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Some of the older Swedish roads contain road tar underneath a surface layer of bituminous asphalt. This road tar,
also known as tar asphalt, contains large amounts of polycyclic aromatic hydrocarbons (PAHs). There is concern
about PAHs spreading from the bottom layers of these older roads to the surrounding environment, and that
because of this spreading road tar asphalt should not be recycled but rather placed in landfills. However, a risk
assessment of PAH spreading below roads has not yet been conducted. The first aim of this study was to assess
this potential spreading of PAHs from underlying tar asphalt to the sand beneath, the soil next to the roads, as
well as nearby groundwater. The second aim was to measure the bioavailability and estimate the toxicity of PAHs
in all relevant media using polyoxymethylene (POM) passive samplers. Four road sections and nearby ground-
water in northern Sweden were investigated, including a control road without tar asphalt. PAHs were detected in
all analysed solid media at varying concentrations: in asphalt from 2.3 to 4800 mg kg~?, in underlying sand from
<1.5 to 460 mg kg ! and in slope soil from <1.5 to 36 mg kg~ '. However, the spread of PAHs from the asphalt to
roadside soil and groundwater was very limited. Groundwater at most of the road sections contained very low or
non-detectable levels of PAHs (<0.08-0.53 ug L ™!, excluding one site where fuel contamination is hypothesized).
The PAHs generally showed low bioavailability. Only asphalt with PAH content >1200 mg kg™! exhibited
bioavailable concentrations that exceeded threshold concentrations for serious risk. The most PAH contaminated
sand and soil samples exhibited low toxicity when considering bioavailability, only in some cases exceeding
chronic toxicity threshold concentrations. These results were compared with the Swedish EPA’s guideline values
for PAH in contaminated soil, which is shown to overpredict toxicity for these sites. Further research on the
leaching and transportation processes of PAHs from subsurface tar asphalt is recommended for developing risk
analysis approaches.

1. Introduction Swedish regulations (Waste Ordinance, SFS, 2011:927), asphalt con-

taining a concentration >0.1 wt% of PAH (i.e. >1000 mg kg*1 PAH16)

Most of the Swedish roads have asphalt pavement, and some of the
older ones contain tar asphalt, or so-called road tar. Road tar, used as a
binder, is produced by heating coal and contains large quantities of
polycyclic aromatic hydrocarbons (PAH), which are known carcinogens.
Newly manufactured road tar can contain between 15 and 30 weight-%
PAHs (Jacobsson and Granvik, 2003). Tar asphalt, which is a mixture of
road tar and natural raw materials, may contain over 5000 mg kg ! of
PAH16, while today’s bituminous asphalt coatings usually contain 2-10
mg kg’1 PAH16 (Jacobsson and Granvik, 2003). According to the
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is classified as hazardous waste. This limit might hinder the local recy-
cling of asphalt in older roads, because of increasing concern regarding
environmental and human health risks from PAH emissions. In those
cases when tar asphalt is removed from use, it is disposed of in landfills.
Such management would run counter to the pursuit of a more circular
economy by reusing the materials already present in society. The costs of
not-recycling tar asphalt are both economic and environmental, as de-
mand for new resources, and their transport, would be substantial. But
more importantly, despite the concern of risk from PAH pollution, the
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extent of negative impacts of subsurface tar asphalt on the environment
has not yet been clarified. Therefore, it is uncertain if ceasing the
recycling of tar asphalt is the best choice. To address this problem, an
assessment of the actual risks of tar asphalt is necessary in order to
provide scientific data for decision makers to facilitate informed
decisions.

A risk from tar asphalt may occur if a hazardous contaminant from
the source (e.g. the road) is released, transported to a receptor (human,
environment) and causes negative effects to any of the exposed receptors
(Swedish EPA, 2009). For such a risk from PAHs spreading from road tar
asphalt to occur, they must be bioavailable to exposed organisms in
order to cause adverse effects. This means that an estimate of the
bioavailable fractions of PAH in asphalt, underlying sand and road
banks, and not the total PAH concentration, is essential to assess the real
impact of tar asphalt on the environment (Cachada et al., 2014). PAHs
that are being strongly sorbed or trapped within the road tar particles
can exhibit low bioavailability (Readman et al., 1987; Arp et al., 2009),
implying that PAHs would not readily desorb in porewater or exposed
organisms. But studies on the bioavailability of PAHs released from
roads containing tar asphalt below a bituminous asphalt layer, and
subsequent effects on the environment, are lacking.

