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Abstract 

Sulfide minerals have an affinity to react with oxygen in the atmosphere when 

exposed above ground surface with the potential to release metals and acidity into 

the surrounding environment. The extent of contaminant release can be a function 

of time, and the myriad of historically abandoned mines across Canada create 

concern for how mine-waste systems, especially waste-rock piles, are affected by 

long-term exposure at Earth’s surface. This thesis investigates the long-term 

weathering of a historical waste-rock pile at the Ore Chimney mine, which was 

developed ~100 years ago. Three trenches that transect the entire depth were 

excavated and 5 to 6 kg of waste-rock material were sampled at 0.5 m depth 

intervals. Waste-rock material was sieved into fine (< 0.5 mm) and coarse (0.5 to 

2.0 mm) grain size fractions and in situ solid-phase geochemical signatures were 

investigated with optical microscopy, scanning electron microscopy with energy 

dispersive spectrometry, powdered X-ray diffraction, total carbon and sulfur 

analysis, and solid-phase digestions followed by inductively coupled plasma 

atomic emission and mass spectrometry (ICP-AES/MS). Samples were 

centrifuged to extract porewaters and analyzed by spectrophotometry, anion 

chromatography, and ICP-AES/MS. The geochemical modelling software 

PHREEQC was used to explore possible secondary controls on porewater 

chemistry. 

Solid-phase geochemical investigations revealed average total carbon and      

sulfur concentrations of 1.38 wt.% [C] (comprised of calcite and dolomite) and                

2.02 wt.% [S], respectively, and Zn and Pb concentrations of 1.56 and 1.38 wt.%, 

respectively. Sulfur content was associated with a sulfide mineral assemblage 

primarily composed of sphalerite and galena, with less frequent occurrence of 

pyrite and chalcopyrite sourced from carbonate-bearing quartz veins. Porewater 

pH was near-neutral suggesting ongoing acid neutralization and elevated Eh          

(μ = +421 mV) indicate that oxygen was the main oxidizing agent independent of 

depth. Porewater ICP-AES measured Zn as high as 87.5 ppm accounting for 92% 

[M] of average heavy metal concentrations and is attributed to the oxidative 
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dissolution of sphalerite. High alkalinity levels (μ = 60.2 mg/L CaCO3) suggest that 

calcite and dolomite are likely controlling pH, [Pb], [Zn], [Cd], and [Cu] in the 

porewaters. Results from this study indicate that the source lithology of sulfides 

plays a strong role in weathering. After ~100 years, sphalerite and galena grains 

are strongly altered but pyrite and chalcopyrite remain relatively unweathered 

suggesting that chemical weathering processes may continue for some time, but 

abundant Ca-carbonates will provide long-term buffering. This study shows that a 

detailed understanding of in situ solid- and aqueous-phase geochemistry is 

required to delineate waste-rock weathering as a function of long-term exposure. 
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Chapter 1: Introduction 

1.1 Mining and the Environment 

Canada’s mining sector is an important part of the Canadian economy. As of the 

2017 fiscal year, approximately 634,000 employment positions were created 

directly in or partially involved with mining (16,500 of which for indigenous people). 

Likewise, mining in Canada contributed $97 billion CAD, which accounts for 

approximately 5% of Canada’s total GDP (Marshall, 2017). Key resources that 

contribute to Canada’s mining wealth include gold ($8.8 billion), coal ($6.3 billion), 

iron ore ($4.7 billion), and diamond ($2.7 billion CAD) (Natural Resources Canada, 

2017), and the richness of natural resources in Canada appeals highly to 

prospecting and investing in the mining industry (Stedman and Green, 2019). 

The treatment processes of ore material typically involve the use of different 

chemicals (Muhammed and Zhang, 1989). Gold, for example, is separated and 

purified with the help of harmful compounds such as cyanide and hydrogen 

peroxide (La Brooy et al., 1994). The waste material remaining from the purification 

process of ore bodies retains harmful chemicals and is typically unloaded nearby, 

as tailings. In addition, gold ore is often rich in other metals, in the form of silicate, 

sulfide, and oxide minerals, that are too expensive to purify and remain in the 

tailings after the gold is separated (Blowes et al., 2013). These minerals are more 

concentrated near ore bodies, but often persist throughout the subsurface within 

the surrounding area (Carranza and Sadeghi, 2012). 

Waste rock is material that is removed to access the ore body and is different from 

tailings as it is left unprocessed. Although waste rock is not treated with harmful 

chemicals, the material itself contains metals in the form of sulfide minerals, which 

may reduce the quality of drainage waters under certain conditions. Waste rock 

tends to be lower in total sulfur (wt.% S) content than the tailings material that is 

processed from the ore body (Sracek et al., 2004). However, active mining 

operations often impose steady removal and stockpiling of large volumes of waste-
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rock material that can be expensive to monitor (Amos et al., 2015). The rising 

demand for natural resources and the subsequent increasing scale in the 

Canadian mining industry comes with a growing importance of understanding the 

impact mining can have on the environment and how to properly manage mine-

waste material (Hudson-Edwards et al., 2011). 

Mining regulations in Ontario were introduced in 1845 and mainly addressed 

exploration and land ownership rights and government tax requirements (MNDM, 

2008). A discovery of a large silver deposit in Cobalt, Ontario, in 1903, prompted 

an extensive review of the Mining Act in 1906 designating a Mining and Lands 

Commissioner to regulate land claim practices, enforce labour health and safety 

measures, and mediate corporate legislative conflict (Kamerman, 2006). For 

example, prospectors in the early 1900’s could not file for a mining patent until an 

ore discovery was made, which resulted in a plethora of exposed rocks at the 

surface from exploration. Likewise, labour disputes, engineering failures, and 

economic downfalls often created financial difficulties, which left a significant 

disregard for environmental considerations (Mackasey, 2000). It was not until the 

early 1990’s that the Mining Act was updated to stipulate environmental 

reclamation upon site closure (Kamerman, 2006). As a result, the remains of 

historical mining activities are left scattered across Ontario among many other 

Canadian provinces leaving a legacy of contamination detrimental to surrounding 

ecosystems. Notorious examples include the Giant mine, NWT (O’Reilly, 2012), 

and Britannia mine, BC (Smitheringale, 2011); however, there are hundreds of 

smaller and lesser-known examples such as the Ore Chimney mine (the subject 

of this thesis) that may also pose environmental threats. 

Waste-rock material piled at Earth’s surface is exposed to significantly different 

conditions compared to its previous entrapment underground; namely, larger 

temperature variation and elevated oxygen concentrations. Seasonal fluctuations 

in temperature and precipitation accelerate chemical reactions between minerals 

in the waste-rock and oxidizing agents above ground surface (i.e. chemical 

weathering) (Akcil and Koldas, 2006). Moreover, weaker fragmented material from 
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blasting coupled with the freeze-thaw dynamics of water in high-latitude climates 

exacerbate the effects of chemical weathering by opening conduits in surfaced 

material and increasing mineral reactivity with the atmosphere (Sinclair, 2014). 

Sulfide minerals can be classified into monosulfides such as sphalerite (ZnS) and 

galena (PbS), and disulfides such as pyrite (FeS2) and chalcopyrite (CuFeS2). 

Monosulfide (1) and disulfide (2) weathering reactions under the presence of 

oxygen (Plumlee, 1999) can be generalized as:  

𝑋𝑆(𝑠) + 2𝑂2 → 𝑋2+ + 𝑆𝑂4
2− (1) 

𝑋𝑆2(𝑠) +
7

2
𝑂2 + 𝐻2𝑂(𝑙) → 𝑋2+ + 2𝑆𝑂4

2− + 2𝐻+ (2) 

Where 𝑋2+ represents a divalent transition metal with common examples including 

ferrous iron (𝐹𝑒2+), copper (𝐶𝑢2+), zinc (𝑍𝑛2+), and lead (𝑃𝑏2+). The main 

difference between equations 1 and 2 is that monosulfide oxidation under the 

presence of oxygen is a non-acid generating process. In general, metal-sulfide 

mineral oxidation reactions are often the main chemical weathering processes in 

mine wastes with the potential to release metals and acidity into the environment 

(Amos et al., 2015). Ferrous iron is of particular interest because it can further 

oxidize into ferric iron under the thermodynamic conditions at Earth’s surface and 

precipitate as ferric hydroxide minerals. Consequently, the overall net reaction for 

pyrite oxidation generates two moles of acidity for every mole of sulfur (Blowes et 

al., 2013) (3):  

𝐹𝑒𝑆2(𝑠) +
15

4
𝑂2 +

7

2
𝐻2𝑂(𝑙) → 𝐹𝑒(𝑂𝐻)3(𝑠) + 2𝑆𝑂4

2− + 4𝐻+ (3) 

In the above reactions, elevated sulfate (𝑆𝑂4
2−), dissolved metals (𝑋2+), and acidity 

may be expected; this poor-quality leachate water is referred to as acid mine 

drainage (AMD). When present, oxygen is the main agent for the oxidative 

dissolution of sulfide minerals. However, sulfide minerals, for example pyrite, can 

also oxidize under the presence of ferric iron (elevated in systems with pH ≤ 3 due 
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to the increased solubility of ferric oxyhydroxides such as Fe(OH)3), which can 

contribute to the overall generation of acidity (Amos et al., 2015) (4): 

𝐹𝑒𝑆2(𝑠) + 14𝐹𝑒3+ + 8𝐻2𝑂(𝑙) → 15𝐹𝑒2+ + 2𝑆𝑂4
2− + 16𝐻+ (4) 

Depending on other minerals present in the waste-rock material, elevated acidity 

(i.e., equations 2, 3, and 4) can promote secondary mineral dissolution reactions 

that often control the geochemical weathering signatures observed in these 

aerobic systems. Calcium-bearing carbonate minerals most effectively buffer 

effluent to near-neutral levels if they are sufficiently present in the system. Calcite 

(𝐶𝑎𝐶𝑂3(𝑠)) and dolomite (𝐶𝑎𝑀𝑔(𝐶𝑂3)2(𝑠)) buffer acid-generating waste to an 

observed pH range of 6.2 to 8.3 (Parbhakar-Fox and Lottermoser, 2017). 

Moreover, calcite reacts faster than dolomite by one order of magnitude (Lapakko, 

2002) and one mole of Ca-carbonate (represented by calcite) can buffer up to two 

moles of acidity (5):  

𝐶𝑎𝐶𝑂3(𝑠) + 2𝐻+ → 𝐶𝑎2+ + 𝐻2𝐶𝑂3      𝒑𝑯 < 𝟔. 𝟒     (5) 

In the absence of Ca-carbonates, or when these minerals have depleted from the 

system, continuous oxidation of sulfide minerals may further elevate the acidity 

and a different buffering mineral will control the pH. One example of this is the 

Nickel Rim mine in Sudbury, Ontario, where the depletion of Ca-carbonate 

minerals in the upper portion of a tailings impoundment presented non-uniform pH 

measurements across depth (Johnson et al, 2000). If Ca-carbonates are depleted, 

the generalized mineral buffering sequence, in order of decreasing pH, includes 

siderite (𝐹𝑒2+𝐶𝑂3(𝑠)) (buffers at pH ~5), aluminum hydroxide (𝐴𝑙(𝑂𝐻)3(𝑠)) (pH ~4 

to 4.5), iron(III) (oxy)hydroxide (pH ~2.5 to 3.5), and aluminosilicate minerals        

(i.e. 𝑁𝑎𝐴𝑙𝑆𝑖3𝑂8) (significant at pH < 2.5) (Bain et al., 2001; Blowes et al., 2013; 

Amos et al., 2015). 

Elevated concentrations of sulfate (equations 1 to 4) and dissolved calcium 

(equation 5) in the waste-rock porewaters, when approaching saturation in 

solution, can facilitate the precipitation of certain salts, such as gypsum (Blowes et 
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al., 2013). This precipitation reaction proceeds independently of pH and limits the 

concentration of dissolved 𝐶𝑎2+ and 𝑆𝑂4
2− in solution (6). 

𝐶𝑎2+ + 𝑆𝑂4
2− + 2𝐻2𝑂(𝑙)  ↔ 𝐶𝑎𝑆𝑂4 ∙ 2𝐻2𝑂𝑖(𝑠)   (6) 

Ferric iron (𝐹𝑒3+) is typically enriched over 𝐹𝑒2+ in aerobic systems as the final 

oxidation product of pyrite. Similarly, elevated ferric iron and sulfate (equation 3) 

and potassium (from the weathering of mica minerals) can precipitate jarosite and 

limit the dissolved concentration of ferric iron in porewaters (Leahy et al., 2009; 

Blowes et al., 2013) (7): 

𝐾+ + 3𝐹𝑒3+ + 2𝑆𝑂4
2− + 6𝐻2𝑂(𝑙) ↔ 𝐾𝐹𝑒3(𝑆𝑂4)2(𝑂𝐻)6 (𝑠)

+ 6𝐻+   (7) 

Consequent poor quality runoff waters released into the local watershed 

necessitates efforts to inhibit AMD processes and manage the waste material 

produced from mining. Traditionally, contaminated groundwater is pumped and 

treated at the surface (Rivett et al., 2006). However, actively treating contaminated 

mine waters, especially at decommissioned sites in secluded locations, is an 

expensive and painstaking process (Ford, 2003; Ziemkiewicz et al., 2003). 

Alternatively, passive treatment systems can be installed to react with drainage 

waters in-place and mitigate the financial burden from continuous pump-and-treat 

methods (Akcil and Koldas, 2006). Waste rock and tailings material deficient in Ca-

carbonate minerals may require an artificial Ca-carbonate supply (Hedin et al., 

1994). Moreover, elevated metals and sulfate can be remediated by sulfur 

reducing bacteria that proliferate in anoxic wetland environments (Jameson et al., 

2010). 

Passively treating contaminated throughflow waters is a low-maintenance cost-

effective alternative for managing poor-quality mine drainage (Blowes et al., 2013). 

However, some chemically driven passive treatment systems still require 

maintenance and only remain functional along a 20- to 30-year timeline (Watzlaf 

et al., 2004). Alternatively, biologically driven wetland systems may have greater 

benefits as a long-term passive remediation option for treating mine drainage with 
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a circumneutral pH (Hsu and Maynard, 1999). Advantages to natural wetlands 

include the high attenuation capacity and storage of metals as well as ecological 

benefits, especially when preceded by Ca-carbonate pH buffering (Sheoran and 

Sheoran, 2006; Mayes et al., 2009; Blowes et al., 2013). Recognizing the long-

term weathering processes of mine waste may help understand the utility of 

wetland systems to naturally attenuate low-quality drainage water in contaminated 

sites (Machemer and Wildeman, 1992; Skousen et al., 2000). 

1.2 Ore Chimney 

Ore Chimney is a historical gold prospecting site located near the town of Harlowe, 

Ontario, approximately 150 km west of Ottawa (44° 46’35” N, 77° 9’10” W). The 

500-acre (2 km2) property lies within the southwest region of Frontenac County 

(Archibald, 2012). An abandoned ~10 kiloton (kt) waste-rock pile remains from 

nearby underground exploration adjacent to an organic-rich fen (Kingston and 

Papertzian, 1982). Previous site research assessing local groundwater and 

surface water flow indicates drainage from the pile, downgradient into the wetland 

area with localized flow to the southeast. Preliminary chemical analyses of 

throughflow waters near the waste-rock pile indicate near-neutral pH with some 

elevated metals, particularly zinc, calcium, and magnesium (Harper et al., 2021). 

Seasonal water table fluctuations typically present wetland surface waters during 

the spring months and on-site vegetation mainly consists of spruce, poplar, and 

birch trees. 

Ore Chimney experiences a warm-summer humid continental climate with 

significant seasonal variation in daylight and temperature. Records since 1981 

indicate that the coldest temperatures arrive during January with an average 

monthly temperature of -11.5°C and an elevated average temperature of 20.7°C 

during the month of July (Environment Canada, 2010). The hot summers 

frequently experienced around the Ottawa Valley raise humidity levels that 

increase the likelihood of severe storm events with strong winds and torrential 

downpours. The Ore Chimney property receives approximately 81 cm of 
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precipitation per year as a combination of rain and snow (Environment Canada, 

2010). 

Gold findings at Ore Chimney were first made in 1902, which prompted the 

excavation of a 123.4 m vertical mineshaft and branching underground corridors 

from 1909 to 1917 (Harnois and Moore, 1989). Mining rights were first held by the 

Ore Chimney Mining Company Ltd., which funded development on the property 

including the construction of an ore-processing stamp mill in 1915. Subsurface 

development continued intermittently from 1923 to 1932, which focused on 

extending and reinforcing the lateral underground network. Proprietorship at Ore 

Chimney changed when the site was purchased by Bey Mines Ltd. in 1928. The 

property continued to experience changes in ownership and was subjected to 

various drilling, mapping, and geophysical surveys before the mineshaft was 

officially capped and decommissioned in 1991 (Archibald, 2012). Despite 

significant efforts in prospecting and underground development, no ore material 

was ever processed from the Ore Chimney mine; thus, is considered and referred 

to as a mine only in name (Moore and Morton, 1986). 

The Ore Chimney property is situated within the Mazinaw Domain, which is a 

stretch of land approximately 25 km wide that extends from Madoc, Ontario, 100 

km northeastwards into Quebec (McCarron, 2013). The Mazinaw Domain is 

distinguished from other geological terranes due to its abundance and variation of 

metavolcanic rocks, and structural evidence within the metamorphic lithology 

suggesting two deformational events (MNDM, 1994). The Mazinaw Domain is    

one of few geological domains and terranes that comprise the Central 

Metasedimentary Belt (CMB). The CMB is part of the Grenville Province that 

covers a significant portion of southeastern Ontario and is located near the 

southern boundary of the Canadian Shield (Easton, 2006). 

The oldest lithological unit at Ore Chimney is the Tudor Formation, which is 

crystalline volcanic basement rock that formed no earlier than 1.5 billion years ago 

(Ga) (Moore and Thompson, 1980). The metavolcanics comprising the Tudor 

Formation mainly consist of tholeiitic basalt with the intermittent presence of 
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amphibolite characterized by the foliation of hornblende with additional plagioclase 

feldspar and quartz. Minor and trace minerals attributed to the Tudor Formation 

include epidote, biotite, garnet, chlorite, pyrite, magnetite, tourmaline, and calcite 

(Harnois and Moore, 1988). 

Overlying the Tudor Formation is the Ore Chimney Formation, which is a thin             

(< 10 m) biotite schist unit extending across the local area but is most easily 

distinguished at the Ore Chimney property. Mixed into the matrix of the Ore 

Chimney Formation is the presence of muscovite with porphyroblasts of garnet 

and hornblende. Other minerals identified in minor amounts include magnetite, 

hematite, pyrite, chalcopyrite, apatite, tourmaline, chlorite, and titanite (Harnois 

and Moore, 1988). Genesis of the Ore Chimney Formation is proposed as a result 

from hydrothermal alteration, reconsolidation, and metamorphism of material 

eroded from the Tudor Formation. This unconformity and subsequent 

metamorphic activity led to the creation of the Ore Chimney Formation 

approximately 1.2 Ga (Moore and Thompson, 1980). 

The Flinton group overlies the Ore Chimney Formation and represents the 

youngest rocks in the area. The three main formations belonging to the Flinton 

group are the Myer Cave Formation, the Lessard Formation, and the Bishop 

Corners Formation. Surficial geology at the Ore Chimney property most commonly 

displays the Bishop Corners Formation, characterized by the presence of 

muscovite schist, quartzite, and oligomictic metaconglomerate. The minerals 

comprising the lithology of the Bishop Corners Formation include muscovite, 

quartz, plagioclase feldspar, orthoclase feldspar, and magnetite. The Flinton group 

was deposited in a fluvial environment resulting from continental uplift nearly 1.1 

Ga. The continental uplift was part of the Grenvillian Orogeny, which regionally 

deformed all the rocks in the area approximately 1 Ga and is the most recent 

metamorphic activity on site (Moore and Thompson, 1980). 

Major tectonic stresses exerted on the region over the course of the Grenvillian 

Orogeny opened fractures in the subsurface carrying fluids with solubilized mineral 

components from a nearby dyke intrusion that crystallized as a series of quartz 
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veins hosting calcite and dolomite at average volume proportions of 5% that 

occasionally measured as high as 20% (Harnois and Moore, 1989). Property 

surveys reveal a network of 14 quartz veins on the Ore Chimney property, five of 

which display significant sphalerite, galena, pyrite, and chalcopyrite mineralization 

(Archibald, 2012). Extensive drilling through one of the quartz veins yielded gold 

estimates of 7 g/tonne (Au), silver estimates as high as 193 g/tonne (Ag) and 

assays of lead and zinc at 3.2 and 1.9 wt.%, respectively (Carter 1984; Archibald, 

2012). The quartz veins were the prospected ore deposit and formed 30 m below 

an unconformable contact between the Tudor Formation and the Bishop Corners 

Formation (Harnois and Moore, 1989). 

1.3 Thesis Structure and Objectives of Research 

Remaining at the Ore Chimney mine are the ruins of old structures, the abandoned 

mine shaft, and an estimated ~10 kt waste-rock pile that lies above the water table, 

approximately 30 m north of the mineshaft. Although prospecting activities 

continued at Ore Chimney until 1999, the ~10 kt waste-rock pile is documented to 

be formed from material removed to create the mineshaft and underground 

network from 1909 to 1932 (Archibald, 2012; Sangster et al., 2012). Aerial 

photography of the historical Ore Chimney mine in 1934 (Figure 1.1) combined 

with visual on-site inspections show little disturbance of the pile throughout time, 

corroborating estimations of ~100 years of subaerial exposure. Therefore, it is 

presumed that the waste-rock pile resembles material that was excavated as the 

underground network periodically expanded over an elapsed timeline of 

approximately 25 years. It is estimated that some of the earliest material was 

dumped ~110 years ago, and the most recent stockpiling of waste-rock material 

took place no later than ~85 years ago. The relationship between waste-rock pile 

strata and exposure time across the ~25-year underground tunneling phase is 

relatively uncertain aside from assuming that the development of the waste-rock 

pile follows Nicolaus Steno’s principle of superposition (Winter, 1916). However, it 

is certain that the waste-rock pile at the Ore Chimney site, in its entirety, has been 

subjected to weathering above ground surface for a minimum of 85 years.  
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1Figure 1.1: Historical imagery (1934) of Ore Chimney                                         
(Natural Resources Canada, 2016). 

 

This study seeks to develop an improved understanding of the long-term mineral 

weathering in the waste-rock pile and the subsequent effects on metal transport. 

This has been accomplished by investigating the mineralogical and geochemical 

signatures that remain in this unsaturated aerobic system after 85+ years of 

weathering and how these signatures change spatially. Waste-rock mineral 

weathering in mining environments has been studied in the past (Langman et al., 

2015); however, there are limited historical mine-waste dumps that allow                

the possibility of collecting empirical data to investigate long-term waste-              

rock weathering mechanisms. Likewise, few comprehensive studies have 
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complemented waste-rock mineralogical investigations with detailed porewater 

measurements to better describe chemical pathways observed in aerobic mine-

waste systems (Atherton, 2017; Smith et al., 2021). 

The research presented herein is divided into four chapters including the 

introduction, two research chapters, and the conclusion. Chapter two investigates 

mineral weathering processes using solid-phase mineralogical and geochemical 

data from optical microscopy, scanning electron microscopy with energy 

dispersive spectrometry (SEM-EDX), total carbon-sulfur (C/S) analysis, powdered 

X-ray diffraction (PXRD), and inductively coupled plasma atomic emission and 

mass spectrometry (ICP-AES/MS). Chapter three examines the porewater 

chemistry to complement metal-release mechanisms proposed in chapter two and 

investigate the overall mobility of metals throughout the pile. Results from 

spectrophotometry, probe measurements, anion chromatography (IC), and ICP-

AES/MS were interpreted with PHREEQC geochemical modeling software to 

evaluate secondary mechanisms controlling the porewater chemistry and changes 

with depth. Chapter four summarizes conclusions and outlines future research. 
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Chapter 2: Mineralogy and Solid-Phase Geochemistry 

2.1 Introduction 

The increasing adaptability of modern civilization continues to accelerate the utility 

and extraction rate of Earth’s resources, which has shaped the planet’s surface 

dramatically since the industrial revolution (Hudson-Edwards et al., 2011). From 

the first recording of a streamlined iron ore smelting operation in 1737 near the St. 

