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ARTICLE INFO ABSTRACT

Keywords: Tyre wear particles (TWP) pose significant environmental concerns, necessitating a comprehensive under-
Heavy metals standing of their environmental distribution for accurate risk assessment. Roadside soil has not been extensively
Microplastics studied for TWP occurrence and distribution. This study aims to characterise the occurrence and distribution of
;z;dG(Cj{tlzl}f TWP and associated metals in roadside soils and to investigate the correlations between these contaminants. Soil
Soil samples were collected from two road ditches along a Swedish national motorway at varying depths and dis-
Tire wear tances from the contamination source. TWP in fractions <500 pm were analysed using PYR-GC/MS. Results

indicated that TWP concentrations in soil samples ranged from 0.74 + 0.20 to 12.40 + 1.88 mg/kg d.w.,
consistent with other studies, and decreased with distance from the road, similar to Zn. In one ditch, TWP
concentrations remained constant with depth, unlike concentrations of Co and Cr, which increased, while in the
other ditch, TWP and most metals did not decrease with depth or distance from the outlet. Strong correlations
were found between concentrations of TWP and Zn in one, but not the other, where Zn might have followed
different transport due to leaching. Metal correlations in both ditches suggest traffic-related but not necessarily
tyre wear origins. These findings are crucial for risk assessments of traffic-related pollutants, particularly TWP,
and their spread into soils.

1. Introduction that global emissions total reach nearly 6 million tonnes per year. In

Sweden, their annual release into the environment has been estimated to

A cocktail of environmental contaminants such as microplastics,
metals and organic pollutants is continually released by vehicles into
urban environments, and emissions are particularly significant in highly
trafficked areas (Bjorklund et al., 2009; Jarlskog et al., 2020, 2022;
Markiewicz et al., 2017; Polukarova et al., 2020). Amongst
traffic-related non-exhaust particles, microplastics from tyre wear have
been identified as a matter of great concern in recent years
(Baensch-Baltruschat et al., 2020; Galafassi et al., 2019). Annual emis-
sions of tyre wear in different countries are summarized by Baensch--
Baltruschat et al. (2020), and estimates by Kole et al. (2017) indicate
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be 11,000-12,000 metric tonnes (Polukarova et al., 2024). The question
of understanding and quantifying the risk of microplastic particles
released into the environment is highly relevant, and it has been
addressed by the EU (European Commission, n.d.).

Previous studies have reported the presence of tyre wear particles
(TWP) in different environmental matrices such as water runoff, road
dust and sediments (Baensch-Baltruschat et al., 2020; Gaggini et al.,
2024; Jarlskog et al., 2022; Khan et al., 2024; Rgdland et al., 2023a;
Wang et al., 2024; Ertel et al., 2023). It is clear from current articles and
reviews that gaps in our knowledge still exist, especially regarding TWP

Received 6 January 2025; Received in revised form 14 February 2025; Accepted 2 March 2025

Available online 3 March 2025

0269-7491/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-0491-1365
https://orcid.org/0000-0003-0491-1365
https://orcid.org/0000-0002-3918-4682
https://orcid.org/0000-0002-3918-4682
https://orcid.org/0000-0002-2060-6101
https://orcid.org/0000-0002-2060-6101
https://orcid.org/0000-0002-5715-8007
https://orcid.org/0000-0002-5715-8007
https://orcid.org/0000-0002-8782-1789
https://orcid.org/0000-0002-8782-1789
https://orcid.org/0000-0001-6600-3122
https://orcid.org/0000-0001-6600-3122
https://orcid.org/0000-0002-6470-9073
https://orcid.org/0000-0002-6470-9073
https://orcid.org/0000-0003-1933-3916
https://orcid.org/0000-0003-1933-3916
mailto:maria.polukarova@vti.se
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2025.125971
https://doi.org/10.1016/j.envpol.2025.125971
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2025.125971&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Polukarova et al.

in more complex matrices such as soil from road ditches. Only a few
studies have been identified that have investigated this issue (Miiller
et al., 2022; Rgdland et al., 2023b). Information regarding the occur-
rence, distribution and transport pathways of TWP in road ditches is
valuable to assess their risk. These data are also needed for developing
effective management strategies to control the pollutants near the
sources. The unique characteristics of TWP, which are found in various
size fractions in the environment (Jarlskog et al., 2022), thus play a
crucial role. The rubber’s physical properties, such as its lower density
compared to mineral particles, and its chemical property of high hy-
drophobicity, might affect its behaviour in soil. Additionally, the
chemical reactivity of the metals and minerals embedded within these
particles, along with the additives used to enhance the mechanical
properties of tyres (e.g. accelerators such as metallic oxides, peroxides
and sulphur), further complicate the transport dynamic. The degrada-
tion pathways of TWP remain largely unexplored, which adds another
layer of complexity to understanding their environmental impact. These
multifaceted interactions need to be investigated to determine if and
how the transport pathways of TWP differ from those of other
traffic-related contaminants.

