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Trace elements in peat bog porewaters: indicators
of dissolution of atmospheric dusts and aerosols
from anthropogenic and natural sourcest
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Peat bogs are often used as archives of atmospheric deposition of trace elements (TEs). However, chemical
analyses of TEs in peat provide little information about their ecological significance, subsequent to
atmospheric deposition. There is potential for the most reactive dusts and aerosols to dissolve in acidic (pH
4), organic-rich, bog water, thereby releasing TEs. Here, we use TEs in bog waters as indicators of the
chemical reactivity of atmospheric particles. Porewaters were sampled from bogs i) near open pit bitumen
mines of northern Alberta (AB) known to have elevated rates of dust deposition, primarily in the form of
coarse particles, and ii) in southern Ontario (ONT), known to have had elevated rates of Pb deposition since
industrialization began, supplied mainly as fine aerosols. In the AB bog waters, the elements most often
elevated in abundance, relative to the reference site (Utikuma), are Li and Fe, most likely due to proton-
promoted and reductive dissolution of their mineral hosts, respectively. In the bog waters collected in
ONT, Pb concentrations and enrichments (relative to Y), are far greater than the AB bogs, reflecting the
profound differences in cumulative inputs of industrial Pb in the two regions combined with proton-
promoted dissolution of Pb-bearing aerosols. Given the affinity of natural organic matter for Pb ions,
surface complexation and ligand-promoted dissolution also may have played a role in Pb release.
Regardless of the dissolution mechanisms involved, peatland waters provide new insight into the chemical
reactivity of dusts and aerosols. These transformations may have broader significance for the chemical
composition of peatland drainage waters, and the organic-rich receiving waters of the boreal zone.

Peat bogs are 90% water, and represent truly unique aquatic ecosystems at the interface of the atmosphere, biosphere, and hydrosphere. Known for

elevated concentrations of iron and dissolved organic carbon, we show that coarse dusts from open pit bitumen mines in northern Alberta, and fine

aerosols in industrialized southern Ontario, affect the abundance of trace elements in their interstitial waters.

Introduction

fraction of the Athabasca bituminous sands (ABS), but also
from wind-blown mineral material from dry tailings, gravel

Open pit bitumen mining in northern Alberta (AB) generates
considerable volumes of dust, not only from the “sand”
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roads, and quarries."”” Dust deposition rates and their spatial
variation have been estimated using the ash content of
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Sphagnum moss from peat bogs surrounding the mines,
combined with the plant growth rates.” Peat bogs are
ombrotrophic which means that Sphagnum and the other
plants growing at the surface of the peatland receive inputs
exclusively from the atmosphere. In the study by Mullan-
Boudreau et al.,’ the ash fraction of the moss was separated
into two components. First, the acid-soluble ash (ASA)
fraction which consists primarily of oxide, carbonate,
phosphate and sulphate minerals. These minerals may occur
on the surface of living plants, supplied by windborne dusts,
but they may also form in the laboratory during ashing of
plant matter, from the oxidation and carbonation of the
macronutrients they contain e.g. K, Mg, Ca, P, S, as well as
Mn and Fe.” Second, the acid-insoluble ash (AIA) fraction
which consists of silicates, aluminosilicates and refractory
oxides®® which may also occur on plant surfaces and are
unaffected by combustion. The AIA fraction is expected to be
relatively inert, given that the ABS are dominated by coarse
(90% > 100 pum) beach and dune sands consisting of very
stable minerals such as quartz, clay minerals such as
kaolinite and illite, and heavy minerals such as ilmenite,
zircon and rutile which are extremely resistant to chemical
weathering.® One of the main findings of the moss study is
that the concentrations of ASA in Sphagnum increased with
proximity to industry® suggesting that industrial emissions
contribute increasing amounts of chemically reactive mineral
phases with distance toward the mines.

As organic matter accumulates over time in bogs, the
surface peat layers become increasingly isolated from
surrounding mineral soils, sediments, surface waters and
groundwaters.” With an abundance of decomposing plant
matter, the organic acids generated during decay combined
with the lack of alkalinity from the surrounding watershed,
bog waters become and remain acidic (pH 4). The low pH of
these waters combined with the abundance of complex-
forming organic ligands, creates a milieu which is ideal for
the dissolution of chemically reactive mineral phases such as
carbonates, phosphates, and sulphates.®® Chemical analyses
of the interstitial waters collected at the surface of bogs in
the vicinity of open pit bitumen mines, therefore, may
provide an indication of the extent of dissolution of
industrial dusts.

Sphagnum moss from bogs in the ABS region has also
been used to study atmospheric deposition of trace elements
(TEs).'®'" In this area, most of the TEs of environmental
concern in Sphagnum are strongly correlated with
conservative lithophile elements (e.g. Al, Sc, Ti, Y) suggesting
that they are mainly associated with mineral matter.">"
Using age-dated peat cores from bogs in the area, it was
found that the enrichments of potentially toxic chalcophile
elements such as Ag, Cd, Sb and TIl, as well as elements
enriched in bitumen (Mo, Ni and V), have been in decline for
decades.”” Regarding Pb, which has generated national
concern about the environmental impacts of bitumen mining
and upgrading,” not only has atmospheric deposition been

in decline for decades," but cumulative inputs of
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anthropogenic, atmospheric Pb in this region of Canada are
very low, ranging from 0.04 to 0.07 g m >."* In contrast to
northern AB, in the far more industrialized region of
southern Ontario (ONT), the cumulative inputs of industrial
Pb from atmospheric sources range from 1.0 to 2.4 g m %"
Unlike the coarse-grained dust particles generated by
mechanical processes such as rock blasting and crushing,
Pb-bearing aerosols from high temperature, anthropogenic
activities such as smelting and coal combustion, are very
small, with a median diameter on the order of 0.5 microns."®
Further, Pb concentrations may be an order of magnitude
greater on the surfaces of these particles compared to their
interiors,"” with some of this Pb in relatively soluble forms."®
Chemical analyses of porewaters from bogs in southern ONT,
therefore, may provide an estimate of the bioaccessibility of
anthropogenic Pb derived from the air.

