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Size-fractionation of trace elements in dusty snow
from open pit bitumen mines and upgraders:
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samples from the Athabasca bituminous sands
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A robust sample collection, handling, processing and analytical method was developed for reliable
quantification of trace elements (TEs) in dusty snow. Experiments were conducted by spiking the snow
and ASTM Type | water, with liquid and solid multielemental standards under both acidified (pH < 2) and
unacidified conditions (pH ~6) for a time series analysis up to one month in the metal-free ultraclean
SWAMP laboratory. For the “dissolved” concentration of TEs (<0.45 um), except for Ag, all 39 TEs
investigated were precisely quantified at low levels (10 to 30 ng L™). Regarding particulate matter (>0.45
um), there was a significant loss by entrapment to the walls of polypropylene bottles and syringes.
Employing metal-free sampling protocols, snow was collected from five bogs in the Athabasca
Bituminous Sands (ABS) region, one of the largest reservoirs of bitumen in the world, to determine the
impact of airborne emissions from open pit mining and upgrading. The “dissolved” fraction of bitumen
enriched TEs (V, Ni, and Mo) and potentially toxic TEs (Cd, Pb, Sb, and Tl) was low. For all the TEs,
including the conservative lithophiles (La and Th), total concentrations in snow and in the dust extracted
from snow were greater near mining activities, whereas microscopic analyses revealed a greater size,
abundance, and variability of dust particles. The enrichment factors of TEs in dust showed insignificant
enrichment near industrial activities (e.g., Pb EF = 1). Furthermore, the results show that most TEs in
snow near industry occur almost exclusively in the particulate fraction.

Open pit mining activities generate massive quantities of dust, which makes it very challenging to reliably determine the concentrations of trace elements (TEs)
in the “dissolved” fraction (i.e., filterable through 0.45 pm membranes). Employing metal-free ultraclean lab protocols, multiple experiments were conducted to
develop and validate a reliable method to clearly distinguish between “dissolved” and particulate TEs in dusty snow. Open pit mining and upgrading of the

Athabasca Bituminous Sands (ABS) have been reported to be a significant source of potentially toxic TEs. Here, we report that the “dissolved” concentrations of

TEs in snow from the ABS region were extremely low and that most TEs occur almost exclusively in the particulate fraction. Molybdenum may be a helpful tracer
of atmospheric deposition from industrial activities in the region.
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Introduction

Snowpack is an excellent archive of wintertime atmospheric
deposition of dust and chemical contaminants. It has been used
worldwide for decades to measure the deposition of trace
elements (TEs)."™* The atmospheric cycling of TEs including
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emission, transportation and deposition depends on numerous
environmental factors including the physicochemical proper-
ties of TE species and particle size distribution.'**® The resi-
dence and storage of TEs in snowpack are subject to dynamic
processes affecting their influx and translocation during inter-
mittent snowmelts.>** For example, TE release from snowpack
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includes elution when temperatures are above freezing, with the
soluble forms of TEs ie. those found in a <0.45 um or “dis-
solved” fraction, eluting early during the melting process. It is
well established that the accumulation, transformation and
release of TEs in snowpack are relevant to aquatic and terrestrial
environments.>>¢

Although the average concentration of water-soluble TEs in
a snowpack is generally low, the first fractions of meltwater
runoff are enriched with soluble TEs, which are swept out with
the first infiltrating liquid.'* The snow cover can store TEs at
subfreezing temperatures and suddenly release the “dissolved”
fraction of TEs when the temperature rises.”””®* The load of
soluble TEs in a snowpack can be concentrated as much as five-
fold in the first fractions of snowmelt runoff, and the melt-freeze
cycles can further concentrate the “dissolved” fraction of TEs in
a certain portion of the snow cover, preparing the concentrated
pool of TEs for rapid release.'® Once a layer of snow is deposited,
it undergoes metamorphism, and the individual snowflakes
disappear as the snow grains change by increasing the grain size
and surface area.'®** The specific surface area of snow particles is
continuously reduced, and their boundaries migrate, causing
a segregation of TEs from snow particles as the snow/ice crys-
talline lattice melt and recrystallize.*® The snow grains are thus
continuously purified, and therefore most of the TE load is
carried where the liquid water moves through the snow. Clearly,
the reliable determination of the “dissolved” fraction of TEs in
snow has broad environmental and ecological significance, as
this fraction is considered most bioavailable. The presence of
particulate matter in snow makes it very challenging to deter-
mine the concentrations of TEs in the “dissolved” fraction, due to
the risk of solid-solution interactions during sample handling
including collection in the field, plus melting and acidification in
the laboratory.

