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Abstract
Beyond emissions from coal-fired power generation, urban sources of mercury (Hg) to the
atmosphere, especially minor fugitive sources, are relatively poorly characterized. To identify urban
sources of fugitive Hg emissions, passive air samplers (PASs) were deployed for periods of 4–6 weeks
in the summer of 2016 at 145 sites across the Greater Toronto Area (GTA). PASs were also deployed
along transects of increasing distance from five sites listed as Hg sources in the National Pollution
Release Inventory (NPRI) within or near the GTA. Mean gaseous Hg concentrations in downtown
Toronto (1.77± 0.28 ng m−3) are slightly, but significantly elevated relative to other parts of the GTA
(1.42± 0.20 ng m−3). Similarly, concentrations at sites close to waste/recycling (1.61± 0.22 ng m−3)
and hospitals/dental facilities (1.63± 0.21 ng m−3) are significantly higher than at sites presumably
distant from potential sources (1.37± 0.20 ng m−3). Gaseous Hg concentrations are elevated near
four of five NPRI source sites, but not near a wastewater treatment plant. Measured or predicted
concentrations (using extrapolated transect relationships) close to known Hg sources do not correlate
with reported NPRI emissions. For example, the Hg disposal company Aevitas Inc. has the lowest
reported NPRI emissions (0.11 kg yr−1) among the five sources, but measured (12.3 ng m−3) and
predicted (60.0 ng m−3) concentrations outside the facility are the highest. The PAS’s ability to
precisely and accurately discriminate small differences in gaseous Hg concentration (<0.2 ng m−3) at
and near global background concentrations enables the mapping of the spatial concentration
variability and the identification of fugitive Hg emission sources.

Introduction

Urban centres are important sources of mercury (Hg)
to the atmosphere (Pacyna et al 2010, Wilson et al
2006), most often due to local fossil fuel combustion,
metal manufacturing, cement production, medical and
industrial waste discharges, cremations, and caustic
soda production (Pirrone et al 2010, Selin 2009, Streets
et al 2011). Additional non-point sources of Hg to
the atmosphere may be important in overall urban
Hg budgets, but are difficult to quantify. For example,
approximately one-third of atmospheric Hg observed

inMilwaukee has been attributed to non-point sources:
a mixture of Hg transported into the city and small
or unknown sources (Rutter et al 2008). In Beijing,
Hg concentrations in the atmosphere and dust have
been attributed to non-point sources including histor-
ical land use and transport from sources outside of
the urban area (Chen et al 2010, Xinmin et al 2006).
Diffuse vehicular emissions may also contribute to
emissions of Hg (Lynam and Keeler 2006). The recently
ratified Minamata Convention on Hg stipulates that
complete emissions inventories should be established
and monitoring networks improved (UNEP 2013).

© 2018 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1748-9326/aac8e6
https://orcid.org/0000-0003-3836-0901
https://orcid.org/0000-0001-8538-5138
http://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/aac8e6&domain=pdf&date_stamp=2016-03-30
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
mailto:carl.mitchell@utoronto.ca
https://doi.org/10.1088/1748-9326/aac8e6


Environ. Res. Lett. 13 (2018) 074008

Methods to enable improved characterization and
mapping of fugitive emissions from unknown point
and non-point sources in urban areas are needed to
improve emissions inventories.

Traditionally, atmosphericHgmonitoring inurban
areas has been conducted with active measurement
instruments in long-term deployments at a limited
number of sites (e.g. Lynam and Keeler 2006, Rutter
et al 2008, 2009, Brown et al 2015). Studies such as
these are effective in relaying both short-term and
long-term (if sampling sites exist over multiple years)
information on the variability of atmospheric Hg con-
centrations. This information is particularly pertinent
in cities with relatively high and temporally variable
concentrations, such as in East Asia, where industrial
sources, coal-fired power plants, and residential coal-
burning heaters result in elevated emissions in or near
urban centres (Streets et al 2005, Fu et al 2011). How-
ever, the expense of active measurement instruments
generally leads to insufficient spatial resolution for dis-
tinguishing specific sources. Mobile sampling with a
single active measurement instrument has been con-
ducted in urban areas for mapping spatial patterns
(e.g. Yang et al 2008, Cairns et al 2011), but this
does not easily allow for the attribution of concentra-
tion variability singularly to spatial or temporal factors.
Alternatively, passive air samplers (PAS) produce time-
averaged concentration data over longer deployment
periods (McLagan et al 2016a). They are low cost,
easy to use and do not require energy or compressed
gases, allowing them to be deployed concurrently in
high numbers. They are therefore particularly well-
suited for mapping gaseous Hg concentrations to
assess spatial variability.