Taken together, the abundance of TEs in the dissolved
(i.e., <0.45 um) fraction of peat bog porewaters may provide
an estimate of the bioaccessibility of elements to living
organisms. The low pH of bog surface waters combined with
the general tendency of mineral dissolution rates to increase
with decreasing pH,">>* together make these unique
ecosystems convenient platforms to investigate the chemical
reactivity of dust particles and aerosols. To date, however,
there has been little effort to use peat bog porewaters with
this stated goal.>*® In respect to other published data on
TEs in bog waters, early work was restricted to the most
abundant trace metals such as Al, Fe, Mn and perhaps
Zn,>*7*° with more recent work starting to include the less
abundant TEs.**™*?

This study has two main objectives: i) to determine
whether the elevated rates of dust deposition to peat bogs
near open pit bitumen mines and upgraders in northern AB
has led to elevated concentrations of any TEs in the dissolved
fraction of their interstitial waters, and ii) to determine
whether the elevated rates of atmospheric Pb deposition to
the bogs of southern ONT has led to elevated concentrations
of Pb in their porewaters. To answer these questions, waters
were collected and analyzed from four bogs near the bitumen
mining industry, and compared with a remote site, far
removed from industry. In addition, waters were sampled
from three bogs in southern ONT where elevated inputs of
atmospheric Pb are well documented*® and cumulative
inputs of anthropogenic Pb are known." Our hypotheses are
that lithophile element concentrations will be elevated in the
bog waters near the bitumen mines, but that Pb
concentrations will be far more abundant in the bog waters
from southern ONT.

Materials and methods
Sampling locations

a) Northern Alberta. Water samples were collected from
four bogs in the vicinity of open pit bitumen mines and
upgraders: JPH4, McKay, McMurray, and Anzac (JPH4, McK,
McM, and ANZ). In respect to proximity from industry, JPH4

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Map showing the locations of the peat bogs sampled in Alberta (AB), in western Canada, and in Ontario (ONT), in eastern Canada. In AB,
UTK serves as the reference location. In ONT, Spruce Bog is the most remote site studied.

is 12 km from the mid-point between the two central
bitumen upgraders, McK 25 km, McM 49 km and ANZ 68
km (Fig. 1). The predominant wind direction is N-S,
roughly following the valley of the Athabasca River.’ For
comparison and perspective, water also was collected from
a bog (UTK) within the Utikuma region study area: this
sampling location is 264 km from the centre of the
bitumen mining and upgrading industry and serves as the
reference site for AB. Brief descriptions of these sites are
given elsewhere.''* Sampling took place in 2019, twice:
first in summer, during late June and early July, when the
peat was beginning to thaw, and then again during the
autumn, in October. There were no visible pools of surface
water, so a shallow pit was excavated within the Sphagnum
moss carpet at each site, to obtain interstitial water from

This journal is © The Royal Society of Chemistry 2023

surface layers of the bogs ie the porewater contained
within the poorly decomposed peats. The pits were
approximately 30 cm square and 20-30 cm deep, and cut
using a stainless steel knife with a serrated edge. The
number of sampling sites within each bog, and the number
of replicate samples, is provided in the ESIf (SI 1.1).
During the summer sampling campaign, frozen peat
occurred at each site, approximately 20 to 30 cm below the
surface of the bogs, perching water within the poorly
decomposed peat layer. All pits were emptied after
excavation using a polypropylene bottle, and the pits
rapidly refilled with interstitial water. Sampling took place
approximately 45 minutes later, to allow most of the large
particles to settle. All five AB bogs were sampled again in
the autumn of 2021, but only the Pb data are presented

Environ. Sci.: Water Res. Technol., 2023, 9, 2401-2416 | 2403
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here, to allow a comparison with bog waters from ONT that
were sampled at the same time, as described below.

b) Southern Ontario. In the autumn of 2021, waters were
collected from three peat bogs: Mer Bleue Bog, Luther Bog
which is part of the Luther Marsh Conservation Area, and
Spruce Bog which is within Algonquin Provincial Park
(Fig. 1). Mer Bleue Bog is adjacent to the City of Ottawa,
Luther Bog is within an agricultural region, and Spruce Bog
represents a remote location. More information about the
Luther and Spruce bogs is provided by Givelet et al., (2003),*”
and Mer Bleue by Givelet (2004)."® Using the same
procedures as noted above, pits were excavated at 3 locations
per bog, approximately 10 m apart, and one water sample
was collected from each pit.

Sampling methods

Water samples for TE analyses were collected using the
protocol described in detail elsewhere.’’ Briefly, while
wearing hair nets and polyethylene gloves, water was
collected by submerging a polypropylene (PP) transfer bottle
into the shallow, water-filled pits. For dissolved TEs and
major cations, water was removed from the transfer bottles
using a PP syringe, and filtered through a 0.45 pm, PTFE
filter into bottles containing concentrated nitric acid to bring
the pH below 2. These bottles, filters and syringes had all
been pre-cleaned in nitric acid which had been purified
twice, by sub-boiling distillation in a quartz still (MLS,
Leutkirch, Germany) in the metal-free, ultraclean SWAMP
Laboratory, using the procedures and protocols described in
detail elsewhere.”® Unacidified samples were also collected
for chloride analysis. A more detailed description of the field
work, including the GPS coordinates of the sampling
locations, is provided in ESIT 1 (SL.1. Table S1).