Coal tar-based sealants containing high levels of PAHs have been
extensively applied in US and Canada leading to PAH accumulation in
streams and lake sediments through particle runoff (Mahler et al., 2005;
Scoggins et al., 2007; Mahler et al., 2012). Previous studies on the
environmental impact of tar asphalt in Norway and Sweden show that
PAH spreading to the surrounding soil is much more limited, but also
occurs mainly due to particle transport rather than through leaching of
dissolved PAHs from roads (Norwegian Geotechnical Institute, 1999;
Swedish Transport Administration, 2014; Orbicon, 2018).

Traditional risk assessment of PAHs in soil and sediment are not
suitable for areas affected by residues from industries, soot, coal and
asphalt, because they are based on total PAH concentrations (Readman
et al., 1987); whereas more accurate risk assessments can be based on
freely-dissolved PAH in porewater expressed as toxicity units, to better
account for bioavailability (Arp et al., 2011). It is, however, not so easy
to extract porewater from different materials, especially from asphalt.
Leaching tests with water and subsequent leachate toxicity tests are not
properly adapted to assess the bioavailability of hydrophobic organic
compounds, especially of PAHs with a medium and large molecular
weight that predominates in asphalt (Brown and Peake, 2006). In
addition, ecotoxicity tests performed on leachate are not PAH-specific
and may produce toxic effects due to dissolved substances other than
PAHs (Enell et al., 2012).

A method has recently been developed to indirectly measure freely-
dissolved PAHs in porewater. This method uses passive polyoxy-
methylene (POM) as an equilibrium passive sampler (EPS) to measure
the equilibrium concentration of dissolved PAH in porewater through a
batch shake test. This method has been found to better correlate with the
uptake of PAHs in the liposomes of living soil organisms than through
the use of other, non-EPS methods (Arp et al., 2014). The POM method
has been validated on earthworms (Enchytraeus crypticus), and benthic
amphipods (Hyalella azteca and Leptocheirus plumulosus) with good re-
sults (Arp et al., 2011, 2014).

The aims of this study were i) to assess the potential spread of PAH
from underlying tar asphalt to the sand beneath, the soil next to the
roads, as well as nearby groundwater; and ii) to measure the bioavail-
ability and estimate the toxicity of PAH in all relevant media using
polyoxymethylene (POM) passive samplers. This was assessed in three
rebuilt roads in northern Sweden. A road section containing only bitu-
minous asphalt cover was included as a control. The hypothesis of the
study is that the leaching of bioavailable PAHs from road tar asphalt
under a bituminous asphalt layer is limited, exceeding risk thresholds
only within or very close to the road tar asphalt itself.
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2. Material and methods
2.1. Road sections

Four road sections in northern Sweden were selected for this study:
1) Muorjevaara road (E10), 2) Svappavaara road (E10), 3) Kvikkjokk
road (805) at Framnas (Kvikkjokk-F) and 4) Kvikkjokk road (805) be-
tween Tjamotis and Randijaur (Kvikkjokk-TR) (Fig. S1 of the Supple-
mental Material). Muorjevaara road contained only bituminous asphalt
with expected low concentrations of PAHs and was included as a control,
tar-asphalt free road.

2.2. Sampling

Sampling of asphalt was carried out in September 2018. Installation
of groundwater wells and sampling of groundwater and soil was carried
out in October 2018. Additional groundwater sampling was carried out
in September 2019.

2.2.1. Asphalt and underlying sand

An asphalt drill was used for asphalt sampling. Five cylindrical
asphalt samples per road section with diameter 100 mm were drilled
through the entire coating depth. The distance between the test points
was about 30 m.

Sand under the asphalt layer was sampled by hand (about 500-700
g) from about O to 5 cm directly under the asphalt and put in diffusion-
proof plastic bags. A hammer was used to release hard-packed particles.
Visible asphalt pieces and crumbs were removed manually.

2.3. Soil in roadside slopes

Soil sampling in road slopes was carried out in all four road sections.
Six samples from each section were taken on both sides of the road (Al-
3, and B1-3, Fig. 1, respectively). Samples Al and B1 were taken 0-1 m
from the side of the road (outer edge of asphalt paving) on inner slopes,
and Samples A2 and B2 were taken at 1-2 m from the side of the road.
Each sample consisted of five subsamples taken according to the enve-
lope principle, i.e. four subsamples were taken in the corners of 1 m? plot
and the fifth was taken in the middle (Fig. 1). Samples A3 and B3 were
taken 2 m from the centre of the ditch lowest point and consisted of 3
subsamples taken lengthwise parallel to the road (Fig. 1). All samples of
200-500 g were taken with a shovel from 0 to 5 cm depth and put in
diffusion-proof plastic bags.

