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Plastic pollution in the aquatic environment has been assessed for many years by ocean waste
collection expeditions around the globe or by river sampling. While the total amount of plastic
produced worldwide is well documented, the amount of plastic found in the ocean, the distribution
of particles on its surface and its evolution over time are still the subject of much debate. In this
article, we propose a general fragmentation model, postulating the existence of a critical size below
which particle fragmentation becomes extremely unlikely. In the frame of this model, an abundance
peak appears for sizes around 1mm, in agreement with real environmental data. Using, in addition,
a realistic exponential waste feed to the ocean, we discuss the relative impact of fragmentation and
feed rates, and the temporal evolution of microplastics (MP) distribution. New conclusions on the

temporal trend of MP pollution are drawn.
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I. INTRODUCTION

Plastic waste has been dumped into the environment
for nearly 70 years, and more and more data are be-
ing collected in order to quantify the extent of this pol-
lution. Under the action of degradation agents (UV,
water, stress), plastic breaks down into smaller pieces
that gradually invade all marine compartments. If the
plastic pollution awareness initially stemmed from the
ubiquitous presence of macro-waste, it has now become
clear that the most problematic pollution is “invisible”
i.e. due to smaller size debris, and the literature explor-
ing microplastics (MP, size between 1 pm and 5 mm)
and nanoplastics (NP, size below 1 pm) quantities and
effects is rapidly increasing. The toxicity of plastic par-
ticles being dependent on their sizes and concentrations,
it is crucial to know these two parameters in the natu-
ral environment to better predict their impacts. While
the total amount of plastic produced worldwide is well-
documented [1], the total amount of plastic found in the
ocean and its time evolution are still under debate: while
many repeated surveys and monitoring efforts have failed
to demonstrate any convincing temporal trend [2], in-
creasing amounts of plastic are found in some regions,
especially in remote areas, and a global increase from ca.
2005 has been suggested [3]. In terms of particle sizes,
a lot of efforts have been devoted to collect and accu-
rately identify smaller and smaller MP, leading to the
conclusion that MP smaller than ca. 300 ym were more
numerous than larger MP [4-6].

The purpose and originality of this paper is to explain
in a global manner the observed size distribution of par-
ticles floating in the oceans. Indeed, this distribution
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exhibits, in our opinion, some very specific features that
were pointed out in a previous paper [7]. It is impor-
tant to note that these features are common to all pa-
pers reporting particle size data |46, [8-17]: when brows-
ing the sizes from the largest to the smallest the parti-
cle abundance increases, first following closely a power-
law, but the increase in the number of particles then
slows down and an abundance (broad) peak is observed
around 1 mm [&; [11, [12]. Between 1 mm and approx-
imately 150 um, the number of particles is reported to
decrease. The abundance increases again from approxi-
mately 150 pm down to 10 pm, with an amount of small
MP which is about two orders of magnitude larger than
what is found around 1 mm [4, |5]. While such a de-
scription of the available data may appear as qualitative
only, owing to the difficulty of comparing data for large
and small MP collected over the years in different places
and with different methods, we give in Section [IIl below
arguments supporting our analysis in quantitative terms.

To the best of our knowledge, the physical reason [1,
18] for the existence of two rather different size distribu-
tions for microplastics (small MP < 150 pm, large MP
between 1 and 5 mm) is that there are two rather dif-
ferent fragmentation pathways: ) bulk fragmentation
with iterative splitting of one piece into two daughters
for large MP, and ii) delamination and disintegration of
a thin surface layer (around 100 pm depth) into many
smaller particles for small MP. This description does how-
ever not explain the deficit of microplastics in the size
range extending from =~ 150 ym to 1 mm. Early au-
thors attempted to describe the large MP distribution
by invoking a simple iterative fragmentation of plastic
pieces into smaller objects, conserving the total plastic
mass |8, 10, 11, 13, [17, [19+21], in accordance to path-
way 4). These models lead to a time-invariant power-
law dependence of the MP abundance with size (refer to
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Supplementary Information [ATl for an elementary ver-
sion of such models), which is in fair agreement with
experimental observations for large MP. However, they
fail to describe the occurrence of an abundance peak and
the subsequent decrease of the number of MP when go-
ing to smaller sizes. Various mechanisms such as sink-
ing to the ocean floor, ingestion by marine organisms,
mesh size of the collecting devices, etc. have been invoked
to qualitatively explain the absence of particles smaller
than 1 mm. Very recently, two papers have addressed
this issue using arguments related to the fragmentation
process itself. Considering the mechanical properties of
a one-dimensional material (flexible and brittle fibers)
submitted to controlled stresses in laboratory mimicking
ocean turbulent flow, Brouzet et al [22] have shown both
theoretically and experimentally in the one-dimensional
case that smaller pieces are less likely to break. Aoki
and Furue [23] reached theoretically the same conclusion
in a two-dimensional case using a statistical mechanics
model. Note that both approaches are based on the clas-
sical theory of rupture, insofar as plastics fragmenting at
sea have generally been made brittle by a long exposure
to UVs.