Sample analysis

The pH and electrical conductivity (EC) of the waters were
measured in the field, using a handheld combination device
(Hanna HI98129, Hanna Instruments, Woonsocket, RI, USA).

In the laboratory, chloride was measured colorimetrically
(U.S. EPA method 325.2), or using ion chromatography. Trace
element concentrations were determined using quadrupole
ICP-MS (ICAP Qc, Thermo Scientific) using the procedures
and protocols described in detail elsewhere.*® Major element
cations (Na, K, Mg, Ca) were determined using ICP-OES.
Information regarding blank values, limits of detection
(LOD), limits of quantification (LOQ), and recoveries of the
standard reference materials (SRM), are provided in SL.17
(Tables S2-S6).

Presentation of element concentration data

For the AB peatlands, an average composition was calculated
for each bog, for both summer and autumn samples. For
convenience, the complete set of element concentration data,
for both summer and autumn, are summarized in SI.1} as
follows: i) alkali metals (Li, Na, K, Rb, Cs) in SL.1} Fig. S1; ii)

2404 | Environ. Sci.. Water Res. Technol., 2023, 9, 2401-2416
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alkaline earth metals (Be, Mg, Ca, Sr, Ba) in SL.1} Fig. S2; iii)
conservative, lithophile elements (Al, Y, La, Th) in SI.1} Fig.
S3; iv) metals enriched in bitumen (V, Ni, Mo) in SL.1} Fig.
S4; v) Mn and Fe which are sensitive to fluctuations in redox
potential, and therefore depth to water table in bogs, in SI.1}
Fig. S5; vi) other elements of the first transition series (Cr,
Co, Cu, Zn) in SL.1} Fig. S6; and vii) potentially toxic “heavy
metals” (Cd, Pb, Sb, Tl) in SI.1} Fig. S7.

For the peat bogs from ONT, porewater Pb concentrations
only are presented, and Pb/Y ratios (Fig. 8) along with Pb
concentrations in peat (Fig. 9).

Statistical analyses of the data from the Alberta bogs

The data set dimensionality was reduced by identifying the
variables that had major explanatory value/correlations with
other elements. After reducing the dataset to 14 variables,
Principal Component Analysis (PCA) was applied to the
overall sample set, using only the data for which the variables
were available in both summer and fall of 2019. The
complete set of results is provided in the ESI} 2 (SL2).

Results and discussion
1. Impacts of coarse aerosols on bog waters in Alberta

The cumulative inputs of dust to these bogs, expressed as
accumulation rates of ash, AIA and ASA, deposited since AD
1900, was reconstructed using age-dated peat cores,”® and
these results are reproduced here (Fig. 2).

pH, electrical conductivity, and chloride. The pH of the
waters are similar, and within the range typically reported for
peat bogs” with the exception of JPH4 (Fig. 2). The pH at
JPH4 was significantly greater than the other sites. The
elevated pH values at this site may be due to dissolution of
dust particles. Alternatively, they may reflect natural
differences in pH due to variations in trophic status within
the surface of the mire. This peatland is very shallow (<100
cm), and the surface vegetation ranges from ombrotrophic
bog plant species to weakly minerotrophic fen species. Given
the proximity of JPH4 to industrial activity, this could be a
useful site for monitoring atmospheric deposition of
contaminants using bog vegetation. In this respect, the
anomalous pH value warrants a more detailed study of the
spatial variation in pH of the porewaters at the surface of this
peatland, to clearly distinguish the truly ombrotrophic zones
from the weakly minerotrophic areas.

The EC values at JPH4, McM and ANZ, are slightly or
moderately below the value for the reference site (UTK). In
contrast, the EC values for the McK bog are clearly
anomalous (Fig. 2). The elevated EC values at McK are
unlikely due to mineral dissolution, because the pH of the
porewaters, a reflection of mineral weathering intensity,”" at
McK are similar to McM, ANZ and UTK which all have similar
EC values. The chloride concentrations in the autumn were
extremely anomalous at McK (Fig. 2) which suggests that this
site is either affected by road salt, inputs of saline
groundwater, or both. Like JPH4, a more detailed study of

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Upper panel: Mass accumulation rate (MAR) since AD 1900 for ash content, acid-insoluble ash (AlA), and acid-soluble ash (ASA) for JPH4,
McK, McM, ANZ and UTK. The data are from Table 1 of Mullan-Boudreau et al.>° and are based on peat cores from each of these bogs that had
been age-dated using a combination of 2:°Pb (CRS model), 2**Am, *C (including the bomb pulse curve) and tephrochronology. Lower panel: pH,

EC, and chloride concentrations in peat bog porewaters.

the spatial variation in the EC of porewaters at the surface of
this peatland is needed to identify ombrotrophic zones which
are unaffected by the road.

