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HIGHLIGHTS GRAPHICAL ABSTRACT

o Analysis of As speciation in >35 tailings
samples from 5 legacy mine tailings.

e Thiolated As comprised up to 17 % of
total dissolved As in reducing
environments.

e The majority of thiolated As was
observed in sub-oxic, low Fe porewater
samples.

e Abundance of thiolated As was higher in
tailings when As was mainly hosted in
sulfides.

Organic matter, dissolved Fe?

ARTICLE INFO ABSTRACT

Editor: Daniel Alessi We studied the occurrence of dissolved thiolated Arsenic (As) in legacy tailings systems in Ontario and Nova
Scotia, Canada, and used aqueous and mineralogical speciation analyses to assess its governing geochemical

Keywords: controls. Surface-accessible and inundated tailings in Cobalt, Ontario, contained ~1 wt-% As mainly hosted in

Legacy tailings
Arsenic

Aqueous speciation
Wastewater quality
Thiolated oxyanions

secondary arsenate minerals (erythrite, yukonite, and others) and traces of primary sulfide minerals (cobaltite,
gersdorffite and others). Significant fractions of thiolated As (up to 5.9 % of total dissolved As) were detected in
aqueous porewater and surface water samples from these sites, comprising mostly monothioarsenate, and smaller
amounts of di- and tri-thioarsenates as well as methylated thioarsenates. Tailings at the Goldenville and
Montague sites in Nova Scotia contained less (<0.5 wt-%) As, hosted mostly in arsenopyrite and As-bearing
pyrite, than the Cobalt sites, but exhibited higher proportions of dissolved thiolated As (up to 17.3 % of total
dissolved As, mostly mono- and di-thioarsenate and traces of tri-thioarsenate). Dissolved thiolated As was most
abundant in sub-oxic porewaters and inundated tailings samples across the studied sites, and its concentrations
were strongly related to the prevailing redox conditions and porewater hydrochemistry, and to a lesser extent,
the As-bearing mineralogy. Our novel results demonstrate that thiolated As species play an important role in the
cycling of As in mine waste systems and surrounding environments, and should be considered in mine waste
management strategies for high-As sites.
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J.D. Ali et al.
1. Introduction

Gigatons of mine wastes (waste rock, tailings) are produced annually
by the global mining industry, and mismanagement of these materials
can generate wastewater with high levels of toxic metal(loid)s and other
contaminants that may negatively impact downstream environments
(Jamieson, 2011; Blowes et al., 2014; Lindsay et al., 2015; Lebre et al.,
2017; Vriens et al., 2020). Arsenic is a widely known, redox-sensitive,
solute of concern in mine waste systems across the world, due to its
toxicity and elevated mobility under both acidic and neutral ambient
conditions (Andrade et al., 2010; DeSisto, 2014; Filippi et al., 2015;
Hiller et al., 2012; Larios et al., 2012; Vriens et al., 2019). Mobilization
of As in mine wastes is caused by weathering of As-bearing minerals,
commonly sulfide and oxide minerals, but As can also be sequestered
through precipitation of secondary As-bearing minerals or adsorption of
As to other secondary oxide minerals (Ahn et al., 2005; Andrade et al.,
2010; Azcue and Nriagu, 1995; Dradrach et al., 2020; Foster et al., 1998;
Kim et al., 2003; Langmuir et al., 1999; Meunier et al., 2010; You et al.,
2024). The rates of these As-mineral dissolution-precipitation and their
combined controls on leachate quality are highly site-specific and
dependent on the prevailing modal mineralogy and geochemical con-
ditions (Andrade et al., 2010; Craw and Bowell, 2014; Drahota et al.,
2016; Gault et al., 2005; Jamieson, 2011; Jamieson et al., 2015); pre-
dicting the mobility of As in mine waste systems on timescales of several
decades and longer remains a persistent technical challenge (Blowes
et al., 2014; St-Arnault et al., 2019; Vriens et al., 2020). To improve our
understanding of the fate of As in mine wastes and assess its potential
downstream environmental impacts, it is necessary to quantitatively and
mechanistically understand the geochemical and mineralogical controls
on As mobilization, especially at high-As sites.

Previous work on As in mine tailings and mining-impacted envi-
ronments has shown that dissolved As occurs predominantly in oxy-
anionic form, either as fully oxidized arsenate (As[+5]) or reduced
arsenite (As[+3]; Andrade et al., 2010; Azcue and Nriagu, 1995; Miller
et al., 2019). Although arsenite tends to be more mobile than arsenate,
both species can be mobilized from As-rich tailings and migrate into
receiving downstream environments (Andrade et al., 2010; Bowell et al.,
2014; Herrera et al., 2021; Moriarty et al., 2014). Arsenic also has a
diverse organic biogeochemistry, including As-bearing metabolites and
volatile methylated As species, that may occur in wide variety of mining-
affected environments (Zhuang et al., 2023). However, dissolved As
compounds other than arsenite and arsenate are not typically considered
in assessments of As mobility in tailings and other mine waste systems
(Liu et al., 2023). Our recent laboratory experiments have shown that
aqueous thiolated As species [thio-As] may be produced from the
weathering of As-sulfide minerals in mine waste rock (Ali et al., 2023).
Such thiolated As species (arsinothioyl structures; As—S) have been
previously found in other sub-oxic and reducing environments,
including wetlands and hydrothermal vents (Guo et al., 2017; Herath
et al., 2018; Planer-Friedrich et al., 2007; Suess et al., 2011, 2015).
Various types of mine tailings and waste rock systems may be expected
to harbor the same circumneutral-to-alkaline and sub-oxic conditions
that are expected to promote the formation and occurrence of thio-As.
Even though thio-As may occur in mine waste environments with
lower relative abundances compared to other environmental systems, as
evidenced by our previous experimental findings (Ali et al., 2023), thio-
As species are important for As mobilization due to their lower pro-
pensity to adsorb to, or co-precipitate with, secondary minerals, in
comparison to other oxyanionic As species (Herath et al., 2018; Plant
et al., 2003; Suess and Planer-Friedrich, 2012). Thus, the occurrence of
thio-As could be particularly problematic in high-As mine wastes and
contribute significantly to As loads and mobilization into downstream
environments.

Many high-As mine waste systems exist globally (e.g., sites in North
America (Fawcett et al., 2015; Wang and Mulligan, 2006), Europe (Craw
and Bowell, 2014; Camm et al., 2004) and South America (Ng et al.,
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2019; Vriens et al., 2019)), but the formation mechanisms and distri-
bution patterns of thio-As in these systems have received little to no
attention. Thio-As production and stability appear influenced not only
by the prevailing geochemical redox conditions, but also by the type of
As-bearing sulfide minerals (e.g., arsenopyrite producing less thio-As
than enargite), as well as the presence of other elements that can
serve as oxidants (e.g., Fe) and mineral phases that can provide
adsorption sites (e.g., Fe-(oxy)hydroxides; Ali et al., 2023). The role of
thio-As compounds in governing As cycling in other environmental
systems has been investigated (e.g., Guo et al., 2017; Herath et al., 2018;
Planer-Friedrich et al., 2007; Wang et al., 2020), but to the best of our
knowledge, there are no field studies on the formation and occurrence of
thiolated-As in tailings materials. In particular, the source and fate of
thiolated-As in the variable mineralogical and geochemical conditions
encountered in legacy tailings facilities, especially those containing
elevated levels of As and other metal(loids), remain to be determined.

To this end, we investigated the aqueous As speciation and miner-
alogical As hosts at five As-enriched legacy tailings deposits located in
Cobalt, Ontario (ON), and Montague and Goldenville, Nova Scotia (NS).
These high-As mine tailings sites constitute an ideal opportunity to study
the occurrence and behaviour of thio-As across redox gradients in mine
waste systems, as further discussed in the next section. We hypothesized
that the elevated As contents of the tailings materials, circumneutral to
alkaline pH, and ubiquitous reducing conditions in these systems allow
for a significant abundance of thio-As. The main objectives of this work
are to determine the abundance of inorganic thiolated As, and to assess
the sources and mobility of dissolved As and (bio)geochemical condi-
tions that affect the occurrence and mobility of thiolated As in mine
waste tailings.

2. Study areas

A number of legacy tailings sites with high As and variable mineral
As(—S) hosts that have been intensively studied previously were
selected for this study (Fig. 1). The sites were located in Cobalt, Ontario
(Cobalt Lake, Crosswise Lake, and LaRose pond) and Nova Scotia
(Montague and Goldenville), all in Canada. A summary of site charac-
teristics and previously reported geochemical data, including porewater
compositions and tailings mineralogy, are provided in Tables S1-S5.

2.1. Cobalt, Ontario

The Cobalt-Coleman mining camp, located ~600 km north of Tor-
onto, Canada (Fig. 1), was established in the early 1900s after the dis-
covery of quartz-carbonate veins containing high-grade silver
mineralization (Clarke, 2017; Kwong et al., 2007; Petruk et al., 1971;
Turcotte, 2022). Two main periods of mining and near-site processing
occurred until the 1980s; the generated tailings were disposed of into
surrounding water bodies and low-lying land, and stored as submerged
and exposed tailings (Turcotte, 2022). These largely un-remediated
mine tailings contain environmentally harmful metal(loid)s, including
As, Hg, and Co, that have contaminated surrounding water bodies,
sediments, and vegetation (Chen et al., 2019; Kelly et al., 2007; Little
et al., 2020; Turcotte, 2022). Previous studies conducted on the tailings
in the Cobalt region reported bulk As and S concentrations of up to 1 and
3 wt-%, respectively (Table S3). These studies have also reported dis-
solved As and S concentrations of up to 325 and 2941 ppm, respectively,
with a circumneutral-to-alkaline pH range (Table S1), and shown that As
is predominantly hosted in erythrite-annabergite, cobaltite-gersdorffite,
safflorite-skutterudite, arsenopyrite, and realgar (Table S5; Clarke,
2017; Turcotte, 2022).

