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Anthropogenic S emissions in the Athabasca oil sands region (AOSR) in Alberta, Canada, affect SO, depo-
sition in close vicinity of industrial emitters. Between May 2008 and May 2009, SO4-S deposition was
monitored using open field bulk collectors at 15 sites and throughfall collectors at 14 sites at distances
between 3 and 113 km from one of the major emission stacks in the AOSR. At forested plots >90 km from
the operations, SO, deposition was ~1.4 kg SO4-S ha~! yr~! for bulk deposition and ~3.3 kg SO,-Sha~! yr~!
for throughfall deposition. Throughfall SO, deposition rates in the AOSR exceeded bulk deposition rates at
all sites by a factor of 2-3, indicating significant inputs of dry deposition especially under forest canopies.
Both bulk and throughfall SO, deposition rates were elevated within 29 km distance of the industrial
operations with deposition rates as high as 11.7 kg SO4-Sha~!yr~! for bulk deposition and 39.2 kg
S04-Sha'yr! for throughfall at industrial sites. Sulfur isotope ratio measurements of atmospheric
S04 deposited in the AOSR revealed that at a few selected locations >4S-depleted SOy, likely derived from
H,S emissions from tailing ponds contributes to local atmospheric SO4 deposition. In general, however,
524 values of SO, deposition at distant forested plots (>74 km) with low deposition rates were not iso-
topically different from §34S values at sites with high deposition rates in the AOSR and are, therefore, not
suitable to determine industrial S contributions. However, O isotope ratios of atmospheric SO, in bulk
and throughfall deposition in the AOSR showed a distinct trend of decreasing 4'%0-SO, values with
increasing SO, deposition rates allowing quantification of industrial contributions to atmospheric SO4
deposition. Two-end-member mixing calculations revealed that open field bulk SO4 deposition especially
at industrial sites in close proximity (<29 km) to the operations is significantly (17-59%) affected by
industrial S emissions and that throughfall generally contained 49-100% SO, of industrial origin. Hence,
it is suggested that 430 values of SO, may constitute a suitable tracer for quantifying industrial contri-
butions to atmospheric SO4 deposition in the AOSR.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In northeastern Alberta and northern Saskatchewan, Canada,
the potential for acid deposition has been a concern for more than

Anthropogenic SO, emissions and subsequent SO, oxidation
lead to the formation of H,SO,4 in the atmosphere (Savarino et al.,
2000). This H,S0,4 dissociates to SOf{ and H", acidifying aquatic
and terrestrial ecosystems (Doney et al., 2007). In the USA, the
1970 Clean Air Act and subsequent amendments were passed to
regulate SO, and other industrial emissions into the atmosphere.
This act and comparable legislation and programs in Europe and
Canada have resulted in substantial decreases in industrial SO,
emissions and consequently a decrease in atmospheric SO, deposi-
tion (Posch et al., 2003; Schopp et al., 2003; Novak et al., 2007). The
decrease in SO, deposition has resulted in reduced S fluxes in
catchment exports from watersheds in the Northeastern USA and
Europe (Posch et al., 2003; Mitchell et al., 2011; Miles et al., 2012).
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30years due to ongoing development in the Athabasca oil sands
region (AOSR) (Shewchuk, 1982; Sandhu and Blower, 1986). The
majority of anthropogenic S emitted in the AOSR is in the form
of SO, (NPRI, 2011) which is subsequently oxidized to atmospheric
SO4 (Newman et al., 1991). Monitoring SO, in precipitation in the
AOSR began in 1966 (Klemm, 1977) and was continued in subse-
quent years (Bertram et al., 1986). In 1980, S deposition rates in
northeastern Alberta and northern Saskatchewan were believed
to be near background levels (Shewchuk, 1982) and Sandhu and
Blower (1986) reported that wet SO, deposition from 14 sites
including urban centers in Alberta in 1982 averaged 3.2 kg
S04-Sha~'yr~'. More recently, lower bulk SO, deposition rates
in the AOSR were reported, averaging 1.14  0.06 kg SO,-Sha~! yr!
(Wieder et al., 2010), but no sampling sites within close proximity
(<25 km) to the center of the oil sands operations were investi-
gated. Monitoring SO, deposition is important because of its
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potential effect on terrestrial and aquatic ecosystems since some of
the surrounding soils in the AOSR are acid sensitive (Shewchuk,
1982; Whitfield et al., 2010).

Previous research has shown that stable isotope techniques can
be used successfully for tracing sources and cycling of S, particu-
larly if anthropogenic emissions are isotopically distinct from
background values (Krouse, 1977; Newman et al., 1991; Novak
et al., 2001; Puig et al., 2008). The S isotopic composition of atmo-
spheric SO4 depends on the S sources. Potential S sources include
sea spray with 534S values around +21%. (Jamieson and Wadleigh,
2000) and marine aerosols with 534S ~ 17%. (Sanusi et al., 2006),
biogenic emissions with 534S values usually lower than 0%. (Wad-
leigh and Blake, 1999) such as H,S from bacterial SO, reduction,
soil-derived SO,4 (Nriagu et al., 1987), and S emitted from coal com-
bustion (Puig et al, 2008), smelters and vehicle exhaust
(5*4S ~ 5%0) (Norman et al., 2004, 2006). Nakai and Jensen (1967)
found S-S0, values in rain and snow from sites in Japan and
the USA between +3.2%. and +7.3%. for industrial sites, and
+12.3%0 to +19.0%. for non-industrial sites, suggesting contribu-
tions of fuel S depleted in >4S to atmospheric SO, deposition.

The O isotopic composition of atmospheric SO4 depends on the
oxidation pathway of emitted SO,. In the atmosphere, the main
homogeneous (gaseous) oxidation pathway of SO, is initiated by
OH radicals and a third molecule (M) (Savarino et al., 2000):

SO, + OH + M — HOSO, + M (1)
HOSO, + 0, — SO; + HO, 2)
SO5 + H,0 + M — H,S0, (3)

In the aqueous oxidation of SO, (e.g. in droplets), the oxidation
pathways are (Newman et al., 1991):

SO, + H,0 — H,S05 (4)
H,S0; — HSO; + H* (5)
HSO; — SO3™ +2H" (6)

The oxidation of SO2~ to SO2~ may then proceed via O, (with or
without the presence of metal catalysts), H,O, or Os; (Newman
et al., 1991; Savarino et al., 2000).

In the atmosphere, the O in SO, equilibrates rapidly with the O
in water vapor and hence O isotope ratios of SO, cannot be used to
identify sources of SO, directly (Holt et al., 1983). The O isotopic
composition of atmospheric secondary SO4 derived form SO, oxi-
dation, therefore, depends partially on the isotopic composition
of water or vapor (Holt et al., 1983). If liquid water is present, up
to three out of four oxygens in the SO4 molecule are derived from
the water (Holt et al., 1981; Holt and Kumar, 1991). The remaining
oxygen is either from O,, H,0, or Os. Rainwater and snow in Alber-
ta have an average 6'%0 value of —18%. (Peng et al., 2004) whereas
atmospheric O, is more enriched in %0 with a #'80 value of
+23.5%0 (Kroopnick and Craig, 1972). After oxidation of SO, to
SOf{, the O isotopic composition of atmospheric SO, is stable (Holt
and Kumar, 1991; Jamieson and Wadleigh, 2000).