Here we show, using the Greater Toronto Area
(GTA) as a case study, how a network of passive
air samplers deployed simultaneously across an urban
area can be used to identify and locate unknown Hg
sources and to assess the contribution that known or
suspected Hg sources are making to urban emissions.
Previous monitoring studies have evaluated gaseous
Hg concentrations in the GTA using both long term
monitoring at a single downtown site (St. Denis et al
2006, Song et al 2009) and multiple sites over differing
time periods (Cairns et al 2011). This study represents
the first concurrent, spatially resolved assessment of
gaseous Hg concentrations not only across the GTA,
but indeed in any urban area.

Methods

Sampler design
We used the PAS for gaseous Hg described in (McLa-
gan et al 2016b), which possesses the necessary
accuracy and precision for background concentra-
tion sampling (McLagan et al 2018). It incorporates a
sulphur-impregnated activated carbon sorbent (HGR-
AC; Calgon Carbon Corporation), a commercially

available, white RadielloⓇ diffusive housing (Sigma
Aldrich), and a polyethylene terephthalate protective
shield.

The sampled analyte is referred to as ‘gaseous Hg’
as it has not been established whether the PAS takes
up total gaseous Hg (TGM) or solely gaseous elemen-
tal Hg (GEM). GEM is the predominant form in the
atmosphere, typically making up >95% of TGM
(Driscoll et al 2013, Cole et al 2014, Slemr et al 2015).
The atmospheric lifetimes of the other atmospheric
forms of Hg, gaseous oxidized Hg (GOM) and par-
ticulate bound Hg (PBM) are shorter (days to weeks)
due to greater atmospheric reactivity and deposition
(Ariya et al 2015, Shah et al 2016, Horowitz et al
2017). Considering that TGM is typically dominated
by GEM, we assume that the use of the term ‘gaseous
Hg’ and our assumption of its dominance by GEM
should contribute little to the overall uncertainty.

Sampling design
The study had two components aimed, respectively,
at (i) identification of unknown Hg emissions within
the GTA and (ii) evaluation of emissions from
facilities within the GTA that report Hg emissions
to the National Pollution Release Inventory (NPRI).
The GTA, covering an area of 7124 km2

,
is made up

of Toronto, the fourth most populated city in North
America, and the four regional municipalities of Hal-
ton, Peel, York, and Durham. In 2016, Toronto and
the GTA were home to 2.732 million and 5.928 million
people, respectively (Statistics Canada 2017). The
province of Ontario no longer has any active coal-fired
electricity generation (Ronsenbloom et al 2016). The
first component of this study involved deployment of
145 samplers across the GTA (102 in Toronto, 16 in
Peel, 22 inYork, andfive inDurham) in July andAugust
2016 for time periods ranging from 34–46 days (figure
1). 58 samplers were deployed at homes by faculty, staff,
and students of the University of Toronto Scarbor-
ough participating in a ‘community science network’,
reducing the cost associated with deployment. At all
other sites, samplers were deployed by attaching a PAS
to an available structure (e.g. utility pole, tree). Most
deployment heights ranged between 1 and 5 m above
ground level, with a few exceptions that were deployed
at homes of the community science network in taller
buildings (see supplementary information table S1.1
available at stacks.iop.org/ERL/13/074008/mmedia).
Data for each PAS deployment are given in table S1.1.

43 of the 145 samplers were placed in the vicinity
of potential Hg sources, which were grouped into three
categories: (i) waste/recycling centres accepting Hg
containing products for disposal (n = 16), (ii) cremato-
ria, which are suspected sources from the incineration
of dental amalgams (n = 7) (Pirrone et al 2010), and
(iii) hospital/dental facilities potentially emitting Hg
during incineration of medical waste and in the
manufacture and use of dental amalgams (n = 20)
(Pirrone et al 2010). The remaining 102 ‘additional/
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Figure 1. Sampling sites in the Greater Toronto Area. Inset shows central Toronto sampling sites. Orange bounded area of inset
delineates the ‘downtown core’—bounded north-south: Bloor St to Lake Ontario, and east-west: Bathurst St to Don River.

non-source’ sites were not associated with any identi-
fiable or suspected sources of Hg.

