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ENVIRONMENTAL STUDIES

Global environmental plastic dispersal under OECD

policy scenarios toward 2060

Jeroen E. Sonke'*, Alkuin Koenigz'3, Théo Segur1, Nadiia Yakovenko'

Recent studies and OECD (organization for economic cooperation and development) reports provide road-
maps to reduce dispersal of mismanaged plastic waste to aquatic environments. Here, we use a coupled land-
ocean-atmosphere model to simulate global plastic and microplastic dispersal for different OECD policy
scenarios toward 2060. We establish a global plastic budget for the year 2015, with revised estimates of the
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total marine plastic pool of 263 teragrams (Tg, million tons), and land to sea plastic transport of 14 Tg per year,
implying four to nine times larger leakage than OECD estimates. Model simulation of two ambitious policy
scenarios show a peak in land to sea transport of total plastics of 23 Tg per year around 2045 and a decrease
thereafter. Environmental concentrations of small microplastics remain high after 2060 due to continuous frag-
mentation of legacy mismanaged waste on land and indicate the need for remediation of legacy terrestrial

plastic waste in policy instruments.

INTRODUCTION

Plastics occupy a central role in the global economy yet cause sub-
stantial damage to ecosystems and human health (I, 2). From 1950
to 2023 humans have produced 10,000 teragrams (Tg, 10'* grams,
millions of metric tons) of fossil fuel-based polymers, an amount
growing at a rate of 3% per year (3). Life cycle analysis has kept track
of the fate of produced plastic polymers, in terms of usage (30%),
waste management by incineration (10%), recycling (5%), landfill-
ing (35%), and mismanagement (20%) (3, 4). Landfilled and mis-
managed, dumped plastic waste slowly fragments to microplastic at
a rate of about 3% per year (5), adding to the substantial (14%) frac-
tion of primary microplastics in waste (6). Both large plastic debris
and microplastics disperse (also called “leaking”) by continental
runoff and wind to pollute natural terrestrial and marine ecosystems
(7) and have been documented across all continents and seas from
mountain tops to ocean trenches (8, 9). Understanding past and fu-
ture fragmentation and dispersal of plastics and microplastics is criti-
cal to determine their health impact on wildlife and humans (10).
Plastic debris entangles aquatic species, and during use, after dis-
posal, and upon ingestion plastics release toxic additives that disrupt
endocrine function and increase risk for disease or disorders (2).
International efforts are underway to curb the impact of plastic pol-
lution, and different environmental policy scenarios have been pro-
posed to limit dispersal (4, 6).

Integrated understanding of global plastics dispersal, however,
has been challenging thus far, with efforts focused on either marine
(11, 12) or terrestrial environments, sometimes in interaction with
the atmosphere (13-15), but rarely addressing coupled biogeo-
chemical cycling of plastics in the Earth surface system (16). Recent
studies on plastics and microplastics in the surface and deep ocean,
in marine sediments, and in the atmosphere have provided critical
information on plastics cycling and dispersal. The amount of buoyant
plastics at the ocean surface, around 2 Tg (12, 17), is just the tip of the
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marine plastics iceberg, with potentially up to 80 Tg of microplas-
tics suspended in the deep ocean (16) and between 120- and 250-Tg
deposited in marine sediments (16, 18, 19). The organization for
economic cooperation and development (OECD) estimate of plastic
waste dispersal to the marine environment is smaller, around 30 Tg
(4), underlining the incomplete understanding of global environ-
mental plastics leakage.

In its 2022 “Global Plastics Outlook: Policy Scenarios to 2060” re-
port (4), the OECD outlined two environmental policy scenarios to
reduce the environmental impacts of plastics: the Regional Action
and Global Ambition. These policy scenarios contrast with the busi-
ness as usual (BAU) base case that projects a tripling of plastic pro-
duction and waste generation by 2060. The Regional Action scenario
is based on improved circularity of plastics and reduced plastic pol-
lution (leakage). Overall plastic production and waste generation
decreases (by taxing use) by 18% compared to BAU, recycling in-
creases to 40%, and the decrease in mismanaged waste and leakage
is mostly driven by improvements in waste management in non-
OECD countries. The Global Ambition scenario is based on rapidly
improved circularity of plastics and reduced plastic leakage in all
countries, including near-zero plastic pollution by 2060. Plastic pro-
duction decreases by 33% compare to BAU, recycling increases to
60% globally, and almost all the increase in demand for plastics can
be met by recycled secondary plastics. In this study, we integrate re-
cent observations on environmental plastics and microplastics in a
global plastic cycling box model, and use the model to simulate
environmental plastics levels in water, soil, sediment and air under
the OECD BAU, Regional Action and Global Ambition scenarios.
We also evaluate the independent “system change scenario” (SCS)
from Lau et al. (6), which, similar to Global Ambition, proposes
forceful but realistic measures to reduce, substitute, recycle, and
dispose of plastics. Compared to the OECD Global ambition sce-
nario, the SCS has a similar increase in recycling rate of more than
50% by 2060 but has twice lower primary plastic production of
440 Tgyear™ ', half provided from recycled plastics. The policy instru-
ments behind all four scenarios rely on taxation of plastic products,
increased recycling and durability, sanitary landfill development,
increased producer responsibility, and financial aid to developing
countries (4).
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RESULTS AND DISCUSSION

