Archives of Environmental Contamination and Toxicology (2022) 82:162-170
https://doi.org/10.1007/500244-021-00815-5

=

Check for
updates

Runoff of the Tire-Wear Compound, Hexamethoxymethyl-Melamine
into Urban Watersheds

Cassandra Johannessen'® - Paul Helm? - Chris D. Metcalfe'

Received: 3 September 2020 / Accepted: 8 January 2021 / Published online: 30 January 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC part of Springer Nature 2021

Abstract

Hexamethoxymethyl-melamine (HMMM) is used as a crosslinking agent in resins and plastics and in the manufacture of
tires. In the present study, surface water samples were collected from two rivers adjacent to high traffic highways in the
Greater Toronto Area in Ontario, Canada. Composite samples collected from the Don River and Highland Creek during
rain events and a period of rapid snowmelt were preconcentrated using solid phase extraction and analyzed using liquid
chromatography with high-resolution mass spectrometry. Elevated concentrations (> 1 ug/L) of HMMM were detected in
surface waters during rain events in October of 2019 and during snow melt in early March of 2020. There were lower aver-
age concentrations of HMMM detected during rain events in the winter and spring of 2020. Temporal profiles of changes
in the concentrations of HMMM in composite samples collected every 3 h during a rain event in October 2019 closely cor-
responded to the hydrograph profiles at the sampling sites, with the HMMM concentrations peaking > 6 h after the peak in
water levels. This work contributes to the literature showing that HMMM is a ubiquitous contaminant of urban watersheds

and that runoff from roads is a vector for the transport of this compound into urban surface waters.

Hexamethoxymethyl melamine (HMMM) is a crosslinking
agent that is widely used in the production of coatings and
plastics, as well as in the manufacturing of tires. Due to its
wide-spread use, HMMM was included as a compound of
interest in the “High Production Volume (HPV) Challenge
Program” established by the U.S. Environmental Protec-
tion Agency. There have been sporadic reports of HMMM
being detected in surface waters around the globe. Bobeldijk
et al. (2002) were the first to report detecting HMMM in
surface waters in a study conducted in the Netherlands. This
compound was again detected in surface waters in the Neth-
erlands following an alert from a Daphnia biomonitoring
system upstream from a drinking water treatment plant (De
Hoogh et al. 2006). Dsikowitzky and Schwarzbauer (2015)
monitored HMMM concentrations in rivers in Germany over
the period between 2000 and 2013 and reported concentra-
tions ranging from 0.01 to 0.88 pg/L. Very recently, Rauert
et al. (2020) reported that HMMM was detected in passive
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samplers deployed in waterways in Australia. The presence
of HMMM in the aquatic environment has been linked to
industrial discharges of wastewater from car manufacturing
plants (Dsikowitzky and Schwarzbauer 2015; Krauss et al.
2019) and from textile plants (Labunska et al. 2012). Munic-
ipal wastewater treatment plants also have been identified as
point sources of HMMM (Alhelou et al. 2019).

HMMM may enter surface waters from urban runoff.
Eberhard et al. (2015) detected elevated concentrations of
HMMM in stormwater retention basins, with a maximum
concentration of 2.29 pg/L. The presence of HMMM in
stormwater indicates that this compound may enter the
aquatic environment through runoff from impermeable
road surfaces. Seitz and Winzenbacher (2017) detected
HMMM at a concentration of 0.66 pg/L in runoff from
a highway in Germany. Furthermore, HMMM readily
leaches from tire material, confirming that HMMM is a
chemical constituent of tire wear particles (Peter et al.
2018). HMMM has been used as an indicator for the pres-
ence of leachates from tire wear particles in road runoff
(Seitz and Winzenbacher 2017; Peter et al. 2019; Warner
et al. 2019; Hou et al. 2019; Tian et al. 2020).

Mass mortalities of adult Coho salmon (Oncorhyn-
chus kisutch) linked to storm events have been observed
in spawning streams near urban centers in the Pacific
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northwest region of the United States (Chow et al. 2019),
but it was not clear what pollutants of stormwater origin
were responsible for inducing these mortalities. Peter et al.
(2018) used mortality-linked studies of the constituents
in road runoff and in urban receiving waters near Seattle,
Washington, and found a range of candidate compounds
that could be causing these mortalities, as well as a variety
of surrogate compounds that could be considered for risk
assessment. In this study, HMMM was detected as either
the largest or second largest peak area feature in every
mortality signature. Several precursor compounds and
transformation products of HMMM also were tentatively
identified in the runoff and in the urban streams (Peter
et al. 2018). Alhelou et al. (2019) investigated the trans-
formation of HMMM in activated sludge and identified 21
transformation products. Recently, variations in the con-
centrations of HMMM and other contaminants of urban
origin in an urban stream in Seattle were linked to the
hydrological cycles during rain events (Peter et al. 2020).

