
ACPD
11, 31433–31474, 2011

Source-receptor
study of speciated

atmospheric mercury

I. Cheng et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Chem. Phys. Discuss., 11, 31433–31474, 2011
www.atmos-chem-phys-discuss.net/11/31433/2011/
doi:10.5194/acpd-11-31433-2011
© Author(s) 2011. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics
Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Source-receptor relationships for
speciated atmospheric mercury at the
remote experimental lakes area,
Northwestern Ontario, Canada
I. Cheng1, L. Zhang2, P. Blanchard2, J. A. Graydon3, and V. L. St. Louis3

15785 Yonge St, Toronto, Ontario M2M 4J2, Canada
2Air Quality Research Division, Science and Technology Branch, Environment Canada, 4905
Dufferin Street, Toronto, Ontario M3H 5T4, Canada
3Department of Biological Sciences, University of Alberta, Edmonton,
Alberta T6G 2E9, Canada

Received: 7 September 2011 – Accepted: 14 November 2011
– Published: 1 December 2011

Correspondence to: L. Zhang (leiming.zhang@ec.gc.ca)

Published by Copernicus Publications on behalf of the European Geosciences Union.

31433

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/31433/2011/acpd-11-31433-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/31433/2011/acpd-11-31433-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 31433–31474, 2011

Source-receptor
study of speciated

atmospheric mercury

I. Cheng et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Source-receptor relationships for speciated atmospheric mercury measured at the Ex-
perimental Lakes Area (ELA), Northwestern Ontario, Canada were investigated using
various receptor-based approaches. The data used in this study include gaseous el-
emental mercury (GEM), mercury bound to fine airborne particles (<2.5 µm) (PHg),5

reactive gaseous mercury (RGM), major inorganic ions, sulphur dioxide, nitric acid
gas, ozone, and meteorological variables, all of which were measured between May
2005 and December 2006. The source origins identified were related to transport of
industrial and combustion emissions (associated with elevated GEM), photochemical
production of RGM (associated with elevated RGM), road-salt particles with adsorp-10

tion of gaseous Hg (associated with elevated PHg and RGM), crustal/soil emissions,
and background pollution. Back trajectory modelling illustrated that a remote site, like
the ELA, is affected by distant Hg point sources in Canada and the United States.
The sources identified from correlation analysis, principal components analysis and
K-means cluster analysis were generally consistent. The discrepancies between the15

K-means and Hierarchical cluster analysis were the clusters related to transport of
industrial/combustion emissions, photochemical production of RGM, and crustal/soil
emissions. Although it was possible to assign the clusters to these source origins,
the trajectory plots for the Hierarchical clusters were similar to some of the trajectories
belonging to several K-means clusters. This likely occurred because the variables in-20

dicative of transport of industrial/combustion emissions were elevated in at least two or
more of the clusters, which means this Hg source was well-represented in the data.

1 Introduction

Source-receptor relationship studies on atmospheric mercury (Hg) advance our un-
derstanding of sources, transformation, transport, and fate of Hg in the environment,25

as well as provide scientific evidence for developing Hg control policies. Two major
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categories of methods exist in studying Hg source-receptor relationships: source-
based and receptor-based methods. Source-based methods require source emis-
sion rates and profiles, meteorological forecasts, and knowledge of chemical reactions
to predict pollutant concentrations at the receptor site while receptor-based methods
mainly use ambient pollutant measurements to infer potential sources contributing to5

the receptor measurements and/or quantitatively apportion the contribution of major
sources to receptor measurements (Bullock et al., 2000; Hopke, 2003).

Many studies using source-based methods have been conducted for Hg during the
past decade (e.g., Xu et al., 2000; Bullock and Brehme, 2002; Lin and Tao, 2003; Das-
toor and Larocque, 2004; Christensen et al., 2004; Gbor et al., 2006; Ryaboshapko10

et al., 2007; Selin et al., 2007; Sillman et al., 2007; Bullock et al., 2008; Vijayaraghaven
et al., 2008; Lin et al., 2010). Source-based atmospheric Hg models have been sub-
jected to sensitivity analyzes and some inter-comparisons, but currently very few model
simulations have been evaluated extensively with field measurements (Ryaboshapko
et al., 2007; Bullock et al., 2008; Zhang et al., 2011). Many of the modelling stud-15

ies are working towards improving the atmospheric Hg chemistry component of the
model to better simulate RGM and PHg concentrations and reducing uncertainties in
estimates of Hg emissions from Asia, South America and Africa, natural sources, and
previously-deposited Hg (Gbor et al., 2006; Ryaboshapko et al., 2007; Dastoor et al.,
2008; Lohman et al., 2008; Pirrone et al., 2010).20

Various techniques have been used in receptor-based methods. One technique uses
multiple pollutants measurements to investigate source-receptor relationships, where
a linear equation is used to represent a mass balance of the chemical species at the
source and receptor site (see reviews in Hopke, 2003; Watson et al., 2008; Hopke and
Cohen, 2011). For example, Pervez et al. (2009) used the Chemical Balance Model to25

apportion particulate Hg in dust samples; Keeler et al. (2006) applied the USEPA Pos-
itive Matrix Factorization (PMF) and UNMIX models to identify and apportion sources
of Hg wet deposition; Cheng et al. (2009) also used PMF model to explore the sources
of atmospheric Hg in an urban center. Another technique frequently used in receptor
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based speciated atmospheric Hg studies is to locate potential sources by tracking the
movement of air parcels reaching the receptor site using back trajectory models, e.g.,
HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) (Abbott et al., 2008;
Li et al., 2008; Lyman and Gustin, 2008; Sprovieri et al., 2010a). Combination of the
above two techniques with other techniques have also been used in receptor-based5

studies. For example, trajectory endpoints have been combined with source contribu-
tions from the PMF model or pollutant concentrations data to create Hybrid Receptor
Models, such as Potential Source Contribution Function (PSCF), Simplified Quantita-
tive Transport Bias Analysis (SQTBA), and Concentration Field Analysis (CFA). These
methods have been employed to investigate source-receptor relationships for atmo-10

spheric Hg (Han et al., 2005, 2007; Rutter et al., 2009; Xu and Akhtar, 2010). Condi-
tional Probability Function uses local wind direction data instead of trajectory endpoints
to determine wind sectors associated with elevated atmospheric Hg concentrations (Liu
et al., 2007; Huang et al., 2010). The use of statistical analysis methods, such as Cor-
relation Analysis, Principal Components Analysis and Cluster Analysis, have also been15

reported in other speciated atmospheric Hg studies (Liu et al., 2007; Brooks et al.,
2009; Sigler et al., 2009; Huang et al., 2010). All the studies mentioned above typi-
cally employed one or more of the receptor-based techniques to create a more robust
solution and interpretation of results.

Concentrations of speciated atmospheric Hg, which includes gaseous elemental Hg20

(GEM), Hg bound to airborne particles (PHg), and reactive gaseous Hg (RGM), have
been measured in polar, remote, rural, coastal, urban, and industrial areas (Sprovieri
et al., 2010b). In the past, most speciated atmospheric Hg studies focused on ana-
lyzing trends in Hg and included brief discussions on the impacts of potential emission
sources (Poissant et al., 2004; Gabriel et al., 2005; Hall et al., 2006; Manolopoulos25

et al., 2007; Song et al., 2009). However, identifying the contributions of different
sources or different industrial sectors to receptor measurements requires more so-
phisticated techniques discussed above. Long-term measurements of speciated atmo-
spheric Hg are ideal for conducting such source-receptor relationship studies. To date,
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there are only a few studies in Canada investigating source-receptor relationships for
speciated atmospheric Hg, and mainly studied urban (Cheng et al., 2009; Song et al.,
2009) and rural-agricultural/industrial settings (Poissant et al., 2004, 2005; Cobbett
and Van Heyst, 2007; Baya and Van Heyst, 2010). Thus, it is currently unknown to
what point sources or other factors were affecting atmospheric Hg concentrations in5

remote (non-polar) sites in Canada. One objective of the present study is to investigate
the source-receptor relationships for speciated atmospheric Hg concentrations mea-
sured at a remote site in Canada. But it has also been realized that different receptor-
based methods were not always consistent when applied to the same data set, with
the discrepancies thought to be related to differences in their theoretical approaches10

(Viana et al., 2008). Thus, another objective of the present study is to conduct inter-
comparisons of various receptor methods.