Global plastics budget and cycle

The GBM-Plastics v1.1 global box model (file S2) builds on earlier
work (16) and simulates how plastic waste is dispersed through the
terrestrial, marine, and atmospheric environments upon release and
emission. Three broad size classes of plastic waste are included: mac-
roplastic (P, >5 mm), large microplastic (LMP, >0.3 mm and <5 mm)
and small microplastic (SMP; <0.3 mm, implicitly including nano-
plastic). We also use MP to denote the sum of SMP and LMP because
MP is often reported in observational studies. The box model does
currently not consider regional variability and therefore uses globally
averaged values for forcings (plastic production and waste generation
statistics) and for recent environmental plastics observations on land,
in air, and in oceans. In the model, P fragment to LMP and LMP frag-
ment to SMP at a rate of 3 + 1% per year, which is highly simplified
yet in agreement with observed fragmentation rates for common
mismanaged plastic waste (MMPW) objects including bottles, food
containers, and agricultural mulch (5). A rate of 3% per year has also
been found to satisfactorily explain the distribution of macro and mi-
croplastic in marine plastics dispersion models (11, 12). In the box
model, only SMP become airborne, emitted from both oceans and
land. GBM-Plastics is a first order box model, meaning that a plastic
flux, F, out of a reservoir is linearly proportional to the mass, M, of
plastics in the reservoir, i.e., F = k X M. The mass transfer (rate) coef-
ficients, k, are derived for each flux from published observations and
estimates of F and M for the period 2006-2024, from observed deg-
radation or deposition rates, or by fitting.

In GBM-plastics v1.1, we expanded the following features and
parameterizations: Uncertainty analysis is improved with a full
Monte Carlo approach for all main input parameters and forcings.
Terrestrial discarded pools of P, LMP, and SMP are now subdivided
into landfilled and MMPW pools, each receiving 50% of discarded

Global plastics cycle and budget for the year 2015

waste from 1950 to 2015 and variable fractions beyond 2015 (4). We
also integrated the substantial, 45 + 14%, open burning of MMPW
(4, 6). Modeled plastics in sanitary landfills do not leak to their sur-
rounding environment, including oceans, over the timescale consid-
ered in this study (1950-2100). Over longer timescales, the erosion
of landfills may have to be considered (16). GBM-plastics v1.1 model
forcings for 1950-2015 consist of plastic production and waste gen-
eration statistics from Geyer et al. (3), which were also adopted by
the OECD and extended to 2019. The release of primary (intention-
ally manufactured) microplastic to the environment from 1950 to
2015 is scaled to the total MMPW leakage statistics. The fraction of
annual MMPW that is microplastic is taken from Lau ef al. (6) and
is 14 + 3% (1o) and is held constant from 1950 to 2015. The release
of secondary microplastic (both SMP and LMP that are produced by
fragmentation) from 1950 to 2015 and to 2100 follows the first-order
mass transfer relationships, meaning that secondary LMP generation
from P is linearly proportional to the mass of P in a reservoir and
that LMP dispersal is linearly proportional to the slowly accumulating
LMP mass in the same reservoir. For further model details, see
Materials and Methods.

We update our best estimate of the global environmental plastics
cycle for the year 2015 in Fig. 1 (see table S1 for uncertainties).
Where possible, numbers (in black) are based on observations over
the period ~2006-2024 or on published atmospheric modeling re-
sults fitted against observations (see Materials and Methods). Never-
theless, a certain number of plastic pools and fluxes (in red) are
estimated from the GBM-plastics model and need empirical obser-
vations for further comparison. In the global plastics budget (Fig. 1
and Materials and Methods), we adopt a median marine SMP emis-
sion flux of 0.11 Tg year™" [interquartile range (IQR): 0.08 to 2.3;
Table 1) and complete it with a similar consensus estimate of land
SMP emissions of 0.18 Tg year_1 (median, IQR: 0.16 to 0.44; Table 1).
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Fig. 1. Global plastics budget and cycle for the year 2015. Reservoir sizes are shown in teragrams (Tg, million tons), and fluxes in Tg year™ (arrows). Three plastics size
classes are considered: P >5 mm, LMP from 0.3 to 5 mm, and SMP <0.3 mm that can become airborne. Plastic waste is impounded in sanitary landfills, incinerated, or

discarded as MMPW, which is subject to open burning and dispersal to the marine en

vironment. The remote land surface reservoir (soils, rock, glaciers, and deserts) covers

97% of land and is only affected by airborne SMP deposition, re-emission, and runoff. Numbers in black are based on production and waste statistics and on environmen-
tal P and MP observations (over the period 2006-2024). Numbers in red are estimated from the box model simulation. Uncertainties are summarized in table S1.
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Table 1. Microplastic emission estimates from ocean and land. Published marine and land SMP emission flux estimates, and atmospheric SMP burden,

reported as median and IQR values.