In this work, we studied aqueous and solid (sediments, tailings)
samples from locations in LaRose Pond (submerged tailings), Crosswise
Lake, Cobalt Lake and LaRose tailings (surface-accessible tailings).
These locations overlap with previous studies at these sites and were
selected to capture the broad range of contrasting mineralogical and
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geochemical conditions encountered around Cobalt (Fig. 1). Exact
sampling locations (coordinates, dates, types of samples) are detailed in
Tables S6, S7.

2.2. Montague and Goldenville, Nova Scotia

Historical gold (Au) mining activities in Nova Scotia date as far back
as the mid-1800s and have resulted in multiple legacy mine waste sites
across the province (DeSisto et al., 2017). Amongst these sites, the
Montague and Goldenville tailings are known to contain particularly
elevated As concentrations (DeSisto, 2014). Montague is a residential
community ~20 km north of Halifax, Canada, and Goldenville is located
about 140 km east of Halifax, Canada (Fig. 1). Gold production began in
the 1860s and ended in the 1940s in both Montague and Goldenville
(Bates, 1987; DeSisto, 2014). Tailings generated at these two sites were
typically discharged into surrounding waterways, and led to abandoned
sites that have contaminated nearby waters, soils, sediments, and biota
(DeSisto, 2014; DeSisto et al., 2011; Parsons et al., 2012). Previous
studies recorded bulk As levels up to 0.8 and 1.2 wt-% in Montague and
Goldenville, respectively, as well as bulk S concentrations up to 0.7 and
1 wt-% in Montague and Goldenville, respectively (Table S4). Reported
dissolved As concentrations in pore waters range up to 58 and 128 ppm
in Montague and Goldenville, respectively, whereas dissolved S con-
centrations vary from up to 157 and 404 ppm in Montague and Gold-
enville, respectively, with predominantly circumneutral pH (Table S2).
Previous studies at these sites have further shown that As is predomi-
nantly hosted in arsenopyrite, As-bearing pyrite, and As-bearing Fe
(oxy)hydroxide minerals (Table S5; DeSisto, 2014).

As for the samples collected at Cobalt, we here studied aqueous and
solid (sediments, tailings) samples from Montague and Goldenville at
locations that were similar to those of the abovementioned studies
(Fig. 1). Detailed sampling locations (coordinates, dates, sample types)
are provided in Tables S6, S7.

3. Methods and materials
3.1. Sampling of tailings, porewaters, and surface waters

Field sampling was conducted in the fall of 2022 in both Cobalt, ON

ol H _PA MA
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B. Montague Tailings  'C.
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and Nova Scotia. Sediments, tailings porewaters, and shallow as well as
deeper overlying surface waters at the various sites were sampled
depending on accessibility.

Surface-accessible tailings were collected at 15 sampling locations in
Cobalt Lake, Crosswise Lake, LaRose Pond, Montague and Goldenville
(locations detailed in Table S6) using augers and immediately trans-
ferred into argon (Ar)-purged Ziploc bags. A sediment core was collected
as replicate at each of these sampling areas using a 60-cm length, 8-cm
diameter polyvinyl chloride (PVC) push corer, immediately Ar-purged
and capped, and stored inside an Ar-purged high-density polyethylene
(HDPE) glovebag in the field. Submerged sediment cores were collected
at 3 locations in LaRose Pond (Table S6) from a boat, using a submers-
ible 60 cm length, 8 cm diameter Kajak-Brinkhurst gravity corer, and
capped immediately. The submerged sediment cores were extruded (at
every 10 cm per sediment core) into Ar-purged Ziploc bags within an Ar-
purged HDPE glovebag after returning to shore. A replicate core was
collected at each of the sampling areas in LaRose Pond, and the head-
space filled with Ar, capped and stored in an Ar-purged HDPE glovebag.
Before sampling, all coring materials were pre-rinsed with de-ionized
(DI) water (18.2 MQ, MilliPore Sigma). All sediment samples were
stored in the dark at <4 °C both in the field and the laboratory until
further analysis.

Tailing porewater samples from surface-accessible tailings (25 sam-
ples in total; see details in Table S7) were collected using pre-rinsed 1-m
length suction lysimeters with a porous ceramic membrane cup (Irr-
ometer; vacuum at —70 to —80 centibars) at varying depths (0.4-0.95
m). Surrounding and overlying surface waters were collected as grab
samples using pre-rinsed (DI water) 50 mL Falcon tubes, whereas
overlying water columns (deeper waters) of submerged tailings were
obtained using a horizontal acrylic Niskin-type water sampler (hori-
zontal alpha water sampler, Cole-Parmer). Exact locations are detailed
in Table S7. Duplicate aqueous samples were collected every third
sample. Aliquots of all collected porewater, surface water, and deep-
water samples were separated immediately in the field (see below).
The following aqueous parameters were recorded on excess sample in
the field: pH and conductivity (HANNA HI9813-6 multimeters), redox
potential [ORP] (Milwaukee MW500 Portable ORP meters), dissolved
oxygen [DO] and temperature (Extech DO-210 Dissolved Oxygen
probes); all field probes were calibrated according to manufacturer’s

250 500 km

Goldenville_Tailings

Fig. 1. Locations of sampled legacy mine waste sites in Canada (top frame). Three legacy tailings locations were studied in depth: A) Cobalt, Ontario, including
tailings at Cobalt Lake, LaRose Pond, and Crosswise Lake; B) Montague and C) Goldenville, Nova Scotia (lower frames), with sampled locations indicated by the
diamonds in panels A, B, and C. Figure adopted from Silva et al. (2023b). Detailed sampling coordinates can be found in Table S6.
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instructions at each sampling site.
3.2. Sample processing

Upon return to the laboratory, each 10 cm-section of the extruded
sediments was transferred into 50 mL Falcon tubes inside an anaerobic
chamber (Coy Laboratory Products, US) that was kept at <10 ppm ox-
ygen and ~ 2 % Hj, balance N (AirLiquide, Canada). Sediments were
then centrifuged at 8000 rpm for 5 min (Sorvall Legend X1; Thermo
Scientific) and transferred back into the anaerobic chamber, in which
porewaters from the submerged tailings were separated by decantation.

All aqueous samples were divided into the following three aliquots
immediately upon collection in the field (surface, deep waters, and
lysimeter-sampled porewater) or after processing in the laboratory
(centrifugation of extruded core materials):

a) One aliquot (15 mL) was filtered (0.25 pm PTFE membrane syringe
filters, VWR, Canada), not acidified, and frozen in a portable freezer
(—18 °Q) in the field or flash frozen with liquid N3 in the laboratory
for the analysis of aqueous ferrous Fe, dissolved sulfate, carbonate
alkalinity, and pH (for extruded porewater samples in the laboratory
only), using spectrophotometry (Section 3.3.2);
One aliquot (15 mL) was filtered as above but acidified to 1 % with
concentrated ultrapure nitric acid (HNOs; 70 % Suprapur, Anache-
mia, Canada) for analysis of total dissolved elemental concentrations
using inductively coupled plasma-optical emission spectroscopy
(ICP-OES) (Section 3.3.2); and,
¢) One aliquot (>5 mL) was filtered and not acidified and stored in 10
mL gas-tight glass screw-capped vials that were purged with Ar
before shut and lined with an inert, PTFE-lined silicone septum
(Thermo Scientific). To these samples, >50 pL (dependent on aliquot
volume) of 99.5 % ethanol (analytical grade, Sigma Aldrich, Canada)
and neutralized (NaOH-buffered) 0.5 M disodium ethylenediamine
tetra-acetic acid solution (Nay-EDTA; 99.9 %, Sigma Aldrich, Can-
ada), each, were added (protocol modified from Suess et al., 2011,
2015), after which they were subsequently frozen in a portable
freezer in the field or flash-frozen in liquid N3 in the laboratory, for
the analysis of aqueous thiolated As species using high performance
ion chromatography (HPIC) coupled to (triple-quad)- inductively
coupled plasma-mass spectroscopy ((TQ)-ICP-MS) (Section 3.3.3).

b

[’

All chemicals used were of ultrapure grade, and all vials and tubes
were rinsed with ultrapure DI water before use. All vials and tubes used
in a) and c¢) above were Ar-purged and capped after sampling. All
aqueous samples were stored in the dark at —18 °C (when frozen or
flash-frozen) or < 4 °C until analysis.

3.3. Geochemical analyses

3.3.1. Mineralogy and bulk geochemistry

A portion of all tailings sediments were freeze-dried under vacuum
for 72 h (—50 °C Freezone, Labconco). Two grams of every dried tailings
sample, each (25 samples, total) were molded into 2 cm epoxy mounts
using EpoThin 2 resin and hardener (Buehler, US). Epoxy mounts were
carbon-coated on the exposed surface prior to analysis. The bulk modal
mineralogy and grain size of the sediment samples, as well as elemental
As and S apportionment, were analyzed using a field-emission gun
scanning electron microscope (SEM) (FEI, now ThermoFisher, Quanta
650) equipped with the Mineral Liberation Analysis (MLA) software
(version 3.1.4.686) to characterize the particles via backscatter electron
(BSE) image analysis and energy-dispersive X-ray spectroscopy (EDS).
Additional details of these mineralogical analyses are provided in the
Supporting Information (Methods S1). Mineral identification was based
on the default FEI library, a library for As-phases (Schuh et al., 2018),
and a site-specific (Cobalt, ON) library (Turcotte, 2022). Additionally, 5
g of each of the dried sediments were pulverized using a pestle and

Science of the Total Environment 929 (2024) 172596

mortar, and then dispensed into 2 cm LDPE cups and covered with
Kapton tape, for analysis of bulk elemental composition using X-ray
fluorescence (XRF) (Handheld XRF Tracer 5, Bruker), which was cali-
brated to a quantitative scanning mode with a collection time of 90 s and
operated according to manufacturer instructions.