Open pit mining activities, whether these are limestone or
aggregate quarries,* or open air mines for base metals,* iron
ore,*32 coal,®*?* uranium,*® diamonds*® or bitumen,?”3% all
generate massive quantities of dust, further promoted by heavy
vehicles.* These mechanically generated dusts are dominated
by comparatively large particles:** once emitted to the air, they
are locally deposited through sedimentation to the surrounding
landscape, including vegetation, soils, and surface water. The
scale of such mining activities is enormous: globally, the area
affected by mining activities is more than 57 000 km?>.** The
impact of these dusts is clearly seen in snow near mining
activities, especially when compared to pristine snow from
remote regions (Fig. 1).

Snowpack sampling is one of the approaches that has been
used to identify the environmental impacts of open pit mining
and upgrading activities of the Athabasca Bituminous Sands
(ABS) in northeastern Alberta.*>** Based on the recent studies
of TEs in snow and water, it was reported that open pit mining
and upgrading of the ABS is a significant source of Pb to the
Athabasca River along with many other chalcophile elements
including Ag, Cd, Sb and TL.** To assess potential impacts on
aquatic and terrestrial ecosystems, and to understand the
relevance to human health, it is essential to accurately
quantify the fraction of TEs that can be released during

© 2022 The Author(s). Published by the Royal Society of Chemistry
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White snow

Fig. 1 Snow with and without dust deposition. White snow, Jasper
National Park (photo credit, William Shotyk). Dusty snow, Athabasca
River, downwind from dry tailings (photo credit, Mark Donner).

snowmelt. To determine TEs in snow, particularly the “dis-
solved fraction”, snowpack sampling, handling and prepara-
tion are extremely critical to avoid any potential
contamination and subsequently derive false statistical
inferences i.e., Type I statistical error. On the one hand, metal-
free ultraclean lab methods must be used to reliably quantify
TEs in snow while avoiding sample contamination.***® On the
other hand, when snow samples are melted in the lab, TEs can
be lost from solution by adsorption to the walls of the
containers.”””*® In the current study, employing metal-free
ultraclean lab protocols, multiple laboratory experiments
were conducted to optimize the sample handling, preparation
and analysis of TEs in dusty snow.

The objectives of this study were: (1) to develop and validate
a reliable and robust method to clearly distinguish between
“dissolved” and particulate TEs in dusty snow, (2) to determine
“dissolved” and total TE concentrations in snow from selected
locations within the ABS region, and (3) to characterize the
particulate matter which is clearly visible in snow samples
collected near mining and upgrading activities. The elements
included in the current study were: potentially toxic TEs of
environmental concern (i.e., Ag, Cd, Pb, Sb and Tl); conservative,
lithophile elements (e.g., La and Th), which reflect the abundance
of mineral matter; the TEs which are known to be enriched in
bitumen®* and may be emitted to the air from bitumen extrac-
tion, processing and upgrading (i.e., V, Ni and Mo).

Methodology
Sample containers, cleaning, and preparation

Wide mouth 1 L polypropylene bottles (PP, Fisher Scientific) were
used to collect the snow samples. Before sampling, the bottles
were thoroughly cleaned following the SWAMP Lab cleaning
procedure. Briefly, the bottles were soaked in soapy water (5% v/v
Fisher Versa Clean), rinsed with ASTM Type II water and then
soaked in 5% w/w hydrochloric acid (HCI, Trace grade), rinsed
and then soaked in 10% w/w nitric acid (HNOs, Trace grade),
rinsed and then leached at 80 °C with fresh 10% w/w HNOj;. After
leaching, the bottles were rinsed 3 times with ASTM Type II water
and 3 times with ASTM Type I water. The bottles were air dried in
a metal-free PP Class 100, laminar flow clean air cabinet. Once the
bottles were completely dried, the lids were put on and the bottles
were packed in PE ziplock bags in preparation for work in the field
to collect snow samples. The detailed bottle cleaning procedure is
provided in the ESL¥
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Sample collection

For practice, fresh snow samples were collected in triplicate
from the campus of the University of Alberta, to optimize the
method for the determination of TEs in snow. Snow samples
were also collected in March 2015 from five ombrotrophic peat
bogs, namely MIL, JPH4, McK, McM and ANZ from the Atha-
basca Bituminous Sands region (Table S11 and Fig. 2). These
bogs were used to study contemporary atmospheric metal
deposition using Sphagnum moss* and age-dated peat cores
had been collected for retrospective analyses.”® The sampling
sites were selected based on the distance from the midpoint of
the ABS mining and upgrading activities (Fig. 2). It should be
noted that the snow samples collected from the Anzac (ANZ)
bog are located 9.3 km from an upgrader that was operational at

Legend
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Fig. 2 Location of the five peat bogs where snow samples were
collected (MIL, JPH4, McK, McM and ANZ). The map also shows the
industrial zone, tailings ponds (grey areas), locations of the bitumen
upgraders (blue diamonds) and the midpoint (red circle) used to
measure the distances between the sampling locations and the mid-
point between two central upgraders.
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that time. This upgrader was later (January 2016) shut down
(Long Lake Upgrader|Oil Sands Magazine). At each peat bog,
triplicate snow samples were collected from 3 locations within
each bog (n = 9 per bog). The details of the sampling from the
ABS regions are provided in the ESL{