A range of metals are added to tyres during production, either
intentionally, such as ZnO and MgO, which are used as accelerators in
the vulcanisation process, or unintentionally, such as the trace elements
found in crude oil (Rogers, 2020). In addition, metals from other
vehicle-related sources or the environment may be mistakenly attrib-
uted to coming from tyres during driving (Wagner et al., 2024). Metals
such as Ca, Cd, Cr, Cu, Fe, Ni, Pb, Sb, Ti and Zn may originate from tyre
and/or brake wear (Adamiec et al., 2016; Grigoratos & Martini, 2014;
Hjortenkrans, 2008; Jeong, 2022; Wagner et al., 2024). Brake lining dust
is also associated with metals such as As, Ba, Co, Mg, Mn, Mo, Na, Sr, Sb,
Se, Pd and Zr (Adamiec et al., 2016; Grigoratos & Martini, 2015). Added
metals can be leached out from TWP or physically sorbed or sorbed
through surface complexation onto TWP (Glaubitz et al., 2023; Rocha
Vogel et al., 2024; Xu et al., 2024). The transport of metals in soil can be
affected by various factors such as oxygen level, organic matter, soil
moisture and pH, and microbial activity. The factors and processes that
affect the movement of metals from the road surface to the road ditch
may also apply to TWP. Therefore, by analysing the occurrence, distri-
bution and transport pathways of metals, we can gain insights into the
behaviour and impact of TWP.

For the analysis of tyre wear particles, several methods have been
explored, and their potential and limitations have been described
(Rgdland et al., 2023a). Methods such as thermal extraction and
desorption-gas chromatography/mass spectrometry (TED-GC/MS)
(Eisentraut et al., 2018) and pyrolysis-gas chromatography/mass spec-
trometry (PYR-GC/MS) (Parker-Jurd et al., 2021; Rauert et al., 2021;
Rgdland et al., 2022; Unice et al., 2012, 2013) are currently the
most-used analytical methods for TWP. TWP in soil have previously
been analysed using TED-GC/MS (Miiller et al., 2022) and PYR-GC/MS
(Rgdland et al., 2023a). The method proposed by Rgdland et al. (2022)
includes an improved step for calculating the amount of tyre and road
wear in a sample based on the measured rubber content and site-specific
traffic data for each location. The rubber content is estimated using a
marker combination of benzene, a-methylstyrene, ethylstyrene and
butadiene trimers. R¢gdland et al. (2022). showed that this combination
of marker compounds yielded a lower variation in styrene-butadiene
(SBR) + butadiene (BR) concentrations compared to other markers
(4-vinylcyclohexene (4-VCH), SB dimer, and SBB trimers), thereby
enhancing the method’s precision and reliability for this study.

The main aim is to characterise the occurrence and distribution of
TWP and associated metals in roadside soils and to investigate the cor-
relations between these contaminants. The specific objectives of this
study were to investigate (1) the occurrence of TWP and metals in a
transect and soil depth of a ditch, (2) the occurrence of TWP and metals
from a stormwater system at different distances and depths in the
receiving ditch, and (3) correlations between the occurrence of metals
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and TWP in the investigated ditches. This information will contribute to
a better understanding of how TWP and metals are transported from
roads to the surrounding environment, which will then help to form a
basis for identifying the risks TWP may cause to humans and the envi-
ronment today and in the future.

2. Material and methods

To be able to achieve the goal of this study, soil samples were
collected in ditches adjacent to highway E18 at the Testsite E18 road
research facility. Measurements of TWP concentrations in soil adjacent
to the highway at different distances and depths using PYR-GC/MS were
performed together with measurements of the concentrations of metals
using inductively coupled plasma mass spectrometry (ICP-MS).

2.1. Sampling locations

Soil samples were collected from road ditches along a stretch of
Highway E18 (Fig. Al in Supplementary Material) next to the Testsite
E18 research station, owned by the Swedish Transport Administration
and situated between Enkoping and Vésteras in Sweden. This stretch of
highway is located in a flat farmland area, and the surroundings consist
of grass and scrubs. The soils in the area are post-glacial and glacial clays
interspersed with sandy till regions. This composition results in low
hydraulic conductivity, but cracks in the soil may facilitate preferential
transport. No contaminants other than those related to long-distance
transportation, farming, road traffic, and road construction and main-
tenance activities are expected to be found in the soil. The road main-
tenance includes annual sweeping in spring and de-icing with a salt
solution or dry salt during winter.

