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Abstract Detailing the distribution of past and future plastic debris in the marine environment has
become a pressing challenge. Plastic pollution poses a potential threat to marine organisms and the
marine environment as a whole. Previous studies using Lagrangian particle models have identiﬁed ﬁve
garbage patches within subtropical ocean gyres, with the possibility of a sixth garbage patch within the
Barents Sea. We present the ﬁrst coarse resolution three‐dimensional plastic distribution model to use an
Eulerian approach. It considers seven plastic components, three of them buoyant and four nonbuoyant,
based upon real world plastic types. Our control results support the observations of positively buoyant plastic
accumulations within the ﬁve garbage patches. However, there is no evidence of a sixth garbage patch in the
Barents Sea. Meanwhile, our simulations reveal a previously unreported accumulation of plastic in the
Gulf of Guinea. The negatively buoyant plastic tends to accumulate within the deepest regions of the sea
ﬂoor, loosely following the bathymetry. In two further experiments, we introduce idealized plastic removal
rates to simulate the proportion of plastics that are sequestered within sediments once they reach the sea
ﬂoor. The results of the simulations show that substantial quantities of plastic debris are subject to
vertical transport in the ocean and are therefore present throughout the water column as well as on the sea
ﬂoor. A ﬁnal experiment, focusing on neutrally buoyant plastics, shows the potentially ubiquitous presence
of small microplastics and nanoplastics in the water column.
Plain Language Summary

Detailing the distribution of past and future plastic debris in the
ocean has become a pressing challenge. Plastic pollution poses a potential threat to marine organisms
and the marine environment as a whole. The use of numerical modeling has identiﬁed ﬁve garbage patches,
with the possibility of a sixth garbage patch in the Arctic. However, these models have focused on plastics
that ﬂoat on or near the sea surface and do not consider the plastics which sink or are drawn down once
they enter the ocean. We present the ﬁrst plastic distribution model, which includes both ﬂoating and
sinking plastics and looks at the distribution of these plastics throughout the water column. Both types of
plastics are present throughout the water column, with the ﬂoating plastics mainly collecting within the ﬁve
previously identiﬁed garbage patches and the sinking plastics gathering within the deepest areas of the
seaﬂoor. Simulations including a crude mechanism by which plastics are removed into the seaﬂoor
“sediments,” reveal wide‐spread areas of the seaﬂoor, which may host large amounts of plastic debris. An
experiment with neutrally buoyant plastic tracers that mimics the behavior of microplastics and
nanoplastics shows these plastics to be present at all depths globally.

1. Introduction
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Global plastic production in 2016 reached 335 million metric tons, bringing the estimated total of virgin
plastics ever produced to almost 8.7 billion metric tons (Geyer et al., 2017; PlasticsEurope, 2017). In recent
years, the global consumption of single‐use plastics, such as carrier bags, plastic straws, and drinks bottles,
has been of particular concern as we ﬁnd ourselves immersed in a “throwaway” culture, with single‐use
plastics making up around 80% of plastics entering the marine environment (McDermott, 2016). Most
recent estimates suggest that around 15 million metric tons of plastics enter the world's oceans per year,
with between 4.8 and 12.7 million metric tons coming from coastal land sources and up to 2.4 million
metric tons coming from inland and river inputs (Jambeck et al., 2015; Lebreton et al., 2017). Land sources
are expected to account for between 75% and 90% of marine litter, with the remaining 10–25% coming from
ocean sources, such as ﬁshing (Li, 2018). Marine plastic pollution was ﬁrst documented in the 1970s and
1
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has since become a popular topic, not only within the scientiﬁc community but with the media and general
population (Law, 2017). Once plastic enters seas and oceans it can have a detrimental effect on the marine
environment itself, such as through gas exchange inhibition in sediments (Derraik, 2002), as well as on a
wide range of marine organisms, through entanglement and ingestion (and associated toxicity implications) (Gregory, 2009).
Despite the large estimated rate of plastic entering the marine environment, current estimates from sampling and modeling studies have accounted for only between 98 and 236 thousand metric tons of ﬂoating
plastic debris in the world's oceans (Eriksen et al., 2014; van Sebille et al., 2015). These estimates leave well
over 99% of all plastics ever to have entered the oceans unaccounted for. A number of possible sinks have
been proposed, such as deep‐sea sediments, resuspension within the water column, shore deposition, and
ingestion by marine organisms (Cózar et al., 2014), but quantiﬁcation of the amounts of plastics in each of
these areas has not yet been achieved. Sampling efforts have shown a ubiquitous presence of plastic debris
within the marine environment, from shorelines to the seaﬂoor, including the water column, deep‐sea sediments and sea ice (Law, 2017). As such, modeling estimates that only take into account ﬂoating plastic particles at the sea surface are expected to be highly conservative and ignore potentially substantial sinks for the
global ocean plastic budget by not taking into account the full water column. There is currently a need for a
better understanding of the possible removal processes of plastics from the sea surface, for instance, the fragmentation rates of plastics of all types and the associated effect of fragmentation on rising and sinking rates
(Hardesty et al., 2017), and density changes caused by biofouling (Kooi et al., 2017).
Both modeling and observational efforts have conﬁrmed the existence of ﬁve accumulation zones in the surface layers of the ocean, within subtropical ocean gyres. These ﬁve accumulations, or “garbage patches,”
have been shown to exist in the North and South Paciﬁc, North and South Atlantic, and Indian Oceans.
Recent model simulations suggest the potential of a sixth accumulation zone within the Barents Sea, in
the Arctic Ocean (van Sebille et al., 2012). These modeling efforts focus only on buoyant plastic ﬂoating at
or near the surface. The purpose of the research presented in this article is to do a preliminary exploration
with a general circulation ocean model of how positively and negatively buoyant plastic components become
dispersed through the water column and the sea ﬂoor under the combined effects of ocean currents and turbulence. This paper will give a description of the model (section 2), followed by details of the outputs of the
model (section 3). The results are divided into positively and negatively buoyant plastic types for the control
experiment and the ﬁrst two of the sensitivity experiments, followed by the results of the outputs from the
neutrally buoyant plastic sensitivity simulation. Conclusions and a summary of the ﬁndings and their place
within the literature will conclude the paper (section 4).

