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Geological samples were collected from 27 representative locations in the Athabasca Oil Sands Region (AOSR) in Alberta,
Canada. These samples were resuspended onto filter substrates for PM2.5 and PM10 size fractions. Samples were analyzed for
229 chemical species, consisting of elements, ions, carbon, and organic compounds. These chemical species are normalized to
gravimetric mass to derive individual source profiles. Individual profiles were grouped into six categories typical of those used in
emission inventories: paved road dust, unpaved road dust close to and distant from oil sand operations, overburden soil, tailings
sands, and forest soils. Consistent with their geological origin, the major components are minerals, organic and elemental
carbon, and ions. The sum of five major elements (i.e., Al, Si, K, Ca, and Fe) and their oxidized forms account for 25–40% and
45–82% of particulate matter (PM) mass, respectively. Si is the most abundant element, averaging 17–18% in the Facility (oil
sand operations) and 23–27% in the Forest profiles. Organic carbon is the second most abundant species, averaging 9–11% in
the Facility and 5–6% in the Forest profiles. Elemental carbon abundance is 2–3 times higher in Facility than Forest profiles.
Sulfate abundance is ~7 times higher in the Facility than in the Forest profiles. The ratios of cation/anion and base cation (sum of
Na+, Mg2+, K+, and Ca2+)/nitrogen- and sulfur-containing ions (sum of NH4

+, NO2
-, NO3

-, and SO4
2-) exceed unity, indicating

that the soils are basic. Lead (Pb) isotope ratios of facility soils are similar to the AOSR stack and diesel emissions, while those of
forest soils have much lower 206Pb/207Pb and 208Pb/207Pb ratios. High-molecular-weight n-alkanes (C25-C40), hopanes, and
steranes are more than an order of magnitude more abundant in Facility than Forest profiles. These differences may be useful for
separating anthropogenic from natural sources of fugitive dust at receptors.

Implications: Several organic compounds typical of combustion emissions and bitumen are enriched relative to forest soils for
fugitive dust sources near oil sands operations, consistent with deposition uptake by biomonitors. AOSR dust samples are
alkaline, not acidic, indicating that potential acid deposition is neutralized. Chemical abundances are highly variable within
emission inventory categories, implying that more specific subcategories can be defined for inventory speciation.

Introduction

Fugitive dust is among the largest fractions of PM2.5 and
PM10 (particles with aerodynamic diameter less than 2.5 µm
and 10 µm, respectively) emissions in Alberta, Canada, with an
estimate of ~39–46% from unpaved roads, ~43–49% from
construction, and ~3–8% from agricultural activities
(Environment Canada, 2014). With increased oil production
in the Athabasca Oil Sands Region (AOSR) of northeastern
Alberta, ~715 km2 of land was affected as of 2012 by mining
and upgrading operations, although current practices are redu-
cing that footprint by requiring reclamation of mined-out areas

prior to excavating new areas (Stringham, 2012). Alberta mine
tailings were estimated to emit 16 and 66 metric tons of PM2.5

and PM10, respectively, in 2013 (Environment Canada, 2014).
Other fugitive dust sources include unpaved roads and parking
lots, construction of roads and buildings, and wintertime appli-
cation of deicing material. Large dust plumes are often visible
over disturbed land when wind speeds are high or when vehi-
cles are moving on unpaved roads (Dowdeswell et al., 2010;
Kunzig, 2009; Weinhold, 2011).

Resuspended dust is more than a nuisance due to potential
adverse effects on air and water quality, ecosystems, and
human health (Morman and Plumlee, 2013). Past studies on

1421

Journal of the Air & Waste Management Association, 65(12):1421–1433, 2015. Copyright © 2015 A&WMA. ISSN: 1096-2247 print
DOI: 10.1080/10962247.2015.1100693. Submitted April 1, 2015; final version submitted September 22, 2015; accepted September 22, 2015.
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/uawm.



river water, snowpack, and lichens show elevated abundances
of polycyclic aromatic hydrocarbons (PAHs) and trace ele-
ments at locations near oil sands facilities (Addison and
Puckett, 1980; Kelly et al., 2009; 2010). The extent to which
these contaminants result from natural and anthropogenic
sources, and their apportionment to area, mobile, and stationary
emitters, are uncertain. Enrichments of fugitive dust markers
(e.g., aluminum [Al]) and industrial process markers (e.g.,
vanadium [V]) in lichens achieve background levels within
~20 km of the main surface mining activities (Graney et al.,
2012). Similarly, PAH concentrations measured in lichen sam-
ples have a smaller spatial footprint than elevated stack emis-
sions (Studabaker et al., 2012). This is consistent with ground-
level emissions of larger particles (with high deposition velo-
cities) typical of fugitive dust. Landis et al. (2012) estimated
that fugitive dust was the largest contributor to elemental con-
centrations in lichen samples near oil sands mining activities,
with ~23% from the combustion process, ~19% from tailings
sands, ~15% each from mine haul roads and limestone, oil
sands and processed materials, and other anthropogenic urban
sources.

