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Abstract

Atmospheric deposition of metals originating from a variety of sources, including bitumen
upgrading facilities and blowing dusts from landscape disturbances is of concern in the Athabasca oil
sands region of northern Alberta, Canada. Mercury (Hg) is of particular interest as methylmercury
(MeHg), a neurotoxin which bioaccumulates through foodwebs, can reach levels in fish and wildlife
that may pose health risks to human consumers. We used spring-time sampling of the accumulated
snowpack at sites located varying distances from the major developments to estimate winter 2012 Hg
loadings to a ~20 000 km? area of the Athabasca oil sands region. Total Hg (THg; all forms of Hg in a
sample) loads were predominantly particulate-bound (79 + 12%) and increased with proximity to major
developments, reaching up to 1000 ng m™. MeHg loads increased in a similar fashion, reaching up to
19 ng m and suggesting that oil sands developments are a direct source of MeHg to local landscapes
and water bodies. Deposition maps, created by interpolation of measured Hg loads using geostatistical
software, demonstrated that deposition resembled a bullseye pattern on the landscape, with areas of
maximum THg and MeHg located primarily between the Muskeg and Steepbank rivers. Snowpack
concentrations of THg and MeHg were significantly correlated (r = 0.45-0.88, p<0.01) with numerous
parameters, including total suspended solids (TSS), metals known to be emitted in high quantities from
the upgraders (vanadium, nickel, and zinc) and crustal elements (aluminum, iron, and lanthanum),
which were also elevated in this region. Our results suggest that at snowmelt, a complex mixture of

chemicals enters aquatic ecosystems that could impact biological communities of the oil sands region.
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Introduction

The oil sands of Northern Alberta and Saskatchewan make up 97% of Canada’s and one third of
the world’s proven oil reserves (1). Oil sands production is growing and is an important economic
driver both nationally and globally, with Canada currently the largest supplier of crude oil and
petroleum products to the United States. Growth rates have been rapid, with total oil sands production
only 100 000 barrels of oil per day™ (b d™) in 1980, 1 600 000 b d*in 2011, and a projected tripling to 4
200 000 b d* by 2025 (2, 3). Monitoring has been carried out to quantify the potential environmental
impacts of such rapid resource development in the Athabasca oil sands region. However, several
independent expert review panels recently concluded that the largest program, the Regional Aquatic
Monitoring Program lacked leadership and, due largely to deficient scientific design and a lack of pre-
impact data, were unable to definitively distinguish oil sands industrial impacts (4, 5, 6, 7).

In terms of atmospheric contaminant emissions alone, there are concerns regarding bitumen
upgrading facilities, vehicle emissions, volatilization from tailings ponds, and blowing dusts from open
pit mines, exposed coke piles, and deforested areas (6). While atmospheric emissions of several metals
and polyaromatic hydrocarbons (PAHs) from oil sands operations have been reported to the National
Pollutant Release Inventory (NPRI) since the early 2000s (8), it is only recently that deposition of these
contaminants has been studied. Kelly et al (9, 10) demonstrated that atmospheric deposition of PAHs
and the 13 metals considered priority pollutant elements (PPEs) under the US Environmental
Protection Agency’s Clean Water Act were elevated in snowpacks collected within 50 km of the major
bitumen upgrading facilities and other oil sands development (9, 10). Dated lake sediment cores have
also been used to reconstruct historical PAH loadings to aquatic ecosystems and assess atmospheric
sources (11, 12, 13). Results demonstrated that PAH deposition has increased by ~2.5-23 times since
the ~1960s with increasing alkylated PAHs and dibenzothiophenes, as well as their diagnostic ratios,
pointing to an increasingly larger input of petrogenic PAHs coincident with bitumen resource
development (12, 13).

Of the numerous other contaminants of concern in this region, mercury (Hg), which in addition
to being one of the 13 PPEs, is particularly contentious as there are fish consumption advisories for

Athabasca River walleye downstream of Fort McMurray (14) and consumption of local fishes and birds
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is an important aspect of the traditional way of life in this region. Studies have examined trends in fish
Hg levels (15, 16) with the most recent and comprehensive compilation of available fish Hg data for
water bodies of the region finding no clear changes over time for various fish species (16). Hg
concentrations in gull and tern eggs from the Peace Athabasca Delta (PAD), located ~200 km north of
many of the major oil sands developments, have been examined with results suggesting that Hg
concentrations increased between 1977 and 2012 in one gull colony, likely due to both local and
regional factors (17). However, all studies suggested that current datasets do not have sufficient
statistical power to definitively detect temporal changes in wildlife Hg levels and that improved
experimental design, including consistency in monitoring species and sites and increased sampling size
and frequency, are needed if monitoring programs are to conclusively identify trends.