2 Methodology

2.1 Site description

Measurements of speciated atmospheric Hg were conducted at the Experimental15

Lakes Area (ELA: latitude 49◦39′50′′ N; longitude 93◦43′16′′ W; elevation 369 m), which
is a remote Government of Canada field station in Northwestern Ontario, Canada spe-
cializing in whole-ecosystem experimentation. The site has a rugged Precambrian
shield topography with hundreds of lakes ranging in size from 1 to >200 ha surrounded
by forested areas (ELA, 2010). The Tekran mercury speciation system is located at the20

ELA meteorological site (Atmospheric Environment Service designation: Rawson Lake
Station), which is located approximately 0.5 km west of the ELA base station on lakes
239 and 240. The meteorological site is situated on a cleared granitic bedrock hill sur-
rounded by a young jack pine/white birch forest regenerated following a fire in 1980.
The surface below the sample inlet is bare bedrock. A Canadian Air and Precipita-25

tion Monitoring Network (CAPMoN) station is situated at the ELA site and has been
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monitoring ground-level O3, SO2 and HNO3 gases and particulate Ca2+, K+, Mg2+,
Na+, Cl, SO2−

4 , NO−
3 , and NH+

4 since the 1980s (ELA, 2010).
The ELA site is approximately 50 km east of Kenora, which is the closest city with

a population of ∼15 200. The Trans-Canada highway is about 15 km north of the sam-
pling site and a smaller highway (HWY71) is about 30 km west of the site. According to5

National Pollution Release Inventory (Environment Canada, 2010), the nearest point
source of Hg emissions is about 100 km southeast of the ELA site. There are also
several non-Hg emitting industrial facilities (e.g., chemical pulp and paper mills, wafer-
board mills, wood product manufacturing) within 100 km-radius of the ELA site that
emit sulfur oxides, nitrogen oxides, volatile organic compounds, fine particulate matter,10

and/or ammonia to the atmosphere (Environment Canada, 2010).

2.2 Speciated atmospheric mercury measurements

Gaseous elemental mercury (GEM), mercury bound to particulate matter <2.5 µm
(PHg), and reactive gaseous mercury (RGM) were measured using a Tekran mercury
speciation system (Models 1130/1135/2537A). The sample inlet was 1.31 m above15

ground level and sampled air at a flow rate of 10 l min−1. Sampling flow rates for
Tekran 2537A and 1130 were checked using Bios flow meters and were always within
5 % and usually within 1 % of the programmed values. GEM was measured every
5 min (reported as 1 h averages) except when PHg and RGM were analyzed and daily
automated instrument calibrations were performed. The sampling interval for PHg20

and RGM was 3 h with a 1 h desorption/analysis cycle. Field blanks for GEM were
recorded during daily automated calibrations and for PHg and RGM during the desorp-
tion/analysis cycles. The detection limit for GEM was 0.1 ng m−3, whereas the detection
limit for PHg and RGM were calculated as three times the standard deviation of the zero
air values during desorption cycles over the course of the study (0.33 pg m−3). To en-25

sure data accuracy, automated calibrations were performed every 28 h using an inter-
nal permeation source. Manual calibrations were also routinely carried out by injecting
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a known quantity of GEM into the 2537A Tekran. Automated and manual calibrations
agreed within, on average 4.9±1.2 % over the course of this study. Although the ac-
curacy of GEM measurements can be determined, calibration standards for RGM and
PHg are not available because the chemical composition of these species are not com-
pletely known. These species may be in the form of Hg(OH)2, HgCl2, HgBr2, or other5

halide compounds (Lindberg and Stratton, 1998); thus RGM and PHg are operationally
defined. Furthermore to the issue are uncertainties in PHg measurements due to pres-
ence of sampling artifacts when denuders are used (Lynam and Keeler, 2005; Malcolm
and Keeler, 2007). This has led to renewed interest in developing field calibration
methods, re-assessing the precision of the automated measurements with co-located10

Tekran speciation systems (Engle et al., 2008; Edgerton and Jansen, 2011), study-
ing the effects of sampling artifacts and environmental interferences on atmospheric
mercury measurements (Gustin and Jaffe, 2010; Lyman et al., 2010), and comparing
automated methods to manual sampling and analysis techniques (Talbot et al., 2011).

2.3 Supplementary data15

For our source-receptor relationship study, co-located and concurrent measurements
of other pollutants and meteorological data, as well as locations of regional Hg point
sources, were required. 24-h integrated trace gases and major ions concentrations in
particulate matter were obtained from CAPMoN via NAtChem Database (2010), and
hourly ground-level O3 concentrations were obtained from the NAPS network (2011).20

Hourly air temperature, relative humidity, wind speed and wind direction data were ob-
tained from the Ontario Climate Centre (2010). Locations of regional Hg point sources
(with annual Hg emissions >5 kg) were obtained from Canadian National Pollutant
Release Inventory (Environment Canada, 2010) and US Toxics Release Inventory
(USEPA, 2011).25
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2.4 Receptor-based methods

2.4.1 Analysis of trends and correlation analysis

One-way analysis of variance was used to check for significant differences in the data
between seasons, daytime and nighttime periods, and wind direction sectors. Spear-
man’s rank correlation coefficient was used in correlation analysis of the seasonal data.5

In Spearman’s rank correlation, the measurements of each variable are placed in order
(ranked) and correlations are performed on the ranks of the data (StatSoft, 2011).

2.4.2 Principal components analysis

Principal components analysis (PCA) is a data reduction method that groups a set of
variables into a smaller set of factors (Pallant, 2005). PCA was applied to the data set10

consisting of daily average pollutant concentrations and meteorological variables. The
speciated atmospheric Hg data and hourly O3 concentrations and meteorological data
were averaged daily to correspond with the 24-h integrated trace gases and major ions
concentrations. The initial PCA run, which included the Kaiser-Meyer-Olkin measure
of sampling adequacy (>0.6) and Bartlett’s Test of sphericity (p<0.05) tests, deter-15

mined that PCA was a suitable method for the daily average data set. The number
of factors to retain depends on the eigenvalue of each factor, scree plot, eigenvalues
generated from Monte Carlo parallel analysis, and ability to characterize the factors
(Pallant, 2005). Factors with eigenvalues greater than 1 and greater than those gener-
ated from parallel analysis were retained. Factors that are above a “bend” in the scree20

plot were also kept. In the second PCA run, the number of factors for the final solution
was entered and the Varimax rotation method was selected. The output from PCA
consists of a table with factor loadings, which are correlation coefficients between the
variables and each factor. The variables with high factor loadings were identified and
used to interpret the potential sources of Hg.25
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2.4.3 Cluster analysis using K-means and hierarchical methods

K-means and hierarchical cluster analysis are methods used to classify a large set of
measurements or variables into clusters based on minimizing variation within clusters
and maximizing variation between clusters (StatSoft, 2011). In both cluster analysis
methods, the daily average pollutant concentrations (without meteorological variables)5

were used. In the K-means method, the number of clusters needs to be specified. To
compare with the factors obtained from PCA, the K-means method was run with 4, 5
and 6 clusters. The program begins with k random clusters with initial centres; individ-
ual measurements are moved between these clusters by an iterative process in order to
minimize variability within clusters and maximize variability between clusters. After the10

initial cluster centre is obtained, the program groups the next set of measurements in
the iteration process based on the smallest euclidean distance from the cluster mean.

