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Airborne trace elements (TEs) from the development of the Athabasca bituminous sands (ABS) in northern
Alberta, occur in coarse and fine aerosols. Here, TEs in Sphagnum moss and acid soluble ash (ASA, obtained
by leaching ash for 15 min using 2% HNOs3) are used to estimate the distribution of TEs between these two
aerosol fractions. Total concentrations of all elements increase toward industry, but chemical reactivity of
the ash varies. Most of the Al is acid soluble, but most of the Th is not; the former is assumed to reflect the
abundance and reactivity of light minerals, and the latter is a surrogate for heavy minerals. In the ASA, the
trends in Ni and V, the dominant metals in bitumen, resemble Al. In contrast, Mo (also enriched in bitumen),
plus Pb, Sb and Tl, are more like Th in exhibiting limited reactivity. Trace element enrichments in both the
total and ASA fractions, relative to crustal abundance, are restricted to plant micronutrients (e.g., Cu, Mn,
Mo, Zn), or elements that are passively taken up by plants (e.g., Cd and Rb, but apparently also Ag and
Re). The greatest enrichments of TEs occur at the reference site, even though it is located 264 km from
the centre of industrial activities. The ash of moss collected nearest industry is dominated by quartz
(67%) which explains the low concentrations of TEs, absence of enrichment relative to crustal
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DOI: 10.1035/d3ea00071k abundance, and limited chemical reactivity of Pb, Sb and Tl In this region, total concentrations of TEs in

rsc.li/esatmospheres moss are a poor guide to their bioaccessibility in the environment.

Environmental significance

Open pit bitumen mines and upgraders in northern Alberta generate large quantities of dust. Total concentrations of trace elements in Sphagnum moss increase
with proximity toward industry, but their chemical reactivity is highly variable. In the ash fraction of the plants, most of the Al (surrogate for light minerals) is
soluble in 2% HNO; whereas Th (indicator of heavy minerals) is not. Nickel and V are similar to Al, whereas Pb, Sb and TI follow Th. The abundance of quartz
and other resistant minerals in plant ash explains the low concentrations and limited chemical reactivity of the dusts. Total concentrations of trace elements
emitted to the atmosphere from bitumen mining and upgrading are a poor guide to their bioaccessibility.

1. Introduction

Upgrading and refining of hydrocarbons extracted from the
Athabasca bituminous sands (ABS) in Alberta, Canada has

remarkably propelled the economy of the province. Capital
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investment in oil production has accelerated at a considerable
rate from more than $1 billion in 1996, to $16 billion per year
from 2006 to 2008." Direct employment of the industry in the
Fort McMurray area alone doubled between 1998 and 2008 from
6000 to 12 000." Total bitumen production was 2981 thousand
barrels per day (bbl per d) in 2020, and is forecasted to increase
to 4039 thousand bbl per d by 2030.> However, with the
increasing extent of the industry, environmental concerns
regarding trace element (TE) contamination of the surrounding
ecosystems are growing.>* Mechanical processing of ABS ores

© 2024 The Author(s). Published by the Royal Society of Chemistry
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such as open-pit mining, quarrying, and road construction have
yielded considerable amounts of dusts that are transported to
the surrounding areas,*** especially within a 50 km radius of
the mid-point between the two central bitumen upgraders.*
While the mid-point between the two central upgraders has
traditionally been used as a point of reference for upgrader
emissions, it continues to be helpful for characterizing other
environmental impacts related to industrial development in the
area.

Dusts from anthropogenic activities fall generally into one of
two classes: coarse and fine aerosols.’**® Coarse aerosols are
usually generated during open pit mining activities by
mechanical processes such as road construction, blasting
operations, rock excavation and crushing activities: these are
comparatively large (mainly 10-100 pm) and hence non-respi-
rable.%”* Given their size and density, they are typically
removed from the air by sedimentation, giving them short
atmospheric residence times (minutes to hours) and limited
transport distances.'®'®**>* These coarse aerosols are primarily
in the forms of silicates and aluminosilicates which are
enriched in elements such as Al, Ti, Sc, and Y* i.e. the conser-
vative, lithophile elements which become residually enriched in
soils during chemical weathering.”® Regarding the ABS, on
average, they are approximately 85% mineral matter, predomi-
nantly dune and beach aeolian sands,* with most particles >100
pum.?® The mineral composition is dominated by light minerals
(99%), mainly quartz (60-90%) and phyllosilicates (kaolinite
and illite), with minor amounts of feldspars (including ortho-
clase), mica (biotite and muscovite), carbonates (calcite, dolo-
mite, and siderite), and chalcedony.”® Heavy minerals (density
>2.96 g cm™°) account for 1% of the mineral fraction, and
include ilmenite, tourmaline and zircon.”® Of this list of
minerals, only the carbonate minerals are considered acid
soluble in soil-derived, coarse aerosols.*®