In this paper, we only explore the fragmentation path-
way i), and ignore the delamination pathway i), since the
delamination process produces directly very small plastic
pieces (below typically 150 um |7,118]). Regardless of the
fracture mechanics details i.e. the specific characteristics
of the plastic waste (shape, elastic moduli, aging behav-
ior) and the exerted stresses, we postulate the existence
of a critical size below which bulk fragmentation becomes
extremely unlikely. Since many of the microplastics re-
covered from the surface of the ocean are film-like ob-
jects (two dimensions exceeding by a large margin the
third one) like those coming from packaging, we con-
struct the particle size distribution over time based on
the very idea of a universal failure threshold for breaking
two-dimensional objects. A very simple hand-waving ar-
gument from every day’s life that illustrates this breaking
threshold, is that the smaller a parallelepipedic piece of
sugar is, the harder it is to break it, hence the nickname
sugar lump model used in this paper. Unlike many pre-
vious models, which made the implicit assumption of a
stationary distribution, we explicitly described the tem-
poral evolution of the large MP quantity (see Sections [I]
and [A]). Moreover, injecting a realistic waste feed into
the model, we discussed the synergistic effect of feeding
and fragmentation rates on the large MP distribution, in
particular in terms of evolution with time, and compared
to the field data in Section [[IIl

II. FRAGMENTATION MODEL WITH
THRESHOLD

The sugar lump iterative model implemented the two
following essential features: a size-biased probability of
fragmentation on the one hand, and a controlled waste

feed rate on the other hand. Initially, a constant feeding
rate was used in the model. In a second step, the more
realistic assumption of an exponentially growing feeding
rate was introduced and discussed in comparison with
field data (See Section [ITC]).

At each iteration, we assumed that the ocean was fed
with a given amount of large parallelepipedic fragments
of length Linit, width fin¢ and thickness h, where h is
much smaller than the other two dimensions and length
Lipnit 18, by convention, larger than width ;. At each
time step, every fragment potentially broke into two par-
allelepipedic pieces of unchanged thickness h. The total
volume (or mass) was kept invariant during the process.
In addition, we assumed that, if the fragment ever broke
during a given step, it always broke perpendicular to its
largest dimension L: A fragment of dimensions (L, ¢,
h) thus produced two fragments of respective dimensions
(pL,¢,h) and ([1 — p] L, ¢, h), p being in our model a ran-
dom number between 0 and 0.5. Note that, depending on
the initial values of L, ¢ and p, one or both of the new di-
mensions pL and [1 — p] L might become smaller than the
previous intermediate size £: the fragmentation of a film-
like object, at contrast to the case of a fiber-like object, is
not conservative in terms of its largest dimension |11, 22].
Furthermore, in order to ensure that the fragment thick-
ness h remained (nearly) constant all along the fragmen-
tation process, p values leading to pL or (1 — p) L signif-
icantly less than h were rejected in the simulation. This
obviously introduced a short length scale cutoff, in the
order of h, and a limiting, nearly cubic, shape for the
smaller fragments (an “atomic limit”, according to the
ancient Greek meaning).
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FIG. 1: Breaking probability of a fragment as a function
of the largest dimension L. The vertical dashed line
indicates the threshold, here chosen as L. = 100h

A second length scale, L., also entered the present
model, originating in the mechanical sugar lump ap-
proach, described heuristically by means of a breaking
efficiency £(L) sigmoidal in L. For the sake of conve-
nience, this efficiency was built here from the classical
Gauss error function. It was therefore close to 1 above
a threshold value L. (chosen large enough compared to
h) and close to 0 below L.. A representative example is
shown in Fig. [ with L./h = 100. Note that throughout



this paper, all lengths involved in the numerical model
are scaled by the thickness h.

Qualitatively speaking, this feature of the model means
that when the larger dimension L is below the threshold
value L., fragments will “almost never” break, even if
they have not reached yet the limiting (approximately)
cubic shape of fragments of size ~ h. For the sake of sim-
plicity, the threshold value was assumed not to depend
on plastic type or on residence time in the ocean, con-
sidering that weathering occurred from the moment the
waste was thrown in the environment and quickly ren-
dered all common plastics brittle. A unique L. was thus
used for all fragments.

