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Abstract 

The Detour Lake Mine is an open pit, greenstone-hosted gold mine in Ontario, Canada. Mining 

produced waste-rock piles that were constructed from 1983 – 1999. Redevelopment and expansion of 

the open pit required the excavation and relocation of the waste-rock piles, providing an opportunity 

to collect samples of waste rock that had been weathering in situ for 30 years. Samples of this 

weathered waste rock and extracted porewater were analyzed for solid-phase and aqueous 

geochemistry, characteristics of sulfide-mineral oxidation, stable calcium isotopes (40/44Ca), and 

secondary minerals.  

Characterization of weathered waste rock suggest the waste rock was potentially acid generating or 

of uncertain acid-generating potential and had depleted neutralization potential compared to 

unweathered samples. Porewater was circumneutral with measurable alkalinity. Mineralogical 

observations identified pyrrhotite as the sulfide mineral with greatest abundance and oxidation 

characteristics. Pyrite was present in abundances of approximately half that of pyrrhotite; chalcopyrite 

was present in lesser amounts and trace amounts of sphalerite and pentlandite were identified. 

Pyrrhotite was typically strongly altered, with intensity ranging from thick rims surrounding intact-

cores to complete replacement by iron-(oxyhydr)oxides. Pyrrhotite, pyrite, chalcopyrite and 

pentlandite contained trace elements; no sphalerite grains were encountered during the measurements. 

Of the trace elements measured, Ni occurred in the highest concentrations in pyrrhotite, pyrite, and 

alteration rims associated with these sulfide minerals. Nickel concentrations in the associated 

porewater were elevated and sorption sites were calculated to be saturated, suggesting the oxidation 

of sulfide minerals released Ni that accumulated in porewater, with some attenuation by sorption to 

iron-(oxyhydr)oxide phases. Synchrotron studies identified Ni in alteration rims associated with an 

oxidizing pyrrhotite grain, in addition to phases consisting of mixed oxidation states of Fe and S.   

An additional synchrotron study focused on iron speciation at 1 µm intervals across transects of 

three partially oxidized pyrrhotite grains to better understand how pyrrhotite oxidation proceeds. 

Grains were selected from an unweathered sample, a sample of intermediate weathering 

characteristics, and a sample with more advanced weathering characteristics. Analysis of the spectral 

features suggests that at the 1 µm scale oxidation products were mixtures of Fe-(oxyhydr)oxides, Fe-

(hydroxy)sulfates, and Fe-depleted sulfides. Measurements on visually unoxidized pyrrhotite grains 

in the samples suggested variable bonding arrangements of Fe among the grains studied, either due to 
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the mineral structure or early-stage oxidation that were not apparent in other features of the spectra. 

The pyrrhotite standard and some ferrous iron [Fe2+] standards had discordant spectral features; ratios 

of ferric iron [Fe3+] to [Fe2+ + Fe3+]  calculated for the transect spots exhibited a clustering at a Fe3+ 

component of 0.2. Together, these results suggested oxidation from Fe2+ to Fe3+ may retain 

characteristics of the Fe2+ pre-edge spectral feature until a threshold component of Fe3+ is exceeded.  

Existing datasets of porewater and solids chemistry were evaluated from Detour Lake Mine and 

Diavik Diamond Mine to attempt to discriminate the contributions of carbonate minerals and non-

carbonate minerals to acid neutralization based on Ca concentrations. Diavik waste rock had low 

concentrations of calcite and Ca-bearing minerals, and periods with no measurable alkalinity in the 

drainage water, in contrast to Ca-rich Detour waste rock and porewater samples with measurable 

alkalinity. The porewater from both Diavik and Detour had higher molar proportions of Ca to major 

cations than the solids, indicating preferential release during weathering and/or preferential retention 

in the aqueous phase. The formation of the secondary Ca-bearing phase gypsum, but not Mg- or K-

bearing phases, affected the molar proportions of Ca in porewater. Calculations based on measured 

alkalinity and concentrations of calculated dissolved inorganic carbon provided a lower bound for 

concentrations of dissolved Ca derived from carbonate-mineral dissolution. Results were consistent 

with expectations based on Diavik and Detour lithology and measured porewater alkalinity trends.  

A small number of samples were analyzed for stable Ca isotopes. This is the first study believed to 

apply stable Ca-isotopes to mine-waste systems. No trends were discernable between the Ca-isotope 

values and alkalinity or ratios of major cations, but the dataset was small. Two-component mixing 

using assumed carbonate and non-carbonate endmembers appeared to over-ascribe Ca to carbonate 

minerals in the Diavik samples, indicating endmembers may not have been representative, and/or 

another mechanism was affecting porewater values. Mixing calculations could not be completed on 

the Detour samples because Ca-isotope values of the endmembers were lower than the porewater 

values, suggesting a confounding mechanism, likely gypsum precipitation/dissolution, affected the 

Ca-isotope ratios. Calculated fractionation factors were consistent with previously reported 

fractionation factors for gypsum. 

 Secondary minerals associated with sulfide-mineral oxidation were characterized by automated 

quantitative mineralogy (mineral liberation analysis, MLA). Grain sizes, modal abundances and 

mineral habits of gypsum produced by MLA suggested geochemical conditions were spatially and 
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temporally variable in the historical waste-rock pile. The secondary mineral jarosite was inferred to 

be present by MLA and by X-ray diffraction analysis, though porewater was calculated to be 

undersaturated with respect to this phase. Calculated mineral associations and grain habits produced 

by MLA suggested that jarosite formed in microenvironments associated with oxidizing sulfide 

minerals. MLA calculates elemental concentrations based on idealized mineral formulae in the 

database, and comparisons to results from four-acid digestions of solid samples revealed that the 

MLA results under-represented concentrations of some trace elements by an order of magnitude. 

Modal abundances provided by MLA and concentrations of trace elements measured by electron-

probe microanalysis were used to calculate concentrations of trace elements in sulfide minerals and 

their alteration rims. Combining these techniques resulted in an increase of up to 170% (relative 

percent difference) of some trace elements compared to MLA, but concentrations remained lower 

than the four-acid digestion results. The discrepancy may be (i) an artefact of the MLA resolution, 

which may not capture mineral grains < 1.5 µm; (ii) the MLA sample size, which considers a much 

small number of particles compared to four-acid digestion; and/or (iii) the incorporation of trace 

elements as impurities in silicate minerals, which are digested by the four-acid method.  

This research provided new insights into the complex processes of pyrrhotite oxidation that affect 

solid phase and aqueous phase geochemistry of mine-waste systems. Results of this research illustrate 

that integrating standard and novel bulk and microanalytical techniques will contribute to more robust 

predictive models of mine-drainage chemistry and, therefore, reduced environmental risk from mine 

drainage.  
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Chapter 1 
Introduction 

1.1 Pyrrhotite oxidation in mining waste rock 

Waste rock produced during mining is commonly stored subaerially in large, heterogeneous waste-

rock piles. Coupled physical and biogeochemical processes influence the weathering of sulfide 

minerals within the waste rock. Microbially-mediated oxidation of the sulfide minerals releases 

acidity [H+], sulfate [SO4], iron [Fe], and any trace-element components of the sulfide minerals 

(Nordstrom, 1982; Nordstrom and Southam, 1997; Blowes et al., 2003; Schippers 2004; Lindsay et 

al., 2015). The release of oxidation products to drainage water can be persistent and deleterious to the 

receiving environment ( Nordstrom et al., 2000; Moncur et al., 2005; Byrne et al., 2010; Luís, et al., 

2013; Bird, 2016; Cánovas et al., 2021; Moreno-González et al., 2022). 

Pyrite [FeS2] and pyrrhotite [Fe1-xS] are the two most common sulfide minerals in mining waste 

rock. The oxidation of pyrite and pyrrhotite can proceed by a number of microbially-mediated and/or 

mineral-catalyzed pathways (Blowes et al., 2003). Pyrite and pyrrhotite oxidation by atmospheric 

oxygen [O2] can be described by a simplified series of reactions (Nordstrom, 1982; Jambor, 2003; 

Nordstrom et al., 2015). Pyrrhotite can be oxidized by oxygen [O2] (Equation 1.1), or ferric iron 

[Fe3+] (Equation 1.2). At pH < 3 and in the presence of O2, the ferrous iron [Fe2+] produced in 

Equation 1.1 can oxidize to Fe3+ (Equation 1.3) and perpetuate the reaction in Equation 1.2. At 

pH > 3, Fe3+ precipitates as Fe3+-oxyhydroxide (e.g., ferrihydrite [nominally 5Fe2O3·9H2O], 

represented as Fe(OH)3), releasing additional H+ (Equation 1.4). 

𝐹𝐹𝐹𝐹1−𝑥𝑥𝑆𝑆 + �2 − 𝑥𝑥
2
�𝑂𝑂2 + 𝑥𝑥𝑥𝑥2𝑂𝑂 →  (1 − 𝑥𝑥)𝐹𝐹𝐹𝐹2+ + 𝑆𝑆𝑂𝑂42− + 2𝑥𝑥𝑥𝑥+  (1.1) 

𝐹𝐹𝐹𝐹1−𝑥𝑥𝑆𝑆 + (8 − 2𝑥𝑥)𝐹𝐹𝐹𝐹3+ + 4𝐻𝐻2𝑂𝑂 →  (9 − 3𝑥𝑥)𝐹𝐹𝐹𝐹2+ + 𝑆𝑆𝑂𝑂42− + 8𝐻𝐻+ (1.2) 

𝐹𝐹𝐹𝐹2+ +  1
4
𝑂𝑂2 + 𝐻𝐻+  ↔ 𝐹𝐹𝐹𝐹3+ + 1

2
𝐻𝐻2𝑂𝑂  (1.3) 

𝐹𝐹𝐹𝐹3+ +   3𝐻𝐻2𝑂𝑂 → 𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)3 + 3𝐻𝐻+  (1.4) 

 

Reactions described by Equations 1.1 and 1.2 may not proceed to completion, producing 

intermediate products of polysulfides [Sn
2-], elemental sulfur [S0], Fe-depleted phases, Fe-

(oxyhydr)oxides, Fe-hydroxysulfates, and possibly excess negative charge (Steger, 1982; Mycroft et 

al., 1995; Becker et al., 1997; McGregor et al., 1998; Thomas et al., 1998, 2001; Janzen et al., 2000; 
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Moncur et al., 2009; Harries et al., 2013; Langman et al., 2015; Nordstrom et al., 2015;  Steinepreis, 

2017; Smith et al., 2021; Bao et al., 2022). The production of intermediate products during oxidation 

and the higher rate of oxidation of pyrrhotite compared to pyrite have been attributed to the influence 

of crystal structure and vacancies (Pratt et al., 1994; Becker et al., 1997; Janzen et al., 2000; Jambor, 

2003; Belzile et al., 2004; Harries et al., 2013). Pyrrhotite has a NiAs crystal structure (Carpenter and 

Desborough, 1964; Morimoto et al., 1970; Becker et al., 1997; Jin et al., 2021). Depending on 

stoichiometry, pyrrhotite can form in monoclinic or hexagonal crystal systems; more Fe-deficient 

structures are monoclinic and less Fe-deficient structures are hexagonal (Fleet, 1970; Belzile et al., 

2004). The non-stoichiometry arises from ordered Fe vacancies (Tokonami et al., 1972; Pierce and 

Buseck, 1994; Jin et al., 2021), and these vacancies cause strong ferromagnetic behaviour in 

monoclinic pyrrhotite (Wang and Salverson, 2005). Ferric iron provides thermodynamic stability to 

the lattice (Tokonami et al., 1972; Pratt et al., 1994; Becker et al., 1997) and may facilitate rapid 

electron exchange with Fe2+ within the bulk solid (Pratt et al., 1994).  

The oxidation model suggests sulfide oxidation is diffusion-limited at the grain scale, with the O2 

or Fe3+ oxidant diffusing to the pyrrhotite grain edge where oxidation occurs (Mycroft et al., 1995; 

Pratt and Nesbitt, 1997). As oxidation proceeds and reaction rims thicken, the rate of sulfide 

oxidation is affected; this process has been described conceptually and mathematically by the 

shrinking core model (Levenspiel, 1972; Cathles, 1979; Davis et al., 1986; Wunderly et al., 1996; 

Mayer et al., 2002, 2003;).   

