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A B S T R A C T   

There is ongoing concern about trace element (TE) emissions to the global environment from the dusts generated 
by open pit mining of coal, iron ore, stone quarries, and aggregate extraction. However, the chemical compo-
sition and acid solubility of these dusts is highly variable. Here, TEs were determined in snow collected in 2016 
and 2017 in the vicinity of open-pit bitumen mines in northern Alberta, Canada. Acid solubility was assessed 
quantitatively by comparing TE concentrations in leachates and acid digests. The mineralogical composition of 
the particles extracted from the snow was examined using SEM-EDS. The data is reproducible from one year to 
the next. TE concentrations were greater throughout the industrial zone compared to the reference location 
(UTK), with the midpoint between the two central upgraders being especially impacted. Regardless of their 
geochemical class (lithophile: Al, Be, Cs, La, Li, Sr, Th; chalcophile: As, Cd, Pb, Sb, Tl; or enriched in bitumen: 
Mo, Ni, V), all TEs showed strong, positive correlations with Y, a conservative element which serves as a sur-
rogate for the abundance of mineral particles. The ratio V:Ni in the snow is less than the corresponding values for 
bitumen and petcoke, but similar to that of local road dust. The ratio La:Al in snow is elevated, relative to the 
earth’s crust, suggesting an enrichment of heavy minerals monazite and zircon. The predominance of quartz and 
other stable silicates helps to explain the limited chemical solubility of the dusts, and predicts a low bio-
accessibility of these TEs in the environment.   

1. Introduction 

Atmospheric dust particles, which can contain trace elements (TEs), 
are known to have an impact on the environment and human health 
(Field et al., 2010; Luo et al., 2019; Morman and Plumlee, 2013; Sche-
panski, 2018; Scheuvens and Kandler, 2014; Simonson, 1995; Vithanage 
et al., 2022). These particles are removed from the atmosphere by dry 
and wet deposition (Bergametti and Forêt, 2014; Rodríguez et al., 2012; 
Seinfeld and Pandis, 2016; Vithanage et al., 2022), which are key pro-
cesses controlling their lifetime and therefore determine their potential 
biogeochemical impact (Adebiyi et al., 2023; Bergametti and Forêt, 
2014; Cheng et al., 2021). Sources of atmospheric particulate matter in 
the environment can be natural (e.g volcanic eruptions, soil erosion) and 
anthropogenic (e.g industrial activities, fossil fuel combustion) (Hopke 
et al., 2020; Luo et al., 2019; Scheuvens and Kandler, 2014; Vithanage 
et al., 2022). 

The shape and size of dust particles are some of the main properties 

that govern their settling behavior and transport: coarse and larger 
particles (>10 μm) will deposit near the source of emission, whereas fine 
particles (<2 μm) will travel long distances (Adebiyi et al., 2023; Ber-
gametti and Forêt, 2014; Schepanski, 2018; Scheuvens and Kandler, 
2014; Seinfeld and Pandis, 2016). For example, orange-colored snow 
containing large dust particles (8–38 μm in diameter) was observed over 
the Pyrenees, French, and Swiss Alps during an extreme deposition event 
of Saharan dust (Dumont et al., 2023); brownish to black snow was 
reported in the remote Scottish Highlands due to long range transport of 
pulverized fuel and coal fly ash particles smaller than 4 μm (Davies et al., 
1984); in New Zealand, fine atmospheric particles were likely due to 
wildfires in Australia (Pu et al., 2021); in the central Himalayas, dusts 
smaller than 2.5 μm were attributed to natural and anthropogenic 
sources (Svensson et al., 2021) and in northern Alberta, downwind from 
dry mine tailings, particles extracted from snow were in the size range of 
10–100 μm (Javed et al., 2022). 

When dust deposits on snow, the albedo is reduced, altering the 
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melting behavior and the energy balance (Fassnacht et al., 2022; Field 
et al., 2010; Lehning, 2005; Pey et al., 2020; Reynolds et al., 2020; 
Schepanski, 2018; Tuzet et al., 2017; Warren, 2019). Moreover, several 
studies have reported an increase in the concentrations of major ions 
(Lawrence et al., 2010; Rhoades et al., 2010) and TEs (Carling et al., 
2012; Pey et al., 2020) in snow associated with an increase of dust 
particles. During the initial snowmelt, ions are eluted from the snowpack 
at greater concentrations compared to the meltwater that is released 
afterwards (Colbeck, 1981; Davis, 1991; Feng et al., 2001; Hibberd, 
1984; Johannessen and Henriksen, 1978; Lee and Jung, 2022). In some 
cases, the snowmelt runoff period accounts for a large percentage of the 
annual load of TEs to surface waters (Carling et al., 2015; Checketts 
et al., 2020; Rember and Trefry, 2004). 

Not all of the TEs associated with dusts are in bioavailable form 
which is why it is fundamental to distinguish between the total and the 
«dissolved» (i.e. fraction that passes through a 0.45 μm filter) concen-
trations, the latter being the most relevant from the environmental and 
ecological point of view (Javed et al., 2022). From the legislative 
perspective, water quality guidelines - for human consumption and for 
the protection of aquatic life - are based on either total concentrations 
(CCME, 2023; Dunn et al., 2014; The European Comission, 2013) or on 
concentrations in the dissolved fraction (CCME, 2023; EPA, 2023). 
These guidelines constantly evolve to incorporate new findings about 
the bioaccumulation, bioavailability and toxicity of each targeted 
compound (Barnhart et al., 2021; Bogardi et al., 2020; Frisbie and 
Mitchell, 2022). From the analytical point of view, there are some 
challenges associated with the determination of TEs in snow such as 
sampling, handling and preparation especially for elements occurring at 
very low concentrations (Barbante et al., 2017; Boutron, 1990; Gabrielli 
et al., 2008; Javed et al., 2022; Krachler et al., 2005a). Regarding the 
methods to digest particulate matter in snow samples, HNO3 is 
commonly used (Guéguen et al., 2016; Javed et al., 2022; Lai et al., 
2017) to obtain « quasi-total » concentrations. Other authors propose a 
different approach and instead report the «acid-leachable» (or 
acid-soluble) fraction as way to characterize the reactivity of atmo-
spheric particulate matter, and the relative solubility of TEs they contain 
(Koffman et al., 2014; Li et al., 2018; Spolaor et al., 2021). 

Given that the dominant natural source of mineral dusts are small, 
soil and rock-derived particles (Kok et al., 2023; Shao, 2009), it is ex-
pected that some of these minerals are more soluble than others, 
releasing TEs at different rates and potentially resulting in a wide range 
of aqueous concentrations. For example, the lithophile elements such as 
Al and Si which dominate the primary silicate minerals (Goldschmidt, 
1937) will be more resistant to acid-leaching than elements such as Ca, 
Mg and Sr which are abundant in carbonates and far more chemically 
reactive (Smrzka et al., 2019). 