2.3.1. Groundwater

Six groundwater wells were installed using a drilling rig at a depth of
approximately 3.5 m upstream and downstream the sampling sections of
the Muorjevaara and Svappavaara roads, and downstream along both
sampling sections of the Kvikkjokk road. Two groundwater wells up-
stream Kvikkjokk road were already installed during previous projects.
The differentiation between the upstream and downstream points was
made based on the measured groundwater table depth above the mean
sea level. The distance from the road was about 4-8 m. Groundwater was
replaced once from the wells before sampling. One litre of each sample
was collected in glass vessels with a bailer, stored cold and dark during
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Fig. 1. Points of sampling of asphalt, underlying sand and soil in road-
side slopes.
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fieldwork and transported as quickly as possible to the laboratory.
2.4. Chemicals and analyses

All sampled materials were sent to the accredited laboratory ALS
Scandinavia for PAH analysis. Asphalt samples were crushed and cry-
omilled. Approximately 10 g of a soil or asphalt sample were extracted
with hexane/internal-standard and acetone in glass bottles on a shaking
table. Water was added prior to centrifugation and separation of the
hexane phase, which was then up-concentrated through solvent reduc-
tion and then analysed using gas chromatography-mass spectrometry
(GC-MS) by ALS Scandinavia. The PAHs analysed included the low
molecular weight PAHs (PAH-L: Naphthalene, Acenaphthylene, Ace-
naphthene), middle molecular weight PAHs (PAH-M: Fluorene, Phen-
anthrene, Anthracene, Pyrene, Fluoranthene) and high molecular
weight PAHs (PAH-H: Benz [a]anthracene, Chrysene, Benzo [b]fluo-
ranthene, Benzo [k]fluoranthene, Benzo [a]pyrene, Indeno [123cd]
pyrene, Dibenz [ah]anthracene, Benzo [ghi]perylene).

Total, organic and inorganic carbon in groundwater samples were
analysed using TOC analyzer (TOC-V CSH Shimadzu). Organic matter in
soil was measured as loss on ignition at 550 °C (SIS, 1981).

The POM method (Arp et al., 2014) was applied to all solid samples
to estimate bioavailable fractions of PAH and to calculate toxicity units
in asphalt and soil samples. In short, 76 pm thick POM membranes from
CS Hyde (Lake Villa, IL, USA) were purified in acetone:hexane and
methanol to remove any impurities. 20 g of crushed solids were placed
in 100 ml glass bottles and filled with 87.5 ml of 0.01 M CaCl, + 0.015 M
NaNjs (biocidal) solution. POM membranes (4 x 5 cm) were placed in the
bottles. The bottles were sealed, put on a shaking table and shaken for 28
days in a dark room. After that, POM were taken out with tweezers,
rinsed with ultra-pure water, dried and sent to the accredited laboratory
Synlab, Sweden, for extraction and analysis. The extraction of PAH from
POM samples was performed using 2 x 20 ml of n-hexane:acetone (1:1)
as described in Arp et al. (2014). The concentration of PAHs in the POM,
Crom (g kg™) is then used to derive bioavailable, freely-dissolved
porewater concentrations, Cpw (g L™Y) using the equilibrium parti-
tioning relationship:

CPAH.pw = CPOM/KPOM @

Where Kpoy (L kg™1) is the PAH specific equilibrium partitioning con-
stant for POM. The Kpoym values were taken from Hawthorne et al.
(2011) and are provided in the Supplemental Material (Table S1).

2.5. Toxicity estimation

Results from POM analyses were used to calculate relative
bioavailable toxicity units (TUpap-16, EqQ. (1)) for the sum of the 16
PAHs:

16
TUprr—16 = Z CPAH,-VPW/Screening Valuepay—; (2)
=1

i=

Here, Cpan.i is the measured, bioavailable concentration of individ-
ual PAHs in the porewater (Eq. (1)) and Screening value pay. is the
corresponding screening values associated with a toxic benchmark
concentrations. The calculated logarithmic TU values > 0 indicate a pre-
selected risk situation based on the selected toxic benchmark. The
following Dutch RIVM benchmarks for (pore) water were used as
screening values in the calculations (Verbruggen, 2012):

(i) MPCeco (maximum permissible concentration, ecosystem), the
value indicates the maximum permissible concentration where
no risk is considered to occur for the soil ecosystem (similar to the
Predicted No Effect Concentration (PNEC) values or values of
hazardous concentration to 5 % of tested species). These are the
most conservative values. The Swedish EPA’s guideline values for
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sensitive land use are less strict and were derived to protect 75 %
of species, i.e. impact on 25 % of species is accepted;

(ii) SRC (serious risk concentration), the value is calculated from
toxicity data such as the geometric mean of the chronic toxicity
EC50 values for terrestrial species, or hazardous concentrations
to 50% of tested species. These benchmarks can be compared
with the Swedish EPA’s guidelines for less sensitive land use
which have the same level of protection of soil organisms (i.e.
impact on 50 % of species is accepted). More information is given
in Supplementary Material (Table S1).