The mineral components of fugitive dust source profiles can
be distinguished from nongeological sources such as vehicle
exhaust, biomass burning, and industrial emissions by their
element, ion, and carbon abundances (Chow and Watson,
2002). However, because many species are common to and
abundant in all fugitive dust emitters, elements, ions, and
carbon fractions are not sufficient to distinguish many different
fugitive dust source contributions from one another. The com-
position of the suspendable fugitive dust in the AOSR repre-
sents a mixture of native soil with deposited engine exhaust,
brake and tire wear, stationary source emissions, plant detritus
and other biological material, tailings sands, and mined or
naturally occurring bitumen. Landis et al. (2012) found colli-
nearities among AOSR fugitive dust profiles that contained
only elemental abundances. Extending chemical analyses to
more species, including particle-phase PAHs, can potentially
break these collinearities using source apportionment receptor
models (Watson and Chow, 2015). These profiles are also
needed to create speciated emission inventories (e.g., Gargava
et al., 2014) for source-oriented dispersion modeling to better
evaluate effects of current and future emissions and to target
effective emission reduction strategies.

Herein are reported PM2.5 and PM10 source profile abun-
dances (mass fraction of each measured species) for 27 fugitive
dust samples acquired in the AOSR, including those from
paved roads and shoulders, unpaved roads within and outside
of mining facilities, surface soil from mining pits, sands from
tailings pond dikes, mine overburden soil, and bare forest soil.
Mass abundances were measured for 229 chemical compo-
nents, including elements (sodium [Na] to uranium [U]), rare
earth elements, lead (Pb) isotopes, ions, organic and elemental
carbon (OC and EC), nonpolar organic compounds, carbohy-
drates, organic acids, and water-soluble organic carbon
(WSOC). Objectives of this study are to (1) document the
sources, sampling methods, and chemical analyses; and (2)
examine similarities and differences in chemical components
among PM2.5 and PM10 size fractions for the sampled surfaces.

Materials and Methods

Sampling sites and sample collection

Table 1 summarizes the sampling locations (also shown in
the map in supplemental Figure S-1) and soil characteristics.
Samples were collected from four mining and upgrading facil-
ities (i.e., Facilities A–D in Table 1) and in the surrounding
areas, including jack pine forests located north and northwest
of the facilities.

For paved/unpaved road and highway shoulders, loose sur-
face material was swept with a clean whisk broom into a dust-
pan. For bulk sands and soils, grab samples were collected with a
small garden spade to a depth of 10 to 15 cm from the surface.
Each sample (~1–1.5 kg) was a composite of dust from several
locations on a surface that were homogenized in double-sealed
polyethylene bags prior to resuspension. Sampling equipment
was cleaned after collection at each surface.

Laboratory resuspension and chemical analyses

Samples were air dried (~25°C) in the laboratory for ~1
week, then sieved through a Tyler 400 mesh screen (~38.5 µm
in geometric diameter). Approximately 1–10 g of the sieved
material was puffed into a laboratory resuspension chamber
(Chow et al., 1994) and sampled through PM2.5 and PM10 size-
selective inlets onto six parallel channels of filter packs
(Figure S-2), including one Teflon-membrane filter (Teflo
R2PJ047, Pall Corporation, Ann Arbor, MI) and two quartz-
fiber (Tissuquartz, 2500 QAT-UP, Pall Corporation, Ann Arbor,
MI) filters for each size fraction. Concentrations within the
chamber were monitored to achieve optimal loadings of 1–3
mg/filter for analyses.

Blank and exposed Teflon-membrane filters were equili-
brated in a clean room with controlled temperature (21.5 ±
1.5°C) and relative humidity (RH, 35 ± 5%) for >24 hr before
mass determination by gravimetry, per U.S. Environmental
Protection Agency (EPA) (1997) specifications. Filters were
weighed before and after sampling with a ±1-µg sensitivity
microbalance (XP6, Mettler Toledo Inc., Hightstown, NJ).
Teflon-membrane filters were analyzed for 51 elements
(from Na to U) by high-sensitivity energy-dispersive x-ray
fluorescence (XRF; Panalytical Epsilon 5, Almelo, The
Netherlands) (Watson et al., 1999). The same filters were
then submitted for acid digestion in a hot block digester and
analyzed for cesium (Cs), barium (Ba), 14 rare earth elements,
and four Pb isotopes (i.e., 204Pb, 206Pb, 207Pb, and 208Pb) by
inductively coupled plasma/mass spectrometry (ICP/MS;
Thermo Electron X series, Madison, WI) (Komárek et al.,
2008; Ohno and Hirata, 2004).

Quartz-fiber filters were prefired at 900°C for 4 hr to remove
organic artifacts prior to laboratory resuspension. Half of the
first quartz-fiber filter was extracted in distilled–deionized
water (DDW) and analyzed for (1) anions (i.e., chloride [Cl-],
nitrite [NO2

-], nitrate [NO3
-], phosphate [PO4

3-], and sulfate
[SO4

2-]) by ion chromatography (IC; Dionex ICS-3000,
Sunnyvale, CA) (Chow and Watson, 1999); (2) water-soluble
cations (i.e., sodium [Na+], magnesium [Mg2+], potassium
[K+], and calcium [Ca2+]) by atomic absorption spectroscopy
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(AAS; Varian Spectro880, Walnut Creek, CA) (Butler et al.,
2009; Fernandez, 1989); (3) ammonium (NH4

+) by automated
colorimetry (AC; Astoria 302A Colorimetry System, Astoria,
OR) (Fung et al., 1979); (4) 16 carbohydrates by IC with pulse
amperometric detectors (PAD) (Engling et al., 2006); (5) 9
organic acids (sum of both dissociated and non-dissociated
organic forms) by IC with conductivity detector (Jaffrezo
et al., 1998); and (6) WSOC by a total organic carbon analyzer
(TOC, Shimadzu, Columbia, MD) (Decesari et al., 2000).