Laboratory experiments for snow sample handling and
processing

Losses of dissolved TEs by adsorption to container walls. The
snow samples collected from the University of Alberta were
initially put in a fridge (4 °C) to slowly thaw the snow for ~12 h.
Afterwards, the thawed samples were transferred to metal free,
laminar flow clean air cabinets (Class 100). The snowmelt was
filtered through acid cleaned PTFE 0.45 um filters into 125 mL
acid cleaned PP bottles and spiked with 10, 20 and 30 ng L™" of
dissolved TEs using CLMS-1 and CLMS-2AN multielement
standards as well as Mo, Re, and Sb single element standards
(SPEX CertiPrep). Un-spiked snow samples were also included
to determine background TE concentrations. Overall, 40 TEs
were tested, and two sets of samples were prepared for
comparison: one set was not acidified to mimic the actual
snowmelt samples for dissolved TEs and the other set was
acidified. The pH of the un-acidified snow samples was adjusted
to ~6, similar to the actual snowmelt, using a buffer made from
ultrapure ammonium carbonate ((NH,),COj;, >99.999% trace
metals basis: Sigma Aldrich, St Louis, Missouri, USA). The pH of
the acidified snow samples was adjusted to <2 using HNOj;
(0.5%) that had been purified twice by sub-boiling distillation.
To determine the optimum times for sample analysis and
storage, all of the samples were analysed at selected time
intervals: immediately after spiking (TO h), after one hour (T1
h), after 1 day (T1 day, 24 h), after 1 week (T1 week, 168 h) and
after 1 month (T1 month, 720 h). In addition to the snow
samples, simulation samples prepared with ASTM Type I Milli-
Q water (MQW) were also used to repeat the experiment.
Furthermore, the same experiment for dissolved TEs was also
conducted at higher TE concentrations (200 ng L™ "). After the
experiment, the empty bottles were cut open and studied for TE
adsorption.

The details of the other experiments to determine the losses
of particulate TEs by entrapment in the pores of container walls
and proton-promoted dissolution of particulate matter during
sample acidification are provided in the ESI.{

Processing of snow collected from the ABS region

A schematic flowchart for the sample processing is provided in
Fig. 3. The surface and subsurface snow samples were initially
putin a fridge (4 °C) to slowly thaw the snow for ~12 h, and after
that the thawed samples were transferred to the metal free,
laminar flow clean air cabinets (Class 100). Immediately after
melting (within one hour), an aliquot of the unacidified surface
snowmelt was filtered through acid-cleaned PTFE 0.45 pm
filters using acid-cleaned PP syringes. After filtration, the
surface snow sample filtrates were acidified (pH < 2) using 0.5%
HNO; to determine “dissolved”/filterable TE concentrations
(<0.45 pum).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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C Subsurface snow sample preparation

1) Acidified snow samples were thawed in clean air cabinet (CAC) were studied using:

3) TE were determined using iCAP Q ICP-MS

After decanting the melted sample, the
original sample botties were shaken (end to
end): firstwith 10 mL MQW to remove any
remaining particulate matter. This step was
repeated 3 times to assure the removal of
particles. Then the bottles were rinsed with
20 mL 2% HNO; and heated at ~65°C to
remove any sorbed TEs. Both MQW and
2%HNO, were tested for TEs using ICP-MS.

3a) Suspended particles on the filter ¢

v : SEM.IEDS (ml:‘ro?lorphology) was acidified (PH=0.5) using dd HNO,
2) Melted samples were filtered through acid clean 13mm PP/PTFE Pf""'c esionthe:diter were
0.45 um hydrophilic filter for dissolved/filterable TE (<0.45 pm) digested (metal analysis) l

Surface snow sample preparation

1) Snow samples were put in the fridge (4°C)
to slowly melt for ~¥12 hrs, and then
transferred to the clean air cabinets (CAC).

Ll

3) Immediately after melting (within
1 hour), filtered through acid
cleaned 13mm PP/PTFE 0.45 ym
hydrophilic filter for dissolved TE

2) An aliquot of the bulk melted
sample was digested for total trace
elements (TEs)

v

3b) An aliquot of 0.45 um filtered sample

4) TE were determined using iCAP Q ICP-MS

Fig. 3
samples.