3.3.2. Total dissolved concentrations

Total dissolved concentrations of As, S, Fe, and other elements in
aqueous samples were measured on an ICP-OES (iCAP Pro XPS, Thermo
Scientific). Internal and commercial external certified reference mate-
rials (EU-H and NIST1643f), replicates and blanks were measured every
n = 10 samples to determine accuracy and reproducibility. The con-
centrations of dissolved sulfate (SO4), ferrous Fe (Fe[+2]), and car-
bonate alkalinity, as well as pH (for extruded porewater samples in the
laboratory) were measured on an automated photospectrometer (Gal-
lery Discrete Analyzer, Thermo Scientific), using supplier reagents and
according to manufacturer specifications. Detection limits and recovery
of certified reference materials are provided in Table S8.

3.3.3. Aqueous As speciation

Dissolved inorganic and thiolated As species were quantified by
HPIC-(TQ)-ICP-MS, according to the methodology described in Ali et al.
(2023), modified after Planer-Friedrich et al. (2007). In brief, chro-
matographic separation of dissolved As species was performed on an
IonPac AS-18 anion exchange column using a Dionex Integrion HPIC
(Thermo Scientific) equipped with a column thermostat, electrolytic
suppressor, and automated eluent generator. The HPIC was hyphenated
to a (TQ)-ICP-MS, either an Agilent 8800 at the Trent University Water
Research Center, or Perkin-Elmer NexION 300D at the Royal Military
College of Canada. For this, eluent from the HPIC was routed into a 1/
16” PEEK T-split and then led through PEEK tubing towards a 2 mL PFA
micro-nebulizer on the TQ-ICP-MS. The ICP-MS was tuned for elements
at low (<20 amu) and mid-mass (89-115 amu) using a 1 mM Li and Se
solution, as well as for low oxide formation, at the appropriate flow rate
when hyphenated. Chromatograms of the standards and samples were
processed using OriginPro (OriginLab software) for blank subtraction
and peak integration.

Aqueous samples and calibration standards were thawed in an
anaerobic chamber (Coy Laboratory Products, US, <10 ppm oxygen and
~ 2 % Hp, balance Nj (AirLiquide, Canada)) immediately prior to
speciation analysis. Instead of synthesizing methylated thio-As stan-
dards (Lee et al., 2018; Yan et al., 2022) because only standards for
monomethylated oxyarsenate and dimethylated oxyarsenate are
commercially available, methylated thio-As species were identified by
comparison of their relative retention factors to those derived by Wall-
schlager and London (2008) and Wang et al. (2023), and quantified
using inorganic thio-As calibration standards. Detection limits and
compound retention factors are provided in Tables S8 and S9, respec-
tively. Total dissolved As concentrations measured by ICP-OES aligned
with the sum of concentrations of the individual species measured by
HPIC-(TQ)-ICP-MS (R? = 0.8; Fig. S1). Additional instrumental settings,
standard synthesis, and analytical figures of merit are provided in Ali
et al. (2023).

4. Results and discussion
4.1. General tailings mineralogy and geochemistry

The modal mineralogy and bulk elemental compositions of our
studied tailings are detailed in Table S11 and S12, respectively; a se-
lection of relevant elements and their bulk composition, and qualitative
bulk mineralogy are summarized in Table 1. Bulk As contents ranged
between 0.02 and 1.12 wt-% for Cobalt, 0.26-0.45 wt-% for Goldenville,
and 0.08-0.48 wt-% for Montague. Bulk S contents were generally
higher than those of As across the studied tailings (Cobalt: 0.16-2.36 wt-
%; Goldenville: 0.45-1.05 wt-%; Montague: 0.18-0.71 wt-%);
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additionally the bulk Fe contents were 2 to 6 times higher than those of
both As and S (Table 1).

The main As-S-bearing minerals observed in the Cobalt tailings were
broadly classified as Co—Ni arsenosulfides such as cobaltite-gersdorffite
[CoAsS-NiAsS], as well as Co—Ni arsenates such as annabergite-
erythrite [Co3(AsO4)2-8H20-Ni3(AsO4)2-8H20] and Ca- and Fe-
arsenates such as yukonite [CagFe(AsO4)2(OH)3-5H201) and scorodite
[FeAsO4-2H50] (Table S13). In contrast, arsenopyrite [FeAsS] and As-
bearing pyrite [As-FeSy] were most abundant in the Nova Scotia tail-
ings (Table S14). Non-As-bearing sulfides, including pyrite, chalcopy-
rite, and pyrrhotite, were also observed in the tailings from both Cobalt
and Nova Scotia. The modal mineralogy of the studied tailings showed
that carbonate content (Cobalt: 5.5-9.1 wt-%; Nova Scotia: 0.8-1.1 wt-
%) was higher than sulfide content (Cobalt: 1.9-2.6 wt-%; Nova Scotia:
0.3-0.4 wt-%), which is consistent with the circumneutral pH observed
in the tailings-impacted surface water and porewater samples (see
below).

The bulk As and S contents of the tailings were in a similar range to
those observed in previous studies at these sites, i.e., differences were
not statistically significant between our and previous studies (p > 0.3 for
As, p > 0.06 for S); also compare Tables 1 and S12 with data obtained in
previous studies in (Tables S3, S4), even though differences in bulk Fe
content were statistically significant (p < 0.01). The As-bearing miner-
alogy determined in previous studies (Table S5) is also similar to the
mineralogy of our samples (Tables S13, S14), except for arsenopyrite in
the Cobalt tailings by Turcotte (2022), and scorodite in the Montague
tailings by DeSisto (2014), both of which were not detected in our Cobalt

Table 1
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and Montague tailings samples, respectively.

Total dissolved concentrations of some elements (As, S, and Fe), pH,
redox potential (Eh), and other aqueous parameters are summarized in
Table 1. Aqueous samples (surface waters, deeper overlying waters, and
porewaters) at all sites were circumneutral to alkaline: pH = 6-9 (Co-
balt), 6-8 (Montague), and 6-7 (Goldenville) (Table S7). Porewater and
deeper overlying waters (5-10 m depth) were relatively sub-oxic with
dissolved oxygen (DO; % relative to atmospheric) ranging from 4.1 to
10.9 % and 6.4-12.2 % for Cobalt and Nova Scotia, respectively, in
contrast to more oxygenated surface waters with higher DO (14.1-19.8
%). Measured DO in the aqueous samples generally increased with
increasing measured redox potential (Fig. S2A), but no trend was
observed between pH and alkalinity (Fig. S2B).

The surface, deep, and porewaters across the studied sites in Cobalt
and Nova Scotia exhibited variable concentrations of dissolved As, S,
and Fe (Table S15). Overall, total dissolved As concentrations were
higher in Cobalt (LaRose Pond: 2.3-60.0 mg/L; Cobalt Lake: 0.8-5.5
mg/L; Crosswise Lake: 0.9-94.0 mg/L) than at the Nova Scotia sites
(Montague: 0.3-3.2 mg/L; Goldenville: 0.1-17.0 mg/L), across all
aqueous sample types, and the same was true for total dissolved S and Fe
levels, with higher concentrations at Cobalt (0.4-190 mg/L and
0.004-9.1 mg/L total S and Fe, respectively) compared to the Nova
Scotia sites (0.2-4.8 mg/L and 0.1-9 mg/L total S and Fe, respectively).
This difference between the Cobalt and Nova Scotia sites is likely
explained by the different site mineralogies (see below), and did not
appear to relate to particle size: Cobalt tailings generally had slightly
coarser grain sizes (30 pm > dso > 60 pm) than the Nova Scotia tailings

Summary of the geochemical and mineralogical composition of tailings measured in this work.

Sampling LaRose Pond, Cobalt ON Cobalt Crosswise Lake, Cobalt, ON Montague, Nova Scotia Goldenville, Nova Scotia
area Lake,
Cobalt ON
Bulk content [wt%]
As 0.08-1.12 0.11 0.02-0.14 0.08-0.48 0.26-0.45
S 0.16-2.36 0.23 0.19-2.27 0.18-0.71 0.45-1.05
Fe 6.05-9.64 5.21 4.86-7.84 3.36-4.73 2.59-3.54
Mineralogy [wt%]
Silicates 0.5-44.5 - 3.5-27.8 92.7 90-93.6
Sulfides 1.6-2.3 - 1.8-3.5 5.9 5.3-7.5
Carbonate 3.7-8.4 - 8.6-9.6 0.8 0.0-2.2
Oxides 0.0-1.8 - 1.4-1.6 0.2 0.1-0.6
Aqueous parameters
pH 6-8 7-8 7-9 6-8 6-7
Eh [V] —0.1t0 0.5 0.1t0 0.3 0.04 to 0.4 0.1to 0.2 0.05t0 0.3
DO [%] 4.1-17.6 9.8-17.9 6.9-19.8 6.5-16 6.4-17.0
Alkalinity 61-267 68-191 43-287 78-315 6.0-186
[mg/L]
Total As 2.3-60 0.8-5.5 0.9-94 0.3-3.2 0.1-17.0
[mg/L]
Total S [mg/ 0.8-190 0.4-3.3 1.0-7.7 0.8-4.8 0.2-1.8
L]
Total Fe 0.05-9.1 0.05-1.1 0.05-3.1 0.1-9.0 0.3-3.9
[mg/L]
Qualitative Bulk Mineralogy”
As-bearing Cobaltite-gersdorffite, realgar, N/D" Cobaltite-Gersdorffite, Arsenopyrite, As-bearing pyrite, Arsenopyrite, As-bearing pyrite,
minerals erythrite-annabergite, yukonite, erythrite-annabergite, realgar, cobaltite-gersdorffite realgar, Fe—As oxides, cobaltite-
P-bearing Ca—Fe arsenates, Yyukonite, P-bearing Ca—Fe gersdorffite
Fe—As oxides arsenates, Fe—As oxides
Other Calcite, dolomite, apatite, N/D" Calcite, dolomite, apatite, Ankerite, dolomite, rutile, apatite, AnKerite, calcite, dolomite, ilmenite,
minerals actinolite, hornblende, tremolite, actinolite, tremolite, biotite, orthoclase, hornblende, tremolite, apatite, orthoclase, hornblende,
(wt > 0.1 biotite, clay minerals, epidote, chlorite, clay minerals, biotite, chlorite, clay minerals, tremolite, biotite, chlorite, clay
%) spessartine, plagioclase, titanite, epidote, spessartine, albite, enstatite, quartz, minerals, epidote, albite, enstatite,
chalcopyrite, pyrite, mixed chalcopyrite, pyrite, mixed chalcopyrite, pyrite, pyrrhotite, quartz, chalcopyrite, pyrite,
clay+pyrite clay-+pyrite mixed clay+pyrite pyrrhotite, mixed clay-+pyrite