Punches of ~0.5 cm2 were removed from the second quartz-
fiber filters to quantify OC, EC, and eight thermal fractions
(OC1–OC4, pyrolyzed carbon [OP], and EC1–EC3) by the
IMPROVE_A thermal/optical protocol (model 2001,
Atmoslytic, Inc., Calabasas, CA) (Chow et al., 1993, 2007a,
2011). Carbonate carbon (CO3

2––C) was determined by acid-
ification with 15 µl of 0.4 M hydrochloride solution prior to
carbon analyses. Approximately 1–2 cm2 of each quartz-fiber
filter was analyzed for 113 nonpolar organic compounds,
including 26 n-alkanes (C15–C40), 10 iso/anteiso-alkanes
(C29–C33), 2 methyl alkanes, 3 branched alkanes, 5 cycloalk-
anes, 36 PAH compounds, 18 hopanes, 12 steranes, and 1
alkene, by thermal desorption–gas chromatography/mass spec-
trometry (TD-GC/MS; model 6890N, Agilent Technology,
Foster City, CA; see Figure S-2 for detailed compounds)
(Chow et al., 2007b; Ho and Yu, 2004).

Results and Discussion

Mass abundances (percent by weight) and their analytical
uncertainties (Watson et al., 2001) for the PM2.5, PM10, and
PM10-2.5 (PMcoarse) fractions for each sample are reported in
spreadsheet form in supplemental Table S-1. Because compo-
siting profiles by source type might mask important differences
between samples from similar sources, the individual profiles
in Table S-1 allow users to select the profiles of interest and
composite the profiles for specific applications. Abundances
lower than instrumental minimum detection limits are high-
lighted in these spreadsheets, and the associated uncertainty
can be used as an upper limit for the abundance. This is useful
when making speciated emission comparisons among different
source types such as diesel exhaust. Abundances for several of
the more prominent chemical components are graphically com-
pared in supplemental Figures S-3 through S-12, except for
Figure S-8.

Individual profile abundances were averaged by emission
inventory source category and assigned mnemonics (i.e., PRd
—paved road dust; OUPRd—oil sands unpaved road dust;
FUPRd—forest unpaved road dust; TSand—tailings sand; OB
—overburden; and FSoil—forest soil), as designated in
Table 1, to obtain composite profiles that are detailed in
Table S-2. Uncertainties associated with these abundances in
Table S-2 are the larger of the analytical uncertainty or the
standard deviation of the abundances included in the average.
Average abundances and uncertainties for the composite
Facility and Forest profiles (Table S-3) were calculated for
samples taken close to and distant from oil sands operations,
respectively; the individual profiles included in each of these

are indicated in the last column of Table 1. Although the
abundances have large uncertainties in these two composites,
they offer the opportunity to examine enrichments in measured
species over those found in natural soils. Minimum detection
limits for the measured species are listed in Table S-4.
Similarities and differences between the PM2.5 profiles are
documented in Tables S-5 to S-7.

Figure 1 provides an overview of the major components in
each profile. The sum of measured species (excluding double
counting for P and PO4

3-, S and SO4
2-, Cl and Cl-, K and K+,

and Ca and Ca2+) accounts for 35–70% of PM mass. Less than
100% of the gravimetric mass is expected as oxygen (O) and/or
hydrogen (H) associated with OC and minerals are not mea-
sured. Reconstructed mass (Chow et al., 2015) accounts for 96
± 8% (range 83–110%) of PM2.5 and 87 ± 9% (range
74–110%) of PM10. On average, PM2.5 constitutes 23.9 ±
6.7% of PM10, which is similar to ratios found elsewhere
(Chow et al., 2003; Vega et al., 2001; Wu et al., 2011).

Major chemical components

Geological minerals (assumed to be in the forms of Al2O3,
SiO2, K2O, CaO, and Fe2O3) are the major components,
accounting for 45–82% of particulate matter (PM) mass.
Silicon dioxide (SiO2) is the most abundant mineral oxide,
explaining 24–75% of PM mass. Organic matter (OM) is calcu-
lated as 1.8 × OC, consistent with the multiplier used for the
Interagency Monitoring of Protected Visual Environments
(IMPROVE) network (Pitchford et al., 2007). OM/OC ratios
for ambient PM vary from 1.2 for fresh combustion emissions
in urban areas to 2.6 for aged PM. The actual multiplier may be
larger if it is associated with lignin, cellulose, and humic-like
substances (HULIS) that are often found in soil samples
(Cannon and Anderson, 1991; Graber and Rudich, 2006;
Schulten and Leinweber, 2000). A Van Bemmelen’s factor of
1.724 has historically been used to estimate soil OM from OC,
although Pribyl (2010) found 1.9–2.0 multipliers to be more
accurate. OM is the second most abundant fugitive dust compo-
nent after minerals, but with large site-to-site variations (with
45% coefficient of variation [CV]).

