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Abstract 

Canada’s climate is warming and as a result the hydrological cycle is expected to become 

more intense, with rainfall concentrated in extreme events with longer dry spells. Consequently, 

dry tailings may be more likely to blow into nearby surface waters. This research is an 

investigation into the geochemical effects of tailings dust on nearby surface waters and evaluates 

dust sampling methods used to investigate seasonal trends. During this study, two abandoned 

mine sites in Nova Scotia, Canada were investigated: Stirling Zn-Pb and Goldenville Au mine.  

At Stirling, tailings were sieve to <63µm as a proxy for dust and analyzed to determine 

metal concentrations and identify primary and secondary metal-bearing phases. Metal-hosting 

phases identified include sphalerite, smithsonite, aurichalcite, hydrohetaerolite, goethite. 

tennantite, galena, cerussite, Pb-Mn phases, and chalcopyrite. Shake flask tests were conducted to 

investigate dust solubility in simulated stream waters (pH=7). Results indicate that dust particles 

are partially water soluble in the shake flask test and that sphalerite, cerussite and chalcopyrite are 

likely the main sources of Zn, Pb and Cu in the shake flask leachate, based on calculated 

saturated indices and mass balance. Analyses of stream water indicate similar conditions (pH, Eh, 

etc.) and saturation indices compared to shake flask tests, and therefore provide reasonable 

insight for processes occurring the field.  

Dust was also sampled using a variety of different methods to identify the most suitable 

method for seasonal sampling. These included passive dry deposition collectors (PAS-DDs), high 

volume total suspended particle (TSP) sampler (HVAS), dust deposition gauges (DDGs), and 

lichen. Results indicate that Pas-DDs with a glass fiber filters (GFF) and dust deposition gauges 

likely underestimate dust deposition. In comparison, Pas-DDs with a polyurethane foam disk 

(PUF) efficiently accumulate dust. However, PUFs had additional challenges including 

metal(loid)s within the filters themselves, difficulty obtaining stable weights, and potential dust 

collection from the sides and bottom. Despite difference between dust sampling methods, it was 
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observed that dust deposition was highest in the winter months due to higher wind speeds. Future 

dust generation remains difficult to predict due to the unknown combined effect of changes in 

temperature, precipitation, evaporation, and wind speed.  
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Chapter 1 

Introduction and Background 

1.0 Introduction 

Transport of contaminants by air may occur through the direct transfer of volatilized 

species or by particles (Csavina et al. 2012). Dust is a generic term used to describe fine particles 

that are suspended in the atmosphere (generally less then 60µm) (Petavratzi et al. 2005, Csavina 

et al. 2012). Minerals within dust may be present as grains, aggregates or surface coatings 

(Engelbrecht and Derbyshire, 2010). Microorganisms (such as diatoms, bacteria, and viruses) can 

also be present within dust (Engelbrecht and Derbyshire, 2010). In comparison to other modes of 

transport, such as biota, soil or water, transport by air or dust is notable due to its potential speed 

and aerial extent in which contaminants can be transported (Csavina et al. 2012).  Despite this, 

most studies that assess issues related to contaminant transport in the environment focus almost 

entirely on water and soil (Csavina et al. 2012). Yet, transport by air will likely become more 

important with increased land use activity and projected climate change (Pelletier, 2006). 

Canada’s climate is warming, causing in an increased risk of drought in many regions of 

the country (Bush and Lemmen, 2019). During the summer months, higher temperatures may 

result in increased evaporation, leading to more rapid drying of soils if not offset by other 

changes (reduced wind speed or increased humidity) (Bush and Lemmen, 2019). Droughts are 

projected to be more frequent and intense across the southern Canadian Prairies and interior 

British Columbia under a high emission scenario (Bush and Lemmen, 2019). The increased risk 

of extreme weather events, water shortages and longer drying periods means that dust generation 

may increase.  

Increases in dust mobility in regions throughout the world have been attributed to a 

combination of increased human activities and changing climate conditions (Zhang et al. 2003; 
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Prospero and Lamb, 2003; Pelletier, 2006). Future changes in dust emissions under a variety of 

land-use and climate scenarios suggest that dust emissions may increase or decrease (Tegen et al. 

2004). However, the effects of climate change will dominate changes in future dust emissions 

(Tegen et al. 2004). The potential increase in dust mobility due to a changing climate in certain 

regions could potentially result in the intensification of dust as a contamination pathway. 

Dust sourced from mining operations is of particular concern due to its potential to 

contain metals and metalloids. Studies have shown that the main source of contamination to 

terrestrial ecosystems (soil and vegetation) in mining districts is dust from the mining operations 

(Kribek et al. 2014). The potential effects of settled dust in a terrestrial ecosystem is determined 

by the chemical and physical characteristics of the dust, soil characteristics and deposition rate, 

among others (Petavratzi et al. 2005). Depending on these factors, dust may influence the 

chemistry and health of surrounding soils and plants. Negative effects on plants include delayed 

and reduced reproduction, or accumulation of metal(loid)s within the plants which may then enter 

the food chain in significant amounts (Ryser and Sauder, 2006; Zhou et al. 2005). 

Dust deposited in the surrounding environment may also influence aquatic environments.  

However, in comparison to terrestrial environments, interactions between mine dust and nearby 

aquatic environments is not commonly studied on a local scale. This is likely because the main 

source of contamination to aquatic ecosystems in mining districts is mine discharge waters 

(Kribek et al. 2014 and references therein). Even though dust may play a less significant role on 

water pollution currently, the potential intensified dust mobility as a result of climate change 

indicates a need to better understand interactions between dust and water. Globally, it has been 

noted in the literature that dust deposition from non-mining sources has important chemical and 

biological effects on aquatic systems, particularly in the oceans (Duce and Tindale, 1991; 

Morales-Baquero et al. 2006). For example, dust deposition has proven to be a critical source of 

iron to high-nitrate low-chlorophyll oceanic regions (Fung et al. 2000). However, on a local scale 
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from mining sources, the process through which dust interacts with water is largely unexplored. 

This research aims to address this knowledge gap by investigating the reactions between tailings 

dust and local surface waters at an abandoned mine site. 

Accurate prediction of dust emissions, chemical composition and transport are necessary 

to understand dust-related influences on the environment and human health. However, sampling 

and characterizing dust comes with a variety of challenges. For example, there are various types 

of dust samplers used to sample atmospheric particles, each having their advantages and 

disadvantages. Passive air samplers (PAS) use a polyurethane foam disk (PUF) disks encased in a 

double-dome chamber, which tend to filter out larger depositing particles (Eng et al. 2014). This 

could be problematic when studying dust deposition, because deposition is normally dominated 

by the coarse fraction. Similarly, other dust samplers also have their own uncertainties (Eng et al. 

2014; Azimi et al. 2003). The most advantageous way is having multiple samplers to ensure no 

bias occurs as a result of a particular sampling method (Csavina et al. 2012). 

Properly characterizing dust can also pose challenges. The chemical composition, 

mineralogy and morphology of dust is important for fully understanding human health and 

environmental effects.  Digestion is typically used to extract contaminants of concern from 

collected dust into the aqueous phase (Csavina et al. 2012). However, additional methods are 

needed for characterizing the mineralogical attributes of the dust (Noble et al. 2017). As a result, 

often a combination of methods is needed to properly characterize dust.   

To investigate the interactions between surface waters and tailings dust, dust sampling 

and characterization was performed during this study. A variety of dust sampling methods and 

analytical techniques were used to ensure accurate characterization. This provided an opportunity 

to directly compare sampling techniques. This research aims to address the following research 

objectives: 
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1. The mineralogy of dust is a controlling factor of solubility and the potential release of 

metal(loid)s into nearby surface waters. This study determined the mineralogical and 

geochemical characteristics of tailings dust at Stirling Mine, and the potential risk dust 

deposition poses to nearby surface waters. 

 

2. Seasonal dust sampling may be used to understand dust generation in relation to climatic 

conditions, which is increasingly important in terms of climate change. This study aims 

to evaluate dust sampling methods used in terms of long-term, seasonal sampling at two 

abandoned mine sites. An ideal method would measure representative dust deposition 

rates, be suitable for long-term, remote sampling and indicate differences between 

seasons.  

1.1 Background on Stirling Mine 

1.1.1 Regional Geology of Stirling Mine 

Southeastern Cape Breton, along with Newfoundland, New Brunswick and New England 

have been divided into multiple terranes grouped as Avalonia (Waldron et al. 2015). Avalonia is 

characterized by Neoproterozoic volcanic, sedimentary and plutonic rocks overlain by a 

Cambrian cold-water platform cover (Waldron et al. 2015). The accretion of Avalonia to the 

margin of Laurentia is commonly interpreted to have occurred during the Devonian Acadian and 

Neoacadian orogenies (van Staal and Barr, 2012).  The terranes characterized as Avalonia are 

organized into two belts, an inboard zone, comprising of the Avalon terrane and the Mira terrane, 

and an outboard zone containing Antigonish and Cobequid Highlands of Nova Scotia and South 

East New England (Waldron et al. 2015).  

Stirling Mine is located in Southeastern Cape Breton which is part of the Mira Terrane 

(Figure 1.1).  Like other terranes in west Avalonia, the Mira terrane of southeastern Cape Breton 

Island is composed of mainly late Proterozoic volcanic-plutonic-sedimentary belts overlain by 
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younger sedimentary cover sequences (Petts, 2012). Most of the Mira Terrane can be subdivided 

into four magmatic associations: the 680 Ma Stirling Group, 620 Ma volcanic-plutonic units, 

which include the East Bay Hills Group and Huntington Mountain pluton, the 575-560 Ma 

Coastal belts and the 380 Ma Devonian plutons (Barr et al. 1996). The belts are generally 

separated by regional-scale faults and younger sedimentary sequences (Petts, 2012).The Stirling 

group is primarily composed of andesitic to basaltic lapilli tuff and tuffaceous sedimentary 

sequences, with less abundant basaltic flows, breccias, rhyolitic lapilli tuff, rhyolitic quartz-

feldspar porphyry and associated granitoid plutons. The Stirling group may have formed in or on 

the flanks of a trough within or marginal to a large volcanic arc (Barr, 1993).  

  

Figure 1.1 Regional Geology of the Mira Terrane, Cape Breton (modified after Petts et al. 2012; 

Barr et al. 1996). Inset maps illustrates major components of the northern Appalachians (after 

Hibbard et al. 2006). Abbreviations: A: Avalonia; G: Ganderia; L: Laurentia; M: Meguma; PG; 

peri-Gondwanan; PL; peri-Laurentian terranes. 

 

The Stirling Deposit located within the Stirling group is a Zn-Pb-Cu-Ag-Au laterally 

continuous deposit hosted within pyrite-rich, laminated siltstone-chert-dolomite rocks (Petts et al. 
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2012). The deposit appears to be stratigraphically controlled within a steeply dipping shear zone 

surrounded by a rhyolitic quartz-feldspar porphyry in the footwall and siltstone in the hanging 

wall. The ore bodies are lensed shaped composed of fine-grained pyrite and sphalerite with minor 

chalcopyrite, galena and tennantite (Miller, 1979). Gangue minerals include dolomite, magnesite, 

quartz, sericite, talc, chlorite, baryte, albite and alunite (Miller, 1979).  

Quartz-Talc-Carbonate (QTC) rocks are a common assemblage strongly associated with 

mineralized zones throughout the deposit (Kontak, 1998). However, the complexity and intensity 

of the alteration has resulted in conflicting theories of origin. During the 1970s, the QTC 

assemblage was interpreted to represent an exhalative horizon syngenetic to sulphide 

mineralization (Miller, 1979). Based on this interpretation, the Stirling Deposit was interpreted to 

be a volcanic-exhalative Kuroko massive sulphide deposits based on similar analogies (Miller, 

1979). Others have modified the model, suggesting the QTC assemblage is due to massive 

replacement of the host volcanic as opposed to a purely exhalative origin (O’Reilly, 2008). In this 

modification, the QTC assemblage suggests a low temperature origin based on travertine 

analogues, which contrasts with the higher temperatures generally inferred for massive sulphide 

formations (Kontak, 1998). Despite uncertainty within the model, there is strong evidence that 

Stirling represents a typical VMS Deposit (O’Reilly, 2008). Exploration in the area has indicated 

that the Stirling belt is a prospective VMS terrain (O’Reilly, 2008). 

  

1.1.2 History of Stirling Mine 

The Stirling mine, also known as the Mindamar mine, is located in Richmond County, 

Southeastern Cape Breton, approximately 360 km from Halifax or 70 km from Sydney (Hulshof 

and Macdonald, 1998).  Mineralization was first discovered in the Stirling area in 1885, with 

production occurring from 1935 to 1938 and from 1952 to 1956 (Jacques Whitford and 

Associates Limited, 1992).  
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After the discovery in 1885, initial mining efforts were directed at Cu exploration due to 

the complexity of the Pb-Zn mineralization (Jacques Whitford and Associates Limited, 1992). 

However, low Cu grades discouraged development until metallurgical techniques advanced 

enough to permit recovering Zn from the ore (Jacques Whitford and Associates Limited, 1992). 

From 1916-1924, the property was explored by five different companies and work was mainly 

limited to trenching, stripping and diamond drilling. In 1925, the Stirling Zinc Company made a 

two compartment shaft to a depth of 122m and carried out limited underground development 

(Jacques Whitford and Associates Limited, 1992). The results of this exploration were 

unsatisfactory and the operations soon ceased. 

  In 1927, the British Metal Corporation Limited obtained the property, continuing 

underground exploration and construction of a flotation mill. Between April 1930 and July 1930, 

minor operations occurred, however due to low metal prices the mine shut down in 1930 (Jacques 

Whitford and Associates Limited, 1992).  

In 1935, Stirling Mines Ltd. (managed by British Metal Corporation Limited) began 

production until 1938. Operations stopped as a result of low Zn prices and labour difficulties due 

to World War II. During this time 178,300 tonnes of Cu-Pb-Zn ore were mined with an average 

grade of 10% Zn, 2.3% Pb and 1% Cu (Jacques Whitford and Associates Limited, 1992). The 

tailings from this time period were dumped directly into Strachans Brook. The area remained 

dormant until 1946-1947, when surveys and drilling carried out by the Nova Scotia Department 

of Mines located additional mineralized zones (Jacques Whitford and Associates Limited, 1992).  

 In 1949, Mindamar Metals Corporation Ltd. took over the old workings and constructed 

a new 500 tonne per day flotation mill and a new four compartment shaft to a depth of 358m 

(Jacques Whitford and Associates Limited, 1992). Operations began in April 1952 until April 

1956. During this time, 776,803 tonnes of ore were mined, with ore grades of 5.5% Zn, 1.3% Pb 

and 0.7% Cu (Jacques Whitford and Associates Limited, 1992). Tailings produced during this 
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time period were disposed in a tailings containment area. Since, 1956 many companies have 

carried out exploration programs with no additional production.  

The milling process at Stirling used a flotation circuit to produce copper-lead and zinc 

concentrates during both the 1930s and 1950s. The milling process begun with a primary grinding 

circuit. Mill operators described an extreme attachment of mineral particles, which resulted in the 

decision for very fine grinding to 12 microns (Stevenson, 1937). The primary grinding circuit was 

following by a talc flotation (Stevenson, 1937). The talc concentrate was dropped into wilfley 

concentrating tables, where the wilfley table tailings went to waste. The remaining materials, 

which included the feed from the wilfley tables, tailings from the talc flotation, and a middling 

product from the copper-lead flotations, were sent to a second grinding circuit. This was then 

followed by a copper-lead floatation and a zinc floatation (Stevenson, 1937).  Details regarding 

the processing reagents can be found in Jacques Whitford and Associates Limited (1992). 

All the buildings and equipment have been removed, leaving only concrete structures and 

foundations on the property. The tailings impoundment is a 600m by 200m rectangular area east 

of the mine site (Hulshof and Macdonald, 1998) (Figure 1.2a).  The tailings are relatively flat 

with an average thickness of about 4m (Hulshof and Macdonald, 1998). During periods of high 

rainfall, surface water flows from north to south across the tailings and slightly to the east (Figure 

1.2b). The tailings impoundment has no vegetation cover but contains numerous dead trees from 

when the tailings were deposited. As a result, aerial erosion is very evident on the site (Figure 

1.2c). Strachans Brook flows east through two bodies of water (glory hole and small open pit) 

located on the site and along the south side of the tailings impoundment (Figure 1.2d). The 

Strachans Brook continues for about 8 km before joining the Framboise River about 4 km from 

the Atlantic coast (Hulshof and Macdonald, 1998). 
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Figure 1.2 Images of the Stirling tailings impoundment; (a) overview of the impoundment with 

no cover and numerous dead trees; (b) a runoff stream along the northern boundary of the tailings 

impoundment; (c) dune-like structures covering the southern embankment along the edge of 

Strachans brook; (d) Strachans brook flowing along the southern embankment. 

 

1.1.3 Environmental Characterization of Stirling Mine 

The tailings contain two distinct types of interstratified tailings including an orange 

pyritic sandy silt and a blue-grey pyritic silty mud (Hulshof and Macdonald, 1998). The orange 

colour associated with generally coarser particles is interpreted to be a result of iron 

oxyhydroxide coatings which precipitated due to increased permeability in the layers (Hulshof 

and Macdonald, 1998). Geochemical results of the tailings indicated 1.13% Zn, 0.34% Pb, 0.11% 

Cu and 22 ppm Ag (Hulshof and Macdonald, 1998), which are very similar to averages from over 

1000 samples reported by Jacques Whitford and Associates Limited (1984).  

The tailings produced between 1935 and 1938 were discharged into the Strachans Brook 

at a rate of approximately 45 000 tonnes per year (Hulshof and Macdonald, 1998). Additionally, 
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it is estimated that 500 tonnes per year of tailings sediment is released into the Strachans Brook 

through erosion and dispersion based on the average relief of erosion channels (Hulshof and 

Macdonald, 1998). Currently, influx of tailings into Strachans Brook is interpreted to be episodic 

during high precipitation events and wind erosion, which is based on field observations (Hulshof 

and Macdonald, 1998). Sedimentation caused by the disposal of tailings directly into the stream 

and the continuous influx of tailings has negatively impacted Strachans Brook through elevated 

levels of suspended solids and dissolved metals (Jaques Whitford and Associates Limited, 1992). 

For example, dissolved Ba (0.009-1.90 mg/L)), Cd (0.0005-0.0074mg/L), Cu (0.002-0.120 

mg/L), Pb (0.0016-0.290 mg/L), Mn (0.090- 0.800 mg/L) and Zn (0.056-3.60mg/L), increase in 

concentration in stream waters downstream of the tailings impoundment (Jacques Whitford and 

Associates, 1992). Similarly, Hulshof and Macdonald (1998) reported elevated concentrations of 

Ca, Mg, Mn, Zn, V and Cr in downstream waters. A pH of 6.6 downstream in contrast to a 5.6 pH 

upstream, suggests that the Strachans Brook is being buffered by the influx of pH-neutral water 

form the tailings impoundment (Hulshof and Macdonald, 1998). It is hypothesized that the 

carbonate minerals associated with the ore at Stirling have significantly reduced the effects of 

acid generation (Hulshof and Macdonald, 1998). Although acid mine drainage receives a lot of 

attention, neutral pH mine drainage can also have high concentrations of dissolved metals and 

metalloids. Several elements (e.g. As, Cd, Cu, Mn, Se, Sb, U, Zn) will remain mobile under 

neutral pH condition (DeSisto et al. 2016). 

About 1-2 km downstream, sampling of creek sediments indicate metal grades similar to 

those of the tailings impoundment (Jasques Whitford and Associates Limited, 1992). 

Downstream sediments were found to be enriched in Fe, Mg, Ca, Mn, Zn, Pb, Cu, As, Sb, Cd, 

Ag, and Au and somewhat depleted in Al, Na, K, Ti, Co, Ni, Cr and V compared to upstream 

sediments. (Hulshof and Macdonald, 1998).   
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Jacques Whitford and Associates Limited (1992) additionally analyzed soil samples from 

various areas around the mine site referred to as the old mill dump site, old mine mill area, new 

mine-mill dump, new mine mill site and north wetlands area.  Soil analyses indicated elevated 

metal concentrations including up to 41700 mg/kg Zn, 13300 mg/kg Cu, 15600 mg/kg Pb, and 

88.1 mg/kg Cd (Jacques Whitford and Associates Limited, 1992). Elevated levels of metals 

within soil samples is likely a result of mine development and operations (drilling, blasting, and 

transportation) and tailings dust (Jaques Whitford and Associates Limited, 1992).  

Reclamation options have been investigated in the past by Jacques Whitford and 

Associates Limited (1992). Reclamation options include covering the tailings with a vegetation 

cover, covering the area with a water cover or removing the tailings. However, no reclamation 

has been done.  

1.2 Background on Goldenville 

1.2.1 Regional Geology of Goldenville 

Nova Scotia is divided geologically into two distinct parts, the Avalon terrane and the 

Meguma terrane. The Avalon terrane is located to the north and described previously in relation 

to Stirling Mine. In contrast, Goldenville is located within the Meguma terrane to the south. The 

accretion of the Meguma terrane to the Avalon terrane along the Cobequid-Chedubucto fault 

corresponds with the Neoacadian Orogeny (van Staal, 2007; White and Barr, 2010).  

The Meguma terrane consists of late Neoproterozoic to Ordovician metaturbiditic rocks 

composing the Meguma Supergroup which includes the basal sandstone-dominant Goldenville 

Group (ca. 11 km) and conformably overlying shale-dominant Halifax Group (ca. 5 km) (White 

et al. 2012; Gourcerol et al. 2020) (Figure 1.3). The Goldenville and Halifax groups are 

interpreted to have been deposited in a major rift setting along the Gondwanan margin (Sangster 

and Smith, 2007; White et al. 2012). These formations are overlaid by Silurian-Devonian 

metasedimentary and bimodal metavolcanic rocks of the Annapolis Supergroup (White et al. 
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2012).  Other constituents of the Meguma terrane include voluminous granitic batholiths 

including South Mountain Batholith (370- 380 Ma) and rare 360 Ma granitoid bodies (Kontak et 

al. 2013). The accretion event resulted in regional metamorphism to greenschist and amphibolite 

facies, and long east-west plunging folds (Sangster and Smith, 2007). 

Figure 1.3 Simplified geological map of the Meguma terrane (Southern Nova Scotia) 

Abbreviation: A: Avalon terrane; D: Dunnage terrane; G: Gander terrane; H: Humber terrane; 

MT: Meguma terrane (after Gourceral et al. 2020) 

 

The Meguma terrane has over 300 gold occurrences with 63 past producing gold mines 

found within 60 gold districts in mainland Nova Scotia (Ryan and Smith, 1998).  The lode-gold 

deposits are present throughout the metasandstone dominant Goldenville Group with a few at the 

base of the overlying shale dominant Halifax Group (Ryan and Smith, 1998).  Almost all of the 

historic gold production came from quartz veins, particularly bedding concordant, stockwork and 

fissure veins (Ryan and Smith, 1998). The deposits are well constrained in terms of their 

structural settings, occurring in hinges of anticlines or overturned limbs (Horne and Culshaw, 

2001).   
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Most of the veins are considered to represent emplacement during a late-stage fold 

tightening and within a single vein-forming event for a specific deposit (Horne and Culshaw, 

2001; Kontak and Horne, 2010; Kontak et al. 2011). The auriferous veins are generally 

dominated by a quartz +/- carbonate +/- sulfide mineral assemblage (Ryan and Smith, 1998). 

Aresenopyrite is locally the dominant sulfide, in addition to pyrite, pyrrhotite, galena, sphalerite 

and chalcopyrite (Sangster and Smith, 2007). Other abundant vein minerals include ankerite, 

calcite, dolomite, plagioclase, chlorite, biotite, and muscovite (Sangster and Smith, 2007). The 

Goldenville district included 105 veins concordant along the Goldenville westerly plunging 

asymmetrical anticline (Sangster and Smith, 2007). 

 

1.2.2 History of Goldenville 

The Goldenville district is located three kilometers west of Sherbrooke along the eastern 

shore of Nova Scotia. The first discovery of gold in the Goldenville district was in 1862, and 

resulted in the largest gold production of all the deposits in the province by the time mining ended 

in 1941 (Sangster and Smith, 2007). From 1862 to 1899, a large number of shafts had been 

developed and approximately 19 companies were in operation (Malcolm, 1929). Over the years, 

the number of companies decreased and production began to focus on a few lodes. Guysborough 

Mines Ltd. operated the property between 1935 and 1941, which represented the last period of 

production in the area. During this time 170,139 tons of ore was milled at an average recovered 

gold grade of 7.12 g/t (Bottrill, 1987). The mine closed due to manpower problems related to 

World War II. Exploration work has been carried out since by various companies with no further 

production. 

In general, the mining, milling and processing methods were not advanced. Stamp 

milling and mercury (Hg) amalgamation were the primary methods of gold extraction in Nova 

Scotia, until cyanide leaching was adopted in the early 1900s (Malcolm, 1929; Wong et al. 1999). 



 

14 

 

Tailings were generally deposited close to the mills in low lying areas and along creeks. At 

Goldenville, tailings were moved via the Gegogan Brook and eventually reached the Atlantic 

Ocean (Wong et al. 1999).   

The tailings occupy an area of 34 ha (Jacques Whitford and Associates Limited, 1985) 

and extend for 6 km along the floodplain of Gegogan Brook, which flows to the Atlantic Ocean 

(1.4a)(Wong et al. 1999). The town of Goldenville hosted an annual 4x4 rally on the tailings 

every Labour Day weekend since 1995 until it was shut down in 2006 because of As concerns 

(Parsons et al. 2012). The racetrack area occurred on exposed tailings with less vegetation cover, 

whereas the remainder of the tailings are vegetated by small shrubs (Figure 1.4b). The site also 

contains waste rock piles and remnants of mill foundations.  

 

Figure 1.4 Images of the tailings at Goldenville; (a) overview of the tailings area; (b) looking east 

over the exposed tailings area and previous race track. Waste rocks and mill remnants can be seen 

in the background; (c) evidence of ATV use at site with trails along the southern edge of the 

tailings; (d) looking west over the tailings, note the differences in vegetation cover in certain 

areas. 
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1.2.3 Environmental Characterization of Goldenville 

Similar to Stirling, Goldenville produces neutral pH mine drainage where several 

elements (e.g. As, Cd, Cu, Mn, Se, Sb, U, Zn) may remain mobile (DeSisto et al. 2016). At 

Goldenville, the release, transport and toxicity of As, Cd, Hg and Pb from the tailings are a major 

environmental concern (Wong et al. 1999, DeSisto et al. 2016). Due to the close proximity of 

residential areas and public access, numerous Queen’s University studies have performed detailed 

geochemical and mineralogical characterization of the tailings (Walker et al., 2009; Corriveau et 

al., 2011; DeSisto et al., 2016). 

Walker et al. (2009) analyzed sieved <150µm fractions of near-surface tailings to assess 

the risk of ingestion at four different mine sites (including Goldenville). Macro-crystalline 

(>2µm) As-bearing phases were identified as primary arsenopyrite and pyrite (Walker et al. 

2009). Pyrrhotite, galena and chalcopyrite were occasionally associated. In addition, several 

minor As-bearing phases were observed including; As-bearing ferric oxyhydroxides (hydrous 

ferric oxyhydroxide (HFO), goethite, lepidocrocite and akaganeite), ferric arsenates (scorodite, 

hydrous ferric arsenate (HFA), kankite), Ca-Fe arsenates (yukonite), As-bearing ferric sulfates 

(jarosite, tooeleite, schwertmannite), and realgar (Walker et al. 2009).  

Walker et al. (2009) summarized six distinct types of tailings based on mineralogical and 

geochemical signatures. DeSisto et al. (2016) redefined the groupings defined by Walker et al. 

2009 by renaming and combining groups. These updated groupings include: 1) hardpan tailings, 

2) oxic tailings, 3) wetland tailings and 4) high-Ca tailings (DeSisto et al. 2016). Hardpan tailings 

represent acid-influenced cemented tailings dominated by ferric arsenates (Walker et al. 2009; 

DeSisto et al. 2016). High-Ca tailings contain carbonate buffers with neutral weathering 

characteristics and Ca-Fe arsenates as the dominant As mineral phase (Walker et al. 2009; 

DeSisto et al. 2016). Oxic tailings are transitional samples in which the buffering capacity by 

carbonate has given way to an acid weathering environment (Walker et al. 2009; DeSisto et al. 
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2016). Wetland tailings are saturated tailings in low-lying areas where reducing conditions 

prevail (Walker et al. 2009; DeSisto et al. 2016). These samples contain largely unoxidized 

arsenopyrite with some HFA and HFO.  

Dust sampling performed by Corriveau et al. (2011) identified scorodite and HFA as the 

dominant As-bearing phases in airborne particles, concluding that As-bearing minerals in the 

airborne particles were consistent with detailed mineralogical studies of near-surface tailings. 