The road consists of two lanes in each direction, and the road section
studied has an annual average daily traffic (AADT) of approximately
1000 vehicles per highway direction, of which 1400 are heavy vehicles.
The original pavement consisted of a polymer-free stone mastic asphalt
(SMA), with the largest aggregate size measuring 16 mm (SMA 16, B 70/
100). In 2016, the wheel tracks in the right lane were filled with SMA 11
and polymer-modified bitumen (PMB) 45/80-55, of which the binder
contained 6.6 PMB. In 2021, the wheel tracks in the same lane were re-
paved using SMA 16, B 70/100 without PMB. This new pavement was
mixed with up to 10% of the previous wheel track asphalt, resulting in a
maximum of 0.7% PMB in the binder in the right lane wheel tracks (or
up to 0.02% of the asphalt).

Several studies have previously documented the occurrence of pol-
lutants and road conditions at Testsite E18 and its surroundings
(Arvidsson et al., 2021; Gaggini et al., 2024; Rasul et al., 2018; Svensson
et al., 2022). Tyre and road wear particles had previously been sampled
at the site on the road surface, in the water runoff and in the air (Jarlskog
et al., 2022).

Soil samples were collected at four different depths and at different
distances at two locations along the road (Fig. A2 in Supplementary
Material). These two locations were designated Ditch 1 and Ditch 2.

Ditch 1 collects the direct runoff and the splash and spray from the
road (Fig. 1). On the other hand, Ditch 2 has a more complex contam-
ination source. It collects the runoff and the splash and spray not only
from the adjacent road stretch but also from another road stretch
delimited by a kerb (Fig. A2 in Supplementary Material). The runoff
from the road stretch delimited by the kerb flows into two gully pots
connected to a collection well. This well also receives water from the
median divider island and the adjacent artificial road ditch (Fig. A2 in
Supplementary Material). The runoff from the collection well is dis-
charged into Ditch 2 through a pipe at the bottom of the ditch.

The two road ditches serve as two different case studies for
contaminant transport with runoff, i.e.: one for runoff flowing directly to
the roadside (Ditch 1), common for non-urban roads globally, and the
other (Ditch 2) receives runoff from a “point source” in the form of
stormwater discharged through a collecting pipe, which is more
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Ditch 1
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Ditch 2

Fig. 1. Left: Ditch 1. Right: Ditch 2. Arrows illustrate runoff and splash and spray. Samples were collected from both ditches at four depths (0.1-0.2 m, 0.2-0.3 m,
0.3-0.4 m and 0.4-0.5 m). In Ditch 1, the samples were collected at four distances from the road edge (1.7 + 0.1 m, 2.1 +£ 0.1 m, 2.5 +£ 0.1 m, and 3.1 £+ 0.1 m),
while in Ditch 2, they were collected at 0 m, 1.5 m, 3.0 m and 6.0 m from the runoff outlet of the collection well. Yellow dots represent the sampling points. The
distances were measured horizontally (not bird’s-eyed view). The blue dot in the right figure represents the runoff outflow. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

representative for urbanised areas.

Ditch 1 has a depth of approximately 0.5 m (Fig. 1 left), and Ditch 2
(Fig. 1 right) has a depth of 2.5 m. The horizontal distance from the road
edge to the bottom of Ditch 1 is 3.1 m, whereas the slope of Ditch 2 is
longer (approximately 5 m). The slope of Ditch 1 during sampling was
covered by 20% gravel and 80% vegetation, while in Ditch 2, vegetation
only covered 50% of the slope (Fig. 1). The composition of the soil in the
ditches is a mixture of dry-crust clay or silty clay, naturally abundant in
the area, and gravel from the road construction material (Supplemen-
tary Material, Fig. A4 and Fig. A5). From visual observation, the road
ditch material in the top layer (<0.2 m) nearest the road consisted
mainly of sand and gravel, in contrast to the deeper samples which
consisted mostly of clay and silt. Furthermore, these observations show
that the material at the bottom of Ditch 2 was substantially more ho-
mogenous than the material at the bottom of Ditch 1. The bottom of
Ditch 2 was filled with clay while in Ditch 1, the clay was mixed with
gravel and vegetation roots, making both the sampling and the sample
preparation more challenging.