Pyrrhotite and pyrrhotite oxidation products include species containing either or both of Fe2+ and 

Fe3+. Iron oxidation states, bonding arrangements and coordination geometry have been identified by 

pre-edge features of spectra collected by synchrotron X-ray absorption spectroscopy, particularly X-

ray absorption near edge spectra (XANES) at the Fe K-edge (White and McKinstry, 1966; Srivastava 

and Nigam, 1973; Shulman et al., 1976; Waychunas et al., 1983; Dräger et al., 1988). Studies on 

silicate glasses, natural minerals, mechanical mixtures of minerals, and soil samples successfully 

estimated Fe2+ and Fe3+ contributions from the pre-edge spectral features (Wilke et al., 2001; Berry et 

al., 2003; Farges et al., 2004; Prietzel et al., 2007; Cottrell et al., 2009; Fiege et al., 2017). No studies 

of the pre-edge features of Fe K-edge XANES spectra of oxidizing or partially-oxidized sulfide grains 

have been identified.  

1.1.1 Acid neutralization 

Acidity produced by pyrrhotite oxidation (Equations 1.1, 1.2 and 1.4) can be neutralized by 

carbonate-, (hydr)oxide-, and silicate-mineral dissolution, though the dissolution of these minerals 

occurs at different rates (Jambor, 2003). Calcite [CaCO3] is typically the most important mineral to 
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provide neutralization in mine-waste systems because it has a high solubility and rapid dissolution 

kinetics in acidic solutions at ambient temperatures (Plummer et al., 1978; Plummer and Busenberg, 

1982; Sjöberg and Rickard, 1984), and is common in crustal rocks and ore deposits (White et al., 

1999, 2005; Seal and Hammarstrom, 2003). Dolomite [CaMg(CO3)2] is also considered fast 

dissolving and important in neutralizing H+ produced by sulfide oxidation (Paktunc 1999; Jambor, 

2003). Based on solution pH and dictated by carbonate equilibria, the dissolution of calcite 

neutralizes one or two moles of H+ produced by sulfide oxidation (as sulfuric acid [H2SO4]). Calcite 

dissolution releases one mole of Ca (as aqueous species Ca2+), regardless of carbonate species 

produced (Equations 1.5 and 1.6).  

𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3(𝑠𝑠) +  𝐻𝐻+  → 𝐶𝐶𝐶𝐶2+ + 𝐻𝐻𝐻𝐻𝑂𝑂3− 𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝 > 6.4  (1.5) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3(𝑠𝑠) +  2𝐻𝐻+  → 𝐶𝐶𝐶𝐶2+ + 𝐻𝐻2𝐶𝐶𝑂𝑂3  𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝 < 6.4   (1.6) 

Carbonic acid, [H2CO3] produced in the reaction described by Equation 1.6, is in equilibrium with 

dissolved CO2 [CO2(aq)], and dissolved CO2 is in equilibrium with CO2 gas [CO2(g)] (Equations. 1.7 

and 1.8). The measurement of CO2(g) within waste-rock piles can provide insight into acid 

neutralization by carbonate-mineral dissolution (Amos et al., 2009, 2015).  

𝐻𝐻2𝐶𝐶𝑂𝑂3  ⇄ 𝐻𝐻2𝑂𝑂 + 𝐶𝐶𝑂𝑂2(𝑎𝑎𝑎𝑎)     (1.7) 

𝐶𝐶𝑂𝑂2(𝑎𝑎𝑎𝑎)   ⇄ 𝐻𝐻2𝑂𝑂 + 𝐶𝐶𝑂𝑂2(𝑔𝑔)     (1.8) 

Concurrent to calcite dissolution, the dissolution of (hydr)oxide and chemical weathering of silicate 

minerals also act to neutralize acid produced by sulfide oxidation (Jambor, 2003). The progression 

from carbonate-dominant, through (hydr)oxide-dominant to silicate-dominant neutralization produces 

a series of pH plateaus as the most favorable phase is depleted (Blowes and Ptacek, 1994). Dissolving 

carbonate minerals (e.g., Equations 1.5 – 1.8) maintains porewater pH in the range of 6.5 to >7.5 

(Blowes and Ptacek, 1994; Lindsay et al., 2009). When available carbonate minerals are exhausted, 

secondary Al(OH)3 (Equation 1.9), formed during the carbonate-dissolution phase, dissolves and 

maintains pH from 4.0 – 4.3. When Al(OH)3 is consumed, secondary Fe(OH)3 dissolves at pH 3.5 or 

lower (analogous to Equation 1.9; Blowes and Ptacek, 1994). When these available phases are 

consumed, silicate-mineral dissolution becomes the dominant mechanism to neutralize acidity (e.g., 

Equation 1.10), including by congruent or incongruent chemical weathering, or complete dissolution 

(Blowes and Ptacek, 1994).  
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𝐴𝐴𝐴𝐴3+ + 3𝐻𝐻2𝑂𝑂 ⇄ 𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)3 (𝑠𝑠)  + 3𝐻𝐻+  (1.9) 

𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴2𝑆𝑆𝑆𝑆2𝑂𝑂8 (𝑠𝑠) +  2𝐻𝐻+ + 1
2
𝑂𝑂2  → 𝐶𝐶𝐶𝐶2+ + 𝐴𝐴𝐴𝐴2𝑆𝑆𝑆𝑆2𝑂𝑂5(𝑂𝑂𝑂𝑂)4(𝑠𝑠) (1.10) 

𝐶𝐶𝐶𝐶5(𝑃𝑃𝑂𝑂4)3(𝑂𝑂𝑂𝑂) + 7𝐻𝐻+ →   5𝐶𝐶𝐶𝐶2+ + 3𝐻𝐻2𝑃𝑃𝑂𝑂4− + 𝐻𝐻2𝑂𝑂  (1.11) 

The forward reaction in Equation 1.9 represents the formation of a secondary aluminum hydroxide 

such as gibbsite [Al(OH)3], or an amorphous Al(OH)3 phase, and the reverse reaction represents the 

dissolution of the hydroxide solid to neutralize acidity; Fe(OH)3 formation and dissolution is 

analogous.  Equation 1.10 illustrates the chemical weathering by hydrolysis of the plagioclase Ca-

endmember anorthite [CaAl2Si2O8] to kaolinite [Al2Si2O5(OH)4], which consumes H+ and releases Ca. 

Phosphate minerals, particularly apatite [as hydroxyapatite [Ca5(PO4)3(OH)]), can consume H+ and 

release Ca and phosphate (e.g., as H2PO4
−) through a sequence of chemical reactions, which can be 

described by the overall reaction in Equation 1.11 (Dorozhkin, 2012; Langman et al., 2019; Sherlock 

et al., 1995). 

The dissolution of carbonate, (hydr)oxide, silicate, and phosphate minerals to neutralize acidity 

produced by sulfide oxidation affects the pH of the porewater and drainage from mine waste, which 

in turn is a control on the formation of secondary minerals and trace element mobility.  

Measurements of stable Ca isotopes have been applied to several riverine studies to apportion the 

contributions of carbonate and silicate minerals (Hindshaw et al., 2013; Moore et al., 2013; Jacobson 

et al., 2015; Lenh et al., 2017). Of the six stable calcium isotopes 40Ca and 44Ca are the most abundant 

in nature, at 96.98% and 2.056%, respectively (DePaolo 2004). Measurements of 44Ca/40Ca, (reported 

in delta notation relative to seawater in per mil units (‰); Equation 1.12) on various lithologies and 

minerals illustrate a range of δ44/40Ca values (Ryu et al., 2011; Jacobson et al., 2015). The formation 

of gypsum and calcite has been shown to preferentially incorporate the isotopically lighter (40Ca) 

isotope (Lemarchand et al., 2004; Tipper et al., 2006; Tang et al., 2008; Brown et al., 2013; Nielsen 

and DePaolo, 2013; Harouaka et al., 2014). No studies applying stable Ca isotopes to mine-waste 

systems have been identified, but measurements of stable Ca isotopes may be applicable to mine-

waste systems to distinguish calcite and silicate dissolution, and the effect of secondary Ca-bearing 

mineral formation and/or dissolution on aqueous chemistry.  

𝛿𝛿44/40𝐶𝐶𝐶𝐶 =  � ( 𝐶𝐶𝐶𝐶/ 𝐶𝐶𝐶𝐶)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
4044

( 𝐶𝐶𝐶𝐶/ 𝐶𝐶𝐶𝐶) 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
4044 − 1�  × 1000  (1.12) 

 



 

5 

1.1.2 Secondary minerals associated with pyrrhotite oxidation 

The series of Fe-bearing alteration products from pyrrhotite can include Fe-deficient sulfides Fe2S3, 

and FeS2 (as marcasite) (Mycroft et al., 1995). The more common Fe-(oxyhydr)oxides and Fe-

hydroxysulfates that can form include goethite [α-Fe(OOH)], ferrihydrite, lepidocroite [γ-Fe(OOH)], 

schwertmannite (e.g., [Fe8O8(OH)8-2x, SO4)x·nH2O, 1 < x < 1.75]; Schoepfer ad Burton, 2021), and 

jarosite [KFe3(SO4)2(OH)6] (Nordstrom et al., 2015). Of these secondary Fe-minerals, goethite is the 

most common mineral present in unsaturated zones (Jambor, 1994). The poorly crystalline 

ferrihydrite can form from direct precipitation (Jambor, 2003), and transform into goethite at pH < 7 

and/or hematite [Fe2O3] at pH 7 – 8 (Schwertmann and Murad, 1983; Jambor and Dutrizac, 1998). 

Schwertmannite is typically fine-grained (<1.5 um; Dold and Fontboté, 2011) and metastable, 

transforming to goethite at pH > 5 (Schwertmann and Carlson, 2005). Jarosite formation is more 

typical in acidic mine-waste environments, forming at slightly lower pH values than schwertmannite 

(Jambor, 1994; Dutrizac and Jambor, 2000; Jamieson et al., 2005; Dold and Fontboté, 2011), but it 

has also been documented in mine waste with circumneutral porewater (Dockrey et al., 2014). 

Jarosite associated with mining wastes is typically fine-grained (e.g., generally < 2 µm; Desborough 

et al., 2010). Jarosite occurs as coatings or pseudomorphs of Fe-sulfide minerals in oxidized sulfide 

deposits (Dutrizac and Jambor, 2000; Jamieson et al., 2005); directly on oxidizing pyrrhotite 

(documented in in laboratory experiments; Bhatti et al., 1993); and as a precipitate from 

supersaturated porewater in mine-waste systems (Alpers et al., 1989; Bigham and Nordstrom, 2000). 

Direct precipitation from porewater may be limited by kinetic barriers (Alpers et al., 1994). Due to 

structural defects, jarosite can transform to Fe-(oxyhydr)oxides, including goethite or hematite 

(Swayze et al., 2008; Lindsay et al., 2015). The secondary Fe-hydroxysulfate minerals can be a 

source of stored acidity, dissolving or transforming under changing geochemical conditions to release 

acidity. For example, the transformation of jarosite to goethite or hematite releases 3 mol H+ per mol 

of jarosite, and the transformation of schwertmannite to goethite releases 2 – 6 mol of H+ per mol of 

schwertmannite, depending on the schwertmannite formula (Dold and Fontboté, 2011; Lindsay et al., 

2011). 

In addition to the secondary Fe-(oxyhydr)oxides and Fe-hydroxysulfates, the Ca-sulfate mineral 

gypsum [CaSO4·2H2O] is a common secondary mineral in waste-rock and tailings systems (Jambor, 

1994). Gypsum can form in acidic and circumneutral mine-waste environments, and in stream 

channels impacted by mine drainage (Blowes et al., 1991, 2003; Jambor, 1994; Hammarstrom et al., 

2005; Nordstrom 2011a). The formation of gypsum acts as a control on SO4 concentrations produced 

by sulfide oxidation and Ca released by carbonate-mineral dissolution and/or silicate-mineral 

weathering (Equation. 1.2, 1.5 – 1.8, 1.10; Blowes et al., 2003). Gypsum can from large grains (e.g., 
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> 1mm; Jambor 1994) from direct precipitation (Jambor 1994); cementing grains (Jambor 1994); and 

over-growths on calcite [CaCO3] grains, which retards calcite dissolution (Booth et al., 1997; Al et 

al., 2000; Dubrovsky et al., 2000; Wilkins et al., 2001; Offeddu et al., 2015). 

1.1.3 Trace elements associated with pyrrhotite oxidation 

The Fe lattice in pyrrhotite can host impurities as Fe substitutions, or interstitial or admixed 

inclusions (Sakkopoulous et al., 1986). In pyrrhotite, nickel [Ni], cobalt [Co] and copper [Cu] are the 

most common impurities and can occur in ppm to wt% abundances (Arnold, 1967; Sakkopoulous et 

al., 1986; Paktunc et al., 1999; Becker et al., 2010; Smith et al., 2021). Nickel, Co and Cu can 

substitute in solid solution for Fe in the pyrrhotite lattice (Arnold and Reichen, 1962; Naldrett et al., 

1967; Becker et al., 2010). Other trace elements measured in samples of natural pyrrhotite include 

antimony [Sb],  arsenic [As], bismuth [Bi], cadmium [Cd], indium [In], iridium [Ir], lead [Pb], 

manganese [Mn], osmium [Os], selenium [Se], silver [Ag], tellurium [Te], and zinc [Zn] (Arnold and 

Reichen, 1962; Paktunc et al., 1990; Janzen et al., 2000; Vukmanovic et al., 2014; Smith et al., 2021). 

