
Science of the Total Environment 485–486 (2014) 180–192

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
A wintertime investigation of atmospheric deposition of metals and
polycyclic aromatic hydrocarbons in the Athabasca Oil Sands
Region, Canada
M.A. Bari a, W.B. Kindzierski a, S. Cho b,⁎
a School of Public Health, University of Alberta, Edmonton, Canada
b Clean Energy Branch, Policy Division, Alberta Environment and Sustainable Resource Development, Edmonton, Canada

H I G H L I G H T S

• Atmospheric bulk deposition of metals and PAH was characterized.
• Monthly sampling was carried out in winter 2012 in the oil sands region of Alberta.
• A consistent deposition pattern was observed between sites.
• The method showed the ability to obtain direct measures of wintertime deposition.
⁎ Corresponding author. Tel.: +1 780 644 4717; fax: +
E-mail address: sunhee.cho@gov.ab.ca (S. Cho).

http://dx.doi.org/10.1016/j.scitotenv.2014.03.088
0048-9697/Crown Copyright © 2014 Published by Elsevie
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 16 November 2013
Received in revised form 4 March 2014
Accepted 19 March 2014
Available online 12 April 2014

Editor: P. Kassomenos

Keywords:
Bulk deposition
Metals
PAH
Athabasca Oil Sands Region
With planned expansion of oil sands facilities, there is interest in being able to characterize the magnitude and
extent of deposition of metals and polycyclic aromatic hydrocarbons (PAH) in the Athabasca Oil Sands Region
(AOSR) of Alberta. A studywas undertaken using a bulk collection system to characterizewintertime atmospher-
ic deposition of selected inorganic and organic contaminants in the AOSR. The studywas carried out from January
to March 2012 at two sampling sites near (within a 20 km circle of oil sands development) and two sampling
sites distant (N45 km) to oil sands development. Triplicate bulk samplers were used to estimate precision of
the method at one distant site. Monthly deposition samples were analyzed for 36 metals, ultra-low mercury,
and 25 PAHs (including alkylated, and parent PAH). At the two sites located within 20 km of oil sands develop-
ment, 3-monthwintertime integrated deposition for someprioritymetals, alkylated and parent PAHwere higher
compared to distant sites. Deposition fluxes ofmetals and PAHwere compared to other available bulk deposition
studiesworldwide.Median bulkmeasurement uncertainties ofmetals and both PAHclasseswere 26% andwithin
±15%, respectively suggesting that the bulk samplingmethod is a potential alternative for obtaining future direct
measures of wintertime metals and PAH deposition at locations without access to power in the AOSR.

Crown Copyright © 2014 Published by Elsevier B.V. All rights reserved.
1. Introduction

There has been a growing interest at the regional, provincial, nation-
al, and international levels about environmental impacts related to oil
sands developments in northeastern Alberta. Alberta's oil sands
are the third largest reservoir of crude oil in the world after Venezuela
and Saudi Arabia, which underlie 140,200 km2 of land in the Athabasca,
Cold Lake and Peace River areas in northern Alberta (Hein et al., 2001).
In 2010, Alberta's total oil reserveswere about 12% of global oil reserves,
i.e., 170.8 billion barrels of which crude bitumen reserves account
for 169.3 billion barrels and about 80% of the reserves is considered
recoverable by in-situ methods and 20% by surface mining (Alberta
1 780 414 6741.

r B.V. All rights reserved.
Energy, 2011). With increasing oil prices, planned expansion
of oil sands facilities is estimated to increase production from
1.5 million barrels/day in 2010 to 3.7 million barrels/day by 2025
(CAPP, 2011).

Atmospheric deposition is a potentially important pathway of trace
metals and polycyclic aromatic hydrocarbons (PAH) input to the land-
scape in the Athabasca Oil Sands Region (AOSR). High amounts of
deposition of metals and PAH to a landscape over long periods of time
(i.e., several decades or more) may lead to damage of ecosystems with
little diversity (Shaw, 1987). The transfer of these pollutants from air
to surface environments can occur in twoways—wet deposition (scav-
enging by precipitation, such as rain, snow, or fog) and dry deposition
(gravitational settling) (Farmer and Wade, 1986; Bidleman, 1988;
Hoff et al., 1996). The magnitude of atmospheric deposition and ratio
of wet to dry deposition depend on several factors — such as emission
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sources, distance to emission sources, and surface and meteorologi-
cal conditions (e.g., prevailing wind directions, type, frequency and
amount of precipitation) (Avila and Rodrigo, 2004; Motelay-Massei
et al., 2005).

With planned expansion of oil sands development in Alberta, there
is interest in being able to characterize the magnitude and extent of
metals and PAHdeposition in the region. Bulk (i.e., open face vessel) col-
lection systems allow for continuous collection of wet and dry forms of
atmospheric pollutants. At wet urban and rural sites where total depo-
sition originates mainly from precipitation events, comparable results
can be found forwet-only and bulk depositionmethods;while at indus-
trial sites and dry urban and rural sites, bulk deposition methods with
funnel-bottle combinations are able to give a better estimate of atmo-
spheric deposition (Gladtke et al., 2012; Aas et al., 2009; Chantara and
Chunsuk, 2008). Bulk systems do not require power and have an advan-
tage compared to wet-only systems for atmospheric deposition moni-
toring of particulates in remote areas because of their simplicity and
cost-effective operation in large networks (Dämmgen et al., 2005;
Brorström-Lunden et al., 1994; Leister and Baker, 1994; Manoli et al.,
2000).We acknowledge that potential limitations of the bulk deposition
method may exist. For example, bulk samplers may lead to measure-
ment uncertainty due to flow distortion, evaporation from the open
sampler, dry deposition of gases and particles through impaction and
diffusion to the sampler surface (Dämmgen et al., 2005). However,
others have reported that some of these effects can be considered
small for measuring atmospheric deposition in remote areas distant
from sources (Fowler and Cape, 1984; RGAR, 1987; Tanner, 1999;
Staelens et al., 2005; Cape et al., 2009; Chantara and Chunsuk, 2008).

Numerous studies have been carried out worldwide to measure at-
mospheric deposition of metals (Jeffries and Snyder, 1980; Morrison
et al., 1995; Azimi et al., 2003; Erisman et al., 2003; Avila and Rodrigo,
2004; Aas et al., 2009; Bacardit and Camarero, 2009; Gunawardena
et al., 2013) and PAHs (Korhonen et al., 1998; Ollivon et al., 2002;
Garban et al., 2002; Menichini et al., 2006; Moon et al., 2006;
Motelay-Massei et al., 2007; Rossini et al., 2007; Gocht et al., 2007;
Su et al., 2007; Esen et al., 2008; Wang et al., 2011; Gladtke et al.,
2012; Liu et al., 2013) using bulk deposition methods. While there
have been monitoring activities that relate to deposition (i.e., ambient
air, snowpack, sediment and wet-only deposition), there have been
no direct measurements of atmospheric bulk deposition of metals and
PAH in the AOSR in the past 30 years. Only a few studies have been un-
dertaken to characterize deposition inputs. Barrie (1980) investigated
atmospheric dry deposition of trace metals during summer and per-
formed snowpack studies during winter to characterize the fate of par-
ticulate emissions from an isolated oil sands extraction power plant on
the west bank of the Athabasca River. Using snowpack sampling, Kelly
et al. (2009, 2010) inferred deposition of polycyclic aromatic com-
pounds (PACs) and 13 elements to the Athabasca River and its tribu-
taries. A recent study (Kurek et al., 2013) inferred historical (50-year)
PAH deposition using lake sediment cores to provide ecological context
about oil sands development and other environmental changes affect-
ing lake ecosystems in the AOSR. In addition, Cho et al. (2014) inferred
oil sands contributions of PAH to snowpack from 108 sampling loca-
tions in the AOSR.