2.2. Sampling procedure

In Ditch 1, the samples were collected at distances of 1.7 + 0.1 m, 2.1
4+ 0.1 m, 2.5+ 0.1 m and 3.1 &+ 0.1m perpendicular from the road edge
(Fig. 1 and Fig. A2 (left) in Supplementary Material). Sampling was done

with a powered auger (Fig. A3 in Supplementary Material A), and
samples were collected from each sampling point at four depths: 0-0.2
m, 0.2-0.3 m, 0.3-0.4 m, and 0.4-0.5 m. The vegetation (including roots
approximately 0.1 m in depth) from the top layer was removed from the
drilling point during sampling. In Ditch 2, samples were collected from
the ditch bottom at 0 m, 1.5 m, 3 m, and 6 m from the runoff outlet of the
stormwater system (Fig. 1 and Fig. A2 (right) in Supplementary Mate-
rial). At 0 m from the outlet, the samples were collected with a hand
auger at a depth of 0-0.2 m, while further away from the outlet, the
samples were collected with the power auger mentioned above at four
different depths: 0-0.2 m, 0.2-0.3 m, 0.3-0.4 m and 0.4-0.5 m. The
drilling auger is capable of handling a wide range of soil types and
reaches greater depths than the hand auger. The drilling auger also
provides more consistent and precise sampling due to its uniform power
application. However, nearest the outlet the hand auger was used to
avoid damaging the outlet pipe.

2.3. Analytical methodology

2.3.1. Sample processing and basic parameters

Before the analyses, both the metal and TWP samples were wet-
sieved and dried in an oven at 95 °C. Wet sieving was chosen since
the samples consisted mostly of clay and were thus easier to work with
when wet. The samples from Ditch 1 were homogeneous and consisted



M. Polukarova et al.

mostly of clay and silt. Each sample was mixed with water using a metal
spoon, and a subsample of the slurry was sieved through a 500 pm metal
sieve and collected in a ceramic mortar bowl. Sieving <500 pm was
performed to adhere to the well-established TWP analysis method
developed by Rgdland et al. (2022). The reasoning for removing parti-
cles >500 pm is 1) studies have shown that TRWP is expected to be
found in sizes <500 pm (Klockner et al., 2021; Rgdland et al., 2023b), 2)
there is a need to have an upper size limit due to the volume constraints
for the pyrolysis cups, 3) removing larger particles and debris that are
not likely TRWP would help to concentrate the sample without using
other techniques such as density separation or size fractionation in size
classes.

Distilled water was used to wash/spray the sieve into the bowl to
remove particles smaller than 500 pm. If the sample had cobbles or
coarse gravel, presumably from road-building material, these were
sprayed with distilled water and removed from the clay slurry. To ensure
that no metal contamination of the soil samples could occur due to the
use of the metal, the sieves were stored in distilled water for 24 h before
the liquid was analysed for the presence of the metals Al, As, Ba, Ca, Cd,
Co, Cr, Cu, Hg, Mn, Ni, V and Zn. The analysis showed that the sieves
may leach Al and Ca along with smaller amounts of Mn, Cr and Cu
(Table A1, Supplementary Material A2). That distilled water used for
homogenising and sieving of the soil was later slowly evaporated in the
oven. After drying at 95 °C the samples were crushed into a fine powder
in the ceramic mortar and transferred to glass jars using a metal spoon
and a scraper. The samples from Ditch 2 were heterogeneous and con-
sisted mainly of clay and silt, although they also contained sand and
gravel. Due to the heterogeneity of the samples, it was challenging to
obtain representative subsamples for sieving. Therefore, an additional
pretreatment was performed in which the slurry was mixed using
magnetic stirrers, and subsamples were retrieved during the mixing
process. These subsamples were then sieved using a 500 pm sieve. No
chemical digestion or density separation was done because the organic
matter in the samples was relatively low (between 3.3 and 7.6%) and
most of the samples consisted of clay. The organic content in the sieved,
dried and mortared soil was determined following the standardised SS
02 81 13 method for loss of ignition (LOI). The results are available in
Table A2 in Supplementary Material A.2.

2.3.2. Metal analysis by ICP-MS

The soil and sieve water samples were analysed for concentrations of
the following trace metals: As, Ba, Pb, Cd, Co, Cu, Cr, Hg, Ni, V and Zn.
These analyses were performed by a commercial laboratory with
inductively coupled plasma mass spectrometry (Agilent 7900 ICP-MS)
according to the SS 28311:2017mod/SS-EN and ISO 11885:2009 stan-
dards for soil samples and SS-EN ISO 17294-2:2016 standard for water
samples.

2.3.3. Tyre wear analysis by PYR-GC/MS

Samples were analysed with a multi-shot pyroliser (EGA/PY- 3030D)
equipped with an auto-shot sampler (AS-1020E) (Frontier lab Ltd.,
Fukushima, Japan) coupled with a gas chromatograph-mass spectrom-
eter (GC/MS) (5977B MSD with 8860 GC, Agilent Technologies Inc., CA,
USA) following the methods established by Rgdland et al. (2022) with
some modifications. The combined concentration of SBR and BR was
used to calculate the concentration of TWP in each sample. This calcu-
lation is based on the method described in Rgdland et al. (2022), using
the measured levels of SBR + BR in reference tyres (n = 31) relevant for
the Nordic road environment and a Monte Carlo prediction model. This
gives us an average concentration level of TWP in each sample, based on
100,000 model simulations, as well as the median values, standard de-
viations and percentiles. For further details see Supplementary Material
Section A.3.