In hierarchical cluster analysis, variables were standardized to z-scores and pollutant
measurements were clustered using a squared euclidean distance measure. Initially,
each pollutant measurement is itself a cluster, which are then joined together into a new15

cluster based on the smallest squared euclidean distance measure. Afterwards the
new clusters are grouped together using a linkage method, called Ward’s method,
which tries to minimize the sum of squares between the two clusters. This process
continues until all clusters are grouped into one large cluster.

Clusters generated from K-means and Hierarchical methods were characterized into20

potential sources by identifying specific variables with elevated mean cluster centres
(i.e., >80th percentile concentration during the entire study period).

2.4.4 HYSPLIT back trajectory modelling

The HYSPLIT model (Draxler and Rolph, 2003; Rolph, 2003) of the NOAA Air Re-
sources Laboratory was used to generate back trajectories for each day that was clas-25

sified to a cluster. The EDAS (Eta Data Assimilation System) archived meteorological
data, developed by the National Weather Service’s National Centers for Environmental
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Prediction (NCEP), was selected as the meteorological input to the model. The mete-
orological data has been interpolated onto a 40 km grid that spans the United States
and Canada. The vertical resolution covers 26 pressure surfaces from 1000 mbar to
50 mbar. Three trajectories were generated each day and the total run time for each
trajectory was 48 h. The trajectory start height was 100 m above model ground level,5

which was determined from vertical sounding data and the actual elevation at the ELA
site. Trajectories belonging to a cluster were plotted together on Google Earth as well
as with regional Hg point sources with emissions >5 kg of Hg per year as reported in
Canadian National Pollution Release Inventory and US Toxics Release Inventory.

3 Results and discussion10

3.1 Speciated concentration patterns

The mean and standard deviation for GEM, PHg and RGM between 17 May 2005 and
31 December 2006 (entire study period) were 1.57±0.22 ng m−3, 4.42±3.67 pg m−3

and 0.99±1.89 pg m−3, respectively (Table 1). As shown in Table 2, the average GEM
concentrations at the ELA site were within the range of other remote sites and also15

slightly lower than rural locations with and without agricultural and industrial areas
nearby. PHg concentrations at the ELA site were consistent with both the remote
and rural sites, while the low RGM concentrations were consistent with only the remote
sites. The finding that the measurements at the ELA site were in line with other remote
sites not affected by anthropogenic Hg sources gives an idea about the precision of20

the Tekran speciated atmospheric Hg data. However, without calibration standards for
PHg and RGM to verify the accuracy of the measurements, the following discussion of
seasonal and diurnal trends are subject to uncertainties.

The seasonal average GEM and RGM concentrations were highest during spring
2006 (1.75 ng m−3 and 2.4 pg m−3, respectively) compared to other seasons within the25

study period (p<0.001) and also coincided with the highest average O3 concentration
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(39 ppb, p<0.001) and one of the lowest relative humidity levels (67 %, p<0.02). In
other remote sites, the highest GEM concentrations were reported from winter to spring
at Devil’s Lake, Wisconsin (Manolopoulos et al., 2007), Adirondacks, New York (Choi
et al., 2008), and two sites in New Hampshire (Sigler et al., 2009) . For RGM, the
concentrations were highest during the spring at Devil’s Lake and in New Hampshire5

and during winter and summer at the Adirondacks. Maximum summer concentrations
of GEM and RGM have also been observed at the remote site of Salmon Falls Creek,
Idaho (Abbott et al., 2008). Previous studies at remote sites have attributed the higher
GEM and RGM concentrations from winter to spring to increased emissions from coal
combustion sources due to wintertime heating (Choi et al., 2008; Sigler et al., 2009).10

Enhanced emissions of GEM from soil and vegetation between mid-April to June due
to warmer temperatures and dryer conditions have also been reported at other remote
locations (Sigler et al., 2009), which can explain higher GEM concentrations in spring
and summer. At the ELA site, PHg concentrations were higher during winter, spring
and summer 2006 (5.10–5.23 pg m−3) compared with other seasons (p<0.06). Win-15

ter 2006 also corresponded to lowest average temperature (−9.6 ◦C, p<0.001) and
highest mean concentrations of SO2 (0.69 µg m−3, p<0.001) and Na+ (0.06 µg m−3,
p<0.001). Summer 2006 was the warmest season during the entire study with an
average temperature of 19 ◦C (p<0.001), and also similar to spring 2006, one of the
lowest relative humidity levels (67 %, p<0.02). The higher PHg concentrations in the20

winter at the ELA site were consistent with other remote and rural studies, which sug-
gested that this observation was related to increase emissions from coal combustion
in winter, condensation of gases on atmospheric particles at lower temperatures, and
re-suspension of particles during windy conditions. In urban settings, the summer
maximum in PHg has been attributed to higher PM2.5 concentrations in the summer,25

which provides more surface area for Hg adsorption (Huang et al., 2010). Unfortu-
nately, PM2.5 concentrations were not measured at the ELA site to verify this point.
At rural sites near agricultural areas, maximum PHg concentrations occurred in spring
or fall corresponding to ploughing or harvesting activities that can increase soil erosion
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(Poissant et al., 2005; Cobbett and Van Heyst, 2007). Although the lowest atmospheric
Hg concentrations were observed during fall 2005 (1.37 ng m−3 for GEM, 2.4 pg m−3 for
PHg, 0.08 pg m−3 for RGM), only GEM concentrations were significantly different from
the other seasons (p<0.001). Fall 2005 also corresponded to the lowest O3 concen-
trations (24 ppb, p<0.001).5

The relative standard deviation (daily standard deviation/daily mean expressed as
a %) in the concentrations for each day on average is ±3 % from the mean for GEM,
±12 % from the mean for PHg and ±52 % from the mean for RGM for the entire study
period. Statistical differences were observed for GEM and RGM between 7:00–9:00
and 13:00–19:00 LT (p<0.05), with higher concentrations observed from 13:00–19:00.10

In other remote and rural studies, RGM concentrations were typically higher during the
day than at night (Poissant et al., 2005; Hall et al., 2006; Manolopoulos et al., 2007;
Abbott et al., 2008; Sigler et al., 2009; Liu et al., 2010). Based on statistical comparison
of the other variables between the two time periods, higher temperatures, wind speeds
and O3 concentrations and lower relative humidity levels were also observed at the15

ELA site from 13:00–19:00 (p<0.05).
By season, the largest diurnal variability for GEM occurred in spring and fall 2005,

in which the latter season coincided with the largest diurnal variations in temperature,
relative humidity and O3 concentrations compared with other seasons (see Fig. 1a).
In fall and winter 2006, the smallest diurnal variations in GEM, meteorological condi-20

tions, and O3 were found. For PHg and RGM, the diurnal changes were largest in
spring 2006, even though the diurnal variations in meteorological conditions and O3
concentrations were not the largest or smallest compared with other seasons (see
Fig. 1b and c). The smallest diurnal variability for PHg occurred in winter 2006 similar
to GEM, but for RGM, this occurred in fall 2005 when the largest diurnal variation in25

temperature, relative humidity and O3 concentrations were observed. The data sug-
gests that the diurnal variation in GEM was more strongly influenced by changes in
meteorological conditions than diurnal variations in PHg and RGM. Other studies con-
ducted in remote/rural sites suggested the diurnal variation of GEM can also be due

31444

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/31433/2011/acpd-11-31433-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/31433/2011/acpd-11-31433-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 31433–31474, 2011

