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Question 1 
 

Dr Hardesty: Our work and our survey method absolutely include anything that one can see from 

standing human height. I think your question is particularly focused on the very small ash, if you will, that 

comes off tyres. 

CHAIR: Yes. 

Dr Hardesty: We do not have a body of research that is specifically focused on that one component. 

CHAIR: Do you know if anybody does? 

Dr Hardesty: Within Australia? 

CHAIR: Yes. 

Dr Hardesty: Within Australia there is no major research effort focusing explicitly or solely on that. It is 

encompassed in some aspects of certain projects that may be undertaken, in a more ancillary way, rather 

than it 

being the core focus. 

CHAIR: Do you know if there's any international work being done on that? 

Dr Hardesty: There has been recently—it's probably two or three years ago now—a major report that 

came out that listed microplastics as primary wear or loss from tires into the environment. In terms of 

ongoing research on that topic, there is a group within the United States and possibly one in Canada, and I 

don't believe there are any in Europe, but I could follow up on that and come back to you to provide that 

information if desired. 

CHAIR: I'd certainly be very interested if there were any updated information about the impacts of tyre 

waste on our environment in both the air and water. 

Dr Hardesty: To address that specifically, those studies actually focus on the occurrence, which is 

different from the impact. If you're wanting information on the impact per se, that's a little bit more tricky, 

but I'm happy to have a look at it. I think that most of the work has demonstrated the occurrence or 

presence, if that is still of interest. 

CHAIR: Yes. 

CSIRO response 

See two peer reviewed research articles and a report provided as Attachments 1 -3. 
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Question 2 

Ms STEGGALL: In that respect, I know the UK have introduced, for example, a tax or a levy on virgin 

plastic. Is that something that we should be looking out? Should we put a levy on the import into Australia, 

for example, of virgin plastic to create a market preference to go to recycled plastics? 

Dr Hardesty: It's not my place to ever say that governments should or should not do anything. What I can 

tell you is that there was an industry voluntary scheme in South Africa. There was an amount of money 

from industry that came, and what it did was actually raise the floor; the idea was to raise the floor, to 

make it economically viable given the changes in the petroleum market to encourage or to provide the 

support required for materials recovery in South Africa. That was with waste pickers for example. They 

were always ensured enough economic benefit to make that a value proposition for them. But, as a 

scientist, it's not my place to say what government should or shouldn't do. 

Ms STEGGALL: But you're aware of some jurisdictions like that South African one. Is it possible to get 

some information on that in writing to the committee? I'll put that one on notice. 

 

CSIRO response 

CSIRO is aware of programs in various countries such as South Africa, through industry bodies such as 

Plastics SA (South Africa), https://www.plasticsinfo.co.za/. 

However, this question is best addressed to the South African Government. 
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Question 3 

Mr REPACHOLI: Where are those technologies up to? I understand there are more coming online. We 

are on a trend with this. Where are we with continuing that trend? 

Dr Lau: If we're talking about mechanical recycling, the technology exists. The rate-limiting factor there 

is the number of businesses that are operating that. In mechanical recycling, there's probably not a lot of 

technological or engineering advancement that's needed to transition that industry. It's really around the 

volume and the scale. For other technologies like advanced recycling, there are commercial plants. Many 

of those—I'm estimating in the dozens—are operating in the Northern Hemisphere. We know they're 

operating. We know they exist. They can process in the order of hundreds of thousands of tonnes per 

annum. There are plans that have been announced for the Parkes region in New South Wales, with 

Brightmark, to embark on construction. There's consideration of further growth. We know that Licella are 

scaling up their capacity and ability to process using hydrothermal catalytic decomposition. Those 

industries are, I suppose, in the growth phase. The technology is there. Some of the other decomposition 

technologies that were at earlier stages are now at more of a pilot stage. They're yet to grow to the 

commercial phase. Because there's a range of different approaches, they're all at different levels of 

maturity. 

Mr REPACHOLI: What's the main limiting factor holding them back? You mentioned scaling up and 

product. What are the main factors that are holding them back? 

Dr Lau: I think it's really the stage they're at. As was mentioned previously, the awareness and action 

around transitioning our plastics economy are really only just starting now. I couldn't speak to what's 

holding any individual business back, but I would say that we are really at the beginning of the transition 

that's needed. 

Mr REPACHOLI: This is a question on notice. Would you be able to get us a list of those businesses that 

are currently doing it in Australia so that we could possibly touch base with them at some stage? 

Dr Lau: Yes. 

 

 

CSIRO response 

Through our Ending Plastic Waste Mission, CSIRO is aware of the following businesses who are operating 

or developing facilities and infrastructure for Advanced Recycling in Australia. We are also aware of over 

40 businesses and facilities operating internationally. 

This should not be considered a complete list of businesses active in Australia but is indicative, as new 

businesses are at various stages of development and scale-up. 

• APR Plastics is a sister company to Australian Paper Recovery and APR Kerbside. APR operate a 
pilot scale pyrolysis plant for post-consumer plastic waste. 

• Licella operates a commercial-scale plant in Australia, which uses a hydrothermal catalytic 
upgrading process to convert non-recyclable plastic waste into a synthetic crude oil. 

• Plastics Pirate is intending to conduct a pilot in Far North Queensland in 2023 to demonstrate 
small scale plastic pyrolysis.   

• Brightmark operates a commercial-scale plastics-to-fuel plant in Indiana, USA, which converts 
mixed plastic waste into fuel and other products. Their plant in the Parkes Special Activation 
Precinct, NSW is expected to be in operation in 2025.  

 
International companies Plastic Energy, which uses a Thermal Anaerobic Conversion (TAC) process, and 
Axens, which has developed the Rewind®Mix petrochemical purification process, are supporting the 
Qenos Circular Plastics Project (QCCP) for circular polyethylene production in Australia through Australian 
operator Qenos and partners in Altona, Victoria.  
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1. Abstract

Plastic has penetrated everyday life: from clothing to coatings and from transport vehicles to 
cleaning products. Plastic is cheap, durable, lightweight and malleable, resulting in a practically 
unlimited number of possible applications. The disadvantages of plastics however are becoming 
more and more visible. Large quantities of plastics leak into rivers and oceans, with adverse effects 
to marine ecosystems and related economic activities. 

Plastic wastes include all size residues, from large visible and easily removable items, to small 
invisible particles. This report investigates the sources of primary microplastics i.e. microplastics 
that are directly released into the environment as small plastic particles (< 5 mm size). This contrasts 
with secondary microplastics that originate mostly from the degradation of large plastic waste into 
smaller plastic fragments once exposed to the marine environment. Primary microplastics can be 
a voluntary addition to products such as scrubbing agents in personal care products (shower gels, 
creams, etc.). They can also originate from the abrasion of large plastic objects during manufacturing 
use or maintenance such as the erosion of tyres when driving or the abrasion of synthetic textiles 
during washing.

This report is one of the first of its kind to quantify primary microplastics leakage and to demonstrate 
that these primary microplastics are globally responsible for a major source of plastics in the oceans. 
The model developed for this analysis enables us to conclude that between 15 and 31% of all of 
the plastic in the oceans could originate from primary sources. This is a significant but as-of-yet 
unrecognised proportion. In some countries benefitting from advanced waste treatment facilities, 
primary microplastics releases even outweigh that of secondary microplastics. 

The global release of primary microplastics into the ocean was estimated at 1.5 million tons per year 
(Mtons/year). The estimate ranges between 0.8 and 2.5 Mtons/year according to an optimistic or 
pessimistic scenario. The global figure corresponds to a world equivalent per capita release of 212 
grams or the equivalent of one empty conventional plastic grocery bag thrown into the ocean per 
person/per week worldwide. 

The overwhelming majority of the losses of primary microplastics (98%) are generated from land-
based activities. Only 2% is generated from activities at sea. The largest proportion of these particles 
stem from the laundering of synthetic textiles and from the abrasion of tyres while driving. Most 
of the releases to the oceans are occurring from the use of products (49%) or the maintenance of 
products (28%). The main pathways of these plastics into the ocean are through road runoff (66%), 
wastewater treatment systems (25%) and wind transfer (7%). 

The study reviewed seven regions – Africa and Middle East, China, East Asia and Oceania, Europe 
and Central Asia, India and South Asia, North America, and South America. It revealed comparable 
releases per region in absolute value – ranging from 134 to 281 Ktons/year. The per capita releases, 
however, are very different between regions – ranging from 110 to 750 grams/person/year. 
Further, most regions are expected to have increased releases of primary microplastics in the 
next decades. This is due to improvements in per capita income without improvements in systems 
to prevent the releases. 
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Importantly this report is based on modelling sources and leakages from economic and household 
activities, using exclusively publicly available data and not on field measurements. The model could 
be further improved by using available fee-based proprietary data on regional plastic quantities. It 
could also be further strengthened by improving underlying regional assumptions on behaviours. 
Furthermore, confrontation of our predictive model with empirical data from the field would be 
beneficial in order to validate the model. This is however not feasible yet, given the status of literature 
and lack of adequate experimental set-up to perform this comparison. Nevertheless, the range of 
pessimistic/optimistic scenarios considered throughout our study allows for sufficient confidence 
in the orders of magnitude we put forward. 

This report stresses the contribution of primary microplastics to the plastic pollution of oceans 
on a global scale. It opens the way to a new stream of actions to tackle the issue of plastics in the 
ocean beyond the traditional focus on waste management. Shaping these solutions will require 
approaches based on product eco-design and lifecycle thinking, as well as the involvement of key 
stakeholders from the private (e.g. textile and automotive industry) and public (water treatment 
and urban infrastructure planning) sectors. 
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2.1 Plastics & microplastics contaminate the world ocean

Marine environments all over the world are contaminated with plastics (GESAMP, 2015). Plastics can 
be encountered in two forms: large plastic wastes, and small plastic particulates below 5 mm in size 
named microplastics (Thevenon et al., 2014). 

Recent studies place the total amount of plastic produced since its invention at 8.3 billion tons 
(Geyer et al., 2017). Of this, an estimated 9% has been recycled (Geyer et al., 2017). Between 4.8 to 
12.7 million metric tons of plastic waste are estimated to enter the ocean each year (Jambeck et al., 
2015). Given these recent estimations and attempts to accurately quantify the problem, it is vital to 
understand the relationship between macro and microplastics when citing these numbers. 

The estimate of between 4.8 to 12.7 million MT of plastic entering the ocean each year is an estimation 
of macroplastics (Jambeck et al., 2015). This is based on the mass of waste generated per capita 
annually, the percentage of plastic waste within that, and finally, the percentage of mismanaged 
plastic waste that has the potential to enter the ocean as plastic pollution. Therefore, the figures 
discussed in this report about primary microplastics are in addition to the estimations made in the 
Jambeck report, putting the overall quantity of both micro and macroplastics in the ocean at higher 
than the average and commonly-quoted value of 8 million metric tons. 

Large plastic waste is readily visible. Studies have demonstrated negative social, economic and 
ecological impacts. These range from the ingestion, injury, entanglement or suffocation of wildlife 
to economic drawbacks for tourist areas and maritime industries (GESAMP, 2015; Raynaud, 2014). 
For a review of the many potential negative impacts of plastics on ecosystems, see Thevenon et al. 
(2014). 

Microplastics are not easily visible to the human eye. While potential negative impacts are less 
obvious, their release into the oceans may also have far reaching consequences. Human health 
concerns are suspected through the accumulation of microplastics in the food chain and/or sorption 
of toxicants to plastic while traveling through the environment (Eriksen et al., 2014). 

Two types of microplastics are contaminating the world ocean: primary and secondary microplastics. 
Different definitions have been used in the literature (Lassen et al., 2015) and we adopted the 
following as proposed by a Norwegian study (Sundt et al., 2014): 

•	 Primary microplastics are plastics directly released into the environment in the form of small 
particulates. They can be a voluntary addition to products such as scrubbing agents in toiletries 
and cosmetics (e.g. shower gels). They can also originate from the abrasion of large plastic 
objects during manufacturing, use or maintenance such as the erosion of tyres when driving or 
of the abrasion of synthetic textiles during washing. 

•	 Secondary microplastics are microplastics originating from the degradation of larger plastic 
items into smaller plastic fragments once exposed to marine environment. This happens 
through photodegradation and other weathering processes of mismanaged waste such as 
discarded plastic bags or from unintentional losses such as fishing nets. Given that the origins of 
secondary microplastics are difficult to trace given their degradation, it is difficult to meaningfully 
assess how much of the figures of macroplastics have now converted to microplastics. It is for 
this reason that the report seeks to focus on quantification of primary microplastics, as it is 
achievable within current data sets.

Once in the oceans, microplastics can either float or sink. Microplastics lighter than seawater such 
as polypropylene will float and disperse widely across the oceans. They eventually accumulate in 
gyres resulting from oceanic currents. Eriksen et al. (2014) and Sebille et al. (2015) estimate that 93 
to 268 ktons of these microplastics are currently floating in the oceans. Other microplastics such as 
acrylic are denser than seawater and most probably accumulate on the ocean floor, which means 
that a significant amount of microplastics may eventually accumulate in the deep sea (Woodall et 
al., 2014) and ultimately in food chains (Seltenrich, 2015).
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The discovery of high levels of microplastic in the lakes and rivers in Europe, North-America and Asia 
(Eerkes-Medrano et al., 2015) might indicate that primary sources represent a significant release of 
microplastics into the oceans. One study showed that plastic abundance in the Austrian Danube 
was even higher than that of drifting larval fish, mostly in the form of industrial raw materials such 
a pellets and flakes (Lechner et al., 2014). Two other studies found that much of the plastic found in 
surface water originates from cosmetic products such as facial cleaners or from textiles (Browne et 
al., 2011; Driedger et al., 2015). In the recent assessments performed at country scale in Europe, Essel 
et al. (2015), Lassen et al. (2015), Magnuson et al. (2016), RIVM (2014), Sundt et al. (2014) identified 
and quantified around fifteen sources of primary microplastics. Tyres are often cited as the main 
contributor to the releases.