2.3.4. Grain size distribution of the road ditch material
The grain size distributions of the road ditch material in Ditch 1 and
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Ditch 2 were estimated by conducting a sieving analysis (for particles
>0.63 pm) and sedimentation analysis (for 0.002-0.063 pm). The
collected samples were analysed by a commercial laboratory according
to the SS027123 mod and SS027124 mod methods, which provided the
names of the soil types. The sieving analysis is a common method for
estimating the grain size distribution of soil >0.63 pm. The sedimenta-
tion/hydrometer analysis is one of the methods commonly available for
determining the grain size distribution for soils with finer particles. The
benefits and drawbacks of these methods are listed and accessed in the
Supplementary Material A.2.

2.4. Statistical analyses

Linear regression analyses (ordinary least squares) were used to
assess the influence of various factors such as distance to the road and
depth on TWP concentrations. To assess the correlation between the
measured concentrations of metals and TWP, pairwise Pearson corre-
lation coefficients were calculated for all combinations of these
measured concentrations. All statistical analyses were conducted in
StataNow, version 18 (standard edition).

3. Results and discussion

The results are divided into TWP concentrations and distributions in
Ditch 1 and Ditch 2 respectively. The results for the metal concentrations
and distributions in the two ditches comes next, followed by a com-
parison of the correlation between the TWP and metal concentrations, as
well as the relationship between the different metals.

3.1. Tyre wear concentrations

3.1.1. Tyre wear concentrations in Ditch 1

The concentrations of SBR and BR in Ditch 1 ranged from 0.23 mg/kg
to 3.90 mg/kg, with a mean value of 1.4 mg/kg (Table B1 in the Sup-
plementary Material B). These results correspond to calculated TWP
concentrations ranging from 0.74 + 0.2 to 12.40 + 1.88 g/kg (Fig. 2).
Generally, the highest concentrations of TWP were detected in the
samples collected closest to the road (Fig. 2). Raw data and illustration
of standard deviation is shown in Fig. B1, Table B1 and Table B2 in
Supplementary Material. The lowest concentrations in the samples were
measured furthest away from the road (3.1 m from the road edge,
0.1-0.3 m from the surface). These differences were statistically signif-
icant (p < 0.001). However, it should be noted that the measured TWP
concentrations were on average higher at 2.5 m from the road than at
2.1 m from the road. In general, the soil samples 3.1 m from the road
consisted of silty clay and had a more homogenous soil texture than
those found nearest to the road (Fig. A4 and Fig. A5 in Supplementary
Material A.2). Despite the reduced concentrations farther away from the
road, TWP were still measured at all sampling points, suggesting that
TWP may be mobile even in low-permeability material. The tendency of
TWP concentrations to decrease as the distance from the road increased
was also described by Miiller et al. (2022). However, Rgdland et al.
(2023b) found no significant difference in TWP concentrations between
samples grouped by distance from the road and depth from the surface.
These authors suggest that these differences could be influenced by snow
deposition, road runoff to the surrounding terrain and the splash and
spray effect since most of the roads in the study were rural, had light
traffic and lacked specific construction for runoff treatment.

The measured TWP concentrations were on average higher at greater
depths. However, these differences were not statistically significant (p
> 0.1). The occurrence of TWP in the deepest layer nearest the road can
be due to the higher porosity and larger particle size of the road bank
material at this sampling point. Furthermore, medium-high concentra-
tions were found at the middle depths (0.2-0.4 m) at 2.5 and 3.1 m from
the road (Fig. 2). This may be due to the preferential flow of the infil-
trated runoff through roots, cracks (formed during dry periods) and the
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gravel observed in the clay at all depths at this sampling point, which
causes downward flows into the otherwise low-permeability clay in the
ditch material (Fig. A4 and Fig. A5 in Supplementary Material A.2).
Cross-contamination from the upper to lower layers due to the sampling
method could have an effect on the results, thus highlighting the
complexity of sampling in road ditches when it is not feasible to excavate
a large volume of soil near the road, and minimising the impact on the
existing road structure is a priority.

Overall, the TWP concentrations in this study are in the same range
as the concentrations found in other studies (Table B3 in Supplementary
Material); however, factors such as analysis method, particle size ana-
lysed, AADT, sampling depth and road age are not always reported in
studies, making it challenging to perform comparison.