In contrast, fine aerosols are generated by high temperature
processes such as the combustion of coal and other fossil fuels,
smelting of metallic ores, cement production and waste
incineration.®*'** The boundary between fine and coarse aero-
sols is commonly taken as 2 um.** Fine aerosols are typically
generated by gas-to-particle conversion reactions, occur mainly
in the size range of 0.1-1 um, and are respirable.'®'®'%313¢3% Dye
to their small size, they remain suspended in the air until they
are removed by wet or dry deposition.'®****3*% With long
atmospheric residence times (as long as a week), fine aerosols
are easily transported for thousands of kilometers.>***%”* These
fine aerosols include acid soluble metal oxides and hydroxides
and can be very rich in chalcophile elements such as Pb and
Cd.***”* Due to their small size and occurrence in acid soluble
forms, the bioaccessibility of TEs is far greater in the fine
aerosol fraction.****** When potentially toxic metals such as Pb
are released to the environment in these forms, their enhanced
bioaccessibility represents a threat to the health of many living
organisms.'>*****> Hence, to gain a better understanding of the
associated human and ecosystem health risks of open pit
bitumen mining and upgrading, it is important to distinguish
between TEs in the coarse versus fine aerosol fractions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Sphagnum mosses growing in ombrotrophic (rain-fed) bogs
are excellent biomonitors of atmospheric deposition.***” They
receive water and nutrients solely from the atmosphere, and
exhibit remarkable capacities to retain atmospheric particles
and metal ions.***” While there are many open questions about
the mechanisms of retention, we know that physical intercep-
tions of particles is made possible by the large surface area of
moss 4748 Moreover, Sphagnum mosses have no
cuticle:*”** it is this hydrophobic layer, occurring on the leaves
of higher plants, which minimizes particle adsorption and
promotes particle removal by water.>® Further, Sphagnum moss
is porous, which promotes the entrapment and retention of
atmospheric particles: while the leaves lack stomata, the hyaline
cells which constitute the bulk of the leaf structure, contain
pores up to approximately 20 um in diameter, to allow the
passage of water.”'*® The leaves of Sphagnum moss are also
ideally suited for the retention of metal ions: they have large
cation exchange capacities:*** these are mainly attributed to
the carboxyl groups of galacturonic acid which can account for
up to 30% of the dry weight of the plants.*>*® These functional
groups allow Sphagnum to retain ionic forms of essential metals
such as K, Mg and Ca, micronutrients such as Ni, Cu and Zn,
and potentially toxic metal ions such as Cd** and Pb>".*®5
Finally, Sphagna are more resistant to higher levels of poten-
tially toxic TEs than vascular plants,*”*® providing them with an
additional advantage in polluted regions. Strong, positive,
linear correlations have been observed between element
concentrations in moss and independently measured atmo-
spheric deposition rates, with results comparable to those ob-
tained by conventional precipitation collection analysis (ref.
47,59 and references cited therein). For all of these reasons,
environmental biomonitoring using mosses has proven to be an
efficient, useful, and economical approach for assessing the
spatial and temporal variations in atmospheric deposition of
dusts and TEs worldwide.**7¢

Previous studies found that total concentrations of Ag, Cd,
Mo, Ni, Pb, Sb, V, and Tl in Sphagnum within the ABS region
were similar to or lower than those in the “cleanest” ancient
peat samples from Switzerland.* Although their concentrations
increased with distance toward the ABS region, these TEs were
strongly correlated with conservative, lithophile elements which
implicated mineral dust particles as the predominant source.™
Dust deposition rates within the ABS region were later quanti-
fied by distinguishing the acid soluble (ASA) and acid insoluble
ash (AIA) fractions of Sphagnum.’® Mass accumulation rates of
ash (6.0-27 g m~? per year), AIA (1.0-12 ¢ m~> per year), and
acid soluble concentrations of individual elements (Ca, Fe, K,
Mg, P, and S) all showed generally increasing values toward
industry.”® However, in that study, no measurements were made
of any TEs in the ASA fraction. Given the ongoing concerns
regarding potentially toxic TEs in the ABS region,”””® we esti-
mate the chemical reactivity of these dusts by determining the
abundance of TEs in the ASA fraction. The ASA fraction is
analyzed after filtering the leached ash through a 0.45 pm
membrane filter.””® Thus, TEs in the ASA fraction of Sphagnum
can be used as a surrogate for the fine aerosol fraction, with
analyses of bulk moss representing the contributions of TEs

leaves.
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from both the coarse and fine aerosols. Comparing the results
obtained from these two fractions provides a first assessment of
the chemical reactivity of the dusts emitted from bitumen
mining and upgrading. The chemical reactivity thus deter-
mined, provides an estimate of the bioaccessibility of the TEs of
interest, with implications for the health of surrounding
ecosystems. Given the strong, positive, linear correlations
between total concentrations of potentially toxic TEs in
Sphagnum moss from this region, and conservative, lithophile
elements such as Th' as well as S¢, Th, Ti and Zr,*° we
hypothesize that the chemical reactivity of these dusts is low in
regard to TEs of concern such as Pb.

2. Materials and methods
2.1 Sample collection

The Sphagnum mosses used in this study were collected in the
fall of 2015, 2019, and 2020. In September of 2015, Sphagnum
moss was collected from 30 bogs within the ABS region, with
moss from Utikuma (UTK), Birch Mountains Wildland (BMW),
and Caribou Mountains Wildland (CMW) chosen as reference
sites, as described by Mullan-Boudreau et al”® (Fig. S17). In
October of 2019 and 2020, Sphagnum moss was collected in the
ABS region again, from JPH4, McKay (McK), McMurray (McM),
and Anzac (ANZ): these are listed in the order of increasing
distance from the midpoint of two upgraders (Fig. S17).
Specifically, the four bogs are 12, 25, 49, and 68 km away from
the mid-point between the two central bitumen upgraders.
Utikuma (UTK), the reference site which is 264 km SW from this
mid-point between the two central bitumen upgraders, was
again included as a reference site during the 2019 and 2020
sampling campaigns. For comparison and context, samples
were also collected from the Wagner Natural Area (WAG) and
Elk Island National Park (EINP) which are both near the city of
Edmonton.