Elemental abundances

The five most abundant (>1% of PM) mineral-related ele-
ments (i.e., Al, Si, K, Ca, and Fe) account for 25–40% of PM
mass in all profiles. Silicon (Si) abundances in the composite
profiles (Figure 2) are lowest for PRd and OUPRd (15–17%),
higher for Tsand and OB soil (17–21%), and highest for FSoil
(24–28%). This is reflected in the comparison of the Forest
(23–27%) and Facility (17–18%) profiles. Aluminum (Al)
abundances show the opposite: lower in the Fsoil (1.6–2.2%),
higher in the OUPRd (4–5%), and highest in the TSand (5–6%)
profiles. Potassium (K) abundances in the individual profile are
in the range of 0.5–1.9%, shown in Figure S-3. Total K is
10–24 times that of water-soluble K+. This is consistent with
past observations for dust samples (Chow et al., 2003; 2004;
Han et al., 2007; Ho et al., 2003; Vega et al., 2001), except
when they contain biomass burning residues (Andreae, 1983).
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The calcium (Ca) abundance is variable among profiles (0.1–
10%), with a maximum of 10% in PM10 for S1 (Figure S-3).
The composite profiles in Figure 2 show that TSand contains
the lowest Ca abundance (~1%)—much less than the PRd
abundances (~6–7%). The high PRd Ca abundances result in
a factor of 2 enrichment in Facility (3–4%) over Forest (1.7–
2%) profiles. Iron (Fe) abundances range from 1–15% in the
individual profiles (Figure S-3), with the highest abundances in
paved (e.g., S6 and S17) and unpaved (e.g., S1, S5, S7) road
samples; this is consistent with contributions from metal,
brake, and clutch wear (Pant and Harrison, 2013; Thorpe and
Harrison, 2008). Fe abundances are low in the composite
TSand, OB, and FSoil profiles (3–4%), ~half of those for
PRd (7.5–9%).

Other detected elements, shown in Figure S-4 and S-5, have
low abundances (0.0001% to <1% on average). V (Figure S-5)
is more abundant in road dust (e.g., S1, S3, S5–S7, S9, S16,
and S25), possibly due to exhaust deposition (Shafer et al.,
2012) and V-rich bitumen and coke trackout (Jacobs and Filby,
1982; Puttaswamy and Liber, 2012; Shafer et al., 2012).
Table S-2 shows that V is not enriched in the TSand profile.
Titanium (Ti) and zirconium (Zr) can be enriched (Ciu et al.,
2003) in froth treatment tailings (as high as 6.54% and 2.7% of
mass, respectively). Elevated Ti (~0.6%) and Zr (~0.03%)
abundances are found in the TSand profile. Chromium (Cr,
0.4–0.7%) and nickel (Ni, 0.2–0.3%) abundances are similar
among the tailings pond sands, with S12 from Facility B
(Figure S-4) having the highest abundance.

Organic and elemental carbon abundances

There are large site-to-site variations in OC abundances,
ranging from 1 to 13% (with 53% CV) for forest soils (S18–
S27) and from 7 to 17% (with 30% CV) for facility soils (S1–
S17), as shown in Figure 3. Table S-2 shows that OC
is abundant for TSand (12.6 ± 3.6% in PM2.5 and 8.7 ± 3.6%
in PM10), OUPRd (10.8 ± 3.7% in PM2.5 and 11.1 ± 3.8% in
PM10), and FUPRd (10.2 ± 1.2% in PM2.5 and 13.8 ± 1.4%
in PM10) profiles. OC constitutes 9–11% of PM near oil sands
facilities, about twice the abundance in forest soils (5–6%), as
shown in Table S-3.

Figure 3 shows that one of the tailings profiles (S16) yielded
the highest EC abundance (14.9% in PM2.5 and 10.1% in
PM10), possibly due to deposition from heavy-duty diesel
exhaust (this is inconsistent with the other samples).
Excluding S16 from the Facility profile average, EC abun-
dances are 2–3 times higher near the oil sands operations
(0.72% in PM2.5 and 0.52% in PM10 in Facility profile) than
in the more distant forest soils (0.37% in PM2.5 and 0.17% in
PM10 in Forest profile). The highway shoulder dust (S17) has a
similar OC abundance (8.5 ± 0.9% of PM10) compared with a
paved road dust (9.5 ± 2.6% of PM10) in Fresno, CA (Chow
et al., 2003). However, S17 has a lower EC abundance (0.1 ±
0.1% of PM10) than that from Fresno (1.7 ± 1.2% of PM10).
Table S-1 shows that PM10 CO3

2––C varies from undetectable
(0.03 ± 0.28% in S10) to 3.0 ± 0.5% (mine haul road, S1).
Average CO3

2––C is most abundant in PM10-2.5, with 0.85 ±

Figure 1. PM2.5 and PM10 mass reconstruction (Chow et al., 2015) of major components in each fugitive dust profile: (1) Metal oxides include: Al2O3 = 1.89[Al];
SiO2 = 2.14[Si]; K2O = 1.21[K]; CaO = 1.4[Ca]; and Fe2O3 = 1.43[Fe]; (2) ions are the sum of Cl-, NO2

-, NO3
-, PO4

3-, SO4
2-, Na+, Mg2+, and NH4

+; (3) elements
are the sum of elements (see Supplemental Table S-1), excluding Na, Mg, Al, Si, Cl, K, Ca, Fe, P in PO4

3-, and S in SO4
2-; (4) organic matter (OM) = 1.8 × organic

carbon (OC); (5) EC = elemental carbon; and (6) carbonate = CO3
2- . Specific organic compounds are assumed to be included in OC. See Table 1 for site ID.
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1.0% in the Facility and 0.71 ± 1.1% in the Forest profiles
(Table S-3).