2.3 Rapidly increasing use of plastics

Today plastic is a common material that can be found in almost all parts of everyday life. This 
includes packaging, buildings and construction, vehicles, electrical and electronic equipment, 
agriculture production, clothes and footwear, householder and personal cleaning products. A 
practically unlimited number of applications are possible thanks to its unrivalled properties of 
durability, malleability, lightweight and low cost.

Plastic use has increased exponentially since synthetic organic polymers were developed in the 
mid-20th century. Over 300 million tons of plastic are currently produced yearly to manufacture 
objects in plastic. This quantity contrasts with only 1.5 million tons produced in 1950. The long-term 
average annual growth rate has been roughly 4% (PlasticsEurope, 2015). We can then add the 
plastics for other uses that are not accounted in these statistics2 such as synthetic fibres for textiles 
(37.2 million tons) or synthetic rubber for tyres (6.4 million tons) 3. Also, according to PlasticsEurope 
(2015), plastic production requires around 4% of the world’s annual petroleum production while a 
similar amount of petroleum is used to provide the energy for plastic manufacturing.

Plastic use varies widely across regions. In North America and Western Europe, for example, the 
average plastic consumption per capita for plastics objects reached approximately 100 kg per 
year in 2005 and was expected to increase to 140 kg by 2015. In Asian countries, the individual 
consumption for plastics objects is much lower. It was about 20 kg per year per person in 2005 
with an estimated increase to 36 kg by 2015. It is even lower in Africa with an estimation of 16 kilos 
per capita by 2015 (PlasticsEurope, 2009).

Due to the excellent functional properties of this material, it seems clear that plastic use will 
increase in the future, particularly in lower income regions as their economies grow. Solutions are 
thus required to close the plastic tap and to reduce the detrimental effects of plastic use on the 
world environment and potentially human health. 

2.4 Objective of this report

The objective of this report is to provide one of the first global quantitative assessments of the 
direct releases of primary microplastics of petrochemical origin into the world’s ocean. This report 
seeks to contribute to a better identification and prioritisation of the sources and pathways of 
microplastic pollution. With this information, decision-makers and key stakeholders can make 
informed decisions and undertake targeted actions to address the problem.

2   Other uses than plastic products are not accounted by plastic branch associations (personal communication from Plastics Europe).

3   References are provided in the methodological appendix.
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The computations of activities, losses and releases have been performed in an iterative way. In a 
first step, the global relevance of each of the sources has been estimated at a regional scale. For all 
sources except City Dust, the estimation is based on the multiplication of generic loss and transfer 
ratios with regional populations and GDP (Gross Domestic Product). 

For City Dust a global value has been estimated for losses based on existing quantified country 
studies (Lassen et al., 2015; Magnuson et al., 2016; Sundt et al., 2014). This global value has then 
been distributed to each region proportionally to previously computed losses. Different approaches 
for modelling have been tested and compared as described in Appendix 1, and allowed for testing 
the robustness of our model.

In a second step refined computations have been performed applying more detailed data and at 
the country level when available. A larger set of assumptions has also been tested to generate 
minimum and maximum bounds for the results using two complementary approaches: a first one 
based on yearly activities and a second one based on a lifecycle perspective. 

3.5 Geographic regions considered

The grouping of countries has been done according to a classification in 7 regions: Africa and 
Middle East, China, East Asia and Oceania, Europe and Central Asia, India and South Asia, North 
America, and South America, as detailed in Appendix 3.

3.6 Three scenarios for presenting the results

In this report, the results are presented using three scenarios – optimistic, central and pessimistic – 
for each of the seven sources both at global and regional scales. 

These scenarios correspond to the most credible set of results based on the application of an 
extended set of assumptions during the study (cf. Appendix 1). The optimistic and pessimistic 
scenarios are built by selecting the minimum and maximum results after getting rid of extreme and 
unrealistic combinations of assumptions. The central scenario corresponds to a central value based 
on the distribution of remaining results. 
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4.1 Primary microplastics are a significant source of plastic in the oceans

We estimate the following scenarios of releases into the oceans:

•	 Optimistic – 0.8 Mtons/year
•	 Central – 1.5 Mtons/year 
•	 Pessimistic – 2.5 Mtons/year 

These releases are a fraction of the estimate losses of primary microplastics into the environment 
presented below:

•	 Optimistic – 1.8 Mtons/year
•	 Central – 3.2 Mtons/year 
•	 Pessimistic – 5.0 Mtons/year 

The gap between losses and releases under the central scenario means that around 48% of the 
losses of primary microplastics from activities are released into the world ocean. The remaining 
primary microplastics are presumably trapped in soil, or sewage sludge. Their fate and effect over 
time is unknown and depends on conditions and practices in each region.

Comparing these releases of primary microplastics to known sources of secondary microplastics 
– i.e. from plastic waste and from lost fishing nets – indicates that the contribution of primary 
sources might be significant. The contribution of primary microplastics largely outweighs that of 
lost fishing nets4 (0.6 Mtons/year) (Circularocean, 2015; Macfadyen et al., 2009). Considering values 
from Jambeck (2015), the potential releases from plastic waste range from 4.8 Mtons/years to 12.7 
Mtons/year with an average value of 8.0 Mtons/year. This means that between 15% and 31% of the 
microplastics could be from a primary source, comparing central values in the first case and the 
pessimistic value from this report with the lowest bound for waste in the second one.

We have decided throughout the study to report microplastic losses and releases exclusively for 
microplastic from petrochemical origin. Plastics such as natural rubber are not accounted for. 
Extending the definition and assuming, as in some studies for Europe (Essel et al., 2015; Lassen et 
al., 2015; Magnuson et al., 2016), that natural rubber is also a concern for the world ocean, global 
releases from primary microplastics would increase by 45%, 33% and 26% respectively for the three  
scenarios. The resulting central value for releases would thus be 2.0 Mtons/year and the potential 
contribution of primary microplastics sources could be up to 37%.

Figure 3

 
 

4   This value is the only one available but has not been scientifically validated. It should thus be taken with caution.
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4.6 Releases average one plastic bag per person per week 

The release of 1.53 Mtons/year of primary microplastics corresponds to an average release of 212 
grams/year per capita7. This is equivalent to 43 light plastic grocery bags8 thrown into the world 
ocean per person or roughly one per week.

This number varies however widely across regions as shown in Figure 8. Going from 22 equivalent 
grocery bags per capita in Africa and the Middle East, this goes up to 150 bags in North America – a 
seventh fold difference.

 
Figure 8

7   Global population for 2012.

8   Assuming a weight of 5 grams per grocery bag.
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4.9 Closing the plastic tap requires different sets of solutions 

The present study clearly demonstrates that primary microplastics are a globally significant source 
of plastics into the oceans. Consequently actions to close the plastic tap should focus not only on 
implementing better waste management in some regions, but also on finding solutions to reduce 
diffuse loss over the lifecycle of some products. Depending on the region, priority setting could 
thus be very different.

For the regions where plastic releases are dominated by mismanaged wastes, priority should be 
given to implementing better waste management and behaviours. Beyond a classical end-of-pipe 
approach, reducing the quantity of plastic waste generated (e.g. optimizing, reducing and re-using 
packaging) as well as increasing the recycling rates (e.g. by increasing the value of plastic waste) 
could be valid options.

For the regions where primary microplastic releases equal or overweight secondary microplastics 
from wastes, very different set of solutions should be designed either focusing on product design, 
infrastructure design, consumer behaviours, or all the three together:

•	 In the case of intentional losses, such as for personal care products, solutions could be based 
on finding substitutes to the plastic microbeads and removing them for the product. Several 
countries and brands are currently in the process of phasing out these microbeads, which 
hopefully will cancel this source of plastic release into the oceans within a few years.9

•	 In the case of diffusive loss during use phase or maintenance of the product, solutions should be 
developed through a dialogue between the many actors of the lifecycle of the products, from 
product designers to water infrastructure engineers. Examples for textiles and tyres are given 
below.

Potential solutions to reduce microplastic releases from synthetic textiles

Plastic transformation and product manufacturing (chemist/designer): design textiles/textiles 
fibres to reduce the shedding of fibres

Product manufacturing (designer): pre-wash textiles to reduce heavy loads from first wash

Product maintenance (designer of washing machines): install filtering devices on washing 
machines 

Water infrastructure: understand and increase treatment efficiency. 

Product use (consumer): Reduce the share of synthetic textiles by changing individual 
behaviours or purchasing policies. Note that using recycled fibres instead of virgin fibers may 
reduce the number of fibres shed. Indeed, using recycled fibres and repurposing wasted plastic 
for a useful purpose can potentially prevent some mismanaged waste from entering the ocean.

Potential solutions to reduce microplastic releases from tyres

Plastic transformation and product manufacturing (chemist/designer): Ecodesign of rubber 
polymers and tyres to reduce abrasion

Product use (road/asphalt designer): design road pavement to reduce abrasion

Product use (water infrastructure designer): Ensure water run-off collection and appropriate 
separation of plastics

Water infrastructure: understand and increase treatment efficiency. 

9   Regarding the UK, for example, see: http://www.bbc.com/news/uk-37263087
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5.1 Take home messages

It is very likely that:

•	 Losses of primary microplastics from commercial and household activities into the 
environment is in the order of 3.2 Mton/year.

•	 The greatest contributors to these losses are abrasion of tyres while driving and abrasion of 
synthetic textiles while washing, i.e. diffusive losses during use/maintenance phase.

•	 Release of primary microplastics is a significant source of plastic into the ocean. 

•	 In high income countries with adequate waste management, primary microplastic release 
equals or overweighs the releases from mismanaged plastic wastes. However in lower income 
countries plastic releases from mismanaged wastes still is the main source of plastic release 
into the oceans. 

It is more likely than not that:

•	 Releases of primary microplastics from commercial and household activities into the oceans is 
in the order of 1.5 Mton/year. This represents 48% of the losses ending up in the ocean.

•	 The losses and releases from primary sources are going to increase in next decades, due to high 
population and increasing living standard (affluence) in Asiatic and African countries, unless 
action is taken to reduce loss rate (Impact = Population * Affluence * Technology efficiency)
(Ehrlich and Holdren, 1971). While waste management practices are being improved worldwide, 
the contribution of primary microplastics for less developed countries may thus increase.

•	 Main pathways are through sewage water and urban run-off waters, from which microplastic 
transit to the oceans through rivers.

•	 About 52% of the microplastic loss is trapped in soils when waste water treatment sludge is 
used as fertilizer and / or when particulates are washed from the road pavement. Fate and 
effect of these microplastics in soils is still unknown.

5.2 Shaping action to close the plastic tap

If at global scale reducing mismanaged plastic waste remains a priority, for many regions and 
sectors, solutions need to be found to reduce primary microplastic releases also. 

Reducing mismanaged plastic waste mainly requires implementing adequate infrastructure and 
waste management practices as well as educating behaviours of consumers. Technologies are 
readily available and the challenge is more a political and financial one.

Solving the primary microplastic release into the world’s oceans requires a very different set of 
solutions. Apart from personal care products, where microbeads are included intentionally in the 
product (and thus easy to remove or ban as the trend shows), most losses are unintentional, diffusive 
losses that cannot be easily solved with end of pipe solutions. The losses are from product use 
and maintenance, mostly from households, and must be tackled with a global producer-consumer 
perspective. The banning of microbeads from cosmetics is an illustrative action but will not solve 
the wider problem. Attention must be paid not to overlook other sources, such as textile and tyres, 
as our study shows that cosmetics only contribute for 2% of the releases of primary microplastics 
to the ocean at global scale.
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Closing the plastic tap will require design and implementation of both technological, behavioural 
and policy solutions considering plastics and products over their whole lifecycle to reduce plastic 
losses during production, use, maintenance or end of life of products and releases to the world 
ocean. 

This eco-design approach requires a systemic lifecycle management approach and dialogue with 
all stakeholders from product design to urban infrastructure planning both from private and public 
sectors, as already well documented elsewhere (UNEP SETAC, 2009). 

Based on the principle that you can improve only what you can measure, metrics and indicators 
should be developed to set targets and monitor progress. This should include integration in target 
settings frameworks and policies (e.g. Sustainable Development Goals), as well as in more 
operational tools such as Life Cycle Assessments. This is the way business developers and product 
designers will have the microplastic issue under the radar. 

5.3 Next steps

An immediate next step is to further develop the analysis presented in this study. This will require 
additional data collection and a more in depth understanding of regional and sectorial impacts. We 
also need to better understand the cumulative implication of these releases over time. Furthermore, 
confrontation of our predictive model with empirical data from the field would be beneficial in 
order to validate the model. This is however not feasible yet, given the status of literature. Adequate 
experimental set-up should be developed in order to perform this comparison.

While further research is underway, this study can play a very critical role in opening discussions 
about how to address primary microplastics beyond traditional plastic waste management 
approaches. The growing presence of microplastics in the oceans requires new thinking about how 
to mitigate both primary and secondary releases across the supply chain.

Several organisations including IUCN have started multi-stakeholder dialogue processes to explore 
how we can close the plastic tap. We need now to ensure that the issue of primary microplastics is 
not being overlooked in these processes vis-à-vis plastic from mismanaged waste origin. This will 
require engaging new stakeholders and developing innovative life cycle management approaches.
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7.1 Road runoff pathway

Where: land-based losses and releases
Sources: tyres, road markings, plastic pellets on land

When losses are on roads, part of them is transferred by wind (see wind pathway). The remaining 
part is washed by rainwater. In rural areas, it is considered that few roads are connected to sewers: 
A global average value equivalent to 3.5% of losses in rural areas is assumed to end up in the oceans 
(Lassen et al., 2015; Ten Broeke et al., 2008). In urban areas, two cases are possible: a drain to a 
separate sewer or a drain to a combined sewer. In the first case, 80% of the releases are assumed 
to end up in the oceans (Lassen et al., 2015). In the second case, releases depend on an additional 
assumption, the share of roads connected to a combined sewer. For the optimistic scenario, it is 
assumed that 50% of roads are connected. For the central and pessimistic scenarios, it is assumed 
a proportionality between the proportion of the population connected to wastewater treatment 
systems and the proportion of the roads with a sewer system to collect water from roads. See more 
on the wastewater pathway below.