5180 values of SO4 have been used to distinguish between pri-
mary SO, that is directly formed in the emission stack at high tem-
peratures >450 °C, and secondary SO, that is formed by oxidation
of SO, in the atmosphere. Primary sulfates formed in the presence
of metal catalysts have been reported to have elevated 5%0-SO,
values of +35%. to +40%. (Holt et al., 1982) compared to §'30-S0,
values of secondary sulfates ranging from ~0%. to +20%. (Holt
and Kumar, 1991). More recently, Lee et al. (2002) investigated
the S and O isotopic compositions of primary sulfates formed dur-
ing high temperature combustion and observed low §'30-50, val-
ues between +5.5%0 and +10.5%., suggesting that different
oxidation mechanisms may lead to different §'80-S0, values in
the resulting SO4.

The objective of this study was (a) to determine whether SO4
derived from industrial S emissions is isotopically distinct from
atmospheric SO, deposition at distant forested plots in the AOSR.
If so, the goal was (b) to determine relative contributions of indus-
trial S to SO4 deposition in the AOSR by measurement of deposition
rates and isotopic composition (84S, §'80) of atmospheric SO, in
open field bulk deposition and throughfall.

2. Study area

The Athabasca oil sands region (AOSR) in northeastern Alberta
is Canada’s largest oil sand deposit (Fig. 1). Its bitumen constitutes
a major unconventional oil resource and there has been an expan-
sion of mining operations (open pit mining) and of in situ oil recov-
ery projects (e.g. steam-assisted gravity drainage) in the AOSR over
the last decade. Following the separation of the bitumen from sand
and fines, upgrading is necessary to convert bitumen to synthetic
crude oil. Both open pit mining operated by heavy haulers and
the bitumen upgrading facilities release S-bearing compounds into
the atmosphere. While there is no estimate on the contribution of
vehicle exhaust to S emissions in the AOSR, SO, stack emissions of
all oil sand operators in the AOSR were estimated at 100,908 t for
the year 2010 (NPRI, 2011). There has also been concern over H,S
emissions from tailing ponds due to S-reducing bacteria that con-
vert SO4-S to H,S. Sulfide emissions from tailing ponds were, how-
ever, suggested to be limited due to the high solubility and
oxidation of sulfide in surface waters (Ramos-Padrén et al., 2011).

The Athabasca oil sands operations are surrounded by a mixture
of peatlands and upland forests composed of jack pine, spruce and
aspen (Whitfield et al., 2009), and some of the forest soils are
known to be acid-sensitive (Whitfield et al., 2010).

Annual precipitation in Fort McMurray (airport station) is
455.5mm and the mean annual temperature is 0.7 °C (30-year
average (1971-2000), Environment Canada, 2011). Lowest average
monthly precipitation rates are reported for January (0.5 mm) and
highest average monthly precipitation rates occur in July
(81.3 mm). Monthly precipitation rates in 2007 were generally
lower than reported 30-year averages, whereas monthly precipita-
tion rates in 2008 indicated a wet summer with 156.5 mm of pre-
cipitation during August alone (Environment Canada, 2011). The
prevailing wind direction is dependent on season (Government of
Alberta, 2011) and it was suggested that terrain may affect wind
direction and hence plume distributions in the AOSR, even at sites
well above average ground level (Leahey and Hansen, 1982). How-
ever, Sandhu and Blower (1986) reported that the prevailing winds
at the surface and at 1100 m height in the AOSR are from the West
and NW. Acid-forming emissions from the AOSR may, therefore,
predominantly affect regions east and SE of the AOSR including
potentially some of the western portions of the neighboring prov-
ince of Saskatchewan.

3. Methods
3.1. Sample collection

Atmospheric S species enter the environment as dry deposition
or as wet deposition. Sixteen jack pine sites established by the Ter-
restrial Environmental Effects Monitoring (TEEM) group of the
Wood Buffalo Environmental Association (WBEA) were selected
based on a set of site selection criteria (AMEC, 2001) for monitoring
of acid inputs and effects. At a subset of these sites open field bulk
deposition (wet deposition + dry deposition) and throughfall depo-
sition (bulk deposition under tree canopy) was collected between
April 2007 and May 2009. One of the major stacks in the AOSR near
Fort McMurray (57.0479875°N, 111.615502°W) was used as a
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Fig. 1. The Athabasca oil sands region in northeastern Alberta, Canada, showing the sulfate deposition sampling sites (circles) and towns (black boxes). The gray shaded areas

are open pit mining sites as of 2008.

central marker point for the industrial emissions. Distances be-
tween the stack and the sampling sites vary between 3 and
113 km. However, this stack is not the only source of anthropo-
genic S emissions as there are several other stationary, mobile
and fugitive emission sources in the AOSR. Also the town of Fort
McMurray is rapidly developing and expanding, creating a nearby
urban emission source. Four of the sampling sites have existed
since April 2007 (JP102, JP212, JP213 and JP107), and twelve addi-
tional sites were established in May 2008 (AMS 1, AMS 5, AMS 9,
AMS 10, AMS 13, AMS 14, AMS 15, LYS, JP104, W1, Peat Pond,
R2) (Fig. 1). The sites AMS 5, AMS 9, AMS 10, AMS 15, LYS, W1
and Peat Pond are located on land leased by industry and will,
therefore, be referred to as industrial sites. AMS 1 (Fort MacKay)
and AMS 14 (Anzac) are located in small communities and will
be called community sites. The sites JP104, JP102, JP212, JP213,
JP107 and R2 are forest health plots at upland forest sites.

Sulfate in bulk deposition was sampled using an ion exchange
resin (PVC tubes containing ion exchange beads) method (Fenn
and Poth, 2004). At each of the 16 sites, four open field bulk depo-
sition samplers were installed in clearings in the boreal forest. In
addition, eight throughfall samplers were mounted on trees in
nearby jack pine forest stands (Fenn and Ross, 2010). Resins were
exposed for approximately half-year periods. The results from the
following four sampling periods are presented: April 2007 to Sep-
tember 2007 (“summer 2007”) and October 2007 to May 2008
(“winter 2007/2008”) for four different sites (JP107, JP102, JP212,
JP213), and May 2008 to October 2008 (“summer 2008”) and Octo-
ber 2008 to May 2009 (“winter 2008/2009”) for all 16 sites.