Metal(loid)s from the mine tailings are being dispersed by a number of mechanisms 

including runoff and aerial transport resulting in pollution downstream from the tailings. 

Comparing upstream to downstream water quality, there are slight increases in water hardness, 

alkalinity and dissolved solids (Wong et al. 1999).  However, arsenic is the largest concern as it is 

being released in the largest quantity from the tailings into the stream. Water samples in the 

tailings area may contain up to 1.2 mg/L As (Desisto et al. 2014).  

At Goldenville, there have been few studies surrounding the ecological effects of the 

tailings. Wong et al. (1999) observed that five different species with a total of 198 individuals 

were found upstream of the mine site, where only three species with a total count of 17 

individuals were found under similar conditions downstream from the tailings field. More 

recently Doe et al. (2017) investigated mollusks from multiple gold districts in Nova Scotia. 

Mollusks at Goldenville had elevated As compared to reference sites, demonstrating effects to 

nearby marine environments (Doe et al 2017). Additional studies have investigated the impacts of 

As and Hg at other gold districts in Nova Scotia which are summarized in LeBlanc et al. (2019) 

and references therein.  

1.3 Climate Change 

Mining operations are particularly sensitive to the consequences of climate change 

because of the direct dependency on the natural environment. Climate-related changes to local 

environments could result in a variety of risks and/or opportunities for the mining industry. 
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Despite the wide ranging implications of climate change, coverage in the Canadian mining 

industry is typically limited to reducing greenhouse gases (GHGs) and increasing energy 

efficiency (Ford et al. 2010). The Mining Association of Canada (MAC) reports energy and 

greenhouse gas emissions data in annual reports as a key performance indicator for their Towards 

Sustainable Mining (TSM) initiative. Other current initiatives include policies to reduce GHGs, 

carbon emission trading schemes, emissions reducing technologies and evaluation of carbon 

sequestration opportunities (Ford et al. 2010).  

In contrast to industry publications, scientific literature emphasizes the importance of 

current and future adaptability to ensure sustainable mining operations (Ford et al. 2010). The 

number of mining companies including adaptive measures has increased since 2003 when the 

Environmental Assessment Guidance on Climate Change Adaptation was released (Rodgers et al. 

2014). However, adaptive strategies are still uncommon and challenging due to uncertainty at 

relevant regional scale scenarios, more immediate issues, limited understanding of the effects, 

and lack of information in terms of best practices (Clemente and Huntsman, 2019). The limited 

knowledge results in voluntary adaptation and inconsistent approaches (Rodgers et al. 2014).  

Climate change projections and the emphasis on adaptability in the literature indicate a 

need to better understand mobility of elements in a changing climate (Clemente and Huntsman, 

2019). Changes in mobility caused by a changing climate may be related to elemental transport in 

water as solutes or particles, aerial erosion, or difficulties associated with management techniques 

(Clemente and Huntsman, 2019). This thesis focuses on changes associated with aerial erosion 

and dust generation. 

In Canada, annual and seasonal mean temperatures have increased, with the greatest 

warming occurring in winter (Bush and Lemmen, 2019). For Canada as a whole, between 1948 

and 2016 the estimate of mean annual increase is 1.7°C degrees (Bush and Lemmen, 2019). The 

warming projected in a low emission scenario is about 2°C higher than the 1986–2005 reference 
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period remaining relatively steady after 2050. In a high emission scenario, temperature increases 

could reach more than 6°C (Bush and Lemmen, 2019). Annual and winter precipitation is 

projected to increase in Canada as a whole, with larger percentage changes in northern Canada. 

Summer precipitation is projected to decrease over southern Canada under a high emission, but 

only small changes are projected under a low emission scenario (Bush and Lemmen, 2019). 

Because Canada is projected to warm, drought risk is expected to increase in many regions of the 

country (Bush and Lemmen, 2019). Summer drought frequency and intensity will depend on 

whether future summer precipitation will offset increased evaporation (Bush and Lemmen, 2019). 

There are additional impacts of climate change which are wide ranging, however the projections 

highlighted here are important in terms of dust generation. 

 

1.4 Tailings Dust 

Dust sourced from mining operations is a particular concern due the generation of dust 

sized particles and the potential to contain elements of concern. Dust sources during mining 

operations include land clearing, drilling, blasting, transportation, crushing, milling, processing, 

handling and stockpiles (Noble et al. 2017). Stockpiles, including storage piles, waste rock and 

tailings, may be left uncovered due to poor historical closure procedures or access requirements 

during operations.  

This thesis focuses on abandoned tailings impoundments as a source of tailings dust from 

aerial erosion. Dust generation by aerial erosion depends on several factors including wind speed, 

atmosphere stability, particle size, moisture content, particle exposure, vegetation cover, and 

other climatic conditions (Noble et al. 2017). Control mechanisms for reducing dust generated 

from tailings impoundments are available and focus on keeping the material compact, roughened, 

moist, or barriers/vegetation are put in place. Various chemical suppressants are available 

including wetting agents, binders, crushing agents, foaming agents and foam binders (Noble et al. 
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2017). The most frequency method of dust suppression is the use of water, as it increases the 

moisture content and cohesiveness of the material (Petavratzi et al. 2005). 

To quantify the potential effects on human health and the environment, determining the 

chemical composition of dust from mining operations as a function of particle size is crucial 

(Csavina et al., 2012). The mineralogy of dust is also an important characteristic to investigate as 

it is a controlling factor for dust solubility and bioaccessibility.  

1.4 Thesis Organization 

This thesis is composed of four chapters. Chapter one includes the general scope and 

background information for the project. Chapter two contains a manuscript that will be submitted 

for publication, co-authored by Amy Cleaver, Heather Jamieson, Carrie Rickwood and Philippa 

Huntsman. This manuscript describes the mineralogical characterization of the tailings dust 

present at Stirling mine, and evaluates its effects on the surrounding surface waters using shake 

flask tests with simulated stream water. Speciation modelling is used to predict which minerals 

might dissolve or precipitate. Chapter three contains a second manuscript that will be submitted 

for publication, co-authored by Amy Cleaver, Heather Jamieson, Carrie Rickwood and Philippa 

Huntsman. This manuscript evaluates different dust sampling methods in relation to seasonal 

sampling. Seasonal sampling is used to understand the influence of climatic conditions on 

present-day dust generation. The relationship between seasonal weather conditions and dust 

generation may be useful to understand future dust generation in a changing climate. For the 

purpose of this thesis, chapters may reference other chapters to provide additional clarity.  

Chapter four includes conclusions and recommended next steps.  
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Chapter 2 

Tailings Dust Characterization and Impacts on Surface Water 

Chemistry at Stirling Mine, Nova Scotia 

2.0 Abstract  

Canada’s climate is warming and as a result the hydrological cycle is expected to become 

more intense, with rainfall concentrated in extreme events and longer dry spells. The potential 

intensified dust mobility as a result of climate change indicates a need to better understand 

interactions between dust and water. This research investigates the geochemical effects of tailings 

dust on nearby surface waters at Stirling mine, Nova Scotia. 

Tailings were sieved to <63µm as a proxy for dust and analyzed to determine metal(loid) 

concentrations and identify primary and secondary metal-bearing phases using a scanning 

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

analyses (µXRD/µXRF) . Metal-hosting phases identified include sphalerite (ZnS), smithsonite 

(ZnCO3), aurichalcite ((Zn,Cu)5(CO3)2(OH)6), hydrohetaerolite (ZnMn2O4·H2O), tennantite 

(Cu6(Cu4Zn2)As4S12S),  Pb-Mn phases (possibly cesarolite (PbMn3O6(OH)2), goethite (FeO(OH), 

galena (PbS), cerussite (PbCO3) and chalcopyrite (CuFeS2). 

 Shake flask tests were conducted using sieved tailings and passive dry deposition 

collector (Pas-DD) filters to investigate dust solubility in simulated stream waters (pH=7). 

Results indicate that sphalerite, cerussite and chalcopyrite are likely the main sources of Zn, Pb 

and Cu in the shake flask leachate, based on calculated saturated indices and mass balance. 

Analyses of stream water indicate similar conditions (pH, Eh, etc.) and saturation indices 

compared to shake flask tests, which therefore provide likely reasonable insight about processes 

occurring in the field.  
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2.1 Introduction 

Climate change presents a variety of risks for the mining industry, particularly regarding 

waste stability (Clemente and Huntsman, 2019). As temperatures increase due to a changing 

climate, the threat of seasonal droughts will increase across many regions of Canada. However, 

there is still a considerable amount of uncertainty surrounding future drought predictions (Bush 

and Lemmen, 2019). These changing climate conditions and increased human activities have 

been linked to increases in dust mobility in regions throughout the world (Zhang et al. 2003; 

Prospero and Lamb, 2003). Future changes in land-use and climate suggest dust mobility may 

increase or decrease in certain regions, however, the effects of climate change will dominate 

changes in future dust mobility (Tegen et al. 2004). 

Increased dust mobility at mine sites is a concern due to the potential to contain 

metal(loid)s, which can contribute to the transport and accumulation of contaminants in water, 

soil and biota. However, interactions between mine dust and nearby aquatic environments is not 

commonly studied on a local scale or specifically at mine sites. This is likely because the main 

source of contamination of aquatic ecosystems in mining districts is mine effluent discharged to 

surface waters (Kribek et al. 2014 and references therein). Even though dust may play a less 

significant role on water pollution currently, the potential intensified dust mobility as a result of 

climate change indicates a need to better understand interactions between dust and water.  

 This research aimed to address this knowledge gap by investigating the reactions between 

tailings dust and local surface waters at an abandoned mine site. 

The potential effects of settled dust in an aquatic system is determined by the chemical 

and physical properties of the dust (particle size, mineralogy, etc.), water chemistry and 

deposition rate. This study includes a full geochemical and mineralogical characterization of 

tailings dust and an investigation of dust-water interactions, which control whether metal(loid)s 
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are released or sequestered. This was accomplished using mineralogical analysis, leach 

experiments, and surface water chemistry.  

 

2.1.1 Study Location 

The Stirling mine is an abandoned Zn-Pb-Cu-Au-Ag deposit located in southeastern Cape 

Breton, Nova Scotia, Canada, approximately 360 km from Halifax (Figure 2.1). The Stirling 

deposit is hosted within pyrite-rich, laminated siltstone-chert-dolomite rocks which are composed 

of fine-grained pyrite and sphalerite with minor chalcopyrite, galena and tennantite (Miller, 

1979). Production at the mine began in 1935 until 1938. During this time 178,300 tonnes of 

copper-lead-zinc ore were mined with ore grades of 10% Zn, 2.3% Pb and 1% Cu (Jacques 

Whitford and Associates Limited, 1992). The tailings from this time period were dumped directly 

into Strachans Brook. Operations began again in 1952 until 1956. During this time, 776,803 

tonnes of ore were mined, with ore grades of 5.5% Zn, 1.3% Pb and 0.7% Cu (Jacques Whitford 

and Associates Limited, 1992). Tailings from this time period were disposed in a tailing 

containment area.  

Presently, the uncovered tailings containment area exhibits signs of aerial erosion. For 

example, Hulshof & Macdonald (1998) noted dune-like deposits along the edge of the Strachan 

Brook, which are still prominently present today (Appendix E). Strachans Brook flows through a 

flooded glory hole, a small open pit and along the south side of the tailings impoundment. The 

Strachans Brook continues for about 8 km before joining the Framboise River about 4 km from the 

coast (Hulshof & Macdonald, 1998). Sedimentation caused by the disposal of tailings directly into 

the stream and the continuous influx of tailings has negatively impacted Strachans Brook, including 

elevated levels of suspended solids and dissolved metal(loid)s (Jaques Whitford and Associates 

Limited, 1992). The influx of tailings into Strachans Brook is interpreted to be episodic during high 
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precipitation events due to runoff/groundwater and wind erosion based on field observations 

(Hulshof & Macdonald, 1998).  

 

Figure 2.1 Sampling sites at Stirling in relation to the tailings impoundment. Location of Stirling 

Mine shown in map of Canada (modified after DeSisto et al. 2016). 

2.2 Methods 

2.2.1 Field Sampling and Sample Preparation  

Tailing grab samples of approximately 0.5-5kg were collected from the top 10cm of the 

tailings surface in December 2017, March 2018 and May 2018. Sample sites were based on dust 

accumulation sites (ripple marks, behind logs, etc.) and downwind of the predominant wind 

direction (towards the southeast) (Figure 2.1). The dominant tailings type was a brown-orange, 

fine to very fine sand (Figure 2.2). This tailings type will be referred to as pyrite-rich tailings. The 

other tailings type which is less prevalent occurs as thin layers on the surface or interbedded with 

the pyrite-rich tailings. This tailings type is a grey-blue, clay-silt, which will be referred to as 

pyrite-poor tailings (Figure 2.2). Other tailings types were observed on site including a bright red-

orange tailings often associated with runoff areas, and brown-grey tailings found at depth beneath 
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potential redox boundaries. These tailings types were not a focus of this study because they were 

either not present in high quantities or based on their location would not be representative of dust.  

Figure 2.2 Two dominant tailings types at Stirling; (a) Pyrite-rich tailings, very fine to fine sand, 

brown-orange in colour and a majority of the tailings present. This image was taken near sample 

site TS6; (b) Pyrite-poor tailings, clay to silt, grey-blue in colour and present as thin layers at 

surface or interbedded with pyrite-rich tailings. This image was taken near sample TS5. 

 

Samples were collected using shovels, placed into ziplock bags, transported in coolers 

and stored in a freezer to reduce any additional oxidation. Wet samples were dried under nitrogen 

gas in a glove box to preserve in situ phases using circulating 4.8 to 5.0 grade (99.999-99.998%) 

nitrogen gas. Once dried, tailings samples were sieved to <63 µm. Between samples, sieves were 

cleaned using gentle dry brushing, ultrasonic cleaner and compressed air. The <63µm size 

fraction is used as a proxy for dust because this size fraction represents the particles most likely to 

be in suspension. It has been reported that silt and clay particles (<60µm) are transported by 

suspension and have a longer range of transport (Csavina et al. 2012). For example, particles 

>50µm in diameter only remain suspended for a few tens of kilometers, particles 20-30µm in 

diameter can travel up to 300 km and particles <15µm can travel much farther, persisting even in 

calm wind conditions (Livingstone and Warren, 1996). Three unsieved samples were used in the 
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study to compare the dust fraction to bulk tailings. A micro rotary riffler was used to subsample 

the <63µm fraction and unsieved samples to 1g for various geochemical analysis. 

Water samples were collected during the September 2018 and April 2019 field seasons. 

Water samples were collected in acid washed HDPE bottles which were rinsed three times with 

stream water before sample collection. Syringes, filters and aliquot bottles were also rinsed before 

use and all sampling took place using nitrile gloves. An YSI probe was used to collect field 

parameters including temperature, pressure, pH, dissolved oxygen, oxidation-reduction potential 

(ORP) and conductivity. The YSI probe was calibrated daily in the field for pH using standardized 

pH 4, pH 7 and pH 10 solutions and in the laboratory for dissolved oxygen and conductivity.  Probes 

were rinsed with deionized water (DI) before and between samples.  

Direct dust sampling using passive dry deposition collectors (Pas-DDs) was conducted.  

Pas-DDs are comprised of two parallel flat plates and use a polyurethane foam (PUF) disk or 

glass fiber filter (GFF) as the sampling medium capturing compounds subject to dry gas and 

particle phase deposition (Eng et al. 2014). This study used both PUFs and GFFs, however this 

chapter will only discuss PUFs, as it was determined they are more efficient at collecting and 

retaining dust than the GFFs (Chapter 3). Pas-DDs were installed in December 2017 and filters 

were collected in March 2018, May 2018, September 2018, December 2018 and April 2019 (27 

PUFs total). Pas-DDs sampling locations were based on dominant wind directions, accessibility 

for retrieving filters and field observations such as signs of aerial erosion and dust accumulation. 

After exposure, filters were collected using nitrile gloves, carefully inserted into ziplock bags and 

kept horizontal during transport.  Filters were air dried in a laminar fume hood in a temperature 

and humidity controlled lab, and weighed before and after being in the field. Filters were cut into 

quarters using clean stainless steel scissors before analysis. 
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2.2.2 Sieved Tailings Samples 

2.2.2.1 Elemental Analysis  

Seven sieved subsamples and 3 unsieved subsamples (1g each) were sent to 

CanmetMINING, Ottawa, for multi- element bulk chemical analysis. One sample analysed during 

the shake flask tests was inadvertently excluded from the multi-element bulk chemical analyse. 

Samples were digested with aqua regia (6 ml of hydrochloric acid and 2 ml of nitric acid) in a 

sealed vessel under microwave heating. The resulting solution was analysed by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) and inductively coupled plasma mass 

spectrometry (ICP-MS). Major and some minor elements were analyzed using ICP-AES, whereas 

select trace elements including As, Cd, Cu, Ni, Pb, Sb and Zn were analyzed using ICP-MS. In this 

study, all chemical analyses conducted at CanmetMINING met the QA/QC benchmarks outlined 

in Table 2.1. Standard reference materials and lab duplicates were run every 10 samples. Standard 

reference materials included three CanmetMINING standards, RTS-3a (Sulphide Tailings Sample), 

WPR-1a (Peridotite with Rate Earth and Platinum group elements) and SU-1b (Nickel-Copper-

Cobalt Ore). Additional QA/QC analyses such as blanks and field duplicates will be discussed in 

more detail within the results section. 

 

Table 2.1 QA/QC benchmarks used for ICP-AES and ICP-MS analyses. Where relative 

repeatability is defined by equation 2.1 and relative accuracy is defined by equation 2.2.  The limit 

of quantification (LOQ) is determined by running 10 replicate calibration blanks. 

 ICP-AES ICP-MS 

Range Relative 

Repeatability (%) 

LOQ in ppm 

Relative 

 Accuracy (%) 

LOQ in ppm 

Relative 

Repeatability (%) 

LOQ in ppb 

Relative 

 Accuracy (%) 

LOQ in ppb 

LOQ to 5 40% 35% 25% 50% 

5 to 50 20% 15% 15% 30% 

>50 6% 6% 10% 20% 
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𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑅𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (
(𝑋𝑆1−𝑋𝑆2)

𝑋𝑆𝑀
) ∗ 100                                                            (2.1) 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = (
(𝑋𝑅𝑆−𝑋𝑆)

𝑋𝑅𝑆
) ∗ 100                                                                                  (2.2) 

 

Where, 

XS1/ XS2= the measured concentration of the analyte in the lab duplicates 

XSM= the mean of XS1 and XS2 

XRS=known concentration of reference material 

XS=measured concentration of the analyte of the reference material 

 

 
2.2.2.2 Mineralogical Analysis 

Seven sieved tailings subsamples were made into thin sections at Vancouver 

Petrographics in Vancouver, British Columbia, Canada. Subsamples used correspond to those 

sent to CanmetMINING, Ottawa. Thin sections were carbon coated and analyzed using a FEI 

Quanta 650 FEG environmental scanning electron microscope (ESEM) at Queen’s University in 

Kingston, Ontario, Canada. An 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) and back-scatter electron (BSE) imagery. During automated 

mineralogy analysis, the ESEM operated with voltage 25kV, spot size 6µm, working distance 10-

15 mm, and 280x magnification. The mineral reference library used to identify solid phases was 

compiled as part of this study. The mineral reference library was initially based on the known 

mineralogy of the deposit (Miller, 1979) and finalized based on qualitative observation, grain-by-

grain SEM-EDS analyses, electron microprobe analysis (EMPA) and synchrotron based analysis. 

After refining the mineral reference library, unknowns within each sample were below 6% of the 

sample area.   

EMP analysis was conducted on four 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). The relative contribution of each Zn, Pb, Cu and Cd 

hosting phase to bulk Zn, Pb, Cu and Cd concentrations was calculated using the average 
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concentration of each phase determined by EMPA and the fraction of each species obtained by 

SEM-based automated mineralogy. Van Den Berghe et al. (2018) describes the method in detail.  

Densities used in this calculation are from the Handbook of Mineralogy (Anthony et al. 2020).  

Unidentifiable metal-bearing grains observed through SEM-based automated mineralogy 

and EMPA were subsequently targeted for synchrotron-based µ-XRF and µ-XRD using a 

monochromatic beam at beamline 13-IDE-E at the Advanced Photon Source (APS), Chicago. X-

ray fluorescence was measured using a Hitachi 4-element Vortex ME4 silicon drift diode 

positioned at 90° to the incident beam and connected to an Xspress 3 digital X-ray multi-channel 

analyzer system. X-ray diffraction was measured using a Perkin Elmer XRD1621 digital flat 

panel detector placed 400 mm from the sample operating in transmission mode. X-ray 

fluorescence maps and XRD patterns were collected using an incident beam of 18.0 keV and a 2 

µm beam diameter. Continuous µXRF/ µXRD mapping of targeted grains was completed at 

frame rates of 50 to 100 ms per pixel. Specific points were subsequently selected from the maps 

for longer duration µXRD measurements (frame rate: 10, 000ms per pixel). Processing and 

analysis of µ-XRF maps was performed using Larch software (Version 0.9.46; Newville, 2019). 

XRD data was calibrated using Dioptas software (Prescher and Prakapenka, 2015). Phase 

identification was performed in X’Pert HighScore Plus. 

 
2.2.2.3 Simulated Surface Water Shake Flask Test 

Eight sieved subsamples and 3 unsieved subsamples underwent shake flask tests in a 10X 

dilute Organization for Economic Co-Operation and Development (OECD) 203 (ISO 6341) 

aqueous medium (no micronutrients) with a pH of 7 (Table 2.2). The OECD solution is a standard 

transformation/dissolution medium representative of natural fresh waters and is commonly used 

for aquatic hazard classification of metal-bearing substances (Huntsman-Mapila et al. 2016; 

Huntsman et al. 2018; Huntsman et al. 2019).  For simplicity, the OECD solution will be referred 

to as simulated surface waters. Twenty milliliters of the simulated surface waters and 0.2g of 
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tailings were put in 50ml falcon tubes and placed horizontally on the shake table at a speed of 50 

rpm for 24 hours. This method is based on Xie et al. (2018) who used 20ml of solution in a 50ml 

tube and 1g of solid. It was assumed for the purpose of this study that 1g may not be representative 

of the dust:water ratio on site. Based on this assumption, 0.2g was used to better represent the 

dilution effects of the stream on site. An investigation of different dust:water ratios can be found in 

Appendix  H.  

Table 2.2 Composition of 10X dilute OECD 203 (ISO 6341) aqueous medium (no 

micronutrients) for target pH of 6. The present study used a modified version with a pH of 7 by 

bubbling 0.038% CO2 to adjust the pH. The dissolved oxygen is 8 to 8.8 mg/L.  

Component mg/L Mg2+ Ca2+ Na+ K+ SO4
2- HCO3

- Cl- 

CaCl2·H2O 29.40  8.01     14.18 
MgSO4·7H2O 12.33 1.22    4.80   

NaHCO3 6.48   1.77   4.70  
KCl 0.58    0.30   0.27 

Totals, mg/L  1.22 8.01 1.77 0.30 4.80 4.70 14.45 
mmol/L  0.05 0.20 0.077 0.0077 0.05 0.077 0.41 

 

2.2.3 Water Analysis  

Stream water samples were separated into aliquots for dissolved cations, total cations, 

anions and TOC. Only dissolved cations and anions aliquots were analysed for the shake flask 

leachate. The dissolved cation aliquots were filtered using a 0.45µm filter. Acidification of 

dissolved and total cations occurred in the lab for both stream waters and shake flask leachate due 

to challenges with travelling with acid. Trace metal grade nitric acid was used to acidify samples. 

Anion aliquots were collected with no headspace. Water samples were transported in a cooler and 

kept refrigerated. Dissolved and total cations were analyzed using ICP-AES and ICP-MS at 

CanmetMINING. Major and some minor elements were analyzed using ICP-AES, while select 

trace elements including As, Cd, Cu, Ni, Pb, Sb and Zn were analyzed using ICP-MS. Standard 

reference materials included TMDA-62.2 and TMDA-64.3 from Environment and Climate Change 

Canada (ECCC), which are both certified liquid reference material of enriched lake water (fortified 
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with trace metals). QA/QC benchmarks summarized in Table 2.1 were used. Additional QA/QC 

analyses including duplicate and triplicate sampling is discussed within the results section. 

  Anions were analysed using an ICS 1600 ion chromatograph at CanmetMINING. Standard 

stock solutions were used as calibration standards. Standard stock solutions are made by dissolving 

an appropriate weight of standard salt in water followed by dilution. Standards and duplicates were 

run every 10 samples. Results are considered accurate and precise if results meet predetermined 

benchmarks summarized in Appendix H.  

For the shake flask test leachate, total alkalinity of the solution was determined through 

titration of a sample aliquot with a standard solution of dilute acid. A two endpoint (pH 4.5 and 

4.2) technique was employed which determines the equivalence point of the titration. Temperature 

and pH were determined using a HACH HQ40d multi probe meter with an Intellical PHC 101 

probe. Dissolved oxygen was determined using a HACH HQ40d multi probe meter with a HACH 

LDO probe. Conductivity was measured using a HACH HQ14D conductivity meter and probe. 

Temperature, pH and dissolved oxygen of stream waters were determined in the field as described 

under field sampling methods.  

 

2.2.4 Passive Dry Deposition Collector (Pas-DDs) Filters 

2.2.4.1 Mineralogy of Pas-DD Filters   

A few randomly selected PUF filters (7.1cm radius) were analyzed using a FEI Quanta 

650 FEG environmental scanning electron microscope (ESEM) at Queen’s University in 

Kingston, Ontario, Canada. Filters used for SEM analysis were cut into 2.5cm2 pieces using clean 

stainless steel scissors. Subsamples for SEM analysis were attached to SEM stubs using carbon 

tape. The SEM operated under low vacuum conditions. SEM analyses of the filters was based on 

qualitative observation and manual grain-by-grain SEM-EDS analyses. Further mineralogical 

analyses was not complete on the filters due to challenges regarding 3-D surfaces, which would 
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impact the BSE grayscale during automated mineralogy, and moving particles within the filters, 

which cause difficulties for subsequent targeted analyses. 

 

2.2.4.2 Simulated Surface Water Shake Flask Test with Pas-DD Filters 

A quadrant of each PUF filter was used during shake flask tests in simulated surface 

waters (same solution as tailings shake flask test as described above). Twenty millilitres of 

simulated surface water and a quarter of each filter sample were put in 50ml falcon tubes and 

placed horizontally on the shaker table at a speed of 50 rpm for 24 hours. The solution was then 

filtered using a 0.45 µm filter, acidified and analyzed using ICP-AES and ICP-MS as described 

above under water analysis.  

 

2.3 Results  

2.3.1 Sieved Tailings 

2.3.1.1 Bulk Chemistry Results  

In addition to the QA/QC benchmarks described in Table 2.1, one field triplicate was run 

to test homogeneity after riffling. The relative standard deviation (RSD) between the triplicate 

subsamples was less than 20% for all trace elements analyzed by ICP-MS, except Ni (41% RSD). 

Based on this result, the riffling appears to have minimized the heterogeneity between tailings 

subsamples. Detectable metal concentrations in the ppb range were observed within blanks, which 

is considered insignificant compared to the ppm levels within the samples.  

The metal concentrations present within the <63µm tailings fraction in this study are higher 

than unsieved samples and previously reported values (Jacques Whitford and Associates Limited, 

1984; Hulshof and Macdonald, 1998) (Table 2.3). This observation is not surprising as 

contaminants tend to be concentrated in finer size fractions (Csavina et al. 2012; Bailey, 2017). 

Metal(loid) concentrations (Zn, Pb, Cu, As, Sb and Cd) in both the sieved and unsieved samples 
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are elevated above CCME Soil Guidelines (CCME, 1999). The remainder of this study will focus 

on Zn, Pb, Cu and Cd, which are not only elevated above soil guidelines but are also found to be 

elevated within surface waters (discussed below).  

Major elements present within the tailings include Fe, S, Ca, Mg, Zn in addition to minor 

elements (<1 %) including Al, Na, Mn, K, Si, Sr, Ba, Ti, Cu and Zr. The pyrite-poor tailings contain 

higher concentrations of Al and Si, while the pyrite-rich tailings contain higher concentrations of 

Fe and S. No major differences in metal(loid) concentrations between the two tailings types were 

observed. The metals of interest (Zn, Pb, Cu, Cd) do not demonstrate correlations to any major or 

minor element analyzed. Zn and Cd are positively correlated with each other with a correlation 

coefficient of 0.98. 

 Table 2.3 Summary of metal(loid) concentrations within the Stirling tailings.  

