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Abstract 

Dust from the tailings at Giant mine, an abandoned mine in northern Canada, has been a concern 

among local residents, particularly those from Ndilo, a community of Yellowknives Dene First Nations 

located approximately 2.5km southeast of the site. The arsenic-bearing tailings at Giant mine are left 

vulnerable to high velocity winds after snow melt in the late spring, when it is too cold to apply a dust 

suppressant to the tailings. The main objective of this research is to characterize the fine fraction of the 

tailings (particles <63µm in diameter) and dust that could be inhaled or ingested from Giant mine to 

identify the As-hosting solid phases therein. Surface tailings material was sampled from three of the 

tailings impoundments on site, and sieved to <63µm. From May to July of 2016, a total suspended 

particulate (TSP) high volume air sampler was set up to continuously sample airborne material coming 

from the tailings. Bulk chemical data was determined via inductively coupled plasma-optical emission 

spectrometry (ICP-OES) and -mass spectrometry (ICP-MS); mineralogical data via scanning electron 

microscope (SEM)-based automated mineralogy, electron microprobe analysis (EMPA), and synchrotron-

based micro X-ray diffraction (µXRD), micro X-ray fluorescence (µXRF); and oxidation state data for As 

via X-ray absorption near edge structure (XANES). Bulk chemical data show elevated concentrations of 

As, Sb, Zn, Pb, Cu, and Ni. The As in the tailings is a mix of As1-, As5+, and As3+, and is more 

concentrated in the <63µm fraction (3000 – 9300 ppm As) than in the unsieved tailings. Roaster-

generated Fe-oxides (maghemite), Ca-Fe arsenate, and arsenopyrite comprise the majority of As-bearing 

particles in the surface tailings; Ca-Fe arsenate poses the greatest risk to human health of these three as it 

is the most bioaccessible. Fe-oxides were the only As-host found in the dust. Very little arsenic trioxide 

was found in the tailings, and no arsenic trioxide was found in the dust samples. However, previous 

studies have shown that the soils near the Giant mine tailings do contain arsenic trioxide from historic 

stack emissions, indicating that these soils might actually present a higher risk than the tailings 

themselves.  
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Chapter 1 

Introduction & Background 

1.1 Introduction 

Arsenic is a metalloid that is known to be both acutely and chronically toxic. In the 

natural environment, it is often associated with sedimentary units, coal, and hydrothermal ore 

deposits (Bowell et al., 2014). As(III) and As(V) can substitute for Fe(III) in many mineral 

structures (Bowell et al., 2014), however arsenic is often concentrated in sulfide minerals as a 

result of anionic substitution for S (Reich and Becker, 2006). Pyrite is estimated to be the largest 

source of As in the Earth’s crust (Bowell et al., 2014). Sulfide minerals are highly susceptible to 

oxidation, which results in a surplus of sulfate and H+ cations, consequently decreasing the pH of 

the host system. Sulfide-bearing environments with a carbonate-rich mineralogy do not exhibit 

acidic drainage due to the neutralization capacity of the carbonates. However, mobilization of 

arsenic in the aqueous environment and the biosphere can still be significant under such 

conditions because it is mobile at a wide range of pH values.  

Arsenic bioavailability and bioaccessibility are functions of the solid phase form and 

particle size. Once arsenic has been taken up and absorbed by humans or animals, it is 

metabolized; the changes in arsenic speciation that result from this process directly influence its 

toxicity (Mitchell, 2014). It is the oxidation state of the ingested arsenic that determines how it 

will be metabolized (Mitchell, 2014). Methylation is a critical step in the metabolic process, and 

arsenite is preferred in this reaction; therefore, As(III) is more soluble in gastric and intestinal 

fluids (Plumlee and Morman, 2011; Mitchell, 2014). Based on the results of extraction tests, 

calcium iron arsenate, lead arsenate, and arsenic trioxide are the most bioaccessible As-bearing 

phases to ingest; arsenopyrite and scorodite are the least bioaccessible (Plumlee and Morman, 

2011).  
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Though ingestion is a significant exposure pathway for mine waste contaminants, it is not 

the sole pathway. Inhalation of the fine fraction of As-bearing mine tailings is another exposure 

route for As introduction. Due to the complex chemistry of fluids in the human respiratory 

system, there can be a range of solubility and dissolution rates associated with this exposure 

pathway. The fluids lining the respiratory tract are of near-neutral pH, however those of the 

alveolar region are acidic and contain abundant oxidants (Plumlee and Morman, 2011). Only 

particle matter <10µm in diameter (PM10) are able to inhaled into the upper respiratory tract, and 

only those <2.5µm (PM2.5) can go further into the trachea, the bronchia, and the alveolar region 

(Lippman et al., 1980; Plumlee and Morman, 2011). Fine particles tend to be more reactive than 

coarse particles due to their lack of adsorption sites; this increases the competition between 

arsenic and other ions for those limited adsorption sites, and increases the likelihood that arsenic 

will be absorbed by lung tissues or go into solution in pulmonary fluids (Lippman et al., 1980; 

Campbell and Nordstrom, 2014). Inhalation of As-bearing dust from mine waste, therefore, has 

potentially dire consequences.  

Mining and ore processing at Giant mine, a gold mine in Yellowknife, Northwest 

Territories, Canada, occurred for over 50 years (1948 – 1999). The gold mined at Giant was 

refractory, and was mostly contained within arsenopyrite. Gold was liberated from the 

arsenopyrite-bearing ore via roasting. By this process, the ore was oxidized and generated As-

bearing iron oxides (i.e. hematite and maghemite) and arsenic trioxide (As2O3) (Walker et al., 

2005). Roaster waste, including fine dust particles, was co-disposed with mill tailings during 

operation, and is the main source of arsenic in the Giant mine tailings (Walker et al., 2005).  

At present, there are approximately 16 million tons of tailings spanning 95 hectares on 

the Giant mine property. Past studies indicate that the Giant mine tailings contain between 1,000 

and 5,000 mg kg-1 As (Walker et al., 2005). A chemical surfactant (or dust-suppressing agent) is 

applied to the surface of the dry tailings to prevent dust generation. However, after spring thaw 
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(often in May) the temperature is too low to apply the chemical surfactant to the Giant mine 

tailings; thus there is a window of time when the tailings are exposed to surface conditions. This 

window of time coincides with northwesterly wind storms that carry dust from the mine tailings 

into some parts of the city of Yellowknife.   

There has been growing concern regarding the potential arsenic concentration and arsenic 

speciation of the dust from Giant mine, particularly from the residents of NDilo – a community of 

Yellowknives Dene First Nations (YKDFN) located southeast of Giant mine, and the closest 

residential community to the tailings. This research aims to address the YKDFN community’s 

concerns regarding the composition of the dust from Giant mine tailings by answering the 

following research questions: 

1. What is the solid-phase speciation of As in the Giant mine tailings? 

2. What is the solid-phase speciation of As in the Giant mine tailings dust? 

3. How much total As is in the tailings and tailings dust?  

4. Does As preferentially occur in certain size fractions? 

5. Is arsenic trioxide present in the tailings/tailings dust?  

1.2 Background 

1.2.1 Geologic Setting 

The Yellowknife region is characterized by a Mesoarchean gneissic basement with a 

Neoarchean supracrustal assemblage known as the Yellowknife Supergroup (2800 to 2600 Ma; 

Ootes et al., 2011). Deposition of the assemblage that comprises the Yellowknife Supergroup 

occurred in several stages of tectonically-driven volcanism, plutonism, and sedimentation. Rifting 

ca. 2730 – 2700 Ma led to formation of the Kam Group greenstone belt via mafic volcanism, 

followed by the first of several pulses of pluton emplacement ca. 2700 Ma (Ootes et al., 2011). 

Subsequent bimodal arc volcanism ca. 2690 and 2670 Ma formed the Banting Group that was 
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later intruded by another pluton ca. 2670 Ma (Ootes et al., 2011). Around 2660 Ma, arc rifting led 

to formation of a back arc basin in which the first sequence of Neoarchean turbidites (known as  

 

Figure 1.1: Geologic map of Giant mine and the Yellowknife greenstone belt, NT, Canada (left; 
modified after Shelton et al., 2004). On map of Yellowknife greenstone belt, black lines indicate 
faults. Summary of the stratigraphy in the Yellowknife area (right) from Cousens (2000).  

 

the Burwash Formation) was deposited (Ootes et al., 2011). Arc-plutonism and –volcanism 

occurred ca. 2630 Ma concurrent with turbidite deposition in a back-arc basinal setting (Ootes et 

al., 2011). The plutons that would comprise the Defeat Suite were emplaced between ca. 2635 

and 2620 (Ootes et al., 2011). The Concession Suite plutons were emplaced between ca. 2610 and 

2602 Ma, followed soon after by a final pulse of S-type granitoid plutonism ca. 2600 – 2580 Ma 
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(Ootes et al., 2011). <2600 Ma, the existing supracrustal units were deformed, exhumed, and 

unconformably overlain by late orogenic congolerates (Ootes et al., 2011).  

There were several episodes of regional metamorphism and deformation during the 

Archean which impacted the Yellowknife Supergroup and underlying granitic rocks; however, 

this deformation is highly complex and often difficult to distinguish. Contact metamorphic 

aureoles formed in the turbidite deposits as a result of Defeat Suite and S-type granitoid pluton 

emplacement (Ootes et al., 2011). After the late orogenic conglomerates were deposited <2600 

Ma, these and the underlying units in the Neoarchean assemblage were deformed along first-order 

fault zones (Ootes et al., 2011). The gold-bearing shear zones in the Kam Group are considered to 

be the most important of the major shear zone systems, and are thought to have been controlled 

by the emplacement of the Western Granodiorite Batholith (Helmstaedt and Padgham, 1985).  

The Neoarchean plutons range in composition from S- to I-type granites (Ootes et al., 

2011). The S-type Prosperous plutons, ca. 2592 Ma, in particular played a significant role in 

developing regional turbidite-hosted gold deposits (Ootes et al., 2011). The contact 

metamorphism that resulted during emplacement of the Prosperous plutons, along with the 

intrusions themselves, contributed some of the hydrothermal fluids necessary to form gold in the 

turbidite host rocks (Ootes et al., 2011). The greenstone-hosted gold deposits, on the other hand, 

do not express a significant spatial relationship with the S-type granitic plutons (Ootes et al., 

2011).  

1.2.2 Regional Stratigraphy 

The Kam Group is the oldest unit in the Yellowknife Supergroup. It is divided into four 

formations: (1) the Chan Formation, (2) the Crestaurum Formation, (3) the Townsite Formation, 

and (4) the Yellowknife Bay Formation (Figure 1.1). The Chan Formation is the basal unit in the 

Kam Group; it is comprised of mafic volcanic and intrusive bodies, such as massive and pillowed 

basalts, gabbros, and sheeted mafic dikes (Helmstaedt and Padgham, 1985). The Crestaurum 
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Formation is characterized by massive and pillowed mafic volcanics, with chert and felsic tuff 

interbeds (Helmstaedt and Padgham, 1985). The largest felsic interlude during Kam Group 

volcanism is the Townsite Formation dacite flows; other Townsite units include interbedded 

rhyodacite breccias and tuffs (Helmstaedt and Padgham, 1985). This formation represents a 

sudden change from tholeiitic to calc-alkaline volcanism (Helmstaedt and Padgham, 1985). The 

Yellowknife Bay Formation, the uppermost unit of the Kam Group, contains all of the major gold 

deposits mined in Yellowknife (Helmstaedt and Padgham, 1985). This formation is made up of 

various volcanic units, including massive pillowed, brecciated, and variolitic flows, and 

tuffaceous sediments (Helmstaedt and Padgham, 1985). The metavolcanic rocks in the Kam 

Group contain ~50% amphibole and chlorite, ~20-40% altered plagioclase and epidote, with local 

calcite and sericite (Jenner et al., 1981).  

The Banting Group overlies the Kam Group, and is divided into the Ingraham Formation 

and the Prosperous Formation (Figure 1.1). The Ingraham Formation is comprised of sheared 

quartz monazite and quartz-feldspar porphyry overlain by mafic flows, pillow breccia, felsic 

fragmental flows, and bedded tuffs with interlayered conglomerate (Helmstaedt and Padgham, 

1985). The Prosperous Formation is made up of felsic tuffs with interbedded mafic flows, 

turbidites, and conglomerates (Helmstaedt and Padgham, 1985). The transition zone between the 

Prosperous Formation and the overlying Burwash Formation is marked by a layer of argillite that 

is rich with massive pyrite (Helmstaedt and Padgham, 1985).  

The Duncan Group is divided into the Walsh Formation, the Duck Formation, and the 

Burwash Formation. The Walsh Formation is laterally equivalent to some parts of the Burwash 

Formation, and is made up of argillite and turbidites (Helmstaedt and Padgham, 1985). The Duck 

Formation is characterized by mafic to intermediate volcanic rocks that are interbedded with and 

overlain by the Burwash metaturbidites (Helmstaedt and Padgham, 1985). The volcanics are 

thought to be a compositional intermediate between tholeiitic and calc-alkaline (Helmstaedt and 
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Padgham, 1985). The Duck Formation has a similar mineral assemblage to that of the Kam Group 

(Jenner et al., 1981). The Burwash Formation is laterally equivalent to parts of the Ingraham 

Formation, and is made up of well-graded turbidites (Helmstaedt and Padgham, 1985).  

The Jackson Lake Formation overlies a regional unconformity, and is the youngest 

supracrustal formation in the Yellowknife Supergroup (Figure 1.1). The unit is comprised of a 

basal conglomerate which is overlain by volcanic lithic sandstone and another minor 

conglomerate (Jenner et al., 1981). The majority of clasts in the basal conglomerate are mafic 

volcanics, while those in the overlying minor conglomerate are granitic (Jenner et al., 1981). 

1.2.3 Gold Mineralization 

The 7 Moz of gold mined at Giant mine was from an Archean mesothermal lode gold 

deposit hosted in the Yellowknife greenstone belt. This deposit formed as part of a highly 

complex hydrothermal system, in which there were multiple gold-depositing events, at least two 

styles of gold mineralization, fluid overprinting, and post-ore deformation and recrystallization 

(Shelton et al., 2004). Gold mineralization in lode gold deposits is typically concurrent with the 

local peak of metamorphism (Robb, 2005). The exact timing of gold mineralization in the 

Yellowknife greenstone belt is the subject of some debate; however, it is generally thought that 

gold mineralization occurred ca. 2600-2570 Ma, concomitantly with regional metamorphism of 

the Yellowknife greenstone belt (Shelton et al., 2004; Ootes et al., 2011). 

Two main styles of Au mineralization are recognized in the Yellowknife-area: free-

milling mineralization, and refractory mineralization. The free-milling Au formed at the regional 

scale and is vein-hosted (Shelton et al., 2004). The Au-bearing quartz veins contain combinations 

of sphalerite, galena, chalcopyrite, arsenopyrite, pyrite, and molybdenite (Shelton et al., 2004). 

The refractory ore is carbonate-rich, and is characterized by pyrite, arsenopyrite, and sulfosalts 

hosted in veins and sericite-schist alteration zones (Shelton et al., 2004).  
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The ore body mined at Giant was mainly comprised of refractory Au, with some 

contribution of free-milling, vein-hosted Au. Gold mineralization in the Yellowknife greenstone 

belt tends to be concentrated in shear zones along the amphibolite-greenschist isograd (Ootes et 

al., 2011). The mineralized zone at Giant extends 65km along strike, but has a shallow depth 

extent of ~600m. The wall-rock hosted ore and quartz-carbonate veins are enveloped by a 

sericite-carbonate alteration zone which grades to chlorite-carbonate schist (Shelton et al., 2004). 

The Giant Au ore is concentrated in the Kam Group’s Ti-rich tholeiitic metabasalts; this is due to 

the reaction of ilmenite with the incoming mineralizing fluid, which formed titanite and liberated 

Fe2+ (Van Hees et al., 1999). The liberated Fe2+ was able to react with Au(HS)2
- complexes in the 

mineralizing fluids to form Au-rich sulfides (Van Hees et al., 1999).  

High As and Sb concentrations are uncommon in metavolcanic-hosted gold deposits, but 

are characteristic of the Giant mine ore body; this has raised questions regarding the origin of the 

region’s ore-forming fluids. The concentrations of As and Sb in the Giant mine ore are more 

similar to those of metasedimentary-hosted ores, in which metavolcanic rocks are only a minor 

constituent of the country rock (Van Hees et al., 1999). Van Hees et al. (1999) measured As and 

Sb concentrations at the metasedimentary-metavolcanic boundary in Yellowknife and show that 

concentrations increase significantly from the metasediments to the metavolcanics. Shelton et al. 

(2004) use d18O values from the Au ore to show that 18O-enriched metamorphic fluids from the 

metasedimentary sequence to the east (the Duncan Lake Group) reacted with 16O-enriched 

metavolcanic rocks in the Kam Group. These data suggest that As and Sb were removed from the 

metasediments by the ore-forming fluid, and that the Giant mine Au ore is metasedimentary-type 

hosted in metavolcanic rocks.  

Gold mineralization at Giant is mostly related to metamorphic fluid contributions rather 

than plutonic contributions (Ootes et al., 2011). Shelton et al. (2004) describe three main stages of 

quartz-carbonate mineralization in Giant mine: the ore-related stage I, post gold ore stage II, and 
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late vein and vug-filling stage III. The Au ore-forming H2O-CO2-NaCl fluids were likely 

generated during stage I from metamorphic dehydration of existing metavolcanic and 

metasedimentary rocks (2.60-2.57 Ga; Shelton et al., 2004). Stage II mineralization is thought to 

be unrelated to the main Au-forming event from stage I, and is characterized by highly saline 

NaCl-CaCl2 brines (Shelton et al., 2004). Introduction of these stage II brines led to some degree 

of remobilization and transport of metals via chloride complexation (Shelton et al., 2004). This 

event may have occurred concomitantly with emplacement of the Mackenzie dike swarm at 

~1267 Ma (Shelton et al., 2004). Stage III vein and vug-filling mineralization resulted from 

introduction of dilute meteoric water into the hydrothermal system to form low salinity, low 

temperature brines (Shelton et al., 2004).  

The mineral assemblage of the Giant ore deposit is predominantly characterized by 

quartz-carbonate and sulfide minerals. Ore shoots contain <5-10% sulfides, 95% of which being 

pyrite and arsenopyrite (Jamieson, 2014). The remaining 5% is comprised of sphalerite, 

chalcopyrite, sulfosalts, pyrrhotite, and galena (Jamieson, 2014). Gold occurs within disseminated 

sulfides in silicified zones or quartz-carbonate veins (Jamieson, 2014). 

1.2.4 Giant Mine History 

Giant mine is located on the north shore of Great Slave Lake, just 4 km north of 

Yellowknife (the capital city of the Northwest Territories). The Giant mine property was acquired 

by Frobisher Explorations in 1943, and the mine was in operation from 1948 to 1999 (Sandlos 

and Keeling, 2012). In 1999 Royal Oak Mines, Ltd. (the owner of Giant mine since 1990) filed 

for bankruptcy (Sandlos and Keeling, 2012). The Giant mine property and all associated 

environmental liabilities were then transferred to Indigenous and Northern Affairs Canada 

(INAC), a branch of the Canadian federal government. Today, Giant mine is considered to be an 

abandoned mine site and is undergoing remediation by INAC. The legacy of contamination from 

Giant mine operations and the tumultuous relationship between INAC and community 
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stakeholders have added significant complexity to the remediation process (Sandlos and Keeling, 

2012).  

1.2.5 Ore Processing 

In 1948, when Giant mine operations began, ore roasting was deemed to be the most 

practical method of liberating the refractory gold from the arsenopyrite ore (Sandlos and Keeling, 

2012). Roasting the arsenopyrite would volatilize arsenic, sulfur, and antimony, yielding porous 

gold-rich particles that would be amenable to cyanidation for gold extraction (Walker et al., 

2015). Several pre- and post-treatment processes are required to thoroughly extract gold via 

roasting.  

The pre-treatment process for roasting involved crushing, grinding, and flotation (Walker 

et al., 2015). Crushing took place underground, where the crushed ore was subsequently 

conveyed above ground to the main treatment plant for grinding (Silke, 2013). In the grinding 

mills, ore was pulverized and mixed with water and dilute cyanide solution to form a slurry 

(Silke, 2013). Gravity separation sorted the fine particles from the slurry, which were then sent to 

the flotation circuit for further processing (Walker et al., 2015). Froth flotation was used to 

separate out the sulfide minerals from the incoming slurry (Walker et al., 2015). Copper sulfate 

was added to the slurry to coat the sulfide minerals and chemically bind to the chemical flotation 

collector (xanthate) (Silke, 2013). This allowed the sulfide minerals to bind to bubbles formed by 

frothing the slurry; these bubbles floated to the surface and were subsequently removed for 

roasting (Silke, 2013).  

The first roaster constructed at Giant mine was a flat-hearth autogenous roaster; this 

roaster commenced operation in 1949 (Silke, 2013). Autogenous roasters are designed to utilize 

oxidation of the sulfides in the ore as fuel (Silke, 2013). In order to produce calcine of 

satisfactory porosity for cyanidation, there had to be complete control of the thermodynamics in 

the roasting system. This first roaster did not end up producing satisfactory calcine as a result of 
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the presence of antimony in the ore (Silke, 2013). Antimony was not factored into the 

thermodynamic model used to design the roaster, and caused unpredicted temperature 

fluctuations in the system (Silke, 2013).  

In light of these challenges, a lot of trial and error was involved in finding an appropriate 

method for roasting the Giant mine ore. In 1952, a Dorrco fluo-solids prototype unit was  

Table 1.1: Timeline of ore processing and waste disposal practices at Giant mine; based on 
findings by Walker (2006), Silke (2013), and Walker et al. (2015).  

installed,  

Date Description Notes
1948 Giant mine operations commence. 

May 1948 Milling and stockpiling of flotation concentrate began. 

Uncontrolled temperature fluctuations due to 
high Sb content. 
Au recovery = 85%

1948 - 1951 Untreated tailings discharged onto shores of Yellowknife 
Bay (at tailings beach site). 

By 1951: 7,400 kg As/day emitted by Giant 
mine roaster
Avg. of 12 tpd of dust collected from the 
Cottrell. 

After 1951 Tailings discharged into low points on site (i.e. Bow Lake). 

1952 Second roaster installed (Dorrco fluo-solids prototype 
unit).

High Sb content led to: low roaster 
temperatures, corrosion, system breakdowns, 
low Au recovery, etc. 

1950s 
(After capacity of basin 

was exceeded)
1958 Third roaster installed (a larger Dorrco two-stage fluo-

solids roaster). 
Au recovery = 68%

1958 Baghouse installed at Giant to collect As from the roaster. 

By 1956: 2,900 kg As/day emitted by Giant 
mine roaster. 
By 1959: 52 kg As/day emitted by Giant mine 
roaster. 
By mid-1960s: Au recovery = 88%

1957 - 1976 ~50% of the coarsest material in tailings were removed 
for mine backfill.

1970s North, Central, and South ponds constructed via 
engineered clay core dams. 

1987 Northwest pond constructed. To contain new tailings (post-1987) and TRP 
tailings.

1988-1989 Tailings Retreatment Plant (TRP) in operation. To reclaim Au from "historic tailings" (tailings 
produced between 1948 and 1951). 

1999 Royal Oak Mines, Ltd. (owner of Giant since 1990) files 
for bankruptcy. 

1999 INAC takes ownership of Giant mine and assumes all 
associated environmental liabilities.

August 2014 Official Giant mine remediation plan approved by 
Canadian federal government. 

Flotation tailings were cyanided. 1955 - 1967

Unengineered waste rock structures were constructed to 
increase the storage capacity of the depressions on site. 

First roaster constructed at Giant mine (flat-hearth 
autogenous roaster). 

1949

Cottrell electrostatic precipitator (ESP) installed to control 
arsenic trioxide emissions. 

1951
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which was equally as problematic as the autogenous roaster (Silke, 2013). Antimony caked the 

inside of the roaster unit, which led to low roaster temperatures, corrosion in pipes, system 

breakdowns, low gold recovery, and even an explosion (Silke, 2013). The infrastructure became 

so corroded that it had to be replaced the following year (Silke, 2013). By 1958, the overall gold 

recovery at Giant mine had dropped from its initial 85% to 68% (Silke, 2013).  

The third and final rendition of the roaster was a larger Dorrco two-stage fluo-solids 

roaster, which began operation in 1958 (Silke, 2013). By this process, unknown chemical 

variables were removed prior to roasting, thereby ensuring better temperature and thermodynamic 

controls in the system (Silke, 2013). In the first stage of roasting, flotation concentrate was 

blended and thickened into a slurry and fed into the Dorrco roaster at low pressure (Silke, 2013). 

The temperature within the roaster was then elevated to around 500°C, which partially oxidized 

the arsenic in the arsenopyrite (Walker et al., 2015) and emitted gaseous sulfur dioxide (Silke, 

2013). Dust-laden gas flowed out of this stage and into a second stage roaster compartment, 

where the partially oxidized sulfides were completely oxidized (Silke, 2013). These dust-laden 

gases were eventually pumped into the Cottrell precipitator at ~370°C to collect any remaining 

dust (Silke, 2013). As a result of this new roasting process, gold recovery increased to 88% by the 

mid-1960s (Silke, 2013).  

Once the ore was roasted, the resulting calcine underwent cyanidation to precipitate gold 

for refining (Walker et al., 2015). After the calcine was removed from the roaster, it was watered 

and reground to further decrease the particle size of the gold-bearing iron oxides. Once the re-

ground calcine was dewatered, it was sent to the cyanidation plant. At the cyanidation plant, 

sodium cyanide was added to the calcine to form an aqueous complex with the gold; this yielded 

a gold-rich solution which could be filtered from the calcine (Silke, 2013). Lead nitrate was then 

added to the isolated gold-rich solution prior to filtration through a lead clarifier to remove 

impurities (Silke, 2013). The clean solution would be deoxygenated and the gold was finally 
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precipitated by adding zinc dust to disrupt the gold cyanide complex (Silke, 2013). Gold-bearing 

zinc dust is what was melted into gold bullions. By the 1960s the mine was producing 6-8 

bullions per day, each of which contained 800-900 oz of gold (Silke, 2013). 

1.2.6 Arsenic Emission and Management 

For the first two years of roasting (starting in 1949), the arsenic produced by the roasting 

process was emitted directly into the atmosphere (Walker et al., 2015). By 1951, 7,400 kg of 

arsenic was being emitted by the Giant mine roaster per day (INAC, 2013). During this time there 

were many reports of livestock deaths, but it was not until a 2-year-old Dene First Nations child 

died in April 1951 by acute arsenic poisoning that pollution controls were established (Sandlos 

and Keeling, 2012). The federal government became involved in monitoring the impacts of 

arsenic on food and water supplies in the Yellowknife area, and continued to monitor the area 

throughout the 1950s and 1960s (Sandlos and Keeling, 2012). The federal government 

implemented 0.05ppm as the Canadian drinking water threshold for arsenic in Yellowknife in 

1951 (Sandlos and Keeling, 2012). And by October 1951, a Cottrell Electrostatic Precipitator 

(ESP) was installed at Giant mine to control arsenic trioxide emissions (Sandlos and Keeling, 

2012).  

The Cottrell ESP used 50,000 volts of electricity to charge the dust from the roaster off-

gases and collect them on oppositely-charged rods (Silke, 2013). An average of 12 tons of dust 

was collected from the Cottrell per day (Silke, 2013). Once removed from the roaster, ESP dust 

was cyanided to recover any gold contained in the mixture of fine dust and gas (Jamieson, 2014). 

The arsenic trioxide that formed during this process was collected and stored in underground 

chambers on site (Silke, 2013).  

In 1958, a baghouse was installed at Giant mine to help collect arsenic from the roaster 

(Sandlos and Keeling, 2012). Off-gas from the Cottrell was air-cooled to precipitate arsenic 

trioxide (Silke, 2013). The arsenic trioxide was filtered in the baghouse and removed for 
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underground storage (Silke, 2013). The remaining constituents of the off-gas were allowed to 

pass through the baghouse fabric dust filter, into the atmosphere through the 150-foot-high stack 

(Silke, 2013). Stack gas generally consisted of ~78% N, ~10% O, and small amounts of As, SO2, 

and CO2 (Silke, 2013). An average of 20-25 tones of dust was collected from the baghouse per 

day (Silke, 2013). The total arsenic emissions from Giant mine were reduced to 2,900 kg per day 

by 1956, and further reduced to 52 kg per day by 1959 (INAC, 2013). Over the course of 50 years 

of operation, Giant mine produced 237,000 tons of arsenic trioxide, which is currently being 

stored underground on site in 15 purpose-built chambers and mined-out stopes (INAC, 2007). 

20,000 tons of arsenic trioxide were emitted from the roaster stack through the course of Giant 

mine operations (Wrye, 2008), and 86% of that arsenic trioxide was released prior to 1963 (Schuh 

et al., in review).   

1.2.7 Waste Streams 

Three physically and chemically distinct waste streams were produced as a result of ore 

processing at Giant mine, and were co-deposited in the tailings: flotation tailings, cyanided 

calcine, and cyanided ESP dust (Table 1.2). The flotation tailings comprise the largest volume 

waste stream on site, but have relatively low As content (Table 1.2; Walker at al., 2015). Most of 

the As in the flotation tailings is arsenopyrite-hosted (Walker et al., 2015). The cyanided calcine 

and ESP dust are lower tonnage than the flotation tailings, but have much higher As 

concentrations and are more fine-grained (Walker et al., 2015). The minerals produced via 

roasting the sulfide concentrate (i.e. Fe oxides) are the main As hosts in the cyanided calcine 

(Walker et al., 2015); the ESP dust contains ~60% As (INAC, 2007) and is a mixture of calcine 

and arsenic trioxide (Walker et al., 2015). Concentrations of As in each stream changed over time 

as ore processing methods and Au extraction became more efficient (Table 1.2; Walker et al., 

2015).  
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Waste disposal practices at Giant mine evolved over the course of its operation, and are 

important to understand when determining the extents of contamination by the tailings. During 

the first three years of operation at Giant, tailings were disposed of directly onto the shores of  

Table 1.2: Summary of research pertaining to waste streams at Giant mine by Walker et al. 
(2005, 2015) and Fawcett and Jamieson (2011). 

 

Yellowknife Bay (Figure 1.2; Walker et al., 2015). After 1951, Bow Lake, a small lake on site 

(near the present Central tailings pond) was used for tailings storage (Walker et al., 2015). This 

continued until the natural capacity of the lake was exceeded, and dams were constructed to  

increase storage capacity (Walker et al., 2015). The North, Central, and South tailings ponds were 

all constructed in the 1970s at approximately the same time (Walker et al., 2015). The Northwest 

tailings pond was constructed in 1987, making it the youngest tailings storage facility on site 

(Walker et al., 2015). All of the tailings ponds were built using clay core dams (Walker et al., 

2015). Today there are approximately 16 million tons of tailings spanning 95 hectares on the 

Giant mine property (INAC, 2007). Due to the mixture of waste streams deposited in the tailings, 

the mineralogy and As concentrations within the tailings ponds are variable.  

 

 

  

Flotation Tailings Calcine Residue ESP Residue Source
Year 1963 - 1999 1963 - 1999 1963 - 1999

Discharge Rate (tpd) 794 - 1000 122 - 170 9
As Concentration (wt%) 0.28 - 0.09 1.2 - 1.8 6.2 - 4.4

As Loading (tpd) 2.2 - 0.9 1.5 - 3.4 0.6 - 0.4
Grain Size 70-80% <75µm 90% <45µm 90% <14µm

48% As(V)-O 22% As(V)-O
39% As(III)-O 88% As(III)-O
13% As(I-)-S 0% As(I-)-S

60%	Sb(V)-O 11%	Sb(V)-O
40% Sb(III)-O 89% Sb(III)-O
0% Sb(III)-S 0% Sb(III)-S

Dominant As Solid 
Species

Arsenopyrite Roaster Fe-oxides
Arsenic trioxide, 

roaster Fe-oxides
(Walker et al., 2015)

* The waste streams (flotation tailings, calcine, ESP residue) were mixed and co-deposited on site; the distribution of 
these waste products in the tailings is heterogenous.  

As Oxidation State (via 
bulk XANES) 

(Fawcett & Jamieson, 2011)
Sb	Oxidation	State	(via	

bulk	XANES)

(Walker et al., 2015)

(Fawcett & Jamieson, 2011)
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Figure 1.2: Labeled aerial photo of the Giant mine property from Walker et al. (2015). 
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1.2.8 Arsenic Trioxide in the Yellowknife-Area  

Arsenic trioxide, the most bioaccessible form of arsenic in gastric fluids, is normally 

highly soluble in the environment (Nordstrom et al., 2014); however, studies have shown it 

persisting in soils and lake sediments in the Yellowknife-area, both on and off of the Giant mine 

site (Wrye, 2008; Galloway et al., 2015; Van Den Bergh, 2016; Schuh et al., in press; Bromstad 

et al., 2017).  

A study of lake sediments in the Yellowknife region, the Western Interior Platform, and 

the Tibbitt to Contwoyto Winter Road by Galloway et al. (2015) show elevated concentrations of 

As (which exceed Canadian federal guidelines) at the sediment-water interface in 71% of the 

sediment sampled. Samples with the highest As concentrations were from the Yellowknife region 

(Galloway et al., 2015). Arsenic trioxide, As-bearing sulfide precipitates, and As-bearing Fe 

oxides were found in sediments from three lakes (Lower Martin Lake, BC-20, and Handle Lake) 

located <5km from Giant mine (Van Den Berghe, 2016). Van Den Berghe (2016) found that the 

arsenic trioxide in the lake sediments was the primary source of As in porewaters, and that 

secondary As-sulfide precipitation was not a sufficient mechanism of As sequestration. Schuh et 

al. (in press) found arsenic trioxide along with realgar, As-bearing Fe-oxyhydroxide, and As-

bearing framboidal pyrite in lake sediments from Long Lake (5km southwest of Giant mine) and 

Martin Lake (5km northwest of Giant mine). Arsenic trioxide was found to be highly 

concentrated in deep water sediments within the lakes; 210Pb and 137Cs dating show that the 

arsenic trioxide had persisted in the sediment for >60 years (Schuh et al., in press).  

