, T. Sources, transport, and accumulation of different types of plastic litter
in aquatic environments: A review study. Mar. Pollut. Bull. 2019, 143, 92-100. [CrossRef]

Zhang, H. Transport of microplastics in coastal seas. Estuar. Coast. Shelf Sci. 2017, 199, 74-86. [CrossRef]

Van Sebille, E.; Aliani, S.; Law, K.L.; Maximenko, N.; Alsina, ].M.; Bagaev, A.; Bergmann, M.; Chapron, B.; Chubarenko, I;
Cozar, A.; et al. The physical oceanography of the transport of floating marine debris. Environ. Res. Lett. 2020, 15, 23003.
[CrossRef]

Shamskhany, A.; Li, Z.; Patel, P.; Karimpour, S. Evidence of Microplastic Size Impact on Mobility and Transport in the Marine
Environment: A Review and Synthesis of Recent Research. Front. Mar. Sci. 2021, 8, 760649. [CrossRef]

Zbyszewski, M.; Corcoran, P.L.; Hockin, A. Comparison of the distribution and degradation of plastic debris along shorelines of
the Great Lakes, North America. J. Great Lakes Res. 2014, 40, 288-299. [CrossRef]

Chubarenko, I.; Bagaev, A.; Zobkov, M.; Esiukova, E. On some physical and dynamical properties of microplastic particles in
marine environment. Mar. Pollut. Bull. 2016, 108, 105-112. [CrossRef]

Kukulka, T.; Proskurowski, G.; Morét-Ferguson, S.; Meyer, D.; Law, K. The effect of wind mixing on the vertical distribution of
buoyant plastic debris. Geophys. Res. Lett. 2012, 39, 1-6. [CrossRef]

Isobe, A.; Kubo, K.; Tamura, Y.; Nakashima, E.; Fujii, N. Selective transport of microplastics and mesoplastics by drifting in
coastal waters. Mar. Pollut. Bull. 2014, 89, 324-330. [CrossRef] [PubMed]

Suaria, G.; Avio, C.G.; Mineo, A.; Lattin, G.L.; Magaldi, M.G.; Belmonte, G.; Aliani, S. The mediterranean plastic soup: Synthetic
polymers in mediterranean surface waters. Sci. Rep. 2016, 6, 1-10. [CrossRef] [PubMed]

Di, M.; Wang, ]. Microplastics in surface waters and sediments of the Three Gorges Reservoir, China. Sci. Total Environ. 2018, 616,
1620-1627. [CrossRef] [PubMed]

Erni-Cassola, G.; Zadjelovic, V.; Gibson, M.I; Christie-Oleza, J.A. Distribution of plastic polymer types in the marine environment;
a meta-analysis. J. Hazard. Mater. 2019, 369, 691-698. [CrossRef] [PubMed]

Knutsen, H.; Cyvin, ].B.; Lilleeng, J.; Totland, C.; Wade, E.J.; Castro, V.; Pettersen, A.; Laugesen, J.; Moskeland, T.; Arp, H.P.H.
Microplastic accumulation by tube-dwelling, suspension feeding polychaetes from the sediment surface: A case study from the
Norwegian Continental Shelf. Mar. Environ. Res. 2020, 161, 105073. [CrossRef]

Rodriguez-Seijo, A.; Pereira, R. Morphological and physical characterization of microplastics. In Comprehensive Analytical
Chemistry Series; Rocha-Santos, T.A.P.,, Duarte, A.C., Eds.; Elsevier, B.V.: Amsterdam, The Netherlands, 2017; pp. 49-66. [CrossRef]
Jung, J.W.; Park, J.W.; Eo, S.; Young, ].C.; Song, K.; Sang, Y.C.; Hong, H.; Shim, W.J. Ecological risk assessment of microplastics in
coastal, shelf, and deep-sea waters with a consideration of environmentally relevant size and shape. Environ. Pollut. 2021, 270,
116217. [CrossRef] [PubMed]