For total TE concentrations, an aliquot (2.00 mL) of the
melted unfiltered, unacidified surface snow sample was diges-
ted in concentrated HNO; (3.00 mL) using high-pressure
microwave-assisted digestion (Ultraclave, MLS GmbH, Leut-
kirch, Germany). The dissolved TE concentrations were sub-
tracted from the totals to determine the operationally defined
particulate TE concentrations. To determine the concentration
of TEs in dust/particulate matter (>0.45 pm) in surface snow, the
0.45 pum filters used to filter the snowmelt were taken to extract
the particulate matter which was then digested in HNO; (6 mL)
and HBF, (0.2 mL, Laboratory Grade). The details of the
digestion program as well the procedure for extracting dust
particles from snow are reported elsewhere.*>**

Analytical methods

ICP-QMS analysis. Trace element concentrations were
determined using a quadrupole ICP-MS (iCAP Qc, Thermo
Fisher Scientific, Waltham, MA, USA) in kinetic energy
discrimination mode (KED) as described in Shotyk et al
(2014).°> The autosampler of the ICP-MS is housed within
a metal-free, Class 100, laminar flow clean air cabinet. Multi-
element stock solutions (1 and 2A, Spex CertiPrep Metuchen,
NJ, USA) as well as single-element solutions (Mo, Re, and Sb)
were diluted daily as appropriate to create the calibration
curves. A linear regression was confirmed for all selected
isotopes (R* > 0.99) before sample analysis. Using indium (**°In,
5 ug L") as the internal standard, introduced through a sepa-
rate line along with the samples, all samples were analyzed in
triplicate, with instrument parameters of 80 sweeps and 30 ms
dwell time for all isotopes. The ICP-QMS tune settings and
operating parameters are provided previously.>® The accuracy of
the analyses of aqueous solutions was determined using certi-
fied, standard reference materials for freshwater (NIST 1640a
and SPS-SW2). These results are summarized in Table S2,}
along with the corresponding Limits of Detection (LODs) and
Limits of Quantification (LOQs).

© 2022 The Author(s). Published by the Royal Society of Chemistry

Illustration of (A) collected snow samples and sample preparation of (B) unacidified surface snow, and (C) acidified subsurface snow

Scanning electron microscopy (SEM) of dust in surface
snow. SEM was used to obtain high-resolution (3 nm) and high
magnification (250 000x) digital images of the pieces cut from
the bottoms of the PP bottles and syringes and to study the
surface texture and microstructures of particulate matter in
snow. The samples were mounted on aluminum stubs using
double-sided carbon tape and examined under variable pres-
sure (VP) mode without any pre-treatment or coating of the
particles. A high spatial resolution JEOL SEM (Field Emission)
located in the Department of Earth Sciences, University of
Alberta was used. The details of the SEM procedure were
provided previously.>**

Statistical analysis

To determine the statistical significance of the difference
between the mean values of trace element concentrations
between sampling sites and sampling years, analysis of variance
(ANOVA) was employed using SAS 9.3 statistical software. After
the significant difference from ANOVA, the least significant
difference (LSD) was employed for pairwise comparison
between two means.

Results and discussion

A robust analytical method was developed for reliable quanti-
fication of TEs at low levels in snow (10 to 30 ng L™"). Multiple
time series laboratory experiments were conducted by spiking
snow and ASTM Type 1 water, with liquid and solid multi-
elemental standards in the metal-free ultraclean SWAMP labo-
ratory for reliable quantification of TEs.

Optimization of snow sample handling and processing

Dissolved/filterable TEs (<0.45 pm). The results of the
experiments conducted to optimize the recovery of dissolved
TEs are reported in Table S3.f In MQW, the spiked

Environ. Sci.; Atmos., 2022, 2, 428-440 | 431
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concentration (10 to 30 ng L") of all the dissolved TEs, except
Ag, were successfully recovered at all the time intervals (90 to
110%, TO to T1 month). Both acidified and unacidified samples
yielded similar and reproducible results. Likewise, in snow, the
recoveries of all the spiked TEs, except Ag, were acceptable in
both acidified and unacidified samples (85 to 113%, spiked —
background concentrations in snow). The recoveries of all the
dissolved TEs, except Ag, spiked at 200 ng L~ " were also excel-
lent (£10%), both in MQW and snow.

Silver - a challenging trace element. Silver appeared to be
a very challenging element to reliably recover in both MQW and
snow. Immediately after spiking with 10 to 30 ng L™, about 60
to 70% of the spiked Ag was lost from the un-acidified MQW
samples (Fig. 4A). The Ag loss was even greater (~80% at T0) in
the un-acidified snowmelt sample (Fig. 4B). After T0, no further
loss of Ag was found. For the experiment conducted at higher
concentration (200 ng L™ Ag spiked), the initial Ag loss from
the unacidified MQW and snowmelt samples was low (8 to 9%
of the spiked concentration, Fig. 4C). However, after a month of
incubation, around 70% of the spiked Ag was lost from the
unacidified snowmelt sample (Fig. 4C). Overall, the recovery of
Ag was very low in unacidified samples (29 to 44% in MQW and
17 to 22% in snow). This Ag loss from the un-acidified samples
was due to the sorption to the bottle walls, as it is well known
that Ag can be adsorbed to container walls such as borosilicate
glass, Pyrex and polyethylene.*~>°

Concern about the emissions of Ag to the environment from
bitumen mining and upgrading began with the paper by Kelly
et al. (2010).* In the intervening period, we have found no
evidence of environmental Ag contamination of plants®***** or
surface water.>**”°*°* Moreover, age-dated peat cores show that
atmospheric Ag deposition in the region has been in decline for
decades.®* Given the extremely low concentrations of Ag in all of
the samples collected to date, the challenges associated with its
reliable determination and the lack of evidence of environ-
mental contamination, there is no real need for further studies
of this element in the ABS region.