Na, K, Mg and Ca. The lowest Na and K concentrations
are found in the waters from the reference site (UTK) which
also resemble the average values for rainwater in AB (Fig. 3).
In contrast, greater concentrations occur at the other sites. In
respect to these two metals, the values for McK are clearly
anomalous, but consistent with the highly elevated
concentrations of chloride at this site. Comparing the Na/K
ratios of bog water with the corresponding average value for
precipitation in AB, elevated ratios occur at JPH4, McK and
McM. While elevated ratios of Na to K at JPH4 may be due to
groundwater inputs, and at McK due to road salt or saline
groundwaters, at McM where the peat accumulation is
substantial (>200 cm), they are most likely due to dissolution
of atmospheric dust. Feldspar minerals (e.g. plagioclase and
K feldspar) are the most abundant silicates and account for
approximately 60% of the volume of the Earth's crust.””
Typically, the dissolution of plagioclase and K feldspars
would be the obvious sources of Na and K, respectively to
natural waters."®>*>* In contrast, the ABS are highly
weathered, consisting mainly of beach and dune sands,”*
and are dominated by quartz: a recent study reported only 3
to 5% potassium feldspar, and no plagioclase.”® Here,
however, the presence of clay minerals of the smectite
group® as well as illite®® in the ABS, and presumably the

This journal is © The Royal Society of Chemistry 2023

dusts derived from them, render these the most likely
sources of Na and K to the bog waters.

Regarding Mg and Ca, ANZ and UTK show values within a
factor of two of rainwater values (Fig. 3). Much greater
concentrations of Mg and Ca are found at McM, McK and
JPH4, increasing in this order with increasing proximity
toward industry. While greater concentrations of Mg and Ca
at JPH4 could be due to the influence of groundwater, this
cannot explain the elevated values at McK and McM which
we know from peat core investigations are strictly
ombrotrophic within the top ca. 100 cm.'™?* The Ca/Mg
ratios at UTK slightly exceed the average for precipitation,
with significantly lower values found in the bogs of the ABS
region. The depression in Ca/Mg ratios in the porewaters of
bogs sampled near industry suggests that there has been
preferential dissolution of Mg-bearing minerals in the
atmospheric  dusts. Calcite (CaCO;) and dolomite
(CaMg[COs],) both occur in the ABS,”> and given their
chemical reactivities, these are the most likely sources of Ca
and Mg in dusts from the mines, as well as the local
limestone quarry.

Trace elements: general remarks. The most abundant TEs,
listed in order of decreasing concentrations, with
approximate maximum values in brackets, are Fe (1 mg L),
Al (100 pug L™), Mn (50 ug L™), Sr and Zn (10 ug L™,
followed by Li, Rb, V and Ni (1 ug L™"). Most of the other TEs
studied are present in concentrations ranging from 100 to 1

Environ. Sci.: Water Res. Technol., 2023, 9, 2401-2416 | 2405
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Fig. 3 Upper panel: Na and K concentrations (mg L™) and Na/K ratio in peat bog porewaters. Lower panel: Mg and Ca concentrations, and Ca/Mg
ratio. The horizontal dashed line shows the average values for precipitation in Alberta which are Na/K = 0.90 and Ca/Mg = 5.1.

ng L' or less which illustrates the need for “clean lab”
methods, procedures and protocols for their successful
determination.”*™®  Trace element concentrations are
typically an order of magnitude more abundant in the
autumn compared to the summer (SL1,f Fig. S1-S7). In
summer, bog waters are more influenced by snowmelt and
precipitation. This is due to the dominance of summer
precipitation in continental climate regions concurrent with
the presence of ice only 20 to 30 cm below the surface which
prevents mixing with deeper porewaters in older peat layers.
Given the very low concentrations of most TEs, and the fact
that the analytical wuncertainties associated with the
measurements decrease with increasing concentrations,
differences between sites are more easily seen using the
water samples collected during the autumn. For this reason,
results obtained from samples collected in the autumn are
emphasized here.

Trace elements in bog waters from impacted sites versus
the reference site

a) Autumn. To determine whether or not TE
concentrations are more abundant in the bogs near industry,
the average concentrations of dissolved TEs in the autumn
samples at JPH4, McK, McM, and ANZ were each normalized
to those of UTK (the reference site). After normalization, the
ratios of the elements in bogs near industry, relative to UTK,
were summarized in order of decreasing value (Fig. 4). At
JPH4, the site nearest the centre of industrial activity, the
elements which are more than double their concentration at
the reference site are Li, all of the rare earth elements (REE),

2406 | Environ. Sci.: Water Res. Technol., 2023, 9, 2401-2416

Y, Ni, Sr, Sb, Mo, Fe, As, Cr, and Be. At McK, the list of
elements more than double their concentration at the
reference site includes Mn, Li, Rb, Ni, Pb, Cs, Sr, Tl, the REE,
V, Y, Be, Co, Fe and Re. At McM, the list of elements that are
more than double their concentrations at UTK is restricted to
Mn, Pb, Li, Sb, some of the REE, Ni, Fe, and Y. At ANZ, only
Mn, Pb and Rb are more than double their concentrations at
UTK. In summary, elements enriched in 3 out of the 4 bogs
near industry are Li, Fe, Mn, Ni, Y and selected REE (Tm, Dy,
Yb, Sm), plus Pb. Of these, Pb has the greatest environmental
relevance regarding potential toxicity to living organisms, but
the enrichments are modest i.e. McM, 7.8x; McK, 4.9%; ANZ,
3.3x. For most elements that are enriched, i.e. >2x the values
found at the reference site (UTK), the enrichments are
modest: only Li, Mn and Rb show enrichments greater than
10x.

b) Summer. In the summer samples, the extent of
enrichment, relative to the reference site, is lower, with none
of the enrichments greater than a factor of 10 (Fig. 5). The
only elements enriched in 3 out of the 4 bogs are Fe, Li, Mo
and V; only Li is enriched in the waters from all 4 bogs. Lead
is enriched at only one site (McK) and the enrichment is low
(2.1x).