Element Sieved <63 

µm 

This Study 

(ppm) 

Unsieved 

This Study 

(ppm) 

Jacques 

Whitford 

and 

Associates 

Limited 

(1984) 

(Unsieved) 

(ppm) 

Hulshof and 

Macdonald 

(1998) 

(Unsieved) 

(ppm) 

CCME 

Soil 

Guideline 

Parkland 

(ppm) 

CCME 

Soil 

Guideline 

Industrial 

(ppm) 

Number 

of 

Samples 

n=7 n=3 n=1005 n=25 

 (Zn, Pb, Cu) 

n=9 (As, Sb, 

Cd, Ni) 

  

Zn 17000 +/-7300 7300 +/- 1300 13000 11000 +/-3500 250 410 

Pb 5500 +/- 230 1900 +/- 84 3800 3400+/- 960 140 600 

Cu 1700 +/-170 1800 +/- 130 1700 1100+/-170 63 91 

As 260+/-49 140 +/- 14 - 190 +/-26 12 12 

Sb 95.7 +/- 12.8 74.7 +/- 10.9 - 76 +/-15 20 40 

Cd 44.0+/- 19.8 25.5+/- 3.15 - 31 +/- 13 10 22 

Ni 7.8 +/-3.0 2.3 +/- 0.9 - 7 +/- 2 45 89 

 
2.3.1.2 Modal Mineralogy  

The dominant mineral phases within the tailings are dolomite and pyrite (Table 2.4). In 

comparison to the pyrite-rich tailings, the pyrite-poor tailings are comprised of less pyrite and 

increased amounts of dolomite, quartz, talc, magnesite, amphiboles, clinochlore and chlorite. 

Additional minerals identified in trace amounts (< 1 wt. %) without significant amounts of Zn, Pb, 
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Cu or Cd include pyrrhotite, arsenopyrite, calcite, ankerite, rhodochrosite, feldspar, pyroxene, 

baryte, muscovite, biotite, rutile, apatite, gypsum, titanite and an unknown Mn-Mg bearing mineral. 

Metals of interest, including Zn, Pb, Cu and Cd, are each hosted within a variety of mineral phases. 

The tailings have been exposed to weathering conditions for approximately 70 years, resulting in 

dissolution of some primary minerals and precipitation of secondary minerals. The identification 

of these minerals phases is important as it influences metal(loid) mobility.   

Table 2.4 Modal mineralogy of sieved tailings. Uncertainties are based on standard deviation 

between samples and represent variability. For instrumental errors associated with automated 

mineralogy refer to Lougheed et al. (2020).  

Mineral Wt. % in Pyrite Rich 

Tailings 

Wt. % in Pyrite Poor 

Tailings 

Pyrite 51.1+/- 6.1 22.0 +/- 3.0 

Dolomite 21.3 +/- 3.6 28.8 +/- 1.4 

Quartz 9.5 +/- 1.7 17.0 +/- 1.6 

Talc 3.2 +/- 1.0 9.6 +/- 1.6 

Magnesite 1.7 +/- 1.0 2.1 +/- 0.1 

Sphalerite 1.7 +/- 1.1 1.8 +/- 1.4 

Clay Minerals 1.4 +/- 0.7 1.4 +/- 0.4 

Baryte 1.4 +/- 0.2 1.1 +/- 0.4 

Amphiboles 1.3 +/- 0.3 3.2 +/- 0.5 

Clinochlore 1.2 +/- 0.2 2.2 +/- 0.1 

Chlorite 1.0 +/- 0.2 2.0 +/- 0.2 

 

2.3.1.3 Zinc-hosting Phases 

Zinc-hosting solid phases identified in the sieved tailings include: sphalerite (ZnS), 

smithsonite (ZnCO3), aurichalcite ((Zn,Cu)5(CO3)2(OH)6), hydrohetaerolite (ZnMn2O4·H20), 

tennantite (Cu6(Cu4Zn2)As4S12S),  Pb-Mn phases (possibly cesarolite (PbMn3O6(OH)2) and 

goethite (FeO(OH). Trace amounts (<5 wt. %) of zinc can also be found in cerussite (PbCO3). 

Cerussite and Pb-Mn phases are described in more detail below. Sphalerite, tennantite and 
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smithsonite were identified through SEM analysis. Sphalerite occurs as individual grains with 

textural evidence of partial dissolution (Figure 2.3). Smithsonite occurs as secondary rims around 

a variety of minerals, which are most commonly magnesite or other carbonate minerals (Figure 

2.3). Aurichalcite, hydrohetaerolite, and goethite were observed through SEM analysis, however 

further analysis was needed for their identification. Aurichalcite was initially observed as secondary 

Zn rims or as small fibrous clusters with a significantly higher amount of Cu compared to 

smithsonite (Figure 2.3). Additional µXRD analysis was used to identify the phase as aurichalcite 

(Appendix F).  

Similarly, hydrohetaerolite was first observed during SEM analysis as a Zn and Mn rich 

phase, commonly occurring as individual grains with inclusions of clay minerals (Figure 2.3). 

Phase identification was confirmed using additional µXRD analysis (Appendix F). The µXRD 

results for hydrohetaerolite were difficult to interpret due the penetrative nature of the beam 

resulting in mixed spectra. Hydrohetaerolite was commonly mixed with dolomite, clinochlore, and 

talc. A few analysed spectra were a strong match with hydrohetaerolite. However, hetaerolite (non-

hydrous counterpart) may also have been present based on a three analyses. Due to their similar 

XRD patterns with some overlap it was difficult to confidently determine which phase was present 

(Appendix F). By comparing EMP results to the ideal atomic proportions of hydrohetaerolite and 

hetaerolite (Anthony et al. 2020), the phase appears to be mainly hydrohetaerolite with potentially 

some hetaerolite, confirming µXRD observations. Additionally, hydrohetaerolite grains vary in 

composition as seen on µXRF maps (Appendix F), therefore it is possible that other Mn oxides 

phases could also be present but were not identified during this study.  

Fe (hydro)oxides were observed through SEM analysis with two different textures. One 

texture appeared primary with a defined shape and sharp edges, whereas the second texture 

appeared secondary and irregular in nature (Figure 2.3). The composition of the two textures 

determined through EMP analysis also varied. The primary Fe oxide was identified as magnetite 
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(Fe3O4) through EMP analysis with little to no Zn, Pb, Cu or Cd. The secondary Fe oxide was 

confirmed to be goethite (FeO(OH)) through µXRD analysis (Appendix F). Based on EMP 

analysis, goethite contains > 1 wt.%  of Zn, Pb, Cu and Cd (Table 2.5). Goethite not only occurs as 

individual particles, but also occurs as thin rims around other minerals including pyrite (Appendix 

F). These thin rims of goethite were observed using µXRF, and were rarely observed using SEM, 

likely due to differences in sensitivity. µXRF spectra of these rims indicated the presence of Fe, 

Zn, Pb and As (Appendix F). The thin goethite rims were only present in the pyrite-rich tailings, 

and indicate that oxidation of pyrite may be occurring.  

 

2.3.1.4 Lead-hosting Phases  

Lead-hosting phases within the tailings include galena (PbS), cerussite (PbCO3), Pb-Mn 

phases (possibly cesarolite (PbMn3O6(OH)2)) and  goethite (FeO(OH). Trace amounts of Pb (< 5 

wt%)  are also found in smithsonite, aurichalcite and hydrohetaerolite (Table 2.5). 

Mineral identification of galena and cerussite was determined using EMP analysis after 

initial observation on the SEM. Galena and other secondary Pb phases, including cerussite and 

anglesite (PbSO4), can not be distinguished compositionally on the SEM due to an overlap of Pb 

and S peaks in EDS spectra. Therefore, EMP analysis was needed for proper phase identification. 

EMP analysis indicated that galena was very rare in the samples only occurring as inclusions within 

pyrite or as cores of weathered grains (Figure 2.3). The secondary Pb phase which occurs as rims 

around galena and as individual grains was confirmed to be cerussite, or possibly hydrocerussite 

using EMP analysis. (Figure 2.3). Additional µXRD confirmed the presence of cerussite (Appendix 

F). Three µXRD analyses identified the presence anglesite (PbSO4) mixed with cerussite 

(Appendix F).  Anglesite was not observed using EMP, and therefore is likely rare in the samples.  
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Figure 2.3 Mineral phases hosting elements of interest (Zn, Pb, Cu and Cd). (a) Sphalerite grain 

shows partial dissolution and weathering fractures; (b) chalcopyrite; (c) tennantite; (d) galena 

core surrounded by cerussite rim; (e) grain of magnesite with smithsonite rim; (f) aurichalcite 

with needle-like, fibrous texture; (g) hydrohetaerolite with varying composition mixed with 

dolomite and talc; (h) heterogeneous Pb-Mn phase with fine laminations; (i) goethite.   

Lead- and manganese-bearing phases were identified with varying amounts of Zn, Cu, Fe, 

Si and S (Figure 2.3 and Appendix F). These phases tend to be concentric, with fine laminations 

and a heterogeneous composition. Studies have indicated that Mn-oxides generally absorb more Pb 

than other phases such as Fe oxides or clays (Hudson-Edwards, 2000; O’Reailly and Hochella, 

2003 and references therein). Birnessite (Na4Mn14O27·9H20) is a common Mn oxide which has been 
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identified as the most efficient Pb scavenger (O’Reailly and Hochella, 2003). Birnessite may be 

present in these heterogeneous phases, however due to the high Pb content it is unlikely the phase 

represents solely absorption to Mn oxides. The high concentration of Pb and other metal(loids) 

leads to the possibility of a lead manganese oxide, such as cerarolite (PbMn3O6(OH)2), coronadite 

(Pb(Mn4+
6Mn3+

2)O16), magnetoplumbite (Pb(Fe,Mn)12O19), senaite (Pb (Ti, Fe, Mn)21O38), or 

plumboferrite (Pb2Fe3+
11-xMn2+

xO19-2x, x=1/3).  

EMP analyses was completed on the Pb-Mn phase, however due to its heterogeneous 

nature, size and complex speciation of these minerals, it was difficult to retrieve accurate results 

useful for phase identification. µXRD was also performed on multiple Pb-Mn grains, which 

indicated a poorly crystalline phase mixed with dolomite, talc and clinochlore making 

interpretations difficult. In general, powder diffraction patterns are similar for many Mn oxide 

minerals (Post et al. 1999). This compounded with the limitations of µXRD makes interpretations 

complex. Some other tailings and mine waste studies have also observed the presence of Mn oxides 

with Pb which are not fully identified (Jeong, 2003; Miler and Gosarr et al. 2012; Courtin-Nomade 

et al. 2016). Based on Pb/Mn ratios, the Pb-Mn phase is similar to the composition of cersarolite 

(Pb/Mn ratio of 1.26), but an exact identification is still unknown.  

Additional Pb and Zn hosting phases may be present in the pyrite-poor tailings based on 

µXRF maps. µXRF maps of the pyrite-poor tailings indicate very fine grain material rich in Pb and 

Zn which based on µXRD may be associated with clay minerals, however this was not investigated 

in detail (Appendix F).  

 
2.3.1.5 Copper-hosting phases 

Copper-hosting phases include chalcopyrite (CuFeS2), tennantite, and aurichalcite. Trace 

amounts of copper (<5 wt.%) are also found in goethite, hydrohetaerolite, Pb-Mn phases, cerussite, 

smithsonite, and sphalerite. Chalcopyrite occurs as individual grains sometimes associated with 
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pyrite and sphalerite. Tennantite is fairly rare within the samples and is commonly very fine 

grained.  

 
2.3.1.6 Mass Distribution of Metals  

The relative abundance of each metal-bearing phase was determined through automated 

mineralogy. To separate phases with similar compositions during automated mineralogical 

analysis, spectrum windows or filters were used. This was important to ensure the automated 

software properly separated goethite and magnetite, smithsonite and aurichalcite, as well as galena 

and cerussite. The Fe hydro(oxides) and Zn (hydro)carbonates were separated based on spectrum 

windows which indicated minimum and maximum count percentages within a certain keV range 

used to classify the mineral. In contrast, galena and cerussite were separated based on BSE grey 

value (brightness of the image) because the EDS spectra is not distinguishable as discussed 

previously. A BSE filter of 240-260 was used for galena and a BSE filter of 200-239 was used for 

cerussite, which is similar to values used by Buckwalter-Davis (2013). Filter ranges were 

determined manually through grain-by-grain analyses and the resulting classifications within the 

automated mineralogy software were verified throughgrain-by-grain SEM analyses. Metal 

concentrations of metal-bearing phases were determined using EMPA which are summarized in 

Table 2.5.  

By combining the modal mineralogy with the metal concentrations determined from EMP 

analysis the mass distribution of each metal of interest was determined. Van Den Berghe et al. 

(2018) describes the method in detail. Variability within the tailings (described within shake flask 

results) likely is the most significant source of error. Instrumental errors are assumed to be minimal 

in comparison.  
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Table 2.5 Summary of average metal concentrations determined from EMP analysis and densities 

used to determine the mass distribution of each metal within the samples. EMP results for the Pb-

Mn phase had low totals which were normalized to a total of 93% consistent with ideal cesarolite 

(as 7 wt.% represents OH-groups). Densities used in this calculation are from the Handbook of 

Mineralogy (Anthony et al. 2020). 

Mineral Avg. 

Zn  

(wt%) 

Avg. 

Pb 

(wt%) 

Avg. 

Cu 

(wt%) 

Avg 

Cd 

(wt%) 

# of 

Grains 

# of   

Points 

Phase 

Density 

(g/cm3) 

Sphalerite 66 - 0.04 0.2 19 19 4.00 

Galena - 86 - - 15 15 7.58 

Chalcopyrite - - 34 - 14 14 4.20 

Tennantite 6.9 - 41 - 9 9 4.62 

Smithsonite 46 1.3 0.3 0.1 12 18 4.43 

Aurichalcite 48 2.9 12 0.01 10 16 3.96 

Cerussite 0.1 78 0.2 0.01 11 28 6.55 

Hydrohetaerolite 25 3.0 1.4 0.02 9 20 4.64 

Pb-Mn Phases 11 28 3.4 0.02 11 21 5.45 

Goethite 5.4 7.8 1.0 0.04 11 25 5.44 

 
On average approximately 86% of Zn is hosted within sphalerite within the pyrite-rich 

tailings. The pyrite-poor tailings are similar with 96% of Zn hosted within sphalerite. Within the 

pyrite-rich tailings, smithsonite, aurichalcite, Pb-Mn phases and goethite host >1% of the Zn, 

whereas tennantite, hydrohetaerolite and cerussite only host trace amounts (Figure 2.4). Mass 

distribution calculations indicate that 89% of Cd is hosted within sphalerite within the pyrite-rich 

tailings compared to 95% in the pyrite-poor tailings, which corresponds to the mass distribution of 

Zn.   
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Figure 2.4 Zn mass distribution within tailings samples (TS1B*=pyrite-poor tailings sample). 

Sphalerite is the main Zn hosting phase, followed by smithsonite and aurichalcite. 

 

Chalcopyrite hosts an average of 77% of the Cu within the pyrite-rich tailings. Other 

notable copper phases (>1%) within the pyrite-rich and pyrite-poor tailings include tennantite, Pb-

Mn, aurichalcite and goethite (Figure 2.5). 

Both Zn and Cu are still dominantly hosted within the primary ore minerals, however, the 

mass distribution of Pb is quite different. The secondary phase, cerussite, hosts a majority of the 

Pb within the pyrite-rich tailings (67%) (Figure 2.6). The Pb-Mn phases are also an important Pb 

host, hosting on average 26% of Pb in the pyrite-rich tailings. The mass distribution of Pb has a 

higher variability compared to other elements. Other notable Pb hosting phases include goethite 

which hosts an average of 5% of Pb within the pyrite-rich tailings. Galena often hosts less than 1% 

of the Pb within the samples.  
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 Figure 2.5  Cu mass distribution within tailings samples (TS1B*=pyrite-poor tailings sample). 

Chalcopyrite is the main Cu hosting phases, followed by tennanite and Pb-Mn phases. 

Differences between the pyrite-rich and pyrite-poor tailings are minimal, especially when 

considering the associated standard deviations. 

 

Differences between the pyrite-rich and pyrite-poor tailings in terms of metal hosts appear 

to be minimal. In general, higher proportions of Zn and Cd appear to be hosted within sphalerite in 

the pyrite-poor tailings. However, based on the variability of results, there are no obvious 

differences in terms of Pb and Cu mass distribution.  
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Figure 2.6 Pb mass distribution within tailings samples (TS1B*=pyrite-poor tailings sample). 

Cerussite is the main Pb hosting phases, followed by Pb-Mn phases and goethite.  Differences 

between the pyrite-rich and pyrite-poor tailings are minimal, especially when considering the 

associated standard deviations. 

 

2.3.1.7 Shake Flask Tests 

In addition to the QA/QC benchmarks summarized in Table 2.1, one sample (SM-TS3) 

was analysed in triplicate which involved preforming the shake flask test on three different 

subsamples to test homogeneity after micro-riffling. The relative standard deviation (RSD) between 

the triplicate subsamples was less than 20% for all trace elements analyzed by ICP-MS, except Cd 

(32% RSD) and Zn (21%RSD).  In contrast, an additional sample (SM-TS6) was ran in duplicate 
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and the resulting RSD was greater than 20% for all elements of interest, except Sb. However, within 

the duplicate, major elements (Ca, Mg, Mn, and Na) had RSD values less than 20%. This indicates 

that major elements may be homogenous after riffling, but the elements of interest appear to remain 

heterogeneous. This may be the result of a few grains concentrated with elements of interest such 

as sphalerite or cerussite. Based on these results, the mean of the triplicate and duplicate results 

were used in any additional calculations.  

Results of the simulated surface waters shake flask test indicate that metals hosted within 

the <63µm tailings are partially soluble in simulated surface waters (Table 2.6). The mean values 

within the pyrite-rich tailings leachate were 1700 +/- 970 ppb Zn, 57 +/-32 ppb Pb, 8.3 +/- 2.9 

ppb Cu and 25 +/- 9.0 ppb Cd. The concentration of metals within the leachate solution may be 

unrealistically high as a result of the dust-water ratio used (20ml of solution to 0.2g of tailings). 

On site, these concentrations would be diluted by the volume of water in the Strachan Brook.  

Zinc and Pb concentrations were higher within the pyrite-poor tailings leachate compared 

to the pyrite-rich tailings leachate (Table 2.6). Zn concentrations from the pyrite-poor tailings 

ranged from 2600 to 14000 ppb Zn and from 140 to 400 ppb Pb. Higher metal concentrations in 

the pyrite-poor tailings relative to pyrite-rich tailings were not observed from aqua regia digest. 

Therefore, particle size and/or minor mineralogical differences between the pyrite-rich and pyrite-

poor tailings may be responsible for observed difference in metal mobility. The pyrite-poor 

tailings are much finer grained (clay to silt) compared to the pyrite-rich tailings (fine sand) which 

may influence reactivity during the shake flask test. These overall findings indicate that the <63 

µm fraction is partially soluble in the simulated stream waters and that the two tailings types 

interact with the solution differently.  
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Table 2.6 Geochemistry of simulated surface waters leachate. Alkalinity was reported from 

CanmetMINING was in mg/L as CaCO3, which was when converted to HCO3
-. (DO=Dissolved 

Oxygen, *=pyrite-poor tailings sample).  

 pH Temp 

(°C) 

DO 

(mg/L) 

Alkalinity 

mg /L as 

HCO3
- 

Ca 

(mg/L) 

Na 

(mg/L) 

Mg 

(mg/L) 

Mn 

(mg/L) 

SM-TS1a - - - - 11.24 2.58 2.57 0.83 

SM-TS2 6.81 25.1 8.24 <1.2 12.67 3.03 2.50 0.18 

SM-TS3 - - - - 11.98 2.65 2.17 0.08 

SM-TS4 

SM-TS6 

6.79 

6.60 

25.0 

24.7 

8.29 

8.09 

<1.2 

<1.2 

12.39 

12.69 

3.06 

2.76 

2.27 

2.33 

0.11 

0.08 

SM-TS9 - - - - 11.67 2.73 2.26 0.19 

SM-TS5* 6.61 24.9 8.14 <1.2 23.47 3.07 6.79 1.70 

SM-TS1b* - - - - 32.03 2.59 6.22 6.82 

Sample Ba 

(mg/L) 

Sr 

(mg/L) 

Zn 

(ug/L) 

Pb 

(µg/L) 

Cu 

(µg/L) 

Cd 

(µg/L) 

As 

(µg/L) 

Sb 

(µg/L) 

SM-TS1a 0.06 0.008 3540 105.5 8.6 35.7 <0.2 0.7 

SM-TS2 

SM-TS3 

0.20 

0.19 

0.006 

0.003 

1420 

1890 

33.69 

44.00 

8.5 

8.9 

19.9 

31.2 

<6.86 

<0.2 

<3.36 

2.2 

SM-TS4 

SM-TS6 

SM-TS9 

0.21 

0.16 

0.20 

0.005 

0.013 

0.007 

1650 

750 

1120 

53.51 

7.84 

40.58 

11.5 

2.8 

9.4 

30.4 

14.2 

16.5 

7.33 

9.8 

<6.86 

<3.36 

1.7 

<3.36 

SM-TS5* 0.06 0.020 2630 140.9 10.4 15.1 <6.86 <3.36 

SM-TS1b* 0.06 0.019 13900 413.1 6.7 82.0 <0.2 0.5 

Sample Ni 

(µg/L) 

Cl 

(mg/L) 

NO3 

(mg/L) 

SO4 

(mg/L) 

SM-TS1a 1.8 - - - 

SM-TS2 <1.03 18.2 0.20 10.6 

SM-TS3 0.83 - - - 

SM-TS4 

SM-TS6 

<1.03 

0.6 

18.0 

18.0 

0.15 

0.20 

9.5 

8.6 

SM-TS9 <1.03 - - - 

SM-TS5* 

SM-TS1b* 

2.2 

12.1 

18.2 

- 

0.19 

- 

54.3 

- 

 

 
2.3.1.8 Saturation Indices (SIs) for simulated surface water shake flask test 

PHREEQC modelling was used to calculate saturation indices (SIs) for solid phases that 

might dissolve or precipitate during the shake flask tests. Minteq.v4 database was used due to the 

inclusion of secondary Zn and Pb phases within the database, however a few phases identified 

during mineralogical analyses are not present within the database, including hydrohetaerolite, 

hetaerolite, aurichalcite and cesarolite (represents Pb-Mn phases based on Pb/Mn ratios). These 
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minerals were added to the database using the chemical equations and log K values summarized 

in Table 2.7. Chemical reactions used for hydrohetaerolite, hetaerolite and cesarolite are based on 

oxidation reactions and the transformation of Mn3+ or Mn4+ to Mn6+. These reactions were chosen 

rather than reduction dissolution equations based on oxygenated conditions during the shake flask 

test. There is very limited literature available for hydrohetaerolite and cesarolite in terms of log 

K, standard Gibbs free energy or standard cell potential. As a result the log K of these phases, to 

our knowledge, is not known in the literature and was not calculated.  

Table 2.7 Phases added to the database for PHREEQC modelling.  The chemical equation and 

log K for aurichalcite is based on results by Alwan et al. (1980). Log K of hetaerolite was 

calculated based on the equation presented in the table and the standard Gibbs’ free energy of 

formation for hetaerolite determined by Hem et al. (1987). 

Mineral Log K Equation 

Aurichalcite -90.1 Zn2.73Cu2.27(CO3)2(OH)6 = 2CO3-2 + 2.27Cu+2 + 6OH- + 2.73Zn+2 

Hydrohetaerolite - ZnMn2O4·H2O + H2O + 1.5O2 = Zn+2 + 2MnO4
-2 + 2H+ + H2O 

Hetaerolite -0.052 ZnMn2O4 + H2O + 1.5O2 = Zn+2 + 2MnO4
-2 + 2H+ 

Cesarolite - PbMn3O6(OH)2 + 1.5O2 + H2O = Pb+2 + 3MnO4
-2 + 4H+ 

 

PHREEQC inputs of the solutions are summarized in Table 2.8. The measured DO 

(dissolved oxygen) values were used to calculate pe values. The relative high pe values (14-16) 

are reasonable considering the leachate solution was being vigorously shaken and interacting with 

oxygen from the atmosphere. Alkalinity in the leachate was <1.22mg/L HCO3
-
. For the 

PHREEQC inputs, 0.6mg/L HCO3
- was used which is half the limit of quantification, except 

sample SM-TS4 which used 1.4mg/L HCO3
- to enable the program to run inverse modelling 

without errors. This assumption is reasonable as these are low values of alkalinity which can be 

difficult to measure and is still within the lab repeatability (15%) and accuracy (10%) 

benchmarks. Potassium was assumed not to change during the shake flask test. This assumption 

was made to balance potassium during inverse-modelling. Similarly, Fe was below the limit of 

quantification (LOQ), and was included in the solution by using x0.5 of LOQ. Barium, Sr, As, 

Cd, Sb, Ni and NO3 were excluded from the solution inputs for simplicity during modelling.  
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Table 2.8 Input Solutions for PHREEQC modelling. Inputs for the initial solution are based on 

the known simulated stream water solution composition summarized in the methods. The initial 

solution was put into equilibrium with 0.038% CO2 which was used to adjust the pH to 7, and is 

similar to atmospheric conditions. Leachate inputs are based on measured results. Phases were 

assumed to be in equilibrium with the atmosphere within the leachate (O2 (gas) and 

CO2 (gas)).(Cat=cation, An=anion)(*=pyrite-poor tailings).   

Parameter Initial 

Solution 

SM-TS2 SM-TS4 SM-TS5* 

Temperature (°C) 25 25.1 25 24.9 

pH 6 6.81 6.79 6.61 

pe 15.73 14.92 14.94 15.11 

Alkalinity  

(mg/L HCO3-) 

4.7 0.6 1.4 0.6 

Ca (mg/L) 8.01 12.67 12.39 23.47 

Mg (mg/L) 1.22 2.5 2.27 6.79 

Mn (mg/L) - 0.18 0.11 1.7 

Na (mg/L) 1.77 3.03 3.06 3.07 

K (mg/L) 0.3 0.3 0.3 0.3 

Fe (mg/L) - 0.033 0.033 0.033 

Zn (mg/L) - 1.42 1.65 2.63 

Pb (mg/L) - 0.0337 0.0535 0.1409 

Cu (mg/L) - 0.0085 0.0115 0.0104 

Cl (mg/L) 14.45 18.2 18 18.2 

SO4 (mg/L) 4.8 10.6 9.5 54.3 

Charge Balance 

(Cat-An)/(Cat+An) 

0.02% 16% 16% 9% 

 

Table 2.9 summarizes the saturation indices calculated for each solution. The results 

indicate the potential behavior of these minerals, but do not indicate if they will actually dissolve 

or precipitate due to other factors such as dissolution rates, time frame, etc. Most minerals of 

interest are undersaturated within the simulated surface water solution with few exceptions. Of 

the minerals identified in the tailings, goethite is oversaturated in the solution and may have 

precipitated during the shake flask test. There is some uncertainty surrounding the behavior of 

aurichalcite. Aurichalcite’s SIs varies from -1.01 to 5 which is influenced by alkalinity input, 

equilibrium conditions, and the difference in composition between Stirling aurichalcite and that 

used by Alwan et al. (1980). As a result, aurichalcite may be dissolving or precipitating. Due to 

the lack of literature surrounding hydrohetaerolite and ceserolite, it is difficult to predict their 
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overall behaviour in the solution. It is assumed that hydrohetaerolite will likely behave similarly 

to hetaerolite.  

Table 2.9 Saturation Indices of minerals of interest within the simulated surface water shake flask 

test. Saturation indices less than zero indicate undersaturation and potential dissolution, while 

saturation indices greater than zero indicate oversaturation and potential precipitation. (*=pyrite-

poor tailings) 

Mineral Initial 

Solution 

SM-TS2 SM-TS4 SM-TS5* 

Pyrite - -240 -240 -240 

Sphalerite - -130 -130 -130 

Chalcopyrite - -260 -260 -260 

Dolomite (ordered) -5.8 -7.7 -7.1 -4.9 

Dolomite (disordered) 

Magnesite 

Rhodochrosite 

Smithsonite 

Cerussite 

Aurichalcite 

Hetaerolite 

-6.3 

-4.3 

- 

- 

- 

- 

- 

-8.3 

-5.2 

-3.6 

-3.3 

-2.4 

-1.0 

-44 

-7.6 

-4.9 

-3.4 

-2.9 

-1.8 

1.1 

-43 

-5.4 

-3.7 

-1.5 

-2.0 

-0.8 

5.0 

-38 

Gypsum 

Goethite 

-3.5 

- 

-3.1 

4.3 

-3.1 

4.5 

-2.2 

4.8 

 

2.3.1.9 Inverse Modelling  

Inverse modelling using PHREEQC was employed to better understand how the simulated 

surface water shake flask tests evolved geochemically.  Mole transfers for selected solid phases to 

convert the initial simulated surface water solution to the resulting leachate were calculated. The 

solid phases potentially involved in the mass transfer were chosen to be pyrite, sphalerite, dolomite, 

magnesite, smithsonite, cerussite, aurichalcite, hydrohetaerolite, cesarolite, goethite, birnessite and 

halite. Solid phases chosen include metal-bearing and major phases identified in the sieved tailings. 