Lawrence River, mining in Canada has remained a substantial component of the 

resource extraction industry (Cranstone, 2002). By volume, mining activities 

disturb and relocate more Earth materials than any other practice including the 

construction industry (ICOLD, 1996). In 2008, it was estimated that metal and non-

metal mining in Canada (i.e. excluding oilsands mining) accumulated 217 million 

tonnes (Mt) of mine tailings and 256 Mt of waste rock that increased in production 

rate by 33% from 2001 (Statistics Canada, 2012). Large mining operations will 

often reuse waste rock to strengthen tailings impoundments (Wickland et al., 2006; 

Gorakhki and Bareither, 2017), to reinforce roads (Amrani et al., 2021), and even 

as a natural fertilizer (Ramos et al., 2017). However, the majority of waste rock is 

typically stockpiled as large volumes of unsaturated material and may produce low-

quality drainage waters from chemical weathering at Earth’s surface (Akcil and 

Koldas, 2006; Blowes et al., 2013). 

Waste-rock piles are often formed by edge dumping that extends the footprint of 

the pile in different lateral directions over time (Pearce et al., 2016). Dumping 

material off the edges of the pile fractionates particles based on grain size with 

coarser material accumulating towards the base (Lahmira et al., 2016). Differences 

in particle settling rates typically reveal stratified layers of varying grain size, which 

has been characterized in greater detail in various settings (Azam et al., 2007; 

Cash, 2014). Geochemical signatures in waste-rock piles are often reflected by 

physical heterogeneities (Smith et al., 2013a), and recognizing these processes to 

evaluate risks associated with waste-rock weathering must consider both the 

chemical and physical aspects of mine-waste systems (Amos et al., 2015). Waste-
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rock drainage waters affected by mineral weathering processes may percolate into 

neighbouring watersheds and necessitates a thorough understanding to inhibit the 

release of low-quality effluent and remediate contaminated waters at an industrial 

scale (Nordstrom and Alpers, 1999). 

There have been many studies tailored to investigate mineral weathering and 

subsequent effects on water quality in mine tailings impoundments during the initial 

stages of development (Jamieson et al., 1995; Gleisner, 2005) and across multi-

decadal timescales (Moncur et al., 2005; Gunsinger et al., 2006a; Hayes et al., 

2014; Moncur et al., 2015; Elghali et al., 2021). However, there is less emphasis 

in the literature on evaluating these processes in aerobic waste-rock systems 

(Lefebvre et al., 2001; Sracek et al., 2004; Smith et al., 2013b; Langman et al., 

2014). Delineating waste-rock weathering mechanisms, which change over time 

and govern in situ geochemical signatures is typically accomplished by applying 

an array of analytical techniques that may include optical microscopy, SEM-EDX, 

electron microprobe analysis (EMPA), total C/S, XRD, ICP-AES/MS, and X-ray 

absorption spectroscopy (XAS) (Smith et al., 2013a; Langman et al., 2014; Elghali 

et al., 2018; Langman and Moberly, 2018; Bao et al., 2020, Bao et al., 2021). 

However, the research typically incorporates a smaller portion of these analyses 

and is often focused solely on in situ metal release mechanisms into the 

porewaters. Furthermore, sampling approaches may not fully encapsulate the 

effects of waste-rock heterogeneity and many test piles have only weathered for 

one or two decades. Limited studies have applied a wide range of analytical 

techniques and combined solid-phase and aqueous-phase geochemical data to 

investigate metal mobility at different scales (Smith et al., 2021). Moreover, very 

few mine-waste investigations have examined mineral weathering processes 

beyond 50 years (Jeong and Lee, 2003; Moncur et al., 2009) and a comprehensive 

mineralogical and geochemical study on century-old Ore Chimney waste rock may 

help bridge the gap in the effects between short-term and long-term weathering. 

Historical mining operations had higher cut-off grades for ore material, which 

typically led to increased concentrations of sulfide minerals in older waste dumps 
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compared to modern times (Kwong et al., 1997). Ontario’s Ministry of Northern 

Development and Mines (2018) has documented over 5,000 abandoned mines 

across the province with potential environmental hazards that are not well 

understood. Therefore, it is important to recognize the long-term effects that waste-

rock weathering can impose on metal transport and how the underlying processes 

may change over time to make properly informed decisions and develop impactful 

management strategies (Berghorn and Hunzeker, 2001). This chapter aims to 

investigate metal release mechanisms after ~100 years of weathering at Ore 

Chimney while capturing the effects of waste-rock heterogeneity. 

2.2 Methods 

2.2.1 Field Methods 

During the first week of November 2019, samples of waste-rock material were 

collected from three vertical transects of the ~10 kt waste-rock pile at the Ore 

Chimney site. Vertical trenches were spaced out approximately 10 metres from 

each other and from the edges of the pile. In reference to the surface of the pile, 

three vertical transects were dug to a depth of five metres, approximately 

corresponding to the total height of the pile above the original ground surface. 

Samples of in situ waste-rock material were collected every 0.5 m along an 

undisturbed sidewall of each trench using a trowel and 5 to 6 kg of material was 

transferred into 2721 mL Nasco Whirl-Pak sample bags. Waste-rock pile 

deconstruction was facilitated using a 4.5 tonne Bobcat E42 mini-excavator. The 

material sampled at each depth was subdivided into two classes, designated for 

hard-rock geochemistry and porewater chemistry investigations, respectively. 

Furthermore, two depth locations in each trench were designated for collecting 

duplicate samples (Figure 2.1). Samples of waste-rock material were stored in a 

freezer at -22°C following each day of field work in preparation for subsequent 

laboratory analysis. 
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2Figure 2.1: a) Aerial schematic of the waste-rock pile with location of vertical 
transects (stars; T = trench), b) Cross-sectional view of sampling locations                                 

(8× vertically exaggerated). 

 

2.2.2 Sample preparation 

Samples of waste-rock material were air-dried for 48 hours and passed through a 

two-millimetre sieve. The particles of waste-rock material that passed through the 

sieve were air dried for an additional 24 hours and the > 2.0 mm fraction was 
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immediately returned to the freezer for future considerations. To contrast 

weathering on different grain size, air-dried samples less than two millimeters in 

diameter were passed through a second sieve with a 0.5 mm mesh size. Waste-

rock material 0.5 to 2.0 mm in diameter was designated as the coarse-grained 

fraction and material < 0.5 mm was designated as the fine-grained fraction. Sieved 

waste-rock material was passed through a Gilson Model: SP-33 stainless steel 

universal riffle splitter and material was split to a desired sample volume of 110 mL 

for archiving and subsample freeze-drying (ASTM C702/C702M-11, 2011). 

Samples of waste-rock material were transferred into 125 mL VWR® 

polypropylene wide mouth bottles and affixed with 20 μm filter paper for modified 

lids. To ensure that sample moisture was removed, samples were freeze dried at 

-87°C and 0.5 mbar for 24 hours using a Labconco FreeZone 2.5 L Benchtop 

Freeze Dry System with a 12-port drying manifold. A ~40 g subsample of freeze-

dried material for polished grain mount preparation was obtained by applying the 

ASTM quartering method (ASTM C702/C702M-11, 2011). The remaining sample 

material was crushed and homogenized for quantitative geochemical analyses. 

Freeze-dried ~300 g subsamples were powdered to < 75 μm using a (Rocklabs) 

stainless steel standard ring mill. Pulverised samples were submitted for PXRD, 

total (C/S) analysis, and ICP-AES/MS. Non-pulverised freeze-dried samples were 

prepared for optical microscopy and SEM-EDX. 

2.2.3 Analytical Methods 

Grain mounts of freeze-dried waste-rock material were prepared on glass slides 

(45 mm × 25 mm), immersed in a non-aqueous epoxy, and polished to a thickness 

of 60 μm. Grain mounts were prepared to a thickness of 60 μm instead of 30 μm 

to reduce the likelihood of obscurities and better preserve entire grains of fine-

grained ore minerals (Langman et al., 2015). The ore mineralogy of the polished 

grain mounts was characterized under reflected light using a Nikon OPTIPHOT-

POL polarizing microscope connected to a JENOPTIK ProgRes® microscope 

camera. To assess the extent of waste-rock sulfide mineral alteration from 

prolonged exposure above ground surface, the average condition of sulfide grains 
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in coarse-grained samples was interpreted using an empirical ranking system 

(Table 2.1). 

1Table 2.1: Sulfide mineral oxidation ranking. 

Rank Description of average oxidation of sulfide grain 

1 Pristine rim (0 to 10% of mineral area) 
2 Thinly weathered rim (10 to 20% of mineral area) 
3 Moderately weathered rim (20 to 30% of mineral area) 
4 Extensively weathered rim (>30% mineral area) 

 

With the average condition of each sulfide mineral in the coarse-grained fraction 

ranked, a sulfide alteration index (SAI) was developed to interpret the differences 

in weathering condition between the different sulfide minerals commonly found 

throughout the waste rock (Table 2.2). The SAI is based on similar scales in 

previous studies of mine-waste sulfide mineral weathering (Blowes and Jambor, 

1990; Moncur et al., 2005, Moncur et al., 2009) but was tailored for the sulfide 

mineral assemblage ubiquitous to the Ore Chimney waste-rock pile and included 

pyrite (FeS2), chalcopyrite (CuFeS2), and sphalerite (ZnS). 

 

2Table 2.2: Sulfide alteration index (SAI) of the Ore Chimney waste-rock pile. 

Index score Description of alteration 

4 
Sulfide minerals near complete oxidation, traces of  

pyrite and chalcopyrite remain, no sphalerite present 

3 
Sphalerite is sparse and remaining grains are                             
heavily oxidized, pyrite grains show alteration 

2 
Sphalerite grains show a thin oxidation rim with the      

mineral core relatively preserved, pyrite and          
chalcopyrite show minimal alteration 

1 
Sphalerite is common and relatively unweathered,  

pyrite and chalcopyrite grains are pristine 

 

Various mineral phases and subsequent regions of suspected chemical alteration 

in polished grain mounts representing the fine-grained fraction of sampled waste-

rock material were identified and prepared for SEM-EDX. Chemical analysis was 

performed using energy dispersive X-ray spectrometry with an Oxford silicon drift 
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detector energy dispersive spectrometer (SDD-EDS) ultra-thin window detector 

coupled with a JSM-IT500 JEOL scanning electron microscope. Furthermore, 

secondary mineral formation and subsequent mineral structures were interpreted 

with digital back-scattered electron (BSE) high-resolution imagery. 

PXRD was performed for bulk mineralogical analyses at a (2θ) scan rate of 

0.5°/minute from 5 to 85° at the University of Ottawa using a Rigaku Ultima IV 

Diffractometer. Peak data generated from PXRD was post-processed at Carleton 

University using © PANalytical HighScorePlus software (version 4.7.0.24755). The 

primary mineral phases were identified in reference to the international centre for 

diffraction database (ICDD) and the amplitudes of peak data corresponded to 

mineral concentrations, quantified in relation to external standards developed in 

the ICDD. A conservative detection limit for PXRD mineral quantification and SEM-

EDX elemental composition was estimated at 2 wt.% (Aguilar et al., 2019). 

The total C/S analysis was conducted at the University of Waterloo using an 

ELTRA CS-2000 Carbon/Sulfur analyzer with an induction furnace and infrared 

detector. The conservative detection limit for the ELTRA CS-2000 system was 

estimated at 0.02 wt.% (Ripley et al., 2011). Inorganic carbon and sulfur content in 

a material sample are typically measured as a mass percentage value (wt.%). 

Post-processing data from total C/S analysis assumes that the S content is fixed 

as pyrite (𝐹𝑒𝑆2(𝑠)) and the inorganic carbon content is fixed as calcite (𝐶𝑎𝐶𝑂3(𝑠)). 

The acidification potential (AP) and neutralization potential (NP) was interpreted 

under the assumption that one mole of calcite (equation 5) neutralizes one mole 

of sulfur (equation 3). Therefore, the AP (8) and NP (9) of a sample can be 

estimated (Sobek, 1978; Blowes et al., 2013). 

𝐴𝑃 = 𝑠𝑢𝑙𝑓𝑢𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑘𝑔/𝑡𝑜𝑛𝑛𝑒) ×
𝑀𝑤 𝑜𝑓 𝑐𝑎𝑙𝑐𝑖𝑡𝑒 (𝑔 𝑚𝑜𝑙)⁄

𝑀𝑤  𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟 (𝑔/𝑚𝑜𝑙)
 (8) 

𝑁𝑃 = 𝑐𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑘𝑔/𝑡𝑜𝑛𝑛𝑒) ×
𝑀𝑤 𝑜𝑓 𝑐𝑎𝑙𝑐𝑖𝑡𝑒 (𝑔 𝑚𝑜𝑙)⁄

𝑀𝑤  𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 (𝑔/𝑚𝑜𝑙)
 (9) 
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Acidification and neutralization potential of waste-rock samples were classified 

according to INAC (1993). Waste-rock samples with NP:AP ratios less than 1:1 

were described to have a “potential acid generating” (PAG) ability, NP:AP ratios 

between 1:1 and 3:1 were considered to have an “uncertain acid generating” 

(UAG) potential, and NP:AP ratios greater than 3:1 were termed “non-acid 

generating” (NAG) (Smith et al, 2013a). 

ICP-AES/MS was performed at the Geochemistry Laboratory at the University of 

Ottawa. Freeze-dried and powdered waste-rock samples were subjected to a two-

step acid digestion procedure. A 50 mg subsample of sediment was weighed in a 

7 mL Teflon vial. Ultra-pure nitric acid (0.5 mL) and hydrochloric acid (1.5 mL) 

(aqua regia) were added to the vial and settled for one hour. The loosely capped 

Teflon vials were heated at 110⁰C for 12 hours. The solution evaporated to near 

dryness and the residue was re-dissolved in 0.5 mL of nitric acid and 2 mL of Fisher 

Optima Grade and MilliQ 18.2 Ω deionized water. Contents were transferred into 

pre-weighed 15 mL plastic vials and centrifuged. The clear portion of the solution 

containing major cations (i.e., Al, Ca, Mg) was quantitatively transferred to another 

15 mL vial and diluted with deionized water to a mass of 10.0 g. Remaining residue 

mostly contained insoluble silicates and was transferred back into the 7 mL Teflon 

vial and digested with ultra-pure hydrofluoric acid (0.5 mL HF) and nitric acid (0.5 

mL HNO3). Contents were evaporated to near dryness and residual hydrofluoric 

acid was removed by adding a second 0.5 mL portion of nitric acid and repeating 

the drying procedure. The residue was re-dissolved in 0.5 mL of nitric acid and 2 

mL of deionized water and diluted to a mass of 10.0 g. (N. De Silva, personal 

communications, 2021). 

To compare metal concentrations between digestions representing more soluble 

solid phases (i.e. aqua regia) and less soluble silicate minerals (i.e. HF and HNO3), 

solutions from both steps of the acid digestion procedure were analyzed. Major 

cations were measured by ICP-AES using an Agilent 5110 SVDV CCD atomic 

emission spectrometer and trace metal concentrations were determined by ICP-

MS using an Agilent 8800 QQQ triple quadrupole mass spectrometer. Both ICP-



20 
 

AES and ICP-MS measurements were calibrated using external standards and all 

calibration standards were prepared using an ultra-pure 1% nitric acid solution     

(N. De Silva, personal communications, 2021). 

2.3 Results 

Visual observations during excavation of the vertical transects at Ore Chimney 

revealed that the waste-rock pile (WRP) slightly exceeded five metres in depth at 

trench 1. The beginning of a transitional boundary between the waste-rock pile and 

natural overburden material was estimated between 4.5 to 5.0 metres deep in 

trench 2 and between 4.0 to 4.5 metres deep in trench 3. The subsequent 

geochemical depth plots indicate these non-discrete boundary estimations 

accordingly as “WRP boundary” and the samples located above these boundaries 

were referred to as the waste-rock material. Likewise, only the samples 

representing waste-rock material (i.e. excluding the samples below the WRP 

boundary) were included in statistical comparisons and the annotated results 

summary unless indicated otherwise. 

The results presented herein compare fine-grained and coarse-grained materials, 

spatial differences within a given trench (i.e. vertical trends), and differences in 

measurements between trenches, but only trends and differences with a statistical 

significance are reported. Vertical trends were interpreted from a two-tailed 

Pearson correlation analysis with 95% confidence and compared to critical 

Pearson correlation (R2
critical) values of 0.553, 0.576, and 0.602 for trenches 1, 2, 

and 3, respectively (Degrees of Freedom = n - 2) (Weatherington et al., 2012). 

Remaining statistical analyses were conducted as rank sum two-tailed t-tests 

calculating P-values (α) comparing fine- and coarse-grained samples of individual 

trenches (n = sample size = 13 in trench 1, n = 12 in trench 2, and n = 11 in trench 

3). Additional t-tests that compared samples between trenches did not include data 

from duplicate samples and only considered samples between 0.0 to 4.0 m depth 

to account for the transition between waste rock and overburden material observed 

in trenches 2 and 3 (n = 9). Vertical trends with insignificant correlation coefficients 

(R2
calculated < R2

critical) and t-test comparisons of population means (µ) with standard 
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deviations (σ) yielding no statistical difference (α > 0.05) were interpreted as such 

and not reported herein. 

2.3.1 X-ray Diffraction: Phase Identification and Quantitation 

Quartz concentrations in the waste-rock material ranged from 35 to 62 wt.% 

(coarse-grained µ = 48.1, σ = 9.9; fine-grained µ = 42.9, σ = 7.2) in trench 1, from 

31 to 51 wt.% (coarse-grained µ = 42.2, σ = 5.5; fine-grained µ = 37.3, σ = 3.8) in 

trench 2, and from 33 to 52 wt.% (coarse-grained µ = 45.0, σ = 5.3; fine-grained µ 

= 41.6, σ = 6.0) in trench 3 (Fig. 2.2a - c). The lowest quartz concentrations of the 

fine-grained fraction were observed in trench 2 and were highest in trench 1 with 

a mean difference of 7.9 wt.% (α = 0.05; 0.0 to 4.0 m depth). Quartz was the only 

mineral phase that consistently measured higher concentrations in the coarse-

grained fraction of waste-rock samples throughout all three trenches. Quartz 

concentrations were statistically higher in the coarse-grained fraction than the fine-

grained fraction by mean differences of 5.2, 4.9, and 3.4 wt.% in trenches 1, 2, and 

3 (α = 0.002, 0.006, and 0.03, respectively). 

Oligoclase concentrations ranged from 10 to 25 wt.% (coarse-grained µ = 16.8, σ 

= 3.9; fine-grained µ = 17.8, σ = 4.0) in trench 1, from 17 to 25 wt.% (coarse-

grained µ = 20.2, σ = 2.6; fine-grained µ = 21.9, σ = 2.5) in trench 2, and from 13 

to 28 wt.% (coarse-grained µ = 17.9, σ = 3.2; fine-grained µ = 21.1, σ = 5.7) in 

trench 3 (Fig. 2.2d - f). The lowest oligoclase concentrations of the coarse-grained 

fraction were observed in trench 1 and were highest in trench 2 with a mean 

difference of 4.6 wt.% (α = 0.04). Oligoclase concentrations in the fine-grained 

fraction were statistically higher than the coarse-grained fraction in trenches 2 and 

3 with mean differences of 1.8 and 3.2 wt.% (α = 0.05 and 0.02). 

Hornblende concentrations ranged from 5 to 12 wt.% (coarse-grained µ = 8.6, σ = 

2.1; fine-grained µ = 8.3, σ = 2.3) in trench 1, from 7 to 16 wt.% (coarse-grained µ 

= 10.7, σ = 2.4; fine-grained µ = 9.3, σ = 1.6) in trench 2, and from 5 to 15 wt.% 

(coarse-grained µ = 9.2, σ = 2.3; fine-grained µ = 8.8, σ = 2.5) in trench 3 (Fig. 

2.2g - i). Hornblende concentrations within the waste-rock material were relatively 

consistent between trenches and did not vary statistically with depth. 
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Biotite concentrations ranged from 9 to 27 wt.% (coarse-grained µ = 14.6, σ = 4.2; 

fine-grained µ = 16.7, σ = 6.4) in trench 1, from 11 to 24 wt.% (coarse-grained µ = 

14.8, σ = 2.5; fine-grained µ = 18.2, σ = 3.6) in trench 2, and from 10 to 20 wt.% 

(coarse-grained µ = 12.9, σ = 2.3; fine-grained µ = 16.2, σ = 2.9) in trench 3         

(Fig. 2.2j - l). The biotite mineral phase was predicted to host Ti, Mn, and Zn at 

trace atomic proportions of 0.1, 0.01, and 0.01, respectively. Among the mineral 

phases identified by PXRD, biotite most consistently measured higher 

concentrations in the fine-grained fraction of waste-rock samples throughout all 

three trenches. Biotite concentrations in the fine-grained fraction were statistically 

higher than the coarse-grained fraction with mean differences of 2.1, 3.3, and 3.3 

wt.% in trenches 1, 2, and 3 (α = 0.02, 0.0003, and 0.0004, respectively).  

Chlorite concentrations ranged from 3 to 7 wt.% (coarse-grained µ = 5.3, σ = 1.1; 

fine-grained µ = 5.5, σ = 1.0) in trench 1, from 3 to 6 wt.% (coarse-grained µ = 4.1, 

σ = 0.9; fine-grained µ = 4.8, σ = 0.8) in trench 2, and from 3 to 7 wt.% (coarse-

grained µ = 4.9, σ = 1.0; fine-grained µ = 4.9, σ = 1.2) in trench 3 (Fig. 2.3a - c). 

Chlorite concentrations within the waste-rock material were relatively consistent 

between trenches and did not vary statistically with depth. 

PXRD analyses had a conservative detection limit of 2 wt.%. As such, calcite often 

measured concentrations < 2 wt.% but were still incorporated in statistical 

calculations for simplicity, but with less emphasis in the discussion. Calcite 

concentrations ranged from below the detection limit to 6 wt.% (coarse-grained µ 

= 2.7, σ = 1.0; fine-grained µ = 3.8, σ = 2.0) in trench 1, from below detection to 3 

wt.% (coarse-grained µ = 2.0, σ = 0.4; fine-grained µ = 2.2, σ = 0.6) in trench 2, 

and below detection of 2 wt.% (coarse-grained µ = 1.3, σ = 0.5; fine-grained µ = 

1.5, σ = 0.5) in trench 3 (Fig. 2.3d - f). Although often measuring below detection, 

calcite concentrations in the coarse-grained fraction were highest in trench 1 and 

lower in trenches 2 and 3 by mean differences of 0.6 and 1.3 wt.% (α = 0.05 and 

0.04). The same trends were observed in the fine-grained fraction with mean 

differences of 1.5 and 2.2 wt.% (α = 0.02 and 0.04). Calcite concentrations in the 
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fine-grained fraction were higher than the coarse-grained fraction in trench 1 with 

a mean difference of 1.1 wt.% (α = 0.003). 

Dolomite concentrations ranged from below detection to 6 wt.% (coarse-grained µ 

= 2.9, σ = 1.4; fine-grained µ = 2.3, σ = 1.4) in trench 1, from 2 to 8 wt.% (coarse-

grained µ = 4.6, σ = 1.5; fine-grained µ = 4.0, 1.1) in trench 2, and from 3 to 13 

wt.% (coarse-grained µ = 7.0, σ = 3.2; fine-grained µ = 4.6, σ = 1.2) in trench 3 

(Fig. 2.3g - i). Dolomite concentrations in the coarse-grained fraction were 

observed to be lowest in trench 1 and statistically higher in trenches 2 and 3 by 

mean differences of 2.1 and 4.4 wt.% (α = 0.004 and 0.007). The same trend was 

observed for the fine-grained fraction with mean differences of 1.9 and 2.5 wt.% (α 

= 0.01 and 0.002). Dolomite concentrations in the coarse-grained fraction were 

higher than the fine-grained fraction in trench 3 by a mean difference of 2.4 wt.% 

(α = 0.01). 

Pyrite, ferroan sphalerite, and galena were the only sulfide phases identified from 

PXRD measurements. Due to their trace abundance, individual sulfide phases 

were difficult to quantify. Therefore, the sulfide mineral phases were presented 

herein as the summation of pyrite, ferroan sphalerite, and galena measurements. 

The sulfide mineral content typically measured below detection of 2 wt.% and 

ranged from 0 to 3 wt.% in trench 1, from 1 to 4 wt.% in trench 2, and from 1 to 4 

wt.% in trench 3 (Fig. 2.3j - l). There was no relationship between concentration 

and depth for any grain fraction of the cumulative sulfide mineral phases identified 

by PXRD.  