http://doi.org/10.1016/j.marpolbul.2020.111847
http://doi.org/10.1016/j.heliyon.2021.e07105
http://doi.org/10.1016/j.envpol.2013.10.036
http://doi.org/10.1021/es5036317
http://doi.org/10.1038/s41561-019-0335-5
http://doi.org/10.1016/j.envpol.2020.116348
http://doi.org/10.1126/science.1094559
http://doi.org/10.1088/1748-9326/10/8/084019
http://doi.org/10.1021/acs.est.6b02917
http://www.ncbi.nlm.nih.gov/pubmed/27627676
http://doi.org/10.1126/sciadv.1600582
http://www.ncbi.nlm.nih.gov/pubmed/28439534
http://doi.org/10.1016/j.marpolbul.2019.04.029
http://doi.org/10.1016/j.ecss.2017.09.032
http://doi.org/10.1088/1748-9326/ab6d7d
http://doi.org/10.3389/fmars.2021.760649
http://doi.org/10.1016/j.jglr.2014.02.012
http://doi.org/10.1016/j.marpolbul.2016.04.048
http://doi.org/10.1029/2012GL051116
http://doi.org/10.1016/j.marpolbul.2014.09.041
http://www.ncbi.nlm.nih.gov/pubmed/25287228
http://doi.org/10.1038/srep37551
http://www.ncbi.nlm.nih.gov/pubmed/27876837
http://doi.org/10.1016/j.scitotenv.2017.10.150
http://www.ncbi.nlm.nih.gov/pubmed/29050832
http://doi.org/10.1016/j.jhazmat.2019.02.067
http://www.ncbi.nlm.nih.gov/pubmed/30826562
http://doi.org/10.1016/j.marenvres.2020.105073
http://doi.org/10.1016/bs.coac.2016.10.007
http://doi.org/10.1016/j.envpol.2020.116217
http://www.ncbi.nlm.nih.gov/pubmed/33359873

Microplastics 2023, 2 75

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Reisser, ].; Slat, B.; Noble, K.; Du Plessis, K.; Epp, M.; Proietti, M.; Sonneville, J.; Becker, T.; Pattiaratchi, C. The vertical distribution
of buoyant plastics at sea: An observational study in the North Atlantic Gyre. Biogeosciences 2015, 12, 1249-1256. [CrossRef]
Bergmann, M.; Wirzberger, V.; Krumpen, T.; Lorenz, C.; Primpke, S.; Tekman, M.B.; Gunnar, G. High quantities of microplastic in
Arctic deep-sea sediments from the Hausgarten observatory. Environ. Sci. Technol. 2017, 51, 11000-11010. [CrossRef]
Heitmuller, ET.; Hudson, PF. Downstream trends in sediment size and composition of channel-bed, bar, and bank deposits
related to hydrologic and lithologic controls in the Llano River watershed, central Texas, USA. Geomorphology 2009, 112, 246-260.
[CrossRef]

Yang, H.; Shi, C. Sediment grain-size characteristics and its sources of ten wind-water coupled erosion tributaries (the Ten
Kongduis) in the Upper Yellow River. Water 2019, 11, 115. [CrossRef]

Filella, M. Questions of size and numbers in environmental research on microplastics: Methodological and conceptual aspects.
Environ. Chem. 2015, 12, 527-538. [CrossRef]

Sagawa, N.; Kawaai, K.; Hinat, H. Abundance and size of microplastics in a coastal sea: Comparison among bottom sediment,
beach sediment, and surface water. Mar. Pollut. Bull. 2018, 133, 532-542. [CrossRef] [PubMed]

Ma, H,; Pu, S; Liu, S.; Bai, Y,; Mandal, S.; Xing, B. Microplastics in aquatic environments: Toxicity to trigger ecological
consequences. Environ Pollut. 2020, 261, 114089. [CrossRef] [PubMed]

Torikai, N.; Matsushita, Y,; Langridge, S.; Bucknall, D.; Penfold, J.; Takeda, M. Interfacial structures of block and graft copolymers
with lamellar microphase-separated structures. Phys. B 2000, 283, 12-16. [CrossRef]

Neves, C.V,; Gaylarde, C.C.; Baptista Neto, J.A.; Vieira, K.S.; Pierri, B.; Waite, C.C.; Scott, D.C.; Fonseca, E.M. The transfer and
resulting negative effects of nano- and micro-plastics through the aquatic trophic web—A discreet threat to human health. Water
Biol. Secur. 2022, 1,2772-7351. [CrossRef]

Bour, A.; Avio, C.G.; Gorbi, S.; Regoli, F.; Hylland, K. Presence of microplastics in benthic and epibenthic organisms: Influence of
habitat, feeding mode and trophic level. Environ. Pollut. 2018, 243, 1217-1225. [CrossRef] [PubMed]