Wrye (2008) found that soils on the Giant mine property showed elevated concentrations 

of As (up to 3,300 mg kg-1), with concentrations being the highest near the surface. Bromstad et 

al. (2017) found that As concentrations in surface soils on the Giant mine property were as high 

as 7,680 mg kg1- As. Roaster-generated maghemite, hematite, and arsenic trioxide have been 

found in surface soils on the Giant mine property proximal to the former roaster, and are the most 

common As-bearing solid-phases therein (Wrye, 2008; Bromstad et al., 2017). These phases are 
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estimated to have been deposited prior to 1964, suggesting that they were deposited by aerial 

roaster emissions, and that they are capable of persisting for upwards of 50 years in oxidizing 

environmental conditions (Bromstad et al., 2017). Riveros et al. (2000) suggest that substitution 

of Sb for As during ore roasting might decrease the solubility of As2O3, allowing it to persist in 

the surface environment.  

1.2.9 Site Remediation 

The uncontrolled releases of arsenic trioxide to the atmosphere in the first few years of 

Giant mine operations, and the continued emission of contaminated material from the site, has left 

widespread contamination in the surrounding soils and lake sediments. Giant mine is currently 

being remediated by the Canadian federal government; however, the extent of the remediation, as 

planned, is limited to the lease property (INAC, 2013). Legacy sites like Giant are highly 

complex systems, thus designing a comprehensive remediation plan that will be approved by all 

community stakeholders can take a long time. Though INAC took ownership of Giant mine in 

1999, the official remediation plan for the site was not approved by the federal government until 

August 2014.  

The current remediation plan states that all of the 237,000 tons of arsenic trioxide waste 

stored at Giant mine will be frozen in blocks and sealed in underground chambers, unless a 

superior, cost-effective alternative is discovered (INAC, 2007). Surface remediation includes 

removal of approximately 100 buildings, covering the four tailings ponds, fencing off the open 

pits, and cleaning up contaminated soils in the area (INAC, 2007). Additionally, Baker Creek 

must be remediated, and any water that runs on site and comes into contact with contaminated 

material (via the surface or the underground) must be treated (INAC, 2007). Upon completion of 

the remediation, the site must be monitored indefinitely to ensure it does not cause further harm 

to the local community and environment (INAC, 2007). The public highway that used to run 

through the Giant mine site was relocated to keep traffic away from remediation activities (INAC, 
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2007). The highway now runs through unfenced areas of highly contaminated soil (Bromstad et 

al., 2017), which could actually increase the public’s risk of exposure to arsenic.  

1.2.10 Yellowknife Physiography 

Yellowknife is characterized by an exposed bedrock landscape dotted with a multitude of 

small lakes; these features are attributed to the region’s longstanding history of glaciation. The 

oldest till in the North American geologic record is of Miocene age, and has been found in 

northern Canada and Alaska (Ehlers and Gibbered, 2007). Widespread glaciation persisted in the 

Pliocene and throughout the Pleistocene, with ice sheets covering most of Canada (Ehlers and 

Gibbard, 2007). Yellowknife is located at the margin of the Laurentide ice sheet, and was ice-

covered until after the Wisconsin glaciation (the last glacial maximum). 12 ka BP marks the shift 

from the Wisconsin glacial period to the present interglacial period; Yellowknife is estimated to 

have been deglaciated at ~10 ka BP (Dyke, 2004). Retreat of the Laurentide ice sheet facilitated 

the expansion of Glacial Lake McConnell southward into the Great Slave Lake basin, as 

evidenced by glacial till deposits (Dyke and Dredge, 1989). Today, approximately 10-20% of the 

surface in Yellowknife is covered by water in the form of freshwater lakes (Dyke and Dredge, 

1989). The fact that most of these lakes exist in bedrock basins is indicative of significant glacial 

scour.  

The city of Yellowknife exists in a subarctic, continental climate zone at the northern 

limit of the boreal forest and southern limit of the tundra (Meteoblue, 2017). Yellowknife lies 

within the rain shadow of the mountain ranges to the west, and thus receives <300mm of 

precipitation annually (Figure 1.3; Government of Canada, 2017). Regional soil development is 

poor due to the coarse nature of the parent material (the bedrock), and has very low moisture 

retention as a consequence (Dyke and Dredge, 1989). Permafrost is present throughout the area, 

but is not continuous. Over the course of a year, temperatures can range anywhere from 21°C to   

-29°C (Government of Canada, 2017). The warm season extends from late May to early 



 

20 

 

September, with an average daily high of >12°C; the cold season runs from late November to 

mid-March, and has an average high of <-13°C (Meteoblue, 2017). The dominant winds in the 

Yellowknife area come from the east, however there are also smaller components of wind that 

come from the southeast and north-northwest (Meteoblue, 2017).  

 

Figure 1.3: Total precipitation, and mean minimum and maximum temperature recorded at 
Yellowknife airport station from January 1997 to November 2007. Data accessed from 
Government of Canada (2017).  

1.2.11 Tailings Dust at Giant Mine 

At present there are 16 million tons of tailings stored at Giant mine, which past studies 

have shown to contain between 1,000 and 5,000 mg kg-1 As (Walker et al., 2005). A chemical 

surfactant (Soil SementÒ) is applied to the tailings ponds twice per year to aggregate the surface 

material and contain any dust (GMWG, 2016). Soil SementÒ is a non-hazardous aqueous acrylic 

vinyl acetate polymer emulsion (Midwest Industrial Supply, Inc., 2009). Chemical surfactants 

only work under specific temperature ranges; Soil SementÒ can only be applied to the tailings 

when the temperature is consistently >5°C (GMWG, 2016). Each year after the snow has melted 

(usually in May) and the tailings become re-exposed to the surface, there is a window of time 
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when the temperature is too low (<5°C) to apply a fresh layer of Soil SementÒ (GMWG, 2016). 

This window coincides with an increased frequency of high-velocity wind events (>6.0m/s) in the 

Yellowknife area (Figure 1.4; GMWG, 2016). These wind events often trend from north-to-south, 

and generate plumes of dust. The north-northwesterly winds are particularly problematic as Ndilo 

(a community of YKDFN) and Yellowknife (the capital city of the Northwest Territories) are 

located downwind of the mine site.  

 

Figure 1.4: Map of the Yellowknife Bay area. Wind rose is a compilation of wind speed and 
direction data for Giant mine from 2003 – 2015, modified after GMWG (2016).  

The YKDFN have strongly expressed their concerns regarding dust from the Giant mine 

tailings (Quenneville, 2015). Every year when community members see dust coming from the 
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site, it causes them a great deal of stress (Quenneville, 2015). Prior to this study, there was no 

information available regarding the composition of the dust-sized fraction of the surface tailings 

or the dust itself. As arsenic trioxide has been found persisting in the surface soils on the Giant 

mine site, people are worried that the dust coming from the mine site contains arsenic trioxide, 

which they know to be highly toxic (Quenneville, 2015).  

The YKDFN as a community have been dealing with the impacts of mining at Giant for 

decades. Though they were never given a voice or any sort of compensation during mine 

operations, the YKDFN have been much more involved in the remediation process, and regularly 

consult with INAC regarding tailings storage and dust. The YKDFN have specified that they do 

not want a wet or vegetation cover on all the tailings; they want to see the legacy of the tailings 

visually preserved, as a reminder to future generations that the land is contaminated (GMWG, 

2016). INAC is still working with YKDFN and other stakeholders to come to an agreed upon 

method of suppressing dust from the tailings. Dust is one of the biggest concerns of the YKDFN 

with respect to Giant mine.  

1.2.12 Thesis Organization 

As mineralogical studies of tailings dust are uncommon, a literature review was compiled 

in Chapter 2 of this thesis. The literature review covers topics related to dust generation and 

transport mechanisms; bioaccessibility of As, Pb, Sb, and Cu; and geochemical studies of tailings 

dust. This thesis contains, in Chapter 3, a manuscript that will be submitted for publication, co-

authored by Alexandra Bailey and Heather Jamieson. This manuscript describes the solid-phase 

speciation of the fine fraction of the Giant mine tailings and of airborne dust collected from the 

site. Chapter 4 gives an overview of the conclusions reached in this study and the broader 

implications of this work.  
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Chapter 2 

Literature Review 

2.1 Dust 

Fine-grained mineral dust has the capacity to circumnavigate the globe, which can impact 

the physical and chemical properties of the atmosphere and biogeochemical cycles (Engelbrecht 

and Derbyshire, 2010). Minerals within dust may be present as grains, aggregates, or surface 

coatings, and are generally <100µm in diameter (Livingstone and Warren, 1996; Engelbrecht and 

Derbyshire, 2010). Microorganisms (such as diatoms, bacteria, and viruses) can also be present 

within dust (Engelbrecht and Derbyshire, 2010). Average global dust is dominantly comprised of 

Si, Al, Fe, Ca oxides, and carbonates (Engelbrecht and Derbyshire, 2010). Surface creep, 

saltation, and suspension are the main natural transport mechanisms for windblown dusts and 

aerosols. These mechanisms are functions of particle size, with suspension dictating the transport 

of silt- and clay-sized particles (<60µm) (Csavina et al., 2012). At the soil surface, when wind 

shear velocity is greater than the shear strength of soil aggregates, particles are entrained by the 

wind (Csavina et al., 2012). Csavina et al. (2012) approximate that 430 million ha of land 

(globally) are vulnerable to wind erosion, from natural processes (i.e. desertification, drought) 

and industrial activity (i.e. agriculture, mining, etc.). This number will only continue to increase 

with further expansion of industry.   

Mining and ore processing operations are common point sources of atmospheric 

contaminants which contribute substantially to global atmospheric arsenic concentrations (Martin 

et al., 2014). Approximately 24,000 tons of arsenic are emitted to the atmosphere per year, with 

60% of those annual emissions coming from Cu smelting and coal combustion alone (Martin et 

al., 2014). In some cities, over 98% of the atmospheric As is emitted from anthropogenic sources 

(Martin et al., 2014). Although the contribution of mine tailings to global atmospheric As 
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concentrations is presently unknown, many studies have documented the role of mine tailings as 

point-sources for As in respirable dust (Hamilton, 2000; Kim et al., 2013; Martin et al., 2014; 

Wiseman, 2015).  

2.1.1 Dust Generation and Transport  

To understand the nature of dust generation at Giant mine, we must first understand the 

nature of dust generation as a whole. In the Northern hemisphere, air moves clockwise around 

high-pressure cells, and counter clockwise around low-pressure cells (Livingstone and Warren, 

1996). North of 60° latitude, polar easterly winds dominate (Livingstone and Warren, 1996). At 

the local scale, wind patterns are driven by topography and land-sea interfaces (Livingstone and 

Warren, 1996). Topographic highs can split winds while topographic lows can funnel them. 

Water is a low-friction surface over which wind can travel at very high velocities; it also has 

distinct thermal properties that cause air to flow inland during the day and offshore at night 

(Livingstone and Warren, 1996). Thus, coastlines tend to be major centers of aeolian activity.  

Though wind behaves like water, air is 1,000 times less dense than water, which restricts 

the size of material that it can move (Livingstone and Warren, 1996). Turbulence (or non-uniform 

flow) occurs as a result of friction, obstructions in the flow, or thermal changes (Livingstone and 

Warren, 1996). The shear force (or friction) between the wind and the Earth’s surface is what 

generates the energy to move particles (Livingstone and Warren, 1996). Wind imposes lift and 

drag forces on the particle with which it interacts. In order to actually move a particle, the lift and 

drag forces must exceed gravitational force (the particle’s mass) and interparticle forces 

(Livingstone and Warren, 1996). Drag tends to be more influential to particle motion in aeolian 

systems than lift, as the lift force is relatively small (Figure 2.1). Drag force is greatest at the top 

of a particle, which is what causes particles to roll (Livingstone and Warren, 1996).  

The threshold of movement is ultimately what dictates particle mobility in aeolian 

systems; it refers to the minimum force required to move a particle of a particular size 



 

25 

 

(Livingstone and Warren, 1996). An important distinction here is between static and dynamic 

threshold; that is, the force required to initiate particle motion and the force required to maintain 

particle motion (Livingstone and Warren, 1996). Generally speaking, less energy is required to 

keep particles moving once they are entrained (Livingstone and Warren, 1996). Despite their 

small size, silt- and clay-sized particles are actually quite difficult to entrain; this is primarily due 

to the cohesive forces that keep the particles tightly packed (Figure 2.1; Livingstone and Warren, 

1996). When particles are less than 100µm in diameter, the cohesive forces between the particles 

begins to equal that of gravity (Livingstone and Warren, 1996). Because of these strong cohesive 

forces, bombardment is critical to aeolian entrainment of fine particles. Sediment that has a 

mixture of sand- and silt-/clay-sized particles is more likely to emit fines into the air than 

sediment with exclusively fine-grained material because of the greater momentum that saltating 

sand particles can generate (Livingstone and Warren, 1996).  

In aeolian systems, grains exhibit four distinct types of motion: creep, reptation, saltation, 

and suspension (Figure 2.1). Creep occurs at or near the surface of activity, and involves 

relatively coarse particles rolling via saltation impacts (Livingstone and Warren, 1996). Saltation 

impacts can either create small craters into which grains will roll, or directly push other particles 

causing them to roll (Livingstone and Warren, 1996). Reptation occurs when high energy, 

saltating grains carry momentum down to the surface with enough force to dislodge other grains, 

creating a ‘splash’ of particles (Livingstone and Warren, 1996). The number of particles that 

splash during reptation is directly related to the impact velocity of the incoming grain (McTainsh 

and Strong, 2007). Saltation is critical to grain motion; it occurs when particles become 

dislodged, are airborne, and gain momentum as they descend back to the surface (McTainsh and 

Strong, 2007). A grain will typically hop 12 to 15 times the height of its bounce (Livingstone and 

Warren, 1996). Finer grains tend to eject at greater velocities and jump to greater heights than 

coarser ones. When particles are <100µm in diameter, saltation often transitions to suspension 
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(Livingstone and Warren, 1996). Particles >50µm in diameter (coarse dust) only remain 

suspended for a few tens of kilometers; particles 20-30µm in diameter (loess) can travel up to 

300km; and particles <15µm can travel much farther, often persisting even in calm wind 

conditions (Livingstone and Warren, 1996).  

 

Figure 2.1: Conceptual diagram illustrating the forces acting on particles at any given time (after 
Livingstone and Warren, 1996), and common dust generation mechanisms. Particle travel ranges 
from Livingstone and Warren (1996).  

Additional factors that impact sediment transport rates in aeolian systems are moisture 

content and vegetation cover. The effect that moisture has on grain motion depends on sediment 

particle size, organic matter content, and wind-driven evaporation rates (Livingstone and Warren, 

1996). Total saturation of sediment completely stops grain movement, even in very windy 

conditions (Livingstone and Warren, 1996). Rain storms are an exception, as rain drops can 

dislodge particles and leave sediment more susceptible to erosion by loosening the surface 

material (Livingstone and Warren, 1996). Livingstone and Warren (1996) estimate that soil must 

dry to ~4% water content (the pores being ~15% full) before grains will move. Vegetation 

increases the roughness of the surface, thereby increasing friction and drag on the air flow 

(Livingstone and Warren, 1996). However, these increased shear stresses do not usually reach the 
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sediment, as the vegetation itself acts as a buffer (Livingstone and Warren, 1996). Therefore, full 

vegetation cover halts aeolian entrainment, but partially covered sediment can still be entrained.   

2.1.2 Role of Dust in Ecosystems 

As the sheer scale of aeolian systems is becoming increasingly realized, so are the 

impacts of these systems on the biosphere. Dust is traditionally defined as being solely comprised 

of terrestrial sediment; however, organic material is also a common constituent of dust (McTainsh 

and Strong, 2007). Soil organic matter, pollen, biological soil crust fragments, and plant 

fragments are the typical sources of organic matter in dust (McTainsh and Strong, 2007). One 

role of organic material in atmospheric dust is its ability to foster pathways for pathogen 

introduction (McTainsh and Strong, 2007). Dust also acts as a major mechanism of nutrient 

transport in ecosystems, particularly in soils and aqueous environments (Engelbrecht and 

Derbyshire, 2010). Iron-rich dust, for example, can be particularly influential for many terrestrial 

and marine species as iron often plays an important role in biogeochemical cycling (Reynolds et 

al., 2009). Additionally, exposure to mineral dusts, particularly metal(loid)-bearing mineral dusts, 

can be detrimental to human health; this is thoroughly documented in epidemiological studies of 

atmospheric pollutants (Hamilton, 2000; Engelbrecht and Derbyshire, 2010; Wiseman, 2015), and 

will be discussed at greater length later in this chapter.  

2.2 Arsenic 

Arsenic is considered one of the most common toxic elements in the environment (Craw 

and Bowell, 2014). The earth’s crust contains an average of 1.5ppm As, with As being most 

concentrated in coal and shale units (Craw and Bowell, 2014). Though background arsenic 

concentrations vary from site-to-site, arsenic is ubiquitous across environmental media (Majzlan 

et al., 2014; Campbell and Nordstrom, 2014). For soils, natural background of As may range from 

undetectable to 40mg kg-1 (Mitchell, 2014). The concentration of As in uncontaminated soils is 

directly influenced by the chemical makeup of the bedrock, so soils overlying a sulfide-rich 
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deposit can have much higher natural concentrations (into the hundreds and even thousands of mg 

kg-1 As) (Mitchell, 2014). The Canadian guideline value for As in soils is 12mg/kg (CCME, 

2017). The natural background of As in air is estimated to range from 1 – 3ng m-3 (Mitchell, 

2014). In urban areas, As concentrations can reach up to 100ng m-3 (Mitchell, 2014), with less 

than 2% of that As being attributed to natural sources (Martin et al., 2014). An estimated 24,000 t 

of As is emitted into the atmosphere annually; as 60% of that As is derived from Cu smelting and 

coal combustion alone, mining-related activity is generally accepted to be the main source of As 

in the atmosphere (Martin et al., 2014). The air quality guideline for As in Ontario, Canada is 

<0.3µg/m3 (per 24 hours) (Ontario Ministry of the Environment, 2012).  

Arsenic is a chalcophile element that is generally associated with magmatic and 

hydrothermal geologic environments, and can be used as a pathfinder element for gold, tin, 

copper, and tungsten deposits (Bowell et al., 2014). Arsenic can exist in a stable form in the 

environment in the following oxidation states: V, III, 0, -I, -III (Campbell and Nordstrom, 2014; 

Majzlan et al., 2014). There are 568 known arsenic-bearing minerals, including: elemental As, 

arsenides, sulfides, oxides, arsenates, mixed-anion arsenates, arsenites, Fe oxides, oxides, and 

hydrous metal oxides (Majzlan et al., 2014; Bowell et al., 2014). Approximately 58% of the 

arsenic-bearing minerals are arsenates, 24% are sulfides and sulfosalts, and 8% are oxides and 

arsenites (Majzlan et al., 2014). Throughout this paper, we will refer to the mineral hosts of 

arsenic as solid-phase arsenic species.   

2.2.1 Arsenic Speciation in Oxic Surface Environments 

Arsenic can be released to the environment through a myriad of processes, including 

weathering reactions, biological activity, volcanic emissions, and anthropogenic activities. This is 

because As can become mobile in pH conditions that range from extremely acidic to highly 

alkaline, and in oxidized or reduced environments (Craw and Bowell, 2014). The mineralogy and 

geology of an As-bearing ore body strongly dictates the release of As into the environment. 
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Arsenic is often associated with metalliferous ore deposits, and is primarily concentrated in 

sulfide minerals (Majzlan et al, 2014; Craw and Bowell, 2014). Oxidation of As-bearing sulfides 

(including arsenian pyrite, arsenopyrite, and realgar) is the primary mechanism of As dispersion 

in mine waters (Craw and Bowell, 2014). Arsenic is also commonly dispersed via secondary 

processing of As-bearing minerals to form As-oxides, arsenates, or arsenides (Craw and Bowell, 

2014).   

Arsenic in surface sediments mainly exists as As(I-) and As(V), with a lesser As(III) 

content (Walker et al., 2005; Campbell and Nordstrom, 2014; Craw and Bowell, 2014; Majzlan et 

al., 2014). In solid-phase surface material, As(III) is oxidized to As(V) through microbial activity, 

contact with aqueous solutions, and sorption onto mineral surfaces (Campbell and Nordstrom, 

2014). Of these, microbial- and water-driven As(III) oxidation are much faster mechanisms than 

oxidation via sorption processes (Campbell and Nordstrom, 2014). The persistence of any As(III) 

in surface sediments would suggest either decreased rates of oxidation or possibly structural 

incorporation of As(III) in the As-bearing solid phases (Walker et al., 2005, 2015). Ions that are 

similar to As(III) in size and charge, such as phosphate, have the capacity to slow the rate of 

As(III) oxidation by competing for sorption sites (Campbell and Nordstrom, 2014). In the surface 

tailings at Giant mine, Walker et al. (2005) found that As-bearing Fe oxides host a mixture of 

As(III) and As(V). They hypothesize that this is because As(III) had been incorporated into the 

structure of the Fe oxides during high temperature roasting, and that As(V) is sorbed to the 

mineral surface (Walker et al., 2015).  

Relatively few studies been conducted to determine arsenic speciation in atmospheric 

particulate matter; the work that has been done is summarized in Martin et al. (2014). Some 

studies have shown that As(III) and As(V) are able to co-exist in high temperature ore processes 

(i.e. smelting, coal combustion, and gold ore roasting) (Jamieson et al., 2011; Martin et al., 2014). 

From the studies of As speciation in the ambient air, data often show As(V) levels to exceed those 
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of As(III) (Oliveira et al., 2005; Martin et al., 2014). For example, in a study by Oliveira et al. 

(2005) of airborne total suspended particulate (TSP) from an industrial region in SW Spain, they 

found that 77-95% of the As in TSP samples were As(V), while 5-23% of the As was As(III). 

While As(III) is reportedly present in a lower proportion than As(V), any As(III) presence in the 

atmosphere is significant as it is the more bioaccessible form of As (Oliveira et al., 2005).  

 In aqueous environments, As(III) and As(V) are the stable forms of inorganically 

complexed As (or inorganic As) and their mobility is controlled by their oxidation state and 

degree of hydrolysis (Campbell and Nordstrom, 2014). Both As(III) and As(V) can form 

complexes with metals, however metal-As(V) complexes are more common in the natural 

environment due to their greater ionization potential (Campbell and Nordstrom, 2014). Fe-As 

complexes tend to be most important in environments with abundant Fe and low pH, as in acid 

rock drainage (Campbell and Nordstrom, 2014). Depending on the geochemical conditions, 

As(V) might also complex with Na, Mg, and Ca in an aqueous environment (Campbell and 

Nordstrom, 2014).  

 When we are dealing with surface arsenic mobility, interactions with organic matter are 

an important consideration. When microorganisms take in As, they often form methylated As 

compounds in what is thought to be a detoxification process (Campbell and Nordstrom, 2014). 

Conversely, many bacteria are capable of demethylating arsenic, a process by which organically 

complexed arsenic compounds (or organic arsenic compounds) are converted to inorganic arsenic 

and CO2 (Campbell and Nordstrom, 2014). Methylation reactions are thought to be pH 

dependent, and are preferred in slightly acidic environments (Campbell and Nordstrom, 2014). 

Though inorganic arsenic compounds are commonly identified in the literature as the more toxic, 

some recent studies suggest that methylated As(III) species might have similar or even greater 

toxicity than the inorganic As phases (Campbell and Nordstrom, 2014). Although these 

methylated arsenic species do persist in the environment, they are not typically bioaccumulated 
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(Campbell and Nordstrom, 2014). Redox cycling of natural organic matter (a mixture of decaying 

organic matter, often containing microbial activity) can also play a role in As bioavailabilty via 

sorption and binding processes (Campbell and Nordstrom, 2014).  

Adsorption, in many cases, is a useful mechanism for immobilizing As by keeping it in 

the solid phase; however, we also see examples of As becoming mobilized as a result of sorption, 

as with natural organic matter complexation described above (Campbell and Nordstrom, 2014). 

As long as As is able to remain adsorbed to a solid phase host, the As remains immobile; any 

changes to the absorptive capacity of the host has the potential to mobilize As in the environment 

(Campbell and Nordstrom, 2014). Under surface conditions, As most commonly adsorbs to metal 

oxides via inner-sphere complexes with hydroxyl groups (Campbell and Nordstrom, 2014). 

Arsenic sorption behavior is directly influenced by pH. As(V) adsorption on Fe oxides is the 

strongest at low pH (~pH 3), and decreases as pH increases; whereas As(III) adsorbs most 

strongly on Fe oxides at ~pH 7 and decreases at low and high pH (Campbell and Nordstrom, 

2014). Aside from Fe oxides, As is shown to sorb most commonly with Mn oxides, followed by 

Al oxides and clays (Campbell and Nordstrom, 2014).  

In addition to changes in pH, the presence of phosphate, sulfate, silicate, inorganic 

carbon, organic carbon, Ca2+, and Mg2+ have the capacity to influence As sorption by fostering 

competition among the adsorbing ions (Campbell and Nordstrom, 2014). Phosphate is most 

similar to arsenate in its molecular structure and complexation chemistry, thus it is able to most 

successfully compete with both oxidized and reduced As for sorption sites (Campbell and 

Nordstrom, 2014). Transformations of metastable mineral As hosts also have the capacity to re-

mobilize As (Campbell and Nordstrom, 2014). However, As has been observed to actually 

stabilize some less-crystalline phases by taking up all of the surface sorption sites on the phase, 

thereby preventing dissolution and recrystallization (Campbell and Nordstrom, 2014).  
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Changes in As speciation can occur both biotically and abiotically. Biotic reactions tend 

to occur at much more rapid rates than abiotic redox reactions (Campbell and Nordstrom, 2014). 

Solid-phase abiotic redox transformation of As occurs through electron transfer via adsorption 

(Campbell and Nordstrom, 2014). Manganese oxides commonly oxidize adsorbed As(III) to 

As(V) by this process (Campbell and Nordstrom, 2014).  

Metalloids such as As can exist in multiple oxidation states; these metal species can form 

compounds that catalyze or are catalyzed by redox reactions which might alter the oxidation state 

of the involved ions (Campbell and Nordstrom, 2014). The environmental media with which 

contaminants interact exhibit distinct, and often site-specific, redox conditions (Campbell and 

Nordstrom, 2014). Detailed characterization of the redox geochemistry of a system is therefore 

central in developing models of contaminant mobility (Campbell and Nordstrom, 2014).  

2.2.2 Arsenic Speciation at Giant Mine 

As described previously (in Chapter 1), the Giant mine ore body is arsenic-bearing, and is 

broadly characterized by disseminated sulfides contained in both silicified zones and quartz-

carbonate veins. The gangue mineralogy is comprised of quartz, muscovite, chlorite, and 

dolomite, with minor calcite, plagioclase, and rutile (Walker et al., 2005). Arsenopyrite and pyrite 

comprise ~95% of the sulfides in the ore body; the remaining 5% is a mixture of sphalerite, 

chalcopyrite, sulfosalts, pyrrhotite, and galena (Walker et al., 2015). The Giant Mine tailings are a 

heterogeneous mixture of flotation tailings, cyanided calcine, and ESP dust (Walker et al., 2015). 

The flotation tailings contain fine-grained pyrite and arsenopyrite; the calcine residue contains 

roaster-derived Fe oxides (i.e. maghemite), relict pyrite and arsenopyrite, and pyrrhotite; ESP 

dust is comprised of arsenic trioxide and roaster-derived Fe oxides (Walker et al., 2015). The pH 

in water from the tailings ponds ranges from 7.4 to 8.31, making them circumneutral (Fawcett et 

al., 2015).  
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For the majority of Giant Mine operations, ore was roasted at ~500°C in two different 

stages. Roasting was utilized to degrade the sulfide minerals and make them amenable to 

cyanidation to liberate the refractory Au (Walker et al., 2005). Ore roasting yielded Fe oxides and 

arsenic trioxide (As2O3) as calcine. Walker et al. (2015) show that maghemite comprises the 

majority of these roaster-derived Fe oxides, with some hematite and magnetite as well. Magnetite 

is the expected precursor to maghemite, followed by hematite (Walker et al., 2005). Very little 

magnetite was actually found in the calcine, and the hematite content of the calcine was found to 

be very low, which is surprising considering roasting occurred at 500°C, and maghemite is 

expected to oxidize to hematite between 370 and 600°C (Walker et al., 2005). This would suggest 

that the maghemite produced during the roasting process had an increased thermal stability.  

Electron microprobe analysis (EMPA) by Walker et al. (2005) show that the As content 

of the roaster-derived Fe oxides ranges from <0.5 to 7.6 wt.%. Linear combination fitting (LCF) 

from bulk and micro-XANES analyses to show that As is hosted as both As3+ and As5+ in the 

roaster-derived Fe oxides (Walker et al., 2005). Fawcett and Jamieson (2011) found that Sb is 

also present in multiple oxidation states (Sb5+ and Sb3+) in the roaster-generated maghemite. The 

presence of mixed oxidation states within these minerals speaks to the complexity of the chemical 

processes that occurred inside the roaster, but also speaks to the unique redox properties of some 

of these roaster-derived solid phases. The samples analyzed in this study by Walker et al. (2005) 

were collected in shallow aerial to subaerial environments, some of which contained calcine that 

was over 50 years old at the time; and yet reduced As3+ persists in the Fe oxides therein.  

Upon further study, Walker et al. (2015) theorized that the As3+ had been incorporated 

into the structure of the roaster-derived Fe oxides, and that As5+ was chemically adsorbed to the 

surface of the nanocrystalline minerals. As3+ has a similar ionic radius as Fe3+, however the Fe in 

hematite exists in octahedral coordination, and the Fe in maghemite in either octahedral or 

tetrahedral coordination (Walker et al., 2005). In order for As to become incorporated into either 
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of those phases, the site in question would have to be missing an Fe3+ atom and a few oxygen 

atoms (Walker et al., 2005). The roasting process would have broken down the structure of the Fe 

oxides enough to create defect sites where trigonal pyramidal As3+ complexes could become 

incorporated (Walker et al., 2015). Walker et al. (2015) suggest that As was incorporated into the 

Fe oxides when magnetite was being converted to maghemite. This would explain the relative 

stability of As3+ in the environment, and possibly the increased thermal stability of maghemite 

during roasting. The high surface area of nanocrystalline maghemite yields a surplus of sorption 

sites for As5+, which explains the higher concentration of As5+ relative to As3+ in the calcine 

(Walker et al., 2015).  

The metallurgical and waste disposal practices over the course of 50 years of operations 

at Giant Mine were inconsistent, and resulted in disposal of a heterogeneous mixture of waste 

products on site. These waste products have been documented in the soils and lake sediments 

surrounding the site (off of the Giant mine property) as a result of aerial roaster emissions (Van 

Den Berghe, 2016; Schuh et al., in review). Arsenic trioxide deposited at the surface of lake 

sediments migrates downward in the sediment column over time; however, the As often becomes 

remobilized in pore waters as As(III) via reductive dissolution, and exhibits upward diffusion 

back to the sediment-water interface where it subsequently undergoes oxidation to As(V) (Van 

Den Berghe, 2016; Schuh et al., in review). Partially dissolved As2O3 has been shown to form As-

bearing Fe-oxyhydroxides and As-bearing sulfides, which are less bioaccessible forms of As 

(Van Den Berghe, 2016; Schuh et al., in review).  

Roaster-generated maghemite, hematite, and arsenic trioxide have also been found in 

surface soils on the Giant mine property proximal to the former roaster, and are the most common 

As-bearing solid phases therein (Bromstad et al., 2017). These phases are estimated to have been 

deposited prior to 1964, suggesting that they were deposited by aerial roaster emissions, and are 

capable of persisting for upwards of 50 years in oxidizing environmental conditions (Bromstad et 



 

35 

 

al., 2017). Some of the arsenic trioxide present in the soils has dissolved in soil pore waters, and 

exhibits slow, downward migration through the soil column (Bromstad et al., 2017). Arsenic 

trioxide, the most bioaccessible form of arsenic, is normally highly soluble in the environment; 

the fact that it has been found persisting in surface material on and off site has major human 

health implications.  

As the solid-phase speciation of As in dust from the Giant mine tailings has not been 

previously studied, the impact of the tailings dust on the surrounding environment is unknown.   

2.3 Bioaccessibility 

In the realm of toxicology and environmental risk assessments, an array of terminology is 

used to distinguish the relative risks posed by chemical and solid phase species; these distinctions 

are important to define when synthesizing and interpreting human health data. The terms 

bioavailability, bioaccessibility, and toxicity are commonly used in the literature when discussing 

an element’s role in the biosphere. Bioavailability refers to how readily an element is utilized, via 

sorption or other chemical processes, by a biological organism (Craw and Bowell, 2014). 

Bioaccessibility refers to how readily that element, when present in a solid phase, is dissolved in 

bodily fluids (Craw and Bowell, 2014). Factors that specifically influence bioavailability include: 

degree of physical and chemical weathering, biological processes, infiltration of water, and 

anthropogenic input (Ruby et al. 1999). Bioaccessibility, on the other hand, is a direct function of 

mineral species, particle size, and degree of encapsulation of the grain (Ruby et al., 1999). 

Toxicity is defined as the degree to which an element or compound can damage an organism, and 

is determined by the substance’s mineralogy, chemical speciation, and biological activity (Bowell 

et al., 2014). In this study, we will primarily refer to bioaccessibility in our discussions of the 

relative risks posed by As-bearing solid species.  

When considering the bioaccessibility of element species, we must consider the specific 

contaminant exposure pathways within the human body. Studies show that airborne dust can be 
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either inhaled or ingested (Lippman et al., 1980; Martin et al., 2014; Wiseman, 2015). Incidental 

ingestion of airborne dust can occur from dustfall coating food, drinks, and indoor/outdoor 

surfaces (Wiseman, 2015). Dust might also coat the inside of the mouth, or be cleared from the 

respiratory system via mucociliary transport, where it is subsequently ingested (Lippman, 1980; 

Nicod, 2005). For contaminants such as As, ingestion is usually the primary exposure pathway; 

inhalation is often considered a minor exposure route (Martin et al., 2014).  