2. Materials and Methods
2.1. Model Description
This study uses the state‐of‐the‐art model Nucleus for European Modelling of the Ocean Version 3.6, conﬁguration ORCA2‐LIM3, an Eulerian, rather than Lagrangian, formulation to simulate the three‐
dimensional dispersion of plastics in the global ocean. There are advantages and disadvantages to both
Eulerian and Lagrangian approaches, and the two approaches most likely complement one another. A
Lagrangian formulation focuses on an individual particle's trajectory, whereas an Eulerian framework
describes particles in terms of their mass or volume concentrations—and possibly other particle properties—which are advected by the ocean's velocity ﬁeld and diffused by parameterized and resolved turbulence, which, in Lagrangian models needs to be represented as ad hoc random motions (van Sebille
et al., 2018). As we are dealing with large concentrations of plastic waste, and we are more concerned with
global patterns of distribution than the behavior of individual plastic particles, an Eulerian approach was a
more appropriate choice for the present study. It also lends itself more readily to the representation of the
three‐dimensional distribution created by the combined effects of mean ﬂow and eddy transports. The
ORCA2‐LIM3 conﬁguration is of relatively coarse resolution, based on a global 2° Mercator horizontal
mesh with a 1° meridional reﬁnement in tropical and equatorial regions and a bipolar cap north of about
30°N. There are 31 vertical levels, 10 of which are located in the upper 100 m. The resolution in the deepest
parts of the ocean is 500 m but the bottom boundary layer scheme of Beckmann and Döscher (1997) is used
to represent transport near the sea ﬂoor. The depth of the bottom cell is adjustable to better represent
MOUNTFORD AND MAQUEDA
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bathymetry gradients (Pacanowski & Gnanadesikan, 1998). The time step
is 5,760 s. The horizontal viscosity is 40,000 m2 s−1, except within 20°
north and south of the equator where, away from western boundary currents, it decays linearly to 2,000 m2 s−1. Lateral eddy transport includes
along‐isopycnal diffusion, with a diffusivity of 2,000 m2 s−1, and eddy‐
induced advection à la Gent and McWilliams (1990). Vertical mixing
through the water column is parameterised using the order 1.5 turbulent
closure scheme of Blanke and Delecluse (1993). Vertical viscosities and
diffusivities are ramped up to 10 m2 s−1 in case of hydrostatic instability.
The equation of state is the recommended by the TEOS‐10 team (IOC,
SCOR, and IAPSO, 2010). For a more detailed description of the
ORCA2‐LIM3 conﬁguration see, for example, Madec (2015) and
Vancoppenolle et al. (2008), Belamari and Pirani (2007), and
Timmermann et al. (2005).
Plastic tracers were added through the creation of a “Plasticene” conﬁguration, using plastic waste input data from van Sebille et al. (2015), modFigure 1. Annual plastic input relative to the average plastic input per unit
iﬁed from estimated plastic waste inputs to the ocean for the year 2010
area. Data supplied by van Sebille et al. (2015), based upon global mismanfrom Jambeck et al. (2015). The plastic inputs are distributed along the
aged waste data from 2010 as described in Jambeck et al. (2015).
coastlines in proportion to the total population within 200 km of the sea
(Figure 1). Only around Antarctica and in the high Arctic (above approximately 70°N) sources are 0. Due to its coarse resolution, the coastlines in the model only approximately follow the real ocean‐land boundaries, resulting in the obvious discrepancies between the locations of plastic
sources in the model and the continental outlines depicted.
For a given plastic type, the model's change in concentration (mass per volume) of plastic (C) over time (t) is
governed by