3. Results and discussion
3.1. PAH concentrations in asphalt, soil and groundwater

3.1.1. PAHs in asphalt and underlying sand

PAH concentrations in the upper (bituminous), lower (tar), or whole
(bituminous or mixed) asphalt layers, and underlying sand are presented
in Table 1 and depicted in Fig. 2A, with the thickness and profiles of the
asphalt layers of the investigated road sections given in Fig. S2. From
Fig. 2A it is evident that the roads with road tar asphalt had substantially
higher PAH concentrations than the control road (Muorjevaara), which
had just one layer of bituminous asphalt. The three other road sections
contained two visible asphalt layers: the lower layer of an old asphalt
with a certain amount of road tar (as confirmed by the PAH content),
and an upper part of the new, bitumen asphalt pavement with only
traces of PAH (Fig. 2A, Table 1 and S2). For the Kvikkjokk road, this
division was evident in six out of ten sampling points, but the lower part
in two of them (Samples 3.5 and 4.1) was very thin (1.9 cm, and 1 cm
respectively), which made it difficult to separate the two layers for
analysis. The highest PAH levels (1200-4800 mg kg~ !) were measured
in the old asphalt layer at a depth of 3.1-3.8 cm in both sections of
Kvikkjokk road (Table 1, Fig. 2A). In previous studies of this road, PAH
concentrations reaching 6000 mg kg~! were detected (Orbicon, 2018).
Similar products used in other countries have even higher reported
concentrations, with PAH28 reaching 10 000 mg kg ™! in the mixture of a
coal tar based pavement binder and aggregates in New Zealand (Ahrens
and Depree, 2010), and up to 60 000-66 000 mg kg’1 PAH16 in coal
tar-based sealcoats in Canada (Bowman et al., 2019) and USA (Scoggins
etal., 2009). PAH concentrations for the sand and gravel underneath the
asphalt layer are presented in Tables 1 and S3, and Fig. 2A. The PAH
concentrations here were variable, but generally were substantially
larger in roads with tar asphalt than the control road, which had
non-detectable levels of PAHs. At the Svappavaara road segment and in
two of the samples from Kvikkjokk road (Samples 3.5 and 4.3) this layer
contained equal or even higher concentrations of PAH than the above
asphalt. The levels in the sand under the asphalt for the other samples
from Kvikkjokk road ranged from below the detection limit to 160 mg
kg™! (Table 1). To account for the high PAH concentrations under the
Svappavaara road, which was rebuilt in 2015, a part of the
tar-containing asphalt was crushed and used as granulate in the un-
bound base layer making the underlying sand a mixture of the
tar-containing asphalt and natural aggregates. The new asphalt layer of
20-24 cm thickness was laid on either the new base layer or on the old
asphalt (0.6-4 cm layer). In summary, the presence of PAHs in under-
lying sand can be explained largely through mechanical mixing of road
tar asphalt during construction, road repair and local particle
movement.

3.1.2. PAHs in the soil of the roadside slopes

PAHs were detected in most of the sampling points of the roadside
slopes taken at different distances from the roadside, including the soil
along the control road (Muorjevaara) (Tables 1 and S4, Fig. 2A). Con-
centrations along the roads with tar asphalt ranged from <LOD to 36 mg
kg! (average 12 + 14 mg kg ) and on average slightly, but not
significantly, larger than the control road, which ranged from <LOD to
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Table 1
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PAH16 in asphalt (mg kg 1), soil under asphalt (mg kg ~!), soil in roadside slopes (mg kg ') and groundwater (ug L") of the four studied road sections. Sampling points

for solid samples are explained in Fig. 1.