Study Marine SMP Method Marine data Atmospheric Upper SMP size Atmospheric Land SMP emis-
emission flux data emitted SMP burden sion flux
Tg/year Hm Tg Tg/year
Brahney et al. (13) 8.6 (0-22) Modeling (CAM) (37) (13) 70 0.0036 0.18
Evangeliou et al. 89+35 Modeling (Flex- (37) (13) 250 0.69
(14) part)
Yang et al. (38) 0.00077 Experiments (37) 70
(0.00003-0.0015)
Fuetal. (15) 0.12(0.035-0.44) Modeling (GEOS- (39) (40) 70 0.00051 0.13
Chem)
Shaw et al. (26) 0.10 (0.02-7.4) Experiments (12) 500
Sonke et al. (16) (8,41) 0.031
Median, IQR 0.11(0.08-2.32) 0.0036 (0.002- 0.18 (0.16-0.44)
(25th-75th) 0.017)

We also adopt a revised global atmospheric SMP burden of 0.0036 Tg
(median, IQR 0.002 to 0.017; Table 1). We previously estimated a
shelf sediment P pool of 51 Tg based on (20). A recent review compiled
published microplastic and mesoplastic data in the range of 10 pm
to 25 mm to estimate a global marine sediment pool of 170 Tg
(>99% P; range of 25 to 900 Tg) (18). Another review estimates the
global marine sediment P pool to be 7 Tg (range of 3 to 11 Tg) from
remote operated vehicle studies and 255 Tg (range of 5 to 571 Tg)
from bottom trawl studies (19). Based on these studies, we derive
a best estimate marine shelf and slope sediment P pool of 110 Tg
(median, IQR: 40 to 191 Tg; Table 2). Surface ocean buoyant P and
LMP pools were previously estimated to be on the order of 0.23 and
0.04 Tg (21). The inclusion of larger plastic debris in the floating
P inventory and the availability of more data have recently produced
10 times larger floating P estimates of 2.3 Tg (17) and 1.9 Tg (12)
(Table 2). Table 3 summarizes surface mixed lagler SMP observa-
tions with a median concentration of 8.5 pg m™—” (IQR: 1.5 to 44),
corresponding to a global surface ocean SMP pool of 0.15 Tg (median,
IQR: 0.03 to 0.79).

Key properties of the 2015 global plastics dispersal budget and
cycle are the following: The substantial mass of plastics, 263 Tg (me-
dian, IQR: 96 to 204) that has polluted the marine environment, rep-
resents 3% of the 8100 Tg of plastics produced since the year 1950.
The subsurface oceanic MP (82 + 27 Tg) and shelf sediment P and
MP (175 Tg, IQR: 60 to 269) reservoirs are substantially larger than
the beached P and MP (1.8 + 1.4 Tg) and surface ocean floating P
and MP pools (2.3 + 0.3 Tg). This implies that surface ocean plastics
are just the tip of the marine plastics iceberg. The large subsurface
ocean and sediment plastic pools also solve the missing marine plas-
tics paradox and constrain the substantial land to sea inputs of P
(56+22Tg year_l), LMP(6.0+ 19T year_l), and SMP (24+09Tg
year™), totaling 13.9 + 3.9 T year™" in 2015, which are required
to explain the 263 Tg of plastics that have accumulated in the ma-
rine environment since 1950. Despite the large amounts of marine
plastic pollution, most MMPW resides on land, in dumps, and dis-
carded on land (discounted for open burning of MMPW), where
it drives dispersion to air and oceans: MMPW on land amounts
to 440 + 130 Tg of P, 260 + 53 Tg of LMP, and 110 + 35 Tg of SMP

Sonke et al., Sci. Adv. 11, eadu2396 (2025) 16 April 2025

in 2015. Managed plastic waste also resides on land, in the form of
the large mass of plastics discarded to landfills, 2100 + 260 Tg of P,
600 + 120 Tg LMP, and 83 + 27 Tg SMP, where it is immobilized
temporarily, but not on millennial timescales (16).