Galloway, T.S.; Cole, M.; Lewis, C. Interactions of microplastic debris throughout the marine ecosystem. Nat. Ecol. Evol. 2017, 1,
0116. [CrossRef] [PubMed]

Lobelle, D.; Cunliffe, M. Early microbial biofilm formation on marine plastic debris. Mar. Pollut. Bull. 2011, 62, 197-200. [CrossRef]
Morét-Ferguson, S.; Law, K.L.; Proskurowski, G.; Murphy, E.K.; Peacock, E.E.; Reddy, C.M. The size, mass, and composition of
plastic debris in the western North Atlantic Ocean. Mar. Pollut. Bull. 2010, 60, 1873-1878. [CrossRef]

Cole, M.; Lindeque, P; Fileman, E.; Halsband, C.; Goodhead, R.; Moger, ].; Galloway, T.S. Microplastic ingestion by zooplankton.
Environ. Sci. Technol. 2013, 47, 6646—6655. [CrossRef]

Cozar, A.; Echevarria, F.; Gonzélez-Gordillo, J.; Irigoien, X,; Ubeda, B.; Hernandez-Leon, S.; Palma, A.; Navarro, S.; Lomas, J.;
Ruiz, A.; et al. Plastic debris in the open ocean. Proc. Natl. Acad. Sci. USA 2014, 111, 10239-10244. [CrossRef]

Van Sebille, E.; Wilcox, C.; Lebreton, L.; Maximenko, N.; Hardesty, B.D.; Van Franeker, ].A.; Eriksen, M.; Siegel, D.; Galgani, F;
Law, K.L. A global inventory of small floating plastic 748 debris. Environ. Res. Lett. 2015, 10, 124006. [CrossRef]

Lebreton, L.C.M.; Van der Zwet, ].; Damsteeg, ].W.; Slat, B.; Andrady, A.; Reisser, . River plastic emissions to the world’s oceans.
Nat. Commun. 2017, 8, 15611. [CrossRef] [PubMed]

John, J.; Nandhini, A.R.; Velayudhaperumal, C.P,; Sillanpaal, M. Microplastics in mangroves and coral reef ecosystems: A review.
Environ. Chem. Lett. 2022, 20, 397-416. [CrossRef] [PubMed]

Waldschlager, K.; Schiittrumpf, H. Erosion Behavior of Different Microplastic Particles in Comparison to Natural Sediments.
Environ. Sci. Technol. 2019, 53, 13219-13227. [CrossRef] [PubMed]

Li, Y;; Liu, S.; Liu, M.; Huang, W.; Chen, K; Ding, Y.; Wu, E; Ke, H.; Lou, L.; Lin, Y.; et al. Mid-Level Riverine Outflow Matters: A
Case of Microplastic Transport in the Jiulong River, China. Front. Mar. Sci. 2021, 8, 712727. [CrossRef]

Yang, L.; Zhang, Y.; Kang, S.; Wang, Z.; Wu, C. Microplastics in Soil: A Review on Methods, Occurrence, Sources, and Potential
Risk. Sci. Total Environ. 2021, 780, 146546. [CrossRef]

Balestra, V.; Bellopede, R. Microplastic pollution in show cave sediments: First evidence and detection technique. Environ. Pollut.
2022, 292, 118261. [CrossRef]

Chia, Z.L.; Ptaszynski, M.; Masui, F.; Leliwa, G.; Wroczynskib, M. Machine learning and feature engineering-based study into
sarcasm and irony classification with application to cyberbullying detection. Inf. Process. Manag. 2021, 58, 102600. [CrossRef]
Wanner, P. Plastic in agricultural soils—A global risk for groundwater systems and drinking water supplies? A review. Chemosphere
2021, 264 Pt 1, 128453. [CrossRef]

Fahrenfeld, N.L.; Arbuckle-Keil, G.; Beni, N.N.; Bartelt-Hunt, S.L. Source tracking microplastics in the freshwater environment.
TrAC Trends Anal. Chem. 2019, 112, 248-254. [CrossRef]

McGechan, M.B. SW—Soil and Water: Transport of Particulate and Colloid-sorbed Contaminants through Soil, Part 2: Trapping
Processes and Soil Pore. Geom. Biosyst. Eng. 2002, 83, 387-395. [CrossRef]