Sampling point Asphalt Sand under asphalt Sampling point Soil Sampling point Groundwater
Upper Lower Whole 2018 2019
Muorjevaara
1.1 3.2 - Al <1.5 upstream 0.53 <0.08
1.2 2.3 <1.5 A2 <1.5 downstream 0.051 <0.08
1.3 4.3 <1.5 A3 8
1.4 2.9 <1.5 Bl 1.8
1.5 2.8 <15 B2 <15
B3 4.5
Average 3.1 <
Stnd. Deviation 0.7
Svappavaara
2.1 11 270 110 Al 16 upstream 3.9 3.2
2.2 3.9 200 140 A2 36 downstream 0.53 <0.08
2.3 3.4 120 150 A3 9
2.4 5.4 260 460 Bl 10
2.5 2.3 270 270 B2 <15
B3 <1.5
Average 5.2 224 226
Stnd. Deviation 3.4 65 144
Kvikkjokk-F
3.1 4.6 1200 2.7 Al <7.5 upstream - <0.12
3.2 25 2000 11 A2 2 downstream 0.025 0.013
3.3 33 <15 A3 6.6
3.4 6.5 <15 Bl 36
3.5% 58 160 B2 35
B3 <1.5
Average 33 58
Stnd. Deviation 26 89
Kvikkjokk-TR
4.1* 2.4 <1.5 Al <1.5 upstream - <0.12
4.2 4.4 2.7 A2 12 downstream <0.23 <0.08
4.3 2.7 4.5 A3 2.8
4.4 16 4800 4 Bl <1.5
4.5 12 2200 5.2 B2 35
B3 8.2
Average 3.2 4.1
Stnd. Deviation 1.1 1.1
Hazardous waste** 1000
Free use** <70

*Two-layer samples analysed as a whole (i.e. as one sample).

**Limit values for PAH16 in asphalt when managing, recycling or re-using asphalt in traffic projects (City of Gothenburg, 2015).

8 mg kg ! (average 2.8 + 3.0 mg kg1 (Fig. 2A).

No consistent trend could be observed between total PAH concen-
trations in soil and the distance of the sampling points from the roadside.
For some road sections, such as by the Muorjevaara road, the highest
PAH concentrations were found furthest from the roadside, while at the
other road segments the highest concentrations were observed within
1-2 m from the roadside. However, all data points plotted in the same
chart show that elevated levels of both PAH-M and PAH-H mainly
occurred in the middle of the road slopes (1-2 m from the roadside)
(Fig. 3). Since the top layer of the paving structures does not contain any
road tar, it is likely that at least part of the PAH originates from traffic
and ends up further down the slopes due to dusting, snow removal and
surface runoff. Trench cleaning to remove vegetation on inner slopes
may also affect PAH distribution in the slopes. Since Kvikkjokk road has
previously been coated with tar asphalt containing high levels of PAH
(up to 4800 kg kg™!, Table 1), some particles may have spread from the
road during its earlier use. Medium and high molecular weight PAH
have a high affinity for organic matter (Arp et al., 2009), which can lead
to PAH remaining in organic matter rich soil over long periods, which
tend to be further down the slopes where the amount of organic matter is
higher than directly at the roadside. Nevertheless, there was no corre-
lation between the amount of organic matter in roadside soil and

concentration of PAH of any molecular size (correlation coefficients
were from —0.16 to —0.22). Similar observations were made in studies
of PAH spreading from streets in China (Wang et al., 2009; Jiang et al.,
2014; Liu et al., 2019). The possible reason can be that interactions
between asphalt particles and soil organic matter are very weak and that
the PAHs remain strongly bound to asphalt particles rather than getting
dissolved and re-sorbed to soil organic matter (Arp et al., 2009). In
summary, there is no clear indication that road tar asphalt is the main
source of PAHs in roadside soil, as PAHs were found in comparable
concentrations in the control road, and PAH concentrations are highly
dependent on other sources, as well as on physico-chemical processes in
the roadside soil.

3.1.3. PAHs in groundwater

Groundwater concentrations are presented in Tables 1, S5 and S6.
The levels of PAH in groundwater at Muorjevaara (control) and Kvikk-
jokk road segments were very low or below the instrument detection
limits both in 2018 and 2019. Significantly higher levels of PAH were
measured in groundwater taken at Svappavaara road, both upstream
and downstream (Table 1). According to an earlier impact assessment of
groundwater by PAH4 (sum of benzo(b)fluoranthene, benzo(k)fluo-
ranthene, benzo (ghi)perylene and indene (1,2,3-cd)pyrene), developed
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Fig. 2. Comparison of the investigated road sections presenting A) total PAH16
concentrations (mg kg ') and b) toxicity units (TU) for the sum of bioavailable
PAH16 based on the MPCeco threshold by RIVM for chronic ecological toxicity
for the upper/whole asphalt, lower (road tar rich) asphalt, sand below asphalt
and roadside soils; c) locations of the sampling points.

by the Geological Survey of Sweden (SGU, 2013), groundwater at the
Svappavaara road was strongly impacted (based on the SGU Class 4
guideline value 0.02-0.1 pg L™1); however, none of the samples con-
tained PAH levels that exceeded recommended guidelines and limits for
PAH4 in drinking water of 0.1 pg L™ (Swedish Food Agency, 2001;
Swedish Petroleum Institute, 2010) (Table S5). A thin layer of tar
asphalt remains in the bottom part of the examined section of Svappa-
vaara road. But it is difficult to determine whether the measured PAH
levels in groundwater downstream of the road are an effect of the road
itself or other causes, such as emissions from vehicles. Even higher
concentrations were measured in the asphalt of the Kvikkjokk road
(Table 1), but this did not affect the groundwater in a corresponding
way.