The AOSR is considered a large area of current interest with respect
to potential deposition of trace metals and PAH. However, access to
power for any type of air pollutant monitoring is lacking throughout
most of the area. The study was carried out using well-established,
power-free bulk deposition samplers to measure selected metals and
PAH in the AOSR for a 3 month period inwinter 2012. Heavymetal con-
tent of lichen has been shown to decrease further away from atmo-
spheric emission sources (Garty, 2004). This decrease correlates with
distance for airborne particles that are transported away from point
emission sources for different types of activities (e.g., smelters, steel-
works, generating stations, mining sites, or mixed industrial centers)
at varying distances. We hypothesize this pattern to be similar for
deposition of metals and PAH emitted from oil sands point emission
sources in the AOSR. One objective of our study was to characterize
the wintertime bulk deposition pattern of metals and PAHwith respect
to distance from oil sands point emission sources. We also investigated
the fingerprint profile of individual metals and PAH species in deposi-
tion samples close to versus distant from oil sands point emission
sources and compared our wintertime metals and PAH deposition in
the AOSRwith other studies worldwide. Furthermore, we characterized
the emission source type that deposition samples most-likely repre-
sented using the diagnostic PAH ratio approach.

2. Methodology

2.1. Sampling strategies

The choice of sampling sites for our study was an important aspect
for characterizing wintertime deposition gradient in the Alberta oil
sands areas. Locations that offered relatively easy access by vehicle, in
open areas and not in depressions, and away more than 100 m from
tree canopies or other tall obstructions were sought. Four sampling
sites were used (Fig. 1a). To determine the pattern of metals and
PAH atmospheric deposition, a reference location called RL (at lati-
tude N 57° 1.50′, longitude W 111° 33.00′) was arbitrarily identified,
which is an approximate mid-point position between the Syncrude
Canada Ltd. and Suncor Energy Inc. oil sands operations in the AOSR.
This location is within area of about a 20–30 km diameter circle
consisting of several oil sands mining and upgrading operations. A fur-
ther assumption was that deposition rates for these pollutants should
decrease with the increasing distance away from this area (Garty,
2004; Kelly et al., 2009; Cho et al., 2014). Approximate distances of sam-
pling sites to the arbitrary reference location are shown in Fig. 1a.

A near site co-located adjacent to one of the Wood Buffalo Environ-
mental Association (WBEA) air monitoring station was selected as the
“WBEA/Mannix” deposition site (56° 58′ 5.7″ N, 111° 28′ 55.7″ W).
This was located 7.5 km from the RL and within 60 m of theWBEA sta-
tion near the Suncor Energy Inc. main plant entrance. The second near
site MuskegWSC gauge (57° 11′ 43.7″ N, 111° 34′ 28.01″W)was locat-
ed 19 kmnorth from the reference location, 4 km east of FortMcKay and
within 20 km of several oil sands developments. The remaining sites
were chosen at locations that would show a decreasing spatial gradient
in deposition of selected metals and PAH away from the RL. A distant
site was selected to the south (56° 24′ 58.5″ N, 111° 23′ 20.6″ W),
which was more than 60 km away from the reference location and
about 35 km south of Fort McMurray and southwest of Highway 63.
To characterize variability and precision of the bulk deposition method,
the second distant site served as a quality assurance (QA) site and was
chosen to the north (57° 27′ 23.6″ N, 111° 33′ 0.13″ W), which was lo-
cated 48 km from the reference location. As a suggested novelty of the
bulk deposition approach is that it can be used to provide a measure
of direct deposition at remote locations from point sources without ac-
cess to power, a distant site from oil sands point sources would be best
suited to assess precision for this sampling condition. Replicate sam-
pling equipment (n = 3) was deployed for both metals and PAH at
this site. The four sites were chosen to show a gradient of atmospheric
metal and PAH deposition as distance increases from the reference loca-
tion and to fall within the range of investigated sampling sites near and
distant to oil sands development as reported in other studies (Kelly
et al., 2009, 2010; Kurek et al., 2013; Barrie, 1980; Cho et al., 2014).

The study was carried out from January to March 2012. Northern
Alberta has a ‘semi-arid’ climate and receives b40 cm total precipitation
(rain and snow) annually and both wet and dry deposition can be im-
portant for metals and PAH. The daily temperature, snow on ground
and precipitation during sampling period in the nearby city of Fort
McMurray were obtained from the national climate and weather office
of the Government of Canada (www.climate.weatheroffice.gc.ca) and
shown in Fig. S1. The ground was covered by snow from January to

http://www.climate.weatheroffice.gc.ca


Fig. 1. Bulk deposition sampling sites in the Athabasca Oil Sands Region (AOSR) (a) and bulk deposition collectors at the north QA site (b).
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March 2012 (average 26 cm) and was similar to the trend of snowfall
observed for last 12 years during winter (November–April) with aver-
age snowfall ranging from 8 cm (2002) to 31 cm (2008). Average
daily temperature was in the range of−31 °C to−0.7 °C from January
to early March and warming days started from the middle of March.
Little precipitation was observed in March and April. Bulk deposition
samples were collected monthly for metal analysis using bulk deposi-
tion sampler from the Norwegian Institute for Air Research (NILU,
www.niluinnovation.com). Design and development of NILU bulk sam-
plers were based on the evaluation of similar equipment in use in
European countries (Erisman et al., 2003; Aas et al., 2009) according
to standards of the International Standardization Organization defined
in ISO/DIS 4222.2 (ISO, 1979). During freezing conditions in winter
when evaporation losses are low, open high density polyethylene
(HDPE) collectors (20 cm surface diameter × 40 cm height) were used
for collecting deposition samples for metal analysis. These collectors
were fitted on an aluminum mounting stand at 2 m above the ground
(Fig. 1b). The HDPE collectors were capped for transportation and han-
dling. For collecting monthly deposition samples for PAH analysis, open
cylindrical borosilicate glass collectors (surface diameter range 17.0 to
17.9 cm × 37 cm height) were fabricated in the glassblowing lab at the
University of Alberta. For transportation and handling, glass collectors
were sealed with Teflon-lined lids in conjunction with foam padded
plates at the top and bottom in a screw-type aluminum frame. All collec-
tors were safely transported by vehicle to the laboratory about 5 h away
from the AOSR for analysis. Bulk deposition collectors formetals and PAH
are shown in Fig. 1b.
2.2. Chemical analysis

All analyseswere done at the Alberta Innovates— Technology Future
laboratory in Vegreville, Alberta. Prior to sending to the field for deposi-
tion sampling of metals and PAH, HDPE and glass collectors were
washed using detergent and hot water, re-washed using reverse osmo-
sis (RO)water and rinsed using double distilledwater (DDW). Leaching
tests were performed on HDPE collectors for metal concentrations.
HDPE collectors were soaked with 5% nitric acid for at least 24 h and
rinsed with DDW as well as re-soaked with 1% nitric acid (HNO3) for
24 h, and then the 1% nitric acid solutions were analyzed for 32 metals
by inductively coupled plasma spectrometry method (ICP-MS) to
check cleanliness of the collectors. Small amounts of antimony (Sb)
leaching have been reported when the HDPE containers were used
(Andra et al., 2012; Krachler et al., 2005). However, in this study, Sb con-
centrations in 6 blank tests were in the range of b0.001 to 0.003 μg/L,
which are considered negligible. Glass collectors were rinsed with di-
chloromethane (DCM) solvent, dried, and then rinsed with DDW as
well. The collectors received a final rinse with DDW, were dried, sealed
with Teflon-lined lids, packed in boxes, and then transported by the lab
to the field for sampling. PAH cleanliness of the collectors was proved in
the lab by adding 1 L of organic free water and allowing them to soak
over 72 h. The water was then extracted and analyzed for the target
PAH compounds as the samples. No PAH were detected in the blank
glass collectors.

Metal deposition samples were analyzed for 36 heavy and trace
metals by ICP-MS (Perkin-Elmer Elan DRC-II). For determination of

http://www.niluinnovation.com
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extractable or total recoverable elements, samples were preserved in
the lab with 1% concentrated high purity HNO3 and allowed to stabilize
for 24 h before digestion or analysis. For total recoverable metals, 40 ml
of 1% HNO3 sample solutions were digested in closed vessels under mi-
crowave heating. Since Hg results obtained from ICP-MS analysis were
below detection limit at all sampling sites, the analysis of ultra-trace
levels of Hg was carried out by cold vapor atomic absorption spectrom-
etry (CV-AAS). For ultra-trace Hg analysis, 0.5% BrCl preservative was
added to 100 mL sample solutions. Calibration curves were established
using standard blank and 1, 10, 100 ppb multi-standard solutions, and
multi-internal standard including several chemical elements such as
scandium (Sc), yttrium (Y), indium (In) and holmium (Ho)was applied
for ICP-MS analysis.