Open-pit bitumen mining in the Athabasca Bituminous Sands (ABS) 
region located in northern Alberta, Canada, generates large volumes of 
dusts not only from the extraction of this resource but also from road 
construction, unpaved roads, limestone quarries, overburden, coke 
piles, and dry tailings (Landis et al., 2017; Lynam et al., 2015; Mamun 
et al., 2021; Shotyk et al., 2016; Wang et al., 2015). Some studies in the 
ABS region have used snow to characterize the deposition of TEs and 
there is a common agreement that their concentrations increase with 
distance towards the centre of the industrial activities (Gopalapillai 
et al., 2019; Guéguen et al., 2016; Javed et al., 2017, 2022; Kelly et al., 
2010; Kirk et al., 2018; Murray, 1981). Because dust deposition varies 
spatially and changes temporally, long-term monitoring is needed to 
assess the impact of such anthropogenic activities (Li et al., 2023; Wang 
et al., 2021). While the increase in total concentrations of dust particles 
and TEs toward industry is a legitimate concern, it is vital to understand 
the types of particles that host these elements, their mineralogical 
composition and acid solubility, and, ultimately, their potential to 
release TEs to the dissolved fraction of surface waters. To our knowledge 
there are no studies addressing these important details. 

In our previous work (Barraza et al., 2024), we reported 

concentrations of 16 TEs obtained from melted and filtered snow 
(<0.45 μm), collected along the Athabasca River (AR), upstream and 
downstream of industry, in 2017. The acid-soluble fraction of TEs was 
used as a conservative estimate of the upper limit of the fraction that 
could potentially be mobilized under extremely acidic conditions (less 
than pH 1). However, a limited number of sampling locations was 
included in that report, and there was a single season of wintertime 
atmospheric deposition. In addition, mineralogical information about 
the particulate matter in the snow samples was limited. 

To help fill these gaps and evaluate the reproducibility of the findings 
presented earlier, the aims of this study were to: (i) determine the 
interannual and spatial variations of TEs in the acid soluble fraction of 
snow collected in winter 2016 and 2017, (ii) quantify the extent of TE 
enrichments in snow collected near industry relative to UTK, the refer-
ence site, (iii) evaluate the consistency of the chemical behaviour of TEs 
in the dust particles between sampling years, and (iv) provide sufficient 
mineralogical information about the particulate fraction to help un-
derstand the limited bioaccessibility of the TEs, ; and v) to determine the 
possible ecological significance of TEs in snow relative to the dissolved 
fraction of the waters of the Athabasca River. 

2. Materials and methods 

2.1. Snow sampling and processing 

The 2016 field campaign took place between February 24 and March 
5 along the Athabasca River (AR) in the Athabasca Bituminous Sands 
(ABS) region, resulting in a collection of snow samples at 25 sites close to 
the east and west banks of the AR main stem (SAR) and at 5 tributary 
rivers (from the edge to 35 m into the river) (Fig. 1). 

These samples complement the subsequent campaign during March 
7 to 8, 2017 (Barraza et al., 2024). This transect covers approximately 
120 km of the Lower AR watershed, and represents sites upstream, 
midstream and downstream of the industrial area (Table S1, Supple-
mentary Information). 

The weather conditions in the ABS region in 2016 were similar to 
those of 2017, with an average daily temperature ranging from − 4.3 to 
− 20.9 ◦C (slightly less cool than in 2017), although more warm days 
were recorded in 2016. The predominant wind directions in 2016 were 
~18% from the south, 15% from the north and 15% from the southeast, 
similar to 2017 (~20% from the north and ~15% from the southeast %) 
(Fig. S1) (Government of Canada, 2022). 

For comparison, snow was collected from the reference site Utikuma 
(UTK) during both years. The UTK site is an ombrotrophic peat bog 
located 264 km southwest from the ABS region (Fig. 1). The detailed 
justification for using this site as reference, was provided in the previous 
paper (Barraza et al., 2024). 

The sampling procedure and preparation are described elsewhere 
(Barraza et al., 2024). In brief, snow samples were collected in triplicate 
in 1 L acid-cleaned polypropylene (PP) bottles from the top, middle, and 
bottom of the snowpack (from the top 5 cm to depths of 30–45 cm, 
depending on the accumulation of snow), as well as a bulk sample 
representing the entire snow profile. The acid-soluble fraction described 
hereafter refers to snow (collected in triplicate) that was melted, leached 
overnight with double-distilled nitric acid (final concentration of 0.5%), 
and filtered through an acid-cleaned 0.45 μm PTFE filter membrane. 
Additional information regarding the experimental methods used to 
validate the collection and handling of snow samples for the study of TEs 
is available in Javed et al. (2022). As in our previous study, the approach 
used to quantify the acid solubility of TEs was to calculate the per-
centage of each TE which is soluble in acid. This requires the determi-
nation of the «total » concentrations of TEs in bulk snow which is 
obtained after microwave digestion with concentrated HNO3 (US EPA 
Methods 3050B and 3051A for TEs in soils) as described elsewhere 
(Barraza et al., 2024). 
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2.2. Trace element analysis 

Concentrations of 16 TEs (Al, As, Be, Cd, Cs, La, Li, Mo, Ni, Pb, Sb, Sr, 
Th, Tl, V and Y) were determined using ICP-MS (iCAP RQ, Thermo 
Scientific). The limits of detection (LOD), quantification (LOQ), preci-
sion, and accuracy of the certified reference materials are listed in 
Table S2. 

The values presented here are the average concentrations of TEs for 
the snow samples collected in triplicate. Comparison of the variation in 
TE concentrations in regard to depth of the snow samples was not un-
dertaken, mainly because this is outside of the scope of the study. Also, 
in some cases the snow profile was not deep enough for evaluating this 
type of variability. For comparison between years and sites, some sam-
ples collected in 2017 were omitted or combined (Table S3). For 
example, site SAR-10.5 was excluded from the 2017 set due to the 
extremely low TE concentrations associated with the abundance of 
locally-derived sand probably from the large sandbar along this shore of 
the river (Barraza et al., 2024). In regard to sites SAR-16 and SAR-17, 
average concentrations were calculated based on sites SAR-16-E and 
SAR-16-W, and SAR-17 and SAR-17.5, respectively collected in 2017 
(Barraza et al., 2024). 

Trace elements are presented and discussed in 3 groups as follows: i) 
conservative (Al, Y, Th, La) and mobile lithophile elements (Li, Be, Cs, 
Sr) (Goldschmidt, 1937); (ii) elements enriched in bitumen (V, Ni, Mo) 
(Bicalho et al., 2017; Goldschmidt, 1937), and (iii) potentially toxic, 
chalcophile elements (As, Cd, Sb, Pb, Tl) (Goldschmidt, 1937; Javed 
et al., 2022). 