The second component of the study involved
deployment of samplers in the vicinity of facilities
within 100 km of downtown Toronto that report atmo-
spheric Hg emissions in the NPRI (figure 2) (ECCC
2017a). Samplers were deployed for between 29 and 30
days in July and August of 2016 or 2017. The facilities
are (from west to east) (i) Aevitas Inc., Ayr, Ontario
(major disposal site for Hg containing products and
only approved Hg retort in Canada (Aevitas Inc. 2017);
sample prefix: AEV), (ii) ArcelorMittal Dofasco G.P.,
Hamilton, Ontario (steel productionplant; sample pre-
fix: AMD), (iii) Cement Roadstone Holdings (CRH)
Canada Group Inc., Mississauga, Ontario (cement pro-
duction plant; sample prefix: CRH), (iv) Duffin Creek
Water Pollution Control Plant (waste water treatment
plant; sample prefix: DCW), Pickering, Ontario, and
(v) Gerdau Ameristeel Corp., Whitby, Ontario (steel
production plant; sample prefix: GAS) (figure 2). Four
to six samplers were deployed at approximately 3.5 m
above ground level along a transect of increasing dis-
tance from each source location. Sampling sites are
coded using the prefix of each source location, with site
‘1’ of the transect being the closest to the presumed
source buildings. Data from source transect samples
are given in table S1.2. The sampling sites at Arcelor-
Mittal Dofasco G.P. in Hamilton could not easily
be ranked in terms of distance from source, as (i)
the location of the Hg source(s) is not known because
the company has multiple buildings spread across the
Hamilton Harbour area and (ii) other facilities nearby
may also emit Hg. US Steel Canada Inc., listed on NPRI
as emitting 9 kg of Hg per year to the atmosphere, is
2 km from site AMD1 and AMD2 is adjacent to Ruet-
gers Canada Inc. which produces coal tar, but is not
listed in the NPRI. Given ArcelorMittal Dofasco has

a number of buildings in the Hamilton Harbour area,
the distances from source for sites AMD1 and AMD2
use different potential source buildings associated with
the company. The distance from source for the remain-
ing AMD transect sites are from the building adjacent
to site AMD1, which is suspected to be the main
source building due to its larger size. We attempted to
align source transects closely with predominant wind
directions. Nonetheless, this was not always possible
due to the presence of Lake Ontario, major high-
ways, private property, or irregular winds during the
sampling periods. Wind roses for the weather sta-
tions used for each source location (listed below) are
provided in figure S4.1.

Analysis
Total Hg in the HGR-AC sorbent was quantified
using an Automated Mercury Analyzer (AMA254,
Leco Instruments) according to USEPA method 7473
(USEPA 2007). Full details of the method for ana-
lyzing this particular sorbent can be found elsewhere
(McLagan et al 2017a, 2017b, 2018). All samples
were adjusted for field blank concentrations, which
overall were low at 0.4± 0.2 ng.g−1 (mean± standard
deviation; n = 18, corresponding to less than 5% of
the average amount in exposed samplers). Preci-
sion, determined by sampler duplication at 11 sites,
was 2± 2% (mean± standard deviation). Analytical
accuracy and precision were within accepted ranges
(see section S2 for details).

Gaseous Hg concentration calculation and interpo-
lation
The gaseous Hg concentration (C; ng m−3) was cal-
culated by dividing the quantified mass of sorbed
Hg (m, ng) by the product of deployment time (t,
day) and sampling rate (SR, m3 day−1). The SR of
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Figure 2. Site transects at NPRI listed atmospheric mercury sources.

0.135 m3 day−1 (McLagan et al 2018) was adjusted for
temperature and wind speed (McLagan et al 2017b,
2018). The average temperature and wind speed mea-
sured at Toronto International Airport during July and
August 2016 (24.0± 2.6 ◦C, 4.3± 1.4 m s−1) were used
for all of the sites in component 1. For the sites in
component 2, temperature and wind speed data were
retrieved from weather stations at Region of Waterloo
Intl Airport (for Aevitas Inc.), Burlington Lift Bridge
(for ArcelorMittal Dofasco G.P and CRH Canada
Group Inc.) and Oshawa Executive Airport (for Duf-
fin Creek Water Pollution Control Plant and Gerdau
Ameristeel Corp.). Exact wind speeds, temperatures,
and adjusted SRs of each deployment in components
1 and 2 are given in tables S1.1 and S1.2, respectively
(ECCC 2017b).