Halite was included as a source of Cl-. Birnessite was included as it may have been present within 

the Pb-Mn phases, and a variety of Mn oxides were oversaturated. Therefore, it is included to test 

if Mn oxides may have been precipitating. O2(gas) and CO2(gas) were included as phases to allow for 

redox reactions and de-gassing. Anglesite, galena and hetaerolite were not included due to their 
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rarity within the samples. Tennantite was also not included to simplify the modelling. By adding 

tennantite As concentrations would need to be added to the models. Silicates and clay minerals 

were not included for simplicity, however it is possible these phases, particularly clay minerals, 

could be involved. The modelling is based on mass balance and does not consider adsorption 

processes or solid solutions. 

The results suggest that based on mass balance alone, there are multiple ways that the 

shake flask solutions could evolve. Table 2.10 shows examples of mole transfers calculated for 

TS2, TS4 and TS5 which were judged to be most reasonable based on modal mineralogy, 

calculated SI values, knowledge of the minerals and their stability. Models that involved large 

mole transfers were eliminated from consideration. The models presented in the paper have Zn 

sourced from sphalerite and hydrohetaerolite, Pb sourced from cerussite and Cu sourced from 

chalcopyrite. This was considered reasonable based on the modal mineralogy which demonstrated 

that sphalerite, cerussite and chalcopyrite are the main host for Zn, Pb and Cu respectively and 

are all undersaturated.  

In addition to mass balance considerations, saturation indices, redox conditions, pH and 

dissolution rates are also important to consider. Based on the vigorous shaking and oxygenated 

conditions during the shake flask test, the oxidization of sphalerite is reasonable, which is also 

supported by the consumption of O2(g) observed during inverse modelling. Other Zn bearing 

mineral phases, such as smithsonite, were potentially leaching Zn during the shake flask test 

based on alternate scenarios produced during inverse modelling. Smithsonite tends to be stable in 

a narrow pH range of 7.5-8 (Hem, 1972). The solution during the shake flask test ranged from 

6.61 to 7 pH which is outside the field of stability for smithsonite. Therefore, smithsonite as a 

source of Zn to the leachate, is possible based on SIs, mass balance and field of stability. 

However, based on the abundance of sphalerite, it was determined sphalerite is a more likely 

source. Hydrohetaerolite and aurichalcite are additional Zn sources which also needed to be 
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considered, however they host only minimal amount of the total Zn within the sample. Within the 

inverse modelling scenarios, hydrohetaerolite dissolves, more likely as a source for Mn than a 

source of Zn since hydrohetaerolite and cesarolite are the only Mn sources. In reality, some Mn 

may be sourced from the carbonates as impurities or solid solution series.  Aurichalcite saturation 

indices are near equilibrium and therefore it is difficult to predict how this mineral will behave. 

The scenarios chosen from inverse modelling do not involve aurichalcite dissolution or 

precipitation.   

Cerussite is generally stable in high pH conditions (>8 pH) and in oxidized conditions 

(Hermann & Neumann-Mahlkau, 1985), as a result the simulated surface waters appear to be 

outside the field of stability. Therefore, based on saturation indices, stability field, mass balance 

and modal mineralogy, cerussite is a likely source of lead into the leachate. However, inverse 

modelling also produced scenarios in which cesarolite is the main Pb source to solution. Due to 

the lack of literature on cersarolite and the difficulty in properly identifying this phase, it is not 

possible to validate these scenarios. As a result, cerussite was assumed to be the most reasonable 

source of lead to solution.  

Similar to sphalerite, chalcopyrite is less stable under oxidized conditions (Hermann & 

Neumann-Mahlkau, 1985). Therefore, based on SIs, redox conditions, mass balance and modal 

mineral, chalcopyrite was determined to be the most reasonable source of copper to the solution. 

The other main source would be aurichacite, which based on mass balance is possible, however, 

due to the saturation indices being near equilibrium it was determined that chalcopyrite was a 

more reasonable source.   
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Table 2.10 Mole transfers (mmols) calculated through inverse modelling. Positive indicates 

dissolution, while negative indicate precipitation. For gas phases, positive indicate consumption 

and negative represents de-gassing.  

Mineral SM-TS2 SM-TS4 SM-TS5 

Pyrite 0.04 0.03 0.26 

Sphalerite 0.01 0.02 0.02 

Chalcopyrite 0.0001 0.0002 0.0002 

Dolomite 0.02 0.01 0.24 

Magnesite 0.007 0.007 0 

Smithsonite 0 0 0 

Cerussite 0.0002 0.0003 0.0007 

Hydrohetaerolite 0.002 0.001 0.02 

Cesarolite 0 0 0 

Aurichalite 0 0 0 

Goethite -0.04 -0.03 -0.26 

Halite 0.06 0.06 0.06 

O2(g) 0.16 0.14 1.04 

CO2(g) -0.10 -0.08 -0.48 

 
Based on the moles transferred and modal mineralogy, the percentage of each mineral 

phase dissolved can be calculated. This calculation assumes homogeneity of the tailings, meaning 

the modal mineralogy within the 0.2g tailings used for the shake flask test is assumed to be equal 

to results determined through automated mineralogy. Based on this comparison, 1.3-3.1% of 

sphalerite, 0.1-0.2 % of chalcopyrite and 0.2-0.7% of cerussite present within the tailings dissolved 

during the shake flask test.  

 
2.3.2 Surface Waters 

 
In addition to the QA/QC benchmarks described in the methods, each April 2019 sample 

was run in triplicate using ICP-MS. The dissolved cation triplicates analyzed by ICP-MS 

commonly had an RSD of less than 20% with few exceptions, including 12.5% of Cd, Cu, Ni and 

Zn analyses. These results indicate minimal variability between subsamples.  

Metal concentrations within the water ranged from 3.8-205 ppb Zn, <2.5 -13.7 ppb Cu, 

0.28-7.2 ppb Pb and <0.03 to 0.54 ppb Cd, most of which are above the CCME freshwater 

guidelines (CCME,1999b).  Metal concentrations vary based on seasonal changes and location. 
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Seasonal changes appear to be minimal with a general decrease of concentrations during the 

spring. Metal concentrations show higher variability based on location. Concentrations generally 

increase as the water travels past the tailings impoundment (downstream and downwind). The pH 

of the stream ranges from 5.84 to 7.22 and also varies with season and location. The pH tends to 

increase downstream. Table 2.11 summarizes the dissolved concentrations from water samples 

collected during this study.  

Table 2.11 Dissolved geochemistry of surface waters within the Strachans Brook.  

 Date pH Temperatur

e (°C) 

ORP Alkalinity 

mg/L as 

CaCO3 

Ca 

(mg/L) 

Na 

(mg/L) 

Mg 

(mg/L) 

SM-UP Sept/18 5.84 15.1 280.1 5 2.63 5.08 0.83 

ST2 Sept/18 6.77 19.0 126.9 5 11.08 4.44 2.16 

ST3 Sept/18 7.22 22.0 126.9 20 14.42 4.71 3.76 

SM-DOWN Sept/18 6.81 15.6 190.4 15 19.5 6.36 6.49 

SM-UP April/19 6.16 3.6 81.8 5 1.12 3.68 0.52 

ST2 April/19 6.09 3.9 144.6 10 2.29 4.03 0.77 

ST3 April/19 6.32 3.1 115.8 10 2.49 4.04 0.86 

SM-DOWN April/19 6.72 6.2 99.8 10 3.58 4.01 1.47 

SM-

DOWN2 

April/19 6.8 3.1 97.8 10 4.42 4.84 2.06 

Sample Fe 

(mg/L) 

Mn 

(mg/L) 

Al 

(mg/L) 

Ba 

(mg/L) 

Sr 

(mg/L) 

Si 

(mg/L) 

Zn 

(µg/L) 

Pb 

(µg/L) 

SM-UP 

ST2 

ST3 

SM-DOWN 

0.25 

0.31 

0.22 

0.47 

0.03 

0.04 

0.10 

0.43 

0.13 

0.15 

0.08 

<7.17 

0.01 

0.02 

0.04 

0.93 

0.02 

0.03 

0.04 

0.06 

0.32 

0.96 

0.94 

1.36 

3.82 

45.69 

87.68 

138.65 

0.34 

1.7 

5.0 

1.3 

SM-UP 0.06 0.03 0.09 0.00 0.01 0.52 <51.87 0.28 

ST2 0.06 0.05 0.10 0.01 0.01 0.59 41.03 1.34 

ST3 0.04 0.05 0.09 0.01 0.01 0.57 65.33 2.66 

SM-DOWN 0.06 0.07 0.07 0.02 0.01 0.58 200.2 3.87 

SM-

DOWN2 

0.11 0.09 0.06 0.04 0.02 0.58 203.4 3.55 

Sample Cd 

(µg/L) 

As 

(µg/L) 

Sb 

(µg/L) 

Ni 

(µg/L) 

Cl 

(mg/L) 

NO3 

(mg/L) 

SO4 

(mg/L) 

 

 SM-UP <0.03 0.56 <0.2 0.21 5.0 <0.2 0.7  

ST2 0.09 0.85 0.41 0.78 3.9 <0.2 5.0  

ST3 0.28 1.01 1.04 0.25 4.1 <0.2 10.5  

SM-DOWN 0.34 0.53 0.57 0.43 6.2 <0.2 15.6  

SM-UP <0.04 <5.03 <1.88 <2.52 5.7 0.12 1.7  

ST2 

ST3 

SM-DOWN 

SM-

DOWN2 

0.14 

0.19 

0.53 

0.53 

<5.03 

<5.03 

<5.03 

<5.03 

<1.88 

<1.88 

<1.88 

<1.88 

<2.52 

<2.52 

<2.52 

<2.52 

6.1 

6.1 

6.3 

7.2 

0.22 

0.20 

<0.10 

0.20 

3.0 

3.3 

6.4 

9.7 
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PHREEQC modelling was used to calculate SIs for solid phases that might dissolve or 

precipitate within the surface waters to determine if they are similar to the shake flask results. 

Minteq.v4 databased was used with the addition of a few phases as described above. Pe was 

calculated from ORP values. Dissolved oxygen was also recorded and converted to pe, however 

the resulting values were barely within limit of stability of water (14.8-16 pe) and were not used. 

PHREEQC inputs for the stream water samples used concentrations summarized in Table 2.11 

(concentrations below the limit of quantification were not included). Solutions were put in 

equilibrium with the atmosphere which adjusts the available O2 and CO2. Table 2.12 summarizes 

the resulting saturation indices calculated for stream water samples.  

It should be noted that samples collected in September 2018 have a poor charge balance. 

After further investigation, it was determined that the positive charge balance was likely caused 

by underestimation of the anions, which was determined by comparing total meq/L of both 

cations and anions to conductivity. For this reason, results from April are likely more reliable.  In 

terms of saturation indices, the two seasons appear fairly similar, with the spring samples being 

slightly more undersaturated which corresponds to slightly lower concentrations in the stream 

water during this season. Similarly, saturation indices generally tend to increase downstream, 

which corresponds to increasing concentrations within the water bringing mineral phases closer to 

equilibrium.  A majority of mineral phases remain undersaturated despite these changes, whereas 

aurichalcite is both undersaturated and oversaturated depending on the sampling location.  
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Table 2.12 Saturation indices of minerals of interest within stream waters. Saturation indices less 

than zero indicate undersaturation and potential dissolution, while saturation indices greater than 

zero indicate oversaturation and potential precipitation.  

Saturation 

Indices 

SM-

UP 

ST2 ST3 SM-

DOWN 

SM-

UP 

ST2 ST3 SM-

DOWN 

SM-

DOWN2 

September 2018 April 2019 

Pyrite -250 -250 -260 -250 -270 -270 -270 -260 -270 

Sphalerite -140 -130 -132 -135 - -140 -140 -140 -140 

Chalcopyrite -270 -270 -263 -270 - - -290 -280 -290 

Dolomite 

(ordered) 

-6.8 -5.7 -2.5 -2.9 -7.9 -6.1 -6.1 -5.5 -5.4 

Dolomite 

(disordered) 

-7.4 -6.2 -3.0 -3.5 -8.5 -6.8 -6.7 -6.1 -6.1 

Magnesite -4.4 -4.0 -2.4 -2.5 -4.5 -3.7 -3.7 -3.4 -3.3 

Rhodochrosite -3.3 -3.0 -1.3 -1.0 -3.3 -2.5 -2.5 -2.3 -2.2 

Smithsonite -4.8 -3.7 -2.1 -2.2 - -3.4 -3.2 -2.6 -2.7 

Cerussite -3.1 -2.5 -1.2 -1.9 -3.1 -2.0 -1.7 -1.5 -1.6 

Aurichalcite -6.5 -1.0 6.3 3.7 - - -2.4 0.6 -0.5 

Hetaerolite -47 -44 -38 -40 - -47 -47 -45 -46 

Gypsum -4.8 -3.4 -3.0 -2.7 -4.8 -4.2 -4.2 -3.7 -3.5 

Goethite 5.4 5.7 6.2 6.2 4.3 4.7 4.5 4.8 4.9 

Charge Balance 28% 52% 27% 40% 6% 10% 8% 2% 0.1% 

The saturation indices calculated are similar to those calculated from the shake flask test.  

2.3.3 Passive Dry-Deposition Collector (Pas-DD) Filters 

Mineralogical analyses of the filters indicate an abundance of pyrite and dolomite with 

lesser amounts of quartz and clay minerals. A few sphalerite grains were also identified. 

However, due to the 3-D nature of the filters, it was difficult to determine the modal mineralogy 

or investigate the filters in as much detail as the sieved tailings thin sections. Despite this, the 

mineralogy observed on the filters generally corresponds to the mineralogy observed in the sieved 

tailings thin sections. This supports that the sieved tailings are a reasonable proxy for the tailings 

dust generated on site. The PUF shake flask test can also be compared to the sieved tailings shake 

flask test to see if the solubility is comparable.  

Shake flask tests using PUF filters were analyzed in duplicates, where two subsamples 

were analysed from the same resulting leachate. Some ICP-MS duplicate analyses, greater than 5 

ppb, had a RSD greater than 20%, including 13 % of Ni analyses, 27% of Sb analyses, 28% of Zn 

analyses, 44% of Cu analyses, 83% of Pb analyses and 86% of As analyses. This variability is 
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likely a result of the subsampling process in which a Teflon spatula was used to compress the 

filter in the falcon tube to release the solution, which was then repeated for the second subsample. 

This may have resulted in different amounts of colloidal material in the subsamples. Additionally, 

one duplicate was analysed which involved testing a different quadrant of the filter to investigate 

the variability from filter subsampling.  All of the field duplicate ICP-MS analyses had a RSD 

greater than 20%, except Cd. This reflects the non-uniform distribution of soluble phases on the 

filters. Blanks were also ran and detectable levels of As, Cd, Cu, Pb, Sb and Zn were recorded. 

Metals within the blanks come from the filters themselves. For example, the leachate from an 

unused PUF filter had average concentrations of 83ppb Zn, 9 ppb Pb, 6 ppb Cu and 0.6 ppb Cd, 

which is a least three times the metal concentrations detected in simulated surface waters without 

a filter. To address the high blank issue, the average blank value corresponding to the batch of 

analyses and filter type was subtracted from each sample result. If a corresponding blank was not 

analyzed during a particular set of analyses, the overall average of that particular filter type was 

used. This process is described in more detail in Chapter 3.  

Concentrations in the leachate were as high as 110 000 ppb Zn, 37 000 ppb, 9200 ppb Cu 

and 600 ppb Cd from one quarter of a filter. These values are significantly higher than those 

determined using the sieved tailings shake flask test. The amount of dust on the filter (up to 5.4g), 

even when divided into quarters, was commonly higher than the 0.2g of sieved tailings. The 

shake flask test with the PUF filters indicate that dust sampled directly in the field is also partially 

water soluble, similar to the sieved tailings shake flask tests described previously. However, due 

to variable amounts of material a direct comparison is difficult. The metal concentrations from 

the PUF shake flask tests were influenced by sample location and season which is explained in 

more detail in Chapter 3.  
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2.4 Discussion 

2.4.1 Mineralogy  

 A variety of minerals hosting the elements of interest were identified, which is important 

as mineral hosts directly influence potential metal leaching. Based on the mass distribution, many 

of these phases host a minor amount of the overall metal concentrations. The mass distribution of 

the metals of interest indicate that galena has weathered more than chalcopyrite or sphalerite, 

since a majority of Pb is currently hosted in secondary phases, whereas Zn and Cu are hosted 

mainly within the primary ore minerals. The relative resistance of various sulfide minerals to 

oxidation in tailings impoundments has been summarized previously by Moncur et al. (2009).  In 

general, galena is less resistant than sphalerite, which is less resistant than pyrite, followed by 

chalcopyrite (Moncur et al. 2009). This relative resistance corresponds to the mineralogy 

observed at Stirling. The galena identified in this study is mainly present as inclusions or as 

grains surrounded by cerussite rims. Therefore, a ‘persistence’ effect may be occurring, in which 

sphalerite is now the least resistant due cerussite rims slowing the progress of any further 

replacement of galena (Moncur et al. 2009).  Therefore, galena may persist while sphalerite is 

removed. This relative resistance also corresponds to the main sources of metal within the shake 

flask leachate, which were determined to be sphalerite, cerussite and chalcopyrite, rather than 

galena. 

 

2.4.2 Shake Flask Test and Stream Waters  

Similarities between the shake flask tests and stream waters, including pH, redox 

conditions and saturation indices, indicate that the shake flask tests likely provide reasonable 

insight for processes occurring in the field. In both the shake flask test and the stream water, 

saturation indices were less than zero with the exception of Fe and Mn oxides, and occasionally 

aurichalcite. As a result, most metal-bearing phases could potentially dissolve if dust particles 
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settle into stream waters. Based on inverse modelling and model mineralogy, the main sources are 

likely sphalerite, chalcopyrite and cerussite. 

  These findings demonstrate the mobility of Zn, Pb, Cu and Cd at neutral pH conditions. 

Commonly, elements including Fe, Al, Mn, Zn, Ni, Cu and Pb occur at high dissolved 

concentrations under acid mine drainage (AMD) conditions (Lindsay et al. 2015). Whereas AMD 

receives a lot of attention, neutral pH mine drainage can also have high concentrations of 

dissolved metals and metalloids (DeSisto et al. 2016). This study observed that neutralized acidity 

does not prevent oxidation and the release of metals into water. Additionally, both the primary 

and secondary phases may be acting as a source of metals. In some cases, secondary phases 

sequester metals from the surrounding environment. In this case, the pore waters within the 

tailings are likely oversaturated in relation to the secondary minerals forming, whereas the stream 

waters are undersaturated. The difference in conditions results in both primary and secondary 

phases being a source of metals in the surrounding environment.   

 

2.5 Conclusions 

Based on similarities between the stream water geochemistry and the simulated surface 

water leachate, it is likely that the shake flask tests provide reasonable insight into the processes 

occurring in the field. Based on SIs, the metal-bearing mineral phases are mainly undersaturated 

and may dissolve with the exception of goethite. Based on modal mineralogy and inverse 

modelling, sphalerite, cerussite and chalcopyrite are likely the main sources for Zn, Pb and Cu in 

the shake flask leachate, and potentially in the field. These findings demonstrate the mobility of 

Zn, Pb, Cu and Cd at neutral pH conditions and that both the primary and secondary phases may 

be a source of the metals.  

 The overall significance of dust deposition on the stream water is still unknown and 

requires further investigation. Part of this study investigated dust deposition rates and their spatial 
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and seasonal trends (Chapter 3), which helps understand how much dust is potentially entering 

the stream waters. However, it still remains difficult to determine the influence of settling dust 

compared to other inputs such as runoff or groundwater. In terms of climate change, Chapter 3 

illustrates that the combined effect of changes in temperature, precipitation, and wind make dust 

generation predictions difficult on a local scale. Similarly, the impact of the dust deposition on 

stream waters will not only be influenced by the uncertainty surrounding dust generation (Chapter 

3) but also changes in the local hydrology (stream water levels, amount of runoff, water table 

levels).  
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Chapter 3 

Evaluating Methods for Monitoring Dust Deposition at Abandoned 

Mine Sites in a Changing Climate 

3.0 Abstract  

Potential intensified dust mobility as a result of climate change indicates a need to better 

understand how dust generation relates to climatic conditions. Seasonal dust sampling can 

provide insight on how dust generation varies with climatic conditions. This study aims to 

investigate the advantages and disadvantages of dust sampling methods, particularly in relation to 

seasonal sampling at two abandoned mine sites; Stirling Zn-Pb and Goldenville Au mine.  

Dust sampling methods used included passive dry deposition collectors (Pas-DDs), high 

volume TSP sampler (HVAS), dust deposition gauges (DDGs), and lichen. Pas-DDs used two 

configurations one with a glass fiber filter (GFF) on top of a polyurethane foam disk (PUF) and 

one with only a PUF. Results indicate that GFFs and DDGs likely underestimate dust deposition. 

In comparison, Pas-DDs with a PUF efficiently accumulate dust. However, PUFs had additional 

challenges including metal(loid)s within the filters themselves, difficulty obtaining stable 

weights, and potential dust collection from the sides/bottom.  

It was observed that dust deposition was highest in the winter months and lowest in the 

summer months at both sampling sites, likely due to decreased wind speeds offsetting drier 

conditions. Future dust generation remains difficult to predict due to the unknown combined 

effect of changes in temperature, precipitation, evaporation, and wind speed.  
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3.1 Introduction 

Contaminants from mine sites can be transported into the surrounding environment 

through soil, biota, water and air (Csavina et al. 2012). Transport by atmospheric particles is 

particularly noteworthy because contaminants may be transported quickly over large areas 

(Csavina et al. 2012). Atmospheric particulates are formed through a range of mining operations, 

including drilling, blasting, transportation, sample preparation, processing, handling and 

stockpiles (Noble et al. 2017). Stockpiles, including waste rock piles and tailings, may be left 

uncovered during operations due to access requirements to transfer material, or may be present at 

abandoned mine sites due to poor historical closure procedures. The chemical composition of 

tailings is related to the mineralogy of the deposit, the processing techniques, the efficiency of the 

extraction process, and the degree of weathering (Kossoff, 2014). Since extraction is never 100% 

efficient, there are always metal(loid)s present in the tailings which could potentially  cause 

negative impacts to the surrounding environment (Kossoff, 2014). Since uncovered tailings 

impoundments are exposed to wind erosion, sometimes without any vegetation cover or barriers, 

the amount of dust generated may result in negative impacts on the surrounding environment and 

communities (Blight, 2008; Corriveau et al. 2011; Bailey, 2017).  

Dust deposited on the ground can influence the ecology of an area by impacting the 

health of surrounding soils and plants (Nagajyoti et al. 2010, Canadeia et al. 2014; Chen et al. 

2017). Negative effects on plants as a result of metal(loid) contamination include inhibited 

photosynthesis, decreased growth, and delayed and reduced reproduction (Ryser and Sauder, 

2006; Gill et al. 2012). Certain vegetation has been shown to accumulate metal(loid)s which may 

then enter the food chain in significant amounts (Intawongse and Dean, 2006; Ashraf et al. 2011; 

Clemens and Ma, 2016). Similarly, dust deposited in aquatic environments could potentially 

result in the accumulation of metal(loid)s in water bodies. Aquatic organisms exposed to 

particular metal(loid)s (e.g. Cu, Pb, Zn) may experience stunted growth, reduced reproduction, 
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deformities or mortality (Lewis and Clark, 1997; Sfakianakis et al. 2015). Certain aquatic 

organisms accumulate metal(loid)s directly from the water or indirectly via the food chain 

(Khayatzadeh and Abbasi, 2010). In terms of human health, exposure of metal(liod)-bearing dust 

through ingestion, inhalation or dermal contact can result in negative physiological responses in 

the body. Air pollution can cause acute to chronic effects including upper respiratory irritation, 

lung and heart disease, chronic bronchitis and lung cancer (Kampa and Castansa, 2008; Peled, 

2011; Petsonk, et al. 2013). Based on the potential negative implications of mine dust, 

understanding dust generation is essential to prevent negative effects on terrestrial environments, 

aquatic environments and human health.  

Modern climate change includes warming trends, changes in precipitation, and extreme 

weather events (IPCC, 2014; Bush and Lemmen, 2019) which may influence dust generation, 

both globally and locally. Dust generation caused by wind erosion depends on several factors 

including wind speed, atmospheric stability, particle size, moisture content, particle exposure, 

vegetation cover, and other climatic conditions (Noble et al. 2017). Increases in dust mobility in 

regions throughout the world have been attributed to a combination of increased human activities 

and changing climate conditions (Zhang et al. 2003; Prospero and Lamb, 2003). It is predicted 

that dust as a contamination pathway will likely be intensified in certain regions due to a 

changing climate (Tegen et al. 2004). 

  In Canada, observed and projected increases in mean temperature are about twice the 

corresponding increases in global mean temperature, regardless of emission scenario (Bush and 

Lemmen, 2019).  Climate change has also increased the likelihood of extreme weather events 

such as droughts (Bush and Lemmen, 2019). During the summer months, higher temperatures 

result in increased evaporation, leading to more rapid drying of soils if not offset by other 

changes (reduced wind speed or increased humidity) (Bush and Lemmen, 2019). Predicting the 

response of dust generation to these changing climatic conditions is important for understanding 
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future implications to the environment and human health. However, monitoring the influences of 

climatic conditions on dust generation can be challenging. The best approach for long-term dust 

monitoring depends on a variety of factors; including study parameters, location, and sampling 

time. Some of the challenges with long-term dust monitoring include remote locations, multiple 

sampling trips, in addition to the variety of dust samplers available. 

Waza et al. (2019) was the first study to complete a field comparison of 6 different types 

of dry deposition samplers using a scanning electron microscope (SEM) concluding that different 

sampler types cannot deliver consistent results. This study was important because few previous 

studies compared dry deposition samplers in the field and commonly only focused on total mass 

(Goossens and Buck, 2012; Mendez et al. 2016). To continue to address this knowledge gap, this 

study aims to investigate the advantages and disadvantages of dust sampling methods; 

particularly in relation to seasonal sampling and climatic conditions at two abandoned mine sites.  

Passive methods used in this study include passive dry deposition collectors (Pas-DD) 

with two different sampling medium configurations, dust deposition gauges (DDGs) and lichen 

(Figure 3.1). The active method used in this study was a high volume total suspended particle 

(TSP) sampler (HVAS) (Figure 3.1).  The Pas-DDs are a relatively new type of dust sampling 

method previously used in the Canadian oil sands to measure polycyclic aromatic hydrocarbons 

(PAHs) (Eng et al. 2014, Harner et al. 2018). Recently, methods have been developed to use Pas-

DDs to sample metals in urban environments (Gaga et al. 2019).  To our knowledge, the present 

study is the first study to use Pas-DDs at a mine site. The Pas-DDs  are comprised of two parallel 

flat plates and use a polyurethane foam (PUF) disk or glass fiber filter (GFF) as the sampling 

medium, capturing compounds subject to dry gas and particle phase deposition (Figure 3.1) (Eng 

et al. 2014). These are normally deployed for weeks or months depending on the objectives of the 

study. From this sampling method, dust deposition rates (mg/m2/year) can be calculated and the 

filters can be used to analyze both physical and chemical properties of the dust. Dust deposition 



 

70 

 

rates are of interest because the amount of dust deposited is directly related to the effects on the 

surrounding environment.  

 

Figure 3.1 Various dust sampling methods used in this study. (a) Passive Dry Deposition 

Collectors (Pas-DD) with two different configurations (PUF-only configuration and  GFF with a 

PUF configuration); (b) Lichen; (c) Dust deposition gauge (DDG); (d) High volume TSP sampler 

(HVAS). 