3.2. Concentration analyses and deposition rates

In the laboratory, the ion exchange resins were quantitatively
eluted with 1 N KI and SO~ concentrations and deposition rates
were determined at the USDA Forest Service Laboratory in River-
side (California, USA). Sub-samples of the eluted solutions were
subsequently shipped to the University of Calgary (Alberta, Can-
ada) for isotopic analyses of SO, (5°%S-SO, (n=294) and §'%0-
SO4, (n=328)). Samples with concentrations which were too low
or contamination problems, e.g. due to bird droppings, were ex-
cluded from isotopic analyses.

3.3. Isotope analyses

Sulfur and O isotope ratios (6>S, 5'80) of SO, were determined
on BaSO, precipitated from the samples. Barium chloride solution
(10%) was added in excess and the resulting BaSO, precipitate was
filtered, rinsed with deionized water, and dried. For the determina-
tion of 5>S values, approximately 250 pg of BaSO, precipitate were
weighed into tin cups. Niobium pentoxide was added to enhance
the thermal decomposition of the samples that were analyzed
using SO, gas via continuous flow-isotope ratio mass spectrometry
(EA-CF-IRMS), using a Carlo Erba NA 1500 elemental analyzer (EA)
interfaced to a VG PRISM II mass spectrometer (Giesemann et al.,
1994). 6'80 values of SO4 were determined on CO generated by
pyrolysis of BaSO,4 in the presence of graphite at a temperature
of 1450 °C (Kornexl et al., 1999). Isotope ratios are reported in
the internationally accepted & notation (534S, §'0) defined as



2428
industrial |7 forest health plots ____|
5 37| !
H I open field bulk
i
— H [ throughfall
. 201 i mn i R
— 1
> 1
— |
‘T 15 ’ 1
i |
o |
- '
= |
«» 101 :
| 1
<t i
@] f
0 54 |
f
i
d
D e
E E E E E E E E E E E E E E E E
x = x 3 = X R x £ 3 2 =3 - - L R4
™ © O N N~ O M O T M T O O T O
= = = - = &8 N - - M - - = - O
P B voowo Fdangxanr =
E =] = - - - 8 @ = ¥ © © o @
o [2 ) ¥ N oo = = 5 <
= = =2 2 92 9 9 5 o ooooo o
© L2 © = = = &8 < S S S S o
o < < < = =
o g T
o
w o
= =
- £
[)]
=
<

Fig. 2. Yearly deposition rates (May 2008 to May 2009) for SO4-S in open field bulk
deposition and throughfall.

(5sample (%0) = [(Rsample/Rstandard) - 1] * 1000 (7)

where R is the 345/32S or '80/'®0 ratio of the sample and a standard
respectively. 6'80 values are reported relative to Vienna Standard
Mean Ocean Water (VSMOW) and 534S relative to Vienna Canyon
Diablo Troilite (V-CDT). For 6>S and §'%0 analyses the reference
materials NBS 127 (634S=+21.1%0, 6'80 = +8.7 £ 0.2%.), IAEA S05
(5°4S=+0.49+0.11%., 5'%0=+12.0+0.2%) and IAEA S06
(5%4S = —34.05 + 0.08%0, 6'80=—11.2 £0.2%) were used resulting
in precisions of +0.3%. and +0.5% for 6>%S and §'80 values of SOy,
respectively (Coplen et al., 2002).

Average 6>4S and §'80 values of atmospheric SO, from bulk
deposition and throughfall samplers were determined by calculat-
ing deposition-weighted means (x) per site and sampling period
according to:

S Wiki
== 8
YW ®)

X =

where w; is the deposition rate and x; the isotope ratio of the
sample i.
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4. Results
4.1. Sulfate deposition rates

Annual deposition rates for the sixteen sampling sites moni-
tored from May 2008 to May 2009 were calculated by adding the
summer 2008 to the winter 2008/2009 deposition rates (Fig. 2).
The annual SO4-S deposition rates varied between 1.4 and
11.7 kg SO4-Sha~' yr~! for bulk deposition, and between 3.2 and
39.2 kg SO4-S ha~! yr~! for throughfall deposition. The SO4-S depo-
sition rates were lowest at forest health plots farthest distant from
the oil sands operations. The two most distant forest plots JP107
and JP213 located 94 km north and 113 km east of the industrial
operations, respectively, had annual SO, deposition rates in bulk
deposition of ~1.4 kg SO4-Sha~'yr~! and ~3.3 kg SO4-Sha ' yr!
in throughfall. Annual SO, deposition rates in bulk deposition ex-
ceeded 5 kg SO4-S ha~! yr~! only at industrial sites (LYS, W1, Peat
Pond, AMS 5, AMS 9, AMS 10, see Fig. 1). However, annual through-
fall SO, deposition rates were as high as 39.2 kg SO4-S ha~! yr~! for
site AMS 5 and were higher than 7.4 kg SO4-S ha~! yr~! for all sites
except the two most distant forest plots (JP107 and JP213). The
industrial site AMS 5 (Fig. 1), also had the highest annual bulk
deposition rate (11.7 kg SO4-S ha~! yr~!, Fig. 2). Annual throughfall
SO, deposition rates exceeded the corresponding bulk deposition
rates at all sites. Annual throughfall deposition rates were about
twice as high as the corresponding bulk deposition rates at distant
forested plots (>90 km), and about three times as high at sites lo-
cated at a distance of <90 km from the industrial operations.

Sulfate deposition rates were influenced by the amount of pre-
cipitation during the sampling period and varied considerably be-
tween the sampling periods. Fig. 3 shows the variability of SO,
deposition rates with sampling period for the four sampling sites
that were monitored since April 2007 (JP212, JP102, JP107 and
JP213). Summer bulk and throughfall SO, deposition rates were
typically higher compared to winter deposition rates. The highest
bulk and throughfall SO, deposition rates for all four sites were ob-
served during summer 2008. Summer 2008 was extremely wet
with more than 150 mm of precipitation during the month of Au-
gust, twice as high as in August 2007.

4.2. Sulfur isotope ratios of atmospheric sulfate

Site averaged, SO4-S deposition weighted S isotope ratios of SO4
in bulk deposition and throughfall are shown in Fig. 4a with re-
spect to distance from the industrial operations. Average 534S val-
ues of SO4 in bulk deposition varied between —3.9%0 and +5.9%o.
Average 534S values of SO, in throughfall were higher, ranging from
+3.6%o to +7.1%0. Average 5>S values <2%o were only observed in
open field samplers at industrial sites W1, Peat Pond, and AMS 5,
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Fig. 3. SO4-S deposition rates for bulk deposition (left) and throughfall (right) for the four sampling periods. Deposition rates were highest during summer 2008 when highest

precipitation amounts were observed.
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during the summer, except for the site W1 which also had a §3%S
value <2%. in the winter. All three sites are in close proximity to
tailing ponds. Aside from those sites, there is no trend of 5*4S with
distance, regardless of the season. However, Fig. 4a shows that
sites closer (<29 km) to the oil sands operations have a wider range
of 6345 values (—3.9%. to 5.5%o during summer and 1.4-7.1%. dur-
ing winter). In contrast, sites at >74 km distance have a rather con-
stant 64S value of 4.1%. for SO4 deposition during summer and
5.2%o during winter. On average, winter bulk and throughfall 534S
values of SO4 were around 1.5%. higher than those of summer bulk
deposition and throughfall.