Technical details about the model are given in supple-
mentary information [Al

III. RESULTS AND COMPARISON WITH
FIELD DATA

In this whole section, we discuss the results obtained
with the sugar lump model and systematically compare
with what we called the standard model |8, 10, [11], that
is to say the case where fragments always break into two
(identical) pieces at each generation, whatever their size.

Whenever possible and meaningful, we also compare
our results with available field data. Therefore, one needs
to assign a numerical correspondence between the phys-
ical time scale and the duration of a step in the iter-
ative models. The fragmentation rate of plastic pieces
can be assessed using accelerated aging experiments [24-
26]. The half-life time, corresponding to the time when
the average particle size is divided by 2, has been found
around 1000 hours, which roughly corresponds to one
year of solar exposition [26]. Hence, the iterative step t
used in all following sections can be considered to be in
the order of one year. For typical plastic film dimensions,
it is reasonable to assume that the thickness h is between
10 and 50 pm, and the initial largest lateral dimension
Liyit is in the range of 1 to 5 cm. These characteristic
lengths, together with the other length scales involved in
this paper are positioned relative to each other in Fig.

A. Evolution of the size distribution and of the
total abundance of fragments with time

The size distribution of plastic fragments over time is
represented in Fig. 3] for the sugar lump and confronted
to the standard model size distribution. The origin of
time corresponds to the date when the very first plastic
waste was dumped into the ocean.

According to the standard model (see Eq. (A%]), Sec-
tion [AT)), the amount of particles as a function of their
size follows a power law of exponent —2 which leads to a
divergence of the number of particles at very small size
(dotted line in Fig Bl). For large MP, the prediction

of the sugar lump model was broadly similar, i.e. fol-
lowing the same power law. By contrast, the existence
of a mechanism inhibiting the break of smaller objects,
as introduced in the sugar lump model, did lead to the
progressive built of an abundance peak for intermedi-
ate size fragments due to the accumulation of fragments
with size around L. (see Section [A33] for details). More-
over, the particle abundance at the peak increased with
time while the peak position shifted towards smaller size
classes. This shift was fast for the first generations, and
then slowed down when time passes: The inset in Fig. 3]
showed how the existence of a breaking threshold signifi-
cantly slowed down the production of very small particles
compared to the standard model. As can be observed
from the inset in Fig. Bl the peak position L;};ak, around
L., decreased in a small range typically between 1.5L,.
and 0.5L. for time periods up to a few tens of years.

Let us now discuss the comparison to the experimental
data. A sample of various field data from different au-
thors 4,18, (10, 11, (17, 27] is displayed in Fig. [ In order
to obtain a collapse of the data points for large MPs, a
vertical scaling factor has been applied, since abundance
values from different sources can not be directly com-
pared in absolute units. The two main features of these
curves are: A maximum abundance at a value of a few
millimeters (indicated by a gray arrow), and the collapse
of the data points onto a single 1/L? master curve (in-
dicated by a dashed line). Note that data from Ref. |4]
(black triangles) which is, to the best of our knowledge,
the only data allowing a direct comparison of the amount
of MP over the whole range of sizes from 10 to 10* um,
also demonstrates these features: After a small abun-
dance peak followed by a decrease, one observes another
increase when going to smaller sizes, as described in the
introduction. This high population of small MP is most
probably the result of delamination processes, which are
not addressed here.

The threshold value L. is presumably defined by the
energy balance between the bending energy required for
breaking a film and the available turbulent energy of the
ocean. The bending energy depends on the film geom-
etry and on the mechanical properties of the weathered
polymer. As shown for a fiber by Brouzet et al |22, 28|,
the threshold L. is proportional to the fiber diameter d
and varies as

E1/4
4
(pne)/®

where F is the Young modulus of the brittle polymer
fiber, p and 7 are the mass density and viscosity of wa-
ter, € is the mean turbulent dissipation rate and k is a
prefactor in the order of 1. In two dimensions, the ex-
pression for the threshold L. is more complex, since it
depends both on the width ¢ and thickness A of the film.
However, based on 2D mechanics, one can show that the
order of magnitude and h-dependency for L. remain the
same as in 1D, while the prefactor slightly varies with
{. Reasonable assumptions on film geometry, mechanical

L.=k (1)