In addition to short-comings in experimental design, the failure to identify consistent temporal
changes in biota also reflects the complexity of Hg cycling in the environment. Because gaseous
elemental Hg(0) can undergo long-range transport, both local and distant sources contribute to
atmospheric deposition of inorganic Hg(ll), which is produced by atmospheric oxidation of Hg(0) and is
rapidly deposited to landscapes and waterbodies (18, 19, 20). For instance, source attribution
modelling suggests that ~10-15% of the Hg deposited to the Canadian Arctic originates from east Asia
(21, 22). Once deposited, Hg(ll) undergoes a number of biogeochemical transformations, which dictate
its ultimate fate and ability to bioaccumulate. One key process is the microbial methylation of Hg(ll) to
the toxic bioaccumulative form, methylmercury (MeHg) which primarily occurs under reducing
conditions in lakes and wetlands (23, 24, 25, 20). Hg(ll) and possibly MeHg, may be also emitted
directly to the atmosphere from local point sources, such as industrial developments, and then
deposited to nearby ecosystems. In fact, spring-time snowpack measurements at ~30 sites located
within ~200 km of major oil sands developments on the Athabasca River and tributaries, demonstrated
that total Hg (THg; all forms of Hg in a sample) deposition is elevated within 50 km of site AR6, which is
located in the heart of the major development area and adjacent to the two major bitumen upgrading
facilities (10). Here, we also sampled the snowpack, which represents a temporally integrated measure
of atmospheric deposition spanning the time period between first snowfall to sampling, to examine
spatial trends in atmospheric Hg deposition to the Athabasca oil sands region. Spring-time sampling of

the accumulated snowpack at 80 sites located within ~100 km of the major development area in 2012
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provided sufficient spatial coverage to estimate Hg loadings to a ~20 000 km? area covering the region

of major oil sands developments.

Methods:

Study Design: Snow was sampled from numerous sites located varying distances from the major oil
sands developments in spring 2011 and 2012. In 2011, many of the Kelly et al. (9, 10) sites were
sampled, including 27 sites located 0-231 km from the major development area on the Athabasca River
and 6 tributaries (Steepbank, Muskeg, Firebag, Beaver, Tar, and Ells rivers). In 2012, the study was
expanded to 89 sites and included the 27 sites from 2011, 53 sites located along 8 transects moving
away from the major development area, and 9 sites in the PAD, located ~200 km north of the major oil
sands developments (Figure S1). Historical Fort McMurray snowpack accumulation data from
Environment Canada’s National Climate Data and Information Archive was reviewed to target sample
collections for maximum snowpack depth (February 26" - March 3™ in 2011, March 6" - March 10" in

2012 for 80 sites and March 20-21° for the 9 PAD sites).

Sampling and Analysis: Sites were accessed by helicopter or snowmobile and samples collected 50-100
m upwind out of the reach of potential fumes and helicopter downwash. Teflon and stainless steel
tools used for the snow collections were acid-washed prior to use in the field, and the standard two
person “clean hands, dirty hands” Hg sampling protocol was used to minimize potential contamination
(26). Snow pits were dug to the bottom of level snowpacks using stainless steel shovels, one side of the
snow pit was cleaned using a Teflon scraper, and snow was collected by pushing pre-cleaned 1 L
IChem® glass jars into the face of the pit to obtain composite snowpack profiles. 3 1 L glass jars (one
for THg analysis, one for MeHg, and one that was later filtered and split into samples for THg and
MeHg analysis) were collected at each site. Water chemistry and trace metals samples were also
collected at each site using similar methods with the exception that snow was collected into pre-
cleaned 13 L high density polypropylene pails. Samples were stored frozen until processing at the
Canada Centre for Inland Waters (CCIW). To calculate aerial contaminant loadings, 10 snow cores were
collected at each site using an Adirondack corer and the weight of each core was obtained for

determination of snow water equivalence (SWE).
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Snow samples were melted in the dark in a clean laboratory. Samples for analysis of dissolved
THg and MeHg concentrations were filtered through 0.45 um nitrocellulose membranes in acid washed
Nalgene filter units then all Hg samples were preserved with concentrated trace metal grade HC| equal
to 0.2% of the sample volume. THg and MeHg concentrations were determined using standard
protocols (27, 28, 29) at the CCIW Low-Level Analytical Laboratory. Standard water chemistry analysis
and 45 multielement scan were carried out at the National Laboratory for Environmental Testing

(NLET) in Burlington, ON, Canada. Analytical details are provided in the Supporting Information.