¢) Summary of element enrichments. When the results from
bog waters collected near industry in autumn (n = 4) and
summer (n = 4) are combined into a single data set, only a
handful of elements are enriched in more than one-half the
samples, relative to UTK: Li is elevated in 7 out of 8 cases, Fe
in 6 of 8, while Sm, Tm and Yb are elevated in 5 of 8 cases.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ew00241a

Open Access Article. Published on 02 August 2023. Downloaded on 6/19/2026 3:45:09 AM.

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

(cc)

Environmental Science: Water Research & Technology

25
20
15
10

Li Tm Lu

Yo Er Ho Y Dy Ni

Pb Cs Sr
[McM (49 km)J/[UTK] >2 (Autumn)

Mn Li Rb Ni T Nd Sm Lu V

Mn Pb Li Sb Tm Ni Fe

T Sm Gd Nd Sr Eu
[McK (25 km)}J/[UTK] =2 (Autumn)

Y Tm Yb Gd Be

Dy Y Sm Yb

View Article Online

Paper

[TPH4 (12 km)]/[UTK] =2 (Autumn)

Pr Ce Sb La Mo Fe As Cr Be

Pr Co Dy Ho La Er Tb Ce Fe Eu Re

[ANZ (68 km)}/[UTK] =2 (Autumn)

Mn Pb Rb

Fig. 4 Bar graphs showing the ratio of concentrations of TEs in the porewaters of peat bogs near industry, to the reference site (UTK), for samples
collected in autumn. From top to bottom, listed in order of increasing distance from industry: JPH4, McK, McM and ANZ.

Thus, the TEs that most often indicate an environmental
impact on these bog waters are Li and Fe, plus some of the
lanthanides. Regarding the potentially toxic chalcophile
elements which generated so much concern about the
environmental impacts of bitumen mining and upgrading,®*
Pb was enriched in 4 out of 8 cases, but the enrichments are
modest (maximum 7.8x at McM). Enrichments of Sb were
found in 2 of 8 cases and Tl in 1 of 8; the extent of Sb
enrichments were 3.0x (JPH4) and 2.8x (McM), and in the
case of Tl, 3.1x (McK). Thus, the enrichments of chalcophile
elements are modest, and seen only in autumn when
concentrations are elevated, relative to summer values. There
were no instances, summer or autumn, in which Cd, Cu or
Zn in waters from industrial sites exceeded the reference site
by more than 2x. In fact, the greatest concentrations of Cu,

both in autumn and summer samples, was found at the
reference site (SL.1t1 Fig. S6).

Trace metal enrichments, relative to the Upper
Continental Crust. To estimate the extent of enrichment of
TEs in peat bog waters, relative to their presumed natural
abundance, selected elements in the water samples collected
in autumn were also used to determine the crustal
enrichment factor (EF).°°"®” Specifically, using Y as the
conservative, reference element, EF values were calculated as
the element/Y ratio, normalized to the corresponding ratio in
the Earth’'s Upper Continental Crust (UCC).*® These
calculations are presented for V, Ni and Mo which are all
enriched in bitumen, as well as Cd, Pb, Sb and TI which are
all potentially toxic “heavy metals” (Fig. 6). Vanadium, Ni and
Mo are all enriched at the reference site by factors of 5.2, 5.0
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Al Th
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Fig. 5 Bar graphs showing the ratio of concentrations of TEs in the porewaters of peat bogs near industry, to the reference site (UTK), for samples
collected in summer. From top to bottom, listed in order of increasing distance from industry: JPH4, McK, McM and ANZ.
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and 42.5, respectively. There is no obvious trend with
proximity to industry for V and Ni, with some industrial sites
showing lower EFs than the reference site. Molybdenum is
exceptional in that it becomes progressively less enriched
with distance toward industry (Fig. 6).

Except for JPH4 which shows a modest Cd enrichment
(3%, relative to the UCC), all of the sites are enriched in Cd,
with the greatest enrichment found at the reference site, UTK
(Fig. 6). In respect to Pb, the waters at JPH4 (which is closest
to industry) are actually depleted in this element whereas the
other industrial sites are enriched by up to 3.9x. Regarding
Sb, the two sites nearest industry show the lowest
enrichments, and the other two industrial sites are enriched,
but relative to the reference site, only by 1.4x. In terms of TI,
two industrial sites (JPH4 and McM) show no significant
enrichments relative to the UCC; the other two industrial
sites (McK and ANZ) do show enrichments. However, relative
to the reference site (UTK), the greatest extent of TI
enrichment at these sites is only 1.6x. Given the inherent
variability of crustal rocks and the soils derived from them,
we consider EF values <2 as being insignificant.®® Thus,
none of the enrichments of Sb and TI are significant, relative
to the natural enrichment of these elements in water from
the reference site (UTK). In summary, regarding the
potentially toxic “heavy metals”, there are no consistent
trends in the concentrations of these metals with distance
toward industry (SI.1} Fig. S7).

Regarding the EF values, the results presented here
illustrate the risk of considering industrial sites in isolation,
without also considering natural enrichments of TEs, relative
to crustal abundance. The enrichments of V, Ni and Mo

100 T V EF (Autumn) T
193 T

Ni EF (Autumn)

Ll
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provide a helpful illustration of the problem: while they are all
enriched in bitumen,”® they are also enriched in the
porewaters of the reference site, relative to crustal abundance
(Fig. 6), even though the reference site is more than 260 km,
and generally upwind, from the bitumen mines and upgraders.