Commonly associated with pyrrhotite is pentlandite [(Fe,Ni)9S8], which may exsolve during 

magmatic crystallization or metamorphism and form lamellae or fine grains within pyrrhotite 

(Naldrett et al., 1967; Cowden and Archibald, 1987; Vukmanovic et al., 2014). Similarly, the 

oxidation of other sulfide minerals release trace elements contained as impurities or as part of the 

mineral-forming components. In addition to pyrrhotite, the minerals pyrite, chalcopyrite [CuFeS2], 

arsenopyrite [FeAsS], pentlandite, sphalerite [(Zn,Fe)S], and galena [PbS] are sulfide minerals 

commonly found in waste rock. 

Trace elements incorporated into sulfide minerals are released to porewater when sulfide minerals 

oxidize. In addition, non-sulfide minerals in the mineral assemblage can contain trace elements, 

which can be released when these minerals weather (Nordstrom, 2011a). The mobility of the trace 

elements contained in various minerals depends on mineral reactivity, and hydrologic and 

geochemical conditions, particularly pH and redox potential (Jambor, 2003; Nordstrom, 2011a; 

Lindsay et al., 2015). At acidic pH values, metals such as aluminum [Al], Fe, Cd, Co, Cu, Mn, Ni, Pb 

and Zn can remain dissolved in high concentrations (e.g., Blowes et al., 1991; Alpers et al., 1992; 

Heikkinen et al., 2009; Nordstrom, 2011a,b). At circumneutral pH weakly hydrolyzing metals 

including Cd, Fe2+ and Ni, Zn, and metal(loid)s that form oxyanions, including As, molybdenum 

[Mo], Sb, Se, and U can remain in solution at elevated concentrations (e.g., Heikkinen et al., 2009; 

Lindsay et al., 2009; Nordstrom 2011b; Moncur and Smith, 2012; Lindsay et al., 2015; Sharafi et al., 

2018).  
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The mobility of trace elements is affected by pH- and redox-dependent substitution, sorption and/or 

(co-)precipitation with secondary Mn-, Al- and Fe-(oxyhydr)oxides, carbonates, hydroxysulfates, 

phosphates, sulfides, and organic matter (McKenzie, 1980; Bruemmer et al., 1988; Cornell, 1991; 

McGregor et al., 1998; Scheinost et al., 2001; Lee et al., 2002; Manceau et al., 2007; Boujelben et al., 

2008; Du Laing et al., 2009; Nordstrom, 2011a; Lindsay et al., 2015; Bao et al., 2021; Parigi et al., 

2022). Sorption of As, Cd, Cr, Cu, Ni, Mn, Mo, Sb, and Zn to Fe-(oxyhydr)oxide and/or Fe-

hydroxysulfate minerals has been identified or inferred by chemical extractions and/or electron-probe 

microanalyses of solid samples from mine tailings and waste rock (McGregor et al., 1998; Gunsinger 

et al., 2006; Smuda et al., 2007; Heikkinen et al., 2009; Moncur et al., 2009; Plante et al., 2010; Dold 

and Fontboté, 2011; Vriens et al., 2019; Cappuyns et al., 2021). Sorption of Co and Ni to Fe-

(oxyhydr)oxides associated specifically with pyrrhotite oxidation in waste-rock samples has been 

identified by electron-probe microanalyses and/or synchrotron studies (Langman et al., 2015; Smith 

et al., 2021). Secondary Fe-(oxyhydr)oxides and Fe-hydroxysulfates can remove trace elements from 

porewater, however this reservoir may be transient if changing geochemical conditions promote the 

dissolution of the secondary phases and the release of associated trace elements.  

Sulfide oxidation, the formation of secondary minerals, and the mobility of trace elements are 

affected by complex, interdependent geochemical processes that evolve over time. A better 

understanding of sulfide oxidation, the formation and stability of secondary minerals, the release and 

attenuation of trace elements, and the relative contribution of carbonate and silicate minerals to 

neutralizing acidity would improve predictive capabilities for the long-term geochemical behaviour of 

mining waste. Improved models inform management strategies, which can minimize negative 

environmental impacts of mining waste. 

1.2 Detour Lake Mine 

Detour Lake is an orogenic greenstone-hosted lode-gold deposit located in the Abitibi Greenstone 

Belt of eastern Ontario, Canada. During open-pit operations from 1983 – 1999 four waste-rock piles 

were constructed and covered with a single-layer cover (McNeill et al., 2020). Redevelopment of the 

mine commenced in 2006 and expansion of the open pit required the excavation and relocation of the 

historical waste-rock piles. The excavation of these piles provided an opportunity to collect waste-

rock and porewater samples that had been weathering in situ for decades (Cash et al., 2014; 

Steinepreis, 2017; McNeill et al., 2020; Smith et al., 2021). The deposition history of the waste-rock 

piles was not documented. Lithologies at Detour Lake Mine exhibit typical greenstone mineralogy 

from regional metamorphism to lower amphibolite facies, hydrothermal alteration, and felsic 
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intrusives (Oliver et al., 2012). Samples collected from one of these historical waste-rock piles form 

the basis for this thesis.  

1.3 Thesis structure 

This thesis is presented as a series of four research papers that examine processes associated with 

pyrrhotite oxidation at the mineral-grain scale in porewater and solids samples. As a consequence of 

the research-paper format, there is some repetition in the concepts and background information 

presented in each of the research chapters. The chapters are organized to progress from a combined 

study that evaluates sulfide oxidation, neutralization, and the occurrence of secondary minerals and 

trace elements in mining waste rock, to individual chapters that focus on each of these topics.  

Chapter 1 introduces the foundational concepts and research that were used in formulating the 

thesis research objectives and in interpreting the thesis research results.  

Chapter 2, the first research chapter, evaluates the relationships among trace elements in sulfide 

minerals, sulfide-mineral oxidation, and porewater geochemistry from waste rock that has been stored 

subaerially for more than 30 years. Samples of porewater were extracted from waste-rock solids and 

analyzed for geochemical parameters. Sulfide grains and their alteration products from the solid 

samples were analyzed by optical microscopy, electron-probe microanalysis, and synchrotron X-ray 

absorption spectroscopy. The aqueous and solid-phase results were integrated to relate observed 

characteristics of solid-phase oxidation, and trace element occurrence in sulfide minerals and 

alteration products to co-located porewater chemistry. 

Chapter 3 present results from an experiment using synchrotron X-ray absorption spectroscopy that 

was designed to identify changes in iron speciation at 1 µm increments across oxidizing pyrrhotite 

grains from waste-rock samples. The grains selected for analysis included pyrrhotite from freshly 

blasted waste rock, and grains from waste rock that had be weathering for more than 30 years. The 

two grains from the 30-year-old waste rock were selected from samples that had different oxidation 

characteristics. Analysis of the results includes interpretations and comparison of the presence of 

various iron-bearing alteration products, and ferric iron contents calculated by different methods. 

Chapter 4 includes analysis and interpretation of aqueous and solid-sample chemistry collected 

specifically for this thesis, and new analyses and interpretations of large, multi-year datasets 

previously collected at the Detour Lake Mine and the Diavik Diamond mine (Bailey, 2013; Bailey et 

al., 2016; Hannam, 2012; Langman et al., 2017; McNeill 2016; McNeill et al., 2020; Smith et al., 

2013). The analyses and interpretations focus on alkalinity and concentrations of major cations in 

solid and aqueous samples. Calculations to apportion the dissolved aqueous calcium to carbonate and 



 

9 

silicate sources, and measurements of stable calcium-isotope ratios on a subset of samples were used 

to attempt to identify the dominant acid-neutralizing mineral phase at both Detour Lake Mine and 

Diavik Diamond Mine. 

Chapter 5 presents analyses of waste-rock solids characteristics by automated quantitative 

mineralogy (mineral liberation analysis), conventional static tests (whole rock analysis, four-acid 

digestions, total carbon and total sulfur), and electron-probe microanalysis. Results from the 

conventional techniques were used to interrogate and extend the results provided by quantitative 

mineralogical analysis. The analyses focused on secondary minerals, including identifying mineral 

associations and mineral habits to infer geochemical conditions, and using electron-probe 

microanalyses to quantify potential trace element reservoirs associated with secondary minerals.  

Chapter 6 provides a summary of the thesis research results and contributions to science. 
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Chapter 2 
Trace elements in sulfides and release to porewater from sulfide 

oxidation in a historical waste-rock pile, Ontario, Canada 

This chapter is modified from: 

Smith, L.J.D., Paktunc, D., Blowes, D.W. 2021. Trace elements in sulfides and release to porewater 

from sulfide oxidation in a historical waste-rock pile, Ontario, Canada. Appl. Geochem. 126, 

14899. https://doi.org/10.1016/j.apgeochem.2021.104899. 

2.1 Summary  

Porewater chemistry and sulfide-mineral characteristics were evaluated in a waste-rock pile at the 

Detour Lake gold mine, Ontario, Canada, which had weathered in situ for more than 30 years. 

Geochemical characterization suggests that the waste rock would be potentially acid generating. 

Porewater extracted from the waste rock ranged in pH and alkalinity from 7.0 – 8.2, and 27 

– 110 mg L−1 as CaCO3, respectively, suggesting on-going acid neutralization by carbonate-mineral 

dissolution. Of the trace elements, nickel occurs at the highest concentration in pyrrhotite (median of 

2740 ppm in historical samples), the associated alteration rims, and in the porewater samples (median 

of 140 µg L−1). Nickel:cobalt and nickel:iron ratios in the sulfide grains and alteration rims, together 

with the porewater data, suggest no preferential retention of nickel over cobalt, and that sorption sites 

were saturated. X-ray absorption near edge structure (XANES) spectroscopy measurements at the 

iron, sulfur and nickel K-edges also indicate trace-element associations within the sulfide grains and 

alteration rims, and the presence of oxidized species of iron and sulfur. 

2.2 Introduction 

Acid mine drainage (AMD) results from coupled physical and biogeochemical processes that occur 

when sulfide minerals are exposed to the atmosphere, such as in subaerial storage of waste rock and 

mill tailings from mining and mineral processing. Oxidation of the two most common sulfide 

minerals in waste rock, pyrite [FeS2] and pyrrhotite [Fe(1-x)S], release acidity [H+], sulfate [SO4], iron 

[Fe], and trace elements through a complex series of microbially-mediated reactions (Nordstrom, 

1982; Blowes et al., 2003; Langman et al., 2015; Steinepreis, 2017). Trace elements are released 

during sulfide oxidation when they occur as components or impurities in the sulfides, or by 

weathering of minerals containing trace elements in the non-sulfide mineral assemblage.   
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Sulfide oxidation is diffusion-limited at the particle scale, with the oxidant oxygen [O2] or ferric 

iron [Fe3+] diffusing to the grain edge where oxidation occurs (Pratt et al., 1997; Thomas et al., 2001), 

leaving a series of alteration layers containing Fe-deficient sulfides, marcasite [FeS2], and Fe-

(oxyhydr)oxides (Mycroft et al., 1995), which could include schwertmannite [e.g., Fe8O8(OH)8-2x, 

SO4)x·nH2O, 1 < x < 1.75] (Schoepfer ad Burton, 2021)], goethite [α-Fe(OOH)], ferrihydrite 

[nominally Fe2O3·9H2O], lepidocrocite [γ-Fe(OOH)], or jarosite [KFe3(SO4)2(OH)6] (Nordstrom et 

al., 2015). The progressive thickening of reaction rims, which affects the ongoing rate of sulfide 

oxidation, can be described by the shrinking core model (Levenspiel, 1972; Cathles, 1979; Davis et 

al., 1986; Wunderly et al., 1996; Mayer et al, 2002; Mayer et al., 2003). Changing oxidation states of 

Fe and sulfur [S] in pyrrhotite oxidation may be related through electron trapping by metastable 

polysulfides (Thomas et al., 2001). In two studies of pyrrhotite oxidation using synchrotron radiation 

(Langman et al., 2015, Steinepreis, 2017) the S species marcasite, elemental S [S0], thiosulfate 

[S2O3
2-], and sulfite [SO3

2-] were identified prior to release of S as SO4 [SO4
2−]. 