Determination of loadings to the oil sands region: SWE and net loadings were determined for each
site asin (9, 10, 30). Briefly, SWE was determined as follows:
SWE (kg m™) = core weight (kg)/(rt(corer radius (m))?) (1)

Average areal water volumes (L m™) were then calculated for each site using the below formula:

Aerial water volume (L m™) = SWE (kg m'z)/density water (kg m3)x10°Lm3 (2)

then multiplied by average concentrations (ng L™) of Hg in snow melt to determine springtime loadings
of THg (ng m™) for each site.

2012 spatial coverage on the landscape was sufficient to allow interpolation of spring-time THg
and MeHg loadings for ~20 000 km? area (56.9997, -110.6657 to 57.0032, -112.4782 and 56.4624, -
111.451to0 57.7799, -111.3619) using ArcGIS10° Geostatistical Analyst software (Esri, Redlands,
California). All kriging surfaces used a simple prediction and lognormal, gamma, or empirical base
distribution. The number of neighbours included in each kriging was based on how closely related
neighbouring data points were to each other and ranged from 4-6. Details on the kriging settings for

each parameter examined are provided in Table S1.

Results and Discussion
Snowpack characteristics: Snowpacks consisted of a granular depth hoar layer created by temperature
gradient metamorphism over the winter, overlain by a denser layer deposited throughout the spring

(31). Although average snowpack depth varied from site to site (range 9-45 cm; average 29 + 11 cm),
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overall there was a linear relationship between snowpack depth and SWE (r? = 0.66, p<0.01),
demonstrating that snowpack density was fairly consistent over the sampling region (Figure S2).
Snowpacks at some sites within the major development area, such as site AR6 which is located on the
Athabasca River and adjacent to the two major bitumen upgraders, had visible dark layers while others
appeared fairly white (Figure S3). This layering could result from melt-freeze cycles which caused
percolation of particulate matter through the snowpack and formation of dark layers upon refreezing

or from large episodic emission/deposition events.

Spatial patterns in Hg deposition to the Alberta oil sands region. Spring-time snowpack THg
concentrations ranged from 0.8 to 14.4 ng L™ with lowest concentrations observed in the PAD (n=9,
average = 1.19 + 0.24 ng L'") as well as at numerous distal sites along our 8 transect lines. Highest THg
concentrations (>8 ng L) were observed at 15 sites within the major oil sands development area,
predominantly in the region between the Muskeg and Steepbank rivers (Figure S4). MeHg
concentrations were also elevated in this area, reaching up to 0.27 ng L and decreasing to
concentrations just at or above the method detection limit of 0.015 ng L' in the PAD and at several
distal sites (average = 0.016 + 0.002 ng L™ in the PAD). Given that snowpacks provide a direct measure
of atmospheric deposition, these results suggest that oil sands developments are a source of airborne
THg and MeHg emissions to local landscapes and water bodies. Generally, inorganic Hg(ll) that is
deposited in precipitation to landscapes and waterbodies and must undergo a methylation step before
it can be taken up by organisms and biomagnified through food chains. Therefore, the elevated MeHg
levels in snowpacks may be of particular relevance to aquatic and terrestrial ecosystems of the region.
The THg and MeHg deposited to snowpacks of the Athabasca oil sands region was predominantly
bound to particulates >0.45 um in size (79 + 12 and 72 + 18% particulate-bound, respectively), which
may affect its transport, availability for uptake by organisms, and ultimately its impact on local
ecosystems.

To determine the quantity of Hg that enters ecosystems at spring snowmelt, springtime
snowpack Hg loadings (ng m'z) were calculated using snowpack Hg concentrations (ng L) and average
snow water equivalence (L m™). Similar to Hg concentrations, THg and MeHg loadings were elevated