The analytical sensitivity of PXRD analysis was estimated at ~2 wt.% (Aguilar et 

al., 2019), which creates difficulties in reporting the presence of trace mineral 

phases with sufficient confidence. However, estimations of carbonate (i.e. calcite 

and dolomite) and sulfide mineral wt.% from PXRD analysis was comparable to 

ranges observed from total C/S analysis (Fig. 10a - c). Any sulfide depth trends, 

differences in content between trenches, and differences between coarse and fine-

grained samples in the same trench were better interpreted from total [C] and [S] 
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readings due to the higher sensitivity and no cumulative error associated with the 

reported measurements.  

 

 

 

 

3Figure 2.2: Major mineral phase depth plots for trench 1 (left), trench 2 
(middle), and trench 3 (right). 
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4Figure 2.3: Minor mineral phase depth plots for trench 1 (left), trench 2 
(middle), and trench 3 (right). 
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2.3.2 Ore Petrography 

The four most common sulfide minerals from high to low relative abundance in the 

polished grain mounts were sphalerite (ZnS) > galena (PbS) > pyrite (FeS2)              

> chalcopyrite (CuFeS2) and were analyzed for the degree of oxidation based on 

the empirical ranking scheme presented in Table 2.1. Each polished grain mount 

(representing a sample of waste-rock material) contained approximately 3 to 8 

pyrite and chalcopyrite grains (each) and 5 to 12 sphalerite and galena grains 

(each). Sulfide mineral grains within the same grain mount often showed a slight 

range in weathering and results are presented as an average rank for each sulfide 

mineral for each sample (one sample for each depth location in each trench;             

n = 13 for trench 1, n = 12 for trench 2, and n = 11 for trench 3). All four sulfide 

minerals showed some indication of weathering (Fig. 2.4a - l). The average degree 

of weathering for the four common sulfide minerals was relatively consistent 

between trenches and did not vary significantly with depth. Chalcopyrite displayed 

the lowest average degree of weathering with mineral grains typically assigned a 

rank of 1, indicating a very thin zone of alteration. In many instances, pyrite grains 

showed a similar alteration range to chalcopyrite; however, displayed a slightly 

higher average degree of weathering (i.e. a higher proportion of samples assigned 

an average rank of 2). In general, galena grains weathered to a similar extent as 

pyrite; however, exhibited a higher average range in weathering throughout each 

trench with more samples assigned a rank of 3. Sphalerite mineral grains were 

observed to be weathered to the highest extent with all samples given an average 

rank of 2 or 3. 
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5Figure 2.4: Average pyrite, chalcopyrite, sphalerite, and galena oxidation 
ranking for each waste-rock sample location for trench 1 (left), trench 2 (middle),                         

and trench 3 (right). 
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The variation in the degree of sulfide mineral weathering of individual grains within 

the same sample reflected the overall variation in the average ranks distributed 

between sample locations. For example, the sample representing 4.5 m depth in 

trench 1 revealed pyrite grains that were oxidized < 10% of the mineral area (rank 

of 1; Fig. 2.5a) and 10 to 20% of the mineral area (rank of 2; Fig. 2.5b). Likewise, 

pyrite grains with an oxidation rank of 1 (Fig. 2.5e) and a rank of 2 (Fig. 2.5c, d, 

and f) were observed from samples representing different depths in different 

trenches. Chalcopyrite mineral grain oxidation ranks also ranged from 1 (Fig.2.5h, 

i, k, and l) to 2 (Fig. 2.5g and j); however, most grains had an average condition of 

1. Sphalerite mineral grain condition ranged from 2 (Fig. 2.5m, p, and r) to 3 (Fig. 

2.5n, o, and q) and the average galena grain condition varied at 1 (Fig. 2.5s and 

u), 2 (Fig. 2.5t, v, and w), and 3 (Fig. 2.5x). 

Sulfide Alteration Index (SAI) scores were assigned based on the overall degree 

of weathering, taking into account the suite of sulfide minerals, their abundance, 

and their average oxidation rank (Table 2.2). Galena was omitted from SAI 

interpretations due to a “persistence effect” described by Moncur et al (2009). The 

overall magnitude of weathering of the Ore Chimney waste-rock material was 

defined primarily by the prevalence and condition of sphalerite grains, which 

exhibited a combination of thinly weathered, moderately weathered, and 

extensively weathered rims. In addition, other sulfide minerals such as pyrite and 

chalcopyrite were noticeably less weathered than sphalerite. In general, the SAI 

scores for each sample ranged from 2 to 3 and showed no significant change with 

depth nor between trenches. 

Systematic ranking of sulfide mineral weathering as described above was 

completed on the coarse-grained fraction of waste-rock samples. However, the 

average extent of sulfide mineral oxidation in the fine-grained fraction was also 

observed to be highest in sphalerite grains (Fig. 2.6m - r) and lowest in chalcopyrite 

grains (Fig. 2.6g - l). In addition, individual sphalerite, pyrite (Fig. 2.6a - f), and 

galena (Fig. 2.6s - x) grains also displayed a range in alteration within the same 

samples and between sample locations. Intricacies in the preparation of polished 
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grain mounts and the inherent weathering variability of sulfides made it difficult to 

assess any distinct difference in mineral reactivity between coarse and fine-

grained fractions. Pyrite, chalcopyrite, sphalerite, and galena were common in both 

grain fractions and the corresponding condition of mineral alteration rims between 

grain size ranges was similar in most cases. On average, the number of individual 

sulfide mineral grains were higher in the fine-grained fraction and sometimes 

presented a greater intra-sample variability in mineral alteration. Furthermore, 

pyrite fracturing was more apparent in the fine-grained fraction and pyrite mineral 

cores were often observed to be smaller (Fig. 2.6d and e). 

In addition to pyrite, chalcopyrite, sphalerite, and galena, the Ore Chimney waste-

rock material contained additional ore minerals that were found only in a few 

sample locations. These mineral phases included a (Cu,Sb)S phase (potentially 

famatinite), a (Cu,Sb,Ag)S phase (potentially freibergite), arsenopyrite (FeAsS), 

magnetite (Fe3O4), ilmenite (FeTiO3), rutile (TiO2), and titanite (CaTiSiO5)           

(Fig. 2.7a - f). Although below the detection limit, arsenopyrite, magnetite, and 

ilmenite measured trace concentrations of Co (< 1 wt.%). Each of these trace ore 

mineral phases were observed to be altered to some extent; however, they were 

not abundant enough throughout the pile to accurately supplement assessments 

of overall sulfide mineral alteration. 

Sulfide mineral investigations of the fine-grained fraction of waste-rock material 

under SEM-EDX revealed that unweathered pyrite predominantly consisted of Fe 

and S with concentrations below detection (< 1.0 wt.%) of mercury (Hg), cobalt 

(Co), and nickel (Ni). Alteration zones of pyrite grains were observed as a Fe-oxide 

phase containing Pb, Zn, and sometimes Cu (Fig. 2.8a and b). Pyrite mineral 

grains also exhibited various degrees of fracturing, which revealed increased 

zones of alteration and were increasingly apparent with smaller grain size. 

Unweathered chalcopyrite grains were composed of Cu, Fe, and S with no 

detectable trace concentrations of other metals. Alteration zones of chalcopyrite 

were mostly comprised of a Fe-oxide phase with detectable concentrations of Pb, 

Zn, and Cu. Measured concentrations of Cu in unweathered chalcopyrite cores 
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ranged from 30 to 36 wt.% and were significantly lower within the alteration zones 

ranging from 5 to 15 wt.% (Fig. 2.8c and d). 

 

6Figure 2.5: Common ore minerals under reflected light (0.5 to 2.0 mm grain 
size) (i.e. C1 refers to coarse grain fraction at trench 1). 
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7Figure 2.6: Common ore minerals under reflected light (< 0.5 mm grain size)           
(i.e. F3 refers to fine grain fraction at trench 3). 
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8Figure 2.7: Trace ore minerals under reflected light                                                      
(F: < 0.5 mm, C: 0.5 to 2.0 mm grain size). 

 

 

9Figure 2.8: BSE images of pyrite (a and b) and chalcopyrite (c and d) 
weathering phases under SEM (< 0.5 mm grain size). 



33 
 

Unaltered sphalerite mineral cores were primarily composed of Zn and S with 7 to 

10 wt.% Fe, under range Cd (1 to 2 wt.%), and < 1 wt.% Ni. Sphalerite alteration 

zones were typically comprised of a ZnCO3 phase (hereafter referred to as 

smithsonite) and 15 to 19 wt.% Fe potentially as an accessory Fe-oxide phase with 

detectable concentrations of Pb and sometimes Cu (< 5.0 wt.%) (Fig. 2.9a and b). 

There was no detection of Cd in the alteration zones of any sphalerite grains. 

Pristine galena mineral cores were composed entirely of Pb and S with no 

presence of other trace metals. Galena alteration zones were mainly composed of 

a cerussite (PbCO3) phase with detectable concentrations of Zn and sometimes 

Cu (< 5.0 wt.%) (Fig. 2.9c and d). Calcite measured Mg concentrations up to 2 

wt.%, and although below detection, both calcite and dolomite occasionally hosted 

trace concentrations of Mn (< 1 wt.%). Calcite and dolomite were observed both 

as loose grains and within sulfide minerals such as pyrite (Fig. 2.10a and b). 

 

 

10Figure 2.9: BSE images of sphalerite (a and b) and galena (c and d) 
weathering phases under SEM (< 0.5 mm grain size). 
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11Figure 2.10: BSE images of pyrite and Ca-carbonate phases under SEM                 
(< 0.5 mm grain size). 

Although trace concentrations of certain metals (i.e. Co, Ni, Cd, Mg, and Mn) were 

measured below the detection limit of ~2 wt.%, the presence of these trace metals 

from the proposed mineral sources remains likely due to metal concentrations 

confirmed via solid-phase ICP-AES/MS (section 2.4.3). 

2.3.3 Total Inorganic Carbon and Sulfur (C/S) Analysis 

Sulfur concentrations in the waste-rock material ranged from 0.6 to 4.3 wt.% 

(coarse-grained µ = 2.4, σ = 1.1; fine-grained µ = 2.3, σ = 1.1) in trench 1, from 1.1 

to 4.1 wt.% (coarse-grained µ = 2.0, σ = 0.8; fine-grained µ = 2.0, σ = 0.6) in trench 

2, and from 0.3 to 4.0 wt.%. (coarse-grained µ = 1.8, σ = 1.0; fine-grained µ = 1.6, 

σ = 0.9) in trench 3. Inorganic carbon measurements ranged from 0.2 to 2.2 wt.% 

(coarse-grained µ = 1.3, σ = 0.6; fine-grained µ = 1.4, σ = 0.6) in trench 1, from 0.9 

to 1.5 wt.% (coarse-grained µ = 1.3, σ = 0.1; fine-grained μ = 1.3, σ = 0.1) in trench 

2, and from 0.8 to 2.2 wt.% (coarse-grained µ = 1.5, σ = 0.3; fine-grained µ = 1.5, 

σ = 0.4) in trench 3. Error bars were generated based on the standard deviation 

(σ) of three consecutive sample measurements (Fig. 2.11a - c). The variation in S 

and C measurements corresponded to different depth locations in each trench and 

showed no indications of depth dependency. However, the range in total S and C 

content between trenches was similar and total inorganic carbon concentrations 

showed an inverse relationship to the total sulfur content across all depths within 

each trench. Furthermore, the average S content was statistically higher in the 

coarse-grained fraction than the fine-grained fraction in trench 3 by a mean 

difference of 0.3 wt.% (α = 0.003). 
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12Figure 2.11: Total C and S content (wt.%) for coarse (left) and fine (right) grain 
fractions for a) trench 1, b) trench 2, c) trench 3. Error bars show the       

standard deviation from three consecutive measurements 
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NP:AP ratios (NPR values) for coarse- and fine-grained waste-rock samples 

ranged from 0.21 to 9.29 (coarse-grained µ = 2.7, σ = 3.2; fine-grained µ = 2.5, σ 

= 2.5) in trench 1, from 0.76 to 2.83 (coarse-grained µ = 1.9, σ = 0.5; fine-grained 

µ = 1.9, σ = 0.5) in trench 2, and from 0.68 to 12.06 (coarse-grained µ = 3.2, σ = 

3.1; fine-grained µ = 3.9, σ = 3.3) in trench 3 (Fig. 2.12a - c). Most waste-rock 

samples, both coarse- and fine-grained, across each trench, had a UAG potential. 

Trench 2 showed the least variability in NPR values with only the coarse-grained 

fraction of one sample falling into the PAG region; the remainder observed to be 

uncertain. Trench 1 and trench 3 showed greater variability with multiple samples 

of both grain size fractions in the PAG and NAG regions. 
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13Figure 2.12: Acid generation potential for a) trench 1, b) trench 2, c) trench 3. 
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2.3.4 Solid Phase Chemistry 

Iron (Fe) concentrations in the waste-rock material ranged from 65126 to 117275 

ppm (coarse-grained µ = 74107, σ = 5466; fine-grained µ = 80030, σ = 16113) in 

trench 1, from 64693 to 91735 ppm (coarse-grained µ = 72077, σ = 7109; fine-

grained µ = 77206, σ = 6339) in trench 2, and from 61406 to 93794 ppm (coarse-

grained µ = 70600, σ = 7117; fine-grained µ = 77499, σ = 7230) in trench 3          

(Fig. 2.13a - c). Iron concentrations in the fine-grained fraction were statistically 

higher than the coarse-grained fraction in trenches 2 and 3 with mean differences 

of 5129 and 6899 ppm (α = 6 × 10-4 and 4 × 10-4). 

Copper (Cu) concentrations ranged from 376 to 4098 ppm (coarse-grained µ = 

1657, σ = 752; fine-grained µ = 2536, σ = 1206) in trench 1, from 1224 to 7544 

ppm (coarse-grained µ = 2047, σ = 1220; fine-grained µ = 3286, σ = 1544) in trench 

2, and from 348 to 3853 ppm (coarse-grained µ = 1146, σ = 714; fine-grained µ = 

1781, σ = 991) in trench 3 (Fig. 2.13d - f). Copper concentrations in the fine-grained 

fraction were statistically higher than the coarse-grained fraction in trenches 1, 2, 

and 3 with mean differences of 878, 1240, and 635 ppm (α = 5 × 10-5, 4 × 10-7, and 

2 × 10-4, respectively). 

Zinc (Zn) concentrations ranged from 6416 to 25709 ppm (coarse-grained µ = 

10357, σ = 3538; fine-grained µ = 15223, σ = 5227) in trench 1, from 14138 to 

28567 ppm (coarse-grained µ = 16673, σ = 2493; fine-grained µ = 23198, σ = 

3978) in trench 2, and from 4007 to 38899 ppm (coarse-grained µ = 11270, σ = 

6026; fine-grained µ = 17252, σ = 9164) in trench 3 (Fig. 2.13g - i). Zinc 

concentrations in the fine-grained fraction were statistically higher than the coarse-

grained fraction in trenches 1, 2, and 3 with mean differences of 4867, 6525, and 

5982 ppm (α = 8 × 10-6, 1 × 10-6, and 2 × 10-4, respectively). Furthermore, Zn 

concentrations in the coarse-grained fraction were observed to be highest in trench 

2 and statistically lower in trench 1 by a mean difference of 6111 ppm                          

(α = 2 × 10-4). The same trend was observed in the fine-grained fraction with a 

mean difference of 7590 ppm (α = 2 × 10-3). 
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Lead (Pb) concentrations ranged from 3781 to 30373 ppm (coarse-grained µ = 

10624, σ = 5071; fine-grained µ = 15926, σ = 7510) in trench 1, from 8122 to 20971 

ppm (coarse-grained µ = 12243, σ = 2270; fine-grained µ = 16042, σ = 3184) in 

trench 2, and from 4478 to 45582 ppm (coarse-grained µ = 12244, σ = 6916; fine-

grained µ = 15551, σ = 11201) in trench 3 (Fig.2.13j - l). Lead concentrations in 

the fine-grained fraction were statistically higher than the coarse-grained fraction 

in trenches 1 and 2 with mean differences of 5302 and 3799 ppm (α = 9 × 10-4 and 

5 × 10-5). 

Manganese (Mn) concentrations ranged from 504 to 1674 ppm (coarse-grained µ 

= 1099, σ = 288; fine-grained µ = 1305, σ = 255) in trench 1, from 1049 to 1677 

ppm (coarse-grained µ = 1210, σ = 99; fine-grained µ = 1234, σ = 155) in trench 

2, and from 972 to 1790 ppm (coarse-grained µ = 1241, σ = 181; fine-grained µ = 

1379, σ = 253) in trench 3 (Fig. 2.14a - c). Manganese concentrations in the fine-

grained fraction were statistically higher than the coarse-grained fraction in 

trenches 1 and 3 with mean differences of 205 and 138 ppm (α = 3 × 10-4 and 6 × 

10-3). 

Cadmium (Cd) concentrations ranged from 35 to 229 ppm (coarse-grained µ = 

107, σ = 35; fine-grained µ = 134, σ = 50) in trench 1, from 127 to 284 ppm (coarse-

grained µ = 173, σ = 25; fine-grained µ = 210, σ = 49) in trench 2, and from 46 to 

340 ppm (coarse-grained µ = 115, σ = 56; fine-grained µ = 149, σ = 77) in trench 

3 (Fig. 2.14d - f). Cadmium concentrations in the fine-grained fraction were 

statistically higher than the coarse-grained fraction in trenches 1, 2, and 3 with 

mean differences of 27, 37, and 34 ppm (α = 1 × 10-3, 8 × 10-3, and 9 × 10-4, 

respectively). Furthermore, Cd concentrations in the coarse-grained fraction were 

observed to be lowest in trench 1 and statistically higher in trench 2 by a mean 

difference of 65 ppm (α = 5 × 10-4). The same trend was observed in the fine-

grained fraction with a mean difference of 74 ppm (α = 1 × 10-3). 

Arsenic (As) concentrations ranged from 86 to 1106 ppm (coarse-grained µ = 178, 

σ = 123; fine-grained µ = 463, σ = 282) in trench 1, from 119 to 1607 ppm (coarse-

grained µ = 396, σ = 137; fine-grained µ = 1160, σ = 316) in trench 2, and from 
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106 to 1078 ppm (coarse-grained µ = 205, σ = 88; fine-grained µ = 550, σ = 293) 

in trench 3 (Fig. 2.14g - i). Arsenic concentrations in the fine-grained fraction were 

statistically higher than the coarse-grained fraction in trenches 1, 2, and 3 with 

mean differences of 313, 764, and 345 ppm (α = 1 × 10-4, 6 × 10-7, and 8 × 10-4, 

respectively). Furthermore, As concentrations in the coarse-grained fraction were 

observed to be lowest in trench 1 and statistically higher in trench 2 by a mean 

difference of 214 ppm (α = 0.01). The same trend was observed in the fine-grained 

fraction with a mean difference of 657 ppm (α = 7 × 10-4). 

Antimony (Sb) concentrations ranged from 155 to 1313 ppm (coarse-grained µ = 

301, σ = 122; fine-grained µ = 610, σ = 344) in trench 1, from 312 to 1560 ppm 

(coarse-grained µ = 560, σ = 176; fine-grained µ = 1050, σ = 280) in trench 2, and 

from 43 to 1318 ppm (coarse-grained µ = 279, σ = 239; fine-grained µ = 532, σ = 

412) in trench 3 (Fig. 2.14j - l). Antimony concentrations in the fine-grained fraction 

were statistically higher than the coarse-grained fraction in trenches 1, 2, and 3 

with mean differences of 308, 490, and 252 ppm (α = 4 × 10-4, 1 × 10-7, and 8 × 

10-3, respectively). Furthermore, Sb concentrations in the coarse-grained fraction 

were highest in trench 2 and statistically lower in trenches 1 and 3 by mean 

differences of 287 and 284 ppm (α = 5 × 10-3 and 0.04). The same trend was 

observed in the fine-grained fraction with mean differences of 477 and 460 ppm  

(α = 0.02 and 0.03). 

Titanium (Ti) concentrations ranged from 2013 to 4274 ppm (coarse-grained µ = 

3153, σ = 744; fine-grained µ = 3376, σ = 589) in trench 1, from 3606 to 4312 ppm 

(coarse-grained µ = 3784, σ = 244; fine-grained µ = 4052, σ = 178) in trench 2, 

and from 3064 to 4418 ppm (coarse-grained µ = 3497, σ = 365; fine-grained µ = 

3825, σ = 368) in trench 3 (Fig. 2.15a - c). Titanium concentrations in the fine-

grained fraction were statistically higher than the coarse-grained fraction in 

trenches 1, 2, and 3 with mean differences of 223, 268, and 328 ppm (α = 0.03,    

1 × 10-3, and 7 × 10-3, respectively). Furthermore, Ti concentrations in the coarse-

grained fraction were lowest in trench 1 and statistically higher in trench 2 by a 
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mean difference of 757 ppm (α = 0.04). The same trend was observed for the fine-

grained fraction with a mean difference of 753 ppm (α = 0.01). 

Chromium (Cr) concentrations ranged from 152 to 294 ppm (coarse-grained µ = 

217, σ = 42; fine-grained µ = 176, σ = 15) in trench 1, from 145 to 249 ppm (coarse-

grained µ = 208, σ = 18; fine-grained µ = 166, σ = 14) in trench 2, and from 158 to 

264 ppm (coarse-grained µ = 225, σ = 26; fine-grained µ = 179, σ = 15) in trench 

3 (Fig. 2.15d - f). Chromium concentrations in the coarse-grained fraction were 

statistically higher than the fine-grained fraction in trenches 1, 2, and 3 with mean 

differences of 42, 43, and 46 ppm (α = 3 × 10-4, 2 × 10-6, and 7 × 10-6, respectively). 

Furthermore, Cr concentrations in the fine-grained fraction were highest in trench 

1 and statistically lower in trench 2 with a mean difference of 13 ppm                            

(α = 6 × 10-3). 

Cobalt (Co) concentrations ranged from 17 to 45 ppm (coarse-grained µ = 23,         

σ = 4; fine-grained µ = 35, σ = 6) in trench 1, from 20 to 44 ppm (coarse-grained  

µ = 22, σ = 1; fine-grained µ = 34, σ = 3) in trench 2, and from 18 to 46 ppm (coarse-

grained µ = 23, σ = 3; fine-grained µ = 35, σ = 6) in trench 3 (Fig. 2.15g - i). Cobalt 

concentrations in the fine-grained fraction were statistically higher than the coarse-

grained fraction in trenches 1, 2, and 3 each with a mean difference of 12 ppm      

(α = 2 × 10-6, 1 × 10-7, and 5 × 10-5, respectively). 

Nickel (Ni) concentrations ranged from 23 to 81 ppm (coarse-grained µ = 44,            

σ = 10; fine-grained µ = 58, σ = 12) in trench 1, from 34 to 96 ppm (coarse-grained      

µ = 48, σ = 13; fine-grained µ = 66, σ = 12) in trench 2, and from 40 to 73 ppm 

(coarse-grained µ = 47, σ = 6; fine-grained µ = 62, σ = 7) in trench 3                         

(Fig. 2.15j - l). Nickel concentrations in the fine-grained fraction were statistically 

higher than the coarse-grained fraction in trenches 1, 2, and 3 by 14, 18, and 15 

ppm (α = 1 × 10-6, 2 × 10-7, and 1 × 10-5, respectively). Furthermore, Ni 

concentrations in the fine-grained fraction were highest in trench 2 and statistically 

lower in trench 1 by a mean difference of 9 ppm (α = 0.02). 
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14Figure 2.13: Solid-phase iron (Fe), copper (Cu), zinc (Zn), and lead (Pb) depth 
plots for trench 1 (left), trench 2 (middle), and trench 3 (right). 
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15Figure 2.14: Solid-phase manganese (Mn), cadmium (Cd), arsenic (As), and 
antimony (Sb) depth plots for trench 1 (left), trench 2 (middle),                          

and trench 3 (right). 
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16Figure 2.15: Solid-phase titanium (Ti), chromium (Cr), cobalt (Co), and nickel 
(Ni) depth plots for trench 1 (left), trench 2 (middle), and trench 3 (right). 