 

Dust deposition gauges (DDG) sample dust deposition and precipitation (rainwater and 

snow) using a high-density polyethylene (HDPE) funnel connected to a HDPE bottle (Figure 3.1) 

(Noble et al. 2017).  By analyzing the rainwater concentrations, deposition rates of total 

deposition (wet and dry deposition) can be calculated. Dry deposition is caused by turbulent 

mixing of particles and gravitational settling, whereas wet deposition results from scavenging of 

particles by rain or snow (Tegen and Fung, 1994). Total and dissolved aliquots (assuming all 

particles smaller than the pore size of the filter, typically <0.45µm, are dissolved), can also be 

analyzed separately to provide information about the soluble versus insoluble fractions. This 

method was used in this study as a comparison tool for the Pas-DDs because both methods look 

at dust deposition rates from the settling particulate matter and are suitable for long term, 

inexpensive, remote dust monitoring.   
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Lichen are perennial organisms and therefore provide year round monitoring.  Lichen do 

not have roots or waxy cuticles and depend mainly on atmospheric input of mineral nutrients 

(Garty, 2001). This combined with the capability to grow in large geographical ranges and 

accumulate elements rank them among the best biomonitors for air pollution (Garty, 2001). The 

most commonly used lichen biomonitoring methods are community analysis, lichen tissue 

analysis (absorbed and on the surface) and transplant studies (Shukla et al. 2014). Passive lichen 

monitoring involves monitoring or chemically analyzing in situ lichen to obtain information on 

existing or background air quality. Airborne metal(loid)s are incorporated into the lichen by the 

interception of soluble or particulate matter (Garty, 2001). The amount of metal(loid) contained 

by a lichen is species dependent, due to different morphological and structural features (Garty, 

2001). Metal(loid) content in the lichen tend to alternate over time in phases of accumulation and 

subsequent release, influenced by acid precipitation, geographical variations (altitude), temporal 

changes, pollution sources, among others (Szczepaniak et al. 2003). During this study, lichen 

were sampled once to determine the spatial extent of the contamination.  

The active method used in this study was a high volume TSP sampler (HVAS) which 

monitors TSP with size up to 250µm (Noble et al. 2017). The HVAS draws in precise volumes of 

air continuously through a filter beneath a protective hood over a set time period (Figure 3.1). The 

volume of air drawn can be used to calculate the concentration of dust in the air (Noble et al. 

2017). This method contrasts methods discussed previously because it is an active method of 

sampling dust rather than a passive method. Passive sampling generally measures TSP and does 

not require a power source, while active systems require a power source to measure dust and 

sometimes separate particular size fractions through the use of size inlets. Active methods, such 

as HVASs, are used to meet occupational health and safety air quality guidelines. For example, 

the Canadian Ambient Air Quality Standards (CAAQS) for PM2.5 (particulate matter less than 

2.5µm) as of 2020 are 27 µg/m3 for the 3-year average of the annual 98th percentile of the daily 
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24-average concentrations and 8.8 µg/m3 for the 3 year average of the annual average of all 1-

hour concentrations (CCME, 2012). Other methods such as passive air samplers do not provide 

this information and therefore would not be a suitable method for most regulatory purposes. 

Using these four dust sampling techniques (Figure 3.1), this study aimed to evaluate each 

sampling method in terms of capturing seasonal trends influenced by climatic conditions at two 

abandoned mine sites located in Nova Scotia, Canada. Pas-DDs and DDGs were both used to 

measure overall dust and metal(loid) deposition rates. In addition, insight regarding potentially 

water soluble deposition rates were determined from Pas-DDs through simulated surface water 

shake flask tests, and from DDGs using the dissolved fraction. This was done to investigate if 

similar seasonal and spatial trends occur in these fractions compared to overall metal(loid) and 

dust deposition trends. This is related to another aspect of this study which investigated tailings 

dust interactions with surface waters (Chapter 2).  

 

3.1.1 Study Location 

The study locations are two abandoned mine sites in Nova Scotia, Canada: Stirling and 

Goldenville mine. The Stirling mine is an abandoned Zn-Pb-Cu-Au-Ag deposit located in 

southeastern Cape Breton, Nova Scotia, Canada, approximately 360 km from Halifax (Figure 

3.2). The Stirling deposit is hosted within pyrite-rich, laminated siltstone-chert-dolomite rocks 

and is composed of fine-grained pyrite and sphalerite with minor chalcopyrite, galena and 

tennantite (Miller, 1979). The mine was in operation from 1935 until 1938 and from 1952 until 

1956. Presently, the uncovered and unvegetated tailings impoundment area exhibits signs of 

aerial erosion. Previous studies have noted the abundance of dust but it has not been investigated 

in detail. For example, Hulshof & Macdonald (1998) noted dune-like deposits along the edge of 

the Strachan Brook, which are still prominent today. 
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Goldenville is an abandoned Au mine located three kilometers west of Sherbrooke along 

the eastern shore of Nova Scotia, approximately 140 km east of Halifax (Figure 3.3). Mining 

operations started in 1862 and continued until 1941. Presently, tailings can be found extended for 

6 km along the floodplain of Gegogan Brook (Wong et al. 1999, DeSisto et al. 2016). The town 

of Goldenville hosted an annual 4x4 rally on the tailings every September until shut down in 2006 

because of As concerns (Parsons et al. 2012). The racetrack area was located on exposed tailings 

with less vegetation cover. The remainder of the tailings are unexposed and vegetated by small 

shrubs. Corriveau et al. (2011) characterized tailings dust at Goldenville, in terms of particle size, 

As concentration, As oxidation state, mineral species and texture.   

 

3.2 Methods 

3.2.1 Tailings Samples 

Tailings samples were collected during this study for geochemical and mineralogical 

characterization (Chapter 2). Grab samples of approximately 0.5-5kg were collected from the top 

10cm of the tailings surface in December 2017, March 2018 and May 2018. Samples were 

collected using shovels, placed into ziplock bags, transported in coolers and stored in a freezer to 

reduce any additional oxidation. Wet samples were dried under nitrogen gas to preserve in situ 

phases in a glove box using circulating 4.8 to 5.0 grade (99.999-99.998%) nitrogen gas. Once 

dried, tailings samples were sieved to <63 µm using 500µm, 250µm, 125µm and 63µm sieves. 

Between samples, sieves were cleaned using gentle dry brushing, ultrasonic cleaner and 

compressed air. The <63µm size fraction was used as a proxy for dust because this size fraction 

represents the particles most likely to be in suspension. It has been reported that silt and clay 

particles (<60µm) are transported by suspension and have a longer range of transport (Csavina et 

al. 2012). For example, particles >50µm in diameter only remain suspended for a few tens of 

kilometers, particles 20-30µm in diameter can travel up to 300 km and particles <15µm can travel 
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much farther, persisting even in calm wind conditions (Livingstone and Warren, 1996). Three 

unsieved samples were used in the study to compare the dust fraction to bulk tailings. A micro 

rotary riffler was used to subsample to the <63µm fraction and unsieved samples to 1g for various 

geochemical analysis.  

Seven sieved and 3 unsieved subsamples from Stirling, and 6 sieved and 3 unsieved 

subsamples from Goldenville (1g each) were sent to CanmetMINING for multi-element bulk 

chemical analysis. Samples were digested with aqua regia (6 ml of hydrochloric acid and 2 ml of 

nitric acid) in a sealed vessel under microwave heating. The resulting solution was analysed by 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) and inductively coupled 

plasma mass spectrometry (ICP-MS). Major and some minor elements were analyzed using ICP-

AES, whereas select trace elements including As, Cd, Cu, Ni, Pb, Sb and Zn were analyzed using 

ICP-MS. Table 3.1 summarizes acceptable QA/QC benchmarks used for standard reference 

materials and lab duplicates applied to all samples run at CanmetMINING. Standard reference 

materials and lab duplicates were run every 10 samples. Standard reference materials included three 

CanmetMINING standards, RTS-3a (Sulphide Tailings Sample), WPR-1a (Peridotite with Rate 

Earth and Platinum group elements) and SU-1b (Nickel-Copper-Cobalt Ore). Additional QA/QC 

analyses such as blanks and field duplicates will be discussed in more detail within the results 

section.  
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Table 3.1 QA/QC benchmarks used for ICP-AES and ICP-MS analyses. Relative repeatability is 

defined by equation 3.1 and relative accuracy by defined in equation 3.2.  The limit of 

quantification (LOQ) is determined by running 10 replicate calibration blanks. 

 ICP-AES ICP-MS 

Range Relative 

Repeatability (%) 

LOQ in ppm 

Relative 

Accuracy (%) 

LOQ in ppm 

Relative 

Repeatability (%) 

LOQ in ppb 

Relative 

Accuracy (%) 

LOQ in ppb 

LOQ to 5 40% 35% 25% 50% 

5 to 50 20% 15% 15% 30% 

>50 6% 6% 10% 20% 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑅𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (
(𝑋𝑆1−𝑋𝑆2)

𝑋𝑆𝑀
) ∗ 100                                                            (3.1) 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = (
(𝑋𝑅𝑆−𝑋𝑆)

𝑋𝑅𝑆
) ∗ 100                                                                      (3.2) 

Where, 

XS1/ XS2= the measured concentration of the analyte in the lab duplicates 

XSM= the mean of XS1 and XS2 

XRS=known concentration of reference material 

XS=measured concentration of the analyte of the reference material 

 
3.2.2 Surface Water Samples 

Water samples were collected during the September 2018 and April 2019 field sessions. 

Water samples were collected in acid washed HDPE bottles which were rinsed three times with 

stream water before sample collection. Syringes, filters and aliquot bottles were also rinsed before 

use and all sampling took place using nitrile gloves. An YSI meter was used to collect field 

parameters including temperature, pressure, pH, dissolved oxygen, ORP and conductivity. The YSI 

probe was calibrated daily in the field for pH using standardized pH 4, pH 7 and pH 10 solutions 

and in the laboratory for dissolved oxygen and conductivity. Probes were rinsed with DI water 

before and between samples. 

 Water samples were separated into aliquots for dissolved cations (<0.45µm), total cations, 

anions and total organic carbon (TOC). Only the total cation results are presented in this paper 

(remainder of the results are found in Chapter 2). Total cation samples remained unfiltered and 

acidification occurred in the laboratory in Ottawa due to challenges with travelling with acid. Trace 
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metal grade nitric acid was used to acidify samples. Water samples were transported in a cooler 

and kept refrigerated. Total cations were analyzed using ICP-AES and ICP-MS. Major and some 

minor elements were analyzed using ICP-AES, while select trace elements including As, Cd, Cu, 

Ni, Pb, Sb and Zn were analyzed using ICP-MS.  Standard reference materials included TMDA-

62.2 and TMDA 64.3 from Environment and Climate Change Canada (ECCC), which are both 

certified liquid reference material of enriched lake water (fortified with trace metals). QA/QC 

benchmarks summarized in Table 3.1 were used. Additional QA/QC analyses including triplicate 

sampling is discussed within the results section.  

3.2.3 Passive Dry Deposition Collectors (Pas-DDs) 

3.2.3.1 Field Sampling and Sample Preparation 

Pas-DDs were installed in December 2017 and filters were collected in March 2018, May 

2018, September 2018, December 2018 and April 2019. A total of 27 PUFs and 27 GFFs were 

collected at Stirling mine, while 23 PUFs and 23 GFFs were collected at Goldenville. Pas-DD 

sampling locations were based on dominant wind directions, accessibility for retrieving filters and 

field observations such signs of aerial erosion and dust accumulation (Figure 3.2 and 3.3).  

Two Pas-DDs were installed at each sample location with contrasting configurations; one 

contained only a polyurethane foam disk (PUF), and one contained a glass fibre filter (GFF) 

stacked on a PUF. The configurations were placed side by side if possible (see Figure 3.1), and in 

some locations they were placed on top of one another, approximately 1-2m above the ground. 

Eng et al. (2014) also compared the same configurations and observed higher accumulation of 

polycyclic aromatic hydrocarbons (PAHs) in PUF-only configuration which is attributed to the 

porosity of the PUFs. PUFs potentially allow particles to pass through the pores (200-250µm in 

diameter) and become entrained in the matrix with little chance for resuspension (i.e. loss of 

particles) (Eng et al. 2014). In contrast, the GFF surface is densely woven (with pores sizes 
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<0.1µm), and as a result, particles on the GFFs surface are exposed to resuspension (Eng et al. 

2014). This study investigates if the same is true for metal(loid)s.  

After exposure for 3-4 months, filters were collected using nitrile gloves, carefully 

inserted into ziplock bags and kept horizontal during transport. Filters were air dried in a laminar 

fume hood in a temperature and humidity controlled lab, and weighed before and after being in 

the field. Filters were cut into quarters using clean stainless steel scissors before analysis.  

 

 

Figure 3.2 Location of Stirling (modified after DeSisto et al. 2016) and sample locations. Pas-DD 

sample locations correspond to lichen sample locations. Lichen were sampled within 10m of the 

Pas-DDs.  
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Figure 3.3 Location of Goldenville (after DeSisto et al. 2016) and sample locations. Pas-DD 

sample locations correspond to lichen sample locations. Lichen were sampled within 10m of the 

Pas-DDs. 

3.2.3.2 Acid Digest of Pas-DD Filters 

A quarter of each filter was analysed at CanmetMINING for multi- element bulk 

chemical analysis. Samples were digested in a mixture of 18 ml of HCl and 6 ml of HNO3 which 

was heated in a hot block to 90°C. The solution was then diluted with deionized water to a final 

volume of 50ml. The resulting solution was analysed by ICP-AES and ICP-MS. Major and some 

minor elements were analyzed using ICP-AES, while select trace elements including As, Cd, Cu, 

Ni, Pb, Sb and Zn were analyzed using ICP-MS. Standard reference materials included TMDA-

62.2 and TMDA 64.3 from Environment and Climate Change Canada (ECCC), which are both 

certified liquid reference material of enriched lake water (fortified with trace metals). QA/QC 

benchmarks summarized in Table 3.1 were used. Additional, QA/QC including blanks and field 

duplicates are discussed in detail in the results section.  
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3.2.3.3 Shake Flask Test of Pas-DD Filters 

A different quadrant of each filter was used for shake flask tests in a 10X dilute 

Organization for Economic Co-Operation and Development (OECD) 203 (ISO 6341) aqueous 

medium with a pH of 7. Details regarding the composition of the medium are found in Chapter 2. 

The OECD fresh water medium is a standard transformation/dissolution medium representative 

of natural fresh waters and is commonly used for aquatic hazard classification of metal-bearing 

substances (Huntsman-Mapila et al. 2016; Huntsman et al. 2018; Huntsman et al. 2019). For 

simplicity, the OECD solution will be referred to as simulated surface waters. This solution was 

used to determine the solubility in typical stream water of the dust collected on the filters. Shake 

flask results provide information about what may be soluble under these specific conditions (pH, 

Eh, water composition, water/tailings ratio etc.) and time frame.  

Twenty millilitres of simulated surface water and a quarter of each filter were put in 50ml 

falcon tubes and placed horizontally on the shake table at a speed of 50 rpm for 24 hours. This 

method is based on Xie et al. (2018) who used 20ml of solution in a 50ml tube and 1g of solid. At 

CanmetMINING, it was observed that 50 rpm on the shake table resulted in uniform mixing 

between the solution and solid. The solution was then filtered using 0.45 µm filters and acidified. 

Trace metal grade nitric acid was used to acidify samples. The solution was analyzed using ICP-

AES and ICP-MS. Major and some minor elements were analyzed using ICP-AES, while select 

trace elements including As, Cd, Cu, Ni, Pb, Sb and Zn were analyzed using ICP-MS. Standard 

reference materials included TMDA-62.2 and TMDA 64.3 from Environment and Climate 

Change Canada (ECCC), which are both certified liquid reference material of enriched lake water 

(fortified with trace metals). QA/QC benchmarks summarized in Table 3.1 were used. Additional 

QA/QC, including blanks and field duplicates are discussed in detail in the results section. 
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3.2.4 Dust Deposition Gauge (DDG) 

DDGs were installed in May 2018 and collection occurred in September 2018, December 

2018 and April 2019. A DDG consists of a HDPE funnel connected to a HDPE 4L container which 

collects both wet and dry deposition (Figure 3.1). Despite efforts to predict rainfall amounts, the 

amount of precipitation collected commonly exceeded 4L, therefore the amount of deposition 

calculated should be viewed as minimum values due to potential loss of sample from overflow. 

DDGs were collected by removing the 4L container from the funnel and closing the container with 

a lid. A new container was then installed after cleaning and rinsing the HDPE funnel. Samples were 

transported in a cooler and kept refrigerated Samples were separated into different aliquots at 

CanmetMINING. Total and dissolved cation aliquots were acidified using trace metal grade nitric 

acid. Dissolved cations were filtered using a 0.45µm filter before acidification. The analytical 

protocol was the same as described above for the Pas-DDs. QA/QC benchmarks summarized in 

Table 3.1 were used. Additional QA/QC analyses including triplicate sampling is discussed within 

the results section.  

 

3.2.5 Lichen 

Lichen were collected at various locations in close proximity to Pas-DD deployment 

sites, usually within 10m (Figure 3.2 and Figure 3.3). Two main types of lichen were selected: 

Fruticose (e.g. old man’s beard) and Foliose (e.g. rag lichen). Lichen were placed into ziplock 

bags and stored at 4°C in the dark as a preventive measure to inhibit growth. In the lab, lichen 

were separated by hand from bark or other substrate and placed into individual plastic weighing 

trays. Each lichen sample was split into two, where one half was left unwashed and the other half 

thoroughly washed with double deionized water. A least 2g of each species was sampled to allow 

for 1g for each analysis (washed and unwashed), however at some sites this was not possible due 

to lack of lichen. Washing involved transferring the sample into an acid cleaned 1 liter beaker that 
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contained double deionized water. The lichen were submerged and stirred gently by hand, while 

wearing nitrile gloves. The water was then decanted and refilled. The rinsing was repeated three 

times. All samples were then allowed to air dry at room temperature prior to homogenization. 

Both washed and unwashed samples, were homogenized using clean sterile scissors. Once 

homogenized, 1g of each sample was weighed and digested using 5 ml of HNO3 (trace metal 

grade) and 3ml of H2O2 (30%). A cold digestion procedure which involved 7 days of nitric acid 

and ten 48 hours of hydrogen peroxide in a fume hood was used.  Once digested, samples were 

filtered (<0.45µm) and analyzed for As, Cd, Cu, Ni, Pb, Sb, Se, Zn, Zr using ICP-MS. Standard 

reference material included Apple Leaves.    

 

3.2.6 High Volume TSP Sampler (HVAS) 

The high volume TSP sampler (HVAS) was installed in an open area on exposed tailings 

at both study sites. The HVAS was placed on the surface of the tailings, resulting in a sampling 

height of approximately 1m. The HVAS ran between 9 to 22 hours during each field session. The 

HVAS was powered by a portable generator and calibrated before or after each run. The generator 

was placed downwind from the sampler, as far as possible, to avoid collection of gas particulates.   

Calibration accounted for changes in flow rate between samples caused by the equipment, which 

was determined by testing the pump strength before or after each sampling period. Sample 

preparation and elemental analysis performed on the HVAS filters were identical to the methods 

used for the Pas-DDs filters, except one eighth of the filter was used instead of a quarter, due to the 

larger size of the HVAS filters. QA/QC benchmarks summarized in Table 3.1 were used. 

Additional QA/QC analyses including blanks and field duplicates are discussed in the results 

section. 
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3.3 Results 

3.3.1 Regional Temperatures, Precipitation and Wind 

Weather data from the weather station in Port Hawkesbury run by the Government of 

Canada (95-115 km away from both study sites) was used to determine average temperature, total 

precipitation, wind direction and speed of max wind gust for each sampling season (Figure 3.4) 

(Government of Canada, 2019). For the time period sampled for this project, the summer had the 

highest mean temperatures, lowest precipitation, and lowest average speed of maximum wind 

gust. The winter sampling period had the lowest mean temperature and highest average speed of 

maximum wind gust, with a majority of the wind blowing to the east-southeast (Figure 3.4).  This 

is important for understanding the spatial distribution of the dust as well as interpreting seasonal 

dust generation trends.  

 

3.3.2 Tailings 

In addition to the QA/QC benchmarks summarized in Table 3.1, one triplicate was run to 

test homogeneity after riffling. The relative standard deviation (RSD) between the triplicate 

subsamples was less than 20% for all trace elements analyzed by ICP-MS, except Ni (41% RSD). 

Based on this result, the riffling appears to have minimized the heterogeneity between tailings 

subsamples. However, tailings in general tend to be heterogeneous, particularly for rare, 

metal(loid)-rich phases like sulphides and secondary minerals, and this should be taken into 

account when interpreting results. In addition, acid blanks were also run to ensure lack of 

contamination. Detectable metal(loid) concentrations in the blanks were in the ppb range, which 

is considered insignificant compared to the ppm levels within the samples. 
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Figure 3.4 Weather conditions and wind rose of maximum wind gust during each sampling 

period using flow vectors (going towards).   
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The concentrations of elements of interest (Zn, Pb, Cu, As, Sb, Cd, Ni) present within the 

<63µm fraction at Stirling are higher than unsieved samples and higher than previously reported 

values (Jacques Whitford and Associates Limited, 1984; Hulshof and Macdonald, 1998). This 

observation is not surprising as contaminants tend to be concentrated in finer size fractions 

(Csavina et al. 2012; Bailey, 2017). Metal(loid) concentrations within both the sieved and 

unsieved samples are elevated in comparison to the CCME soil guidelines with the exception of 

Ni (CCME, 1999). A more detailed analyses of the Stirling tailings can be found in Chapter 2. 

The <63µm tailings from Goldenville yielded mean values of 0.81 +/- 0.26% As, 72 +/- 

29ppm Pb, 72 +/- 23 ppm Cu and 55 +/- 21 ppm Ni. Cadmium, Sb, and Zn were below the limit 

of quantification of 0.06ppm, 1.56 ppm and 10.9 ppm respectively. Arsenic was the only element 

above CCME soil guidelines in the unsieved samples (0.29 +/-0.26 wt.%) and sieved samples. 

Previous studies have noted the potential release, transport and toxicity of As and Pb from the 

tailings (Wong et al. 1999, DeSisto et al. 2016).  

 

3.3.3 Surface Waters 

In addition to the QA/QC benchmarks summarized in Table 3.1, each April 2019 sample 

was analysed in triplicate using ICP-MS.  The total cation triplicates analyzed by ICP-MS 

commonly had an RSD of less than 20% with few exceptions, including 10% of As and Pb 

analyses, and 25% of Cu analyses which had greater than 20% RSD. These results indicate that 

triplicate subsamples provide relatively similar results. 

Stream water at Stirling ranged in concentration from 4.7 to 200 ppb Zn, <1.22 to 14 ppb 

Cu, 0.46 to 7.2 ppb Pb and <0.03 to 0.54 ppb Cd. In general, downstream concentrations were 

elevated in comparison to upstream concentrations. Other elements analyzed in the water samples 

including As, Ni and Sb were commonly below the limit of quantification and below CCME 
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guidelines (CCME, 1999b). The highest limit of quantification during analyses were 5.03 ppb, 

2.52 ppb and 1.88 ppb respectively.  

At Goldenville, Cd, Cu, Sb and Zn within water samples were commonly below the limit 

of quantification. The highest limit of quantification during analyses were 0.04 ppb, 2.33 ppb, 

1.88 ppb and 51.87 ppb respectively. Lead concentrations ranged from 0.4 to 3.3 ppb which is 

below the CCME water guideline. Arsenic in the stream water ranged from 32 to 840 ppb which 

is significantly above the CCME water guideline of 5 ppb (CCME, 1999). As a result, the 

remainder of this study focuses on As at the Goldenville site. The differences observed between 

the Stirling and Goldenville can be explained through the local geology and differing deposit 

types (Chapter 1). 

 

3.3.4 Pas-DD Results 

3.3.4.1 Total Dust Deposition from Pas-DD Filters  

The total amount of dust deposited was determined based on the before and after 

weight of each filter using the following equation (3.3). 

 

𝐷𝑢𝑠𝑡 𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 =

(𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟(𝑚𝑔)−𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒(𝑚𝑔))

(𝑎𝑟𝑒𝑎 𝑜𝑓  𝑓𝑖𝑙𝑡𝑒𝑟∶𝜋𝑅2)(𝑚2) 

𝐷𝑎𝑦𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑖𝑒𝑙𝑑
                         (3.3) 

 

All filters, both PUFs and GFFs, were air-dried in a laminar flow hood in a temperature 

and humidity controlled laboratory prior to weighing. It was challenging to obtain a stable weight 

of the PUFs both before and after deployment, likely due to static. The PUFs were left on the 

balance for over 4 hours until a stable main reading was obtained. A reading was considered 

stable once the third decimal place, representing a milligram, was consistent for several minutes. 

This resulted in a larger degree of error associated with the weights of the PUFs. As a result, a 

negative dust deposition rate was calculated for 27% of PUF samples. This issue was not 
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observed on the GFFs, likely due to differences in material type and pore sizes. For the GFFs, in 

just two cases a negative dust deposition rate was calculated.  

In general, the PUFs collected more dust than the GFFs. This is reflected in the greater 

amounts of mass recorded, representing as much as 2700mg/m2/day for PUFs, while the GFFs 

recorded a maximum of 35 mg/m2/day. The different behaviour between the PUFs and GFFs was 

expected, since Eng et al. (2014) observed similar patterns with PAHs. The highest dust 

deposition rates for both the PUFs and GFFs were from samples from Stirling. Overall, filters at 

the Stirling site collected more dust than at Goldenville which is supported by field observations. 

More dust is generated at Stirling likely due to a larger area of exposed tailings and lower 

amounts of vegetation.  Seasonal trends of dust generation could be observed at both Stirling and 

Goldenville on the GFFs (Figure 3.5). In general, the highest dust deposition rates occur in the 

winter months, and the lowest dust deposition rates occur in the summer. Additionally, sample 

locations further away from the tailings generally received less dust deposition (Figure 3.5).  

 

3.3.4.2 Pas-DD filter blanks during acid digest and shake flask tests 

A total of 20 blanks were analysed, which included acid blanks, GFF blanks, PUF blanks 

and HVAS blanks. GFF blanks, PUF blanks and HVAS blanks involved digesting unused filters 

to ensure lack of contamination. Acid blanks involved analysing the acid involved in the 

digestion. Blank concentrations are summarized in Table 3.2. The metal(loid) concentrations 

found in the PUF blanks were approximately 10 times the amount found in the acid blanks for 

certain metal(loid)s. The GFFs showed similar results and were especially elevated in Zn 

concentrations. Similarly, Gaga et al. (2019) also observed high blank levels of trace metal(loids) 

on PUFs and tested several methods of pre-cleaning. Concentrations presented in this study are 

not directly comparable to Gaga et al. (2019), who used 0.1g wedges of the PUFs for analyses.  

Gaga et al. (2019) determined the best method for cleaning involved rinsing the PUF three times 
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with fresh deionized water, followed by ultrasonication in 1% HNO3 for 1.5 hours. This cleaning 

step was not used in the present study but would be recommended based on our results and blank 

concentrations.  

 

Figure 3.5 Total dust deposition rates on GFFs at both Stirling and Goldenville. Note the 

difference y-axis scale between the sites and difference between cold and warm months.  

 

To address the high blank issue, the average blank value corresponding to the batch of 

analyses and filter type was subtracted from each sample result. If a corresponding blank was not 

analyzed during a particular set of analyses, the overall average of that particular filter type was 

used, which applies to approximately 25% of analyses. In some cases, blank subtraction resulted 
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in a negative value indicating the metal(loid) concentration in the blank was higher than the 

sample itself. The negative values were treated as zeros in the analyses and interpreted to 

represent a non-significant amount being deposited. Simulated surface water results have similar 

issues since the same filter types were used, except the blank concentrations were influenced by 

the filters solubility in the simulated surface water rather than aqua regia (Appendix F). The same 

procedure was used to address the problem.  

The blank concentrations have very high RSD values indicating variability between 

individual filters. During the study, it was decided to run additional blanks to get a better overall 

average. However, there still appears to be a heterogeneous amount of the metal(loid) within the 

filters. Therefore, there is some error associated with the blank subtraction process.  

 

Table 3.2 Summary of blank concentrations from aqua regia digest ICP-MS analyses. (#= 

Number of Blanks Analysed). 

Blank 

Type 

Date of 

Test 

# As 

(ppb) 

Cd 

(ppb) 

Cu 

(ppb) 

Ni 

(ppb) 

Pb 

(ppb) 

Sb 

(ppb) 

Zn 

(ppm) 

Acid 05/16/19 1 0.11 0.03 2.6 3.5 6.2 0.89 0.14 

Acid 08/12/19 5 0.31 0.27 2.0 2.7 2.8 2.3 0.17 

Acid Average 6 0.28 0.23 2.1 2.8 3.4 2.0 0.16 

RSD 53% 150% 31% 13% 123% 56% 184% 

PUF 01/16/19 1 18 110 12 3.9 12 0.01 0.15 

PUF 05/30/19 2 9.4 96 19 7.3 34 1.9 0.20 

PUF 08/12/19 2 12.4 74 35 8.6 54 3.2 0.30 

PUF Average 5 12 90 24 7.2 37 2.0 0.23 

RSD 32% 18% 51% 30% 56% 66% 34% 

GFF 06/26/18 2 45 0.56 11 11 43 4.1 170 

GFF 05/16/19 2 29 1.2 57 11 32 3.9 140 

GFF 08/12/19 2 334 0.66 10 8.5 34 2.2 180 

GFF Average 6 36 0.79 26 10 36 3.4 170 

RSD 30% 37% 94% 21% 21% 48% 15% 

HVAS 01/17/19 1 46 0.94 71 7.3 50 1.1 190 

HVAS 05/16/19 1 29 1.4 65 8.8 31 1.8 160 

HVAS 08/12/19 1 34 0.66 14 8.3 29 1.4 200 

HVAS Average 3 36 1.0 50 8.1 37 1.4 180 

RSD 23% 39% 63% 9% 31% 25% 12% 
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To evaluate the significance of the blank contamination, sample to blank ratios were used 

(S/B) (Appendix G). The S/B ratios have a very wide range from approximately 0.08 to 7700. 