Source-receptor
study of speciated

atmospheric mercury

I. Cheng et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

to a combination of changes in mixing height, meteorology, nighttime dry deposition,
surface emissions and/or photo-reduction of RGM (Gabriel et al., 2005; Yatavelli et al.,
2006; Manolopoulos et al., 2007; Choi et al., 2008, 2009; Sigler et al., 2009). Diurnal
trends for PHg and RGM could be due to variations in source emissions and wind pat-
terns, and photochemical processes (Manolopoulos et al., 2007; Abbott et al., 2008;5

Choi et al., 2008; Sigler et al., 2009).
The prevailing wind (excluding calm wind speeds, <4 km h−1) at the ELA site dur-

ing the entire study period was from the southwest and south (18 % and 17 % of the
data, respectively). However, the highest average GEM and RGM concentrations were
observed when winds were from the southeast, which made up only 11 % of the wind10

data. These average concentrations were found to be statistically higher than those
that occurred when winds were out of the west and northwest (p<0.02 for GEM and
p<0.001 for RGM). Average PHg concentration was highest when winds originated
from the southwest, and statistically higher than those that occurred when winds were
from west, northwest, and northeast (p<0.007). The average concentrations of the15

majority of the trace gases and major ions were highest from the south, which was
fairly consistent with the speciated atmospheric Hg results. The mean SO2 concentra-
tions from the south were significantly different than those from northeast (p<0.02).
For Ca2+, K+ and Mg2+, the average concentrations observed when winds were out of
the south were significantly different than those when winds from northwest (p<0.04).20

The average concentrations of NH+
4 , NO−

3 , SO2−
4 , and HNO3 observed when winds

were from the south were statistically different than the winds observed from south-
west, west, and northwest (p<0.03). Average HNO3 concentrations from the south
were also significantly larger than those from all other wind directions (p<0.02). For
Na+, only the mean concentration from the east was significantly higher than from25

the southwest (p<0.03). The average Cl− concentrations associated with a particular
wind direction were not statistically different than those from other wind directions.
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3.2 Correlation analysis

The Spearman rank correlation coefficients between PHg and other Hg species and
pollutants for each season are shown in Table 3a, while the correlation coefficients
for selected pollutants indicative of various source origins for each season are shown
in Table 3b. Strong correlations between variables indicative of crustal/soil sources5

and marine sources (i.e., Ca2+, K+, SO2−
4 , Na+, Cl−, Mg2+ as discussed by Prendes

et al., 1999, Mouli et al., 2005, and Viana et al., 2008) were found in every season (see
Table 3b), except for spring 2005, which was excluded from the analysis due to the
small number of speciated Hg data points. As shown in Table 3a, most of these vari-
ables individually were correlated with PHg in every season (except for winter 2006),10

suggesting that the source of atmospheric Hg may be from re-suspended dust (from
crustal/soil, road dust, point source dust emissions) containing previously-deposited
Hg or adsorption of gaseous Hg on sea-salt aerosols. Particulate Hg can be formed
by adsorption or condensation of GEM or RGM onto these particles (Schroeder and
Munthe, 1998; Lu et al., 2001). Although crustal/soil and marine sources are often15

difficult to differentiate because they have similar compositions, Prendes et al. (1999)
suggested that a lack of correlation between K and Ca and Na and Cl can be used to
attribute particulate matter to construction and earthworks (i.e., crustal/soil as opposed
to marine sources). In our study, the lack of correlation between these variables was
observed in fall 2005 and spring 2006 (see Table 3b). For these seasons, the source of20

atmospheric Hg would be related to crustal/soil dust containing previously-deposited
Hg. In winter 2006, PHg was strongly correlated with Na+, Cl− and Mg2+ (marine
components) but not with Ca2+ and K+ (see Table 3a). While significant scavenging
of RGM by sea-salt aerosols have been reported in coastal areas (Selin et al., 2007;
Malcolm et al., 2009), the transport of Hg bounded to sea-salt aerosols would not be25

the likely source of atmospheric Hg to a mid-continental site such as the ELA. Further-
more, Hg associated with sea-salt aerosols are typically larger than 2 to 2.5 µm, which
means most of the sea-salt aerosols would be excluded by the 2.5 µm impactor and not
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efficiently pass through the annular denuder of the Tekran speciation unit (Obrist et al.,
2011; Talbot et al., 2011). Thus, the most probable source of PHg during winter is the
transport of road dust that contained components of road-salt with adsorption or con-
densation of gaseous Hg. The above suggestion was supported by size-distribution
data of Na+, Cl− and Mg2+ collected at another rural site in Ontario (Algoma) and5

discussions on sea salt and road salt effects as presented in Zhang et al. (2008).
Variables related to agricultural sources (i.e., NH+

4 and NO−
3 as discussed in Mouli

et al., 2005) were correlated with each other and with PHg in the summer and fall
seasons (Table 3a and b), which could mean the source of Hg is from the erosion
of agricultural soil containing previously-deposited Hg. NH+

4 formed from the reaction10

of nitric acid and sulphuric acid with ammonia, which might have originated from the
use of fertilizers for farming and chemical pulp and paper mills near the ELA site.
Elevated PHg concentrations have been observed at rural sites near agricultural areas
in Ontario, Canada, and typically occurred during the spring and fall seasons (Cobbett
and Van Heyst, 2007; Baya and Van Heyst, 2010). In one of the studies, elevated15

PHg concentrations were related to the agricultural practice of applying biosolids (from
sewage wastes) containing low concentrations of Hg (Cobbett and Van Heyst, 2007).

There is also some evidence of atmospheric Hg concentrations being affected by the
transport of industrial emissions due to moderate correlations between SO2, secondary
pollutants (NH+

4 , NO−
3 , SO2−

4 as discussed in Lee and Hopke, 2006; Viana et al., 2008;20

Masiol et al., 2010) and PHg. The emissions may be related to combustion sources,
such as waste incineration and coal combustion, because RGM was correlated with
SO2 in the spring, summer and fall seasons. RGM and Cl− was also correlated in the
summer and fall of 2006 (see Table 3b). According to Carpi (1997), Hg from waste
incineration is emitted mostly in the divalent form (75–85 %), while divalent Hg (mostly25

HgCl2) makes up 50–80 % of Hg emitted from coal combustion. The relatively shorter
atmospheric residence time of RGM compared to GEM means the deposition of RGM
is close to its source of emission (Schroeder and Munthe, 1998).

In addition to direct emissions of RGM, correlations between GEM and RGM, can
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reveal whether RGM was mainly produced photochemically or directly emitted. Sill-
man et al. (2007) previously found that positive correlations between model-predicted
concentrations of GEM and RGM indicated that RGM was directly emitted rather than
produced by photochemical oxidation processes involving O3, OH, NOx, sulfur and
halogens species, whereas a negative correlation suggested the latter mechanism5

dominated. As illustrated in Table 3b, the positive correlations between GEM and RGM
during both summer seasons and fall 2006 would suggest direct emissions of RGM
dominated over photochemical production of RGM. In other seasons, such as in fall
2005, winter 2006 and spring 2006, GEM-RGM correlation coefficients were close to
zero. This lack of correlation between GEM and RGM means that both mechanisms of10

RGM production were possible.