The isotopic dilution techniquewas followed for PAH extraction and
clean-up. PAH deposition samples were spiked with surrogate stan-
dards at the 0.2 μg/L level. The collectors were rinsedwith 100mL of or-
ganic freewater followed by approximately 50mLDCM. The initial DCM
rinse was used for the first organic extraction and two subsequent DCM
aliquots of 50mL eachwas used to complete the extraction. A TurboVap
concentrator was used to concentrate the samples to a final volume
of 1 mL. During this process, the solvent was exchanged to hexane.
The 1mLhexane extractwas spikedwith deuterated internal standards,
to enable the use of the isotopic dilution technique for final concentra-
tion calculations. Clean-up using a 5% deactivated silica-gel (1.0 g)
columnwas used to separate PAH components from the hexane extract.
After the aliphatic fraction was eluted from the column with 3 mL of
hexane, the PAH fraction was collected using 10 mL of 10%DCM/90%
hexane. The resulting solvent was then concentrated to 1 mL by
TurboVap. Extracts were analyzed for alkylated and parent PAH by
an Agilent 5973 Gas Chromatography/Mass Selective Detector
(GC/MSD) using Selective Ion Monitoring (SIM) mode, monitoring
the base ion for each of the target compounds. A 30 m long capillary
column HP-5MS (0.25 mm film thickness, 0.25 mm internal diameter)
was used for separation. The GC temperature program was 60 °C
for 1 min, 60 °C to 160 °C at 25 °C/min, 160 °C to 268 °C at 3 °C/min,
268 °C to 300 °C at 12 °C/min for 4 min, and 300 °C to 325 °C at
25C/min for 3 min with direct on-column injection using oven track
mode. Multiple groups of SIM ions were used to emulate the screening
conditions.

2.3. Quality assurance

To check the reproducibility and precision of the bulk deposition
method, triplicate bulk samplers were used at the north QA site, which
were placedwithin 40mof each other in a large open, flat area. Measure-
ment ofmetals andPAH requires strict precautions to prevent contamina-
tion and other sources of error. Data quality was assessed using one field
blank and one trip blank, which were prepared, transported, stored and
analyzed in the same way as an exposed sample in order to identify pos-
sible contamination from field operations. Before deploying sampling
collectors to the field, all HDPE and glass collectors were used for blank
tests. For metals, instrument detection limits or minimum reported
value (MRV) were based on 3 times of standard deviations of 6 to 8
blank sample signal levels (background levels) after Currie (1995). Meth-
od detection limits (MDL)were based on duplicated digestion, duplicated
determination and 1/10th concentration of the lowest standards. Analyt-
ical results were not flagged if they were below the MDL but above the
MRV. The MDL for parent PAH was expected to be 0.01 μg/L and for
alkylated PAH compounds at a more conservative 0.1 μg/L, and concen-
trations below these levels were detectable. For this study, all concen-
trations detected below 0.005 μg/L were represented as zero and no
correction or exclusion was made for species with values below the
MDL. For QA/QC of metal results, NIST standard reference materials
SRM 1643e (Trace Element in Water) and SRM 1641d (mercury in
water) were used. The obtained recoveries ranged from 92% for Ag to
102% for Al. For spike recoveries, 10 ppb multi-standard solution was
added as a spike for one of the deposition samples and % recoveries of
spike solutions ranged from 94% for Th to 109% for Al.

2.4. Data analysis

2.4.1. Bulk deposition
We defined bulk deposition flux of a chemical species as the mass

transport rate per unit area. The bulk deposition flux of an element or
a compound (i.e., amount deposited monthly on a 1 m2 surface) was
calculated according to Eq. (1):

Dm ¼ CV
πr2T

ð1Þ

where, Dm is deposition flux of an element or a compound ‘m’ given in
(μg/m2/month), C is concentration in μg/L, V is the sample volume in
L, r is radius of the collector surface in meter, and T is the sampling
duration. We calculated and discussed bulk deposition quantities as
3-month integrated bulk deposition (μg/m2). Monthly bulk deposi-
tion of metals (or PAH) was summed to determine the integrated
(3 months) bulk deposition. For ease of comparison with other studies,
daily bulk deposition flux (μg/m2/day) was also calculated by dividing
monthly deposition flux with the number of sampling days.

2.4.2. Measurement uncertainty
For quality assurance, the standard uncertainty between samplers

was estimated using parallel independent bulk measurements by ap-
plying Eq. (2) according to ISO guidelines defined in EN-ISO 20988
(ISO, 2007):

Uncertainty;wbs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n p−1ð Þ

Xn
i¼1

Xp
j¼1

yi; j−yi
� �2

s
ð2Þ

where yi,j is the observed value in period i in jmeasurement, yi is the av-
erage value for period i, n is the number of parallel samples and p is the
number of replicates. The relative standard uncertainty (wbs%) or rela-
tive standard deviation (RSD), also known as coefficient of variation
(CV) is estimated by dividing the standard uncertainty by the average
concentration of all measurements.

2.4.3. Source identification
The diagnostic PAH ratio approach has been applied to characterize

and qualitatively identify different emission sources that release pollut-
ants into the environment (Sawicki, 1962). Numerous PAH deposition
studies (Lian et al., 2009; Kelly et al., 2009; da Silva and Bícego, 2010;
Botsou and Hatzianestis, 2012) used diagnostic ratios for source identi-
fication. It has been reported that PAH diagnostic ratios have limited ap-
plicability due to substantial intra-source variability and inter-source
similarity of PAH isomer ratios arising from atmospheric processes
(e.g., gas/particle partitioning), reactivity precipitation scavenging, and
particle deposition (Galarneau, 2008). However,Mari et al. (2010)mea-
sured PAH congener profiles at urban and rural locations and found
these profiles to be remarkably similar; suggesting that atmospheric
decay processes are relatively slow for PAH (i.e., atmospheric transfor-
mations and reactions on sampling media are of relatively little impor-
tance). Their findings support using such profiles or isomer ratios to
infer sources. In addition, relatively few differences in PAH profiles
have been observed in distinct locations of Canada (Sanderson et al.,
2004) based on investigating diagnostic ratios mostly for particle-
phase PAH. In this study, diagnostic ratios were applied to the investi-
gated bulk deposition of PAH, which is controlled mainly by particle-
phase organic compounds in air (Bidleman, 1988; Cousins et al., 1999;
Zhang et al., 2001; Huang et al., 2011), thereby exhibiting less volatile
and semi-volatile PAH, and more particle-phase PAH.
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3. Results and discussion

3.1. Quality assurance of the bulk sampling method

Uncertainty in depositionmeasurements can depend on several fac-
tors such as sampling protocols, analyticalmethods, sample preparation
including transport and meteorological conditions (Aas et al., 2009). To
quantify precision of the bulk sampling method, parallel independent
triplicate sampling was performed at the north QA site (Fig. 1) during
each month. The estimated standard uncertainty between bulk sam-
plers is shown in Table 1. In this pilot study, the median of between
sampler uncertainty (wbs%) or in terms of RSD for all metals was 26%
(interquartile range, IQR = 20–32%). The measurement uncertainties
for As, Cd, Ni and Pb were 11–32%, which were comparable to results
for similar types of NILU bulk samplers used in background stations in
Finland (10–35%) as reported by Kyllönen et al. (2009), and in four dif-
ferent types of European sites (15–24%) as reported by Aas et al. (2009).

In our study, the median uncertainty for alkylated and parent PAH
compoundswere 10% (IQR=7–11%) and 16% (IQR=12–27%), respec-
tively. In general, the median uncertainties were within ±15% for both
PAH classes and a better apparent precision was observed for bulk
Table 1
Uncertainties (μg/m2/day) between bulk deposition samplers at the north QA site.