7.2 Wastewater Pathway

Where: land-based losses and releases
Sources: synthetic textiles, personal care products, plastic pellets on land

When losses are to wastewater streams, the release ratio depends on the regional coverage and 
efficiency of the wastewater treatment system. It is assumed that the share of water treated is 
proportional to the proportion of the population connected to wastewater treatment systems. 
The regional share of the population connected to wastewater treatment systems is based on an 
own-computed dataset extending data from UNSTATS (UNSD, 2011) for missing countries and for 
missing regions with data from the literature. Global treatment efficiency is set at 85%. This number 
accounts for the non-retained share of microplastics in wastewater treatments systems (3-6%) for 
fibres according to Lassen et al. (2015) and for overflows (10%) in Europe according to Phillips et 
al. (2012). Overflow is probably much higher for some developing economies but values are scarce.

7.3 Wind Pathway

Where: land-based losses and releases
Sources: tyres and road markings

When losses are on roads, a part of them is spread by the wind. This part is set at 10% based on 
Wang et al. (2015). 100% of these losses become releases.

7.4 Ocean Pathway

Where: sea-based losses and releases
Sources: plastic pellets, marine coatings

When losses occur in the ocean, 100% of the losses become releases.
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G lobal annual plastic production reached 359 million
tonnes in 20181 and, consequently, plastic pollution in
freshwater2, marine3 and terrestrial4 ecosystems has

received a lot of attention recently. Plastics are released into the
environment as macroplastic (>5 mm)5, microplastic (1 μm to
5 mm)6 and nanoplastic (<1 μm)7 particles that can fragment into
smaller sizes via photodegradation, physical abrasion, hydrolysis
and biodegradation8. Plastics can affect coral reefs9, marine10 and
terrestrial animals11, as well as human health12,13.

An important source of plastics is road traffic emissions14,15.
Kole et al.14 reported global average emissions of tyre wear par
ticles (TWPs) of 0.81 kg year 1 per capita, about 6.1 million
tonnes (~1.8% of total plastic production). Emissions of brake
wear particles (BWPs) add another 0.5 million tonnes. TWPs and
BWPs are produced via mechanical abrasion and corrosion16,17.

Tyres consist of a mix of elastomers such as rubber (natural
and synthetic)18, carbon black, steel cord, fibres, and other
organic and inorganic components used to improve their stabi
lity19; TWPs are produced by shear forces between the tread and
the road pavement, generating coarse particles20, or by volatili
zation generating submicronic particles21. The wearing process
depends on the type of tyre, road surface and vehicle character
istics, as well as on the vehicle’s state of operation22.

Most car braking systems consist of a disc or drum with either
a pair of shoes or pads mounted in callipers. Brake linings consist
of binders, fibres, fillers, frictional additives or lubricants and
abrasives23 25. Thus, BWPs are a complicated mixture of metal
and plastic. BWP emissions depend on the bulk friction
material23,26, on the frequency and severity of braking27, speed,
weight, condition and maintenance of the automobile28 and the
environmental conditions23,29,30.
Transport of TWPs and BWPs via runoff and wash out to

marine and/or freshwater ecosystems has been studied31,32.
However, very little is known about their dispersion in the
atmosphere33 35 and where they are deposited, despite their
health impacts in animals9 11,36 and humans12,37, possibly
enhanced by adsorbed toxic organic compounds and heavy
metals38. Greater use of plastics results in more extensive con
sumption of fossil fuels and, in turn, in larger emissions of
greenhouse gases39 such as methane and ethylene40. Since TWPs
and BWPs can be present at sizes <10 µm41, they can remain
airborne for long periods of time; different types of microplastics
have been detected already in remote areas42 47. Considering
that they are colourful particles48, they also absorb light and
thereby decrease the surface albedo of snow and ice accelerating
melting, similar to black carbon (BC)49.

Here, we examine atmospheric transport and deposition of
TWPs and BWPs on a global scale (see “Methods”). For simpli
city we often refer to these particles jointly as road microplastics,
although TWPs and BWPs are not the only microplastics that are
emitted by traffic (other sources include polymer modified bitu
men used for road pavement or road marking paint). Even
though TWPs and BWPs contain components other than plastics
(e.g., metals), plastics are the dominant component, especially for
TWPs. We also speak of microplastics50, since we only consider
the particles of mean size 0.5 9.5 µm, which can remain airborne
for long periods of time.

Results
Annual global emissions of road microplastics. TWP emissions
were calculated using two different approaches, (a) one based on
detailed information of TWP emissions in Northern Europe and
extrapolation using a CO2 ratio method51, and (b) one based on
the GAINS (Greenhouse gas Air pollution Interactions and
Synergies) model52 (see “Methods”). The two methods were
compared in detail (Supplementary Fig. 1) showing that TWP
emissions are very similar (0.25 32 t (tonnes) year 1 per grid
cell); therefore, we report the geometric average. Uncertainties
were calculated based on different assumptions on the airborne
fraction of total emissions (see “Methods”). The use of different
methods in emission calculations was, in addition, a tool to cross
validate whether the emissions are realistic or not. As seen in
“Methods”, the CO2 ratio method is based on country statistics of
returned tyres. Unfortunately, similar statistics for brake wear do
not exist, and therefore, only emissions from the GAINS model
were used for BWPs.
Emissions of road microplastics are concentrated in the eastern

US, Northern Europe and large urbanized areas of Eastern China,
Middle East and Latin America where vehicle densities are highest
(Fig. 1, Supplementary Fig. 1). Annual total global TWP emissions
were 2907 kt (kilotonnes) year 1 (3434 kt year 1 from the CO2

ratio method and 2380 kt year 1 from the GAINS model), while
BWP were 175 kt year 1 (Fig. 1a, b). For the particulate matter 2.5
(PM2.5) and PM10 size fractions, TWP emissions were 29 kt year 1

(12 75 kt year 1) and 288 kt year 1 (113 826 kt year 1), respec
tively (Table 1). The highest emissions were calculated for Asia
(excluding Russia) (PM2 5 4.8 30 kt year 1, mean 12 kt year 1;
PM10 85.0 167 kt year 1, mean 113 kt year 1) and North
America (PM2.5 2.6 16 kt year 1, mean 6.4 kt year 1; PM10
46 90 kt year 1, mean 64 kt year 1) (Fig. 1). The annual global
emissions of BWP were 98.2 kt year 1 (63.4 152 kt year 1) for

Annual emissions of total TWP and BWP
TWP BWP

2907.3 kt 174.6 kt

0.25 0.5 1 2 4 8 16 32 64 128 256

Emissions (tonnes year–1)

a b

Fig. 1 Annual gridded emissions of road microplastics. Global annual emissions of total road microplastics (tyre wear particles, TWPs, in a, and brake
wear particles, BWPs, in b). TWP emissions are the average of the calculated emissions using the CO2 ratio method and the GAINS model. Bold numbers
at the left bottom of each panel represent the annual emissions of total TWPs and BWPs from road vehicles for 2014, which were estimated to be 2907
and 174.6 kt, respectively.
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PM2.5 and 146 kt year 1 (85.8 248 kt year 1) for PM10 (Fig. 1,
Supplementary Fig. 2). BWP emissions were very similar in
Europe and North America, for both PM2.5, but highest in Asia
(Table 1, Supplementary Fig. 2).

Atmospheric transport and deposition of road microplastics.
Surface concentrations of TWPs range between a few ngm 3 and
20 ngm 3 for PM2.5 and up to 50 ngm 3 for PM10 (Supple
mentary Movie 1). BWP surface concentrations reach 50 ngm 3 at
maximum (Supplementary Movie 1). The highest concentrations
were calculated for eastern USA, Europe and South eastern Asia.
All concentrations (TWPs 0.4 μgm 3 for PM2.5, 1.8 μgm 3 for
PM10; BWPs 0.8 μgm 3 for PM2.5, 1.4 μgm 3 for PM10) were far
below air quality limits for PM (annual mean 10 μgm 3 for PM2.5,
double for PM1053) and lower than typical BC concentrations in
remote regions54. The annual mean modelled lifetime of PM2.5
TWPs was estimated to be 28 ± 2.7 days (range 18 37 days), while
for PM10 it was equal to 8.3 ± 1.0 days (range 5.5 11 days).
Accordingly, for BWPs, the annual mean modelled lifetime was
calculated as 28 ± 2.8 days (range 17 37 days) for the PM2.5 size
class and 1.3 ± 0.16 days (range 0.94 1.6 days) for PM10. The large
calculated lifetimes for PM2.5 road microplastics are due to the
small scavenging coefficients for in cloud used in the model, as it
was assumed that road microplastics should be rather hydrophobic
(Methods). For comparison, a typical lifetime for atmospheric black
carbon in the PM2.5 size mode is 3 11 days49.

Annual deposition maps (Fig. 2) show that smaller road
microplastic particles (PM2.5) are dispersed more widely than
larger ones (PM10). PM10 road microplastics are deposited mainly
close to the hotspot emission regions (North America, Europe and
South eastern Asia) (Fig. 2). Of the annual global TWP PM2.5
emission of 29 kt year 1 (12 75 kt year 1), ~1.7 kt year 1

(0.60 4.8 kt year 1) were deposited over Europe, 4.3 kt year 1

(1.5 12 kt year 1) over Asia, 3.3 kt year 1 (1.1 9.6 kt year 1) in
America, and much lower amounts in Africa and Oceania (<4% of
the total deposited mass). Overall, ~43% (4.3 34 kt year 1, mean
12 kt year 1) of the total deposited mass of PM2.5 TWPs was
deposited on land and ~57% (5.3 48 kt year 1, mean 16 kt year 1)
in the ocean (Table 2). About 8.1 kt year 1 (2.8 23 kt year 1) of
PM2.5 TWPs were deposited on ice and snow surfaces (polar
regions, mountains, etc.). Accordingly, annual total deposition of
PM10 TWPs was 284 kt year 1 (102 787 kt year 1) with ~65%
(68.1 497 kt year 1, mean 184 kt year 1) deposited on land.
Around 28 kt year 1 (10 76 kt year 1) of the TWPs were deposi
ted on snow and ice. The vast majority (~60%) was deposited in
Europe, America, Russia and Asia (Table 2). Although deposition
of TWPs to Antarctica was very small compared to other regions
(0.03 kt year 1 for PM2.5, 0.01 kt year 1 for PM10), other forms of
microplastics have been determined there likely transported via sea
and/or air55.
Of the 97 kt year 1 (59.2 162 kt year 1) annual total deposition

of PM2.5 BWPs, 45 kt year 1 (30 68 kt year 1) were deposited on
land (~46%) and 52 kt year 1 (29 94 kt year 1) in the World
Ocean (~54%) (Table 2). About 14 kt year 1 (11 18 kt year 1)
were deposited in Asia, 12.9 kt year 1 (8.6 19 kt year 1)
in America, 6.1 kt year 1 (4.7 7.9 kt year 1) over Europe and
7.2 kt year 1 (6.0 8.6 kt year 1) in Russia. A significant amount
(~31%) of 30 kt year 1 (20 45 kt year 1) was deposited on snow
and ice surfaces. As regards to PM10 BWPs, half of the deposition
(~53%) occurred in Asia, Europe and North America. About 72%
(78.4 133 kt year 1, mean 102 kt year 1) were deposited on the
land and the rest in the ocean, and only 20 kt year 1 (11 36 kt
year 1) on snow and ice surfaces (~14% of global deposited mass).
Similar to TWPs, transport to Antarctica was small compared to
other continents (0.04 kt year 1 for PM2.5, 0.01 kt year 1 forT
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PM10). The slightly smaller relative deposition of BWPs over the
ocean compared to TWPs in both particle sizes (Table 2) can be
attributed to the higher particle density of BWPs (see “Methods”),
which leads to more rapid deposition.

Road microplastics in snow-covered land and ice surfaces.
TWP concentrations in the Arctic snow ranged between 1 and
10 ng kg 1 of snow for PM2.5 and between 4 and 80 ng kg 1 for
PM10 (Fig. 3). Modelled concentrations of BWPs were 2 30 ng kg 1

for PM2.5 and 2 70 ng kg 1 for PM10 (Fig. 3). For comparison,
note that these values are almost three orders of magnitude lower
than those of BC in Arctic snow56,57. It is seen that Northern Europe
(e.g. Scandinavia), on one side, and North America, on the other,
present higher TWP/BWP snow concentrations than the Arctic.
This is a combination of the proximity to source regions and the fact
that the calculation was performed only for pixels with substantial
snowfall as compared to total precipitation (Supplementary
Movie 2). The largest Arctic snow concentrations were predicted on
the sea ice between Northern Greenland and Europe. This area
receives road microplastics emitted both in North America and
Europe (Supplementary Movies 3 and 5). Transport of microplastics
into the Arctic occurs particularly in winter and spring (Fig. 3e, f,
Supplementary Fig. 3) and is likely enhanced during positive phases
of the North Atlantic Oscillation (NAO)58. It is known from pre
vious work58 that pollution transport from North America and
Europe is enhanced during positive phases of the NAO and that this
effect is strongest in winter and spring. Since 1990, there have been 7
years with high NAO indexes, a negative phase around 2010 and
again positive phase between 2014 and 201959. Another hotspot
region, in terms of snow concentrations, is Northern Eurasia (Fig. 3).
This region is affected by air transport from high emission regions
further south (Supplementary Movies 3 and 5).

The uncertainty of road microplastics deposition was calculated
from 120 model ensemble members, each comprising different size
distribution characteristics, different coefficients for in cloud and
below cloud scavenging and variable airborne fraction with respect
to total emissions (see “Methods”). The uncertainty was calculated
as the geometric standard deviation of deposition resulting from all
ensemble members (see “Methods”, Supplementary Fig. 4, Supple
mentary Table 1 and Supplementary Table 2).
The relative uncertainties in deposition both for PM2 5 and

PM10 road microplastics are high, with a geometric standard
deviation of up to 3. This is mainly due to the great uncertainty in
the size distributions of emitted TWPs and BWPs, which controls
the fraction of the total mass that can become airborne and the
removal properties within that fraction. Dannis60 found that the
mean particle diameter of TWPs decreases, while vehicle speed
increases, which may contribute to the large differences in reported
size distributions. In an effort to explain the size distribution, Cadle
and Williams61 suggested that the formation of sub micron TWPs
may be due to the thermal degradation of tyre polymer, with the
larger particle mode being generated by mechanical abrasion.
Deposition of PM2.5 road microplastics is more uncertain closer to
the highest emitting continents (North eastern USA, South eastern
China and Europe) and in tropical regions where precipitation is
intense (Fig. 4a, c, e). On the contrary, the highest uncertainties for
road microplastic deposition of PM10 occur in remote regions
(Fig. 4b, d, e). This is related to the large sensitivity of long range
transport efficiency to gravitational settling and below cloud
scavenging of larger particles, which is relatively more important
for PM10 than PM2.5.