2.3. Scanning electron microscopy and energy dispersive X-ray 
spectroscopy (SEM-EDS) analyses of the acid-insoluble fraction (>0.45 
μm) 

From selected snow samples, insoluble dust particles retained on 

PTFE membrane filters were examined for their size, morphology and 
major element chemical composition using a Field Emission Scanning 
Electron Microscope (Zeiss Sigma 300 VP-FESEM) equipped with an EDS 
system. Details of sample preparation and instrument settings can be 
found elsewhere (Barraza et al., 2024). Mineral identification was done 
using the chemical information obtained from the X-ray analysis, and 
relative abundances of each probable mineral phase were calculated 
based on the number of grains analyzed per site. The samples selected 
for SEM analyses correspond to the following sites and snow layers: 
SAR-5 (bottom), McKay River (top), SAR-16 (top, middle, bottom), 
Steepbank River (top, middle, bottom), SAR-17 (top, middle, bottom), 
SAR-20 (bottom), Clearwater River (top), SAR-UP2 (top), and UTK (top 
and bottom) (Fig. 1, Table S3). 

2.4. Statistical analysis 

All the statistical analyses were done using the R programming 
environment version 3.5. (R Core Team, 2021). 

For the 2016 data, linear regressions were conducted to explore the 
specific correlations between certain elements (Barraza et al., 2024) 
using the lm function. For the 2016 and 2017 data, Pearson correlations 
were calculated after transformation for normality. 

Principal component analysis (PCA) was used for a multivariate vi-
sual summary of TE concentrations in 2016 and 2017, implemented 
with the princomp() function. Each of the 16 TEs was individually log- 
transformed and, where applicable, a constant was added or sub-
tracted prior to transformation to achieve normality prior to PCA 
analysis. 

Further, a post-hoc effect size statistical test was carried out with four 
geographic groups, comparing the reference site (UTK) with sites near 
the two central upgraders (midstream; sample locations SAR-15 to SAR- 
18, including Steepbank River), as well as samples downstream (SAR-1 
to SAR-10, including Firebag, McKay and Muskeg rivers) and upstream 

Fig. 1. Sampling locations in winter 2016 and 2017 along the Athabasca River (SAR), its tributaries, and at the reference site (UTK).  
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from the upgraders (SAR-18.5 to SAR-UP2, including Clearwater River). 
A mixed effects model with year (2016 or 2017) being specified as a 
random factor and the sample groups (reference, midstream, upstream, 
and downstream) as fixed effect, was used. The dependent variables (16 
TEs) were log-transformed prior to analysis, and 1-sided contrasts of the 
TE concentrations near the upgraders against the reference, upstream 
and downstream locations was carried out. An adjustment for multiple 
inferences was applied using the Dunn–Šidák correction (Šidák, 1967). 
Estimated means and effect size statistics were back-transformed to be 
reported in original units, and therefore represent estimates of median 
TE concentrations. The analysis was implemented using the lmer func-
tion for mixed models of the package lme4 (Bates et al., 2015) in com-
bination with the contrast function of the emmeans package (Lenth, 
2016). Although the lme4 package includes model options for 
non-parametric residuals, the emmeans package for effect size statistics 
does not. Since transformations to normality were unproblematic, this 
analytical option was chosen. 

3. Results and discussion 

3.1. Spatial variations in the concentrations of TEs in snow from the ABS 
region in 2016 and in 2017 

The TE concentrations in snow tend generally to increase from 
downstream of industry (i.e. the Firebag River, at the north end of the 
transect) to the centre of industrial activity (i.e. at Steepbank River). 
Similarly, they increase from upstream of industry (i.e. SAR-UP2, at the 
south end of the transect) to the Steepbank River in 2016 and to SAR-17 
in 2017 (Figs. 2 and 3; Figs. S2–S4; Table S3). The only exception is Sb in 
2016, which increases from the Firebag River to SAR-17 and from SAR- 
UP2 to SAR-17 (Fig. S2c). These trends are in agreement with previous 
studies conducted in the same area (Gopalapillai et al., 2019; Guéguen 
et al., 2016; Kelly et al., 2010). 

3.2. Interannual variations in the concentrations of TEs in snow from the 
ABS region 

Overall, average concentrations of TEs in 2016 were in the range of 
1.2 ng/L (Tl, which is the least abundant) to 1.7 mg/L (Al, the most 

abundant) (Table S3) and similar to the values reported in 2017 (Barraza 
et al., 2024). However, there are some exceptions such as TEs on sites 
SAR-5 and SAR-8, situated 61 and 47 km downstream of industry 
respectively (Fig. 1, Table S1). At the former site, TEs were 1.2–4.3x 
greater in 2016 than in 2017, whereas in the latter they were 1.2–5.7x 
greater in 2017 than in 2016 (Table S3). 

These results could be related to differences in the precipitation and 
accumulation of snow as well as to thawing-freezing cycles (Colbeck, 
1981) before the sampling took place. As mentioned in section 2.1, 
although there is no available data about snow on the ground in 2016, 
the temperature records in 2016 at the Mildred Lake station indicate 
more warmer days compared to 2017 (Government of Canada, 2022). 
This could have led to some melting and TEs becoming more concen-
trated (see Table S3) in some sections of the snow cover. The amount of 
dust deposited may also have varied, despite similar wind directions, 
because of slightly higher wind speeds in 2016 (Fig. S1). Variations in 
snow density (which was not measured), may also have played a role. All 
of these factors may help to explain some of the interannual variations in 
TE concentrations. 

3.2.1. Conservative and mobile lithophile elements 
In 2016, increases in Al and Y were in the range of 16–73 times from 

upstream or downstream to midstream of industry, whereas in 2017 the 
ranges were between 28 and 53 times (Fig. 2). A similar general trend is 
observed for Be, La, and Li in both years (Figures S2a, S3 and S4). By 
contrast, Sr and Th showed a more pronounced increase: up to 135-fold 
in 2016 and for Sr in 2017, up to 83-fold (Figs. S2a and S4). 

3.2.2. Elements enriched in bitumen 
In both years, the concentrations of V and Ni were similar, with in-

creases in the range of 13–48 times (Fig. 2b–Table S3). Molybdenum is 
much less abundant in snow compared to V and Ni (Fig. S2b, Table S3), 
consistent with its much lower abundance in the ABS ores (Bicalho et al., 
2017). However, in 2016, the increase in Mo was more pronounced than 
the other two elements (Fig. S2b, Table S3). 

3.2.3. Potentially toxic chalcophile elements 
Elements such as As, Cd, and Sb increased in the range of 3–6 times in 

2016 and in the range of 12–20 times in 2017 (Fig. 3 and S2c, Table S3). 

Fig. 2. Concentrations of a) conservative lithophile TEs (Al and Y) and b) elements enriched in bitumen (V and Ni) in the acid-soluble fraction of snow collected in 
the Athabasca River (SAR), its tributaries, and at the reference site (UTK) in winter 2016 (grey bars) and 2017 (blue bars). The red star represents the mid-point 
between the Syncrude and Suncor bitumen upgraders. 
Note: The green dashed line separates the AR sites from the reference site. 
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Lead and Tl showed increases within the range of 5–14 in 2016 and 31 to 
51 in 2017 (Fig. 3, Table S3). 