3.3 Principal components analysis (PCA)

Six factors were generated when PCA was initially applied to the daily average data
consisting of all the variables. The initial factor loadings (i.e., correlation coefficients
between variables and factors) revealed that wind speed and total precipitation vari-15

ables were not present in the factors that contained loadings for Hg and other pollu-
tants. This suggests that these variables were not useful for characterizing potential
sources of atmospheric Hg to the ELA. Therefore, PCA was applied again with all vari-
ables except wind speed and total precipitation. The total variance explained by the
four factors generated (denoted by PCA-1 to PCA-4) was 70.4 %, with 22.6 %, 19 %,20

15.5 % and 13.3 % explained by PCA 1–4, respectively.
PCA-1 had high factor loadings on GEM, HNO3, K+, and NH+

4 , NO−
3 , and SO2−

4 (see

Table 4). There were also moderate loadings on SO2, O3 and Ca2+. The pollutants with
the most influence on this factor represent transport of industrial emissions or regional
background pollution, as observed previously using correlation analyses. PCA-2, which25

had high factor loadings on all three mercury species and O3, and negative loadings
on relative humidity, may be related to strong pollution events associated with industrial
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and urban areas. This factor also had some minor loadings for HNO3 and SO2. The
high factor loadings on RGM and O3, and negative loading on relative humidity, in
PCA-2 were consistent with those obtained from the studies by Lynam and Keeler
(2006) and Huang et al. (2010), who assigned the factor to photochemical or gas phase
oxidation. Even though O3 was the only atmospheric oxidant of gaseous mercury5

measured at the site, other oxidants such as OH, Br and Cl may be involved in the
photochemical production of RGM. Recent studies in marine environments suggested
that rapid depletion of GEM to RGM species were due to reactive halogens (Hedgecock
et al., 2005; Peleg et al., 2007; Obrist et al., 2011), similar to the mechanism propose
for AMDEs in polar atmosphere (Steffen et al., 2008). But this mechanism is not likely10

to occur at the ELA site, since the site is inland and far away from polar regions. Aside
from RGM and O3, high loadings on temperature and negative loadings on GEM and
NOx were reported in previous studies (Liu et al., 2007; Huang et al., 2010). HNO3 was
likely present in the factor because it is the ultimate sink for NOx (Wang and Shooter,
2001), which is typically emitted from industrial sources. The positive factor loadings on15

SO2 and RGM as an indication of coal combustion sources were also reported in other
studies (Lynam and Keeler, 2006; Liu et al., 2007; Huang et al., 2010), and consistent
with the correlation analysis results from this study. PCA-3 contained a minor loading
on PHg and strong loadings on K+, Ca2+ and Mg2+, which are components typical of
crustal or soil sources. There is also a strong influence on this factor by temperature,20

which enhances the surface emission process. The factor loadings on PHg, Na+ and
Cl− in PCA-4 were consistent with adsorption of gaseous Hg on road-salt particles as
discussed in the correlation analysis results.

3.4 K-means cluster analysis

A five-cluster solution was chosen for K-means cluster analysis (KCA) after running the25

analysis with four and six clusters. The mean cluster centres shown in Table 5 were
used to interpret the K-means clusters by identifying variables with high mean values
(Masiol et al., 2010). The percentage of data with >75th percentile GEM, PHg and
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RGM concentrations (GEM=1.7 ng m−3, PHg=6.09 pg m−3, and RGM=1.07 pg m−3

for the entire study period) were calculated for each cluster to determine which clusters
were associated with elevated speciated atmospheric Hg concentrations.

KCA-1 contained large mean clusters centres for PHg, Na+, and Cl−, and lower
mean temperatures (see Table 5), similar to the results obtained using correlation anal-5

ysis and observed in PCA-4. This profile is likely related to winter road-salt particles,
instead of sea-salt aerosols. KCA-2, which had high mean cluster centres for PHg,
RGM, SO2, HNO3, Ca2+, Mg2+, K+, NH+

4 , NO−
3 , SO2−

4 , and O3, may be related to pho-
tochemical production of RGM, since this was the only cluster where the mean cluster
centres for RGM and O3 were elevated. As previously discussed, there may be other10

atmospheric oxidants involved in mercury photochemistry in addition to O3 and RGM
may be directly emitted from anthropogenic point sources. The transport of industrial
emissions as previously described was also apparent in KCA-3, which had high mean
values for GEM, HNO3, K+, NH+

4 , NO−
3 , and SO2−

4 . KCA-4 had elevated mean cluster

centres for PHg, SO2, HNO3, Ca2+, Mg2+, K+, NH+
4 , NO−

3 , and SO2−
4 , which is similar15

to some of elevated components in KCA-2. But in KCA-4, the mean cluster centres
for SO2, Ca2+, Mg2+, and NO−

3 were higher than KCA-2. Thus, KCA-4 is classified as
emissions from crustal or soil sources. The final cluster (KCA-5) depicted background
pollution due to lower mean cluster centres for all variables (Masiol et al., 2010). The
bottom of Table 5 illustrates the proportion of data with GEM, PHg, or RGM concen-20

trations >75th percentile (for the entire study) in each cluster. KCA-3 (transport of
industrial emissions) had the largest percentage of elevated measurements of GEM,
and the largest percentages of elevated PHg and RGM values were KCA-1 (road-salt
particles) and KCA-2 (photochemical production of RGM), respectively.

3.5 Hierarchical cluster analysis25

To compare the results with those obtained from K-means cluster analysis, five clus-
ters were also chosen for hierarchical cluster analysis (HCA) using Ward’s method and
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squared euclidean distance measure. HCA-1 and HCA-2 have similar mean cluster
centres for GEM, PHg and RGM (Table 6). Both clusters contained slightly elevated
mean cluster centre for GEM relative to the overall average GEM concentration of
1.56 ng m−3, and the mean cluster centres for PHg and RGM were close to their re-
spective overall averages (4.42 pg m−3 for PHg and 0.99 pg m−3 for RGM). The major5

difference between the two clusters was the higher mean cluster centres for all the
other pollutant variables in HCA-2. More specifically, the variables representative of
transport of combustion and industrial emissions (i.e., SO2, HNO3, NH+

4 , NO−
3 , SO2−

4 )
were elevated in HCA-2. Analysis of back trajectory plots for these two clusters could
help differentiate the clusters (discussed in Sect. 3.6). HCA-2 and KCA-3 have consis-10

tent mean cluster centres, but HCA-2 had elevated mean cluster centres for SO2 and
O3. In addition to transport of industrial emissions, HCA-2 is attributed to transportation
and combustion emissions, which frequently emit volatile organic compounds, CO and
NO2 that can lead to O3 formation. The mean cluster centres of HCA-3 were consis-
tent with those of KCA-5, which represented background pollution. HCA-4 consisted of15

elevated mean cluster centres for RGM, SO2, HNO3, Ca2+, Mg2+, NH+
4 , NO−

3 , SO2−
4 ,

and O3. Although some of the variables identified as elevated in HCA-4 were similar to
HCA-2, the main difference between the two clusters is the elevated mean cluster cen-
tres for RGM, Ca2+, Mg2+, and O3 in HCA-4. The elevated mean cluster centre for both
RGM and O3 may be suggestive of photochemical production of RGM (consistent with20

KCA-2), and emissions from crustal/soil sources might have contributed to higher mean
cluster centre for PHg. HCA-5 had high mean cluster centres for PHg, RGM, Na+ and
Cl−, and low mean cluster centre for temperature, which was comparable to the KCA-1
cluster that was interpreted as road-salt particles containing previously-deposited Hg.
The bottom of Table 6 illustrates that HCA-2 (transport of industrial emissions) had25

the largest percentage of elevated GEM concentrations, while HCA-5 (road-salt parti-
cles) had the largest percentages for both PHg and RGM. The percentage of data with
elevated RGM concentrations was fairly high for HCA-4 as well.
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3.6 HYSPLIT back trajectory analysis

The two day back trajectories for each of the clusters classified using the K-means
method and Hierarchical Ward’s method are shown in Figs. 2 and 3, respectively. Back
trajectories for KCA-1 (K-means cluster 1) shown in Fig. 2a mainly passed over North-
western Ontario and Manitoba in Canada, which was consistent with the lower mean5

temperature for this cluster. Several trajectories traced back to fossil fuel power plants,
metal and steel processing plants, and mining sites within Canada; however the ma-
jority of them did not encounter any Hg point sources. The contribution from road dust
with salt components is a strong possibility because several trajectories passed over
the Trans-Canada highway, which is approximately 15–20 km north and west of the10