at many sites within the major development area, reaching up to 1420 and 19 ng m~, respectively, and
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decreasing to 103 + 42 and 1.2 + 0.2 ng m™, respectively, in the PAD (Figure 1 and S5). Due to increased
sampling intensity in 2012, we were able to explore deposition patterns on the landscape by
interpolating measured Hg loadings using ArcGIS geostatistical software for a ~20 000 km? area
surrounding the current oil sands developments (Figures 1 and S5). The kriged interpolations produced
deposition maps with areas of maximum THg and MeHg loadings located primarily between the
Muskeg and Steepbank rivers and resembling a bullseye pattern on the landscape. This deposition
pattern was consistent for numerous other parameters examined, including metals known to be
emitted in large quantities from the upgrading facilities (e.g., Ni, V, and Zn), crustal elements (Al and
La), and total suspended solids (TSS) (see below and Figure S6 for deposition maps of V, Al, and TSS).
Patterns in particulate-bound Hg deposition were similar, whereas dissolved THg and MeHg deposition
was fairly low over the entire region (<200 and 3 ng m?, respectively) (Figures S5). The deposition
maps were used to estimate the area (km?) receiving different loadings and suggested that ~227 and
133 km?, respectively, received maximum THg and MeHg loadings of >600 and 12 ng m?, respectively
(Table S2).

Kelly et al. (9, 10) used distance from site AR6, to examine spatial patterns in contaminant
deposition to this region. The deposition maps produced from our measured Hg loads suggest that in
2012, the region of maximum deposition was centred <20km from site AR6. Therefore, similar to Kelly
et al. (10), plotting measured Hg loadings versus distance from AR6 produced a roughly exponential
decay relationship (Figure 2). Because kriging averages measured loads at neighbouring sites to create
contours, and measured THg and MeHg loads varied along small spatial scales within the major
development area (by up to 68% among sites located <5km from each other), some measured Hg
loadings fell out of the kriged loading areas. To test if kriged interpolations significantly over- or under-
estimated contaminant deposition to the oil sands region, mean measured loadings were compared to
kriged means within each kriged area using paired t-tests (Table S3). No significant differences were
found (p>0.05, Table S3), demonstrating that overall, the kriging parameters used resulted in an
appropriate fit of measured deposition. The deposition maps (Figure 1 and S5) capture regional
patterns in Hg deposition, but may be unable to resolve variation on local scales, possibly due to the

presence of multiple sources of varying magnitude. To improve future deposition mapping, snowpack
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206  sampling should be performed along a grid-work at sufficient frequency to capture variation along both
207  local and regional scales.

208 Although it is difficult to estimate loadings un-impacted by oil sands developments in the

209  absence of long-term monitoring data, THg and MeHg deposition at our most distant sites in the PAD,
210  which is located ~150-200 km north of the major developments and has no major Hg point sources,
211  averaged only 103 + 42 and 1.2 £ 0.2 ng m™, respectively (n = 9). These baseline values compare well to
212 those observed using the flat portion of the exponential decay curved obtained from plotting THg and
213 MeHg loads versus distance from ARG (Figure 2). Assuming that <100 and 1.5 ng m™ represent

214  respective THg and MeHg loadings un-impacted by oil sands developments, our results suggest that
215  almost the entire ~20, 000 km? sampling area where spatial coverage was sufficient to allow

216  interpolation of Hg loadings is currently impacted by airborne Hg emissions originating in the oil sands
217  development area. In fact, at the most distal sites sampled to the east and northeast of AR6 (E-S9 and
218  NE-S10, which are located 50 km from AR6), THg and MeHg loadings were >200 and 5 ng m?,

219  respectively, which are well above the observed baseline values. Future sampling will therefore include
220 numerous sites located further away from the major development area. Using average particulate-

221  bound THg loads of 56 + 33 ng m™ in the PAD to represent baseline values, we estimate that ~16 800
222 km?is impacted by oil sands-associated particulate-bound Hg emissions. Although dissolved THg

223 loadings were elevated (up to 111 ng m'z) at some sites within the major development area, loadings
224  were generally low over the entire sampling region (average 45 + 17 versus 47 + 15 ng m™ at sites in
225  the Athabasca oil sands region compared to in the PAD) making it impossible to determine the size of
226  the area impacted by dissolved THg emissions and suggesting that dissolved Hg emissions are either
227  minimal from oil sands operations, or that dissolved Hg and Hg bound to fine particulates undergo long
228  range transport. Only unfiltered MeHg samples were obtained from the PAD making it difficult to

229  define baseline particulate-bound MeHg loadings for the oil sands region; however we hypothesize

230 that the footprint is similar to that observed for THg.