# The complete modal mineralogy and As and S apportionment are provided in Table S11 and Tables S13, S14.
Y N/D-No data; main As-bearing minerals are bolded and italicized.
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(dso < 25 pm) (Fig. S3). Amongst the Cobalt tailings materials, con-
centration ranges of total dissolved S and Fe for LaRose Pond were 2 to
10 times higher than those in Cobalt Lake and Crosswise Lake tailings;
however, Crosswise Lake tailings exhibited the highest total As ranges.
Across the Nova Scotia tailings, the dissolved concentration ranges of As,
S, and Fe were reasonably similar. Total dissolved concentrations of As,
S, and Fe in all aqueous tailings samples were further similar to those
observed in earlier studies at these sites (not significantly different with
p > 0.1), implying long-term consistency in these tailings’ porewater
hydrochemistry, as well as minimal adsorption to the deployed lysim-
eter cups (Wenzel et al., 1997). Although the collected samples thus
appear representative for the various sites, the comparatively small
number of samples within each tailings site, particularly Cobalt Lake (n
= 3) and Crosswise Lake (n = 5), could be increased to further charac-
terize the potential heterogeneity at these sites.

The relative dissolved concentrations (As, S, and Fe) of the aqueous
samples (surface waters, deeper overlying waters, and porewaters)
generally did not correlate with their respective bulk elemental abun-
dances; a lack of correspondence was particularly prevalent for Fe
(highest element abundance, but lowest total dissolved concentrations;
Tables S12 and S15). Geochemical processes, including precipitation
into secondary mineral phases or adsorption of these elements (As, S,
and Fe), may have contributed to the disconnect between the bulk
contents and dissolved concentrations under the variable redox condi-
tions observed (Pal, 2015; Scholz, 2006; Suess et al., 2011). The
weathering rates of minerals can also be a determining factor in the
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availability of elements in solution; for instance, sulfide minerals (Fe-
rich sphalerite and pyrite) under a similar pH range = 6-9, have been
observed to have lower oxidative dissolution rates under sub-oxic con-
ditions than under oxic conditions (Silva et al., 2023a). Thus, bulk As
content is not the sole factor controlling dissolved As concentrations,
which also depends on the prevalent in-situ geochemical and redox
conditions in these systems (Andrade et al., 2010; Miller et al., 2019;
Vriens et al., 2019).

Overall, the studied legacy tailings deposits in Cobalt were variable
in composition and exhibited a wide range of As-bearing minerals and
geochemical conditions, with significantly different bulk and dissolved
elemental concentrations and mineralogies than those at the Nova
Scotia sites. Although elevated tailings As contents are identified as an
important source of As to porewaters and receiving waters, additional
mineralogical composition and hydrochemical factors (pH, redox,
availability of ligands) also affected the occurrence of As at all sites.

4.2. Presence of thiolated As species in aqueous tailings samples

Aqueous As speciation analysis of the tailings porewater and surface/
overlying waters showed a wide distribution of dissolved As species
(Fig. 2); concentrations and relative abundances of aqueous As species in
the tailings samples are detailed in Table S10. Oxyanionic arsenite and
arsenate were the dominant As species observed at all sites. However,
thiolated As species were also observed, at up to 17 % relative abun-
dance. Monothioarsenate was the most prevalent thio-As species, but
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Fig. 2. Concentrations and distributions of dissolved As species measured in select tailings samples from legacy mine sites in Nova Scotia and Cobalt, Canada. The
concentrations of different species are stacked in the bar charts on logarithmic y-axes. Some samples had measured thio-As concentrations of < 0.01 mg/L; see full

data in Table S10.
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higher degrees of thiolation (i.e., di- and tri-thioarsenate) were observed
and their concentration reach up to several ppb in solution for the most
As-rich waters analyzed (Table S10). Methylated species (dimethylated
dithioarsenate, monomethylated oxyarsenate, and monomethylated
dithioarsenate) were identified as well (Fig. S4). All quantifiable thio-As
species were more abundant in the (sub-oxic) porewater samples than in
the more oxic surface and overlying water column samples. Higher
concentrations of thio-As were generally observed in the Cobalt samples
(up to 4.7 mg/L) compared to the Nova Scotia samples (up to 0.24 mg/
L), as was the case for total dissolved As levels, which were equally
higher, on average, at the Cobalt samples (up to 94 mg/L) compared to
the Nova Scotia samples (up to 17 mg/L) (Table S15). Interestingly
however, the relative abundance of thio-As was generally higher in the
Nova Scotia samples (up to 17.3 %; average: 5 %) than in the Cobalt
samples (up to 5.9 %, average: 0.6 %) (Fig. S5C), despite those sites
having lower total dissolved As.

Thio-As concentrations and relative abundances varied across the
different sites at Cobalt: LaRose Pond samples (submerged tailings)
showed higher concentrations and relative abundances of thio-As (up to
4.7 mg/L and 5.9 %, respectively) than the Crosswise Lake and Cobalt
Lake tailings (exposed tailings; concentration up to 0.03 mg/L and
relative abundances <0.5 %). The thio-As concentrations of exposed
tailings from Montague and Goldenville in Nova Scotia were up to 0.11
and 0.24 mg/L, respectively, and their relative abundances were up to
17.3 and 12.4 % of total dissolved As, respectively. In Cobalt, samples
with higher total dissolved S concentrations generally exhibited higher
abundance of thio-As, but this trend was not apparent in the Nova Scotia
samples (Fig. S5A and S5B), likely attributable to a narrower range of
dissolved S (0.1-4.79 mg/L) in the Nova Scotia samples (Table S15). The
bulk dissolved S/As ratios of the studied tailings did not correlate to the
overall relative abundance of thio-As (Fig. S5D).

Thio-As abundances observed in the tailings sites (up to 17.3 %) were
higher than abundances found in previous laboratory studies with mine
waste rock (up to 5 %) (Ali et al., 2023), but lower than other envi-
ronments, such as hydrothermal vents (up to 83 %) and wetland pore-
waters (up to 50 %; Herath et al., 2018; Planer-Friedrich et al., 2007;
Suess et al., 2011, 2015). The abundance of thio-As in the studied tail-
ings being not as high as in other systems may be explained by the fact
that the hydrothermal vents are more alkaline and sulfidic, and just like
wetlands with higher organic carbon, are therefore likely more reducing
than the (low organic carbon) mine tailings systems studied here.
Additionally, mineral mine wastes tend to have higher Fe and can
contain pre-oxidized minerals even in their sub-oxic regions arising from
the continual deposition of tailings, leading to a lesser abundance of
reduced S and/or As to form thio-As species.

Overall, these results show that in the studied tailings systems, thio-
As is present at significant concentrations (even above permissible sur-
face water limits in a few instances) as well as with significant relative
abundances, but also that its occurrence varies considerably across the
prevailing geochemical conditions.

4.3. Controls of geochemical redox conditions on As dynamics

Select correlations between redox potential, total dissolved concen-
trations of As, Fe, and S, and the abundance of aqueous thio-As species of
the tailings sites are provided in Fig. 3; additional plots are provided in
Figs. S5 and S6. The total dissolved concentration ratio of As[+5]/As
[+3] generally increased with increasing redox potential (Eh) across all
the aqueous samples: higher ratios generally corresponded to higher
redox potential values, indicating a higher concentration of dissolved
arsenate (As[+5]) as compared to arsenite (As[+3]) under oxidizing
conditions. As expected, surface water and upper overlying water (<5
m) samples predominantly showed higher As[+5]/As[+3] values and
redox potential (higher arsenate concentrations) in comparison to the
porewaters and deeper (>5 m) waters, which are more reducing
(Fig. S7).
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Lower thiolated As abundance was observed with higher redox po-
tential, in that the surface water samples and upper overlying water
samples showed higher redox potential (oxidizing conditions) and lower
thio-As (Fig. 3B). In contrast, porewater and deeper overlying water
samples showed lower redox potential (more reducing conditions), and
significantly higher abundance of thio-As species, especially in the sub-
oxic porewater samples (Fig. 3B). This indicates that thio-As species are
generally more prevalent under sub-oxic to reducing conditions at the
studied tailings sites, as has been observed or suggested in other systems
(Guo et al., 2017; Herath et al., 2018; Planer-Friedrich et al., 2007; Suess
et al., 2015).