The present study builds upon these earlier investiga-
tions to establish a link between the presence of HMMM
at elevated concentrations in urban watersheds and runoff
from road surfaces. Two urban rivers impacted by major
highways in the Greater Toronto Area, the most populous
city in Canada, were monitored over several large rain
events and a period of rapid snow melt. Total wet event
composite samples and separate through-event samples
were collected from the Don River and Highland Creek.
The Don River watershed contains the Don Valley Park-
way and stretches of the 400 series (King’s) highways 401,
404, and 407, and several branches of Highland Creek are
intersected by Highway 401. Surface water concentrations
were determined via analysis by ultra-high-pressure liquid
chromatography with high resolution mass spectrometry
(UHPLC-HRMS).

Methods and Materials
Chemicals

HMMM was purchased from Alfa Chemistry (New York,
NY), and atrazine-ds was purchased from Sigma-Aldrich
(Oakville, ON, Canada). The salts used for the preparation
of a moderately hard water matrix also were procured from
Sigma-Aldrich. HPLC grade solvents and formic acid were
purchased from Fisher Scientific (Ottawa, ON, Canada).

Sample Collection

Surface water samples were collected from the Don
River at Todmorden (43° 41’ 09.0" N 79°21' 41.0" W)

and Highland Creek near West Hill (43° 46’ 41.0" N,
79° 117 29.0" W) in the Greater Toronto Area (GTA) in
the province of Ontario, Canada (Fig. 1). The Don River
discharges into the Toronto Harbour embayment of Lake
Ontario, while Highland Creek discharges directly into
the coastal zone of Lake Ontario in the eastern part of the
GTA. The characteristics of the sampling sites, includ-
ing the proximity to major highways, basin drainage area,
average discharge, estimated population in the basin and
land use data are included in the Supplemental Infor-
mation (Table S1). The Don River sampling location is
located downstream of the North 7 Toronto Wastewater
Treatment Plant (WWTP).

Sampling of surface water from these locations was
done in collaboration with research personnel from the
Ontario Ministry of the Environment Conservation and
Parks (MECP) that were simultaneously conducting a
study on the transport of nutrients into urban rivers in the
GTA. Collections of surface waters were achieved using
ISCO Avalanche refrigerated automated samplers (Aven-
sys Systems, Toronto, Ontario, Canada) that were trig-
gered when levels began to rise during major (> 10 mm)
rain events on multiple occasions through the fall of 2019
to the early spring of 2020.

Samples were collected hourly in 300-mL aliquots over
a 42-h period, with three aliquots included in each bottle,
representing a 3-h composite sample. Flow weighted sam-
ples were then prepared by removing subsamples from each
bottle in volumes weighted according to the water level in
the river. These flow-weighted sample were collected from
each location to represent the average contaminant concen-
tration over the 42 h after the start of the hydrological event.
In the fall of 2019, sampling occurred on October 16—17 and
October 22-23 for both locations. Sampling also occurred
on January 11-12 and January 24-26 in the winter of 2020
and March 29-30 in early spring of that year. However, no
samples were collected from the Don River location on
January 24-26 and the Highland Creek location on March
29-30 due to technical problems with the autosamplers. In
addition, samples were collected from both locations dur-
ing a period of snow melt on March 2—4, 2020. During the
October 16—17 sampling date, temporal profile samples also
were collected from each location to monitor the concentra-
tion of HMMM over the course of the major rain event.
Temporal (hourly) samples were collected every hour for
42 h and then pooled in 3-h increments to make a total of 14
temporal samples per site.