Discussion
To examine the susceptibility of different remote regions (e.g.
oceans, Arctic, etc.) to TWP and BWP emissions, we computed

Annual total (wet and dry) deposition

PM2.5 TWP PM10 TWP

PM10 BWPPM2.5 BWP

28.4 kt

a

97.1 kt

0.02 0.03 0.06 0.12 0.25

Deposition (mg m–2)

0.5 1 2 4 8 16

142.3 kt

283.7 kt

b

c d

Fig. 2 Wet and dry deposition of road microplastics. Annual total (wet and dry) deposition of tyre wear particles (TWPs) and brake wear particles
(BWPs) in PM2.5 and PM10 size classes, respectively. The projected deposition has been calculated as the geometric mean of all simulations using TWP
emissions estimated using the CO2 ratio method and the GAINS model and using BWP emissions calculated from the GAINS model, respectively. The
simulations comprise 120 ensemble members with different assumption for the airborne fraction (five for each of the PM2.5 and PM10 fractions), particle
size distribution (eight for each of the PM2.5 and PM10 fractions) and CCN/IN (cloud condensation nuclei/ice nuclei) efficiency (three different sets of
scavenging coefficients per fraction) following a log-normal distribution (see “Methods”). Bold numbers at the left bottom of each panel represent the
annual total deposition of TWPs and BWPs from road vehicles in PM2.5 and PM10 sizes for year 2014.
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the probability of road microplastics emitted globally to reach
these remote regions via the atmosphere. We define the transport
efficiency as the ratio between the mass of microplastics deposited
in a remote area and the total mass of microplastics emitted
globally. We calculate these efficiencies by masking several geo
graphical regions (Table 3).
About 15% of the PM2.5 road microplastics were transported

to the Atlantic Ocean (Table 3), whereas coarse particles were less
efficiently deposited there (TWPs 10%, BWPs 11%). Due to the
smaller size of PM2.5, their transport efficiency to the Pacific
Ocean was even more strongly enhanced relative to PM10
deposition (Table 3). The South China Sea receives ~2% of air
borne road microplastics, at maximum, a large amount con
sidering its relatively small surface. This is due to the fact that
South eastern Asian emissions of microplastics tend to travel
towards the South China Sea and the Western Pacific before they
turn to the north, all the way to the Arctic (Supplementary
Movies 3 and 5). The calculated transport of PM10 road micro
plastics shows a relatively high efficiency over Greenland (TWPs
1.7%, BWPs 2.3%) and over the Arctic Ocean (TWPs 6.8%, BWPs
4.3%) and much smaller to the Southern Ocean (TWPs 1.4%,
BWPs 0.5%). Negligible transport to Antarctica was simulated.
A notable point here is the fact that in areas surrounded by

road microplastic emissions sources, PM10 particles are more
efficiently deposited than PM2.5 particles. For instance, in the
Alps, the Mediterranean, Baltic and South China Seas, transport
efficiencies of coarse particles were up to twice of those of the fine
particles. Short exposure to PM10 particles has been highlighted
as a major cause of respiratory diseases (e.g. asthma), especially
considering that such regions are heavily populated53. The
opposite is the case in remote areas that are far from emission
sources such as the Arctic and Greenland, where deposition of
fine particles is greater than that of coarse ones (Table 3).
Another important receptor region of global microplastic

emissions is the Arctic (Table 3). It is well known that aerosols
can be transported efficiently to the Arctic, in particular during
the Arctic Haze season in late winter and spring62. We find a
transport efficiency of almost 3.6% for the Arctic (excluding
Greenland) and a similar transport efficiency for Greenland.
These transport patterns may potentially intensify the climatic
risk of microplastic pollution with respect to their ability to
decrease the albedo in the Arctic and enhance snow and ice
melting. In addition, road microplastics may concentrate in
Arctic melt pools, with unknown ecological consequences. TWPs
and BWPs constitute ~1.8% of total plastic production14, hence
the anticipated impact of all microplastics arriving to snow and
ice surfaces might be greater.
One aspect that is missing from our simulations is potential re

suspension of road microplastics. Strong winds may re mobilize
deposited microplastic particles both from the land and the ocean
surface, allowing secondary transport of these particles and thus
enhancing efficiency of airborne transport to remote areas such as
the Arctic, somewhat similar to the well known grasshopper
effect of persistent organic pollutants63. Another important aspect
is the fact that emissions from non road vehicles (tractors, mining
trucks and equipment, construction and forestry machinery, and
even military) have not been included in our emission inven
tories. While these vehicles are fewer, they work in difficult
conditions, are heavier and carry heavy loads leading to enhanced
tyre and brake wear.
There is a lack of measurement data that could be used to

validate our results. However, Bergmann et al.43 reported that the
mean number concentration of plastic fibres detected in snow
from Svalbard were 1.38 ± 1.10 ml 1, while in Bavaria they
were 1.43 ± 0.32 ml 1. Most particles identified were between 11
and 25 μm, while those <11 μm were not identified due toT
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methodological limitations. According to Stylios64, a microfibre is
a fibre with <1 decitex (dtex) per filament, with the most common
types being from polyesters and polyamides (1 dtex= 1 mg per
10 m). Since the majority of the fibres was <25 μm size, these
number concentrations can be converted to mass concentrations

of 3.4 ± 2.8 and 3.6 ± 0.80 ng g 1 in Svalbard and Bavaria,
respectively. Materić et al.65 reported PET (polyethylene ter
ephthalate), PPC (polypropylene carbonate) and PVC (polyvinyl
chloride) concentrations in Alpine snow of 5.6 23, 11 16
and 6.9 ± 0.2 ng g 1, respectively. These concentrations are

Annual average snow concentrations
of road microplastics
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Fig. 3 Road microplastics in snow and ice. Annual average concentrations of road microplastics in Arctic snow (a–d) in ng kg−1. Snow concentrations were
calculated using daily fields of sea-ice area fraction and total snowfall from European Centre for Medium-Range Weather Forecast (ECMWF) combined with daily
modelled deposition. The latter includes results from 120 simulations that accounted for different airborne fractions (five members for each of the PM2.5 and PM10
fractions), particle size distribution (eight members for each of the PM2.5 and PM10 fractions) and CCN/IN (cloud condensation nuclei/ice nuclei) efficiency (three
different sets of scavenging coefficients per fraction) following a log-normal distribution (see “Methods”). Monthly variation of concentrations of road microplastics
in the Arctic snow in both sizes (PM2.5 and PM10) are presented in (e, f). For the latter, model results using emissions from both methods are presented. Tyre
wear particles (TWPs) and brake wear particles (BWPs) uncertainties have been calculated as the geometric standard deviation of all the 120 simulations with
different assumption (airborne fraction, size distribution and CCN/IN efficiency, see “Methods”). Note that the smallest concentrations occur in mid-summer (e, f).
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~100 times higher than those estimated here for TWPs and BWPs
in snow (Fig. 3), which is likely realistic considering the larger
usage of these polymers as compared to TWPs and BWPs. A
measurement strategy for both atmospheric concentration and
deposition (e.g. in snow samples) measurements is highly
recommended at different distances to major source regions in
order to facilitate validation of our model results.
We calculated that out of 102 787 kt (mean 284 kt) of PM10

TWPs emitted, 34.4 290 kt (mean 100 kt) were deposited in
the World Ocean. In the most recent study on riverine trans
port from land to ocean, van Wijnen et al.66 reported a total
annual global export of microplastics to the ocean of 47 kt, 80%
(37.6 kt) of which was produced by macroplastic degradation,
and 20% (9.4 kt) from direct discharges of TWP and laundry
fibres. The total annual releases of TWP in their model were
assumed to be 426 kt (Table 3 in van Wijnen et al.66). If
we assume that all microplastics are transported from land to
the World Ocean over time (wash out and runoff processes)
and scale the van Wijnen et al.66 TWP emissions to match ours
(2907 kt, Fig. 1), we calculate that 64 kt of TWP may be washed
out from the land in a year. This suggests that direct deposition
of airborne road microplastics is likely the most important
source for the ocean.

Methods
TWP emission calculations based on a CO2 ratio method. Top-down estimates
of total annual tyre wear emissions of 5700 10,000 and 100,000 tonnes, respectively,
have been reported for Norway67, Sweden68 and Germany69 based on measure-
ments of lifetime weight loss of returned tyres. For the rest of the globe, we did not
have access to such data. To obtain global emissions (Fig. 1), we assumed a con-
stant ratio of TWP emissions to CO2 emissions from the road transport sector
(0.49 mg TWP g−1 CO2), using CO2 emissions from the CMIP6 (Coupled Model
Intercomparison Project phase 6)70 inventory (0.5° × 0.5° resolution) for the year
2014. The TWP/CO2 emission ratio is the average value of the ratios obtained for

Norway, Sweden, and Germany, which were all very similar: 0.43, 0.50 and 0.55 mg
TWP g−1 CO2, respectively.

While the total TWP emission is relatively well constrained, the fraction of total
TWP and BWP emissions that becomes airborne, assumed to be particles <10 µm
(PM10), is highly uncertain. Values reported in the literature range from ~1 to
40%, while those for the PM2.5 fraction (particles <2.5 µm) are ~1%23,30,32,41,71–74

(Table 6 in Grigoratos and Martini75). We examined how sensitive the calculated
concentrations of TWP are with respect to this fraction. For that, we created five
scenarios that assumed that 2.5, 5, 10, 20 and 40% of the total TWP emitted are
PM10 and 0.25, 0.5, 1, 2 and 4% are PM2.5 (Supplementary Table 1). We report
TWP emissions as a range (geometric mean and geometric standard deviation)
based on the derived emissions from the five ensemble members, each one with a
different assumed fraction for the PM2.5 and PM10 mode.

TWP and BWP emission calculations with the GAINS model. The GAINS
(http://gains.iiasa.ac.at) model76 is an integrated assessment model where emis-
sions of air pollutants and Kyoto gases are estimated for nearly 200 regions globally
considering key economic activities, environmental regulation policies and
regionally specific emission factors. For emissions of PM, GAINS provides size
speciated PM discriminating PM1, PM2.5, PM10 and total PM, as well as carbo-
naceous particles (BC, organic carbon); detailed description of the methodology
can be found in Klimont et al.52. Emissions of non-exhaust PM in GAINS include
TWPs, BWPs and road abrasion, and the calculation is based on region-specific
data and estimates of distance-driven (km vehicle type−1 year−1) and vehicle-type-
specific emission rates (mg km−1). Distinguished vehicle types for road transport
include motorcycles, cars, light duty vehicles, buses and heavy-duty vehicles. The
estimates of distance driven for 2015 are derived using data on fuel use in road
transport (from https://www.iea.org) supported by national data on vehicle num-
bers and assumptions of per-vehicle mileage travelled. Considering explicitly
vehicle-type-specific emission rates and respective activity data allows for better
reflection of often significant regional differences in fleet structure, that is, large
number of motorcycles in South and South-East Asia and generally lower car
ownership numbers in parts of the developing world. GAINS emissions are dis-
tributed globally (0.5° × 0.5°) using road network data, assumptions about road-
type vehicle density and population data.

The vehicle-type-specific TWP and BWP emission factors draw on review of
several measurement papers (Klimont et al.77) that were recently updated52 using
primarily Denier van der Gon et al.78, EEA79 and Harrison et al.41. There are large
uncertainties in emission factors including the PM size distribution. GAINS
assumes that PM10 TWPs represent ~10% and PM2.5 ~1% of total TWPs, whereas

Uncertainty of deposition

PM2.5 TWP PM10 TWP

PM10 BWPPM2.5 BWP

1 1.2 1.4 1.6 1.8 2
Geometric standard deviation

2.2 2.4 2.6 2.8 3

a b

dc

Fig. 4 Model uncertainty. Calculated model uncertainties of deposition. Uncertainties were calculated from a model ensemble of 120 members for each of
the PM2.5 and PM10 sizes, both for tyre wear particles (TWPs) and brake wear particles (BWPs). The ensemble accounts for (a) airborne PM10 TWP
fraction to be 2.5, 5, 10, 20 and 40% of the total TWP emissions, (b) PM2.5 TWP to be 0.25, 0.5, 1, 2 and 4% of the total TWP emissions, while (c) PM2.5
BWP fraction was assumed to be 30, 40, 50, 60 and 70% of total BWPs and (d) PM10 BWP fraction of 60, 70, 80, 90 and 100% of the total BWPs,
different wet scavenging coefficients that define CCN/IN (cloud condensation nuclei/ice nuclei) efficiency, and different assumptions on the airborne
fraction in the emissions (see “Methods”). Uncertainties are given as the geometric standard deviations, since sensitivity scenarios followed a largely log-
normal distribution (see “Methods”).
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PM10 BWPs is ~80% and PM2.5 is 40 50% of total BWPs independently on
vehicle type77. Here, we assumed that 2.5, 5, 10, 20 and 40% of the total TWPs and
60, 70, 80, 90 and 100% of the total BWPs is PM10 (Supplementary Table 1) and
then calculated the geometric mean and geometric standard deviation.
Accordingly, 0.25, 0.5, 1, 2 and 4% of total TWPs and 30, 40, 50, 60 and 70% of
total BWPs were assumed PM2.5 (Supplementary Table 1), based on the range of
values reported in the literature (Table 3.96 and 3.97 in Klimont et al.77 and
references therein).