At each location, samples were collected in triplicate from
Sphagnum hummocks within relatively open areas, with indi-
vidual samples taken approximately three meters apart. They
were extracted by placing polypropylene (PP) boxes up-side-
down on the hummocks, pressing down to have moss fill the
container, and then cutting along the edges of the container
with a medical-grade stainless steel knife. The mosses were
then cut at the base of the box and sealed with the PP lid. Hair
nets and polyethylene (PE) gloves were worn during collection.
The PP boxes had been washed in the lab using soap and water,
rinsed with tap water, and then three times with deionized
water before departure to the field. Upon arrival in the lab, the
samples were stored at —20 °C to prevent any changes before
sample treatment. In total, 65 samples were used to determine
total concentrations of TEs, and 69 samples for TEs in the ASA
fraction.

2.2 Analytical methods

2.2.1 Sample preparation. In the lab, the wet Sphagnum
moss samples were cleaned of all dead and foreign plant
materials using surgical stainless-steel tweezers while wearing
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PE gloves and a hair net (Fig. S2t). The cleaned samples were
placed in PP jars and dried at 105 °C in a stainless-steel drying
oven for two to three days until constant weight.

Subsamples of dried moss were ground by hand using an
agate mortar and pestle and reserved for analyses of the bulk
plant material. The remainder of each dried sample was ashed
at 550 °C for 16 hours in a muffle furnace (MLS Pyro High-
Temperature Microwave Muffle Furnace, Leutkirch, Germany)
to obtain the ash.

2.2.2  Acid digestion of powdered moss and acid leaching
of moss ash. Total concentrations of TEs were obtained by
digesting approximately 200 mg of powdered moss in a high-
pressure microwave autoclave (UltraCLAVE, MLS, Leutkirch,
Germany) as described in detail by Shotyk et al.** The concen-
trated nitric acid (HNO;) used (3 ml) had been purified twice by
sub-boiling distillation in high purity quartz (Duopur, MLS,
Leutkirch, Germany). The tetrafluoroboric acid (HBF,) was used
(0.1 ml) as supplied (Certified CAS, Fisher Scientific). For quality
control, two standard reference materials (SRMs) were also
digested: 1515 Apple Leaves from the National Institute of
Standards and Technology (NIST), and Moss-1343 from the
Finnish Forest Research Institute (FFRI).

To obtain the ASA fraction of Sphagnum moss, the procedure
described by Sapkota et al.” and Mullan-Boudreau et al.”® was
modified by substituting HNO; for HCI in order to minimize
interferences (by chloride) in the mass spectra obtained using
quadrupole ICP-MS.** One hundred to 150 mg of ash was
leached with 2% HNO; for 15 min at room temperature, then
filtered through 0.45 um polytetrafluoroethylene (PTFE) filter
membranes inside acid-cleaned PP filter holders with silicone
gaskets. The filters were cleaned with 15 ml of 2% HNO; before
filtering the extracts. Blanks were obtained by filtering aliquots
of 2% HNOj;. The filtrates containing ASA and the filter
membranes containing the acid insoluble ash (AIA) were both
collected (Fig. S21t).

2.2.3 Determination of major and trace elements. Digests
of bulk Sphagnum moss and the ASA fraction were analyzed for
both major and trace elements. Analyses of the digests of moss
powders represent total concentrations, and include elements
originally in and on the plant samples derived from all sources,
both natural and anthropogenic, including the coarse and fine
aerosol fractions. Acid soluble constituents are those which are
leached from plant ash: this includes TEs originally in moss
from biological uptake (e.g. micronutrients such as Cu and Zn),
as well as most of the fine aerosol fraction (i.e. the fraction
capable of passing through the 0.45 ym membrane filter), plus
any acid soluble components in the coarse aerosol fraction (e.g.
carbonate or phosphate minerals). Major elements were deter-
mined in our Department at the Natural Resources Analytical
Laboratory (NRAL) using a Thermo iCAP 6300 Duo ICP-OES,
and TEs in the metal-free, ultraclean SWAMP lab using
a Thermo iCAP Qc ICP-MS. For quality control, along with the
two SRMs noted above, the following water SRMs were analyzed:
NIST 1643f Trace Elements in Freshwater, SPS-SW2 Surface
Water (Spectrapure Standards), and SLRS-6 River Water
(National Research Council of Canada). For both the ICP-MS
and ICP-OES results, the limits of detection (LOD), limits of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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quantification (LOQ), method detection limits (MDL), and
recoveries of SRMs were calculated and summarized in Tables
S1-S4.7

2.2.4 Analysis of particle size, morphology, and miner-
alogy. Selected ash samples from JPH4 (2019 and 2020), UTK
(2020), and Pe6, S3, S16, 520 (all 2015) were analyzed for particle
size in the range of 0.4-2000 um using laser diffraction with
a laser particle size analyzer (Beckman Coulter LS 13320,
Beckman Coulter) at NRAL. Ash samples from JPH4 and UTK
(both from 2020) were also examined using X-ray diffraction
(XRD) (Rigaku Ultima IV) in the Department of Earth Sciences at
the University of Alberta.

2.3 Data analyses and visualization

All data analyses and visualization were conducted in R 4.1.1.%

Concentration maps were created using packages ggmap®
and ggplot2.**

Principal component analysis (PCA) was performed on
selected variables to explore the relationships between samples
and between variables using the prcomp function. To make the
variables comparable, the data were scaled (i.e. standardized) by
setting “scale = TRUE” in the R code. The PCA was visualized
using the factoextra package.®

Normality of variables was tested using the Shapiro-Wilk's
test. With most of the variables being non-normally distributed,
Spearman rank-based correlation tests were performed to
examine the relationships among variables at a significance
level of 0.05 using the cor function and visualized using the
ggcorrplot package.®®

Simple linear regressions were conducted to explore the
specific correlations between certain elements using the Im
function and visualized with the ggplot2 package.