Sulfur speciation can influence the occurrence of thio-As species
because reduced S species may mediate As thiolation in solution (Herath
et al., 2018; Wang et al., 2018). Samples from Silva et al. (2023b) and
samples in this study were taken at the same time and location, and
intermediate, incompletely oxidized S concentrations were derived from
Silva et al. (2023b) by taking the difference between sulfate and the
summation of the incompletely oxidized S species sulfite, thiosulfate,
and tetrathionate (i.e., the proportion of reduced S within total S).
Interestingly, no trend was observed between the relative abundance of
thio-As and the proportion of intermediate S (Fig. 3C), not between
redox potential and the proportion of intermediate S (Fig. S6A). This
lack of correlation may suggest that S speciation data may not be
reflective of the in-situ redox conditions in the field, either because of
the kinetic stability of intermediate S species (Silva et al., 2023b) or
insufficient spatial resolution across the studied redox gradients.

Dissolved Fe can potentially de-thiolate and oxidize thio-As species
(Herath et al., 2018; Suess et al., 2011, 2015). However, a comparison
between the relative abundance of thio-As and total dissolved Fe shows
that porewater samples generally had higher total dissolved Fe
compared to surface- and shallow overlying waters (Fig. 3D). A scat-
terplot of redox potential versus dissolved Fe[+3] concentrations (with
no dependency on pH because all studied aqueous samples were within
the circumneutral pH range; Fig. S2B) showed that the sub-oxic to
reducing porewater samples generally had higher dissolved total Fe and
Fe[+3] concentrations than the oxidizing surface- and overlying waters
(Fig. S6B), possibly resulting from the precipitation of Fe[+3] under
oxidizing conditions (Pal, 2015; Scholz, 2006; Suess et al., 2011).
Consequently, no significant anticorrelation between dissolved Fe con-
centrations and the prevalence of thio-As could be established.

Methylated As species (as well as inorganic As with higher degrees of
thiolation) were observed across all the five tailings sites in Cobalt and
Nova Scotia (Table S10). These methylated species were observed in all
but one sampling point in Nova Scotia, and were higher in abundance in
Nova Scotia sites (averaging 2.7 % of total As) compared to Cobalt
(averaging 0.1 % of total As) (Table S16). Biofilms were observed on
nearby surface waters in Goldenville, as well as ebullition within
shallow surface and porewaters in Montague (Table S7). DeSisto (2014)
also reported As(—S)-bearing minerals co-existing with organic matter-
rich layers within tailings from Montague and Goldenville. The organic-
rich layers in LaRose Pond in Cobalt (Turcotte, 2022), exhibited the
highest concentrations and abundances of methylated thio-As species,
and higher degrees of inorganic As thiolation, in Cobalt. This may
indicate that organic matter influences the production and persistence of
methylated thio-As in mine waste systems, as has been suggested for
aquifer systems (Kumar et al., 2020a, 2020b). Our observations suggest
that the presence of organic matter may have influenced the occurrence
and stability of methylated and (thio-)As species entirely, consistent
with observations in previous work (Chen and Rosen, 2020; Di et al.,
2019; Wang et al., 2023).

Ultimately, the occurrence and prevalence of thio-As species, as well
as the dynamics of As-speciation in general, appear significantly influ-
enced by the redox potentials and hydrogeochemical conditions pre-
vailing at the investigated mine tailings sites.
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4.4. Arsenic mobilization in relation to bulk composition and mineralogy

Bulk elemental compositions and As-apportionments of the studied
tailings are detailed in Tables S12-S14. Arsenic deportment across the
minerals in Cobalt tailings was generally characterized by As being
hosted in arsenate minerals (erythrite-annabergite, Ca—Fe arsenates),
yukonite, and, to a lesser extent, in As-bearing sulfide minerals
(cobaltite-gersdorffite). Arsenic in the Nova Scotia tailings was pre-
dominantly hosted in sulfide minerals such as arsenopyrite or As-bearing
pyrite and realgar. Cobaltite-gersdorffite, realgar, and Fe—As oxides
were observed in both the Cobalt and Nova Scotia tailings. However,
cobaltite-gersdorffite and Fe—As oxides were more abundant in the
Cobalt tailings, whereas realgar was more abundant in the Nova Scotia
tailings.

Tailings in this study with the most As-bearing sulfide minerals

(Nova Scotia), but not total bulk As levels, had higher percentages of
thio-As species. The weathering and dissolution of As-bearing sulfide
minerals under reducing conditions and circumneutral to alkaline pH is
expected to produce thio-As species more effectively than that of other
As mineral groups (Herath et al., 2018; Kumar et al., 2020a, 2020b;
Planer-Friedrich et al., 2007, 2020; Suess and Planer-Friedrich, 2012).
Amongst As-bearing sulfide minerals, previous studies have shown that
thio-As production is higher in arsenosulfide minerals (realgar, orpi-
ment, enargite) than in arsenopyrite or As-bearing pyrite, in part
because of the higher relative abundance of As—S bonds in their
respective crystal lattices (Ali et al., 2023; Suess and Planer-Friedrich,
2012). Namely, enargite-rich samples with low bulk As levels exhibi-
ted higher production of thio-As during leaching in comparison to
arsenopyrite-rich samples with high bulk As (Ali et al., 2023). However,
our results show that the presence of arsenosulfides does not necessarily
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produce larger amounts thio-As than arsenopyrite (i.e., arsenopyrite
dominant Nova scotia samples exhibited higher thio-As abundances;
Table S10). Circumneutral to alkaline dissolution of arsenopyrite
concurrently induces Fe-(oxy)hydroxide precipitation, which provides
re-sorption sites for the newly formed thio-As species from arsenopyrite
(Herath et al., 2018; Wang et al., 2018). Adsorption experiments with
Fe-(oxy)hydroxide mineral phases show that adsorption rates are slower
with thio-As species in comparison to arsenite and arsenate (Suess and
Planer-Friedrich, 2012), thus providing a mechanism for enhanced thio-
As occurrence even in arsenopyrite-rich systems. The exact controls of
the individual As(—S) bearing minerals on the production and abun-
dance of thiolated As remain to challenging to constrain, especially in
heterogenous mine waste systems such as the tailings studied here,
where arsenosulfide minerals and arsenopyrite, as well as other sulfide
and As minerals co-exist together. Nevertheless, mineralogical analyses
show that the variable mineralogical sources of As amongst the tailings
sites in this study contribute to variable yet significant thio-As abun-
dances, and total As concentrations as a whole, in such composite
systems.

5. Conclusions

We studied the occurrence of aqueous thiolated As species at As-rich
legacy mine tailings sites with contrasting mineralogical As(—S) sources
in Cobalt, Ontario, and Nova Scotia, both Canada. Our results reveal that
dissolved thiolated As is ubiquitous across these legacy tailings systems,
present mostly in the form of monothioarsenate, some higher thiolated
species (i.e., di- and tri-thioarsenates) as well as thiolated methylated As
species. Higher thio-As abundances were observed in the Nova Scotia
tailings where As was hosted in As-sulfide minerals (arsenopyrite, As-
bearing pyrite, and realgar) than in the Cobalt tailings where As was
contained in oxidized arsenate phases such as erythrite-annabergite or
yukonite and to a lesser extent in As-sulfide minerals like cobaltite/
gersdorffite. Thio-As species were more abundant in sub-oxic pore-
waters than in overlying water columns and surface waters across the
studied sites, and their relative abundance generally decoupled from
total As levels, but strongly related to the prevailing redox conditions.
These findings largely validate our initial hypotheses and align with our
previous laboratory investigations regarding the occurrence of thio-As
in mine waste systems (Ali et al., 2023). Further study is required to
understand the exact kinetic stability and transformation pathways of
individual thio-As species in solution, as a function of geochemical and
redox conditions, as well as the controls of microbial activity and
organic matter on thio-As species, including in mine waste systems.

Overall, this study demonstrates for the first time that thiolated As
(which exhibits a lower propensity to adsorb to, or co-precipitate with,
secondary minerals than fully oxidized oxyanionic As) can occur across
tailings systems that exhibit widely different mineralogical composi-
tions and geochemical conditions, even at concentrations well-above
permissible total-As water quality guidelines. Measurement of thio-
lated species of As, as well as of other elements that are prone to thio-
lation (e.g., selenium, antimony, molybdenum, tungsten), should be
considered in mine wastewater management and monitoring programs,
particularly in high-As environments. On a broader scale, this study
contributes to the expanding body of evidence supporting the presence
of thio-As species in a wide range of natural and engineered
environments.

CRediT authorship contribution statement

Jaabir D. Ali: Writing — original draft, Visualization, Validation,
Resources, Methodology, Investigation, Formal analysis, Data curation.
Adriana Guatame-Garcia: Writing — review & editing, Investigation,
Formal analysis, Data curation. Heather E. Jamieson: Writing — review
& editing, Resources, Methodology. Michael B. Parsons: Writing — re-
view &  editing, Resources, Methodology, Investigation,

Science of the Total Environment 929 (2024) 172596

Conceptualization. Matthew I. Leybourne: Writing — review & editing,
Methodology, Investigation, Data curation. Iris Koch: Writing — review
& editing, Validation, Investigation, Formal analysis. Kela P. Weber:
Writing — review & editing, Validation, Investigation, Data curation.
David J. Patch: Writing — review & editing, Methodology, Investiga-
tion. Anna L. Harrison: Writing — review & editing, Supervision,
Methodology, Investigation, Funding acquisition, Formal analysis. Bas
Vriens: Writing — original draft, Supervision, Project administration,
Investigation, Funding acquisition.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Bas Vriens reports financial support was provided by Natural Sciences
and Engineering Research Council of Canada. If there are other authors,
they declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work
reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments

We thank Alexandre Voinot and Donald Chipley (Queen’s University
Facility for Isotope Research) and Ian Power and Karla Newman (Trent
University Water Quality Centre) for assistance with elemental and
speciation analyses. Agnico Eagle Inc. and the Nova Scotia Department
of Natural Resources and Renewables are acknowledged for permission
to access the Cobalt and Nova Scotia sites, respectively. Story Environ-
mental, Nima Saberi, and Matias Silva are thanked for assistance with
sampling. Financial support was provided by Queen’s University, the
Natural Science and Engineering Research Council of Canada (NSERC;
grant number 2021-00244) and the Canadian Foundation for Innovation
(CFI; grant number 38468). Leybourne acknowledges funding from the
Canada First Research Excellence Fund through the Arthur B. McDonald
Canadian Astroparticle Physics Research Institute.