Contribution of particulate matter for dissolved TEs. All the
TEs were more abundant in the filterable fraction (<0.45 um) of
the samples spiked with coal fly ash, soil, sediments and road
dust compared to the un-spiked samples (Table S4t). Coal fly
ash and soil released much higher TE concentrations than the
sediments and road dust, both in MQW and snow. As expected,
TE release was much higher in the acidified samples compared
to the un-acidified samples. Overall, these results suggest that
the snow samples must be kept un-acidified and processed as
quickly as possible to accurately determine the dissolved frac-
tion of TEs in snowpack.

Losses of particulate matter. The results of the SEM-EDX
study of the entrapment of particulate matter in the pores of
the bottle walls are shown in Appendix A.f Particle adsorption
was found for all the spiked reference materials i.e., soil,
sediment, road dust and coal fly ash. However, a greater
abundance of particles was adsorbed from the road dust. The
size of the adsorbed particles ranged from ~1 um to ~10 pm.
In addition to the bottle walls, particles were also retained on
the walls of syringes used to filter the bulk snow samples. The
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Fig. 4 Concentrations of Ag in the acidified (A) and not acidified (NA)
snow and Milli Q water (MQW) spiked with 10, 20, 30 and 200 ng L%
multielemental standards (CLMS-1 and CLMS-2AN) as well as Mo, Re,
and Sb. The experiments were designed to determine sorption to
polypropylene (PP) bottle walls over time: immediately after spiking
(TO), after one hour (1), after 1 day (24), after 1 week (168) and after 1
month (720). (A) Silver in MQW, (B) silver in snow and (C) silver in MQW
and snow (200 ng L™t spiked).

loss of particulate matter makes it challenging to perform the
mass balance calculations for TEs. In addition to PP, Teflon
bottles were also examined using SEM to illustrate the
morphology and surface structure. Teflon surfaces are much
smoother and non-porous compared to PP (Fig. 5) and are
therefore better suited for sampling snow and water samples
rich in particulate matter.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Dissolved/filterable TEs (<0.45 pm) in snow from the ABS
region

TEs enriched in bitumen (V, Ni and Mo). Overall, the “dis-
solved” concentrations of the TEs in the snow were low (Fig. 6). The
concentrations of V and Ni, the two most abundant TEs in
bitumen,* were not significantly different among the different sites
(Fig. 6). For example, MIL and JPH4 are 11 and 12 km, respectively,
from the midpoint between the two central bitumen upgraders,
whereas ANZ is 68 km from the midpoint. The maximum V
concentration was found in snow from McK (25 km from the
midpoint), whereas the maximum Ni was found at ANZ. In contrast
to V and Ni, the greatest concentrations of dissolved Mo were found
near mining and upgrading activities (186.7 + 34.0 ng L™ at MIL).

Potentially toxic TEs (Cd, Pb, Sb, and TI). The “dissolved”
concentrations of Cd, Pb, Sb and Tl were also low in all the
snow samples (Fig. 6). In fact, the concentrations of Cd and Pb
in the snow were similar in all the sampling sites in the region.
The concentrations of Sb and Tl in the snow from MIL and
JPH4 were greater (2-3 times for Sb and 4-7 times for TI)
compared to ANZ. The results of conservative lithophile
elements showed ~2 times more La at JPH4 compared to ANZ
(Fig. 6). For perspective, the concentrations of “dissolved” TEs
in the snow samples of the ABS region are comparable to or
lower than the concentrations found in the same fraction of

1.00KX 25.00kV 9.0 mm

VPSE G3 pp_02.tif

1.00K X 2500kvV _ 8.0mm VPSE G3 teflon_02.tif

Fig. 5 Scanning electron microscopy images of unused poly-
propylene (PP) and Teflon. Black spots on the PP represent a porous
surface.
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Fig. 6 Dissolved trace element (TE) concentrations in surface snow
samples collected in 2015 from five ombrotrophic peat bogs: MIL,
JPH4, McK, McM and ANZ. The bars in the graphs show the average TE
concentrations of triplicate samples and error bars represent 1 stan-
dard deviation. The blue diamond represents the mid-point between
the two central bitumen upgraders.

the Athabasca River (AR),>* suggesting that snowmelt is not
a significant source of these elements to receiving water.