 ∂ðwC Þ !  !  ∂
∂C
∂C
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where ∇ H is the horizontal gradient operator; !
u is the horizontal advection ﬂux (which includes the
Eulerian current plus a Gent‐McWilliams transport term, Gent, 2011); w is, similarly, the combined
Eulerian current plus Gent‐McWilliams vertical velocity; z is the vertical coordinate; KH is the horizontal
component of the Redi diffusivity (Redi, 1982); ϰ is the vertical, Redi plus diapycnal, diffusivity; and wr is
the rise velocity of plastic, which, in this simple formulation, is calculated by postulating a balance between
plastic buoyancy and friction (as described in equation (4)).
At the surface, we assume no advective or turbulent ﬂux of plastic other than at the land boundaries. The
advective bottom ﬂux (Fb) is given by
F b ¼ ws Cb ;

(2)

where Cb is concentration of plastic in the bottom grid cell and ws is a prescribed, negative piston velocity. In
the control simulation, ws = 0, but will be different from zero in two plastic sedimentation sensitivity experiments, as described in sections 3.3.4 and 3.3.5. Turbulent ﬂuxes and rise/sink velocities are set to zero at the
bottom.
All experiments were started from a plastic‐free state after a 10 year spin‐up of the ocean hydrography. The
surface atmospheric ﬂuxes were calculated from the Corrected Normal Year CORE data (Large & Yeager,
2009) directly provided with the Nucleus for European Modelling of the Ocean code. Throughout the simulations, including the spin‐up period, the ocean temperature, and salinities were restored to World Ocean
Atlas annual mean observations (Locarnini et al., 2013; Zweng et al., 2013) with a relaxation e‐folding timescale of 1 year. The speed and direction of the global, annual mean surface currents calculated by the model
are shown in Figure 2. The model exhibits seasonal but virtually no interannual variability.
The coastal pattern of plastic release was maintained constant through the simulation, but the actual
amount of plastic entering the ocean was gradually ramped up in order to reﬂect the projected
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Figure 2. Global, annual mean surface currents (m s
(every other vector is shown).

). Speed is shown in color, while unit vectors indicate direction

increasing plastic production and inputs in the future (Ryan, 2015; Wilcox et al., 2015). This ramp up
factor (R) is
R ¼ 2ðy−50Þ=100 ;

(3)

where y is the year number (van Sebille, personal communication). When y is 0, the total input of plastics is
approximately 7.2 million metric tons per year, and when y is 50 this ﬁgure is closer to 10 million metric tons
per year. These inputs are at the higher end of estimated inputs into the oceans. However, for our purposes,
the patterns of distributions are more important than the plastic concentrations themselves; hence, all the
results we present focus on the proportion of plastic relative to the average concentration.
Our plastic dispersion model considers the seven most common plastic types in production—high‐density
polyethylene (HDPE), low‐density polyethylene, polyvinyl chloride (PVC), polystyrene (PS), polypropylene
(PP), polyethylene terephthalate (PET), and polyurethane (PUR)—with rise and sink velocities based upon
the respective plastic densities, as listed in Table 1 (Andrady & Neal, 2009; PlasticsEurope, 2017). Four out of
these seven plastic types (PVC, PS, PET, and PUR) are negatively buoyant, with associated sink velocities.
This reﬂects the prediction that 70% of plastic debris entering the marine environment will sink and remain
on the sea ﬂoor (Frias et al., 2016). The rise and sink velocities (wr) were calculated based on postulating a
balance between buoyancy and friction according to
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Table 1
;
(4)
wr ¼
ρw −ρp
ρp
Seven Most Common Plastic Types (as Listed in PlasticsEurope (2017)) With
Their Associated Densities and Rise Velocities (Calculated for ρw = 1,025 kg/
3
m ) (Andrady & Neal, 2009)
Plastic type
HDPE
LDPE
PVC
PS
PP
PET
PUR

Density
3
(kg/m )

Average density
3
(kg/m )

Rise
velocity (m/s)

940–970
920–940
1,150–1,350
1,040
970–1,050
1,300–1,400
871–1,420

955
930
1,250
1,040
1,010
1,350
1,145.5

0.00085
0.001
−0.0013
−0.00038
0.00038
−0.00154
−0.00102

MOUNTFORD AND MAQUEDA

where ρp is the density of the plastic type, L is a frictional length scale,
here given a constant and uniform value of approximately 10−6 m, ρw is
the seawater density calculated by the model, and g is gravitational acceleration. Note that since ρw is a three‐dimensional ﬁeld, so is wr. The use of
a linear Stokes' friction law, rather than the quadratic formulation
adopted in (4), might have been more appropriate since the rise velocities,
and therefore, their associated Reynolds numbers, are small. However,
rise velocities are expected to vary considerably, even for a given plastic
type, as a function of plastic geometry, age, biological load, and other factors. Although there is no explicit plastic particle size in this model, since
4
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we use plastic mass concentrations, the chosen frictional length scale
implies that the effective particle size is ~0.1 mm for
|ρw − ρp| = 10 kg m−3 and ~0.06 mm for |ρw − ρp| = 100 kg m−3.
Although wr is a three‐dimensional ﬁeld, our choice of L and ρplead to
typical absolute values for the rise velocity of about 1 mm s−1, which are
commensurate with observations (Reisser et al., 2015).
2.2. Experimental Design

Figure 3. Accumulation of positively buoyant plastics (HDPE, LDPE, and
PP) after a 50 year simulation in the control experiment. Shown is the
plastic concentration relative to the global average concentration of plastics.