3.3. Comparison between TE concentrations in snow from the ABS region 
and UTK, the reference site 

3.3.1. Trace element ratios in snow from the ABS region relative to UTK in 
2016 

The average concentration of each TE in snow from the ABS region 
was normalized to its respective concentration in the snow from UTK 
(Table S4). The elements with the greatest ratios were Th (799) and Y 
(458) followed by V (228) and Mo (192) (Table S5). Contrarily, some of 
the chalcophile elements such as Cd and Sb had the lowest ratios ranging 
from 2 to 13 (Table S5), with the former dropping below 2 from 
midstream (SAR-15.5) to downstream (Firebag River) locations. 

The sites with the lowest ratios relative to UTK are those located 
downstream of industry (sites: Firebag to Muskeg River) which is similar 
to what was observed in 2017 (Table S6). 

3.3.2. Concentrations from upstream, midstream, and downstream of 
industry relative to UTK for two consecutive sampling years 

A statistical analysis of TE levels in 2016 and 2017 was carried out 
for 3 post-hoc sample groups (midstream, upstream, and downstream of 
industry) relative to UTK. The analysis revealed that almost all TEs have 
significantly elevated levels (estimated median concentrations) relative 
to the reference site (Table 1). For example, considering the size of the 
standard error, Al is at least 138, 62.6 and 16.8 μg/L higher midstream, 
downstream, and upstream of industry respectively than at UTK. 

At the locations near the two central upgraders, TEs were typically 
increased by one to two orders of magnitude, except for Cd and Sb (with 
only moderately but statistically significantly elevated levels) and Be 
(increase of three orders of magnitude) (Table 1). Locations upstream 
and downstream from this centre of industrial activity showed lower TE 
concentrations (2–10x), whereas the observed elevated levels of Cd at 
upstream and downstream locations were not statistically significant at 
an α-level of 0.05 (Table 1). 

Fig. 3. Concentrations of chalcophile trace elements in the acid-soluble fraction of snow collected in the Athabasca River (SAR), its tributaries, and at the reference 
site (UTK) in winter 2016 (grey bars) and 2017 (blue bars). The red star represents the mid-point between the Syncrude and Suncor bitumen upgraders. 
Note: The green dashed line separates the AR sites from the reference site. 

Table 1 
Estimated median TE concentrations (in μg/L or *ng/L), and effect size statistics showing the minimum estimated increase relative to the reference site (UTK) at an 
α-level of 0.05 with Dunn-Šidák correction for multiple inference.  

Element Estimated median concentration Minimum increase at 95% confidence 

Reference Midstream Upstream Downstream Midstream Upstream Downstream 

Al 8.34 386 196 64.1 ≥138 ≥62.6 ≥16.8 
As* 16.0 504 220 116 ≥212 ≥75.9 ≥37.9 
Be* 0.08 91.0 32.5 10.9 ≥22.2 ≥6.66 ≥2.72 
Cd* 11.3 42.7 21.1 13.1 ≥7.48 n.s. n.s. 
Cs* 4.32 84.7 42.4 21.2 ≥34.0 ≥13.4 ≥5.56 
La 0.01 2.35 0.86 0.28 ≥0.76 ≥0.25 ≥0.08 
Li 0.01 0.91 0.49 0.17 ≥0.30 ≥0.13 ≥0.04 
Mo <0.01 0.60 0.17 0.06 ≥0.20 ≥0.04 ≥0.01 
Ni 0.07 3.58 1.28 0.45 ≥1.28 ≥0.35 ≥0.10 
Pb 0.06 1.93 0.73 0.26 ≥0.68 ≥0.20 ≥0.04 
Sb* 5.48 48.8 44.5 15.8 ≥16.7 ≥12.9 ≥1.92 
Sr 0.48 22.0 11.3 2.50 ≥5.42 ≥2.36 ≥0.21 
Th <0.01 0.48 0.18 0.04 ≥0.13 ≥0.04 ≥0.01 
Tl* 0.47 21.6 9.29 2.81 ≥7.28 ≥2.46 ≥0.56 
V 0.02 5.04 1.46 0.54 ≥1.84 ≥0.45 ≥0.18 
Y 0.01 1.86 0.72 0.22 ≥0.59 ≥0.20 ≥0.06 

Note: n.s. indicates a non-significant increase relative to the reference site. 
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3.4. Approaches to identify sources and TE behaviours in the ABS region 

3.4.1. Linear regressions 
The increase in the concentrations of V, Ni, As, Cd, Pb, and Tl in 2016 

toward industry were proportional to the linear increase of Y (Table 2), 
an element used in the past as an indicator of mineral dust deposition 
(Shotyk, 2020; Stachiw et al., 2019). Only 2 elements, Mo (which is 
enriched in bitumen) and Sb (a chalcophile element) did not show this 
trend (Table 2). These results are largely in agreement with our previous 
findings (Barraza et al., 2024) suggesting that the main source of TEs in 
snow within the ABS area is from the mineral dusts generated both by 
industrial activities (i.e fugitive dusts) and natural sources such as river 
banks (Gopalapillai et al., 2019; Mamun et al., 2021; Shotyk et al., 
2014). 

3.4.2. Principal component analysis (PCA) 
Generally, TE concentrations in snow were highly autocorrelated, 

with a single principal component explaining 91.2% of the total variance 
in log-transformed TE concentrations in the dataset (Fig. 4). As such, the 
value of a sample along the PC1 component can be interpreted as an 
index of overall contamination in terms of fugitive dusts emissions, with 
the sample locations on the right in Fig. 4 showing the highest level of TE 
concentrations. Given the predominance of conservative (Al, La, Th, Y) 
and other lithophile elements (Be, Li, Cs), PC1 is assumed to represent 
mineral dusts. Note that this PC1 is not linear because of variable 
transformations, and TE levels increase logarithmically from left to 
right. The analysis shows that the locations near the two central 
upgraders (SAR-15 to 18 and the Steepbank River locations) generally 
show the highest levels of TE concentrations, but also the nearby up-
stream locations (SAR 18.5, 19, 19.5) fall into this group. The group of 
TE vectors pointing toward the lower right highly correlate with Y, 
which can be interpreted as an indicator for dust-carried contamination. 

Correlations of this group of vectors range from r = 0.90 to 0.99, 
including Mo (Table 2). This last element seems to have a mixed origin 
source: it is abundant in bitumen (Bicalho et al., 2017) but also used as a 
catalyst during bitumen upgrading (Galarraga and Pereira-Almao, 2010; 
Zhao et al., 2021). Depending on the sampling year and sampling lo-
cations, the PCA results for Mo may differ. For example, from our pre-
vious study, Mo did not show a significant correlation with Y probably 
because two sites with anomalous Mo concentrations were included in 
the statistical analysis (Barraza et al., 2024). 