The S/B ratios vary based on element, sample location, season and filter type. PUFs have better 

(higher) S/B ratios than GFFs, which correlates to higher loading rates. Similarly, S/B ratios are 

better in samples closer to the tailings impoundment and during the winter season due to higher 

amount of dust deposition. Similarly, Gaga et al. (2019) used S/B ratios and observed 

improvements with higher loading rates. In general, the impact of the blank subtraction is more 

significant within samples with lower dust deposition rates. During the simulated surface water 

shake flask tests, S/B ratios also had a very wide range from 0.02 to 31326 (Appendix F). S/B 

ratio was dependent on element, filter type, season and location. The same trends observed for 

aqua regia blanks were observed.  

 

3.3.4.3 Metal(loid) fluxes from Pas-DD Filters 

Dust deposition measurements and elemental fluxes are typically determined by passive 

sampling techniques (Lawerence and Neff, 2009; Rout et al. 2014; Kara et al. 2014; Norouzi et al. 

2017). Flux refers to the amount of a particular metal(loid) being transferred from the atmosphere 

on to a sampling medium through dust deposition reported in mg/m2/year. Determining elemental 

flux from dust settling from the atmosphere onto the Pas-DD filters (mg/m2 /day) is a useful 

measurement to evaluate the amount of metal(loid) is being deposited in the surrounding 

environment. Estimates of dust deposition can also be useful to validate model simulations of 

dust emissions, transport and deposition (Ginou et al. 2001; Gong et al. 2003).  

The flux of each metal(loid) was calculated based on aqua regia digest concentrations of 

the Pas-DD filters. In addition to the QA/QC benchmarks summarized in Table 3.1, field 

duplicates were analysed for 8 GFFs and 9 PUFs. Field duplicates involved digesting a different 

quadrant of the filter to investigate variability from filter subsampling. Approximately 18% to 
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41% of ICP-MS field duplicate analyses had a RSD greater than 20% for As, Cu, Ni, Pb, Sb and 

Zn. Sixty-five percent of cadmium analyses had greater than 20% RSD. These results indicate 

variability in the results due to subsampling and a non-uniform distribution of metal(loid)s within 

the filter. 

The concentration from ICP-MS analyses was measured from a 50ml final solution after 

digestion of one quarter of a filter. To convert the results to flux rates the following equation (3.4) 

was used.  

(
((

𝑚𝑔

𝐿
𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)∗0.05𝐿∗4)

(𝑎𝑟𝑒𝑎 𝑜𝑓 𝑓𝑖𝑙𝑡𝑒𝑟: 𝜋𝑅2) (𝑚2)

𝐷𝑎𝑦𝑠 𝑖𝑛 𝑓𝑖𝑒𝑙𝑑

) ∗ 365 = 𝑀𝑒𝑡𝑎𝑙(𝑙𝑜𝑖𝑑) 𝐹𝑙𝑢𝑥(𝑚𝑔/𝑚2/𝑦𝑒𝑎𝑟)            (3.4) 

 

The resulting fluxes varied between filter type, location, season and element. Table 3.3 

summarizes flux values calculated from winter samples from Stirling for Ni, Cu, and Pb. Table 

3.4 summaries flux values calculated from winter sampling from Goldenville for As. Elements 

presented were chosen based on elements of interest and elements with minimal concerns 

surrounding blank subtraction.  For this reason As, Cd, Sb and Zn from Stirling are not presented 

due to a fair number of negative results after blank subtraction. Arsenic will be the only element 

presented for Goldenville, as the other elements of potential concern were low in concentration. 

Winter samples were chosen as they contain the highest levels of dust deposition which 

minimized the significance of the blank subtraction. However, other seasons illustrate similar 

differences between the GFFs and PUFs.  

Both Table 3.3 and 3.4 illustrate lower levels of flux using the GFF configuration in 

comparison to the PUF-only configuration. Lead, Ni and Sb fluxes were always lower on the 

GFFs than the PUF-only configurations at Stirling. Similarly, 96% of As and 92% of Cu results at 

Stirling were lower on the GFFs than the PUF-only configurations. Goldenville showed similar 

results with GFFs fluxes representing less than 50% of the amount collected on the PUF for 92% 
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of samples. For Zn, only 60% of the results were lower of the GFFs than the PUF-only 

configurations at Stirling which may be confounded by the high blanks values.   

 

Table 3.3 Fluxes of Cu, Pb and Ni from Pas-DD filters from GFFs and PUFs at Stirling mine 

during the winter season.   

Sample Cu 

(mg/m2/year) 

Pb 

(mg/m2/year) 

Ni 

(mg/m2/year) 

GFF PUF GFF PUF GFF PUF 

SM-PS1-A 0.49 11 1.6 35 0.15 1.2 

SM-PS2-A 6.6 860 19 2300 0.06 2.8 

SM-PS3-A 4.2 490 11 1500 0.17 1.6 

SM-PS4-A 15 1200 42 3200 0.15 3.9 

SM-PS5-A 0.25 5.8 0.95 11 0.11 0.81 

SM-PS6-A 0.93 39 3.3 3.6 0.18 1.3 

 

 

Table 3.4 Fluxes of As from Pas-DD filters including GFFS and PUFS at Goldenville during the 

winter season. Values of zero are a result of blank subtraction resulting in negative values which 

were corrected to zero. 

Sample As 

(mg/m2/year) 

GFF PUF 

GV-PS1-A 0 0.19 

GV-PS2-A 0.92 0.99 

GV-PS3-A 5.2 390 

GV-PS4-A 0.63 6.6 

GV-PS5-A 0.38 2.4 

 

These results were expected based on observations reported by Eng et al. (2014). The 

results presented in this study confirm that metal(loid)s behave similarly to the PAHs in relation 

to accumulation on PUFs versus GFFs. Higher amounts of metal(liod) accumulate on the PUFs 

due the lack of resuspension and ability to entrain particles within pores spaces. In comparison, 

particles on the GFFs are likely to undergo resuspension. The potential resuspension of particles 

results in the GFFs being a non-representative sampling medium.  
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3.3.4.4 Metal(loid) fluxes from Pas-DD Shake Flask Results  

In addition to the QA/QC benchmarks summarized in Table 3.1, shake flask samples 

were analyzed in duplicate. Approximately 5-12% of ICP-MS duplicate analyses greater than 5 

ppb had a RSD greater than 20% for Cd, Ni and Zn. In comparison, approximately 25 to 65% of 

ICP-MS duplicate analyses greater than 5 ppb had a RSD greater than 20% for As, Cu, Pb and 

Sb. The variability in the results may be a result of the subsampling process, where subsampling 

occurred prior to filtering, potentially resulting in differing amounts of colloidal materials. For the 

PUFs, a Teflon spatula was needed to compress the filter to release the absorbed solution during 

subsampling. These results indicate that subsampling the leachate resulted in variability within 

the results.  

Additionally, field duplicates were run for 6 GFFs and 2 PUFs. Field duplicates involved 

testing a different quadrant of the filter to investigate the variability from filter subsampling.  

Nearly all of the field duplicate ICP-MS analyses had a RSD greater than 20%. This reflects the 

non-uniform distribution of soluble phases on the filters. Blanks were also run and detectable 

levels of As, Cd, Cu, Pb, Sb and Zn were recorded, which were discussed previously.  

The concentration recorded from ICP-MS analyses was measured from a 20 ml final 

solution after testing one quarter of a filter. To convert the results to flux rates the following 

equation (3.5) was used. In this case, flux represents the amount of potentially soluble 

metal(loid), based on simulated surface waters, being transferred from the atmosphere to a 

sampling medium through dust deposition reported in mg/m2/year. 

 

(
((

𝑚𝑔

𝐿
𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)∗0.02𝐿∗4)

(𝑎𝑟𝑒𝑎 𝑜𝑓 𝑓𝑖𝑙𝑡𝑒𝑟: 𝜋𝑅2) (𝑚2)

𝐷𝑎𝑦𝑠 𝑖𝑛 𝑓𝑖𝑒𝑙𝑑

) ∗ 365 = 𝑀𝑒𝑡𝑎𝑙(𝑙𝑜𝑖𝑑) 𝐹𝑙𝑢𝑥(𝑚𝑔/𝑚2/𝑦𝑒𝑎𝑟)         (3.5) 
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Table 3.5 Flux of soluble Cd, Cu and Pb from Pas-DD filters including GFFs and PUFs at 

Stirling in winter determined from simulated surface water shake flask tests.   

Sample Cu (mg/m2/year) Pb (mg/m2/year) Zn (mg/m2/year) 

GFF PUF GFF PUF GFF PUF 

SM-PS1-A 0.29 2.9 0.06 5.4 20 65 

SM-PS2-A 3.2 80 6.76 410 61 1000 

SM-PS3-A 2.2 82 3.40 320 55 1300 

SM-PS4-A 5.9 140 7.35 540 140 1600 

SM-PS5-A 0.12 0.51 0.33 0.60 1.8 6.6 

SM-PS6-A 0.49 6.0 0.94 5.8 40 150 

 

Table 3.6 Fluxes of soluble As from Pas-DD filters including GFFs and PUFs at Goldenville in 

winter determined from simulated surface water shake flask tests.  Values of zero are a result of 

blank subtraction resulting in negative values which were corrected to zero. 

Sample As 

(mg/m2/year) 

 GFF PUF 

GV-PS1-A 0 0.19 

GV-PS2-A 0 0.19 

GV-PS3-A 1.8 63 

GV-PS4-A 0.04 2.9 

GV-PS5-A 0.10 0.54 

 

Table 3.5 summarizes simulated surface water flux values calculated for winter samples 

from Stirling for Cu, Pb and Zn. Table 3.6 summarizes simulated surface water flux values for 

winter samples from Goldenville for As. These elements were selected based on the elements of 

concern with minimal blank issues. Winter samples were chosen as they contain the highest 

levels of dust deposition which minimized the significance of the blank subtraction. The 

simulated surface water tests indicates higher levels of flux using the PUF-only configuration in 

comparison to the GFF configuration, which was also observed using aqua regia results. This 

confirms previous conclusions that the GFF is not a representative sampling medium for dust 

deposition. 
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3.3.5 Metal(loid) Fluxes from DDGs 

In addition to the QA/QC benchmarks summarized in Table 3.1, precipitation collected in 

the DDGs was sampled in triplicate and analysed for total and dissolved metal(loid)s by ICP-MS 

analyses. The RSD between triplicates was often less than 20% for analyses greater than 5ppb 

except 45% of Cu analyses, 31% of Zn analyses and 14% of Pb analyses. If two analyses within 

the triplicate had similar results, one of those analyses was chosen to be used in the study. If all 

the triplicate samples were different, the first analyse was used to minimize bias.   

The concentration of metal(loid) in the precipitation (rain and snowmelt) collected by the 

DDG can be used to calculate flux (mg/m2/year). Concentrations of total metal(loid)s and 

dissolved metal(loid)s were used in the following equation (3.6). Flux values calculated through 

the DDG should be view as minimum values based on the assumption of 4L of rain was collected.  

Based on the total precipitation discussed previously, the DDG should have collected 5 to 9L of 

water. A 4L bottle was used based on calculations from previous weather conditions in the area, 

however, more precipitation fell than expected resulting potential loss of sample and minimal 

deposition rates.  

(
(

𝑚𝑔

𝐿
𝑖𝑛 𝑟𝑎𝑖𝑛 𝑤𝑎𝑡𝑒𝑟∗4𝐿)

(𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑢𝑛𝑛𝑒𝑙∶ 𝜋𝑅2)(𝑚2)

𝐷𝑎𝑦𝑠 𝑖𝑛 𝐹𝑖𝑒𝑙𝑑

) ∗ 365 = 𝑀𝑒𝑡𝑎𝑙(𝑙𝑜𝑖𝑑) 𝐹𝑙𝑢𝑥 (𝑚𝑔/𝑚2/𝑦𝑒𝑎𝑟) (3.6) 

 

Similar to the Pas-DDs, the DDG fluxes varied based on site, sample location, element 

and season. Table 3.7 and 3.8 show representative fluxes calculated from the DDG and PUF 

samples over three seasons for Cu and Pb at Stirling and As at Goldenville. These tables highlight 

the differences between the total and dissolved fluxes from the DDGs, and differences between 

aqua regia and simulated surface water shake flask fluxes for the Pas-DDs. 
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Table 3.7 Flux over three seasons at Stirling from DDGs and PUFs. Values of zero are a result of 

blank subtraction resulting in negative values which were corrected to zero. (Total=total cations, 

Dis=dissolved cations, AR=aqua regia, SSW= simulated surface waters). 

 

 

Table 3.8 Flux over three seasons at Goldenville from DDGs and PUFs. Values of zero are a 

result of blank subtraction resulting in negative values which were corrected to zero. (Total=total 

cations, Dis=dissolved cations, AR=aqua regia, SSW= simulated surface waters) 

Location Season As (mg/m2/year) 

DDG 

Total 

DDG 

Dis 

PUF 

AR 

PUF 

SSW 

GV-PS2/ 

GV-DG1 

Summer 3.8 3.2 0 0 

Fall 6.0 3.8 0 0 

Winter 1.5 1.3 0.99 0.19 

GV-PS5/ 

GV-DG2 

Summer 1.4 1.3 0 0 

Fall 0.50 0.46 0.15 0 

Winter 1.6 1.5 2.4 0.54 

 

3.3.6 Lichen 

 At the Stirling mine, concentrations of metal(loid)s (mg/kg) in the washed and unwashed 

lichen followed similar patterns for most sampling sites in that Pb > Cu > As > Cd  > Sb >Ni. 

This pattern is similar to the concentrations found in the tailings themselves, as Pb > Cu > As > 

Sb > Cd > Ni within the tailings. For both washed and unwashed samples, the concentrations of 

metal(loid)s was higher at the sites adjacent to the tailings area (PS1-PS4) compared to upwind 

and downwind sites (Figure 3.6).  

Location Season Cu(mg/m2/year) Pb (mg/m2/year) 

DDG 

Total 

DDG 

Dis 

PUF 

AR 

PUF 

SSW 

DDG 

Total 

DDG 

Dis 

PUF 

AR 

PUF 

SSW 

SM-

PS4/SM-

DG1 

Summer 19 8.7 89 3.7 27 2.4 130 3.8 

Fall 22 19 0 40 47 23 510 200 

Winter 18 13 1200 140 44 16 3200 540 

SM-

PS6/SM-

DG2 

Summer 0.81 0.42 1.9 0 0.86 0.33 2.3 0.13 

Fall 1.0 1.0 6.1 0.76 4.0 2.8 15 1.7 

Winter 3.0 0.74 39 6.0 18 7.8 3.6 5.8 
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By comparing the unwashed concentrations (representing dust on lichen surface and 

absorbed into the tissue) with the washed concentrations (representing absorbed into the tissue) 

the percentage of metal(loid) associated with dust on the lichen’s surface was calculated. Foliose 

lichen had the highest percentage of dust on the lichen’s surface at sampling locations close to the 

tailings area with some sites reaching 75% of total Ni and 33% of total Pb. In comparison, 

fruticose had the highest amounts at PS5 (north of the tailings) with 55% of total Pb and 33% of 

total Ni. The lack of dust on the lichen’s surface for fruticose, corresponds to lower 

concentrations overall compared to the foliose lichen.  

At Goldenville, both lichen species demonstrated a spatial pattern only with As, with the 

highest concentrations measured at sites closer to the tailings area. For foliose lichen, As 

concentrations were greater than 5-fold higher than those measured in fruticose. Arsenic was 

predominantly absorbed into foliose lichen, with the majority of sites demonstrating less than 

10% of total As on the lichen’s surface. The only exception to this was PS4 where dust on the 

lichen’s surface represented 34% of As measured. For fruticose, most of the dust on the lichen’s 

surface was less than 20% of the total, demonstrating that the vast majority of As in fruticose was 

also absorbed. Site PS3 had the highest dust loading for this species at 26%. The higher dust 

loading onto foliose lichen at Stirling compared to Goldenville corresponds to elevated dust 

levels at this site. 

For both Stirling and Goldenville sites, foliose lichen was consistently elevated in 

metal(loid) concentrations compared to the fruticose lichen. The differences between foliose and 

fruticose lichen are well known in the literature, where foliose has greater capability to 

accumulate metal(loid)s than fruticose due to differing surface to volume ratios (Garty, 2001) 

Therefore, caution should be used when selecting lichen species for monitoring. 
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Figure 3.6 Metal(loid) concentrations from washed foliose lichen at Stirling. A spatial 

distribution of metal(loid)s is evident.  

 

3.3.7 Dust concentration in ambient air from HVAS 

In addition to the QA/QC benchmarks summarized in Table 3.1, two HVAS filter 

duplicates were analysed which involved digesting a different eighth of the filter to test the 

variability of subsampling. All filter duplicates had less than 20% RSD for analyses greater than 

5ppb. This indicates minimal variability between subsamples of the HVAS filters.  

The results from ICP-MS analyses of the HVAS filters represent a 50ml final solution 

after digestion of one eighth of a filter. To convert the results into concentration in the air 

(mg/m3) the following equation (3.7) was used. The volume of air sampled (m3) is determined 
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based on the duration of sampling time, calibration of the equipment and atmospheric conditions, 

and was calculated using a TE-5170 Calibration Worksheet from TISCH Environmental. 

Atmospheric conditions were based on the weather station in Port Hawkesbury ran by the 

Government of Canada which is 95-115 km away from both study sites. Table 3.9 summarizes 

the metal(loid) concentrations in the air at both Stirling and Goldenville over 4 seasons.  

 

(
𝑚𝑔

𝐿
𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛∗0.05𝐿∗8)

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑖𝑟 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 (𝑚3) 
= 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑎𝑖𝑟 (𝑚𝑔/𝑚3 )                   (3.7) 

 

Table 3.9 Dust concentration in the air determined from HVASs at both Stirling and Goldenville. 

Season Stirling Goldenville  

 Cu (mg/m3) Pb (mg/m3) As (mg/m3) Sb (mg/m3) 

March 1.1E-05 4.8E-05 1.2E-05 1.3E-06 

May - - 1.8E-05 4.4E-07 

December 5.4E-06 5.5E-06 4.6E-07 2.7E-08 

April 6.0E-06 6.5E-07 1.5E-08 2.89E-09 

 

 3.4 Discussion  

3.4.1 Soluble Flux 

Comparing PUF aqua regia results to PUF simulated water results provides insights 

regarding the solubility of the dust collected on the filters (Table 3.7 and Table 3.8). The flux 

calculated from aqua regia results represents the amount of metal(loid) which was dissolved in 

the aqua regia solution. Aqua regia does not dissolve all phases that would be present in the dust, 

such as silicates. However, based on the metal(loid) hosting phases (Chapter 2) and for 

simplicity, flux calculated through aqua regia results may be referred to as “total” flux. In 

contrast, the flux calculated from the simulated surface water shake flask tests represents the 

amount of metal(loid) which was dissolved in the simulated surface water within 24 hours. To 

simplify, this flux will be referred to as water “soluble” flux. In practice, the soluble flux in the 

field will vary based on water conditions and timeframe. 
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The water soluble flux is significantly less than the total metal(loid) flux (Table 3.7 and 

Table 3.8). This is expected since the total flux analyses may include phases which were 

dissolved using aqua regia which may not have been soluble in the simulated surface waters.  

This distinction is important as it provides useful insight on how the dust may behave in nearby 

surface waters (Chapter 2).  

Similarly, the DDGs also provide insight regarding the soluble fraction. The total 

metal(loid)s concentrations from the DDGs result in higher flux rates than the dissolved 

(<0.45µm) concentrations. This was expected as the total metal(loid) concentrations were 

unfiltered and represent metal(loid)s in both the dissolved fraction and as particles, while the 

dissolved fractions represent metal(loid)s which passed through the 0.45µm filter. The dissolved 

metal(loid) flux from the DDG provides additional insight into how the metal(loid)s behave in 

water, similar to the PUF simulated surface water results. However, the water composition, pH, 

eH, water/solid ratio etc. and time frames between the DDGs and simulated surface water tests 

are different. Therefore, differences in sampling method and water conditions explain the 

differences observed between the simulated surface water PUF results and the dissolved DDG 

results. 

3.4.2 Spatial Trends   

All sampling methods, excluding the HVAS where only one site was sampled, indicated 

higher amounts of dust deposition near the tailings impoundment (Figure 3.8 and Figure 3.9). 

This is reasonable because smaller particles remain airborne longer, dispersing widely and 

depositing more slowly, while large dust particles (>30 µm) will deposit more quickly (Petavratzi 

et al. 2005).  Sampling locations approximately 1 km from the tailings still received some 

metal(loid) concentrations as metal(loid)s are concentrated in the fine fractions (Csavina et al. 

2012).  
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Additionally, samples in the prevalent wind-direction (east-southeast) generally collected 

more dust than other sampling sites. For example, PS4 at Stirling received the highest amount of 

dust deposition and metal(loid) flux. Therefore, these results indicate that all the sampling 

methods produced reasonable spatial trends, although the quantification of the deposition varies 

between methods. 

 

Figure 3.8 Winter metal fluxes in Stirling calculated from PUF samples.  Deposition is dominant 

closer to the tailings area and in the dominant wind direction (PS4).  The scale found within the 

legend is consistent with the scale used on the map for all elements presented. 

 

3.4.3 Seasonal Trends  

Seasonal sampling helps determine dust generation trends associated with changing 

weather conditions. Figure 3.9 summarizes the seasonal trends of Pb deposition at Stirling 

calculated from GFFs, PUFS and DDGs, as well as the Pb concentration in the air calculated from 

the HVAS. Pb deposition was chosen due to the overall higher deposition rates and minimal 

blank issues. In general, the summer months show the lowest metal(loid) flux rates, which is 
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consistent with the total dust deposition trends. In contrast, fall, winter and spring conditions 

show higher dust deposition rates and metal(loid) flux rates. These trends are also observed for 

the simulated surface water shake flask results and the dissolved DDG results.  

The HVAS results indicate an opposite trend in which the concentration of metal(loid) in 

the air is generally the lowest in the winter. This is likely because the methods are measuring 

different properties and represent different periods of sampling. The HVAS represents 9 to 22 

hours. In comparison, the passive samplers represent a duration of three to four months. As a 

result, the passive samplers provide an average deposition rate over the whole season. In 

comparison, the results from the HVAS are based on a short time frame which may or may not be 

representative of the whole season. The HVAS may have lower concentrations during the fall and 

winter because during both field sessions a thin layer of snow or recently melted snow was 

present, which could minimize dust production and dust concentration in the air at the time of 

sampling. 

However, in general total dust deposition and metal(loid) fluxes were lowest in the 

summer months as determined through GFFs, PUFs and DDGs (Figure 3.8). The direct cause of 

this trend has not been determined, but it is likely related to climatic conditions. The summer had 

the highest mean temperature and lowest precipitation rates. The higher temperatures and lower 

amounts of precipitation result in a loss of moisture, decreasing cohesive forces between particles 

(Kim and Choi, 2015).  As a result, drier material requires lower wind speeds to generate dust. 

This would normally result in increased dust generation during drier conditions. However, the 

opposite was observed during this study, as dust generation was lowest in the summer month.  

Measured wind speeds were also lower in the summer most likely offsetting this effect. In 

comparison, although the cohesive forces were higher in the winter from increased precipitation, 

the wind speeds were higher and able to counteract this effect due to their increased speed 

producing more dust.  
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Figure 3.9 Lead flux and concentrations calculated from each sampling method used in this study 

(aqua regia and total cations). Less dust deposition is observed further away from the tailings 

areas, and during the summer months, with the exception of HVAS. 
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3.4.4 Climate Change Implications  

In Canada, annual and seasonal mean temperature is projected to increase everywhere 

(Bush and Lemmen, 2019). In the Atlantic Provinces, annual mean temperature for 2031–2050 is 

projected to increase by 1.3°C for a low emission scenario to 1.9°C for a high emission compared 

with the 1986–2005 reference period (Bush and Lemmen, 2019). Annual precipitation in the 

Atlantic Provinces for 2031–2050 is projected to increase by 3.8% for a low emission scenario to 

5.0% for a high emission scenario (Bush and Lemmen, 2019). As temperatures increase, the 

threat of drought will increase across many regions of Canada, however, there is considerable 

uncertainty for future drought predictions (Bush and Lemmen, 2019). Warmer air can hold more 

moisture and as a result the hydrological cycle is expected to become more intense, with more 

rainfall concentrated in extreme events with longer dry spells (Bush and Lemmen, 2019). The 

potential increase of frequency and intensity of droughts depends on whether summer 

precipitation will offset increased evaporation and transpiration. To date, no Canada-wide studies 

of future drought projections have been carried out (Bush and Lemmen, 2019).  

Based on projected climate change scenarios, it is challenging to make predictions about 

future dust generation at the study sites. The complex dynamic influencing soil moisture 

including temperature, evaporation and precipitation is difficult to predict. For example, higher 

temperatures result in increased evaporation, which leads to more rapid drying of soils, if not 

offset by other changes (reduced wind speed or increased humidity) (Bush and Lemmen, 2019).  

Similarly, increased drying results in increased dust generation, if not offset by lower wind speeds 

as observed in this study. Therefore, it is reasonable to predict that increasing temperatures 

associated with climate change would increase dust deposition and increases in precipitation 

would decrease dust deposition. However, the combined effect of these factors is largely 

unknown as the hydrological system is predicted to become more intense. Therefore, dust 

generation may increase or decrease based on the available climate predictions depending on the 
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combined effect of temperature and precipitation increases. Additionally, the risk of drought and 

extreme weather events adds as additional factor which is difficult to predict.  

Our findings indicate that wind speed and direction may presently play a significant role, 

offsetting the dry and warm conditions during the summer at these particular locations. However, 

changes in atmospheric circulation are difficult to determine (Warren & Lemmen, 2014). 

Therefore, determining the changes in dust generations based on projected changes in wind speed 

and direction changes is not feasible.  

Because dust generation is influenced by the combined effect of climatic variables the 

results are region specific. For example Reheis and Urban (2011) concluded that the Mojave-

southern Great Basin and the eastern Colorado plateau respond differently to changes in seasonal 

and antecedent precipitation, evaporation and wind. Dust fluxes at the Mojave-southern Great 

Basin were closely linked to winter-spring precipitation and summer storms, while dust fluxes in 

the eastern Colorado plateau were closely related to wind speed and moisture. Climate change 

predictions are therefore challenging because temperature, precipitation, evaporation, wind speed 

and wind directly influence dust generation and the overall result depends on their overall 

combined effect. Climate change predictions could also be biased based on the dust sampling 

method chosen, as observed in this study. Some methods may underestimate the current dust 

deposition in an area (GFFs and DDGs), potentially resulting in errors propagating into the future 

predictions.  

 

3.4.5 Advantages and disadvantages of various sampling methods  

As demonstrated in this study, monitoring dust can be challenging due to advantages and 

disadvantages associated with each sampling method.  In terms of the Pas-DDs, it was observed 

that the sampling medium is very important. The PUFs tends to entrain particles, while the GFF 

allows for the potential for resuspension of particles (Eng et al. 2014). Since resuspension results 
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in the loss of particles (Eng et al. 2014), these differences impact the calculated dust deposition 

rates and metal(loid) fluxes which may influence interpretations and future projections. However, 

it should be noted, that despite the sampling medium, the same seasonal trends are observed. It is 

solely the absolute values of the deposition that were different. 

In addition to the differing abilities to collect dust, there are analytical challenges which 

should be considered before choosing a sampling medium. For example, the PUF is challenging 

to weigh, potentially due to static. On the other hand, PUFs generally collect more dust which can 

be beneficial in terms of elemental analyses because the samples are more likely to be above 

detection limits and S/B ratios improve. However, more dust may not necessarily mean it is a 

more accurate dust sampling method. The PUF may potentially collect dust from its sides or 

bottom, based on field observations, which could result in overestimates of dust deposition. Static 

could also be potentially influencing the behaviour of dust (attraction forces).  

Overall, the DDGs collect less compared to PUFs. This may be due to uncertainties 

surrounding the sampling method. For example, an unknown and poorly controlled amount of 

accumulated materials may be suspended from the funnel during windy periods (Azimi et al. 

2003). Additionally, the funnel presents a significant aerodynamic interference to particle 

deposition in which particles may be blown over and around the funnel rather than deposited into 

it (Azimi et al. 2003). The higher amounts of flux associated with the PUFs is likely a result of 

minimal resuspension. Therefore, the PUFs accumulate the most dust because they are able to 

collect and retain the dust particles more efficiently than other methods (GFFs and DDGs). 