231 Although our results suggest that Hg deposition is elevated above baseline for an area of ~20,
232 000 km?, both the deposition maps and plots of loadings versus the distance from AR6 suggest that Hg
233  loads decrease fairly rapidly from maximum depositional zones. For example, for THg and MeHg, 89

234 and 80%, respectively, of the ~20 000 km? area examined receive loads <half those observed in the

ACS Paragon Plus Environment
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maximum deposition zone (<300 and 6 ng m™, respectively). Similarly, plots of Hg loads versus distance
from ARG suggest that deposition decreases dramatically at ~50 km from AR6 (Figure 2). Using
interpolated loading, we therefore calculated the quantity of Hg deposited to the area within a 50 km
radius of AR6. We estimate that ~1.9 and 0.05 kg of THg and MeHg, respectively, were deposited to the
landscape within a 50 km of AR6 during the ~4 month period between the first major snowfall and
sampling in the spring (November 15™ 2011 to March 6-10", 2012) (Table 1). 52 kg of airborne Hg
emissions was reported to NPRI (8) from Athabasca oil sands industries in 2011 and 2012. Assuming
that airborne emissions do not vary greatly from month to month, 17 kg of THg was emitted over the
~4 months of winter 2012, which suggests that a large percentage of Hg emitted from oil sands
operations is transported further than 50 km from ARG6 or that a portion of the Hg deposited within 50

km of ARG is lost post-deposition.

Comparison of mercury loadings to previous work. The patterns and magnitude in THg deposition
reported here are similar to those reported by Kelly et al. (10) for winter 2008 (Figure 2). For example,
particulate-bound THg at the same 19 sites located <50 km from AR6 averaged 268, 232, and 307 ng m’
2in 2008, 2011, and 2012, respectively. In fact, measured THg and MeHg loadings did not differ
significantly among 2011 and 2012 at the 25 sites sampled in both years (paired t-test, p=0.30 and
0.12, respectively (Figure S7)). There is one other published study on atmospheric Hg deposition to this
region, which utilized both Hg concentrations and Hg stable isotope composition in epiphytic tree
lichen H. physodes to examine spatial trends in Hg deposition within ~150 km of the major mines and
processing locations (32). Although concentrations of some metals (Al and V) did increase in H.
physodes with proximity to the major developments (33), Hg concentrations did not follow this trend
and actually decreased within 25 km of the major developments, which the authors attributed to
physiological responses of the lichen to enhanced SO, deposition (32). Concentrations of atmospheric
total gaseous Hg(0) (TGM) were measured near Fort McMurray from 2010-2012 and were found to be
driven predominantly by long-range transport (34). However, our snowpack measurements suggest
that the locations of the TGM measurements fell out of the region of elevated Hg deposition.
Furthermore, the monitoring did not include atmospheric measurements of particulate-bound THg or

MeHg, which are likely of concern in this region.
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Spring-time snowpack sampling has been used to quantify Hg loadings at the Experimental
Lakes Area (ELA), located in a remote region of northwestern Ontario, Canada, for the last 10 years.
Because THg and MeHg loadings varied greatly from site-to-site within the major oil sands
development area, average winter-time loadings within 50 km of AR6 (354 + 284 and 7 £ 4 ng m?,
respectively) were only slightly higher than those observed at the ELA (average 280 + 175 and 6 + 3 ng
m2, respectively from 1992-2010) (35). Furthermore, although Hg loadings within the major
development area are clearly elevated above background levels for this region, maximum THg loadings
are low compared to those in contaminated regions of the northern hemisphere directly influenced by
numerous anthropogenic sources, such as parts of the eastern United States, western Russia, Japan,

Korea, and China where winter-time loadings can reach >20,000 ng m™ (36).

What are the factors driving spatial trends in Hg deposition? Relationships between Hg and numerous
parameters, including natural environmental factors such as snowpack characteristics and wind, as well
as other chemicals, were examined to identify potential factors driving the spatial patterns in Hg
deposition to the oil sands region. Concentrations and loadings of THg and MeHg and the other
parameters examined were not normally distributed (Shapiro-Wilk normality test, p<0.05) and were
thus log transformed prior to statistical analyses. Multiple linear regression modeling demonstrated
that Hg loadings were driven primarily by Hg concentration rather than by snowpack depth or snow
water equivalence, with concentrations explaining 78 and 82% of the variability in THg and MeHg
loadings, respectively (Table S4). These results suggest that local Hg emissions, and not precipitation
guantity, drive Hg deposition to snowpacks in the oil sands region.