A second principal component PC2 indicates a subtle difference in TE 
behavior, accounting for an additional 2.7% of the variance. Only two 
TEs -Cd (r = 0.75) and Sb (r = 0.78)- have lower correlations with Y 
(Table 2) suggesting other emission sources. These two elements also 
show only moderately increased levels of concentrations at the samples 
near the upgraders (SAR 15–18), relative to the magnitude of increase in 
other TEs (Table 1). Previous studies in the area have reported that both 
elements are more abundant in the fine fraction of particulate matter 
(Landis et al., 2017; Mamun et al., 2022). The presence of Cd may be 
related to biomass burning (Mamun et al., 2021) which includes wood 
burning for residential heating and land clearing operations, both 
occurring in winter (Landis et al., 2017; Mamun et al., 2022). In the case 
of Sb, brake linings (Krachler et al., 2005b) and fossil fuel combustion 
(Tylenda et al., 2022) could be potential sources of this element in 
airborne particles. A recent study suggests that Sb in PM2.5-10 is related 
to « non-oil sands » sources such as industrial processes and fuel com-
bustion, residential wood burning, biogenic sources, and waste com-
bustion (Yang et al., 2023). Most of the publications about Sb deposition 
also highlight its anthropogenic origin and transboundary transport 
(Krachler et al., 2005b; Pačes et al., 2023; Wiklund et al., 2020). 

3.4.3. Trace element ratios 
The ratios of selected TEs were used as follows to understand their 

geochemical behaviour in the acid-soluble snow fraction (Fig. 5 and S5): 
the ratios were compared to their respective ratios in the snow from 
UTK, the reference site, as well as the Upper Continental Crust (UCC) 
(Rudnick and Gao, 2014). Also, metal ratios in snow were compared to 
fly ash (Jang and Etsell, 2005), bitumen (Gosselin et al., 2010), petcoke 
(Gosselin et al., 2010; Shotyk, 2022), bulk ABS samples (Bicalho et al., 
2017), the mineral fraction of the ABS (Bicalho et al., 2017), and soils of 
northeastern Alberta (Spiers et al., 1989). In addition, they were also 
compared to selected geological (such as soil and till) and industrial 
materials (such as dry tailings) sourced from the ABS region (Table S7). 
Although total concentrations of TEs in bulk snow are more commonly 
used for these calculations (Javed et al., 2017, 2022), the focus here is 
the acid soluble component. 

First, the V/Ni ratios in snow were calculated to help identify the 
dominant source of these elements, given that they are both enriched in 
bitumen but lost from the organic fraction during upgrading. The 
average V/Ni in the snow of the AR is approximately 1.2. This ratio in 
snow is 2–3 times lower than the other ratios evaluated, and 3 to 5 times 
greater than their equivalent ratio at UTK (Fig. 5). Although the V/Ni 
ratio is similar to that of fly ash, there are several reasons why this is not 
the most likely source. First, fly ash is only generated at high tempera-
tures i.e. during combustion of fossil fuels, and not at the temperatures 
of bitumen upgrading (see Jang and Etsell, 2005). Second, the instal-
lation of electrostatic precipitators on the bitumen upgraders in 1979, to 
reduce the emissions of particulate matter, caused an immediate decline 
in V atmospheric emissions, resulting in a ten-fold reduction of V con-
centrations in snowpack of the area at the time (Murray, 1981). Third, 
the enrichments of V and Ni in age-dated peat cores from bogs have been 
in decline for decades (Shotyk et al., 2017a). Fourth, SEM analyses of the 
ash fraction of those peat cores only detected fly ash particles in peat 
pre-dating the installation of the precipitators. 

Finally, the petroleum industry has been phasing out the use of coke 
as fuel for the upgraders, and transitioning to natural gas. In summary, 
the V/Ni ratios in snow indicate that V is underrepresented in the snow 

Table 2 
Correlations and linear regression equations between Y (conservative lithophile 
element) and TEs in the acid-soluble fraction of snow from the AR and its 
tributaries.  

Type of TE Correlations with Y 
(winter 2016 and 2017) 

Linear regressions with Y 
(only winter 2016) 

Conservative lithophile 
element 

Al, r = 0.90 Al = 319(Y) + 52, R2 =

0.99, p < 0.05 
La, r = 0.99 La = 1.19(Y) + 0.07, R2 =

0.99, p < 0.05 
Th, r = 0.94 Th = 0.34(Y) + 0.0002, 

R2 = 0.98, p < 0.05 
Mobile lithophile 

elements 
Be, r = 0.98 Be = 0.04(Y) + 0.01, R2 =

0.94, p < 0.05 
Cs, r = 0.97 Cs = 0.04(Y) + 0.02, R2 =

0.96, p < 0.05 
Li, r = 0.94 Li = 0.63(Y) + 0.11, R2 =

0.98, p < 0.05 
Sr, r = 0.91 Sr = 13.6(Y) - 0.05, R2 =

0.97, p < 0.05 
Elements enriched in 

bitumen 
Mo, r = 0.94 Mo = 0.21(Y) + 0.08, R2 

= 0.28, p = 0.05 
Ni, r = 0.90 Ni = 1.64(Y) + 0.40, R2 =

0.67, p < 0.05 
V, r = 0.98 V = 1.71(Y) + 0.75, R2 =

0.76, p < 0.05 
Potentially toxic 

chalcophile elements 
As, r = 0.98 As = 0.23(Y) + 0.07, R2 =

0.98, p < 0.05 
Cd, r = 0.76 Cd = 0.01(Y) + 0.01, R2 

= 0.80, p < 0.05 
Pb, r = 0.97 Pb = 0.92(Y) + 0.15, R2 =

0.97, p < 0.05 
Sb, r = 0.79 Sb = 0.007(Y) + 0.03, R2 

= 0.11, p < 0.05 
Tl, r = 0.96 Tl = 0.01(Y) + 0.002, R2 

= 0.98, p < 0.05 

Note: number of sites in 2016 and 2017 = 35, number of sites in 2016 = 25. 
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in comparison to Ni, relative to the composition of bitumen, bulk ABS 
ores, and coke. Similar findings were reported earlier in snow collected 
from ombrotrophic bogs in the ABS region (Javed et al., 2022). Vana-
dium and Ni in bitumen are both predominantly in the form of por-
phyrins, however the V compounds are more volatile than those of Ni 
(Hodgson, 1954). Thus, an enrichment of V in atmospheric aerosols 
during bitumen upgrading, relative to Ni, could reasonably be expected. 