Atmospheric transport modelling of road microplastics. The gridded TWP
emissions were adopted to the Lagrangian particle transport model FLEXPART
(FLEXible PARTicle Dispersion Model) version 10.480–83. The model was set to
run in forward mode for year 2014 with a spin-up period of 1 month (December
2013). Boundary layer turbulent mixing and convection processes affecting particle
transport in clouds are parameterized in the model80,84. The model was driven by
3-hourly 1° × 1° operational analyses from the European Centre for Medium-Range
Weather Forecast, the spatial output resolution of concentration and deposition
fields was set to 0.5° × 0.5° in a global domain with a daily temporal resolution.

FLEXPART assumes a spherical shape of particles80 and, as such, the dispersion
of road microplastics was modelled. One of the most uncertain aspects of the TWP
and BWP emissions is their size distribution. It depends on different properties of
the tyre, driving operation and composition and texture of the pavement21.
Mathissen et al.85, Sanders et al.74 and Kumar et al.73 reported that TWP and BWP
can be even emitted as ultrafine particles due to thermomechanical processes. A
bimodal size distribution for TWP has been suggested with one maximum in the
fine mode and another in the coarse mode86–89. On the contrary, an unimodal
size distribution has been reported for BWP with maxima ranging between 1.0 and
6.0 μm23,30,41,74,90 (Supplementary Fig. 4).

Model simulations were carried out for each of the above emission scenarios
(five). However, since also the size distribution within the PM10 and PM2.5 modes
is uncertain, we simulated particle transport for three different particle sizes in
the PM2.5 (0.5, 1.0 and 2.1 μm) and five in the PM10 mode (0.5, 2.1, 3.2, 6.0 and
9.5 μm) and applied a range of different a posteriori weightings of these size classes.
The respective eight mass fractions for TWPs and BWPs used in FLEXPART are
shown in Supplementary Fig. 4.

Yet another source of uncertainty is the efficiency with which particles are
scavenged by precipitation. Plastics are generally hydrophobic and should therefore
be rather inefficient cloud condensation nuclei (CCN)91,92. However, as known for
BC, coatings may make the particles more hydrophilic with time in the
atmosphere49. The efficiency of aerosols to serve as ice nuclei (IN) is also not well
known. To bracket this type of uncertainty in our simulations, we accounted for
three different in-cloud scavenging properties (low, medium and high CCN/IN
efficiency, Supplementary Table 2) in each of the aforementioned particle sizes. We
report simulated concentrations and deposition amounts as the geometric mean
values of the 120 ensemble members (five assumptions of the airborne fraction,
eight for the size distribution, three for the CCN/IN efficiency) and quantify their
uncertainty as their geometric standard deviation.

The simulations also accounted for below-cloud scavenging and dry deposition,
assuming a particle density for TWPs of 1234 kgm−3, which is in the middle of the
densities of 945 kgm−3 for natural rubber and 1522 kgm−3 for synthetic rubber93,94.
This density is within the reported range for microplastics (940 2400 kgm−3)95. For
BWPs a higher density was assumed (2000 kgm−3) considering that BWP may also
contain metals22. These values were held constant for all ensemble members.

Atmospheric lifetimes of road microplastics. The modelled lifetime (τ) of of
road microplastic particles in each grid cell is identical to the lifetime due to
transport (ttrans) in and out of the aforementioned grid cell, chemical loss (tchem)
and deposition (tdepo)

1
τ
¼ 1

ttrans
þ 1
tchem

þ 1
tdepo

:

For road microplastics, we assume no chemical interactions of TWPs and
BWPs. The modelled lifetime in FLEXPART can be written by the species mass
balance equation of Croft et al.96 as follows:

dCðtÞ
dt

¼ S tð Þ CðtÞ
τðtÞ ;

where C(t) is the atmospheric burden of road microplastics at time t, S(t) is the
time-dependent source emission fluxes and τ(t) is the removal timescale. Assuming
steady-state conditions and considering that emission fluxes are continuous, there
is a quasi-equilibrium between sources and removals; hence, the modelled lifetime
τmod can be defined as:

τmod ¼ Cmp=L
trans;chem;depo
mp ;

where Cmp is the atmospheric burden of road microplastics and Ltrans;chem;depo
mp is the

total loss due to any process affecting TWPs and BWPs in the model (transport,
chemistry, deposition).T
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Statistics and uncertainty calculations. We plot the probability density functions
(PDFs) for deposition of TWPs and BWPs that resulted from all the ensemble
members of our sensitivity in Supplementary Fig. 5. In the present case, five
ensemble members represented the uncertainty in the emissions (Supplementary
Table 1), eight that are in the size distribution (Supplementary Fig. 4) and three
members that are in the CCN/IN efficiency (Supplementary Table 2), which gives a
total of 120 ensemble members for each size (PM2.5 and PM10). Supplementary
Figure 5 shows that deposition follows a log-normal distribution with a PDF that
can be expressed as follows:

f χ; μg; σg

� �
¼ 1

χσg 2π
p exp

ðln x μgÞ2
2σ2g

 !
;

where χ is the random variable, and μg and σg are the mean and standard deviation
of the distribution of ln χ. This relationship is true regardless of the base of the
logarithmic or exponential function97. Thus, the results can be expressed by the
geometric mean (μg) and the uncertainty by the geometric standard deviation (σg)
of χ, which are given below:

μg ¼ A1A2 ¼AN
N
p

and σg ¼ exp

PN
i 1 ln Ai

μg

� �2

N

vuut
0
BB@

1
CCA;

where A1;A2; ¼ ;AN are the results from each ensemble member and N the size of
the ensemble (120 members for the PM2.5 and PM10 mode, respectively, for each
of the TWP and BWP).

The geometric standard deviation is a dimensionless multiplicative factor, also
called geometric SD factor98. We present resulting concentrations and deposition
here with geometric SD factor in conjunction with geometric mean as “the range
from “the geometric mean divided by the geometric SD factor” to “the geometric
mean multiplied by the geometric SD factor”, rather add/subtract “geometric SD
factor” to/from “geometric mean”99.

Data availability
All primary sources (TWP and BWP emission data) are publicly available in https://doi.
org/10.5061/dryad.qrfj6q5bx (temporary link: https://datadryad.org/stash/share/ dEIxj28-
AHDSoIEPIRdufbljARA-NLyKYOs2n2CqqE). FLEXPART version 10.4 model is publicly
available80. Operational meteorological data that were used in FLEXPART version 10.4
model can be downloaded directly from the European Centre for Medium-Range Weather
Forecasts (ECMWF, https://www.ecmwf.int) following their rules and regulations. All
FLEXPART version 10.4 simulation results can be found in https://doi.org/10.5061/dryad.
qrfj6q5bx or upon request to N.E. The same dataset also contains land–sea, ocean,
continental and country masks (Supplementary Fig. 6) that were used in the calculations
of continental emissions, oceanic deposition and transport efficiencies, together with the
ECMWF data of sea-ice area fraction, snow depth (for the definition of mountains),
snowfall and total precipitation that were used in the calculations of snow concentrations.

Code availability
The Lagrangian particle dispersion model FLEXPART is open access and can be obtained
from https://www.flexpart.eu. All figures were created using open access Python 3
programming language. The post-processing codes can be obtained from the
corresponding author upon request.
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[12]. Recently, a nomenclature on anthropogenic poly-
mer particulates has been proposed, introducing micro-
rubber (MR) as an umbrella term covering all
micronized rubber particles such as T(R) WP [13]. TWP
contain rubber polymers (about 50%) and other compo-
nents such as fillers and softeners [7, 11, 12]. Road run-
off including TWP has been studied extensively over the
past decades, addressing characteristics, environmental
concentrations and effects of TWP [9, 10, 14–17], with
an additional focus on (effects of) leaching of heavy
metals and other trace elements [18–34]. Leachability of
toxic compounds differs greatly among different tires
(i.e. rubber formulas) [26] and different tires were found
to vary in toxicity by 2 orders of magnitude [23]. Tire
components may also form toxic transformation prod-
ucts. Recently, a previously unknown transformation
product of a globally ubiquitous tire rubber antioxidant
was identified as the primary causal toxicant for decades
of stormwater-linked salmon acute mortality observa-
tions in the U.S. [35]. Furthermore, toxicity of TWP
leachates is also related to the leaching methods used to
prepare and extract the tire particles [15]. Harmful ef-
fects from TWP leachates were observed on aquatic or-
ganisms including algae, crustacean and fish, although
significant effects were not always determined [9, 15, 17,
21, 26]. The acute effect concentrations of TWP leach-
ates (TWP removed) in aquatic media, including marine
environments, were found to cover a range of 25 to 100,
000 mg TWP/L [8, 36], while chronic effect concentra-
tions vary from 10 to 3600mg TWP/L [8]. A Predicted
No-Effect Concentration for water (PNEC water) of 3.9
mg TWP/L was derived based on TWP leachate [10].
Although expressed in TWP mass, these effect values
are all based on the chemicals leaching from TWP and
not on the particles themselves. Components of leach-
ates found to be largely responsible for the toxicity were
zinc and organic compounds [17, 26].
The briefly described literature above indicates an ex-

tensive knowledge base is available for TWP leachates.
For TWP as a component of microplastics, knowledge
on the concentrations, degradation, retention and tox-
icity of in the aquatic environment is however limited
[12, 37, 38]. Due to interactions with other particulate
matter, TWP are subjected to changes in morphology
and composition, which makes it difficult to track and
quantify them in the environment [8]. Environmental
concentrations of TWP have been measured using
markers [16, 39], i.e. tire constituents which occur in
specific concentrations in tire material [8]. This ap-
proach is limited due to multiple sources of most avail-
able marker substances and variations of the marker
content in the tires [8]. The presence of actual TWP was
first detected as airborne particles, e.g. [11], indicating
tire wear as a significant contribution to the flux of

microplastics into the environment. Recently, TWP have
been measured in stormwater [40], sediment and surface
water [41], confirming that road runoff likely is an im-
portant pathway of microplastic pollution. Therefore,
there is a need to evaluate the effect of TWP on biota
and to assess potential ecological risks posed by TWP.
Effects in the aquatic environment may stem from

TWP itself or from compounds released from TWP [8,
42–44]. Furthermore, other traffic related sources
(brakes, lubricants, coolants, asphalt, road marking and
vehicle parts) may also release microplastics and other
pollutants [4, 29, 45–59]. A wide range of species are
capable of ingesting microplastics and ‘food dilution’ has
been found to be the effect mechanism with the highest
weight of evidence [60, 61]. Considering TWP, ingestion
by aquatic species has recently been confirmed and a
dissimilar mechanism of toxicity of TWP and leachate
was suggested [44]. Therefore, when addressing risks of
microplastics from road runoff, one needs to consider
the toxicity of the microplastic particles themselves, the
toxicity of tire compounds which may or may not leach
out of the particles, as well as the toxicity of other pol-
lutants in road runoff. With a few exceptions [42–44],
available research on TWP has been limited to forced
TWP leachates, thus disregarding the actual particles
[8]. To date, we are not aware of studies that assess the
risks of TWP including both the chemical as well as the
particle effect modes of action in one go.
This study aims to provide insight in risks of pollution

in road runoff for European waters by conducting a risk
assessment for the components in road runoff that can
be considered hazardous. Following Diamond et al. [62]
the assessment comprised of a generic prospective as-
sessment using conservative assumptions to identify po-
tential ecological risks (Predicted environmental
concentration (PEC) / Predicted no-effect concentration
(PNEC) ratio), followed by a higher resolution prospect-
ive assessment (Species Sensitivity Distributions (SSDs)
used to estimate the Potentially Affected Fraction (PAF)
of species) and then by a retrospective assessment
(Whole Effluent Toxicity (WET)-tests). In relevance to
European water quality, the prospective risk assessment
was focused on WFD priority substances (Directive
2013/39/EU), supplemented with other hazardous sub-
stances found in road runoff. As the number of different
compounds potentially present in road runoff is high
(306 compounds [29]), a selection was made of 10 sub-
stances and TWP itself to be included in the risk assess-
ment. Estimated and measured exposure concentrations
(PECs) of these pollutants reported in literature were
compared to the sensitivity of the environment as repre-
sented by 1) PNECs and 2) SSDs [63]. Due to lack of ef-
fect data for TWP as a specific subcategory of
microplastic, we used generic microplastics data as a
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proxy to estimate their particle related effects and hence
use the term TWPMP (Tire Wear Particles - Microplas-
tic). Whole Effluent Toxicity (WET)-tests using bacteria,
algae and crustacea were conducted to support the risk
assessment in retrospect [62]. With this retrospective as-
sessment realistic field samples are tested and combin-
ation toxicology as well as yet unidentified substances
are covered.

Methods
To provide insight in risks of pollution in road runoff
for European waters, a risk assessment of individual sub-
stances in road runoff was conducted. This risk assess-
ment comprised hazard identification (selection of
substances), exposure assessment, effect assessment and
risk characterization [64]. Following Diamond et al. [62],
this prospective risk assessment was combined with a
retrospective assessment in the form of Whole Effluent
Toxicity (WET)-tests on representative environmental
samples. The prospective risk assessment is used to
identify potential ecological risks whereas the retrospect-
ive assessment provides additional information that inte-
grates the complexity of real mixtures.

Selection of substances
The group of microplastics, or more specific TWPMP,
was selected as primary focus of this study. We use the
term microplastics to refer to the group of microplastic
particles in general, with particle sizes ranging from 1 to
5000 μm [61, 65, 66], whereas TWP refers to the parti-
cles from tires with sizes within the range of microplas-
tics [14]. Besides microplastic particles, tire compounds
and other pollutants in road runoff needed to be identi-
fied for inclusion in the risk assessment. To select a
most relevant and also manageable number of TWP-
associated compounds for the risk assessment, 10 com-
pounds were selected from a list of organic micropollu-
tants that are reported to be released from traffic and
roads (Supporting information: Table S1 to S3, page 4–
12). Selection criteria were as follows. First, compounds
listed as priority substance under the Water Framework
Directive (WFD 2000/60/EC) were selected: Benzo(a)
pyrene (BaP); Fluoranthene; Nonylphenol (NP); 4-tert-
octylphenol (OP); Di (2-ethylhexyl) phthalate (DEHP).
One substance, Bisphenol A (BPA), is considered to be a
potential candidate for eventual priority substance status
under article 16 of the WFD and was also selected. Four
other substances were selected based on the following
criteria (1) concentrations in runoff are reported in lit-
erature, (2) the pollutants originate from a variety of
sources and (3) the pollutants are expected to dominate
risk, based on the assessment by Baun et al. [67] and
Markiewicz et al. [29]. The latter assessment prioritizes
pollutants with properties such as: low volatility;

persistent; risk for bioaccumulation; risk for toxicity; and
long-term adverse effects. These four substances are
Mercaptobenzothiazole (MBT); Tolyltriazole (TT); Dii-
sodecyl phthalate (DIDP); and Hexa (methoxymethyl)
melamine (HMMM).