3. Results and discussion
3.1 General description of element concentrations

First, distributions (boxplots) and ranges (ratio of maximum to
minimum concentration) of the element concentration data
were obtained to gain a general idea of their variation. The
concentrations of the TEs in both bulk moss (i.e. total concen-
trations) and the ASA fraction showed that Al, Fe, and Mn (10°-
10° and 10*-10° pg kg™ in terms of total and ASA concentra-
tion, respectively) were the three most abundant TEs at both the
industrial and the reference sites (Fig. 1). In contrast, the
potentially toxic TEs of greatest concern, in order of decreasing
abundance (Pb, Sb, Cd, Tl and Ag), exhibited low to very low
concentrations (Fig. 1). The median TE concentrations in the
samples of bulk moss were almost all higher at the industrial
sites than at the reference sites (Fig. 1). In contrast, in the ASA,
some elements were more abundant at the reference sites:
again, in order of decreasing abundance, these were Zn, Cu, Cd
and Ag (Fig. 1). The greatest differences in total concentrations
occur with the conservative lithophile elements such as Y and
Th: industrial and reference sites differed by approximately 40 x
and 30x in 2015 and 2019 (Fig. S31), and 20x in 2020 (Fig. S47).
At the other extreme, the smallest differences (1x-4x) were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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seen in micronutrients such as Zn and Cu, and macronutrients
such as K, P and S (Fig. S3 and S47). The fact that the greatest
differences in total concentrations of TEs are seen with the
conservative lithophile elements reflects the increases in dust
deposition rates with proximity toward industry. Even in the
ASA fraction, these elements were more abundant at industrial
sites compared to reference sites (Fig. 1 and S47).

Conservative lithophile elements such as Al are abundant in
the earth's silicate crust®” and occur either in minerals that are
resistant to chemical weathering, or weather to form secondary
minerals that are thermodynamically stable.*®***®” Thus, the
abundance of these elements in Sphagnum moss can be used as
indicators of the amounts of mineral dust being deposited from
the air, and can be used to distinguish the natural background
values from anthropogenic inputs.?® In addition, Th and the
rare earth elements, including Y and La, are abundant in heavy
minerals such as zircon and monazite (density 4.6 to 5.4 g cm )
which are particularly stable in weathering environments.**#%°
Various heavy minerals are also found in the mineral fraction of
the ABS* which consists primarily of beach and dune
sands.>*”#*! Strong positive correlations of lanthanides and Al
with the mineral content in the ABS are well established.”
Elements such as Al, La, Th and Y are not essential to plants and
therefore it can be assumed that there is no active uptake. Given
the limited solubility of their host minerals, there is little
potential for passive uptake of these elements from solution.
Thus, the concentrations of these elements in Sphagnum moss
can reasonably be taken to indicate the deposition of the
insoluble mineral dusts onto the surface of the plants.

Aluminum is the most abundant metal in the Upper Conti-
nental Crust (UCC) at approximately 81500 mg kg '.* In
contrast, the abundances (mg kg ) of the TEs of environmental
concern are far lower i.e. Pb, 17; Tl, 0.9; Sb, 0.4; Cd, 0.09, and Ag,
0.05. For calculating element ratios, Y was selected as the
reference element of choice (see Sections 3.2, 3.3, 3.4, and 3.8),
as its abundance in the UCC (21 mg kg ') is most similar to that
of Pb, the element which has generated so much environmental
concern.

3.2 Total concentrations of trace elements

3.2.1 Conservative, lithophile elements. Spatial variations
in total Y exhibited an increasing trend toward industry (Fig. 2)
which resembles the distribution of ash content (Fig. S51). The
other conservative lithophile elements, such as Al, Th, La, and
Cr, behaved similarly to Y (Fig. S6). Total Fe also increased
toward industry and showed a strong positive correlation with
total Y (Spearman's r = 0.93, p < 0.05; Fig. S7 and S8%). Ferric
iron is also a conservative lithophile element,*® and as such has
been used as an indicator of soil-derived dusts in other
studies.”*** However, given that bog waters are naturally acidic,
organic-rich, and generally anoxic,” there is potential for Fe to
be mobilized under these conditions. Despite this possibility,
the correlation between Fe and Y in the bulk moss samples
suggests that Fe concentrations too, reflect increases in dust
deposition toward industry. While the mid-point between the
two central bitumen upgraders is commonly viewed as the

Environ. Sci. Atmos., 2024, 4, 408-424 | 411
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Fig. 1 Boxplots of element concentrations for bulk moss (i.e. total) and acid soluble ash (ASA) at industrial sites. Element concentrations in
samples from reference sites (BMW, CMW, and UTK for 2015, and UTK for 2019) are indicated in blue using the multiplication sign “x". All values
represent concentrations (ug kg %) in dry moss. Samples were collected in fall 2015 (a and b) and 2019 (c and d). The 2015 EINP and WAG samples

were excluded.

centre of industrial development, wind direction must also be
considered in any analysis of dust distribution. For example, the
predominant wind direction from May to August in 2015 was
southwest, in addition to north and south (Fig. S91): this may
help explain the relatively high concentrations of Y seen at sites
southeast of Fort McKay (Fig. 2) and sites such as S7, S9, S19,
and P11 (Fig. 2 and S17).