Redox and pH conditions vary across a person’s internal organs and bodily fluids 

(Plumlee and Morman, 2011). For example, when we look at the human respiratory system, we 

see that the pH in the upper respiratory tract (the nasal passage and the mouth) ranges between  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Diagram illustrating the inhalation and ingestion exposure pathways, and the pH 
conditions found therein. Modified after Plumlee et al. (2006). Diameter values from Lippman et 
al. (1980) (D = diameter).  
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6.3 – 6.5; in the trachea and the lungs, the pH is 7.4 (Plumlee et al., 2006). If we look at the  

digestive system, we see that the conditions are quite a bit more acidic; the pH in the stomach 

ranges from 1 – 5, and from 4 – 7.5 in the small and large intestines (Plumlee et al., 2006). 

Because dust particles can be either inhaled or ingested, it is important to consider both of these 

pathways in studies of tailings dust.  

Particle size plays a vital role in solid phase bioaccessibility, particularly when 

considering contaminant introduction via inhalation. Fine particles have a higher relative surface 

area than coarse particles, and are thus considered to be more reactive. This higher reactivity 

consequently increases the bioaccessibility of the phase (Plumlee and Morman, 2011). Moreover, 

only specific particle size fractions are physically able to enter the body. It is widely accepted that 

only particles <10µm in diameter are able enter the upper respiratory tract (Lippman et al., 1980; 

Plumlee et al., 2006; Martin et al., 2014). That size fraction is further reduced to <2.5µm 

(Plumlee et al., 2006) in the trachea (~20mm diameter), the bronchus (~8mm diameter), and the 

bronchioles (<1mm diameter) (Lippman et al., 1980). Particles may even enter deep into the 

lungs in the terminal bronchiole (0.6mm diameter), the alveolar sac (0.3mm diameter), or the 

alveolar duct (0.2mm diameter), where O2 – CO2 exchange occurs (Lippman et al., 1980). The 

digestive system is far less discerning when it comes to particle size, as a wide range of particles 

can be physically ingested and broken down (Wiseman, 2015).  

Traditionally, bioaccessibility was assessed through in vivo studies, in which the metal of 

concern was dissolved and ingested by lab animals or, more rarely, humans (Ruby et al. 1999). 

However, due to the high time and cost associated with these studies, not to mention ethical 

concerns, in vitro studies are becoming more common. In vitro studies essentially mimic bodily 

conditions in the lab to assess bioaccessibility of metals without the use of a living test subject 

(Ruby et al. 1999). In vitro bioaccessibility testing can be done to simulate both gastrointestinal 

and lung fluids, though bioaccessibility studies of lung fluids are less common (Wiseman, 2015).  
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2.3.1 Arsenic Bioaccessibility 

Arsenic is regarded by many organizations and researchers (including the World Health 

Organization (WHO) and Agency for Toxic Substances and Disease Registry (ATSDR)) to be 

one of the highest priority toxins of concern worldwide (USEPA, 2006; ATSDR, 2007; WHO, 

2011). Studies have directly correlated As exposure with skin, lung, bladder, liver, and kidney 

cancers, vascular disease, skin lesions, reduced IQ, diabetes, and neuropathy (Hamilton, 2000; 

Mitchell, 2014; Martin et al., 2014). As arsenic persists in a range of environmental media all 

over the world (Majzlan et al., 2014; Campbell and Nordstrom, 2014), it is likely that most people 

have been exposed to arsenic at some point in their lifetimes. Fortunately, not all solid forms of 

arsenic are bioaccessible, and it is only the bioaccessible fraction that induces a toxic response 

(Mitchell, 2014).   

It is well understood that inorganic arsenic species pose a greater threat to human health 

than organic species (Mitchell, 2014, Campbell and Nordstrom, 2014). Inorganic arsenic can exist 

in many forms, but is most commonly found in the environment as arsenite or arsenate (Campbell 

and Nordstrom, 2014; Majzlan et al., 2014). Arsenite is considered to be the more toxic arsenic 

form, as it is preferred in methylation reactions which metabolize As (Mitchell, 2014). Arsenate 

has to be reduced to arsenite before it can participate in methylation reactions (Mitchell, 2014). 

Recent studies suggest that organic methylated As(III) species might be more toxic than inorganic 

As(III) species, in some cases (Campbell and Nordstrom, 2014). Both As(III) and As(V) can both 

exist in stable form under a range of aqueous conditions (Campbell and Nordstrom, 2014); this is 

significant as drinking water is considered to be the most hazardous exposure route for arsenic 

(Hamilton, 2000).  

Arsenic can be soluble in near-neutral pH fluids, such as those in the intestinal tract, 

depending on the solid-phase host (Plumlee and Morman, 2011). Past studies have speculated that 

certain solid phase As hosts might even be more bioaccessible in near-neutral pH fluids than in 

acidic gastric conditions; for example, As(V) sorbs more readily onto particles in the intestines 
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than As(III) (Plumlee and Morman, 2011). As-bearing sulfate salts tend to be more soluble in 

lung fluids (Plumlee and Morman, 2011). In vitro bioaccessibility testing of arsenic from airborne 

particulate matter in lung fluids shows that arsenic is among the most soluble metalloids, 

particularly in the PM2.5 size fraction (Wiseman and Zereini, 2014). Bromstad et al. (2017) 

conducted in vitro bioaccessibility testing for As-bearing soil samples from the Giant Mine-area, 

and found that an average of 18% of the total As in the <20µm fraction of the soil was soluble in 

simulated lung fluids.  

Figure 2.3: Relative bioaccessibilities of common As-hosting solid phases in gastric fluids; 
compiled from bioaccessibility studies by Plumlee and Morman (2011), and Ruby et al. (1999). 
Fe-As oxides, Mn-As oxides, and Pb-As oxides have similar bioavailabilities (Ruby et al., 1999), 
but their bioaccessibility relative to the phases listed on the left is unknown. Dashed line indicates 
possible bioaccessibility range based on Ruby et al. (1999).  
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Despite the aforementioned lung fluid studies, the majority of bioaccessibility data for 

arsenic species have been collected from gastric fluids, or simulated gastric fluids (Wiseman, 

2015). Very little work has been done to test the interaction of As-bearing phases in lung fluids, 

and there is no standardized protocol for in vitro bioaccessibility testing to simulate human lung 

fluids; this is in part due to the fact that human lung fluids are quite complex and difficult to 

replicate (Wiseman, 2015). Because of all this, results from in vitro lung fluid bioaccessibility 

studies can be quite variable (Wiseman, 2015).  

Ingestion is an important exposure route for atmospheric PM, as dust can coat the inside 

of the mouth, food, drinks, or indoor and outdoor surfaces, and be ingested (Martin et al., 2014; 

Wiseman, 2015); thus gastrointestinal bioaccessibility data for arsenic are relevant in this study. 

In vitro extraction tests for gastric and intestinal fluids show relative As bioaccessibility to be as 

follows: Ca-Fe arsenate = Pb arsenate = arsenic trioxide > amorphous Fe arsenate, As-bearing Fe-

(oxy)hydroxides > As-rich pyrite, As sulfides (i.e. realgar) > arsenopyrite, scorodite (Meunier et 

al., 2010; Plumlee and Morman, 2011). 

Although the focus of this study is on arsenic speciation, other contaminants of concern 

were also detected in the Giant mine tailings dust. Due to the findings of this study, we have 

included brief summaries of the bioaccessibility data available for Pb, Sb, and Cu below.   

2.3.2 Lead Bioaccessibility 

Lead is one of the most well-studied metals in environmental geochemistry; as such we 

have a relatively thorough understanding of its bioavailability and bioaccessibility. In soils, Pb 

may be present in the following pure mineral phases: Pb sulfide (PbS), Pb sulfate (PbSO4), or Pb 

carbonate (PbCO3) (Ruby et al. 1999). Lead sulfide from mining, milling, and smelting sites, is 

often (but not always) encapsulated within another mineral grain or a weathering rind post-ore 

processing; grain encapsulation limits the bioavailability of the Pb as it is less readily solubilized 

(Ruby et al. 1999). Lead sulfate (anglesite) and lead carbonate (cerussite) are secondary Pb-
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bearing minerals which form in soils; lead sulfate tends to form in acidic soil conditions, whereas 

lead carbonate forms in alkaline soils (Ruby et al. 1999; Plumlee et al., 2006). Soil weathering 

may result in Pb being co-precipitated with and/or sorbed to secondary mineral phases, including 

Fe- and Mn-oxides, Fe sulfates, and phosphate minerals (Ruby et al. 1999). Lead commonly sorbs 

to: soil organic matter; clay and Fe-, Mn-, Al-oxide mineral surfaces; and dissolved ionic species 

(Pb2+, Pb(OH)+, PbCl+, PbHCO3
+, Pb(CO3)2

2-) (Ruby et al. 1999).  

Mobility and bioaccessibility of these secondary Pb phases depends on mineral stability. 

Mineral phases which form under acidic soil conditions (Pb sulfate, Fe-Pb sulfate) tend to be less 

bioaccessible as they are more stable in acidic gastrointestinal conditions; whereas minerals that 

form under alkaline conditions (Pb carbonate, Pb oxide) tend to be more bioaccessible as they are 

less stable in gastrointestinal acids (Ruby et al. 1999; Plumlee et al., 2006). Thus, cerussite, Pb 

oxides, and Pb sorbed to atmospheric aerosols is highly bioaccessible; whereas galena and Pb 

phosphate minerals are less bioaccessible (Plumlee et al., 2006).  

2.3.3 Antimony Mobility 

Antimony is a toxic metalloid which is a known carcinogen, and may cause liver, skin, 

respiratory, and cardiovascular diseases (Li et al., 2014; Pierart et al., 2015). For these reasons, 

antimony is considered a priority pollutant by the USEPA and the European Union (Pierart et al., 

2015). However, despite the known risks associated with antimony intake, relatively little is 

known about its mobility in the environment (Pierart et al., 2015). Antimony is a common 

constituent of mine waste, and is often found in association with As (Li et al., 2014). As such, Sb 

is often thought to behave similarly as As in the environment (Li et al., 2014); however, many 

studies are emerging to show that this is not the case (e.g. Fawcett et al., 2015; Radkova, 2017).  

The two main species of antimony that predominate in the environment are Sb(III) and 

Sb(V), with Sb(III) being the more toxic form (Denys et al., 2008). Sb(III) can be found in soil 

sorbed to carbonate minerals or soil organic matter, which would make it highly soluble upon 
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ingestion (Denys et al., 2008). Sb5+ usually predominates in oxidizing environments, while Sb3+ 

exists mainly in reducing environments (Denys et al., 2008). Fawcett and Jamieson (2011) found 

that Sb(III) and Sb(V) coexist in mine waste and mine-impacted sediment from Giant mine. 

Guideline values for Sb in drinking water range from 5 to 20µg L-1 (Pierart et al., 2015).  

2.3.4 Copper Bioaccessibility 

Cu is a metal of particular import in airborne PM as it is often highly concentrated in the 

atmosphere (from industrial and vehicular emissions), and falls under the category of metals that 

produce oxide species which can damage DNA and cell proteins/lipids (Wiseman and Zereini, 

2014). Natural sources of Cu in the environment include volcanoes and forest fires; 

anthropogenic sources include metal production, wood production, waste incineration, coal 

combustion, mining, gasoline combustion, and fertilizer manufacturing (Georgopoulos et al., 

2001). Copper is common in airborne PM in roadside environments, as it is a constituent of brake 

linings in cars (Wiseman and Zereini, 2014). Copper, however, is found to have variable 

bioaccessibility in lung fluids, and is relatively understudied in terms of its chemical speciation 

signatures (Wiseman and Zereini, 2014).  

2.4 Tailings Dust 

All mineral dust, even naturally-sourced mineral dust, can pose a threat to human health 

(Hamilton, 2000; Engelbrecht and Derbyshire, 2010; Wiseman, 2015); so we should be especially 

concerned when it comes to dust sourced from contaminant-rich material such as mine tailings. 

Inhalation of airborne particulate matter comprised of soluble metals can result in dire health 

conditions, including pulmonary toxicity and respiratory cancer (Soukup and Becker, 2001; 

Hamilton, 2000; Nemmar et al., 2002). The degree of harm caused by a contaminant depends on 

its bioaccessibility, which in turn is a factor of chemical form and particle size. Mine tailings may 

have a high concentration of metals and metalloids, and are fine-grained, as a result of ore 

processing. In fact, many studies have found that toxic metal(loid)s, including arsenic, are 
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concentrated in the dust-sized fraction of tailings (Kim et al., 2011; Kim et al., 2013; Moreno et 

al., 2007). Therefore, mine tailings represent a reservoir of redox-sensitive dust-sized material for 

atmospheric uptake.  

A myriad of environmental factors actively impact dust emissions, such as: bulk pore 

water and humidity, texture, mineralogy, and cohesion (Livingston and Warren, 1996); on 

industrial sites, vehicle movement and material handling also come into play. The most common 

strategies used to limit dust emissions from mine tailings include: chemical stabilization using 

surfactants, vegetation cover, soil cover, wet cover, construction of wind breaks, and watering 

(Neuman et al., 2009). Chemical surfactants and watering are both used at Giant Mine to limit 

dust generation from the tailings. Chemical surfactants form a crust on the tailings which, if 

undisturbed, can last for several months to a full year; however, they are expensive and may 

adversely affect local plants and animals (Neuman et al., 2009). Watering is inexpensive and 

effective in the short term; but there are no guidelines regarding how often watering must be done 

to prevent dust emission (Neuman et al., 2009).  

The fact that contaminants are often concentrated in the fine fraction of mine waste 

highlights the importance of developing methods for understanding the solid-phase speciation of 

dust-sized contaminants from mine waste. With a better understanding of contaminant speciation 

in dust, we can better understand and predict the ultimate fate of these contaminants in the 

environment, and improve upon current remediation strategies.  

2.4.1 Dust Sampling Methods 

Dust collection methods fall into two main categories: active and passive dust sampling. 

Active dust samplers rely on electrical power to pump air through a filter at a constant flow rate; 

while passive dust samplers require no electrical power, and rely on natural wind conditions to 

deposit sample material (Shao et al., 1993). Active samplers are able to more efficiently sample 
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fine particulate matter than passive samplers, however they are also more expensive (Shao et al., 

1993). The type of sampler used depends on the type of study being conducted.  

Dust samplers are typically designed to employ either original surfaces, surrogate 

surfaces or sediment catchers (Sow et al., 2006). Surrogate surfaces are meant to mimic original 

deposition surfaces (i.e. water, moss, snow); commonly used surrogate surfaces are glass marbles 

and filter paper (Sow et al., 2006). Sediment catchers are containers that restrict airflow to trap 

any sediment that is carried in (Sow et al., 2006). Surrogate surfaces are easy to install in a wind 

tunnel, but can prove challenging to implement in long-term field studies (Sow et al., 2006), 

namely due to environmental variables (i.e. extreme weather conditions, biological 

disruption/contamination). Sediment catchers are more commonly employed in field studies, but 

require proper calibration, which can be painstaking and time-consuming (Sow et al., 2006).  

A key consideration in dust sampler calibration is sediment flux. Accurately measuring 

sediment flux is one of the biggest challenges in aeolian geomorphology (Goossens and Offer, 

2000). Rate of deposition and airborne dust concentration calculations rely on well-founded 

horizontal and vertical flux data (Goossens and Offer, 2000). Horizontal and vertical flux 

samplers range in efficiencies. A sampler does not need to exhibit perfect efficiency to be useful 

in a study, it just needs to be the most efficient option under the prevailing wind conditions 

(Goossens and Offer, 2000). The efficiency of the sampler, however, must be known in order for 

its flux data to be useful (Goossens and Offer, 2000). Goossens and Offer (2000) define sampler 

efficiency as being dependent on the design of the collector, the velocity of the wind relative to 

that of the collector, the particle size, the type of sediment trap employed by the collector, and the 

amount of time required for sample collection. Sow et al. (2006) define it as being dictated by its 

shape, size, type of deposition surface, degree of airflow, and the nature of the sample material.  

Goossens and Offer (2000) calibrated two general types of dust samplers in a wind tunnel 

experiment: horizontal dust flux samplers, and a vertical dust flux sampler. The samplers were 
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calibrated via comparison with an isokinetic reference sampler. Isokinetic systems are the ideal 

dust collection systems; they equate the instantaneous wind speed through the sampler with the 

external wind speed upwind of the collector to reach near 100% sampling efficiency (Goossens 

and Offer, 2000). The vertical flux was measured using a marble dust collector; the horizontal 

flux was measured using an ultra-high volume active dust sampler (Goossens and Offer, 2000). 

This study showed that sample collection decreased in efficiency with increasing wind velocity 

(Goossens and Offer, 2000).   

Marble dust collectors and inverted Frisbee samplers are common passive dust samplers 

in the literature (Sow et al., 2006). Marble dust collectors are usually comprised of a plastic tray 

with two layers of marbles acting as a filter at the top (Sow et al., 2006). The inverted Frisbee 

sampler is comprised of a stainless steel collection bowl (Frisbee-shaped) filled with marbles 

enclosed by a deflector ring to channel airflow over the sampler. Sow et al. (2006) calibrate and 

test the efficiencies of these two samplers, and show that the efficiencies are usually lower than 

50%, suggesting that they are inefficient at best. The efficiency calculations for the samplers were 

done relative to a water surface, as liquids have the highest particle retention capacity (Sow et al., 

2006).  

In the realm of air quality monitoring, dust sampling is most routinely conducted by 

collecting filters from an active dust sampler. In compositional studies of dust, a single dust filter 

is often sub-sampled several times for a variety of analyses. However, there is no set procedure 

for sub-sampling dust filters for analysis. If the compositional constituents of dust are distributed 

heterogeneously across a filter, the likelihood for sampling bias is high (Widziewicz et al., 2015). 

Filters are commonly cut into circles or rectangles via punching out the shape, or cutting out a 

grid (Widziewicz et al., 2015). Generally non-ferrous or ceramic cutting tools are used so there is 

no risk of metal contamination. A study of metal distribution across filter surfaces shows that 

despite the non-uniformity of metals across the filters, there were no statistically significant 
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differences in the metal concentrations within each sub-sample (Widziewicz et al., 2015). Based 

on this study, we can conclude that sub-sampling can be done more-or-less freely with minimal 

bias.   

2.4.2 Geochemical and Speciation Studies of Tailings Dust 

Studies investigating the composition of dust sourced from tailings piles have gained 

momentum in the last decade (Martin et al., 2014). Bulk chemical analyses of airborne particulate 

matter (PM) are fairly routine in the tailings dust literature and in dust monitoring programs on 

mine sites. There are several common approaches to assessing the bulk chemistry of dust 

samples, including: (1) digesting the sampling medium and analyzing all PM therein, (2) 

digesting the sampling medium and analyzing the soluble and insoluble fractions of PM 

separately, (3) analyzing bulk chemistry of both the dust point source (i.e. surface tailings or soil) 

and the sampled PM. For example, Protonotarios et al. (2002) analyze PM10 samples via AAS (-

GF) and ICP-AES to determine the concentrations of toxic metal(loid)s therein. Castillo et al. 

(2013), however, separately analyze the soluble and insoluble fractions of PM collected at various 

sites in the Iberian Pyrite Belt to estimate the mining district’s contribution to total atmospheric 

inputs of toxic metal(loid)s. Engelbrecht et al. (2009a,b) compare the bulk chemistry of airborne 

PM with that of surface soil samples and resuspensions of those soil samples; by these methods 

they were able to analyze a high density of samples over the course of a year to pinpoint dust 

sources. Due to their relative simplicity, studies that solely rely on bulk chemical data can be 

widely implemented; but they lack any sort of contaminant speciation characterization, which is 

essential to understanding dust bioaccessibility, and useful in dust source appointment.  

Dust studies pairing chemical speciation work with isolated particle size fractionation are 

uncommon in the literature (Martin et al., 2014; Wiseman, 2015). The studies that have been 

conducted often lack direct characterization of the amorphous phases present and confident 

statistical representations of dust mineralogy. This is, in part, due to the specific challenges posed 
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by dust sampling media. In geochemical analyses of dust, some methods require the sample to be 

separated from the sampling medium prior to analysis (such as in bulk chemical analyses); 

however, it is also possible to employ nondestructive methods in dust filter analyses. Engelbrecht 

et al. (2009a) show that Teflon filters, quartz fiber filters, and Nuclepore filters (all typical 

sampling media for dust) can be utilized in a range of geochemical methods. They were able to 

use the Teflon filters for gravimetry, XRF, ICP-MS; the quartz fiber filters for gravimetry, ion 

chromatography, ICP-OES, thermal optical transmission; and the Nuclepore filters for SEM and 

computer-controlled SEM analyses (Engelbrecht et al., 2009a). Moreno et al. (2007) were able to 

analyze PM10 polycarbonate filters on the SEM under low vacuum conditions by carbon coating 

the filters, and with field emission SEM by applying a gold/palladium coating to the filters.  

Mineralogical analyses, namely XRD and SEM, have been increasingly employed in 

combination with bulk chemical analyses for more detailed characterizations of tailings-sourced 

dust. For example, Querol et al. (2000) compare the mineralogy and chemistry of sulfide-polluted 

river sediments with airborne TSP samples to determine the impact of soil reclamation activities 

on atmospheric inputs. They used conventional XRD to analyze the river sediments and the 

insoluble fraction of TSP, and were able to allocate sources for the total sulfur in the TSP by 

these methods (Querol et al., 2000). Engelbrecht et al. (2009a) were able to collect EDS and 

morphology data for 1,000-1,500 individual particles in dust filters via computer-controlled SEM 

analysis. Moreno et al. (2007) used a wind tunnel to collect PM10 from Au mine tailings, and 

were then able to analyze the PM10 via field emission SEM and XRD to determine particle size 

distribution of metal(loid)-bearing phases in the tailings.  

The limiting factor in these mineralogical analyses is often sample concentration: it can 

be difficult to acquire enough airborne PM for XRD analysis, particularly from samples of PM10 

or PM2.5. In this case, XRD characterization of point-source material is employed. For example, 

Kribek et al. (2014) collect bulk chemical data for airborne TSP samples and tailings samples, 
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however they only collect XRD and SEM data for the tailings samples. Despite not being able to 

collect mineralogical data for the TSP samples, they were still able to define a contamination halo 

from tailings dust fallout for the Rosh Pinah mine in Namibia (Kribek et al., 2014). Hansen et al. 

(2005) were able to use XRD to analyze specific size fractions (down to <38µm) of Cu mine 

tailings to determine the influence of particle size on metal(loid) speciation. However, 

conventional XRD, SEM, and bulk chemical analyses are not enough to conclusively characterize 

contaminant-bearing phases in dust due to the fine-grained nature of the material.  

Synchrotron-based methods, such as µXRF, µXRD, and µXANES, are becoming popular 

in speciation studies of metal(loid)s in dust. Synchrotron-based methods are nondestructive, and 

can be used to analyze particles at the micro- (and even nano-) scale, thus they are ideal for 

analyzing dust particles from low-density samples. Walker et al. (2011) apply synchrotron 

microanalysis to archived household dust samples rich with Pb, Zn, Ba, and As. With the 

synchrotron’s microfocused beam, it is possible to almost simultaneously collect XRF and XRD 

data on a single micron-scale particle. Corriveau et al. (2011) use a combination of proton-

induced X-ray emission (PIXE), synchrotron-based µXRD and µXANES, and environmental 

SEM (ESEM) to define the solid-phase speciation of dust generated from As-bearing mine 

tailings in Nova Scotia, Canada. Samples were collected using a Proton Induced X-ray Emission 

Spectroscopy Cascade Impactor (PCI) sampler, which segregates dust samples into specific 

particle size fractions <16µm in diameter (Corriveau et al., 2011). Kim et al. (2013) use µXRF 

mapping and bulk EXAFS to determine the relationship between As speciation and particle size 

fractionation in mine tailings. Although these microanalytical methods are ideal for conclusively 

characterizing micron-scale particles, only a very small volume of material can be analyzed, 

which limits the representability of the samples.   

In future studies of dust, it is going to become increasingly important to converge 

chemical, mineralogical, and morphological analytical methods (Engelbrecht and Derbyshire, 
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2010). Bulk methods are too general to adequately characterize the speciation of contaminants in 

dust, and microanalytical methods on their own are too finely-scaled to representatively 

characterize dust from a widespread source. Thus it is important to supplement detailed 

microanalytical work with quantitative measurements of phase distribution and bulk 

concentration to fully and conclusively characterize a dust source. This is where the literature is 

often lacking, and where further methods development is warranted. 
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Chapter 3 

Characterization of Arsenic-Hosting Solid Phases in Tailings Dust from 

Giant Mine, Yellowknife, NT, Canada 

3.1 Abstract 

Dust from the tailings at Giant mine, an abandoned mine in northern Canada, has been a 

concern among local residents, particularly those from Ndilo, a community of Yellowknives 

Dene First Nations located approximately 2.5km southeast of the site. Historically, roaster waste 

containing arsenic trioxide was co-deposited with flotation tailings, thereby increasing the 

potential risk to human health since arsenic trioxide is the most toxic and bioaccessible solid form 

of arsenic. Presently, there are approximately 16 million tons of tailings covering 95 hectares on 

the Giant mine property. These tailings are left vulnerable to high velocity winds after snow melt 

in the late spring, when it is too cold to apply a dust suppressant to the tailings. The main 

objective of this research is to characterize the fine fraction of the tailings (particles <63µm in 

diameter) and dust that could be inhaled or ingested from Giant mine to identify the As-hosting 

solid phases therein. Surface tailings material was sampled from three of the tailings 

impoundments on site, and sieved to <63µm. From May to July of 2016, a total suspended 

particulate (TSP) high volume air sampler was set up to continuously sample airborne material 

coming from the tailings. For the surface tailings and dust samples, bulk chemical data was 

determined via inductively coupled plasma-optical emission spectrometry (ICP-OES) and -mass 

spectrometry (ICP-MS); mineralogical data via scanning electron microscope (SEM)-based 

automated mineralogy, electron microprobe analysis (EMPA), and synchrotron-based micro X-

ray diffraction (µXRD), micro X-ray fluorescence (µXRF); and oxidation state data for As via X-

ray absorption near edge structure (XANES). Bulk chemical data show elevated concentrations of 

As, Sb, Zn, Pb, Cu, and Ni. The As in the tailings is a mix of As1-, As5+, and As3+, and is more 
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concentrated in the <63µm fraction (3000 – 9300 ppm As) than in the unsieved tailings. Roaster-

generated Fe-oxides (maghemite), Ca-Fe arsenate, and arsenopyrite comprise the majority of As-

bearing particles in the surface tailings; Ca-Fe arsenate poses the greatest risk to human health of 

these three as it is the most bioaccessible. Fe-oxides were the only As-host found in the dust. 

Very little arsenic trioxide was found in the tailings, and no arsenic trioxide was found in the dust 

samples. This is because the tailings that were exposed to arsenic trioxide-bearing roaster 

emissions during the 1950s and 1960s have long since been buried by more recent tailings. 

However, previous studies have shown that the soils near the Giant mine tailings do contain 

arsenic trioxide from historic stack emissions, indicating that these soils might actually present a 

higher risk than the tailings themselves.  

3.2 Introduction 

Inhalation of airborne particulate matter comprised of soluble metal(loid)s can result in 

dire health conditions, including pulmonary toxicity and respiratory cancer (Soukup and Becker, 

2001; Hamilton, 2000; Nemmar et al., 2002). Arsenic is one such metalloid that can be hazardous 

when present as atmospheric dust. Studies have directly correlated arsenic exposure with skin, 

lung, bladder, liver, and kidney cancers, vascular disease, skin lesions, reduced IQ, diabetes, and 

neuropathy (Mitchell, 2014). The degree of harm caused by a contaminant depends on its 

bioaccessibility, or solubility in bodily fluids, which in turn is a factor of chemical form and 

particle size. In vitro extraction tests for gastric and intestinal fluids show relative As 

bioaccessibility to be as follows: Ca-Fe arsenate = Pb arsenate = arsenic trioxide > amorphous Fe 

arsenate, As-bearing Fe-(oxy)hydroxides > As-rich pyrite, As sulfides (i.e. relagar) > 

arsenopyrite, scorodite (Meunier et al., 2010; Plumlee and Morman, 2011). Thus, arsenic trioxide 

is among the most bioaccessible solid phase forms of arsenic. As a result of ore processing, mine 

tailings are fine-grained and usually have high concentrations of metals and metalloids. In fact, 

many studies have found that toxic metal(loid)s, including arsenic, are concentrated in the dust-
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sized fraction of tailings (Kim et al., 2011; Kim et al., 2013; Moreno et al., 2007). Therefore, 

mine tailings may represent a reservoir of contaminant-bearing dust-sized material for 

atmospheric uptake.   

Although studies investigating the composition of dust sourced from tailings piles have 

become more common in the last decade (Martin et al., 2014), dust studies pairing chemical 

speciation work with isolated particle size fractionation remain relatively underrepresented in the 

literature (Martin et al., 2014; Wiseman, 2015). The studies that have been conducted often lack 

direct characterization of the amorphous phases present and relative proportions of metal(loid) 

solid phase hosts. Mineralogical analyses, namely XRD and SEM, have been increasingly utilized 

in combination with bulk chemical analyses for more detailed characterizations of tailings-

sourced dust (Querol et al., 2000; Moreno et al., 2007; Engelbrecht et al., 2009a). The limiting 

factor in these mineralogical analyses is often sample concentration: it can be difficult to acquire 

enough airborne PM for XRD analysis, particularly from samples of PM10 and PM2.5. 

Synchrotron-based methods, such as µXRF and µXRD, are becoming popular in speciation 

studies of dust, as these methods are nondestructive and can analyze particles at the micron scale 

(Walker et al., 2011; Corriveau et al., 2011; Kim et al., 2013); however, analysis solely relying on 

microanalytical methods can limit representability of data. Thus, it is important to supplement 

detailed microanalytical work with quantitative measurements of phase distribution and bulk 

concentration to fully and conclusively characterize a dust source. 

In this study, the solid phase speciation of the <63µm fraction of tailings from Giant 

mine, Yellowknife, Northwest Territories is determined, with a focus on arsenic-hosting species, 

and a methodology is established to characterize the speciation of arsenic in airborne TSP. This is 

achieved through a combination of elemental spectrometry; SEM-based automated mineralogy; 

synchrotron-based µXRD, µXRF, and XANES; and grain-by-grain electron microprobe analysis 

(EMPA). These findings serve to highlight the utility of comparing point-source contaminant 
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material with airborne TSP to completely characterize dust generated from a particular source of 

contamination. With a better understanding of contaminant speciation in dust, the ultimate fate of 

these contaminants in the environment can be better predicted, which can help improve current 

remediation strategies at legacy mine sites.  

3.3 Background 

Mining and ore processing at Giant mine, a gold mine in Yellowknife, Northwest 

Territories, Canada, occurred from 1948 – 1999. The 7 Moz of gold mined at Giant was from an 

Archean mesothermal lode gold deposit hosted in the Yellowknife greenstone belt (Jamieson, 

2014; Shelton et al., 2004). The mineral assemblage of the Giant ore deposit is predominantly 

characterized by quartz-carbonate and sulfide minerals; ore shoots contain <5-10% sulfides, 95% 

of which being pyrite and arsenopyrite (Jamieson, 2014). The remaining 5% is comprised of 

sphalerite, chalcopyrite, sulfosalts, pyrrhotite, and galena (Jamieson, 2014). Gold is sub 

microscopically contained within the arsenopyrite, which is found in silicified zones or quartz-

carbonate veins in the ore body (Shelton et al., 2004; Ootes et al., 2011; Jamieson, 2014). Gold 

was liberated from the arsenopyrite-bearing ore via roasting at ~500°C in two different stages. By 

this process, the ore was oxidized and generated arsenic-bearing iron oxides (i.e. hematite and 

maghemite) and arsenic trioxide (As2O3) (Walker et al., 2005).  

For the first two years of roasting (starting in 1949), the arsenic trioxide produced by the 

roasting process was emitted directly into the atmosphere (Walker et al., 2015). During these first 

two years of roasting, there were many reports of livestock deaths; but was not until a 2-year-old 

Dene First Nations child died in April 1951 by acute arsenic poisoning that pollution controls 

were established (Sandlos and Keeling, 2012). By October 1951, a Cottrell Electrostatic 

Precipitator (ESP) was installed at Giant mine to help control arsenic trioxide emissions (Sandlos 

and Keeling, 2012). And in 1958, a baghouse was installed at Giant mine to help collect arsenic 

from the roaster (Sandlos and Keeling, 2012). 
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The uncontrolled releases of arsenic trioxide to the atmosphere in the first few years of 

Giant mine roasting operations, and continued emissions throughout ore processing, has left 

widespread contamination in the surrounding soils and lake sediments. Arsenic trioxide is 

normally highly soluble in the environment (Nordstrom et al., 2014), however recent studies have 

shown it persisting in oxidized soils and lake sediments for > 50 years in the Yellowknife-area, 

both on and off of the Giant mine property (Wrye, 2008; Galloway et al., 2015; Van Den Berghe, 

2016; Schuh et al., in review; Bromstad et al., 2017). Giant mine is currently being remediated by 

the Canadian federal government, however the extent of the remediation, as planned, is limited to 

the lease property (INAC, 2013).  

Three physically and chemically distinct waste streams were produced as a result of ore 

processing at Giant mine: flotation tailings, cyanided calcine, and cyanided ESP dust (Table 3.1). 

The flotation tailings comprise the largest volume waste stream on site, but have relatively low 

As content (Walker at al., 2015). Most of the As in the flotation tailings is arsenopyrite-hosted 

(Walker et al., 2015). The cyanided calcine and ESP dust are lower tonnage than the flotation 

tailings, but have much higher As concentrations (Walker et al., 2015). The minerals produced 

via roasting the sulfide concentrate (i.e. Fe oxides) are the main As hosts in the cyanided calcine 

(Walker et al., 2015); the ESP dust contains ~60% As (INAC, 2007) and is a mixture of calcine 

and arsenic trioxide (Walker et al., 2015). In the flotation tailings 70-80% of the particles are 

<75µm in diameter; in the calcine 90% of the particles are <45µm in diameter; and in the ESP 

residue 90% of the particles are <14µm in diameter (Table 3.1; Walker et al., 2015).  