Yu, M,; van der Ploeg, M.; Lwanga, E.H.; Yang, X.; Zhang, S.; Ma, X,; Ritsema, C.J.; Geissen, V. Leaching of microplastics by
preferential flow in earthworm (Lumbricus terrestris) burrows. Environ. Chem. 2019, 16, 31-40. [CrossRef]

Krueger, M.C.; Harms, H.; Schlosser, D. Prospects for microbiological solutions to environmental pollution with plastics. Appl.
Microbiol. Biotechnol. 2015, 99, 8857-8874. [CrossRef] [PubMed]

Lwanga, H.E.; Gertsen, H.; Gooren, H.; Peters, P.; Salanki, T.; van der Ploeg, M.; Besseling, E.; Koelmans, A.A.; Geissen, V.
Incorporation of microplastics from litter into burrows of Lumbricus terrestris. Environ. Pollut. 2017, 220, 523-531. [CrossRef]


http://doi.org/10.5194/bg-12-1249-2015
http://doi.org/10.1021/acs.est.7b03331
http://doi.org/10.1016/j.geomorph.2009.06.010
http://doi.org/10.3390/w11010115
http://doi.org/10.1071/EN15012
http://doi.org/10.1016/j.marpolbul.2018.05.036
http://www.ncbi.nlm.nih.gov/pubmed/30041347
http://doi.org/10.1016/j.envpol.2020.114089
http://www.ncbi.nlm.nih.gov/pubmed/32062100
http://doi.org/10.1016/S0921-4526(99)01882-7
http://doi.org/10.1016/j.watbs.2022.100080
http://doi.org/10.1016/j.envpol.2018.09.115
http://www.ncbi.nlm.nih.gov/pubmed/30267918
http://doi.org/10.1038/s41559-017-0116
http://www.ncbi.nlm.nih.gov/pubmed/28812686
http://doi.org/10.1016/j.marpolbul.2010.10.013
http://doi.org/10.1016/j.marpolbul.2010.07.020
http://doi.org/10.1021/es400663f
http://doi.org/10.1073/pnas.1314705111
http://doi.org/10.1088/1748-9326/10/12/124006
http://doi.org/10.1038/ncomms15611
http://www.ncbi.nlm.nih.gov/pubmed/28589961
http://doi.org/10.1007/s10311-021-01326-4
http://www.ncbi.nlm.nih.gov/pubmed/34642583
http://doi.org/10.1021/acs.est.9b05394
http://www.ncbi.nlm.nih.gov/pubmed/31625729
http://doi.org/10.3389/fmars.2021.712727
http://doi.org/10.1016/j.scitotenv.2021.146546
http://doi.org/10.1016/j.envpol.2021.118261
http://doi.org/10.1016/j.ipm.2021.102600
http://doi.org/10.1016/j.chemosphere.2020.128453
http://doi.org/10.1016/j.trac.2018.11.030
http://doi.org/10.1006/bioe.2002.0136
http://doi.org/10.1071/EN18161
http://doi.org/10.1007/s00253-015-6879-4
http://www.ncbi.nlm.nih.gov/pubmed/26318446
http://doi.org/10.1016/j.envpol.2016.09.096

Microplastics 2023, 2 76

81.
82.
83.
84.
85.
86.
87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
105.

106.

107.

108.

109.

Dong, Y.; Gao, M.; Song, Z.; Qiu, W. As(III) adsorption onto different-sized polystyrene microplastic particles and its mechanism.
Chemosphere 2020, 239, 124792. [CrossRef]

Kennish, M.]J. Ecology of Estuaries: Anthropogenic Effects; CRC Press: Boca Raton, FL, USA, 1991.

Kennish, M.]J. Pollution Impacts on Marine Biotic Communities; CRC Press: Boca Raton, FL, USA, 1998.