FIG. 2: Characteristic length scales: film thickness h, mesh size Lyesh, breaking threshold L., predicted peak
position in the size distribution of fragments Lg;ak, and largest lateral initial dimension of fragments Li,i;. Values
h =30 pm and Ly, = 3 cm have been chosen for being typical values. A mesh size Lyesy = 330 pm is
representative of neuston or manta nets used for collecting plastics debris. The peak position Lg;ak actually depends
on time, and may become smaller than the threshold length L. as fragmentation proceeds.
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FIG. 3: Evolution of the size distribution of fragments over time for a chosen threshold value L./h = 100. For
clarity, the number of fragments N as a function of fragment size L/h is shown from ¢ = 10 (e) to t = 40 (A), every
two time steps. The dotted line represents—in the standard model-the expected size distribution. Inset: Variation of

the peak position Lg}eak with time, the continuous line being merely a guide to the eyes. The dashed line is the

exponentially-decaying evolution of the smallest size reached at a given time ¢ in the standard model.

properties of weathered brittle plastic and highly turbu-
lent ocean events, such as made by Brouzet et al. |22]
allowed us to evaluate that L./h ~ 100. For films of typ-
ical thicknesses lying between 10 and 50 pm, this gave a
position of the peak between 1 and 5 mm in good agree-
ment with the field data represented in Fig. dl It would
be delicate to refine more since plastic waste in the envi-
ronment exhibits a large range of mechanical properties

due to their various chemical nature (including oxidation
state), macromolecular architecture, the presence of in-
organic fillers, etc.

It is also interesting to discuss the power law exponent
value exhibited by both standard and sugar-lump models
at large MP sizes. In time-invariant models, the theoret-
ical exponent actually varies with the dimensionality of
the considered objects (fibers, films, lumps) ranging from
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FIG. 4: Re-scaled size distribution of fragments A/,. as a function of their largest dimension L from various field
data: ¥—Poulain, Mercier et al. |4]; O-Eriksen, Lebreton et al. [10]; B-Cozar, Etchevarria et al. |8]; V—ter Halle,
Ladirat et al. |11]; e—Tokai, Uchida et al. [L7]; o-Isobe, Uchida et al. |27]. The two straight lines, dotted and dashed,
are guides for the eye describing a 1/L? scaling law.

—1 (fibers) to —3 (lumps). As expected, when the ob-
jects dimensionality is fixed, the value —2 observed in
Fig. B for the sugar-lump model is due to the hypothesis
of film-like pieces breaking along their larger dimension
only, keeping their thickness constant. In the same way,
regarding the laboratory experiments performed on glass
fibers [22], the large MP distribution is compatible in
the long-time limit with the expected —1 power law [29].
Coming back to the field data as displayed in Fig. [, one
can note that for large MP all data points collapsed onto
a single 1/L? master curve. This suggests that either
most collected waste comprises film-like objects breaking
along their larger dimension only, or, perhaps more likely,
that one collects a mixture of all three types of objects
leading to an “average” exponent, obviously lying some-
where between —1 and —3, that turns out to be close to
—2.

The total abundance Mo of fragments (all sizes in-
cluded) as a function of time was represented in Fig.
for both the sugar lump and standard models. In the
latter case, the abundance was simply described by an
exponential law: N = [2¢71 — 1JMVy when the ocean
was fed by a constant number Ay of (nearly identical)
large fragments per iteration (Eq.[A2] Section[AT]). The
sugar lump model predicted a time evolution which de-
viates from the standard model prediction: The increase
of total abundance slowed down with time, due to the
hindering of smaller fragments production, and the effect

was all the more pronounced for larger threshold parame-
ters L., as could have been expected. In the realistic case
where L./h = 100, the increasing rate of fragments pro-
duction became very small for the largest feeding times,
as can be observed in Fig. B which showed that the num-
ber of MP would be multiplied every ten years by only
a factor 2, compared to a factor of 1000 in the standard
model. These theoretical results might explain why no
clear temporal trend is observed in the field data [2].

B. Role of the mesh size on the size distribution
and on its temporal evolution

If one wants to go further in confronting models to
field data, one needs to take into account that the exper-
imental collection of particles in the environment always
involves an observation window, and in particular a lower
size limit Lyegn, €.9. due to the mesh size of the net used
during ocean campaigns. The very existence of a lower
limit leads to the appearance of transitory and steady-
state regimes for the temporal evolution of the number
of collected particles, as will be shown below.