Water-soluble ion abundances

Anion and cation abundances (Figures S-6 and S-7) vary
among the samples. SO4

2- is ~7 times more abundant in the
Facility (1.4 ± 1.5% of PM2.5 and PM10) than in the Forest
(0.18 ± 0.26% of PM2.5 and 0.22 ± 0.47% of PM10) profiles

(Figure 4). S18 is on the edge of an oil sands facility and has
the highest SO4

2- abundance (0.86 ± 0.14% of PM2.5) in the
Forest profiles, comparable to the ~0.75% abundances at
nearby facility sites (S15 and S16). The highest SO4

2- abun-
dance of 6–7% registered at a tailings pond ramp (S3).

Soluble sodium (Na+) is also enriched in facility soils
(Figure 4), particularly in the OUPRd, PRd, and TSand pro-
files. This is consistent with the use of wintertime deicing
materials on roadways and sodium hydroxide (NaOH) to

Figure 2. Composite profiles of major elements (i.e., aluminum [Al], silicon [Si], potassium [K], calcium [Ca], and iron [Fe]) with average abundance >1% in 27
PM2.5 and PM10 samples. Emission inventory composites are facility unpaved road dust (OUPRd), paved road dust (PRd), tailings sands (TSand), overburden soil
(OB), forest unpaved road (FUPRd), and forest soil (FSoil). Facility and Forest composite profiles are averages of individual profiles close to and distant from oil
sands operations, respectively. Table 1 designates individual profiles included in each composite. Error bars represent the larger of standard deviation of the mean
and the propagated uncertainty from the individual profiles included in the group.
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facilitate the bitumen extraction process (Tamiz Bakhtiari et al.,
2015). Na+ correlates with Cl- (r = 0.85; Figure S-8a), consis-
tent with deicing and NaOH reaction with chlorinated sub-
stances. The water-soluble Ca2+ to total Ca ratio is nearly 1
(Figure S-8b), indicating that most of the Ca is in ionic form in
most samples. This indicates that the CaO mineral assumption
used for Figure 1 mass reconstruction is incomplete. The Ca2+/
CO3

2- abundance ratio of 0.66 (Figure S-8c) is close to that of
calcite (CaCO3, Ca2+/CO3

2- = 0.67), which is more water-
soluble than CaO. Ca2+ and Mg2+ abundances are also corre-
lated for most profiles (r = 0.93; Figure S-8d), consistent with a
common source (possibly dolomite, CaMg(CO3)2). The regres-
sion slope of 10.2 indicates a Ca2+/Mg2+ molar ratio of 6.1,
which is higher than the ratios of 2.4 ± 1.1 and 4.0 ± 1.5

measured from throughfall and open collectors for atmospheric
deposition, respectively, in the AOSR (Watmough et al., 2014).
No systematic enrichment of NH4

+, Mg2+, and K+ is apparent
between the facility and forest soils. Sites that are believed to
be affected by forest fires (i.e., S20 and S26) do not show
elevated K+ abundance (Figure S-7).

Hydrogen ion (H+) and hydroxyl (OH-) ions were not mea-
sured, but ion balances (Table S-8) give an indication of acidity
(cation/anion < 1) or alkalinity (cation/anion > 1), which prob-
ably results from the presence of these unmeasured ions. All of
the ratios in Table S-8 exceed unity, indicating that any acids
that deposited on these samples were neutralized, either by
atmospheric constituents or by the soils themselves. Table S-8
shows that the ratios of base cation (sum of Na+, Mg2+, K+, and

Figure 3. Organic and elemental carbon (OC and EC, respectively) abundances in individual PM2.5 and PM10 profiles. Error bars represent the propagated
uncertainty from the analytical and gravimetric mass uncertainties. See Table 1 for site ID.

Figure 4. SO4
2- and Na+ abundances in composite PM2.5 and PM10 profiles. Error bars represent the larger of standard deviation of the mean and the propagated

uncertainty from the lower level profiles included in the group.
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Ca2+) to nitrogen- and sulfur-containing ions (sum of NH4
+,

NO2
-, NO3

-, and SO4
2-) also exceed unity. This is consistent

with AOSR measurements (Fenn et al., 2015; Watmough et al.,
2014) that found atmospheric acids to be neutralized after
contact with soils near oil sands operations. Because the top-
soils from most sites are basic, the fugitive dusts generated
from these sites are also likely to be basic, which would
neutralize atmospheric acid deposition and mitigate soil acid-
ification. The preceding analysis assumes that all the poten-
tially acidifying species are in their final ionic forms. However,
bisulfite ion (HSO3

-), a product of sulfur dioxide (SO2) deposi-
tion, was not distinguished from other forms in this study. The
dry deposition of gaseous SO2, nitrogen dioxide (NO2), nitric
acid (HNO3), and ammonia (NH3) may also affect soil
acidification.