The composition of PAH in groundwater upstream of the Svappa-
vaara road differed from that of the downstream sample. The upstream
sample contained a significantly higher proportion of low molecular
weight PAH than the downstream sample (PAH-L/PAH-H ratio ranged
from 12.8 to 49 upstream and 0.4 downstream, Tables S5 and S6).
Electrical conductivity was much higher in the upstream samples as
well, with 1.6 mS cm™! upstream vs 0.2 mS cm ' downstream
(Table S7). Based on these PAH-ratios, the PAHs found in groundwater
upstream of the Svappavaara road most likely had a different origin than
the one downstream. Another indication is that fluoranthene accounted
for 1-3% of PAH16 upstream and 14 % downstream. The proportion of
fluoranthene in the studied asphalt was 18-23 % of PAH16, while the
fraction of fluoranthene in vehicle fuel is usually low (Marr et al., 1999;
Mi et al., 2000). Naphthalene made up 79 % of PAH16 in 2018 and 90 %
in 2019 upstream, while the downstream sample had about 30 times
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Fig. 3. Relationship between the location of the sampling points (distance from
the road edge) and the content of (a) medium molecular weight PAH (PAH-M)
and (b) high molecular weight PAH (PAH-H) in roadside soil. Dashed lines
indicate the Swedish EPA’s guideline values for PAH in soil with less sensitive
land use (LSLU) (Swedish EPA, 2009).

lower concentration of this compound. In general, naphthalene and
phenanthrene are the most abundant PAH contaminants found in
impacted waters, and both of them are found in high levels in fresh fuels
(Colombo et al., 2005a, b; Iturbe et al., 2005). PAH16 in vehicle fuel,
especially in petrol, is dominated by naphthalene (97 % of PAH16)
(Marr et al., 1999; Mi et al., 2000), therefore the presence of elevated
levels of naphthalene in upstream Svappavaara groundwater may point
to leaks of petroleum products e.g. from tanks or pipelines in the area.

Naphthalene is relatively soluble (lowest K,.value among PAH16)
and may occur in asphalt leachate in significant quantities compared to
the other PAH16 compounds (Brandt and De Groot, 2001). Nevertheless,
the total concentration of naphthalene in asphalt was very low. The
proportion of naphthalene in those asphalt samples where it was
detected ranged from 0.1 to 0.8 % of PAH16. The highest naphthalene
concentration in asphalt was measured in sample Kvikkjokk-TR 4.4.
(210 mg kg~ of 4800 mg kg~! of PAH16), which was by 3-4 orders of
magnitude higher than in any other asphalt sample. Nevertheless, only
very low (25 ng Lfl; 2019) and undetectable (<13 ng L~%; 2019) con-
centrations of naphthalene in groundwater next to Kvikkjokk-F road
strengthen the assumption that leaching of PAH from asphalt was very
limited. Therefore, there is no immediate indication that asphalt PAHs
are leaching into downstream groundwater; however, this would
require vadose zone transport investigations to comprehensively assess
this spread.
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3.2. Diagnostic PAH ratios

There are other sources of PAH in roadside soils other than asphalt,
such as vehicle emissions and fuel spills, which can be a substantial
source of PAH along roads (e.g. Garcia-Flores et al., 2016; Harrison
etal., 1996; Johnsen et al., 2006), therefore assigning all PAH to asphalt
can significantly overestimate risks from tar asphalt.

PAH are emitted as a mixture of different congeners and ratios of the
molecular concentrations of these congeners can be characteristic of a
particular source of emission (Zhang et al., 2008). Diagnostic PAH ratios
can be an important tool for identifying sources of contamination,
though utilizing such ratios should be done with caution. Relationships
between PAH compounds in different media differ from those found in
initial sources and correction factors may need to be applied (Riccardi
et al., 2008). Lighter PAHs are more water soluble (can be enriched in
precipitation water) and the PAH-L/PAH-H ratio is much higher in water
than in solid samples (particles) (Li et al., 2010). Therefore, ratios can be
affected overtime due to weathering and leaching, generally leading to
smaller PAH-L/PAH-H ratios over time (Arp et al., 2011).