 

In summary, there was no statistically significant relationship between 

concentration and depth in any trench for either grain fraction of the reported 

metals identified by ICP-AES/MS. Chromium was the only metal that measured 

higher concentrations in the coarse-grained fraction than the fine-grained fraction 

of waste-rock material. In order of appearance, the fine-grained fraction measured 
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higher relative concentrations of Cu (57% increase), Zn (45%), Pb (36%), Cd 

(25%), As (186%), Sb (92%), Co (53%), and Ni (34%) than the coarse-grained 

fraction. In trench 1, Zn, Cd, As, Sb, Ti, and Ni in fine and/or coarse-grained 

fractions measured statistically higher average concentrations than trench 2. 

Furthermore, concentrations of Zn, Pb, and Cd showed very similar depth patterns 

spiking at 1.0 m depth in trench 3 and deficient at 1.0 m depth in trench 1. 

2.4 Discussion 

2.4.1 General Lithology and Mineralogy 

The primary waste-rock mineral phases at Ore Chimney included quartz, 

oligoclase, hornblende, and biotite and accounted for 80 to 90 wt.% of the bulk 

mineralogy. The minor mineral phases identified throughout the waste-rock pile 

accounted for the remaining 10 to 20 wt.% and included chlorite, calcite, dolomite, 

and sulfide minerals mainly represented by chalcopyrite, pyrite, sphalerite, and 

galena. Wheeler (2017) conducted a detailed petrographic study in one 4.0 m deep 

trench in the waste-rock pile at Ore Chimney and characterized the mineralogy to 

mainly consist of quartz, biotite, and hornblende with traces of calcite, galena, 

sphalerite, pyrite, and chalcopyrite. Moore and Thompson (1980) and Harnois and 

Moore (1989) identified these phases from thin section analyses from fresh in situ 

samples of the Ore Chimney Formation, Tudor Formation, and neighbouring 

quartz vein lithologies from bore holes that intersected the underground workings 

that generated the Ore Chimney waste-rock pile and described in detail the 

additional presence of plagioclase feldspar, chlorite, and dolomite. 

Distribution of major mineral phases (including chlorite) was relatively uniform 

throughout all three vertical transects and showed only minor changes with depth. 

However, variation in mineral abundance with depth was different in each vertical 

transect and showcases the heterogeneity of blasted waste-rock material and non-

uniform pile formation from underground development at Ore Chimney. The waste-

rock material at Ore Chimney was stockpiled as six elongated “fingers” that 

overlapped and extended away from the direction of the mineshaft (Kingston, 



46 
 

1980; Archibald, 2012). The fingers represent stretches of geological material that 

were blasted and stockpiled during different stages of underground development. 

Vertical trenches 1, 2, and 3 were dug at fingers 3, 4, and 5, respectively, and 

Wheeler (2017) sampled to 4.0 m depth in a trench corresponding to finger 2      

(Fig. 2.16). Two of the six elongated sections of stockpiled material (1 and 6) were 

masked by vegetation, yielding four distinct piling stages from aerial photography 

(Fig. 1.1). 

 

17Figure 2.16: Historical sketch of the Ore Chimney waste-rock pile updated 
with study sampling locations (modified from Kingston, 1980). 

 

The entrance of the vertical mineshaft at the Ore Chimney property was confined 

within the Tudor Formation and underground workings extended laterally at 

various levels targeting carbonate-rich quartz veins surrounding the Ore Chimney 
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Formation (Dillon, 1985; Harnois and Moore, 1989). The variation in waste-rock 

mineral abundance with depth along each vertical transect was not considerable 

enough to distinguish the different lithologies encountered during underground 

development. Therefore, the waste-rock pile on the property was most likely 

comprised of blasted rock fragments originating from the Tudor Formation, Ore 

Chimney Formation, and intrusive quartz veins. There are no records indicating a 

systematic formation of the waste-rock pile (Archibald, 2012); however, it is most 

likely that the waste-rock “fingers” developed in succession and represent slightly 

different distributions of the Tudor Formation, Ore Chimney Formation, and quartz 

veins, which was directly reflected in the similar bulk mineralogy and minor 

variation in mineral abundance from PXRD and total C/S measurements. 

Quartz was observed as the dominant mineral phase in the waste-rock material, 

ranging from 40 to 60 wt.%. It is highly unlikely for the quartz content to originate 

from quartzite and/or siliceous metaconglomerate (Flinton group) since these 

geological units were spatially located away from underground workings and were 

observed to contain minimal sulfur (< 0.01 wt.%) and carbonate (0.2 wt.%) content 

(Harnois and Moore, 1988). The metamorphosed tholeiitic basalt comprising the 

Tudor Formation is mainly composed of hornblende and plagioclase feldspar but 

may contribute minor proportions (5 to 15 wt.%) of the quartz concentrations 

measured in the waste-rock material (Harnois and Moore, 1988). Measurements 

of oligoclase (10 to 30 wt.%) dispersed throughout the waste-rock samples can be 

explained by the presence of the Tudor Formation and elevated quartz 

measurements therefore must have been contributed by another type of lithology, 

likely quartz veins. 

Concentrations of biotite are mainly hosted within biotite schist and provide the 

strongest evidence that blasted material from the Ore Chimney Formation was 

mixed throughout the waste-rock pile. Measurable concentrations (> 5 wt.%) were 

ubiquitous throughout the pile suggesting that the Ore Chimney Formation was 

actively targeted throughout most of the mining operations. Furthermore, apatite 

and titanite were trace mineral phases most commonly associated with the Ore 
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Chimney Formation and were identified in some instances under SEM-EDX; thus, 

providing additional evidence that the Ore Chimney Formation constitutes an 

appreciable portion of the waste-rock material (Harnois and Moore, 1988).  

Hornblende has been identified as a mineral component of the Tudor Formation; 

however, it has also been observed to persist in the Ore Chimney Formation near 

the contact between the two units (Moore and Thompson, 1980). Investigations of 

the Ore Chimney Formation from detailed geological mapping surveys identified a 

variation in mineral assemblage including garnet-biotite, muscovite-biotite, and 

hornblende-biotite schist. The Ore Chimney Formation that was targeted 

underground mainly consisted of biotite schist or hornblende-biotite schist due to 

the absence of garnet and muscovite mineral phases in the waste rock (Harnois 

and Moore, 1988). Therefore, it is likely that the hornblende concentrations were 

contributed by both the Tudor Formation and the Ore Chimney Formation. 

Likewise, the Tudor Formation and the Ore Chimney Formation have both been 

observed to host chlorite, which may also be contributed by both formations 

(Harnois and Moore, 1988). 

Although sometimes measured below detection, average concentrations of calcite 

(2.2 wt.%) and dolomite (4.1 wt.%) throughout the waste-rock pile from both grain 

fractions estimated by PXRD was confirmed with optical microscopy and 

subsequent SEM-EDX. Harnois and Moore (1988) observed carbonate minerals 

in the Tudor Formation at Ore Chimney; however, they were typically associated 

as small veinlets less than 2 cm in diameter and are mainly composed of calcite. 

Calcite has been observed in metasedimentary rocks and some sections of biotite 

schist that are located on the property; although, these localities do not intersect 

with the underground workings that created the waste-rock pile (Moore and 

Thompson, 1980; Harnois and Moore, 1988). Furthermore, dolomite was 

measured as a dominant carbonate phase throughout the waste-rock pile but was 

not observed in the Tudor, Ore Chimney, or Bishop Corners Formation (Moore and 

Thompson, 1980). The presence of calcite and dolomite in relatively high 

abundance most likely originated from the blasting of carbonate-rich quartz veins 
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located throughout a shear zone directly intersecting the underground workings 

(Archibald, 2012). 

The relatively high detection limit of 2 wt.% for PXRD analyses made it difficult to 

compare certain mineral quantities with sufficient confidence. However, in coarse-

grained samples, dolomite may be more abundant than calcite by 2.5 and 4.8 wt.% 

in trenches 2 and 3, respectively. Fine-grained samples in trenches 2 and 3 may 

also contain more dolomite than calcite by 1.5 and 2.7 wt.%, respectively. Harnois 

and Moore (1989) observed calcite and dolomite as the two carbonate phases 

hosted by the quartz vein system that was targeted at Ore Chimney and estimated 

that calcite and dolomite were each concentrated in the quartz veins by an average 

of 5 % (by volume) but ranged as high as 20 %. In addition, Harnois and Moore 

(1989) observed a higher proportion of calcite than dolomite, which is contrary to 

measurements of the waste-rock material herein that suggest higher average 

concentrations of dolomite. Compared to dolomite, calcite has a higher solubility 

(Langmuir, 1997) and has been observed to buffer low pH waters at a rate 

approximately one order of magnitude higher, which explains the potential 

depletion of calcite in the waste-rock material (Lapakko, 2002). However, 

measurable calcite is still present in the waste rock and has not been completely 

exhausted even after ~100 years of sulfide mineral weathering. The quartz vein 

system is likely the main contributor for the concentrations of calcite and dolomite 

observed throughout the pile. Likewise, the quartz vein system is the only 

geological body that hosted the assemblage of sulfide minerals most comparable 

to concentrations observed in the pile and therefore must be a significant 

component of the waste-rock bulk mineralogy (Archibald, 2012).  

The grain size of waste-rock material varied considerably throughout the pile from 

< 0.5 mm particles to 20 cm diameter rock fragments. Material blasting and 

weathering processes may fractionate different minerals into different grain size 

categories depending on mineral hardness and reactivity at the surface. For 

example, quartz is a robust mineral with a low chemical reactivity and therefore 

remains relatively inert (Nesbitt et al., 1997), which explains why higher 
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concentrations of quartz were observed in the coarse-grained fraction than the 

fine-grained fraction in all three trenches. Conversely, biotite has a lower mineral 

hardness and is more reactive than quartz due to the oxidation of ferrous iron and 

inherently weaker mineral structure (Fordham, 1990), which corroborates PXRD 

results of higher concentrations of biotite measured in the fine-grained fraction of 

sampled waste-rock material. 

2.4.2 Mineral-Derived Metals in the Waste Rock 

Mineralogical data from PXRD indicated that solid-phase Fe concentrations in the 

waste rock originated from hornblende, biotite, chlorite, pyrite, and ferroan 

sphalerite minerals. Furthermore, ICP-AES measured higher Fe concentrations in 

the fine-grained fraction of waste-rock material compared to the coarse-grained 

fraction in trenches 2 and 3. Hornblende accounts for 5 to 15 wt.% of the bulk 

mineralogy; however, PXRD results did not show a difference in hornblende 

concentration with grain size. Biotite was slightly enriched in the fine-grained 

fraction of the waste rock and accounted for 10 to 25 wt.% of the bulk mineralogy, 

which is the highest of the Fe-bearing mineral phases. Wilson (1970) studied the 

weathering of a soil profile developed from a biotite-hornblende parent rock and 

observed enrichment of biotite-derived clay minerals in the upper soil profile where 

hornblende was less weathered and concentrated in closer proximity to the parent 

material. Therefore, elevated Fe measurements observed in the fine-grained 

fraction of the waste rock compared to the coarse-grained fraction in trenches 2 

and 3 suggest that biotite weathers more easily than hornblende and is likely the 

primary source of Fe in the waste-rock material (Wilson, 1970; Wilson and Farmer, 

1970). 

Although often measured below the detection limit, PXRD analysis identified the 

presence of galena and Fe-bearing sphalerite, which are likely the main sources 

of Pb and Zn in the waste rock. Low ICP-AES/MS Zn and Pb concentrations 

observed at 1.0 and 1.5 m depth in trench 1 correlate with low total S 

measurements in addition to a decreased presence of sulfide minerals in the 

PXRD data. Likewise, elevated Zn and Pb measurements at 1.0 m depth in trench 



51 
 

3 correlate with elevated total S concentration and increased concentrations of 

sulfides. Decreased Cu signatures at 1.0 and 1.5 m depth in trench 1 also correlate 

with a low sulfide mineral concentration; however, Cu concentrations rarely 

exceeded 5000 ppm (0.5 wt.%) and were too dilute to detect a Cu-bearing sulfide 

phase from PXRD. Using reflected light microscopy, galena and sphalerite grains 

and lower levels of chalcopyrite and pyrite were identified in every fine- and coarse-

grained waste-rock sample, which is consistent with the sulfide mineral 

assemblage identified from underground workings at Ore Chimney from past 

studies (Dillon, 1985; Harnois and Moore, 1988, Harnois and Moore, 1989; 

Archibald, 2012). Solid-phase ICP-AES/MS analyses of Cu, Zn, and Pb all 

measured higher relative concentrations in the fine-grained fraction. Compared to 

quartz, which has a mineral hardness of 7, galena, sphalerite, and chalcopyrite all 

have relatively lower mineral hardness of 2.5, 3.5 to 4, and 3.5 to 4, respectively 

(Petrescu, 1999). Therefore, blasting activities and century-long weathering may 

partition sulfides into smaller grain sizes, which was statistically insignificant with 

PXRD and total C/S measurements, but apparent in the solid-phase ICP-AES/MS 

results. 

The biotite mineral phase identified from PXRD analysis contained Mn at a mole 

fraction of 1% (atomic proportion of 0.01; Fig. 2.2j - l). Comparing both grain 

fractions from all three trenches, the average biotite concentration in the waste-

rock pile at Ore Chimney is approximately 16 wt.%. Therefore, the relative mass 

fraction of Mn in biotite (0.0012 g Mn/g biotite) identified by PXRD yields an 

average Mn contribution of 0.02 wt.%, which is sixfold lower than the average total 

Mn concentration of 1200 ppm (0.12 wt.%) in the waste-rock pile determined from 

ICP-AES. PXRD has a much lower resolution than ICP-AES and the discrepancy 

between average Mn concentration suggests that Mn was underestimated as a 

component of biotite and/or additional Mn-bearing minerals are contributing to the 

signatures measured in the waste rock.  

Polished grain mounts of 60 μm were tailored for the preservation and investigation 

of ore minerals (Langman et al., 2015); thus, Mn content in biotite grains was not 
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verified using SEM-EDX. Although below the detection limit, SEM-EDX 

consistently detected Mn in calcite and dolomite grains (n = 4 calcite and 1 

dolomite) ranging from 0.33 to 0.86 wt.% (μ = 0.51, σ = 0.22). In addition, Mn 

concentrations were consistently detected in ilmenite grains under SEM-EDX        

(n = 21) ranging from 0.37 to 4.73 wt.% (μ = 1.81, σ = 1.12). Llera et al (2019) 

identified ilmenite with an average Mn concentration of 4.6 wt.% in biotite-

muscovite schist that underwent similar shearing and metasomatic processes as 

the mineralized Ore Chimney Formation (Harnois and Moore, 1988). In addition, 

the average Mn content of biotite was observed to increase from 0.18 wt.% in non-

metasomatized schist samples to 0.28 wt.% in metasomatized samples (Llera et 

al., 2019) suggesting that biotite, ilmenite, and calcite in the mineralized Ore 

Chimney Formation may substantially contribute to waste-rock Mn concentrations 

measured by ICP-AES. 

Waste-rock Cd, As, and Sb concentrations measured by ICP-MS were not 

reflected in the mineralogy identified from PXRD. Low Cd concentrations observed 

at 1.0 and 1.5 m depth in trench 1 correlate with low total S measurements and a 

decreased abundance of sulfides in the mineralogical data. Likewise, an elevated 

Cd measurement at 1.0 m depth in trench 3 correlates with elevated S content and 

an increased concentration of sulfides. SEM-EDX analysis identified Cd at 1 to 2 

wt.% exclusively in sphalerite grains, which is below the detection limit, but 

consistent with measurements from other studies (Koski et al., 2008; Cook et al., 

2009; Ye et al., 2011). Like other sulfide-derived metals (Pb, Zn, and Cu), Cd 

concentrations measured by ICP-MS were higher in the fine-grained fraction of 

waste-rock samples. Furthermore, the relationship between Cd concentrations 

and depth was similarly observed with Zn indicating that sphalerite is likely the 

principal source of Cd concentrations in the waste rock. 

Reflected light microscopy and SEM-EDX analysis on polished grain mounts 

identified the presence of arsenopyrite, which was the only mineral observed to 

host measurable quantities of As. In aerobic environments, arsenopyrite has a 

mineral durability and alteration resistance that is proposed to be lower than pyrite 
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and chalcopyrite but greater than sphalerite (Moncur et al., 2009). Likewise, As 

concentrations were higher in the fine-grained fraction of waste-rock samples, 

which is consistent with measurements of other sulfide-bearing metals and 

suggests that arsenopyrite is the predominant source for As concentrations in the 

waste rock. Petrographic investigations also identified the presence of a 

(Cu,Sb,Ag)-bearing sulfide mineral that has been previously observed (in addition 

to arsenopyrite) in the mineralized zone of the Ore Chimney Formation and is 

described as freibergite (Harnois and Moore, 1989). In other settings, galena has 

been observed to substitute Pb for Sb at concentrations as high as 0.3 wt.% 

(George et al., 2015; Hamzeh et al., 2020) and contain inclusions with Sb 

concentrations as high as 4.0 wt.% (Sharp and Buseck, 1993). However, SEM-

EDX measurements of galena at Ore Chimney revealed no trace of Sb and it is 

likely that freibergite is the primary source of Sb (and Ag) concentrations in the 

waste rock. 

PXRD analysis estimated biotite to host Ti at an atomic proportion of 0.1 (mass 

fraction of 0.01). An average biotite concentration of 16 wt.% contributes a relative 

Ti proportion of 0.16 wt.%. Solid-phase ICP-AES/MS measurements of Ti in the 

waste rock averaged a concentration of 3600 ppm (0.36 wt.%), which is twofold 

higher than Ti estimations in biotite predicted by PXRD. Reflected light microscopy 

and subsequent SEM-EDX analysis identified one grain of titanite (CaTiSiO5) at 

5.0 m depth in trench 3 (Fig. 2.7f) and the occasional presence of ilmenite (FeTiO3) 

and rutile (TiO2) as additional Ti-bearing mineral phases throughout the waste-rock 

pile (2.17a - d). Grey and Reid (1975) proposed that rutile may be a natural 

weathering product of ilmenite through ferrous iron oxidation and subsequent Fe 

removal by leaching. However, Fe oxidation is expected to form secondary 

hematite (Fe2O3) and goethite [FeO(OH)] along ilmenite grain boundaries (Dawson 

and Smith, 1977; Schroeder et al., 2002) and the presence of Fe-oxides or Fe-

oxyhydroxides were not detected as an alteration phase of ilmenite in the Ore 

Chimney waste rock (Fig. 18a - d). Fu et al (2010) observed rutile as a stable 

ilmenite oxidation product under a temperature range of 500 to 800°C, which 

overlaps with regional metamorphic temperature estimates of 420 to 530°C at Ore 
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Chimney (Harnois and Moore, 1989). Therefore, it is likely that rutile and ilmenite 

crystallized within an underground intrusion and subsequent metamorphism under 

oxidizing conditions, rather than subaerial weathering and are relatively more 

stable above ground surface than sulfide minerals (Dawson and Smith, 1977). 

 

18Figure 2.17: BSE images of Fe- and Ti-oxide phases in the Ore Chimney 
waste rock. 

 

The average solid-phase Cr concentrations in the waste rock at Ore Chimney 

measured 200 ppm (0.02 wt.%) and were too low to be reflected as a stoichiometric 

component of mineral phases identified with PXRD. Furthermore, SEM-EDX 

analysis did not detect Cr as a component of any ore mineral phase except for one 

instance where Cr was measured (below the detection limit) in magnetite at 0.1 

wt.%. In other mine-waste studies, Cr has been observed as a trace component of 
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chlorite, biotite, amphibole, and pyroxene minerals (Tischendorf et al., 2001; 

Jambor et al., 2002; Moncur et al., 2009). However, subsequent porewater Cr 

signatures are typically derived from the weathering of Cr-bearing magnetite in 

mine wastes  (Moncur et al., 2005; Gunsinger et al., 2006b; Moncur et al., 2009). 

Chromium concentrations in the Ore Chimney waste rock were too low to be 

attributed to any common rock-forming or trace mineral phases. However, 

magnetite is a relatively robust mineral (Petrescu, 1999) and higher measurements 

of Cr in the coarse-grained fraction of waste rock measured by ICP-AES/MS 

suggests that magnetite may be the primary source of Cr in the waste rock. Solid-

phase concentrations of Co and Ni throughout the waste-rock pile were lower than 

Cr and averaged 54 and 28 ppm (0.005 and 0.003 wt.%, respectively). Although 

below the SEM-EDX detection limit, spot analyses on polished grain mounts 

detected trace levels of Co (< 0.6 wt.%) and Ni (< 0.9 wt.%) in several pyrite, 

magnetite, and ilmenite grains but these metals seldomly existed together. Pyrite 

was observed to host trace Co and Ni concentrations more frequently than 

magnetite and ilmenite. In addition, pyrite is more reactive than Fe-oxides in 

aerobic environments (Moncur et al., 2009) and ICP-AES/MS measured higher 

concentrations of Co and Ni in the fine-grained fraction of waste-rock material 

further suggesting that pyrite is the primary source of Co and Ni at Ore Chimney. 

2.4.3 Sulfide Mineral Weathering 

The primary sulfide mineral assemblage identified in almost every waste-rock 

sample using reflected light microscopy in order of decreasing relative abundance 

included sphalerite > galena > pyrite > chalcopyrite. In addition, observations of 

arsenopyrite and a (Cu,Sb,Ag)S mineral phase (potentially freibergite) were 

identified as additional sulfide minerals in few samples in trace amounts. Ilmenite 

represented the most abundant oxide mineral phase that was detected in few 

samples at trace levels and all the identified ore minerals were previously observed 

by Harnois and Moore (1989). The average extent of weathering observed in the 

waste-rock material was variable between the different primary sulfide minerals 

indicating differences in mineral durability. The comparative weathering rates of 
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sulfide minerals are summarized by Nordstrom and Alpers (1999) and 

corroborated by empirical field studies (Blowes and Jambor, 1990; Plumlee, 1999; 

Moncur et al., 2005; Gunsinger et al., 2006a; Koski et al., 2008; Moncur et al., 

2009). Considering only the primary sulfide mineral phases observed at Ore 

Chimney, the abovementioned field studies proposed a relative resistance to 

oxidation that typically increased in the order: sphalerite < galena < pyrite                    

< chalcopyrite, which was consistent with the mineral weathering variability 

observed at Ore Chimney. 

Chalcopyrite was observed as the most robust sulfide mineral, with average 

oxidation rankings of 1 and indicated by SEM-EDX measurements as the primary 

source for Cu concentrations in the waste rock. Alteration rims of chalcopyrite 

consisted of a Fe-oxyhydroxide phase that can suppress further oxidation and 

increase mineral durability in oxidizing environments (Moncur et al., 2009), which 

is consistent with observations of minimal alteration and low variation in oxidation 

ranking. Concentrations of Pb, Zn, and Cu were also detected along chalcopyrite 

alteration zones, which have likely co-precipitated and/or adsorbed to the Fe-

oxyhydroxide surfaces (Koski et al., 2008). Alteration zones of pyrite were 

interpreted as a similar Fe-oxyhydroxide phase bearing Pb, Zn, and Cu from co-

precipitation/adsorption reactions. Pyrite was assigned average oxidation rankings 

of 1.5 and alteration levels varied slightly more than chalcopyrite even though the 

alteration zones of both minerals were likely composed of a similar Fe-

oxyhydroxide phase. However, assessing the alteration extent of sulfide minerals 

required an observational and semi-quantitative tactic, which provides important 

context on overall weathering, but restricts the ability to discriminate between 

minerals of similar alteration extent, such as pyrite and chalcopyrite (Moncur et al., 

2005). 

Harnois and Moore (1989) identified traces of pyrrhotite (FeS) within the in situ 

quartz veins at Ore Chimney at a lower abundance than chalcopyrite, pyrite, 

sphalerite, and galena. There was no pyrrhotite observed in any of the polished 

grain mounts of waste-rock material, which suggests that any pre-existing 
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pyrrhotite in the pile at Ore Chimney has been completely weathered (Moncur et 

al., 2009). In oxidizing environments, pyrrhotite can alter to secondary marcasite 

(FeS2), which is a polymorph of pyrite (Blowes and Jambor, 1990). Marcasite has 

been observed to have a higher reactivity than pyrite (Plumlee, 1999), and the 

SEM-EDX technique applied herein could not differentiate between polymorphic 

FeS2 minerals. Instead, it is likely that the SEM results potentially grouped pyrite 

and marcasite as the same FeS2 phase, which may help explain why average 

pyrite alteration was observed to be higher and vary slightly more than 

chalcopyrite. 