Among the forest sites, S22 has Cl-, NO2
-, NO3

-, SO4
2-,

NH4
+, and K+ PM2.5 abundances that are enriched by factors of

14, 46, 49, 7, 10, and 4, respectively (using lanthanum as the
reference element), over relatively clean S27 that is ~100 km
from major oil sands operations. Lichens at this site were
blackening and dying, although no obvious signs of herbicide
use were found. Lichens are sensitive to certain air pollutants,
such as SO2 and acid deposition (Gries et al., 1997; Nash and
Gries, 1991). Puckett (2015) found that sulfur levels in AOSR
were below the critical loads that would impair the well-being
of two lichen species (i.e., Evernia mesomorpha and
Hypogymnia physodes), while nitrogen deposition might be
approaching levels that could affect lichen community. The
enrichment of ions indicates that the soil at S22 may have
been altered from its natural state, which might have led to
unhealthy lichens. Short-term exposures to high concentrations
of acidifying pollutants could also cause lichen damage.
Further investigation is needed to identify the actual causes.

Rare earth element abundances

The 14 rare earth element abundances (Figure S-9) are
similar between PM2.5 and PM10 and are uniformly distributed
among the facility sites, except for site S12, which has unde-
tectable europium (Eu), gadolinium (Gd), thulium (Tm), and
lutetium (Lu) in PM2.5. The distribution is more variable
among the forest sites, with S19, S20, and S22 showing the
lowest and S23 (exposed soil) and S25 (surface soil) showing
the highest abundances. Rare earth abundances in the Facility
profile are enriched by 30–80% over the Forest profile
(Table S-3).

Lead isotopes

Lead (Pb) has four stable isotopes (i.e., 204Pb, 206Pb, 207Pb,
and 208Pb). 204Pb is the only primordial stable isotope with a
constant abundance on Earth over time, while 206Pb, 207Pb, and
208Pb are radioactive decay products (Komárek et al., 2008).
Pb sources can have distinct (sometimes overlapping) isotopic
ratio ranges. Isotopic ratios are not altered by industrial/biolo-
gical processes and or transport/deposition processes, so they
can sometimes be used to estimate source contributions
(DesJardins et al., 2004; Paulen et al., 2011; Simonetti et al.,

2003; Sturges and Barrie, 1987). For PM2.5 samples, Pb iso-
tope ratios (Figure 5a) fall into two clusters, with samples near
the oil sands operations having higher 206Pb/207Pb and 208Pb/
207Pb ratios than those of the more distant forest samples.

Figure 5. (a) Lead isotope ratios 208Pb/207Pb versus 206Pb/207Pb in PM2.5

samples from this study. Number labels denote the samples described in
Table 1. The upper right corner cluster includes sites in and around oil sands
facilities, with 208Pb/207Pb and 206Pb/207Pb of 2.497–2.539 and 1.186–1.247,
respectively; the lower left corner cluster contains most Forest sites and three
Facility sites (S10–S12), with 208Pb/207Pb and 206Pb/207Pb of 2.267–2.334 and
1.070–1.142, respectively. Error bars represent the propagated uncertainty from
the Pb isotope analytical uncertainties. (b) Comparison of lead isotope ratios
with other studies for (1) Forest composite profile from this study (triangle); (2)
Facility composite profile from this study (inverted triangle); (3) AOSR stack
emissions (Watson et al., 2013a; 2013b) (unfilled star); (4) AOSR diesel haul
truck emissions (Watson et al., 2013c; 2013d) (plus sign); (5) lichen samples
(Graney et al., 2012) from the AOSR (small filled dot); (6) Pb-bearing minerals
from northwest Alberta (Paulen et al., 2011) and New Brunswick (Cumming
and Richards, 1975; Sturges and Barrie, 1987), Canada (x); (7) Pb-bearing ores
from British Colombia, Ontario, and Quebec (Brown, 1962; Cumming and
Richards, 1975; Sturges and Barrie, 1987) (filled square); and (8) ambient
aerosols from seven Canadian cities (Burnaby, Chicoutimi, Victoria, Calgary,
Winnipeg, Toronto, and New Foundland) collected from 1994 to 1999
(Bollhöfer and Rosman, 2001) (unfilled circle).
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Similar clusters are found for 206Pb/207Pb and 204Pb/206Pb
ratios (not shown). Three sites show ratios between the two
clusters: S4 (tailings dike white sand), S6 (paved mine haul
road dust), and S23 (exposed forest soil). Some of the tailings
pond samples (e.g., S10–S12) have abundance ratios closer to
the forest sample cluster.