All samples were collected at the site in polyethylene
bottles. Aliquots were then subsampled to polyethylene
terephthalate (PET) bottles. Samples were retrieved from
sites within 24 h of the last collection, subsampled at the
MECEP lab and stored frozen (— 18 °C), then transported

@ Springer



164

Archives of Environmental Contamination and Toxicology (2022) 82:162-170

%

Lake Ontario

- ’
:I / f
; A0l == S
404 e ~. 7 ,
/C” S /,
T y B~ /
= // \\ / - )\‘-——‘
- N 1 =
i - N
LY y 1 ’ 3 _
e \ / ’ N e
\\ ’ / == 7
/
\ ’
\ / Z
BN \ 5 ¢ 5
\ \ j’/z’ < ;
\ \
A \ 2 \'\WYAO

’
Scarborough JHighland\..”
Creek .~

Greater
Toronto
Area S

Durham

= (\' York

Qeel 3

k'v."'”‘(élly of
/>\ \( Toropto
/ q

L

\Hallon N\

5 km N Lake Ontario
R G

Fig.1 Locations of the two surface water sampling sites (A=Don
River, B=Highland Creek) in the Greater Toronto Area (GTA) in
Ontario, Canada. The map outlines geographical features, such as

to Trent University in coolers where they were kept frozen
until subsequent sample processing.

Precipitation data for Toronto were collected from an
online data base entitled “Toronto Historical Total Pre-
cipitation” available at toronto.weatherstats.ca/metrics/pre-
cipitation.html. Real-time hydrometric data were accessed
online from a data base maintained by Environment and
Climate Change Canada (i.e., wateroffice.ec.gc.ca) for Sta-
tion 02HC024 on the Don River and Station 02HCO013 on
Highland Creek.

Extraction

After thawing, each sample was vacuum filtered through 1.5-
um glass fiber filters to remove any suspended particulates.
The samples were then adjusted to a pH of 7.0 using 3.0 M
H,SO, or 1.0 M NaOH. Care was taken to ensure that the
sample pH remained above 6 to avoid spontaneous polym-
erization of HMMM (Eberhard et al. 2015). The samples
were mixed by repeated inversion, and 50-mL aliquots of
each sample were taken for further processing in triplicate.
Because there are no stable isotope labelled surrogates of
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highways (grey lines), rivers (bold lines), railways (dashed lines), and
the various municipal districts in the GTA (shades of grey)

HMMM available from commercial suppliers, atrazine-ds
was used as an internal standard (IS). Both atrazine and
HMMM are triazine compounds, and they have similar log
Kow values and chromatographic retention times. Atrazine-
ds was spiked into each 50-mL sample from a stock solu-
tion at a concentration of 500 pg/L using volumes of either
100 pL for composite samples or 50 uL for temporal profile
samples.

Analytes were extracted using Oasis hydrophilic-lipo-
philic balance (HLB) SPE cartridges (6 cc, 500 mg) pur-
chased from Waters (Milford, MA), using a method based on
the SPE procedure described by Miao and Metcalfe (2003).
The cartridges were manually preconditioned with 6 mL
of acetone, 6 mL of methanol, and 6 mL of MilliQ water
(adjusted to pH=7.0 with 3.0 M H,S0O,), sequentially. Using
Teflon tubing, each 50-mL water sample was passed through
the cartridge at a rate of 2.5 mL/min. Each empty sample jar
was washed with 10 mL of MilliQ water, and this rinse was
allowed to pass through the cartridge. Once the meniscus of
the rinse reached the SPE sorbent, the vacuum was turned
off. An additional 2-mL rinse of MilliQ water was added
directly to the cartridge and allowed to flow through. The
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cartridges were then aspirated under vacuum for 5 min. The
samples were eluted with 9 mL of HPLC grade methanol in
3-x3-mL aliquots at a rate of 1 mL/min. Before each aliquot
was allowed to elute, the solvent was left in the cartridge
to equilibrate for 6 min. After the last volume of metha-
nol passed through, the cartridges were once again aspi-
rated under vacuum for 5 min. The eluates were collected
in glass centrifuge tubes and immediately concentrated to
a final volume of 1 mL. Samples were then transferred to
amber sample vials and stored in the fridge until analysis
by LC-HRMS.

Analysis

The compounds in samples were separated chromato-
graphically with a Thermo (Waltham, MA) Ultimate 3000
UHPLC system with a WPS-3000 autosampler using a
Kinetex 2.6 pm C18 column (50 X 4.6 mm) purchased from
Phenomenex (Torrance, CA). The sample injection volume
was 25 pL. The column operated at room temperature with
a flow rate of 500 pL/min with a binary gradient, based on
the method described by Alhelou et al. (2019). Mobile phase
A consisted of MilliQ water (pH=7) with 0.1% formic acid
and mobile phase B consisted of methanol with 0.1% formic
acid. A ramp gradient totaling 17 min was employed and
consisted of increasing mobile phase B from 2 to 99% in
12.25 min. Mobile phase B was then held at this proportion
for 2.75 min and then brought back down to 2% in 0.1 min.
The system was left to equilibrate for 1 min before the next
injection.