Most diagnostic ratios involve pairs of PAHs with the same molar
mass and similar physico-chemical properties, so they should undergo
similar processes in the environment (Tobiszewski and Namiesnik,
2012). For example, the ratio between benzo(a)pyrene and benzo (ghi)
perylene can be used to distinguish traffic-related emissions from
non-traffic-related emissions (Katsoyiannis et al., 2007). The benzo(a)
anthrax (BaA)/(benzo(a)anthrax + cryene (Cry)) ratio has been used to
distinguish between PAH emissions from combustion, car emissions and
petrogenic PAH emissions (Yunker et al., 2002; Akyiiz and Cabuk,
2010).

In this study, ratios of BaA/(BaA + Cry) and fluoranthene (Flu)/(Flu
+ pyrene (Pyr)) were investigated only for samples from Svappavaara
road as these PAH compounds were detected in all investigated media
above instrument detection limits. The Flu/(Flu + Pyr) ratio is one of the
most stable and changes significantly less over time. The BaA/(BaA +
Cry) ratio varies more because BaA can be broken down faster due to
photolysis reactions, which would move this ratio towards lower values
over time (Tobiszewski and Namiesnik, 2012).

Fig. 4 shows a clear separation of asphalt samples on the Flu/(Flu +
Pyr) axis where bitumen asphalt has higher values than the underlying
tar asphalt. Underlying sand and slope soil have similar ratios of these
compounds to those of the tar asphalt, but the separation is quite evident
on the BaA/(BaA + Cry) axis. Slope soil has the greatest deviation from
all asphalt samples and underlying sand (Fig. 4). It seems that PAH in the
underlying sand originates from the above asphalt layer. However, the
exact PAH source in the roadside slope soil is difficult to identify. Mixed
sources are likely to contribute to PAH levels in these soils (asphalt dust,
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Fig. 4. Diagnostic ratios of PAH compounds at the investigated Svappavaara
road section. BaA - benzo(a)anthracene, Cry - chrysene, Flu - fluoranthene, Pyr
— Pyrene. GW — groundwater; sand — material layer below the asphalt.
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exhaust, tire wear, as well as airborne particles and precipitation) and
not just the tar asphalt. Contributions from airborne traffic particles and
precipitation have been previously suggested to be quite substantial next
to roads (Zhang et al., 2008). If PAH spreading from the road in par-
ticulate form was the only PAH source, the ratios between different PAH
pairs would be more similar between asphalt and slope soil. Also, the
BaA/(BaA + Cry) would likely be smaller due to photolysis, but this was
not observed in this study, rather the opposite.

3.3. Bioavailability and toxicity of PAH in solid samples

The POM-measured Cp, and derived TU values for asphalt, under-
lying sand and roadside soil are presented in Tables S8-19. The log TU
values were plotted in relation to PAH16 in all asphalt, soil and sand
samples in Fig. 2B, along with the Swedish EPA’s guideline values for
PAH in contaminated soil and sand for comparison in Fig. 5. The results
indicate that asphalt samples containing PAH16 below 12 mg kg~! did
not present a risk to the soil ecosystem, i.e. log TU were below O for these
soils, according to the RIVM MPCeco model for bioavailable porewater
concentrations. Asphalt concentrations between 12 and 270 mg kg ™!
exceeded this level were risks can occur (i.e. MPCeco log TU > 0). Only
four asphalt samples containing the highest levels of PAH from Kvikk-
jokk road (PAH16 > 1200 mg kg™!, Table 1) indicated serious risk, by
exceeding the SRC model threshold for bioavailable porewater con-
centrations (i.e. SRC log TU > 0).

According to the Swedish EPA’s guideline values for PAH in
contaminated soil, sand under asphalt in Svappavaara road and in one
sample from Kvikkjokk-F road (point 3.5) exceeded the guideline values
for PAH-H in contaminated soil with less sensitive land use (10 mg
kg™ 1), but not according to the RIVM MPCeco values based on the POM-
bioavailability method. The same pattern was observed for four soil
samples in roadside slopes (Svappavaara 1.3-A2; Kvikkjokk-F 3.3-B1
and B2; Kvikkjokk-TR 4.3-B2).