OECD and SCS policy scenarios

Plastic production and waste management statistics at the global
scale are summarized in Fig. 2A, fig. S1A, and file S1 for the four
policy scenarios and include past and projected quantities of plastic
waste that is incinerated, recycled, and discarded (landfilled and
mismanaged). The model is then run from 1950 to 2100, with pro-
duction and waste statistics as external forcing. From 2060 to 2100,
the model forcings are held constant at the 2060 values to illustrate
the long-term plastics cycling dynamics for the different scenarios
toward the end of the 21st century. Simulation results for the OECD
BAU and Global and the SCS policy scenarios are summarized in
Figs. 2 and 3 for key metrics. Figure 2A illustrates the level of policy
ambitiousness in terms of annual plastics production, reaching 1200
(BAU), 810 (Global) and 440 Tg year_1 (SCS) in 2060 compared to
400 Tg year™" in 2015. We recall that total plastics production is the
sum of virgin plastic production and recycled, secondary plastic
production. Figure 2A and fig. S1A show waste management and
end-of-life trajectories, projecting notably a phase out of MMPW by
2060 for the Global and SCS scenarios. Recycling by 2060 is pro-
gressively more ambitious from BAU (18%) to Regional (39%) to
Global (59%) and SCS (53%) scenarios, while incineration stays
around 20% in the three OECD scenarios and 32% in SCS. Figure
2B and fig. S3B track the large amounts of cumulative landfilled
waste and terrestrial MMPW, showing that despite the stabilization
(Regional) or even decrease (Global and SCS) in the total amount
of mismanaged P waste, the quantities of mismanaged SMP waste
keep increasing toward and beyond 2060 due to the continuous
fragmentation of legacy P to LMP and LMP to SMP at a rate of
3% per year.

In the GBM-Plastics model, the increasing cumulative MMPW
pools of P, LMP, and SMP on land “drive” the amount plastics that
are mobilized by runoff to the marine environment (Fig. 2C). The
land to sea P, LMP, and SMP summed fluxes toward 2060 therefore
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Table 2. Plastic and microplastic mass in the marine system. Published marine P, LMP and SMP global pool estimates, in Tg, as median and IQR (25th and
75th percentiles) or mean + SD. Some studies report the sum of LMP and SMP, indicated by MP here. ROV, remote-operated vehicle.

Study Beach Surface ocean

Deep
ocean

Shelf/
slope
sedi-
ment

Shelf/
slope
sedi-

ment

Deep Total marine
sedi-

ment

MP LMP SMP

MP

MP P mP MP P+MP

Sonke 13 0.5 0.23 0.036 0.003

etal. (16)

82

1.0

51 65 149 52 201

Martin

170

etal. (18)
Zhuetal.
- ROV (29)
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Zhuetal.
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255

Kaandorp 1.9 o 0.051 o
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Eriksen 0036
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Eriksen 23

etal (17) .

This study 015

Median/ 13 05 21 o004 015

mean (Tg)

82

1.0 110 65 149 114 263

sD 03 0011

27

002

39 21 56 40

IQR (75th) 032

191 78 207 197 404

Table 3. Surface ocean SMP concentrations. Published marine SMP (<300 pm) concentrations in the mixed layer (50 m) and estimated global pool, in Tg, as

median and IQR (25th and 75th percentiles). N, north; S, south.

Study Basin

Depth, m

SMP, pgm™—> SMP, Tg

Pabortsava and Lampitt (42)
Zhaoetal(43) Sooceotet. s i A
Eoetal (44)
Poulaineral36)

S (45) e
Kanha|etal(46) L
R (47) A —

N-S Atlantic
. SAtIant|c e
 KoreanEastSea
NAtIant|c

Arctic

IQR (75th)

show a continuous increase for BAU (43 Tg year™') and Regional
(30 Tg year™") scenarios and stabilizing fluxes for Global (22 Tg
year™) and SCS (18 Tg year™") scenarios. All of these land to sea
plastics fluxes are larger than the 2015 model reference flux of 14 Tg
year™". When we follow the increasing land to sea input of MMPW
toward 2060, we find that the cumulative amount of floating surface
ocean plastic (Fig. 3D) closely tracks land to sea inputs and therefore
MMPW policy scenarios. This is a direct consequence of the first-
order proportionality of the mass balance equations, where the