Samples were analyzed by HRMS using a Thermo Q
Exactive Orbitrap (Waltham, MA) with a heated electro-
spray ionization source (HESI-II) operated in positive mode
at a resolution of 140,000 to reduce possible interferences.
The sheath gas flow rate was 50 AU (arbitrary units), aux-
iliary gas flow rate was 15 AU, and the sweep gas flow rate
was 0 AU. The spray voltage was operated at 3.5 kV and the
S-lens RF level was 50 AU. The capillary and auxiliary gas
heater temperatures were 320 °C and 300 °C, respectively.
Data acquisition was achieved using targeted selected ion
monitoring (t-SIM) at m/z 391.22996 and 221.13243 for pro-
tonated HMMM and atrazine-ds, respectively. Both analytes
were fragmented at a normalized collision energy of 20%.

A 10-point calibration curve consisting of HMMM rang-
ing in concentrations from 1.25 to 100 ug/L plus the IS was
analyzed directly before the samples. Samples were quantified
by peak area based on Genesis automated integration using
Xcalibur™ software (version 3.0.63) and were corrected for
method recovery based on the concentration of the IS. Blanks
consisting of the reagent (methanol) were run at the beginning,
middle, and end of the sample sequence to look for carryover,
interferences, and background contamination. Standard solu-
tions containing the analytes of interest (QC samples) were

run at the beginning, middle, and end of the sample sequence
to assess instrumental sensitivity drift.

Quality Assurance

Field blanks consisting of HPLC-grade deionized water
in polyethylene ISCO bottles were transported, processed,
transferred to PET bottles, and stored in the same manner
as river water samples. In addition, deionized MilliQ water
was extracted as laboratory blanks with every batch of 6-7
river water samples. Recovery experiments were performed
to assess method accuracy and bias. To do so, 250 pg/L of
HMMM was spiked into Otonabee River (Peterborough, ON)
water and processed in triplicate with a five-point calcula-
tion curve (R*=0.996) at concentrations ranging from 100
to 300 pg/L. Blanks of Otonabee River water were also pro-
cessed without an HMMM spike to determine if there was
background contamination in this rural river system. The spike
and recovery experiments showed an average percent recovery
of 106%, which indicated that there was no significant signal
enhancement or suppression. In addition, no background con-
tamination of HMMM was detected in the Otonabee River
samples.

The limit of detection (LOD) and limit of quantification
(LOQ) for HMMM were determined by spiking synthetic
surface water with a calibration standard at a low concentra-
tion, followed by the same sample extraction and analysis pro-
cedures used for surface water samples. “US EPA Medium
Hard Water,” which contains no dissolved organics and is at
a standardized.

pH of 7.5, hardness of 80 mg/L, and alkalinity of 60 mg/L.
This matrix was selected for LOD/LOQ determination as
the water quality parameters are consistent and similar to
the surface water samples. In brief, the synthetic water was
prepared by dissolving in 1 L of MilliQ water (18 £2), 96 mg
of NaHCO;, 60 mg of CasO, ¢ H,0, 60 mg of MgSO,, and
4.0 mg KCI. Following equilibration overnight, the water was
divided into eight aliquots of 50 mL each, which were then
spiked with 250 pL of a 10 ng/mL stock solution of HMMM
and 30 pL of a 500 ng/mL stock solution of the IS. These
aliquots underwent sample processing as described above for
each river water sample. The standard deviation (SD) around
the analytical results of the eight replicates were calculated.
The LOD and LOQ were defined as the SD multiplied by 3
and 10, respectively.

Results and Discussion

HMMM was not detected in any of the reagent blanks,
laboratory blanks, or field blanks, indicating that there was
no contamination during sample collection and any step
of the analytical method. As a result, no blank correction
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was required. The concentrations of HMMM in stand-
ard dilution quality control samples were always within
10% of the expected value, indicating that there was not
significant instrumental sensitivity drift during analysis.
All samples were quantified with a 10-point calibration
curve (R?>>0.996) that had a linear detection range that
spanned almost two orders of magnitude. HMMM had
a retention time of 12.8 min, and the IS had a retention
time of 13.2 min. There was no significant alteration in the
retention times for either analyte between runs on the same
day, as well as between days. The LOD and LOQ values
for HMMM were 0.02 pg/L and 0.06 pug/L, respectively.