Spatial patterns of gaseous Hg concentrations
were interpolated and mapped using empirical
Bayesian kriging to derive the experimental variogram
model (ArcGIS 10.3, Esri Ltd.). Full details of the var-
iogram model parameters are given in supplementary
information section S3. The horizontal x and y dimen-
sions of the concentration maps are constrained by
a polygon surrounding the sampling sites in order to
minimize the extrapolation of predictions outside the
spatial range of the sampling sites.

All statistical analyses were performed by hand or
using R v3.3.2 (R Foundation for Statistical Comput-
ing). Non-source and potential source groups in the
GTA were compared by ANOVA with Tukey’s Hon-
estly Significant Differences post-hoc test at 𝛼 = 0.05.
Differences between downtown and other sites
used a T-test.

Results and discussion

Gaseous mercury concentrations across the GTA
Summertime gaseous Hg concentrations averaged
over a period of 4–6 weeks are low (mean concen-
tration: 1.46± 0.23 ng m−3) and overall, close to the
mean North American background concentration that
has declined to approximately 1.2–1.3 ng m−3 in 2015
(Zhang et al 2016) (figure 3). While the range in
concentrations is relatively low (1.43 ng m−3), the dis-
tribution of gaseous Hg was not uniform across the
GTA. Low concentrations observed in easternToronto,
Durham, western Peel, and northern and eastern York
may be influenced by cleaner air arriving from rural
areas north of the city or from Lake Ontario. Accord-
ingly, the lowest measured concentrations of 0.94 and
0.95 ng m−3 occurred near the edges of the GTA urban
area in the north-eastern part of the City of Toronto
(site 12) and the eastern part of York Municipality
(site 14), respectively. Concentrations were highest in
downtown Toronto, which is very densely populated
and home to six major hospitals. The mean concentra-
tion of 1.77± 0.28 in the downtown core (comprising
sites 3, 29, 33, 35, 37, 38, 52, 140, 146, 152–154, 157,
and 158) was significantly higher (p < 0.001) than the
average of concentrations elsewhere within the GTA
(1.42± 0.20 ng m−3). The maximum measured con-
centration in the downtown core and indeed at any
of the GTA sampling sites was 2.37 ng m−3 (site 35;
figure 3, table S1.1). Concentrations were also slightly
elevated to the west of the downtown core (West
Toronto and Mississauga). This trend generally reflects
the higher proportion of industrial zoning along the
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Figure 3. Measured and predicted gaseous Hg concentrations (ng m−3) averaged over a period of 4–6 weeks in July/August 2016 in
the Greater Toronto Area. Prediction contours are derived from an empirical Bayesian kriging model.

border of the City of Toronto and Peel Municipality
(see City of Toronto and Peel municipality land use
maps in section S5; City of Toronto 2017, Region of
Peel 2017).

Concentrations at both waste/recycling centres
(mean = 1.61± 0.22 ng m−3; p = 0.001) and hospital/
dental facilities (mean = 1.63± 0.21 ng m−3; p = 0.001)
were significantly elevated relative to the additional/
non-source sites (mean = 1.37± 0.20 ng m−3). Con-
centrations near crematoria were slightly higher as well,
but not significantly so (mean = 1.58± 0.18 ng m−3;
p = 0.105), which is in part a result of the small num-
ber of sites (n = 7). These results suggest that waste
and recycling centres and hospital/dental facilities are
minor fugitive emission sources of gaseous Hg.

Site 96 was approximately 200 m south-east of the
Highland Creek Waste Water Treatment Plant, which
is listed on the NPRI as emitting 2.8 kg of Hg per year
in 2016 (ECCC 2017b). The concentration at this site
(1.13 ng m−3) was at or below that of adjacent sam-
pling locations (1.15–1.29 ng m−3 at sites 8, 9, and
11), suggesting that this treatment plant emits negligi-
ble amounts of Hg. Site 114 was approximately 100 m
south of the former Hearn Generating Station, a power
plant that generated electricity from coal until 1971
and from oil until 1983 (Stinson 1996, Dulmage et al
2014). Its concentration (1.81 ng m−3) was slightly
higher than that at two adjacent sites (site 77: 1.43 and
site78:1.27 ng m−3),possibly indicatingsmall amounts
of legacy Hg remaining on the site of the power station.

Sampling sites at higher elevation (greater than 5 m
above ground level) were not distinct from adjacent
sampling sites (see table S1.1). All sampling heights
werewellwithin the atmosphericboundary layer,where
gaseous Hg concentrations are expected to remain

relatively uniform away from point sources (Bieser
et al 2017).