3.2.2 Elements enriched in bitumen. The two most abun-
dant metals in bitumen, namely V and Ni,”® strongly resembled
Y in their distribution (Fig. 2). This was also reflected by their

412 | Environ. Sci.. Atmos., 2024, 4, 408-424

strong linear correlations with Y (R* = 0.89; Fig. $107), implying
that mineral dust inputs also dictate the total concentrations of
these two metals, an observation made in previous studies.'*”*%
In addition, the slopes of the regression lines of V (4.5) and Ni
(2.0) versus Y (Fig. S10t) are similar to their corresponding ratios
in the UCC (97/21 = 4.6 and 47/21 = 2.2, respectively)®” which
further supports mineral dusts as the predominant sources of
these metals in this region.>'*#%971% Strong, positive, linear
correlations between V and mineral matter contents of the ABS
are well known.*?

© 2024 The Author(s). Published by the Royal Society of Chemistry
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expressed on the basis of mg kg~ in dry moss. CMW = Caribou Mountains Wildland, BMW = Birch Mountains Wildland, UTK = Utikuma, WAG =

Wagner Natural Area, EINP = Elk Island National Park.

Molybdenum, the third most abundant metal in bitumen,*®
also increased in concentration near industry, but did not
correlate as strongly with total Y (R*> = 0.57; Fig. S7 and S107)
as V or Ni. There are several possible reasons why the variation
in Mo is less dependent upon the amounts of mineral matter in
the moss. First, Mo is used as a catalyst for upgrading bitumen
in this area.'®>'*> Second, Mo differs from V in that Mo is an
essential micronutrient for plants.’***** Thus, Sphagnum moss
may also be affected by throughfall, as precipitation leaches Mo
from dead tissues of other plants growing in the vicinity of the
moss.”*'%*1% However, Ni is also an essential plant micro-
nutrient,"” and there is no evidence to suggest that Ni is
affected in this way. Molybdenum forms anionic species in soil
solutions'®®'* which render it more mobile than cationic TEs,
but this is true also of V,"° and there is little evidence of V
mobilization. Clearly, the variation in atmospheric Mo deposi-
tion in this area requires further study to understand its
predominant sources and transformations in bogs.

3.2.3 Chalcophile elements. The distribution of Pb fol-
lowed that of Y (Fig. 2) and there is a very strong, positive, linear
correlation (R> = 0.95) between the two elements (Fig. S107).
The slope of the regression line of Pb plotted against Y (0.79) is
very similar to the corresponding ratio in the UCC (17/21 =
0.81).*” Clearly, mineral dust is by far the dominant source of Pb
to the moss samples. For perspective, total concentrations of Pb
in the ABS region (0.23-1.3 mg kg ') are low: these are

© 2024 The Author(s). Published by the Royal Society of Chemistry

comparable to the values reported for moss (0.65-1.1 mg kg™ )
collected from a very remote Canadian bog near Great Slave
Lake.® Total concentrations of Sb and Tl also followed the
distribution of Y (Fig. S111) and were moderately or strongly
correlated with Y (R*> = 0.76 and 0.89, respectively; Fig. S107).

In contrast to Pb and TI, which were strongly correlated with
Y, Ag (R*> = 0.13) and Cd (R* = 0.16) are independent of Y
(Fig. S10 and S127). Thus, it appears that aerial deposition of Ag
and Cd is effectively independent of mineral dust inputs. Silver
is in the same group as Cu in the periodic table, and Cd in the
same group as Zn, giving Ag and Cd some physical and chemical
properties similar to Cu and Zn, respectively."**** Copper and
Zn are both essential to plants,'® whereas Ag and Cd are not.
However, there is evidence of passive uptake of Ag by
plants™*'** and a voluminous literature on active uptake of
Cd."**** In fact, Cd uptake by plants has been found to be
performed by transporters of essential elements such as Cu, Fe,
Mn, and Zn.****** There are also published studies showing that
some moss species were able to accumulate Ag and Cd.'*****
Thus, the total concentrations of Ag and Cd in the Sphagnum
moss samples studied here, may have been affected by plant
uptake.

3.2.4 Elements essential to plants. Total Cu showed
a slightly increasing trend toward industry and a moderately
positive correlation with total Y (Fig. S8 and S131). However,
total Mn and Zn did not significantly correlate with Y,
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indicating that processes other than atmospheric dust inputs
alone, dominate their distribution.”*#**+%° We assume that the
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limited spatial variation in Mn and Zn concentrations is due to
active plant uptake of both elements.
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Fig. 3 Total and acid soluble concentrations of Al, Th, Ca, Mn, V, Ni, Mo, T|, Pb, Sb in Sphagnum moss collected in October 2019 and 2020.
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3.3 Trace elements in the acid soluble ash (ASA) fraction

Total and acid soluble concentrations of selected TEs are shown
in Fig. 3. The range in behaviours exhibited by these elements
(Al, Th, Ca, Mn, V, Ni, Mo, Tl, Pb and Sb) is representative of all
the studied elements, and provides a concise description of
main trends. In all cases, the results obtained from sampling in
2019 and 2020 were very consistent, indicating the reproduc-
ibility of the findings. Although the general trend is an increase
in the acid soluble concentrations of the elements with distance
toward industry (Fig. 3), the magnitude of the changes is
dichotomous. For example, Al and Ca, along with V and Ni,
clearly show increasing concentrations in the ASA fraction with
distance toward industry. In contrast, Th, Mn, Mo, and Sb show
much less change toward the mines and upgraders. For
example, consider the two conservative lithophile elements
shown here: acid soluble Al consistently accounts for the
majority of total Al, while acid soluble Th represents only
a small fraction of total Th. We assume that the Al concentra-
tions in the moss samples are mainly contributed by light
minerals such as those of the plagioclase group, and phyllosi-
licates (clays), whereas Th is assumed to be supplied from heavy
minerals such as zircon which is extremely stable.