PAHs originating from pyrogenic solids can be considered as very
strongly bound to soil particles (Arp et al., 2009). In this study, as with
earlier studies of soil impacted with pyrogenic sources (Arp et al., 2014),
there was lower bioavailability and toxicity than expected than based on
total concentrations. In this context, lower risk from tar asphalt is ex-
pected when considering bioavailability, compared to what the generic
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Fig. 5. Concentration of PAH in soil under asphalt and roadside soil (mg kg™})
in relation to log toxicity units (log TU) calculated according to RIVM MPCeco
model. Values log TU > 0 indicate potential toxicity. The Swedish EPA generic
guideline values (GV) for PAH in contaminated soil with sensitive land use are
PAH L = 3 mg kg™, PAH M = 3.5 mg kg, and for PAH H = 1 mg kg,
respectively.
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Swedish risk assessment model based on total concentrations would
indicate. This implies that soil samples that exceeded PAH concentration
guideline values for soil with less sensitive land use could be assessed as
acceptable by considering bioavailability.

Fifteen out of 24 soil samples in roadside slopes, including the con-
trol road containing only bituminous asphalt, exceeded the generic
guideline values for PAH in soil with sensitive land use either for PAH-M
or PAH-H, or both (Table S3). Five of these samples exceeded the
guideline values for less sensitive land use. However, based on POM-
bioavailability measurements, only four soil samples out of 24 showed
toxicity calculated according to RIVM MPCeco model and none of the
samples exhibited toxicity according to RIVM SRC. This indicates, again,
that the generic guideline values for PAHs in contaminated soil are likely
too conservative when applied to tar-asphalt impacted areas, and may
overestimate risks related with PAH bioavailability and toxicity in soils
along roads.

For PAH-L, the lowest total soil concentration that exceeded
bioavailable MPCeco threshold (i.e. log TU > 0, Fig. 5) was 8.2 mg kg~
The highest value, which did not exceed this toxic threshold (log TU < 0)
was 4.0 mg kg™}, i.e. the concentration where no risk is considered to
occur for the soil ecosystem (Fig. 5). This means that the lowest con-
centration at which the studied roadside soil starts exhibiting toxicity is
somewhere between 4.0 and 8.2 mg kg!. For PAH-M this value is be-
tween 5.3 and 9.2 mg kg~ !, while for PAH-H it is between 25 and 60 mg
kg~L. Even if the exact values at which the toxic thresholds are exceeded
were not determined, the intervals of possible concentrations exceeding
such threshholds are much higher than the generic Swedish guideline
model states, particularly for the PAH-H fraction, which was at least 25
times higher.

4. Conclusions

The spread of PAHs from tar asphalt beneath a bituminous asphalt
layer to roadside soil and groundwater appeared very limited based on
PAH ratios, as well as concentration patterns compared to the control
road. Groundwater at most of the road sections contained very low or
non-detectable levels of PAHs despite the presence of high PAH con-
centrations in tar asphalt. According to the diagnostic ratios between
different PAH compounds, the origin of PAH in the soils along the roads
is of a mixed nature and only a part of the PAH could have originated
from the tar asphalt. Non-asphalt PAH sources were the reason that
elevated PAH concentrations were detected in soil along the control
road containing only bituminous asphalt. However, further modelling of
vadose zone transport processes of both dissolved and colloidal PAHs, as
well as atmospheric deposition pathways of traffic particles, would be
needed to confirm these trends.

PAHs found in the tar asphalt were strongly sorbed and of low
bioavailability, according to the POM method, and as found generally
for coal tars and other tar residues. Only asphalt with PAH content
>1200 mg kg ! exceeded a threshold for serious risk based on the RIVM
SRC model (50 % species protection level, chronic toxicity). The other
asphalt samples, as well as those of sand and soil, with elevated PAH
levels exhibited low bioavailability and estimated toxicity. This implies
that soil samples from tar asphalt roads that exceeded the Swedish EPA’s
guideline values for PAH in contaminated soil with less sensitive land
use may actually be much less toxic than the guidelines would expect.
The findings of this study generally support the hypothesis that the
leaching of bioavailable PAHs from road tar asphalt under a bituminous
asphalt layer is limited and only exceeds risk thresholds nearby.
Threshold toxicity concentrations, based on bioavailability, were
exceeded in the lower layer of asphalt itself, and in many cases the sand
directly below the asphalt (though to a significantly lesser extent). In
samples of road side soil where MPCeco toxicity limits were exceeded for
PAHI16, it was not clear that the PAHs originated from the road tar
asphalt. Further, there was no clear indication that road tar asphalt was
the source of PAHs in the downstream groundwater.
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Further risk analysis of tar asphalt could focus on the leaching and
transport mechanisms of both dissolved and colloidal PAHs from the
surface and subsurface roads to the surrounding environment, to vali-
date these observations. A central point of future research should be to
compare the risk and impact of letting the tar asphalt layers be present
under the new bituminous asphalt coatings vs the environmental impact
of moving these layers to landfills for PAH management and replace-
ment with cleaner asphalt. Such research could be used to develop best
management practices for old roads in Sweden and other countries.
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