Distance from AR6 explained 41 and 48% (p<0.01) of the variation in THg and MeHg loadings,
respectively, suggesting that there are additional sources of atmospheric Hg emissions besides the
upgraders near ARG, or that wind patterns affect the distribution of local Hg emissions. Predominant
winds in the Alberta oil sands region are generally from the east, southwest and northwest (Table S5,
Figure S8). For example, during the period spanning first snowfall in 2011, to the time of snow
sampling in 2012, the wind direction was from the east, southwest, and northwest 22, 20 and 20% of
the time, respectively, and from the north, northeast and south only 7, 5, and 3% of the time,

respectively. However, wind direction alone explained only a minor portion of the variation in Hg loads

ACS Paragon Plus Environment



Page 11 of 27 Environmental Science & Technology

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

Kirk et al. 11

and was not statistically significant for MeHg (r? = 0.20 and 0.14, p = 0.01 and 0.07, respectively) (Table
S4). In fact, although winds blew from the east to the west with the greatest frequency throughout
winter 2012 (22% of the time), THg loadings at sites to the west of AR6 were significantly lower than
those at sites to the north, northeast, and east of AR6 (Bonferonni and Tukey’s post-hoc comparisons,
p<0.03). Wind speed was also examined and varied significantly with wind direction (ANOVA followed
by post-hoc comparisons; p<0.03); however, together wind speed, wind direction, and distance from
AR6 explained an additional 15% of the variation in Hg loads than distance from AR6 alone (ANCOVA;
r’=0.56 and 0.63, p < 0.01; Table S4). Given that the majority of the THg and MeHg in snowpacks of the
oil sands region was particulate-bound, we hypothesize that particulate-bound emissions to the
atmosphere are rapidly deposited near local point sources.

Relationships between Hg and numerous elements and water chemistry parameters were
explored to see if chemical signatures characteristic of similar emission sources could be identified. TSS
explained a large proportion of the variability in THg and MeHg concentrations (r = 0.85 and 0.80,
respectively, p<0.01; Table S6 and Figure S9). Kelly et al. (9) also reported high loadings of airborne
particulates to snowpacks of the oil sands region and by extrapolation of the observed exponential
relationship between TSS loadings and distance from, they estimated that 11, 400 metric T of
suspended solids was deposited to the area within 50 km of AR6 over winter 2008. Using a
geostatistical approach, which likely captured the spatial heterogeneity in contaminant deposition
more accurately, we estimate a 2012 winter-time TSS loading of ~25 800 T, (Table 1).

Concentrations of THg and MeHg were also significantly correlated with numerous metals. For
example, vanadium (V), Zn, and Ni, all of which are known to be emitted in large quantities from oil
sands operations, explained a large proportion of the variation in THg and MeHg concentrations (r=
0.73-0.86, p<0.01) (Table S6 and S7). In 2011, 12, 384 kg of airborne metals emissions was reported to
NPRI (8), of which V, Zn and Ni together comprised 85% (5048, 2957, 2444 kg of V, Zn and Ni
respectively) (Table 1 and S7). Interpolation of measured V, Zn, and Ni loadings for the area within 50
km of AR6 produced deposition estimates of 3000, 8560, and 1460 kg, respectively, for winter 2012.
Assuming that airborne emissions do not vary greatly among seasons, comparison of emissions data
with winter-time loadings for the region within 50 km of AR6 suggests that the airborne emissions

reported to NPRI are underestimated, especially for Zn (Table 1). This is consistent with a recent
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modeling study that suggested that oil sands industry PAHs emissions are underestimated by up to two

orders of magnitude (37, 38).

Significant relationships were also observed between THg and MeHg and crustal elements
aluminum (Al), iron (Fe), and lanthanum (La) (Table S6), suggesting similar source signatures or
transport pathways among these elements, although airborne emissions estimates are not available on
the NPRI website for these elements (8). Correlation coefficients between TSS, Ni, V, Zn and Ni, Pb, TSS,
and Al, Fe and La (r = 0.79-0.99, p <0.01), were consistently higher than between these parameters and
THg and MeHg, suggesting that THg and MeHg undergo post-depositional processing in snowpacks,
likely by photoreduction and photodemethylation, respectively. In Arctic surface snow, the lifetime of
Hg(Il) has been estimated at ~16 days (39) with losses of ~¥35-50% observed within 10.5 hrs of light
exposure (40); although photoreduction rates are known to vary depending on snowpack chemistry
and characteristics (41). Rates of snowpack MeHg photodegradation have not been quantified;
however in Canadian freshwater ecosystems, photodemethylation is an important mechanism for
removing MeHg from surface waters with rates averaging 3.8 to 11.3 X 10> hr* (42, 43; 44). Thus, the
THg and MeHg loadings presented here represent net spring-time loadings rather than gross
deposition from local emission sources.