Prandle, D. Estuaries: Dynamics, Mixing, Sedimentation and Morphology; Cambridge University Press: Cambridge, UK, 2009.
Browne, M.A.; Crump, P.; Niven, S.J.; Teuten, E.; Tonkin, A.; Galloway, T.; Thompson, R. Accumulation of microplastic on
shorelines woldwide: Sources and sinks. Environ. Sci. Technol. 2011, 45, 9175-9179. [CrossRef]

Dalrymple, R.W.; Zaitlin, B.A.; Boyd, R. Estuarine Facies Models: Conceptual Basis and Stratigraphic Implications: PERSPECTIVE.
J. Sed. Petrol. 1992, 62, 1130-1146. [CrossRef]

Costa, L.A.; Pessoa, D.M.M.; da Silva Carreira, R. Chemical and biological indicators of sewage river input to an urban tropical
estuary (Guanabara Bay, Brazil). Ecol. Indic. 2018, 90, 513-518. [CrossRef]

Le Roux, J.P. Grains in motion: A review. Sediment. Geol. 2005, 178, 285-313. [CrossRef]

Li, Y.; Lu, Z.; Zheng, H.; Wang, ]J.; Chen, C. Microplastics in surface water and sediments of Chongming Island in the Yangtze
Estuary, China. Environ. Sci. Eur. 2020, 32, 15. [CrossRef]

Hitchcock, J.N.; Mitrovic, S.M. Microplastic pollution in estuaries across a gradient of human impact. Environ. Pollut. 2019, 247,
457-466. [CrossRef] [PubMed]

Rodrigues, S.M.; Almeida, C.M.R;; Silva, D.; Cunha, J.; Antunes, C.; Freitas, V.; Ramos, S. Microplastic contamination in an urban
estuary: Abundance and distribution of microplastics and fish larvae in the Douro estuary. Sci. Total Environ. 2019, 659, 1071-1081.
[CrossRef] [PubMed]

Rodrigues, D.; Antunes, J.; Otero, V.; Sobral, P.; Costa, M.H. Distribution patterns of microplastics in seawater surface at a
Portuguese estuary and marine park. Front. Environ. Sci. 2020, 8, 582217. [CrossRef]

Cheng, M.L.H.; Lippmann, T.C.; Dijkstra, J.A.; Bradt, G.; Cook, S.; Choi, J.-G.; Brown, B.L. A baseline for microplastic particle
occurrence and distribution in Great Bay Estuary. Mar. Pollut. Bull. 2021, 170, 112653. [CrossRef]

Stead, J.L.; Cundy, A.B.; Hudson, M.D.; Thompson, C.E.L.; Williams, 1.D.; Russell, A.E.; Pabortsava, K. Identification of tidal
trapping of microplastics in a temperate salt marsh system using sea surface microlayer sampling. Sci. Rep. 2020, 10, 14147.
[CrossRef] [PubMed]

Duan, J.; Han, J.; Cheung, S.G.; Chong, RK.Y.; Lo, C.-M.; Lee, EW.-F;; Xu, SJ.-L.; Yang, Y.; Tam, N.E-Y.; Zhou, H.-C. How
mangrove plants affect microplastic distribution in sediments of coastal wetlands: Case study in Shenzhen Bay, South China. Sci.
Total Environ. 2021, 767, 144695. [CrossRef]

Barnes, D.K.A.; Galgani, F; Thompson, R.C.; Barlaz, M. Accumulation and fragmentation of plastic debris in global environments.
Philos. Trans. R. Soc. B Biol. Sci. 2009, 364, 1985-1998. [CrossRef] [PubMed]

Enders, K.; Lenz, R.; Stedmon, C.A.; Nielsen, T.G. Abundance, size and polymer composition of marine microplastics > 10 um in
the Atlantic Ocean and their modelled vertical distribution. Mar. Poll. Bull. 2015, 100, 70-81. [CrossRef]

Moore, C.J.; Moore, S.L.; Leecaster, M.K.; Weisberg, S.B. A comparison of plastic and plankton in the North Pacific Central Gyre.
Mar. Pollut. Bull. 2001, 42, 1297-1300. [CrossRef]

Costa, M.E; Silva-Cavalcanti, ].S.; Barbosa, C.C.; Barletta, M. Plastic buried in the inter-tidal plain of a tropical estuarine ecosystem.
J. Coast. Res. 2011, 64, 339-343.