Of the primary sulfide mineral phases observed at Ore Chimney, galena showed 

the greatest range in alteration extent. In sulfate-laden systems developed from 

sulfide oxidation, a rim of anglesite (PbSO4) often forms on galena grains, which 

significantly reduces galena solubility; thus, maintaining its persistence even in 

sphalerite-depleted aerobic environments (Moncur et al., 2009). Likewise, 

carbonate-rich systems with near-neutral pH may favour the formation of cerussite 

(PbCO3) along the grain exterior, which is a less soluble phase than anglesite, 

thereby enhancing galena persistence under the appropriate conditions (Keim and 

Markl, 2015). Sphalerite oxidation in carbonate-rich environments may favour the 

precipitation of smithsonite (ZnCO3) along the grain exterior and serve to control 

porewater Zn concentrations (Bain et al., 2001). However, smithsonite has a higher 

solubility than cerussite by two orders of magnitude; therefore, galena may have a 

higher persistence than sphalerite in carbonate-rich oxidizing systems (Takahashi, 

1960; Keim and Markl, 2015). SEM-EDX detected cerussite as an abundant phase 

along alteration zones of galena and lower proportions of smithsonite along 

sphalerite rims suggesting that high concentrations of dissolved carbonate may 

have a stronger control on galena weathering, and Zn is likely being released to a 

greater extent than Pb. The susceptibility of galena to weathering is recognized to 

be highly dependent on dissolved sulfate and carbonate, which is difficult to 

compare across different case studies and therefore omitted from the SAI 

developed herein and in other settings (Jeong and Lee, 2003; Moncur et al., 2009). 
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Sphalerite grains were observed as the principal source of waste-rock Zn and Cd 

concentrations. Moreover, the average molar Fe/Zn ratio determined via SEM-

EDX was 0.18 (σ = 0.03; n = 57 grains) yielding an average sphalerite mineral 

formula of ~Zn0.85Fe0.15S. SEM-EDX spot analyses were measured directly on 

mineral surfaces and the high reproducibility provides greater confidence than 

PXRD estimations based on lower sensitivity and limited selections from the ICDD 

(Zn0.66Fe0.34S). SEM-EDX measurements of sphalerite alteration rims typically 

revealed the presence of smithsonite and/or Zn,Fe-oxyhydroxide phases. 

Smithsonite may be more concentrated along the outer-most boundary of some 

sphalerite rims with minor Fe-oxyhydroxide formation favoured near the alteration 

rim interior (Boulet and Larocque, 1998; Mondillo et al., 2018). However, SEM-

EDX was not a sensitive enough technique to accurately distinguish these 

secondary mineral phases along nm-scale spatial gradients and reported the 

alteration rim composition as a combination of both. 

Similar to pyrite and chalcopyrite, Fe oxidation in ferroan sphalerite can form Fe-

oxyhydroxide phases that increase in prevalence with increasing Fe content and 

slow weathering rates over time (Fanfani, et al., 1996). Jeong and Lee (2003) 

investigated the oxidation of Fe-bearing sphalerite (Zn0.84Fe0.15Mn0.01S) under a 

pH range of 5.6 to 6.7 and identified Fe-oxyhydroxides as the main weathering 

phase. However, sphalerite was still observed to be less resistant than pyrite, 

which is consistent with findings at Ore Chimney. Therefore, ferroan sphalerite can 

remain a useful proxy for evaluating the alteration extent of weathered waste-rock 

systems if the influence of Fe content is understood. Average SAI values ranged 

from 2 to 3 characterizing minor to moderate weathering of pyrite and chalcopyrite 

grains and moderate to extensive weathering of sphalerite. Overall, there was 

minimal variation in sulfide mineral weathering with depth and between trenches 

at Ore Chimney signifying that weathering processes are occurring at similar rates 

throughout the waste-rock material irrespective of depth or location. 

The precise formulas of Fe-oxyhydroxide phases identified as the alteration 

product of weathered chalcopyrite, pyrite, and Fe-bearing sphalerite could not be 
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accurately determined due to a lower chemical sensitivity and spatial resolution of 

SEM-EDX than other non-destructive X-ray techniques such as electron 

microprobe analysis (EMPA) (Bao et al., 2021). However, the relative abundances 

of Fe and O in the alteration zones measured by SEM closely resembled goethite, 

which is consistent with observations from other studies of mine-waste Fe-sulfide 

oxidation (Jeong and Lee, 2003; Moncur et al., 2005; Moncur et al., 2009). 

Likewise, Cu, Pb, and Zn have relatively high adsorption affinities to goethite at a 

temperature of 10°C and neutral pH, which closely resembles the conditions at 

Ore Chimney, and corroborates measurements of Cu, Pb, and Zn on alteration 

zones using SEM-EDX (Rodda et al., 1993). 

2.4.4 Total Carbon and Sulfur 

Data calculations from total C/S analysis assumes that the total C concentration 

corresponds to the inorganic carbonate mineral content represented by calcite. 

Likewise, it is assumed that the total S concentration is directly proportional to the 

concentration of pyrite. Concentrations of S and C in the waste-rock material 

showed no depth dependencies and instances of elevated or reduced S and C 

measurements reflects the indiscriminate distribution of quartz vein fragments 

associated with the development of the waste-rock pile (Fig. 2.16).  

Total C/S measurements revealed an inverse relationship along each trench and 

elevated S measurements corresponded to lower C concentrations (Fig. 2.11) 

potentially as a result from carbonate mineral dissolution that buffers sulfide 

mineral oxidation. Likewise, lower S concentrations corresponded to higher C 

content, potentially due to the reduced acid generation from less sulfides, and the 

subsequently lower demand for carbonate dissolution (Blowes et al., 2013). This 

explanation assumes that primary C/S ratios in the quartz veins proximal to the 

mineralized ore body were relatively consistent. Although, there is no information 

in the literature that describes the relative proportions between sulfide and 

carbonate content prior to weathering (Harnois and Moore, 1989; Archibald, 2012). 

Concentrations of S in the coarse-grained fraction were statistically higher than the 

fine-grained fraction in trench 3, but only by a mean difference of 0.3 wt.%. 
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Inorganic C measurements showed no difference in concentration between coarse 

and fine-grained samples along any trench. Therefore, the similar total C/S 

measurements between coarse- and fine-grained material indicated no discernible 

partitioning of sulfide and carbonate mineral phases into the coarse- or fine-

grained fractions. Accelerated sulfide mineral weathering assumed for the fine-

grained fraction due to the higher surface area to volume ratio did not induce a 

noticeable difference in S concentration compared to the coarse-grained fraction 

(Smith et al., 2013a). Likewise, carbonate mineral content was not depleted to a 

greater extent in the fine-grained fraction as a possible result from buffering 

potentially accelerated sulfide mineral oxidation (Gleisner, 2005). 

Smith et al (2013a) compared the total S and C content of waste-rock material 

(using an ELTRA CS-2000 Carbon/Sulfur analyzer) across a range of grain sizes 

between two test piles constructed at the Diavik diamond mine that had been 

weathering for less than one year. Sulfur at Diavik was hosted predominantly in 

biotite schist and the test piles were segregated based on S content with higher S 

concentrations corresponding to a higher proportion of biotite schist in the waste 

rock (C content was consistent between test piles). The test pile with lower S 

content (μ = 0.035 wt.% for < 50 mm fraction) measured higher average [S] in         

< 0.625 mm material than 0.625 to 2.50 mm material by 0.01 wt.%. Comparisons 

of the same grain size ranges in the test pile with higher S content (μ = 0.053 wt.%) 

measured 0.04 wt.% higher [S] in the finer grain fraction suggesting that S content 

increases with decreasing grain size, which may occur to a greater extent when 

the average S concentration (i.e. biotite schist content) in the test pile is higher. 

Harnois and Moore (1989) measured average Zn, Pb, S, and C concentrations 

(wt.%) of 0.30 [Zn], 0.001 [Pb], 0.26 [S] and 0.89 [C] in bulk samples of the fresh 

mineralized zone of the Ore Chimney Formation. From combining both grain 

fractions, concentrations (wt.%) of Zn, Pb, S, and C in the Ore Chimney waste-

rock pile averaged 1.56 [Zn], 1.38 [Pb], 2.02 [S], and 1.38 [C]. Measurements from 

the waste rock are all significantly higher than findings by Harnois and Moore 

(1989) and this discrepancy may be partially explained by sulfide and carbonate 
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mineral partitioning in < 2.0 mm sieved fractions from blasting and weathering 

processes. However, carbonate-bearing quartz veins containing Zn and Pb 

concentrations (derived from sphalerite and galena) ranging from 1.90 to 6.35 wt.% 

and 1.60 to 3.73 wt.%, respectively (Archibald, 2012), were determined to 

comprise a considerable portion of the Ore Chimney waste-rock mineralogy based 

on quartz concentrations as high as 62 (μ = 43) wt.% measured by PXRD            

(Fig. 2.2a - c). SEM-EDX infrequently identified sulfide minerals associated with 

apatite, which is a mineral more commonly observed in the Ore Chimney 

Formation (biotite schist). Conversely, sulfides associated with quartz grains was 

a more often occurrence and likely accounted for the higher S concentrations 

measured in the waste rock compared to observations by Harnois and Moore 

(1989) (Fig. 2.18a - f). 

 

19Figure 2.18: BSE images (a and b) and reflected light images (c - f)               
of sulfide minerals bound with quartz (Q). 
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Average S concentrations in the Ore Chimney waste rock were significantly higher 

than the Diavik test piles investigated by Smith et al (2013a). In addition, S 

concentrations at Ore Chimney were measured to be 0.3 wt.% higher in the 

coarse-grained fraction (0.5 to 2.0 mm) than the fine-grained fraction (< 0.5 mm) 

in trench 3 with no measurable differences in trenches 1 and 2 even after ~100 

years of exposure. This suggests that sulfides in waste rock sourced from quartz 

veins have a different resistance to blasting and weathering processes than sulfide 

minerals hosted in biotite schist. However, ICP-AES/MS measured an increase in 

Zn and Pb concentrations (in addition to Cu, Cd, Co, and Ni) in the fine-grained 

fraction of the Ore Chimney waste-rock material by 0.58 and 0.42 wt.%, 

respectively, suggesting that the partitioning of sphalerite and galena into finer 

grain sizes was occurring to a smaller extent than what can be resolved with total 

C/S analysis and emphasizes the importance of incorporating high-resolution 

solid-phase ICP-AES/MS analyses into geochemical investigations of waste rock. 

It is likely that a proportion of sulfide minerals are encapsulated within quartz 

fragments, which are more resistant to blasting and subaerial weathering 

processes than biotite schist and the lower extent of grain size fractionation of 

sulfide minerals mainly derived from quartz can be interpreted from ICP-AES/MS 

but not from total C/S data. It is also important to consider that the proposed 

“encapsulation effect” may also entrap carbonate minerals, which may inhibit 

carbonate mineral buffering to some extent and can explain why total C/S analysis 

did not measure higher C concentrations in the fine-grained fraction of waste-rock 

material at Ore Chimney. 

NPR calculations from total C/S data indicated that grain size has a negligible 

effect on acid generating capacity and registered most fine- and coarse-grained 

samples in the UAG (1 < NPR < 3) and NAG (NPR > 3) regions. Only two sample 

locations (surface and 0.5 m depth in trench 1) measured NPR values < 0.6 and 

were attributed to relatively low neutralization potentials in the waste rock. Samples 

with the lowest measurements of both neutralization (NP) and acidification 

potentials (AP) were observed in trench 3 and situated below the WRP boundary 

at 4.5 and 5.0 m depth. AP calculations from total C/S analysis assumes that S 
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measurements are represented by the sulfide (pyrite) content in the waste rock; 

however, sulfide mineral oxidation generates sulfate, which can achieve saturation 

in the porewaters and precipitate as common secondary minerals such as gypsum, 

which is not a pH dependent process and can overestimate AP values if left 

unquantified (Nordstrom and Alpers, 1999; Atherton, 2017). The solid-phase 

sulfide and sulfate content was not distinguished herein; however, several 

analytical methods to quantify sulfate content exist and are described by Pillai et 

al, (2007) and Mussa et al, (2009). 

AP calculations also assume that the S concentrations are derived exclusively from 

pyrite where both ferrous iron and sulfide are oxidized to produce two moles of 

acidity per mole of sulfur (Jambor et al., 2002; Blowes et al., 2013). At Ore 

Chimney, sphalerite and galena grains were observed by reflected light 

microscopy and SEM-EDX to comprise a substantial component of the sulfide 

mineral assemblage (Fig. 2.9a - d). Sphalerite and galena can generate eight 

moles of acidity per mole of sulfur when oxidized by ferric iron; however, only 

sulfide undergoes oxidation and oxidative dissolution in the presence of oxygen 

(O2) is a non-acid generating process (equation 1) (Plumlee, 1999; Seal and Foley, 

2002; Moncur et al., 2009; Heidel et al., 2013). The aerobic conditions at Ore 

Chimney likely favour oxygen as the primary oxidant, which may result in 

overexaggerated AP estimations. Likewise, NPR calculations assume that the 

entire S and C content is available to be utilized, which may not be the case for S 

and C content derived from quartz vein material due to potential embedment of 

sulfide and carbonate grains within the robust mineral structure of quartz (Sobek 

et al., 1978). 

Pedretti et al (2017) performed reactive transport simulations with the modeling 

software MIN3P (Mayer et al., 2002) to investigate how different spatial 

distributions of acid-generating and acid-neutralizing minerals of the same 

proportions can influence the pH of drainage waters. Results indicated that effluent 

pH had a stronger dependence on the random spatial distribution of acid-producing 

and acid-consuming minerals than bulk NPR values, and subtle reconfigurations 
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of throughflow media in some instances predicted the likelihood of systems with 

NPR values of 2 to produce AMD after ~100 years. The spatial distribution of total 

C/S concentrations at Ore Chimney was considerably different between the three 

trenches (Fig. 2.11a - c) implying that NPR predictions are rather uncertain. 

However, abundant inorganic carbon detected in the waste rock from total C/S 

analysis and PXRD suggests that it is unlikely for Ore Chimney to generate AMD 

in the near future. 

2.4.5 Implications 

The solid-phase geochemical signatures that remain in the waste-rock pile after 

~100 years of weathering indicate that different sulfide minerals altered to different 

extents with pyrite and chalcopyrite showing minimal alteration and sphalerite 

showing the highest degrees of weathering. Galena weathering was highly 

variable, which may be attributed to inconsistencies in secondary cerussite 

formation due to variable carbonate content and the absence of pyrrhotite may 

suggest complete removal from the waste-rock pile. All the sulfide minerals 

showed evidence of weathering that was consistent with depth and between 

sampling locations indicating that aerobic conditions are consistent throughout the 

entire waste-rock pile, which may be a function of coarser grain size accumulation 

at the base of the pile from edge dumping coupled with long-term subaerial 

exposure (Lahmira et al., 2016). 

The rich carbonate content (1.38 wt.% C) at Ore Chimney has been observed to 

counteract the aerobic oxidation of high concentrations of sulfur (2.02 wt.% S)    

and subjected the waste-rock pile to neutral mine drainage for ~100 years. 

Comprehensive studies on young waste rock (i.e. < 1 year of exposure above 

ground surface), such as the Diavik mine (Smith et al., 2013a; Smith et al., 2013b) 

contain much lower carbon (~0.02 wt.%) and sulfur (0.16 wt.%) content that was 

observed to generate acidic drainage waters after as early as five years (Langman 

et al., 2014). Results indicate that significantly higher carbonate concentrations are 

required to prevent potential acid generation after ~100 years of weathering as 

observed at Ore Chimney. 
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Moncur et al (2009) observed the entire removal of low Fe-bearing sphalerite 

[Zn0.96Fe0.04S; (Moncur et al., 2005)] from the upper portion of a tailings profile that 

was associated with low pH and 70 years of oxidation. In contrast, Jeong and Lee 

(2003) investigated carbonate-rich waste rock that was subjected to 50 years of 

weathering under circumneutral pH and observed that Fe-bearing sphalerite 

(Zn0.84Fe0.15Mn0.01S) was extensively weathered but still abundant in the upper 

portions of the pile indicating that sphalerite mineral resistance increases with 

increasing Fe content and may weather at slower rates when pH is maintained at 

circumneutral levels. Likewise, sphalerite (~Zn0.85Fe0.15S) in the ~100-year-old Ore 

Chimney waste-rock pile was moderately to extensively weathered but persisted 

throughout the entire pile including the upper portions. The extent of sphalerite 

oxidation at Ore Chimney was similar to observations by Jeong and Lee (2003) 

indicating that Fe content in sphalerite coupled with a high carbonate content in 

the waste rock can significantly slow weathering rates over time especially 

between 50 to 100 years of exposure above ground surface. 

The remaining presence of moderately to extensively weathered sphalerite 

throughout the waste-rock pile, especially in the fine-grained fraction of waste rock 

indicates continual weathering after ~100 years and predicts sphalerite to deplete 

before chalcopyrite, pyrite, and galena. The relatively high carbonate content 

comprised of calcite and dolomite has prevented the generation of AMD and will 

continue to buffer acidity until calcite is depleted where dolomite is expected to 

become the primary mineral buffering phase and may elevate dissolved 

concentrations of Mg and maintain near-neutral pH over an extended period. Total 

sulfur concentrations were consistent between grain size fractions, but ICP-

AES/MS detected a slight enrichment of Zn and Pb in the fine-grained fraction of 

waste-rock material providing some indication that blasting and weathering 

processes partitions sulfides into finer grain sizes. However, the partitioning of 

sulfur into finer grain sizes is more evident for sulfide minerals derived from biotite 

schist (Smith et al., 2013a) compared to sulfidic quartz veins at Ore Chimney, 

suggesting that the source lithology for sulfide minerals plays an important role in 

sulfide weathering. 
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Chapter 3: Porewater Chemistry 

3.1 Introduction 

The oxidation of sulfide minerals is thermodynamically favourable in ambient 

aerobic settings and predicts the release of metals and acidity into proximate 

porewaters, which has long been recognized and described as “acid mine 

drainage” (AMD) (Nordstrom, 1982; Akcil and Koldas, 2006). However, waste rock 

piles are multi-component systems that often host carbonate minerals with an 

affinity to counteract the release of acidity through neutralization reactions that 

maintain near-neutral pH, with the most common examples being calcite and 

dolomite (Parbhakar-Fox and Lottermoser, 2017; Bao et al., 2020). As such, 

carbonate-rich waste-rock piles have been observed to maintain near-neutral pH 

throughflow waters, which is appropriately described as “neutral mine drainage” 

(NMD) (Jeong and Lee, 2003; Nordstrom et al., 2015). However, carbonate 

buffering minerals persist in mine-waste systems in finite amounts and acid 

generation from the continual weathering of sulfides can deplete carbonate 

minerals entirely (Moncur et al., 2005). The neutralization potential of mine-waste 

systems is both a function of buffering availability (i.e. abundance) and exposure 

time (Blowes et al., 2013). Under longer exposure times or in systems with 

carbonate deficiency, pH levels may be regulated by the availability of less reactive 

primary and secondary carbonate, hydroxide, and aluminosilicate minerals in a 

succession summarized by Johnson et al (2000) and Bain et al (2001). 

Transition metals dissolved in waste-rock porewaters are primarily derived by the 

oxidative dissolution of sulfide minerals, which is often generalized as “weathering” 

(Amos et al., 2015). Iron-bearing sulfide oxidation typically favours the formation 

of Fe-oxyhydroxide phases and the adsorption of metals onto these alteration 

surfaces has been observed as a common sink in a variety of mine-waste settings 

(Zhixun, 1996; Balistrieri et al., 2008; Demers et al., 2013; Skierszkan et al., 2016). 

In many cases, amorphous ferrihydrite is the expected Fe-oxyhydroxide phase 

above a pH of 4 and conditions in aerobic subaerial systems favour the 
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recrystallization and transformation of ferrihydrite into goethite over time (Lee et 

al., 2002; Stipp et al., 2002). Likewise, the adsorption of transition metals onto the 

surface of goethite has been observed as a pH-dependent equilibrium process 

where metal adsorption affinities decrease at lower pH due to competition with 

hydronium ions (Kooner, 1993; Rodda et al., 1993; Rose and Bianchi-Mosquera, 

1993; Abdus-Salam and Adekola, 2005). The relationship between goethite 

adsorption affinity and pH usually differs among divalent transition metals where a 

reduction in pH from alkaline to acidic levels generally desorbs metals into solution 

in the order Ni ≥ Co > Cd > Zn > Pb ≥ Cu (Blowes and Jambor, 1990; Rose and 

Bianchi-Mosquera, 1993; Jurjovec et al., 2002; Swedlund et al., 2009; Mohapatra 

et al., 2011; Komárek et al., 2018). 

Progressive research involving seasonal and yearly monitoring of drainage quality 

comprises a substantial component of the mine-waste literature with examples 

including Diavik (Neuner et al., 2013; Pham et al., 2013; Smith et al., 2013b), Faro 

(Lewkowicz and Bonnaventure, 2011; Mead, 2011; Bao et al., 2020), and 

Meadowbank (Borgne et al., 2018; Boulanger-Martel et al., 2021; Yi, 2021) mine. 

However, these mining operations are situated in high-latitude regions influenced 

by permafrost and lower levels of precipitation, which can mitigate the transport of 

contaminants (Pham et al., 2015). Vriens et al (2019) investigated the changing 

geochemical signatures of five waste-rock test piles of varying lithologies that 

weathered over a ten-year time frame at an average annual temperature of 6°C at 

the Antamina mine. Results indicated that dissolved metals in the porewaters at 

the base of the waste-rock piles were controlled by secondary minerals such as 

gypsum, Cu,Zn-hydroxysulfate, -hydroxycarbonate, and Fe-oxyhydroxides and 

adsorption to Fe-oxyhydroxide surfaces during the incipient stages of weathering           

(i.e. < 1 year), which remained relatively consistent throughout the ten-year study. 

Vriens et al (2019) discovered that evaluating weathering mechanisms over multi-

year timescales was difficult to interpret by monitoring only the basal porewaters, 

which can be influenced by overlying geochemical signatures. Furthermore, 

unique climatic conditions at Antamina and mineralogical heterogeneities between 
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test piles made it difficult to compare results in a broader context without 

investigating in situ porewater chemistry at different pile depths. 

Smith et al (2021) collected porewaters from in situ waste-rock samples along the 

surface, middle, and base of a deconstructed 15 m deep waste-rock pile at the 

Detour Lake mine that had weathered for approximately 30 years. Porewaters 

were observed to maintain near-neutral pH throughout the entire depth profile 

suggesting that carbonate mineral buffering had been an active process over the 

past 30 years. However, NPR estimations predicted samples to be potentially acid 

generating or have uncertain acid generation capacity suggesting that the Ca-

carbonate content was depleting from the waste-rock pile. A 30-year timescale is 

long for waste-rock mineral weathering studies in the literature but is still quite short 

in comparison to actual timeframes of weathering for real waste-rock piles, 

especially those from abandoned mine sites. This chapter aims to supplement 

solid-phase metal release mechanisms at high spatial resolution (0.5 m) examined 

in chapter 2 by investigating relationships in the porewaters to better understand 

the overall mobility of metals after ~100 years of weathering. 

3.2 Methods 

3.2.1 Sample Preparation 

For a description of sample locations of the waste-rock site at Ore Chimney and 

methods for waste-rock sampling for porewater extractions, refer to section 2.2.1 

in Chapter 2. Samples of raw waste-rock material (i.e. undried and unsieved) were 

transferred into modified FalconTM tubes for porewater extraction (Atherton, 2017; 

Smith et al., 2021). Conical 50 mL FalconTM centrifuge tubes were shortened to 45 

mL and a 2 mm hole was drilled at the base and lined with glass wool (Sigma-

Aldrich, product number: 18421). An additional set of FalconTM centrifuge tubes 

were shortened to 10 mL and placed underneath the modified 45 mL tubes in the 

centrifuge holder to collect the separated porewaters (Fig. 3.1a and b). Porewater 

samples were separated from waste-rock material using a Hettich Rotofix 32A 

benchtop centrifuge rotating at 4000 RPM for five minutes. Centrifuging the same 
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sample for another five minutes did not separate any additional volume of 

porewater, which justified five minutes as an appropriate time for centrifugation. All 

sample vials and porewater sampling vessels were thoroughly washed in a 2% 

ultra-pure nitric acid and deionized water solution. A minimum volume of 25 mL of 

porewater sample for chemical analyses was obtained from 16-24 aliquots of 

waste-rock material weighing approximately 100 g (1 aliquot = 1 modified FalconTM 

tube filled with 40 mL of sample material; Fig. 3.1a). All porewater samples for ion 

analyses were filtered to 0.45 µm. Porewater samples were transferred into 

unacidified 15 mL sample vials for anion chromatography and 5 mL sample vials 

acidified with 0.1 mL of ultra-pure nitric acid for ICP-AES/MS measurements. 