Sonke et al., Sci. Adv. 11, eadu2396 (2025) 16 April 2025

10-70m

860

increase in terrestrial MMPW leads to linear increases in land to sea
inputs and surface ocean plastic. Beached P mass keeps growing to-
ward 2060 in BAU and Regional scenarios but stabilizes in Global
and SCS scenarios due to declining land to sea transfer and slow but
continuous fragmentation of beached P to LMP and SMP. The total
amount of marine plastics (P + LMP + SMP, Fig. 3E) increases in all
scenarios from 263 Tg in 2015 to 1500 Tg (BAU), 1300 Tg (Region-
al), 1200 Tg (Global), and 1200 Tg (SCS) in 2060. The primary rea-
son for this continuous increase, despite zero MMPW by 2060 in
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Fig. 2. Model simulations of global plastics dispersal. Four plastics production and waste management scenarios (columns) are simulated from 2016 to 2100: OECD
BAU, OECD Regional Action (not shown here; see fig. S1), OECD Global Action, and the System Change Scenario (SCS) from (6). From 1950 to 2015 all scenarios use produc-
tion and waste management statistics from (3). From 2060 to 2100, the statistics are fixed to the policy scenario end-point values at 2060. For each scenario, the panels
show (A) annual plastic production and waste generation, (B) cumulative MMPW, (C) annual land to sea plastic flux, (D) cumulative floating marine macroplastic, and
(E) cumulative plastic mass in the marine system. Observed land to sea plastic transport, surface ocean macroplastic, P, and total marine plastics pool are shown in (C) to
(E) for BAU (black circles and error bars, mean + SD, or range). SMP, <300 pm; LMP, 300 to 5000 pm; P, >5000 pm.
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Fig. 3. Model simulations of microplastic concentrations in air, terrestrial runoff, surface ocean and sediment. GBM-Plastics simulations of four plastics production
and waste management scenarios (columns) from 2016 to 2100: OECD BAU, OECD Regional Action (not shown here; see fig. S2), OECD Global Action, and the SCS from
(6). For each scenario, the panels show microplastic concentrations in (A) the atmosphere (troposphere), (B) land runoff to oceans, (C) surface ocean mixed layer (50 m),

and (D) continental shelf sediment. SMP, <300 pm; LMP, 300 to 5000 pm.

Global and SCS scenarios, is the large amount of accumulated lega-
cy MMPW on land (Fig. 3B) that continues to be mobilized by run-
off to the oceans.

In Fig. 3 and fig. S2, we convert LMP and SMP mass inventories
and fluxes to approximate concentrations in key human and wildlife
MP exposure environments. Atmospheric boundary layer SMP
concentrations of 23 ng m™ in 2015 increase to 100 ng m~> (BAU),
89 ng m™> (Regional), 80 ng m~> (Global), and 74 ng m~> (SCS) by
2060. Indicative SMP concentrations in global river runoff 37,288 km’

Sonke et al., Sci. Adv. 11, eadu2396 (2025) 16 April 2025

year_l (22)] are estimated at 0.06 mg liter ! in 2015 and increase to
0.28 mg liter™ (BAU), 0.24 mg liter™" (Regional), 0.21 mg liter™"
(Global), and 0.19 mg liter ™! (SCS) by 2060. SMP concentrations
in coastal runoff draining densely populated urban-industrial-
agricultural catchments are likely one to two orders of magnitude
higher. Indicative surface ocean (upper 50-m mixed layer) SMP
concentrations are 6.2 ng liter " in 2015 and increase to 27 ng liter™
(BAU), 24 (Regional), 21 ng liter ! (Global) and 19 ng liter ™! (SCS)
by 2060. Surface ocean concentrations in oceanic gyres where plastics
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accumulate are likely much higher than these global distributed es-
timates. It is of interest to note that SMP concentrations are 10,000
times higher in continental runoff than in surface ocean waters, sug-
gesting that microplastic exposure in terrestrial aquatic foodwebs is
disproportionally larger. Last, SMP concentrations in shelf and slope
sediments, as entry point for benthic marine food webs, are 16 mg
kg ™! in 2015 (on a dry weight basis, in sediments deposited between
1950 and 2015) and reach 140 mg kg™' (BAU), 130 mg kg™ (Re-
gional), 130 mg kg™" (Global), and 120 mg kg™ (SCS) by 2060.

Beyond 2060, the simulations, with plastics production and waste
management kept constant at the 2060 values, show important dif-
ferences driven by MMPW generation and leakage. The BAU scenario
leads to unacceptably high amounts and concentrations of plastics
in all environments, mostly increasing beyond 2060 due to sustained
MMPW generation (15% of total waste). The OECD Regional Action
scenario stabilizes plastics concentrations in air and water after 2060
atlevels that are three times the 2015 reference values. Because MMPW
remains 5% of total waste production in 2060 in the OECD Region-
al scenario, leakage to the terrestrial, marine, and atmospheric envi-
ronment remains large. Very different simulation results are reached
for OECD Global Action and for the SCS scenarios, where new
MMPW reaches ~0% by 2060. This leads to a slow decrease in all
leakage pathways, well-illustrated by the peak in 2045, and subse-
quent decline in land to sea plastic transfer, surface ocean floating
plastics mass (Fig. 2, C and D), and water and air MP concentra-
tions (Fig. 3). Ecosystem recovery for LMP is slower than for P,
because even if MMPW generation of P after 2060 reaches ~0%,
legacy MMPW (for P) continues to fragment on land and supply
the terrestrial and marine LMP pools. The recovery for SMP is
slower than for LMP for the same reason, and in addition, 0.3% of
the mismanaged SMP pool is emitted to air each year, deposited to
land and ocean, and re-emitted before eventually settling to the
deep ocean and terminal marine sediment sinks. These two factors
lead to delayed SMP ecosystem recovery across all Earth surface
pools well into the 21st century.