Dissolution of atmospheric dust particles and release of
trace elements to bog waters. The abundances of selected
TEs, representing the major geochemical classes noted at the
start of the manuscript, are presented in Fig. 7 for the water
samples collected in autumn. Of all these elements, Y shows
a trend in increasing concentrations toward industry (Fig. 7)
which most closely resembles the record of atmospheric dust
inputs to the bogs (Fig. 2). Considering the other lithophile
elements, Li and Sr are clearly more abundant near industry;
so too are Al and Cr, but the range in concentrations between
industrial sites and the reference sites is less (Fig. 7). Of the
elements enriched in bitumen, Ni shows the clearest
differences in concentration (Fig. 7). Of the chalcophile
elements, Pb shows no consistent differences, Zn shows little
difference whereas Cu is most abundant at the reference site
(Fig. 6).

Peat bog waters as monitors of the chemical reactivity of
coarse aerosols. Sodium, K, Mg and Ca are the most obvious
indicators of dust dissolution (Fig. 3), and the reasons for
this are quite simple. First, following Al and Fe, they are by
far the most abundant metals in rocks and soils®® and the
atmospheric dusts derived from them. Second, many of the
mineral phases which host them are comparatively reactive
(e.g. calcite) or are very small, with large surface area (e.g.
illite-smectite) and should readily dissolve in peat bog
waters.’
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Fig. 6 Enrichment factors (EF) of TEs enriched in bitumen (V, Ni, Mo) and potentially toxic chalcophile trace elements (Cd, Pb, Sb, Tl), for bog
water samples collected in autumn. For details of the EF calculations, see text.
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Fig. 7 Concentrations of selected TEs (ng L) in the porewaters of peat bogs, collected in autumn.

In respect to TEs, considering JPH4 which is the site
closest to the centre of industry, Fe, Al, Sr, Mn are by far the
most abundant elements, followed by Li, Zn, Ni, V, Cr, Cu,
Pb and Y (Fig. 7). Given the importance of determining the
natural abundance of these same elements in peat bog water
from a reference site such as UTK, we have compared the
abundance of all the TEs discussed here, with the limits of
detection obtained for their determination using ICP-MS in
our metal-free, ultraclean lab. This comparison, for summer
and autumn samples, is provided in the SL.1t{ (Fig. S8). In
summer when element concentrations are lower, 15 of the 42
elements determined were at least 10x above the LOQ (SI.1Y
Fig. $8). In the autumn, 39 of the 42 elements measured were
at least 10x about the LOQ (SL.1} Fig. S8). Clearly, sampling
peat bog waters in autumn when concentrations are greatest
is advantageous, as most analytes of interest are at least 10x
the LOQ, and the accuracy of measurements is optimal. In
general, the elements which are most reliably measured and
show the greatest differences among the sites, are
comparatively abundant TEs such as Fe, Al, Mn, Sr and Li,
along with Ni, V, Y and some of the light REE. For routine
monitoring by government agencies, this small list of
elements will provide most investigators and their
laboratories with an opportunity to document these types of
water quality impacts due to industrial development.”*

Results of the statistical analyses. The PCA data shows
that PC1 explains 42% of the variation: with high factor
loadings for lithophile elements such as Li and Sr, and
conservative, lithophile elements such as Al, Ga, Th and the
REE (SL2f Matrix 1, Fig. S2, S3 and S5): these are the
elements readily explained by dust inputs. Clearly, inputs of
dust represent the dominant factor affecting peat bog water

This journal is © The Royal Society of Chemistry 2023

chemistry in the area. PC2, with high factor loadings for pH,
Ca and Mg, explains 20% of the variation and distinguishes
JPH4 from the other sites (SI.21 Matrix 1, Fig. S2, S4 and S6):
PC2 is interpreted as reflecting groundwater inputs to this
transitional peatland. PC3, with high factor loadings for K
and CI, explains 12% of the variation and distinguishes McK
from the other bogs (SL.2+ Matrix 1, Fig. S3, S4 and S7): PC3
is interpreted as an indicator of inputs of saline water to this
site. Finally, PC4 which explains 9% of the variation, has a
high factor loading for Cu and distinguishes UTK from other
sites (SL.21 Matrix 1, Fig. S5-S7): the bog waters from UTK
contain the greatest Cu concentrations (Fig. 7), even though
this is the reference site. In summary, the statistical analyses
of the data are consistent with the geochemical observations
described above.

2. Impacts of fine aerosols on Pb in bog waters from
southern Ontario

Lead concentrations in the waters of the bogs in AB sampled
in the autumn of 2021 range from 103 to 214 ng L™* (Fig. 8).
In contrast, the bog waters from southern ONT contain 1830
to 6510 ng L™* (Fig. 8). The greatest concentration found in
AB (214 ng L™ at JPH4) is more than 8 times lower than the
lowest concentration found in ONT (1830 ng L™ in the
Spruce Bog). Normalizing the Pb concentrations to those of Y
show much greater differences between the two regions
(Fig. 8): in the AB bogs, the ratios range from 1.0 to 5.3
(average 2.6) whereas in ONT, they range from 33 to 40
(average 36). On average, therefore, the Pb/Y ratios in the
ONT bogs are 14 times the corresponding values in AB. As

noted earlier, cumulative inputs of anthropogenic,
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Fig. 8 Lead concentrations (ng L™) and Pb to Y ratios in the dissolved
fraction (i.e. <0.45 pm) of the porewaters of the AB bogs versus ONT
bogs.

atmospheric Pb in AB are very low, ranging from 0.04 to 0.07
g m2." In contrast, in southern ONT, the cumulative inputs
of industrial Pb from atmospheric sources range from 1.0 g
m™ at the Spruce Bog to 2.4 g m™> at the Mer Bleue Bog."”
On average, cumulative Pb inputs in ONT (1.5 g m?) exceed
those of AB (0.05 g m™2) by 30 times.