Appendix A. Supplementary data

Supporting information (Supporting Methods S1, Figs. S1-S7, and
Tables S1-S16) contains additional methodological details and quality
assurance data, additional details of the investigated materials, and
additional hydrogeochemical and mineralogical results and in-
terpretations. Supplementary data to this article can be found online at
https://doi.org/10.1016/j.scitotenv.2024.172596.

References

Ahn, J.S., Park, Y.S., Kim, J.Y., Kim, K.W., 2005. Mineralogical and geochemical
characterization of arsenic in an abandoned mine tailings of Korea. Environ.
Geochem. Health 27 (2), 147-157. https://doi.org/10.1007/510653-005-0121-8.

Ali, J.D., Guatame-Garcia, A., Leybourne, M.1., Harrison, A.L., Vriens, B., 2023. Dissolved
thiolated arsenic formed by weathering of mine wastes. Chemosphere 321, 138124.
https://doi.org/10.1016/j.chemosphere.2023.138124.

Andrade, C.F., Jamieson, H.E., Kyser, T.K., Praharaj, T., Fortin, D., 2010. Biogeochemical
redox cycling of arsenic in mine-impacted lake sediments and co-existing pore
waters near Giant mine, Yellowknife Bay. Canada. Appl. Geochem. 25 (2), 199-211.
https://doi.org/10.1016/j.apgeochem.2009.11.005.

Azcue, J.M., Nriagu, J.O., 1995. Impact of abandoned mine tailings on the arsenic
concentrations in Moira Lake. Ontario. J. Geochem. Explor. 52 (1), 81-89. https://
doi.org/10.1016/0375-6742(94)00032-7.

Bates, J.L.E., 1987. Gold in Nova Scotia. Mineral resources branch, information series,
ME 13, p.48.48. Available online at. http://www.gov.ns.ca/natr/meb/pdf/is13.asp.

Blowes, D.W., Ptacek, C.J., Jambor, J.L., Weisener, C.G., Paktunc, D., Gould, W.D.,
Johnson, D.B., 2014. The Geochemistry of Acid Mine Drainage. In Treatise on
Geochemistry: Second Edition (11th edition). https://doi.org/10.1016/B978-0-08-
095975-7.00905-0.


https://doi.org/10.1016/j.scitotenv.2024.172596
https://doi.org/10.1007/s10653-005-0121-8
https://doi.org/10.1016/j.chemosphere.2023.138124
https://doi.org/10.1016/j.apgeochem.2009.11.005
https://doi.org/10.1016/0375-6742(94)00032-7
https://doi.org/10.1016/0375-6742(94)00032-7
http://www.gov.ns.ca/natr/meb/pdf/is13.asp
https://doi.org/10.1016/B978-0-08-095975-7.00905-0
https://doi.org/10.1016/B978-0-08-095975-7.00905-0

J.D. Ali et al.

Bowell, R.J., Alpers, C.N., Jamieson, H.E., Nordstrom, D.J., Majzlan, J., 2014. The
environmental geochemistry of arsenic — an overview. Rev. Mineral. Geochem. 79
(1), 1-16. https://doi.org/10.2138/rmg.2014.79.1.

Camm, G.S., Glass, H.J., Bryce, D.W., Butcher, A.R., 2004. Characterisation of a mining-
related arsenic-contaminated site, Cornwall. UK. J. Geochem. Explor. 82 (1-3),
1-15. https://doi.org/10.1016/j.gexplo.2004.01.004.

Chen, J., Rosen, B.P., 2020. The arsenic methylation cycle: how microbial communities
adapted Methylarsenicals for use as weapons in the continuing war for dominance.
Front. Environ. Sci. 8, 1-14. https://doi.org/10.3389/fenvs.2020.00043.

Chen, Y.-W., Yu, X., Belzile, N., 2019. Arsenic speciation in surface waters and lake
sediments in an abandoned mine site and field observations of arsenic eco-toxicity.
J. Geochem. Explor. 205, 106349 https://doi.org/10.1016/j.gexplo.2019.106349.

Clarke, J., 2017. The Characterization of Arsenic Mineral Phases From Legacy Mine
Waste and Soil Near Cobalt, Ontario. Available online at: http://hdl.handle.net
/1974/23012. Accessed September 2023.

Craw, D., Bowell, R.J., 2014. The characterization of arsenic in mine waste. Arsenic:
environmental geochemistry. Mineral. Microbiol. 79, 473-505. https://doi.org/
10.2138/rmg.2014.79.10.

DeSisto, S.L., 2014. Hydrogeochemical evaluation and impact of remediation design on
arsenic mobility at historical gold mine sites [PhD. Thesis. Queen’s University
(Canada)]. Available online at. https://www.proquest.com/dissertations-theses/hyd
rogeochemical-evaluation-impact-remediation/docview/1564035942/se-2?acc
ountid=6180.

DeSisto, S.L., Jamieson, H.E., Parsons, M.B., 2011. Influence of hardpan layers on arsenic
mobility in historical gold mine tailings. Appl. Geochem. 26 (12), 2004-2018.
https://doi.org/10.1016/j.apgeochem.2011.06.030.

DeSisto, S.L., Jamieson, H.E., Parsons, M.B., 2017. Arsenic mobility in weathered gold
mine tailings under a low-organic soil cover. Environ. Earth Sci. 76 (22), 773.
https://doi.org/10.1007/512665-017-7041-7.

Di, X., Beesley, L., Zhang, Z., Zhi, S., Jia, Y., Ding, Y., 2019. Microbial arsenic
methylation in soil and uptake and metabolism of methylated arsenic in plants: a
review. Int. J. Environ. Res. Public Health 16 (24), 5012. https://doi.org/10.3390/
ijjerph16245012.

Dradrach, A., Szopka, K., Karczewska, A., 2020. Ecotoxicity of pore water in meadow
soils affected by historical spills of arsenic-rich tailings. Minerals 10 (9), 1-12.
https://doi.org/10.3390/min10090751.

Drahota, P., Knappova, M., Kindlov4, H., Culka, A., Majzlan, J., Mihaljevi¢, M.,
Rohovec, J., Veselovsky, F., Fridrichova, M., Jehlicka, J., 2016. Mobility and
attenuation of arsenic in sulfide-rich mining wastes from the Czech Republic. Sci.
Total Environ. 557-558, 192-203. https://doi.org/10.1016/j.
scitotenv.2016.03.079.

Fawecett, S.E., Jamieson, H.E., Nordstrom, D.K., McCleskey, R.B., 2015. Arsenic and
antimony geochemistry of mine wastes, associated waters and sediments at the Giant
mine, Yellowknife, Northwest Territories, Canada. Appl. Geochem. 62, 3-17.
https://doi.org/10.1016/j.apgeochem.2014.12.012.

Filippi, M., Drahota, P., Machovic, V., Bohmavo, V., Mihaljevic, M., 2015. Arsenic
mineralogy and mobility in the arsenic-rich historical mine waste dump. Sci. Total
Environ. 526, 713-728. https://doi.org/10.1016/j.scitotenv.2015.07.113.

Foster, A.L., Brown, G.E., Tingle, T.N., Parks, G.A., 1998. Quantitative arsenic speciation
in mine tailings using X-ray absorption spectroscopy. Am. Mineral. 83 (5-6),
553-568. https://doi.org/10.2138/am-1998-5-616.

Gault, A.G., Cooke, D.R., Townsend, A.T., Charnock, J.M., Polya, D.A., 2005.
Mechanisms of arsenic attenuation in acid mine drainage from mount Bischoff,
western Tasmania. Sci. Total Environ. 345 (1-3), 219-228. https://doi.org/
10.1016/j.scitotenv.2004.10.030.

Guo, Q., Planer-Friedrich, B., Liu, M., Li, J., Zhou, C., Wang, Y., 2017. Arsenic and
thioarsenic species in the hot springs of the Rehai magmatic geothermal system,
Tengchong volcanic region, China. Chem. Geol. 453, 12-20. https://doi.org/
10.1016/j.chemgeo.2017.02.010.

Herath, 1., Vithanage, M., Seneweera, S., Bundschuh, J., 2018. Thiolated arsenic in
natural systems: what is current, what is new and what needs to be known. Environ.
Int. 115, 370-386. https://doi.org/10.1016/j.envint.2018.03.027.

Herrera, C., Moraga, R., Bustamante, B., Vilo, C., Aguayo, P., Valenzuela, C., Smith, C.T.,
Yénez, J., Guzman-Fierro, V., Roeckel, M., Campos, V.L., 2021. Characterization of
arsenite-oxidizing bacteria isolated from arsenic-rich sediments, atacama desert,
Chile. Microorganisms 9 (3), 1-16. https://doi.org/10.3390/
microorganisms9030483.

Hiller, E., Lalinska, B., Chovan, M., Jurkovi¢, L., Klimko, T., Jankular, M., Hovori¢, R.,
Sottnik, P., Flakov4, R., Zenisova, Z., Ondrejkova, 1., 2012. Arsenic and antimony
contamination of waters, stream sediments and soils in the vicinity of abandoned
antimony mines in the Western Carpathians. Slovakia. Appl. Geochem. 27 (3),
598-614. https://doi.org/10.1016/j.apgeochem.2011.12.005.

Jamieson, H.E., 2011. Geochemistry and mineralogy of solid mine waste: essential
knowledge for predicting environmental impact. Elements 7 (6), 381-386. https://
doi.org/10.2113/gselements.7.6.381.