Plastic and microplastic leakage

The OECD, using its ENV-Linkages model, provides an analysis of
the leakage of mismanaged P waste to terrestrial (13 Tg year™') and
aquatic (6 Tg year™!) environments for the year 2019. An additional
2.7 Tg year™' of MP leakage is estimated, from diverse MMPW and
in-use sources, but without explicit fate. Of the aquatic P leakage
(6 Tg year ™), 1.7 Tg year " is transported to oceans, where 30 Tg
is estimated to have accumulated since 1950 (4). The OECD land to
sea plastic runoff estimate of 1.7 Tg year™ is a bottom-up estimate
based on the global distribution of plastic waste generation derived
from population density, gross domestic product per capita, and
country scale municipal waste statistics (23, 24). In our GBM-Plastics
model, P and MP leakage and land to sea transfer is constrained top-
down from the much larger, observed, marine P pool of 114 Tg
(IQR: 40 to 197) and MP pool of 149 Tg (IQR: 56 to 207) (Fig. 1E
and Table 2). Instead of using population and waste statistics, we
used the observed “downstream” marine plastics mass of 263 Tg to
calculate what the land to sea transfer must have been. Consequent-
ly, our aquatic land to sea P and total plastics transport fluxes of 6.1
and 16 Tg year™ for the year 2019 are significantly larger than the
OECD estimate of P (1.7 Tg year™") for 2019. This has important im-
plications for our perception of the magnitude and duration of plastic
pollution and exposure associated with the various environmental
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policy scenarios. First, the increasing number of studies that esti-
mates large amounts of plastics in the deep ocean and marine sedi-
ments indicates that plastics and microplastics are four to nine times
more mobile than currently assumed. Second, this implies that cur-
rent and future plastics concentrations, and therefore, human exposure
are equally underestimated. Third, the timing of ecosystem recovery
is critically dependent on reductions in MMPW generation in the
policy scenarios.

Important similarities in ENV-Linkages versus GBM-Plastics
models are seen in the relative projections for 2060, illustrated here
for the BAU scenario. The OECD projects MMPW generation and
leakage to terrestrial and aquatic environments to triple by 2060:
Land to sea P transport increases from 1.4 to 4.0 Tg year, and the
marine P pool increases fivefold from 30 to 145 Tg. In Fig. 3, the
GBM-Plastics model projects that, under the BAU scenario, land to
sea P transport also triples from 6.0 to 17.5 Tg year ', and the marine
P pool increases fourfold from 113 to 536 Tg. These similar relative
increases in leakage in both ENV-Linkages and GBM-Plastics models
reflect the same underlying first-order mass transfer parameteriza-
tions: A twofold increase in legacy MMPW on land leads to a twofold
increase in leakage from that pool.

Policy needs

The OECD Global Action and Lau et al.’s (6) System Change Sce-
nario are ambitious, realistic environmental policy scenarios that
aim at reducing the impact of plastic waste on our environment.
Here, we ask the question whether they are ambitious enough? In
terms of key environmental exposure metrics (Fig. 3), even under
Global Action and SCS, the SMP concentrations in air, runoff, ocean
water, and shelf sediments in 2060 are only marginally lower than
for BAU and are overall 3X higher than in 2019. The payoft of ambi-
tious policy to reach ~0% MMPW comes after 2060 because land to
sea dispersal of plastics and emission of SMP depends proportion-
ally on the amount of legacy MMPW on land. Figures 2 and 3 show
that OECD Global Action and SCS plastics burdens, fluxes, and ex-
posure decrease systematically after 2045 for P and LMP and after
2075 for SMP, gradually reaching 2019 levels from 2100 onward. If
we want ecosystem recovery to be faster, then policy efforts must
include active remediation of the terrestrial MMPW pool, transfer-
ring recovered plastics to sanitary landfills or incinerating them. We
recall, however, that ecosystem recovery also depends on the efficiency
of sanitary landfills in retaining plastic and microplastic waste, with-
out further dispersal to ground and surface waters and to air. The
landfill P, LMP, and SMP pools are large (Fig. 1), and only minor
leakage would offset efforts on MMPW policy. For example, it is es-
timated that globally there are 100,000 coastal landfills in low-lying
areas that are frequently unlined and at risk of erosion, dispersing
plastics to the marine environment (25).