Metals Average
μg/m2/day

wbs

μg/m2/day
wbs%
or
RSD (%)

Alkylate

Priority metalsa Alkylate
Antimony (Sb) 0.005 0.001 26 1-Meth
Arsenic (As) 0.03 0.01 32 2-Meth
Beryllium (Be) 0.01 0.003 31 C2-naph
Cadmium (Cd) 0.005 0.001 25 C3-naph
Chromium (Cr) 0.22 0.11 52 C4-naph
Copper (Cu) 0.55 0.09 17 C1-fluor
Lead (Pb) 0.19 0.02 11 C2-fluor
Mercury (Hg)b 0.65 0.2 30 C3-fluor
Nickel (Ni) 0.24 0.05 19 C4-fluor
Selenium (Se) 0.02 0.001 9 C1-phen
Silver (Ag) 0.002 0.001 27 C2-phen
Thallium (Tl) 0.002 0.001 22 C3-phen
Zinc (Zn) 1.72 0.78 46 C4-phen
Other metals C1-chry
Aluminum (Al) 96 30 31 C2-chry
Barium (Ba) 2.42 0.48 20 C3-chry
Bismuth (Bi) 0.006 0.0002 40 C4-chry
Boron (B) 0.45 0.12 28 C1-dibe
Calcium (Ca) 519 83 16 C2-dibe
Chlorine (Cl) 34.9 8.6 25 C3-dibe
Cobalt (Co) 0.08 0.01 13 C4-dibe
Iron (Fe) 210 59 23 C1-fluor
Lithium (Li) 0.06 0.04 54 C2-fluor
Magnesium (Mg) 95 19 20 C3-fluor
Manganese (Mn) 12.14 2.39 20 C4-fluor
Molybdenum (Mo) 0.02 0.007 38 Parent P
Phosphorus (P) 11.57 5.75 50 Naphth
Potassium (K) 59 21 35 Acenaph
Silicon (Si) 184 57 31 Acenaph
Sodium (Na) 36.3 11.5 32 Fluoren
Strontium (Sr) 1.02 0.18 18 Phenan
Sulfur (S) 271 28 10 Anthrac
Thorium (Th) 0.01 0.006 43 Fluoran
Tin (Sn) 0.005 0.001 27 Pyrene
Titanium (Ti) 2.32 0.59 26 Chrysen
Uranium (U) 0.008 0.0008 11 Benzo(a
Vanadium (V) 0.36 0.1 27 Benzo(b

Benzo(a
Indeno(
Dibenzo
Benzo(g

–, not detected.
a 13 U.S. EPA list of priority pollutants including CEPA toxic substances.
b In ng/m2/day.
c ATSDR/U.S. EPA priority PAH (Agency for Toxic Substances, Disease Registry, ATSDR, 2012
deposition sampling of alkylated PAH compared to parent PAH. In our
study, uncertainties of benzo(a)anthracene-BaA (26%), benzo(a)pyrene-
BaP (13%), and indeno(1,2,3-cd)pyrene-IcdP (9%) were found to be
lower than the bulk deposition measurements of these compounds car-
ried out in Austria (15–120%), Germany (15–49%), France (14–50%) and
the Netherlands (33–39%) using Bergerhoff open-jar collector (Gladtke
et al., 2012). Our results were comparable to bulk PAH measurements
using stainless steel buckets (mean RSD 12%, range 5–24%) in North
China (Wang et al., 2011). Thus observed uncertainties of the bulk sam-
pling method in the pilot study were consistent than those observed for
similar studies in published literature.
3.2. Inferred deposition patternwith respect to distance fromoil sands point
emission sources

The pattern of observed deposition of metals and PAH at sampling
sites beyond 30 km from the reference location was consistent with ex-
pected behavior for chemical species emitted to the atmosphere from
industrial and other anthropogenic processes; i.e., these species should
exhibit lower bulk deposition further from the sources (Garty, 2004).
d and parent PAH Average
μg/m2/day

wbs

μg/m2/day
wbs%
or
RSD (%)

d PAH
ylnaphthalene (C1-Nap) 0.008 0.0004 5
ylnaphthalene 0.013 0.002 17
thalene (C2-Nap) 0.01 0.0004 4
thalene (C3-Nap) 0.011 0.0004 4
thalene (C4-Nap) 0.013 0.002 14
ene (C1-Fl) 0.01 0.0001 1
ene (C2-Fl) 0.012 0.001 8
ene (C3-Fl) 0.008 0.0001 1
ene (C4-Fl) 0.016 0.002 10
anthrene/anthracene (C1-P/A) 0.048 0.005 10
anthrene/anthracene (C2-P/A) 0.04 0.004 10
anthrene/anthracene (C3-P/A) 0.024 0.002 8
anthrene/anthracene (C4-P/A) 0.042 0.005 11
sene (C1-Chr) 0.054 0.006 11
sene (C2-Chr) 0.039 0.003 8
sene (C3-Chr) 0.012 0.001 12
sene (C4-Chr) 0.063 0.004 6
nzothiophene (C1-DBT) 0.04 0.004 10
nzothiophene (C2-DBT) 0.053 0.006 11
nzothiophene (C3-DBT) 0.036 0.003 9
nzothiophene (C4-DBT) 0.014 0.001 10
anthene/pyrene (C1-F/P) 0.021 0.002 10
anthene/pyrene (C2-F/P) 0.027 0.003 9
anthene/pyrene (C3-F/P) 0.018 0.002 11
anthene/pyrene (C4-F/P) 0.014 0.001 7
AH
alene (Nap)c 0.016 0.006 40
thene (Ace)c – – –

thylene (Acy)c – – –

e (Fl)c – – –

threne (Phe)c 0.029 0.004 12
ene (Ant)c 0.007 0.0001 2
thene (Flu)c 0.014 0.004 28
(Pyr)c 0.016 0.003 16
e (Chr)c 0.043 0.006 15
)anthracene (BaA)c 0.017 0.004 26
,j,k)fluoranthene (BbjkF) 0.021 0.01 46
)pyrene (BaP)c 0.016 0.002 13
1,2,3-cd)pyrene (IcdP)c 0.017 0.001 9
(ah)anthracene (DahA)c 0.011 0.003 24
hi)perylene (BghiP)c 0.013 0.001 10

; United States Environmental Protection Agency, U.S. EPA, 1977).
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The integrated winter deposition of some priority metals and PAH
along with the distances of sampling sites to the reference location are
also shown in Table 2. The relationship between deposition of metals
and PAH at the sampling sites and distance of the sampling sites to
the RL is shown in Fig. 2 and Fig. S2. Exponential relationships were as-
sumed for 3-month integrated winter deposition of metals and PAH
versus distance from the reference location. The exponential relation-
ship assumes one true source at the reference location. However, this
is not the case as there aremultiple oil sands developmentswith dissim-
ilar metals and PAH emissions associated with their operationswithin a
30-km distance of the reference location and the deposition trend for
metals and PAHwithin this distance would not be expected to conform
to this relationship.

For most of the metal species (e.g., As, Ni, Cr, V), exponential rela-
tionships showed a strong non-linear association with distance from
the reference location explaining 79 to 94% of variation in observed
winter deposition at the sampling sites, with only 6 to 21% due to
unexplained factors. For Cu, a moderate non-linear association was
found between distance from the reference location and 3-month
deposition— explaining 56% variance and the remaining 44% due to un-
explained factors. Kelly et al. (2010) indicated that metal concentration
in snowpack decreased exponentially with distance from upgrading
facilities in the AOSR using snowpack sampling and they presented con-
centration versus distance curves for Cu and Pb. If we assume that their
results conform to the same ‘starting’ RL as our study, Kelly et al. (2010)
snow deposition patterns for Cu (and Pb) at a distance 50 away from RL
would range from 1.0 μg/m2 to 80 μg/m2 (0.02 μg/m2 to 30 μg/m2). The
exponential curve for wintertime 3-month integrated deposition in our
bulk sampling study suggests 77 μg/m2 for Cu (refer to Fig. 2) and
30 μg/m2 for Pb (refer to Fig. S2) at 50 km away.

For all of the PAH groups and BaP, exponential relationships demon-
strated a very strong non-linear association with distance from the
reference location explaining ≥98% of variation in observed winter de-
position at the sampling sites, with only≤2% due to unexplained factors
(Fig. 2). Although naphthalene (Nap) is predominately found in the gas
phase (Bidleman et al., 1986), distance from the reference location still
explained 71% of the variation in deposition with the remaining 29%
due to unexplained factors. Generally, these exponential relationships
should be suitable for predicting wintertime (3-month) deposition for
other north-south locations in the AOSR versus distance from the refer-
ence location because these relationships satisfactorily explain greater
than two-thirds of the variance in 3-month integrated metals and PAH
deposition. The observed deposition trends of metals and PAH in this
study were consistent with previous findings from lichen samples in
the AOSR region (Studabaker et al., 2012; Landis et al., 2012).