4.3. Oxygen isotope ratios of atmospheric sulfate

Fig. 4b shows SO4-S deposition weighted site averages of the O
isotope ratios of atmospheric SO4 deposition in the AOSR with dis-
tance from the industrial operations. Average 5'80-SO,4 values in
bulk deposition varied between 3.2%. and +19.7%.. Average §'%0-
SO4 values in throughfall were lower, ranging between —2.4%o
and +11.9%.. Summer §'80-SO, values ranged from —1.9%. to
19.7%. and were higher than winter 5'80-S0, values, ranging from
—2.4%0 to 12.1%o.

5. Discussion
5.1. Sulfate deposition rates
Sulfate deposition rates at the two most distant forest plots (94

and 113 km) were lower compared to sites at <74 km distance to
the industrial operations. Annual bulk deposition rates at the two

distant sites were ~1.4 kg SO,4-S ha~' yr!, and annual throughfall
deposition rates were ~3.3kg SO4-Sha~!yr~!. These observed
bulk deposition rates are similar to those reported by Wieder
et al. (2010) who found that SO4 deposition rates in the AOSR were
on average 1.14 + 0.06 kg SO4-S ha~' yr~! between 2005 and 2008.
The deposition sampling sites of their study were ~26-150 km dis-
tant from the oil sand operations. In the present study, elevated
bulk SO4-S deposition rates were found within 27 km distance,
and elevated throughfall SO4-S deposition rates within 74 km from
the industrial operations, particularly at industrial sites (Fig. 2). For
these sites, annual bulk deposition rates ranged from 2.6 to 11.7 kg
SO4-Sha'yr~!, and annual throughfall deposition rates varied
from 7.4 to 39.2 kg SO4-Sha~!yr~! (Fig. 2). The SO, deposition
rates at the two most distant sites in the AOSR are relatively low
compared to SO, deposition rates reported for other regions espe-
cially in northeastern parts of the USA or in Central Europe (Novak
et al., 2001, 2007; Likens et al., 2002). However, SO, deposition
rates at some industrial sites in the oil sand operations exceed re-
cent SO, deposition rates reported for North America and Europe
that are generally decreasing as a result of SO, emission reductions
(Lynch et al., 2000; Novak et al., 2001; Van Der Swaluw et al.,
2011).

To reduce industrial SO, emissions in the AOSR, flue gas desul-
furization systems (FGD) are employed by some operators. In one
of these systems, flue gas exiting the bitumen upgraders enters a
spray tower where it is contacted with a dilute slurry of (NH4),SO4
and ammonia NHs. In the spray tower, the injected NHs reacts with
SO, from the flue gas to form (NH4),SO4 particles. Sulfate in PM; 5
emitted from a FGD stack in the AOSR is in the form of (NH,4),SO4
(Proemse et al., 2012). For any (NH,4),SO, particles, either directly
emitted or formed in the atmosphere, a molar ratio of 1.14 is
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expected for [SO4-S]/[NH4-N] indicating whether (NH4),SO,4 parti-
cles are dominant in atmospheric deposition. Calculating these ra-
tios from SO, and NH, deposition data (Proemse and Mayer, in
press) in the AOSR showed that SO, deposition generally exceeds
NH, deposition (Fig. 5). This indicates that an additional S source
adds to SO4 depositing in the AOSR (Fig. 5). Sulfur dioxide emitted
from stacks with or without FGD systems and subsequent oxida-
tion to SO2 is likely responsible for most of the elevated SO, depo-
sition in close proximity to the oil sand operations. Dry deposition
is the primary driver of atmospheric S deposition in the AOSR indi-
cated by throughfall deposition rates exceeding bulk deposition
rates at all sites. Higher throughfall SO4-S deposition rates during
the wetter summer periods compared to winter are due to greater
wash off of the accumulated dry deposition from the tree canopies.

5.2. Sulfur isotopic composition of atmospheric sulfate deposition

Deposition-weighted and site-averaged 6*4S values in atmo-
spheric SO, in bulk deposition and throughfall varied between
—3.9%0 and +7.1%o. Fig. 6a shows the individual 5>*S values plotted
versus SO, deposition rates. 534S values of atmospheric SO4 sam-
ples were relatively constant at high SO4-S deposition rates
(>10 kg ha™!). The average 54S value for samples with deposition
rates > 10 kg ha~! (only throughfall samples) is 5.0 + 0.6%. during
summer (n=25) and 6.2 + 0.5%0 during winter (n=>5). Proemse
et al. (2012) reported isotopic compositions of different S-contain-
ing materials in the AOSR that are potential sources of S for indus-
trial SO, emissions. Total S in bitumen and untreated oil sand
material had 6>4S values of 4.3 £ 0.3% and 6.5 % 0.4%., respectively.
Elemental S from a S storage block and total S in coke are both
upgrading by-products and had S values of 5.3 £0.5% and
3.9 £ 0.2%0, respectively. Different potential source materials for
industrial S emissions are, therefore, not isotopically distinct, and
have 534S values in a similar range as atmospheric SO, samples
with high SO, deposition rates.

Plotting the 6>*S values of atmospheric SO, deposition in the
AOSR versus the inverse SO, deposition rates (1/(SO4-S)) may help
to reveal the sources of atmospheric SO4 (Krouse, 1980). The high-
est 5345-S0, values associated with low inverse deposition ratios
(=high SO,4 deposition rate) are 5.9%. during summer 2008 and
8.2%0 during winter 2008/09 (Fig. 7a). Proemse et al. (2012) re-
ported elevated 4>4S-SO,4 values of industrial emitted SO, found
in PM,s in two stacks at a large upgrader site in the AOSR of