3.1.2. Tyre wear concentration in Ditch 2

The mean concentration of SBR & BR in Ditch 2 is 0.45 + 0.12 mg/
kg, corresponding to 0.830 £ 0.14 mg/kg of TWP (Fig. 3). As can be seen
in Fig. 3, TWP concentrations in Ditch 2 vary at different depths and

distances from the outlet. However, the differences in TWP concentra-
tions for Ditch 2 based on depth and distance from the outlet were not
found to be statistically significant (p > 0.1)

The highest TWP concentrations were found in the samples collected
at a depth of 0.1-0.2 m at a distance of 3 m from the runoff discharge
outlet (Fig. 3). This suggests that the horizontal mobility of TWP in the
(clay and occasionally surface water-filled) ditch is high. This high
mobility may be due to the transport of pollutants within the occasional
free-running water from the outlet. Since the water’s velocity decreases
once it reaches the ditch and infiltrates in the soil, the TWP have more
time to reach deeper.

3.2. Metal concentrations in the two ditches

The average metal concentrations at the different sampling points
are summarized in Figs. 4 and 5 and in Tables B1 and B2 in Supple-
mentary Material B. for Ditch 1 and Ditch 2, respectively. All the metal
concentrations measured were lower than the Swedish EPA guideline
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Fig. 3. TWP concentrations in samples collected at different depths and at different distances from the stormwater outlet. Samples were collected from Ditch 2 at
Testsite E18 in Sweden. The colours represent the depth, not the concentrations. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 4. Concentrations of metals in the soil at different distances (1.7 m, 2.1 m, 2.5 m and 3.1 m) from the road edge in Ditch 1 at Testsite E18 in Sweden. Cd was
under the limit of quantification, which is illustrated in Table B1 in Supplementary Material. The missing bars at 0-0.1 m signify that no sampling was performed at

this specific depth.

values for sensitive and less sensitive land use (Supplementary Material
B) but considerably higher than the average background concentrations
in the region, i.e. 2 — 6 times (Tables B1 and B2 in Supplementary Ma-
terial B). For details on background concentration estimations please see
Supplementary Material B.1 and Lax & Selinus (2005). Furthermore,
(Tables B1 and B2 in Supplementary Material B). As can be seen in

Figs. 4 and 5, however, the metal concentrations measured in Ditch 2 are
all lower than those in Ditch 1. This can be explained by the dilution
caused by the large amounts of rainwater in the collecting wells in Ditch
2 compared to Ditch 1. The median metal concentrations in both ditches
follow a similar order: Zn > Ba >V > Cr > Cu > Ni > Pb > Co > Cd, all of
which are traffic-related. In relation to background concentrations, the
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metal concentrations in Ditch 1 (median value minus the median
background value from SGU (2024)) follow the same order apart from
Ba > Zn. In Ditch 2, the detected concentrations minus the background
concentrations follow the order: Ba > Zn > V ~ Cr > Cu > Pb ~ Ni > Co.
These results indicate a rather low background level of Ba. In addition,
the ranking may suggest that Zn, V and Pb are bound in or sorbed by the
surface of larger TWP that were removed to a higher degree from the
gully pots and wells than the other metals, which are assumed to be
bound to smaller particles such as from brake wear. The high presence of
the metals including Cu and Co in both ditches indicates their

significance as traffic-related metals. The relatively high concentrations
of Cuin the ditches compared to the background levels (Table B1 and B2
in Supplementary Material B) were expected since Cu is the second- or
third-most common metal found in most stormwater samples
(Becouze-Lareure et al., 2019; Gasperi et al., 2014; Jarlskog et al., 2021;
Johansson et al., 2024). The high concentration of Ba indicates
traffic-related sources such as brake and bitumen wear as well as diesel
combustion (which also explain the high concentration of V)
(Woodyard, 2004).

The concentrations of Cd, Cr, Cu, Ni and Zn are in the same range as
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those found at 64 different sites in 27 European studies according to
Werkenthin et al. (2014) and in ditch soils alongside roads with an
AADT of 69,000-73,000 vehicles, as analysed by Aljazzar & Kocher
(2016). The concentrations are also in the same range as those in road
dust from studies reviewed by Wagner et al. (2024). However, all three
studies found higher concentrations of Pb, which could be explained by
the EU ban on Pb in gasoline and the relatively young age of the studied
road section compared to the roads studied by the above-mentioned
authors.