Browne, M.A.; Dissanayake, A.; Galloway, T.S.; Lowe, D.M.; Thompson, R.C. Ingested microplastic translocate to the circulatory
system of the mussel, Mytilus edulis (L.). Environ. Sci. Technol. 2008, 42, 5026-5031. [CrossRef]

Graham, E.G.; Thompson, ].T. Deposit- and suspension-feeding sea cucumbers (Echinodermata) ingest plastic fragments. J. Exp.
Mar. Biol. Ecol. 2009, 368, 22-29. [CrossRef]

Iribarne, O.; Botto, F; Martinetto, P.; Gutierrez, J.L. The role of burrows of the SW Atlantic intertidal crab Chasmagnathus
granulata in trapping debris. Mar. Pollut. Bull. 2000, 40, 1057-1062. [CrossRef]

Moore, C.J. Synthetic polymers in the marine environment: A rapidly increasing, long-term threat. Environ. Res. 2008, 108,
131-139. [CrossRef]

McLachlan, A.; Defeo, O. The Ecology of Sandy Shores; Academic Press: Cambridge, MA, USA, 2017.

Brown, A.C.; Mclachlan, A. Sandy shore ecosystems and the threats facing them: Some predictions for the year 2025. Environ.
Conserv. 2002, 29, 62-77. [CrossRef]

Li, J.; Zhang, H.; Zhang, K; Yang, R.; Li, R.; Li, Y. Characterization, source, and retention of microplastic in sandy beaches and
mangrove wetlands of the Qinzhou Bay, China. Mar. Pollut. Bull. 2018, 136, 401-406. [CrossRef]

Tiwari, M.; Rathod, T.D.; Ajmal, P.Y,; Bhangare, R.C.; Sahu, S.K. Distribution and characterization of microplastics in beach sand
from three different Indian coastal environments. Mar. Pollut. Bull. 2019, 140, 262-273. [CrossRef]

De-la-Torre, G.E.; Dioses-Salinas, D.C.; Castro, ].M.; Antay, R.; Fernandez, N.Y.; Espinoza-Morriberén, D.; Saldafia-Serrano, M.
Abundance and distribution of microplastics on sandy beaches of Lima, Peru. Mar. Pollut. Bull. 2020, 51, 110877. [CrossRef]
Mazariegos-Ortiz, C.; de los Angeles Rosales, M.; Carrillo-Ovalle, L.; Cardoso, R.P.; Muniz, M.C.; Dos Anjos, R.M. First evidence
of microplastic pollution in the El Quetzalito sand beach of the Guatemalan Caribbean. Mar. Pollut. Bull. 2020, 156, 111220.
[CrossRef]


http://doi.org/10.1016/j.chemosphere.2019.124792
http://doi.org/10.1021/es201811s
http://doi.org/10.1306/D4267A69-2B26-11D7-8648000102C1865D
http://doi.org/10.1016/j.ecolind.2018.03.046
http://doi.org/10.1016/j.sedgeo.2005.05.009
http://doi.org/10.1186/s12302-020-0297-7
http://doi.org/10.1016/j.envpol.2019.01.069
http://www.ncbi.nlm.nih.gov/pubmed/30690242
http://doi.org/10.1016/j.scitotenv.2018.12.273
http://www.ncbi.nlm.nih.gov/pubmed/31096322
http://doi.org/10.3389/fenvs.2020.582217
http://doi.org/10.1016/j.marpolbul.2021.112653
http://doi.org/10.1038/s41598-020-70306-5
http://www.ncbi.nlm.nih.gov/pubmed/32839471
http://doi.org/10.1016/j.scitotenv.2020.144695
http://doi.org/10.1098/rstb.2008.0205
http://www.ncbi.nlm.nih.gov/pubmed/19528051
http://doi.org/10.1016/j.marpolbul.2015.09.027
http://doi.org/10.1016/S0025-326X(01)00114-X
http://doi.org/10.1021/es800249a
http://doi.org/10.1016/j.jembe.2008.09.007
http://doi.org/10.1016/S0025-326X(00)00058-8
http://doi.org/10.1016/j.envres.2008.07.025
http://doi.org/10.1017/S037689290200005X
http://doi.org/10.1016/j.marpolbul.2018.09.025
http://doi.org/10.1016/j.marpolbul.2019.01.055
http://doi.org/10.1016/j.marpolbul.2019.110877
http://doi.org/10.1016/j.marpolbul.2020.111220

Microplastics 2023, 2 77

110.

111.

112.

113.