In the standard model case, when the feeding and
breaking process started, larger size classes were first
filled, while smaller size classes were still empty (Fig. [T}
Section [AT]). As long as the smaller fragments produced
by the breaking process were larger than the lower size
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FIG. 5: Total amount of fragments in the ocean (reduced units) as a function of time ¢ (i.e. number of iterative
steps. One step approximately corresponds to one year), for different values of the size threshold L.: L. = 100h—o;
L.=30h-M; L, = 10h-V; L. = 3h—A. Dashed line: standard model. A value Ny = 30 has been chosen here

limit Lpesh of the collection tool, the number of collected
fragments increased with time, de facto producing a tran-
sitory regime in the observed total abundance. The size
of the smaller fragments reached Ly,es, after a given num-
ber of fragmentation steps corresponding to the duration
of the transitory regime:

tc ~ 2 ln(Linit/mesh)/ In2 (2)
where Liyjt is the initial largest dimension of the plas-
tic fragments released into the ocean. From this time
onward, both the size distribution and total number of
collected fragments in the observation window no longer
changed. Even though the production of fragments
smaller than L,esn continued to occur, as well as the
continuous feeding of large-scale objects, one therefore
observed a steady-state regime. This was illustrated in
Fig.[d for two different values of the mesh size Lyesn (full
symbols e and H).

For the sugar lump model case, one needed to also
consider the size threshold length scale L., below which
fragmentation is inhibited. When L. was much smaller
than Lesh, the threshold length L. was not in the ob-
servation window, hence the analysis was the same as in
the standard case. At contrast, when L. was close to
Lmesn or larger, the transitory regime was expected to
exhibit two successive time dependencies. This behavior
was displayed in Fig. [l (empty symbols o and OJ) for the
same mesh size values as in the standard model for com-
parison. At short times, since the smaller fragment size

had not reached yet the breaking threshold L., the num-
ber of collected fragments followed the same law as in
the standard case. When the smaller fragments got close
to the size L., however, the inhibition of their breaking
created an accumulation of fragments around L., hence
the abundance peak. As a consequence, the increase in
the total number of fragments slowed down. Since the
abundance peak position shifted towards smaller values
with time (Fig. Bl inset) albeit slowly, a final stationary
state should be observed when the abundance peak posi-
tion became significantly smaller than Lyesn. As shown
in Fig. [6 this occurred within the explored time win-
dow for large Liesh (0), but the stationary state was not
observed for small Lyesn (O), presumably because our
simulation had not explored times large enough. When
the steady-state regime was reached, the number of frag-
ments above Lyesh, ¢-€. likely to be collected, remained
constant with a value larger than that of the standard
model, due to the overshoot induced by the accumula-
tion on the right-hand side of the peak.

Let us recall that the characteristic fragmentation
time, defined as the typical duration for a piece to break
into two, has been evaluated at one year. In the case
of the standard model, this meant that the size of each
fragment was reduced by a factor 30 in about 10 years.
Therefore, starting with debris size of the order of a cen-
timeter, small MPs of typical size the mesh size (330 um
in Fig. 2)) would be obtained within 10 years only. Thus,
10 years correspond to the duration of the transitory
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regime t. established in Eq. (@) and the oceans should
be by far in the steady-state regime since the pollution
started in the 1950’s. It is however no longer contro-
versial nowadays that the standard (steady-state) model
fails to describe the size distribution of the field data.
On the contrary, the sugar lump model predicted the ex-
istence of an abundance peak, in agreement with what
was observed during collection campaigns. This peak is
due to the accumulation of fragments whose size is in the
order of the breaking threshold L.. As discussed in sub-
section [[ITAl the failure threshold L. could be soundly
estimated to lie between 1 and 5 mm. Comparison with
field data then corresponded to the case where L. was
about ten times larger than the mesh size Lyesh. As just
shown in Fig. [ this implied a drastic increase of dura-
tion of the transitory regime, that could be estimated to
be above 100 years. These considerations lead us to the
important conclusion that one is still nowadays in the
transitory regime. Moreover, the sugar lump model also
implies that the total abundance is correctly estimated
through field data collection, i.e. that it is not biased by
the mesh size. Because the peak position slowly shifted
towards smaller sizes, the mesh size would eventually play
a role, but at some much later point in time. Finally, let
us recall that this paper did not take into account de-
lamination processes, so the previous statement is only
true for millimetric debris, that is to say debris produced
through fragmentation, and that micrometric size debris

might exhibit a completely different behavior, being in
addition much more numerous.