Despite potentially different post-depositional processing of individual metals in snowpacks,
deposition maps for Hg, metals known to be emitted in large quantities from the upgrading facilities,
crustal elements, and TSS, demonstrated a remarkably similar bullseye pattern in contaminant
deposition, with areas of maximum loading located predominantly between the Muskeg and
Steepbank rivers (Figure S6 for example). Graney et al. (32) produced contoured maps of V and Al
concentrations in lichen H. physodes from 2008 lichen samples collected from 121 sites within ~150 km
of the major developments using graphical contouring program Surfer. They observed a similar
bullseye pattern in lichen V and Al concentrations, which are indicative of long-term deposition
patterns but cannot be translated to depositional fluxes or loadings.

Of the water chemistry parameters examined, Hg was significantly related to total phosphorous
(TP), particulate organic carbon (POC), and particulate organic nitrogen (PON) (r = 0.74-0.82, p<0.01),

which were also deposited in large quantities within the development area (Table 1 and S6). Due to the
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important role of DOC in controlling the transport of THg and MeHg as well as rates of Hg(ll)
methylation to MeHg in aquatic ecosystems, Hg and DOC are often tightly correlated in lakes and rivers
(20, 43, 25, 46). Significant relationships between Hg and sulfate are also often observed as sulfate can
control Hg(ll) speciation and Hg(ll) methylation rates by sulfate reducing bacteria, which are often the
principal methylating bacteria present in aquatic ecosystems (47, 48). Sulfate and DOC deposition was
elevated in snowpacks of the Athabasca oil sands region. However, correlation coefficients between
both THg and MeHg and DOC and sulfate were lower (r=0.45-0.54, p<0.01) compared to those
observed between the metals and other water chemistry parameters examined. These results indicate
that there are different sources or transport pathways for dissolved and particulate-bound substances
emitted from various oil sands-related processes. Receptor modeling using an inventory of inorganic
contaminants in materials from different stages of the oil sands production cycle and the 2008 lichen
dataset described above (32) suggested that the sources impacting lichen contaminant concentrations
were: oil sand and processed material, tailing sand fugitive dust, combustion processes, limestone and
haul road fugitive dust and a general urban source (49). Pb isotopes ratios were also examined and
may be a promising tool for source attribution in snow and other environmental media, such as

sediment (32).

Potential sources of MeHg to snowpacks of the oil sands region. MeHg may be produced in situ in
snowpacks by the methylation of deposited Hg(ll). However, all current proposed mechanisms are
specific to Arctic coastal snowpacks and therefore invoke the presence of marine air masses or sea
spray for MeHg production (50, 51, 52). For example, transmethylation reactions involved in the
degradation of dimethylsulfoniopropionate (DMSP), an organosulfur compound produced by marine
phytoplankton, were recently implicated to explain high MeHg concentrations in Svalbard snowpacks
(451, 53). Hg(Il) methylation in precipitation prior to deposition is also possible. Based on a strong
correlation between MeHg and reactive Hg(ll) (a fraction of Hg that includes mostly labile Hg(ll)
complexes) in precipitation samples from across North America, it was hypothesized that MeHg in
precipitation is formed predominantly by aqueous phase methylation in the atmosphere (54).
However, to produce the almost identical bullseye patterns in THg and MeHg deposition for winter

2012, methylation rates would need to be consistent over the entire region examined. This seems
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380 unlikely, since methylation rates are a function of both the quantity of bioavailable Hg(ll) present in the
381  environment and the activity of microorganisms carrying out Hg(ll) methylation (55), which in turn is
382 dependent on energy sources for microbes and redox conditions. Furthermore, the %MeHg, which is
383 anindicator of active methylation in aquatic ecosystems (56, 57), was quite low (average 2.5+ 1.7% in
384  2012), and varied from site to site throughout the entire sampling region. Finally, the positive

385 significant relationships observed between MeHg and other contaminants known to be emitted from
386  oil sands related processes (for example, V, Zn, and Ni) suggests that MeHg is also released directly to
387 the atmosphere from industrial processes. Measurement of MeHg from various potential emission

388  sources is therefore warranted. Examination of Hg transformations in snowpacks, including potential
389  rates of Hg(ll) methylation, using amendments of snowpacks with enriched Hg stable isotope tracers as
390 has been carried out in lake waters (58) would also be informative.