3.3. Deposition profiles and comparisons with other studies

3.3.1. Atmospheric metal deposition
Winter integrated (January–March 2012) and average monthly

depositions of 36 metals in the AOSR sites are presented in Table 3.
Table 2
Integrated 3-month deposition (January to March 2012) of selected metals and PAH (μg/m2) a

Latitude Longitude Distance
(km)a

Dirb As Ni

Reference location 57° 1.5′ N 111° 33′W
WBEA/Mannix 56° 58′ 5.698″ N 111° 28′ 55.66″ W 7.5 SE 16 129
Muskeg WSC 57° 11′ 43.681″ N 111° 34′ 28.01″ W 19 N 23 193
North site 57° 27′ 23.569″ N 111° 33′ 0.13″W 48 N 2 24
QA1 57° 27′ 24.277″ N 111° 33′ 0.86″W 48 N 4 25
QA2 57° 27′ 24.866″ N 111° 32′ 59.37″ W 48 N 3 21
South site 56° 24′ 58.547″ N 111° 23′ 20.599″ W 68.4 S 2 24

–, not detected.
a Distance from sampling sites to reference location.
b Approximate direction from site to the reference location.
c In ng/m2.
Deposition amounts were found higher near oil sands developments
(i.e., Mannix and Muskeg WSC gauge sites) compared to distant (i.e.,
south and north QA) sites, which are more than 45 km away from the
oil sands developments. Out of 13 elements (Ag, As, Be, Cd, Cr, Cu, Pb,
Hg, Ni, Sb, Se, Tl, Zn) considered as priority pollutants under U.S. Envi-
ronmental Protection Agency (U.S. EPA) and the list of substances (As,
Pb, Hg, Cd, Ni) defined by Health Canada under the Canadian Envi-
ronmental Protection Act (CEPA, 1999), the most abundant trace
metal in bulk deposition samples was Zn at sampling the site closest
to oil sands development, followed in the order of magnitude by Cu
N Ni N Pb N Cr N As N Sb N Be N Cd N Tl N Ag N Hg at the WBEA/Mannix
site.

Deposition of Se was below the detection limit at the two distant
(south and north QA) sites and deposition of Ag, Ti and Cdwas observed
to be low at all sites. At the two sites located within 20 km of major oil
sands facilities, 3-month integrated deposition for metals was higher—
ranging from 10- to 13-fold (As), 3- to 7-fold (Cu), 5- to 8-fold (Ni),
4- to 17-fold (Cr), and 3- to 14-fold (Sb) compared to the distant
sites. In a previous study Kelly et al. (2010) conducted snowpack
sampling in the AOSR region and reported that mean inferred deposi-
tion of Ag, As, Be, Cu, Cr, Pb, Zn and Hgwas up to 30-fold greater within
50 km of oil sands developments than at background sties N50 km
away. In our study, deposition of a few priority (e.g., As, Be, Ni, Cr, Pb,
Tl) and other metals was higher at the Muskeg WSC site (19 km from
RL) compared to WBEA/Mannix site (7.5 km from RL). As both of
these sites are near oil sands development (at varying distances) with
sources that have dissimilar emissions, this finding is not unexpected.

Winter integrated deposition of typical trace metals for petroleum
oil refineries (Khalaf et al., 1982; Pacyna et al., 1984; Nriagu and
Pacyna, 1988) — i.e., V (328 μg/m2) and Ni (193 μg/m2) was up to
20-fold and 8-fold higher at sampling sites near oil sands development
compared to distant sites. Tracers of mineral soil (e.g., Al, Ca, Mg, Si, Fe,
Mn, Ti, K) and marine elements (e.g., Na, Cl) were dominant metals de-
posited at sampling sites near oil sands development, and theywere 20-
to 30-fold greater compared to the south site. These results were in the
same order of magnitude with previous winter snowpack studies
(Barrie, 1980; Barrie and Kovalick, 1978; Jervis et al., 1982; Kelly et al.,
2010), where inferred deposition of Al, Ca, Mg, Mn and Ti was found
to be higher at the Syncrude oil extraction plant and the Athabasca
River and its tributaries.

Na and Cl concentrations are unlikely to represent marine aerosol
sources as these sources are greater than 1100 km away from the
AOSR. Instead, elevated concentrations of Na and Cl may suggest much
closer sources (e.g., well within 100 km of the sampling sites) such as
combustion-derived sources (Kleinman et al., 1980; Lowenthal et al.,
1997). During the summer, the metals Al, Ca, Na, Cl, Mg, Si, Fe, Mn, Ti, K,
and S are assumed to be predominantly from windblown dust or resus-
pended dust from near-field, e.g., oil sands extraction and surface mining
activities (Barrie, 1980). During winter due to a greater predominance of
lightwinds and stableweather conditions (surface inversion layers, lower
atmospheric mixing height and stagnation of air masses), a low inferred
t AOSR sampling sites.

Cr Cu Hgc V Zn Alkylated PAH Parent PAH Car-PAH BaP Nap

80 356 215 306 829 923 248 165 31 9.1
185 211 516 328 639 352 78 47 7 2.4
21 52 354 28 147 39 12 7 0.9 0.7
25 51 69 42 216 47 16 10 1.2 0.9
17 52 275 35 145 47 14 8 1.0 1.4
11 111 112 16 543 13 4 2 – 1.1



Fig. 2. Integrated 3-month (January–March 2012)winter deposition of selectedmetals, alkylated and parent PAH at the sampling sites versus distance from an arbitrary reference location
between the Syncrude Canada Ltd. and Suncor Energy Inc. oil sands facilities.
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contribution of windblown dust would be expected because of the pres-
ence of snow cover and/or wet/frozen ground conditions.

The ratios of K/Na (Oaki et al., 2002) can be used to evaluate the con-
tribution of sea-salt (K/Na: 0.036, Thurman, 1994) and other anthropo-
genic sources in the urban air such as fossil fuel-type sources like oil
combustion (0.09, Mizohata and Mamuro, 1980), coal combustion
(0.11–0.56, Ondov et al., 1989) as well as refuse incineration (1.2–1.7,
Mamane, 1988), and traffic and metal industries (1.1–4.4, Scheff and
Valiozis, 1990; Huang et al., 1994). In our study, the observed ratio of
3-month integrated deposition of K/Na near oil sands development sites
was greater than 0.05 and less than 0.9 (0.086 for Mannix and 0.82 for
Muskeg WSC), suggesting an influence of fossil fuel combustion-derived
sources.

In our study, winter deposition flux of B, Co, Mo, P, Sr, Th and U was
found to be 10- to 75-fold higher at the two sites near oil sands develop-
ment compared to the distant sites. Three-month integrated winter de-
position of particulate Hg at the two sites near oil sands development –
Muskeg WSC (516 ng/m2) and Mannix (215 ng/m2) – was 2- to 5-fold
greater compared to the south site (112 ng/m2). Hg can travel long dis-
tances and can bedeposited far from the emission sources (Pacyna et al.,
1989; Alcamo et al., 1992) as found at the north QA site (354 ng/m2).
Our integrated 3-month Hg deposition at the four sites (range:
112–516 ng/m2) was 6 to 30 times lower than integrated 3-month
wet deposition measurements carried out during winter 2008 (January–
March) in downtown Toronto (~3500 ng/m2) reported by Zhang et al.
(2012).

Monthly average atmospheric bulk deposition flux of metals mea-
sured in our study was compared to other studies worldwide in Table 4.
In comparing our results to other studies, we focused on bulk collection
systems. Our results are only forwinter season, whereas the other studies
are for all four seasons so our comparison is relative only. Our intent was
to try to understandwhether winter deposition amountswere large rela-
tive to other studies. In general, winter deposition of As, Cr, Ni, Cu, Pb and
Zn at the near development sites was found to be lower than those mea-
sured in Le Havre, France influenced by refineries and petrochemical in-
dustries (Motelay-Massei et al., 2005), in an industrial zone of Porto
Marghera, Italy (Rossini et al., 2005), in urban-industrial sprawl of the
Massachusetts Bay, U.S.A. (Golomb et al., 1997) and in urban sites in
Belgrade, Serbia dominated by traffic and natural gas or crude oil-fired
heating power plants (Mijić et al., 2010). Winter deposition flux of Mn
and Fe was greater than that in other reported studies except Belgrade,
Serbia. At the two distant sites in the AOSR, lower deposition flux of all
metals was observed than in rural, forest and remote areas of Southern
Scandinavia and England and Wales (Hovmand et al., 2008; Nicholson
et al., 2003).