Acidity released during sulfide oxidation can be neutralized by carbonate-, oxide- and silicate-

mineral dissolution. Calcite [CaCO3] is typically the most important neutralizing mineral (Plummer et 

al., 1978; Chou et al., 1989) because of its high solubility, and abundance in crustal rocks and 

sediments. Concomitant, but slower, dissolution of other carbonates, oxides and silicates (Jambor et 

al., 1998) can become important when calcite dissolution is insufficient to maintain a circumneutral 

pH (Blowes and Ptacek, 1994; Jurjovec et al., 2002; Blowes et al., 2003; Moncur et al., 2005; Smith 

et al., 2013).The neutralization of acidity to a circumneutral range reduces the mobility of many trace 

elements, e.g., arsenic [As], cadmium [Cd], copper [Cu], lead [Pb], nickel [Ni], zinc [Zn], by pH- and 

redox-dependent sorption and/or co-precipitation by secondary manganese- [Mn], aluminum- [Al], 

and Fe-(oxyhydr)oxides (McKenzie, 1980; Bruemmer et al., 1988; Cornell, 1991; Scheinost et al., 

2001; Lee et al., 2002; Boujelben et al., 2008; Du Laing et al., 2009; Nordstrom, 2011). Gypsum 

[CaSO4·2H2O] precipitation is common in AMD systems and can exert a control on dissolved SO4
 

concentrations (McGregor et al., 1998; Al et al., 2000; Blowes et al., 2003; Moncur et al., 2005; 

Sracek et al., 2004; Lindsay et al., 2009). These complex and interdependent geochemical processes 

can evolve over time as waste rock continues to be exposed to the atmosphere. 

This study aims to improve our understanding of the release and attenuation of trace elements 

during weathering by evaluating the relationships between trace elements in primary sulfide minerals, 

sulfide oxidation products and porewater in waste rock that has been weathering subaerially for more 

than 30 years.  
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2.3 Experimental section 

2.3.1 Site description 

The Detour Lake Mine, located in the Abitibi Greenstone Belt of eastern Ontario, Canada, is an 

orogenic greenstone-hosted lode gold deposit. Four waste-rock piles were constructed from 1983 – 

1999 during open-pit and underground mining. These historical waste-rock piles were re-contoured 

and closed with a single-layer cover. Redevelopment, which began in 2006, required the relocation of 

some of the waste-rock piles and provided an opportunity to collect and analyze waste-rock samples 

that have been weathering in situ for up to 30 years (Cash et al., 2014; Steinepreis, 2017; McNeill et 

al., 2020). Figure 2-1 illustrates the site location, the lithological distribution, historical pit outline and 

expansion pit outline.  

 

 

Figure 2-1: (a) Site location of the Detour Lake Mine and (b) lithological distribution, historical pit outline 
and current pit outline (modified from BBA and SGS, 2014). 

 

2.3.2 Sample collection and analyses 

The primary suite of samples for this study was collected in November 2015 from one waste-rock pile 

that was being relocated, and in December 2015 and January 2016 from waste rock that was freshly 

blasted adjacent to the perimeter of the original open pit. The waste-rock pile was 15 m high and had 

been partially removed and characterized for physical parameters (Cash et al., 2014). An excavator 

removed and discarded approximately 2 m of waste rock into the exposed face, before collecting a 

bucket from the freshly exposed waste rock for sampling. Samples were collected from the top 

(beneath the cover), middle and bottom at five locations, and one location from the middle only, and 
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across the exposed waste-rock face, to obtain approximately 15 L of the < 50 mm fraction for each 

sample. 

Sample aliquots for mineralogical analyses were air dried under a fume hood for 48 h to reduce the 

possibility of phase transformations (Jambor, 1994). Thin sections were prepared from the 

250 – 425 µm and < 425 µm size fractions for micro-analytical characterization.  Aliquots of air-dried 

samples were sieved to obtain the fraction that passed the #40 sieve (425 μm) but retained on the #60 

sieve (250 – 425 μm), and the fraction that passed the #40 sieve (< 425 μm). Samples of these 

fractions were prepared as thin sections by Spectrum Petrographics (Vancouver, USA). The samples 

were mounted on standard-sized Suprasil 2A quartz glass slides using a non-aqueous cyanoacrylate 

compound (Krazy Glue®) to reduce the possibility of mineralogical transformations of aqueous-

sensitive phases. Thin sections were cut to a thickness of 30 µm, with double-sided, microprobe-

quality polish. Supplementary thin sections were prepared from samples collected from the same, and 

an adjacent, waste-rock pile, which were oven-dried for a separate study (Cash et al., 2014). The 

supplementary thin sections were prepared by Vancouver Petrographics (Vancouver, Canada) on 

standard glass slides using a non-aqueous cyanoacrylate mounting medium (Loctite® 495), and with 

standard cut and polish to 30 µm thickness. Subsamples of the < 425 µm fraction were measured for 

total carbon [C] and total S by Leco Induction Furnace by SGS Canada Inc. (Burnaby, Canada).  

Thin sections were evaluated by optical microscopy under reflected, transmitted, and cross-

polarized light. Selected sulfide grains were studied at CanmetMINING (Ottawa, Canada) by a 

variable-pressure scanning electron microscope equipped with an energy-dispersive X-ray analyser 

(SEM/EDXA; Hitatchi S-3200N with a Bruker Nano XFlash Detector 6 | 10), calibrated using the 

Bruker auto-calibration and the Cu signal from Cu-tape. The SEM/EDXA was used to confirm grain 

identification, observe weathering characteristics, and determine semi-quantitatively major and minor 

element concentrations at wt% level. Selected thin sections of the < 425 µm fraction were carbon-

coated and sulfide grains and alteration rims were analyzed for chemical composition by electron-

probe micro analysis (EPMA; JEOL 8230 SuperProbe) at the University of Ottawa, Ottawa, Canada. 

The EPMA had a 1 µm spot size to obtain concentrations at the ppm level of S, Fe, Cu, cobalt [Co], 

Ni, Zn, As and selenium [Se] in sulfide grains and their reaction rims. The EPMA method detection 

limit (MDL) varied by element: MDL of S was 129 ppm, Zn was 132 ppm, Se was 135 ppm, Cu was 

163 ppm, Co was 169 ppm, Fe was 104 ppm, Ni was108 ppm, and As was 218 ppm. Standards for 

sulfide analyses included marcasite, sphalerite [ZnS], Bi2Se3, cubanite [CuFe2S3], pyrrhotite, 

pentlandite [(Fe,Ni)9S8], and GaAs. EPMA was also used to measure Fe, calcium [Ca], strontium [Sr], 

magnesium [Mg] and Mn in carbonate grains, with MDLs of 242 ppm, 188 ppm, 563 ppm, 191 ppm, 
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and 186 ppm, respectively. EPMA standards for the carbonates included calcite, strontianite [SrCO3], 

siderite [FeCO3], Mn-bearing siderite [(Fe,Mn)CO3], and dolomite [CaMg(CO3)2]. Spots reporting 

concentrations lower than the MDL, but higher than the limit of detection (LOD), were maintained in 

the datasets, but are considered estimates. Non-detect (ND) concentrations, i.e., concentrations 

< LOD, were maintained in the dataset and plotted at one half the LOD. The reported median statistic 

requires no assumptions for the value of the ND concentrations for statistical calculations; the 

reported mean values were calculated assuming ND concentrations were half the LOD. 

Target points on pyrrhotite grains and their alteration rims were analyzed for S-, Fe-, Cu-, and Ni- 

species by micro-X-ray absorption spectroscopy (µXAS) at the Canadian Light Source (CLS), 

beamline 06B-1 (SXRMB). SXRMB used an Si(111) monochromator for an incident beam energy 

range of 1.7 – 10 keV. The beam was focused to a spot size of approximately 10 µm × 10 µm for 

micro-X-ray fluorescence (µXRF) measurements. Additional targets on sulfides from the oven-dried 

supplementary samples were measured at the Advanced Photon Source (APS), beamline 13-ID-E for 

Fe, Cu, Ni, and Zn using the microprobe end station for a 1 µm × 1 µm spot size. This beamline had 

an energy range of 2.4 – 28 keV, with an O2-exclusion environment required for measurements in the 

S energy region, which was not employed for this study. Zinc could not be measured at SXRMB 

because the Zn K-edge energy occurs at the upper end of the beamline energy range, and Co could 

not be measured at either beamline because the very high concentration of Fe in the samples masked 

the Co K-edge response. Mapping of Cu by µXRF was achievable, but concentrations of Cu were too 

low to obtain reliable XANES spectra. The ATHENA software package (Ravel and Newville, 2005) 

was used for XANES analyses and linear combination fitting (LCF). Standards for Fe included 

pyrrhotite (as Fe7S8 and as troilite [FeS]), pyrite, marcasite, ferrihydrite, goethite, hematite [Fe2O3], 

schwertmannite and Fe-foil [Fe0]. Standards for S included pyrrhotite (as Fe7S8 and as troilite), 

marcasite, NaS2O3, FeSO4, Na2SO3, NiSO4, K2S4O6, and elemental sulfur [S0]. Standards for Ni 

included pentlandite, NiSO4, Ni(OH)2, NiS2, NiO and Ni-foil [Ni0]. Standard spectra were measured 

at CLS SXRMB, with the exception of some Ni-standards, which were measured at APS 13-ID-E 

under the same conditions as µXAS spectra.  

Porewater was extracted from the historical waste rock by centrifugation. A clean stainless-steel 

scoop was used to obtain approximately 100 g of the < 25 mm fraction of each waste-rock sample. 

The sample was placed in Falcon® tubes with a hole pierced at the bottom and fitted to new, clean 

Nalgene® 60 mL HDPE sample bottles to collect the expelled porewater. Glass wool was placed at 

the hole-opening to minimize fine-grained fragments from entering the porewater collection bottle. 

Six aliquots of each sample were centrifuged at 8500 rpm for 30 min using a Thermo-Scientific 



 

15 

Sorvall Legent XT Centrifuge. The porewater collected from each aliquot was aggregated to form one 

sample. Moisture contents of the historical samples, following standard methods (ASTM, 2010), 

ranged from 6 – 13% (mean of 9%) and were in good agreement with moisture contents calculated 

from porewater extraction (7 – 13%, mean of 10%), suggesting centrifugation was an effective 

method of extracting porewater.  

Paste pH of both oven-dried and air-dried waste rock were obtained by the standard method 

(ASTM, 2013) of mixing 10 g of sample and 10 mL of deionized (DI) water and letting stand for 1 h 

before measuring the pH. Paste pH was measured with a Cole Palmer combination electrode 

calibrated to standard buffers of pH 4.01, 7.00, and 10.01. Each aggregated porewater sample was 

analyzed for pH using an Orion Ross combination electrode calibrated to standard buffers of pH 4.01, 

7.00, and 10.01; for Eh using an Orion Pt redox electrode checked with Zobell’s solution (Nordstrom, 

1977) and Light’s solutions (Light, 1972); and for alkalinity using a Hach digital titrator with 

bromocresol green/methyl red indicator. Additional aliquots were filtered using a 0.45 µm cellulose 

acetate syringe filter, preserved to pH < 3 with trace-metals grade HNO3 and analyzed for major 

cations by ICP-OES, and trace elements by ICP-MS. Aliquots for anion analysis were filtered using a 

0.45 µm cellulose acetate filter and analyzed by ion chromatography. All aqueous analyses were 

conducted at the University of Waterloo; two blind duplicate samples for the set of 17 aqueous 

samples were submitted, with relative percent differences (RPD) of < ± 4% for major cations and 

typically < ± 20% for trace elements; RPD for Zn and Sb in duplicate samples were > 50%. QA/QC 

protocols followed EPA methods 6010C and 6020A for the ICP-OES and ICP-MS, respectively. 

Recoveries for internal calibration were 98 – 99% for major cations and 99 – 107 % for trace 

elements. Results from the geochemical analyses were modeled with the geochemical mass transfer 

model PHREEQC (v 3.0.6; Parkhurst and Appelo 2013) with the WATQ4F database, modified to 

include lepidocrocite, siderite and schwertmannite.  

2.4 Results and discussion 

2.4.1 Acid-base accounting 

Neutralization potential (NP) and acid-generating potential (AP) values for the < 425 µm fraction 

calculated from the total C and total S concentrations, respectively, indicated that all historical 

samples, except one, were potentially acid generating or of uncertain acid-generating potential 

(Figure A-1). No primary or secondary siderite or ankerite [Ca(Fe,Mg,Mn)(CO3)2] were observed in 

any of the samples, and EPMA measurements of 13 carbonate grains indicated a median Fe 

concentration of  400 ppm (range of ND (< 93 ppm – 2300 ppm);  thus Fe-carbonates species did not 
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bias the NP calculations based on total C concentrations. However, gypsum was identified by 

SEM/EDXA in some historical waste-rock samples, contributing to total S concentrations and AP in 

those samples. 