Exposure assessment
Measured values reported in literature in runoff or
storm water were taken as the Predicted Environmental
Concentration (PEC) in runoff (all values found in litera-
ture are provided as Supporting information, Table S4
on page 13–15).
For the PEC in surface water, both estimated (extrapo-

lated from runoff concentrations) and measured values
(reported in literature) were used. For the estimated
values it was assumed that the concentration in a water
body equals the runoff concentration divided by 100.
When more than one PEC in runoff was available, the
maximum (worst case) value was taken for the deriv-
ation of the PEC in surface water. The dilution factor of
100 is derived for a typical small surface water body (2
m wide and 1m depth) with a flow of 1 m3/sec, com-
bined with a typical discharge from a rain event of 30
mm in 1 h on a road of 100 m long and 12m wide
(resulting in a discharge of 0.01 m3/sec). For relatively
small and/or stagnant surface water bodies that are
mainly loaded with road runoff water, the dilution factor
of 100 may be too high. For those water bodies, the risk
assessment based on runoff concentrations is more rele-
vant. The estimation was only applied for the 10 sub-
stances, as the dilution assumption does not apply for
particles (TWP). The estimated TWP concentration is
based on a conceptual model of TRWP fate [37].
For the PEC of sediment, the same approach was used

as for surface water. The estimated value for each of the
10 substances was extrapolated from measured values in
the solid fraction of runoff by using a dilution factor of
100. In case no concentration in runoff sediment was
available, a fixed ratio of 10 between the PEC surface
water and PEC sediment was assumed, based on the ra-
tio between surface water concentrations and sediment
concentrations of phenols and phthalates in Björklund
et al. [68]. A list of estimated and measured values in
surface water and sediment is provided as Supporting in-
formation (Tables S4 and S5 on page 13–16).

Effect assessment
PNEC selection or derivation
The PNEC is defined as the concentration of the sub-
stance below which adverse effects in the environmental
sphere of concern are not expected to occur (Regulation
(EC) No. 1907/2006). For each substance, a PNEC water
and PNEC sediment was selected from (in order of
priority):
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� Existing EU standards, i.e. Environmental Quality
Standards (EQS). EQS are available for priority
substances (Directive 2008/105/EC and related
documents);

� PNEC values reported in EU Risk Assessment
Reports;

� PNEC values reported on the ECHA website
(https://echa.europa.eu/substance-information/);

� PNEC values reported in literature.

In case there was no PNEC value available from the
above sources, a PNEC was derived using available
toxicity information in combination with an appropri-
ate safety factor as indicated by the EU Technical
Guidance Document [64]. Therefore a search was
conducted in the US-EPA ECOTOX database (https://
cfpub.epa.gov/ecotox/), which is a comprehensive,
publicly available knowledgebase providing single
chemical environmental toxicity data. If toxicity data
was still limited, a search was performed in peer-
reviewed literature using the search engine SCOPUS
(www.scopus.com) and, if necessary, in grey literature
(e.g. using google-scholar). In case a PNEC sediment
was not available in literature and toxicity data for
benthic species was lacking, the PNEC sediment was
estimated based on equilibrium partitioning [64] of
the organic compounds. All PNECs and their litera-
ture sources or derivation (including chemical equilib-
rium equations) are provided and explained in detail
as Supporting information (page 17–22).

Effect data search
A search for No Observed Effect Concentration (NOEC)
values was conducted to provide input for the SSD ap-
proach (see Risk characterization below). To enlarge the
availability of ecotoxicological data we also searched for
effect concentrations up to 10% (EC0 to EC10, with ECx

as the effect concentration at which x% effect (mortality,
inhibition of growth, reproduction, etc.) is observed
compared to the control group) to represent NOEC
values, and for acute EC50 and LC50 (Lethal Concentra-
tion 50%) values. For the latter values, a pragmatic acute
to chronic ratio of 10 was used [69] to represent the
NOEC. As toxicity values for sediment are scarce, we
limited our search to the water phase.
The US-EPA ECOTOX database (https://cfpub.epa.

gov/ecotox/) was searched using the CAS numbers of
the 10 selected substances. The search results (Table
S15) were checked for relevance according to the follow-
ing criteria:

� Only relevant endpoints (NOEC; EC/LC0 to 10; EC50,
LC50);

� Concentration must be expressed as environmental
concentration (i.e. exposure: mg/l, μg/l) and not in
food or organism (i.e. dosage: mg/kg bw etc.);

� Only exact numerical values were selected, in other
words, effect concentrations reported as: ‘NR’;
greater than (‘>’); smaller than (‘<’), or approximate
(‘~’) were not included.

Risk characterization
The risk assessment followed two approaches: 1) calcula-
tion of the PEC/PNEC ratio, indicating whether un-
acceptable effects on organisms are likely to occur and;
2) comparing the PEC with an SSD, to indicate the prob-
ability that a specific fraction of species is exposed above
their no effect value; the Potentially Affected Fraction of
species (PAF) [70]. The SSD approach uses the lowest
available NOEC per species [71–74]. When more than
one value was found for the same species under similar
conditions, i.e. same end-point and an analysis of the
test conditions used cannot explain the difference in ob-
served response, the geometric mean of these values was
used. The minimum number of species required when
using the SSD method is 10 (preferably more than 15)
covering at least 8 taxonomic groups [64]. Because of
these requirements and acknowledging the scarcity of
sediment toxicity values, the probabilistic risk assess-
ment was focused on the water phase only.
When sufficient NOECs were available for a substance,

an SSD was constructed, by using the software ETX 2.1
[75] which is freely available at https://rvs.rivm.nl/
risicobeoordeling/modellen-voor-risicobeoordeling/ETX.
ETX 2.1 applies a cumulative log-normal distribution,
where sensitivity values for species are fitted to a loga-
rithmic scale. The SSD was used to estimate the PAF,
see e.g. European Commission [64] and Aldenberg &
Slob [76]. Using the SSDs, the PAF at the exposure con-
centration (PEC) is estimated as a median estimate (50%
confidence), plus lower estimate (5% confidence) and
upper estimate (95% confidence) of the fraction affected.

Whole effluent toxicity (WET)-tests
Additional to the risk assessment, WET-tests were exe-
cuted to assess the toxicity of runoff and of surface water
next to a highway. In contrast to our prospective risk as-
sessment, the WET-tests constitute a retrospective, em-
pirical approach [62].
Road runoff samples were taken in Germany and

Sweden. In Germany, on 18 March 2019 runoff samples
have been gathered from the highway A61 between
Kreuz Meckenheim and Dreieck Bad Neuenahr-
Ahrweiler (at the parking place ‘Goldene Meile’, Coordi-
nates: 50.58 N, 7.06 E). On the sampling day, it was
partly cloudy and there was some precipitation (0.4 mm
in Köln-Bonn Flughafen) with a maximum temperature
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of 10 degrees Celsius. There was more precipitation reg-
istered in Köln-Bonn Flughafen on the days before the
sampling day (2.3–18.2 mm per day in the 5 days before
the samples were gathered). Highway A61 is a busy
highway with 5 lanes in total and an emergency lane
with an average traffic intensity of 73,310 vehicles per
day. The asphalt consists of normal asphalt. In Sweden,
on 14 June 2019 samples have been gathered from the
Swedish National Road and Transport Research Institute
(VTI) test site located at the highway E18 (Coordinates:
59.63 N, 16.86 E). Water samples were collected from a
concrete storm water well containing road runoff water.
On the sampling day, it was cloudy at first (no rain), and
later sunny, with a temperature of 18–21 degrees Cel-
sius. In the days before the sampling, there was some
rain measured at weather station Enköping Mo (0–13
mm per day in the 5 days before the sampling). Highway
E18 is a highway with 2 lanes in each direction (4 lanes
in total) and no emergency lane, with an average traffic
intensity of 21,300 vehicles per day and the asphalt con-
sists of stone mastic asphalt. Surface water samples have
been taken in the Netherlands, in a surface water body
next to the A2 highway (Coordinates: 52.24 N, 4.98 E),
on 17 April 2019. Samples were collected from the cen-
ter of the water body; 10 l surface water just under the
surface at approx. 30 cm depth. On the sampling day,
the weather was partly cloudy (no rain) with a maximum
temperature of 16 degrees Celsius. The last rain event
occurred 2 weeks before the sampling. It should be real-
ized that the surface water samples reflect time inte-
grated concentrations from emission pulse loadings
(runoff events) already diluted and transported in the re-
ceiving environment. This renders a longer term inter-
pretation and does not include such short term weather
dynamics. Highway A2 is a busy highway with 5 lanes in
each direction (10 lanes in total) and an emergency lane
with an average traffic intensity of 190,000 vehicles per
day. The asphalt consists of porous asphalt, which re-
duces the amount of pollutants that could reach the sur-
face water body. To maintain the in situ state of the
compounds, samples were preserved as follows. All sam-
ples were stored in green/brown colored glass bottles or
jars in the dark at 4 ± 3 degrees Celsius. This implies
that degradation by UV and changes in toxicity profiles
were prevented. Sample preservation by use of biocides
was avoided because that would change the toxicity of
the samples. During transport the samples were cooled
with cooling elements. The samples arrived at the la-
boratory and were tested in August 2019. At arrival the
samples were stored at 7 °C. Before being used in the
WET-test, the temperature was gradually brought back
to room temperature.
WET-tests enable the evaluation of combination tox-

icity and yet unidentified toxicants in a natural matrix.

Fresh water WET-tests were performed for species from
multiple tropic levels, namely bacteria (Vibrio fischeri),
algae (Raphidocelis subcapitata) and crustacea (Daphnia
magna). The samples contained some solids, which eas-
ily settled out. To avoid interference with the measure-
ments, the overlying water was used (elutriate) after
settling out for 24 h. The tests were done on dilution
series of these overlying water samples. In the algal
growth inhibition test (ISO guideline 8692 (2012)),
adapted for micro volumes [77] and the Daphnia
immobilization test (ISO guideline 6341 (2012)), the
concentration series used (expressed as % of the chem-
ical concentration in the original sample) was 0%
(blank), 31.6%, 42.2%, 56.2%, 75% and 100%, assuming
toxicity will be moderate to low. For the Microtox test
with Vibrio fischeri, the range was adapted to meet the
requirements of the Microtox test, with a maximum of
45% sample due to dilution of the sample with the bac-
terial suspension (ISO guideline 11,348–3 (2007)). Ex-
perimental details of the WET-tests are provided as
Supporting information (page 2 and 3).
The NOEC is derived from the data noting that the ef-

fect at the NOEC should not exceed 10% of the tested
population [64]. The EC50 was calculated using a ‘sig-
moidal dose-response curve’ with variable slope and is
based on the effect in the test concentrations relative to
the blank condition.

Results
Exposure assessment
The average, minimum and maximum values of the re-
ported concentrations in runoff found in literature were
used as PECs runoff (Table 1). For the PEC in surface
water and sediment, both estimated (extrapolated from
runoff concentrations) and measured values (reported in
literature) were used (Table 2).

Effect assessment
PNEC selection or derivation
For all organic substances, PNECwater and PNECsediment

values were taken from literature or were derived
(Table 3). For five substances (BaP, Fluoranthene, NP,
OP, DEHP), EQS were available, which apply under the
WFD for surface waters in Europe [96]. For most other
organic substances PNEC values were available in the lit-
erature. Exceptions are the PNECwater and PNECsediment

of DIDP and the PNECsediment of HMMM, which were
derived by using ecotoxicity values from literature com-
bined with an assessment factor and/or the equilibrium
method as described in the Supporting Information
(page 18–20). For TWP, PNEC values including the par-
ticle effect modes of action were not available. Therefore
PNEC values for microplastics (MP) available in the
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literature were used to represent the PNEC for TWP, i.e.
TWPMP.

Effect data search
A total of 63 effect values were gathered for microplastic
(Supporting information, Table S15) which were used to
derive the SSD for TWPMP (Supporting information,
Figure S1). For the organic micropollutants a total of
1823 effect values were gathered (Supporting informa-
tion, Table S16) which were used to derive the SSDs for

BaP, BPA, DEHP, Fluoranthene, NP, and OP (Support-
ing information, Figures S2-S7). Only a few values were
found for DIDP and TT and for HMMM there were no
values available. No SSDs could be derived for these
substances.