The results of the snow analyses, however, suggest that the reverse is 
true, and that Ni is emitted preferentially over V. When compared to the 
geomaterials, only the road construction material (type 1) has a similar 
V/Ni to that of snow. In fact, road dusts of the area contain much greater 
concentrations of V and Ni than do tailing sands (Edgerton et al., 2012; 
Landis et al., 2012). Although it is a common practice in Alberta to use 
hydrocarbon-based dust suppressant to control airborne particulate 
matter from unpaved roads (Government of Alberta, 2012), the V/Ni 
ratios of the snow are a good match for road construction materials 
which have been shown to be an important source of fugitive dusts in the 
ABS region (Landis et al., 2012; Wang et al., 2015; Xing and Du, 2017). 
While the V/Ni ratios in snow indicate a mixture of dust sources in the 
area, quantifying the relative contribution from each is more difficult. 

The V/Y and Ni/Y ratios were also calculated in order to determine 
the enrichment of V and Ni relative to Y, an element assumed to be 
derived mainly from mineral material (Fig. 5). Only two sites (SAR-16 
and SAR-15, in 2016; calculated from Table S3) have V/Y ratios above 
the UCC, and two sites were similar to the ratios observed in tailings 
(Muskeg River and SAR-15, in 2016; calculated from Table S3): the rest 
are similar to the ratios observed at UTK. By contrast, the Ni/Y ratios at 
the AR sites were above the UCC in 2016 and similar to the bulk ABS 
(midstream locations). While these findings point to dusts generated 
directly by open-pit bitumen mining, Ni/Y in the AR snow samples are 
lower than those in the snow from UTK (Fig. 5). So, regardless of the 
sources of V and Ni to the snow of the AR, the metal/Y ratios here, 

compared to UTK, show that enrichments of V and Ni, if they exist at all, 
are small. 

Conservative, lithophile elements which are enriched in heavy 
minerals of the ABS (Fustic et al., 2021; Mellon, 1956; Roth et al., 2017), 
as well as froth treatment tailings, were also examined (Ciu et al., 2003; 
Gosselin et al., 2010; Roth et al., 2017). Specifically, La, Th, and Y which 
are enriched in heavy minerals were normalized to Al concentrations: Al 
is enriched in much lighter aluminosilicates, and is commonly used in 
weathering studies as an indicator of the abundance of clays. In fact, Al 
increases in concentration with the clay content of the ABS (Donkor 
et al., 1996; Shotyk et al., 2014). Thus, ratios of La, Y and Th to Al are 
indices of the relative abundance of heavy minerals compared to light 
minerals. Lanthanum was also normalized to Y to evaluate our data and 
our approach, given that both elements are enriched in heavy minerals. 
When comparing these ratios in snow of the AR to the snow of UTK and 
the UCC, only the La/Y ratios have similar values, as would be expected. 
The other ratios (i.e. La/Al, Y/Al, and Th/Al) are 2–5 times greater in the 
AR snow compared to UTK and 6 to 30 times greater than the crustal 
ratios (Fig. 5 and S5). Further, these indices (of the ratios of heavy 
minerals to light minerals) are 4–33 times greater in the snow than the 
tailings (Fig. 5 and S5, Table S7). Given that these ratios in snow exceed 
their crustal ratios, heavy minerals must be preferentially enriched in 
the snow of the AR, compared to light minerals. The considerable 
chemical stability of the heavy minerals (e.g. monazite, rutile, zircon) 
helps to explain the limited chemical reactivity of the dusts of the ABS 
region. 

3.5. Mineralogical composition of the insoluble dust particles and its 
influence on the chemical reactivity of TEs 

3.5.1. Size, morphology, and particle classification 
The SEM analyses performed on selected PTFE filters containing the 

Fig. 4. Principal component analysis (PCA) of TE concentrations in the acid-soluble fraction of snow assessed in the years 2016 and 2017. 
Note: abbreviations refer to sample locations as shown in Fig. 1. 
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Fig. 5. Average V/Ni, V/Y, Ni/Y, La/Y, and La/Al* ratios (±SE) in the acid-soluble fraction of snow collected in the Athabasca River (downstream, midstream, and 
upstream of industry), and at the reference site (UTK) in winter 2016 (grey bars) and 2017 (blue bars). 
Notes: The dashed lines represent: brown = TE ratios in the Upper Continental Crust (UCC) according to Rudnick and Gao (2014), purple = V/Ni in bitumen 
according to Gosselin et al. (2010) and Bicalho et al. (2017), black = V/Ni in petcoke according to Gosselin et al. (2010) and from unpublished data (analyzed in the 
SWAMP laboratory, June 2015; Shotyk, 2022), green = V/Ni in road dust (type 1, from unpublished data, see Table S7 for more information), turquoise = ratios in 
tailings (see Table S7), dark yellow = ratios in bulk ABS from Bicalho et al. (2017). The light orange area represents the V/Ni in fly ash according to Jang and Etsell 
(2005). (*) To obtain the actual La/Al ratios, the values have to be multiplied by a factor of 10− 3. Not included in the figure for visibility reasons are the values of 
V/Ni in: bulk ABS samples (2.6) (Bicalho et al., 2017), mineral fraction of the bitumen (2.3)(Bicalho et al., 2017), and soils in northeast Alberta (3.2) (Spiers 
et al., 1989). 
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insoluble particulate fraction (>0.45 μm) showed that particles were 
irregularly-shaped, in the range of 20–200 μm, and that there were 
numerous microaggregates (Appendix A, selected images). Consistent 
with our previous observations (Barraza et al., 2024), larger particles 
were more abundant at the midstream sites compared to locations 
farther south (upstream of industry) or north (downstream). The min-
eral identification, based on the elemental composition obtained from 
the EDS spectra, is summarized in Table S8 and Fig. S6. One of the 
challenges associated with the accurate characterization of minerals 
using SEM, even in combination with XRD analysis, is that dust particles 
are usually found in the form of aggregates rather than in pure mineral 
forms (Panta et al., 2023). In addition, the limited number of particles 
examined and the small amounts of sample on each filter make the 
calculation of mineral abundances difficult. Therefore, the mineral 
phases presented here may not be the only ones, and their estimated 
abundances should be considered qualitative. Overall, the insoluble dust 
particles consist of quartz, clays, micas, feldspars, oxides, and 
sulphur-rich minerals as previously reported (Barraza et al., 2024), in 
agreement with the composition of the mineral fraction of the ABS 
(Bayliss and Levinson, 1976; Bichard, 1987; Kaminsky et al., 2006; 
Mossop, 1980; Osacky et al., 2013). Compared to the 2017 snow samples 
(Barraza et al., 2024), those collected in 2016 (this study) contain fewer 
S-rich particles, some phosphate minerals, and some Sn, Cu, and Zn-rich 
particles. Research about sulphur emissions and deposition in the ABS 
region is usually related to gaseous emissions (SO2) (Bari et al., 2020; 
Edgerton et al., 2020) and to a lesser extent, particulate S (sulphate− and 
elemental S) (Edgerton et al., 2020; Yang et al., 2023). Although 
ambient S is higher near the center of oil sand operations, gaseous S 
concentrations have been declining since 2000 (Edgerton et al., 2020) 
which may be also the case for S in PM10 and PM2.5. Information about 
the amount of S stockpiled in the area is scarce making it difficult to 
estimate the possible importance of wind-blown, particulate sulphur. By 
contrast, 108 tons of petroleum coke – which typically is 6–8% by weight 
S (Phillips and Chao, 1977)- are stockpiled in the ABS region resulting in 
the spread of fine particles through aeolian transport (Nesbitt and 
Lindsay, 2017; Zhang et al., 2016). Another potential source of S could 

be trace amounts of pyrite (Bayliss and Levinson, 1976; Osacky et al., 
2013) which is also found in the mineral fraction of the ABS. 