 DDGs have additional challenges in the field including excess amounts of precipitation, 

freezing, tree runoff, or foreign materials falling within the funnels. Analytically, this method did 

not have blank issues as no collecting filters were used. However, detection limit issues could 

arise in regions with increased precipitation causing a dilution effect. Overall, DDGs were able to 

determine seasonal trends.  
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Lichen were used in this study because they are inexpensive and useful in remote areas. 

The spatial results from the lichen corresponded with Pas-DD and DDG spatial results (Figure 

3.6). Additionally, differences in each species’ ability to capture atmospheric pollution were 

observed. In the literature, differing levels of sensitivity to pollution between species is well 

acknowledged (Shukla, et al. 2014). In general, foliose lichen are better accumulators than 

fruticose ones (St. Clair et al. 2002) which was also observed during this study at both study sites. 

As a result, passive lichen biomonitoring is recommended as a potential baseline study. Although, 

this method does not provide seasonal information as the lichen are slow growing and eventually 

reach equilibrium with the contaminants in the air (Kularatne and de Freitas, 2013).  

The HVAS was used to investigate the difference between passive and active methods. 

The HVAS did not observe the same seasonal trends as the passive sampling methods, which is 

mainly attributed to the differences in sampling period. Using a HVAS is challenging to monitor 

seasonal trends because a power source is needed, which makes it difficult to get a representative 

sample of the whole season. If the HVAS could be run continuously, it could potentially be a 

useful seasonal sampling method.  

 

3.5 Conclusions  

Four different dust sampling methods were evaluated for long-term, seasonal dust 

sampling including Pas-DDs, DDGs, lichen and HVASs. The Pas-DD samplers provide a suitable 

method for monitoring seasonal trends of dry deposition. Overall dust deposition and metal(loid) 

fluxes varied between sampling mediums (PUF and GFF) resulting from differing abilities to 

entrain dust particles, which was expected based on Eng et al. (2014) observations with PAHs. As 

a result, GFFs were determined to be a poor sampling medium for metal(loid)s. In contrast, the 

PUFs were able to collect and retain dust particles efficiently. However, the PUFs do have some 

additional challenges including metal(loid)s within the filters themselves, difficultly obtaining 
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stable weights and potential dust collection through the sides or bottom, which is not 

representative of natural dust deposition. 

DDGs were used to monitor seasonal trends of wet and dry deposition. Challenges that 

arised with DDGs included excess amounts of precipitation causing overflow, freezing, tree 

runoff, foreign materials falling within the funnels and aerodynamic interferences. DDG analyses 

resulted in lower rates of metal(loid) flux compared to PUFs, likely due to resuspension and 

interferences caused by the funnel, therefore likely under estimating the amount of dust 

deposition. 

Lichen are not recommended as a seasonal sampling method do to their perennial nature 

and ability to eventually reach equilibrium with contaminants in the ambient air (Kularatne and 

de Freitas, 2013). However, lichen do provide a baseline for element of concern and spatial 

distribution as demonstrated in this study. Similarly, HVASs are not recommended for seasonal 

sampling unless run consistently, which is often challenging due to lack of power supply.  

In relation to seasonal sampling and trends, it was observed that dust deposition rates are 

highest in the winter months and lowest in the summer months at both study locations. This is 

likely a result of low wind speeds which offset the drier conditions during summer. Based on 

climate change projections, future dust generation at these sites is difficult to predict due to the 

unknown combined effect of changes in temperature, precipitation, evaporation, and wind speed. 

However, an increase likelihood of droughts indicates a potential risk of increased dust deposition 

into the local environment.  
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Chapter 4 

Conclusions  

4.0 Conclusions  

The results from this study indicate that elements of interest (Zn, Pb, Cu and Cd) are 

approximately 2X as concentrated in the <63 µm fraction compared to bulk tailings at Stirling. 

This indicates that dust particles on site may be enriched in elements of interest and transported 

into the surrounding environment through aerial erosion. Pas-DDs, DDGs and lichen on site 

indicate mobility of these elements up to approximately 1km away from the tailings 

impoundment through direct sampling of dust particles, precipitation and lichen.   

Mineralogical analysis of sieved tailings at Stirling provided a better understanding of 

how metal-bearing phases in dust interact with the surrounding environment, particularly nearby 

surface waters. The primary mineral phases hosting the elements of interest were identified as 

sphalerite (ZnS), galena (PbS), chalcopyrite (CuFeS2), and tennantite (Cu6(Cu4Zn2)As4S12S), 

whereas secondary mineral phases included smithsonite (ZnCO3), aurichalcite 

((Zn,Cu)5(CO3)2(OH)6), hydroheteraolite (ZnMn2O4·H20), cerussite (PbCO3), Pb-Mn phases 

(tentatively identified as cesarolite (PbMn3O6(OH)2), and goethite (FeO(OH). By combining 

automated mineralogy results with EMP concentrations, the mass distribution of elements of 

interest was determined. Sphalerite was determined to be the main Zn and Cd host in the sieved 

tailings, whereas chalcopyrite and cerussite were the main Cu and Pb hosts, respectively. 

Analyses of Pas-DD filters indicate similarities between the mineralogy on the PUFs and the 

sieved tailings thin sections (abundance of dolomite and pyrite), however, due to the 3-D nature 

of the filters, it was difficult to investigate the filters in as much detail. 

Shake flask tests of sieved tailings and Pas-DD filters indicated that dust particles were 

partially soluble in simulated surface water with pH=7, similar to the pH of the stream near the 
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Stirling tailings. PHREEQC modelling of sieved tailings shake flask test results indicate that all 

minerals of interest, except goethite, were undersaturated. Inverse modelling demonstrated that, 

based on mass balance alone, there are multiple ways that the shake flask solution could evolve. 

By evaluating the models based on modal mineralogy, saturations indices, and mineral stability it 

was determined that sphalerite, chalcopyrite and cerussite are likely the main source of Zn, Cu 

and Pb in the leachate. This indicates that both primary and secondary mineral phases (sulfides 

and carbonates) may be a source of metal(loid) in the leachate and are potentially soluble at a 

neutral pH. Geochemistry of nearby stream waters resulted in similar saturation indices for the 

minerals of interest. Thus, processes occurring in the shake flask test provide reasonable insight 

into the processes occurring on site. Dust deposition into nearby surface waters at Stirling and 

comparable sites is likely a source of dissolved metal(loid)s. However, the significance of this 

impact compared to other inputs is more challenging to determine. 

A variety of dust sampling methods including passive dry deposition collectors (Pas-

DDs), dust deposition gauges (DDGs), high volume total suspended particle (TSP) sampler 

(HVAS) and lichen were used to investigate dust deposition rates. Water soluble deposition rates 

were determined from Pas-DDs through simulated surface water shake flask tests, and from 

DDGs using the dissolved fraction collected by the sampler. To our knowledge, this was the first 

study using Pas-DDs at a metal mine site, although they have been used to assess metal dust 

deposition in urban environments (Gaga et al. 2019).  Dust deposition and metal(loid) fluxes 

calculated from Pas-DDs varied between sampling mediums (PUF and GFF) as a result of 

different abilities to entrain dust particles, which was expected based on Eng et al. (2014) 

observations with PAHs. From this observation, GFFs were determined to underestimate dust 

deposition for metal(loid)s. In contrast, the PUFs were able to collect and retain dust particles 

efficiently. However, the PUFs do have some challenges including metal(loid)s within the filters 

themselves (also been observed by Gaga et al. (2019)), difficultly obtaining stable weights and 
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potential dust collection through the sides or bottom, which is not representative of natural dust 

deposition. DDGs were used to monitor seasonal trends of wet and dry deposition. Challenges 

that arise with DDGs included excess amounts of precipitation causing overflow, tree runoff, 

freezing precipitation, and foreign materials falling within the funnels. DDGs analyses resulted in 

lower rates of metal(loid) flux compared to PUFs, likely due to resuspension and interferences 

caused by the funnel, therefore likely underestimating the amount of dust deposition. Lichen are 

not recommended as a seasonal sampling method due to their perennial nature and ability to 

eventually reach equilibrium with contaminants in the ambient air (Kularatne and de Freitas, 

2013). However, they are a useful biomonitoring tool for dust. Similarly, HVASs are not 

recommended for seasonal sampling unless run consistently, which is often challenging due to 

lack of power supply.  

Based on these observations, an ideal sampling method was not determined but rather the 

benefits and challenges of each sampling method were highlighted and should be taken into 

consideration for future studies. Using these various sampling methods, dust deposition rates and 

elemental fluxes were determined at both Stirling Zn Pb mine and Goldenville Au mine.  Dust 

deposition rates varied spatially as well as seasonally. All sampling methods, excluding the 

HVAS where only one tailings site was sampled, indicated higher amounts of dust deposition 

near the tailings impoundment. It was observed that dust deposition rates were highest in the 

winter months and lowest in the summer months at both study locations. This is likely a result of 

low wind speeds offsetting the drier conditions during summer. When relating observed seasonal 

changes to climate change projections, future dust generation is difficult to predict due to the 

unknown combined effect of changes in temperature, precipitation, evaporation, and wind speed. 

Similarly, the impact of dust deposition on nearby surface waters in the future will not only be 

influenced by the uncertainty surrounding dust generation but also changes in the local hydrology  

such as stream water levels, amount of runoff, and influence of groundwater. 
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4.1 Future Work 

Recommendations for future work to further explore tailings dust characterization, tailings 

dust interactions with surface waters, dust sampling methods, and dust generation projections are 

as follows:   

 Develop methods to analyze dust filters through SEM-based automated mineralogy. 

Current challenges of analysing dust filters using SEM-based automated mineralogy 

include three dimensional sample surfaces and ability for particles to move which inhibits 

going back to a grain for targeted analysis.  

 

 Use dust modelling software to map dust deposition in the area would improve our 

understanding about the amount of dust settling in the surrounding environment. In the 

present study, dust deposition at certain sampling locations was determined, which may 

not fully represent what is happening regionally or in between sampling locations. 

Existing models use mathematical equations that are continuously adapted to describe 

factors and processes involved in wind erosion (Csavina et al. 2012). A common 

approach is using computational fluid dynamic models (CFD), which can run at high 

resolutions (<1m) (Csavina et al. 2012). Kon et al. (2007) developed a wind erosion 

model designed to predict dust emission rates of flat dry tailings prone to wind erosion.  

Similarly, Stovern et al. (2016) verified the use of a previously developed Deposition 

Forecasting Model (DFM) to model particulate matter deposition from mine tailings 

impoundments.   

 

  Investigate how bulk tailings interact with nearby waters would be beneficial in 

understanding how dust deposition into nearby surface waters differs from the chemical 
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processes involved with other inputs such as runoff, groundwater etc. Understanding how 

the different size fractions interact with nearby waters would help in understanding how 

changes in transport mechanisms (amount of dust vs runoff vs groundwater) may impact 

the streams nearby.  This could be done by using the same methods as in Chapter 2 with 

unsieved tailings. Additional samples would be needed that better represent the bulk 

tailings (i.e. tailings at depth). 

 

 Investigate the local hydrogeology in terms of runoff, groundwater flow, and movement 

of water through the tailings would help investigate how significant dust deposition is to 

near-by surface waters. The present research indicates that dust may be a potential source 

of metal(loid)s to near by surface waters, however the significance compared to other 

inputs was not determined. The local hydrogeology combined with investigating the bulk 

tailings would help characterize differences in chemical processes and their relative 

amounts to better understand the overall source of metal(loid)s to the stream water.  

 

 Acid-base accounting and kinetic tests at Stirling would provide useful insight about 

future conditions. Currently, surface waters have a near neutral pH. However, over time 

the balance between pyrite and carbonate may change, potentially producing acid mine 

drainage. This would change the overall surface water chemistry, the secondary minerals 

forming, and metal(loid) mobility in general. Therefore, knowing when acid mine 

drainage may form, if ever, would be useful information.  

 

 During this study a variety of lessons were learned which should be considered in future 

dust monitoring studies, these lessons include: careful transport of filters after sampling is 

needed to prevent loss of sample; pre-wash filters to avoid blank issues (refer to Gaga et 

al. (2019) for PUF cleaning method); weighing filters accurately can be a challenge; 
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DDGs may collect more precipitation than expected, and falling debris and sampling 

freezing should be considered. 

 

 A challenge in during this study was determining if a dust sampling technique was 

representative of natural dust deposition. It was determined that the GFFs and DDGs 

likely underestimate dust deposition due to resuspension and/or aerodynamic 

interferences. In contrast, the PUFs collected more but it was difficult to interpret if it 

was representative of natural dust settling (particles collected from sides/bottom, static, 

etc.). Additional lab based experiments may be useful in quantifying the errors associated 

with the Pas-DD PUF configuration. Lab based experiments often use wind tunnels or 

computational fluid dynamics (CFD) simulations to understand how the passive sampler 

behaves (Goossens, 2000; Goossens, 2005;  Sajjadi et al. 2016).  

 

 Adaptation to climate change continues to be an issue in the mining industry and 

improving predictions, including future dust generation, is important. One of the barriers 

is the lack of regional scale climate change projections. The accuracy and resolution of 

predictions at relevant scales is still limited (Clemente and Huntsman, 2019 and reference 

therein). Research in this area is on going and future work in this area would be 

beneficial for reinterpretation of the work presented in this study, particularly future dust 

generation predictions.  
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Appendix A 

Sample GPS Coordinates 

The following table lists the GPS coordinates for samples used in this study. Surface 

tailings, passive dry deposition collector samples, high volume air samples, dust deposition 

gauges and water samples locations are listed.  

Sample Naming System: 

__A__ -__B__ - __C_ 

A= Mine Site      

 SM= Stirling Mine    

 GV= Goldenville 

 

B=Type of Sample         C=Collection Time and Type of Filter 

 PS#=Passive Dry Deposition Collector Sample   F#=March 2018 Collection 

HVAS= High Volume Air Sampler    M#=May 2018 Collection 

 TS#= Sieved Tailings Sample     S#=September 2018 Collection 

 TS#u= Unsieved Tailings Sample    D#=December 2018 Collection 

 DG#= Dust Deposition Gauge Sample    A#= April 2019 Collection 

 #’s represent the sampling site    #’s are either 1 or 2  

        1= Foam Disk Only  

2= Glass Fiber Filter  

 

Ex.SM-PS1-M2  

Stirling Mine Passive Sample Location 1, collected in May 2018, Glass Fiber Filter 
    

    

Sample Samples Taken at Location Material 

Collected 

Latitude Longitude 

Site Sample site 

Abbreviation 

Stirling Mine SM-PS1 SM-PS1-F1 SM-PS1-S2 5 PUF 

Filters 

5 GFF 

Filters 

N 

45.72799ْ 

 

W 

060.43604ْ 

+/- 12ft 
SM-PS1-F2 SM-PS1-D1 

SM-PS1-M1 SM-PS1-D2 

SM-PS1-M2 SM-PS1-A1 

SM-PS1-S1 SM-PS1-A2 

SM-TS1 SM-TS1a SM-TS1b 2 Surface 

Tailings 

N 

45.72762˚ 

W 

060.43497˚ 

+/- 12ft 

SM-PS2 SM-PS2-F1 SM-PS2-S2 5 PUF 

Filters 

5 GFF 

Filters  

N 

45.72603ْ 

 

W 

060.43280ْ 

+/-20ft 
SM-PS2-F2 SM-PS2-D1 

SM-PS2-M1 SM-PS2-D2 

SM-PS2-M2 SM-PS2-A1 

SM-PS2-S1 SM-PS2-A2 

SM-TS2 SM-TS2 SM-TS2u Surface 

Tailings 

SM-PS3 SM-PS3-F1 SM-PS3-S2 5 PUF 

Filters 

N 

45.72793ْ SM-PS3-F2 SM-PS3-D1 
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SM-PS3-M1 SM-PS3-D2 5 GFF 

Filters 

 W 

060.43180 

+/- 14ft 
SM-PS3-M2 SM-PS3-A1 

SM-PS3-S1 SM-PS3-A2 

SM-TS3 SM-TS3 Surface 

Tailings 

SM-HVAS SM-HVAS-

D 

SM-HVAS-S 6 High 

Volume 

Filters 

N 

45.72740ْ 

 

W 060. 

43267ْ +/- 

17ft SM-HVAS-F SM-HVAS-

D2 

SM-HVAS-

M 

SM-HVAS-

A 

SM-TS4 SM-TS4 SM-TS4u Surface 

Tailings 

SM-TS5 SM-TS5 Surface 

Tailings 

N 

45.72691˚ 

W 

060.43397˚ 

+/- 20ft 

SM-PS4 SM-PS4-M1 SM-PS4-D1 4 PUF 

Filters  

4 GFF 

Filters 

N 

45.72564° 

W 

060.42768° 

+/- 20ft 
SM-PS4-M2 SM-PS4-D2 

SM-PS4-S1 SM-PS4-A1 

SM-PS4-S2 SM-PS4-A2 

SM-TS6 SM-TS6 SM-TS6u Surface 

Tailings 

SM-TS8 SM-TS8 Surface 

Tailings 

SM-DG1 SM-DG1-S SM-DG1-A 3 DDG 

Samples SM-DG1-D 

SM-PS5 SM-PS5-M1 SM-PS5-D1 4 PUF 

Filters 

4 GFF 

Filters 

N 

45.73027° 

N060.43361° 

+/- 20ft SM-PS5-M2 SM-PS5-D1 

SM-PS5-S1 SM-PS5-A1 

SM-PS5-S2 SM-PS5-A2 

SM-PS6 SM-PS6-M1 SM-PS6-D1 4 PUF 

Filters 

 4 GFF 

Filters  

N 

45.72366° 

W 

060.42135° 

+/- 20 ft 
SM-PS6-M2 SM-PS6-D2 

SM-PS6-S1 SM-PS6-A1 

SM-PS6-S2 SM-PS6-A2 

SM-DG2 SM-DG2-S SM-DG2-A 3 DDG 

Samaples SM-DG2-D 

SM-TS7 SM-TS7 Surface 

Tailings 

Various Locations 

SM-TS9 SM-TS9a SM-TS9b Surface 

Tailings 

N 

45.72630° 

W 

060.43218° 

+/- 15ft 

Water 

Samples 

SM-UP, SM-UP-A 10 Surface 

Water 

Samples 

N 

45.72785° 

W 

060.43868° 

+/- 14ft 

ST1 N 

45.72755° 

W 

060.43581° 

+/- 15ft 

ST2,ST2-A N 

45.72626° 

W 

060.43418° 

+/- 18ft 

ST3, ST3-A N 

45.72556° 

W 

060.42694° 

+/- 20ft 
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SM-Down, SM-Down-A N 

45.72572° 

W 

060.41370° 

+/- 13ft 

SM-Down 2 N 

45.72466° 

W 

060.37217 

+/- 10ft 

Goldenville 

Mine 

 

GV-PS1 GV-PS1-F1 GV-PS1-S2 5 PUF 

Filters 

5 GFF 

Filters 

N 

45.12253° 

 

W 

062.02079° 

+/- 14 ft 
GV-PS1-F2 GV-PS1-D1 

GV-PS1-M1 GV-PS1-D2 

GV-PS1-M2 GV-PS1-A1 

GV-PS1-S1 GV-PS1-A2 

GV-PS2 GV-PS2-F1 GV-PS2-S2 5 PUF 

Filters 

5 GFF 

Filters 

N 

45.12112° 

 

W 

062.02000° 

+/-22ft 
GV-PS2-F2 GV-PS2-D1 

GV-PS2-M1 GV-PS2-D2 

GV-PS2-M2 GV-PS2-A1 

GV-PS2-S1 GV-PS2-A2 

GV-TS2 GV-TS2 Surface 

Tailings 

GV-DG1 GV-DG1-S GV-DG1-A 3 DDG 

Samples GV-DG1-D 

GV-PS3 GV-PS3-F1 GV-PS3-S2 5 PUF 

Filters   

5 Passive 

Glass 

Filters 

N 

45.12139° 

 

W 

062.01623° 

+/- 13ft 
GV-PS3-F2 GV-PS3-D1 

GV-PS3-M1 GV-PS3-D2 

GV-PS3-M2 GV-PS3-A1 

GV-PS3-S1 GV-PS3-A2 

GV-TS3 GV-TS3 Surface 

Tailings 

GV-PS4 GV-PS4-M1 GV-PS4-D1 4 PUF 

Filters 

4 GFF 

Filters 

N 

45.12261° 

W 

062.01855° 

+/- 15 ft 
GV-PS4-M2 GV-PS4-D2 

GV-PS4-S1 GV-PS4-A1 

GV-PS4-S2 GV-PS4-A1 

GV-PS5 GV-PS5-M1 GV-PS5-D1 4 PUF 

Filters 

4 GFF 

Filters 

N 

45.12061° 

W 

062.01825° 

+/- 20ft 
GV-PS5-M2 GV-PS5-D2 

GV-PS5-S1 GV-PS5-A1 

GV-PS5-S2 GV-PS5-A2 

GV-DG2 GV-DG2-S GV-DG-A 3 DDG 

Samples  GV-DG2-D 

GV-HVAS GV-HVAS-

D 

GV-HVAS-S 6 High 

Volume 

Filters 

N 

45.12178° 

 

W 

062.01749° 

+/-18ft GV-HVAS-F GV-HVAS-

D2 

GV-HVAS-

M 

GV-HVAS-

A 

GV-TS4 GV-TS4 GV-TS4u Surface 

Tailings 

N45.1218

5° 

W 

062.01721° 

+/- 13ft 

GV-TS5 GS-TS5 Surface 

Tailings 

N 

45.12266° 

W 062.0165° 

+/- 19ft 

GV-TS6 GV-TS6 GV-TS6u Surface 

Tailings 

N 

45.12175° 

W 

062.01693° 

+/- 15 ft 

GV-TS7 GV-TS7 GV-TS7u Surface 

Tailings 

N 

45.12194° 

W 

062.01785° 

+/- 14 ft 
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GV-TS8 GV-TS8 Surface 

Tailings 

N 

45.12202 

° 

W 

062.01640° 

+/- 18 ft 

GV-TS9 GV-TS9 Surface 

Tailings 

N 

45.12267° 

W 

062.01657° 

+/- 16 ft  

Water 

Samples 

GV1, GV1-A 6 Surface 

Water 

Samples 

N 

45.12160° 

W 

062.01765° 

+/- 10ft 

GV2, GV-Up-A N 

45.12193° 

W 

062.01583° 

+/- 12ft 

GV3, GV- Down-A N 

45.08254° 

W 

061.99830° 

+/- 10 ft 

 

 

  



 

124 

 

Appendix B 

Pas-DD, HVAS and DDG Location Descriptions 

The following table describes each of the Pas-DD, HVAS and DDG sample locations.  

Sample 

Number 

GPS Location Location Description 

SM-PS1 N 45.72799ْ 

W 060.43604ْ  

 

The Pas-DDs are located west of the tailings impoundment 

within an area of dead pine trees south of the old mill foundation. 

This is not directly on the tailings impoundment, and not the 

dominant wind direction. The Pas-DDs at this location are side 

by side.  

SM-PS2 N 45.72603ْ 

W 060.43280ْ  

The Pas-DDs are located in a dead tree on the south 

embankment. This location is in close proximity to the stream. 

Evidence of wind erosion on the south embankment was 

observed through ripple mark textures. The passive samplers at 

this location are located on the same tree with the glass fiber 

filter configuration on top.   

SM-PS3 N 45.72793ْ 

W 060.43180 ْ 

The Pas-DDS are located on the north side of the tailings 

impoundment along the treeline. This location was chosen to 

contrast to the south facing side. This location is in the dominant 

wind direction during the summer months. The Pas-DDs are 

located on the same tree with the glass fiber filter configuration 

on top.  

SM-PS4 

SM-DG1 

N 45.72564° 

W 060.42768° 

The Pas-DDs are located on the far southeast corner of the 

tailings impoundment on the southern embankment. This area is 

refer to as the “dune-like” structure. The southern embankment is 

covered on both sides by significant amounts of tailings. The 

dune structure is approximately 4 feet tall and contains ripple 

marks, and visible dust movement. The Pas-DDs are side by side. 

A dust deposition gauge was also installed at this location.  

SM-PS5 N 45.73027° 

W 060.43361° 

The Pas-DDs are located north of the tailings impoundment 

along a power line cut. The location can be accessed where the 

power lines cross the mine access road. This is in the dominant 

summer wind direction and a couple hundred meters from the 

tailings impoundment. The Pas-DDs are on the same tree with 

the glass fiber filter configuration on top. 

SM-PS6 

SM-DG2 

N 45.72366° 

W 060.42135° 

The Pas-DDs are located in an old clear cut area east of the 

tailings impoundment. The location can be accessed by parking 

on the side of Three Rivers Rd. and walking in on an old logging 

road. The Pas-DDs are on a large dead tree in the open area, a 

few hundred meters east of the tailings impoundment. This is the 

direction of winter winds and the direction of stream flow.  The 

Pas-DDs are side by side. A dust deposition gauge was also 

installed at this location. 

SM-

HVAS 

N 45.72740ْ 

W 060. 43267ْ  

This location is near the center of the tailings impoundment near 

a large tree to provided support to strap down the HVAS.  

GV-PS1 N 45.12253° 

W 062.02079°  

The Pas-DDs are located north of the exposed tailings in a 

marshy area covered by shrubs. This area is in the dominant wind 
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direction during the summer months and away from easy public 

access. Pas-DDs are located on the same tree with the glass fiber 

filter on top. 

GV-PS2 

GV-DG1 

N 45.12112° 

W 062.02000° 

The Pas-DDs are located south of the exposure tailings and near 

the creek. A few ridges of exposed tailings are nearby. This 

location contrasts with GV-PS1.  Pas-DDs are found side by side 

on nearby trees. A dust deposition gauge was also installed at this 

location. 

GV-PS3 N 45.12139° 

W 062.01623°  

This location is just south of the main exposed tailings area. This 

location was chosen due to the proximity of exposed tailings and 

dominant wind directions in the winter.  Pas-DDs can be found 

on the same tree with the glass fiber filter on top.  

GV-PS4 N 45.12261° 

W 062.01855° 

The Pas-DDs are located about 100m north of the main exposed 

tailings along the private property boundary. The site can be 

reached by using ATV trails. Houses are within tens of meters. 

Pas-DDs are side by side.  

GV-PS5 

GV-DG2 

N 45.12061° 

W 062.01825° 

The Pas-DDs are located about a hundred meters south of the 

main exposed tailings. The site can be accessed by crossing a 

wooden bridge over the creek and following the ATV trail into 

the forest. The Pas-DDs are off the trail on the west side. Pas-

DDs can be found on the same tree with the glass fiber filter on 

top. A dust deposition gauge was also installed at this location. 

GV-

HVAS 

N 45.12178° 

W 062.01749°  

This location is near the center of the exposed tailings. We 

thought this area provided a good representative area for sample 

collection and was at a distance from any nearby roads to 

minimize contamination.   

 

*All Pas-DDs and DDGs were installed approximately 1-2m above the tailings surface.  
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Appendix C 

Description of Tailings 

Description of sample location, colour, grain size and texture for each tailings sample.  

Stirling: 

Sample 

# 

Tailings 

Location 

GPS 

Location/ 

Date of 

Collect 

Field Notes Laboratory Notes 

(Including Nitrogen 

drying, Sieving and 

Subsampling) 

SM-

TS1a 

In the tailings 

impoundment, 

a few meters 

east of the 

western 

embankment. 

N 

45.72762° 

W 

060.43297° 

 

March 

2018 

Partly damp, brown-

orange in colour. 

Moderately sorted fine 

grained sand. Sample 

was scrapped off the 

surface where dust 

movement was 

observed and represents 

the top 5cm. Sample 

area contained 

interlayered silt rich 

grey-purple tailings 

directly below. The 

interlayering was 

sampled separately 

(TS1b) for comparison. 

Partly damp from the 

field. Due to the large 

sample size, sample was 

split prior to drying, one 

half was dried, and one 

remained frozen.  Sample 

was dried under flowing 

nitrogen and monitored 

regularly. Fine to very 

find sand. Dominated by 

the 250-125µm fraction 

with lesser amounts of 

125-63µm.  

SM-

TS1b 

In the tailings 

impoundment, 

a few meters 

east of the 

western 

embankment. 

N 

45.72762° 

W 

060.43297° 

 

March 

2018 

Damp, grey-blue in 

colour. Well sorted clay 

to silt. Found 

approximately 5cm 

below surface, 

interlayered with 

sample TS1a. Mixed 

with minor amounts of 

brown-orange tailings 

(TS1a). Care was taken 

to isolate the grey-

purple layer of tailings.  