These three waste streams were co-deposited on site, and concentrations of As in each 

stream changed over time as ore processing methods and Au extraction became more efficient 

(Walker et al., 2015). During the first three years of operation at Giant, tailings were disposed of 

directly onto the shores of Yellowknife Bay (Walker et al., 2015). The North, Central, and South 

tailings ponds were all constructed in the 1970s at approximately the same time (Walker et al., 
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2015). The Northwest tailings pond was constructed in 1987, making it the youngest tailings 

storage facility on site (Walker et al., 2015).  

There are approximately 16 million tons of tailings stored at Giant mine, which past 

studies have shown to contain between 1,000 and 5,000 mg kg-1 As (Walker et al., 2005). The 

remediation plan for Giant mine specifies that the tailings ponds will eventually need to be 

covered; however, the specific cover design is, at this point, undecided. In the interim, a chemical 

surfactant (Soil SementÒ) is applied to the tailings ponds twice per year to aggregate the surface 

material and contain any dust (GMWG, 2016). While chemical surfactants (if undisturbed) are 

effective in suppressing dust, they only work at specific temperature ranges; Soil SementÒ can 

only be applied to the tailings when the temperature is consistently >5°C (GMWG, 2016).  

Each year after the snow has melted (usually in May) and the tailings become re-exposed 

to the surface, there is a window of time when the temperature is too low (<5°C) to apply a fresh 

layer of Soil SementÒ to the tailings (GMWG, 2016). This window coincides with an increased 

frequency of high-velocity wind events (>6.0m/s) in the Yellowknife area (Figure 3.1; GMWG, 

2016). These wind events often trend from north-to-south, and generate plumes of dust. The 

north-northwesterly winds are particularly problematic as Ndilo (a community of YKDFN) and 

Yellowknife (the capital city of the Northwest Territories) are located downwind of the mine site 

(Figure 3.1).  

Prior to this study, there was little information available regarding the composition of the 

dust-sized fraction of the surface tailings. As arsenic trioxide has been found persisting in the 

surface soils on the Giant mine site, people are worried that the dust coming from the mine site 

contains arsenic trioxide, which they know to be highly toxic (Quenneville, 2015).  

3.4 Methods 

3.4.1 Field Sampling 
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3.4.1.1 Surface Tailings 

Tailings samples were taken from three of the main tailings ponds on the Giant Mine site 

(North Pond, Northwest Pond, and South Pond) and from the tailings beach site, which represents 

the oldest tailings at Giant Mine, in October, 2015 (Figure 3.2). All samples collected are of 

surface material (the top 0-10cm of the tailings) as only the surface tailings material would be 

impacted by wind storms. Two types of surface samples were collected: bulk samples and bagged 

samples. Each bulk sample contains 19 L of tailings in buckets. Each bagged sample contains 3L 

of tailings in a zip-lock bag. Eighteen samples were taken in total, three of which were bulk 

samples collected in buckets.  

Sample locations were determined based on existing structures and conditions within the 

tailings pond. Most sampling was done in proximity to dust catchments; these included any 

natural (i.e. vegetation) or industry-related structures that were present on top of the tailings. 

Additional consultation with workers on site aided in pinpointing areas of the tailings ponds most 

likely to generate dust. As explained above, the tailings ponds are periodically sprayed with Soil 

SementÒ that aggregates the top of the tailings in the form of a crust. As these crusted-over areas 

would be less likely to generate dust, sampling in these areas was largely avoided, with the 

exception of the bulk samples. Bulk samples were intentionally taken from areas in the ponds 

with a Soil SementÒ crust to get a representative sample of the tailings as they exist today. 

Samples were stored at room temperature and exposed to oxidizing surface conditions 

during sample preparation and analyses. The surface tailings at Giant mine are naturally exposed 

to oxidizing conditions and a wide range of temperature conditions; they were also relatively dry 

during collection and have a low organic content. Therefore, it was deemed unnecessary to limit 

the oxygen exposure of the samples.  

3.4.1.2 Airborne Dust 
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A high volume TSP sampler was set up directly on the tailings at the south end of south 

pond from May 16 – July 18, 2016 to continuously collect samples of dust coming from the Giant 

mine site (Appendix C; Figure 3.2). A TE-5005 sampler (serial no. 3872) was used, which is the 

standard model of TSP sampler used by SLR Consulting, Ltd. in air quality monitoring at Giant 

mine. The sampler housing is made of anodized aluminum, with an 20cm x 25cm stainless steel 

filter holder. The sampler uses a brush-type motor with Cu armature. The armature is changed 

from the motor once every 3-4 months to reduce metal contamination and maintain regular motor 

functioning. The TSP sampler was calibrated by SLR Consulting on May 13, 2016, using an 

orifice calibrator (Appendix C). The set point flow rate of the sampler was 48.01 CFM (cubic feet 

per minute). The sampler takes 110 volts of electricity, which was supplied from a pump shack 

just south of the tailings pond site.  

Pre-weighted 20cm x 25cm quartz fiber filters from Maxxam were used as sampling 

media to collect TSP. At the end of the sampling period, filters were removed from the filter 

holder, promptly folded in half (dust-bearing side facing inwards), placed in a folder, and sealed 

in an envelope. Dust samples were stored at room temperature. A blank (TSP filter left unexposed 

to field conditions) was subsampled in the lab, and analyzed via ICP-MS and SEM to account for 

any contamination that may have occurred as a result of analytical procedures.   

Sampling intervals ranged from 1 to 4 days in length, on a continuous 24-hour basis. 

Sampling was intended to collect material for metal(loid) speciation work via SEM analyses, thus 

a constant sampling rate was deemed unnecessary for this study. We found that sampling for 

more than 4 days resulted in disintegration of the filter, while sampling for less than 2 days 

resulted in low sample density. A sampling interval of 2-3 days produces sufficient TSP for 

mineralogical analyses without causing damage to the filter.  

3.4.2 Sample Preparation 

3.4.2.1 Surface Tailings 
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The material from each of the bulk and bagged surface tailings samples was poured 

through riffle-type sample splitters to create homogeneous and representative subsamples. Three 

different rifflers of varying sizes were used at each stage of mass reduction: a large 50cm x 25cm 

riffler, a medium-sized riffler, and a micro-riffler (Appendix C). Each bucket of tailings was split 

by the large riffle splitter until the subsamples had a mass of approximately 1300g. These 

subsamples, along with the bagged samples, were further split by the medium-sized riffler to a 

mass of approximately 150g. The micro-riffler was used to subsample sieved material.  

Riffle-split sample material was physically sieved using Retsch sieves and a sieve shaker. 

The material was sieved through the following sieve size fractions: 500µm, 250µm, 125µm, and 

63µm. Sample material was put through each sieve multiple times until all of the sample had the 

opportunity to run through. Three bulk tailings subsamples were left unsieved for comparison 

with the sieved samples.  

Subsamples of sieved and unsieved material were sent to Vancouver Petrographics, Ltd., 

to be made into polished thin sections. These were made with minimal use of water and heating to 

preserve secondary mineral phases. Sieved and unsieved material was further subsampled for 

ICP-MS, ICP-OES, and XANES analyses (Appendix D).  

3.4.2.2 Dust Filters 

TSP quartz fiber filters were subsampled for ICP-MS and SEM analysis by cutting equal-

sized rectangles from each filter. Subsamples for ICP-MS analaysis were cut in half, into 10cm x 

25cm strips, while filters for SEM analysis were cut into 2.5cm2 pieces. Filters were cut using 

stainless steel scissors, which were cleaned with ethanol between uses. Subsamples for SEM 

analysis were attached to SEM stubs using carbon tape, and were subsequently carbon coated. 

The blank was prepared for analysis via ICP-MS and SEM-based point-counting. Four replicate 

samples were prepared for SEM-based point-counting.   
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3.4.3 Elemental Analysis 

3.4.3.1 Surface Tailings 

Twenty-two surface tailings subsamples (3-4g each) were sent to Queen’s University’s 

Analytical Services Unit (ASU) for multi-element bulk chemical analysis; 12 samples via 

inductively coupled plasma mass spectrometry (ICP-MS) and the remaining 9 via inductively 

coupled plasma optical emission spectrometry (ICP-OES). The 12 samples analyzed using ICP-

MS yielded higher metal(loid) concentrations than anticipated, thus the remaining samples were 

able to be analyzed using a higher detection limit instrument (ICP-OES). Samples were digested 

using aqua regia at 90°C. The Agilent 7700x model was used for ICP-MS analysis, and the 

Agilent Vista-PRO CCD for ICP-OES. Three sets of duplicates were prepared and analyzed at 

ASU, along with a certified reference material, and one blank per sample subset (Appendix E).  

3.4.3.2 Airborne TSP 

Twenty-three TSP quartz fiber filters were analyzed at Maxxam Analytics for multi-

element bulk chemical analysis via ICP-MS. Filters were digested using aqua regia. Samples 

were analyzed following the USEPA 6020A reference method. One processed blank and two 

spike blanks (quartz fiber filter strips spiked with a known amount of Pb and carried through 

extraction process) were included by Maxxam for quality control. Sample duplicates, matrix 

spike (sample spiked with known quantity of Pb and carried through analysis), and matrix spike 

duplicate were prepared by the lab prior to ICP-MS analysis. Calibration for ICP-MS analysis 

was done with a calibration blank and 5 calibration standards. A continuing calibration blank 

(CCB), continuing calibration verification (CCV), and low level CCV (same source as 

calibration) were analyzed after every 10 samples and at the end of the analytical run. The CCV 

(a Pb standard solution) was used to monitor the stability of instrument calibration and analysis, 

and the CCB (water acidified with the same acid matrix as the calibration standards) was used to 

monitor analysis of blanks. Interference check standards ICSA and ICSAB (standardized 
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solutions used to check validity of interelement correction factors) were also analyzed at the end 

of the run.   

3.4.4 Scanning Electron Microscopy 

3.4.4.1 Automated Mineralogy 

All 22 thin sections of surface tailings samples (both sieved and unsieved) were analyzed 

using SEM coupled with automated mineralogy for abundance of As-bearing phases and percent 

As distribution in each sample. The automated mineralogy software, Mineral Liberation Analysis 

(MLA), was used to collect chemical data for each particle detected in the sample via energy-

dispersive X-ray spectroscopy (EDS) with the SEM’s Quanta Field Emission Gun (FEG) and 

back-scatter electron (BSE) detector. Sparse phase liberation (SPL-Lt) measurements were taken 

for each sample, which collect more detailed chemical data for metal(loid)-bearing particles. 

During automated mineralogy analysis, the SEM operated with voltage 25 kV, spot size 5.70-

6.00µm, working distance 10.00-15.00mm, and 500x magnification. Samples were standardized 

to Au. The SEM-MLA runs took approximately 6 hours each, and covered the entirety of every 

thin section. 

The mineral reference library used to identify solid phases in the samples was compiled 

as a part of this study to be representative of the Giant mine tailings mineralogy (Table 3.2). It 

was initially informed by the known mineralogy of the Giant Mine ore deposit along with prior 

characterization of the tailings by Walker et al. (2005, 2015). The mineral reference library was 

finalized based on qualitative observations of particles and grain morphology, grain-by-grain 

SEM-EDS analyses, grain-by-grain EMPA (described below), and EMPA molar ratio plots. 

Particles with distinctly different morphology and composition were distinguished by the MLA 

software based on their unique SEM-EDS spectra. Arsenic mass distribution was calculated based 

on the surface area of each As-hosting particle, the thickness of the sample, the density of the As-

host phase, the concentration of As contained in the host phase, and the total mass of As in all As-
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hosts identified by the software. Mineral associations were determined using the MLA software, 

which keeps track of how often minerals are in contact with one another versus present as 

liberated particles. EMPA data were used to determine the average concentration of As in each 

As-hosting phase.  

3.4.4.2 Point Counting 

Twenty-seven TSP filter subsamples were analyzed via SEM-based point counting; 

quality of data was ensured by analyzing two replicate subsamples and one blank. For each 

carbon coated filter, Mineral Liberation Analysis (MLA) software was used to collect 250 SEM-

BSE frames at 300x magnification and stitch the images together, resulting in a full SEM-BSE 

image of the 2.5cm x 2.5cm filter sub-sample. During image acquisition, the SEM operated with 

voltage 25 kV, spot size 4.00, and working distance 10.00-15.00mm. Samples were standardized 

to Cu. Chemical data for select particles was collected via EDS with a Quanta FEG and BSE 

detector (as described in previous section).  

Sample images were uploaded into Adobe PhotoshopÒ, and metal(loid)-bearing particles 

were isolated for particle point counting based on their gray scale values. Metal(loid)-bearing 

particles were defined as those with a gray scale value >90, based on qualitative observations and 

EDS chemical data for observed solid phases. Particles with a gray scale value >90 were selected, 

and exported to ImageJ for point counting.  

3.4.5 Synchrotron-Based µXRF and µXRD 

Synchrotron-based µXRF and µXRD analyses were conducted at the GSECARS 

(University of Chicago) beamline 13-IDE at Sector 13 of Advanced Photon Source (APS) at 

Argonne National Lab in Lemont, IL, USA. 13-IDE is a monochromatic, undulator-based beam 

which operated with a 2µm beam diameter at 18,000eV for this experiment. The XRF detector 

used at this beamline is a Vortex ME4 silicon drift diode (SDD) array, and the XRD detectors are 
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a Perkin Elmer XRD 1621 amorphous silicon area detector and a MAR CCD area detector. Three 

thin sections of sieved bulk tailings samples were analyzed at this beamline. Samples were 

positioned at 45° relative to the beam. The CCD detector was calibrated prior to analysis using 

CeO2 as a standard. Calibrations of and corrections for µXRD data were done using Dioptas 

software. The data output from Dioptas was loaded into HighScore Plus for phase identification.  

Specific mineral grains were targeted for µXRF and µXRD analysis based on preliminary 

SEM-MLA phase identification. Mineral grains were located using backscatter microscopy, and 

13 µXRF chemical maps were produced with approximately 2 µm resolution. Points from the 

µXRF map were subsequently selected as targets for µXRD measurements. As the samples 

analyzed were un-lifted, µXRD spectra were taken of plain glass for each thin section so that the 

background could later be subtracted in Dioptas.  

3.4.6 Synchrotron-Based Bulk XANES 

Synchrotron-based X-ray absorption fine structure (XAFS) was conducted at Sector 20-

BM at the APS of Argonne National Laboratory (Lemont, IL) to characterize the solid phase 

oxidation state of As in 12 tailings samples (both sieved and unsieved) via XANES. The XANES 

analyses were performed within a cryostat chamber (12-55°K) to avoid any beam-induced 

changes to As speciation. The beamline uses a Si 111 monochromator with Rh-coated toroidal 

focusing mirror. Transmission measurements were done with a detector oriented in line with the 

incident beam. Samples were mounted in an aluminum holder oriented at 45° relative to the 

incident beam. The incident beam was 7mm wide. A gold energy reference foil was used 

throughout the experiment, and a platinum foil was used as a reference during calibration for As. 

The As K-edge referred to in this section is 11867eV. XANES scans spanned from 150eV before 

the As K-edge (11717eV) to ~300eV past the As K-edge (12167eV); the As edge region was 

defined as 20eV below As K-edge to 30eV above K-edge (11847-11897eV).  



 

63 

 

Subsamples of sieved and unsieved tailings and mineral standards were prepared for 

analysis by manually grinding the sample and spreading it on Kapton tape. The tape was folded 

over until it was opaque, and was subsequently sealed on all sides. The mineral standards used for 

linear combination fit (LCF) references were arsenopyrite (As(-I)-S), realgar (As(II)-S), orpiment 

(As(2.5)-S), hematite (As(III)-O), and maghemite (As(V)-O). XANES data processing was done 

using the program ATHENA (Demeter 0.9.24).  

3.4.7 Electron Microprobe Analysis (EMPA) 

Electron microprobe analysis of secondary minerals was conducted on three carbon 

coated thin sections at Queen’s University in Kingston, Ontario, Canada. Analyses were done 

using a JEOL JXA-8230 electron microprobe in wavelength-dispersive mode (WDS) with an 

accelerating voltage of 15 kV, a beam current of 10 nA, a focused beam, and a Pouchou and 

Pichoir XPP matrix correction (Pouchou and Pichoir, 1988). Calibration was conducted using the 

following standards: As2O5 (synthetic loellingite), Fe2O3 (hematite), Cu2O (cuprite), MnO 

(synthetic hausmannite), CaO and SiO2 (wollastonite), SO3 (barite), PbO (alamosite), and Sb2O5 

(stibnite). The following lines and detector crystals were used for each peak during calibration: 

As (La, TAP), Fe (Ka, LiFL), Cu (Ka, LiFL), Mn (Ka, LiFL), Ca (Ka, PET), S (Ka, PET), Si 

(Ka, TAP), Pb (Ma, PETH), Sb (La, PETH). 

3.5 Results 

3.5.1 Surface Tailings 

3.5.1.1 Bulk Chemistry Results 

ICP-MS and ICP-OES data show that As, Sb, Pb, Zn, Cu, and Ni are all present in 

elevated concentrations in the surface tailings, often above the guideline values for Canadian 

industrial soils (Table 3.3; CCME, 2017). From ICP-MS analysis of soils by Bromstad (2011), 

the concentrations of As, Sb, Zn, Ni, and Cu in soils on site can also exceed the CCME guideline 
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values. The highest metal(loid) concentrations of all the tailings sites were exhibited in samples 

from Northwest pond (Figure 3.3). Of the aforementioned contaminants, As and Sb are the most 

concentrated in the tailings, followed by Pb, Zn, Cu, and Ni. These contaminants are all more 

highly concentrated in the <63µm fraction of the tailings (Table 3.3).  

The As is more concentrated in the <63µm fraction of the surface tailings, with 

concentrations ranging from 1200 – 9300 ppm in the <63µm fraction and from 3000 – 4000 ppm 

in the unsieved fraction (Figure 3.4). The tailings from the legacy site (the tailings beach) exhibit 

the lowest As concentrations (1200 – 3500 ppm); while the tailings from Northwest pond (the 

youngest tailings storage facility on site) exhibit the highest As concentrations (5100 – 9300 

ppm). North pond and South pond have similar As concentrations, which makes sense 

considering these tailings ponds were constructed at approximately the same time and have a 

history of flowing into one another. In all of the tailings samples, As exhibits a strong positive 

correlation with S (r = 0.93) and Fe (r = 0.83) (Figure 3.3). This suggests that As is primarily 

associated with sulfide or Fe-bearing phases in the tailings.  

 Antimony and Pb are also more concentrated in the <63 µm fraction of the tailings. Sb 

concentrations range from 86 – 1800 ppm, and Pb concentrations range from 69 – 1100 ppm. 

Comparing As and Sb concentrations in the samples, it is evident that they are positively 

correlated, with an r value of 0.83 (Figure 3.3). This indicates that the majority of the Sb present 

in the samples is associated with As-bearing phases. As the Giant mine ore deposit is 

characterized by high As and Sb concentrations, we would expect As and Sb to be correlated in 

its tailings. The As and Sb show some notable correlation with Pb, with r values of 0.38 and 0.40 

respectively, suggesting that some of the Pb-hosting phases might also host As and Sb.  

3.5.1.2 Bulk XANES Results 

Bulk XANES data show that the main oxidation states of As that exist in the surface 

tailings are As1- and As5+, with a lesser component of As3+ (Figure 3.4). Linear combination 
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fitting the bulk XANES data show that samples contain 23-72% As1-, 16-54% As5+, and 3-31% 

As3+. Realgar and orpiment were used as standards for As2+ and As2.5+ (respectively) in linear 

combination fitting; however, neither As2+ nor As2.5+ improved the LCF fit, thus they were 

undetected in the samples analyzed. As2+ or As2.5+ do not typically persist in oxic environments, 

so the lack of these arsenic species in the surface tailings is consistent with what we would 

expect. Walker et al. (2015) show that roaster-derived Fe-oxides in the Giant mine tailings host 

both As3+ and As5+; they suggest that As3+ is structurally incorporated into the Fe-oxides, while 

As5+ chemically adsorbs to the surface of the nanocrystalline minerals. Based on work by Walker 

et al. (2015), the As contained in the roaster Fe-oxides at Giant is (on average) 39% As3+ and 

57% As5+, or a As3+/As5+ ratio of 0.68 (±0.40). The average As3+/As5+ ratio exhibited by the 

tailings is 0.56 (±0.46) (Appendix I).  

3.5.1.3 SEM Automated Mineralogy and EMPA Results 

The As-hosting solid phases identified in this study include: roaster-generated Fe-oxides, 

Ca-Fe arsenate, Fe oxyhydroxide, arsenopyrite, Cu-Fe arsenate, Pb arsenate, and arsenian pyrite. 

Arsenic sulfide (possibly realgar or orpiment) and arsenolite were also identified, but in very low 

quantities (only a few individual particles in total across all samples). These phases were 

identified via SEM, and their arsenic content was determined through EMP analysis. Roaster-

generated Fe-oxides are by far the most abundant As-hosting phase in terms of the number of 

particles in the Giant mine tailings, and contain an average of 48.2% (±14.2%) of the total As at 

the surface of the tailings ponds (Table 3.4). Arsenopyrite comprises 1.9 – 17.6% of the As-

bearing particles in the tailings samples (Appendix O), but accounts for an average of 45.5% 

(±16.0%) of the total As therein (Table 3.4). In each of the tailings samples, both sieved and 

unsieved, these phases consistently host the greatest proportion of As.  

The Fe-oxides generated through roasting at Giant mine are relatively easy to identify 

due to their distinct physical and chemical properties. Roaster oxides have a characteristic porous, 
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concentric texture, and are commonly present as liberated mineral surfaces (Figure 3.5). Some 

roaster oxides are also present within silicate/carbonate particles, within aggregates or coatings on 

other particles, or with relict arsenopyrite, pyrite, or pyrrhotite at their center. Arsenic is 

ubiquitous in the Giant mine roaster oxides; however, it is heterogeneously distributed throughout 

each individual particle. EMPA data from Walker et al. (2005) show that As concentrations in 

roaster Fe-oxide grains range from <0.5 to 7.6 wt% (Table 3.5). EMPA data from this study show 

that As concentrations in roaster Fe-oxide grains range from 1.2 to 6.1 wt%, and that Fe 

concentrations range from 61 to 69 wt%. Based on these data, the roaster Fe-oxides have been 

defined as containing 68% Fe, 29% O, and 3.0% As in the MLA mineral reference library.  

A Cu-Fe arsenate phase was observed in the tailings samples which is texturally similar 

to the roaster-derived Fe-oxides but has a high concentration of As and Cu (Figure 3.5; Table 

3.6). The Cu-Fe arsenate phase contains, on average, 18.6 (±10.7) wt% As, 14.6 (±9.1) wt% Cu, 

and 34.6 (±17.2) wt% Fe (Table 3.6). Figure 3.6 shows EMPA data for this phase plotted as Cu2O 

wt% vs. As2O5 wt%. These data show that there is significant compositional variation within 

individual Cu-Fe arsenate grains, indicating that they are actually a mixture of phases. Most of 

the particles analyzed for this phase exhibit Cu/As molar ratios greater than 1.5 or between 1 and 

0.5 (Figure 3.6). Cu/Fe molar ratios are similarly divided, where particles fall either above 1 or 

between 0.5 and 0.125. Cu/Fe molar ratios indicate that Cu and Fe are inversely related in this 

phase. The EMPA data appears to be trending toward arthurite or auriacusite, with a few trending 

more toward chenevixite (Figure 3.6).  

Ca- and As-bearing oxidation rims were observed on arsenopyrite, pyrite, and pyrrhotite 

(Figure 3.5). EMPA data show that the rims on arsenopyrite are chemically distinct from those on 

pyrite and pyrrhotite. Figure 3.7 shows EMPA data plotted as As2O5 wt% vs. Fe2O3 wt%. These 

data show that the Fe/As molar ratio for the arsenopyrite weathering rims falls between 1.5 and 4; 

the Fe/As molar ratio for pyrite and pyrrhotite, on the other hand, is greater than 9. The rims on 
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arsenopyrite appear to be a coprecipitate of Fe oxyhydroxide and Ca arsenate that is trending 

toward Ca-Fe arsenate, while the pyrite and pyrrhotite rims trend toward ferrihydrite and goethite. 

From Figure 3.7, it is apparent that the molar ratio of Ca/As for the arsenopyrite rims largely falls 

at or below the 0.67, trending toward yukonite. These results are consistent with those of Walker 

(2006), who also observed such weathering rims on sulfide grains in the Giant Mine Townsite, 

located adjacent to Giant mine.  

Based on these data, the arsenopyrite rims are defined as Ca-Fe arsenate with 14.9 wt% 

As, and the pyrite and pyrrhotite rims as Fe oxyhydroxide with 2.2 wt% As (Table 3.2). From the 

SEM-MLA data, Ca-Fe arsenate comprises 12-31% of the As-hosting phases in the surface 

tailings (Appendix O) and 4.6% (±2.1%) of the total As therein (Figure 3.4). Fe oxyhydroxide 

hosts, on average, 1.4% (±1.8%) of the total As in each sample.  

A Pb- and As-bearing oxide phase is present in each of the tailings samples; this phase is 

referred to as Pb arsenate. This phase has a distinctly porous texture, and is often seen as an 

oxidation rim on galena (Figure 3.5). EMP-WDS spectra show that this phase contains As, Pb, 

and Cl. Figure 3.6 shows EMPA data for this phase plotted as As2O5 wt% vs. PbO wt%. As/Pb 

molar ratios for this phase range from 0.5 to 0.024. This indicates that there is compositional 

variation across an individual particle of this phase. The bulk of the EMPA data appears to be 

trending toward mimetite, with one point trending toward sahlinite; mimetite and sahlinite are 

both Pb arsenates containing Cl. Based on these data, we have defined this phase as Pb arsenate 

with 12.9 (±3.1) wt% As and 53.1 (±5.6) wt% Pb (Table 3.6).  

Out of all 22 surface tailings samples processed via SEM-MLA, where an average 

287,321 (±121,340) particles were analyzed from each, only a few particles of As-sulfide (realgar 

or orpiment) and As2O3 were found in total. Three Northwest pond samples, and three South pond 

samples contained the As-sulfide; and three samples contained one particle each of As2O3 

(ABNWP-1a, ABNWP-3a, and ABSP-2a) (Figure 3.4; Appendix O). The As-sulfide was often 
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encapsulated within other phases (i.e. silicate minerals), whereas the three particles of As2O3 were 

present as liberated particles (Figure 3.5). 

Antimony was a trace constituent of most of the As-bearing phases in the Giant mine 

tailings, namely the roaster Fe-oxides, Ca-Fe arsenate, Fe oxyhydroxides, Cu-Fe arsenate, and Pb 

arsenate (Appendix L). Data from this study show that each roaster Fe-oxide grain analyzed 

through EMPA had Sb, with up to 2.7 wt% Sb (Table 3.5). The Ca-Fe arsenate and the Fe 

oxyhydroxide contained 0.20 – 1.4 wt% Sb and 0.18 – 2.1 wt% Sb respectively, while the Cu-Fe 

arsenate and the Pb arsenate contained <0.86 wt% Sb (Appendix L). The only primary Sb phase 

found in the Giant tailings was stibnite; but each surface tailings sample only contained 1 to 16 

grains of stibnite (Appendix O). Based on these data, the majority of the As-hosting phases 

present in the Giant mine tailings also host Sb, which explains the 0.83 r value observed for the 

As and Sb in the tailings (Figure 3.3). Antimony was not detected in arsenopyrite, As-bearing 

pyrite, or arsenolite via SEM-EDS. This could be due to the high detection limit of EDS analyses; 

EMPA data were not collected for these phases.  

3.5.1.4 µXRF and µXRD Results 

The µXRF maps taken of roaster-derived particles show that they are predominantly 

comprised of Fe, with a minor component of S localized at the core of the phase (Figure 3.8). 

Trace As is present in the roaster Fe-oxides as well. µXRD data show that the majority of the 

roaster Fe-oxides are maghemite, with some magnetite. Maghemite and magnetite have very 

similar diffraction patterns. For example, the d-spacings for the three most intense diffraction 

peaks for maghemite are 2.5177 (100), 2.953 (35), 1.4758 (34); for magnetite, they are 2.5432 

(100), 2.967 (30), 1.4845 (40). Thus, additional analyses are often required to specifically 

distinguish them. The maghemite and magnetite identified in the samples diffracted very well, 

exhibiting smooth Debye-Scherrer rings. This is consistent with observations by Walker et al. 

(2005), who propose that the nanocrystalline nature of the roaster-derived Fe-oxides at Giant 
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result in smooth diffraction patterns. Nanocrystalline phases tend to diffract well in µXRD 

analyses due to the small crystallite size. For each particle identified as maghemite or magnetite, 

there were at least six peak matches (Figure 3.8).  

Areas of high As were observed in all of the µXRF maps taken for the samples (Figure 

3.8). The As-spots were very small, usually <20µm in diameter. The XRF data for these particles 

consistently exhibit Fe-Ka1 and Fe-Kb1 peaks. µXRD spectra taken of As-rich spots diffracted 

poorly, and were unable to be matched to known phases. Comparison of the µXRF maps with 

BSE images shows that these As-rich spots are likely fine-grained arsenopyrite.  

3.5.2 Airborne TSP 

3.5.2.1 Bulk Chemistry and SEM-based Point Counting Results 

ICP-MS results for the TSP filters show that Cu and As are the most abundant 

contaminants present in the samples. Some other metal(loid)s are also present in the filter 

samples, such as Sb and Pb, but in much lower quantities (Figure 3.9). Concentrations of these 

contaminants remained well below the Ontario Ministry of the Environment’s guidelines for the 

duration of the sampling period, with the exception of one sample from mid-June, where the As 

concentration exceeded the guideline value of 0.3µg/m3 (Ontario Ministry of the Environment, 

2012). Presently there are no air quality guidelines for the Northwest Territories. This sample was 

collected on June 17, 2016, when winds reached the peak velocity of approximately 6m/s; the 

wind velocity was <5m/s for the majority of the sampling period (Appendix M).  

Two metal(loid)-bearing phases were observed in the TSP filters: a Cu-oxide phase and 

Fe-oxide (Figure 3.10). The Cu-oxide phase often exhibits an angular, elongate or fine-grained, 

round texture. The elongate particles are probably from a different source than the round 

particles. This phase was not present in the surface tailings. SEM-EDS chemical data for the Fe-

oxides in the filters show that they are chemically similar to the roaster-generated Fe-oxides in 
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the tailings, in that they often contain As. This was the only As-bearing phase found in the TSP 

filters. Texturally, the Fe-oxide particles are angular, suggesting that they are not sufficiently 

weathered and came from a local point source. Both the Cu-oxides and the Fe-oxides are 

abundant in the <10µm, respirable fraction of the dust (Figure 3.10).  

ICP-MS data for the TSP filters show that Fe and As concentrations exhibit a very strong 

positive correlation, with an r value of 1.0 and an R2 value of 1.0 (Figure 3.11). Fe and As also 

exhibit strong correlations with the point counting data for metal(loid)-bearing particle abundance 

(r=0.95, R2=0.90). Cu shows a weak correlation with the point counting data for metal(loid)-

bearing particles, with an r value of 0.35 and R2 value of 0.12.  

3.6 Discussion 

3.6.1 Surface Tailings 

Based on the concentration of contaminants found in each of the tailings storage sites, it 

is possible that the concentration of contaminants (i.e. As, Sb, Zn, Pb, Cu) at the surface 

decreases with increasing age of the tailings. The historic tailings beach site exhibits the lowest 

concentrations of contaminants; North pond and South pond have similar concentrations of 

contaminants; and Northwest pond exhibits the highest concentrations of contaminants (Figure 

3.3). The tailings beach site was used in the early days of Giant mine operations (~1948-1951; 

Walker et al., 2015), and so the tailings there are >65 years old. The North and South tailings 

ponds were constructed in the 1970s at approximately the same time. These tailings ponds, along 

with Central pond, had completely filled up by the time Northwest pond was constructed in 1987 

(Walker et al., 2015). Thus, the tailings in North and South pond are approximately 30-47 years 

old, and those in Northwest pond are <30 years old. Because of their age, the tailings at the 

tailings beach, North pond, and South pond would have been exposed to more surface erosion 

and contaminant leaching than those in Northwest pond. Erosion via aeolian activity and leaching 
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via surface water interactions would decrease the concentration of contaminants at the surface of 

the tailings over time.  

The variability of contaminant concentration in the tailings might also be due to the 

evolving mining and ore processing methods employed over the course of mine operations. There 

were three different renditions of the Giant mine roaster, all of which operated differently and 

presumably produced compositionally varied waste products. Additionally, historical records 

show that gold recovery changed over time, increasing from 68% to 88% (Silke, 2013). This 

suggests increased efficiency in flotation, roasting, and/or cyanidation. It is also important to note 

that some of the historic tailings from the tailings beach site were reprocessed at the tailings 

retreatment plant between 1988 and 1989, and moved to Northwest pond after processing 

(Walker et al., 2015). Because of the complex legacy of operations and waste disposal practices at 

Giant mine, compositional heterogeneity among the surface tailings is likely influenced by 

several variables.  

Roaster Fe-oxides comprise 51-86% of the As-bearing particles in the <63µm fraction of 

the tailings, and 44-85% of the unsieved tailings (Appendix O), making them the most abundant 

As-hosting phase therein. They also host an average of 48.2% (±14.2%) of the total As in the 

tailings. Past studies of the waste streams at Giant mine indicate that roaster Fe-oxides are present 

in both the calcine and the ESP dust produced on site (Walker et al., 2005; Fawcett and Jamieson, 

2011; Walker et al., 2015). Site records show that 794-1000 tpd of flotation tailings and 122-170 

tpd of calcine was discharged to the tailings ponds between 1963 and 1999, while only 9 tpd of 

ESP residue was discharged during that same period (Table 3.1; Walker et al., 2015). ESP residue 

would be the source of any arsenic trioxide deposited in the Giant mine tailings (Walker et al., 

2015).  