HMMM was detected above LOQs in all samples of
river water from both locations in Toronto. The average
recovery of the IS for the field samples was 81%, with a
standard deviation of 9.8%. The concentration of HMMM
in each of the field samples are provided in the Supple-
mental Information (Table S2 and S3), along with the
associated standard deviations (SD) and percent relative
standard (% RSD) deviations, where applicable. The mean
concentrations of HMMM in the composite samples from
the Don River and Highland Creek are summarized in
Fig. 2. These data represent the flow-weighted average
concentration of this contaminant in the river water from
over a 42-h period directly following the start of the rain
event, or in the case of the samples collected from March
24, over the course of rapid snow melt followed by mod-
erate precipitation (9.0 mm). The % RSD for these samples
analyzed in triplicate was always < 10%.

The concentration of HMMM in the flow-weighted
event composite samples from the Don River and Highland
Creek increased almost proportionally for the two locations
between the October 16—17 and the October 22-23 sampling

dates. This is inversely proportional to the relative amounts
of rainfall that occurred on these two dates, as the higher
concentration of HMMM was detected on the date with a
lower amount of recorded precipitation. For example, there
was 18.2 mm of rain on October 16 and only 10.6 mm of
rain on October 22. There apparent trend also holds true for
the total precipitation and concentrations in surface waters
collected over the winter sampling dates, as the greatest
rainfall of any of the sampling days occurred on January 11,
the day in which the lowest concentrations of HMMM were
observed for the Highland Creek site and reduced concentra-
tions were observed for the Don River location. This sug-
gests that there may be a dilution effect occurring, wherein
reduced concentrations of HMMM are observed when there
are higher flows due to greater amounts of precipitation.
However, when the total mass loadings of HMMM (g/
event) at the two locations were calculated and compared
to the intensity of the storm events, as indicated by the total
amount of precipitation (mm), there were no apparent rela-
tionships observed (Table S4; Fig. S1), indicating that the
flux in the concentrations of HMMM were not simply due
to a dilution effect. However, the concentration trend may
be attributed, at least in part, to the increased dry period
(days of no precipitation) that occurred before sampling.
For example, there was a 5-day dry period before sampling
on October 22 compared with a 3-day dry period before
sampling on October 17. Extended dry periods between rain
events allows for a build-up of tire wear materials on the
highways, possibly resulting in a higher concentration of this
contaminant in road runoff during a rain event (Opher and
Friedler 2010). To explore this concept, a plot comparing the
average HMMM concentration and the length of the ante-
cedent dry period is presented in Supplemental Information

Fig.2 Mean (n=3) concentra- =Don River Highland Creek ® Precipitation
tions (ug/L) of HMMM in sur- 2.0 90.0
face waters from the Don River 20:19 20=2 B
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Creek (light grey bars) from ®
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. . 14 £
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Greater Toronto Area (GTA). = c
I 12 o
The error bars represent stand- o 500 &
ard deviations about the mean. ;_—-' 10 [ fz
.. . 3
Precipitation amounts (mm) § 400 @
over the sampling dates are £ 08 v
presented in as light grey dots 300 §
06 S £
[ <
0.4 x 200
02 10.0
0.0 0.0
October October January January March March
16-17 2223 11-12 2426 02-04 29-30

@ Springer

Sampling Date



Archives of Environmental Contamination and Toxicology (2022) 82:162-170

167

(Fig. S2). This plot shows that there is a positive, linear
relationship between the concentration and the length of the
antecedent dry period. The data on the recorded precipita-
tion on the sampling dates, as well as the length of the dry
period preceding each sampling event are summarized in
Supplemental Information (Table S5).

At both locations, elevated concentrations (> 1 pg/L) of
HMMM were detected during rain events in October of 2019
compared with rain events in January and late March 2020
(<0.55 pg/L). According to leaching experiments performed
by Peter et al. (2020), these HMMM concentrations cor-
respond to tire wear particle concentrations of ~65 mg/L
and ~ 15 mg/L, respectively. These estimated tire wear par-
ticle concentrations may explain the observed concentra-
tions of HMMM, but these are only crude estimates and may
underrepresent the actual equivalent amounts of tire wear
particles present in the rivers.