Four experiments were conducted as follows. In the control simulation,
once any plastic components reach the sea ﬂoor (the bottommost grid cell
of the model) they are subject to transport by bottom currents with no
removal processes. In reality, it would be expected that a potentially large
proportion of the plastic particles that reach the sea ﬂoor would be incorporated and sequestered within the sediment (Van Cauwenberghe et al.,
2015). To investigate the impact on plastic distribution of a simple
mechanism of plastic removal into the sediments, two sensitivity simulations were carried out in which a plastic sedimentation rate was prescribed
according to equation (2) with a uniform, nonzero sedimentation velocity.
Finally, a third sensitivity experiment was conducted, in which all plastic
was assumed to be neutrally buoyant and ws = 0.

In the ﬁrst of these three sensitivity simulations, the piston velocity was set at the value of 90 m year−1. In the
second experiment, a smaller value was chosen for ws, with a value of 30 m year−1. Literature on the
dynamics and timescales of plastic incorporation into both marine and freshwater sediments are limited
(such as Corcoran et al., 2015; Gilligan et al., 1992; Turner et al., 2019; Wessel et al., 2019), particularly with
regard to values which could be used as a global average, and so, our approach to modeling this process is
very tentative. Using a piston velocity formulation to simulate plastic sedimentation leads to e‐folding timescales for plastic removal that depend on the depth of the water column. For example, in a water column
with a depth of 90 m the ﬁrst piston velocity would lead to an e‐folding timescale of 1 year, while the second
would be associated with an e‐folding timescale of three years. These timescales are signiﬁcantly shorter
than the length of our simulations. While this model has no parameterization for the beaching of plastics,
this near‐coast ﬂux of both positively and negatively buoyant plastics into the sediments could be thought
of as a coarse approximation of beaching.
The third sensitivity simulation focuses on neutrally buoyant plastics. The reason for considering neutrally
buoyant plastics in this study is as follows. The upward buoyant force on a piece of plastic of arbitrary shape
is proportional to the volume of the object. In contrast, the friction that counters the buoyant force as the
plastic piece moves through the water is proportional to the cross‐sectional area of the former (e.g.,
Batchelor, 1967) and, for creeping ﬂows (at relatively small velocities), to the radius of a sphere with the
same volume (Leith, 1987). As a result, the rise velocity of the object will normally tend to 0 as its volume
tends to 0. For a spherical plastic particle with a size of 1 mm (the upper boundary for microplastics
(Hartmann et al., 2019)) and a density of 955 kg m−3 (the average density of HDPE, a positively buoyant plastic type), its rise velocity would be approximately 0.035 m s−1. However, for a particle of the same material
but 1 μm in size (the boundary between microplastics and nanoplastics (Hartmann et al., 2019)) the rise velocity would be one hundred thousand times smaller. Based on this line of argument, Kooi et al. (2017)
hypothesize that there may be eventually be a uniform distribution of nanoplastic particles within the water
column, since they will behave as passive tracers as their rise velocity is negligible.

3. Results and Discussion
3.1. Positively Buoyant Plastics
3.1.1. Control Experiment
At the end of a 50 year simulation, the positively buoyant plastic components (HDPE, low‐density polyethylene, and PP) show accumulation within the ﬁve documented “garbage patches” (Lebreton et al., 2012;
Maximenko et al., 2012; van Sebille et al., 2012; van Sebille et al., 2015), as seen in Figure 3, with accumulations shown to be above the global average concentration. The North Paciﬁc is the area of greatest
MOUNTFORD AND MAQUEDA
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Figure 4. Proportion of positively (HDPE, LDPE, and PP—solid color) and negatively (PVC, PS, PET, and PUR—striped)
buoyant plastics in each of the major basins in (a) Maximenko et al. (2012), (b) Lebreton et al. (2012), (c) van Sebille et al.
−1
−1
(2015), (d) the control experiment, (e) the 90 m year sedimentation rate experiment, and (f) the 30 m year sedimentation experiment. Blue = North Paciﬁc, red = South Paciﬁc, green = North Atlantic, purple = South Atlantic, turquoise = Indian, and orange = Mediterranean.