114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Patchaiyappan, A.; ZakiAhmed, S.; Dowarah, K.; Khadanga, S.S.; Singh, T.; Jayakumar, S.; Thirunavukkarasuc, C,;
Devipriyaad, S.P. Prevalence of microplastics in the sediments of Odisha beaches, southeastern coast of India. Mar. Pol-
lut. Bull. 2021, 167, 112265. [CrossRef]

Claessens, M.; De Meester, S.; Van Landuyt, L.; De Clerck, K.; Janssen, C. Occurrence and distribution of microplastics in marine
sediments along the Belgian coast. Mar. Pollut. Bull. 2011, 62, 2199-2204. [CrossRef]

Leslie, H.; Brandsma, S.; Van Velzen, M.; Vethaak, A. Microplastics in route: Field measurements in the Dutch river delta and
Amsterdam canals, wastewater treatment plants, North Sea sediments and biota. Environ. Int. 2017, 101, 133-142. [CrossRef]
Vianello, A.; Boldrin, A.; Guerriero, P.; Moschino, V.; Rella, R.; Sturaro, A.; Da Ros, L. Microplastic particles in sediments of
Lagoon of Venice, Italy: First observations on occurrence, spatial patterns and identification. Estuar. Coast. Shelf Sci. 2013, 130,
54-61. [CrossRef]

DiBenedetto, M.H.; Ouellette, N.T.; Kose, J.R. Transport of anisotropic particles under waves. . Fluid Mech. 2018, 837, 320-340.
[CrossRef]

Thiel, M.; Hinojosa, I.; Miranda, L.; Pantoja, J.; Rivadeneira, M.; Vasquez, N. Anthropogenic marine debris in the coastal
environment: A multi-year comparison between coastal waters and local shores. Mar. Pollut. Bull. 2013, 71, 307-316. [CrossRef]
Sebille, E.; England, M.H.; Froyland, G. Origin, dynamics, and evolution of ocean garbage patches from observed surface drifters.
Environ. Res. Lett. 2012, 4, 7. [CrossRef]

Lebreton, L.C.M.; Borrero, ].C. Modeling the transport and accumulation floating debris generated by the 11 March 2011 tohoku
tsunami. Mar. Pollut. Bull. 2013, 66, 53-58. [CrossRef]

Hidalgo-Ruz, V.; Gutow, L.; Thompson, R.C.; Thiel, M. Microplastics in the marine environment: A review of the methods used
for identification and quantification. Environ. Sci. Technol. 2012, 46, 3060-3075. [CrossRef]

Chubarenko, I.; Esiukova, E.E.; Bagaev, A.V.; Bagaeva, M.A.; Grave, A.N. Three-dimensional distribution of anthropogenic
microparticles in the body of sandy beaches. Sci. Total Environ. 2018, 628-629, 1340-1351. [CrossRef]

Onink, V.; Wichmann, D.; Delandmeter, P.; Van Sebille, E. The role of ekman currents, geostrophy, and stokes drift in the
accumulation of floating microplastic. |. Geophys. Res. Ocean 2019, 124, 1474-1490. [CrossRef]

Soulsby, R. Dynamics of Marine Sands: A Manual for Practical Applications; Thomas Telford: London, UK, 1997.

Nielsen, P. Coastal and Estuarine Processes; World Scientific Publishing Company: Singapore, 2009. [CrossRef]

Forsberg, P.L.; Sous, D.; Stocchino, A.; Chemin, R. Behaviour of plastic litter in nearshore waters: First insights from wind and
wave laboratory experiments. Mar. Pollut. Bull. 2020, 153, 111023. [CrossRef]

Fredsee, J.; Deigaard, R. Mechanics of Coastal Sediment Transport; World Scientific: Singapore; New Jersey, NJ, USA, 1992. [CrossRef]
Dean, R.G.; Dalrymple, R.A. Water Wave Mechanics for Engineers and Scientists; Prentice-Hall, Inc.: New Jersey, NJ, USA, 1984; 353p.
Horikawa, K. Nearshore Dynamics and Coastal Processes: Theory, Measurement, and Predictive Models; University of Tokyo Press:
Tokyo, Japan, 1988.