3.3.1 Significance of the “soluble” trace elements. Calcium
is by far the most reactive of the elements shown in Fig. 3. It is
well known that carbonate minerals are the most reactive
species found in the mineral fraction of the ABS, with calcite,
dolomite and siderite all having been identified.*®

Although Al is a conservative lithophile element, during
chemical weathering it is converted from primary silicate
minerals to secondary minerals, especially clays such as
kaolinite.”” The mineral fraction of the ABS contains significant
quantities of clays, ranging from 1 to 37.5 wt%,"* consisting
mainly of kaolinite and illite.>******* It is well known that some
of the clays in the ABS occur as ultrafine particles as small as
20 nm." For convenience, ultrafine clay minerals are defined
here as mineral particles able to pass through a 0.45 pm
membrane filter.®> Given that silicate mineral dissolution rates
increase with decreasing particle size,"”® we assume that the clay
minerals occurring in the ash of Sphagnum moss after ashing,
would react very quickly in the 2% HNO; solutions used here.
Thus, the elevated concentrations of Al found in the ASA frac-
tion of Sphagnum is assumed to reflect the dissolution of
ultrafine clays. Other conservative lithophile elements (Y, Cr,
La) behave similarly to Al (Fig. S14 and S15%) which reflects the
broader significance of the phyllosilicates.

Alarge percentage of V and Ni is acid soluble (Fig. 3). While V
and Ni are the most abundant metals in bitumen, the strong,
positive, linear correlation exhibited by these metals with Y
(Fig. S10 and S161) argues against bitumen as the most
important source of these metals. Most of the dust being
generated is from the mines, gravel roads, and dry tailings. The
dry tailings are essentially the mineral residues left behind after
bitumen (and the V and Ni it contains) has been extracted:***
we assume that V and Ni are hosted by the clay minerals in the
dry tailings. Given the small size of the clays contained in the
tailings, they are easily suspended in the air by wind and then

© 2024 The Author(s). Published by the Royal Society of Chemistry
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transported long distances. Whether or not the TEs associated
with these clays will be released to the environment at ambient
conditions (i.e. far less acidic than the reactant employed here)
will depend on how much of the elements are in an exchange-
able form, versus being incorporated within the silicate struc-
tures of these minerals.”® Similar considerations apply to other
light minerals such as feldspars and mica.*®*** Thus, TEs found
in the ASA fraction of Sphagnum moss is not necessarily an
indicator of the risk they pose to living organisms. Certainly, the
mineralogy and chemical reactivity of the ASA fraction requires
further investigation.

The acid soluble concentrations of Ag and Cd and their acid
soluble proportions were both greater at the reference site, UTK
(Fig. S14 and S157). The higher proportion of acid soluble Ag and
Cd at UTK can be understood in regard to the limited amount of
dust being supplied to this remote location. However, the
greater concentrations of Ag and Cd found in the ASA at the
reference site, is unclear.

3.3.2 Significance of the “insoluble” trace elements. The
dearth of Th in the ASA fraction of Sphagnum moss can
reasonably be assumed to reflect its occurrence in heavy
minerals, and their chemical stability. But it is much less
obvious how to explain the limited chemical reactivity of Mn,
Mo, Pb, Sb and Tl (Fig. 3). Both Mn and Mo are essential to
plants.'® However, even if they were to occur exclusively in
organic forms within the living plants, these should then be
found in the ASA fraction, along with the major elements K, Mg,
Ca, P and S."***° Thus, there is no obvious explanation for the
low proportion of Mn and Mo in the ASA. Further, given that the
mineral dusts being released from the mines, gravel roads, and
dry tailings must contain both elements, the lack of increase in
concentration within the ASA fraction (Fig. 3), with proximity to
industry, is puzzling. Similarly, the potentially toxic TEs, Pb, Sb,
and Tl, showed limited reactivity (Fig. 3). Of these three, Tl had
the lowest proportion of acid soluble metal. The lack of reac-
tivity of particles containing Pb, Sb and Tl in 2% HNO; may be
related to the size of the host phases, or their limited solubility.
Regardless of the reason, even less reactivity is expected at the
ambient pH of the soils and waters of the region.

3.4 Enrichments of trace elements

The enrichments of TEs were calculated by dividing the TE
concentrations in the ash fraction by their corresponding
crustal abundance in the UCC.*”** The calculations were per-
formed for both the total and acid soluble concentrations of
TEs, using samples collected from industrial and reference
sites. Taking into account natural variation, only enrichments
greater than a factor of 2 times are considered significant.”
Regarding the total concentrations, very few elements were
significantly enriched: Cu, Mn, Mo, and Zn (all are plant
micronutrients), as well as Ag, Cd, Rb, and Re (Fig. 4). Although
this latter group is not required by plants, they can be seen as
pairs that share some chemical properties with plant micro-
nutrients e.g., Cd and Zn,"**** Rb and K,”*' Re and Mo."*?
Specifically, the predominance area diagrams and solubility
diagrams for Cd and Zn are very similar;"***** this is true also of
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Fig. 4 Enrichments of trace elements in Sphagnum moss and acid soluble ash (ASA), relative to the Upper Continental Crust.®” Samples were
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Re and Mo."™* In regard to Rb and K, their ions have the same
electrical charge and similar ionic radii.’*® Regarding the
enrichment calculations, the lack of significant enrichment of
potentially toxic TEs (i.e. the elements of greatest concern,
namely Pb, Sb, Tl), is notable.