ELA site. In Fig. 2b, the back trajectories for KCA-2 traced back to Western Canada,
areas north of the ELA site, and states located south and southeast of the ELA site,
such as Minnesota, Iowa, Wisconsin, Illinois, and Michigan. The Hg point sources
in these states include power plants, paper mills, steel processing plants, and cement
plants, and there are also urban areas that contribute to transportation emissions. NOx,15

CO and hydrocarbons are typically emitted from these sources, which can contribute to
formation of ground-level O3 and secondary organic aerosols. Elevated tropospheric
O3 concentrations have been observed in rural/remote areas downwind of urban and
industrialized areas and persisted for several days covering an area over 500 000 km2

(Logan, 1989). Since many of the trajectories from the south also appeared slower20

moving (i.e., shorter trajectory) than the trajectories from Western Canada, the more
stagnant air mass favours the buildup of O3, which could play a role in the oxidation
of GEM to RGM. However, recent studies are examining other atmospheric oxidants
and reaction mechanisms for gaseous mercury and are finding that reactive halogen
species are more likely to be responsible for the depletion and conversion of GEM to25

RGM in marine environments (Hedgecock et al., 2005; Peleg et al., 2007; Obrist et al.,
2011). Back trajectories for KCA-3 are shown in Fig. 2c and mainly traced back to ar-
eas south of the ELA site, such as Minnesota and Wisconsin. Several trajectories were
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northwest of the ELA site and passed over power plants and steel processing plants
in Winnipeg. Compared to the back trajectories for KCA-2, the trajectories for KCA-3
did not trace back to as many industrial and urban areas, which might have resulted
in the lower average O3 and also SO2 concentrations. In Fig. 2d, the majority of the
back trajectories for KCA-4, which represented emissions from crustal/soil sources and5

combustion and industrial sources, passed over Minnesota and Iowa, and a few trajec-
tories traced back to remote areas northeast of the ELA site. The back trajectories
for KCA-5 are shown in Fig. 2e. KCA-5 was associated with background pollution be-
cause of the lower mean cluster values for all the pollutants compared to other clusters
and this interpretation is further supported by larger portion of trajectories that traced10

back to parts of Northern and Northwestern Canada compared to south of the ELA
site. The transport of air masses from higher latitudes were also associated with lower
factor scores for pollutant variables at the Detroit site (Liu et al., 2007).

In the analysis of the hierarchical mean cluster centres, it was found that the mean
for Hg species for HCA-1 and HCA-2 (Hierarchical clusters 1 and 2) were similar, and15

mean cluster centres for all other pollutants were higher for HCA-2. Figure 3a and b
illustrates the differences in the direction of the back trajectories for the two clusters.
In HCA-1, the trajectories were northwest/north and south/southeast of the ELA site,
whereas almost all of the trajectories in HCA-2 originated from south/southeast of the
site where there is a higher density of Hg point sources. The trajectories for HCA-120

(Fig. 3a) appeared consistent with those for KCA-2 (Fig. 2b), which was associated
with photochemical production of RGM. However, the mean values for these two clus-
ters were not consistent as shown in Table 5 and 6. Some of the back trajectories
for HCA-2 (Fig. 3b) were consistent with those for KCA-3 (Fig. 2c); specifically, both
clusters have several trajectories that traced back to parts of Minnesota, Iowa and25

Missouri. Similarities on some of the trajectories were expected since elevated mean
cluster centres for GEM, HNO3, NH+

4 , NO−
3 , and SO2−

4 were identified in both clusters.
Furthermore, the trajectories that extended to Wisconsin, Illinois and Michigan (south-
east of the ELA site) in HCA-2 (Fig. 3b) were found in KCA-2 (Fig. 2b). The trajectories
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overlapped because the mean cluster centre for O3 was elevated in both clusters. The
elevated O3 concentration was likely because the trajectories passed over major Hg
point sources and urban areas that contributed to CO, NOx, and volatile organic com-
pound emissions. Back trajectories for HCA-3 (Fig. 3c) were similar to those for KCA-5
(Fig. 2e) in terms of the large proportion of trajectories from Northern Canada. The5

back trajectories for HCA-4 shown in Fig. 3d originated from northwest and south of
the ELA site and appeared consistent with some of the trajectories for KCA-2 (Fig. 2b),
KCA-4 (Fig. 2d) and KCA-5 (Fig. 2e). The presence of some of the trajectories for
KCA-2 in HCA-4 was expected because of the elevated RGM and O3 mean cluster
centres in both clusters. Elevated mean values for SO2, Ca2+, Mg2+ and K+ were ob-10

served in both HCA-4 and KCA-4. Finally, the back trajectories for HCA-5 shown in
Fig. 3e mainly traced back to areas north of the ELA site, which was most consistent
with the trajectory results for the K-means cluster assigned to road-salt particles (KCA-
1 in Fig. 2a). Compared to KCA-1, there were more trajectories in HCA-5 extending
back to Hudson Bay, and some passed over Western Canada and mid-west region of15

the United States.

4 Conclusions

A data set consisting of major ions and trace gases in particulate matter, ground-level
ozone concentrations and meteorological variables were analyzed to explain seasonal
and diurnal variations in speciated atmospheric Hg concentrations and to identify po-20

tential sources affecting speciated atmospheric Hg concentrations at the remote Ex-
perimental Lakes Area site. To identify potential sources of atmospheric Hg to the
site, receptor modelling approaches including correlation analysis, principal compo-
nent analysis, cluster analysis using K-means and Hierarchical methods, and HYSPLIT
back trajectory modelling were applied. Multiple receptor data analysis and modelling25

approaches were used to reveal consistency and discrepancy in the results and inter-
pretation of source-receptor relationships for speciated atmospheric Hg.
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Analysis of seasonal variability revealed that the season with highest GEM and RGM
concentrations coincided with highest O3 concentrations. The highest PHg concentra-
tions occurred in seasons with highest SO2 and Na+ concentrations and during both
warm and cold seasons. Changes in temperature and relative humidity strongly af-
fected the diurnal variability of GEM concentrations, whereas a lesser affect of these5

variables were observed on the diurnal variability of PHg and RGM.
Correlation coefficients between pollutant variables related to several source origins

were examined. In winter, strong correlations were found between PHg, Na+, Cl− and
Mg2+, which suggested road-salt particles as a surface for adsorption of gaseous Hg.
In the other seasons, strong correlations indicative of combustion sources, transport of10

industrial emissions, emissions of previously-deposited mercury from crustal, soil and
agricultural activities, and photochemical production of RGM were identified. The main
advantage of correlation analysis was that it can be applied to a data set with smaller
number of measurements, e.g., seasonal data. Aside from the transport of industrial
emissions, the sources identified in this study were dependent on the season.15

PCA generated four factors that were similar to the potential source origins iden-
tified in correlation analysis. Compared with correlation analysis, PCA was a more
appropriate technique for analyzing multiple pollutant variables at once, but required
a large number of measurements. Hence, this technique was only applied to the data
set covering the entire study period. The PCA factors were consistent with the clusters20

generated from K-means cluster analysis; however, there was an additional group that
was representative of background pollution in the K-means and Hierarchical methods.
In cluster analysis, the clusters were representative of the entire data set, but in PCA
only a portion of the entire data set was represented. In this study, the four PCA factors
explained ∼70 % of the variance in the data set, while the remaining ∼30 % was the25

unexplained variance.
Through the use of back trajectories using the HYSPLIT model, it was revealed that

even a remote site like the ELA is affected by distant Hg point sources. For the clus-
ters related to transport of industrial and combustion emissions and photochemical
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production of RGM involving ground-level O3, many of the back trajectories traced
back to distant point sources, such as power plants, metal and steel processing plants,
paper mills and cement plants located in Canada and United States, and urban areas
in the mid-west US region. The cluster associated with road-salt particles from the K-
means and Hierarchical methods both have trajectories tracing back to areas north of5

the ELA site, which was in the direction of the Trans-Canada highway. Trajectory plots
were also consistent between the K-means and Hierarchical clusters associated with
background pollution.