Wet from the field. Minor 

oxidation occurred during 

transportation and/or 

thawing. Care was taken 

to separate oxidized 

material from reminder of 

sample prior to nitrogen 

drying. Dried under 

flowing nitrogen and 

monitored regularly. Very 

fine sand. Dominated by 

the 125-63µm and 

<63µm fraction. Due to 

high clay content, 

clumping issues occurred 

during sieving, and an 

amalgamator was used to 

break down clumps. 

SM-

TS2 

In the tailings 

impoundment, 

along the 

edge of 

N 

45.72603° 

W 

060.43280° 

Dry in field, Brown-

orange in colour. 

Moderately sorted fine 

grained sand. Samples 

No nitrogen drying 

necessary. Fine to very 

fine sand. Dominated by 

the 250-125µm fraction 
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southern 

embankment, 

just north of 

the creek, 

near SM-PS2. 

 

December 

2017 

cover the south 

embankment originally 

made of waste rocks, 

indicating evidence of 

wind movement.  

with lesser amounts of 

125-63µm and <63µm. 

SM-

TS3 

In the tailings 

impoundment, 

along the 

northern 

boundary and 

tree line, near 

SM-PS3. 

N 

45.72793° 

W 

060.43180° 

 

December 

2017 

Partly damp, brown-

orange in colour. 

Moderately sorted fine 

grained sand. Sample 

was taken beside 

branches and logs 

where dust 

accumulates. 

Dried under flowing 

nitrogen and monitored 

regularly. Fine to very 

find sand. Dominated by 

the 250-125µm fraction 

with lesser amounts of 

125-63µm. 

SM-

TS4 

Near the 

center of the 

tailings 

impoundment, 

near a large 

tree (SM-

HVAS). 

N 

45.72740° 

W 

060.43267° 

 

December 

2017 

Brown-orange in 

colour. Moderately 

sorted fine grained 

sand. Sample was taken 

beside trees and a few 

branches in the area by 

scraping the surface. 

No nitrogen drying 

necessary. Fine to very 

fine sand. Dominated by 

the 250-125µm fraction 

with lesser amounts of 

125-63µm and <63µm. 

SM-

TS5 

Within the 

tailings 

impoundment, 

5-10m north 

of the south 

embankment. 

N 

45.72691° 

W 

060.43397° 

 

December 

2017 

Grey-blue in colour. 

Well sorted, clay to silt 

rich. Sample is a 1 

centimetre thick, 

irregular coating on the 

surface observed by a 

difference in colour. 

Sample was collected 

by scraping the surface. 

No nitrogen drying 

necessary. Silt-clay. 

Dominated by the 125-

63µm and <63um 

fractions. Due to high 

clay content, clumping 

issues occurred during 

sieving, and an 

amalgamator was used to 

break down clumps. 

SM-

TS6 

On top of the 

southern 

embankment 

at the far east 

end, referred 

to as a “dune-

like” 

structure, near 

SM-PS4.  

N 

45.72564° 

W 

060.42768° 

 

March 

2018 

Partly damp, brown-

orange in colour. Well 

sorted fine to very fine 

grained sand. Sample 

was taken on top of the 

southern embankment, 

on the “dune-like” 

structure indicating 

significant wind 

deposition. 

Partly damp from the 

field. Due to the large 

sample size, sample was 

split prior to drying, one 

half was dried, and one 

remained frozen.  Sample 

was dried under flowing 

nitrogen and monitored 

regularly. Fine to very 

find sand. Dominated by 

the 250-125µm fraction 

with lesser amounts of 

125-63µm.  

SM-

TS7 

Collected 

from multiple 

locations, in 

dried fluvial 

environments.  

May 2018 Bright orange, coarse 

grained tailings 

occurring as lenses 

within or near dried up 

stream beds. 

Dried under flowing 

nitrogen and monitored 

regularly. Not used in 

study.  

SM-

TS8 

On top of the 

southern 

N 

45.72564° 

Fine grained, brown-

grey surface coatings 

Dried under flowing 

nitrogen and monitored 
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embankment 

at the far east 

end, near SM-

PS4. 

W 

060.42768° 

 

May 2018 

 

on the “dune-like” 

structure.  

regularly. Not used in 

study. 

SM-

TS9a 

In the tailings 

impoundment, 

a few meters 

north of the 

south 

embankment, 

near SM-PS2. 

N 

45.72630° 

W 

060.43218° 

 

May 2018 

Partly damp, Brown-

orange in colour. 

Moderately sorted fine 

grained sand. Located 

on lee side of small 

dune structure behind a 

fallen log. Paired with 

SM-TS9b as a redox 

pair. SM-TS9a was 

taken from the top 

10cm. 

Dried under flowing 

nitrogen and monitored 

regularly. Fine to very 

find sand. Dominated by 

the 250-125µm fraction 

with lesser amounts of 

125-63µm. 

SM-

TS9b 

In the tailings 

impoundment, 

a few meters 

north of the 

south 

embankment, 

near SM-PS2. 

N 

45.72630° 

W 

060.43218° 

 

May 2018 

Grey-brown in colour. 

Moderately sorted fine 

grained sand. Located 

on the lee side of small 

dune structure behind a 

fallen log. Paired with 

SM-TS9a as a redox 

pair. SM-TS9b was 

taken directly below 

SM-TS9a, at a depth of 

10cm-25cm, 

representing a potential 

reduced horizon. 

Partly damp from the 

field. Due to the large 

sample size, sample was 

split prior to drying, one 

half was dried, and one 

remained frozen.  Dried 

under flowing nitrogen 

and monitored regularly. 

During drying, small 

clumps of clay rich 

materials were broken up 

manually. Fine to very 

find sand. Dominated by 

the 250-125µm fraction 

with lesser amounts of 

125-63µm. Some minor 

issues with clumping 

during sieving. Not used 

in study.  

 

Goldenville:  

Sample 

# 

Tailings 

Location 

GPS 

Location/

Date of 

Collection 

Field Notes Laboratory Notes 

(during Sieving and 

sub-sampling) 

GV-

TS2 

Along the 

south treeline 

a few meters 

south of the 

creek. Near a 

few exposed 

ridges of 

tailings but 

mainly 

N 

45.12112° 

W 

062.02000

° 

 

December 

2017 

Brown-orange in 

colour. Poorly sorted, 

fine grained. Samples 

were taken from 

exposed ridges, a 

potential accumulation 

area for dust. Very 

small sample size from 

Sample was not used in 

study due to small sample 

size.  
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surrounded by 

vegetated 

tailings.   

scraping surface of 

exposed ridges. 

GV-

TS3 

South edge of 

the exposed 

tailings area.  

N 

45.12139° 

W 

062.01623

° 

 

December 

2017 

Brown-orange in 

colour. Moderately 

sorted, very fine 

grained. Sample was 

taken in the southwest 

corner of the exposure 

tailings. 

Nitrogen drying was not 

needed. Very fine to silt. 

Dominated by the 125µ-

63µm and <63µm 

fraction. 

GV-

TS4 

Center of the 

exposed 

tailings and 

previous race 

area. 

N 

45.12185° 

W 

062.01721

° 

 

December 

2017 

Brown-orange in 

colour. Poorly sorted, 

fine grained. Samples 

were scraped from the 

surface the race track 

and exposure tailings 

area.  

Dried under flowing 

nitrogen and monitored 

regularly. Fine to very 

find sand. Dominated by 

the 250-125µm fraction 

with lesser amounts of 

500-250µm. 

GV-

TS5 

Near the old 

building 

foundations.  

N 

45.12266° 

W 

062.0165° 

 

December 

2017 

Green-grey. 

Moderately sorted, fine 

grained. Samples were 

along edges of the old 

building foundations 

and contained ice 

pieces.  

Sample was mixed with 

pieces of ice which 

melted during transport. 

Sample was not used in 

study as a result.    

GV-

TS6 

Taken from 

the previously 

reported High-

Ca Tailings 

area, about 1 

meter north of 

the stream. 

N 

45.12175° 

W 

062.01693

° 

 

May 2018 

Grey, moderately 

sorted, fine grained. 

Sample area contained 

two distinct layers. The 

top 3-5cm represented a 

grey-brown horizon, 

underlain by a slightly 

lighter horizon. Sample 

contains the top 3-5cm 

horizon. The sample 

was located within the 

saturated zone and 

lacked vegetation.  

Dried under flowing 

nitrogen and monitored 

regularly. Fine to very 

find sand. Dominated by 

the 250-125µm fraction 

with lesser amounts of 

125-63µm. 

GV-

TS7 

Taken from 

previously 

reported 

hardpan area, 

near the 

current road. 

N 

45.12194° 

W 

062.01785

° 

 

May 2018 

5cm thick, brown-

orange layer mixed 

with gravel and 

minimal vegetation 

overlying a distinctive 

hard, grey-green layer 

which crumbles and 

breaks under pressure. 

Samples collected 

include the top 5cm 

horizon and pieces of 

Dried under flowing 

nitrogen and monitored 

regularly. Fine to very 

find sand. Dominated by 

the 250-125µm fraction 

with lesser amounts of 

500-250µm. 
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hardpan in close 

proximity.  

GV-

TS8 

Taken from 

previously 

reported oxic 

tailings areas, 

on a ridge a 

few meters 

north of the 

stream. 

N 

45.12202 ° 

W 

062.01640

° 

 

May 2018 

Light brown-grey, 

moderately sorted, fine 

grained. Sample was 

located on a ridge, with 

moderate amounts of 

vegetation and no 

distinctive layering.  

Dried under flowing 

nitrogen and monitored 

regularly. Fine to very 

find sand. Dominated by 

the 250-125µm and 500-

250µm fraction. 

GV-

TS9 

Near the old 

building 

foundations. 

N 

45.12267° 

W 

062.01657

° 

 

May 2018 

Green-yellow-grey, 

fine grained, 

moderately sorted. No 

distinct layers within 

the tailings, however 

sample became more 

“clay-like” and sticky 

with depth.  

Dried under flowing 

nitrogen and monitored 

regularly. Dominated by 

the 125-63µm and <63um 

fractions. Due to high 

clay content, clumping 

issues occurred during 

sieving, and an 

amalgamator was used to 

break down clumps. 
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Appendix D 

Field Sampling and Sample Preparation Methods 

The following table lists the different field sampling and sample preparation methods used in this 

study. 

Sampling 

Method 

Collection 

Medium 

Description 

Grab 

Sampling 

Ziplock Bags Grab samples approximately 0.5-5kg were collected from the 

top 10cm of the tailings surface. Tailings sampling sites were 

in close priority to Pas-DD sites and were based on dust 

catchment areas, previous work and dominate wind 

directions.  Tailings samples were collected using cleaned 

shovels and placed into ziplock bags. The ziplock bags were 

double bagged and closed tightly to prevent additional 

oxidation. Tailings were transported in coolers and stored in a 

freezer (4-6°F) to reduce oxidation of wet samples and to 

slow microbial activity. 

Passive Dry 

Deposition 

Collector 

(Pas-DD) 

Polyurethane 

foam (PUF) 

or Glass -fiber 

filter on PUF 

Pas-DDs were install on trees around the two sites. Locations 

were based on field observations, dominate wind directions 

and accessibility.  Originally in December 2017, 6 Pas-DD 

samplers were installed at each site. In March 2018, 6 

additional Pas-DDs were added in Stirling and 4 additional 

Pas-DDs were installed in Goldenville.  This was to get a 

better representation of the site and to evaluate the use the 

Pas-DD collectors in regional studies.  The Pas-DDs were 

installed in pairs. Two passive samplers were present at each 

sample location with contrasting configurations; one 

containing only a polyurethane foam disk (PUF), while the 

other contained a glass fiber filter stacked on a PUF. Some 

pairs were put side by side, while others were put directly 

above one another. In this case, the glass fiber configuration 

is located in the top Pas-DD.  Filters were collected using 

nitrile gloves. PUF disks and glass fiber filters were placed 

directly into ziplock bags, closed and labelled. Glass fiber 

filters were separated from their PUF disks.  Pas-DD 

samplers were cleaned with wipes before installing new 

filters. 

High 

Volume TSP 

Sampler 

Quartz-fiber 

filter 

The High Volume TSP Sampler (HVAS) ran between 9 to 22 

hours at each location. This process was repeated during each 

field session.  The HVAS was powered by a portable 

generator and calibrated before or after each run. The HVAS 

was strapped down to avoid being knocked over by the wind. 

The HVAS hood was cleaned with wet wipes before each 

sample run. The filter was kept flat and placed directly into a 

zip lock bag.  

Dust 

Deposition 

Gauges 

HPDE Funnel 

Connected to 

Dust Deposition Gauges were made at CanmetMINING, 

Natural Resources by connecting a HPDE funnel to a 4L 

HPDE jug which was installed using a wooden box and metal 
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a HPDE 

Container 

latches. Two Dust Deposition Gauges were installed at each 

mine site in May 2018. They were installed beside previously 

installed Pas-DDs for comparison proposes. They were 

placed on trees with minimal leaves and branches to avoid 

runoff from trees.  The Dust Deposition Gauges were 

collected by removing the funnel from the 4L container and 

closing the container with a lid. The funnel was then cleaned 

with a wet wipe and connected on a new 4L container. The 

4L containers were commonly full and frozen during 

collections.  

Water 

Sampling 

HPDE Bottles Water samples were collected in the field during September 

2018 and April 2019. Water samples were collected in HDPE 

bottles which were rinsed 3 times with stream water before 

sample collection to avoid contamination. Samples were 

collected in areas of flowing water with the bottle facing 

upstream. Water samples were then separated into aliquots 

for various geochemical analyses. Filtering occurred in the 

field for dissolved cation aliquots, while acidification for 

dissolved and total cations occurred back in the lab due to 

challenges with travelling with acid.  Syringes, filters and 

aliquot bottles were rinsed before use. All sampling took 

place using nitrile gloves. Samples were labelled and placed 

in a cooler for transport. An YSI probe was used to collect 

field parameters. The YSI probe was calibrated for pH using 

standardized pH 4, pH 7 and pH 10 solutions. Probes were 

rinsed with DI water before and between samples.  

Nitrogen 

Drying 

Plastic 

Containers 

and Zip lock 

bags 

Some grab samples were damp in the field. These select 

samples were dried under nitrogen to preserve in situ phases 

and prevent additional oxidation. It is likely that some of 

these samples were exposed to oxidizing conditions in the 

tailings impoundment, but to ensure any observed oxidation 

processes occurred in the field nitrogen drying was 

completed. Nitrogen drying was completed under a captair 

pyramid 2200A multi-function disposable glove box using 

4.8 to 5.0 grade (99.999-99.998%) nitrogen. Samples were 

placed under in the glove box to thaw after freezer storage.  

Once samples were unfrozen, they were split into two equal 

subsamples. One subsample was dried separately due to 

limited space in the glove box and size of the samples. If 

additional sample was needed, the other subsample was dried. 

The glove box was flushed of oxygen after each step in the 

procedure. Samples dried in funnels with circulating nitrogen 

gas. Samples were stirred using a scoopula and broken up 

manually to increase surface area and efficiency.  Samples 

dried under a flow rate of 60-100 psi/hour and were 

monitored regularly.  Samples were stored in plastic tuber 

ware containers or zip lock bags until sieving took place. The 

glove box, funnel and other drying equipment were cleaned 

with deionized water between uses.  
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Sieving  Ziplock Bags 

and Plastic 

Vials 

Tailing samples were sieved to separate the <63µm fraction. 

A portion of each sample (approximately 0.150-1.5kg) was 

kept unsieved from each sample.  Sieving was completed 

using a 500µm, 250µm, 125µm and 63µm sieve. Samples 

were ran through the sieves multiple times to ensure complete 

separation. Some clay-rich samples experienced a clumping 

effect. For these samples, an amalgamator was used to break 

clumps. Once sieved, samples were placed into zip lock bags. 

Sieves were cleaned using gentle dry brushing, an Elma 

Ultrasonic Cleaner and compressed air. Sieving was 

completed after nitrogen drying if required. This process 

exposed samples to oxidizing conditions and room 

temperatures, however due to the lack of water the reactivity 

of the samples was minimized.  

Riffle 

Splitting 

Ziplock Bags 

and Plastic 

Vials 

A micro rotary riffler was used to subsample the <63µm 

sieved fractions for various geochemical analysis. Starting 

amounts ranged from approximately 175g to 335g. Samples 

were ran through the micro rotary riffler until the desired 

amount was achieved. 

Filter 

Subsampling 

 Filters were air dried under a laminar hood. Photos of each 

filter were taken. The filters were then cut in half using 

stainless steel scissors, which were clean between each 

sample. The halves were either labelled A or B.  “A” samples 

were processed at Queen’s University’s for mineralogical 

studies. Sample B underwent bulk chemical digest and shake 

flask tests at CanmetMINING. There is currently no protocol 

for subsampling filters. Therefore, to ensure comparable 

results additional subsampling was kept consistent.  

 

  



 

134 

 

Appendix E 

Photographs of sample sites, field sampling and sample preparation 

 
Figure 1: Stirling Mine. a) Tailings impoundment with numerous dead trees in December 2017; 

b) North side of the tailings impoundment in May 2018, illustrating the movement of water 

within the tailings impoundment; c) South side of the tailings impoundment in December 2017, 

illustrating accumulation of tailings on the embankment; d) South-east corner, referred to as the 

“dune-structure” within close proximity of the stream. 

 
Figure 2: Tailings from Stirling Mine. a) Surface coating of pyrite-poor tailings, commonly very 

thin (<2cm thick); b) pyrite-rich tailings above pyrite-poor tailings at depth; c) pyrite-poor 

tailings interlayered with bright-orange tailings, and sometimes occur as hardpan, as pictured 

here; d) bright-orange tailings are associated with dried stream beds and are observed in lense 

shaped clusters (not investigated in this study).  
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Figure 3: Goldenville. a) Overview of the tailings areas in December 2017; b) Overview of the 

exposed tailings area and foundation area in May 2018; c) Goldenville in September 2018 from 

the commonly used ATV trailing; d) Overview of the exposed tailings area in September 2018.  

 
Figure 4: Tailings from Goldenville. A) Tailings taken from the exposed tailings area within the 

previously reported high-Ca tailings area (Sample GV-TS6); b) Light brown-grey tailings 

sampled from within the oxic tailings area (Sample GV-TS8); c) Hardpan, commonly found 

along the small road on the site; d) Clay-rich, grey- green tailings taken near the old foundation 

(GV-TS9). 
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Figure 5: Passive Dry Deposition Collectors (Pas-DD). a) Pas-DDs at sample site SM-PS3 along 

the north side of the impoundment, with the glass filter on top; b) Pas-DDs in the side by side 

configuration.   

 

Left: Figure 6: 

High volume TSP 

sampler set up in 

Goldenville in 

December 2017. 

 

Right: Figure 7: 

Dust deposition 

gauge made of a 

HDPE funnel 

connected to a 

HDPE jug. 

 

 

 
Figure 8: Water sampling downstream on the 

Gegogan brook in September 2018.   
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Figure 9: Nitrogen drying set up in the lab using a captair pyramid 2200A multi-function 

disposable glove box.  

 

 
Figure 10: Sieving equipment. A) Samples were sieved using a 500µm, 250µm, 125µm and 

63µm sieve on a shake table; b) Sieves were cleaned using the Elma Ultrasonic Cleaner.  

 

 
Figure 11:  Mirco Rotary Riffler used to subsample tailings for various geochemical analyses. 
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Appendix F 

Supplementary Data for Chapter 2 

The data presented in this appendix reflect supplementary material in association with Chapter 2. 

The Excel files listed below provide data and associated QA/QC: 

 Tailings Aqua Regia ICP-AES Results 

 Tailings Aqua Regia ICP-MS Results 

 EMP Results 

 MLA Results and Mass Distribution Calculations 

 Dust-Water Ratio Investigation 

 Tailings Shake Flask ICP-AES Results 

 Tailings Shake Flask ICP-MS Results and PHREEQC Inputs 

 Stream Water Results and PHREEQC Inputs 

 Pas-DD and HVAS Shake Flask ICP-AES results 

 Pas-DD and HVAS Shake Flask ICP-MS results 
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SEM Images and EDS Spectra 

Pyrite: Fresh, angular and appears to be minimally weathered. Rare evidence of weathering 

through fractures and areas of iron oxides, as pictured below.  Thin coatings or rims are rarely 

present, which are often enriched in Pb/Zn. 

 
 

Sphalerite: Evidence of partial dissolution. Often occurs as individual particles but can be 

associated with pyrite and chalcopyrite. 
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Galena: Rare throughout the samples, often occurs as inclusions within pyrite. Larger grains 

have rims of cerussite from weathering.  

 
 

Chalcopyrite: Often associated with pyrite and surrounded by Zn-Cu bearing rims (aurichalcite).  

 

Tennantite:  
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Iron Oxides: Occur as small alteration products on pyrite grains as well as individual grains. 

Sometimes metal concentrations associated with the iron oxides are below detection, but often Pb 

and Zn are present in detectable concentrations with varying amounts. A variety of textures occur 

including an irregular, “bubbly” texture (goethite), and a more fractured, primary texture 

(Magnetite), both pictured below. Later confirmed as magnetite and goethite using µXRD. 

 
 

Cerussite: Due to the S/Pb peak overlap with EDS, EMPA analysis was needed for proper 

identification. EMPA confirmed the presence of cerussite. 
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Smithsonite: Occur as rims around a variety of minerals, commonly magnesite or other 

carbonate minerals.  

 
 

Zn-Cu bearing rims: Occur as rims around a variety of minerals or small fibrous particles. Later 

identified as aurichalcite through µXRD.  

 
 

Concentric Mn-Pb bearing phase: Complex Mn-Pb bearing phase, very heterogeneous with 

varying amounts of Zn and Cu. Occurs as concentric particles or as rims around mineral grains. 
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Zn-Mn Bearing phase: Complex phase, very heterogeneous with varying amounts of Pb. Occurs 

as individual grains or rims around mineral grains. µXRD confirmed the presence of 

hydrohetaerolite/ hetaerolite. 
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EMP Images 

 

Pyrite: 
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Sphalerite:  
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Galena: 
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Chalcopyrite: 
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Tetrahedrite-Tennantite Group Members: 

 

Iron Oxides (Magnetite): 
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Iron Oxides (Goethite): 
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Cerussite: 
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Smithsonite: 
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Zn-Cu bearing rims (Aurichalcite): 
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Concentric Mn-Pb bearing phase: 
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Zn-Mn bearing phase (Hydrohetaerolite): 
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µXRD and µXRF Results 

Iron Oxide with Pb/Zn: µXRD confirmed presence of goethite. (Gt=goethite, Dol=dolomite) 

 
 

Cerussite Rims: µXRD confirmed presence of anglesite. (Cer=cerussite, Ang=anglesite) 

 
 

 

 



 

156 

 

 

 

Zn-Cu bearing Rims: µXRD confirmed presence of aurichalcite. (Aur=aurichalcite) 

 
 

Zn-Mn bearing phase: µXRD confirmed presence of hydrohetaerolite, and potentially some 

hetaerolite. (Hyh= hydrohetaerolite). No mineralogical difference was noted between the Zn-rich 

and Pb-rich areas.
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Zn-Mn bearing phase: Complex phase, very heterogeneous with varying amounts of Pb and Zn. 

µXRD confirmed the presence of hydrohetaerolite/ hetaerolite. (Hyh=hydrohetaerolite, 

Het=hetaerolite). XRF spectra shows elemental differences between Zn-rich and Pb-rich areas.  

 
 

Pb-Mn bearing phase: Complex Mn-Pb bearing phase, very heterogeneous with varying of Zn 

and Cu. XRD patterns were often mixed and overlaps with clinochlore, talc and dolomite making 

identification difficult. a) Zn-Mn bearing phase (might be hydrohetaerolite, but didn’t diffract 

well); b) Pb-Mn Phase; c) Pb-Mn Phase. 
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Thin Pb rims: XRF maps show Pb enrichment on grain edges. By comparing to SEM images, 

some grains are pyrite, while others are likely below the sample surface as a result of the 

penetrative nature of the incident beam.  The Pb enrichment is associated with thin rims of 

goethite, determined by µXRD. XRF spectra indicate presence of Zn, As and Pb. Pb is more 

prominent in the XRF maps due to scaling factors. Colour intensities do not represent 

concentrations and are not comparable between samples. 

 
 

Pyrite-poor, blue/gray tailings: XRF maps show very small particles rich in Pb and Zn 

throughout these samples. When analyzed using µXRD, patterns indicate the presence of talc and 

clinochlore. Therefore, metals may be absorbed to clay materials. However, the particles could 

also represent unidentified materials.  
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Comparing µXRD spectra with SEM-MLA characterization 

Sample Mineral Grain µXRD Mineral ID MLA Mineral ID 

SM-TS1a FeO SyT2 Goethite Iron Oxide with Pb/Zn 

 ZnCu SyT1 Aurichalcite Aurichalcite 

SM-TS1b FeO SyT6 Goethite Iron Oxide with Pb/Zn 

SM-TS2 Cerussite SyT7 Cerussite Cerussite 

 ZnCu SyT3 Aurichalcite Aurichalcite/Smithsonite 

 ZnMn SyT7 Hydrohetaerolite, 

hetaerolite 

Zn Mn Oxides 

 ZnMn SyT8 Hydrohetaerolite, 

hetaerolite 

Zn Mn Oxides 

SM-TS3 Cerussite SyT9 Cerussite, Anglesite Cerussite 

 Cerussite SyT10 Cerussite, Anglesite Cerussite 

 FeO SyT8 Goethite Iron Oxide with Pb/Zn 

 FeO SyT9 Goethite Iron Oxide with Pb/Zn 

SM-TS4 FeO SyT15 Goethite Iron Oxide with Pb/Zn 

 FeOSyT16 Goethite Iron Oxide with Pb/Zn 

 ZnCu SyT12 Aurichalcite Aurichalcite 

SM-TS6 ZnCu SyT16 Aurichalcite Aurichalcite, Unknown 

 ZnMn SyT19 Hydrohetaerolite Zn Mn Oxide, Pb Mn 

Oxide, Unknown 

 ZnMn SyT20 Hydrohetaerolite, 

hetaerolite 

Zn Mn Oxide 
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Appendix G 

Supplementary Data for Chapter 3 

The data presented in this appendix reflect supplementary material in association with Chapter 3. 

The Excel files listed below provide data and associated QA/QC: 

 

 Weather Data 

 Tailings Aqua Regia ICP-MS Results 

 Stream Water Results and PHREEQC Inputs 

 Filter Weights and Deposition Rates 

 Pas-DD and HVAS Aqua Regia ICP-AES Results 

 Pas-DD and HVAS Aqua Regia ICP-MS Results 

 Pas-DD and HVAS Shake Flask ICP-AES results 

 Pas-DD and HVAS Shake Flask ICP-MS results 

 Dust Deposition Gauge Results 

 Lichen Results  

 HVAS Flow Rates  
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Appendix H 

QA/QC Benchmarks used at CanmetMINING 

This appendix outlines the QA/QC Benchmarks for lab duplicates and standard references 

materials for all samples analyzed at CanmetMINING. 

 ICP-AES ICP-MS 

Range Relative 

Repeatability (%) 

LOQ in ppm 

Relative 

 Accuracy (%) 

LOQ in ppm 

Relative 

Repeatability (%) 

LOQ in ppb 

Relative 

 Accuracy (%) 

LOQ in ppb 

LOQ to 5 40% 35% 25% 50% 

5 to 50 20% 15% 15% 30% 

>50 6% 6% 10% 20% 

Table 1: QA/QC benchmarks used for ICP-AES and ICP-MS analyses. Where relative 

repeatability is defined by equation one and relative accuracy by defined in equation two.  

The limit of quantification (LOQ) is determined by running 10 replicate calibration 

blanks. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑅𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (
(𝑋𝑆1−𝑋𝑆2)

𝑋𝑆𝑀
) ∗ 100                                                          ( Eq. 1) 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = (
(𝑋𝑅𝑆−𝑋𝑆)

𝑋𝑅𝑆
) ∗ 100                                                                               ( Eq. 2) 

Where, 

XS1/ XS2= the measured concentration of the analyte in the lab duplicates 

XSM= the mean of XS1 and XS2 

XRS=known concentration of reference material 

XS=measured concentration of the analyte of the reference material 
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Anion Range (µg/ml) Relative Accuracy 
(%) 

Relative 
Repeatability (%) 

F 0.05 - 0.1 20 25 

>0.1 -0.5 15 15 

>0.5- 2 15 10 

>2 – 5 10 10 

>5 5 5 

Cl 0.05 – 0.1 25 40 

>0.1 – 1 20 – 15 25 

>1 – 5 10 10 

>5 5 5 

NO2/NO3 0.1 – 1 10 10 

>1 – 5 10 10 

>5 5 5 

Br 0.1 – 0.25 15 25 

>0.25 – 1 10 15 

>1 – 5 10 10 

>5 5 5 

PO4/SO4/C2O4 0.25 - 5 10 10 

>5 5 10 
Table 2:  ICS-1600 ion chromatography QA/QC benchmarks for standards and 

duplicates. 

 
 