Regarding TE enrichments in the acid soluble fraction, the
results were similar (Fig. 4). Moreover, the enrichments of two
potentially toxic elements, Ag and Cd, were greater at the
reference sites compared to the industrial sites. Given the long
list of TEs investigated here, it is rather remarkable how few
elements exhibit significant enrichments in the Sphagnum moss
collected near industrial development, relative to the corre-
sponding crustal values. The results obtained from samples
collected in 2019 and 2020 are very consistent, illustrating the
reproducibility of the geochemical data and the approach used
to study atmospheric deposition of TEs.

3.5 Abundance and particle size of minerals in ash from
proximal and distal locations

X-Ray diffraction (XRD) analyses were used to identify the
minerals present in ash samples of moss collected from JPH4
(the site closest to industry) and UTK (the main reference site).
Quartz was the predominant mineral in moss from JPH4, fol-
lowed by hydroxyapatite, arcanite, microcline, muscovite, and

416 | Environ. Sci. Atmos., 2024, 4, 408-424

CaO (Fig. 5 and S177). The abundance of quartz (36.7%) in the
ash of moss from JPH4 was approximately 6 times that of the
moss from UTK (6.1%). At UTK, the minerals identified, in
decreasing order of abundance, were fairchildite, arcanite,
hydroxyapatite, albite, diopside, quartz, and halite (Fig. 5 and
S171). Among these minerals, hydroxyapatite, arcanite, CaO,
fairchildite, and halite are artefacts that were created during
ashing."*"” Correcting the mineral abundances for those
created during ashing, quartz accounted for 66.7% of JPH4 ash,
but only 15.5% at UTK. The corrected value obtained for quartz
at JPH4 is within the range reported (60-90%) for quartz in the
mineral fraction of the ABS.” It is well known that quartz is
a very poor host for TEs, and most TEs are rare in quartz.*>*>'**
The preponderance of quartz grains in the ash fraction of
Sphagnum moss collected near industry explains why their ash
contents are so high while, at the same time, their TE concen-
trations are so low.

Particle size analyses showed increasing numbers of large
particles on Sphagnum with distance toward industry, with
diameters typically ranging from 10 to 100 pm, and some
particles as large as 200 pm (Fig. S187%). Given the size of these
particles and the density of minerals such as quartz, these
coarse dusts will be removed from the air by sedimentation,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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giving them short atmospheric residence times, and limited
transport distances.'®*

3.6 Principal component analysis

The results of the PCA were consistent with the observations
described above. The PCA for the total concentrations of TEs in
the 2015 mosses showed that principal component (PC) 1
explained 60.0% of the variation in the dataset (Fig. 6a). The
greatest contributors to this PC were the conservative lithophile
elements (Y, La, Th, Cr, Al), potentially toxic elements (Pb, TI,
Sb), elements enriched in bitumen (V, Ni, Mo), some other
lithophile elements such as Be, Li, and Fe, and the ash content
(Fig. S19%). PC 1 is clearly related to the abundance of mineral
matter, and separated the reference sites (BMW, CMW, and
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UTK) from the industrial sites. PC 2 explained 12.3% of the
variation in the dataset, which was primarily contributed by
plant macro- and micronutrients such as P, Mg, K, Zn, Mn, Ca,
and S.

The PCA for acid soluble concentrations of the 2015 mosses
showed that PC 1 and 2 explained 52.4 and 15.3% of the vari-
ations, respectively (Fig. 6b). Again, conservative lithophile
elements (Cr, La, Y and Al), elements enriched in bitumen (Ni
and V), and some other elements (Be, Co, Fe) contributed the
most to PC 1 (Fig. S197). These elements are more abundant in
samples collected near industry (e.g., S2, S19, and P6) compared
to the reference sites (BMW, CMW, and UTK). Plant macro-and
micronutrients including Zn, Mn, Mg, P, Cu, and K (in order of
decreasing importance), contributed the most to PC 2 but little
to PC 1 (Fig. S1971), suggesting that their abundance in this
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Fig. 6 Principal component analysis of 2015 Sphagnum mosses using (a) total concentrations and ash content and (b) acid soluble concen-
trations and ash content. The contribution reflects the total contribution of the variables to principal component (PC) 1 and 2. BMW = Birch
Mountains Wildland, CMW = Caribou Mountains Wildland, UTK = Utikuma.
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fraction is relatively unaffected by dust emissions. Included in
PC 2 of the ASA fraction are Cd, Cs, Ba, Sr, Ag and Tl (Fig. S197):
none of these are required by plants,'® but their inclusion with
PC 2 may be a consequence of passive uptake by Sphagnum.

3.7 Temporal trends in element accumulation

The ash contents of the Sphagnum moss samples collected in
2019 and 2020 as well as the total concentrations of TEs showed
limited variation between the two years (Fig. S20t). The acid
soluble concentrations were also comparable between the two
years (Fig. S21%). Sphagnum mosses were collected from the
same five sites in October of both years and only the living layer
(i.e. top 2 cm of the plants) were processed each time. In all
cases, therefore, the samples collected reflect summertime bulk
deposition i.e. wet deposition, plus dry deposition of atmo-
spheric dusts and aerosols. Assuming similar rates of Sphagnum
growth, the comparable concentrations indicate that dust and
aerosol deposition from bitumen mining and upgrading did not
vary significantly between the two years. Further, the mosses
from 2015 were collected from sites different from those from
2019 and 2020, and yet they all yielded similar concentrations.
Taken together, the reproducibility of the findings suggests that
the Sphagnum moss samples have provided a consistent record
of atmospheric deposition of dust and aerosol particles and
their associated TEs.