Neither the calculated NP:AP, nor the observed degree of oxidation exhibits a spatial trend from 

top to bottom or along the transect (Figure 2-2), suggesting variations in in situ lithology and/or 

physicochemical properties impacted acid generation and neutralization. The exposed profile showed 

evidence of a cover comprising finer-grained sediment or soil, tip faces formed during waste-rock pile 

construction, and a historical traffic surface. These construction features can influence water and air 

movement, and, therefore, can influence mineral weathering (Strömberg and Banwart, 1999; Lefebvre 

et al., 2001; Smith and Beckie, 2003). Two freshly blasted waste-rock samples, mineralogically 

similar to the historical samples, had higher NP compared to the historical waste-rock samples, 

suggesting that the decades-long oxidation and neutralization processes have consumed carbonate 

minerals in the historical samples. 

 

 

Figure 2-2: Waste-rock samples collected from profile locations illustrating visual oxidation 
characteristics. Samples collected from top (beneath cover), middle and bottom at six locations across a 

transect approximately 150 m long. White notebook in photos measures 24 × 18 cm.  

Similar to the NP:AP difference between the fresh and historical samples, the paste pH 

measurements suggest the neutralization capacity of the historical waste-rock samples is depleted 

relative to the freshly blasted samples. A notable difference for both historical and fresh samples is 
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the paste pH of samples that were oven-dried were lower than the corresponding air-dried samples, 

with a greater difference in pH measurements for the historical waste-rock samples. Paste pH values 

of all oven-dried historical samples indicated more acidic conditions (pH 4.4 – 6.7) than the air-dried 

samples, which indicated circumneutral to slightly acidic conditions (pH 6.4 – 7.3). Because the 

moisture content values measured by the oven-drying method and those calculated from porewater 

extraction were in good agreement, the lower paste pH values of the oven-dried samples are attributed 

to the transformation during drying of ferrous iron [Fe2+] to Fe3+ and precipitation as ferrihydrite, 

followed by the transformation of ferrihydrite to goethite (± hematite ± jarosite). These mineralogical 

transformations as a result of oven-drying are consistent with observations using the Munsell® color-

system. The oven-dried samples typically had more yellow and orange hues, with higher Munsell 

values (i.e., commonly 10 YR) compared to the air-dried samples (e.g., 2.5YR, 5Y, 10YR), 

suggesting the oven-dried samples had a higher proportion of Fe-(oxyhydr)oxides and/or Fe-

hydroxysulfates (e.g., goethite and/or hematite, and possibly jarosite; Jambor and Dutrizac, 1998), 

compared to the air-dried samples. Because the observations of changes in paste pH and soil color 

with oven-drying were incidental, a rigorous examination of the Fe-species, i.e., by X-ray diffraction 

(XRD), in the oven-dried and air-dried samples was not conducted for this study. Nonetheless, the 

distinction between the paste pH of air-dried versus oven-dried samples is important, particularly for 

the historical waste-rock samples.  

Measured porewater pH values were neutral to slightly alkaline (7.0 – 8.2), and slightly higher than 

the paste pH measurements of the air-dried samples, indicating acid neutralization predominantly by 

carbonate dissolution (Blowes and Ptacek, 1994) at 1:1 CaCO3:H+ molar ratio. Carbonate-dominant 

neutralization is consistent with the geochemistry of the extracted porewater: alkalinity was always 

present (27 – 110 mg L−1 as CaCO3), dissolved aluminum [Al] concentrations were low 

(0.004 – 0.018 mg L−1), and calculations by PHREEQC suggested samples with pH < 7.7 were 

undersaturated with respect to calcite (Figure 2-3) and dolomite, i.e., indicating a tendency for 

carbonate minerals to dissolve in response to H+ generated by sulfide oxidation. Samples were near or 

at saturation with respect to gibbsite [Al(OH)3], and undersaturated with respect to amorphous 

Al(OH)3. Gibbsite formation may limit dissolved Al concentrations and the low Al porewater 

concentrations suggest the dissolution of Al(OH)3 phases was not consuming H+ (Figure 2-3). 

Porewater samples were calculated to be near or at saturation with respect to gypsum and saturated 

with respect to barite [BaSO4]. However, barite was not detected in the samples and was not expected 

to have significantly influenced SO4 concentrations. See Figure A-2 for parameter concentrations 

used in the PHREEQC simulations and (Figure A-3) for the saturation indices of key secondary 

phases.  
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Figure 2-3: (a) alkalinity (open squares) and porewater pH (solid grey circles) vs. the log of the saturation 
index (SI) of calcite, (b) porewater pH (solid grey circles) and concentration of SO4 (solid black upward 
triangles) vs. log[SI] of calcite; (c) alkalinity (open squares) and porewater pH (solid grey circles) vs. 

log[SI] of amorphous Al(OH)3; (d) dissolved concentration of Al (solid black downward triangles) and pH 
(solid grey circles) vs. log[SI] of amorphous Al(OH)3. Vertical dashed lined in (a) and (b) at log[SI] = 0 

indicates saturation.  

2.4.2 Mineralogical observations of sulfide oxidation characteristics 

The principal sulfide minerals in the historical waste-rock samples were pyrrhotite and pyrite with 

lesser chalcopyrite [CuFeS2] and a few small grains of sphalerite and pentlandite in some samples, 

including pentlandite lamellae in a few pyrrhotite grains. Pyrrhotite was typically the most abundant 

sulfide at approximately 1 – 3%, with pyrite abundances typically half that of pyrrhotite, per optical 

mineralogical observations. Two samples of freshly blasted waste rock had similar sulfide and silicate 

mineralogy to the historical waste-rock samples and were included in this study. 

Partially and fully liberated pyrrhotite grains in the historical samples were typically strongly 

altered with oxidation propagating along basal parting planes. The degree of oxidation of pyrrhotite 

typically ranged from remnant pyrrhotite cores surrounded by thick rims of alteration products to 

pyrrhotite grains completely replaced by Fe-(oxyhydr)oxides, underscoring the heterogeneous nature 

of in situ weathering. Rarely, liberated pyrrhotite grains exhibited only thin alteration rims around a 
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mostly intact core. Pyrite grains exhibited lower degrees of oxidation than pyrrhotite, typically with 

thin alteration rims surrounding grains or along fractures, and occasionally with observable etch pits. 

(Figure 2-4). 

Observations of gypsum in some historical samples (Figure A-4) were consistent with the 

porewater SO4 concentrations and PHREEQC calculations and expected due to the decades-long 

sulfide oxidation under subaerial conditions. Conversely, no gypsum was identified by optical 

microscopy or SEM/EDX in the freshly blasted waste-rock samples. Extensive gypsum formation 

was not expected in the freshly blasted samples because the extent of sulfide oxidation and secondary 

sulfate-mineral formation would be limited by the short period of atmospheric exposure following 

blasting.  

 

 

Figure 2-4: Sulfide oxidation characteristics in the historical samples with varying degrees of oxidation. 
Pyrrhotite grains in (a – d) in reflected light and pyrite grains in (e – f) as backscattered electron images. 

(a) completely altered pyrrhotite; (b) strongly altered with remnant pyrrhotite cores; (c) slightly to 
moderately altered pyrrhotite; (d) mostly intact pyrrhotite grain with minor alteration rim; (e) pyrite 

oxidation propagating along fractures; (f) pyrite grain with minor etch pits.  

 

2.4.3 Microanalysis of sulfide minerals 

SEM/EDX microanalysis of residual sulfide grains suggested concentrations of Ni and Co were 

typically elevated, and Cu concentrations were occasionally elevated (e.g., Figure 2-5); 

concentrations of Zn and As were typically not discernable at the detection limit of the EDX.  
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EPMA was used to quantify trace elements in sulfide grains and alteration products in four 

historical samples that represent the range of porewater pH values of the sample suite, and one freshly 

blasted sample with mineralogy most similar to the historical samples. EPMA measurements of Ni in 

pyrrhotite in the historical samples ranged from < 108 – 5400 ppm (median of 2740 ppm, n = 79 for 

measured concentrations), and the Co concentrations ranged from < 169 – 3200 ppm (median of 

225 ppm, n = 79). The pyrrhotite-mineral formula based on the median concentrations of Fe, Ni and 

Co is (Fe0.862Ni0.0039Co0.00032)Ʃ0.866S for all the historical samples, but with variation among samples 

(Table 2-1, Figure 2-6). The Ni and Co concentrations in pyrrhotite in the freshly blasted waste-rock 

sample were 144 – 4580 ppm (median of 3220 ppm, n = 72) and < 169 – 801 ppm (median of < 169 

ppm, n = 72, with an estimated median concentration of 21 ppm based on measurements > LOD but 

< MDL), respectively, with a mineral formula of (Fe0.855Ni0.0045Co0.00003)Ʃ0.859S, based on median 

concentrations of Fe, Ni and Co. The median Ni:Co ratios (based on molar ratios) in pyrrhotite were 

0.75 (n = 65) and 9.56 (n = 39) in the historical and freshly blasted samples, respectively, but with 

variations within and among samples, particularly for Ni concentrations (Figure 2-6). Mann-Whitney 

rank sum tests suggest that Ni concentrations are not statistically significantly different among the 

samples with higher Ni concentrations, or among the samples with lower Ni concentrations, but are 

significantly different between all high/low sample combinations. The higher Ni concentrations occur 

in the freshly blasted sample, and the two historical samples with lower porewater pH and higher 

proportions of altered grains with remnant pyrrhotite cores. The group with lower Ni concentrations 

consists of the two samples with higher porewater pH and a larger proportion of liberated or partially 

liberated pyrrhotite grains. EPMA measurements on pyrrhotite alteration products illustrate similar 

groupings (Figure 2-6), however there were too few data points for statistical analyses. 

Concentrations of Co and Ni in the porewater were highly correlated (r = 0.99, P < 0.05; Figure 2-7). 

The porewater Ni concentrations measurements, together with the EPMA measurements, suggest that 

the difference in Ni concentrations in the alteration products is likely a result of the differences in the 

Ni and Co concentrations in original pyrrhotite mineral grains, rather than preferential release of Ni 

during pyrrhotite oxidation. Studies to date have not rigorously addressed the release rates of specific 

trace elements during pyrrhotite oxidation. One study on the effects of trace element substitution on 

oxidation rates suggests that pyrrhotite with higher trace element content may oxidize more slowly 

than pyrrhotite without impurities (Janzen et al., 2000).  
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Figure 2-5: Rows 1 – 3 are SEM/EDX mapping of selected weathered sulfide grains, illustrating elevated 
cobalt (Co), nickel (Ni) and copper (Cu) concentrations in the unaltered cores and alteration rims. Row 1: 

two altered pyrrhotite grains (upper left and lower right) and smaller chalcopyrite flecks (evident in Cu 
map, with gypsum evident in the sulfur (S) plot (absent in the iron (Fe) map; see Figure A-4). Row 2: 

moderately altered pyrrhotite grain. Row 3: moderately to strongly altered pyrrhotite (upper left) and a 
separate alteration rim (right). The dark center of the alteration rim evident in the third row suggests a 
sulfide grain was plucked during slide preparation. Row 4: µXRF mapping (at beamline 13-ID-E) of the 
same grain as in Row 3. The µXRF maps are rotated approximately 35° clockwise from the SEM/EDX 

maps. Scale bars represent 60 µm. 
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Table 2-1: Summary of nickel (Ni) and cobalt (Co) concentrations in pyrrhotite grains. Historical samples 
are identified by their porewater pH values. Non-detect (ND) values of Co were assigned 1.5 ppm and half 
the limit of detection (LOD) for mean calculations of concentrations and Ni:Co. A single Ni measurement 

in sample with pH 7.0 was < LOD and assigned a value of 54, half the LOD. Concentrations > LOD but 
< MDL are considered estimates and are in provided in parentheses for median and mean values. 

Ranges for Ni:Co ratios present the ratios calculated with Co concentrations > LOD, values in 
parentheses indicated the maximum Ni:Co when 1.5 ppm was assigned to Co concentrations < LOD, and 

the number of measurements with Co < LOD are noted. 