accumulation, accounting for approximately half of the total positively buoyant plastics released in the
control simulation (Figure 4d). The outcome that the North Paciﬁc retains the greatest quantities of
ﬂoating plastic debris is in accordance with previous modeling research (Figures 4a–4c). However, the
results from the present study suggest that the accumulations in the North Paciﬁc may be overestimated
in relation to the other accumulations in other modeling studies. It must be noted that the present
simulations are run on a shorter timescale than the simulations of Lebreton et al. (2012), Maximenko
et al. (2012), and van Sebille et al. (2015). However, the 50 year timescale used in the present study was
decided upon for comparisons to real‐life plastic timescales. The divisions into the major ocean basins
used in this research are shown in Figure 5. Aside from the accumulations in the “garbage patches,” there
are also visibly high concentrations in the Mediterranean, off the west coast of Africa within the Gulf of
Guinea, within Southeast Asia, and off the south coast of Australia. This accumulation off the south coast
of Australia is a combination of drift from the Indian Ocean “garbage patch,” transported by the Leeuwin
Current (Thompson, 1984) and inputs in the region becoming trapped in the Great Australian Bight.
The positively buoyant plastics are concentrated within the top 100–150 m of the sea surface within all ocean
basins (Figures 6a–6h), except for in those that are present in the Mediterranean Sea (Figure 6h) and the
Arctic Ocean (Figure 6f), which only reach depths of around 60–80 m. The Arctic Ocean has a particularly
shallow distribution of positively buoyant plastics due to its highly stratiﬁed nature, with a cold, fresh surface
layer formed by melt water (Björk, 1989). The buoyant plastics in the Southern Ocean, on the other hand, are
drawn down to a greater depth of approximately 150 m (Figure 6g). Strong surface mixing results in greater
MOUNTFORD AND MAQUEDA
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Figure 5. Geographic division of the basins used in this study. Blue = North Paciﬁc, red = South Paciﬁc, green = North
Atlantic, purple = South Atlantic, cyan = Indian Ocean, orange = Mediterranean, pink = Arctic, and tan = Southern
Ocean.

mixed layer depths (Dong et al., 2007). In the steady state and assuming that vertical advection and mixing
are the key controls of the vertical plastic distribution, we would expect the concentration proﬁles to be
wr
described by C0 e κ z , where C0 is the concentration at the surface. The simulated proﬁles are indeed
approximately exponential in all the basins. Excluding the Mediterranean and both polar oceans, these
proﬁles are also very similar and reach all down to about 100 m, indicating that the average levels of
turbulent mixing in the upper ocean are also similar.
In this control simulation there is no presence of the proposed sixth garbage patch within the Barents Sea, as
reported in van Sebille et al. (2012). However, an accumulation appears instead in the East Siberian,
Chukchi, and Beaufort Seas (Figure 3). Inﬂows of plastic laden waters through the Bering Strait slowly converge toward the New Siberian Islands region and the Beaufort Sea gyre. How realistic these accumulations

−1

Figure 6. Vertical proﬁle of positively buoyant plastics (HDPE, LDPE, and PP) (black line = control simulation, red dashed line = 90 m year simulation, and blue
−1
dashed line = 30 m year simulation)—(a) North Paciﬁc, (b) South Paciﬁc, (c) North Atlantic, (d) South Atlantic, (e) Indian, (f) Arctic, (g) Southern Oceans, and
(h) Mediterranean Sea. (NB = differing scales). Shown is the basin averaged volumetric plastic concentration normalized by the global average.
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Figure 7. Flux of positively buoyant plastics (HDPE, LDPE, and PP) into the “sediments” at the end of a 50 year simulation, relative to the average global ﬂux of
−1
−1
plastics into the “sediments” per unit area with (a) 90 m year piston velocity and (b) 30 m year piston velocity.