Gaseous Hg (reported as GEM) previously has been
measured in the Toronto atmosphere using active sam-
pling instruments (St. Denis et al 2006, Song et al
2009, Cairns et al 2011). Cairns et al (2011) took
2147 five-minute measurements using a Tekran 2537A
active instrument across the GTA from a moving
vehicle in July 2009 and found a mean gaseous Hg
concentration of 1.89± 0.62 ng m−3. These measure-
ments were not taken concurrently, as they are in our
study, and hence the variability in concentrations may
not only be caused by spatial but also temporal fac-
tors. Gaseous Hg concentrations of 2.48± 2.22 ng m−3

(June 2001 and February 2002) (St. Denis et al 2006)
and 4.5± 3.1 ng m−3 (between December 2003 and
November 2004) (Song et al 2009) were recorded at
Ryerson University in the downtown core of Toronto.
The increase in concentration was linked to a shift
in sampler inlet location from the side to the top of
the building in the later study. The Ryerson Univer-
sity sampling location is approximately 400 m east of
site 158 and 650 m north of site 152, which had
concentrations of 1.88 and 1.83 ng m−3, respectively.
Comparing our set of measurements with the previous
studies addressing gaseous Hg in the GTA is slightly
complicated because of (i) the single sampling site,
spatial differences between this site and our sites, the
impact of the inlet location, and possible seasonal dif-
ferences between our study and (St. Denis et al 2006
and Song et al 2009), and (ii) the non-concurrent
measurements in (Cairns et al 2011). Nevertheless,
a cautious comparison suggests a slight decline in
the gaseous Hg concentration across the GTA over the
past decade, which is in line with the general decline
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Figure 4. Gaseous Hg concentrations across NPRI source transects at varying distance from source buildings. The predicted gaseous
Hg concentrations (C; ng m−3) at 1 m distance (d; m) from the source structure are given by the scaling factor of power relationships
for each location. AEV—Aevitas; AMD—ArcelorMittal Dofasco; CRH—Cement Roadstone Holdings; DCW—Duffin Creek Water
Pollution Control Plant; GAS—Gerdau Ameristeel.

in gaseous Hg concentrations across North America
(Soerensen et al 2012, Cole et al 2014, Zhang et al
2016). This trend may also be linked to the phase
out of coal-fired power generation in Ontario in 2014
(Ronsenbloom et al 2016).

Concentration gradients in the vicinity of NPRI
sources
Results from four of the five NPRI source transects
indicate elevated gaseous Hg concentrations closer to
potential source structures (figure 4). Nonetheless, the
measured values at sites closest to source buildings
(AEV1 > mean of AMD1 and AMD2 > GAS1 >
CRH1 > DCW1) did not reflect NPRI emissions esti-
mates (GAS>AMD> DCW>CRH>AEV) (ECCC
2017a). Due to site access restrictions and variable
distances between property boundaries and potential
sources, the distances of sampling sites from source
buildings varied among locations. For example, Site
AEV1 was closer to a suspected source than any other
sampling site. To avoid bias in comparing different
sources, we estimated a concentration at 1 m distance
from each suspected source by extrapolating the fit-
ted power relationships between concentration and
distance from source building displayed in figure 4.
These extrapolated concentrations (numerical values
are the scaling factors in the fitting equations included
in figure 4) followed the same trend as the measured

concentration (i.e. the highest concentration mea-
sured in each transect): AEV > AMD > GAS >
CRH > DCW. In other words, even accounting for
the close proximity of AEV1 to the Aevitas build-
ing, our data indicate this facility is still the largest
of the Hg sources sampled in this study. However, we
should note that we could not account for the varia-
tion in concentration that may have been caused by
variable emissions height (i.e. stack vs. ground-based
emissions). Moreover, the time-averaged PAS con-
centrations are representative of only the 4–6 week
summer period sampled in the study whereas the NPRI
emissions estimates are for an entire year. Differences
between wind speed and both wind and transect orien-
tation among sites may also yield additional uncertainty
in the predicted 1 m concentrations. For these rea-
sons the comparisonbetweenmeasured concentrations
and NPRI emissions estimates should be considered
qualitative.