 

 
 
Sample 

 
 

Mineral formula based on 
median element concentrations 

Ni 
range, mean,  
median, n 

(ppm) 

Co 
range, mean,  
median, n 

(ppm) 

Ni:Co                        
range, mean, median,      

 n <  Co MDL 
(from ppm) 

Freshly 
blasted (Fe0.855Ni0.0045Co0.00003)Ʃ0.859S 

144 – 4580, 2980  
3220, 72 

<169 – 801, <169 
(107), <169 (21), 72 

0.94 – 1050 (3050), 
964, 107, 33 

pH 8.1 (Fe0.863Ni0.0011Co0.00030)Ʃ0.864S 
250 – 5100, 1860,  
786, 34 

<169 – 1440, 451,  
218, 34 

0.51 – 1250 (3400), 
497, 3.58, 7 

pH 7.8 (Fe0.873Ni0.0009Co0.00075)Ʃ0.875S 314 – 2840, 1080, 
683, 9 

<169 – 1140, 299,  
531, 9 

0.54 – 6.96 (1890), 
4.14 1.24, 2 

pH 7.4 (Fe0.858Ni0.0048Co0.00034)Ʃ0.863S 
146 – 5400, 3250,  
3440, 17 

<169 – 3200, 519,  
243, 17 

0.046 – 333 (3210), 
478, 10.1, 3 

pH 7.0 (Fe0.852Ni0.0052Co0.00026)Ʃ0.858S 
<108 – 4960, 3270,  
3730, 19 

<169 – 965, 299, 189, 
19 

0 (0.8) – 405 (2230), 
280, 8.72, 17, 2 

All 
historical (Fe0.862Ni0.0039Co0.00032)Ʃ0.866S 

<108 – 5400, 2410,  
2740, 79 

<169 – 3200, 391,  
225, 79 

0 (0.8) –  1250 
(3400), 432, 6.95, 14 

 

Nickel and Co are also the most abundant trace elements observed in the pyrite grains of the historical 

samples (n = 101, median values of 558 and 417 ppm, respectively), and the freshly blasted sample 

(n = 50, median values of 440 and < 169 ppm, respectively). Concentrations of Ni and Co vary within 

and among the pyrite grains, with no discernable groupings (Figure 2-6). Arsenic is commonly 

present in pyrite in the historical samples (< 218 – 5610 ppm), and in the freshly blasted sample 

(median of < 218 ppm with estimated value of 126 ppm, based on ND and measurements > LOD). 

Pyrite grains in both the historical and freshly blasted samples occasionally contain Cu, Zn and/or Se, 

typically at concentrations < 120 ppm (at 75th percentile).  Because pyrite exhibits a lower degree of 

oxidation than pyrrhotite, fewer EPMA measurements were possible on the alteration products 

associated with pyrite grains (Figure 2-6), and the contributions of pyrite oxidation to Ni and Co 

concentrations in the porewater are considered minimal. 
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Figure 2-6: Nickel (Ni) and cobalt (Co) concentrations in historical and freshly blasted samples in (a) 
pyrrhotite grains and (b) pyrrhotite alteration rims, and (c) pyrite grains and (d) pyrite alteration rims. Co 
with ND measurements plotted at 1.5 ppm, half the LOD. Samples plotted by porewater pH: black filled 

circles = 8.1; grey filled circles = 7.8; black open circles = 7.4; grey open = 7.0; × = freshly blasted 
sample. 

 

The relative proportion of trace elements in the sulfide grains was consistent with the porewater 

geochemistry (n = 17): typically low concentrations of As (< 0.3 – 0.55 µg L−1, median of 

0.36 µg L−1), and Se (1.2 – 71.5 µg L−1, median of 5.4 µg L−1) and elevated concentrations of Cu, Zn, 

Ni and Co (Figure A-5). It appears that the oxidation of chalcopyrite, the third most abundant sulfide 

mineral in these samples, contributed most of the dissolved Cu in the porewater (1.5 – 14.1 µg L−1, 

median of 7.2 µg L−1). The chalcopyrite grains measured by EPMA occasionally contained trace 

amounts of Zn, Se and/or Ni, and rarely contained As. Elevated concentrations of Zn (5.2 – 185 

µg L−1, median of 26.2 µg L−1) in some porewater samples can be attributed to, at least in part, the 

oxidation of sphalerite, which was present in trace amounts. 

Nickel in the porewater was released primarily from the oxidation of pyrrhotite, which exhibited a 

higher degree of oxidation than pyrite. Samples with porewater pH of 7.0 and 7.4 had porewater Ni 

concentrations that were much higher (1030 and 1660 µg L−1, respectively) than samples with higher 

pH (Figure A-5). All porewater samples were undersaturated with respect to Ni(OH)2 and NiCO3 
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(Figure A-3), suggesting Ni is not being sequestered by these potential secondary phases, neither of 

which were observed in these samples. Differences in Ni:Fe molar ratios in the alteration rims and the 

parent pyrrhotite grains were not statistically significant at a 95% confidence interval (Figure 2-7), 

with the exception of the sample with porewater pH 8.1, which had higher Ni:Fe in pyrrhotite grains 

compared to the alteration rims. Pentlandite inclusions and lamellae were not observed in proximity 

to these spot measurements, however, it is possible that very small inclusions or lamellae may have 

influenced the Ni concentrations. The Ni:Fe ratios in the alteration rims did not correlate to the degree 

of oxidation of the alteration rim, using the residual S concentration as a proxy for degree of 

alteration, though the data are limited (Figure 2-7). Aqueous phase Ni:Fe tracked the solid phase 

ratios, but at approximately four orders of magnitude higher (Figure 2-7). The higher concentrations 

of Ni compared to Fe in the aqueous phase are attributed to the removal of aqueous Fe as a secondary 

Fe-(oxyhydr)oxide precipitate, and suggests that Ni sorption sites were saturated, with the possible 

exception of the sample with porewater pH of 8.1. PHREEQC-calculated saturation indices for 

amorphous Fe(OH)3 and goethite suggest that the porewaters from all samples were saturated with 

respect to these phases and that these phases were geochemically stable in this system. Surface 

complexation calculations also suggest the Ni sorption sites were saturated (Figure 2-8), based on the 

parameters of Dzomback and Morel (1990) for ferrihydrite (specific surface area of 600 m2 g−1, 

strong site density of 0.005 mol [mol Fe]−1, weak site density of 0.2 mol [mol Fe]−1) and the number 

of moles of precipitated goethite from the equilibrated porewater. Applying ferrihydrite parameters to 

goethite is considered conservative because of the more crystalline nature (and therefore fewer 

sorption sites) of goethite.  

These solid and aqueous phase data suggest that concentrations of aqueous Ni were primarily 

influenced by the initial concentration of Ni in the sulfide minerals and the degree of sulfide 

oxidation, and sorption of Ni by accumulating Fe-(oxyhydr)oxides resulted in Ni:Fe ratios similar to 

the initial sulfide oxidizing grain. At circumneutral porewater pH values, elevated concentrations of 

Ni have been reported in porewater from unsaturated tailings (0.15 mg L−1; Lindsay et al., 2009), and 

unsaturated waste-rock drainage (< 1 to > 5 mg L−1; Smith et al., 2013; Sinclair et al., 2015). Nickel 

has been observed to be sorbed to Fe-(oxyhydr)oxide phases in solid samples associated with 

circumneutral waste-rock drainage (Langman et al., 2015), and sorbed to natural ferromanganese 

coatings (Manceau et al., 2007). 
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Figure 2-7: (a) Saturation indices in log scale (log[SI]) of goethite versus Ni:Fe molar ratios in pyrrhotite 
(“po”; circles), alteration rims (“rims”; triangles) and porewater (blue squares). (b) S:Fe molar ratios 

versus Ni:Fe molar ratios in alteration rims.  Samples plotted by porewater pH: solid black symbols = 8.1; 
solid grey symbols = 7.8; open black symbols = 7.4; open grey symbols = 7.0; × = freshly blasted sample. 
Solid blue squares in (a) indicate porewater samples with corresponding EPMA measurements. Symbols 

plotted in (a) at median values and bars indicate 25th and 75th percentiles. 

 

 

Figure 2-8: Saturation indices in log scale (log[SI]) of goethite versus Ni:Fe molar ratios in pyrrhotite 
(circles) and alteration rims (triangles) measured by EPMA, and PHREEQC-calculated molar ratios of 

Ni:Fe for Ni sorbed on alteration rims as ferrihydrite (green triangles). Samples plotted by porewater pH: 
solid black symbols = 8.1; solid grey symbols = 7.8; open black symbols = 7.4; open grey symbols = 7.0. 

Symbols for pyrrhotite and alteration rims are plotted as the median, and bars denote 25th and 75th 
percentiles.  
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Trace element associations in the sulfides and their alteration products measured by EPMA were 

consistent with µXRF mapping at 13-ID-E and SXRMB that showed concentrations of Ni and Cu 

associated with some sulfide grains and their alteration products (e.g., bottom row in Figure 2-5, 

Figure 2-9). Zinc was also measured at 13-ID-E, but concentrations in the pyrite and pyrrhotite grains 

and the alteration products were typically too low (i.e., below the MDL of EPMA) to permit the 

acquisition of reliable spectra.  

The partially altered pyrrhotite grain illustrated in Row 2 of Figure 2-5 was targeted for micro-

spectroscopy measurements of Ni- Fe-, and S-XANES at SXRMB; Cu-XANES was attempted but 

concentrations were too low to obtain reliable spectra. The Ni-XANES spectrum collected from a 

spot with elevated Ni concentrations identified by µXRF suggests that Ni occurs predominantly as 

NiS2, with a smaller component of NiSO4 (Figure 2-9), consistent with the observed progressive 

oxidation of the pyrrhotite grains and release of Ni.  

Although discriminating among Fe-(oxyhydr)oxide phases in natural samples has shown to be 

difficult with Fe-XANES analysis (Prietzel et al., 2007), LCF results provide a ratio of Fe3+:Fe2+ 

species in areas of the pyrrhotite grain areas that exhibit differing oxidation characteristics. Both Fe- 

and S-XANES LCF indicated a higher proportion of Fe3+ compounds compared to Fe2+ compounds 

and more oxidized S-species at Spots b and c (Table 2). The areas of the grains corresponding to 

µXRF Spots b and c were observed by SEM and optical microscopy to be more extensively oxidized, 

and the higher degree of oxidation is consistent with EPMA measurements that detected S 

concentrations in grains and alteration rims (Figure 2-7). A higher proportion of pyrrhotite was 

suggested by both Fe- and S-XANES spectra and LCF than was apparent by SEM and optical 

microscopy.  This discrepancy can be attributed to the depth of X-ray penetration and fluorescence 

emissions from phases underlying the surface visible to optical and SEM microscopy, and/or the 

10 µm × 10 µm beam spot measured adjacent unaltered grain areas in addition to the target altered 

zone. Linear combination fitting suggests that one or more phases not included in the LCF are likely 

contributing to the Fe pre-edge peaks and white lines, two sections of the Fe-spectra with a poor LCF 

fit using only Fe-sulfide and Fe-(oxyhydr)oxide standards. Including schwertmannite, the only 

sulfate-bearing Fe-XANES standard used in this study, improved the LCF fit, particularly in the more 

oxidized areas (Spots b and c; in Figure 2-9). Although most porewater samples in this study were 

calculated to be supersaturated with respect to schwertmannite, (Figure A-3), this secondary mineral 

has been shown to be metastable, progressively releasing sulfate and converting to goethite at pH > 5 

(Schwertmann and Carlson, 2005), the porewater pH range measured in this study. Nonetheless, S 
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concentrations in altered rims measured by EPMA (Figure 2-7), and a better LCF fit obtained by 

including schwertmannite suggest the presence of an oxidized Fe-S-O-H species.  

S-XANES LCF results suggested similar proportions of reduced Fe-S compounds 

(pyrrhotite + marcasite) to the Fe-XANES LCF results, as well as the presence of sulfate, sulfite, 

thiosulfate and/or tetrathionite species (Table 2-2), consistent with previous S-XANES observations 

of oxidizing pyrrhotite (Langman et al., 2015), and S-species produced during the pyrrhotite 

oxidation process (e.g., review by Belzile et al., 2004). These S species occur as intermediate Fe-S 

oxidation products during the pyrrhotite oxidation process (Schippers and Sand, 1999; Langman et 

al., 2015).  The LCF goodness-of-fit in the Fe-XANES declines in areas where partial oxidation 

products are observed. Similar to the Fe-XANES LCF results, some white line areas in the higher 

oxidation state regions of the measured S-XANES spectra had a poorer fit (Figure 2-9), suggesting 

one or more S-phases with higher oxidation states, not included among the reference standards for 

this study, contributed to the measured spectra.  LCF results, together with the measured Fe- and S-

XANES spectra, indicate the need to quantify the abundance of key Fe- and S-species, which 

represent transitional Fe- and S- phases, and intermediate oxidation steps. 

Table 2-2: Linear combination fitting results for Fe-, S- and Ni-XANES analyses at target spots illustrated 
in Figure 2-9. Standard spectra and sensitivity analyses are presented in Table A-1 through Table A-3. 