3.3.2. Atmospheric PAH deposition
Winter integrated (January–March 2012) deposition and average

monthly and daily deposition flux of alkylated and parent PAH com-
pounds at AOSR sampling sites are shown in Table 5. A predominance
of alkylated PAH deposition was found over parent-PAH deposition at
all sites. At the two sites near oil sands development (WBEA/Mannix
and Muskeg WSC) integrated wintertime deposition flux values of
total alkylated PAH and parent PAH were 923 and 248 μg/m2, and 353
and 78 μg/m2, respectively, whichwere up to 70-fold and 27-fold great-
er than at the south and north QA sites, respectively. Deposition of BaP
was found to be 9- to 36-fold greater at the near sites compared to the
north QA site. Deposition of all carcinogenic PAH including Nap, chrysene
(Chr), BaA, benzo(b,j,k)flouranthene (BbjkF), BaP, IcdP and dibenzo(a,h)
anthracene (DahA) was up to 75-fold higher at the two sites near oil
sands development compared to distant sites. Although Nap has the low-
est molecular mass, the highest volatility, and is presentmostly in the gas
phase, in our pilot study deposition of Napwas still observed up to13-fold
greater at the near sites.

At sites near oil sands development, deposition flux for alkylated
PAH was higher — with the maximum varying from 2.4 μg/m2/month
for C1-naphthalene (C1-Nap) to 49 μg/m2/month for C3-fluorine
(C3-Fl), 35 μg/m2/month for C4-phenanthrene/anthracene (C4-P/A),
44 μg/m2/month for C1-chrysene (C1-Chr), 31 μg/m2/month for
C2-dibenzothiophene (C2-DBT), and 17 μg/m2/month for C2-
fluoranthene/pyrene (C2-F/P). In contrast to this, relatively abundant
parent-PAH deposition was observed with the maximum 21 μg/m2 for
Chr, 11 μg/m2 for BaA, 12 μg/m2 for BaP, and 6 μg/m2 for DahA.

Among alkylated derivatives, C1–C4 chrysene homologs were the
most abundant. Three-month integrated winter deposition of C1-, C2-,
C3- and C4-chrysene homologs were significantly higher at the
WBEA/Mannix site than at the distant sites. C1-Chr was the dominant
alkyl-substituted chrysene showing a high relative content of 38% of
total alkyl-chrysene series. Deposition of C1–C4 P/A was higher at
sites near oil sands development than at the distant sites, where C4-P/
A was abundant contributing 30 to 45% of the total P/A series. Deposi-
tion of alkylated DBT and F/P was up to 96- and 160-fold higher at the
WBEA/Mannix site compared to the south site. C4-DBT and C2-F/A
were dominant with a high relative content of 40% and 32% of the

image of Fig.�2


Table 3
Winter 3-month integrated deposition and average deposition flux of 36 metals at the AOSR.

3-month integrated deposition (μg/m2) Average deposition flux

Monthly (μg/m2/month) Daily (μg/m2/day)

WBEA/Mannix Muskeg WSC gauge North site South site WBEA/Mannix Muskeg WSC gauge North site South site WBEA/Mannix Muskeg WSC gauge North site South site

Distance (km)a 7.5 19 48 68 7.5 19 48 68 7.5 19 48 68

Priority metalsb

Sb 5.8 2.6 0.4 0.8 1.9 0.9 0.1 0.3 0.06 0.03 0.004 0.01
As 15.8 23.4 2.4 1.8 5.3 7.8 0.8 0.6 0.18 0.25 0.02 0.02
Be 2 6.8 0.9 0.6 0.68 2.3 0.3 0.2 0.02 0.07 0.009 0.006
Cd 1.5 1.8 0.4 0.7 0.51 0.6 0.1 0.2 0.017 0.02 0.004 0.007
Cr 80 185 21 11 27 62 7 3.6 0.9 2.01 0.22 0.12
Cu 356 211 52 111 119 70 17.4 37 3.9 2.34 0.56 1.26
Pb 70 254 22 23 24 85 7.4 7.5 0.8 2.77 0.24 0.26
Hgc 215 516 354 112 72 172 118 37 2.4 5.7 3.9 1.2
Ni 129 193 24 24 43 64 8 8.1 1.4 2.11 0.25 0.26
Se 2.6 0.9 – – 0.9 0.3 – – 0.04 0.05 0.02 0.03
Ag 0.5 0.6 0.2 0.1 0.17 0.2 0.06 0.03 0.006 0.007 0.002 0.001
Tl 0.7 2.5 0.2 0.1 0.2 0.8 0.06 0.03 0.01 0.03 0.002 0.001
Zn 829 693 147 543 277 231 49 181 9.2 7.6 1.5 5.8

Other metals
Al 31,000 96,300 7170 4490 10,300 32,100 2390 1500 343 1050 74 50
Ba 718 1820 195 108 239 605 65 36 8 19.9 2 1.2
Bi 0.7 0.6 0.04 0.1 0.23 0.2 0.01 0.03 0.007 0.007 0.001 0.001
B 139 328 37 30 47 109 12 10 1.5 3.6 0.4 0.3
Ca 185,000 458,000 44,200 17,400 61,700 153,000 14,700 5800 2080 5150 465 195
Cl 228,000 51,600 3480 27,600 75,900 17,200 1160 9190 2540 550 36 301
Co 39 87 6.7 4.3 12.8 29 2.2 1.4 0.43 0.96 0.07 0.05
Fe 72,300 184,000 16,200 6870 24,100 61,500 5390 2290 805 2040 168 76
Li 41 143 4.4 0.3 13.7 48 1.5 0.1 0.46 1.6 0.05 0.01
Mg 40,500 103,000 8080 3780 13,500 34,200 2700 1260 455 1140 84 42
Mn 2081 6380 1070 263 694 2130 357 88 23.3 70.6 10.9 2.9
Mo 21 7.4 1.6 1.7 6.8 2.5 0.5 0.6 0.23 0.08 0.02 0.02
P 1600 4010 1090 135 532 1337 363 45 17.8 44.2 11 1.5
K 13,100 33,200 4880 2770 4360 11,100 1630 922 145 359 49 30
Si 80,000 201,000 14,100 6680 26,600 66,900 4690 2230 881 2180 144 74
Na 152,000 40,500 3860 21,200 50,700 13,500 1290 7070 1700 436 41 233
Sr 332 965 85 45 111 322 28 15.1 3.71 10.6 0.89 0.51
S 64,400 87,900 26,900 16,100 21,500 29,300 8960 5360 723 958 277 174
Th 6.6 24 0.8 0.3 2.2 8 0.3 0.1 0.07 0.27 0.009 0.004
Sn 2.6 2.5 0.8 2.4 0.9 0.8 0.3 0.8 0.03 0.03 0.008 0.03
Ti 928 2100 171 91 309 699 57 30 10.3 23.1 1.8 1
U 3.1 9.6 0.6 0.4 1.1 3.1 0.2 0.1 0.04 0.11 0.007 0.004
V 306 328 28 16 102 109 9.4 5.5 3.4 3.6 0.3 0.2

–, not detected.
a Distance from sampling sites to reference location.
b 13 U.S. EPA list of priority pollutants including CEPA toxic substances.
c In ng/m2.
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Table 4
Comparison of deposition flux (μg/m2/month) of trace metals with other studies worldwide.

Period As Cr Hg Ni V Cu Pb Mn Zn Fea Location Reference

Near development sitesb

WBEA/Mannix Jan.–Mar. 2012 2.2–7.1 14–37 0.02–0.12 19–45 46–183 63–189 10–33 305–1038 98–374 11–32 AOSR This study
Muskeg WSC gauge Jan.–Mar. 2012 5.2–11 33–80 0.08–0.26 33–92 69–150 32–128 15–174 807–3816 155–341 25–107 AOSR This study

Distant sitesb

South site Jan.–Mar. 2012 0.21–1.0 1.5–6 0.006–0.07 1.0–14 1.8–10 4.3–90 4.6–18 28–168 14–448 0.88–3.9 AOSR This study
North site Jan.–Mar. 2012 0.41–1.0 2.1–11 0.01–0.30 3.2–12 3.8–16 3.3–35 4.0–10.5 121–726 12.2–92 2.5–8.1 AOSR This study
Porto Marghera, Italyc 1998–1999 25 102 1.7 207 240 381 228 594 2901 13 Industry Rossini et al.