These patterns suggest different levels of Hg emis-
sions from these sources, but emissions are likely
much less than from Hg-contaminated brownfields.
For example, the weekly averaged concentration at
the main source building of a former Hg mine in
Italy in July 2016 was 6700 ng m−3 McLagan (2018).
Concentrations predicted at 1 m distance from NPRI
source sites (figure 4) are 111 (AEV) to 1670 (CRH)
times lower than that concentration measured at the
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Italian Hg mine site. This information helps contex-
tualize the elevated gaseous concentrations observed
near the NPRI sites against a much stronger source of
Hg.

Both the measured (site AEV1: 12.3 ng m−3) and
1 m predicted (60.0 ng m−3) concentrations at Aevi-
tas Inc. were clearly the highest among the five source
locations, approximately four times higher than the
next highest measured concentration (site AMD1:
3.74 ng m−3). As previously mentioned, Aevitas Inc.
had the lowest reported NPRI emissions (0.11 kg yr−1)
of the five source sites34. Active retorting of Hg-
containing products, on-site storage of Hg-containing
products and the extracted Hg are the likely sources
of Hg at this site. Considering the measured and 1 m
predicted gaseous Hg concentrations are the highest
among source sites, we expect the actual Hg emissions
from this site to be well in excess of the relatively small
emission estimate reported by NPRI. It may be of value
to monitor indoor gaseous Hg concentrations and/or
ventilation emissions at this facility.

The next highest measured and 1 m predicted con-
centrations were at ArcelorMittal Dofasco G.P. in
Hamilton (3.74 and 2.23 ng m−3 at sites AMD1 and
AMD2, respectively) and at Gerdau Ameristeel Corp.
(2.29 ng m−3 at GAS1), which are the two facilities with
the highest reported Hg emissions in Ontario accord-
ing to the NPRI (ECCC 2017b). Global Hg emissions
from pig iron and steel production have been esti-
mated at 43 Mg yr−1, ranking it as the eighth largest
sector of anthropogenic Hg emissions (Pacyna et al
2006, 2010). Identifying the actual source of Hg emis-
sions within the Hamilton harbour area with a small
number of sampling sites is difficult due to the region’s
history of well over 100 years of steel production and
other heavy industry (Gentilcore 1987). Multiple dif-
fuse sources are likely present, including evaporation
from soils that have been contaminated with Hg in the
past. This is supported by gaseous Hg concentrations
at the more distant transect sites that are slightly higher
than at the other sources. This suggests slightly ele-
vated background concentrations in this area overall
(orange diamond markers in figure 4). An investi-
gation involving a much larger number of passive
samplers across the entire Hamilton Harbour Area
would be required to demarcate the different sources
and possible legacy emissions from contaminated sur-
faces in the area via high spatial distribution gridded
sampling and possibly vertical gradient deployments
(McLagan 2018).

Cement production is listed as the fourth largest
sector of anthropogenic Hg emissions (Pacyna et al
2006, 2010). Yet, based on only slightly elevated con-
centrations at the two sites closest to CRH Canada
Group Inc. (site CRH1: 1.68 ng m−3; site CRH1:
1.66 ng m−3), and relatively low 1 m predicted con-
centration (4.02 ng m−3) this cement plant appears
to generate only minor gaseous Hg emissions. This
may be a result of the use of raw materials low in

Hg and/or a large proportion of atmospheric Hg
emissions being in the form of GOM or PBM. Hg emit-
ted from cement production plants is predominantly
PBM, although variability is high (8.3%–96.9%)
(Mlakar et al 2010). Indeed, substantial particle plumes
could be seen emanating from the plant during deploy-
ment and collection. The RadielloⓇ diffusive body of
the PAS has a reported average pore size of 25± 5 𝜇m
and a wall thickness of 1.7 mm (Baechler et al 2010,
Puchalski et al 2011), and hence is not likely to allow
the passage of PBM.

The gaseous Hg concentrations along the Duffin
Creek Water Pollution Control Plant transect were
not elevated, despite an NPRI atmospheric emission
estimate of 17 kg yr−1 (ECCC 2017b). Similar to our
findings near the Highland Creek Wastewater Treat-
ment Plant, Hg emissions from wastewater treatment
plants in the GTA may be overstated. These emis-
sions estimates appear to be based on factors related
to volumes of waste treated. The qualitative difference
between the measured concentrations and the NPRI
emissions estimates suggests these factors may not be
broadly applicable, especially in terms of atmospheric
emissions. However, more in-depth, high spatial res-
olution PAS deployments at these sites and detailed
emissions modelling from this data are necessary to
confirm this hypothesis.