7.3 £0.3%0 (stack A) and 9.4 + 2.0%0 (stack B). This indicates that
industrial PM, s emissions from these stacks may contribute to
the observed elevated §3%S-SO, values. However, further isotopic
characterization of other mobile and stationary S emission sources
in the AOSR is necessary to evaluate whether other particle and gas
emissions are also associated with slightly elevated 5>4S-SO, val-
ues. The lowest §>%S-50, values associated with low inverse depo-
sition ratios (=high SO, deposition rate) were —4.0%0 during
summer and 0.9%. during winter indicating an additional SO4
source depleted in 3S. Particularly summer §3#5-S0, values at
the industrial sites W1 (site average —3.9%0) and Peat Pond (site
average +0.3%0) show evidence for a contribution of SO4 from a
345 depleted source. Both sites are in close proximity to tailing
ponds, suggesting H,S emissions from the ponds with low §34S val-
ues are a local source of atmospheric S especially during summer.
The production of H,S via SO4-reducing bacteria in 50421’ rich tailing
ponds water associated with oil extraction processes has been re-
ported recently (Ramos-Padrén et al., 2011). A prevalence of fer-
menters and SO4-reducing bacteria was recently found in a
settling basin in the AOSR (Penner and Foght, 2010), and bacterial
SO, reduction is also known to take place in one of the tailing
ponds (Ramos-Padrén et al., 2011). Bacterial SO4 reduction is asso-
ciated with large S isotope fractionation, resulting in 34S depleted
H,S (Canfield, 2001). The S isotopic composition is not expected
to change markedly during oxidation of H,S to SO, and SO2~ (New-
man et al., 1991; Sanusi et al., 2006). The low 534S values observed
for atmospheric SO4 collected at sites close to the tailing ponds
suggest that H,S was oxidized to SOf{ that subsequently contrib-
uted to local SO4 deposition. It has been suggested that sulfide pro-
duced via bacterial SO4 reduction mostly remains in the ponds due
to mineral precipitation and oxidation at the pond surface,
although migration of H,S formed in deeper pond layers to upper
pond layers was deemed possible (Ramos-Padrén et al.,, 2011).
The present data suggest that some reduced S gases are released
from the tailing ponds into the atmosphere but that they are rap-
idly re-deposited on industrial sites after oxidation to SO4. As a re-
sult of the relatively short residence time of H,S in the atmosphere
of only 1day (Brimblecombe et al., 1989) §3*S values of atmo-
spheric SO, deposition collected at more distant (>12 km) indus-
trial and community sites and forested plots do not show
evidence of 34S depleted SO, (Fig. 4a and b).

It is evident that 5>*S values of samples associated with low
deposition rates (high 1/(SO4-S) values) were quite constant
(Fig. 7a and b). Samples with SO4-S deposition rates <1.4 kg SOy4-
S ha~! (corresponding to 1/(S04-S) of ~0.75) had an average 534S
value of 4.3 £ 0.3%. during summer and 5.4 + 0.7%. during winter
(Fig. 7a and b), indicating that the §>4S value of long-range atmo-
spheric SO4 bulk deposition and throughfall is ~5%.. A similar
534S value of ~4%. has been reported for long-range atmospheric
SO, in eastern Canada (Jamieson and Wadleigh, 2000). In the AOSR,
534S values for atmospheric SO,4 at deposition rates <1.4 kg SO4-S
ha~! (~5%o) are identical to average 534S values at high deposition
rates >10kg SO4-Sha™! (~5%c). The S isotopic composition of
atmospheric SO, deposition in the AOSR can, therefore, not be used
to distinguish industrial derived SO, from long-range background
SO, deposition.

5.3. Oxygen isotopic composition of atmospheric sulfate

The highest deposition-weighted and site-averaged 6'%0 value
of SO, in atmospheric bulk deposition of 19.7%o (Fig. 4b) was ob-
served during summer 2007 at the most distant site JP213
(113 km). High 6'®0-S0, values (>10%0) are associated with low
SO4-S deposition rates (Fig. 6b). Jamieson and Wadleigh (2000) re-
ported similar elevated 5'%0-SO,4 values of +15%. for long-range
transported SO, in eastern Canada. With increasing SO4-S
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deposition rates, there is a trend towards lower §'80-S0, values
for both summer and winter periods (Fig. 6b). Fig. 7b shows the
5'80-S0,4 values versus the inverse atmospheric SO, deposition
rates for summer and winter sampling periods. The majority of
the §'80-S0, values plot on a mixing line constrained by two end
members representative for different SO, sources: atmospheric
SO, at low deposition rates (corresponding to 1/(SO4-S) of >0.75,
Fig. 7a and b) associated with high §'80-SO, values and industrial
derived SO, with 5'80-5S0, values near 0%. associated with high
deposition rates (low 1/(S04-S), Fig. 7b). Atmospheric SO, in open
field bulk and throughfall samples at low deposition rates had
average 6'®0 values of 129%1.9% during summer and
6.4 £ 3.3%0 during winter. Fig. 7b also indicates a trend to even
higher 5'80-50, values at low deposition rates (r* = 0.55 in sum-
mer, 12 = 0.43 in winter). Since water and water vapor §'20 values
vary with season (e.g. Peng et al., 2004), 5'80 values of atmospheric
SO, tend to be lower in winter compared to summer (Jamieson and
Wadleigh, 1999; Novak et al., 2001).

Sulfate in PM, 5 emitted from two stacks at a large upgrader
facility in the AOSR had 6'®0 values as high as 18.9 £ 2.9%0
(Proemse et al., 2012). However, Fig. 5 indicates that particulate
(NH4)»S04 emitted from stacks is not the main source of atmo-
spheric SO, deposition in the AOSR. In fact, atmospheric SO, at
high deposition rates is associated with low 6'80-SO4 values
(Fig. 7b). Both trendlines in Fig. 7b intersect the y-axis at a 6'%0
value of ~0.6%., which is indicative of SO4 derived from industrial
SO, emissions.

During bitumen extraction, significant amounts of hot water are
used for bitumen processing (Masliyah et al., 2004). The processing
water is partially withdrawn from the Athabasca River which has
5180 values around —18%o (Gue et al., 2011). Rainwater in Alberta

is also depleted in '80 with average 6'%0-H,O values around
—18%o (Peng et al., 2004). The observed low 6'®0 values in atmo-
spheric SO4 at high deposition rates are likely caused by the oxida-
tion of SO, to SO~ via water (droplets) and water vapor as shown
in equations 4-6. This appears to be the dominant oxidation path-
way for industrially emitted SO, in close proximity to the oil sand
operations resulting in characteristically low 5'%0 values for the
generated SOf{ of industrial origin.