3.8 Deposition of dusts and aerosols in other locations
within Alberta

3.8.1 Elk Island National Park. Moss collected at EINP was
high in both total Ni (3.3 mg kg™") and acid soluble Ni (2.1 mg
kg™") (Fig. 2 and S227). Total Ni is disproportionate to total Y
(Fig. S10%) and the enrichment factor (EF) for Ni (8.3) was the
highest among all sites (Fig. S237). Clearly, there were addi-
tional sources of Ni to these moss samples other than wind-
blown soil dust.*****” The obvious source of excess Ni in these
samples is the nickel refinery in Fort Saskatchewan, Alberta
which is only approximately 26 km northwest of EINP. So, even
though Ni is enriched in the bitumen deposits being mined on
a vast scale in northern Alberta,’® the moss samples most
enriched in this metal occur in central Alberta, because of
nickel refining.

3.8.2 Wagner Natural Area. The moss samples collected at
WAG were high in total Sb (63 ug kg™ ') and acid soluble Sb (30
ng ke™') (Fig. S117). These samples represent an outlier in the
linear regression of Sb with total Y (Fig. S10t) and yielded the
greatest EF value (9.5) among the sites investigated (Fig. S237).
The elevated concentrations of Sb at WAG could be ascribed to
road traffic.”* Antimony sulphide (Sb,S;) has been used in
brake linings since the late 1990s, having replaced asbestos,
and has become a significant source of atmospheric Sb, espe-
cially in urban areas.'*>"*** The particles generated by brake
abrasion are respirable, with an aerodynamic diameter
(common mass median) of 2.8 um, and particle numbers
increase with increasing temperature.***** The high tempera-
tures generated during braking promote the oxidation of Sb,S;
to the more easily dissolved antimony trioxide,"** making it
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more bioaccessible. Vehicle fuel combustion is also a source of
anthropogenic Sb.**** In aerosols collected from urban areas
of Europe, EF values for Sb >50 are common,'* but EF values in
the hundreds and in the thousands have also been reported."*®
From this perspective, the EF values for WAG reported here, are
remarkably low: in fact, they are only twice the pre-
anthropogenic values obtained from peat samples dating
from the mid-Holocene.™*

3.9 Trace elements in acid soluble and acid insoluble ash:
Quo vadis?

The comparison of TEs in ASA with total concentrations in
Sphagnum moss has provided new insight into the contrasting
behaviours and potential bioaccessibility of these elements in
the environment (Fig. 3). For context, the determination of AIA
in biological materials has a long history, having been used for
many decades as an index of the digestibility of animal feeds
(ref. 144 and references cited therein). This parameter, deter-
mined by combustion and acid leaching in HCI, continues to be
measured today,"** not only for these applications, but also to
quantify inorganic contaminants in medicinal plants.**® The
AIA content of peat was first determined in a bog profile from
Finland, to determine the accumulation rate of organic
matter."”” Later, AIA was used for mineralogical studies of
atmospheric dust particles in peat;**® in both cases, the insol-
uble residue was collected on filter paper. A subsequent study of
AIA in peat involved filtration using a 0.2 um membrane filter,
but again, the focus was chemical and mineralogical analyses of
the insoluble fraction:” the soluble components were not
analyzed. It was only recently that the ASA fraction of Sphagnum
moss from bogs was analyzed, but as noted earlier, only for
major elements.” In the latter case, as well as in the present
investigation, a 0.45 pm membrane filter was used to obtain the
ASA fraction. Given that fine aerosols are defined as particles
smaller than 2 pm,* the analytical procedure that we have used
here may have underestimated the concentrations of TEs in the
fine aerosol fraction. With the commercial availability of PTFE
membrane filters with nominal pore sizes of 0.2 um, 0.45 um,
and 2 pum, additional studies of TEs in these size fractions of
ASA is warranted. Although Pb is not lost upon ashing of peat at
550 °C," the possible importance of losses of other TEs upon
combustion should be investigated. Finally, the surfaces of
moss leaves have been found to preferentially retain coarse
particles compared to fine aerosols.’*® Given this circumstance,
an intercomparison is warranted, to compare the concentra-
tions of TEs in ASA from Sphagnum moss with ASA obtained
from aerosols collected directly using conventional aerosol
sampling devices installed at the same location.

4. Conclusions

Mineral dust deposition to bogs in the region, reflected by the
ash content of Sphagnum moss, increases with proximity toward
industry. The total concentrations of elements enriched in
bitumen (V, Ni, Mo) and potentially toxic elements (Pb, Sb, TI)
also increase toward industry, resembling the trends in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conservative lithophile elements (Al, Cr, La, Th, Y). These trends
reflect the importance of mineral dust deposition and its
contribution to total concentrations of most TEs. However, the
chemical reactivity of TEs in these mineral dusts varies. Acid
soluble concentrations of V and Ni clearly increase with
distance toward industry, resembling Al in the same fraction
which suggests clay minerals such as kaolinite and illite may be
important sources. In contrast, the proportions of Pb, Sb, and Tl
in the acid soluble fraction are much lower, resembling the
trend in Th and inferring important contributions from more
stable, acid-resistant minerals. Trace elements that are
enriched in both total concentration and the ASA fractions,
relative to their crustal abundances, are either plant micro-
nutrients such as Cu, Mn, Mo, Zn, or elements that resemble
them in behaviour such as Ag, Cd, Rb, and Re, with plants from
the reference site exhibiting the greatest enrichments. The
study highlights the importance and necessity to determine not
only the total concentration but also the chemical reactivity of
TEs in atmospheric dusts when evaluating their associated
health risks to living organisms.
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