Additional aliquots were collected for immediate laboratory analysis and small 

volumes of porewater sample and sample reagents (0.1 to 5.0 mL) were measured 

and transferred using a VWR VE1000 micropipette. 

 

 

20Figure 3.1: a) FalconTM tubes shortened to 45 mL and filled with loose waste-
rock material (2 mm hole drilled at the base and lined with glass wool), b) 
FalconTM tubes shortened to 10 mL and placed underneath for porewater 

collection. 
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3.2.2 Analytical Methods 

Porewater pH and Eh were determined using a VWR model H30PCO sympHonyTM 

handheld probe. A Hach DR 1900 portable spectrophotometer was used to 

perform immediate chemical analyses for sulfate (𝑆𝑂4
2−) (Method 10248; Hach, 

2013), sulfide (𝐻𝑆−) (Method 10254; Hach, 2014a), alkalinity (𝐶𝑎𝐶𝑂3) (Method 

10239; Hach, 2014b), and ferrous iron (𝐹𝑒2+) (Method 8146; Hach, 2014c). 

Porewater samples for major and trace cation analyses (ICP-AES/MS) and anion 

chromatography (IC) were performed at the Geochemistry Laboratory at the 

University of Ottawa. Porewater samples for major and trace cation analyses were 

diluted with deionized water to contain 1% molar concentration of ultra-pure nitric 

acid. Major cations were quantified by ICP-AES using an Agilent 5110 SVDV CCD 

spectrometer. Trace metal concentrations were determined by ICP-MS using an 

Agilent 8800 QQQ triple quadrupole mass spectrometer. All calibration standards 

for cation analyses were prepared using an ultra-pure 1% nitric acid solution. Anion 

concentrations were measured in un-acidified water samples via anion IC using a 

DIONEX ICS-2100 chromatograph and all analyses were calibrated using external 

standards (N. De Silva, personal communications, 2021). 

Porewater chemistry data compiled from probe and spectrophotometry methods, 

ICP-AES/MS, and anion IC were used to generate mineral saturation indices at 

10°C using PHREEQC software version 3.4.0-12927 with the minteq.v4 database 

(Parkhurst and Appelo, 1999). Depth plot saturation indices (SI) were fitted with 

vertical dashed lines to indicate the SI boundary between -0.5 and +0.5 and 

samples registering within this range were considered to be near saturation (Ettler 

et al., 2009; Chidambaram et al., 2012; Gawdzik et al., 2015). 

3.3 Results 

Waste-rock samples for solid-phase analyses (Chapter 2) and porewater 

extractions were collected in tandem. Therefore, the beginning of the estimated 

transitional boundary between the waste-rock pile and natural overburden material 

(between 4.5 to 5.0 metres deep in trench 2 and 4.0 to 4.5 metres deep in trench 
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3) also applied to the samples collected for porewater extractions. The porewater 

chemical depth plots presented hereafter indicate these non-discrete boundary 

estimations accordingly as “WRP boundary” and the samples located above these 

boundaries were referred to as the waste-rock porewaters (n = 13 in trench 1,          

n = 12 in trench 2, and n = 11 in trench 3). Likewise, only the samples representing 

waste-rock porewaters (i.e. excluding the samples below the WRP boundary) were 

included in statistical comparisons and the annotated results summary unless 

indicated otherwise. 

The results presented herein compare average concentration measurements 

between trenches and spatial differences within a given trench (i.e. vertical trends) 

but only trends and differences with a statistical significance are reported. Vertical 

trends were interpreted from a two-tailed Pearson linear regression analysis with 

95% confidence and compared to critical Pearson correlation (R2
critical) values of 

0.553, 0.576, and 0.602 for trenches 1, 2, and 3, respectively (Degrees of Freedom 

= n - 2) (Weatherington et al., 2012). Rank sum two-tailed t-tests were conducted 

to compare samples between trenches. Two-tailed t-test comparisons did not 

include data from duplicate samples and only considered samples between 0.0 to 

4.0 m depth to account for the transition between waste rock and overburden 

material observed in trenches 2 and 3 (n = 9). Vertical trends with statistically 

insignificant correlation coefficients (R2
calculated < R2

critical) and t-test comparisons of 

population means (µ) with standard deviations (σ) yielding no statistical difference 

(α > 0.05) were interpreted as such and not reported herein. 

3.3.1 Porewater Chemistry 

Spectrophotometric analysis performed immediately after porewater extractions 

revealed concentrations of dissolved ferrous iron (Fe2+) and sulfide (HS-) below 

the detection limit. Furthermore, sulfate (SO4
2-) measurements were conducted 

both immediately after porewater extractions via spectrophotometry and 

subsequently thereafter by anion IC. Sulfate concentrations from anion IC were 

consistently higher than spectrophotometry measurements by an average of 15% 

(σ = 9%). Spectrophotometry has a lower sensitivity than anion IC and was 
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therefore omitted from the results presented below especially considering that pre-

sampled in situ waste rock was likely at equilibrium with atmospheric oxygen from 

under-range Fe2+ and HS- measurements and therefore not redox-sensitive. 

The average pH in the Ore Chimney waste-rock porewaters was 7.0 (σ = 0.5), 7.3              

(σ = 0.4), and 7.5 (σ = 0.5) in trenches 1, 2, and 3, respectively (Fig. 3.2a - c). The 

lower average pH values measured in trench 1 correspond to pH readings of 6.5 

and 6.4 at 0.5 and 4.0 m depth, respectively. Porewater Eh measurements 

averaged 434 (σ = 50), 414 (σ = 40), and 414 (σ = 20) mV in trenches 1, 2, and 3, 

respectively (Fig. 3.2d - f). The higher average Eh reading and standard deviation 

observed in trench 1 were attributed to elevated readings of 547 and 486 mV at 

0.5 and 4.0 m depth. However, porewater pH and Eh measurements were not 

statistically different between trenches nor signified a relationship with depth in any 

trench.  

The average porewater alkalinity concentrations were 53.7 (σ = 17.7), 52.3             

(σ = 23.2), and 76.4 (σ = 38.6) mg/L CaCO3 in trenches 1, 2, and 3, respectively 

(Fig. 3.2g - i). Alkalinity concentrations were lowest in trench 2 and statistically 

higher in trench 3 by a mean difference of 30.6 mg/L CaCO3 (α = 0.01). None of 

the trenches showed a statistical relationship between concentration and depth. 

Sulfate (SO4
2-) concentrations averaged 1,046.0 (σ = 499.0), 541.1 (σ = 324.7), 

and 1,111.8 (σ = 835.4) ppm in trenches 1, 2, and 3, respectively (Fig. 3.2j - l). 

Average SO4
2- concentrations were lowest in trench 2 and statistically higher in 

trenches 1 and 3 by mean differences of 497.9 and 513.9 ppm (α = 0.007 and 

0.05). Concentrations of SO4
2- statistically increased from 629 to 1578 (0.0 to 5.0 

m depth), from 338 to 1293 (0.0 to 4.5 m depth), and from 140 to 1883 ppm (0.0 

to 4.0 m depth) in trenches 1, 2, and 3 (R2
calc = 0.56, 0.63, and 0.85, respectively). 
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21Figure 3.2: Aqueous-phase pH, Eh, alkalinity, and sulfate (SO4
2-) depth plots 

for trench 1 (left), trench 2 (middle), and trench 3 (right). 
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The average sodium (Na) concentrations were 28.1 (σ = 6.4), 22.8 (σ = 4.1), and 

31.5 (σ = 8.7) ppm in trenches 1, 2, and 3, respectively (Fig. 3.3a - c). Average Na 

concentrations were lowest in trench 2 and statistically higher in trenches 1 and 3 

by mean differences of 7.6 and 8.3 ppm (α = 0.004 and 0.05). Sodium 

concentrations were observed to statistically increase from 20.2 ppm at the surface 

of the pile (0.0 m) to 46.1 ppm at 4.0 m depth in trench 3 (R2
calc = 0.72). Porewater 

potassium (K) concentrations averaged 32.3 (σ = 8.7), 24.6 (σ = 5.5), and 37.0 

(21.6) ppm in trenches 1, 2, and 3, respectively (Fig. 3.3d - f). Average K 

concentrations were lowest in trench 2 and statistically higher in trench 1 by a 

mean difference of 7.5 ppm (α = 0.02). Moreover, K concentrations statistically 

increased from 20.2 ppm at the surface of the pile to 58.5 ppm at 4.0 m depth in 

trench 3 (R2
calc = 0.72). 

Porewater calcium (Ca) concentrations averaged 268.4 (σ = 110.9), 159.2               

(σ = 79.6), and 247.7 (σ = 155.2) ppm in trenches 1, 2, and 3, respectively           

(Fig. 3.3g - i). Average Ca concentrations were lowest in trench 2 and statistically 

higher in trench 1 by a mean difference of 107.2 ppm (α = 0.006). Calcium 

concentrations statistically increased from 176.6 to 366.3 (0.0 to 5.0 m depth), from 

115.3 to 335.1 (0.0 to 4.5 m depth), and from 61.7 to 412.2 ppm (0.0 to 4.0 m 

depth) in trenches 1, 2, and 3 (R2
calc = 0.59, 0.59, and 0.89, respectively). The 

average magnesium (Mg) concentrations were 40.0 (σ = 18.7), 14.6 (σ = 5.4), and 

51.8 (σ = 44.4) ppm in trenches 1, 2, and 3, respectively (Fig. 3.3j - l). Average Mg 

concentrations were lowest in trench 2 and statistically higher in trenches 1 and 3 

by mean differences of 25.8 and 37.6 ppm (α = 0.002 and 0.04). Porewater Mg 

concentrations may increase with depth; however, the relationship was not 

statistically significant (R2
calc = 0.50, 0.35, and 0.51 for trenches 1, 2, and 3, 

respectively). 
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22Figure 3.3: Aqueous-phase sodium (Na), potassium (K), calcium (Ca), and 
magnesium (Mg) depth plots for trench 1 (left), trench 2 (middle), and trench 3 

(right). 
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Iron (Fe) concentrations in the porewaters averaged 9.2 (σ = 5.9), 5.9 (σ = 1.5), 

and 11.1 (σ = 8.1) ppb in trenches 1, 2, and 3, respectively (Fig. 3.4a - c). Average 

Fe concentrations were lowest in trench 2 and statistically higher in trenches 1 and 

3 by mean differences of 2.9 and 6.1 ppb (α = 0.04 and 0.05). There was no 

statistically significant relationship between Fe concentration and depth in any 

trench. The average Copper (Cu) concentrations measured 16.1 (σ = 20.6), 15.0 

(σ = 6.8), and 11.7 (σ = 11.7) ppb in trenches 1, 2, and 3, respectively                     

(Fig. 3.4d - f). The higher relative standard deviations measured in trenches 1 and 

3 corresponded to anomalously high Cu readings at 0.5 m in trench 1 (82.6 ppb) 

and 2.5 m depth in trench 3 (45.7 ppb). A statistical increase in Cu concentrations 

was observed in trench 2 (7.2 ppb at the surface of the pile to 23.3 ppb at 4.5 m 

depth; R2
calc = 0.84). No depth dependent trends were observed in trenches 1 and 

3 even if the anomalies are excluded. 

Porewater zinc (Zn) concentrations averaged 19,400 (σ = 23,300), 15,900               

(σ = 12,200), and 14,100 (σ = 22,000) ppb in trenches 1, 2, and 3, respectively 

(Fig. 3.4g - i). Anomalously high Zn measurements at 0.5 m in trench 1 (87,500 

ppb) and 2.5 m depth in trench 3 (74,900 ppb) accounted for their higher relative 

standard deviations. Zinc concentrations statistically increased from 700 ppb at the 

surface of the pile to 31,600 ppb at 4.5 m depth in trench 2 (R2
calc = 0.76) but not 

in trenches 1 and 3 despite excluding the anomalous readings. The average lead 

(Pb) concentrations measured 68.5 (σ = 79.2), 49.4 (σ = 18.7), and 35.4 (σ = 16.6) 

ppb in trenches 1, 2, and 3, respectively (Fig. 3.4j - l). The high relative standard 

deviation measured in trench 1 corresponded to an anomalously high reading at 

0.5 m depth (322.3 ppb). Lead concentrations statistically increased in trench 2 

from 31.4 ppb at the surface of the pile to 72.3 ppb at 4.5 m depth (R2
calc = 0.79). 
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23Figure 3.4: Aqueous-phase iron (Fe), copper (Cu), zinc (Zn), and lead (Pb) 
depth plots for trench 1 (left), trench 2 (middle), and trench 3 (right). 
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The average manganese (Mn) concentrations were 348.7 (σ = 598.6), 64.5             

(σ = 44.1), and 351.0 (σ = 1,075.5) ppb in trenches 1, 2, and 3, respectively         

(Fig. 3.5a - c). The higher relative standard deviations measured in trenches 1 and 

3 corresponded to anomalously high Mn readings at 0.5 m in trench 1 (2,214.9 

ppb) and 2.5 m depth in trench 3 (3,592.2 ppb). Manganese concentrations 

showed no statistical relationship with depth in any trench. However, trench 1 

yielded a R2
calc value of 0.544 when the anomalous measurement at 0.5 m depth 

was removed, which is statistically insignificant (< 0.553) but may signify that Mn 

concentrations increased from 53.2 ppb at the surface of the pile to 679.1 ppb at 

5.0 m depth. Porewater cadmium (Cd) concentrations averaged 448.4 (σ = 353.5), 

475.1 (σ = 330.5), and 339.0 (σ = 403.1) ppb in trenches 1, 2, and 3, respectively 

(Fig. 3.5d - f). Anomalously high Cd measurements at 0.5 m depth in trench 1 

(1,226.1 ppb) and 2.5 m depth in trench 3 (1,336.2 ppb) accounted for their higher 

relative standard deviations. Cadmium concentrations in trench 2 statistically 

increased from 69.2 ppb at the surface of the pile to 895.1 ppb at 4.5 m depth 

(R2
calc = 0.69). No depth dependent trends were observed in trenches 1 or 3, even 

when the anomalies are excluded. 

Porewater arsenic (As) concentrations averaged 1.4 (σ = 0.7), 1.5 (σ = 1.8), and 

3.0 (σ = 3.8) ppb in trenches 1, 2, and 3, respectively (Fig. 3.5g - i). Average As 

concentrations were highest in trench 3 and statistically lower in trench 2 by a 

mean difference of 1.9 ppb (α = 0.05). There was no statistically significant 

relationship between As concentration and depth in any trench. The average 

antimony (Sb) concentrations measured 15.0 (σ = 13.2), 22.4 (σ = 9.3), and 12.0 

(σ = 4.8) ppb in trenches 1, 2, and 3, respectively (Fig. 3.5j - l). Average Sb 

concentrations were lowest in trench 3 and statistically higher in trench 2 by a 

mean difference of 9.2 ppb (α = 0.05). Concentrations of Sb were not observed to 

statistically change with depth in any trench. 
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24Figure 3.5: Aqueous-phase manganese (Mn), cadmium (Cd), arsenic (As), 
and antimony (Sb) depth plots for trench 1 (left), trench 2 (middle), and trench 3 

(right). 
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The average titanium (Ti) concentrations measured 1.1 (σ = 1.1), 0.2 (σ = 0.2), 

and 0.5 (σ = 0.5) ppb in trenches 1, 2, and 3, respectively (Fig. 3.6a - c). Average 

Ti concentrations were observed to be lowest in trench 2 and higher in trenches 1 

and 3 by mean differences of 0.7 and 0.4 ppb (α = 0.04 and 0.04). However, 

several Ti measurements in trenches 2 and 3 were below the detection limit of 0.13 

ppb and created difficulties for quantitative comparisons. Titanium concentrations 

showed no relationship with depth in any trench. Porewater chromium (Cr) 

concentrations averaged 0.3 (σ = 0.1), 0.2 (σ = 0.03), and 0.2 (σ = 0.05) ppb in 

trenches 1, 2, and 3, respectively (Fig. 3.6d - f). Chromium concentrations were 

consistent with depth and showed no statistical difference in concentration 

between any of the trenches. 

Average porewater cobalt (Co) concentrations were 16.2 (σ = 25.0), 7.1 (σ = 5.3), 

and 11.6 (σ = 27.7) ppb in trenches 1, 2, and 3, respectively (Fig. 3.6g - i). The 

higher relative standard deviations measured in trenches 1 and 3 corresponded to 

anomalously high Co readings at 0.5 m depth in trench 1 (95.9 ppb) and 2.5 m 

depth in trench 3 (94.8 ppb). Linear regression analysis of the raw data revealed 

no statistical relationship between concentration and depth. However, trench 1 

yielded a R2
calc value of 0.59 when the anomalous measurement at 0.5 m depth 

was removed, which may indicate an increase from 2.9 ppb at the surface of the 

pile to 29.3 ppb at 5.0 m depth.  

The average nickel (Ni) concentrations measured 37.1 (σ = 42.1), 17.5 (σ = 14.0), 

and 35.4 (σ = 70.1) ppb in trenches 1, 2, and 3, respectively (Fig. 3.6j - l). 

Anomalously high Ni measurements at 0.5 m depth in trench 1 (166.0 ppb) and 

2.5 m depth in trench 3 (244.8 ppb) accounted for their higher relative standard 

deviations. With the anomalies excluded from the dataset, Ni concentrations 

increased from 13.1 to 66.4 (0.0 to 5.0 m depth), from 3.3 to 36.9 (0.0 to 4.5 m 

depth), and from 1.4 to 22.2 ppm (0.0 to 4.0 m depth) in trenches 1, 2, and 3    

(R2
calc = 0.68, 0.69, and 0.63, respectively). 
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25Figure 3.6: Aqueous-phase titanium (Ti), chromium (Cr), cobalt (Co), and 
nickel (Ni) depth plots for trench 1 (left), trench 2 (middle), and trench 3 (right). 
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The average aluminum (Al) concentrations were 4.9 (σ = 5.2), 2.0 (σ = 1.4), and 

4.9 (σ = 3.5) ppb in trenches 1, 2, and 3, respectively (Fig. 3.7a - c). Average Al 

concentrations were highest in trench 3 and statistically lower in trench 2 by a 

mean difference of 3.4 ppb (α = 0.006). No statistical relationship between Al 

concentration and depth was observed in any trench. Porewater chloride (Cl-) 

concentrations averaged 23.1 (σ = 16.2), 10.1 (σ = 2.6), and 9.9 (σ = 3.2) ppm in 

trenches 1, 2, and 3, respectively (Fig. 3.7d - f). Average Cl concentrations were 

highest in trench 1 and statistically lower in trenches 2 and 3 by mean differences 

of 14.9 and 15.1 ppm (α = 0.03 and 0.03). Chloride measurements did not reveal 

a statistically significant relationship with depth in any trench. The average 

phosphate (PO4
3-) concentrations were 0.15 (σ = 0.02), 0.14 (σ = 0.01), and 0.15 

(σ = 0.04) ppm for trenches 1, 2, and 3, respectively (Fig. 3.7g - i). Porewater PO4
3- 

concentrations were relatively consistent between trenches and did not show a 

statistically significant relationship with depth. 

In summary, SO4
2-, Na, Mg, Fe, and Ti measured the lowest average 

concentrations in trench 2 and were consistently higher in trenches 1 and 3. 

Alkalinity and Ca measurements also reported the lowest average concentrations 

in trench 2 with statistically higher average alkalinity readings in trench 1 and 

higher Ca readings in trench 3. Concentrations of Na and K increased with depth 

in trench 3 and Cu, Zn, Pb, and Cd concentrations increased with depth in trench 

2. Furthermore, all three trenches showed increasing concentrations of SO4
2- and 

Ca with depth. Magnesium concentrations may also show some indication of 

increasing concentrations with depth in all three trenches; however, the 

relationship was not statistically significant (R2
calc = 0.50, 0.35, and 0.51 for 

trenches 1, 2, and 3, respectively). Likewise, Ni concentrations were observed to 

increase with depth in all three trenches but only when anomalous readings at 0.5 

m depth in trench 1 and 2.5 m depth in trench 3 were excluded from the dataset 

(R2
calc = 0.68, 0.69, and 0.63 for trenches 1, 2, and 3, respectively). Alkalinity and 

pH recorded relatively low readings and Eh and Pb measurements were 

anomalously high at 0.5 m depth in trench 1 and Cu, Zn, Mn, Cd, Co, and Ni all 
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measured anomalously high concentrations at 0.5 m depth in trench 1 and 2.5 m 

depth in trench 3. 

 

 

 

 

 

26Figure 3.7: Aqueous-phase aluminum (Al), chloride (Cl-), and phosphate  
(PO4

3-) depth plots for trench 1 (left), trench 2 (middle), and trench 3 (right). 
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3.3.2 Mineral Saturation Indices 

Calcite was typically undersaturated throughout the waste-rock pile with average 

SI values of -0.8 (σ = 0.7), -0.8 (σ = 0.5), and -0.4 (σ = 0.7) in trenches 1, 2, and 

3, respectively (Fig. 3.8a - c). The lowest calcite SI measurements of -2.1 and -1.6 

were observed at 0.5 and 4.0 m depth in trench 1. Porewaters were near saturation 

(-0.5 ≤ SI ≤ +0.5) with respect to calcite at 1.0 to 1.5 and 4.5 m in trench 1, from 

surface to 1.5 m in trench 2, and from surface to 0.5 and 3.0 to 4.0 m depth in 

trench 3. Dolomite was also frequently undersaturated with average SI values of   

-2.3 (σ = 1.3), -2.4 (σ = 1.0), and -1.4 (σ = 1.5) in trenches 1, 2, and 3, respectively 

(Fig. 3.8d - f). Similar to calcite, the lowest dolomite SI measurements of -4.9 and 

-3.9 were observed at 0.5 and 4.0 m depth in trench 1. Porewaters were near 

saturation with dolomite at 1.5 m in trench 1 and from surface to 0.5 and 3.0 to 4.0 

m depth in trench 3. 

Porewaters were undersaturated with gypsum above 1.5 m depth in all three 

trenches with average SI values of -0.8 (σ = 0.4), -1.3 (σ = 0.2), and -1.7 (σ = 0.4) 

in trenches 1, 2, and 3, respectively (Fig. 3.8g - i). Below (and including) 1.5 m, all 

three trenches approached saturation with average SI values of -0.3 (σ = 0.2), -0.5 

(σ = 0.2), and -0.2 (σ = 0.2) in trenches 1, 2, and 3, respectively. Porewaters were 

undersaturated with jarosite throughout all three trenches with average SI values 

of -1.5 (σ = 1.1), -2.4 (σ = 0.6), and -1.4 (σ = 1.5) in trenches 1, 2, and 3, 

respectively (Fig. 3.8j - l). Jarosite only neared saturation at 0.5 and 4.0 to 4.5 m 

depth in trench 1. Saturation index values of jarosite shifted closer to equilibrium 

with depth in the waste-rock porewaters in all three trenches; however, remained 

undersaturated throughout the entire profile of trenches 2 and 3. 
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27Figure 3.8: Calcite, dolomite, gypsum, and jarosite depth plot saturation 
indices for trench 1 (left), trench 2 (middle), and trench 3 (right). Dashed lines 

indicate SI boundary between -0.5 and +0.5. 
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Porewaters were consistently near saturation with respect to both gibbsite and 

boehmite in all three trenches ranging from -0.3 to 1.1 (μ = 0.2, σ = 0.3) and from 

-0.8 to 0.6 (μ = -0.3, σ = 0.3), respectively (Fig. 3.9a - f). Ferrihydrite was slightly 

oversaturated in all three trenches with average SI values of 1.1 (σ = 0.4), 1.1        

(σ = 0.4), and 1.5 (σ = 0.7) in trenches 1, 2, and 3, respectively (Fig. 3.9g - i). 

Ferrihydrite was near saturation at 0.5 and 4.0 m in trench 1 and 2.5 and 3.5 m 

depth in trench 2 but remained slightly oversaturated throughout the entire depth 

profile of trench 3. Saturation index values of Cr(OH)3 (am) averaged -1.2 (σ = 1.8), 

-0.8 (σ = 1.4), and -0.7 (σ = 0.5) in trenches 1, 2, and 3, respectively and most 

samples were slightly undersaturated throughout each trench (Fig. 3.9j - l). 