Phosphate minerals such as monazite - which contains rare earth 
elements – and apatite have been identified in oil sands tailings (Ciu 
et al., 2003; Kaminsky et al., 2008; Nesbitt et al., 2017) and in the 
mineral fraction of the bitumen respectively (Conybeare, 1966). Tin is 
rarely mentioned in existing literature of the area, but it has been re-
ported in PM2.5-10 (Yang et al., 2023). This element occurs mainly as 
cassiterite, SnO2, a dense, refractory mineral (Angadi et al., 2015; Masau 
et al., 2000) which becomes enriched in highly weathered residua, such 
as the « sand » fraction of the ABS. 

In summary, the results presented here (2016 snow samples) and 
earlier (2017 snow samples, Barraza et al., 2024) indicate that dust 
emissions are dominated to a great extent by insoluble silicates (Fig. S6, 
Table S8), with minor amounts of carbonates, phosphates, and sul-
phides. Detailed investigations of the pH-dependent release of TEs from 
these minerals, and the influence of particle size, are warranted. 

3.5.2. Acid solubility of TEs 
The acid solubility is expressed as the percentage of the total con-

centrations of TEs which are acid-soluble. The 16 TEs analyzed were 
included (Fig. 6), irrespective of the recoveries obtained from sediment 
and soil reference materials (Barraza et al., 2024; Javed et al., 2020). 

Some of the most soluble elements such as Pb, Cd, Sr, Y, La and Sb 
occur in carbonate minerals (Smrzka et al., 2019). In the case of As, it 
can be incorporated into carbonates, as well as sulfides, and Fe-oxy 
(hydroxide) minerals (Möller and De Lucia, 2020; Smrzka et al., 2019; 
Wang and Putnis, 2020; Zhang et al., 2020). Over half of the occurring 
Be-minerals are silicates (Bolan et al., 2023; Vesely et al., 2002), 
although it also may occur in carbonate minerals (Pekov et al., 2008). 
Carbonate minerals such as calcite and dolomite were identified in 
selected unacidified bulk snow samples using X-ray diffraction (un-
published data) from sites SAR-15, SAR-15.5, SAR-16, Steepbank River, 
SAR-18, SAR-19 and Clearwater River. These minerals, in addition to 
siderite, are abundant in the mineral fraction of the ABS (Bichard, 1987; 
Osacky et al., 2013). Besides, elevated concentrations of Ca and Mg were 

Fig. 6. Relative acid solubility (%) of TEs in 2016, calculated from the ratio of acid-soluble to total concentrations. 
Notes: The error bars represent the standard deviation. The asterisks are assigned to elements with acceptable recoveries (Barraza et al., 2024). 
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found in the particulate fraction of snow at SAR-1 and from SAR-15 to 
SAR-20.5 (unpublished data). Nevertheless, the sites with the highest 
reactivities for this group of elements are those located between 
Steepbank River and SAR-UP2, upstream of industry (Table S9). 

The elements of intermediate solubility -Th, Tl, and Cs- (Fig. 6) 
probably occur in silicates and are partly soluble, only because of the 
strength of acid used to leach them. 

At the opposite extreme of acid solubility are Al, V, Li, Mo and Ni 
(Fig. 6). Aluminum and Li are mainly associated with clay minerals and 
silicates (Simon and Anderson, 1990; Starkey, 1982; Tadesse et al., 
2019), both of which have limited solubility. Vanadium, Ni and Mo 
occur in petcoke in the ABS region to the extent of 1680, 500 and 66 
mg/kg respectively (Gosselin et al., 2010; Shotyk, 2022). They may also 
be deposited in the form of fly ash which, we assume, has limited sol-
ubility in acid. Vanadium in petcoke is dominated by V (IV) porphyrin 
complexes which are usually resistant to weathering and thermal 
decomposition (Nesbitt and Lindsay, 2017; Zuliani et al., 2016). Simi-
larly, Ni speciation is dominated by porphyrin complexes (Nesbitt et al., 
2017). However, V and Ni associated with the minor inorganic fraction 
are expected to be less stable and potentially more susceptible to 
weathering (Nesbitt et al., 2017). On average, 21 and 14% of V and Ni 
respectively were soluble, almost three times as much as reported in 
2017 (Barraza et al., 2024). Regarding Mo, it has been observed that 
despite having lower concentrations than V and Ni in fluid coke, its 
leachability in water and solutions with high salt contents is relatively 
higher (Robertson et al., 2019). Moreover, Mo is used as a catalyst 
during bitumen upgrading, mainly under the form of MoS2 which by 
contrast, has limited solubility (Robertson et al., 2019). Therefore, the 
behaviour of Mo may be due to a combination of dust particles emitted 
from both sources. 

3.6. Ecological significance of TE emissions from bitumen mining and 
upgrading 

3.6.1. Significance of mineralogy and acid solubility of dusts for TEs in the 
Athabasca River (AR) 

The TEs with greatest acid solubility (Pb to Sb, Fig. 6) appear to be 
associated with carbonate minerals. While these minerals dissolve in 
strong acid (pH < 1), the pH of the AR lies within the range 6.8–8.5 
(Fiera, 2013; Ghotbizadeh et al., 2022), with the lower values due to 
spring snowmelt. Given the pH of the water and the abundance of Ca and 
bicarbonate (20–50 mg/L and 100–200 mg/L in summer and winter, 
respectively; Fiera, 2013), and considering the solubility of calcium 
carbonate (Chou et al., 1989; Deocampo, 2010), it seems that the AR is 
saturated in respect of that mineral phase. Thus, any TEs associated with 
carbonate mineral dusts may have little relevance for this aquatic 
ecosystem, as the particles themselves are not expected to dissolve in the 
river water. Moreover, the pH of the AR water is well buffered against 
changes due to the abundance of dissolved bicarbonate; this species 
(HCO3

− ) is converted to carbonic acid (H2CO3) as hydrogen ions (H+) are 
added to the river (e.g. during spring snowmelt), thereby constraining 
the change in pH of the water (Fiera, 2013). In regard to the presumed 
silicate mineral fraction of the dusts, again the ecological relevance of 
TEs contained therein should be minimal, given the generally low 
abundance of TEs in the minerals, and their limited reactivity in all but 
the most corrosive fluids. 