are is difﬁcult to judge, since our model ignores the role of sea ice in controlling the transport and accumulation of plastic in polar oceans. Sea ice plays an important role by trapping and releasing plastics, in particular
buoyant microplastics (Lusher et al., 2015; Obbard et al., 2014). This is supported by Peeken et al. (2018),
with reported concentrations of up to (1.2 ± 1.4) × 107 microplastic particles per m3 of sea ice in the Fram
Strait, suggesting that Arctic sea ice is a substantial temporal sink for microplastics. Van Sebille et al.
(2012), who ﬁrst reported the potential presence of an accumulation zone within the Barents Sea, draw a
relation between this apparent accumulation and seasonal sea ice: The currents within the van Sebille
et al. (2012) model were based upon surface buoy data, many of which may have become trapped in seasonal
sea ice during winter.
High levels of plastic accumulation can also be seen in the Gulf of Guinea off the west coast of Africa
(Figure 3), which have not been previously reported. Inputs from the area around Nigeria are the highest
in the Atlantic (Figure 1), and as with the accumulations in the Arctic, surface water currents (Figure 2)
are able to explain the patterns of accumulation that can be seen. The Guinea Current in combination with
the Angola Current traveling northward form a large anticyclonic gyre in the Gulf of Guinea, in which the
positively buoyant plastic components become trapped and accumulate (Gyory et al., 2005). Despite the outputs of this simulation suggesting high accumulations in this area, there are very few empirical data to support this. As such, the results of this simulation suggest that the Gulf of Guinea region may be a possible area
of interest for future plastic sampling efforts.
3.1.2. Sensitivity Experiments
Qualitatively, the horizontal distribution of buoyant plastics in the sedimentation experiments does not
greatly differ from that in the control run. Quantitatively, there is a reduction in the total global plastic load
in the ocean of 30% and 16% in the 90 and 30 m year−1 piston velocity sensitivity experiments respectively.
Regarding vertical distributions, the greatest relative decrease in positively buoyant plastics in these experiments can be seen in the South Paciﬁc, Mediterranean, and Arctic (Figures 4d–4f and 6b, 6f, and 6h). The
ﬂux into the sediments is primarily in the vicinity of the coastlines, where the water is shallower and hence
the positively buoyant plastics are close enough to the sea ﬂoor to be incorporated into the sediments
(Figures 7a and 7b). The removal of plastics in Southeast Asia (North and South Paciﬁc) is particularly visible. This coastal removal results in a reduction in the “drift” of plastics across the North and South Paciﬁc
(Figures 8a and 8b).
In both of the sedimentation simulations, the accumulation of plastics in the Arctic Ocean, particularly in
the East Siberian, Chukchi and Beaufort seas, is not as pronounced as in the seven plastics control experiment after 50 years (Figures 8a and 8b). The differences between the control experiment and the two sensitivity experiments are explained by two factors. First, the plastic inﬂow through Bering Strait is reduced with
respect to the control run (as part of the plastic entering the ocean is gradually deposited on the seaﬂoor).
Second, the plastic that accumulates in this Arctic region can also be removed from the water column by
sedimentation. Indeed, the East Siberian Arctic Shelf (comprising of the East Siberian Sea and the Laptev
MOUNTFORD AND MAQUEDA
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Figure 8. Difference between the concentration of positively buoyant plastics (HDPE, LDPE, and PP) in the control simulation and the sensitivity simulation with
−1
−1
(a) 90 m year piston velocity and (b) 30 m year piston velocity after a 50 year simulation, relative to the global average concentration of plastics.

Sea) is very shallow, with a mean depth of 50 m (Alling et al., 2010). And so, the positively buoyant plastic
components can be drawn down relatively easily by turbulence into the lowest grid cell and hence removed
through sedimentation (Figures 7a and 7b).
3.2. Negatively Buoyant Plastics
3.2.1. Control Experiment
All current modeling research has focused on ﬂoating buoyant plastics and surface waters; hence, there are
no modeled data against which to compare our nonbuoyant plastic simulations. While there are empirical
data for a number of areas, including the deep sea (Chiba et al., 2018; Van Cauwenberghe et al., 2015)
and polar regions (Barnes et al., 2009; Bergmann & Klages, 2012; Van Cauwenberghe et al., 2013), global
plastic sediment data are lacking.
The highest accumulations of negatively buoyant plastics (PVC, PS, PET, and PUR) can be observed within
the Mediterranean, off the west coast of Africa, and within Southeast Asia (Figure 9). The largest proportion
of negatively buoyant plastics is within the North Paciﬁc, although the Indian Ocean also has widespread
accumulation (Figure 4). These accumulations appear to loosely follow the bathymetry, with the highest
concentrations in the deepest areas, as can be seen in Figure 9. As there are no methods of removal for
the plastic in this simulation, once the negatively buoyant plastics reach
the sea ﬂoor they are subject to transportation by bottom currents, as well
as the diffusive bottom boundary layer parameterisation of the model
(Beckmann & Döscher, 1997). Because of this bottom boundary parameterisation, the plastic tracers can be seen “radiating” outward away from
the coastline, as they continue to be transported until they reach the deepest areas of sea ﬂoor. This is particularly apparent in the Indian Ocean,
with a complete lack of plastic accumulation along the Ninety East
Ridge, which rises to between 1,500 and 2,000 m above the surrounding
sea ﬂoor (Bowin, 1973).
3.2.2. Sensitivity Experiments
As expected, the introduction of a parameterisation of sedimentation has
more of an impact on the negatively buoyant plastic components than on
the positively buoyant components. There is a reduction in the total global
plastic load in the ocean of 95% and 84% in the 90 and 30 m year−1 piston
velocity sensitivity experiments. The North Paciﬁc and Indian oceans are
the basins most affected with the introduction of a piston velocity
(Figures 4 and 10). Unsurprisingly, for the experiment with the higher
Figure 9. Accumulation of negatively buoyant plastics (PVC, PS, PET, and
sedimentation rate of 90 m year−1, the plastic components do not spread
PUR) after a 50 year simulation in the control experiment. Shown is the
plastic concentration relative the global average concentration of plastics.
as far away from the coastlines in comparison to the experiment with
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−1