Total and particulate TEs

The total concentrations of all the TEs were greater near
mining operations (Fig. 7). The concentrations of TEs found in

Environ. Sci. Atmos., 2022, 2, 428-440 | 433


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ea00034a

Open Access Article. Published on 04 February 2022. Downloaded on 6/16/2026 2:30:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

bitumen (V, Ni, and Mo) were 2 to 6 times greater in the snow
from JPH4 and MIL compared to ANZ. For the potentially toxic
TEs, the concentrations were up to 5 times greater near mining
activities. However, conservative lithophile elements such as
La and Th were also greater at MIL and JPH4 compared to ANZ.
Comparing all these elements, the total concentrations of Cd,
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Fig. 7 Total TE concentrations in snow samples collected in 2015
from five ombrotrophic peat bogs: MIL, JPH4, McK, McM and ANZ. The
blue diamond represents the mid-point between the two central
bitumen upgraders.
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Mo, Ni, Pb, Sb, Tl and V showed strong, positive correlations
with La (r = 0.7-1.0) and Th (r = 0.5-1.0), illustrating the
importance of mineral matter as hosts for the TEs in snow.
Furthermore, by calculating the particulate fraction of TEs
(total - dissolved concentrations), the greatest proportion by
far (77 to 100%) of almost all the TEs was found in the
particulate fraction (Table S57).

The concentrations of all the TEs in dust particles extracted
from snow were higher near mining activities (Fig. 8).
Specifically, V, Ni and Mo were 11, 3 and 3 times, respectively,
greater in the dust from MIL compared to ANZ. At JPH4, the
concentrations of these three elements were 2 to 6 times greater.
For potentially toxic TEs, the concentrations were up to 7 times
greater at MIL or JPH4 than ANZ. The concentrations of La and
Th were also more abundant at MIL and JPH4 (6 to 7 times and 7
to 9 times, respectively) compared to ANZ. To put all of these
data into perspective, the concentrations of TEs in the dusts
extracted from snow can be compared to their corresponding
concentrations in the Upper Continental Crust (UCC). Clearly,
the concentrations of TEs in the dusts of the ABS region are
almost always below their natural abundance in crustal mate-
rials (Fig. 8). Thus, these dusts tend to be impoverished
regarding potentially toxic TEs, with respect to crustal values.

Enrichment factors of TEs in dust

To identify the relative contribution of anthropogenic versus
natural sources of TEs to the atmosphere, the crustal
enrichment factor (EF) is often used.**”® The EF is defined as
the concentration ratio of a given TE to that of a conservative,
lithophile element such as Al, Th or Sc (or any other element
which derives mainly from soil dust), normalised to the same
concentration ratio in the UCC. In the current study, TE EFs
were calculated using the ratio of TE/Th in the dust particles
extracted from surface snow normalized to the same
concentration ratio of the UCC. The concentrations of TEs in
the UCC were adopted from Rudnick and Gao (2014).”* Over-
all, these calculations showed no TE enrichment in dust in
the snow (Table S61). In fact, the average EF of Pb was 1, which
showed that the abundance of Pb in the dust particles ob-
tained from snow is the same as that of the crustal material.
For other potentially toxic TEs, the EF was ~5 for Cd and Sb
and ~1 for Tl. For bitumen enriched TEs, the EF was <5 for V
and Ni, but it was ~15 for Mo. Thus, Mo might be a suitable
tracer for monitoring the aerial deposition of TEs from
industrial activities in the ABS region.

Micromorphology of dust extracted from snow

The main sources of mineral dusts in the ABS region include
open-pit mines, beaches and dykes of tailings ponds, exposed
overburden, and gravel roads.?”*® Using physical methods of
analysis, mineral matter from these sources is difficult to
distinguish from the natural background of atmospheric
dusts supplied by wind erosion of soils. The dust extracted
from snow contained quartz, sulfides (such as pyrite), feld-
spar, amphibole, zircon, and clay minerals (Appendix Bf),
which are the most common mineral phases in bituminous

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sands and other coarse-grained sedimentary rocks.””* Also,
the dust particles in snow near industrial activities (i.e., MIL)
showed a greater size, variability and abundance. At McM and
ANZ, fly ash was also found (Appendix Bt). A larger diversity
in particle sizes was also reported in the ash fraction of
Sphagnum moss sampled from bogs closer to industrial
activities compared to moss sampled farther away.”

Acid soluble trace elements

The concentrations of acid soluble TEs in snow collected from
three depths (15, 30 and 45 cm) are provided in Tables S5 and
S7.f On average, the concentration of V was clearly greater in
snow near the mining operations (i.e., at MIL), but the differ-
ence in concentrations was not statistically significant (P = 0.08)
among the five bogs. The concentrations of Ni showed a similar
pattern, but Mo was lower in the snow near industrial opera-
tions. The acid soluble concentrations of Cd, Pb, Sb and TI in
snow at MIL and JPH4 were greater compared to ANZ (Table
S51). Comparing the lithophile elements, the concentrations of
La and Th were also greater, by 1 to 3 orders of magnitude, at
MIL and JPH4 compared to ANZ. Again, these results suggest
that mineral dusts are the dominant source of TEs in the snow
of the region.