Past records do not specify the amount of ESP residue in the surface tailings; however, 

the results from this study show that the As2O3 content of the surface tailings is very minimal. In 
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fact, out of 22 tailings samples, where an average 287,321 (±121,340) particles were analyzed 

from each, only 3 particles of As2O3 were found in total: one in the southern margin of South 

pond, the others in the southern margin of Northwest pond. Because As2O3 was only present in 

three samples, it is possible that it is not even from the tailings; the As2O3 may have been 

deposited aerially from the surrounding soils. Because of the very low quantity of As2O3 in the 

samples, any As3+ in the tailings is attributed to the roaster Fe oxides, which are known to contain 

a mixture of As5+ and As3+ (Walker et al., 2015). This is supported by the bulk XANES LCF 

results for the tailings, which show a similar As3+/As5+ ratio (0.58 ±0.46) as the As3+/As5+ ratio in 

the roaster Fe-oxides (0.68 ±0.40) (Appendix I).  

 Arsenopyrite is another ubiquitous constituent of the surface tailings. In terms of particle 

abundance, arsenopyrite only comprises 2-8% of the sieved tailings, and 2-17% of the unsieved 

tailings. However, because it hosts 46 wt% As, arsenopyrite accounts for an average of 45.5% 

(±16.0%) of the total As in the tailings samples. Arsenopyrite and the other sulfide minerals from 

the Giant mine ore body are most likely derived from the flotation tailings (Walker et al., 2015), 

though there is relict arsenopyrite at the center of some roaster Fe-oxide grains as well. Based on 

MLA mineral association data, an average 3.9% (±2.7%) of the arsenopyrite grains identified 

through SEM-MLA were directly associated with roaster Fe-oxide particles as relict cores; 35.3% 

(±8.2%) of the arsenopyrite was present as liberated grains (Table 3.7). However, approximately 

12.3% (±4.9%) of the arsenopyrite had Ca-Fe arsenate weathering rims. Ca-Fe arsenate is highly 

bioaccessible in gastric fluids, while arsenopyrite has a very low relative bioaccessibility 

(Plumlee and Morman, 2011). The fact that Ca-Fe arsenate is so pervasive in the tailings as 

oxidation rims suggests that the tailings should not be left in oxidizing conditions for the long 

term; the sooner the tailings are covered, the better.  

 The identity of the Cu-Fe arsenate and Pb arsenate phases found in the tailings is 

unknown, however they have the potential to be bioaccessible as they contain high concentrations 
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of multiple toxic metals/metalloids. Both of these phases are texturally similar to the roaster Fe-

oxides, in that they are nanocrystalline and porous. Based on these textural similarities, these 

phases might be roaster-derived constituents of the calcine. The Cu-Fe arsenate may be derived 

from chalcopyrite, a Cu-sulfide mineral that is present in the original ore body; or from Cu 

sulfate, which was used in ore processing to coat the sulfide minerals during froth flotation. Relict 

galena is often present at the core of the Pb arsenate phase, indicating that the Pb arsenate is an 

oxidation product of galena. However, the EMPA data for this phase do not match with that of 

other similar Pb arsenate phases described in the literature. Because of their potential as 

bioaccessible As-bearing phases, further study is warranted. 

3.6.2 Airborne Dust 

Comparing the point counting results with the distribution of metals/metalloids in the 

dust samples, it is apparent that the number of metal(loid)-bearing particles on the filters is 

directly influenced by the concentration of As and Fe therein. While the abundance of 

metal(loid)-bearing particles in the filters exhibits a strong positive correlation with Fe and As, it 

is only weakly correlated with Cu (Figure 3.11). This suggests that the majority of the 

metal(loid)-bearing phases in the filters are Fe-oxides. The Fe-oxides in the filters are texturally 

and chemically similar to the roaster-derived Fe-oxides in the tailings. Iron and As concentrations 

are strongly correlated in the TSP samples (r = 1.0), which means that all of the As in the filters is 

associated with Fe-bearing phases. The only As-hosting phase observed in the dust filters was As-

bearing Fe-oxide; there may have been other As- and Fe-bearing phases present (such as Ca-Fe 

arsenate or arsenopyrite) that were undetected due to low gray scale values or low abundance in 

the samples. Since the roaster-generated Fe-oxides in the tailings are characterized by their As 

content, and the dust sampler was located in one of the tailings ponds, the tailings can be 

identified as the point-source of the As-bearing Fe-oxides in the dust.  
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The Cu-oxides observed in the filters are likely a product of fuel-combustion processes, 

vehicle exhaust, or vehicle brake linings. The main Cu-hosts observed in the tailings are 

chalcopyrite (CuFeS2) and the Cu-Fe arsenate described above; chalcopyrite often exhibits sub-

rounded, massive mineral growth, while the Cu-Fe arsenate has a porous, spongy texture (Figure 

3.5; Figure 3.10). These phases are chemically and physically distinct from the Cu-oxides 

observed in the dust filters, as the Cu-oxides exhibit angular, elongate or perfectly rounded 

morphology, and are comprised solely of Cu and O (from SEM-EDS data; Figure 3.10). 

Anthropogenic sources of Cu other than mine waste include metal production, wood production, 

waste incineration, coal combustion, mining, gasoline combustion, and fertilizer manufacturing 

(Georgopoulos et al., 2001). Cu is common in airborne PM in roadside environments, as it is a 

known constituent of brake linings in cars (Wiseman and Zereini, 2014). Copper is used as a solid 

lubricant in the brake lining, and is thus directly exposed to significant friction, which can cause 

Cu oxides to be released from the friction interface (Baklouti et al., 2015); this is a likely source 

of the angular, elongate Cu oxide particles seen in Figure 3.10. Observations of the Cu-bearing 

phases in the filters and chemical data show that the Cu in the TSP filters is not associated with 

ore processing at Giant mine.   

3.7 Conclusions 

Based on the work done in this study, it is evident that As2O3 is a very rare constituent of 

the Giant mine tailings dust. Roaster-generated Fe-oxides (maghemite), Ca-Fe arsenate, and 

arsenopyrite comprise the majority of As-bearing particles in the surface tailings; however, the 

roaster Fe-oxides were the only As phase found in the dust samples. Of these phases, Ca-Fe 

arsenate poses the greatest risk to human health. Ca-Fe arsenate and Fe oxyhydroxide are difficult 

to detect in the TSP filters due their low gray scale values. It is possible that these phases are 

present in the TSP filters, and account for some of the As therein. However, because As and Fe 



 

75 

 

are so strongly correlated in the TSP samples, it can be inferred that As2O3 is not present in the 

dust sampled for this study.  

Previous studies have shown that the soils near the tailings on site contain As2O3 from 

historic stack emissions (Bromstad et al., 2017); these soils also have very high concentrations of 

As, often similar to that of the tailings (Figure 3.12). Due to the coarse nature of the bedrock in 

the Yellowknife area, regional soil development is poor; soils are often shallow and develop in 

pockets of the bedrock (Bromstad et al., 2017). Arsenic trioxide was deposited at the surface of 

the soils on the Giant mine site as a result of roaster emissions throughout the 1950s and 1960s 

(Bromstad et al., 2017). Because the soil in the Yellowknife area and on the Giant mine site is 

often very shallow, there would be little downward migration of contaminants such as As in the 

soil column, and any deposited As2O3 would remain near the surface. The tailings that were 

exposed to roaster emissions during the 1950s and 1960s, however, have long since been buried 

by more recent tailings. The tailings ponds are also very deep, which would allow for downward 

migration of contaminants.  

The fact that As2O3, which is known to be highly bioaccessible, has not been found in the 

tailings has important implications for the remediation at Giant mine. That As2O3 is able to persist 

in these surface soils suggests that they might actually pose a greater risk to the community than 

the tailings themselves, and yet the surface soils are not actively monitored by the remediation 

project to prevent dust generation. The legacy of mining activity in the Yellowknife area has had 

a lasting impact on the surrounding environment. Protecting the community from toxic As-

bearing dust may not prove to be as simple as capping the tailings.   
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3.10 Figures and Tables 

 
Figure 3.1: Map of the Yellowknife Bay area. Wind rose is a compilation of wind speed and 
direction data for Giant mine from 2003 – 2015, modified after GMWG (2016).  

 

Table 3.1: Summary of research pertaining to waste streams at Giant mine by Walker et al. 
(2005, 2015) and Fawcett and Jamieson (2011).  

 
 

Flotation Tailings Calcine Residue ESP Residue Source
Year 1963 - 1999 1963 - 1999 1963 - 1999

Discharge Rate (tpd) 794 - 1000 122 - 170 9
As Concentration (wt%) 0.28 - 0.09 1.2 - 1.8 6.2 - 4.4

As Loading (tpd) 2.2 - 0.9 1.5 - 3.4 0.6 - 0.4
Grain Size 70-80% <75µm 90% <45µm 90% <14µm

48% As(V)-O 22% As(V)-O
39% As(III)-O 88% As(III)-O
13% As(I-)-S 0% As(I-)-S

60%	Sb(V)-O 11%	Sb(V)-O
40% Sb(III)-O 89% Sb(III)-O
0% Sb(III)-S 0% Sb(III)-S

Dominant As Solid 
Species

Arsenopyrite Roaster Fe-oxides
Arsenic trioxide, 

roaster Fe-oxides
(Walker et al., 2015)

* The waste streams (flotation tailings, calcine, ESP residue) were mixed and co-deposited on site; the distribution of 
these waste products in the tailings is heterogenous.  

As Oxidation State (via 
bulk XANES) 

(Fawcett & Jamieson, 2011)
Sb	Oxidation	State	(via	

bulk	XANES)

(Walker et al., 2015)

(Fawcett & Jamieson, 2011)
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Figure 3.2: Map of tailings sample locations (left) and dust sampler location (right). Site D 
sampler is the source of wind direction data, and is part of the NWT air quality monitoring 
network at Giant mine (GNWT, 2017).  
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Figure 3.3: Regression analyses for select elements in the near-surface Giant mine tailings. See 
Appendix E for the relative standard deviation (RSD) of each element analyzed.  

 



 

83 

 

Table 3.2: Summary of As-hosting solid phases included in SEM-MLA mineral reference library. 
Average As concentration for roaster Fe-oxides, Cu-Fe arsenate, Pb arsenate, Ca-Fe arsenate, and 
Fe oxyhydroxide calculated from EMPA data collected for this study.  

 
 

Table 3.3: Concentrations of contaminants (As, Sb, Cu, Pb, Ni, Zn) in sieved and unsieved 
tailings from North pond, Northwest pond, and South pond (left) compared with soil quality 
guidelines set by the Canadian Council of Ministers of the Environment (CCME, 2017).  

 

 
 
 
 
  

Unsieved Sieved (<63µm) Agricultural Residential Commercial Industrial
Arsenic (As) 3000 - 4000 3200 - 9300 12 12 12 12 1997

Antimony (Sb) 160 - 690 370 - 1800 20 20 40 40 1991
Copper (Cu) 40 - 82 62 - 150 63 63 91 91 1999
Lead (Pb) 110 - 250 130 - 650 70 140 260 600 1999
Nickel (Ni) 59 - 78 68 - 140 45 45 89 89 2015
Zinc (Zn) 140 - 300 160 - 620 200 200 360 360 1999

CCME Soil Quality Guideline by Land-Use 
Category (mg/kg)

Concentration of Contaminant in Giant 
Mine Tailings (mg/kg)

* Contaminant ranges for Giant mine tailings do not include results from tailings beach site. 

Contaminant
Year 

Guideline 
Established

Solid Phase Chemical Formula Definition
Avg. As 

Concentration 
(wt%)

Phase 
density 
(g/cm3)

Roaster Fe-Oxide Fe3+
2O3(As0.066)

Roaster-generated Fe-oxide; maghemite 
model compound. 3.00 4.90

Cu-Fe Arsenate Fe3+
1.92Cu0.71(As0.71O4)O

Cu-Fe-As oxide; phase density from 
auriacusite. 18.6 4.45

Pb Arsenate Pb2.1As1.4O12Cl(7H2O)(Ca0.34) Pb-As oxide; phase density from mimetite. 12.9 7.26

Ca-Fe Arsenate Ca0.67Fe3+
3.8As1.2O8(OH)3(5H2O)(Si0.27)

Ca-Fe arsenate; forms an oxidation rim on 
arsenopyrite. Likely a co-precipitate; phase 
density from yukonite. 

14.9 2.65

Fe Oxyhydroxide Fe3+O(OH)(As0.028)(Ca0.045)(Si0.068)

Forms an oxidation rim on pyrite and 
pyrrhotite. Hosts a small amount of As. A mix 
of ferrihydrite and goethite. Phase density 
from goethite. 

2.22 3.80

As-bearing Pyrite Fe2+As0.02S2

As-bearing sulfide from ore body; arsenian 
pyrite model compound. 1.23 5.01

Arsenopyrite Fe3+AsS
Arsenic sulfide from ore body; arsenopyrite 
model compound. 46.0 6.07

As-Sulfide As4S4 Arsenic sulfide; realgar model compound. 70.0 3.56

Arsenolite As2O3 Arsenic oxide; arsenolite model compound. 75.70 1.00
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Table 3.4: Average percent As distribution for the tailings ponds (North pond, Northwest pond, 
and South Pond) and the tailings beach samples. Percent As distribution was calculated for As-
hosting phases identified by SEM-MLA using As concentrations defined in Table 3.2.  

 

 

 

 

Table 3.5: Ranges of EMPA results for Giant mine roaster Fe-oxides from this study and Walker 
(2006). 

 

 

Table 3.6: EMPA results for select elements from Cu-Fe arsenate (As, Cu, Fe), Pb arsenate (As, 
Pb), Ca-Fe arsenate (As, Ca, Fe), and Fe oxyhydroxide (As, Ca, Fe).    

Source of roaster Fe-oxides Calcine Residue Shoreline Tailings
Element Fe (wt%) As (wt%) Sb (wt%) As (wt%) As (wt%)

Mean 65.6 3.0 0.8 2.9 1.3
Range 61 - 69 1.2 - 6.1 0.15 - 6.1 <0.5 - 7.6 <0.5 - 2.9

Std. Dev. 2.3 1.4 0.8 1.7 0.6
# grains analyzed 27 15

# analyses 63 32
Source of data (Walker, 2006) (Walker, 2006)

Tailings Ponds
EMPA results for select elements in roaster Fe-oxides 

(This study)
27
7

Solid phase

Element
As 

(wt%)
Cu 

(wt%)
Fe 

(wt%)
As 

(wt%)
Pb 

(wt%)
As 

(wt%)
Ca 

(wt%)
Fe 

(wt%)
As 

(wt%)
Ca 

(wt%)
Fe 

(wt%)
Min 2.4 7.9 5.1 3.3 44.1 12.4 3.1 32.4 0.3 0.2 49.7
Max 27.4 33.4 56.6 13.7 63.3 17.4 5.0 36.5 4.7 2.4 66.5

Mean 18.6 14.6 34.6 12.9 53.1 14.9 4.4 34.5 2.2 1.9 53.3
Std. Dev. 10.7 9.1 17.2 3.1 5.6 1.7 0.7 1.5 1.4 0.6 3.9

# grains analyzed
# analyses 8

3
10

4
12

5
16

Cu-Fe Arsenate Pb Arsenate Ca-Fe Arsenate Fe Oxyhydroxide

3

Range Mean Std. Dev. Range Mean Std. Dev. 
Roaster Fe-Oxides 5.9 - 65.3 48.2 14.2 16.5 - 79.1 47.8 44.2

Cu-Fe Arsenate 0.0 - 0.4 0.2 0.1 0.06 0.06 0.00
Pb Arsenate 0.04 - 0.6 0.2 0.1 0.0 - 0.03 0.02 0.02

Ca-Fe Arsenate 1.4 - 10.0 4.6 2.1 8.9 - 11.6 10.3 1.9
Fe Oxyhydroxide 0.01 - 7.1 1.4 1.8 0.05 - 0.08 0.06 0.02
As-bearing Pyrite 0.00 - 0.01 0.00 0.00 0.01 0.01 0.00

Arsenopyrite 23.5 - 91.9 45.5 16.0 9.2 - 74.4 41.8 46.2
As-Sulfide 0.00 - 0.01 0.00 0.00 0.00 0.00 0.00
Arsenolite 0.00 - 0.03 0.00 0.01 0.00 0.00 0.00

Tailings Ponds Tailings Beach
% Arsenic Distribution
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Table 3.7: Minerals associated with select As-hosting phases (roaster Fe-oxides, Ca-Fe arsenate, 
Fe oxyhydroxide, and arsenopyrite). Associations expressed as percentages.  

 

 

 

Figure 3.4: Comparison of As modal mineralogy results from SEM-MLA, As oxidation state 
results from XANES, and total As concentration from ICP-MS and –OES. Samples highlighted in 
gray are unsieved samples; the other samples were sieved to <63µm. Sample ABSP-6a-63 is of 
63-20µm size fraction; and sample ABSP-6a-20 is material from <20µm size fraction.  

  

As-bearing Phase
Roaster 
Fe-Oxide 

(%)

Cu-Fe 
Arsenate 

(%)

Pb 
Arsenate 

(%)

Ca-Fe 
Arsenate 

(%)

Fe 
Oxyhydroxide 

(%)

As-
Bearing 

Pyrite (%)
Pyrite (%) Arsenopyrite 

(%)
Pyrrhotite 

(%)
Galena 

(%)

Free 
Surface 

(%)
Roaster Fe-Oxide Min 0 0 0.75 0.01 0 0.26 0.02 0.06 0 61.38

Max 0.07 0.01 1.71 5.43 0.02 8.96 0.36 2.48 0 80.12
Mean 0.02 0 1.16 1.8 0.01 3.69 0.23 0.74 0 69.23

Std. Dev. 0.02 0.00 0.30 2.05 0.01 2.41 0.12 0.66 0.00 4.61
Ca-Fe Arsenate Min 3.99 0 0 0.04 0 0.3 0.71 0.06 0 40.79

Max 21.46 0.29 0 5.76 0.08 1.05 22.35 0.49 0 67.2
Mean 11.82 0.1 0 1.71 0.03 0.73 9.86 0.16 0 50.11

Std. Dev. 4.03 0.09 0.00 1.94 0.02 0.23 6.00 0.10 0.00 7.50
Fe Oxyhydroxide Min 9.57 0 0 1.43 0 1.11 0 0.02 0 31.33

Max 40.75 0.11 0.16 3.78 0.04 16.96 0.83 7.47 0 59.3
Mean 23.5 0.02 0.01 2.48 0.01 5.38 0.34 1.67 0 47.31

Std. Dev. 8.43 0.03 0.04 0.62 0.01 3.91 0.24 1.75 0.00 7.39
Arsenopyrite Min 0.21 0 0 4.08 0 0.02 0.06 0 0 23.53

Max 11.23 0 0.05 20.49 1.99 0.13 1.08 0.15 0 51.79
Mean 3.86 0 0.01 12.29 0.37 0.06 0.51 0.06 0 35.28

Std. Dev. 2.66 0.00 0.01 4.94 0.53 0.03 0.27 0.04 0.00 8.19

Minerals associated with As-bearing phases (%) 
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Figure 3.5: SEM-BSE images taken of As-hosting phases in the Giant mine tailings. (A) 
Example of a typical roaster Fe-oxide grain (from ABNP-1a); (B) Fe oxyhydroxide weathering 
rim on pyrrhotite (from ABSP-2a); (C) arsenopyrite with Ca-Fe arsenate weathering rim (from 
ABNWP-1a); (D) Fe oxyhydroxide weathering rim on pyrite (from ABSP-5a); (E) galena with a 
Pb arsenate oxidation rim (from ABNWP-5a); (F) Cu-Fe arsenate particle (from ABNWP-1a); 
(G) As-sulfide (possibly realgar or orpiment) encapsulated within silicate phases (from ABNWP-
1a); (H) As2O3 particle (from ABNWP-1a).   



 

87 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.6: On top: EMPA data for Pb arsenate grains from three of the sieved tailings samples 
(ABNP-1a, ABNWP-1a, ABSP-2a); chemical data for hedyphane, mimetite, and sahlinite from 
Webmineral; diagonal lines with values are As/Pb molar ratios. On bottom: EMPA data for Cu-
Fe arsenate grains from three of the sieved tailings samples (same as above); chemical data for 
auriacusite, chenevixite, radovanite, and arthurite from Webmineral; diagonal lines with values 
are Cu/As molar ratios.  
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Figure 3.7: EMPA data for arsenopyrite, pyrite, and pyrrhotite weathering rims and Fe 
oxyhydroxide particles from three of the sieved tailings samples (ABNP-1a, ABNWP-1a, ABSP-
2a). Chemical data for goethite, ferrihydrite, kolfanite, sewardite, arseniosiderite, and yukonite 
from Webmineral. On left, diagonal lines with values are Fe/As molar ratios; on right, diagonal 
lines are Ca/As molar ratios. After Walker (2006) and Paktunc et al. (2004). 
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Figure 3.8: Example of µXRF, µXRD, and SEM-MLA data for roaster Fe-oxide and As-rich 
spots. Peak match for diffraction from 10c1 and 10c3 illustrated to the right of their respective 
Debye-Scherrer rings, and XRF spectra for As-rich spot (11ar1) illustrated in the bottom right 
graph. Based on comparison of XRF data and SEM-MLA characterization, As-rich spot at 11ar1 
is identified as arsenopyrite.  
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Figure 3.9: ICP-MS data for As, Sb, Pb, and Cu from TSP filter samples. Data reported in µg/m3; 
point flow rate of sampler was 22.56 L/s. Gray boxes indicate time when wind was blowing in a 
Southward direction. Dashed lines indicate breaks in scale. Ontario air quality guideline values 
from Ontario Ministry of the Environment (2012).  
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Figure 3.10: (A) SEM-BSE image of an angular, elongate Cu oxide particle (from ABHV0514); 
(B) SEM-BSE image of a cluster of Cu oxide particles, both rounded and elongate (from 
AHHV0605); (C,D) SEM-BSE images of Fe-oxide particles (likely roaster-derived) (C from 
AHHV0611, D from AHHV0608); (E,F) ESEM images of Fe-oxide particles in the <20µm 
fraction of the dust (E from ABHV0518, F from ABHV0520).  
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Figure 3.11: ICP-MS data for As, Fe, and Cu from TSP filters compared with abundance of 
metal(loid)-bearing particles, as calculated via point counting. Concentrations reported in µg. 
Dashed lines indicate breaks in scale. Error in point counting data estimated to be 20% based on 
average RSD of duplicate filter samples (Appendix P).   
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Figure 3.12: Arsenic concentrations from tailings samples in this study (noted by stars) compared 
with those of soil samples from Bromstad et al. (2017) (noted by circles).  
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Chapter 4 

Conclusions & Future Work 

4.1 Conclusions 

The results from this study show that contaminants (As, Sb, Pb, Zn, Cu, Ni) are more 

concentrated in the <63µm fraction of the Giant mine tailings. Any material <100µm can be 

entrained by the wind, and material >50µm can travel a few tens of kilometers through aeolian 

entrainment (Livingstone and Warren, 1996). Although only the <10µm fraction of dust can be 

inhaled into the upper respiratory tract, particles >10µm can be ingested, and incidental ingestion 

of airborne dust can occur from dustfall coating food, drinks, and indoor/outdoor surfaces 

(Wiseman, 2015). Ndilo and Yellowknife are located only a few kilometers downwind of the 

Giant mine tailings ponds, thus all of the particles found in the <63µm fraction of the tailings 

pose a potential risk to local residents.   

Northwest pond consistently exhibited the highest concentrations of contaminants, it is 

the largest tailings pond, and it is at the highest elevation of all of the tailings storage sites. 

Qualitative observations made during sample sieving showed that the tailings in the Northwest 

pond were the most poorly sorted of all of the tailings sampled on site, meaning they had a 

mixture of sand-, silt-, and clay-sized particles (Appendix F). Dust-sized particles can be difficult 

to entrain due to the cohesive forces that keep them tightly packed (Livingstone and Warren, 

1996). Because of these strong cohesive forces, bombardment is critical to aeolian entrainment of 

fines. Sediment that has a mixture of sand- and silt- or clay-sized particles is more likely to emit 

fines into the air than sediment with exclusively fine-grained material due to the greater 

momentum that saltating sand particles can generate (Livingstone and Warren, 1996). Based on 

these observations, Northwest pond poses the greatest risk for dust generation on the Giant mine 

site.  
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 The <63µm fraction of the tailings contain up to 9300 mg kg1- As, the majority of which 

was shown by the XANES results to be in the As5+ and As1- oxidation states, with a lesser 

component of As3+. Through SEM-MLA work, it was found that roaster-derived Fe-oxides, Ca-

Fe arsenate, and arsenopyrite host the majority of As in the surface tailings. The roaster-derived 

Fe-oxides were the most abundant As-hosing phase. Based on grain-by-grain EMPA analyses, the 

roaster Fe-oxides contain an average of 3.0 (±1.4)  wt% As (Table 3.5), and Ca-Fe arsenate 

contains an average 14.9 (±1.7) wt% As (Table 3.6). Arsenopyrite hosts 46 wt% As; however, 

arsenopyrite is among the least bioaccessible As hosts in gastric fluids (Meunier et al., 2010; 

Plumlee and Morman, 2011). In the surface tailings, we found that the arsenopyrite grains 

commonly had Ca-Fe arsenate weathering rims. The Fe/As and Ca/As molar ratio plots for the 

Ca-Fe arsenate show that this phase is likely a coprecipitate of Fe oxyhydroxide and Ca arsenate, 

trending toward yukonite (Figure 3.7). Meunier et al. (2010) found that soils from historic mine 

sites in Nova Scotia containing roaster-generated As-bearing Fe-oxides (i.e. hematite and 

maghemite) have intermediate bioaccessibility (<5%); whereas soils containing Ca-Fe arsenates 

are highly bioaccessible, and can increase soil As bioaccessibility to up to 49%.  

 Two mineral phases not previously observed in the Giant mine tailings have been 

identified in this study: a Pb arsenate phase, and a Cu-Fe arsenate phase. Both of these phases are 

texturally similar to the roaster-derived Fe-oxides, in that they are porous and appear to exhibit 

nanocrystalline habit (Figure 3.5). The Pb arsenate phase forms an oxidation rim on galena. EMP-

WDS spectra for the Pb arsenate phase show that it contains As, Pb, and Cl; however, this phase 

does not match with any known phases of similar chemistry (based As/Pb molar ratio plot). 

Similarly, the Cu-Fe arsenate phase does not match with any known Cu-Fe arsenate phases. The 

Cu-Fe arsenate phase exhibits significant compositional variation, suggesting multiple phases 

might be present. These phases might be roaster-derived products that are unique to Giant mine.  
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Based on the work done in this study, it can be concluded that As2O3 is an unlikely 

constituent of windblown dust from the Giant mine tailings. Roaster-generated Fe-oxides 

(maghemite), Ca-Fe arsenate, and arsenopyrite comprise the majority of As-bearing particles in 

the surface tailings. Roaster Fe-oxides comprise an average 65.0% (±25.0%) of the As-bearing 

particles, while Ca-Fe arsenate and arsenopyrite make up an average 16.5% (±13.0%) and 8.3% 

(±11.6%) of the As-bearing particles respectively (Appendix O). However, the roaster Fe-oxides 

were the only As phase found in the dust samples. Ca-Fe arsenate and Fe oxyhydroxide would 

have been difficult to detect in the TSP filters due to their weathered nature (resulting in low gray 

scale values). It is possible that these phases are present in the TSP filters, and account for some 

of the As therein. However, because the bulk chemical data show a very strong positive 

correlation for As and Fe in the TSP samples (r = 1.0), it is evident that As2O3 is not present in 

the dust that was sampled.   

The soils surrounding the tailings ponds at Giant mine are known to contain As2O3 from 

historic stack emissions and total As concentrations similar to those of the tailings (Figure 3.12; 

Bromstad et al., 2017). The soils in Yellowknife area often form in pockets of bedrock, and are 

thus weakly developed and shallow (Bromstad et al., 2017). Because of the shallow nature of 

these soils, there is little downward migration of contaminants (such as As) in the soil column. 

Roaster emissions throughout the 1950s and 1960s resulted in deposition of As2O3 at the surface 

of soils in the Yellowknife region, including the Giant mine property (Bromstad et al., 2017). For 

the shallow bedrock soils on site, any deposited As2O3 would remain near the soil surface or 

exhibit slight downward migration as As2O3 dissolves (Bromstad et al., 2017). The tailings ponds, 

on the other hand, are very deep and have a low organic content, which would allow for more 

significant downward migration of contaminants than in the soils. Additionally, the tailings that 

were exposed to roaster emissions have long since been buried by more recent tailings that do not 

contain As2O3.  
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The fact that As2O3 is able to persist in surface soils at Giant mine suggests that if dust 

were to form from the soils, it might actually pose a greater threat to the community than dust 

formed from the tailings themselves. However, the dust-generating potential of the soils is 

unknown, and they are not actively monitored by the remediation project to prevent dust 

generation from occurring. Legacy mine sites like Giant have lasting impacts on the surrounding 

environment, which makes site remediation difficult to achieve. This study shows that protecting 

the Yellowknife community from toxic As-bearing dust may not be as simple as capping the 

tailings.   

4.2 Future Work 

Recommendations for future work to further explore tailings solid-phase speciation, airborne 

tailings dust characterization, and contaminant particle size fractionation of the Giant mine 

tailings are as follows:  

• Analyze PM10 and PM2.5 from Giant mine site via SEM and synchrotron-based µXRD, 

µXRF, µXANES. We sampled PM10 as part of this study, however the sample density 

was too low for ICP-MS, and the Teflon filter containing the PM10 did not hold up under 

the SEM beam (Appendix B). Using a different kind of filter to collect PM10, or a 

stronger coating on the Teflon filters might prevent filter degradation. Sampling PM2.5 

would allow for sole analysis of the fraction of dust that could travel deep into the lungs 

(Plumlee and Morman, 2011). Because PM10 and PM2.5 particles are so small, 

synchrotron-based microanalytical techniques would be useful in characterizing 

contaminant speciation.  

• Develop methods to analyze dust filters through SEM-based automated mineralogy. The 

automated mineralogy software that we used to analyze the surface tailings samples in 

this study is designed for two dimensional sample surfaces. Dust filters, such as TSP 

quartz fiber filters, have depth; thus, we could not use conventional automated 
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mineralogy methods to characterize the particles on the filters. Automated mineralogy 

characterization of solid phases for in-situ dust samples would be a useful data set to 

compare with surface tailings.  

• Synchrotron-based µXRD, µXRF, µXANES work on Pb arsenate, Cu-Fe arsenate, and 

Ca-Fe arsenate phases from surface tailings. Synchrotron analysis was conducted on 

samples before we had identified these phases in the tailings, thus we were not able to 

collect data for these phases. Each of these phases contain high concentrations of As, and 

is ubiquitous in the Giant mine surface tailings. The Pb arsenate contains an average 12.9 

(±3.1) wt% As; the Cu-Fe arsenate contains an average 18.6 (±10.7) wt% As; and the Ca-

Fe arsenate contains an average 14.9 (±1.7) wt% As. The Pb arsenate and Cu-Fe arsenate 

phases contain multiple contaminants of concern in high concentrations, and do not 

appear to be previously described in the literature. Characterizing these mineral phases 

would help determine the risk that they pose.   

• Determining the specific particle size fractionation of contaminants in the Giant mine 

tailings. In this study, we sieved samples to <63µm so that we would account for any 

material that could be taken up as dust. However, understanding what specific particle 

size fractions contaminants are concentrated in would aid in our understanding of 

contaminant mobility from the mine site.  

• Collect As speciation data for dust from Ndilo and Yellowknife sites for comparison with 

dust from the Giant mine site. This would allow us to determine what phases from the 

tailings are reaching the community via aeolian transport.  

• Sample and analyze dust from soils on the Giant mine site, and compare with surface soil 

samples and dust from tailings ponds. It would be useful to combine this data with an 

assessment of the dust generating potential of the soils. This could help determine the 

mobility of contaminants from soils on site relative to those in the tailings ponds. In our 
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study, we speculate that the soils on the Giant mine site could contribute As2O3 to 

airborne dust. Characterizing dust from the soils on site would help determine the risk 

that they pose to community via inhalation or incidental ingestion.   

  



 

100 

 

References 

ATSDR (Agency for Toxic Substances and Disease Registry). 2007. Public health statement: 
 Arsenic. CAS#7440-38-2. https://www.atsdr.cdc.gov/ToxProfiles/tp2-c1-b.pdf  
 
Baklouti, M., Cristol, A.L., Elleuch, R., Desplanques, Y. 2015. Brass in brake linings: Key 
 considerations for its replacement. Journal of Engineering Tribology. 0(0):1-8.  
 
Bowell, R.J., Alpers, C.N., Jamieson, H.E., Nordstrom, D.K., Majzlan, J. 2014. The 
 Environmental Geochemistry of Arsenic – An Overview. Reviews in Mineralogy & 
 Geochemistry. 79:1-16.  
 
Bromstad, M.J. 2011. The characterization, persistence, and bioaccessibility of roaster-derived 
 arsenic in surface soils at Giant mine, Yellowknife, NT. Queen’s University. MSc Thesis. 
 https://qspace.library.queensu.ca/handle/1974/6885  
 
Bromstad, M.J., Wrye, L.A., Jamieson, H.E. 2017. The characterization, mobility, and 
 persistence of roaster-derived arsenic in soils at Giant Mine, NWT. Applied 
 Geochemistry. 82:102-118.  
 
Campbell, K.M., Nordstrom, D.K. 2014. Arsenic speciation and sorption in natural 
 environments. Reviews in Mineralogy and Geochemistry. 79:185-216.  
 
Castillo, S., de la Rosa, J.D., de la Campa, A.M.S., Gonzalez-Castanedo, Y., Fernandez-Caliani, 
 J.C., Gonzalez, I., Romero, A. 2013. Contribution of mine wastes to atmospheric metal 
 deposition in the surrounding area of an abandoned heavily polluted mining district (Rio 
 Tinto mines, Spain). Sci. Total Environ. 449:363-372.  
 