  
Spot a Spot b Spot c Spot d Spot e 

Fe Pyrrhotite 78% 63% 58% 42% 90%  
Marcasite 7% 13% 27% 34% -  
Goethite 10% 14% - 12% 5%  
Schwertmannite 5% 10% 15% 13% 5%  
R-factor 4.55E-04 1.97E-04 5.01E-04 1.05E-03 3.69E-04  
Reduced Chi-squared 8.53E-05 3.71E-05 8.94E-05 1.89E-04 7.15E-05 

 Fe3+:Fe2+ 0.18 0.32 0.18 0.18 0.11 
S Pyrrhotite 89% 86% 71% 

 
90%  

Marcasite - 3% - 
 

- 
 Elemental S     4%  

Thiosulfate 5% 5% 12% 
 

4%  
Tetrathionate 5% 7% 17% 

 
2%  

Sulfate 0.4% - - 
 

-  
R-factor 3.60E-03 4.18E-03 1.12E-02 

 
3.4E-03 

  Reduced Chi-squared 5.72E-04 7.13E-04 1.99E-03   5.6E-04 
Ni NiS2 

   
85% 

 
 

NiSO4 
   

15% 
 

 
R-factor 

   
1.08E-03 

 

  Reduced Chi-squared       2.48E-04   
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Figure 2-9: Row 1: µXRF element maps of target pyrrhotite grain. Colour scale represents relative 
abundance by element, with red as highest concentration and blue as lowest. Row 2: XANES spectra for 
target spots identified in the element maps. Row 3: linear combination fitting (LCF) residual. Blue lines in 

Fe LCF residual indicate fit with only Fe-(oxyhydr)oxides and black line indicates fit that includes 
schwertmannite. Vertical dotted lines indicate K-edge energies. Standard spectra are provided in Figure 

A-6 and measured spectra plotted with LCF fits are presented in Figure A-7. 

 

2.5 Conclusions 

A variety of analytical techniques were used to provide insight into the behaviour of sulfur, iron and 

trace elements during sulfide oxidation in weathered waste rock. Synchrotron-based analyses were 

supported by calculated acid-generating potential and neutralization potential, electron-probe 
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microanalysis, observations of oxidation characteristics by optical microscopy and scanning electron 

microscopy with energy dispersive X-ray analysis, and porewater chemistry. Synchrotron-based 

analyses suggested the presence of nickel and mixed oxidation states of sulfur and iron associated 

with oxidizing pyrrhotite. Trace element concentrations in solid samples, measured by electron-probe 

microanalysis, and in porewater samples, combined with calculations using the speciation/mass-

transfer model PHREEQC, suggested the porewater was undersaturated with respect to the secondary 

nickel phases included in the WATEQ4F database, and suggested that although nickel sorption to 

hydrous ferric oxide alteration rims was favoured, sorption sites were saturated. Porewater was 

circumneutral with measurable alkalinity and elevated concentrations of some trace metals, including 

nickel. Porewater was calculated to be saturated with the secondary minerals gypsum, amorphous 

Al(OH)3 and gibbsite, consistent with the measured alkalinity, pH, and metals concentrations. 

Together, these analyses suggested sulfide oxidation was proceeding, trace elements were released to 

porewater, and carbonate-mineral dissolution was the predominant acid-neutralizing mechanism in 

waste rock that had been stored subaerially for 30 years.  
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Chapter 3 
Fe K-edge XANES across oxidizing pyrrhotite grains from natural 

samples of mining waste rock 

Lianna J.D. Smith, Dogan Paktunc, David W. Blowes.  

In preparation for submission to The Canadian Mineralogist. 

 

3.1 Summary  

Iron K-edge X-ray absorption near edge spectra (XANES) were collected across transects of 

oxidizing pyrrhotite grains in natural samples of waste rock and compared to measurements 

conducted on standards of ferric iron, ferrous iron, and compounds of mixed oxidation states. The 

XANES spectra were analyzed by pre-edge centroid deconvolution and linear combination fitting. 

Linear combination fitting of the pre-edge region and energy range of the XANES spectra (7070 – 

7220 eV) produced best fits with differing species and higher ferric iron contributions (difference of 

typically f < 0.1) than linear combination fitting of the XANES energy range. Deconvolution of the 

pre-edge centroids produced centroid energies that were correlated to the ferric iron contribution of 

the linear combination best fits of both the pre-edge and full spectrum, but a ferric iron content below 

a threshold value may affect the centroid energy. Ferrous iron standards that exhibited oxidation 

characteristics maintained a pre-edge centroid energy characteristic of ferrous iron species, and 

several transect spots at a calculated ferric iron contribution of f ≈ 0.2 exhibited a 0.6 eV range in pre-

edge centroid energies. 

3.2 Introduction 

The oxidation of pyrrhotite [Fe(1-x)S] in mining waste rock can release acidity [H+], iron [Fe], sulfate 

[SO4], and trace elements to the environment. Pyrrhotite is a non-stoichiometric Fe-sulfide that can 

form in monoclinic or hexagonal crystal systems based on a NiAs structure (Tokonami et al., 1972; 

Becker et al., 1997; Belzile et al., 2004). The Fe lattice positions are predominantly occupied by 

ferrous iron [Fe2+], with lesser ferric iron [Fe3+], both bonded to sulfur [S] (Levinson and Treves, 

1968; Pratt et al., 1994) in either 5-fold or 6-fold coordination (Tokonami et al., 1972). Ferric iron in 

the lattice provides thermodynamic stability, but Mössbauer spectra suggest Fe2+ and Fe3+ may not 

occur as separate species (Tokonami et al., 1972; Pratt et al., 1994). The Fe lattice contains ordered 

vacancies (Pierce and Buseck, 1974), other lattice defects, and impurities as Fe-substitutions, or 
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interstitial or admixed inclusions (Sakkopoulous et al., 1986). The lattice vacancies in monoclinic 

pyrrhotite causes strong ferromagnetic behaviour (Wang and Slaverson, 2005). 

Pyrrhotite [Fe1-xS] can be oxidized by oxygen [O2] (Equation 3.1) or Fe3+ (Equation 3.2), according 

to: 

𝐹𝐹𝐹𝐹1−𝑥𝑥𝑆𝑆 + �2 − 1
2𝑥𝑥�𝑂𝑂2 + 𝑥𝑥𝐻𝐻2𝑂𝑂 → (1 − 𝑥𝑥)𝐹𝐹𝐹𝐹2+ + 𝑆𝑆𝑂𝑂42− + 2𝑥𝑥 𝐻𝐻+   (3.1) 

and 

𝐹𝐹𝐹𝐹1−𝑥𝑥𝑆𝑆 +  (8 − 2𝑥𝑥) 𝐹𝐹𝐹𝐹3+ +  4 𝐻𝐻2𝑂𝑂 →  (9 − 3𝑥𝑥) 𝐹𝐹𝐹𝐹2+ +  𝑆𝑆𝑆𝑆42− +  8 𝐻𝐻+ (3.2) 

 

In conditions with pH > 3, Fe2+ released from sulfide oxidation (Equation 3.1), in the presence of 

O2, can be oxidized to Fe3+ to perpetuate reaction 2 (at pH < 3; Equation 3.3), or precipitate as 

Fe3+(oxyhydr)oxides (at pH > 3; Equation 3.4, with Fe(OH)3 representing a general 

Fe3+(oxyhydr)oxide). 

 

2 𝐹𝐹𝐹𝐹2+ + 1
2𝑂𝑂2  + 2𝐻𝐻+  → 2 𝐹𝐹𝐹𝐹3+ + 𝐻𝐻2𝑂𝑂  (3.3) 

𝐹𝐹𝐹𝐹3+ + 3𝐻𝐻2𝑂𝑂 → 𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)3 + 3𝐻𝐻+  (3.4) 

 

However, studies have indicated that the oxidation reactions in Equations 3.1 and 3.2 may not 

proceed to completion, with intermediate products that can include mixed oxidation states of S, Fe-

deficient phases, various Fe-(oxyhydr)oxides, and possibly accumulated negative charge (Steger, 

1982; Mycroft et al., 1995; Thomas et al., 1998, 2001; Janzen et al., 2000; Harries et al., 2013; 

Langman et al., 2015; Nordstrom et al., 2015; Steinepreis, 2017; Smith et al., 2021; Chapter 2).  

Ratios of Fe2+ and Fe3+ were successfully determined in basaltic glasses using the pre-edge feature 

of synchrotron X-ray absorption near edge spectra (XANES) at the Fe K-edge, supported by 

Mössbauer spectra and/or wet chemical analysis (Berry et al., 2003, Cottrell et al., 2009; Fiege et al., 

2017). The pre-edge features of Fe K-edge XANES spectra were analyzed in natural mineral samples 

and mechanical mixtures of phases consisting of varying proportions of Fe2+ and Fe3+, and the 

interpretations included electron transition and Fe coordination of the deconvolution components, and 

pre-edge energy and intensity (Wilke et al., 2001). A study of Fe K-edge XANES in soil samples and 

synthetic mixtures of Fe minerals, Prietzel et al. (2007) concluded that pre-edge peak energies 

reasonably estimated Fe2+ and Fe3+ contributions but discriminating among specific Fe-oxyhydroxide 
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phases was not possible. These studies followed earlier work, which identified the pre-edge feature of 

Fe K-edge XANES spectra to represent the Fe oxidation state, bonding coordination and site 

geometry (White and McKinstry, 1966; Srivastava and Nigam, 1973; Shulman et al., 1976; 

Waychunas et al., 1980, 1983; Dräger et al., 1988).  

The objective of this study was to evaluate Fe K-edge XANES features across transects of partially 

oxidized pyrrhotite grains from waste-rock samples. A better understanding of the distribution of 

mixed Fe oxidation states and bonding arrangements in partially oxidized pyrrhotite grains and their 

alteration products would improve our understanding of the pyrrhotite oxidation process in natural 

samples.  

3.3 Experimental section 

3.3.1 Sample description 

The partially oxidized pyrrhotite grains analyzed in this study were obtained from one freshly blasted 

and two historical waste-rock samples from the Detour Lake Mine, Ontario, Canada. Samples 117, 

3M and 4T in this study were obtained from subsamples of waste rock described in Smith et al., 

(2021) and Chapter 2. The waste rock was air-dried to minimize the potential for tertiary phase 

transformations and the pyrrhotite fraction from each sample was magnetically separated to increase 

the potential target grains. The median pyrrhotite compositions for pyrrhotite grains for samples 117 

and 4T, identified by electron-probe microanalysis (EPMA) in a previous study (Smith et al., 2021; 

Chapter 2), correspond to approximately Fe6S7, slightly Fe-deficient compared to the monoclinic, 4C-

pyrrhotite composition of Fe7S8. Pyrrhotite grains from sample 3M, not measured by Smith et al. 

(2021) or in Chapter 2, are expected to be of similar composition, based on similar formulae obtained 

for other samples from the same system.    

The concentrated pyrrhotite samples were prepared as thin sections by Spectrum Petrographics 

(Vancouver, USA). The samples were mounted on Suprasil 2A quartz glass slides with cyanoacrylate 

(Krazy Glue®), a non-aqueous compound, to minimize mineral transformations during slide 

preparation. Slides were cut and polished to 30 µm thickness with double-sided, microprobe-quality 

finish.  

3.3.2 Standards 

Standards comprised natural and synthetic minerals with Fe2+ and Fe3+ phases that are commonly 

associated with sulfide oxidation in waste rock and tailings. Standards included ferrihydrite 

[nominally 5Fe2O3·9H2O], goethite [α-Fe(OOH)], jarosite [KFe3(SO4)2(OH)6], schwertmannite [e.g., 
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Fe8O8(OH)8-2x, SO4)x·nH2O, 1 < x < 1.75] (Schoepfer and Burton, 2021), hematite [Fe2O3], magnetite 

[Fe3O4], synthetic FeSO4·7H2O, melanterite [FeSO4·7H2O], marcasite [FeS2], pyrite [FeS2] and 

pyrrhotite [Fe1-xS]. For clarity, synthetic FeSO4·7H2O is referred to by the chemical formula, and the 

natural mineral melanterite is referred to by the mineral name. The Fe-(oxyhydr)oxides were 

synthesized at the University of Waterloo according to the method of Schwertmann and Cornell 

(2000) and verified by X-ray diffraction (XRD) analysis. Any oxidation products on the Fe2+ 

standards were removed by leaching in 1 M HCl for 1 hr at 50°C under a fume hood, followed by 

three rinses with de-ionized (Milli-Q®) water, and a final rinse with methanol. The final products 

were dried in a vacuum desiccator. The Fe2+ and Fe3+ standards were applied and sealed as a thin 

layer to polyamide (Kapton®) tape. The standard tapes were cut and placed in random, overlapping 

orientations on a second layer of polyamide tape. XRD analysis of the marcasite standard produced 

peaks consistent with the presence of the partial oxidation product szomolnokite [FeSO4·H2O], and 

the diffractogram of the magnetite standards contained seven unidentified peaks (Figure B-1). Both 

marcasite and magnetite were maintained as standards in this study, recognizing the presence of either 

of these minerals in linear combination fitting (LCF) best fits may represent a contribution from the 

other phases. The natural melanterite standard originated from the Sherritt-Gordon Sherridon mine 

(Moncur et al., 2015a) archived in mineral oil. The melanterite crystals were ground using a ceramic 

mortar and pestle using sufficient mineral oil to isolate the melanterite from the atmosphere. 