However, waste-rock porewaters were near saturation with Cr(OH)3 (am) at the 

surface of the pile, 1.0, 3.5, and 4.5 m in trench 1, from 0.5 to 2.0 m in trench 2, 

and at 1.0 and 4.0 m depth in trench 3. 

Manganite was frequently undersaturated throughout each trench with average SI 

values of -2.0 (σ = 1.5), -2.3 (σ = 1.3), and -2.1 (σ = 0.9) in trenches 1, 2, and 3, 

respectively (Fig. 3.10a - c). Porewaters were undersaturated with manganite 

throughout the entire depth profile of trench 3 and neared saturation at 1.5 m depth 

in trench 1 and at the surface of trench 2. Porewaters were almost always near 

saturation with respect to Mn(HPO4) with average SI values of 0.4 (σ = 0.4), 0.1  

(σ = 0.3), and -0.3 (σ = 0.7) in trenches 1, 2, and 3, respectively (Fig. 3.10d - f). 

Except for an oversaturated SI reading of 1.5 at 2.5 m depth in trench 3, Mn(HPO4) 

showed only minor variation in SI values and was especially consistent in trenches 

1 and 2. 

Malachite was either near saturation or undersaturated throughout the waste-rock 

pile with average SI values of -1.0 (σ = 0.8), -0.4 (σ = 0.5), and -0.5 (σ = 0.7) in 

trenches 1, 2, and 3, respectively (Fig. 3.10g - i).  Porewaters were near saturation 

with malachite most consistently in trench 2 and only reported undersaturated SI 

values of -1.1 and -1.6 at 2.5 and 3.5 m depth. Malachite was also observed to be 

near saturation at 1.0 to 1.5 and 3.0 m in trench 1 and from the surface to 0.5 and 

from 2.5 to 4.0 m depth in trench 3. Porewaters were almost always near saturation 
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with otavite with average SI values of -0.6 (σ = 0.5), -0.3 (σ = 0.3), and -0.4               

(σ = 0.3) in trenches 1, 2, and 3, respectively (Fig. 3.10j - l). Trench 1 yielded the 

greatest SI variability with observed values of -1.4 and -1.4 at 0.5 and 4.0 m depth; 

however, the variation in otavite SI values was relatively minor, especially in 

trenches 2 and 3. 

Cerussite was either near saturation or undersaturated in the porewaters with 

average SI values of -0.7 (σ = 0.3), -0.5 (σ = 0.2), and -0.6 (σ = 0.3) in trenches 1, 

2, and 3, respectively (Fig. 3.11a - c). Cerussite was near saturation from 1.0 to 

1.5 and 3.0 m in trench 1, from the surface to 2.0 m in trench 2, and from the 

surface to 1.0 and from 3.0 to 4.0 m depth in trench 3. However, remaining 

locations were observed to only be slightly undersaturated with cerussite and SI 

values were relatively consistent throughout all three trenches. Porewaters were 

typically undersaturated with respect to Pb(OH)2 with average SI values of -1.6    

(σ = 0.7), -1.2 (σ = 0.5), and -1.2 (σ = 0.6) in trenches 1, 2, and 3, respectively  

(Fig. 3.11d - f). The higher relative standard deviation in trench 1 corresponds to 

the lowest overall SI value of -3.1 at 4.0 m depth. Porewaters were undersaturated 

with Pb(OH)2 throughout the entire depth profile of trench 2 and neared saturation 

from 1.0 to 1.5 m in trench 1 and at 0.5 m depth in trench 2. 

Smithsonite monohydrate was either near saturation or slightly undersaturated 

with average SI values of -0.6 (σ = 0.4), -0.4 (σ = 0.3), and -0.5 (σ = 0.5) in trenches 

1, 2, and 3, respectively (Fig. 3.11g - i). Smithsonite monohydrate was typically 

undersaturated from the surface to 1.0 m depth in all three trenches with an 

average SI value of -0.9 and neared saturation beyond 1.0 m with an average SI 

value of -0.4. Porewaters were typically undersaturated with respect to Zn(OH)2 

throughout all three trenches with averages of -1.4 (σ = 0.7), -1.1 (σ = 0.6), and     

-1.1 (σ = 0.6) in trenches 1, 2, and 3, respectively (Fig. 3.11j - l). The lowest 

Zn(OH)2 SI measurement of -3.0 was observed at 4.0 m depth in trench 1 

accounting for the higher relative standard deviation. Furthermore, Zn(OH)2 was 

observed to approach saturation with depth in trench 3. Porewaters were also near 
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saturation with Zn(OH)2 from 1.0 to 1.5 m in trench 1 and 0.5 and from 1.5 to 2.0 

m depth in trench 2. 

 

 

 

 

 

28Figure 3.9: Gibbsite, boehmite, ferrihydrite, and Cr(OH)3 (am) depth plot 
saturation indices for trench 1 (left), trench 2 (middle), and trench 3 (right). 
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29Figure 3.10: Manganite, Mn(HPO4), malachite, and otavite depth plot 
saturation indices for trench 1 (left), trench 2 (middle), and trench 3 (right). 
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30Figure 3.11: Cerussite, Pb(OH)2, smithsonite monohydrate, and Zn(OH)2 
depth plot saturation indices for trench 1 (left), trench 2 (middle), and trench 3 

(right). 
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In summary, gypsum, jarosite and smithsonite monohydrate were the only 

minerals that were undersaturated towards the surface and approached saturation 

with depth in all three trenches. Otavite, cerussite, and Zn(OH)2 were also 

observed to approach saturation with depth, but only in trench 3. Calcite, dolomite, 

gypsum, and jarosite all showed lower relative average SI readings in trench 2. 

Furthermore, calcite, dolomite, otavite, and cerussite (carbonate-bearing) all 

recorded the lowest relative SI readings at 0.5 and 4.0 m depth in trench 1. The 

mineral phases that were near or slightly above saturation for at least ten 

porewater samples between all three trenches included calcite, gypsum, gibbsite, 

boehmite, ferrihydrite, Cr(OH)3 (am), Mn(HPO4), malachite, otavite, cerussite, and 

smithsonite monohydrate. 

3.4 Discussion 

3.4.1 Porewater Chemistry and Secondary Controls 

Porewater pH at the Ore Chimney waste-rock pile was near-neutral (6.4 to 8.4) 

and showed minor variability throughout all three trenches. Alkalinity 

concentrations always exceeded 25 mg/L CaCO3 except for a 13 mg/L 

measurement at 0.5 m depth in trench 1, which correlated with lower pH (6.4), 

lower total inorganic carbon content measured by total C/S analysis, and reduced 

calcite and dolomite concentrations predicted by PXRD (Ch. 2). Calcite and 

dolomite SI values were near saturation in many locations and are therefore the 

likely sources of alkalinity, Ca, and Mg in the porewaters. Calcite and dolomite 

typically buffer acidity to a pH range of 6.2 to 8.3 (Parbhakar-Fox and Lottermoser, 

2017) and are likely controlling the near-neutral pH levels observed throughout the 

entire waste-rock pile even after ~100 years of weathering above ground surface. 

Measurements of bisulfide (HS-) and ferrous iron (Fe2+) were consistently under 

range indicating that oxidizing conditions likely prevail throughout the entire depth 

profile of the waste-rock pile. Sulfate was observed as the dominant anion with 

concentrations ranging from 31 to 2,023 ppm and average molar concentrations 

accounting for 84% of the total anion concentration including bicarbonate [HCO3
-]. 
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Elevated SO4
2- concentrations observed in the porewaters are indicative of sulfide 

oxidation processes (Blowes et al., 2013). Likewise, porewater Eh measurements 

ranged from (+341) to (+547) mV corroborating observations of a strongly oxidizing 

system, which is required for sulfide mineral oxidation (Langmuir, 1997). 

Measurements of Eh did not significantly change with depth, which coincides with 

petrographic observations of consistent sulfide mineral weathering throughout the 

entire depth profile of the waste-rock pile (Ch. 2). Consistencies with elevated 

porewater Eh measurements and apparent sulfide mineral oxidation throughout 

the entirety of each trench suggests that atmospheric oxygen has infiltrated the 

entire waste-rock pile and is the main oxidizing agent irrespective of depth (Amos 

et al., 2015). 

Moncur et al (2005) measured porewater chemistry from the surface to 4.0 m depth 

of the Sheritt-Gordon tailings profile in Manitoba, Canada, to investigate mineral 

alteration and metal transport after 70 years of subaerial weathering. Observations 

indicated the formation of a 1.5 m thick hardpan layer primarily composed of 

consolidated secondary mineral phases including melanterite (Fe2+SO4 • 7H2O), 

rozenite (Fe2+SO4 • 4H2O), goethite [Fe3+O(OH)], gypsum (CaSO4 • 2H2O), and 

jarosite [KFe3+
3(SO4)2(OH)6]. The hardpan layer was observed to limit oxygen 

infiltration, which was indicated by a sharp decline in Eh readings from +802 mV 

at the surface (0.0 m) to +300 mV at approximately 1 m depth (Moncur et al., 2005). 

The particle size composition of tailings and subsequent moisture retention 

properties are usually similar to ordinary silts and clays (Qiu and Sego, 2001), 

which are finer-grained, less permeable, and have a greater resistance to the 

ingress of oxygen than coarser-grained material that typically represents waste 

rock (Gorakhki and Bareither, 2017; Azam et al., 2020). 

Tailings material often contains higher concentrations of sulfur than waste rock 

(Goumih et al., 2013). The accelerated weathering of finer-grained tailings material 

has the potential to establish a pH and redox gradient showing elevated acidity 

and Eh readings near the surface that significantly reduce beyond 1 m depth even 

after 70 years of weathering (Moncur et al., 2005; Moncur et al., 2009). Porewater 
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pH and Eh depth profiles from coarser grained waste-rock material at Ore Chimney 

did not reveal the development of a gradient nor the formation of a hardpan layer 

and maintained relatively consistent pH and Eh readings from the surface to 5.0 m 

depth. However, the formation of a hardpan layer observed by Moncur et al (2005) 

did not completely restrict the vertical movement of water as indicated by the 

accumulation of SO4
2- in the porewaters at greater depth. Ore Chimney also 

revealed sulfate accumulation with depth but is likely due to transport processes 

plus additional oxidation at depth. 

Calcium was observed as the dominant cation in the porewaters accounting for an 

average of 59% of the total (molar) cation concentration measured by ICP-

AES/MS. Furthermore, Ca concentrations, in addition to SO4
2-, significantly 

increased with depth suggesting that Ca and SO4
2- were being leached from upper 

portions of the waste-rock pile and accumulating towards the base (Shum and 

Lavkulich, 1999). The average solid-phase sulfur concentration above 2.0 m depth 

in the Ore Chimney waste-rock pile is 1.6 wt.% (σ = 0.9) and sulfide alteration 

extent did not significantly change with depth (Ch. 2) suggesting that mineral 

weathering is ongoing and gravity-assisted vertical transport through the pile is 

elevating Ca and SO4
2- in the porewaters at greater depth. Although grain size 

distributions and the vertical flow velocity of water through the waste-rock pile at 

Ore Chimney was not determined, other unsaturated waste-rock piles have 

observed thawing periods that permeate water at an average rate on the order of 

2 to 3 cm/day (Zak, 2013). 

Smith et al (2013b) observed SO4
2- and Ca accumulation from waste-rock effluent 

at a test pile at the Diavik mine that plateaued at 2,000 and 350 ppm, respectively, 

after only four months of subaerial weathering. Similar to Diavik, elevated SO4
2- 

(2,000 ppm) and Ca (400 ppm) concentrations near the base of the Ore Chimney 

waste-rock pile suggest that Ca and SO4
2- concentrations are controlled primarily 

by the formation of gypsum, which was maintained near saturation at Ore Chimney 

below (and including) 1.5 m depth and is consistent with carbonate-bearing waste-

rock weathering studies at both four-month (Smith et al., 2013b) and 30-year 
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(Smith et al., 2021) time scales. The Ca and SO4
2- signatures at Ore Chimney are 

likely not a function of long-term weathering processes but rather an indication that 

Ca and SO4
2- are mobile, and concentrations are being controlled to a similar 

extent even after ~100 years of sulfide oxidation (Smith et al., 2013b; Moncur et 

al., 2015). 

Calcium is typically released into porewaters from Ca-bearing carbonate minerals 

that dissolve into solution from neutralization reactions buffering acidity that is 

generated from the oxidation of sulfide minerals (Blowes et al., 2013; Amos et al., 

2015). Sulfide mineral oxidation and PXRD measurements of calcite and dolomite 

phases (Ch. 2) coupled with observations of near-neutral pH and instances of 

calcite and dolomite phases near saturation provides a strong indication that 

carbonate mineral dissolution has been an active process within the waste rock at 

Ore Chimney over the past ~100 years. The dissolution of dolomite from pH 

buffering can strongly influence dissolved Mg concentrations in mine wastes 

(Jurjovec et al., 2002). Magnesium concentrations exhibited a strong positive 

relationship with Ca measuring R2
calc values of 0.63, 0.73, and 0.66 in trenches 1, 

2, and 3, respectively (Fig. 3.12a - c), which suggests that dolomite and calcite are 

both being weathered in the system. However, calcite dissolution neutralizes 

acidity at a higher rate than dolomite by one order of magnitude (Lapakko, 2002) 

and porewater Mg concentrations were observed to be at least twofold lower than 

Ca suggesting that calcite has been the primary carbonate buffering phase at Ore 

Chimney.  

 

31Figure 3.12: Ca correlation plot with Mg for trench 1 (left), trench 2 (middle),          
and trench 3 (right). 
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Magnesium-bearing mineral phases identified by PXRD included hornblende, 

biotite, chlorite, and dolomite (Ch. 2). Porewater Mg concentrations were 

statistically higher in trench 1 than trench 2 by a mean difference of 25.8 ppm; 

however, Mg-bearing mineral content was relatively consistent. Alternatively, 

average calcite concentrations from both grain fractions in trench 1 were 50% 

higher than trench 2 (Ch. 2). Calcite often hosts trace concentrations of Mg in its 

mineral structure (Lane and Dalton, 1994; Zaitsev and Polezhaeva, 1994) and 

SEM analysis of calcite at Ore Chimney revealed up to 2 wt.% Mg (Ch. 2). 

Furthermore, calcite dissolution is typically favoured over dolomite in weathering 

systems (Lapakko, 2002; White et al., 2005) thereby suggesting that calcite may 

also be contributing to dissolved Mg in the porewaters. 

Relative to trenches 1 and 2, PXRD measured under range calcite content               

(μ = 1.4 wt.%) and the highest dolomite concentrations (μ = 5.8 wt.%) in trench 3 

(Ch. 2). Likewise, elevated porewater Mg concentrations towards the base of 

trench 3 correspond to low calcite content (below detection) and a significantly 

higher proportion of dolomite from 3.0 to 4.0 m depth suggesting that dolomite may 

have begun to replace calcite as the principal carbonate buffering phase in this 

locality. Moreover, dolomite was observed to be near saturation from 3.0 to 4.0 m 

depth in trench 3 and may act as the primary control for elevated Mg in the 

porewaters. The lower average calcite content and subsequently higher 

concentrations of dissolved Ca in the porewaters may indicate that calcite has 

depleted to a greater extent than dolomite but remains in the waste-rock pile after 

~100 years of weathering. Should the remaining portion of calcite continue to react 

with acidity from oxidizing sulfide minerals, it is proposed that dolomite will 

eventually transition into the primary carbonate buffering mineral and the relatively 

high dolomite concentrations measured from both grain size fractions throughout 

each trench (μpile = 4.1 wt.%) should maintain near-neutral pH as the pile continues 

to weather (Parbhakar-Fox and Lottermoser, 2017). 

Dissolved concentrations of Fe, Mg, and K are often derived from the subaerial 

weathering of biotite (Strömberg and Banwart, 1999; Moncur et al., 2009). 
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Furthermore, biotite typically weathers at a faster rate than most silicate minerals 

due to its layered structure and the incorporation of ferrous iron that is reactive with 

oxygen (Fordham, 1990; Bhatti et al., 2011). Monovalent cations, typically as 

potassium, are present between the biotite sheet structures and are released into 

porewaters approximately two orders of magnitude higher than Mg and Fe2+, which 

are more tightly bound within the internal layers of the mineral lattice (Malmstrom 

and Banwart, 1997). Therefore, biotite is likely subsidiary to carbonate minerals as 

a source for dissolved Mg but the principal source for the observed K 

concentrations in the porewaters (Langman et al., 2014). 

The biotite mineral phase identified by PXRD was predicted to host trace 

concentrations of Na, which would substitute for weakly bonded K ions and be 

released into solution at a similar rate (Ch. 2) (Malmstrom and Banwart, 1997). 

Sodium-bearing plagioclase feldspar (oligoclase) and hornblende are more 

resistant to weathering than biotite but are still predicted to dissolve into solution 

at near-neutral pH at very slow rates (Stillings et al., 1996; Frogner and Schweda, 

1998). Therefore, dissolved Na concentrations observed at Ore Chimney may 

originate from biotite, oligoclase, and hornblende and indicates that aluminosilicate 

weathering is occurring to some extent. There were no controls observed for 

porewater Na; however, dissolved concentrations of K, and to a lesser extent SO4
2- 

and Fe, may be controlled by the formation of jarosite at 0.5 and 4.0 m depth in 

trench 1, which favours acidic conditions and corresponds to the lowest relative 

pH readings of 6.5 and 6.4 (Elwood Madden et al., 2012; Blowes et al., 2013). 

Under-range measurements of Fe2+ by spectrophotometry coupled with under 

range HS- and elevated Eh and SO4
2- readings provides a strong indication that 

porewater ICP-MS Fe measurements predominantly consisted of ferric iron (Fe3+). 

Ferric iron content in the porewaters was relatively consistent with depth and is 

likely being controlled by the precipitation of ferrihydrite, which may play a 

significant role in masking Fe correlations with other dissolved metals (Nordstrom, 

1982). Ferrous iron-bearing mineral phases such as siderite (Fe2+CO3), 

melanterite, and rozenite, have been observed to control porewater Fe 
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concentrations in some mine-waste systems (Moncur et al., 2005; Moncur et al., 

2009) but correspond to lower Eh/pH conditions than what was observed herein 

and are not considered to limit Fe porewater concentrations at Ore Chimney. 

Ferrihydrite precipitation is favoured under circumneutral pH (Blowes et al., 2013) 

and was slightly oversaturated; thus, potentially controlling Fe in the porewaters. 

Investigations along the alteration rims of Fe-bearing sulfides by SEM-EDX 

revealed an Fe-oxyhydroxide phase that most likely resembled goethite (Ch. 2), 

which was predicted to be more saturated than ferrihydrite in the porewaters. 

Goethite has been observed as a more stable Fe-oxyhydroxide phase that is 

transformed from ferrihydrite over time (Combes et al., 1989) and is likely the long-

term mechanism that is controlling the rates of pyrite and chalcopyrite oxidation 

and the low ppb-level porewater Fe concentrations at Ore Chimney (Moncur et al., 

2009).  

Measurable concentrations of Zn, Cu, and Pb in the porewaters indicate that 

sphalerite, chalcopyrite, and galena are being weathered throughout the waste-

rock pile. Analysis of Fe-oxyhydroxide weathering phases of Fe-bearing sulfide 

alteration rims by SEM-EDX also detected Zn and Cu concentrations up to 5 wt.% 

and Pb concentrations as high as 10 wt.% (Ch. 2). The adsorption capacity of Zn, 

Cu, and Pb onto goethite significantly increases at pH values greater than 5, and 

the near-neutral pH levels measured at Ore Chimney suggest that Fe-

oxyhydroxide alteration phases may be retaining portions of Zn, Cu, and Pb from 

the porewaters through adsorption processes (Kooner, 1993; Rodda et al., 1993). 

However, dissolved Zn, Cu, and Pb were all observed to increase with depth 

suggesting that despite co-precipitation/adsorption processes, these metals are 

still being transported through the waste-rock pile.  

On average, porewater Zn content measured via ICP-AES accounted for 92% of 

total metalloid, transition, and post-transition metal (molar) concentrations. 

Elevated concentrations of Zn may be attributed to high relative abundance and 

prolonged subaerial weathering of sphalerite (Moncur et al., 2009). Carbonate 

mineral dissolution often occurs in tandem with sulfide mineral oxidation (Blowes 
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et al., 2013) and the weathering of sphalerite under the presence of calcite is 

expected to simultaneously elevate dissolved Zn, SO4
2-, and possibly Ca in the 

porewaters (Fig. 3.13a - f). However, once Zn concentrations exceeded 

approximately 0.5 mmol/L, both SO4
2- and Ca concentrations were observed to 

plateau at around 16 and 10 mmol/L, respectively, indicating that they were likely 

being controlled by the formation of gypsum (Jurjovec et al., 2002).  

The porewater alkalinity was high enough at Ore Chimney for pH levels to always 

remain above 6.4; however, elevated Zn concentrations were observed to 

correspond with lower pH readings (Fig. 3.13g - i). Among all metals, Zn 

concentrations exhibited the strongest positive correlation with Cd with R2
calc 

values of 0.86, 0.94, and 0.96 for trenches 1, 2, and 3, respectively (Fig. 3.13j - l). 

The presence of solid-phase Cd was measured exclusively in sphalerite grains as 

high as 2 wt.% (Ch. 2) and the average molar Cd concentration in the porewaters 

was approximately tenfold and thirtyfold higher than Pb and Cu, respectively, 

which may be due to the fact that the secondary controls for Zn and Cd [i.e. 

smithsonite monohydrate (Ksp: 10-10.3) and otavite (Ksp: 10-12.1)] have higher 

solubilities than cerussite (Ksp: 10-13.1) and malachite (Ksp: 10-33.2), and sphalerite 

may be more susceptible to mineral weathering than galena and chalcopyrite 

(Parkhurst and Appelo, 1999). Cadmium was not detected as a component of 

secondary Fe-oxyhydroxides, which may be because the available sorption sites 

are entirely occupied by Pb, Zn, and Cu. Likewise, Cd has a lower relative 

adsorption affinity onto goethite, which may enhance Cd mobility under these 

conditions (Swedlund et al., 2009; Mohapatra et al., 2011; Komárek et al., 2018). 

SEM-EDX analysis along sphalerite alteration rims occasionally detected the 

presence of a zinc carbonate phase (Ch. 2), which coincides with the relatively 

high carbonate content and subsequent porewater alkalinity. These findings are 

consistent with Zn porewater concentrations nearing saturation with smithsonite 

monohydrate beyond 1.0 m depth in all three trenches. Anhydrous zinc carbonate 

(i.e. pure smithsonite) was slightly less saturated than its hydrated counterpart by 

a mean difference of 0.4 (σ = 0). Therefore, it is likely that Zn first precipitates as 
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a hydrous zinc carbonate phase and recrystallizes into a more stable anhydrous 

product over time and “smithsonite” can be generalized as the main Zn control in 

the porewaters (Bain et al., 2001). Cadmium was not detected as a component of 

any secondary mineral phase along sphalerite alteration rims; however, otavite 

(CdCO3) was predicted to be consistently near saturation potentially controlling 

porewater Cd throughout the waste-rock pile, which is typical for carbonate and 

sphalerite-rich systems (Eary, 1999; Bain et al., 2001; Laurenzi et al., 2015). 

Among the sulfide minerals, solid-phase Co concentrations were only detected in 

pyrite grains and Ni concentrations were measured exclusively in both pyrite and 

sphalerite grains via SEM-EDX. Although they often measured below the SEM-

EDX detection limit, ICP-AES/MS analyses accurately measured concentrations 

of these elements in the solid phase. Moreover, molar concentrations of Co and Ni 

were found to be at least twofold higher than Fe in the porewaters despite 

measuring thousandfold lower concentrations from solid-phase ICP-MS and 

measuring below detection (< 1 wt.%) in pyrite grains (Ch. 2). Therefore, Fe 

concentrations in the porewaters were likely being restricted by the formation of 

ferrihydrite whereas no secondary controls were observed for Co or Ni. SEM-EDX 

analysis on pyrite alteration zones did not detect Co nor Ni (Ch. 2) suggesting that 

they are not well retained within the structure of secondary ferric oxyhydroxides 

and may have a higher relative affinity than Fe to be released into the porewaters 

from long-term subaerial exposure under neutral pH (Lehner et al., 2007). 