CCME (Canadian Council of Ministers of the Environment). 2017. http://st-
 ts.ccme.ca/en/index.html 
 
Corriveau, M.C., Jamieson, H.E., Parsons, M.B., Campbell, J.L., Lanzirotti, A. 2011. Direct 
 characterization of airborne particles associated with arsenic-rich mine tailings: Particle 
 size, mineralogy and texture. Applied Geochemistry. 26:1639-1648.  
 
Cousens, B.L. 2000. Geochemistry of the Archean Kam Group, Yellowknife Greenstone Belt, 
 Slave Province, Canada. The Journal of Geology. 108:181-197.  
 
Craw, D., Bowell, R.J. 2014. The characterization of arsenic in mine waste. Reviews in 
 Mineralogy and Geochemistry. 79:473-505.  
 
Csavina, J., Field, J., Taylor, M.P., Gao, S., Landazuri, A., Betterton, E.A., Saez, A.E. 2012. A 
 Review of the Importance of Metals and Metalloids in Atmospheric Dust and Aerosol 
 from Mining Operations. Sci Total Environ. 433C:58-73.  
 
Denys, S., Tack, K., Caboche, J., Delalain, P. 2008. Bioaccessibility, solid phase distribution, 
 and speciation of Sb in soils and digestive fluids. Chemosphere. 74:711-716. 
 



 

101 

 

Dyke, A.S. 2004. An outline of North American deglaciation with emphasis on central and 
 northern Canada. Ehlers, J., Gibbard, P.L. (Eds.), Quaternary Glaciations – Extent and 
 Chronology Part 2: North America. Elsevier, pp. 371-406.  
 
Dyke, A.S., Dredge, L. 1989. Quaternary geology of the northwest Canadian shield. Fulton, R.J. 
 (Eds.), Quaternary Geology of Canada and Greenland, pp. 189-214.  
 
Ehlers, J., Gibbard, P.L. 2007. The extent and chronology of Cenozoic global glaciation. 
 Quaternary International. 164-165:6-20.  
  
Engelbrecht, J.P., Derbyshire, E. Elements. 2010. Airborne Mineral Dust. 6:241-246.  
 
Engelbrecht, J.P., McDonald, E.V., Gillies, J.A., Jayanty, R.K.M., Casuccio, G., Gertler, A.W. 
 2009(a). Characterizing mineral dusts and other aerosols from the Middle East – Part 1: 
 ambient sampling. Inhalation Toxicology. 21:297-326. 
 
Engelbrecht, J.P., McDonald, E.V., Gillies, J.A., Jayanty, K.M., Casuccio, G., Gertler, A.W. 
 2009(b). Characterizing mineral dusts and other aerosols from the Middle East – Part 2: 
 Grab samples and re-suspensions. Inhalation Toxicology. 21:327-336. 
 
Fawcett, S.E., Jamieson, H.E. 2011. The distinction between ore processing and post-
 depositional transformation on the speciation of arsenic and antimony in mine waste and 
 sediment. Chemical Geology. 283:109-118.  
 
Fawcett, 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. Applied Geochemistry. 62:3-17.  
 
GMWG (Giant Mine Working Group). 12 May, 2016. Meeting Summary. http://registry.m 
 vlwb.ca/Documents/MV2007L8-0031/MV2007L8-0031%20-%20AANDC-CARD%20-
 %20Giant%20Mine%20-%20Working%20Group%20MTG%20Minutes%20-
 %20May12-16.pdf  
 
GNWT (Government of the Northwest Territories). 2017. NWT Air Quality Monitoring 
 Network. GNWT Department of Environment and Natural Resources. 
 http://aqm.enr.gov.nt.ca   
 
Galloway, J.M., Palmer, M., Jamieson, H.E., Patterson, R.T., Nasser, N., Falck, H., Macumber, 
 A.L., Goldsmith, S.A., Sanei, H., Normandeau, P., Hadlari, T., Roe, H.M., Neville, L.A., 
 Lemay, D. 2015. Geochemistry of lakes across ecozones in the Northwest Territories and 
 implications for the distribution of arsenic in the Yellowknife region. Part 1: Sediments. 
 Geological Survey of Canada. Open File 7908.   
 
Georgopoulos, P.G., Roy, A., Yonone-Lioy, M.J., Opiekun, R.E., Lioy, P.J. 2001. Environmental 
 copper: its dynamics and human exposure issues. Journal of Toxicology and 
 Environmental Health, Part B. 4:341-394.  
 
Goossens, D., Offer, Z.Y. 2000. Wind tunnel and field calibration of six aeolian dust samplers. 
 Atmospheric Environment. 34:1043-1057. 
 



 

102 

 

Government of Canada. 2017. Past weather and climate. Historical Data. 
 http://climate.weather.gc.ca/historical_data/search_historic_data_e.html  
 
Hamilton, E.I. 2000. Environmental variables in a holistic evaluation of land contaminated by 
 historic mine wastes: A study of multi-element mine wastes in West Devon, England 
 using arsenic as an element of potential concern to human health. Sci. Total Environ. 
 249:171-221.  
 
Hansen, H.K., Yianatos, J.B., Ottosen, L.M. 2005. Speciation and leachability of copper in mine 
 tailings from porphyry copper mining: Influence of particle size. Chemosphere. 60:1497-
 1503. 
 
Helmstaedt, H., Padgham, W.A. 1985. A new look at the stratigraphy of the Yellowknife 
 Supergroup at Yellowknife, NWT – Implications for the age of gold-bearing shear zones 
 and Archean basin evolution. Can. J. Earth. Sci. 23:454-475.  
 
INAC (Indian and Northern Affairs Canada). 2007. Giant mine remediation plan. Report 
 prepared by SRK Consulting, SENES Consultants Limited, Government of the Northwest 
 Territories, Canadian Federal Government. http://reviewboard.ca/upload/project_docu 
 ment/EA0809-001_Giant_Mine_Remediation_Plan_1328900464.pdf  
 
INAC. 2013. History of Giant Mine. https://www.aadnc-aandc.gc.ca/ 
 
Jamieson, H.E., Walker, S.R., Andrade, C.F., Wrye, L.A., Pasmussen, P.E., Lanzirotti, A., 
 Parsons, M.B. 2011. Identification and characterization of arsenic and metal compounds 
 in contaminated soil, mine tailings, and house dust using synchrotron-based 
 microanalysis. Human and Ecological Risk Assessment: An International Journal. 
 17:1292-1309.  
 
Jamieson, H.E. 2014. The Legacy of Arsenic Contamination from Mining and Processing 
 Refractory Gold Ore at Giant Mine, Yellowknife, Northwest Territories, Canada. 
 Reviews in Mineralogy & Geochemistry. 79:533-551.  
 
Jenner, G.A., Fryer, B.J., McLennan, S.M. 1981. Geochemistry of the Archean Yellowknife 
 Supergroup. Geochimica et Cosmochimica Acta. 45:1111-1129.  
 
Kim, C.S., Wilson, K.M., Rytuba, J.J. 2011. Particle-size dependence on metal(loid) 
 distributions in mine wastes: Implications for water contamination and human exposure. 
 Appl. Geochem. 26:484-495.  
 
Kim, C.S., Chi, C., Miller, S.R., Rosales, R.A., Sugihara, E.S., Akau, J., Rytuba, J.J., Webb, 
 S.M. 2013. (Micro)spectroscopic analyses of particle size dependence on arsenic 
 distribution and speciation in mine wastes. Environ. Sci. Technol. 47:8164-8171.  
 
Kribek, B., Majer, V., Pasava, J., Kamona, F., Mapani, B., Keder, J., Ettler, V. 2014. 
 Contamination of soils with dust fallout from the tailings dam at the Rosh Pinah area, 
 Namibia: Regional assessment, dust dispersion modeling and environmental 
 consequences. J. Geochem. Explor. 144:391-408.  
 



 

103 

 

Li, J., Wei, Y., Zhao, L., Zhang, J., Shangguan, Y., Li, F., Hou, H. 2014. Bioaccessibility of 
 antimony and arsenic in highly polluted soils of the mine area and health risk assessment 
 associated with oral ingestion exposure. Ecotoxicology and Environmental Safety. 
 110:308-315.  
 
Lippman, M., Yeates, D.B., Albert, R.E. 1980. Deposition, retention, and clearance of inhaled 
 particles. Br. J. Ind. Med. 37:337-362.  
 
Livingstone, L., Warren, A. 1996. Aeolian Geomorphology: An Introduction. Harlow: Longman, 
 pp.1-63.  
 
Majzlan, J., Drahota, P., Filippi, M. 2014. Parageneses and crystal chemistry of arsenic minerals. 
 Reviews in Mineralogy and Geochemistry. 79:17-184.  
 
Martin, R., Dowling, K., Pearce, D., Sillitoe, J., Florentine, S. 2014. Health effects associated 
 with inhalation of airborne arsenic arising from mining operations. Geosciences. 4:128-
 175.  
 
McTainsh, G., Strong, C. 2007. The Role of Aeolian Dust in Ecosystems. Geomorphology. 
 89:39-54.  
 
Meteoblue. 2017. https://www.meteoblue.com/en/weather/forecast/modelclimate/ 
 yellowknife_canada_6185377.  
 
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 mining districts of Nova Scotia. Environ. Sci. Technol. 44:2667-
 2674. 
 
Midwest Industrial Supply, Inc. 2009. Material safety data sheet: Soil-SementÒ. Midwest Dust 
 Control. www.midwestind.com.  
 
Mitchell, V.L. 2014. Health risks associated with chronic exposures to arsenic in the 
 environment. Reviews in Mineralogy and Geochemistry. 79:435-450.  
 
Moreno, T., Oldroyd, A., McDonald, I., Gibbons, W. 2007. Preferential Fractionation of Trace 
 Metals – Metalloids into PM10 Resuspended from Contaminated Gold Mine Tailings at 
 Rodalquilar, Spain. Water Air Soil Pollut. 179:93-105. 
 
Nemmar, A., Hoet, P.H.M., Vanquickenborne, B., Dinsdale, D., Thomeer, M., Hoylaerts, M.F., 
 Vanbilloen, H., Mortelmans, L., Nemery, B. 2002. Passage of inhaled particles into the 
 blood circulation in humans. Circulation. 105:411-414.  
 
Neuman, C.M., Boulton, J.W., Sanderson, S. 2009. Wind tunnel simulation of environmental 
 controls on fugitive dust emissions from mine tailings. Atmospheric Environment. 
 43:520-529. 
 
Nicod, L.P. 2005. Lung defenses: An overview. Eur. Respir. J. 14:45-50. 
 



 

104 

 

Nordstrom, D.K., Majzlan, J., Konigsberger, E. 2014. Thermodynamic properties for arsenic 
 minerals and aqueous species. Reviews in Mineralogy and Geochemistry. 79:217-255.  
 
Oliveira, V., Gomez-Ariza, J.L., Sanchez-Rodas, D. 2005. Extraction procedures for chemical 
 speciation of arsenic in atmospheric total suspended particles. Anal. Bioanal. Chem. 
 382:335-340.  
 
Ontario Ministry of the Environment. 2012. Ontario’s ambient air quality criteria. 
 http://www.airqualityontario.com/downloads/AmbientAirQualityCriteria.pdf  
 
Ootes, L., Morelli, R.M., Creaser, R.A., Lentz, D.R., Falck, H., Davis, W.J. 2011. The timing of 
 Yellowknife gold mineralization: a temporal relationship with crustal anatexis? 
 Economic Geology. 106:713-720.  
 
Paktunc, D., Foster, A., Heald, S., Laflamme, G. 2004. Speciation and characterization of arsenic 
 in gold ores and cyanidation tailings using X-ray absorption spectroscopy. Geochimica et 
 Cosmochimica Acta. 68:969-983.  
 
Pierart, A., Shahid, M., Sejalon-Delmas, N., Dumat, C. 2015. Antimony bioavailability: 
 Knowledge and research perspectives for sustainable agricultures. Journal of Hazardous 
 Materials. 289:219-234.  
 
Plumlee, G.S., Morman, S.A., Ziegler, T.L. 2006. The toxicological geochemistry of earth 
 materials: an overview of processes and interdisciplinary methods used to understand 
 them. Reviews in Mineralogy & Geochemistry. 64:5-57.  
 
Plumlee, G.S., Morman, S.A. 2011. Mine wastes and human health. Elements. 7:399-404. 
 
Pouchou, J.L., Pichoir, F. 1988. A simplified version of the ‘PAP’ model for matrix corrections in 
 EMPA. Microbeam Analysis. San Francisco Press, San Francisco, pp. 315.  
 
Protonotarios, V., Petsas, N., Moutsatsou, A. 2002. Levels and composition of atmospheric 
 particulates (PM10) in a mining-industrial site in the city of Lavrio, Greece. J. Air Waste 
 Manag. Assoc. 52:1263-1273.  
 
Quenneville, G. 22 May, 2015. Giant mine’s tailings pond dust blows toward Yellowknife again. 
 CBC News. http://www.cbc.ca/news/canada/north/giant-mine-s-tailings-pond-dust-
 blows-toward-yellowknife-again-1.3083013  
 
Querol, X., Alastuey, A., Lopez-Soler, A., Plana, F. 2000. Levels and chemistry of atmospheric 
 particulates induced by a spill of heavy metal mining wastes in the Donana area, 
 Southwest Spain. Atmos. Environ. 34: 239-253.  
 
Radkova, A.B. 2017. The influence of secondary mineral phase crystallization on antimony and 
 arsenic mobility in mine drainage. Queen’s University. PhD Dissertation. 
 https://qspace.library.queensu.ca/handle/1974/15881  
 
Reich, M., Becker, U. 2006. First-principles calculations of the thermodynamic mixing properties 
 of arsenic incorporation into pyrite and marcasite. Chemical Geology. 225:278-290.  
 



 

105 

 

Reynolds, R.L., Cattle, S.R., Moskowitz, B.M., Goldstein, H.L., Yauk, K., Flagg, C.B., Berquo, 
 T.S., Kokaly, R.F., Morman, S., Breit, G.N. 2014. Iron oxide minerals in dust of the Red 
 Dawn event in eastern Australia, September 2009. Aeolian Research. 15:1-13.   
 
Riveros, P.A., Dutrizac, J.E., Chen, T.T. 2000. Recovery of marketable arsenic trioxide from 
 arsenic-rich roaster dust. Environmental Improvements in Mineral Processing and 
 Extractive Metallurgy. 2:135-149.  
 
Robb, L. 2005. Introduction to Ore-Forming Processes. Blackwell Publishing, pp.130-219. 
 
Ruby, M.V., Schoof, R., Brattin, W., Goldade, M., Post, G., Harnois, M., Mosby, D.E., Casteel, 
 S.W.,  Berti, W., Carpenter, M., Edwards, D., Cragin, D., Chappell, W. 1999. Advances 
 in Evaluating the Bioavailability of Inorganics in Soil for use in Human Health Risk 
 Assessment. Environmental Science & Technology. 33:3697-3705. 
 
Sandlos, J., Keeling, A. 2012. Giant Mine: Historical Summary. Memorial University. 
 http://www.reviewboard.ca/upload/project_document/ea0809-
 001_giant_mine__history_summary.pdf  
 
Schuh, C.E., Jamieson, H.E., Palmer, M.J., Martin, A.J. In review. 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. Applied 
 Geochemistry.  
 
Shao, Y., McTainsh, G.H., Leys, J.F., Raupach, M.R. 1993. Efficiencies of sediment samplers 
 for wind erosion measurement. Aust. J. Soil Res. 31:519-532.  
 
Shelton, K.L., McMenamy, T.A., Van Hees, E.H.P., Falck, H. 2004. Deciphering the complex 
 fluid history of a greenstone-hosted gold deposit: fluid inclusion and stable isotope 
 studies of the Giant Mine, Yellowknife, Northwest Territories, Canada. Economic 
 Geology. 99:1643-1663.  
 
Silke, R. 2013. Giant Mine Milling and Roasting Process, Yellowknife, NWT. Giant Mine 
 Remediation Team Directorate. Aboriginal Affairs and Northern Development Canada. 
 1-29. https://www.nwtminingheritage.com/sites/default/files/giant_roaster 
 press_quality.pdf  
 
Soukup, J.M., Becker, S. 2001. Human alveolar macrophage responses to air pollution 
 particulates are associated with insoluble components of coarse material, including 
 particulate endotoxin. Toxicol. Appl. Pharmacol. 171:20-26.  
 
Sow, M., Goossens, D., Rajot, J.L. 2006. Calibration of the MDCO dust collector and of four 
 versions of the inverted Frisbee dust deposition sampler. Geomorphology. 82:360-375. 
 
Van Den Berghe, M. 2016. Understanding arsenic mobility and speciation in lake sediments  
 impacted by ore roasting near Giant mine, NWT. Queen’s University. MSc Thesis. 
 https://qspace.library.queensu.ca/handle/1974/14713  
 
Van Hees, E.H.P., Shelton, K.L., Ross Jr., L.M., Cousens, B.L., Falck, H., Robb, M.E., Canam, 
 T.W. 1999. Metasedimentary influence on metavolcanic-rock-hosted greenstone gold 



 

106 

 

 deposits: Geochemistry of the Giant Mine, Yellowknife, Northwest Territories, Canada. 
 Geology. 27:71-74.  
 
USEPA. 2006. The Arsenic Rule: Background and Rule Provisions,  
 https://www.epa.gov/sites/production/files/2015-09/documents/train1-background.pdf.   
 
Walker, S.R., Jamieson, H.E., Lanzirotti, A., Andrade, C.F., Hall, G.E.M. 2005. The speciation 
 of arsenic in iron oxides in mine wastes from the Giant gold mine, NWT: application of 
 synchrotron micro-XRD and micro-XANES at the grain scale. The Canadian 
 Mineralogist. 43:1205-1224.  
 
Walker, S.R. 2006. The solid-phase speciation of arsenic in roasted and weathered sulfides at the 
 Giant gold mine, Yellowknife, NWT, application of synchrotron microXANES and 
 microXRD at the grain scale. Queen’s University. PhD Thesis.  
 
Walker, S.R., Jamieson, H.E., Rasmussen, P.E. 2011. Application of synchrotron microprobe 
 methods to solid-phase speciation of metals and metalloids in house dust. Environ. Sci. 
 Technol. 45:8233-8240.  
 
Walker, S.R., Jamieson, H.E., Lanzirotti, A., Hall, G.E.M., Peterson, R.C. 2015. The effect of 
 ore roasting on arsenic oxidation state and solid phase speciation in gold mine tailings. 
 Geochemistry: Exploration, Environment, Analysis. 15:273-291.  
 
Webmineral. 2017. Mineralogy Database. http://webmineral.com 
 
WHO. 2011. Guidelines for Drinking-Water Quality. 4th Edition. World Health Organization. 
 http://apps.who.int/iris/bitstream/10665/44584/1/9789241548 
 151_eng.pdf.   
 
Widziewicz, K., Loska, K., Rogula-Kozlowska, W. 2015. Metals distribution on the surface of 
 quartz fiber filters used for particulate matter collection. Archives of Environmental 
 Protection. 41:3-10. 
 
Wiseman, C.L.S. 2015. Analytical methods for assessing metal bioaccessibility in airborne 
 particulate matter: A scoping review. Analytica Chimica Acta. 877:9-18.  
 
Wiseman, C.L.S., Zereini, F. 2014. Characterizing metal(loid) solubility in airborne PM10, PM2.5 
 and PM1 in Frankfurt, Germany using simulated lung fluids. Atmospheric Environment. 
 89:282-289.  
 
Wrye, L.A. 2008. Distinguishing between natural and anthropogenic sources of arsenic in soils 
 from the Giant mine, Northwest Territories and the North Brookfield mine, Nova Scotia. 
 Queen’s University. MSc Thesis. https://qspace.library.queensu.ca/handle/1974/1547  
 
  



 

107 

 

Appendix A: 

Sample GPS coordinate list 

The following table lists the GPS coordinates for the samples taken for this study. The samples 
collected from the e-sampler, funnel sampler, and dustfall jars were not analyzed in this study (for 
reasons listed in Appendix B). 

 

 

Elevation Latitude Longitude

ABNP-1 161 11V 0637305 UTM 6934110 62.51249 -114.333091

ABNP-2 157 11V 0637300 UTM 6933948 62.51104 -114.333318
ABNP-B1 156 11V 0637285 UTM 6934034 62.51182 -114.33354

ABSP-1 164 11V 0636496 UTM 6932691 62.50007 -114.349914

ABSP-2 164 11V 0636496 UTM 6932691 62.50007 -114.349914

ABSP-3 164 11V 0636496 UTM 6932691 62.50007 -114.349914

ABSP-4 167 11V 0636465 UTM 6932719 62.50033 -114.350493

ABSP-5 165 11V 0636614 UTM 6932689 62.50001 -114.347628

ABSP-6 165 11V 0636614 UTM 6932689 62.50001 -114.347628
ABSP-B1 164 11V 0636496 UTM 6932691 62.50007 -114.349914

163 11V 0636612 UTM 6932696 62.50007 -114.347661
165 11V 0636613 UTM 6932669 62.49983 -114.347663
164 11V 0636607 UTM 6932682 62.49995 -114.347769

ABNWP-1 158 11V 0636152 UTM 6934399 62.51551 -114.355227

ABNWP-2 153 11V 0636107 UTM 6934377 62.51533 -114.356118

ABNWP-3 170 11V 0636191 UTM 6934450 62.51595 -114.35443

ABNWP-4 169 11V 0636180 UTM 6934469 62.51613 -114.354629
ABNWP-5 169 11V 0636082 UTM 6935392 62.52444 -114.355796

ABNWP-B1 169 11V 0636180 UTM 6934469 62.51613 -114.354629

ABTB-1 132 11V 0636696 UTM 6932345 62.49689 -114.346312

ABTB-2 130 11V 0636685 UTM 6932332 62.49678 -114.346536

ABDFC-1 171 11V 0636782 UTM 6933138 62.50397 -114.344012
ABDFC-2 150 11V 0636222 UTM 6933682 62.50905 -114.35444

ABDFC-3 161 11V 0636183 UTM 6934364 62.51518 -114.354654
ABDFC-4 163 11V 0635580 UTM 6934321 62.51502 -114.366386

UTM CoordinatesSample

Dustfall 
Jars

Tailings 
Beach

North Pond

South 
Pond

Northwest 
Pond

TSP Hi-Vol Sampler

E-Sampler

Funnel Sampler
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Appendix B: 

Field sampling & subsampling methods 

The following tables list the different field sampling methods used in this study, and describe the 
utility (or lack thereof) for each method tested. They also describe the subsampling 
methodologies used.  

 

Tailings sampling and subsampling methods: 
Sampling 
Method 

Collection 
Medium 

 

Description 

Bulk Sampling 19 L Bucket  19 L of surface (0-10cm) tailings material was collected 
from North, Northwest, and South Ponds in buckets. Bulk 
samples were intentionally taken from soil cemented areas 
in the ponds so as to get a representative sample of the 
tailings as they exist today. These buckets were sealed 
tightly with a lid and duct tape.  

Grab Sampling Ziplock bags Grab samples of 3.8 L of tailings were collected from the 
surface of the tailings in North pond, Northwest pond, 
South pond, and the tailings beach. Most of the grab surface 
(0-10cm) tailings samples were taken from dust catchments 
within the tailings ponds; these included any organic or 
industry-related structures that were present on top of the 
tailings. Samples were double-bagged.  

Riffle Splitting Ziplock bags and 
plastic vials 

The material from each of the bulk and bagged surface 
tailings samples was poured through a riffle-type sample 
splitter to representatively mass-reduce and homogenize the 
samples. Three different rifflers of varying sizes were used 
at each stage of mass reduction: a large 50cm x 25cm 
riffler, a medium-sized riffler, and a micro-riffler. Each 
bucket of tailings was split by the large riffler until the 
sample had been reduced to a mass of ~1300g. These 
reduced bulk samples, and the bagged grab samples, were 
split by the medium-sized riffler to a mass of ~150g. The 
micro-riffler was used to subsample sieved <63µm material 
for various geochemical analyses.  

 

* Samples are not temperature sensitive; the temperature of the samples may fluctuate without 
consequence as organic matter preservation is irrelevant, and the samples were relatively dry 
during collection. 
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Dust sampling and subsampling methods: 

Sampling 
Method 

Collection 
Medium 

 

Description 

Active High 
Volume TSP 

Sampler 

Quartz-fiber 
filters 

A high volume TSP sampler was set up directly on the 
tailings at the south end of south pond for sampling over a 
period of 2 months, starting in May 2016. Electrical power 
for the sampler was diverted from a pump shack adjacent to 
the tailings pond. Because of the high sample density on the 
TSP filters and their ability to hold up under the SEM beam, 
we were able to use these samples for bulk chemical analysis 
and SEM analysis. The quartz fiber filters are stable in the 
SEM, but require a carbon coating to hold the particles down 
on the filters.  

PM10 E-

Sampler 

Teflon filters A Met One PM10 e-sampler was set up at the south end of 
south pond in May 2016 for sampling at 5-day intervals. 
Electrical power for the sampler was sourced from a 
combination of rechargeable batteries and the pump shack 
adjacent to the tailings pond. There was not a high enough 
sample density to use these filters for bulk chemical analysis, 
so they were intended for SEM analysis. However, the Teflon 
filters did not hold up under the SEM beam, even with a 
carbon coat. So we were unable to use these PM10 filters in 
this study.  

Passive 
Dustfall 

Samplers 

Dusfall 
collection jars 

(DFCs) 

Four dustfall collection jars were set up across the Giant mine 
site: one near Central pond, one along the Ingraham Trail 
(still on the Giant mine property), one below Northwest pond, 
and one on Vee Lake Road. These jars were filled with 2L of 
deionized (DI) water as a dust collection medium. A blank of 
the DI water was analyzed for As, Sb, and Pb via ICP-MS. 
The jars were set up on ~3m high posts, and were left out for 
1.5 months starting in May, 2016. Due to logistical 
challenges associated with extracting the low concentration of 
sample material from the jars and time constraints, we were 
unable to use these samples for this study.  

Passive Funnel 
Sampler 

Glass vial A funnel sampler was set up at the south end of South pond at 
the beginning of May 2016, and was left up for 
approximately two weeks. The funnel sampler had a wire 
mesh over the top with glass marbles overlaying it to simulate 
a natural deposition surface. A glass vial was taped to the 
bottom of the funnel for sample collection. This sampler was 
intended to be left out for the duration of the dust sampling 
period to collect dust that could be made into a thin section. 
This proved an effective means of capturing windblown 
material. However, it rained during the sampling period, and 
we had to use a filter to extract the solid sample material. 
Thus we did not end up using this sample.  
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Filter 
Subsampling 

 At present, there is no established protocol for subsampling 
dust filters for chemical analyses. Thus, to get comparable 
compositional and geochemical data for the particulate matter 
on the filters, we maintained a consistent subsampling 
scheme throughout. In this study, TSP quartz-fiber filters 
were subsampled for ICP-MS and SEM analysis by cutting 
equal-sized rectangles from the same location on each filter. 
Filters were cut using stainless steel scissors, which were 
cleaned with methanol between uses.  
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Appendix C: 

Photographs of select sample sites and (sub)samplers 

 
C-1: Bagged sample of surface tailings taken 
from the tailings beach site at Giant mine in 
October, 2015.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
C-2: Bagged sample of tailing taken 
of surface tailings from North pond 
in October, 2015. Fallen trees are an 
example of a possible dust 
catchment.   
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C-3: Bulk bucket sample taken of surface 
tailings in South pond in October, 2015.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C-4: Bagged surface tailing sample taken 
just outside of Northwest pond. These 
tailings dams surrounding the pond often act 
as dust catchments.   
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C-5: E-sampler set up at the south end of South 
pond to continuously sample PM10 from May to 
July, 2016. Described in Appendix B.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C-6: Funnel sampler set up at the south end of 
South pond to passively sample dust in May, 
2016. Described in Appendix B.  
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C-7: Dustfall collection jar used to passively 
sample dustfall from May to July 2016. Jar 
initially filled with DI water.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
C-8: Dustfall jar 
mounted on ~3m 
high post next to 
Central pond.   
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C-9: TSP filter mounted in sampler.   C-10: TSP filter post-sampling, with  
       subsample taken from bottom corner for 
       SEM analysis.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C-11: High volume TSP sampler set 
up in south end of South pond.   
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C-12: Medium-sized riffle splitter used to 
homogenize and subsample surface tailings 
samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
C-13: Large-sized 
riffle splitter used 
to homogenize and 
subsample surface 
tailings samples.  
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C-14: Orifice calibrator used to 
monitor flow rate through high volume 
TSP sampler to ensure that it remains 
constant.  
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Appendix D: 

Sample analysis list 

The following tables list the analyses performed on each sample used in this study. 

 

Tailings samples: 

 

 

 

 

 

 

 

 

Sample Sub-
Sample(s) Sieved to 

<63 um
Thin 

Section
ICP-MS 
(ASU)

ICP-OES 
(ASU)

Automated 
Mineralogy 
(SEM-MLA) XANES uXRF uXRD EPMA

ABNP-1 ABNP-1a x x x x x x
ABNP-2 ABNP-2a x x x x x
ABNP-B1 ABNP-B1a1 x x x x x x x

ABNP-B1a2 x x x
ABNP-B1b1 x x x x

ABSP-1 ABSP-1a x x x x x
ABSP-2 ABSP-2a x x x x x x
ABSP-3 ABSP-3a x x x x
ABSP-4 ABSP-4a x x x x
ABSP-5 ABSP-5a x x x x
ABSP-6 ABSP-6a x x x x
ABSP-B1 ABSP-B1a x x x x x x x

ABSP-B1b1 x x x x
ABNWP-1 ABNWP-1a x x x x x
ABNWP-2 ABNWP-2a x x x x
ABNWP-3 ABNWP-3a x x x x x
ABNWP-4 ABNWP-4a x x x x
ABNWP-5 ABNWP-5a x x x x x
ABNWP-B1 ABNWP-B1a x x x x x x x

ABNWP-B1b2 x x x x
ABTB-1 ABTB-1a x x x x
ABTB-2 ABTB-2a x x x x
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TSP dust filters: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Sample
ICP-MS 

(Maxxam)
Point 

Counting
ABHV0514 x x
ABHV0516 x x
ABHV0518 x x
ABHV0520 x x
ABHV0524 x x
ABHV0527 x x
ABHV0530 x x
AHHV0604 x x
AHHV0605 x x
AHHV0608 x x
AHHV0611 x x
AHHV0614 x x
AHHV0617 x x
AHHV0620 x x
AHHV0623 x x
AHHV0626 x x
AHHV0629 x x
AHHV0702 x x
AHHV0705 x x
AHHV0708 x x
AHHV0711 x x
AHHV0714 x x

HVFB x x
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Appendix E: 

Tailings bulk chemistry results 

Bulk elemental composition of tailings, both sieved and unsieved, from Giant mine. Samples 
taken in October 2015. Analyses made by ICP-MS and ICP-OES via aqua regia digestion at 
Queen’s Analytical Services Unit (ASU).  