3.2.1. Metal concentration profiles

3.2.1.1. Metal concentration profile in Ditch 1. Different metals exhibit
varying distributions in the soil of Ditch 1. However, two noticeable
trends in accumulation and distribution can be observed. These trends
are best illustrated by the distribution of traffic-related metals, such as
Cu and Ba respectively, where the trends are most evident (Fig. 6). As
can be seen in Fig. 4, and as illustrated for Cu in Fig. 6 (left), the con-
centrations of Cu, Pb and Zn in Ditch 1 are highest in the upper soil layer
nearest the road. At this location, concentrations are approximately
100% higher for Cu and Pb and approximately 50% higher for Zn
compared to the concentrations measured in the other sampling points
in Ditch 1. Additionally, Zn concentrations were found to be lower
farther from the road compared to the 1.7 m distance (p < 0.01). The
reduced concentrations away from the road may be due to the airborne
emissions (particles) of TWP and metals (Jarlskog et al., 2022) and
amount of splash water from the road surface decreases with distance
from the road(Golwer, 1991; Steiner et al., 2007). Nearest the road (1.7
m from the road edge), Zn, Cu and Pb have the highest concentrations in
the surface layer (Figs. 4 and 6 (left)). Figs. 4 and 6 also show that these
metals are transported, but their concentrations decrease with depth and
distance from the road. This has also been found in road ditch depth
profiles determined by Werkenthin et al. (2014) and transect profiles
investigated by Aljazzar & Kocher (2016).

As can be seen in Fig. 4, and as illustrated for Ba in Fig. 6, the con-
centrations of Ba, Cd, Cr, Co, Ni and V in Ditch 1 differ from those of Cu,
Pb and Zn in terms of depth and distance from the road. The highest
concentrations of these metals do not occur near the surface closest to
the road; instead, their highest concentrations were found deeper in the
soil and some were also farther away from the road (Fig. 4) as previously
found for Cd by Norrstrom (1998). In Ditch 1, Ba, Co, Cr and V have high
concentrations both at the lowest depth nearest the road and farther
away from the road (Figs. 4 and 6). The concentrations of Co and Cr
were statistically determined to be higher at greater depths compared to
their concentrations at the surface (p < 0.001). This could be explained
by the fact that these metals are more capable of being carried by runoff
through the highly porous and coarse upper layer of the material close to
the road. De-icing salts could also enhance this capability since they
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contribute to the dispersion of clay particles and increase the desorption
of metals (Flanagan et al., 2019; Behbahani et al., 2021).

The observed metal concentration profile in Ditch 1 can be explained
by the steric and physical hindrance of particle-bound metals in the
upper soil layers (Boivin et al., 2008), especially if the metals are bound
in or sorbed by larger particles. It may also be because the content of
organic matter is usually higher in the upper layers and known to absorb
metal ions such as Pb2+, Cd2+, Cu2+ and Zn2+ (Turer et al., 2001). In
Sphagnum peat with a high organic matter content, the metal ions were
sorbed in the following order: Pb2+ > Cu2+ > Ni2+ > Cd2+ > Zn2+.
This could be explained by stability constants for humic acids and ligand
field stabilisation energy effects depending on the metal’s electron
configurations in complexes (Kalmykova et al., 2008).

In Ditch 1, Ni concentrations were found to be higher when
measured farther from the road as compared to the measuring point
closest to the road (Fig. 4). However, the concentrations did not linearly
increase with distance and were found to be highest 2.5 m from the road.
The Cd concentrations were found to be highest at the farthest distance
from the road (p < 0.001), but no linear increase with distance was
observed. The concentrations did not decrease linearly with distance,
but the lowest concentrations were found at the farthest distance from
the road.

3.2.1.2. Metal concentration profile in Ditch 2. The measured concen-
trations for Ni (p < 0.05) were higher at 3 m and 6 m from the road than
at 0 m, and for Pb (p < 0.01), the concentrations were higher at 6 m from
the road. The tendency of Ni to decrease away from the road edge in
Ditch 1 and away from the outlet in Ditch 2 may suggest that Ni is a
mobile metal.

3.2.2. Correlation of metals with TWP

As can be seen in Fig. 7, there was a strong positive correlation in
Ditch 1 between the concentrations of TWP and Zn at the different
sampling points, whereas there were no strong correlations between
TWP and the other metals analysed. The reason for this strong correla-
tion could be that the Zn originates from the tyre material since Zn has
been identified as the most abundant metallic element in tyre rubber
(O’Loughlin et al., 2023), and organic Zn has recently been suggested as
a tracer of TWP by Klockner et al. (2019). In Ditch 2, however, there was
no strong correlation between Zn and TWP concentrations at any of the
soil sampling points (Fig. 7). One reason may be that Zn is easily leached
from the TWP and transported primarily with the free and occasionally
relatively high surface water flow originating from the stormwater
system. Furthermore, the contact time between the TWP and the water
in the gully pots and wells can be rather long depending on the fre-
quency and amount of precipitation. Leaching of Zn from tyre wear
debris in soil has been previously observed and described (Mohajerani
et al., 2020, 2022).
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As can be seen in Fig. 7, there was a positive correlation between the
concentrations of some metals, i.e. Cu and Pb, Cu and Zn, Ni and Co, and
Ni and Cr, at the different measurement points in both Ditch 1 and Ditch
2. The correlation between Zn and Cu was strong and slightly less strong
between Pb and Cu. Their sources, traffic, and behaviour in the soil were
rather similar as described above in the Introduction. Contrary to
O’Loughlin et al. (2023), who analysed 70 tyres for 19 elements in order
to establish a tyre fingerprint, no strong correlation between Ni and Cu
was found in the collected soil samples. This is in line with Ni being more
mobile and the possibility that the Ni and Cu in our samples came from
different traffic-related sources.