Figure 5b compares 208Pb/207Pb and 206Pb/207Pb ratios from
other studies, showing that AOSR stack emissions and diesel
exhaust have ratios similar to those of the facility samples.
AOSR lichen samples have Pb ratios similar to those of diesel
exhaust and Canadian city ambient aerosols, lying in the inter-
mediate range between the Facility and Forest profiles. Lichens
obtain their nutrients from ambient air (Carignan et al., 2005).
Graney et al. (2012) report Pb isotope ratios increasing with
proximity to mining operations, consistent with the higher
ratios near mining observed in Figure 5a. Pb isotope ratios in
zinc (Zn)–Pb minerals (galena and sphalerite) collected from
northwestern Alberta (Paulen et al., 2011) and in lead-bearing
ores from New Brunswick (Cumming and Richards, 1975;
Sturges and Barrie, 1987), Canada, are similar to those mea-
sured for diesel engine exhaust. Pb-bearing ores from British
Colombia, Ontario, and Quebec, Canada, typically have much
lower 208Pb/207Pb and 206Pb/207Pb ratios.

Nonpolar organic compounds

The sum of 113 nonpolar organic compounds contributed
<0.1% of PM mass and <1.1% of OC with ~50% higher
abundance in PM2.5 than PM10 for most samples. The indivi-
dual compounds within each functional group are summed into
seven categories (Figure S-10): PAHs, lower molecular weight
(MW) n-alkanes (C15–C24), higher MW n-alkanes (C25–C40),
iso/anteiso-alkanes, hopanes, steranes, and others. Among the
organic subgroups, lower MW n-alkanes (C15–C24) are most
abundant (0.0095%), followed by hopanes (0.0077%) and
higher MW n-alkanes (C25–C40; 0.0045%) in the PM2.5 frac-
tion of the Facility profile (Figure 6). Only some PAHs (e.g.,
chrysene) and lower MW n-alkanes (C15–C24) are detectable in
the forest soils (Table S-1).

The sum of 36 PAHs (0.0016-0.0025% of PM) is distributed
relatively uniformly among sites, with the average ratio of
Facility and Forest profiles being ~1. Tailing sands (S12) and
tailing haul road dust (S16) show PAH enrichment (Figure S-10).
Individual PAH abundances differ among profiles. Facility soils
show abundances for almost all measured PAH species, while
only a few species, notably chrysene, are abundant in the forest
soils. S26 (sandy soil near unburned tree roots) has high abun-
dances of phenanthrene, chrysene, and retene, indicating effects
of biomass burning, which was evident from a charred area
around the sampling location. Samples S21 (pipeline excavation
soil) and S23 (exposed soil) exhibited high chrysene abundances.

n-Alkanes are abundant in all profiles, consistent with
the bitumen-rich environment in the AOSR. Lower MW
n-alkanes (C15–C24) (Figure S-10) distribute uniformly
among facility and forest soils with a few exceptions
(e.g., S12, tailing sands; and S22, unhealthy lichen forest
soil). On average, higher MW n-alkanes (C25–C40) are 11.5
and 13.4 times more abundant for the facility than the

forest soils for PM2.5 and PM10, respectively. There is a
clear distinction in n-alkane distributions between Facility
and Forest profiles (Figure S-11). n-Alkanes in the facility
soils have bimodal or trimodal distributions, with two main
peaks at C15–C17 and C35–C37, and/or a smaller peak at
C20–C28; for the forest soils, n-alkanes are concentrated at
C15–C26, with most of the higher MW n-alkanes being
undetectable. The sums of 10 iso/anteiso-alkanes are on
average 17 and 13 times more abundant for the Facility
than the Forest profiles in PM2.5 and PM10, respectively.

Hopanes and steranes are associated with bacterial and eukar-
yotic sources (Siljestrom et al., 2010) and are used as markers for
engine lubricating oils (Fraser et al., 1998). Hopanes originate
from hopanepolyols present in the cell membranes of many
bacteria, whereas steranes originate from sterols that modify the
cell membranes of Eukaryota (Peters et al., 2005). These com-
pounds are found in the AOSR (Brooks et al., 1988; Ram et al.,
1990; Yang et al., 2011). The sums of 18 hopanes in the Facility
profile are 26 and 16 times more abundant than those in the
Forest profile, whereas the sums of 12 steranes in the Facility
profile are 15 and 12 times more abundant for PM2.5 and PM10,
respectively. Hopane abundances are an order of magnitude
higher than steranes (see Table S-3).

Several samples exhibit distinguishing features (Figure S-
10). The sample from S12 (tailings pond dike sands) has higher
abundances of PAHs, lower MW n-alkanes (C15-C24), methyl-
alkanes (i.e., 2-methylnonadecane and 3-methylnonadecane),
branched alkanes (i.e., pristine, phytane, and squalane), and
cycloalkanes (i.e., octylcyclohexane, decylcyclohexane, tride-
cylcyclohexane, and n-heptadecylcyclohexane) than the other
profiles, but with lower abundances for iso/anteiso-alkanes,
hopanes, and steranes. Sample S22 has higher lower MW
n-alkanes (C15–C24), methyl-alkanes, branched alkanes, and
cycloalkanes, probably related to the unhealthy lichens at that
site. Higher nonpolar compounds abundances at S25 (forest
surface soil off an unpaved road) may be due to engine exhaust
deposition. Sample S26, near a charred forest, contains higher
PAHs, lower MW n-alkanes (C15-C24), methyl-alkanes,
branched alkanes, and 1-octadecene abundances.