Figure 10. Vertical proﬁle of negatively buoyant plastics (PVC, PS, PET, and PUR) (black line = control simulation, red dashed line = 90 m year simulation, and
−1
blue dashed line = 30 m year simulation)—(a) North Paciﬁc, (b) South Paciﬁc, (c) North Atlantic, (d) South Atlantic, (e) Indian, (f) Arctic, (g) Southern Oceans,
and (h) Mediterranean Sea (NB = differing scales). Shown is the basin averaged plastic volumetric concentration normalized by the global average.

the lower sedimentation rate of 30 m year−1 and the control experiment, which is evident when comparing
the plastic ﬂux into the “sediments” at the sea ﬂoor (Figures 11a and 11b).
Plastic sedimentation tends to be large near shallow coastal areas. This is particularly evident along the east
coast of South America, the west and south coast of Africa, within the coastal regions of Southeast Asia, and
in the Indian Ocean (Figures 11a and 11b). This removal also occurs once the plastics reach the deep ocean,
which can be seen in the Indian Ocean and in the Guinea Basin, as well as a number of other regions. The
plastic ﬂux in Southeast Asia and the Indian Ocean suggest that these are likely “hot spots” for plastic debris
within the sediments. It has been suggested that there may be up to 4 × 109 microplastic ﬁbers per square
kilometer within the Indian Ocean, which would total approximately 1.4 × 109 metric tons in the Indian
Ocean alone, based on an average ﬁber mass of 0.05 g (Coppock et al., 2017; Morét‐Ferguson et al., 2010;
Woodall et al., 2014). The Bohai Sea is the site of largest sedimentation ﬂuxes in the ocean. Although there
are very few empirical data for the Bohai Sea region, recent estimates of average microplastic abundances of
171.8 items per kg of dry weight sediment, comparable to abundances in harbor sediments in Belgium (Zhao
et al., 2018).
The ﬂux of plastics into the sediments in the Arctic Ocean is very pronounced in Figure 10f, with a reduction
to near zero in both of the sensitivity experiments. This ﬂux is focused in the Norwegian and Barents seas, as
seen in Figures 11a and 11b. The relative paucity of plastics in the Arctic in these sensitivity experiments can

Figure 11. Flux of negatively buoyant plastics (PVC, PS, PET, and PUR) into the “sediments” at the end of a 50 year simulation, relative to the average global ﬂux of
−1
−1
plastics into the “sediments” per unit area with (a) 90 m year piston velocity and (b) 30 m year piston velocity.
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Figure 12. Difference between the concentration of negatively buoyant plastics (PVC, PS, PET, and PUR) in the control simulation and the sensitivity simulation
−1
−1
with (a) 90 m year piston velocity and (b) 30 m year piston velocity after a 50 year simulation, relative the global average concentration of plastics.

also be observed in Figure 12a and 12b. Extensive sampling by Cózar et al. (2017) has conﬁrmed high concentrations of plastic fragments in the northern and eastern areas of the Barents and Greenland Seas, with a
scarcity or absence of plastic pollution in other areas. Further sampling within the Barents Sea (south of
Svalbard) by Buhl‐Mortensen and Buhl‐Mortensen (2017), estimates that based on mean offshore litter density, a conservative quantiﬁcation of the total plastic litter in the Barents Sea alone would amount to approximately 80 million metric tons. Considering the high plastic concentrations observed and global circulation
patterns, the Arctic Ocean has been proposed as a potential “dead end” for plastic pollution (Cózar et al.,
2017). If this is the case, it is to be expected that much of the plastic pollution imported into the Arctic would
eventually be transported downward through the water column, suggesting that the Arctic sediments would
also likely be a sink for plastic pollution. Continued observations at the HAUSGARTEN observatory, at
about 2,500 m depth, in the eastern Fram Strait have shown that levels of litter at the seaﬂoor in the
Arctic have been increasing from 2002 to 2014 (Bergmann & Klages, 2012; Tekman et al., 2017), with mean
litter densities of 6,566 items km−2 in the HAUSGARTEN area in 2014. These levels are comparable to litter
densities in the Lisbon Canyon, in close proximity to Lisbon, a heavily populated city (Mordecai et al., 2011).
3.3. Neutrally Buoyant Sensitivity Simulation
A separate experimental simulation with neutrally buoyant plastics, that is with no rise velocity so that they
behave as entirely passive tracers, was conducted. The results from this simulation show an almost ubiquitous distribution of neutrally buoyant plastics after 50 years of integration (Figure 13), with only some areas
of the Southern and Arctic oceans with negligible plastic pollution. The Mediterranean Sea and Southeast
Asia (particularly the Sea of Japan and Yellow Sea) show particularly high accumulations of these neutrally
buoyant plastics, as well as the North Paciﬁc and Indian Ocean to a lesser extent (Figure 13).
The neutrally buoyant plastics are present at all depths in the ocean, notably above 3,500 m, although there
are substantially more of these plastics within the top 1,000 m in comparison to from 1,000 to 4,000 m
(Figures 14a–14h). The North Atlantic, Arctic, Mediterranean, and Sea of Japan are the areas in which large
quantities of neutrally buoyant plastics reach the deep water. These are all areas of deep water formation and
with sizeable concentrations of plastics near the surface, which results in plastics drawn down into the deep
ocean by vertical convection in the model. Plastics in surface waters from the North Atlantic may be transported into the Mediterranean, before sinking in the east, forming the Mediterranean Intermediate Water.
Mediterranean Intermediate Water circulates westward, spilling over into the North Atlantic at depth and
can be recognized at depths of around 1,000–1,200 m in the northern areas of the North Atlantic (Bryden
& Stommel, 1984; Millot & Taupier‐Letage, 2005). This is visible in Figure 13, as plastic components can
be seen being ﬂowing out of the Strait of Gibraltar.
The diffusion of positively, neutrally and negatively buoyant plastics is shown in Figures 15a–15c, as the global average concentration per depth (in tons km−3) over the 50 year simulation period. The positively buoyant plastics are heavily concentrated within the top 100 m by the end of the 50 years, with visible seasonal
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Figure 13. Accumulation of neutrally buoyant plastics after a 50 year simulation in the control experiment. Shown is the
plastic concentration relative to the global average concentration of plastics.