In summary, TWP and metals were detected in both ditches even at
the deepest analysed layer (0.4-0.5 m), thus illustrating the mobility of
these contaminants through road ditch material. Some sampling points
exhibited high uncertainty (the ratio between the standard deviation
divided by the mean value), up to 56-85% at a distance of 2.5 m in the
sloping part of Ditch 1, thus indicating and highlighting the challenges
associated with field sampling road ditch material, particularly in a
sloping ditch containing a variety of filling, clay and soil materials
(Fig. A4 and Fig. A5 in Supplementary Material). The findings in this
study are important as a base for risk assessments regarding traffic-
related pollutants, particularly TWP, and their ability to spread into
and through ditches and other soils. For example, the knowledge gained
from Ditch 2 shows that the well system reduces the spreading of pol-
lutants into the ditch and that the pollutants accumulate some meters
from the well water outlet (here ca 3 m). The knowledge gained from
Ditch 1 is applicable as a basis for risk assessments of traffic-related
contaminants in non-urban road ditches. The results show that the
pollutants are sorbed in the soil material, and nearest to the road,
following stormwater best management practices by managing the flow
and pollutant load near the source, rather than sending it downstream
through traditional piping.

However, this study is limited to one location with the same natu-
rally abundant soil, so it cannot be applied to all types of soils. The TWP
mobility in the soil is expected to be complicated and depend on many
factors, such as soil mineralogy and texture, and potential redox pro-
cesses/changes, which can be affected for instance by changes in soil
moisture, pH and temperature changes, changes in microbial activities,
oxygen availability (Ponting et al., 2021) and ditch geometry. Therefore,
the behaviour of TWP and other pollutants needs to be studied in
different types of soils. In the literature, there is a need to describe the

ambient conditions, including the soil type, at the location from where
the samples are taken. As highlighted by Werkenthin et al. (2014), this
information is often lacking or limited in the literature. For risk assess-
ments, it is also essential to better understand the toxicity of both new
and aged TWP as well as the toxicity of tyre additives and their trans-
formation products such as 6PPD-quinone (6 PPD-Q)(Hua & Wang,
2023). The transport and accumulation of these compounds also need to
be thoroughly investigated. In addition, the cocktail-effect created by
the presence of various metals may contribute to the toxicity of road
pollution, of which Zn from tyres is recognised as the main toxicity
driver (Mohajerani et al., 2020, 2022; Piotrowska et al., 2019). Other
road- and traffic-related particles such as abrasion from the road surface
and road markings, and particles released from vehicles, are additional
possible vectors that transport metals within the road environment (Roy
et al., 2022). At the same time, the topic of TWP contaminant transport
is becoming increasingly important due to expected weather extremes
due to global warming. In summary, for quantitative assessments for
various recipients, for example through the use of transport models,
additional studies of TWP and additional TWP-related pollutants in
various soil materials and weather conditions are needed both for cur-
rent and expected climate changes.

4. Conclusions

e TWP in fractions <500 pm were detected in all the soil samples
analysed, with concentrations between 0.74 + 0.20 and 12.40 +
1.88 mg/kg d.w. These concentrations were in the same range as
those reported in other studies.

In Ditch 1, TWP concentrations decreased with distance from the
road, as did the concentrations of Zn in general and Pb and Cu spe-
cifically within the 0.1-0.2 m layer. The concentration of TWP did
not change with depth, contrary to the concentrations of Co and Cr,
which increased with depth.

In Ditch 2, the concentration of TWP did not decrease with depth and
distance from the outlet, which was similar for most of the detected
metals.

In Ditch 1, the highest concentrations of metals were traffic-related,
and they are ranked in the following order: Zn > Ba > V > Cr > Cu >
Pb > Ni > Co > Cd. In Ditch 2, traffic-related metals also dominated,
with the concentrations ranked as follows: Zn ~ Ba >V > Cr > Cu >
Ni ~ Pb > Co.
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e There was a strong correlation between the concentrations of TWP
and Zn at the different sampling points in Ditch 1. In Ditch 2, how-
ever, there was no strong correlation between TWP and Zn, sug-
gesting that Zn was more prevalent due to leaching during prolonged
contact with water.

In both Ditch 1 and Ditch 2, there was a rather strong correlation
between the concentrations of Cr and Cu, Cu and Zn, Pb and Cu, Ni
and Co, and Ni and Cr at the different measurement points, which
may suggest that these metals are traffic-related but not necessarily
tyre wear-related.
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