(2005)
Le Havre, Franced 2001–2002 342 783 1533 97,666 Industry Motelay-Massei

et al. (2005)
Massachusetts Bay,
U.S.A.e

1992–1993 225 125 208 150 283 650 12 industry Golomb et al.
(1997)

Belgrade, Serbiac 2002–2006 135 930 1623 2835 1782 2154 3450 50 Urban Mijić et al. (2010)
Southern Scandinaviaf 2002–2005 25 42 83 83 575 Rural forest Mijić et al. (2010)

Hovmand et al.
(2008)

England andWalesg 1995–1998 26 63 8.3 133 475 450 1841 Rural Nicholson et al.
(2003)

AOSR—Athabasca Oil Sands Region.
a mg/m2/month.
b Cylindrical HDPE collector.
c Cylindrical PE collector.
d HDPE funnel-flask (weekly).
e HDPE bucket (wet + dry).
f PE funnel-flask.
g Frisbees-PE bottle.
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total DBT and F/A series, respectively. Similarly, concentrations of
alkylated Nap derivatives were higher at sites near oil sands develop-
ment, where C4-naphthalene (C4-Nap) was abundant, comprising
38% of total Nap derivatives. At the nearWBEA/Mannix site, the relative
contribution of alkylated PAH and parent PAH was 79% and 21% of total
PAH, respectively. For alkylated PAH, the four homologous series i.e.,
Chr (22 to 25%), DBT (14 to 20%), P/A (20 to 16%) and F/A (10 to 11%),
accounted for 71 to 77% of total PAH. Similarly higher contribution of
alkylated PAH was observed near oil sands development in snowpack
and lake sediment studies (Kelly et al., 2009; Kurek et al., 2013; Cho
et al., 2014).

Bulk deposition flux of PAH calculated as a daily average over the
sampling period in our study was compared to other available bulk
deposition studies worldwide (Table 6). At the near development
sites, winter levels of parent-PAH (range, Mannix: 2.3–3.1 μg/m2/day,
Muskeg WSC: 0.4–1.3 μg/m2/day) were substantially lower than
those measured during winter 1991 at highly industrial sites in
Manchester (range: 1.5–18.2 μg/m2/day) and Cardiff, UK (range:
2.1–19.1 μg/m2/day) (Halsall et al., 1997). One study conducted at
an industrial site of Turkey from July 2004 to May 2005 reported bulk
PAH deposition flux in winter months (January–March 2005) in the
range 3.5 to 9 μg/m2/day (Esen et al., 2008). A France study conducted
between November 1999 and October 2000 at an urban site of Paris re-
ported flux for the three winter months (January–March 2000) of 0.3 to
1.9 μg/m2/day (Ollivon et al., 2002). In our study, winter deposition flux
at the distant sites (south and north) from the oil sands developmentwas
comparable to the measurement carried out in rural areas of northern
Italy from December 2003 to January 2004 (average: 0.09 μg/m2/day,
range: 0.07–0.15 μg/m2/day) reported by Menichini et al. (2006)
and in Eclaron, France conducted during March 2000 (average:
0.13 μg/m2/day, range: 0.11–0.15 μg/m2/day) reported by Garban
et al. (2002). Another study (Wang et al., 2011) was performed in
mixed environments (urban, rural, and remote) in Northern China
and found substantially high deposition flux (average: 14.3 μg/m2/day)
from a 3 month (December 2007–February 2008) measurement during
winter.

Although the studywas of limited duration, wewere able to demon-
strate a clear gradient at our sites with the highest deposition at the
WBEA/Mannix site (b10 km from reference location) and the lowest
deposition at the distant site in the south (N65 km from reference loca-
tion). Deposition ratios for alkylated PAH and parent-PAH between
WBEA/Mannix site and the south site were 71:1 and 65:1, respectively.
These findings demonstrated the ability of the wintertime sampling
method to show a gradient at locations beyond 45 km of the reference
location.

3.4. Identification of emission source type

Alkylated and parent PAH have been used to distinguish potential
anthropogenic sources — e.g., pyrogenic (combustion-derived; e.g.,
wood combustion and vehicle emissions) and petrogenic (petroleum-
derived) (Yunker et al., 1999). In general, alkylated PAHmainly originate
frompetrogenic sources,while parent PAHareproduced from incomplete
combustionof fossil fuels (LaflammeandHites, 1978; Yunker et al., 1996).
In this study, ratios of 3-month integrated alkylated/parent PAH obtained
in deposition samples at theWBEA/Mannix andMuskegWSC site were
3.7 and 4.5 respectively. The predominance of alkylated PAH over par-
ent PAH (i.e., ratio N1.0), suggest an anthropogenic influence from
petroleum-derived sources as a component of these compounds in the
AOSR. The ratio of 6-ring PAH IcdP/(IcdP + BghiP) is likely to be fairly
constant from emission sources to receptor location in the environment
as these compounds are typically sorbed to atmospheric particles and
they have similar physical and chemical properties. Yunker et al.
(2002) proposed ratios of b0.2 for these compounds as suggestive of
petroleum emissions, 0.2–0.5 for liquid fossil fuel combustion, and
N0.5 for wood and coal combustion. In our study, IcdP/(IcdP + BghiP)
ratios were 0.34 and 0.32 in deposition samples at the WBEA/Mannix
and Muskeg WSC sites, respectively, suggesting an anthropogenic
(fossil fuel combustion) source as a component of these compounds
in deposition samples.

Alkylated PAH may vary substantially in their distribution and can
be used to identify possible PAH sources. Alkylated PAH homolog series
maxima at C1 and higher indicate mature organic matter or petroleum,
while a maximum at C0 (parent PAH) usually indicates combustion
(Laflamme and Hites, 1978; Wakeham et al., 1980; Sporstøl et al.,
1983). The ratios of C0/(C0 + C1)P/A and C0/(C0 + C1)F/P i.e., the ratios
of parent-PAHwithmass 178 (Phe, Ant) or 202 (Flu, Pyr) to the parent-
PAH plus C1 alkylated homologs at the same mass respectively, b0.5



Table 5
Winter 3-month integrated deposition and average deposition flux of alkylated and parent PAH at the AOSR.

3-Month integrated deposition (μg/m2) Average deposition flux

Monthly (μg/m2/month) Daily (μg/m2/day)

WBEA/Mannix Muskeg WSC gauge South site North site WBEA/Mannix Muskeg WSC gauge South site North site WBEA/Mannix Muskeg WSC gauge South site North site