Jamieson, H.E., Walker, S.R., Parsons, M.B., 2015. Mineralogical characterization of
mine waste. Appl. Geochem. 57, 85-105. https://doi.org/10.1016/j.
apgeochem.2014.12.014.

Kelly, J., Champagne, P., Michel, F., 2007. Assessment of metal attenuation in a natural
wetland system impacted by alkaline mine tailings, cobalt, Ontario. Canada. Mine
Water Environ. 26 (3), 181-190. https://doi.org/10.1007/s10230-007-0007-3.

Kim, J.-Y., Davis, A.P., Kim, K.-W., 2003. Stabilization of available arsenic in highly
contaminated mine tailings using Iron. Environ. Sci. Technol. 37 (1), 189-195.
https://doi.org/10.1021/es020799+.

Kumar, N., Noé, V., Planer-Friedrich, B., Besold, J., Lezama-Pacheco, J., Bargar, J.R.,
Brown, G.E., Fendorf, S., Boye, K., 2020a. Redox heterogeneities promote

10

Science of the Total Environment 929 (2024) 172596

Thioarsenate formation and release into groundwater from low arsenic sediments.
Environ. Sci. Technol. 54, 3244. https://doi.org/10.1021/acs.est.9b06502.

Kumar, N., Noél, V., Planer-Friedrich, B., Besold, J., Lezama-Pacheco, J., Bargar, J.R.,
Brown, G.E., Fendorf, S., Boye, K., 2020b. Redox heterogeneities promote
Thioarsenate formation and release into groundwater from low arsenic sediments.
Environ. Sci. Technol. 54 (6), 3237-3244. https://doi.org/10.1021/acs.est.9b06502.

Kwong, Y.T.J., Beauchemin, S., Hossain, M.F., Gould, W.D., 2007. Transformation and
mobilization of arsenic in the historic cobalt mining camp, Ontario. Canada. J.
Geochem. Explor. 92 (2), 133-150. https://doi.org/10.1016/j.gexplo.2006.08.002.

Langmuir, D., Mahoney, J., MacDonald, A., Rowson, J., 1999. Predicting arsenic
concentrations in the porewaters of buried uranium mill tailings. Geochim.
Cosmochim. Acta 63 (19), 3379-3394. https://doi.org/10.1016/50016-7037(99)
00259-8.

Larios, R., Fernandez-Martinez, R., Alvarez, R., Rucandio, I., 2012. Arsenic pollution and
fractionation in sediments and mine waste samples from diferent mine sites. Sci.
Total Environ. 431, 426-435. https://doi.org/10.1016/j.scitotenv.2012.04.057.

Lébre, E., Corder, G., Golev, A., 2017. The role of the mining industry in a circular
economy: a framework for resource Management at the Mine Site Level. J. Ind. Ecol.
21 (3), 662-672. https://doi.org/10.1111/jiec.12596.

Lee, H., Kim, Y.-T., Jeong, S., Yoon, H.-O., 2018. Preparation of DMMTAV and DMDTAV
using DMAV for environmental applications: synthesis, purification, and
confirmation. J. Vis. Exp. 133, 56603. https://doi.org/10.3791/56603.

Lindsay, M.B.J., Moncur, M.C., Bain, J.G., Jambor, J.L., Ptacek, C.J., Blowes, D.W., 2015.
Geochemical and mineralogical aspects of sulfide mine tailings. Appl. Geochem. 57,
157-177. https://doi.org/10.1016/j.apgeochem.2015.01.009.

Little, A.J., Sivarajah, B., Frendo, C., Sprague, D.D., Smol, J.P., Vermaire, J.C., 2020. The
impacts of century-old, arsenic-rich mine tailings on multi-trophic level biological
assemblages in lakes from cobalt (Ontario, Canada). Sci. Total Environ. 709, 136212
https://doi.org/10.1016/j.scitotenv.2019.136212.

Liu, Y., Root, R.A., Abramson, N., Fan, L., Sun, J., Liu, C., Chorover, J., 2023. The effect
of biogeochemical redox oscillations on arsenic release from legacy mine tailings.
Geochim. Cosmochim. Acta 360, 192-206. https://doi.org/10.1016/j.
gca.2023.09.012.

Meunier, L., Walker, S.R., Wragg, J., Parsons, M.B., Koch, I., Jamieson, H.E., Reimer, K.
J., 2010. Effects of soil composition and mineralogy on the bioaccessibility of arsenic
from tailings and soil in gold mine districts of Nova Scotia. Environ. Sci. Technol. 44
(7), 2667-2674. https://doi.org/10.1021/es9035682.

Miller, C.B., Parsons, M.B., Jamieson, H.E., Swindles, G.T., Nasser, N.A., Galloway, J.M.,
2019. Lake-specific controls on the long-term stability of mining-related, legacy
arsenic contamination and geochemical baselines in a changing northern
environment, tundra mine, Northwest Territories. Canada. Appl. Geochem. 109,
104403 https://doi.org/10.1016/j.apgeochem.2019.104403.

Moriarty, M.M., et al., 2014. Speciation and toxicity of arsenic in mining-affected lake
sediments in the Quinsam watershed, British Columbia. Sci. Total Environ. 466-467,
90-99. https://doi.org/10.1016/j.scitotenv.2013.07.005.

Ng, J.C., Ciminelli, V., Gasparon, M., Caldeira, C., 2019. Health risk apportionment of
arsenic from multiple exposure pathways in Paracatu, a gold mining town in Brazil.
Sci. Total Environ. 673, 36-43. https://doi.org/10.1016/j.scitotenv.2019.04.048.

Pal, P., 2015. Chapter 2- chemical treatment methods in arsenic removal. In:
Groundwater Arsenic Remediation. Butterworth-Heinemann, pp. 25-70. https://doi.
org/10.1016/B978-0-12-801281-9.00002-3.

Parsons, M.B., LeBlanc, K.W.G., Hall, G.E.M., Sangster, A.L., Vaive, J.E., Pelchat, P.,
2012. Environmental geochemistry of tailings, sediments and surface waters
collected from 14 historical gold mining districts in Nova Scotia. 321 https://doi.
org/10.4095/291923.

Petruk, W., Jambor, J., Boyle, R.W., 1971. History of the cobalt and Gowganda area. Can.
Mineral. 11 (1), 108-139.

Planer-Friedrich, B., London, J., McCleskey, R.B., Nordstrom, D.K., Wallschlager, D.,
2007. Thioarsenates in geothermal waters of Yellowstone National Park:
determination, preservation, and geochemical importance. Environ. Sci. Technol. 41
(15), 5245-5251. https://doi.org/10.1021/es070273v.

Planer-Friedrich, B., Forberg, J., Lohmayer, R., Kerl, C.F., Boeing, F., Kaasalainen, H.,
Stefansson, A.S., 2020. Relative abundance of Thiolated species of as, Mo, W, and Sb
in Hot Springs of Yellowstone National Park and Iceland. Environ. Sci. Technol. 54,
4295-4304. https://doi.org/10.1021/acs.est.0c00668.

Plant, J.A., Kinniburgh, D.G., Smedley, P.L., Fordyce, F.M., Klinck, B.A., 2003. Arsenic
and selenium. Treatise on. Geochemistry 9-9, 17-66. https://doi.org/10.1016/B0-
08-043751-6/09047-2.

Scholz, M., 2006. Chapter 9 - coagulation and flocculation. In: Wetland Systems to
Control Urban Runoff. Elsevier, pp. 43-50. https://doi.org/10.1016/B978-
044452734-9/50012-8.

Schuh, C.E., Jamieson, H.E., Palmer, M.J., Martin, A.J., 2018. Solid-phase speciation and
post-depositional mobility of arsenic in lake sediments impacted by ore roasting at
legacy gold mines in the Yellowknife area, Northwest Territories, Canada. Appl.
Geochem. 91, 208-220. https://doi.org/10.1016/j.apgeochem.2017.10.025.

Silva, M., Bond, T., Vriens, B., 2023a. Incomplete sulfide oxidation under sub-oxic
conditions: rates and aqueous sulfur speciation. Appl. Geochem. 159, 105848
https://doi.org/10.1016/j.apgeochem.2023.105848.

Silva, M., Guatame-Garcia, A., Vriens, B., 2023b. Aqueous and mineralogical sulfur
speciation in legacy tailings with variable redox conditions. Appl. Geochem. 162,
105905 https://doi.org/10.1016/j.apgeochem.2024.105905.