C. Constant versus exponential feeding

In the results discussed in Section[[TTAl it was assumed
that the rate of waste feeding in the ocean is constant
with time. However, it is common knowledge that the
production of plastics has increased significantly since the
1950’s. Geyer et al |30] show that the discarded waste
follows the same trend. Data from the above-quoted ar-
ticle has been extracted and fitted in Fig. [ and Fig. B
with exponential laws N = Ny(1 + 7)%, where T repre-
sents an annual growth rate, of plastic production and
discarded waste respectively. For plastic production, the
annual growth rate is found about 16% until 1974, the
year of the oil crisis, and close to 6% after 1974 with,
perhaps, an even further decrease of the rate in the re-
cent years. Not unexpectedly, the same trends are found
when considering the discarded waste, with growth rates,
respectively, 17% and 5%. In order to discuss now the
effects of an increasing waste feeding in the ocean, we
injected for simplicity a single exponential with an inter-
mediate rate of 7% in the two models.

When comparing this feeding law and the standard
fragmentation law [2/T! — 1]Aj, one easily concluded
that the total number of plastics items in the ocean was
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mainly determined by the fragmentation rate, regardless
of the feeding rate. In order to verify what happens in
the case of the sugar lump model, where the fragmenta-
tion process was hindered, the size distributions for both
feeding hypotheses were numerically compared in Figs.
and Q0] respectively after 14 and 40 years. It could be ob-
served that at short times, the size distribution was very
little altered by the change in feeding. At longer times, a
significant increase of the amount of the largest particles
could be observed, while the amount of small particles
was increasing much less. Besides, the size position of
the abundance peak was almost not shifted.

The total amount of fragments was represented in
Fig. 0Q for the standard and sugar lump models for the
two feeding cases considered. For exponential feeding,
the sugar lump model still predicted a significant decrease
in the rate of fragment generation over time, whereas one
could have thought that exponential feeding could cancel
out this slowdown. The conclusions drawn above, Sec-
tion [[II'B] therefore remained valid in the more realistic
case of an exponential feeding.

Finally, one should keep in mind that, if the feeding

rate is a reasonable indicator of plastic pollution, since
it describes the evolution over time of the total mass of
plastics present in the ocean, it is not enough to prop-
erly describe plastic pollution. For a given mass, the
number—hence size—of particles produced is the major
factor in assessing potential impacts. Indeed, the smaller
the size the larger the particles number concentration, the
larger their specific area hence their adsorption ability
and the larger the ensuing eco-toxicity. It was shown here
that the mass of waste roughly doubles every 10 years,
whereas the number of particles doubles every year, mak-
ing fragmentation the main factor driving plastic pollu-
tion and impacts. A lot of studies are devoted to making
a mass balance and understanding the fluxes of plastic
waste |13, 30-32] but, even in the case of a drastic im-
mediate reduction of waste production, plastic pollution
and impacts will affect the ocean life for still many years
to come, due to fragmentation.

IV. CONCLUSION

The generalist model presented here was based on a
few sound physical assumptions and shed new light on
global temporal trends in the distribution of microplas-
tics at the surface of the oceans. The model showed that
the existence of a physical size threshold below which
fragmentation is strongly inhibited, lead to the accumu-
lation of fragments at a given size, in line with what is
observed in the field data. In other words, if one does
collect much fewer particles in the range 150 ym—1 mm
[4], it is because only a few of them is actually generated
by fragmentation at this scale. One would not neces-
sarily need to invoke any other mechanism or bias such
as ingestion by living organisms [33] or the mesh size of
collection nets [14, 116], to explain the field data for float-
ing debris. As a consequence, the observed distribution
does reflect, in our opinion, the real distribution of MPs
at the surface of the ocean, down to 100 pum. Besides,
the sugar lump model implied a slowdown in the rate of
MPs production by fragmentation, due to the fact that
fragmentation is inhibited when particles approach the
threshold size. This may explain the absence of a clear
increase in the MP numbers in different geographical ar-
eas |2].

Two other general facts have been pointed out in this
paper:

e For large MP, the predicted size distribution fol-
lowed a power law, whose exponent depends on the
dimensionality of the object (-1 for a fiber, -2 for
a film and -3 for a lump). It is therefore worth
sorting out collected objects according to their ge-
ometry, as it is done for instance when fibers are
separated from 2D objects |16]. It is however inter-
esting to note that, when the objects are not sorted
in this way, an “average value” -2 is found for the
exponent.
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FIG. 9: Comparison of the size distributions of fragments N for the two feeding modes : e exponential feeding, o
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e The model took into account an exponentially- plastic production since the 1950’s and found that
increasing waste feeding rate. We have fitted the there is not one but two exponential laws, the



10

10°;

Mot/M)

102.