The variation in HMMM between fall and winter sam-
pling indicates that the contamination of HMMM in urban
surface waters as a result of road runoff may be subject to
seasonal variations. In the future, leaching experiments
should be done on summer and winter tires to determine
whether there are significant differences in the quantities
of HMMM released from these two tire types, which may
explain, in part, the apparent seasonal variations. However,
it also is possible that the cold temperatures during the win-
ter reduce the mobility of HMMM, making it less likely to
leach into water and be detected by these sampling methods.
Seasonal trends reflecting lower concentrations of HMMM
in receiving waters in winter months were recently reported
by Peter et al. (2020) and Rauert et al. (2020). These other
reported trends are consistent with our suggestion that
HMMM is subject to seasonal variation.

Notably, relatively high concentrations of HMMM were
found in both rivers during the snowmelt event in early
March 2020. This indicates that HMMM may be sequestered
in the snow, accounting for lower mobility during the winter.
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20 35.0
300 _
J15 a
\g 25.0 .-.E
- 20.0 ;
s 10 S
s 150 §
s =
I 05 10.0 g
50 ©
0.0 0.0
N R 4
(\/ h . . . . . . . . . ] .
RSO LR HE S

Hours since start of rain event

(

Also of interest is the reduced concentration of HMMM
observed in samples of surface water from the Don River
collected during March 29-30, which was triggered by a rain
event with 17.6 mm of precipitation. This sampling occurred
during the COVID-19 pandemic when traffic volumes were
reduced in the GTA due to social isolation directives and
closed businesses. Nevertheless, it is difficult to speculate
if the pandemic influenced the concentration of HMMM
detected as only a single event was monitored.

Figure 3 presents the concentrations of HMMM found
in the temporal profile samples collected from the Don
River and Highland Creek on October 16—17. Here, sam-
pling was triggered 2 h after the start of the rain event.
These figures also show the discharge in m*/s measured
at the start of each 3-h interval in the rivers plotted along-
side the HMMM concentrations. The hydrograph and the
concentration profile for HMMM for each site have notice-
ably similar shapes that become more apparent by viewing
the continuous hydrograph profiles, which are included in
Supplemental Information (Fig. S3). The concentrations
of HMMM in the receiving waters increased dramatically
in response to the start of the rain event, despite the dilu-
tion caused by the influx of water, confirming runoff as
a significant vector for contaminant transport. There is a
notable time lag (> 6 h) between the peak discharge and
the peak concentration for both locations. This can likely
be attributed to the fact that the runoff from adjacent road-
ways takes some time to reach the receiving waters. Thus,
the flow rate increased almost immediately, but because
the chemicals in the road runoff must travel a distance
overland to reach the river, the temporal profiles for the
concentration of HMMM lagged behind the rate of river
flow. There also is a noticeable lag time between peak
concentration and the commencement of the rain event,
and this lag time differs slightly between the two loca-
tions. The highest concentration of HMMM in Don River
of 1.74 ug/L was detected 14—17 h after the start of the

B) ® Concentration Discharge
25 25
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Fig.3 Concentrations in ug/L (dark grey) of HMMM in the Don River (a) and Highland Creek (b) with the discharge in m?/s (light grey)

tracked over the course of a rain event
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rain event. Similarly, the highest concentration of HMMM
in Highland Creek of 2.08 pg/L occurred 11-14 h after
the start of the rain event. This lag time likely stems from
the time required for HMMM present in the road runoff
to reach the receiving waters, which is dependent on the
terrain, bulk density, and porosity of the soil and distance
from the highway at the two sampling locations. Note that
the distance from the road to the sampling point in the Don
River was estimated as 30 m, but the distance in meters
from the road to Highland Creek was estimated as zero,
because the major Highway 401 passes over the creek as a
concrete bridge. These estimated distances do not consider
the distances to stormwater outfalls, drains from catch
basins, or surface drains from bridges.

To further define the flush dynamics of HMMM for these
locations, curves describing the dimensionless normalized
cumulative load versus normalized cumulative volume (i.e.,
M-V curves) were generated from the temporally resolved
data (Fig. 4). The normalized cumulative runoff volume
was calculated using discharge data for the receiving water
site, as described by Peter et al. (2020). These plots indicate
that HMMM underwent a “first flush” process at both loca-
tions, with > 60% of pollutant mass transported in the initial
20-30% of the runoff volume. After this initial first flush,
the M—V curve tends towards a 1:1 relationship defining the
mass load to runoff curve. This indicates that the transport
of HMMM through runoff remains strong even during latter
parts of the storm event, supporting the hypothesis presented
by Peter et al. (2020) that the flux of HMMM is transport-
limited rather than mass-limited.