After carefully reviewing the TE results, a pattern of
increasing concentrations with depth was observed for sites
closer to industrial activities (Table S77). For example, for Pb at
MIL, JPH4 and McM, the concentrations increased from the top
to the bottom snow layers. Similar increases were observed for
Ni, Mo, Cd, Sb, Tl, La and Th at least at one site. These obser-
vations suggest a metamorphism of snow that results in TE
segregation and relocation within the snowpack.

Comparison with published data for TEs in snow from the
ABS region

For context, the concentrations of TEs are compared to the
corresponding concentrations reported in previous studies
conducted in the ABS region.****”> The work by Kelly et al
(2010)** did not provide data for dissolved V and Mo in snow,
even though V is the most abundant metal in bitumen.®
Comparing Ni data, our dissolved Ni values near industrial
development are remarkably similar to that of reported by Kelly
et al., (2010).*> Comparing the particulate TE concentrations, Pb
was similar between the current study (510.8 & 312.3 ng L™ ")
and the one by Kelly et al. (2010;** 660 & 180 ng L™ '). But for the
other TEs, there was a great difference in the concentrations,
probably due to the abundance of particulate matter.
Comparing our results with other work, our average dissolved V,
Ni and Mo concentrations are 3, 2 and 6 times (Table 1),
respectively greater than those reported by Guéguen et al
(2016).* Our total TE concentrations are also greater than those
reported by Guéguen et al. (2016).** Bari et al. (2014)” also
investigated the atmospheric deposition of (total recoverable)
TEs in snow from the ABS region. They found 2 to 7 times
greater deposition of Cd, Pb, Sb and Tl near industrial activities
(at the WBEA/Mannix sampling location, 7.5 km from the
midpoint between the two central upgraders) compared to a site
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68 km far from the midpoint. Comparing these two sites in their
study, similar differences were also found in Al deposition (7
times more near industrial activities). While these authors did
not correct the differences for the abundance of mineral matter
(e.g. using Al), it would appear that most of the variation in TE
concentrations can be explained in terms of differences in dust
deposition. Gopalapillai et al. (2019)** conducted a temporal
and spatial study for the source analysis of TEs in winter air
deposition in the Athabasca oil sands region. Similar to our
findings for total TEs, they found a greater abundance of 18
elements (Al, As, Ba, Be, Ce, Co, Cs, Fe, Ga, La, Mo, Pb, Rb, Ti,
U, V, W, and Y) in the unfiltered snow near the industrial
operations. Overall, using a hybrid source analysis, they re-
ported a general decrease in the atmospheric loadings of trace
elements over time (1978 to 2016).

Comparison of TE ratios in snow with bulk ABS, bitumen and
mineral fractions

Trace element ratios in snow may be compared to their
respective ratios in bulk ABS, as well as its bitumen and mineral
fractions to determine potential TE sources. The TE contents in
the ABS and its fractions were reported by Bicalho et al. (2017),**
and the ratios are summarized in Table S8.1 The ratios of TEs
that are known to be enriched in bitumen were (V/Ni, V/Mo, and
Ni/Mo): 2.6, 24.1, and 9.1, respectively in bulk ABS; 2.9, 23.3,
and 8.0 respectively in the bitumen fraction; and 2.3, 44.0, and
19.0, respectively in the mineral fraction. These ratios of the
“dissolved” concentrations of TEs in snow (V/Ni, 0.9; V/Mo, 2.7;
Ni/Mo, 3.0) are very different from the ratios in bulk ABS,
bitumen and mineral fractions (Table S81). Comparing the total
and particulate concentrations, only Ni/Mo ratios in snow (7.9
and 8.2, respectively) were comparable to the ratio in bitumen
(8.0). The acid soluble TE ratios in snow (V/Ni, 1.2; V/Mo, 43.9;
Ni/Mo, 35.5) differ from these ratios in bulk ABS and bitumen
fractions. However, compared to the mineral fraction of the
ABS, similar results were found, particularly for V/Mo. Taken
together, these results showed that snow near industrial activ-
ities is generally depleted in V and Ni compared to bitumen, and
Mo is perhaps a better tracer of industrial activities related to
bitumen mining and upgrading. The higher concentrations of
Mo were also found to be associated with oil operations in
Ecuador.”® Moreover, the chemical composition of the snow in
the ABS region is most similar to the bulk composition of the
ABS, and in particular the composition of the mineral fraction.

Ecological significance of TEs in the Athabasca River (AR)

The Peace-Athabasca Delta (PAD) is one of the largest freshwater
deltas in the world and of tremendous ecological significance.
There are legitimate concerns about a range of environmental
impacts on the delta, including contaminants received from the
AR watershed.”” Comparing the average dissolved concentrations
of potentially toxic TEs (Cd, Pb, Sb and TI) in the snow to the
dissolved concentrations in the AR water reported by Shotyk et al.
(2017),%* the TEs in snow were either similar e.g., Tl or lower e.g.,
Cd (6x), Pb (3x), and Sb (3x). Lower concentrations in the snow
suggest that snowmelt does not have significant impacts on the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Tablel Concentrations of dissolved, acid soluble, particulate, total trace elements (TEs), and TEs in dust extracted from snow samples collected
in 2015 from peat bogs in the Athabasca Bituminous Sands region (ABS)¢

Current study

Athabasca Bituminous Sands (ABS) region

Trace elements in

Dissolved, ng L™ Acid soluble, pg L™* Particulate, ug L™ Total, ug L™* dust, mg kg !