3.6.2. The examples of Li and be 
Beryllium is commonly reported as a toxic TE (Bolan et al., 2023; 

Pawlas and Pałczyński, 2022; Taylor et al., 2003), and is classified as 
probable human carcinogen. Concerns arise mainly regarding inhalation 
exposure (ATSDR, 2023; Stearney et al., 2023), but the mechanisms of 
toxicity are not well understood (Buchner, 2020; Elguero and Alkorta, 
2023). In the case of Li, some studies present adverse impacts while 
others report beneficial effects in living organisms (Bernard, 2022; 
Shahzad et al., 2017). Within the context of the environmental impacts 

of bitumen mining and upgrading on these two metals, the most relevant 
questions are regarding the quantities released, their chemical form, and 
their bioaccessibility and bioavailability in aquatic environments. 

The concentrations of Li and Be in the acid-soluble fraction of snow 
collected along the AR, are certainly much greater than those found at 
the reference site (UTK) (Figs. S3 and S4). However, it is a considerable 
challenge to establish the «background » concentrations of these ele-
ments, even for state-of-the-art ICP-MS operating in a metal-free, ul-
traclean lab, simply because the concentrations in snow from the 
reference site are typically below the LOD or LOQ (Table S4). 

Evidently, both elements are more abundant in snow collected from 
the industrial zone, relative to sites downstream (i.e. from SAR-2 to the 
Firebag River) (Figs. S3 and S4). Thus, emissions of particulate matter 
from bitumen mining and upgrading are certainly contributing both of 
these elements to the environment. Comparing Li to Cs (both form 
monovalent cations in solution) and Be to Sr (which both form divalent 
cations) provide additional insights. These 4 elements increase 
approximately by a factor of 10 from upstream of industry, toward the 
industrial zone, as well as toward industry from downstream locations 
(Figs. S3 and S4). The Li/Cs and Be/Sr ratios in snow compared to the 
UCC (Rudnick and Gao, 2014) suggest that there is approximately twice 
as much Li in the snow, relative to Cs, but only 2/3 of the Be relative to 
Sr, as one would expect based on the deposition of dusts consisting of 
rock-derived mineral matter (Figs. S3 and S4). For additional perspec-
tive, at UTK, these ratios are 1.3 to 5x lower than the corresponding 
values for the UCC, and 11 to 5x lower than at the AR sites. 

To obtain a sense of the extent to which Li and Be are enriched to-
ward industry in natural waters of the area, there is now data available 
for these elements in peat bog porewaters which represent the most 
acidic (pH 4) natural waters of the region. Here, we find that Li and Be 
concentrations do increase with distance toward industry (Shotyk et al., 
2023), but the concentrations in the bog waters are at or below the 
values typical of freshwaters, and lower than the concentrations found 
in the acid-soluble snow (Table S10). 

In regard to other studies of snow, Kelly et al. (2010) reported par-
ticulate Be and total plus dissolved Be were presented by Guéguen et al. 
(2016) who also reported total and dissolved concentrations of Li. Loads 
of both elements from snowmelt to surface waters was published by 
Gopalapillai et al. (2019): they suggested that Be may be associated with 
raw oil sand dusts and Li with road dusts. It would be help to compare 
the concentrations of these elements in snow with the corresponding 
data for the dissolved fraction of the AR, but published data for Li and Be 
in surface waters of the area is scarce (Ghotbizadeh et al., 2022; Javed 
and Shotyk, 2018; Shotyk et al., 2017b). From our own data (published 
and unpublished), the concentrations in the river are approximately 9x 
lower (Be) and 9x greater (Li) than the concentrations in the acid soluble 
snow of 2016. In 2017 the concentrations in the river are 18x lower (Be) 
and 9x greater (Li) (Table S10). These results suggest that dust particles 
in snow cannot contribute significantly to the dissolved concentrations 
of Li in the surface waters of the AR during spring snowmelt, simply 
because it is already much more abundant in the river. Regarding Be, our 
snow data represents results obtained after leaching the samples in 0.5 
% HNO3. It would be helpful to know how much of the total Be in snow is 
contained in the filterable fraction (i.e. < 0.45 μm), as this would pro-
vide a better guide to its potential bioaccessibility in the river during 
snowmelt. 

4. Summary and conclusions 

Trace elements in the acid-soluble fraction of snow collected on the 
AR and its tributaries located in the ABS region, showed considerable 
spatial variation, with increasing concentrations closer to the bitumen 
mining and upgrading operations. Even though the concentrations of 
most of the 16 TEs determined were similar over two consecutive 
sampling years (2016 and 2017), some elements exhibited higher values 
at specific locations in one of the two years. Compared to the reference 
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site UTK, located 264 km SW from the industrial area, sites located 
downstream, midstream, and upstream of industry showed greater TE 
concentrations, especially regarding the conservative elements (i.e. Al, 
Th, Y) which are indicators of local mineral dusts, as well as some of the 
elements enriched in bitumen (V and Mo). 

Using linear regressions with Y, specific TE ratios, and PCA as an 
approach to elucidate potential sources of these elements, it is clear that 
dust particles of diverse origin (industrial activities and natural sources), 
chemical composition and reactivity, are present in the snow. However, 
elements such as Cd and Sb appear to be far less affected or unaffected by 
these dusts, and may have other sources not linked to the ABS industry. 

Further investigation is needed to identify the minerals in local dusts. 
It is expected that the minerals hosting TEs are mainly those found in the 
inorganic fraction of the ABS. So far, the presence and relative abun-
dance of insoluble silicate minerals such as quartz may explain the low 
TE concentrations observed, and also their limited acid solubility. For 
instance, only between 21 and 14% of V and Ni respectively could be 
liberated from these dust particles using 0.5% of HNO3. Carbonate 
minerals dissolve during the extreme pH conditions employed here (pH 
< 1), and release any TEs they may contain. However, the potential to 
release some of these TEs into the surface waters of the AR and its 
tributaries is minimal given the fact that this river is saturated in respect 
to calcium carbonate. Finally, the assessment of the potential environ-
mental impact of elements such as Be represents a challenge from the 
analytical point of view due to the extremely low concentrations in snow 
from the reference site. Despite the fact that a previous study suggested 
that Be is being released to the AR from bitumen mining and upgrading, 
extremely corrosive leaching conditions are needed to generate Be in 
concentrations that exceed (9–18 times) the dissolved concentrations in 
the river. More research is needed to quantify the range in concentra-
tions of Be in the filterable fraction (i.e. < 0.45 μm) of the snow, as this 
would provide more information regarding its bioaccessibility in aquatic 
environments. 
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Querol, X., Reche, C., Yus-Díez, J., Pérez García-Pando, C., 2023. Insights into the 
single-particle composition, size, mixing state, and aspect ratio of freshly emitted 
mineral dust from field measurements in the Moroccan Sahara using electron 
microscopy. Atmos. Chem. Phys. 23, 3861–3885. https://doi.org/10.5194/acp-23- 
3861-2023. 
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