 
  

Ag Al As Au B Ba Be Ca Cd Co Cr
ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g

Detection Limit ICP-MS <0.25 <50 <1.0 <0.010 <15 <0.5 <0.010 <100 <0.60 <0.50 <1.0

ICP-OES <2.5 <500 <10 <0.01 <75 <5.0 <0.1 <1000 <6.0 <5.0 <10

Sample          ABNP-1a 1 13000 4700 1.4 <15 12 0.15 62000 <0.60 65 42

ABNP-2a 1.1 14000 4600 1.7 18 8.2 0.14 67000 <0.60 60 50

ABNP-B1a 1 13000 5900 1.4 <15 6.5 0.15 58000 <0.60 86 46

ABNP-B1a * 1 13000 5900 1.3 <15 6.3 0.15 58000 <0.60 84 46

ABNP-B1b1 0.6 15000 3000 1 <15 5.6 0.13 54000 <0.60 30 44

ABSP-1a 1.7 16000 3800 4.6 <15 8.7 0.15 73000 <0.60 53 49

ABSP-2a 1.5 18000 4000 2.6 <15 8.4 0.16 72000 <0.60 53 52

ABSP-2a * 1.5 17000 3900 2.5 <15 8.9 0.15 70000 <0.60 50 48

ABSP-3a <2.5 14000 3500 2.2 <75 <5.0 0.12 84000 <6.0 49 39

ABSP-3a * <2.5 13000 3400 2.3 <75 <5.0 0.12 83000 <6.0 47 37

ABSP-4a <2.5 14000 3200 2.4 <75 6 0.11 79000 <6.0 41 39

ABSP-5a <2.5 14000 3300 3.5 <75 6.3 0.11 75000 <0.60 46 41

ABSP-6a <2.5 16000 5000 3.2 <75 9.8 0.14 74000 <0.60 63 45

ABSP-B1a 1.7 20000 3700 2 <15 7.8 0.13 65000 <0.60 52 55

ABSP-B1b1 1.3 18000 3300 1.7 <15 6.9 0.12 61000 <0.60 44 49

ABNWP-1a 2.5 15000 5100 1.9 <75 11 0.12 63000 <6.0 66 41

ABNWP-2a 2.5 14000 5900 1.9 <75 11 0.13 60000 <6.0 79 39

ABNWP-3a 2.9 14000 9300 6.4 <15 7.3 0.15 58000 <0.60 82 41

ABNWP-4a 2.7 14000 8400 4.6 <75 <5.0 0.13 63000 <6.0 84 39

ABNWP-5a 2.6 14000 8900 3.5 <15 7.9 0.13 58000 <0.60 97 41

ABNWP-B1a 2.4 14000 6900 3 <15 7.4 0.15 64000 <0.60 84 43

ABNWP-B1b2 1.2 21000 4000 2.4 <15 4.2 0.12 56000 <0.60 26 57

ABTB-1a <2.5 10000 1200 0.89 <75 5.5 0.12 63000 <6.0 12 30

ABTB-2a <2.5 12000 3500 2 <75 7.9 0.14 57000 <6.0 38 41

RSD of ABNP-B1a 0.0 0.0 0.0 5.2 ⎯ 2.2 0.0 0.0 ⎯ 1.7 0.0

RSD of ABSP-2a 0.0 4.0 1.8 2.8 ⎯ 4.1 4.6 2.0 ⎯ 4.1 5.7

RSD of ABSP-3a ⎯ 5.2 2.0 3.1 ⎯ ⎯ 0.0 0.8 ⎯ 2.9 3.7

ICP-OES Blank <2.5 <500 <10 <0.01 <75 <5.0 <0.1 <1000 <6.0 <5.0 <10

ICP-MS Blank <0.25 <50 <1.0 <0.010 <15 <0.5 <0.010 <100 <0.60 <0.50 <1.0

Control (ug/mL) 1.3 3.2 4.0 0.023 2.2 5.9 2.9 6.3 3.9 7.9 3.9

Control Target 1.2 3.0 4.0 0.025 2.0 6.0 3.0 6.0 4.0 8.0 4.0

Control (ug/mL) 1.3 3.1 4.3 0.024 2.3 6.1 3.3 5.8 4.4 8.7 4.3

Control Target 1.2 3 4 0.025 2 6 3 6 4 8 4

* Duplicate samples

Element
Unit
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Cu Fe K Mg Mn Mo Na Ni P Pb
ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g

Detection Limit ICP-MS <2.0 <50 <20 <20 <0.50 <0.50 <75 <1.0 <20 <5.0

ICP-OES <20 <500 <200 <200 <5.0 <5.0 <750 <10 <200 <50

Sample          ABNP-1a 120 83000 340 31000 1400 0.61 <75 110 330 220

ABNP-2a 130 82000 200 34000 1500 0.61 <75 110 340 190

ABNP-B1a 84 97000 250 31000 1300 0.77 <75 140 300 300

ABNP-B1a * 83 96000 250 31000 1300 0.89 <75 140 310 290

ABNP-B1b1 40 53000 220 31000 1200 <0.50 <75 61 280 110

ABSP-1a 82 66000 240 27000 1500 0.77 <75 84 460 180

ABSP-2a 88 69000 230 29000 1500 0.77 <75 88 470 180

ABSP-2a * 85 65000 230 27000 1400 0.66 <75 83 450 170

ABSP-3a 76 71000 <200 31000 1500 <5.0 <750 80 440 180

ABSP-3a * 74 67000 <200 30000 1500 <5.0 <750 76 450 170

ABSP-4a 62 62000 200 30000 1500 <5.0 <750 68 470 140

ABSP-5a 74 68000 230 31000 1500 <5.0 <750 75 480 180

ABSP-6a 110 77000 320 31000 1500 <5.0 <750 93 500 240

ABSP-B1a 95 71000 370 28000 1300 0.91 120 89 400 290

ABSP-B1b1 82 64000 330 26000 1200 0.79 110 78 400 250

ABNWP-1a 110 90000 400 28000 1400 <5.0 <750 100 410 500

ABNWP-2a 120 100000 370 27000 1400 <5.0 <750 120 440 650

ABNWP-3a 150 88000 220 24000 1300 1.2 <75 120 370 430

ABNWP-4a 140 98000 230 28000 1400 <5.0 <750 120 380 520

ABNWP-5a 140 100000 170 23000 1400 1.3 <75 140 500 370

ABNWP-B1a 140 90000 220 24000 1400 1.3 <75 130 370 460

ABNWP-B1b2 70 53000 140 28000 1200 0.55 <75 59 390 130

ABTB-1a 64 39000 510 33000 1200 <5.0 <750 27 270 69

ABTB-2a 140 78000 850 32000 1200 <5.0 <750 83 270 1100

RSD of ABNP-B1a 0.8 0.7 0.0 0.0 0.0 10.2 ⎯ 0.0 2.3 2.4

RSD of ABSP-2a 2.5 4.2 0.0 5.1 4.9 10.9 ⎯ 4.1 3.1 4.0

RSD of ABSP-3a 1.9 4.1 ⎯ 2.3 0.0 ⎯ ⎯ 3.6 1.6 4.0

ICP-OES Blank <20 <500 <200 <200 <5.0 <5.0 <750 <10 <200 <50

ICP-MS Blank <2.0 <50 <20 <20 <0.50 <0.50 <75 <1.0 <20 <5.0

Control (ug/mL) 7.9 16.0 15.0 6.1 16.0 3.1 15.0 7.9 29.0 42.0

Control Target 8.0 16.0 15.0 6.0 16.0 3.0 15.0 8.0 30.0 40.0

Control (ug/mL) 8.6 17 15 6.6 17 3.2 16 8.7 32 44

Control Target 8 16 15 6 16 3 15 8 30 40

* Duplicate samples

Element
Unit



 

122 

 

  

S Sb Se Sn Sr Ti Tl U V Zn
ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g

Detection Limit ICP-MS <200 <5.0 <1.0 <2.0 <1.0 <5.0 <1.0 <5.0 <1.0 <5.0

ICP-OES <250 <50 <10 <20 <10 <20 <10 <50 <10 <50

Sample          ABNP-1a 2800 460 <1.0 <2.0 33 96 <1.0 17 44 210

ABNP-2a 5100 390 <1.0 <2.0 35 94 <1.0 16 50 190

ABNP-B1a 7600 690 <1.0 <2.0 33 68 <1.0 22 43 230

ABNP-B1a * 7700 670 <1.0 <2.0 33 68 <1.0 21 44 230

ABNP-B1b1 3200 180 <1.0 <2.0 27 71 <1.0 9 50 140

ABSP-1a 4800 470 <1.0 <2.0 48 190 <1.0 11 67 220

ABSP-2a 5200 510 <1.0 <2.0 47 180 <1.0 11 72 230

ABSP-2a * 5000 470 <1.0 <2.0 45 170 <1.0 11 68 210

ABSP-3a 3400 500 <10 <20 48 190 <10 <50 54 200

ABSP-3a * 3600 470 <10 <20 47 170 <10 <50 51 200

ABSP-4a 3300 370 <10 <20 45 170 <10 <50 53 160

ABSP-5a 4800 460 <10 <20 43 210 <10 <50 54 200

ABSP-6a 6800 640 <10 <20 45 230 <10 <50 58 260

ABSP-B1a 4500 840 <1.0 <2.0 47 150 <1.0 12 74 360

ABSP-B1b1 5000 690 <1.0 <2.0 46 140 <1.0 11 67 300

ABNWP-1a 4600 790 <10 <20 42 200 <10 <50 53 480

ABNWP-2a 7300 890 <10 <20 37 160 <10 <50 51 610

ABNWP-3a 12000 1300 <1.0 <2.0 41 110 <1.0 17 49 450

ABNWP-4a 13000 890 <10 <20 39 99 <10 <50 46 620

ABNWP-5a 17000 1800 <1.0 <2.0 48 140 <1.0 21 54 510

ABNWP-B1a 10000 1600 <1.0 <2.0 45 95 <1.0 17 50 440

ABNWP-B1b2 3900 160 <1.0 <2.0 36 98 <1.0 7.1 73 180

ABTB-1a 660 86 <10 <20 25 <20 <10 <50 36 180

ABTB-2a 1100 480 <10 <20 24 <20 <10 <50 42 930

RSD of ABNP-B1a 0.9 2.1 ⎯ ⎯ 0.0 0.0 ⎯ 3.3 1.6 0.0

RSD of ABSP-2a 2.8 5.8 ⎯ ⎯ 3.1 4.0 ⎯ 0.0 4.0 6.4

RSD of ABSP-3a 4.0 4.4 ⎯ ⎯ 1.5 7.9 ⎯ ⎯ 4.0 0.0

ICP-OES Blank <250 <50 <10 <20 <10 <20 <10 <50 <10 <50

ICP-MS Blank <200 <5.0 <1.0 <2.0 <1.0 <5.0 <1.0 <5.0 <1.0 <5.0

Control (ug/mL) 29.0 2.9 3.1 2.8 3.0 3.0 3.1 1.9 3.0 14.0

Control Target 30.0 3.0 3.0 3.0 3.0 3.0 3.0 2.0 3.0 15.0

Control (ug/mL) 32 3.3 3.3 3.2 3.2 2.8 3.3 2 3.2 17

Control Target 30 3 3 3 3 3 3 2 3 15

* Duplicate samples

Element
Unit
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Appendix F 

Tailings descriptions 

Qualitative description of sample location, texture, and color for each surface tailings sample. 
Notes taken during field sampling and laboratory procedures (riffle splitting and sieving).  

  

Sample #

Tailings 

Site

Location in 

Pond Field Notes

Lab Notes (taken during 

sieving)

ABSP-B1 South pond ~20m north 

of dirt road in 

pond

Gray-green color. Medium to coarse 

grained, mostly sand. Poorly sorted. Soil 

Sement® is used in this area. Samples 

are from around boulders, which could 

potentially catch dust. 

Tailings form platy 

aggregates, probably a 

result of Soil Sement® 

presence. High 

concentration of clay-sized 

particles. ABSP-1 South pond ~20m north 

of dirt road in 

pond

Gray-green color. Medium to coarse 

grained, mostly sand. Poorly sorted. Soil 

Sement® is used in this area. Samples 

are from around boulders, which could 

potentially catch dust. 

Sand-rich texture. 

ABSP-2 South pond ~20m north 

of dirt road in 

pond

Gray-green color. Medium to coarse 

grained, mostly sand. Poorly sorted. Soil 

Sement® is used in this area. Samples 

are from around boulders, which could 

potentially catch dust. 

Sandy to fine-sand texture. 

ABSP-3 South pond ~20m north 

of dirt road in 

pond

Gray-green color. Medium to coarse 

grained, mostly sand. Poorly sorted. Soil 

Sement® is used in this area. Samples 

are from around boulders, which could 

potentially catch dust. 

Sand-rich texture. 

ABSP-4 South pond ~20m north 

of ABSP-1, -

2, -3

Same texture and color as above 

samples. Crusted over on the top 

(possibly from Soil Sement®). Sampled 

near plants which may have caught 

windblown material. 

Sand-rich texture. 

ABSP-5 South pond ~20m north 

of air quality 

monitors

Does not appear to have any Soil 

Sement®. Sample collected just south of 

the Soil Sement® impacted area. Same 

texture and color as above, but no crust at 

surface. Sample from between boulders. 

Sand-rich texture. 

ABSP-6 South pond ~20m north 

of air quality 

monitors

Does not appear to have any Soil 

Sement®. Sample collected just south of 

the Soil Sement® impacted area. Same 

texture and color as above, but no crust at 

surface. Sample from between boulders. 

Sand-rich texture. 

ABTB-1 Tailings 

beach

Along 

perimeter of 

site

Gray-green color with ribbons of orange 

throughout. Very fine sand at surface, but 

mostly comprised of silt- and clay-sized 

material. Weakly aggregated. Possible 

soil development. 

High clay content. 

ABTB-2 Tailings 

beach

~20m south 

of ABTB-1

At the surface: brick red color, silt-sized, 

fine-grained material. Below the surface 

there is a distinctly yellow color. Plant 

growth at the surface indicates possible 

soil development. 

High clay content. 
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Sample #
Tailings 

Site
Location in 

Pond Field Notes
Lab Notes (taken during 

sieving)
ABNP-B1 North pond Just south of 

dirt road into 
pond

Surface material from a section of tailings 
containing Soil Sement®. 

Fine-grained sand and silty 
texture. 

ABNP-1 North pond Just south of 
dirt road into 

pond

Very fine sand to silt-sized texture. Tan-
gray color. Appears to be impacted by 
aeolian activity. 

Fine-grained sand and silty 
texture. 

ABNP-2 North pond 30m south of 
dirt road, in a 
patch of birch 

trees

Poorly sorted. Same color as ABNP-1. 
Comprised of sand- and silt-sized 
material. Crust present at surface of 
tailings (possibly Soil Sement®). 

Fine-grained sand and silty 
texture. 

ABNWP-B1 Northwest 
pond

Just north of 
the snow 

fence

Dark brown-gray color. Medium- to fine-
grained sand. Poorly sorted. Might have 
Soil Sement® mixed in. 

Very sandy material. Does 
not form aggregates. 
Minimal clay content. 

ABNWP-1 Northwest 
pond

Downslope 
from pond 

(down 1 tier 
of tailings 

dam), south 
of road into 

pond

Medium- to fine-grained sand. Possibly 
with silt-sized material mixed in. Poorly 
sorted. Gray-green color. Collected by 
some bulders next to a dirt road. 

Sand-rich texture. 

ABNWP-2 Northwest 
pond

Downslope 
from pond 

(down 1 tier 
of tailings 

dam), south 
of road into 

pond

Fine-grained sand, with some silt-sized 
material. Gray-green/brown color. This 
site does not appear to receive much 
windblown material, relative to ABNWP-1 
site. 

Mostly silt- and dust-sized 
particles; not as much sand. 

ABNWP-3 Northwest 
pond

Just north of 
road into 

pond, 
between two 
pipes laying 

out

Very sandy. Mostly medium-sized sand. 
Poorly sorted. Low content of fines. Green-
gray color. Pipes may have acted as a 
dust catchment. 

Fine sand texture. Poorly 
sorted. 

ABNWP-4 Northwest 
pond

Just north of 
snow fence

Dark brown-gray color. Medium- to fine-
grained sand. Poorly sorted. Might have 
Soil Sement® mixed in. 

Fine sand texture. Poorly 
sorted. 

ABNWP-5 Northwest 
pond

Just south of 
big pipe in 
northwest 
corner of 

pond

Medium- to coarse-grained sand. Poorly 
sorted. Some fine sand, possibly finer-
grained particles. Gray-green/brown color. 

Very fine sand. Poorly 
sorted. 
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Appendix G: 

TSP filter bulk chemistry results 

Bulk elemental composition of tailings, both sieved and unsieved, from Giant mine. Sampled 
from May – July 2016. Analyses made by ICP-MS via aqua regia digestion at Maxxam Analytics.  

 

 

 

 

 

 

 

 

Al Sb As Ba Be Bi B Cd Ca Cr
ug ug ug ug ug ug ug ug ug ug

Sample ABHV0514 780 15 110 6.7 <0.27 <0.45 <9 <0.09 1400 4.3
ABHV0516 120 3 20 4.5 <0.27 <0.45 <9 <0.09 390 1
ABHV0518 200 10 75 3.8 <0.27 <0.45 <9 <0.09 500 1.5
ABHV0520 1100 21 160 7.7 <0.27 <0.45 <9 0.22 1900 4.9
ABHV0524 520 1.1 8.3 6.3 <0.27 <0.45 <9 <0.09 500 2.9
ABHV0527 390 29 220 3.8 <0.27 <0.45 <9 0.12 1100 2.6
ABHV0530 490 1.2 12 6 <0.27 <0.45 <9 <0.09 560 2.9
AHHV0604 410 0.58 4.9 6.5 <0.27 <0.45 <9 <0.09 460 2.8
AHHV0605 510 3.7 23 5.4 <0.27 <0.45 <9 0.16 620 3.1
AHHV0608 320 2.5 21 6 <0.27 <0.45 <9 <0.09 550 1.9
AHHV0611 380 3 25 6.7 <0.27 <0.45 <9 <0.09 910 1.9

RDL 18 0.45 0.45 0.45 0.27 0.45 9 0.09 45 0.45

AHHV0614 9200 360 3400 11 <2.7 <4.5 <90 1.7 18000 34
RDL 180 4.5 4.5 4.5 2.7 4.5 90 0.9 450 4.5

AHHV0617 770 13 100 6.3 <0.27 <0.45 <9 <0.09 1300 3.4
AHHV0620 1400 30 230 9.3 <0.27 <0.45 <9 0.28 2800 5.5
AHHV0623 800 4 29 7.4 <0.27 <0.45 <9 <0.09 960 4
AHHV0626 780 4.3 34 6.7 <0.27 <0.45 <9 <0.09 1100 3.5

RDL 18 0.45 0.45 0.45 0.27 0.45 9 0.09 45 0.45

AHHV0629 1700 6.6 51 16 <0.54 <0.9 19 <0.18 2100 8.1
AHHV0702 2100 19 150 23 <0.54 <0.9 25 0.38 4500 9.8

RDL 36 0.9 0.9 0.9 0.54 0.9 18 0.18 90 0.9

AHHV0705 1000 4 30 12 <0.27 <0.45 <9 0.1 1100 7.1
AHHV0708 400 1.4 13 6.8 <0.27 <0.45 <9 <0.09 620 3.5
AHHV0711 590 8.2 69 6.7 <0.27 <0.45 <9 <0.09 1200 4.5

RDL 18 0.45 0.45 0.45 0.27 0.45 9 0.09 45 0.45

AHHV0714 3600 100 1000	(1) 22 <0.54 <0.9 24 0.67 8300 14
RDL 36 0.9 4.5 0.9 0.54 0.9 18 0.18 90 0.9

HVFB <18 <0.45 <0.45 6.1 <0.27 <0.45 <9 <0.09 180 2

RDL	=	Reportable	Detection	Limit
(1)	Extra	10x	dilution	was	analyzed	for	As	for	this	sample
HVFB	=	Blank	filter	sample

Element
Unit
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Co Cu Fe Pb Mg Mn Mo Ni K Se
ug ug ug ug ug ug ug ug ug ug

Sample ABHV0514 2.8 120 3800 11 700 30 2.5 5.7 170 <0.9
ABHV0516 0.41 110 550 2.5 150 6.3 2.5 1.3 47 <0.9
ABHV0518 1.5 180 1900 7.4 230 10 4.7 2.6 <45 <0.9
ABHV0520 3.7 300 5100 17 1100 49 6.7 7.4 240 <0.9
ABHV0524 0.58 300 1000 2.1 400 14 7.6 1.9 170 <0.9
ABHV0527 4.5 160 5600 20 520 26 3.7 7.6 100 <0.9
ABHV0530 0.63 360 1100 2.9 390 14 13 1.9 200 <0.9
AHHV0604 0.48 140 820 2.3 320 12 6.9 1.9 170 <0.9
AHHV0605 0.73 130 1100 3.5 450 18 7.5 2 360 <0.9
AHHV0608 0.64 130 870 4.1 250 12 7.7 1.7 170 <0.9
AHHV0611 0.91 150 1200 5.8 360 17 4.9 2.1 200 <0.9

RDL 0.27 0.27 11 0.27 9 0.45 0.27 0.45 45 0.90

AHHV0614 58 280 74000 370 11000 440 7.2 100 640 <9
RDL 2.7 2.7 110 2.7 90 4.5 2.7 4.5 450 9

AHHV0617 2.2 110 3000 11 800 29 3.2 4.7 170 <0.9
AHHV0620 4.7 120 6300 30 1600 62 5.3 9.5 340 <0.9
AHHV0623 1.2 120 1800 4.5 610 24 7.9 3.3 210 <0.9
AHHV0626 1.2 140 1800 11 640 25 9.3 3 180 <0.9

RDL 0.27 0.27 11 0.27 9 0.45 0.27 0.45 45 0.90

AHHV0629 2.5 130 4000 21 1500 63 8.2 6.4 640 <1.8
AHHV0702 4.5 200 6500 25 2300 120 9.4 10 860 <1.8

RDL 0.54 0.54 23 0.54 18 0.9 0.54 0.9 90 1.8

AHHV0705 1.5 300 2300 4.9 910 39 12 4.1 340 <0.9
AHHV0708 0.66 230 970 2.4 330 15 9.6 1.7 150 <0.9
AHHV0711 1.6 280 2200 8.7 700 27 9.9 3.4 190 <0.9

RDL 0.27 0.27 11 0.27 9 0.45 0.27 0.45 45 0.90

AHHV0714 17 340 20000 100 4700 210 9.2 30 970 <1.8
RDL 0.54 0.54 23 0.54 18 0.9 0.54 0.9 90 1.8

HVFB <0.27 0.33 13 <0.27 <9 <0.45 <0.27 <0.45 <45 <0.9

RDL	=	Reportable	Detection	Limit
HVFB	=	Blank	filter	sample

Element
Unit
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Ag Na Sr Tl Sn Ti U V Zn
ug ug ug ug ug ug ug ug ug

Sample ABHV0514 0.22 120 2.7 <0.09 7.1 34 <0.09 2.7 18
ABHV0516 0.11 <45 0.88 <0.09 2 2.6 <0.09 0.38 9
ABHV0518 0.14 84 0.98 <0.09 0.51 5.1 <0.09 0.7 8.5
ABHV0520 0.22 160 3.3 <0.09 3.4 39 <0.09 4.2 39
ABHV0524 0.12 100 1.4 <0.09 0.79 24 <0.09 1.7 13
ABHV0527 0.16 68 1.6 <0.09 0.82 7.9 <0.09 1.5 21
ABHV0530 0.13 70 1.2 <0.09 1.6 23 <0.09 1.6 9.7
AHHV0604 <0.09 52 1.1 <0.09 1 19 <0.09 1.4 15
AHHV0605 0.11 70 1.5 <0.09 0.75 18 <0.09 1.7 10
AHHV0608 <0.09 68 0.99 <0.09 0.9 13 <0.09 1.1 11
AHHV0611 <0.09 62 1.6 <0.09 1.1 14 <0.09 1.4 25

RDL 0.09 45 0.45 0.09 0.27 0.90 0.09 0.27 4.5

AHHV0614 1.9 <450 20 <0.9 3.8 64 <0.9 35 320
RDL 0.9 450 4.5 0.9 2.7 9 0.9 2.7 45

AHHV0617 0.1 120 2.2 <0.09 0.79 28 <0.09 2.8 15
AHHV0620 0.15 150 4.1 <0.09 1.6 45 <0.09 5.1 42
AHHV0623 <0.09 100 1.9 <0.09 1.2 35 <0.09 2.8 14
AHHV0626 <0.09 87 2.2 <0.09 1.9 35 <0.09 2.7 14

RDL 0.09 45 0.45 0.09 0.27 0.90 0.09 0.27 4.5

AHHV0629 <0.18 150 4.6 <0.18 0.77 74 <0.18 6.1 36
AHHV0702 0.19 180 8.6 <0.18 0.96 76 <0.18 8.1 57

RDL 0.18 90 0.9 0.18 0.54 1.8 0.18 0.54 9

AHHV0705 0.14 120 2.6 <0.09 0.59 46 <0.09 3.7 17
AHHV0708 0.1 54 1.1 <0.09 0.41 18 <0.09 1.5 7
AHHV0711 0.18 74 1.9 <0.09 1.7 18 <0.09 2.1 15

RDL 0.09 45 0.45 0.09 0.27 0.90 0.09 0.27 4.5

AHHV0714 0.6 260 13 <0.18 1.3 42 <0.18 13 140
RDL 0.18 90 0.9 0.18 0.54 1.8 0.18 0.54 9

HVFB <0.09 <45 <0.45 <0.09 <0.27 <0.9 <0.09 <0.27 <4.5

RDL	=	Reportable	Detection	Limit
HVFB	=	Blank	filter	sample

Element
Unit
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Appendix H: 

TSP hi-vol sampler flow rate & sample time 

Flow rate data for the high volume (hi-vol) sampler used to sample TSP for this study, and 
sampling time for TSP samples.  

 

 

  

  
Start Finish Start Finish

ABHV0514 5/14/16 5/16/16 15:08 15:07 172740 22.56 3897014 3897
ABHV0516 5/16/16 5/18/16 15:18 15:18 172800 22.56 3898368 3898
ABHV0518 5/18/16 5/20/16 15:26 15:40 173640 22.56 3917318 3917
ABHV0520 5/20/16 5/24/16 15:51 16:20 347340 22.56 7835990 7836
ABHV0524 5/24/16 5/27/16 16:26 16:05 261540 22.56 5900342 5900
ABHV0527 5/27/16 5/30/16 16:17 16:55 261480 22.56 5898989 5899
ABHV0530 5/30/16 6/3/16 17:00 1:26 289560 22.56 6532474 6532
AHHV0604 6/4/16 6/5/16 12:35 13:20 89100 22.56 2010096 2010
AHHV0605 6/5/16 6/8/16 13:20 13:00 258000 22.56 5820480 5820
AHHV0608 6/8/16 6/11/16 13:00 6:35 236100 22.56 5326416 5326
AHHV0611 6/11/16 6/14/16 6:35 6:36 259260 22.56 5848906 5849
AHHV0614 6/14/16 6/17/16 6:36 12:30 280440 22.56 6326726 6327
AHHV0617 6/17/16 6/20/16 12:30 14:00 264600 22.56 5969376 5969
AHHV0620 6/20/16 6/23/16 14:00 15:00 262800 22.56 5928768 5929
AHHV0623 6/23/16 6/26/16 15:00 7:00 230400 22.56 5197824 5198
AHHV0626 6/26/16 6/29/16 7:00 6:15 256500 22.56 5786640 5787
AHHV0629 6/29/16 7/2/16 6:15 7:06 262260 22.56 5916586 5917
AHHV0702 7/2/16 7/5/16 7:06 8:20 263640 22.56 5947718 5948
AHHV0705 7/5/16 7/8/16 8:20 16:40 289200 22.56 6524352 6524
AHHV0708 7/8/16 7/11/16 16:40 6:20 222000 22.56 5008320 5008
AHHV0711 7/11/16 7/14/16 6:20 7:45 264300 22.56 5962608 5963
AHHV0714 7/14/16 7/17/16 7:45 12:10 275100 22.56 6206256 6206
HVFB N/A N/A N/A N/A 0 0 0 0

Volume 
Air Pulled 
Through 

(L)

Volume 
Air Pulled 
Through 

(m3)

Date TimeSample Total 
Sampling 
Time (sec)

Point Flow 
Rate 

(L/sec)
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Appendix I: 

Bulk XANES 

The following figures depict the linear combination fits (LCFs) generated by the Athena software 
to determine the speciation of As for each sample run from transmission XANES data, the 
standards used in analysis, and a table of the LCF results.  

 

Bulk XANES standards:    Table of XANES LCF results: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      * Based on repeat samples and past bulk  
     XANES studies, assigned error of these values is 15%.  
 

 

 

 

 

Sample As1- (%) As3+ (%) As5+ (%) As3+/As5+

ABNP-1a 53 16 32 0.50
ABNP-2a 66 7.4 26 0.28

ABNP-2ar 0 57 44 1.30
ABNP-B1a 47 21 33 0.64

ABNP-B1b1 32 30 38 0.79
ABNWP-3a 72 3.9 24 0.16
ABNWP-5a 66 5.2 29 0.18

ABNWP-5ar 0 66 34 1.94
ABNWP-B1a 61 9.3 30 0.31

ABNWP-B1b2 69 14 17 0.82
ABSP-1a 53 12 36 0.33
ABSP-2a 54 12 34 0.35

ABSP-2ar 0 40 61 0.66
ABSP-6a-20 68 5.5 27 0.20
ABSP-6a-63 68 8.2 24 0.34

ABSP-B1a 32 19 50 0.38
ABSP-B1b1 24 22 54 0.41

Mean 0.56
Std.	Dev.	 0.46

Bulk	XANES	LCF	results
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South pond LCF results:    North pond LCF results:  
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Northwest pond LCF results:  
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Appendix J: 

µXRD, µXRF, SEM-MLA results 

Figures comparing select µXRF maps and select µXRD spectra with SEM-MLA characterization.  
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Appendix K: 

Maps of µXRD points & table of peak match results 

µXRD points plotted on µXRF maps, followed by a table comparing peak match results for 
µXRD spectra with SEM-MLA mineral identification. 
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*Where ‘none’ is noted for MLA mineral ID, no EDS spectra was taken for that particle.  
  

Sample
uXRF 
Map #

uXRD 
Point uXRD Mineral ID MLA Mineral ID

ABNP-B1a1 D 2c1 Maghemite-C, syn Roaster Fe-Oxide
2c2 Maghemite-C, syn Roaster Fe-Oxide
2r1 Maghemite, titanian None
2r2 Maghemite-C, syn None
2r3 Maghemite-C, syn None
5c Maghemite, titanian Pyrite
8c1 Maghemite-C, syn Pyrite
8c2 Maghemite-C, syn Pyrite
8c3 Maghemite-C, syn Pyrite
8r1 Maghemite-C, syn Pyrite

8r2 Maghemite-C, syn Pyrite

8r3 Maghemite-C, syn Pyrite
8r4 Maghemite-C, syn Pyrite
9c Maghemite-C, syn Roaster Fe-Oxide
9r1 Maghemite-C, syn Roaster Fe-Oxide
10c Maghemite-C, syn Roaster Fe-Oxide
10r1 Maghemite-C, syn Roaster Fe-Oxide
11c Maghemite-C, syn Roaster Fe-Oxide
15c Maghemite-C, syn Roaster Fe-Oxide

ABNP-B1a1 E 5c1 Maghemite-C, syn Pyrite
5c2 Maghemite-C, syn Pyrite
5r1 Maghemite-C, syn Roaster Fe-Oxide
5r2 Maghemite-C, syn Roaster Fe-Oxide
5r3 Maghemite-C, syn Pyrite
6c Maghemite-C, syn None
6r1 Maghemite-C, syn Roaster Fe-Oxide
6r2 Maghemite-C, syn None
7c Iron diiron(III) oxide Roaster Fe-Oxide

7ar1 Maghemite-C, syn Roaster Fe-Oxide
7ar2 Iron diiron(III) oxide Roaster Fe-Oxide
7r3 Maghemite-C, syn None
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*Where ‘none’ is noted for MLA mineral ID, no EDS spectra was taken for that particle.   

Sample
uXRF 
Map #

uXRD 
Point uXRD Mineral ID MLA Mineral ID

ABNP-B1a1 F 5c1 Maghemite-C, syn None
5c2 Maghemite-C, syn Roaster Fe-Oxide
5r1 Maghemite-C, syn None
5r2 Maghemite-C, syn None
5r3 Maghemite-C, syn None
6c Maghemite-C, syn None
9c1 Maghemite-C, syn Pyrite
9c2 Maghemite-C, syn Pyrite
9e1 Maghemite-C, syn Pyrite
10c1 Maghemite-C, syn Pyrite

10c2
Iron diiron(III) 
oxide, Magnetite Pyrite

10c3
Iron diiron(III) 
oxide, Magnetite Pyrite

10r1 Maghemite-C, syn Roaster Fe-Oxide
10r2 Maghemite-C, syn Roaster Fe-Oxide
10r3 Maghemite-C, syn None
10r4 Maghemite-C, syn Roaster Fe-Oxide
10r5 Maghemite-C, syn Roaster Fe-Oxide

11ac2 Iron diiron(III) oxideArsenopyrite
11ac4 Maghemite-C, syn Arsenopyrite
11ac7 Maghemite-C, syn Arsenopyrite
17ac Maghemite-C, syn None
17c1 Maghemite-C, syn None
17r1 Maghemite-C, syn None
17r2 Maghemite-C, syn None
17r3 Maghemite-C, syn None

ABNWP-B1a B 8r3 Maghemite None
9c1 Maghemite-C, syn Roaster Fe-Oxide
9r1 Maghemite-C, syn Roaster Fe-Oxide
9r2 Maghemite-C, syn Roaster Fe-Oxide
10c Maghemite-C, syn Roaster Fe-Oxide

11c1 Maghemite-C, syn Pyrite
11c2 Maghemite-C, syn Pyrite
12c2 Maghemite-C, syn Pyrite
12r1 Maghemite-C, syn None
12r2 Maghemite-C, syn None
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Appendix L: 

EMPA results 

Images of grains analyzed via EMPA with locations of points noted, followed by a table of the 
corresponding EMPA results. EMP-WDS for select grains included. Measured at Queen’s 
University with assistance from Brian Joy.  