In summary, the OECD Global Action and Lau et al.’s (6) System
Change scenarios are realistic policy propositions to address the im-
pacts of plastic waste. They have been designed to be practically and
economically feasible, and their underlying decrease in virgin plastic
production, by substitution and recycling, will also decrease global
greenhouse gas emissions from the plastics life cycle. Plastics leak-
age to the environment and the rapidity of ecosystem recovery have
however been underestimated by the OECD. We recommend that
Global Action and SCS policy be expanded with remediation of legacy
MMPW pools on land and by consolidation and/or remediation of
landfilled waste that is at risk of dispersal.
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MATERIALS AND METHODS

GBM-Plastics v1.1 model

We update the GBM-Plastics v1.0 model (global box model for plas-
tics, updated version 1.1) to simulate how plastic waste is dispersed
through the terrestrial, marine, and atmospheric environments upon
release or emission (16). GBM-Plastics is a first-order box model,
meaning that a plastic flux, F, out of a reservoir is linearly propor-
tional to the mass, M, of plastics in the reservoir, i.e., F = k X M. The
mass transfer (rate) coeflicients, k, are derived for each flux from
published observations and estimates of F and M for the period
2010-2023, from observed degradation or deposition rates, or by
fitting. The v1.0 model is described in detail elsewhere, including
the 15 mass balance equations for the different reservoirs (16). In
v1.0, we fitted only 3 of 23 k values to illustrate how recent knowl-
edge on F, M, and k, up to 2021 included, could generate a coher-
ent set of k’s and a simulated global plastic budget for the year 2015
that agrees within a factor of 10 with observations. In v1.1, several
estimates of F and M have improved (see below) and we decided to
fit 12 of 26 k values to improve agreement between simulations
and observations.

Marine SMP emission budget update

New observational estimates have been published for marine emis-
sion of SMP and for both P and MP in the marine environment,
leading to changes in k values: In 2022, we assimilated the unique
marine SMP emission model estimate of 8.6 (range of 0 to 22) Tg
year™" from Brahney et al. (13), who acknowledged the important
uncertainty associated with that estimate. Studies since then indicated
the possible overestimation of marine SMP emission, with recent
estimates ranging from 0.001 to 8.9 Tg year™' and median SMP
emission of 0.11 Tg year ' (IQR: 0.08 to 2.3; Table 1). The large
variability depends on the study approach (experimental and
modeling), the upper SMP size range that was considered (26), and
the surface ocean SMP and atmospheric SMP datasets that were
used. In this study, we adopted the median SMP marine emission
flux of 0.11 Tg year™' and completed it with a similar consensus
estimate of land SMP emissions of 0.18 Tg year™' (median, IQR:
0.16 to 0.44; Table 1). We also adopt a revised global atmospheric
SMP burden of 0.0036 Tg (median, IQR: 0.002 to 0.017; Table 1)
that is based on three studies. This ensemble of SMP burdens and
fluxes in the air-sea and air-land system is critical in generating a
coherent set of mass transfer coefficients, k, for SMP dispersion
via atmospheric pathways.

Compared to the preliminary GBM-plastics model and cycle (16),
the updated model versus 1.1 incorporates 76X lower marine SMP
emission and deposition fluxes, associated with a large uncertainty.
The simulated lower marine emissions of 0.11 Tg year™" (IQR: 0.08
to 2.32) lead to lower SMP deposition over oceans and land, which
in turn decreases the “remote land” SMP pool from 28 Tg previously
to 3.3 + 1.5 Tg. This model estimate needs field-based observations
of soil SMP content and/or SMP deposition over remote land areas
globally for a closer comparison and model optimization. Note that
the mass of SMP in the atmosphere and in marine emission and
deposition fluxes is dominated by the upper aerosol size range of
70 pm in the model study results (15) that we assimilated. The lower
marine SMP emissions lead to approximate lifetimes of SMP in the
surface ocean-mixed layer, against emission, of 1.2 years. The life-
time of atmospheric SMP in the planetary boundary layer, against
deposition, is 5 days.
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Shelf sediment plastic budget update

We previously estimated the shelf sediment P pool from a review
study by Haarr et al. (20) that approximated mean sea floor P con-
centrations of 5 Mg km™ (uncertainty not given). Multiplying by
the continental shelf surface of 2.89 10" km? resulted in a shelf sedi-
ment P pool of 51 Tg (Table 2). We also estimated a shelf sediment
MP pool of 65 Tg (1o, 21 to 78 Tg) from subtidal sediment MP
concentrations of 100 MP kg™ (27) and a deep sediment MP pool of
1.5 Tg from deep sediment MP concentrations of 0.72 MP g~' (28)
[see (16) for details]. A recent review compiled published micro-
plastic and mesoplastic data in the 10-pm to 25-mm range to esti-
mate a global marine sediment pool of 170 Tg (range of 25 to 900 Tg),
dominated by >99% mesoplastic in the 5- to 25-mm range (18).
Another recent review estimated the global marine sediment mac-
roplastic (P) pool to be 7 Tg (range of 3 to 11 Tg) from remote-
operated vehicle studies and 255 Tg (range of 5 to 571 Tg) from
bottom trawl studies (29). They also estimate that 46% of global ma-
rine sediment plastics are deposited to the shelf (<200 m) and 54%
to deeper environments. Based on these studies, we derived a best
estimate marine sediment P pool of 110 Tg (median, IQR: 39 to 191 Tg)
in predominantly shelf, slope, and continental rise environments
(Table 2). The total marine plastics (P + LMP + SMP) pools are
estimated to be 263 Tg (IQR: 96 to 404).