The discrepancies between the K-means and Hierarchical method were the clus-
ters related to industrial/combustion emissions, photochemical production of RGM,10

and crustal/soil emissions. As Viana et al. (2008) suggested, this may be attributed
to differences in the theoretical approaches of the two cluster analysis techniques, e.g.
different clustering algorithm and distance/linkage measures. Although it was possible
to discriminate between these source origins by examining the mean cluster centres
for specific variables that were elevated, the trajectory plots for the Hierarchical clus-15

ters were similar to some of the trajectories belonging to several K-means clusters.
This likely occurred because the variables indicative of industrial/combustion emis-
sions were elevated in at least two or more of the clusters. That is, the transport of
industrial/combustion emissions was often occurring simultaneously with photochemi-
cal production of RGM or crustal/soil emissions, suggesting this type of Hg source was20

well-represented in the data.
The data obtained for this study was not ideal for identifying specific types of indus-

trial or combustion emissions, since secondary pollutants, such as nitrate and sulfate,
could have originated from various primary sources (Hopke and Cohen, 2011). To
investigate further into the exact types of industrial or combustion emissions using25

PCA or cluster analysis techniques, receptor measurements of trace metals and or-
ganic carbon concentrations are necessary. While O3 was used to suggest potential
photochemical oxidation of GEM to RGM, future measurements should include OH
and reactive halogen species as they are also important atmospheric oxidants of Hg
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and recent studies suggest that reactive halogens play significant roles in the photo-
chemistry of mercury in the polar atmosphere and marine boundary layer. In addi-
tion to data requirements, further research is needed on the use of a wider variety
of receptor-based techniques for studying the source-receptor relationships of spe-
ciated atmospheric mercury, as this study demonstrated that these techniques have5

their strengths and weaknesses, which affects how sources of speciated atmospheric
mercury are interpreted.
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Table 1. Descriptive statistics of data set for the ELA site for the period between 17 May 2005
and 31 December 2006.

Speciated Mean Standard Min. Max. % missing # of data % of data
atmospheric Hg deviation data available <DL

GEM (ng m−3) 1.57 0.22 0.75 3.82 0.0 2361 0.0
PHg (pg m−3) 4.42 3.67 0.00 42.33 5.2 2238 2.6
RGM (pg m−3) 0.99 1.89 0.00 24.89 5.2 2239 51.4

Other Mean Standard Min. Max. % missing # of valid % of data
pollutants deviation data data <DL

SO2 (µg m−3) 0.36 0.44 0.01 2.67 12.1 495 29.9
HNO3 (µg m−3) 0.30 0.29 0.01 1.66 10.7 503 12.7
Ca2+ (µg m−3) 0.17 0.28 0.01 3.20 5.7 531 38.0
Mg2+ (µg m−3) 0.036 0.049 0.000 0.37 5.9 530 26.8
K+ (µg m−3) 0.034 0.040 0.000 0.31 5.7 531 31.8
Na+ (µg m−3) 0.025 0.036 0.000 0.35 5.9 530 13.8
Cl− (µg m−3) 0.017 0.027 0.000 0.35 5.9 530 70.8
NH+

4 (µg m−3) 0.33 0.44 0.00 3.22 5.7 531 6.0
NO−

3 (µg m−3) 0.32 0.61 0.02 6.58 5.7 531 22.8
SO2−

4 (µg m−3) 0.91 1.16 0.01 9.17 5.7 531 6.2
O3 (ppb) 30.97 10.17 5.00 68.33 0.2 2357 0.0
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Table 2. Speciated atmospheric mercury concentrations at selected remote and rural sites.

Location Time of sampling Site description GEM/TGM ng m−3 PHg pg m−3 RGM pg m−3 Reference

Experimental May 2005– Remote 1.56±0.22 4.42±3.67 0.99±1.89 This Study
Lakes Area, Dec 2006
Ontario, Canada
Devil’s Lake, Apr 2003– Remote 1.6±0.3 8.6±8.3 3.8±8.9 Manolopoulos
Wisconsin 2004 et al. (2007)
Adirondacks, Jun 2006– Remote 1.4±0.4 3.2±3.7 1.8±2.2 Choi
New York May 2007 et al. (2008)
Yellowstone 3–12 Sep Remote <1 to 2.5 <DL to 30 <0.88 to 5 Hall
National 2003 et al. (2006)
Park, USA
Thompson Farm, 2007 Remote 1.4 n/a 3.6 Sigler
New Hampshire et al. (2009)
Pac Monadnock, 2007 Remote 1.4 n/a 1.2 Sigler
New Hampshire et al. (2009)
Salmon Falls Jul and Nov Remote 1.32 to 1.91a n/a 2.3 to 8.2a Abbott
Creek Reservoir, 2005; Feb and et al. (2008)
Idaho May 2006
Dexter, Michigan 2004 Rural 1.59±0.59 6.10±5.51 3.80±6.62 Liu

et al. (2010)
Great Smoky May 2004 to Rural 1.65 7 5 Valente
Mountains Aug 2004 et al. (2007)
Nat’l Park, USA
Elora, Ontario Nov 2006 to Rural- 1.2±0.51 16.4±9.54 15.1±10.02 Baya and Van

Aug 2007 agriculture Heyst (2010)
Maryhill, Ontario Oct to Nov Rural- 1.8±0.2 3.0±6.2 2.3±3.0 Cobbett and

2004 agriculture Van Heyst (2007)
St. Anicet, 2003 Rural- 1.65±0.42 26±54 3±11 Poissant
Quebec agriculture et al. (2005)
Calero, San 2005 and 2008 Rural- 1.85 to 2.37a 3.68 to 7.99a 4.58 to 14.5a Rothenberg
Francisco industrial et al. (2010)
Bay Area
Cove Mountain, Aug to Sep Rural- 2 to 5 3 to 75 3 to 60 Gabriel
Tennessee 2002 industrial et al. (2005)
Athens, Ohio Jul 2004 to Rural- 1.62±0.24 5.29±6.04 12.45±24.53 Yatavelli

Jul 2005 industrial et al. (2006)

a This is the range of the mean concentrations over the study periods, instead of from min. to max.
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Table 3a. Spearman rank correlation coefficients between PHg and other pollutants.

PHg
Summer 2005 Fall 2005 Winter 2006 Spring 2006 Summer 2006 Fall 2006

GEM 0.39 0.39 −0.19 0.18 0.53 0.50
RGM 0.57 0.39 0.70 0.62 0.47 0.67
SO2 0.43 0.49 −0.01 0.52 0.30 0.38
HNO3 0.36 0.78 −0.21 0.34 0.49 0.68
Ca2+ 0.54 0.62 0.20 0.39 0.50 0.66
Mg2+ 0.48 0.62 0.58 0.56 0.50 0.61
K+ 0.40 0.68 0.05 0.21 0.58 0.73
Na+ 0.35 0.4 0.73 0.41 0.09 0.21
Cl− 0.24 0.09 0.52 0.02 0.41 0.35
NH+

4 0.62 0.61 −0.21 0.18 0.43 0.50
NO−

3 0.63 0.69 0.30 0.30 0.34 0.64
SO2−

4 0.62 0.62 −0.40 0.28 0.38 0.40
O3 0.68 0.37 0.66 0.62 0.27 0.16

Correlation coefficients shown in bold were statistically significant (p<0.01).
Winter months: December, January, February; Spring months: March, April, May; Summer months: June, July, August;
Fall months: September, October, November.
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Table 3b. Spearman rank correlation coefficients for selected pollutants indicative of source
origins.