5.4. Quantification of industrial contributions to atmospheric sulfate
deposition

Atmospheric SO,4 at high deposition rates had markedly lower
5180 values compared to atmospheric SO, associated with deposi-
tion rates that were lower than 1.4 kg SO4-S ha~'. If the O isotopic
composition of industrially derived SO, (stationary or mobile
sources) and atmospheric background SO, deposition are known
and different, a two-end-member mixing analysis can be applied
to determine industrial contributions to atmospheric SO, deposi-
tion at various sites in the AOSR. The fraction f of industrial derived
SO, contributing to the total atmospheric SO, deposition can be re-
solved by applying a two-end-member mixing model:

380y = f5'80wp + (1 — £)8"®Opcro 9)

yielding
f= (5180M - (518036RD)/(51801ND - 518030RD)(0 <f<1 (10)

where 580y, is the O isotope ratio of SO4 of the mixture (site aver-
aged deposition weighted values), §'®0;yp and 6'80gcgp the O iso-
tope ratios of the SO, derived from industrial SO, emissions and
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of the background atmospheric SOy, respectively. Industrial derived
SO, is characterized by a 6'80 value of ~0.6% (y-intercept in
Fig. 7b). Background atmospheric SO4 at low deposition rates of
<1.4kg S ha ! (Fig. 7a) had an average 5'%0 value of 12.9 + 1.9%0
during summer 2008. However, there was a trend towards higher
5180-50, values with lower SO, deposition rates (Fig. 7b), indicating
that background SO4 not derived from local industrial activities may
have higher 6'0 values than the chosen average value of
12.9 + 1.9%.. Using the average 5'20 value for background SO,4 depo-
sition rates according to Fig. 7a, therefore, results in an underesti-
mation of industrial SO4 contributions to atmospheric deposition.
Because most of the annual SO, deposition between May 2008
and May 2009 occurred during the summer sampling period, calcu-
lations were only conducted for summer 2008. Industrial contribu-
tions to SO4 bulk deposition in summer 2008 ranged from 0% to
59%. Fig. 8a shows the spatial distribution of these results for bulk
SO, deposition during summer 2008. The map reveals that bulk
deposition at industrial sites (W1 (59%), AMS5 (51%), Peat Pond
(39%),LYS (36%), AMS 9 (41%) and AMS 10 (41%)) is affected by min-
imum industrial SO4 contributions between 25% and 59%. The over-
all error for these lower-bound estimates is approximately +20%
based on calculations applying the highest deposition weighted site
averaged §'80 value of summer 2008 (14.4%0) for '80gcrp instead
of the average #'30 value of background SO, deposition samples.
Lower-bound estimates of industrial contributions to bulk SO4
deposition at the community sites AMS 1 and AMS 14 were esti-
mated to be 20% and 7%, respectively. Forest health plots appeared
to receive less than 25% of their bulk SO, deposition from industri-
ally derived SO4 (JP212 (25%), JP104 (10%), JP102 (11%), JP107 (12%),
JP213 (0%)).

Dry deposition is a major contributor to atmospheric S deposi-
tion in the AOSR resulting in elevated throughfall SO, deposition.
Therefore, calculations estimating industrial contributions to
throughfall SO4 deposition were also conducted for summer 2008
using the same 680 value (12.9 + 1.9%0) for background SO, depo-
sition. Industrial contributions to SO4 deposition in throughfall in
the AOSR ranged from 49% to 100% (Fig. 8b) and were higher than
industrial contributions to open field bulk SO, deposition (Fig. 8a).
Highest industrial SO4 contributions were calculated for through-
fall at industrial sites (LYS (100%), AMS 9 (100%), AMS 10 (100%),
AMS 15 (90%), AMS 5 (80%)) and the community site AMS 14
(100%). Industrial contributions to throughfall SO, at AMS 13 were
estimated at 79%, and throughfall in forest health plots received
between 49% and 91% SO, of industrial origin (R2 (91%), JP104
(76%), JP102 (82%), JP107 (58%), JP212 (86%), JP213 (49%)). These
results emphasize the importance of dry deposition as a major con-
tributor to S deposition in the AOSR and suggest that the majority
of throughfall SO4 deposited within 74 km of the operation is of
industrial origin.

6. Conclusions

Atmospheric throughfall SO, deposition rates in the AOSR are
low at forested plots farthest distant from the oil sand operations
(94 and 113 km, ~3.3 kg SO4-Sha~'yr~!) compared to industrial
sites close to the operations. Annual bulk deposition rates of SO4 at
the same distant forested sites were around 1.4 kg SO4-S ha~'yr—'.
Both bulk and throughfall SO4 deposition rates were elevated within
~29km distance to the industrial operations, particularly at
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industrial sites. More sampling sites between 29 and 74 km from the
industrial operations are, however, required in future studies to
more conclusively locate the boundary separating areas with
elevated SO, deposition rates from those primarily only receiving
long-range SO, deposition. Highest SO, deposition rates were
observed at industrial sites. Throughfall deposition rates exceeded
bulk deposition rates at all sites, indicating that dry deposition scav-
enged by the tree canopy is a dominant contributor to atmospheric S
deposition. Sulfur isotope ratio measurements of atmospheric SO4
deposited in the AOSR revealed that 6>4S values of SO, in long-range
deposition was not markedly different from §*S values at high
deposition rates in close proximity to the industrial emissions.
534S values, therefore, cannot be used to distinguish between SO,4
from long-range transport and local industrial S emissions.
However, 534S values revealed that SO, derived from H,S emissions
from tailing ponds depleted in 3*S contributes to local atmospheric
SO, deposition especially at the industrial sites W1 and Peat Pond.

5180 values of atmospheric SO, in bulk and throughfall deposi-
tion in the AOSR showed a distinct trend with deposition rates.
5180 values of SO, at high deposition rates were more than 10%.
different from background SO, 6'80 values, providing an excellent
tracer of industrial derived SO4. Two end-member mixing calcula-
tions revealed that open field bulk SO4 deposition at sites in close
proximity (<27 km) to the industrial operations, particularly at
industrial sites, is significantly affected by S of industrial origin.
Lower-bound estimates of industrial S contributions to bulk depo-
sition ranged from 0% to 59%. Dry deposition is a major contributor
to atmospheric S deposition in the AOSR and industrial sources
contributed between 49% and 100% to SO, deposition in through-
fall at the investigated sites.

Acknowledgements

This study was funded by the Wood Buffalo Environmental
Association (WBEA), the Natural Sciences and Engineering

Research Council of Canada (NSERC CRDP] 372151-08), and the
Canada School for Energy and the Environment (CSEE). We thank
the staff of WBEA for their assistance in project coordination and
for obtaining samples, in particular Veronica Chisholm and Kevin
Percy. We thank Stephen Taylor and the staff from the Isotope Sci-
ence Laboratory at University of Calgary for their help with 534S
and 5'0 analyses, and Christopher Ross from the USDA Forest Ser-
vice for his support and chemical analyses of the IER extracts.

References

AMEG, 2001. Jack Pine Acid Deposition Monitoring Network site Selection 2000 (No.
CE02078). Wood Buffalo Environmental Association.

Bertram, H., Das, N., Lau, Y., 1986. Precipitation chemistry measurement in Alberta.
Water Air Soil Pollut. 30, 231-237.

Brimblecombe, P., Hammer, C., Rodhe, H., Ryaboshapko, A., Boutron, C., 1989.
Human influence on the sulphur cycle. In: Brimblecombe, P., Lein, A. (Eds.),
Evolution of the Global Biogeochemical Sulphur Cycle. John Wiley & Sons Ltd.,
pp. 77-121.

Canfield, D., 2001. Isotope fractionation by natural populations of sulfate-reducing
bacteria. Geochim. Cosmochim. Acta 65, 1117-1124.