Roaster Fe-Oxides: 

 

  

Point Comment As2O5 Fe2O3 Cu2O MnO CaO SO3 SiO2 PbO Sb2O5 Total
1 ABNWP-1A grain 1 1 5.06 92.23 0.16 0.00 0.09 0.09 0.36 0.21 2.24 100.43
2 ABNWP-1A grain 1 2 5.35 92.65 0.10 0.03 0.14 0.13 0.29 0.29 2.37 101.35
3 ABNWP-1A grain 1 3 2.76 94.26 0.51 0.04 0.11 0.09 0.29 0.47 1.58 100.11
4 ABNWP-1A grain 1 4 2.60 93.49 0.35 0.02 0.19 0.10 0.40 0.42 1.56 99.12
5 ABNWP-1A grain 2 1 7.93 89.26 0.00 0.04 0.11 0.12 0.09 0.13 2.68 100.36
6 ABNWP-1A grain 2 2 7.80 89.81 0.02 0.01 0.14 0.10 0.08 0.12 2.59 100.67
7 ABNWP-1A grain 2 3 9.37 86.63 0.05 0.05 0.20 0.18 0.23 0.18 3.61 100.50

22 ABNP-1A grain 1 1 4.23 96.87 0.02 0.01 0.15 0.10 0.14 0.13 0.22 101.85
23 ABNP-1A grain 1 2 3.02 94.52 0.04 0.03 0.15 0.06 0.18 0.06 0.21 98.27
24 ABNP-1A grain 1 3 3.58 94.32 0.03 0.00 0.12 0.03 0.17 0.03 0.21 98.49
25 ABNP-1A grain 2 1 2.48 98.35 0.02 0.04 0.22 0.09 0.19 0.06 0.29 101.75
26 ABNP-1A grain 2 2 1.90 98.28 0.00 0.01 0.24 0.00 0.31 0.10 0.20 101.05
27 ABNP-1A grain 2 3 2.12 97.84 0.00 0.03 0.28 0.03 0.22 0.11 0.28 100.90
28 ABNP-1A grain 3 1 3.72 95.40 0.09 0.00 0.27 0.05 0.18 0.13 0.82 100.66
29 ABNP-1A grain 3 2 4.22 96.54 0.04 0.00 0.11 0.05 0.18 0.09 0.74 101.98
30 ABNP-1A grain 3 3 4.00 96.05 0.01 0.00 0.19 0.02 0.42 0.10 0.73 101.52
46 ABSP-2A grain 1 1 3.21 95.09 0.00 0.09 0.29 0.01 0.21 0.08 0.35 99.34
47 ABSP-2A grain 1 2 3.35 96.28 0.00 0.06 0.17 0.03 0.22 0.10 0.37 100.58
48 ABSP-2A grain 1 3 3.82 96.23 0.02 0.03 0.24 0.06 0.21 0.22 0.33 101.16
49 ABSP-2A grain 2 1 5.97 88.61 0.01 0.01 0.28 0.10 1.29 0.04 0.40 96.71
50 ABSP-2A grain 2 2 8.04 89.89 0.00 0.00 0.29 0.15 0.26 0.05 1.70 100.38
51 ABSP-2A grain 2 3 6.94 91.65 0.04 0.02 0.13 0.17 0.18 0.03 0.97 100.14

Oxide	Wt%
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Pyrrhotite and pyrite oxidation rims: 

 

  

Point Comment As2O5 Fe2O3 Cu2O MnO CaO SO3 SiO2 PbO Sb2O5 Total
15 ABNWP-1A grain 5 1 0.53 76.70 0.03 0.02 2.13 1.10 4.20 0.04 1.21 85.96
16 ABNWP-1A grain 5 2 1.93 76.12 0.00 0.00 2.46 1.15 2.81 0.00 0.89 85.36
17 ABNWP-1A grain 5 3 0.53 77.85 0.01 0.03 2.01 1.01 3.71 0.03 1.04 86.22
18 ABNWP-1A grain 5 4 3.87 95.06 0.07 0.16 0.21 0.13 0.19 0.35 0.40 100.44
40 ABNP-1A grain 7 1 5.92 71.88 0.35 0.06 3.41 1.22 6.12 0.00 0.28 89.24
41 ABNP-1A grain 7 2 7.22 71.12 0.35 0.06 3.25 1.17 5.67 0.01 0.24 89.09
42 ABNP-1A grain 7 3 4.85 72.94 0.16 0.01 2.94 1.72 6.44 0.04 0.26 89.37
43 ABNP-1A grain 8 1 1.46 75.54 0.00 0.06 3.08 0.98 8.50 0.04 0.33 89.99
44 ABNP-1A grain 8 2 2.12 76.13 0.05 0.05 3.23 0.98 6.88 0.05 0.29 89.78
45 ABNP-1A grain 8 3 0.39 78.57 0.00 0.00 2.48 0.83 6.76 0.01 0.25 89.28
63 ABSP-2A grain 7 1 5.08 73.09 0.14 0.09 3.31 1.89 3.52 0.05 2.64 89.81
64 ABSP-2A grain 7 2 3.73 76.63 0.00 0.05 2.67 2.53 3.26 0.02 1.67 90.55
65 ABSP-2A grain 7 3 5.79 72.01 0.05 0.05 3.07 2.38 3.22 0.05 2.85 89.47
66 ABSP-2A grain 8 1 5.93 74.62 0.10 0.05 2.80 2.91 2.60 0.00 1.24 90.24
67 ABSP-2A grain 8 2 3.48 77.28 0.06 0.04 2.11 2.93 2.03 0.00 1.05 88.98
68 ABSP-2A grain 8 3 4.29 73.83 0.01 0.01 3.13 3.21 3.40 0.06 1.89 89.83

Oxide	Wt%
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Ca-Fe arsenate: 

 

  

Point Comment As2O5 Fe2O3 Cu2O MnO CaO SO3 SiO2 PbO Sb2O5 Total
19 ABNWP-1A grain 6 1 26.62 50.14 0.12 0.00 4.40 1.08 1.34 0.00 0.36 84.07
20 ABNWP-1A grain 6 2 24.60 52.27 0.17 0.02 4.75 0.75 1.41 0.00 0.39 84.37
21 ABNWP-1A grain 6 3 23.95 49.72 0.13 0.04 4.73 0.76 1.24 0.10 0.33 81.00
37 ABNP-1A grain 6 1 18.96 48.34 0.50 0.09 6.30 0.49 4.95 0.17 0.26 80.06
38 ABNP-1A grain 6 2 19.63 49.73 0.41 0.09 6.30 0.56 5.20 0.10 0.29 82.30
39 ABNP-1A grain 6 3 20.52 48.94 0.43 0.09 6.14 0.56 5.38 0.12 0.27 82.45
57 ABSP-2A grain 5 1 26.51 46.56 0.21 0.05 6.97 0.61 1.68 0.03 1.73 84.35
58 ABSP-2A grain 5 2 24.81 46.42 0.20 0.09 6.87 0.61 1.76 0.06 1.84 82.66
59 ABSP-2A grain 5 3 24.66 46.31 0.20 0.05 7.03 0.69 1.79 0.00 1.54 82.26
60 ABSP-2A grain 6 1 20.47 50.57 0.12 0.27 6.70 0.60 2.30 0.00 1.71 82.75
61 ABSP-2A grain 6 2 22.54 51.87 0.01 0.18 6.54 0.69 2.13 0.00 1.69 85.64
62 ABSP-2A grain 6 3 22.24 51.40 0.10 0.20 6.83 0.61 2.18 0.00 1.50 85.07

Oxide Wt%
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Pb Arsenate: 

 

  

Point Comment As2O5 Fe2O3 Cu2O MnO CaO SO3 SiO2 PbO Sb2O5 Total
11 ABNWP-1A grain 4 1 19.30 5.04 0.11 0.05 2.94 0.78 0.45 51.53 0.29 80.48
12 ABNWP-1A grain 4 2 20.94 5.47 0.13 0.03 2.15 0.52 0.26 53.21 0.36 83.07
13 ABNWP-1A grain 4 3 19.90 7.45 0.10 0.06 3.89 0.68 0.43 47.47 0.34 80.31
14 ABNWP-1A grain 4 4 20.54 5.30 0.11 0.04 2.44 0.44 0.18 53.62 0.40 83.07
34 ABNP-1A grain 5 1 5.00 0.75 0.12 0.00 0.39 1.07 0.10 68.15 0.41 75.99
35 ABNP-1A grain 5 2 14.49 0.73 0.01 0.01 1.05 0.85 0.18 63.55 0.34 81.20
36 ABNP-1A grain 5 3 17.30 0.79 0.01 0.01 1.43 0.70 0.10 59.53 0.25 80.13
54 ABSP-2A grain 4 1 17.89 0.67 0.66 0.06 1.45 0.42 0.17 59.97 0.83 82.12
55 ABSP-2A grain 4 2 20.53 1.08 0.48 0.05 2.67 0.50 0.17 56.98 0.37 82.82
56 ABSP-2A grain 4 3 19.29 0.81 0.70 0.00 1.56 0.61 0.25 58.00 1.03 82.25

Oxide Wt%
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Cu-Fe Arsenate: 

  

Point Comment As2O5 Fe2O3 Cu2O MnO CaO SO3 SiO2 PbO Sb2O5 Total
8 ABNWP-1A grain 3 1 37.47 26.89 26.50 0.01 0.37 2.90 0.20 0.05 0.56 94.96
9 ABNWP-1A grain 3 2 42.09 7.33 37.59 0.03 0.63 1.75 0.28 0.18 0.45 90.33
10 ABNWP-1A grain 3 3 8.17 72.34 10.27 0.02 0.63 0.53 1.16 0.24 1.14 94.50
31 ABNP-1A grain 4 1 40.98 44.77 9.95 0.01 0.24 4.01 0.17 0.04 0.11 100.28
32 ABNP-1A grain 4 2 33.48 50.59 12.34 0.02 0.17 2.68 0.20 0.05 0.16 99.69
33 ABNP-1A grain 4 3 35.31 44.84 14.70 0.04 0.35 1.47 0.26 0.05 0.21 97.23
52 ABSP-2A grain 3 1 3.66 80.96 8.85 0.05 0.21 0.25 1.15 0.13 0.53 95.80
53 ABSP-2A grain 3 2 8.39 68.70 11.73 0.05 0.32 0.49 0.40 0.15 0.45 90.68

Oxide Wt%
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Appendix M: 

Wind speed and TSP data for sampling period 

Comparison of total As concentration in TSP samples with amount of TSP, wind speed, and wind 
direction data for the sampling period from May – July , 2016. Arsenic concentration data from 
South pond sampler; amount of TSP, wind speed, and wind direction data from Site D sampler.  
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Appendix N: 

SEM-BSE images with EDS spectra 

SEM-BSE images for select particles in surface tailings samples, with representative EDS spectra 
for phase.  



 

146 

 

* Where ‘realgar’ is noted: realgar was used as model compound for this phase in MLA, however 
further study would be required to definitively distinguish these As-sulfides from orpiment.   
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148 

 

Appendix O: 

SEM-MLA results 

Tables of SEM-MLA results for sieved and unsieved surface tailings samples. Including the 
complete modal mineralogy of the samples (as determined from SPL_Lt mapping via SEM-
MLA), the distribution of As in each As-hosting phase (calculated from EMPA data), mineral 
associations for As-hosting phases (calculated by MLA software), abundance of As-hosting 
phases relative to all solid phases identified by MLA software, and the abundance of As-hosting 
phases relative to all As-hosting phases identified in the samples. Where ‘realgar’ is noted: 
realgar was used as model compound for this phase in MLA, however further study would be 
required to definitively identify these As-sulfides as realgar.  

Modal mineralogy (abundance of particles): 

 

Phase (# Particles) ABNP-1a ABNP-2a ABNP-B1a1 ABNP-B1a2 ABNP-B1b1 ABNWP-1a ABNWP-2a
Unknown 24693 25870 20242 17395 15536 19042 14618

Low	Counts 137 16 718 1507 142 4156 6137
No	Xray 748 268 975 876 724 1598 2246

Roaster	Fe-Oxides 48200 19833 73808 88744 57725 93603 92055
Cu-Fe	Arsenate 14 12 5 8 1 49 38

Pb	Arsenate 34 22 27 20 13 113 157
Ca-Fe	Arsenate 9143 5145 19726 19315 7336 16620 16547

Fe	Oxyhydroxide 9468 4088 14030 584 107 507 783
As-bearing	Pyrite 63 66 141 137 59 85 169

Pyrite 4431 3900 7160 8952 3873 9280 12359
Arsenopyrite 4874 4005 4010 4529 2800 5157 6293

Realgar 0 0 0 0 0 3 7
Arsenolite 0 0 0 0 0 1 0
Pyrrhotite 1019 709 1685 1493 460 1297 2052

Galena 6 4 7 3 1 8 12
Stibnite 4 4 2 4 4 14 6

Chalcopyrite 30 23 19 27 19 58 62
Pentlandite 6 4 14 0 0 3 5
Sphalerite 12 38 33 38 27 41 94
Ilmenite 1730 1357 2714 4621 2246 5110 5757

Rutile 21148 22897 19606 20872 18715 23820 24686
Titanite 1785 1895 1830 1851 865 4048 3491

Amphibole 25705 19463 41138 51116 20741 48112 36998
Quartz 38794 29715 52967 60105 28102 49098 44698
Epidote 5026 3198 12249 19083 6402 18952 11207
Enstatite 780 654 820 671 385 597 465

Zircon 51 20 26 40 31 161 140
Monazite 99 68 87 76 88 205 233
Carbon 679 474 977 1188 380 2407 2194
Apatite 1800 1820 1740 277 20 360 407

Feldspars 14594 10466 15421 13636 6474 21953 18823
Carbonates 15979 11897 34582 38200 13968 27671 26049

Micas 64841 47048 88175 94137 48201 97666 88263
Total* 270315 188825 392999 429727 219043 426999 394050

*	'Total'	is	the	sum	of	all	particles	detected	in	each	sample	(not	including	counts	for	unknowns,	low	
counts,	or	no	Xray)
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Phase (# Particles) ABNWP-3a ABNWP-4a ABNWP-5a ABNWP-B1a ABNWP-B1b2 ABSP-1a ABSP-2a ABSP-3a
Unknown 30826 19768 27238 23215 28016 28598 28619 26373

Low Counts 58 240 99 68 51 33 98 71
No Xray 474 655 402 495 161 366 360 222

Roaster Fe-Oxides 36538 38929 27684 36906 7931 23741 23327 21940
Cu-Fe Arsenate 19 30 22 53 3 50 35 30

Pb Arsenate 93 141 38 82 80 46 52 56
Ca-Fe Arsenate 9034 11128 6684 8329 3073 6649 6756 6220

Fe Oxyhydroxide 167 573 8043 7762 3773 5899 5553 427
As-bearing Pyrite 195 310 188 213 73 88 87 46

Pyrite 7271 10802 6707 6004 2053 5351 6132 5545
Arsenopyrite 6830 10004 4252 4206 3048 3761 4131 3226

Realgar 0 0 0 1 0 0 0 1
Arsenolite 1 0 0 0 0 0 1 0
Pyrrhotite 1167 2171 1711 1258 241 1645 2223 993

Galena 10 35 9 21 32 7 9 3
Stibnite 1 9 10 2 16 6 3 7

Chalcopyrite 36 52 62 42 49 53 50 35
Pentlandite 4 8 8 13 24 14 15 10
Sphalerite 87 229 88 106 67 55 74 49

Ilmenite 2825 3363 2300 1864 849 1913 1994 2797
Rutile 22163 22748 22648 18915 20886 23508 24572 20849

Titanite 1997 2636 3431 2694 3817 3513 3705 3179
Amphibole 25259 21914 22823 22364 19930 23535 23952 25008

Quartz 36298 31803 33724 32608 25550 30682 31588 33352
Epidote 7852 5677 4195 5615 3114 5601 5570 6357

Enstatite 576 580 595 701 593 526 573 449
Zircon 49 52 80 51 53 74 74 53

Monazite 134 128 166 89 100 108 121 81
Carbon 697 1147 587 695 284 765 611 754
Apatite 19 264 2163 1882 2301 2692 2726 390

Feldspars 11083 10773 14939 13169 13144 14865 14570 13020
Carbonates 18584 17779 12846 16377 9653 17457 17415 20614

Micas 59328 50407 52982 53398 41628 52049 52791 48436
Total* 248317 243692 228985 235420 162365 224653 228710 213927

* 'Total' is the sum of all particles detected in each sample (not including counts for unknowns, 
low counts, or no Xray)
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Phase (# Particles) ABSP-4a ABSP-5a ABSP-6a ABSP-B1a ABSP-B1b1 ABTB-1a ABTB-2a

RSD** for 

ABNP-B1a 

(%)

Unknown 26690 28119 20943 21303 22818 13156 8842 10.70

Low Counts 57 115 23 407 997 9 14105 50.15

No Xray 160 189 302 1116 1752 208 2305 7.56

Roaster Fe-Oxides 18353 23097 32522 77354 61724 4155 154265 12.99

Cu-Fe Arsenate 34 13 18 67 57 1 34 32.64

Pb Arsenate 58 67 49 32 46 2 11 21.06

Ca-Fe Arsenate 5523 6262 6576 18871 19633 2495 21744 1.49

Fe Oxyhydroxide 253 235 304 13238 29640 52 192 130.12

As-bearing Pyrite 55 81 89 40 47 10 153 2.03

Pyrite 4883 6536 7346 6390 4908 1571 11922 15.73

Arsenopyrite 3350 3715 5049 2561 2584 1429 2123 8.60

Realgar 1 0 0 0 2 0 0 0.00

Arsenolite 0 0 0 0 0 0 0 0.00

Pyrrhotite 1008 1156 1390 1464 1353 178 993 8.54

Galena 7 4 3 1 6 0 0 56.57

Stibnite 11 12 8 8 8 2 11 47.14

Chalcopyrite 31 39 39 13 31 4 16 24.60

Pentlandite 4 1 2 23 27 0 1 141.42

Sphalerite 36 39 31 77 59 2 5 9.96

Ilmenite 2531 3068 2863 2396 2168 1445 5720 36.77

Rutile 22129 24772 22086 21045 22303 21987 24300 4.42

Titanite 3251 3658 1980 2742 3059 990 997 0.81

Amphibole 26788 32891 17532 46216 52066 13248 80831 15.30

Quartz 32763 36117 25453 40559 43906 15628 60506 8.93

Epidote 6858 9021 4252 19236 18479 4652 45610 30.85

Enstatite 494 478 333 638 651 220 343 14.13

Zircon 61 57 59 69 50 77 112 30.00

Monazite 97 119 114 126 142 163 241 9.54

Carbon 660 680 406 1620 1226 841 4114 13.78

Apatite 442 337 22 2738 3277 133 194 102.58

Feldspars 13341 16045 9039 19959 22534 6009 26206 8.69

Carbonates 18879 20262 12315 30567 32853 9902 37809 7.03

Micas 51103 54146 38009 95702 101247 29807 147941 4.62

Total* 213004 242908 187889 403752 424086 115003 626394 6.31

**RSD = Relative standard deviation

* 'Total' is the sum of all particles detected in each sample (not including counts for 

unknowns, low counts, or no Xray)
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Arsenic distribution (%), calculated based on SEM-MLA modal mineralogy and average wt% As 
from EMPA results: 

 

 

 

 

ABNP-1a ABNP-2a ABNP-B1a1 ABNP-B1a2 ABNP-B1b1 ABNWP-1a ABNWP-2a ABNWP-3a
Mineral (%As) Roaster Fe-Oxides 58.84 44.76 61.81 65.29 44.79 63.83 64.69 37.88

Cu-Fe Arsenate 0.04 0.08 0.00 0.03 0.00 0.15 0.07 0.12
Pb Arsenate 0.10 0.16 0.17 0.07 0.04 0.32 0.60 0.14

Ca-Fe Arsenate 4.16 2.66 5.47 5.04 3.98 6.43 5.53 3.65
Fe Oxyhydroxide 3.50 1.72 1.90 0.04 0.01 0.06 0.07 0.02
As-bearing Pyrite 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00

Arsenopyrite 33.36 50.62 30.64 29.53 51.18 29.19 29.02 58.17
Realgar 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00

Arsenolite 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.02
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample 

Min Max Mean Std. Dev. RSD* for 
ABNP-B1a *	RSD	=	Relative	standard	deviation

Mineral (%As) Roaster Fe-Oxides 5.90 79.09 48.16 16.63 3.88
Cu-Fe Arsenate 0.00 0.41 0.14 0.13 119.50

Pb Arsenate 0.00 0.60 0.16 0.13 60.55
Ca-Fe Arsenate 1.38 11.61 5.11 2.62 5.80

Fe Oxyhydroxide 0.01 7.07 1.23 1.77 136.20
As-bearing Pyrite 0.00 0.01 0.00 0.00 8.00

Arsenopyrite 9.15 91.91 45.18 18.30 2.59
Realgar 0.00 0.01 0.00 0.00 0.00

Arsenolite 0.00 0.03 0.00 0.01 0.00

Sample 

ABSP-4a ABSP-5a ABSP-6a ABSP-B1a ABSP-B1b1 ABTB-1a ABTB-2a
Mineral (%As) Roaster Fe-Oxides 41.28 44.25 42.68 63.68 52.67 16.53 79.09

Cu-Fe Arsenate 0.38 0.06 0.09 0.41 0.32 0.06 0.06
Pb Arsenate 0.11 0.12 0.17 0.09 0.15 0.00 0.03

Ca-Fe Arsenate 4.21 2.92 3.71 9.55 9.96 8.90 11.61
Fe Oxyhydroxide 0.05 0.03 0.04 2.73 7.07 0.08 0.05
As-bearing Pyrite 0.00 0.00 0.00 0.00 0.00 0.01 0.01

Arsenopyrite 53.97 52.61 53.30 23.53 29.82 74.43 9.15
Realgar 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Arsenolite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample 

ABNWP-4a ABNWP-5a ABNWP-B1a ABNWP-B1b2 ABSP-1a ABSP-2a ABSP-3a
Mineral (%As) Roaster Fe-Oxides 35.37 53.80 52.04 5.90 39.45 36.25 54.65

Cu-Fe Arsenate 0.13 0.06 0.30 0.00 0.23 0.26 0.27
Pb Arsenate 0.34 0.11 0.17 0.32 0.14 0.10 0.14

Ca-Fe Arsenate 4.17 2.85 3.54 1.38 4.11 4.48 4.18
Fe Oxyhydroxide 0.03 2.15 1.36 0.49 2.95 2.71 0.07
As-bearing Pyrite 0.01 0.01 0.01 0.00 0.01 0.00 0.00

Arsenopyrite 59.95 41.03 42.59 91.91 53.11 56.19 40.68
Realgar 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Arsenolite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample 
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Percent of select minerals associated with As-bearing phases, as calculated by SEM-MLA 
software: 

 

As-bearing Phase
Roaster 
Fe-Oxide 

(%)

Cu-Fe 
Arsenate 

(%)

Pb 
Arsenate 

(%)

Ca-Fe 
Arsenate 

(%)

Fe 
Oxyhydroxide 

(%)

As-
Bearing 

Pyrite (%)
Pyrite (%) Arsenopyrite 

(%)
Pyrrhotite 

(%)
Galena 

(%)

Free 
Surface 

(%)
Roaster Fe-Oxide Min 0 0 0.75 0.01 0 0.26 0.02 0.06 0 61.38

Max 0.07 0.01 1.71 5.43 0.02 8.96 0.36 2.48 0 80.12
Mean 0.02 0 1.16 1.8 0.01 3.69 0.23 0.74 0 69.23

Std. Dev. 0.02 0.00 0.30 2.05 0.01 2.41 0.12 0.66 0.00 4.61

Cu-Fe Arsenate Min 0 0 0 0 0 0 0 0 0 10.48
Max 53.64 0 35.45 12.03 0 5.68 1.48 6.78 0 76.01

Mean 25.67 0 14.11 3.43 0 0.32 0.19 0.36 0 32.91
Std. Dev. 12.53 8.87 4.37 0.00 1.22 0.42 1.45 0.00 13.45

Pb Arsenate Min 0 0 0 0 0 0 0 0 0 0
Max 6.44 0 4.45 1.55 1.32 5.87 6.85 0.3 18.58 61.34

Mean 1.73 0 0.65 0.24 0.1 0.83 1.44 0.02 7.07 40.63
Std. Dev. 1.73 0.00 1.09 0.43 0.29 1.49 1.58 0.07 6.26 14.37

Ca-Fe Arsenate Min 3.99 0 0 0.04 0 0.3 0.71 0.06 0 40.79
Max 21.46 0.29 0 5.76 0.08 1.05 22.35 0.49 0 67.2

Mean 11.82 0.1 0 1.71 0.03 0.73 9.86 0.16 0 50.11
Std. Dev. 4.03 0.09 0.00 1.94 0.02 0.23 6.00 0.10 0.00 7.50

Fe Oxyhydroxide Min 9.57 0 0 1.43 0 1.11 0 0.02 0 31.33
Max 40.75 0.11 0.16 3.78 0.04 16.96 0.83 7.47 0 59.3

Mean 23.5 0.02 0.01 2.48 0.01 5.38 0.34 1.67 0 47.31
Std. Dev. 8.43 0.03 0.04 0.62 0.01 3.91 0.24 1.75 0.00 7.39

Arsenopyrite Min 0.21 0 0 4.08 0 0.02 0.06 0 0 23.53
Max 11.23 0 0.05 20.49 1.99 0.13 1.08 0.15 0 51.79

Mean 3.86 0 0.01 12.29 0.37 0.06 0.51 0.06 0 35.28
Std. Dev. 2.66 0.00 0.01 4.94 0.53 0.03 0.27 0.04 0.00 8.19

Minerals associated with As-bearing phases (%) 
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Abundance of As-hosting minerals relative to all particles identified via SEM-MLA (not 
including unknown, low count, or no X-ray particles):  

Tailings Beach
Sieved (%) Unsieved**(%) Sieved (%) Unsieved**(%) Sieved (%) Unsieved**(%) Sieved (%)

Roaster Fe-Oxide Min 10.50 ⎯ 12.09 ⎯ 8.62 ⎯ 3.61
Max 20.65 ⎯ 23.36 ⎯ 19.16 ⎯ 24.63
Mean 16.94 26.35 17.29 4.88 12.23 14.55 14.12

Std. Dev. 4.53 ⎯ 4.39 ⎯ 4.18 ⎯ 14.86

Cu-Fe Arsenate Min 0.00 ⎯ 0.01 ⎯ 0.01 ⎯ 0.00
Max 0.01 ⎯ 0.02 ⎯ 0.02 ⎯ 0.01
Mean 0.00 0.00 0.01 0.00 0.01 0.01 0.00

Std. Dev. 0.00 ⎯ 0.01 ⎯ 0.01 ⎯ 0.00

Pb Arsenate Min 0.00 ⎯ 0.02 ⎯ 0.01 ⎯ 0.00
Max 0.01 ⎯ 0.06 ⎯ 0.03 ⎯ 0.00
Mean 0.01 0.01 0.04 0.05 0.02 0.01 0.00

Std. Dev. 0.00 ⎯ 0.01 ⎯ 0.01 ⎯ 0.00

Ca-Fe Arsenate Min 2.72 ⎯ 2.92 ⎯ 2.58 ⎯ 2.17
Max 5.02 ⎯ 4.57 ⎯ 4.67 ⎯ 3.47
Mean 3.91 3.35 3.79 1.89 3.17 4.63 2.82

Std. Dev. 1.18 ⎯ 0.57 ⎯ 0.73 ⎯ 0.92

Fe Oxyhydroxide Min 0.14 ⎯ 0.07 ⎯ 0.10 ⎯ 0.03
Max 3.57 ⎯ 3.51 ⎯ 3.28 ⎯ 0.05
Mean 2.34 0.05 1.24 2.32 1.27 6.99 0.04

Std. Dev. 0.79 ⎯ 1.68 ⎯ 1.43 ⎯ 0.01

As-bearing Pyrite Min 0.02 ⎯ 0.02 ⎯ 0.01 ⎯ 0.01
Max 0.04 ⎯ 0.13 ⎯ 0.05 ⎯ 0.02
Mean 0.03 0.03 0.07 0.04 0.03 0.01 0.02

Std. Dev. 0.01 ⎯ 0.04 ⎯ 0.01 ⎯ 0.01

Arsenopyrite Min 1.02 ⎯ 1.21 ⎯ 0.63 ⎯ 0.34
Max 2.12 ⎯ 4.11 ⎯ 2.69 ⎯ 1.24
Mean 1.50 1.28 2.22 1.88 1.63 0.61 0.79

Std. Dev. 0.57 ⎯ 1.06 ⎯ 0.60 ⎯ 0.64

Realgar Min 0.00 ⎯ 0.00 ⎯ 0.00 ⎯ 0.00
Max 0.00 ⎯ 0.00 ⎯ 0.00 ⎯ 0.00
Mean 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Std. Dev. 0.00 ⎯ 0.00 ⎯ 0.00 ⎯ 0.00

Arsenolite Min 0.00 ⎯ 0.00 ⎯ 0.00 ⎯ 0.00
Max 0.00 ⎯ 0.00 ⎯ 0.00 ⎯ 0.00
Mean 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Std. Dev. 0.00 ⎯ 0.00 ⎯ 0.00 ⎯ 0.00
*	The	percent	abundance	of	As-hosting	phases	(listed	above)	is	normalized	to	total	quantity	of	identified	particles	in	each	sample	(does	not	include	
unknown,	low	count,	or	no	Xray	particles).		

Total relative abundance of As-hosting phases 

**Only	one	unsieved	sample	was	analyzed	per	tailings	pond.	No	unsieved	samples	were	analyzed	for	the	tailings	beach.	

Solid Phase North Pond Northwest Pond South Pond
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Abundance of As-hosting minerals relative to all As-hosting particles identified via SEM-MLA: 

Tailings Beach
Sieved (%) Unsieved**(%) Sieved (%) Unsieved**(%) Sieved (%) Unsieved**(%) Sieved (%)

Roaster Fe-Oxide Min 59.79 ⎯ 59.01 ⎯ 58.40 ⎯ 51.02
Max 78.30 ⎯ 80.60 ⎯ 72.91 ⎯ 86.41
Mean 67.82 84.84 69.31 44.11 66.20 54.27 68.72

Std. Dev. 7.70 ⎯ 8.86 ⎯ 5.47 ⎯ 25.03

Cu-Fe Arsenate Min 0.00 ⎯ 0.03 ⎯ 0.04 ⎯ 0.01
Max 0.04 ⎯ 0.09 ⎯ 0.12 ⎯ 0.02
Mean 0.02 0.00 0.05 0.02 0.08 0.05 0.02

Std. Dev. 0.01 ⎯ 0.02 ⎯ 0.04 ⎯ 0.00

Pb Arsenate Min 0.02 ⎯ 0.08 ⎯ 0.03 ⎯ 0.01
Max 0.07 ⎯ 0.23 ⎯ 0.21 ⎯ 0.02
Mean 0.04 0.02 0.14 0.44 0.14 0.04 0.02

Std. Dev. 0.02 ⎯ 0.05 ⎯ 0.06 ⎯ 0.01

Ca-Fe Arsenate Min 12.73 ⎯ 14.25 ⎯ 14.74 ⎯ 12.18
Max 17.65 ⎯ 18.21 ⎯ 19.99 ⎯ 30.64
Mean 15.73 10.78 15.43 17.09 17.60 17.26 21.41

Std. Dev. 2.19 ⎯ 1.75 ⎯ 1.86 ⎯ 13.05

Fe Oxyhydroxide Min 0.52 ⎯ 0.32 ⎯ 0.68 ⎯ 0.11
Max 13.19 ⎯ 17.15 ⎯ 14.66 ⎯ 0.64
Mean 9.65 0.16 5.50 20.98 6.29 26.06 0.37

Std. Dev. 6.10 ⎯ 7.69 ⎯ 6.76 ⎯ 0.38

As-bearing Pyrite Min 0.09 ⎯ 0.07 ⎯ 0.04 ⎯ 0.09
Max 0.20 ⎯ 0.51 ⎯ 0.24 ⎯ 0.12
Mean 0.13 0.09 0.31 0.41 0.18 0.04 0.10

Std. Dev. 0.05 ⎯ 0.17 ⎯ 0.07 ⎯ 0.03

Arsenopyrite Min 3.59 ⎯ 4.44 ⎯ 2.28 ⎯ 1.19
Max 12.07 ⎯ 16.37 ⎯ 12.13 ⎯ 17.55
Mean 6.61 4.12 9.25 16.95 9.52 2.27 9.37

Std. Dev. 3.91 ⎯ 4.60 ⎯ 3.31 ⎯ 11.57

Realgar Min 0.00 ⎯ 0.00 ⎯ 0.00 ⎯ 0.00
Max 0.00 ⎯ 0.01 ⎯ 0.00 ⎯ 0.00
Mean 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Std. Dev. 0.00 ⎯ 0.00 ⎯ 0.00 ⎯ 0.00

Arsenolite Min 0.00 ⎯ 0.00 ⎯ 0.00 ⎯ 0.00
Max 0.00 ⎯ 0.00 ⎯ 0.00 ⎯ 0.00
Mean 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Std. Dev. 0.00 ⎯ 0.00 ⎯ 0.00 ⎯ 0.00
* The percent abundance of As-hosting phases is normalized to total quantity of As-hosting particles. As-hosting phases include: roaster Fe-oxide, 
Cu-Fe arsenate, Pb arsenate, Ca-Fe arsenate, Fe oxyhydroxide, As-bearing pyrite, arsenopyrite, realgar, arsenolite. 
**Only one unsieved sample was analyzed per tailings pond. No unsieved samples were analyzed for the tailings beach. 

Relative abundance of As-hosting phases 

Solid Phase North Pond Northwest Pond South Pond
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Appendix P: 

TSP filter point counting results 

Figure depicting the SEM-based point counting method used in this study, followed by a table of 
the point counting results for TSP filters.  

 

 

SEM-BSE images were taken for each TSP filter 
(after being standardized to Cu). These images were 
uploaded into Adobe PhotoshopÒ to highlight only 
the metal(loid)-bearing particles (gray scale value 
>90) and export an image containing only those 
particles for point counting using the program ImageJ.  
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***Based on average RSD values for point counting data, we have assigned 20% as the error for 
point counting results.  

Sample

# Metal-
Bearing 

Particles**

Avg 
Particle 
Size** 

(Pixels) % Area**
Total 

Area**
ABHV0514 52805 0.29% 199-239 5.337 0.29 281827
ABHV0516 15235 0.09% 199-246 5.921 0.093 90199
ABHV0518 23267 0.14% 199-235 5.802 0.137 135004
ABHV0520 57388 0.32% 199-241 5.513 0.323 316356
ABHV0524 17031 0.08% 199-237 4.32 0.076 73581
ABHV0527 104509 0.59% 199-233 5.518 0.586 576679

ABHV0527-R 80221 0.42% 199-234 5.122 0.418 410864
ABHV0530 19534 0.08% 199-237 3.791 0.075 74056
AHHV0604 11878 0.04% 199-238 3.337 0.040 39634
AHHV0605 7654 0.04% 199-236 5.51 0.043 42174
AHHV0608 20454 0.08% 199-237 3.932 0.082 80431
AHHV0611 14676 0.07% 199-237 4.853 0.073 71225
AHHV0614 610549 3.19% 199-235 5.074 3.189 3098136
AHHV0617 32474 0.15% 199-236 4.479 0.148 145447
AHHV0620 61083 0.34% 199-235 5.386 0.336 329023
AHHV0623 13728 0.06% 199-237 4.288 0.06 58870
AHHV0626 46544 0.19% 199-239 4.046 0.192 188331
AHHV0629 93262 0.38% 199-239 4.013 0.381 374239
AHHV0702 160656 0.73% 199-238 4.463 0.733 716964
AHHV0705 15757 0.07% 199-236 4.556 0.074 71788
AHHV0708 16876 0.06% 199-238 3.68 0.063 62107
AHHV0711 25546 0.14% 199-236 5.289 0.139 135124
AHHV0714 351740 1.81% 199-235 5.039 1.812 1772513

AHHV0714-R 268522 1.39% 199-235 5.107 1.395 1371314
HVFB 47 0.00% 207-240 3.319 1.59E-04 156

RSD for 
ABHV0527 18.594 ⎯ ⎯ 5.263 23.66 23.746

RSD for 
AHHV0714 18.974 ⎯ ⎯ 0.948 18.39 18.047

R = Repeat sample
HVFB = Blank filter sample

Threshold*

*'Threshold' values refer to the specifications used to distinguish 
background from foreground in ImageJ.
**Calculated by ImageJ software.