Risk characterization
The PNEC values have been compared with concentra-
tions, in runoff (Fig. 1) and in surface water and sedi-
ment (Fig. 2) in order to derive an indication of risk
(PEC/PNEC ratio). A PEC/PNEC ratio higher than 1 in-
dicates that unacceptable effects on organisms are likely
to occur; the higher the ratio, the more likely that un-
acceptable effects may occur [64]. For road runoff water,
the maximum PEC/PNEC is higher than 1 for TWPMP,
BaP, DEHP, DIDP, fluoranthene, NP and OP (Fig. 1).
For solids in runoff, the PEC/PNEC ratios are higher
than 1 for TWPMP, BPA, DIDP, fluoranthene, MBT, OP
and TT. For surface water, ratios exceeds 1 for TWPMP,
BaP and fluoranthene in water. For sediment, ratios ex-
ceeds 1 for TWPMP, OP and TT.
For the probabilistic risk assessment, sufficient data

for deriving an SSD was gathered for TWPMP, BaP, fluo-
ranthene, NP, OP, DEHP and BPA (SSDs provided as
Supporting information (page 23–30). For MBT, TT,
DIDP and HMMM the data availability did not meet the
requirements for SSD derivation [64] and therefore the
PAF could not be estimated for these substances. Using
the SSDs, the PAF at the exposure concentrations
(PECs) is estimated as a median estimate (50% confi-
dence), plus lower estimate (5% confidence) and upper
estimate (95% confidence) of the fraction affected [75].
All PAF estimates are provided as Supporting

Table 1 Predicted environmental concentrations (PECs) in
runoff (water phase and solids) based on measured values
(average, minimum and maximum) reported in literature (see
Supporting information, Table S4)

Pollutantb Runoff water (μg/l) Runoff solids (μg/gdw) Reference

TWP 29,737 (975 58,500) 148,040 (520a 390000a) [78 80]

BaP 0.28 (0.0008 0.83) 0.58 (0.21 0.94) [78, 81]

BPA 0.23 (0.03 0.55) 0.15 (0.06 0.24) [78, 82]

DEHP 1.22 (0.66 2.27) 55.30 (2.44 98.00) [78, 83]

DIDP 3.93 (0.60 8.60) 72.10 (4.61 139.59) [78, 83]

Fl. 1.22 (0.003 3.65) 1.36 (0.30 2.41) [78, 81]

HMMM 2.32 (0.88 3.89) 0.017 (0.002 0.032) [78, 84]

MBT 0.043 (0.010 0.110) 0.60 (0.19 1.01) [78, 85]

NP 0.13 (0.01 0.36) 1.03 (0.001 3.1) [78, 82]

OP 0.091 (0.016 0.197) 0.99 (0.53 1.45) [78, 82]

TT 0.90 (0.010 2.30) 0.57 (0.039 1.10) [78, 85]
aConcentration in solids reported in literature in ww and here converted to dw
using a factor of 2.6
bPollutants: BaP Benzo(a) pyrene, BPA Bisphenol A, DEHP Di (2 ethylhexyl)
phthalate, DIDP Diisodecyl phthalate, Fl. Fluoranthene, HMMM Hexa
(methoxymethyl) melamine, MBT Mercaptobenzothiazole, MP Microplastics, NP
Nonylphenol, OP 4 tert octylphenol, TWP Tire Wear Particles, TT Tolyltriazole

Table 2 Predicted environmental concentrations (PECs) in surface water and sediment based on measured values (reported in
literature) and estimated values (extrapolated from maximum runoff concentrations (Table 1)), see Supporting information, Table S5

Pollutantc Surface water (μg/l) measured / estimated Sediment (μg/gdw) measured / estimated Reference (measured value)

TWP 8.00 (6.00 10) / 120 552 (5.98a 1900a) / 1200b [41, 78, 79]

BaP 0.0001 / 0.0083 0.073 / 0.0094 [78]

BPA 0.01 / 0.0055 0.001 / 0.0024 [78]

DEHP 0.98 / 0.023 10.30 / 0.98 [78]

DIDP 0.001 / 0.086 1.97 / 1.40 [78]

Fl. 0.001 / 0.037 0.17 / 0.024 [78]

HMMM 0.07 / 0.039 0.001 / 0.00032 [78]

MBT 0.010 / 0.0011 0.002 / 0.010 [78]

NP 0.0010 / 0.0036 0.021 / 0.031 [78]

OP 0.01 / 0.002 0.001 / 0.015 [78]

TT 0.010 / 0.023 0.0058 / 0.011 [78]
aConcentration in sediment reported in literature in ww and here converted to dw using a factor of 2.6
bNot an estimated value, but modelled by Unice et al. [37]
cPollutants: BaP Benzo(a) pyrene, BPA Bisphenol A, DEHP Di (2 ethylhexyl) phthalate, DIDP Diisodecyl phthalate, Fl. Fluoranthene, HMMM Hexa (methoxymethyl)
melamine, MBT Mercaptobenzothiazole, MP Microplastics, NP Nonylphenol, OP 4 tert octylphenol, TWP Tire Wear Particles, TT Tolyltriazole

Tamis et al. Microplastics and Nanoplastics            (2021) 1:10 Page 6 of 17

Inquiry into plastic pollution in Australia’s oceans and waterways
Submission 8 - Supplementary Submission



information (Table S14). A PAF of 5% is considered as
the threshold value for environmental protection [64].
The average PAF at PECs in runoff based on measured
values reported in literature was above 5% for TWPMP,
BaP, DEHP and fluoranthene (Fig. 3). For surface water,
the average PAF only exceeded the threshold for
TWPMP. This means that unacceptable effects cannot be
ruled out for these cases.

WET-tests
WET-tests using bacteria, algae and crustacea were con-
ducted to support the risk assessment, as realistic field
samples are tested and combination toxicology as well as
yet unidentified substances are covered. The acute lumi-
nescence inhibition test with the bacteria Vibrio fischeri
showed a slight inhibition for the runoff samples from
Germany and Sweden at the highest concentration
tested (Table 4). However, this was within the normal
variation for this test. Due to the need to suspend the
bacteria in culture medium, 45% was the highest con-
centration that could be tested. Consequently, effects at
higher sample concentrations could not be assessed
using this procedure. The surface water sample from a
water body near highway A2, the Netherlands, did not
show any inhibition at any of the concentrations tested.
The algae growth inhibition test with Raphidocelis

subcapitata showed significant dose-related growth in-
hibition when exposed to the runoff samples (Table 1).
The NOEC for runoff from highway E18, Sweden, was
established at 42.2% of the original sample concentra-
tion. Even more effect was found for highway A61,
Germany, where even at the lowest concentration of
31.6%, 84% effect was observed. A NOEC could not be

established. The surface water sample from a water body
near highway A2, the Netherlands, did not show statisti-
cally significant growth inhibition.
The acute immobilization test with the freshwater

crustacean Daphnia magna showed no effects for any of
the three samples (Table 4). The highest effect of 10%
was within the normal range of variation for this test.
The test results indicate absence of significant toxicity of
runoff and surface water samples to the freshwater
crustacean Daphnia magna.

Discussion
We evaluated aquatic ecological risks of TWP and asso-
ciated road runoff pollutants by combining a prospective
risk assessment with a retrospective assessment in order
to test whether the risk identified in the prospective as-
sessment could have deleterious effects on aquatic life
[62]. We assessed the prospective risk by comparing pre-
dicted exposure concentrations of TWPMP particles and
10 organic micropollutants with: 1) limits below which
no adverse effects of exposure in the aquatic environ-
ment are expected (PEC/PNEC ratios), and; 2) by asses-
sing the fraction of species exposed to these
concentrations above their NOEC (PAF). This prospect-
ive risk differentiates between particle effects (TWPMP)
and chemical effects (organic micropollutants). For the
retrospective assessment, combined particle and chem-
ical effects were assessed by conducting WET-tests.

Overview of demonstrated effects and risks
The risk assessment (PEC/PNEC ratios and PAF) shows
that for most of the selected substances in surface water
and sediment, the risks from road traffic for the

Table 3 PNEC values for microplastics and organic micropollutants in road runoff

Pollutantc PNEC Surface water (μg/l) PNEC Sediment (μg/kgdw) Reference

TWPMP 0.33a 100a [65]

BaP 0.00017 1830 [86, 87]

BPA 1.5 63 [88]

DEHP 1.3 100,000 [87, 89]

DIDP 0.6 3300 Derivedb

Fl. 0.0063 2000 [87, 90]

HMMM 54 133 [91], Derivedb

MBT 4 147 [92]

NP 0.3 4620 [87, 93]

OP 0.1 1.61 [87, 94]

TT 8 3 [95]
aPNEC values for microplastics (MP) available in the literature were used to represent the PNEC for TWP, i.e. TWPMP. It should be noted that the PNEC for MP has a
limited reliability due to heterogeneity of the tested microplastic considering polymer type, size and shape
bPNEC is not available in literature and thus derived using available toxicological data and extrapolation factors (for surface water) or the equilibrium method (for
sediment), see Supporting information (Table S6, page 17 22)
cPollutants: MP Microplastics, BaP Benzo(a) pyrene, BPA Bisphenol A, DEHP Di (2 ethylhexyl) phthalate, DIDP Diisodecyl phthalate, Fl. Fluoranthene, HMMM Hexa
(methoxymethyl) melamine, MBT Mercaptobenzothiazole, MP Microplastics, NP Nonylphenol, OP 4 tert octylphenol, TWP Tire Wear Particles, TT Tolyltriazole
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investigated European waters are within acceptable
limits. However, for a few substances environmental
risks have been identified. Based on estimated con-
centrations in surface water and sediment extrapo-
lated from reported concentrations in runoff, we
demonstrate that risks are above threshold values
(PEC/PNEC > 1) for TWPMP, BaP and fluoranthene in
surface water and for TWPMP, OP and TT in sedi-
ment. However, based on reported empirical data,
that is, values reported in literature, risks only exist
for TWPMP in surface water and TWPMP and TT in
sediment. In retrospective, WET-tests of the surface

water sample showed no significant toxic effects for
bacteria, algae and crustacea.
Concentrations in runoff (water and solids) are much

higher than in surface water and sediment and risks
(PEC/PNEC > 1 and/or PAF > 5%) cannot be ruled out
for most substances. A risk was indicated for TWPMP,
BaP, BPA, DEHP, DIDP, Fluoranthene, MBT, NP, OP
and TT in road runoff. WET-tests of road runoff showed
no significant toxic effects for bacteria and crustacean,
but the algae growth inhibition test showed significant
dose-related growth inhibition. The latter confirms the
outcome of the prospective risk assessment, i.e. that

Fig. 1 PEC/PNEC ratios of selected substances in runoff water (a top) and solids (b bottom). Selected substances: tire wear microplastic particles
(TWP MP), benzo(a) pyrene (BaP), bisphenol A (BPA), di (2 ethylhexyl) phthalate (DEHP), diisodecyl phthalate (DIDP), fluoranthene (Fl), hexa
(methoxymethyl) melamine (HMMM), mercaptobenzothiazole (MBT), nonylphenol (NP), 4 tert octylphenol (OP) and tolyltriazole (TT). The bar chart
shows the average PEC/PNEC based on measured concentrations reported in literature, with the minimum and maximum values represented by
the error bars. PEC and PNEC values are provided in Tables 1 and 3, respectively. The dashed horizontal line in the figure marks the threshold
indicating unacceptable effects on organisms are likely to occur for PEC/PNEC ratio’s higher than 1
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adverse effects cannot be ruled out for runoff. This
could be caused by (the combination of) the substances
included in the prospective risk assessment, as well as
other runoff components. Other studies have found or-
ganic compounds (including a transformation product)
and zinc to be largely responsible for the toxicity of
TWP leachate [17, 26, 35]. In highway runoff, not only
zinc but also copper was found to be the primary cause
of toxicity [100]. These main pollutants identified in lit-
erature could play a role in the toxicity effects observed
by the WET-tests in this study. Concentrations of cop-
per in the runoff samples used for the WET-tests (8.3
and 9.1 μg/l in samples from Sweden and Germany,

respectively [78]) are above the lowest NOEC value
found for bacteria Vibrio fisheri (3.39 μg Cu/l [101]), but
below the lowest NOEC value found for crustacea Daph-
nia magna (12.6 μg Cu/l [102] and for algae Raphidocelis
subcapitata (15.7 μg Cu/l [102]). For R. subcapitata,
however, a NOEC as low as 4.2 μg Cu/l was suggested
under worst case conditions (i.e. considering metal tox-
icity modifying factors like pH, water hardness and dis-
solved organic carbon) [103]. For zinc, concentrations in
runoff (72 and 230 μg/l in samples from Sweden and
Germany, respectively [78]) are well above the lowest
NOEC values found for all species used for the WET-
tests, i.e. V. fisheri (10 μg Zn/l [101]), R. subcapitata

Fig. 2 PEC/PNEC ratios of selected substances in surface water (a top) and sediment (b bottom). Selected substances: tire wear particles
(TWP MP), benzo(a) pyrene (BaP), bisphenol A (BPA), di (2 ethylhexyl) phthalate (DEHP), diisodecyl phthalate (DIDP), fluoranthene (Fl), hexa
(methoxymethyl) melamine (HMMM), mercaptobenzothiazole (MBT), nonylphenol (NP), 4 tert octylphenol (OP) and tolyltriazole (TT). PEC and
PNEC values are provided in Tables 2 and 3, respectively. PEC values are measured values reported in literature (measured) and extrapolated from
values found in literature (estimated). For TWP, the estimated value is the result of modelling [37]. The dashed horizontal line in the figure marks
the threshold indicating unacceptable effects on organisms are likely to occur for PEC/PNEC ratio’s higher than 1
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(21 μg Zn/l [104]) and D. magna (86 μg Zn/l [104]), al-
though for D. magna only the zinc concentration in the
sample from Germany exceeds the NOEC.

Selection of substances
The selection of substances was focused on WFD prior-
ity substances and other substances with hazardous
properties. For practical reasons, we limited the selection
to 10 substances. Although we addressed relevant pollut-
ants, this does not provide a complete risk profile of all
runoff components. A total of 306 organic compounds
[29] and heavy metals such as Zn, Cu, Ni, and Cd [31]

have been identified in road runoff. A prospective risk
assessment accounting for more chemicals could lead to
a higher estimation of risk. However, by including the
WET-tests of realistic field samples as retrospective as-
sessment, the risk assessment covers all runoff compo-
nents, including possible unidentified substances.