HMMM at similar pg/L concentrations was previously
detected in river water in Germany (Eberhard et al. 2015;
Dsikowitzky and Schwarzbauer 2015; Alhelou et al. 2019).
However, the concentrations in the present study are signifi-
cantly higher than those reported by Peter et al. (2018) for

(A)
1.00

0.50

0.25 )

0.00
0.00 0.25 0.50 0.75 1.00

Normalized Cumulative Runoff Volume

Normalized Cumulative HMMM Load

Fig.4 Normalized cumulative load versus normalized cumulative
volume curves (i.e., M=V curves) for HMMM during the October
16-17, 2020 rain event for the Don River (a) and Highland Creek (b).
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creeks in the area of the city of Seattle in Washington State,
USA in which 8 — 13 ng/L of HMMM were detected dur-
ing baseflow conditions and 30 to ~200 ng/L were detected
during storm events in the fall of 2016 and 2017. The con-
centrations of HMMM detected in the Don River and High-
land Creek are also elevated compared to concentrations
of 0.5-130 ng/L reported by Hou et al. (2019) from grab
samples of surface water collected during a rain event in
June 2018 from various creeks in the Puget Sound region of
Washington State, USA. Finally, the HMMM concentrations
in the present study also are higher than the concentrations
of HMMM estimated from passive samplers deployed in
surface waters in Australia (Rauert et al. 2020).

Notably, there has been one other recent study that inves-
tigated the pollution characteristics of HMMM in receiving
waters in response to rain events. Peter et al. (2020) observed
that the concentration of HMMM and other contaminants
in urban runoff increased dramatically during a rain event,
although the temporal samples were not resolved enough to
determine where the concentration maximum for HMMM
occurred relative to the hydrograph peak. Nevertheless, this
previous study demonstrated that runoff mobilizes this con-
taminant. As mentioned previously, the data from the study
by Peter et al. (2020) was consistent with the suggestion
that there was a seasonal variation in HMMM contamination
observed in the present study, as these researchers observed
HMMM concentrations reaching a maximum of 1.48 pg/L in
October and decreasing to 0.35 ug/L in November. These are
very similar to the mean concentrations of HMMM detected
in the present study in composite samples collected during
October 2019 (i.e., 1.45 pg/L across sites and dates) and
January 2020 (i.e., 0.48 pg/L). Rauert et al. (2020) observed
a similar seasonal trend of higher estimated concentrations
of HMMM in Australian waterways during the Austral sum-
mer compared with the levels in winter.
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What remains to be determined is whether these ug/L
concentrations of HMMM and potentially its transforma-
tion products are a threat to aquatic life. As a result, addi-
tional research is needed to assess the toxicity and effects
of HMMM and other tire wear compounds transported into
surface waters from road runoff. Mclntyre et al. (2018)
showed that Coho salmon (Oncorhynchus kisutch) are
particularly susceptible to the toxic effects of the chemi-
cals that are transported into urban streams in the north-
western United States. In the Lake Ontario basin, a range
of native and nonnative salmonids, including introduced
Coho salmon are present in the coastal areas and tributar-
ies (Morrison 2019). It is possible that HMMM and other
contaminants in urban streams in the Lake Ontario basin
are stressors for these and other fish species.

Conclusions

This study contributes to the growing literature showing
that HMMM is a ubiquitous contaminant in urban water-
sheds and runoff from roads in high traffic areas can be a
major nonpoint source of this compound. The concentra-
tions of HMMM in surface waters adjacent to two major
highways in the GTA were elevated to low ug/L concentra-
tions in response to rain events and also during a period of
rapid snow melt. Future studies should focus on determin-
ing whether this compound and its transformation prod-
ucts are toxic to aquatic organisms in receiving waters.
Mitigation of these effects may be possible by develop-
ing “bioinfiltration” solutions to sequester the toxic com-
pounds before they reach surface waters (Spromberg et al.
2016). On a broader issue, more work is needed to evaluate
whether the mix of organic and inorganic contaminants, as
well as major ions and nutrients present in road runoff are
a significant threat to the health of aquatic ecosystems, and
a source of contamination of drinking water.
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