St-Arnault, M., Vriens, B., Klein, B., Mayer, K.U., Beckie, R.D., 2019. Mineralogical
controls on drainage quality during the weathering of waste rock. Appl. Geochem.
108, 104376 https://doi.org/10.1016/j.apgeochem.2019.104376.


https://doi.org/10.2138/rmg.2014.79.1
https://doi.org/10.1016/j.gexplo.2004.01.004
https://doi.org/10.3389/fenvs.2020.00043
https://doi.org/10.1016/j.gexplo.2019.106349
http://hdl.handle.net/1974/23012
http://hdl.handle.net/1974/23012
https://doi.org/10.2138/rmg.2014.79.10
https://doi.org/10.2138/rmg.2014.79.10
https://www.proquest.com/dissertations-theses/hydrogeochemical-evaluation-impact-remediation/docview/1564035942/se-2?accountid=6180
https://www.proquest.com/dissertations-theses/hydrogeochemical-evaluation-impact-remediation/docview/1564035942/se-2?accountid=6180
https://www.proquest.com/dissertations-theses/hydrogeochemical-evaluation-impact-remediation/docview/1564035942/se-2?accountid=6180
https://doi.org/10.1016/j.apgeochem.2011.06.030
https://doi.org/10.1007/s12665-017-7041-7
https://doi.org/10.3390/ijerph16245012
https://doi.org/10.3390/ijerph16245012
https://doi.org/10.3390/min10090751
https://doi.org/10.1016/j.scitotenv.2016.03.079
https://doi.org/10.1016/j.scitotenv.2016.03.079
https://doi.org/10.1016/j.apgeochem.2014.12.012
https://doi.org/10.1016/j.scitotenv.2015.07.113
https://doi.org/10.2138/am-1998-5-616
https://doi.org/10.1016/j.scitotenv.2004.10.030
https://doi.org/10.1016/j.scitotenv.2004.10.030
https://doi.org/10.1016/j.chemgeo.2017.02.010
https://doi.org/10.1016/j.chemgeo.2017.02.010
https://doi.org/10.1016/j.envint.2018.03.027
https://doi.org/10.3390/microorganisms9030483
https://doi.org/10.3390/microorganisms9030483
https://doi.org/10.1016/j.apgeochem.2011.12.005
https://doi.org/10.2113/gselements.7.6.381
https://doi.org/10.2113/gselements.7.6.381
https://doi.org/10.1016/j.apgeochem.2014.12.014
https://doi.org/10.1016/j.apgeochem.2014.12.014
https://doi.org/10.1007/s10230-007-0007-3
https://doi.org/10.1021/es020799&plus;
https://doi.org/10.1021/acs.est.9b06502
https://doi.org/10.1021/acs.est.9b06502
https://doi.org/10.1016/j.gexplo.2006.08.002
https://doi.org/10.1016/S0016-7037(99)00259-8
https://doi.org/10.1016/S0016-7037(99)00259-8
https://doi.org/10.1016/j.scitotenv.2012.04.057
https://doi.org/10.1111/jiec.12596
https://doi.org/10.3791/56603
https://doi.org/10.1016/j.apgeochem.2015.01.009
https://doi.org/10.1016/j.scitotenv.2019.136212
https://doi.org/10.1016/j.gca.2023.09.012
https://doi.org/10.1016/j.gca.2023.09.012
https://doi.org/10.1021/es9035682
https://doi.org/10.1016/j.apgeochem.2019.104403
https://doi.org/10.1016/j.scitotenv.2013.07.005
https://doi.org/10.1016/j.scitotenv.2019.04.048
https://doi.org/10.1016/B978-0-12-801281-9.00002-3
https://doi.org/10.1016/B978-0-12-801281-9.00002-3
https://doi.org/10.4095/291923
https://doi.org/10.4095/291923
http://refhub.elsevier.com/S0048-9697(24)02742-6/rf0235
http://refhub.elsevier.com/S0048-9697(24)02742-6/rf0235
https://doi.org/10.1021/es070273v
https://doi.org/10.1021/acs.est.0c00668
https://doi.org/10.1016/B0-08-043751-6/09047-2
https://doi.org/10.1016/B0-08-043751-6/09047-2
https://doi.org/10.1016/B978-044452734-9/50012-8
https://doi.org/10.1016/B978-044452734-9/50012-8
https://doi.org/10.1016/j.apgeochem.2017.10.025
https://doi.org/10.1016/j.apgeochem.2023.105848
https://doi.org/10.1016/j.apgeochem.2024.105905
https://doi.org/10.1016/j.apgeochem.2019.104376

J.D. Ali et al.

Suess, E., Planer-Friedrich, B., 2012. Thioarsenate formation upon dissolution of
orpiment and arsenopyrite. Chemosphere 89 (11), 1390-1398. https://doi.org/
10.1016/j.chemosphere.2012.05.109.

Suess, E., Wallschldger, D., Planer-Friedrich, B., 2011. Stabilization of thioarsenates in
iron-rich waters. Chemosphere 83 (11), 1524-1531. https://doi.org/10.1016/j.
chemosphere.2011.01.045.

Suess, E., Mehlhorn, J., Planer-Friedrich, B., 2015. Anoxic, ethanolic, and cool - an
improved method for thioarsenate preservation in iron-rich waters. Appl. Geochem.
62, 224-233. https://doi.org/10.1016/j.apgeochem.2014.11.017.

Turcotte, M.A., 2022. Characterization of tailings, sediments, and vegetation and their
impact on metal(loid) mobility in the Cobalt Mining Camp, Ontario. MSc thesis
[Queen’s University]. Pp 132. Available online at. https://qspace.library.queensu.
ca/items/dec70581-9212-4bb7-8fad-9202d6d85fff.

Vriens, B., Skierszkan, E.K., St-Arnault, M., Salzsauler, K., Aranda, C., Mayer, K.U.,
Beckie, R.D., 2019. Mobilization of metal(oid) oxyanions through Circumneutral
mine waste-rock drainage. ACS Omega 4 (6), 10205-10215. https://doi.org/
10.1021/acsomega.9b01270.

Vriens, B., Plante, B., Seigneur, N., Jamieson, H., 2020. Mine waste rock: insights for
sustainable Hydrogeochemical management. Minerals 10 (9), 728. https://doi.org/
10.3390/min10090728.

Wallschlager, D., London, J., 2008. Determination of methylated arsenic-sulfur
compounds in groundwater. Environ. Sci. Technol. 42 (1), 228-234. https://doi.org/
10.1021/es0707815.

Wang, J., Kerl, C.F., Hu, P., Martin, M., Mu, T., Briiggenwirth, L., Wu, G., Said-
Pullicino, D., Romani, M., Wu, L., Planer-Friedrich, B., 2020. Thiolated arsenic

11

Science of the Total Environment 929 (2024) 172596

species observed in rice paddy pore waters. Nat. Geosci. 13 (4), 282-287. https://
doi.org/10.1038/s41561-020-0533-1.

Wang, L., Guo, Q., Wu, G., Yu, Z., Ninin, J.M.L., Planer-Friedrich, B., 2023.
Methanogens-driven arsenic methylation preceding formation of methylated
Thioarsenates in sulfide-rich Hot Springs. Environ. Sci. Technol. 57 (19),
7410-7420. https://doi.org/10.1021/acs.est.2c08814.

Wang, S., Mulligan, C.N., 2006. Occurrence of arsenic contamination in Canada: sources,
behavior and distribution. Sci. Total Environ. 366 (2-3), 701-721. https://doi.org/
10.1016/j.scitotenv.2005.09.005.

Wang, Y., Li, P., Guo, Q., Jiang, Z., Liu, M., 2018. Environmental biogeochemistry of high
arsenic geothermal fluids. Appl. Geochem. 97, 81-92. https://doi.org/10.1016/j.
apgeochem.2018.07.015.

Wenzel, W.W., Sletten, R.S., Brandstetter, A., Weishammer, G., Stingeder, G., 1997.
Adsorption of trace metals by tension lysimeters: nylon membrane vs. porous
ceramic cup. J. Environ. Qual. 26 (5), 1430-1434. https://doi.org/10.2134/
j€q1997.00472425002600050033x.

Yan, K., et al., 2022. Effects of thiolation and methylation on arsenic sorption to
geothermal sediments. Sci. Total Environ. 827, 154016 https://doi.org/10.1016/j.
scitotenv.2022.154016.

You, M., Huy, Y., Zhou, C., Liu, G., 2024. Speciation characterization and environmental
stability of arsenic in arsenic-containing copper slag tailing. Molecules 29, 1502.
https://doi.org/10.3390/molecules29071502.

Zhuang, F., et al., 2023. Biogeochemical behavior and pollution control of arsenic in
mining areas: a review. Front. Microbiol. 14, 1043024. https://doi.org/10.3389/
fmicb.2023.1043024.


https://doi.org/10.1016/j.chemosphere.2012.05.109
https://doi.org/10.1016/j.chemosphere.2012.05.109
https://doi.org/10.1016/j.chemosphere.2011.01.045
https://doi.org/10.1016/j.chemosphere.2011.01.045
https://doi.org/10.1016/j.apgeochem.2014.11.017
https://qspace.library.queensu.ca/items/dec70581-9212-4bb7-8fad-9202d6d85fff
https://qspace.library.queensu.ca/items/dec70581-9212-4bb7-8fad-9202d6d85fff
https://doi.org/10.1021/acsomega.9b01270
https://doi.org/10.1021/acsomega.9b01270
https://doi.org/10.3390/min10090728
https://doi.org/10.3390/min10090728
https://doi.org/10.1021/es0707815
https://doi.org/10.1021/es0707815
https://doi.org/10.1038/s41561-020-0533-1
https://doi.org/10.1038/s41561-020-0533-1
https://doi.org/10.1021/acs.est.2c08814
https://doi.org/10.1016/j.scitotenv.2005.09.005
https://doi.org/10.1016/j.scitotenv.2005.09.005
https://doi.org/10.1016/j.apgeochem.2018.07.015
https://doi.org/10.1016/j.apgeochem.2018.07.015
https://doi.org/10.2134/jeq1997.00472425002600050033x
https://doi.org/10.2134/jeq1997.00472425002600050033x
https://doi.org/10.1016/j.scitotenv.2022.154016
https://doi.org/10.1016/j.scitotenv.2022.154016
https://doi.org/10.3390/molecules29071502
https://doi.org/10.3389/fmicb.2023.1043024
https://doi.org/10.3389/fmicb.2023.1043024

	Occurrence and mobility of thiolated arsenic in legacy mine tailings
	1 Introduction
	2 Study areas
	2.1 Cobalt, Ontario
	2.2 Montague and Goldenville, Nova Scotia

	3 Methods and materials
	3.1 Sampling of tailings, porewaters, and surface waters
	3.2 Sample processing
	3.3 Geochemical analyses
	3.3.1 Mineralogy and bulk geochemistry
	3.3.2 Total dissolved concentrations
	3.3.3 Aqueous As speciation


	4 Results and discussion
	4.1 General tailings mineralogy and geochemistry
	4.2 Presence of thiolated As species in aqueous tailings samples
	4.3 Controls of geochemical redox conditions on As dynamics
	4.4 Arsenic mobilization in relation to bulk composition and mineralogy

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