Carbohydrates, organic acids, and water-soluble
organic carbon (WSOC)

Almost all 16 carbohydrates (Table S-1) are close to or
below minimum detection limits (Table S-4) except for gly-
cerol (0.007% of PM10 at S14, ramp soil to the tailings pond
dike). Formic and acetic acids are the only two detected
organic acids. As shown in Figure S-12, sample S12 (tailings
pond dike sand) has the highest formic and acetic acids abun-
dances, accounting for 1.8–3.3% of PM mass and 40–51% of
OC; abundances at other sites are <0.4% of PM and <10% of
OC. While formic acid is not detected for several facility
samples, it is detectable for most of the forest samples.
Atmospheric formic acid is produced in forests by biogenic
photochemical reactions and deposits to the surface
(Comerford, 1990). Total WSOC accounts for 0–6% of PM
and 0–66% of OC. The distribution among profiles is more
uniform for the forest than the facility soils.
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Summary and Conclusion

The 27 fugitive dust samples represent a mixture of paved
road dust, unpaved road dust surrounding the mining facilities
and from forest roads, surface soil from excavated pits, sands
from tailings ponds, mine overburden soil, and forest soil.
Mass abundances of 229 chemical species, including elements

(Na to U), rare earth elements, Pb isotopes, ions, organic and
elemental carbon, nonpolar organic compounds, carbohydrates,
organic acids, and water-soluble organic carbon, were mea-
sured for PM2.5 and PM10.

The five most abundant (>1% of PM) geological-related
elements (i.e., Al, Si, K, Ca, and Fe) account for 25–40% of
PM mass; their corresponding metal oxides in the form of

Figure 6. Nonpolar organic compound abundances in PM2.5 and PM10 composite profiles. In order, these represent sums of (1) PAHs (polycyclic aromatic
hydrocarbons); (2) low-MW n-alkanes (C15–C24); (3) high-MW n-alkanes (C25-C40); (4) iso/anteiso-alkanes; (5) hopanes; and (6) steranes. Error bars represent the
larger of standard deviation of the mean and the propagated uncertainty from the lower level profiles included in the group.
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Al2O3, SiO2, K2O, CaO, and Fe2O3 account for 45–82% of PM
mass. The most abundant geological element is Si, with 6–9%
higher abundance in Forest (23–27%) than in Facility (17–
18%) profiles. Average OC abundances for the Facility profile
(9–11% of PM) are about twice those from the Forest profile
(5–6%). Average EC abundances are 2–3 times higher in
Facility (0.51–0.72% of PM) than in Forest (0.15–0.37% of
PM) profiles. The ion abundances are highly variable among
sites. Abundance of SO4

2- is ~7 times higher in the Facility
(~1.4% of PM) than in the Forest (0.18–0.24%) profiles, indi-
cating that surface soils within and around the oils sands
operations are probably contaminated by deposition of sulfur-
containing compounds (e.g., S, SO2, and SO4

2-) from stack
emissions and engine exhaust. Good correlations were found
between Na+ and Cl-, indicating the presence of NaCl. The
CO3

2- abundances are correlated with Ca2+ with a Ca2+/CO3
2-

ratio of 0.66, possibly in the form of calcite (CaCO3, Ca
2+/CO3

= 0.67). The ratios of cation/anion and base cation (sum of
Na+, Mg2+, K+, and Ca2+)/nitrogen- and sulfur-containing ions
(sum of NH4

+, NO2
-, NO3

-, and SO4
2-) exceed unity, indicating

the dusts are basic. The tailing sands profile exhibits elevated
Si (19–21%), Ti (~0.6%), Zr (~0.03%), and OC (9–13%) and
low Ca (~1%) and Fe (3–4%). Highest EC (10–15% PM) was
found from a tailings haul road, probably due to deposition of
exhaust from heavy-duty diesel engines.

Rare earth elemental abundances are similar between PM2.5

and PM10 and among the facility sites, with 30–80% higher
abundance in Facility than Forest profiles. Rare earth elements,
carbohydrates, and organic acids (except for formic and acetic
acids) are not useful as source markers because most of these
species are below the minimum detection limits. The Pb isotope
ratios (i.e., 208Pb/207Pb versus 206Pb/207Pb) show two distinct
clusters, with facility soils having higher 206Pb/207Pb and 208Pb/
207Pb ratios than forest soils. The close overlap of the Pb isotope
ratios between the facility soil and stack emission from the
AOSR indicates the soil Pb isotope ratios are probably affected
by emission deposition and/or both of them are abundant in
petrogenic Pb isotopes. These Pb isotopes have been used to
identify industrial emissions and/or source regions.

Among the 113 nonpolar organics, lower MW n-alkanes
(C15–C24) and hopanes are the most abundant species, consis-
tent with influences in an oil-rich environment. Abundance of
hopanes in PM is an order of magnitude higher than steranes.
Both of those compounds reflect the influence of oil sands
operations. Facility and forest soils show different n-alkane
species distributions. On average, higher MW n-alkanes
(C25–C40) are 12–13 times more abundant at facility than forest
soils. The sums of 10 iso/anteiso-alkanes are on average 13–17
times more abundant at the facility than the forest soils. The
sums of 18 hopanes are 16–26 times more abundant, whereas
the sums of 12 steranes are 12–15 times more abundant in
Facility than in Forest profiles, respectively.
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