391

392  Relevance to Ecosystems of the Athabasca oil sands region: Chemicals in snowpacks enter terrestrial
393  and aquatic ecosystems at spring snow melt where they may impact biological communities. At all sites
394  examined, concentrations of THg and MeHg in melted snow were below the Canadian Council of

395  Ministers of the Environment (CCME) guidelines for the Protection of Aquatic Life of 26 and 4 ng L™,
396 respectively (59; Table S8). Of the other metals examined, CCME guidelines were not exceeded for Ni
397 but were exceeded at a number of the 89 sites in 2012 for Pb, Zn, Fe, and Al (21 for Pb, 3 for Zn, 54 for
398 Fe and 76 for Al) (Table S8). Interestingly, because the CCME guideline for Al is pH dependent (the Al
399  threshold drops from 100 to 5 pg L™ for snow of pH <6.5) and the snow was acidic and many of our

400 sites (6.2 £ 1.2; range 1.6 to 8.4), the guideline for Al was exceeded at 8 of the 9 distal sites in the PAD.
401  CCME guidelines are not currently available for V and La, which were also elevated in snowpacks within
402  the major development area (Figure S6). TP is also deposited to snowpacks in the Athabasca oil sands
403  region (Table 1), with melted snow considered eutrophic (35-100 pg L™*) or hyper-eutrophic (>100 pg L’
404 ') at 40 sites according to CCME guidelines (Table $8). Although comparison of snowmelt

405 concentrations to CCME or other guidelines allows concentrations to be placed into context, a number
406  of complex processes control the exposure of organisms to chemicals entering ecosystems. For

407 example, the impact of snowpack loads on chemical concentrations in aquatic ecosystems depends on

408 the processes controlling delivery to lakes and rivers and post-delivery mixing processes. Recent
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analysis of 38 years (1978-2010) of water quality data for 7 rivers draining the oil sands region,
suggests that concentrations of several metals (for example, As, uranium and V) increased coincident
with periods of major development, including open-pit mining and SAGD (Steam Assisted Gravity
Drainage) (60). Further work linking snowpack loadings to hydrology is therefore needed to determine
the relative importance of atmospheric deposition in driving observed trends in river water
contaminant concentrations. Finally, the impacts of complex chemical mixtures, including
contaminants such as Hg, on aquatic and terrestrial ecosystems are also dependent on the ecological
processes controlling rates of contaminant bioaccumulation and biomagnification through food webs;
therefore detailed food web studies which track the uptake of contaminants and effects on the health

of biological communities is needed.

Figure Captions

Figure 1. Deposition of THg and MeHg to the Athabasca Oil Sands region in winter 2012. Interpolated
THg and MeHg loads (ng m™) produced using ArcGIS Geostatistical Analyst software are overlain by

measured loads (ng m™) at each site.

Figure 2. Winter 2011 and 2012 loadings (ng m™) of unfiltered THg (A) and MeHg (C), particulate-bound
THg (B) and MeHg (D) versus distance from site AR6 in the Athabasca Oil Sands region. Particulate-
bound THg and MeHg concentrations were calculated by the difference between unfiltered and

filtered samples.
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462  Table 1. Winter 2012 loads of THg, MeHg, total suspended solids (TSS), total phosphorous (TP), total
463  nitrogen (TN), particulate organic nitrogen (PON), vanadium (V), zinc, nickel (Ni), aluminum (Al), and
464  iron (Fe) to landscapes and water bodies within 50 km of AR6 as well as oil sands industry airborne
465 metals emissions as reported to the National Pollutant Release Inventory for the Athabasca oil sands
466  region for 2011 and 2012 (7).

467
Contaminant Winter 2011-2012 loads Annual 2011 Annual 2012 Estimated 2012
within 50 km AR6 airborne emissions airborne emissions winter
as reported to as reported to emissions’
NPRI NPRI
(kg or T¥) (kg) (kg)
(kg)
THg 1.9 52 52 16
MeHg 0.05
TSS 25 890*
TP 28.6*
TN 463*
PON 153*
\" 3000 5048 5140 1594
Zn 8560 2957 3492 1022
Ni 1470 2444 2962 858
Al 793*
Fe 2150*
468

469 'Winter 2012 emissions were estimated by weighting annual emissions for the number between the first
470 snowfall (November 15", 2011) and snowpack sampling (March 7" 2012; n=47 and 67 days in 2011 and 2012,
471 respectively).

472 “refers to metric Tonnes

473
474
475
476

477
478

479
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