Coplen, T.B., Hopple, J.A., Bohlke, J.K.,, Peiser, H.S., Rieder, S.E., Krouse, H.R., Rosman,
KJ.R., Ding, T., Vocke, R.D., Revesz, K.M., Lamberty, A., Taylor, P., De Bievre, P.,
2002. Compilation of Minimum and Maximum Isotope Ratios of Selected
Elements in Naturally Occurring Terrestrial Materials and Reagents. U.S. Geol.
Surv. Water-Resour. Invest. Report 01-4222.

Doney, S., Mahowald, N., Lima, I, Feely, R., Mackenzie, F., Lamarque, ]., Rasch, P.,
2007. Impact of anthropogenic atmospheric nitrogen and sulfur deposition on
ocean acidification and the inorganic carbon system. Proc. Natl. Acad. Sci. USA
104, 14580-14585.

Environment Canada, 2011. National Climate Data and Information Archive.
<http://www.climate.weatheroffice.gc.ca/climate_normals/results_e.html?
stnIlD=2519&autofwd=1> (accessed May 2011).

Fenn, M., Poth, M., 2004. Monitoring nitrogen deposition in throughfall using ion
exchange resin columns: a field test in the San Bernardino Mountains. ]J.
Environ. Qual. 33, 2007-2014.

Fenn, M., Ross, C., 2010. Sulfur and nitrogen deposition in the athabasca oil sands
region. Extended abstract 2010-A-664-AWMA. In: Proc. Air and Waste
Management Association 103rd Ann. Conf. Exhibition, Calgary, Canada, June
22-25, 2010.

Giesemann, A., Jaeger, H.J., Norman, A.-L., Krouse, H.R,, Brand, W.A., 1994. Online
sulfur-isotope determination using an elemental analyzer coupled to a mass
spectrometer. Anal. Chem. 66, 2816-2819.


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

2434 B.C. Proemse et al./Applied Geochemistry 27 (2012) 2425-2434

Gue, A., Mayer, B., Grasby, S., 2011. Origins of brackish spring waters discharging
into the Clearwater River, NE Alberta. In: Presented at the 2011 Canadian
Society of Petroleum Geologists Convention, pp. 1-3.

Holt, B., Kumar, R, 1991. Oxygen isotope fractionation for understanding the
sulphur cycle. In: Krouse, H., Grinenko, V. (Eds.), Stable Isotopes: Natural and
Anthropogenic Sulphur in the Environment. John Wiley & Sons, pp. 27-41
(Chapter 2).

Holt, B., Kumar, R., Cunningham, P., 1981. Oxygen-18 study of the aqueous-phase
oxidation of sulfur dioxide. Atmos. Environ. 15, 557-566.

Holt, B., Kumar, R., Cunningham, P., 1982. Primary sulfates in atmospheric sulfates:
estimation by oxygen isotope ratio measurements. Science 217, 51-53.

Holt, B., Cunningham, P., Engelkemeir, A., Graczyk, D., Kumar, R., 1983. Oxygen-18
study of nonaqueous-phase oxidation of sulfur dioxide. Atmos. Environ. 17,
625-632.

Jamieson, R., Wadleigh, M., 1999. A study of the oxygen isotopic composition of
precipitation sulfate in eastern Newfoundland. Water Air Soil Pollut. 110, 405-
420.

Jamieson, R., Wadleigh, M., 2000. Tracing sources of precipitation sulfate in eastern
Canada using stable isotopes and trace metals. ]. Geophys. Res. 105, 20,549-
20,556.

Klemm, R., 1977. Sulfur in Precipitation - Contribution to an Alberta Sulfur
Inventory. Report Submitted to Alberta Environment by The Alberta Research
Council, Edmonton, pp. 1-138.

Kornexl, B.E., Gehre, M., Héfling, R., Werner, R.A., 1999. On-line 6'®0 measurement
of organic and inorganic substances. Rapid Commun. Mass Spectrom. 13, 1685-
1693.

Kroopnick, P., Craig, H., 1972. Atmospheric oxygen: isotopic composition and
solubility fractionation. Science 175, 54-55.

Krouse, H.R., 1977. Sulphur isotope abundance elucidate uptake of atmospheric
sulphur emissions by vegetation. Nature 265, 45-46.

Krouse, H.R., 1980. Sulphur isotopes in our environment. In: Fritz, P., Fontes, J.
(Eds.), Handbook of Environmental Isotope Geochemistry. Elsevier, pp. 435-
471.

Leahey, D.M., Hansen, M.C., 1982. Influences of terrain on plume level winds in the
Athabasca oil sands area. Atmos. Environ. 16, 2849-2854.

Lee, C.C.-W., Savarino, ]., Cachier, H., Thiemens, M., 2002. Sulfur (325, 33s, 345, 365)
and oxygen ('0, 70, '®0) isotopic ratios of primary sulfate produced from
combustion processes. Tellus 54B, 193-200.

Likens, G., Driscoll, C., Buso, D., Mitchell, M., Lovett, G., Bailey, S., Siccama, T.,
Reiners, W., Alewell, C., 2002. The biogeochemistry of sulfur at Hubbard Brook.
Biogeochemistry 60, 235-316.

Lynch, J., Bowersox, V., Grimm, J., 2000. Changes in sulfate deposition in eastern USA
following implementation of Phase 1 of Title IV of the Clean Air Act
Amendments of 1990. Atmos. Environ. 34, 1665-1680.

Masliyah, J., Zhou, ZJ., Xu, Z., Czarnecki, J., Hamza, H., 2004. Understanding water-
based bitumen extraction from Athabasca oil sands. Can. J. Chem. Eng. 82, 628-
654.

Miles, G., Mitchell, M., Mayer, B., Likens, G., Welker, ]., 2012. Long-term analysis of
Hubbard Brook stable oxygen isotope ratios of streamwater and precipitation
sulfate. Biogeochemistry. http://dx.doi.org/10.1007/s10533-011-9670-3.

Mitchell, M., Lovett, G., Bailey, S., Beall, F., Burns, D., Buso, D., Clair, T., Courchesne, F.,
Duchesne, L., Eimers, C., Fernandez, 1., Houle, D., Jeffries, D., Likens, G., Moran,
M., Rogers, C., Schwede, D., Shanley, J., Weathers, K., Vet, R., 2011. Comparison
of watershed sulfur budgets in southeast Canada and northeast US: new
approaches and implications. Biogeochemistry 103, 181-207.

Nakai, N., Jensen, M., 1967. Sources of atmospheric sulfur compounds. Geochem. J.
1, 199-210.

Newman, L., Krouse, H., Grinenko, V., 1991. Sulphur isotope variations in the
atmosphere. In: Krouse, H., Grinenko, V. (Eds.), Stable Isotopes: Natural and
Anthropogenic Sulphur in the Environment. John Wiley & Sons Ltd., pp. 133-
176 (Chapter 5).