C1-Nap 6.5 2.2 0.5 0.3 2.2 0.7 0.2 0.1 0.073 0.023 0.009 0.008
2-MNaP 15.1 3.8 0.8 0.3 5.0 1.3 0.3 0.1 0.17 0.04 0.01 0.01
C2-Nap 9.6 3.9 1.1 0.3 3.2 1.3 0.4 0.1 0.11 0.04 0.038 0.009
C3-Nap 8.3 2.2 – 0.3 2.8 0.7 – 0.1 0.09 0.03 – 0.01
C4-Nap 24.0 5.9 – 0.7 8.0 2.0 – 0.2 0.27 0.06 – 0.01
C1-Fl 5.9 2.7 – 0.3 2.0 0.9 – 0.1 0.06 0.03 – 0.01
C2-Fl 6.5 3.0 – 0.3 2.2 1.0 – 0.1 0.07 0.03 – 0.01
C3-Fl 55.6 8.4 – 0.3 18.5 2.8 – 0.1 0.60 0.09 – 0.01
C4-Fl 25.6 7.6 – 0.9 8.5 2.5 – 0.3 0.28 0.08 – 0.01
C1-P/A 47.6 24.0 1.1 2.7 15.9 8.0 0.4 0.9 0.53 0.26 0.01 0.04
C2-P/A 41.7 25.7 0.9 3.2 13.9 8.6 0.3 1.1 0.46 0.27 0.01 0.03
C3-P/A 14.7 11.9 – 1.4 4.9 4.0 – 0.5 0.2 0.1 0.02
C4-P/A 86.9 25.7 1.5 3.3 29.0 8.6 0.5 1.1 1.0 0.3 0.03 0.04
C1-Chr 109 34.3 2.0 4.3 36.3 11.4 0.7 1.4 1.2 0.4 0.02 0.04
C2-Chr 62.7 21.8 0.5 2.2 20.9 7.3 0.2 0.7 0.7 0.2 0.02 0.03
C3-Chr 23.3 8.7 – 0.7 7.8 2.9 – 0.2 0.26 0.09 0.01
C4-Chr 93.1 28.1 0.6 3.8 31.0 9.4 0.2 1.3 1.03 0.30 0.02 0.06
C1-DBT 52.9 18.2 0.8 2.3 17.6 6.1 0.3 0.8 0.59 0.19 0.01 0.04
C2-DBT 67.0 35.7 1.3 4.2 22.3 11.9 0.4 1.4 0.74 0.38 0.01 0.04
C3-DBT 28.8 21.1 0.3 2.0 9.6 7.0 0.1 0.7 0.32 0.23 0.01 0.03
C4-DBT 18.7 11.5 – 0.9 6.2 3.8 – 0.3 0.21 0.12 0.01
C1-F/P 30.5 9.5 0.7 1.2 10.2 3.2 0.2 0.4 0.34 0.10 0.01 0.02
C2-F/P 38.7 13.2 0.7 1.6 12.9 4.4 0.2 0.5 0.43 0.14 0.01 0.02
C3-F/P 32.0 13.6 0.2 1.0 10.7 4.5 0.1 0.3 0.36 0.15 0.01 0.02
C4-F/P 18.8 9.8 – 0.8 6.3 3.3 – 0.3 0.21 0.11 0.01
Nap 9.1 2.4 1.1 0.7 3.0 0.8 0.4 0.2 0.10 0.02 0.01 0.01
Ace 0.2 – – – 0.1 – – – 0.01 – – –

Acy – – – – – – – – – – – –

Fl 2.4 0.7 – – 0.8 0.2 – – 0.03 0.01 – –

Phe 24.4 13.6 1.3 2.4 8.1 4.5 0.4 0.8 0.27 0.15 0.01 0.03
Ant 9.3 2.4 – – 3.1 0.8 – 0.0 0.10 0.03 – –

Flu 6.3 2.6 – 0.8 2.1 0.9 – 0.3 0.07 0.03 – 0.01
Pyr 19.7 5.4 0.3 0.9 6.6 1.8 0.1 0.3 0.22 0.06 0.01 0.01
Chr 54.2 19.9 0.9 2.5 18.1 6.6 0.3 0.8 0.60 0.21 0.02 0.04
BaA 27.8 6.6 0.2 0.9 9.3 2.2 0.1 0.3 0.31 0.07 0.01 0.01
BbjkF 16.8 4.6 – 1.3 5.6 1.5 – 0.4 0.19 0.07 – 0.02
BaP 31.1 7.4 – 0.9 10.4 2.5 – 0.3 0.34 0.08 – 0.01
IcdP 10.6 2.7 – 0.5 3.5 0.9 – 0.2 0.12 0.04 – 0.02
DahA 15.5 3.5 – 0.6 5.2 1.2 – 0.2 0.17 0.05 – 0.01
BghiP 20.9 5.8 – 0.9 7.0 1.9 – 0.3 0.23 0.06 – 0.01
Total alkylated PAH 923 353 13.0 39.2 307.8 117.5 4.3 13.1 10.23 3.76 0.23 0.56
Total parent PAH 248 77.6 3.8 12.3 82.7 25.9 1.3 4.1 2.76 0.88 0.06 0.18

–, not detected.
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Table 6
Comparison of deposition flux (μg/m2/day) of parent PAH with other studies worldwide.

Period Bulk collection system Sampling Parent PAH average (min–max) Location Reference

Near development sites
WBEA/Mannix January–March 2012 Cylindrical glass collector Monthly 2.8 (2.3–3.1) AOSR This study
Muskeg WSC Gauge January–March 2012 Cylindrical glass collector Monthly 0.9 (0.4–1.3) AOSR This study

Distant sites
South site January–March 2012 Cylindrical glass collector Monthly 0.06 (0.03–0.07) AOSR This study
North site January–March 2012 Cylindrical glass collector Monthly 0.18 (0.03–0.21) AOSR This study
Manchester, UK winter 1992 Glass collector Monthly 1.5–18.2 Industrial Halsall et al. (1997)
Cardiff, UK winter 1991 Glass collector Monthly 2.1–19.1 Industrial Halsall et al. (1997)
Bursa, Turkey July 2004–May 2005 Stainless steel pot Biweekly 0.3–19.5 Industrial Esen et al. (2008)

January–March 2005 Stainless steel pot Biweekly 3.5–9.0 Industrial Esen et al. (2008)
Paris, France November 1999–October 2000 Stainless steel funnel-bottle Biweekly 0.6 (0.2–2.0) Urban Ollivion et al. (2002)

January–March 2000 Stainless steel funnel-bottle Biweekly 0.9 (0.3–1.9) Urban Ollivion et al. (2002)
Southern Italy December 2003–January 2004 Glass funnel-bottle Monthly 0.09 (0.07–0.15) Rural Menichini et al. (2006)
Eclaron, France winter 2000 Stainless steel funnel Weekly 0.13 (0.11–0.15) Rural Garban et al. (2002)
Northern China December 2007–February 2008 Stainless steel bucket 3-Month 14.3 Urban–rural-remote Wang et al. (2011)
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suggest petroleum-derived sources, while ratios N0.5 can represent
combustion-derived (wood or coal) or weathered urban aerosols
(Yunker et al., 2002; Simó et al., 1997). In our study, the ratios of
C0/(C0 + C1)P/A and C0/(C0 + C1)F/P were 0.05 and 0.01 in deposi-
tion samples at the Mannix site and 0.19 and 0.05 at the Muskeg
WSC site, which suggest petroleum-originated sources in the AOSR.

The ratios of dibenzothiophenes to alkylated phenanthrenes (total
of all homologs or specific homologs) have been used to distinguish pe-
troleum sources in the environment (Douglas et al., 1996; Hughes et al.,
1995). A ratio of∑DBT/∑(P/A) N0.8 has been suggested as a potential
indicator of an oil sands source (Kelly et al., 2009). In our study, the ra-
tios of these compounds at theMannix andMuskegWSC siteswere 0.88
and 0.99. The ratios of C3-DBT/C3-(P/A) at the near development sites
were 2.0 and 1.8. Similar trends of these compounds were observed in
six lake sediments (ratios ranged ~1.1–2.5, Kurek et al., 2013), in three
tributaries along the Athabasca river (ratio: ~2–3, Akre et al., 2004)
and eleven wetland sediments (ratio: ~1.1–1.9, Wayland et al., 2008)
in the AOSR.

A component of uncertainty that is associated with the isomer ratio
approach is that there is overlap in the PAH profile of multiple emission
sources (Yunker et al., 2002). Consequently, PAH isomer ratios do not
provide definitive identification of sources. Thus, the interpretations of
diagnostic ratio results are qualitative only. To estimate relative contri-
butions of different emission sources with greater certainty, use of mul-
tivariate source apportionment studies with long-term monitoring
datasets would be necessary.
4. Summary and conclusion

Three sampling events were carried out during winter (January–
March 2012) at four sites along a north-south alignment in the Athabasca
river valley to quantify and characterize wintertime atmospheric deposi-
tion of selected tracemetals and PAH in theAOSR. A consistent deposition
pattern was observed between two sampling sites near oil sands de-
velopment and two distant sampling sites (N45 km from oil sands
development) for important metals (i.e., As, Ni, Cr, V) and PAH clas-
ses (alkylated, parent PAH including carcinogenic ones). Deposition
observed for most metals and PAH classes conformed to expected
behavior — decreasing with distance from emission sources. Sampling
sites at north–south distances in excess of 45 km from oil sands devel-
opment showed much smaller amounts of metals and PAH deposition
compared to sites within 20 km of oil sands development. The bulk
deposition method investigated in this study offers an alternative ap-
proach to obtain direct measures of wintertimemetals and PAH deposi-
tion at locations without access to power and/or distant to oil sands
development. We are currently considering implementing a larger
scale bulk deposition study in the AOSR using additional sampling
locations over multiple winters. Some of these locations would be con-
sistent with the PAH snowpack sampling study of Cho et al. (2014).
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