cycles of downward mixing and upwellings drawing the plastics down to depths of between 200 and 300 m
(Figure 15a). The neutrally buoyant plastics diffuse rapidly over 50 years down to the permanent
thermocline at depths of nearly 1,500 m, with the highest concentrations within the top 200 m
(Figure 15b). For the negatively buoyant plastics, there are a number of different depths of accumulation;
at the near surface, where the plastics settle around the coastlines (as can be seen in Figure 9), a slight
accumulation between 1,500 and 2,000 m on the continental slopes, and two higher concentration
accumulations at 3,500–4,000 m and around 4,500 m, where the plastics settle on the deep ocean ﬂoor
(Figure 15c), which can be correlated with the hypsometry of the ocean (Figure 15d). Given the extent to
which these neutrally buoyant plastics have been shown to be transported, it may be appropriate to
include a category of neutrally buoyant microplastics and nanoplastics in future modeling work,
especially since, as we have argued, microplastics are essentially neutrally buoyant.

Figure 14. Vertical proﬁle of neutrally buoyant plastics—(a) North Paciﬁc, (b) South Paciﬁc, (c) North Atlantic, (d) South Atlantic, (e) Indian Ocean, (f) Arctic, (g)
Southern Ocean, and (h) Mediterranean Sea (NB = differing scales). Shown is the basin averaged plastic volumetric concentration normalized by the global average.
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and (d) the global hypsometry of the ocean.
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) of (a) positively buoyant, (b) neutrally buoyant and (c) negatively buoyant plastics over a 50 year simulation,

4. Conclusions
This is the ﬁrst model to use an Eulerian formulation of plastic dispersion in the world's ocean, including a
range of both positively and negatively buoyant plastic types. It is also the ﬁrst to take into account the whole
water column and apply a representation, admittedly crude, of the removal of plastics into the ocean sediments. With up to 70% of plastic debris entering the marine environment being negatively buoyant, it is
important to include at least one negatively buoyant plastic component when modeling the distribution of
marine plastic pollution. The inclusion of these negatively buoyant plastics reveals that there is likely widespread, high accumulation of plastics within coastal areas and in the deepest parts of the sea ﬂoor. While the
sedimentation parameterisation developed in the simulations of this study was merely exploratory, it suggests that the sediments are likely to be a substantial sink for negatively buoyant plastic debris. Plastic particles have been found in sediments from the Arctic to the Mariana Trench, suggesting that plastics are most
likely present ubiquitously within the ocean sediments. Sampling efforts need to be increased in order to
more thoroughly map the distribution of plastics in sediments and also to provide accurate estimations of
the levels the plastics reach to aid model veriﬁcation.
There are a number of ways in which this model could be improved upon. Most pressingly, the improvement
of plastic‐sediments interaction and the inclusion of biological and physical‐chemical processes that affect
plastic once it enters the marine environment, such as biofouling and degradation over time. Laboratory
or in situ research into these processes to provide accurate timescales and density changes for inclusion in
model simulations would provide a more realistic representation. Eriksen et al. (2014) included a range of
plastic particle sizes (from small microplastics to macroplastics) in their model, displaying the difference
in modeled particle density and plastic mass distributions. However, once again these plastic particles only
accounted for the ﬂoating portion of marine plastic debris. As discussed, microplastics and nanoplastics may
in practice become neutrally buoyant, with the potential to disperse within the water column as virtually
neutral passive tracers, completely at the will of ocean currents and turbulence. Therefore, the inclusion
of a neutrally buoyant microsized to nanosized plastic component will be necessary in future
modeling work.
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Progress is being made toward standardization of methodologies in marine plastic sampling, separation and
quantiﬁcation, through a variety of projects and institutions. However, the difﬁculty in comparing the
results from the present study to modeling research conducted in the past highlights the need for standardization within the ﬁeld of marine plastic modeling as well as with plastic sampling methods.
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