Norman, A.-L., Belzer, W., Barrie, L., 2004. Insights into the biogenic contribution to
total sulphate in aerosol and precipitation in the Fraser Valley afforded by
isotopes of sulphur and oxygen. ]. Geophys. Res. 109, D05311.

Norman, A.-L., Anlauf, K., Hayden, K., Thompson, B., Brook, J.R., Li, S.-M., Bottenheim,
J., 2006. Aerosol sulphate and its oxidation on the Pacific NW coast: S and O
isotopes in PM2.5. Atmos. Environ. 40, 2676-2689.

Novak, M., Jackov4, 1., Pfechova, E., 2001. Temporal trends in the isotope signature of
air-borne sulfur in Central Europe. Environ. Sci. Technol. 35, 255-260.

Novak, M., Mitchell, M., Jackova, 1., Buzek, F., Schweigstillova, ]., Erbanova, L., Prikryl,
R., Fottova, D., 2007. Processes affecting oxygen isotope ratios of atmospheric
and ecosystem sulfate in two contrasting forest catchments in Central Europe.
Environ. Sci. Technol. 41, 703-709.

NPRI, 2011. National Pollutant Release Inventory Online Data Search, Environment
Canada. <http://www.ec.gc.ca/pdb/websol/querysite/query_e.cfm> (accessed
December 2011).

Nriagu, J., Holdway, D., Coker, R., 1987. Biogenic sulfur and the acidity of rainfall in
remote areas of Canada. Science 237, 1189-1192.

Peng, H., Mayer, B., Harris, S., Roy Krouse, H., 2004. A 10 kyr record of stable isotope
ratios of hydrogen and oxygen in precipitation at Calgary, Alberta, Canada.
Tellus B 56, 147-159.

Penner, T.J., Foght, ].M., 2010. Mature fine tailings from oil sands processing harbour
diverse methanogenic communities. Can. J. Microbiol. 56, 459-470.

Posch, M., Forsius, M., Johansson, M., Vuorenmaa, J., Kimadri, J., 2003. Modelling the
recovery of acid-sensitive Finnish headwater lakes under present emission
reduction agreements. Hydrol. Earth Syst. Sci. 7, 484-493.

Proemse, B.C., Mayer, B., in press. Tracing industrial nitrogen and sulfur emissions in
the Athabasca oil sands region using stable isotopes. In: Percy, K.E. (Ed.), Alberta
Oil Sands: Energy, Industry and the Environment. Elsevier Science, Oxford, UK.
http://dx.doi.org/10.1016/B978-0-08-097760-7.00011-1.

Proemse, B.C., Mayer, B., Chow, ].C., Watson, ].G., 2012. Isotopic characterization of
nitrate, ammonium and sulfate in stack PM2.5 emissions in the Athabasca oil
sands region, Alberta, Canada. Atmos. Environ. http://dx.doi.org/10.1016/
j.atmosenv.2012.06.046.

Puig, R,, Avila, A, Soler, A., 2008. Sulphur isotopes as tracers of the influence of a
coal-fired power plant on a Scots pine forest in Catalonia (NE Spain). Atmos.
Environ. 42, 733-745.

Ramos-Padrén, E., Bordenave, S., Lin, S., Bhaskar, LM., Dong, X., Sensen, C.W.,
Fournier, J., Voordouw, G., Gieg, LM., 2011. Carbon and sulfur cycling by
microbial communities in a gypsum-treated oil sands tailings pond. Environ.
Sci. Technol. 45, 439-446.

Sandhu, H., Blower, L., 1986. Acid-forming emissions in Alberta, Canada. Environ.
Manage. 10, 689-695.

Sanusi, A.A., Norman, A.-L., Burridge, C., Wadleigh, M., Tang, W.-W., 2006.
Determination of the S isotope composition of methanesulfonic acid. Anal.
Chem. 78, 4964-4968.

Savarino, J., Lee, C.C.-W., Thiemens, M., 2000. Laboratory oxygen isotopic study of
sulfur (IV) oxidation: origin of the mass-independent oxygen isotopic anomaly
in atmospheric sulfates and sulfate mineral deposits on Earth. ]. Geophys. Res.
105, 29,079-29,088.

Schoépp, W., Posch, M., Mylona, S., Johansson, M., 2003. Long-term development of
acid deposition (1880-2030) in sensitive freshwater regions in Europe. Hydrol.
Earth Syst. Sci. 7, 436-446.

Shewchuk, S., 1982. An acid deposition perspective for northeastern Alberta and
northern Saskatchewan. Water Air Soil Pollut. 18, 413-419.

Van Der Swaluw, E., Asman, W., Van Jaarsveld, H., Hoogerbrugge, R., 2011. Wet
deposition of ammonium, nitrate and sulfate in the Netherlands over the period
1992-2008. Atmos. Environ. 45, 3819-3826.

Wadleigh, M., Blake, D., 1999. Tracing sources of atmospheric sulphur using
epiphytic lichens. Environ. Pollut. 106, 265-271.

Whitfield, C., Aherne, J., Watmough, S., 2009. Modeling Soil acidification in the
Athabasca oil sands region, Alberta, Canada. Environ. Sci. Technol. 43, 5844-5850.

Whitfield, C., Aherne, ], Watmough, S., McDonald, M., 2010. Estimating the
sensitivity of forest soils to acid deposition in the Athabasca oil sands region,
Alberta. J. Limnol. 69, 201-208.

Wieder, R., Vitt, D., Burke-Scoll, M., Scott, K., House, M., Vile, M., 2010. Nitrogen and
sulphur deposition and the growth of Sphagnum fuscum in bogs of the
Athabasca oil sands region, Alberta. ]. Limnol. 69, 161-170.


http://dx.doi.org/10.1007/s10533-011-9670-3
http://www.ec.gc.ca/pdb/websol/querysite/query_e.cfm
http://dx.doi.org/10.1016/B978-0-08-097760-7.00011-1
http://dx.doi.org/10.1016/j.atmosenv.2012.06.046
http://dx.doi.org/10.1016/j.atmosenv.2012.06.046

	Tracing industrial sulfur contributions to atmospheric sulfate deposition  in the Athabasca oil sands region, Alberta, Canada
	1 Introduction
	2 Study area
	3 Methods
	3.1 Sample collection
	3.2 Concentration analyses and deposition rates
	3.3 Isotope analyses

	4 Results
	4.1 Sulfate deposition rates
	4.2 Sulfur isotope ratios of atmospheric sulfate
	4.3 Oxygen isotope ratios of atmospheric sulfate

	5 Discussion
	5.1 Sulfate deposition rates
	5.2 Sulfur isotopic composition of atmospheric sulfate deposition
	5.3 Oxygen isotopic composition of atmospheric sulfate
	5.4 Quantification of industrial contributions to atmospheric sulfate deposition

	6 Conclusions
	Acknowledgements
	References