0 T
10 0 10

20

30 40

Feeding time t

FIG. 10: Total amount of fragments in the ocean (reduced units) as a function of time ¢ (arbitrary units), for
standard (lines) and sugar lump (symbols) models and two feeding hypothesis, namely constant or exponential
feedings. The inflation rate is 0 (empty symbols o or dashed line) or 7% (full symbols B or solid line). For the sugar
lump model, the size threshold is L. = 100h

second one, slower than the first one, being vis-
ible after the oil crisis in 1974. Comparing this
feeding to the exponential fragmentation ratio, we
showed that the number of fragments was mainly
predicted by the fragmentation process, regardless
of the feeding details.

To go further and estimate absolute values of MP con-
centrations in the whole range of sizes, it would be nec-
essary, on one hand, to take into account delamination
in order to get small particles distribution. On the other
hand, one should also be aware of the spatial heterogene-
ity of particles concentration and therefore an interest-
ing development could be to combine fragmentation with
flow models developed for instance in Refs. |32, 134].
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Appendix A: Supporting information

1. Standard model

In this model, as pictorially represented in Fig. [T1]
the ocean is fed at each iteration n with a fixed num-
ber ay of large 2D-like objects, mimicking plastic films.
Neglecting size and shape dispersity for convenience, all
0t'-generation objects are assumed to be large square
platelets of lateral size Lin; and thickness b, with Lin; >
h. Between consecutive iteration steps, fragmentation
produces p**-generation objects, by splitting in two equal
parts (p— 1)th-generation objects, thus generating square
platelets when p is even, but rectangular platelets with
aspect ratio 2:1 for odd p. If size is measured by the
diagonal, a p'"-generation object has size /2Linit/ or/2
(even p) or v/5Linit/2PTY/2 (0dd p). With size classes
described by the number of p’-generation objects at it-
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FIG. 11: Schematics of iterative size classes filling by
the standard model. Horizontal axis, rightwards: size
(or generation) index p; Vertical axis, downwards: time
index m. Short horizontal arrows stand for the feeding
process. Wavy arrows stand for the fragmentation
process. The shade of gray represents the weathering of
a given object, that is to say the time spent in the ocean

eration step n, C(n,p), the filling law of size classes is:

C(n,O) = Qo
C(n,p) = 0 ifp>n (A1)
C(n,p) = 2C(n—1,p—1) if1<p<n |
C(n,0) = ag
C(n,p) =0
(nvp) = ZC(n—l,p— 1)
(n pmax) = C(TL - 17pmax) + 20(”

As shown by the explicit solution, Eq. (A3]) below, the
last line in this set of equations leads to an accumulation

O(Tl,p) = 2;Da0
O(napmax) -
C(n,p) = 0

associated to a significant (exponential to linear) slowing
down of the cumulative abundance:

Sp = [2Pm (2 41 — Pmax) — 1] ao (A6)

for iteration steps n > Pmax.

) = ap(1+7)"

) 0

) = 2C(n—1,p—1)
)

C(n, Pmax

- 17pmax - 1)

(1 + 1 — pmax) 2P™=aq

= C(n - 17pmax) + 20(” - 1;pmax - 1)
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The set of equations (A is readily solved: C(n,p) =
2Pag for 0 < p < n, and C(n,p) = 0 for p > n. Since size
L scales with generation index p as 277/2, the steady-sate
scaling for the filling of size classes is C' oc L™2.

The cumulative abundance S, =37 C(n,p) at itera-
tion step n is also easily obtained:

Sn = [2""1 = 1] ao (A2)

and displayed as a dashed line in Figs. B and 10

As noticed in Ref. |11] where experimental data and
model predictions are matched together, the standard
model fails for small objects, and this occurs when a
(nearly) cubic shape is reached. Since the typical (lat-
eral) size of p'"-generation objects is ~ Lipni;/2P/2, the
limit is reached for

log Lmlt

DPmax ~ 2 (A3)

log 2
that is to say in about 20 generations with the rough es-
timate Linit/h = 103. The set of equations describing the
size-class filling law has to be altered to take into account
this limit. Assuming for simplicity that pyax-generation
objects cannot be fragmented anymore (“atomic” frag-
ments), this set of equations becomes:

if p>mnorp> pmax
if 1 <p<pmax and p<n
if 7> Pmax

of “atomic” fragments (see also Fig. for a pictorial
representation of this feature)

if 0 <p<n<pmax
if n 2 pmax
for other cases

2. Standard model with inflation

As a first extension of the standard model, inflation
in the feeding of the ocean with large 2D-like objects is
now considered. Taking simultaneously into account the
“atomic” nature of small fragments beyond pp,ax genera-
tions, the size-class filling set of equations (AT has to be
replaced by:

if p>norp> pmax
if 1 <p<pmaxandp<n
ifn>pmax
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FIG. 12: Time-invariant features of the standard model,
as long as the “atomic limit” has not been reached yet.
Symbol keys and time indices: o, n = 10; o, n = 20; V,

n = 40; vV, n = 80. “Atomic” limit reached for
generation index ppax chosen equal to 18