\% 208 £ 172 4.16 £ 5.78 28.9 £17.2 29.1 £17.2 6.20 £ 6.42
Ni 213 £ 103 3.37 £ 2.14 14.8 + 6.47 15.0 £ 6.40 3.20 + 2.40
Mo 80.4 £+ 58.0 0.10 &+ 0.05 1.81 £+ 0.66 1.90 £ 0.71 0.43 + 0.40
Ccd 2.10 + 1.60 0.01 £+ 0.00 0.02 + 0.01 0.02 + 0.01 0.01 &+ 0.01
Pb 4.20 £ 1.30 0.41 + 0.28 0.51 £ 0.31 0.52 + 0.31 0.62 + 0.50
Sb 19.8 + 9.60 0.03 £ 0.02 0.18 £ 0.07 0.20 £+ 0.08 0.05 £ 0.02
Tl 3.60 + 2.20 0.01 &+ 0.01 0.03 £ 0.02 0.03 £+ 0.02 0.02 £ 0.01
La 4.60 + 3.40 0.50 + 0.42 1.90 £+ 1.60 1.90 £ 1.60 1.22 £+ 1.10
Th 1.80 £+ 0.40 0.04 £+ 0.05 0.42 + 0.30 0.42 £+ 0.30 0.40 + 0.31

Previous studies

Guéguen et al., 2016 ** Kelly et al., 2010 ** Shotyk et al., 2010 *®

ABS region ABS region Southern Ontario

Acid soluble, ng L™"

Dissolved, ng L™* Total, ng L * Dissolved, ng L ™" Particulate, ng L™" Johnson and Parnell Luther bog Sifton bog
v 64 + 2732 526 + 366 — — 172 + 105 233 + 288 314 + 135
Ni 110 £ 1991 165+ 1 240 + 46 3900 + 1900 336 £ 261 130 + 101 159 £+ 62
Mo 16.0 40.6 — — 75 £ 26 102 + 72 124 £+ 33
Cd 7.0 17 56 £ 26 490 £ 210 35 £ 27 10 £ 8 17 +7
Pb 21 203.3 750 £ 0 660 + 180 672 + 264 747 + 726 798 + 396
Sb 13.0 13.1 28 £2 330 £ 68 31+ 18 50 £ 55 66 + 29
Tl 1.0 2.5 32+0 15+7 25+1.4 2.5+ 2.6 35+1.6
La — — — — — — —
Th 2.0 19 — — 1.8 £ 0.7 5.5+ 6.5 3.1+£0.9

“ Notes: - no data. The results for the current study are average concentrations (n = 15) & 1 std. dev. For comparison, the results of previous studies

are also included in the table (lower portion).

TE dissolved loads to the AR. In the AR, using the metal-free
ultraclean procedures and protocols developed for polar snow
and ice, TEs in the dissolved fraction are at natural, background
levels typical of uncontaminated freshwater.®** Moreover, the
fractionation of dissolved TEs into colloidal (300 Da to 0.45 pum)
and mainly ionic (<300 Da) forms shows that a significant
proportion of the traditionally defined “dissolved” TE fraction is,
in fact, bound with organic and inorganic colloids.* Thus, in the
lower AR watershed, these potentially toxic TEs are expected to
have limited bioavailability.

Conclusions

A robust snow sampling, handling, processing and analytical
method was developed for the reliable quantification of 40 trace
elements (TEs). Except for Ag, the “dissolved” concentrations of
all 39 TEs were precisely quantified at low levels (10 to
30 ng L™ ). The entrapment of particulate matter to the walls of
polypropylene bottles and syringes was observed, accounting
for the loss of particulate matter during sample processing.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Employing this method, the impact of airborne emissions from
Athabasca Bituminous Sands (ABS) open pit mining and
upgrading activities was studied using snow samples from 5
bogs. The dissolved fractions of Cd, Ni, Pb and V were similar at
all sites, whereas Mo, Sb and Tl concentrations were greater
near mining activities. The total concentrations of all the TEs
including conservative lithophiles (i.e., La and Th) in snow and
in the dust extracted from snow were greater near the industrial
operations. However, the enrichment factors of the TEs in dust
show insignificant enrichment of TEs near industrial activities
(e.g., Pb EF = 1). Overall, the results show that ABS mining and
upgrading activities have affected the total concentrations of
TEs in snow, but not “dissolved” concentrations; in fact, the TEs
are found almost exclusively in the particulate fraction.
Molybdenum may be a useful tracer of atmospheric deposition
from industrial activities in the region.
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