Why are the average differences in Pb/Y ratios in the bog
waters (ONT/AB = 14x) less than the differences in cumulative
Pb inputs (ONT/AB = 30x)? In general, studies of age-dated
peat cores from bogs have shown that Pb is very well
preserved over time in ombrotrophic peatlands and
effectively immobile (see Shotyk et al, 2016 (ref. 14) for a
brief review). At the same time, studies of Sphagnum moss
using stable and radioactive Pb isotopes have shown that
retention of atmospheric Pb from natural and anthropogenic
sources is incomplete, as there are losses of Pb from plant
surfaces.”” It is clear from the Pb concentration data for bog
waters (Fig. 8) that Pb in the ONT bogs has, to some extent,
been mobilized from the solid phase to the aqueous phase.
However, post-depositional Pb migration within a peatland
depends not only on aqueous phase concentrations, but also
the rate of fluid movement. If bog water movement within
the surface layers of these peatlands is limited or slow,
migration of dissolved species will be too. Thus, caution is
needed when interpreting TE concentrations or enrichments
in bog waters, in relation to atmospheric deposition, without
the considerable benefit of relevant hydrological information.
Moreover, southern ONT receives approximately twice the
annual amount of precipitation of northern AB, and this
would tend to dilute the former compared to the latter.
Regardless of these considerations, it seems reasonable to

2410 | Environ. Sci.: Water Res. Technol., 2023, 9, 2401-2416
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suggest that the elevated Pb concentrations in peat bog
waters from ONT, relative to the bog waters in AB, are due to
the far greater cumulative inputs of anthropogenic,
atmospheric Pb inputs in eastern Canada.

3. Trace elements in peat bog waters: quo vadis?

a) Natural background concentrations of trace elements in
bog waters. Here, UTK is used as the reference location for
comparison with bog waters collected in the vicinity of open
pit bitumen mines and upgraders. In other words, the bog
waters from UTK are taken to represent the natural,
“background” concentrations of TEs in bog waters from
northern AB. With the exception of Ag which is at or below 1
ng L™, the bog water samples collected in autumn from UTK
were analyzed successfully for every TE of interest (SI.1} Fig.
S8). This includes a number of elements that are at or below
10 ng L™ e.g. Be, Cs, Sb, and Tl. There are several lines of
evidence to suggest that UTK has provided some of the first
reliable data regarding baseline concentrations of TEs in peat
bog waters. First, we have shown'' that the average
concentrations of Cr, Ni, Pb, Sb, Tl and V in Sphagnum moss
samples from UTK are similar to the values found in ancient
samples of ombrotrophic peat from the Swiss bog at Etang
de la Gruére (EGR). These Swiss samples, dating from the
mid-Holocene climate optimum (ca. 6000 to 9000 years ago)
yielded some of the lowest TE concentrations ever reported
for peat samples collected in the northern hemisphere.”® In
other words, the abundance of TEs in Sphagnum moss from
UTK today, represents natural “background” concentrations.
Second, an age dated peat core collected from UTK shows
that atmospheric Pb contamination in the ABS region has
been in decline for decades.* Moreover, Pb concentrations
have reached the point where, today, it is difficult to detect
any Pb contamination, relative to background levels, in the
topmost layers of these ecosystems.'® Third, the Pb contents
of wild berries growing in the bog at UTK are not
significantly different from the very low Pb concentrations
obtained for berries growing in remote areas much further
north e.g. Point Bral¢, Birch Mountain Wildlands, and the
Caribou Mountain Wildlands.”* Fourth, Pb concentrations
and Pb/La ratios in the leaves of Labrador Tea (Rhododendron
groenlandicum) from UTK, another bog plant, are among the
lowest compared to plants from other regions of Canada.”
Thus, there are good reasons to suggest that i) the bog waters
from UTK have generated TE concentration data that
predominantly reflect interactions between these organic-
rich, acidic waters and the crustal aerosol,*® and ii) provide a
reference level against which bog waters from more
industrial regions of North America may be compared.

b) Trace elements in bog waters impacted by atmospheric
dusts. Elevated concentrations of conservative, lithophile
elements such as Y and REE in bog waters near the open pit
mines, are most likely related to the abundance of heavy
minerals such as zircon and monazite which occur in the
mineral fraction of bitumen-containing ores.”®”’® Zircons are

This journal is © The Royal Society of Chemistry 2023
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rich in Y and monazite is rich in the REE.”” While the
elevated concentrations of these elements in the “dissolved”
fraction of bog waters seems to imply particle dissolution,
these are among the “resistate” minerals of Goldschmidt:*°
because of their thermodynamic stability, they are extremely
resistant to dissolution, and become residually enriched in
soil profiles during chemical weathering."*>® 1t seems
unlikely that there is active and apparently rapid dissolution
of these minerals in peat bog waters today when there is
geochemical evidence to suggest that minerals are preserved
in acidic peat bog waters for millenia.”>®" An alternative
explanation for their enrichment in the “dissolved” (ie.
<0.45 um) fraction of the waters, is their presence in the
colloidal fraction which may result from their emission to
the atmosphere as nano-sized dust particles. Size-resolved
fractionation of peat bog waters, using AF4-ICP-MS,*> should
be able to distinguish between colloids bearing Y and REE
that are suspended in peat bog waters and represent inputs
of nanodust particles,* versus ionic forms that are derived
from mineral dissolution.