Exposure assessment
Estimated PECs in surface water and sediment were
based on the highest reported concentration in runoff
combined with a dilution factor (1:100) representative
for a small surface water body. However, the measured

Fig. 3 PAF (%) of selected substances in runoff water (a top) and surface water (b bottom). Selected substances: TWP MP (Tire Wear Particles,
with PEC represented by TWP and SSD by microplastics), BaP (benzo(a)pyrene), BPA (bisphenol A), DEHP (di (2 ethylhexyl)phthalate) Fl
(fluoranthene), NP (nonylphenol), OP (4 tert octylphenol). The PAF (Supporting information, page 31 32) is derived by comparing the PEC (Tables
1 and 2) with the SSD (Supporting information, page 23 30). PAF up to 5% is considered acceptable [64], as marked by the dotted line in the
figure. The bar chart shows the average of the median estimate PAFs (50% confidence), with the error bars representing the lowest value of
lower estimates (5% confidence) and the maximum value of upper estimates (95% confidence)
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PECs exceeded the estimated PECs in many cases (i.e.
for all substances in either surface water and/or sedi-
ment). Thus, the estimated concentrations do not repre-
sent a worst case exposure scenario. This could be
caused by the applied dilution factor, assuming surface
water containing 1% road runoff. This dilution has how-
ever been applied by others to estimate road runoff con-
centrations in standing waters [105]. However, for small
static water bodies receiving relatively high volumes of
runoff, e.g. through splash and spray, dilution may be
less. For such water bodies, undiluted runoff concentra-
tions better represent a worst case exposure scenario.
Other factors are the fact that the number of measure-
ments in literature is limited for these pollutants (there-
with hampering a representative comparison) and the
input of other emissions besides traffic related sources.
For example, other main sources of phthalates (DEHP,
DIDP) and NP are roofing and cladding and flexible
PVC [68, 106], while OP, BPA, HMMM and MBT are
also released from industrial and/or residential wastewa-
ter [84, 107–109].
The PEC values of TWP were based on reported

values in literature, which were based on measurements
[41, 78–80] and modelling [37]. TWP concentrations in
runoff were measured in the water phase at values of
975 μg/l and 58,500 μg/l [78] and in the solid phase at
values of 13,000 mg/kgdry weight (dw), 150,000 mg/kgdw
[78], 2000 mg/kgwet weight (ww), 150,000mg/kgww [79] and
70,000 mg/kgww [80]. Liu et al. [110] have measured
microplastics in runoff excluding TWP and reported
concentrations of 0.231 (0.085–1.143) μg/l, which were
not used as PECs in our study. These concentrations of
microplastics without TWP are much lower than those
measured of TWP, which is to be expected considering
runoff as a main pathway of TWP entering the aquatic

environment and TWP being a major source of micro-
plastics [3–6]. In surface water, TWP were measured at
6 μg/l [78] and 10 μg/l [41] and modelled at 27 μg/l (an-
nual average with ranges between 3.7 and 120 μg/l [37]).
In sediment, TWP were measured at 2.3 mg/kgww [41],
300 mg/kgdw [78] and 730 mg/kgww [79]. A review of
microplastic particle concentrations in river and lake
water, groundwater, tap water, bottled drinking water
and wastewater in Asia, Australia, Europe and North
America found concentrations to range from 1 × 10− 2 to
108 particles/m3 [111]. Assuming a particle weight of
12.5 μg per particle [112], this corresponds to a concen-
tration of 1.25 × 10− 4 to 106 μg/l. Our TWP PECs fall
within this broad range including those of river and lake
water.

Effect assessment
Effect data for TWP were limited and therefore we used
effect data for microplastics as a proxy for physical par-
ticle effects. Given that particle-volume based ‘food dilu-
tion’ has been found to be the primary effect mechanism
for low-caloric particles such as TWP and microplastics,
this approach is legitimate [60, 61]. Preferably effect data
for TWP should be based on real-world concentrations
and material of TWP. However this is very scarcely
available. Most effect data originated from experiments
with leachates of whole tires or artificially produced tire
wear (see compilation by Wagner et al. [8]) and some
experiments with TWP dispersions [43, 44] and spiked
sediments, e.g. Redondo-Hasselerharm et al. [42]. Novel
data are presented here for the WET-test with three
aquatic species exposed to environmental samples taken
from road runoff and surface water near highways. How-
ever, more ecotoxicity testing is required to provide suf-
ficient insight in the potential effects and concomitant

Table 4 Summary of WET-test results. Details on the method and results of the WET-tests conducted with runoff samples from
highway E18, Sweden and highway A61, Germany and a surface water sample near highway A2, the Netherlands can be found in
the technical reports [97 99]. Some endpoints are not available (n.a.), when effect parameters are too low to enable calculation. The
concentration is expressed in % sample in test solution

Test Endpoint Sample

Runoff, Germany Runoff, Sweden Surface water, the Netherlands

Bacteria Effect 8.68% effecta at highest conc. (45%) 7.06% effecta at highest conc. (45%) no effects

EC50 > 45% > 45% > 45%

NOEC n.a. n.a. n.a.

Algae Effect 84% effect at lowest conc. (31.6%) 35% effect at highest conc. (100%) 6% effecta at highest conc. (100%)

EC50 < 31.6% > 96% > 96%

NOEC < 31.6% 42.2% n.a.

Crustacea Effect 0% effecta in highest conc. (100%) 10% effect in highest conc. (100%) 10% effecta in highest conc. (100%)

EC50 > 100% > 100% > 100%

NOEC n.a. n.a. n.a.
aWithin the normal range of variation for this test
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risk of TWP in surface water. The main approach pre-
sented here is a risk assessment of selected substances as
components of TWP based on published effect data on
the ecotoxicity of single substances and microplastics.
The chronic effect values used for the SSD were based
on NOECs and EC0 to EC10 values. This approach com-
plies to the EU TGD [64]. Research has demonstrated
that using either EC10 or NOEC values does not largely
affect the results of effect assessment [113]. For BaP, OP
and DEHP the number of chronic effect values did not
meet the requirements for SSD derivation so acute effect
values were also included (i.e. EC50 and LC50 values). A
pragmatic acute to chronic ratio of 10 [69] was used to
extrapolate chronic toxicity levels from acute toxicity
values for the chemical substances. A more refined ap-
proach is to apply extrapolation factors depending on
the exposure duration of the toxicity test, as applied for
microplastic following Besseling et al. [65], Adam et al.
[66] and Koelmans et al. [61].
The effect values for the SSD approach were based on

exposure via the water phase only as sediment toxicity
data is limited and the SSD approach requires at least 10
effect values. More toxicity data for sediment organisms
are necessary in order to derive an SSD for TWP and re-
lated substances. Recently, standardized protocols for
bioassays with tire particles are developed [42, 60], enab-
ling the generation of sediment toxicity data with max-
imum applicability for risk assessments. With increasing
data availability, a probabilistic risk assessment for ex-
posure via sediment and solids could be possible. This is
especially important considering microplastic particles
with a density higher as well as lower than water can set-
tle and be buried in the sediment [114], making sedi-
ments act as a sink for TWP [8, 10].
The software used for SSD derivation, ETX 2.1, applies

a cumulative log-normal distribution, where sensitivity
values for species are fitted to a logarithmic scale. The
data is tested for normality by three statistical tests: the
Anderson-Darling, the Kolmogorov-Smirnov and the
Cramer von Mises test. SSDs should not be applied on a
dataset when statistical tests for log normal distribution
fail [64, 115]. This criterion has been partly applied for
the underlying risk assessment. The Kolmogorov-
Smirnov test for normality was accepted for all sub-
stances at a significance level of 0.005. The Anderson-
Darling and Cramer von Mises goodness-of-fit tests
were accepted for most substances but rejected for fluo-
ranthene and NP. This adds uncertainty to the PAF for
fluoranthene and NP. For BPA, the dataset was adjusted
in order to achieve better results with respect to the nor-
mal distribution [64, 115]. As the type of effect (e.g.
mortality, morphology, development, reproduction) has
influence on the effect concentration and therewith adds
to the uncertainty for species sensitivity, the dataset for

BPA was limited to only include mortality effects. This
dataset was found to be normally distributed (all tests
were accepted), whereas the dataset based on all type of
effects had a low probability of normal distribution (all
tests failed).

Risk characterization
The risk assessment (i.e. PEC/PNEC ratio and PAF) ap-
plied in this study only considers individual substances
and not the combined toxic pressure of multiple sub-
stances in runoff. Combined toxicity can be addressed
by applying the multi species (ms) PAF [63, 116]. This is
not elaborated in this study. However, the WET-tests
cover combined toxicity and these showed significant
toxic effects for algae when exposed to road runoff,
whereas bacteria and crustacea showed no significant
toxic effects. The risk assessment for runoff indicates po-
tential effects of TWPMP, BaP, fluoranthene, OP, DIDP
and DEHP. The cause of the toxicity cannot fully be ex-
plained by the underlying risk assessment as none of the
substances are more toxic to algae compared to other
species (i.e. algae are not the most sensitive species
group for the selected substances, see Tables S6 and S7).
This suggests that the observed toxicity is caused by one
or more currently unidentified toxicants. Additional ap-
proaches, such as the TIE (Toxicity Identification and
Evaluation) approach, would be required in order to get
insight in the type of compounds, or even to identify the
individual compound(s) responsible for the toxicity in
the runoff water.

Risk of TWPMP

To assess the risk of TWP, environmental concentra-
tions of TWP need to be compared to effect values of
TWP. As aquatic effect data of microplastic particles
from tires are scarce [43, 44, 117], we used microplastics
in general as a proxy to assess the particle component of
the effect of TWPMP. This is considered a limitation be-
cause consistent risk assessment for microplastic parti-
cles requires alignment of exposure and effect data, i.e.
whatever metric or unit is used to characterize exposure
also is used for the effect assessment [61]. Koelmans
et al. (2020) propose and test rescaling methods for ex-
posure and effect assessment. In future, when exposure
and effect data of TWP is sufficiently available, methods
to correct for the differences in particle types and size
ranges [61] could be applied to improve the risk assess-
ment. The PNEC and SSD used in this study are based
on data for a wide range of microplastics generated by
Adam et al. [66] and Besseling et al. [65]. The “all-inclu-
sive” SSD [65] can be considered as a proxy for TWP be-
cause the size and density of the particles used for the
SSD (0.1 to 600 μm [65, 66] and 0.78 to 1.39 g/cm3 [118,
119] are covering those of car tire particles (4 μm to
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350 μm [14] and 1.2 g/cm3 [79]). Recently, Redondo-
Hasselerharm et al. [42] studied TWP toxicity to four
benthic species and found that neither the particles
themselves nor any of the associated chemicals were
toxic at tire particle concentrations up to 10% sediment
dry weight. That concentration is far (factor 106) above
the PNECsediment for microplastics (0.1 mg/kg dry weight
[65]) we used in our study as representative for species
sensitivity to TWP, in line with our approach for the
PNECwater. The PNEC from Besseling et al. [65] is based
on the lowest effect value from six benthic species to-
gether with a safety factor of 1000 to derive a PNEC,
whereas Redondo-Hasselerharm et al. [42] used four
benthic species and no safety factor because a PNEC
was not derived. Considering this safety factor, the dif-
ference is reduced to a factor 103. This suggests that we
may have overestimated the risk posed by the tire wear
particles in sediment and solids by using the conserva-
tive PNECsediment for microplastics from Besseling et al.
[65]. The same applies for the water phase, as recent
studies [43, 120] observed effects of TWP suspensions at
far higher concentration levels (NOEC is 0.26 g/l for
Hyalella Azteca [43]) than the PNECwater used in this
study (0.33 μg/l [65]).
The underlying preliminary risk assessment indicated

that unacceptable effects of microplastics from traffic re-
lated sources are likely to occur. PEC/PNEC ratio’s and
PAF exceeded acceptable levels for all locations and
matrices. For runoff, this might be expected, as this can
be considered as the undiluted and untreated effluent
from traffic. Since the environmental risk from micro-
plastics in runoff has not yet been addressed in the sci-
entific literature, we cannot compare our findings with
other studies. In surface water and sediment, however,
this is a different case. On the basis of evidence pub-
lished to date, effects of microplastic at a population
level appear unlikely [5], although for some hotspots, ef-
fects cannot be excluded [61, 65, 66]. As the scope of
the underlying risk assessment is focused on hotspots,
by extrapolating the highest reported concentrations in
literature as estimated PEC and measurements in sam-
ples taken in close proximity to the source [78] as mea-
sured PEC, our findings are not contradictory. However,
PEC/PNEC ratio’s and PAF estimated in the risk assess-
ment are relatively high compared to Adam et al. [66]
and Besseling et al. [65]. As risk is determined by the
comparison of environmental exposure (PEC) with a
measure of sensitivity (PNEC or SSD (via PAF)), this
could be the result of higher exposure, higher sensitivity,
or both. Comparing the PNEC for microplastic used in
this study (0.33 μg/L, corresponding to a 5% hazard con-
centration (HC5) of 1.65 μg/L or 1015 particles/L [65])
with other PNEC and HC5 values available in literature
(HC5 of 3500 particles/L [121, 122]; HC5 of 3214

particles/L [123]; PNEC of 0.042 μg/L or 740 particles/L
[66]; PNEC of 0.14 μg/L or 71.6 particles/L [124]; and
HC5 of 251 particles/L or 75.6 particles/L when cor-
rected for the differences in size ranges, bioavailability
and polydispersity [61]) shows that the PNEC is within
the range of literature values. The SSD used in the
present study (see Supporting information, page 23) is
based on NOEC values from Adam et al. [66] and Bes-
seling et al. [65] combined, and is thus also comparable
to the SSDs in their studies. Besseling et al. [65] uses a
freshwater PEC of 0.14 particles/L, corresponding to
1.77 μg/L when assuming a particle weight of 12.5 μg
[112]. Adam et al. [66] used PECs mostly between 10− 2

and 104 particles/m3, corresponding to a range between
1.25 10− 4 and 12.5 μg/L. The PECs used in this study for
TWP in surface water (6 μg/L [78] and 10 μg/L [41]) are
higher than PECs for microplastics used by Besseling
et al. [65] but comparable with maximum values for
microplastics used by Adam et al. [66].

Conclusions
This study provides opportunities to protect the quality
of European waters from road runoff pollution, focusing
on car tire microplastic particles, WFD priority sub-
stances and other hazardous substances. It emphasizes
the relevance of addressing risks of microplastic particles
originating from car tires. Results indicate that TWP
occur in relatively high concentrations compared to
microplastics in general and that the corresponding risk
of TWP is above threshold levels. Because TWP exists
both as anthropogenic particulates and as a source of a
suite of chemicals, providing a risk assessment is chal-
lenging. This study provides a first risk assessment posed
by particle effects (TWPMP) as well as risks posed by
chemical effects (organic micropollutants). Additional
research is required to further address the risks of TWP,
e.g. toxicity testing for environmentally realistic TWP
material and aligning exposure and effect data. Further-
more, the risks of some micropollutants (TT, DIDP,
MBT and HMMM) could be further investigated in fu-
ture when more effect data might be available, as well as
addressing the risks of exposure via sediment and identi-
fying the main contributors to the toxicity of road runoff
to algae.
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