Summer 2005 Fall 2005 Winter 2006 Spring 2006 Summer 2006 Fall 2006

Re-suspended dust (from crustal/soil/road/point sources) or sea-salt origin
Ca2+ and K+ 0.27 0.69 0.40 0.66 0.54 0.70
SO2−

4 and Ca2+ 0.64 0.42 −0.18 0.60 0.49 0.45
Na+ and Cl− 0.40 0.62 0.62 0.38 0.26 0.41
K+ and Cl− 0.45 0.02 0.18 0.17 0.56 0.24
Na+ and Ca2+ 0.32 0.18 0.38 0.18 0.32 0.26
Ca2+ and Cl− 0.27 0.08 0.43 0.06 0.23 0.29
Na+ and K+ 0.47 0.06 0.04 −0.02 0.37 0.21
Mg2+ and Ca2+ 0.96 0.91 0.66 0.87 0.97 0.93
Mg2+ and Cl− 0.17 0.21 0.70 0.18 0.21 0.30
Mg2+ and Na+ 0.30 0.31 0.80 0.38 0.27 0.35
Agricultural activities origin
NH+

4 and NO−
3 0.76 0.72 0.48 0.72 0.55 0.73

Industrial transport origin
SO2 and SO2−

4 0.63 0.43 0.11 0.61 0.44 0.47
SO2−

4 and NH+
4 0.99 0.95 0.68 0.95 0.96 0.60

SO2 and NO−
3 0.57 0.56 0.16 0.53 0.46 0.36

NO−
3 and SO2−

4 0.78 0.68 −0.04 0.67 0.67 0.60
RGM and SO2 0.73 0.45 0.09 0.52 0.39 0.48
RGM and Cl− 0.10 −0.12 0.28 −0.09 0.31 0.33
Photochemical/gas phase oxidation origin
GEM and O3 0.56 0.62 0.09 0.31 0.36 0.19
RGM and O3 0.68 0.34 0.65 0.78 0.31 0.29
GEM and RGM 0.57 0.06 0.05 0.08 0.30 0.63

Correlation coefficients shown in bold were statistically significant (p<0.05).
Winter months: December, January, February; Spring months: March, April, May; Summer months: June, July, August;
Fall months: September, October, November.
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Table 4. Factor loadings from Principal Components Analysis.

PCA-1 PCA-2 PCA-3 PCA-4

GEM 0.48 0.60
PHg 0.62 0.26 0.39
RGM 0.87
SO2 0.37 0.25 0.29
HNO3 0.76 0.31 0.33
Ca2+ 0.32 0.87
Mg2+ 0.92
K+ 0.53 0.45
Na+ 0.91
Cl− 0.81
NH+

4 0.95
NO−

3 0.65
SO2−

4 0.88
O3 0.31 0.80
Temperature 0.57 −0.58
Relative humidity −0.81 −0.26
% of variance explained 22.6 19.0 15.5 13.3
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Table 5. Mean cluster centres from K-means cluster analysis.

KCA-1 KCA-2 KCA-3 KCA-4 KCA-5

GEM (ng m−3) 1.57 1.71 2.00 1.59 1.52
PHg (pg m−3) 9.11 6.56 5.45 7.28 3.35
RGM (pg m−3) 1.66 2.14 0.55 0.90 0.63
SO2 (µg m−3) 0.55 0.63 0.26 1.33 0.26
HNO3 (µg m−3) 0.12 0.69 0.70 0.77 0.19
Ca2+ (µg m−3) 0.05 0.39 0.09 1.63 0.09
Mg2+ (µg m−3) 0.03 0.08 0.01 0.23 0.02
K+ (µg m−3) 0.02 0.08 0.06 0.11 0.02
Na+ (µg m−3) 0.14 0.03 0.02 0.03 0.02
Cl− (µg m−3) 0.10 0.02 0.02 0.02 0.01
NH+

4 (µg m−3) 0.11 0.78 2.57 0.85 0.20
NO−

3 (µg m−3) 0.25 0.59 4.59 2.07 0.17
SO2−

4 (µg m−3) 0.44 2.22 3.29 2.15 0.55
O3 (ppb) 34.11 40.76 31.52 32.96 28.84
Temperature (◦C) −8.44 13.92 8.35 13.70 5.85
Relative humidity (%) 69.95 66.07 82.32 69.87 74.23
% of data in each cluster with concentrations >75th percentile 1

GEM 19 % 58 % 100 % 33 % 16 %
PHg 67 % 54 % 43 % 56 % 12 %
RGM 61 % 66 % 14 % 44 % 16 %

Mean cluster centres shown in bold were >80th percentile value and were considered elevated.
1 75th percentile GEM, PHg and RGM was 1.7 ng m−3, 6.09 pg m−3 and 1.07 pg m−3, respectively for the entire study
period.
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Table 6. Mean cluster centres from hierarchical cluster analysis.

HCA-1 HCA-2 HCA-3 HCA-4 HCA-5

GEM (ng m−3) 1.71 1.8 1.46 1.68 1.65
PHg (pg m−3) 4.56 4.88 2.8 6.19 7.29
RGM (pg m−3) 1.1 0.86 0.26 2.19 2.88
SO2 (µg m−3) 0.18 0.57 0.28 0.81 0.5
HNO3 (µg m−3) 0.34 0.93 0.17 0.67 0.22
Ca2+ (µg m−3) 0.14 0.26 0.1 0.81 0.05
Mg2+ (µg m−3) 0.03 0.04 0.02 0.15 0.02
K+ (µg m−3) 0.05 0.09 0.02 0.08 0.01
Na+ (µg m−3) 0.01 0.02 0.01 0.03 0.07
Cl− (µg m−3) 0.01 0.02 0.01 0.01 0.03
NH+

4 (µg m−3) 0.31 1.97 0.2 0.55 0.16
NO−

3 (µg m−3) 0.17 1.64 0.22 0.85 0.18
SO2−

4 (µg m−3) 0.83 4.91 0.54 1.53 0.58
O3 (ppb) 36.58 40.56 25.55 40.06 38.24
Temperature (◦C) 12.8 11.68 5.16 14.89 −6.42
Relative humidity (%) 68.57 82.51 76.3 63.22 58.42
% of data in each cluster with concentrations >75th percentile 1

GEM 63 % 69 % 3 % 43 % 40 %
PHg 21 % 31 % 6 % 49 % 60 %
RGM 43 % 46 % 4 % 66 % 70 %

Mean cluster centres shown in bold were >80th percentile value and were considered elevated.
1 75th percentile GEM, PHg and RGM was 1.7 ng m−3, 6.09 pg m−3 and 1.07 pg m−3, respectively for the entire study
period.
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Fig. 1. Effect of diurnal variability of temperature, relative humidity, wind speed, and ground-
level O3 on the diurnal variability of (A) GEM, (B) PHg, and (C) RGM for each season
(WI=winter, SP= spring, SU= summer, FA= fall; 05=2005 year, 06=2006 year). The daily
standard deviation is used as a measure of diurnal variability.
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A B C

D E F

Fig. 2. Two-day HYSPLIT (NOAA ARL, 2011) back trajectories for K-means clusters. (A) KCA-
1, (B) KCA-2, (C) KCA-3, (D) KCA-4, and (E) KCA-5. White placemarks represent Hg point
sources.
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A BB C

D E

Fig. 3. Two-day HYSPLIT (NOAA ARL, 2011) back trajectories for Hierarchical clusters. (A)
HCA-1, (B) HCA-2, (C) HCA-3, (D) HCA-4, and (E) HCA-5. White placemarks represent Hg
point sources.
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