Critchell, K.; Lambrechts, J. Modeling accumulation of marine plastics in the coastal zone; what are the dominant physical
processes? Estuar. Coast. Shelf Sci. 2016, 171, 111-122. [CrossRef]

Eriksen, M.; Lebreton, L.C.M.; Carson, H.S.; Thiel, M.; Moore, C.J.; Borerro, ].C.; Galgani, F.; Ryan, P.G.; Reisser, ]. Plastic Pollution
in the World’s Oceans: More than 5 Trillion Plastic Pieces Weighing over 250,000 Tons Afloat at Sea. PLoS ONE 2014, 9, e111913.
[CrossRef]

Kanhai, L.D.; Gardfeldt, K.; Lyashevska, O.; Hassellov, M.; Thompson, R.; O’Connor, I. Microplastics in sub-surface waters of the
Arctic Central Basin. Mar. Pollut. Bull. 2018, 130, 8-18. [CrossRef]

Howell, E.A ; Bograd, S.J.; Morishige, C.; Seki, M.P,; Polovina, J.J. On North Pacific circulation and associated marine debris
concentration. Mar. Pollut. Bull. 2012, 65, 16-22. [CrossRef] [PubMed]

Maximenko, N.; Corradi, P; Law, K.L.; Van Sebille, E.; Garaba, S.P.; Lampitt, R.S.; Galgani, F; Martinez-Vicente, V,;
Goddijn-Murphy, L.; Veiga, ] M; et al. Toward the Integrated Marine Debris Observing. Front. Mar. Sci. 2012, 10, 2296-7745.
[CrossRef]

Ballent, A.; Corcoran, P.L.; Madden, O.; Helm, P.A.; Longstaffe, FJ. Sources and Sinks of Microplastics in Canadian Lake Ontario
Nearshore, Tributary and beach Sediments. Mar. Pollut. Bull. 2016, 110, 383-395. [CrossRef]

Galgani, F; Hanke, G.; Maes, T. Global distribution, composition and abundance of marine litter. In Marine Anthropogenic Litter;
Springer: Cham, Switzerland, 2015; pp. 29-56.

Woodall, L.C.; Sanchez-Vidal, A.; Canals, M.; Paterson, G.LJ.; Coppock, R.; Sleight, V.; Calafat, A.; Rogers, A.D,;
Narayanaswamy, B.E.; Thompson, R.C. The deep sea is a major sink for microplastic debris. R. Soc. Open Sci. 2014, 1,
140317. [CrossRef]

Thompson, R.; Moore, C.; Andrady, A.; Gregory, M.; Takada, H.; Weisberg, S. New Directions in Plastic Debris. Science 2005, 310,
1117. [CrossRef]

Luo, H,; Zeng, Y.; Zhao, Y.; Xiang, Y.; Li, Y.; Pan, X. Effects of advanced oxidation processes on leachates and properties of
microplastics. |. Hazard. Mater. 2021, 413, 125342. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.marpolbul.2021.112265
http://doi.org/10.1016/j.marpolbul.2011.06.030
http://doi.org/10.1016/j.envint.2017.01.018
http://doi.org/10.1016/j.ecss.2013.03.022
http://doi.org/10.1017/jfm.2017.853
http://doi.org/10.1016/j.marpolbul.2013.01.005
http://doi.org/10.1088/1748-9326/7/4/044040
http://doi.org/10.1016/j.marpolbul.2012.11.013
http://doi.org/10.1021/es2031505
http://doi.org/10.1016/j.scitotenv.2018.02.167
http://doi.org/10.1029/2018JC014547
http://doi.org/10.1142/7114
http://doi.org/10.1016/j.marpolbul.2020.111023
http://doi.org/10.1142/1546
http://doi.org/10.1016/j.ecss.2016.01.036
http://doi.org/10.1371/journal.pone.0111913
http://doi.org/10.1016/j.marpolbul.2018.03.011
http://doi.org/10.1016/j.marpolbul.2011.04.034
http://www.ncbi.nlm.nih.gov/pubmed/21592531
http://doi.org/10.3389/fmars.2019.00447
http://doi.org/10.1016/j.marpolbul.2016.06.037
http://doi.org/10.1098/rsos.140317
http://doi.org/10.1126/science.310.5751.1117b
http://doi.org/10.1016/j.jhazmat.2021.125342

	Introduction 
	Microplastic Sources 
	Characteristics of Microplastics That Influence Their Transport Dynamics 
	Riverine Transport 
	Underground Water Transport 
	Estuarine Transport 
	Sea Coast Transport 
	Oceanic Transport 
	Conclusions and Future Perspectives 
	References