Conclusions

Overall, this study indicated that emissions of Hg in the
GTA are low and likely to emanate from a number of
minor diffusive sources (waste centres, hospitals/dental
facilities). In particular, no major point sources other
than those listed in the NPRI were identified. The
elevated measured and 1 m predicted gaseous Hg con-
centrations around facilities reporting atmospheric Hg
releases in the NPRI (with the exception of waste
water treatment plants), suggests that these sites indeed
emit Hg. However, the lack of a relationship between
reported emissions and air concentrations measured
in the vicinity of those sources indicates the need for
follow-up work, in particular at facilities where the
air concentration measurements suggest much higher
emissions than reported.

This study highlighted that a sampler suitable for
identifying, locating and evaluating sources of Hg to
the atmosphere through measurements of ambient air
concentrations needs to have (i) a limit of detection that
allows for the measurement of concentrations close to
the global background (<2 ng m−3) and (ii) a precision
that is able to discriminate small concentration differ-
ences on the order of 0.2 ng m−3 or less. These and
previous results (McLagan et al 2018) obtained with
the PAS we employed here demonstrate it is clearly
capable of doing this. Otherwise, it would not have
been possible to establish with statistical significance
that gaseous Hg concentrations in downtown Toronto
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or in the vicinity of waste recycling centres and hos-
pital/dental facilities are slightly elevated above sites
in other parts of the GTA. Automated ambient air
analyzers that combine gold cartridges with atomic
fluorescence spectroscopy can also achieve such lim-
its of detection and precision, but generally not with
a similar spatial resolution. Even if they are mounted
on a mobile platform (Cairns et al 2011), the resul-
tant maps or gradients are not temporally concurrent.
The time averaging feature of the PAS is particularly
important when Hg sources are highly time variant or
possibly even episodic. An additional advantage of the
PAS approach is its low cost and ease of use, as was con-
firmed via the successful integration of a community
science network into this sampling campaign. The use
of such networks not only reduces sampling costs, but
also indicates a potential to expand the spatial scope
of deployments. Furthermore, the low costs, simplic-
ity, and portability of the PAS allow deployments to be
easily tailored to suit the needs of the investigators and
the specific urban centre of interest.
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Shah V, Jaeglé L, Gratz L, Ambrose J, Jaffe D, Selin N, Song S,
Campos T, Flocke F and Reeves M 2016 Origin of oxidized
mercury in the summertime free troposphere over the
southeastern US Atmos. Chem. Phys. 16 1511–30

Slemr F, Angot H, Dommergue A, Magand O, Barret M, Weigelt A,
Ebinghaus R, Brunke E-G, Pfaffhuber K A and Edwards G
2015 Comparison of mercury concentrations measured at
several sites in the Southern Hemisphere Atmos. Chem. Phys.
15 3125–33

Soerensen A L, Jacob D J, Streets D G, Witt M L, Ebinghaus R,
Mason R P, Andersson M and Sunderland E M 2012
Multi-decadal decline of mercury in the North Atlantic
atmosphere explained by changing subsurface seawater
concentrations Geophys. Res. Lett. 39 L21810

Song X, Cheng I and Lu J 2009 Annual atmospheric mercury
species in downtown Toronto, Canada J. Environ. Monit. 11
660–9

St. Denis M, Song X, Lu J Y and Feng X 2006 Atmospheric gaseous
elemental mercury in downtown Toronto Atmos. Environ. 40
4016–24

Statistics Canada 2017 2016 Census for Canada—Statistics Canada
Catalogue no. 98-316-X2016001 (Released: 3 May 2017)
(www12.statcan.gc.ca/census-recensement/2016/dp-
pd/prof/index.cfm?Lang=E) (Accessed: 11 July 2017)

Stinson J 1996 Heritage and the evolving city: the lesson of old
industry in Toronto Environs. 24 72–88

Streets D G, Hao J, Wu Y, Jiang J, Chan M, Tian H and Feng X
2005 Anthropogenic mercury emissions in China Atmos.
Environ. 39 7789–806

Streets D G, Devane M K, Lu Z, Bond T C, Sunderland E M and
Jacob D J 2011 All-time releases of mercury to the atmosphere
from human activities Environ. Sci. Technol. 45 10485–91

UNEP 2013 Minamata Convention on Mercury: Text and Annexes
(Geneva: United Nations Environmental Programme) p 67

USEPA 2007 Method 7473: Mercury in Solids and Solutions by
Thermal Decomposition, Amalgamation, and Atomic
Absorption Spectrophotometry, United States Environmental
Protection Agency (Washington: USEPA) p 17