Land to sea plastic transport estimate

Estimates of terrestrial plastic inputs to the marine environment re-
main subject to large variability. Bottom-up estimates based on
population and waste management statistics or river plastics con-
centration and size observations range from 0.1 to 15 Tg year ™"
(30-33). Top-down estimates using marine plastic mass balance cal-
culations or three-dimensional marine model plastic inventories can
also provide useful estimate of plastics input from land, ranging from
0.5to 13 Tg year™' (12, 16, 34), and our box model falls into this cat-
egory. Top-down model estimates depend directly on the integrated
mass of plastics that has accumulated in the marine environment, in
sediments, surface and deep ocean waters, and on coastlines, in-
cluding beaches. The land to sea plastic flux is then adjusted so that
integrated historical inputs reproduce the presently (2006-2024) ob-
served mass of plastics in the marine system. Based on our revised
marine sediment plastics budget of 263 Tg (Table 2), we adjusted k
values for land to ocean transfer of P, LMP, and SMP and simulated
land to sea transfer fluxes of 6.7, 7.2, and 3.2 Tg year™, respectively
(totaling 17 Tg year™) for the year 2019. The direct plastic input of
0.24 T year™" from marine fishing activities (12) is implicitly included
in our land to sea P flux estimate.

Surface ocean P, LMP, and SMP budget updates

Surface ocean buoyant P and LMP pools were previously estimated
to be on the order of 0.23 and 0.04 Tg (21). The inclusion of larger
plastic debris in the floating P inventory and the availability of more
data have recently produced a 10X larger P estimate of ~2.3 Tg (17)
and 1.9 Tg (12) (Table 2). To model a larger mean surface ocean
P pool of 2.1 + 0.3 Tg, we had to adjust and lower the main outgoing
surface ocean P flux in the model, which is sedimentation to the shelf,
setting k to 38 year . Because of sampling protocols, surface ocean
P and LMP are typically based on neuston net trawling and therefore
reflect floating plastics >300 pm. Physical considerations indicate that
surface ocean SMP is more rapidly mixed down into the ocean mixed
layer (35, 36) and is therefore sampled using in situ pumps or bottles.
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Table 3 summarizes surface mixed layer SMP observations, extrapo-
lated to the 1- to 300-pm range based on the published particle size
distributions. SMP concentrations range from 0.010 to 860 pg m~>,
with a median value of 8.5 pg m ™ (IQR: 1.5 to 44), which multiplied
by the global ocean surface of 361,900,000 km* and mean global
mixed layer depth of 50 m, yields a surface ocean SMP pool of
0.15 Tg (median, IQR: 0.03 to 0.79).

Policy scenario details

OECD baseline, Regional Ambition, and Global Ambition policy
scenarios for plastics production and waste management from 2019
to 2060 were obtained from (4) and aligned with production and
waste statistics for 1950 to 2015 by (3). We note that this introduces
differences in the Fig. 1 budget numbers for the year 2015 compared
to the previous version 1.0 of the model (16). We also simulate the
SCS from Lau et al. (6) that proposes ambitious but realistic measures
to reduce, substitute, recycle, and dispose of plastics. The original SCS
scenario provided projections until the year 2040, which we extend
here to 2060 by linear extrapolation. SCS plastic production and waste
disposal statistics for recent years (2016) are lower than those from
(3) and (4). We therefore anchored (by normalization) the SCS plastic
production and waste disposal fractions for the period 2015-2040
to the data for 1950-2015 by Geyer et al. (3) to maintain intercompa-
rability with OECD scenarios. We acknowledge that our “SCS-like”
plastic production and waste disposal estimates deviate to some ex-
tent from the original (6) estimates, but the overall ambition of the
SCS policy trends are preserved. Plastic production and waste man-
agement statistics for the four scenarios are summarized in file S1
and include past and projected quantities of plastic waste that is
incinerated, recycled, and discarded (landfilled and mismanaged).
The model is then run from 1950 to 2100, with only the k transfer
coeflicients and plastics production and waste generation statistics
as external forcing. From 2060 to 2100, the model forcings are held
constant at the 2060 values. All model uncertainties reported in file
S1 are 16 SD based on 1000 Monte Carlo iterations of model scenario
runs. The GBM-Plastics v1.1 model code is included in the Supple-
mentary Materials as Python scripts.

Supplementary Materials
The PDF file includes:

Figs.S1to S3

Table S1

Legends for files S1 and S2

Other Supplementary Material for this manuscript includes the following:
Files S1and S2
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