While the scope of the current study has been restricted to
the environmental impacts of open-pit bitumen mining in
northern Canada, there are many obvious opportunities to
apply the approach described here to study similar impacts
worldwide. The generation of dust from anthropogenic
activities such as the extraction, transportation, and use of
mineral material is a global phenomenon, resulting from
open-pit mining of metallic ores, coal, limestone and
aggregate (sand and gravel), as well as from unpaved roads
and wind erosion of soils. For perspective and context,
mining and mineral extraction worldwide, including
overburden related to these, accounts for approximately 27
Gt of material mobilized per year, with another 50 Gt per year
from aggregate production.*® Global highway construction
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has consumed an estimated 200 Gt of sand and gravel to
date; the U.S. alone has 2.2 M km of unpaved roads; cement
and concrete production is on the order of 31 Gt per year.®
Conversion of forests to cropland, and the subsequent
erosion of soils by wind, are also globally significant sources
of mineral dusts, with one-half of the soil loss on the
continents due to agriculture.®® Peat bog porewaters,
therefore, as they are used here, represent an opportunity to
study the chemical reactivity of atmospheric dusts from
anthropogenic sources worldwide.

c¢) Trace elements in bog waters impacted by fine aerosols.
The elevated Pb concentrations in the bog waters from
southern ONT reflect the much greater cumulative inputs of
anthropogenic, atmospheric Pb there, compared to northern
AB. While this illustrates the impact of the chemical
composition of fine aerosols on aquatic chemistry of these
unique ecosystems, the data also raise several questions.
Specifically, using peat cores from the Luther and Spruce
bogs, dated using a combination of *'°Pb and C,
atmospheric Hg deposition was found to reach its zenith in
the late 1950's,*” probably in response to the introduction of
the Air Pollution Control Act in the USA in 1955. The Pb
concentration profiles of the Spruce, Luther and Mer Bleue
bogs (Fig. 9) reach their zenith at the same depths as Hg in
these peat cores, and therefore have a similar chronology of
deposition from the air. The peak in Pb at Mer Bleue (159 mg
kg ') is 19 cm below the surface of the bog, at Luther Bog (95
mg kg™) 23 cm and at Spruce Bog (115 mg kg™*) 27 cm below
the top of the profile. If atmospheric Pb deposition has been
in decline for more than six decades, with peak Pb
concentrations well below the surface, why are Pb
concentrations still elevated in the porewaters collected from
the surface of these bogs? Are there still significant inputs of
industrial Pb in southern ONT, or is Pb deposited in the past
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Fig. 9 Lead concentration - depth profiles for peat cores collected from Spruce and Luther Bogs (2000) and Mer Bleue Bog (2003).
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now being mobilized in acidic bog waters? Elevated Pb
concentrations have been reported in peat bog porewaters
that have been acidified by smelter emissions®® but such
conditions do not apply to the ONT bogs. It seems more
likely that the sampling pits excavated in these bogs to collect
porewaters may have obtained water from surface layers
(relatively recent peat, containing low Pb concentrations) as
well as subsurface peat layers (older peat, and containing
much higher Pb concentrations). The bog water data
presented here (Fig. 8) corresponds to water samples
collected in 2021, whereas the peat cores were collected in
2000 (Luther and Spruce bogs) and 2003 (Mer Bleue Bog).
Further study is needed of metal concentrations in the
porewaters at these sites, with precise sampling, to measure
the variations in TEs in the porewaters in relation to the age
of the peats: this can be done by expressing porewaters from
age-dated peat cores. The peat cores from AB and ONT have
already been precisely age-dated by Davies et al.®® and Givelet
et al.*’ respectively. Fresh peat samples from each slice have
been kept frozen in our sample archive, and plans are
underway to extract their porewaters and measure TEs.

The scope of this part of the study too, is limited to a
handful of bogs from Canada. However, the approach
presented here should be of broad interest in Europe where
the history of environmental contamination by Pb and
related TEs extends back in time for several millennia, and
where cumulative inputs of these potentially toxic elements
are far greater.'*"?

d) Impact of global climate change on peat bog water
chemistry. The bogs of northern AB are far drier than the
bogs of southern ONT. While annual potential
evapotranspiration (PET) is similar at these latitudes, the
bogs of southern ONT receive approximately 1000 mm of
precipitation annually, and typically have abundant pools
(“hollows™) and often have ponds. In contrast, the bogs of
northern AB receive approximately one-half as much
precipitation, and, in consequence, ponded “surface water”
in the sense, much less frequently.
Palaeoclimate reconstructions have already been undertaken
of the AB peat bogs studied here. Magnan et al.®” provide a
long-term record of climate change in the region, based on
plant macrofossils of the peat cores, and showed that the
bogs have been evolving toward vegetation typical of drier
conditions for decades. van Bellen et al®® used testate
amoeba to document the lowering of water tables relative to
the peat surface in these bogs during the past few decades.
While the AB bogs have always been much drier than the
ONT bogs because of the approximately two-fold difference
in annual precipitation, in recent decades the AB bogs have
become even drier. Drying of the bogs and lowering of the
water table will have broad ramifications for the chemistry of
peat porewaters. For example, pores will have greater access
to air, allowing the introduction of oxygen to surface peat
layers, promoting the oxidation of organic matter, and
increasing the concentrations of dissolved organic matter
(DOM) in the porewaters. Increasing the concentration of

usual occurs
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DOM will lower the pH of the waters,*® and this, in turn, will
promote the dissolution of mineral matter. Enhanced
dissolution of mineral matter will increase the concentrations
of TEs, while organic matter oxidation will transform the
DOM: more aromatic structures will be generated and
carboxyl groups created®® which, in turn, will enhance the
metal-complexation capacity of DOM and the stability of
organic complexes with transition metal The
significance of the sum of these processes for the
bioaccessibility and bioavailability of TEs in bog waters
remains to be seen, provided that there is accessible
porewater to investigate as the bogs continue to dry.

ions.
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