Wilson S J, Steenhuisen F, Pacyna J M and Pacyna E G 2006
Mapping the spatial distribution of global anthropogenic
mercury atmospheric emission inventories Atmos. Environ. 40
4621–32

Xinmin Z, Kunli L, Xinzhang S, Jianan T and Yilun L 2006 Mercury
in the topsoil and dust of Beijing city Sci. Total Environ. 368
713–22

Yang Y, Chen H and Wang D 2008 Spatial and temporal
distribution of gaseous elemental mercury in Chongqing,
China Environ. Monitor. Assess. 156 479–89

Zhang Y, Jacob D J, Horowitz H M, Chen L, Amos H M,
Krabbenhoft D P, Slemr F, Louis V L S and Sunderland E M
2016 Observed decrease in atmospheric mercury explained by
global decline in anthropogenic emissions Proc. Natl Acad.
Sci. 113 526–31

9

https://doi.org/10.1016/j.atmosenv.2006.03.041
https://doi.org/10.1016/j.atmosenv.2006.03.041
https://doi.org/10.1016/j.atmosenv.2006.03.041
https://doi.org/10.1016/j.atmosenv.2009.06.009
https://doi.org/10.1016/j.atmosenv.2009.06.009
https://doi.org/10.1016/j.atmosenv.2009.06.009
https://doi.org/10.5194/acp-10-5951-2010
https://doi.org/10.5194/acp-10-5951-2010
https://doi.org/10.5194/acp-10-5951-2010
https://doi.org/10.1039/c1em10553a
https://doi.org/10.1039/c1em10553a
https://doi.org/10.1039/c1em10553a
http://www.peelregion.ca/planning/maps/glum07.pdf
https://doi.org/10.1016/j.respol.2016.03.012
https://doi.org/10.1016/j.respol.2016.03.012
https://doi.org/10.1016/j.respol.2016.03.012
https://doi.org/10.1039/b710247j
https://doi.org/10.1039/b710247j
https://doi.org/10.1039/b710247j
https://doi.org/10.5194/acp-9-207-2009
https://doi.org/10.5194/acp-9-207-2009
https://doi.org/10.5194/acp-9-207-2009
https://doi.org/10.1146/annurev.environ.051308.084314
https://doi.org/10.1146/annurev.environ.051308.084314
https://doi.org/10.1146/annurev.environ.051308.084314
https://doi.org/10.5194/acp-16-1511-2016
https://doi.org/10.5194/acp-16-1511-2016
https://doi.org/10.5194/acp-16-1511-2016
https://doi.org/10.5194/acp-15-3125-2015
https://doi.org/10.5194/acp-15-3125-2015
https://doi.org/10.5194/acp-15-3125-2015
https://doi.org/10.1029/2012gl053736
https://doi.org/10.1029/2012gl053736
https://doi.org/10.1039/b815435j
https://doi.org/10.1039/b815435j
https://doi.org/10.1039/b815435j
https://doi.org/10.1016/j.atmosenv.2005.07.078
https://doi.org/10.1016/j.atmosenv.2005.07.078
https://doi.org/10.1016/j.atmosenv.2005.07.078
http://www12.statcan.gc.ca/census-recensement/2016/dp-pd/prof/index.cfm?Lang=E
http://www12.statcan.gc.ca/census-recensement/2016/dp-pd/prof/index.cfm?Lang=E
https://doi.org/10.1016/j.atmosenv.2005.08.029
https://doi.org/10.1016/j.atmosenv.2005.08.029
https://doi.org/10.1016/j.atmosenv.2005.08.029
https://doi.org/10.1021/es202765m
https://doi.org/10.1021/es202765m
https://doi.org/10.1021/es202765m
https://doi.org/10.1016/j.atmosenv.2006.03.042
https://doi.org/10.1016/j.atmosenv.2006.03.042
https://doi.org/10.1016/j.atmosenv.2006.03.042
https://doi.org/10.1016/j.scitotenv.2006.01.037
https://doi.org/10.1016/j.scitotenv.2006.01.037
https://doi.org/10.1016/j.scitotenv.2006.01.037
https://doi.org/10.1007/s10661-008-0499-8
https://doi.org/10.1007/s10661-008-0499-8
https://doi.org/10.1007/s10661-008-0499-8
https://doi.org/10.1073/pnas.1516312113
https://doi.org/10.1073/pnas.1516312113
https://doi.org/10.1073/pnas.1516312113