Size classes are now described by C(n,p) =
2 (14+7)"Pag for 0 < p < n as long as the
generation index p remains smaller than ppya.x and
C(ny pmax) =  2Pmex [(1 —|—7')n7p"“‘"‘+1 - 1} ap/T for
N > Pmax- Whereas the filling of the size class associated

As long as the “atomic limit” is not reached, the cumula-
tive abundance exhibits a simpler form, namely:

ao

S, = [ — (14 T)"“] (A9)

1—7
that does not significantly differ from Eq. (A2). The
time-invariant features of the size distribution are never-
theless modified in two respects (see Fig. [[3)):

1. Inflation spoils the strict time-invariant feature pre-
viously observed for the size distribution N (L);

2. A (nearly) time-invariant behavior remains as far
as scaling is concerned, since N o 1/ LY, but v does
depend, albeit rather weakly, on the time index n,
while being significantly smaller than 2. Fitting
data to a power law, an exponent v close to 1.8 is
obtained for inflation 7 = 7%.

3. Sugar lump model

Taking inspiration from the standard model, Sec-
tion [Al at each iteration the ocean is fed with large

12

to “atomic” fragments was linear in n without inflation, it
becomes here exponential. Consequently, the cumulative
abundance, definitely slowed down, remains exponential
in n for n > poax:

1 n—Pmax+1 -1
e 12T a0 (A8)
107 -

FIG. 13: Time-invariant features of the standard model,
taking into account inflation at a 7% yearly rate.
Symbol keys and time indices: o, n = 10; o, n = 20; V,
n = 40; V, n = 80. Superimposed dashed lines: fits to
scaling law N o 1/L" with v ~ 1.8

parallelepipedic fragments of length L, width ¢ and thick-
ness h, where h is much smaller than the other two di-
mensions and length L is, by convention, larger than
width ¢. Some size dispersity is introduced when pop-
ulating the largest size class, by randomly distributing L



in the interval [0.9 Linit, Linit], and £ in [0.7 Linit, 0.9 Linit)
but h is kept fixed. The number of objects feeding
the system can be controlled at each iteration step, and
two simple limits have been investigated: Constant, or
exponentially-growing feeding rates, mimicking two vari-
ants of the Standard model, Sections[A 1] and [A 2] respec-
tively. Size-classes evenly sampling (in logarithmic scale)
the full range of L/h, [1, Linit/h] are populated by sort-
ing into the proper size class the fragments present in the
system. Except for the 0*", initialization step, these frag-
ments are either 0*"-generation fragments just introduced
into the system, obviously belonging to the largest size
class, or g-generation fragments (g > 1) that have been
“weathered” during the time step from step n to step n+1
and then split, with a L-dependent efficiency, into two
smaller fragments. As explained in Section [I] the split-
ting process, albeit random, explicitly ensures the exis-
tence of an “atomic” limit: Fragments belonging to the
smallest size class cannot be fragmented any further. As
tentatively illustrated in Fig.[I4l a special feature of the
model is that generations (g) and size-class (p) indices
have to be distinguished because, at contrast with the
standard model, although for a given fragment a “weath-
ering” event (n — n+1) is always associated to an “aging”
event (g increased by one), it is not always associated to
populating one or two lower-size classes (and simultane-
ously decreasing by 1 the abundance of the considered
size-class) because the splitting process is not 100% effi-
cient. Keeping track of abundances in terms of time (n),
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FIG. 14: Schematics of iterative size classes filling for
the sugar lump model. Horizontal axis, rightwards: size
index p; Vertical axis, downwards: time index n. Short
horizontal arrows stand for the feeding process. Full or

dotted wavy arrows stand for a 100%, or partially
efficient fragmentation process. The shade of gray
represents the weathering (time spent in the ocean) of a
given object. Note that the size threshold for
fragmentation (vertical thick line between size classes 3
and 4) leads to a decoupling between size and age

age (g) and size (p) being computationally demanding for
exponentially-growing populations, our simulations have
been limited to, at most, n = g = 40. The number
of distinct size classes has also been limited to 28, as
this corresponds to the number of size-classes reported
in Ref. [g].
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