Furthermore, the absence of Co and Ni on Fe-oxyhydroxide alteration phases 

indicates no attenuation via surface complexation reactions, which is consistent 

with Rose and Bianchi-Mosquera (1993) who observed lower adsorption affinities 

of Co and Ni onto goethite than Pb, Zn, and Cu at near-neutral pH. Therefore, it is 

suggested that accelerated incipient weathering of sphalerite and galena 

compared to pyrite enriches porewaters with Zn and Pb that preferentially occupy 

available sorption sites on Fe-oxyhydroxides. Consequently, Co and Ni attenuation 

is restricted and their mobilities are increased, which coincided with increasing 

porewater concentrations with depth in trenches 1 and 2 and the suspected relative 
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adsorption affinities of Co and Ni are similar to observations made by Blowes and 

Jambor (1990) and Jurjovec et al. (2002).  

 

 

 

 

 

32Figure 3.13: Zn correlation plots with SO4
2-, Ca (mmol/L), pH, and Cd (μmol/L) 

for trench 1 (left), trench 2 (middle), and trench 3 (right). 
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The strong positive correlations between Zn with Pb, Cu, Co, and Ni indicates 

ongoing simultaneous sphalerite, galena, chalcopyrite, and pyrite weathering (Fig. 

3.14a - l). Relatively abundant carbonate content and subsequently high alkalinity 

suggests porewater concentrations of Pb and Cu are controlled by the formation 

of cerussite and malachite, respectively, throughout most of the waste-rock pile 

and is consistent with SEM-EDX measurements of cerussite along the alteration 

rims of galena grains (Ch. 2). Undersaturated cerussite SI values of -1.0 (0.5 m) 

and -1.4 (4.0 m depth) in trench 1 corresponded to lower pH readings of 6.4 and 

6.5, respectively, which also applied to calcite, dolomite, malachite, otavite, and 

smithsonite. Likewise, the highest porewater pH readings of 8.3 at 1.5 m in trench 

1 and 8.4 at 0.5 m depth in trench 3 indicated near saturation with Pb(OH)2(s) and 

Zn(OH)2(s) and may also control dissolved Pb and Zn concentrations but to a lesser 

extent than cerussite and smithsonite. 

Anomalously high porewater concentrations of Zn, Cd, Pb, Cu, Co, and Ni 

measured at 0.5 m in trench 1 and 2.5 m depth in trench 3 were not observed to 

coincide with elevated metal concentrations from solid-phase ICP-MS/AES nor 

elevated sulfur content from total C/S analysis suggesting that the porewater 

chemistry was not directly proportional to the in situ solid-phase sulfide content 

presented in Chapter 2. Elevated signatures may be influenced by the presence 

of colloidal material (Aiken et al., 2011); However, porewater signatures of Zn, Cd, 

Pb, Cu, Co, and Ni at 0.5 m in trench 1 and 2.5 m depth in trench 3 corresponded 

with low alkalinity. Metal-carbonate complexes were the strongest/only secondary 

controls predicted for Zn, Cd, Pb, and Cu and undersaturated SI values 

corresponded with insufficient alkalinity concentrations. Therefore, elevated Zn, 

Cd, Pb, and Cu at 0.5 m in trench 1 and 2.5 m depth in trench 3 are likely due to 

the absence of a secondary (carbonate) control due to decreased alkalinity, which 

was attributed to relatively low solid-phase inorganic carbon content (Ch. 2). In 

addition, the subsamples for porewater analyses in the abovementioned localities 

may have represented finer-grained waste-rock material where accelerated sulfide 

oxidation further depleted the alkalinity supply. The magnitude of porewater metal 

concentrations may depend on both mineralogy and grain size thus outlining the 
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importance of collecting a high sample density across multiple vertical transects 

(Atherton, 2017; Barsi, 2017; Vriens et al., 2019). 

 

 

 

 

 

33Figure 3.14: Zn (mmol/L) correlation plots with Pb, Cu, Co, and Ni (μmol/L) for 
trench 1 (left), trench 2 (middle), trench 3 (right). 
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Manganese was the only other metal that measured anomalously high 

concentrations at 0.5 m in trench 1 and 2.5 m depth in trench 3, which also did not 

correspond with solid-phase chemical data. Manganese was not detected as a 

trace component of any sulfide mineral, so it was less likely that Mn was being 

released from oxidizing sulfides. Alternatively, under range (≤ 1 wt.%) Mn was 

detected in calcite and dolomite grains (Ch. 2) and the anomalously high 

concentrations of Mn in these localities may be a function of continual carbonate 

buffering from accelerated long-term sulfide oxidation in finer-grained fractions of 

waste-rock material (McCreadie et al., 2000). In most cases, concentrations of Mn 

in the porewaters were three orders of magnitude lower than dissolved Ca and did 

not show a positive correlation beyond Ca concentrations of approximately 9 

mmol/L indicating that Ca porewater concentrations are being controlled by 

secondary minerals, likely gypsum and calcite (Fig. 3.15a - c), whereas 

rhodochrosite was too undersaturated for the removal of Mn2+ (Langmuir, 1997; 

Blowes et al., 2013). 

Jeong and Lee (2003) measured seepage water Mn, Ca, and Zn concentrations 

of 9.10 μmol/L, 3.27 mmol/L, and 0.16 mmol/L, respectively, from a waste-rock pile 

at the Dadeok mine subjected to 50 years of sphalerite (Zn0.84Fe0.15Mn0.01S) 

weathering and subsequent circumneutral pH buffering primarily by manganoan 

calcite (Ca0.84Mn0.16CO3). Manganese was not contained in sphalerite at Ore 

Chimney and under range Mn signals from SEM-EDX analysis of calcite in the Ore 

Chimney waste rock revealed a conservative mineral formula with a Mn content 

no greater than ~Ca0.98Mn0.02CO3, which has an eightfold lower Mn content than 

observations by Jeong and Lee (2003). Therefore, despite Mn being significantly 

less concentrated in Ore Chimney carbonates in contrast to Dadeok, the similar 

concentrations of dissolved Mn (12.36 μmol/L at 5.0 m in trench 1) and comparable 

Ca/Mn ratios (Ca:Mn = ~360 at Dadeok; Ca:Mn = ~740 at 5.0 m depth in trench 1 

at Ore Chimney) coupled with higher porewater Zn (0.54 mmol/L) at Ore Chimney 

may have resulted from the nearly doubled exposure time and additional 50 years 

of weathering. 
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SEM-EDX observations indicate apatite (Ch. 2; Fig. 2.18a) as a potential source 

for PO4
3- in the porewaters, which measured an average of 0.15 (σ = 0.03) ppm 

(PO4
3-) and was very consistent with depth. It is likely that dissolved concentrations 

of PO4
3- and Mn (as Mn2+) are being constrained by the formation of Mn2+HPO4, 

which has been proposed as an important Mn control under near-neutral pH with 

available PO4
3-, whereas rhodochrosite is favoured in more alkaline environments 

(Boyle and Lindsay, 1985; Eary, 1999; Enviromin, 2017). Porewater Eh and pH 

readings at Ore Chimney predict Mn to be metastable in the Mn3+ oxidation state 

(Pourbaix, 1974), which explains why SI simulations also predicted manganite 

[Mn3+O(OH)] as a potential control at 0.5 m depth in trench 1 and at the surface of 

trench 2, which corresponded to the highest Eh readings of +547 and +518 mV, 

respectively. 

 

 

34Figure 3.15: Ca (mmol/L) correlation plot with Mn (μmol/L) for trench 1 (left), 
trench 2 (middle), and trench 3 (right). 

 

Eh and pH conditions throughout the waste-rock pile at Ore Chimney also 

predicted polyvalent Fe and Cr to be most stable in the (3+) oxidation state and 

subsequently controlled by the formation of amorphous Fe(OH)3(s) and Cr(OH)3(s) 

phases, which have the lowest solubilities at near-neutral pH thus maintaining 

considerably lower porewater concentrations compared to most other metals 

(Pourbaix, 1974; Langmuir, 1997). Similar to Fe and Cr, porewater Al 

concentrations were consistent with depth and showed minimal variation between 

trenches. Dissolved Al was predicted to be consistently near saturation with 



105 
 

boehmite and gibbsite, which also have relatively low solubilities, especially at 

near-neutral pH, explaining why the porewaters at Ore Chimney measured low 

average Al concentrations of 5.6 (σ = 3.9) ppb throughout the entire pile (Langmuir, 

1997). Higher dissolved concentrations of Fe3+ and Al are ordinarily observed in 

acidic mine-waters due to the accelerated dissolution of Al/Fe-hydroxides and 

aluminosilicates, which have increased solubilities at lower pH (Bigham and 

Nordstrom, 2019; Vriens et al., 2019), whereas the dissolution of Al(OH)3 and 

Fe(OH)3 was not favoured at Ore Chimney due to the neutral pH levels maintained 

by the abundance of calcite and dolomite. Furthermore, the geochemical 

signatures at Ore Chimney provide empirical evidence that dissolved 

concentrations of in situ Fe and Al that may leach through weathered waste-rock 

can be regulated significantly for at least ~100 years by maintaining a sufficient 

Ca-carbonate neutralization capacity. 

The blasting of waste rock is often facilitated by perchlorate (ClO4
-), which can be 

enriched in the stockpiled material and contribute to measurable porewater Cl 

concentrations (Cox, 2005; Bailey et al., 2013). Chloride also acts as a 

conservative tracer that can be measured to help elucidate waste-rock 

permeability and the downward migration of water through the vadose zone 

(Neuner et al., 2013). However, if mining activities at Ore Chimney incorporated 

perchlorate as a blasting agent, the contaminated signature would have likely 

flushed through the pile within the first few years (Bailey et al., 2013). Porewater 

Cl was not observed to be controlled by secondary phases and measurements 

likely resembled natural signatures derived a from a variety of minerals hosting Cl 

in trace amounts. Likewise, no controls were observed for porewater 

concentrations of Ti. Although concentrated in the solid phase by an average of 

3600 ppm, Ti concentrations in the porewaters measured average concentrations 

of 0.6 ppb indicating that ilmenite and rutile have a very high resistance to 

weathering (Sudom and St. Arnaud, 1971) and partition into porewaters at 

extremely low ppb levels (Skrabal and Terry, 2002) even after ~100 years of 

exposure above ground surface. 
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SEM-EDX analysis did not detect As nor Sb as a solid-phase component for pyrite, 

chalcopyrite, sphalerite, or galena. Instead, As and Sb concentrations were 

exclusively contained by arsenopyrite (FeAsS), and a (Cu,Sb,Ag)-bearing sulfide 

mineral (freibergite), respectively, found only in a few sample locations (Ch. 2). 

Dissolved As and Sb concentrations are likely derived from the oxidative 

dissolution of arsenopyrite and freibergite (Koski et al., 2008) and these minerals 

have been previously documented to exist within the mineralized Ore Chimney 

Formation (Harnois and Moore, 1989). Redox and pH conditions predict Sb to be 

more stable in the Sb(V) oxidation state, which adsorbs strongly to goethite across 

a pH range from 3 to 8 (Pourbaix, 1974; Martínez-Lladó et al., 2008). No secondary 

controls were predicted for As nor Sb from SI simulations; however, Sb was 

occasionally measured up to 3 wt.% as a potential adsorption phase on Fe-

oxyhydroxide alteration surfaces, which is less significant than Pb, Zn, and Cu, but 

may control dissolved Sb to some extent. 

3.4.2 Implications 

Porewater concentrations of Ca and SO4
2- at Ore Chimney peaked at 

approximately 400 and 2,000 ppm, which were observed closer to the base of the 

waste-rock pile. Smith et al (2013b) measured Ca and SO4
2- concentrations in 

drainage waters from a constructed waste-rock test pile at Diavik mine with low 

relative carbon (~0.02 wt.%) and sulfur (0.16 wt.%) content, which plateaued at 

approximately 350 and 2,000 ppm, respectively, after only four months of 

weathering. Gypsum saturation was interpreted to limit dissolved Ca and SO4
2- at 

Diavik and Ore Chimney, which demonstrates that elevated sulfide and carbonate 

content and prolonged subaerial exposure (i.e. Ore Chimney) are not required to 

saturate Ca and SO4
2- concentrations with respect to Gypsum. It also indicates 

that gypsum can serve as a major control for dissolved Ca and SO4
2- 

concentrations over long timescales when there is ongoing sulfide oxidation and 

an abundancy of Ca-bearing carbonate minerals in the waste rock. Elevated 

alkalinity measurements (μ = 60.2 mg/L CaCO3) throughout the Ore Chimney 

waste-rock pile are derived from calcite and dolomite dissolution resulting in stable 
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near-neutral pH levels. Consistently low-ppb measurements of Fe, Al, and Cr are 

suggested to be controlled by the formation of secondary hydroxide phases with 

low relative solubilities, which signifies that the concentrations of dissolved in situ 

Fe, Al, and Cr are minimized over long time periods by near-neutral pH conditions 

maintained by an abundance of calcite and dolomite.  

Atherton (2017) deconstructed a low-carbon (~0.02 wt.% C) and low-sulfur (~0.02 

wt.% S) 10-metre-high waste-rock test pile at the Diavik mine that had weathered 

for approximately eight years and collected in situ porewater samples throughout 

the entire depth profile at ~3 m sampling intervals. The carbonate neutralization 

capacity was depleted in at least one location (~3 m depth) yielding a pH of 4 that 

corresponded with elevated dissolved porewater concentrations of SO4
2-, Ca, Fe, 

Al, Ni, Co, Cu, and Zn. Likewise, Ca and SO4
2- measurements of ~400 and ~2,500 

ppm, respectively, were likely being controlled by the formation of gypsum, which 

was observed to be nearest saturation at that locality. The geochemical signatures 

in the waste-rock test pile at Diavik investigated by Atherton (2017) were observed 

to be heavily dependent on pH, which depended on the carbonate content, or lack 

thereof. Atherton (2017) also observed elevated SO4
2-, Ca, and Mg at ~6 m depth, 

which did not correspond to low pH nor other abovementioned metals suggesting 

the accumulation of SO4
2-, Ca, and Mg to a depth range of 3 m from eight years of 

weathering. 

Porewater concentrations of SO4
2-, Ca, and Mg at Ore Chimney accumulated from 

0.0 to 5.0 m depth, which is greater than the ~3 m depth range observed by 

Atherton (2017), possibly due to a longer weathering period, but likely not a 

signature unique to ~100 years. Instead, it provides an indication that weathering 

processes drive Ca and SO4
2- to near saturation within approximately a decade if 

weathering is accelerated due to a limited carbonate content and can reveal     

SO4
2-, Ca, and Mg depth profiles similar to what was observed at Ore Chimney 

despite the significant difference in exposure times. An abundance of carbonate 

minerals that maintain near-neutral pH for nearly a century (i.e. Ore Chimney) 

subject sulfide minerals to slower weathering rates than younger waste-rock piles 
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that are weathering faster under acidic conditions and can create difficulties in 

making comparisons based on differences in age. Therefore, the mineralogy and 

mineral abundance plays a significant role in characterizing waste-rock 

weathering, and it is imperative to have a comprehensive understanding on the 

physical properties of mine-waste material and in situ solid-phase and aqueous-

phase geochemical signatures to isolate and properly address the influence of 

time. 

Jeong and Lee (2003) investigated the weathering of waste rock derived from 

quartz veins bearing galena, sphalerite and manganoan carbonates that 

weathered at the Dadeok mine for at least 50 years. Drainage waters underneath 

the Dadeok waste-rock pile measured Zn concentrations as high as 10.2 ppm 

derived from sphalerite weathering under near-neutral pH with a similar Fe content 

as Ore Chimney sphalerite (Ch.2). Porewater Zn concentrations at the base of 

trenches 1 and 2 at Ore Chimney measured 35.2 and 31.6 ppm, which are 

threefold higher than measurements by Jeong and Lee (2003). While the higher 

Zn concentrations at Ore Chimney may be a function of an additional 50 years of 

weathering, seepage waters may represent more dilute concentrations than in situ 

centrifuged porewaters. Moreover, Jeong and Lee (2003) did not quantify solid-

phase Zn concentrations so the elevated Zn (and Cd) at Ore Chimney may also 

be from a higher proportion of sphalerite. 

Jeong and Lee (2003) and Ore Chimney measured significantly higher dissolved 

Zn concentrations than Pb. The Zn:Pb ratio measured at Dadeok was 

approximately 50 whereas Zn:Pb ratios at the base of trenches 1 and 2 at Ore 

Chimney were 360 and 440, respectively. Jeong and Lee (2003) observed 

alteration rims of Galena to be replaced by anglesite whereas Pb concentrations 

at Ore Chimney were undersaturated with respect to anglesite and alteration rims 

were determined to be replaced by cerussite, which may be due to a higher 

carbonate content in the waste rock. The solubility product (i.e. Ksp) of cerussite                

(1.6 × 10-13) is five orders of magnitude lower than anglesite (1.6 × 10-8), which 

may help explain why the Zn:Pb ratios are significantly higher at Ore Chimney than 
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Dadeok mine (Marani et al., 1995). Therefore, carbonate-rich waste rock may exert 

a stronger control on Pb through the formation of cerussite even after ~100 years 

of weathering, as observed at Ore Chimney. 

Waste-rock piles are inherently complex, and the geochemical signatures are 

evidently a function of variable weathering characteristics such as mineralogy, 

grain size, hydrologic flow regimes, and time (Blowes et al., 2013). Despite these 

inherent differences among various waste-rock studies, including Ore Chimney 

and others in the literature, the fundamental processes for sulfide weathering, pH 

buffering, and secondary chemical controls that are described for young waste 

rock, are also observed for much older systems (i.e. Ore Chimney). After ~100 

years, the liberation of metals from sulfide oxidation and carbonate mineral 

dissolution remains an ongoing process. Likewise, dissolved metal concentrations 

as a function of long-term weathering are similarly controlled by secondary 

attenuation processes such as mineral precipitation and adsorption onto the 

surfaces of secondary mineral phases. The differences in geochemical signatures 

between waste rock exposed for a year compared to ~100 years has a greater 

dependency on internal factors such as alkalinity, mineralogy, and grain size than 

external factors such as exposure time. For Ore Chimney, the remaining presence 

of sphalerite in addition to galena, pyrite, and chalcopyrite strongly suggests that 

weathering processes will continue to occur. Likewise, the in situ signatures will 

continue to be regulated by secondary controls, and abundant alkalinity and 

carbonate minerals suggest that drainage pH will remain neutral as the waste-rock 

pile continues to age. 
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Chapter 4: Conclusions 

4.1 General Summary of Implications 

The Ore Chimney waste-rock pile revealed total S (2.02 wt.%) and C (1.38 wt.%) 

concentrations that are significantly higher than what is commonly reported in the 

literature for waste-rock piles at other mines (Smith et al., 2013a; Fan et al., 2014; 

Essilfie-Dughan et al., 2017). The sulfide mineral assemblage at Ore Chimney was 

mainly derived from calcite- and dolomite-bearing quartz veins and primarily 

composed of sphalerite and galena with a lower occurrence of pyrite and 

chalcopyrite. High concentrations of in situ porewater alkalinity (μ = 60.2 mg/L 

CaCO3) and consistent near-neutral pH (6.4 - 8.3) at Ore Chimney are a function 

of high concentrations of calcite and dolomite, but also due to a reduced tendency 

for sphalerite and galena to generate acidity from weathering processes under the 

availability of oxygen (Equation 1) (Plumlee, 1999). High Eh readings coupled with 

observations of sulfide alteration were consistent across depth and location 

indicating a fully aerobic system, which may be attributed to the accumulation of 

coarse material towards the base of the waste-rock pile from edge dumping and 

prolonged weathering (Lahmira et al., 2016).  

Total S and C content of the waste rock were observed to be independent of grain 

size between ranges of < 0.5 mm and 0.5 to 2.0 mm. It is therefore suggested that 

sulfide and carbonate grains encapsulated by quartz have a decreased propensity 

for partitioning into finer grain sizes from blasting and long-term subaerial exposure 

and the source of sulfide minerals may play an important role in weathering. 

Studies of younger mine-waste systems [i.e. Gunsinger et al., 2006a (28 years), 

Jeong and Lee, 2003 (50 years), and Moncur et al., 2009 (70 years)] described a 

relative sulfide mineral resistance to alteration in the order chalcopyrite > pyrite      

> galena > sphalerite, which was consistently observed after ~100 years at Ore 

Chimney. Sphalerite showed the highest susceptibility to weathering but was still 

abundant throughout the entire waste-rock pile suggesting that sulfide weathering 

will actively continue. Observations of secondary Fe-oxyhydroxide phases on the 
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alteration rims of pyrite and chalcopyrite suggest higher adsorption affinities of Cu, 

Pb, and Zn, and slower weathering rates; however, it is likely that they will continue 

to serve as the primary acid-generating sources in the waste-rock pile. 

Nonetheless, the uncertain acid-generating capacity at Ore Chimney governed by 

inherent physical and chemical heterogeneities and the presence of pyrite and 

chalcopyrite is not expected to generate AMD in the near future due to the 

abundance of Ca-carbonates.  

The high alkalinity in the waste-rock porewaters derived from the abundance of 

Ca-carbonates controlled dissolved Zn, Cd, Pb, and Cu by the formation of 

secondary metal-carbonates. The magnitude of concentration of dissolved Zn, Cd, 

Pb, and Cu is likely due to differences in solubility products of the respective 

secondary carbonate mineral controls, and insufficient alkalinity (i.e. 0.5 m in 

trench 1 and 2.5 m depth in trench 3) corresponded with elevated metals in the 

porewater. Results from this study indicate that principal waste-rock weathering 

mechanisms, such as the accumulation of heavy metals and sulfate from sulfide 

oxidation, pH buffering from Ca-carbonates, and secondary controls on porewater 

chemistry can appropriately describe mine-waste systems that have weathered 

across a wide range of timescales. As such, the differences in drainage chemistry 

and in situ geochemical signatures between mine-waste studies of different 

exposure times tends to be a result of lithological and mineralogical variations as 

opposed to prolonged weathering. 

4.2 Recommendations for Areas of Future Research 

It can be assumed that gypsum has been near saturation in the waste-rock 

porewaters at Ore Chimney for an extended period. As such, a more detailed 

investigation looking at gangue minerals under transmitted light and SEM-EDX 

may have led to direct observations of gypsum, which would corroborate 

interpretations of its presence and help understand the effect that the abundance 

of gypsum may have on AP and subsequent NPR calculations. Solid-phase sulfide 

and sulfate content can be distinguished by employing certain laboratory analytical 

methods described by Pillai et al, (2007) and Mussa et al, (2009) that may have 
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greater utility in the case for Ore Chimney. Likewise, samples of waste-rock 

material can be sieved to an even finer grain size fraction and analyzed by PXRD 

to potentially resolve and quantify the presence of gypsum among other secondary 

mineral phases (Piantone et al., 2004). Estimations of NPR values at Ore Chimney 

may also be adjusted to account for differences in chemical weathering between 

acid-generating and non-acid generating sulfide minerals. 

The oxidation ranking scheme and subsequent SAI developed herein was 

performed only on the coarse-grained fraction of waste-rock material (0.5 to 2.0 

mm) since SEM-EDX analysis on polished grain mounts representing the fine-

grained fraction (< 0.5 mm) required a carbon coating, which rendered them 

ineffective for further investigation with optical microscopy. SAI assessments could 

have been conducted on the entire suite of both grain fractions prior to SEM-EDX 

analysis and weathering extents could have been compared in greater detail to 

gain a better understanding on long-term weathering with grain size. However, 

mineral obscurities from high degrees of weathering and difficulties with preparing 

the < 0.5 mm polished grain mounts necessitated the use of SEM-EDX to ensure 

that ore minerals were properly identified. In addition, electron microprobe analysis 

(EMPA) can be employed to perform higher chemical and spatial resolution 

analyses of alteration phases. 

The high-resolution sampling technique facilitated by carefully deconstructing the 

waste-rock pile resulted in field work that could only be attempted once. Likewise, 

additional 5 to 6 kg samples of waste-rock material were collected in tandem with 

samples collected for solid-phase and aqueous-phase investigations in 

consideration for particle size distributions throughout the waste-rock pile and their 

effect on geochemical signatures in the waste rock. Samples under a wider range 

of grain sizes can be analyzed for total C/S to help investigate how sulfur derived 

from quartz veins partitions into different grain sizes and how this compares with 

sulfur derived from other lithologies, such as biotite schist at Diavik (Smith et al., 

2013a).  
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