3.3.3    Fe K-edge data collection and analysis 

The Fe K-edge X-ray absorption near edge structure (XANES) spectra of standards, target spots, and 

transects across partially oxidized pyrrhotite grains were collected at the Advanced Photon Source 

(APS; Argonne National Laboratory, USA), beamline 13-ID-E. The beamline has an energy range of 

5.4 – 28 keV, suitable for measurements at the Fe K-edge. The beamline was equipped with a 

microprobe end station to provide a micro-focused spot size of 1 µm × 1 µm. Samples and standards 

were mounted at 45° to the incident beam. A Si (311) monochromator was used for this study. The 

energy step was set to 2.0 eV in the pre-edge region (−150 to −8 eV); to 0.1 eV in the edge region (−8 

to +20 eV, which includes the pre-edge peak region); and in the post-edge region (+20 to +300) to 

1/Å to dynamically increase the energy steps from approximately 1 – 3.5 eV at increasing energy 

away from the edge. Counting time per point was set to 1 s. Standard spectra were collected in both 

fluorescence and transmission mode, and pyrrhotite spots and sample spectra were collected in 

fluorescence mode. The detector for fluorescence mode was a Vortex 4-element detector. Dead time 

was monitored to ensure acceptable levels were not exceeded, and a dead-time correction was applied 
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to the collected spectra using the processing software. A Fe-reference foil was used for internal 

calibration with the first-derivative peak calibrated to the Fe K-edge energy of 7110.8 eV.  

Oxidation features in the spectrum of the pyrrhotite standard were observed during XANES data 

collection, suggesting oxidation products on the pyrrhotite standard had accumulated after the pre-

treatment leach (Table 3-1 and Figure B-2). To acquire non-oxidized pyrrhotite spectra to be used as 

standards in data analysis, visually unaltered spots in the center of pyrrhotite grains in each in each of 

the samples were measured in fluorescence mode, and the white lines were evaluated for oxidation 

characteristics during spectra acquisition. The target grains were selected and registered using 

reflected light microscopy of the 13-ID-E Offline Sample Coordinate and Registration System 

(OSCAR).  

All standards, except the melanterite paste and synthetic FeSO4·7H2O, were prepared as multiple, 

randomly oriented thin layers mounted on polyamide tape for analysis during the same beamline 

session as the samples. The melanterite paste and FeSO4·7H2O were mounted in individual channels 

sealed with self-adhesive backing and affixed to the sample holder with polyamide tape. Standard 

spectra were acquired where standard thickness achieved 1 absorption length; two spectra were 

collected per standard.  

Partially oxidized pyrrhotite grains were selected and registered using OSCAR. The target grains 

were mapped using the micro-X-ray fluorescence (µXRF) mapping function to identify Fe-

concentration intensities of the target grains. Maps were collected with a 2 µm spot size and a 

counting time of 0.025 s per spot. Final transect start and end points were selected and registered from 

the µXRF map images. Fe K-edge XANES of transect spots were collected in fluorescence mode 

using a macro to move the fine stage at 1 µm step intervals along the delineated transect; one 

spectrum was collected per spot. 

Spectra were normalized and analyzed using the X-ray absorption spectra (XAS) Viewer of Larch 

(V. 0.9.57; Newville, 2013). The E0 values for each collected standard, pyrrhotite and sample spectra 

were obtained as the energy that corresponded to the maximum peak of the normalized first derivative 

spectra. White line energies were obtained at the first maximum of the normalized spectra after E0. 

Spectra from transect spots were analyzed by LCF from 7070 – 7220 eV, which included the pre-

edge, edge and the main features of the post-edge regions; the LCF spanning 7070 – 7220 eV is 

referred to as the full-spectrum LCF, though this energy range truncates the beginning and end of the 

acquired XANES spectra. The pre-edge energy range (7104 – 7119 eV) was selected to capture the 

pre-edge features of the standards and transect spots. The pre-edge energy range was analyzed 
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separately by LCF to compare the ferrous and ferric iron components contributing the LCF best fit 

based on the spectral features of the pre-edge and XANES energy ranges. A maximum of four 

components were allowed to fit the unknown transect spectra to reduce the number of variables. LCF 

best fits were evaluated by comparing components and fit statistics for a given spot; comparing the 

consistency among components of calculated best fits of adjacent transect spots; and removing phases 

with low calculated contributions to evaluate the difference on the reduced Chi2 fit statistic for each 

spot across a transect. If removing the phase degraded the reduced Chi2 fit statistic (i.e., the reduced 

Chi2 value increased) by > 5% relative percent difference (RPD), the phase was considered to be a 

reasonable component of the LCF best fit.   

The pre-edge peaks were analyzed by fitting a background curve several eV before and after the 

pre-edge feature using a spline function consisting of a linear function with a positive slope and a 

Lorentzian function. The pre-edge peaks were deconvoluted using pseudo-Voigt functions. When the 

Gaussian fraction was allowed to vary, the fraction of peaks fitted to the pyrrhotite standards ranged 

from 0.5 to 0.8, and from 0.1 to 0.7 for the standards. Spectra from sample transects illustrated a 

range of Gaussian contributions. A Gaussian contribution of 0.4 was selected to reduce the number of 

variables and was based on the Gaussian fraction for the magnetite peak when the fraction was 

allowed to vary. Magnetite was selected as the model compound for the Gaussian fraction because it 

comprises mixed oxidation states and both tetrahedral and octahedral Fe bonding arrangements. In 

this study, the consistent application of a 0.4 Gaussian fraction provided superior fits to pure 

Lorentzian or pure Gaussian functions, but fixing fractions between 0.3 and 0.6 had negligible effect 

on the fit statistics. The importance of constraining the Gaussian contribution, representing 

experimental conditions, to a pseudo-Voigt function is discussed by Farges et al., (2004). However, 

subsequent studies have fixed the Gaussian contributions between 0.5 and 1 based on best fits and 

reducing the number of variables (Wilke et al., 2001; Farges et al., 2004; Cottrell et al., 2009; Fiege et 

al., 2017). Fiege et al. (2017) emphasize the importance of the background fit in the pre-edge range 

over the deconvolution method; Berry et al. (2003) note that the choice of function is less important 

than consistent application; and Cottrell et al. (2009) report that both consistent application and 

choice of function affect spectral fitting.  

3.4 Results and discussion 

3.4.1 Standards 

The standard spectra collected in transmission and fluorescence modes were compared to 

qualitatively identify over-absorption characteristics of the spectra collected in fluorescence mode. 
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The comparison was consistent with the expectation that over-absorption features are present in the 

fluorescence spectra, particularly in the white-line region for Fe3+ minerals (Figure B-2). The 

differences in calculated pre-edge energies between the two modes were similar but calculated pre-

edge intensities were typically lower for the transmission spectra (Table B-1). The effect of over-

absorption on the pre-edge centroid is consistent with the results from Cottrell et al., (2009) for the 

centroid energy, but that study identified higher centroid intensities for spectra that had been 

corrected for over-absorption. 

The XANES spectrum of the pyrrhotite standard exhibited characteristics of oxidation, including a 

higher E0 value and a shifted white line of greater intensity than expected for a reduced Fe species 

(Table 3-1 and Figure B-2). Spectra of non-oxidized pyrrhotite (visually unaltered spots observed by 

reflected light microscopy) in each of the samples were acquired. Values of E0 varied by up to 1.6 eV 

from pyrrhotite grains measured within a waste-rock sample and among all samples (Table 3-1). 

Rather than merging the pyrrhotite spectra from each separate pyrrhotite spot in a sample to a single 

sample-specific pyrrhotite standard, the individual spectra were maintained and the multiple, sample-

specific pyrrhotite standards were applied for LCF and for interpretation of the pre-edge peaks. 

Unlike the E0 and white line energies, the pre-edge centroid energies had little variation (0.2 eV) 

among all pyrrhotite samples. However, the centroid intensities were variable, with no correlation to 

centroid energy values, suggesting variable Fe-bonding symmetry among the sample pyrrhotite 

standards, either as primary mineral structure, or from early-stage oxidation (Table 3-1; Figure B-4). 

The Fe2+ and Fe3+ standards had E0 and white line energies representative of their oxidation state 

(Table 3-1). The Fe3+ species had E0 energies > 7125 eV and white line energies > 7129 eV. The Fe2+ 

standards pyrite and marcasite maintained E0 (< 7116 eV) and white line (< 7119 eV) energies 

consistent with those expected for Fe2+ compounds.  Magnetite, with mixed Fe oxidation states, had 

E0 of 7119.6 eV and white line energy of 7129.7 eV.  

Deconvolution of the pre-edge centroid energies included peaks at higher energy than the main pre-

edge centroid in ferrihydrite, goethite, schwertmannite and hematite (Figure 3-1). These components 

are not related to 1s→3d/4p transitions of the main pre-edge peak components and may represent 

long-range order of Fe; the centroid energies were calculated by excluding these components above 

7115 eV (Wilke et al., 2001).  

The pre-edge centroids of the ferrihydrite, goethite and hematite standards exhibit similar features, 

with main centroid energies consistent with expectation of values for Fe3+ species (Table 3-1; Figure 

B-3; Wilke et al., 2001). The pre-edge intensities calculated from the fluorescence spectra were 

ferrihydrite > hematite > goethite. Ferrihydrite is a nano-sized, poorly crystalline and metastable 
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phase with Fe vacancies and/or substitutions (Jambor and Dutrizac, 1998; Paktunc et al., 2013). In 

one model of ferrihydrite, all Fe occurs in octahedral coordination (Drits et al., 1993; Manceau, 

2011); whereas another model proposed 20% of Fe occurring in tetrahedral coordination (Michel et 

al., 2007, 2010). Ferrihydrite transforms into the more crystalline phases goethite and/or hematite 

(Schwertmann and Murad, 1983; Jambor and Dutrizac, 1998; Schwertmann et al., 1999, 2004). Ferric 

iron occurs as Fe-O octahedra in both goethite and hematite, but with different octahedral 

arrangements, and greater Fe3+ vacancies and lattice distortion in goethite (Cornell and Schwertmann, 

2003).  

To assess the confidence in the pre-edge peak intensities of the standards, especially those that are 

contributed from octahedrally-coordinated Fe-O distances, bond-length data were extracted from 

crystal structures of goethite, hematite, ferrihydrite, schwertmannite and jarosite. Uncertainty values 

in Fe-O distances were calculated for each site in the structures (Table B-2). This uncertainty in the 

variability of Fe-O distances would represent some form of symmetry loss due to distortion in 

octahedral Fe and represent the source of the pre-edge peak intensities. In these calculations, the 

ferrihydrite structure is assumed to be composed entirely of Fe-O octahedral as per Drits et al., 

(1993). The greater calculated intensity of the pre-edge centroid of ferrihydrite compared to goethite 

and hematite is consistent with the uncertainty (standard deviation) of reported interatomic distances 

between Fe-O in these Fe3+ samples (Table 3-2, Figure 3-2). Regression analysis of the Fe3+ standards 

used in this study with the calculated uncertainty of Fe-O bond distances (jarosite, schwertmannite, 

ferrihydrite goethite, hematite), though a limited dataset, provides a linear trend with R2 = 0.84 

(P < 0.05) (Figure 3-2). 

The FeSO4·7H2O standard that exhibited oxidation characteristics, with higher E0 and white line 

energies, and a more pronounced white line feature, and is referred to as FeSO4·7H2O(ox). A second 

FeSO4·7H2O sample exhibited a more pronounced white line in the fluorescence spectra, but not in 

the transmission spectra, and was maintained in the standard suite as FeSO4·7H2O (Table 3-1, Figure 

3-1 and Figure B-2). Three maxima are observable in the pre-edge feature of the FeSO4·7H2O 

standard, consistent with expectations of Fe2+ in octahedral coordination in FeSO4·7H2O (Figure 3-1; 

Figure B-3; Wilke et al., 2001). The E0 and white line energies of melanterite and FeSO4·7H2O(ox) 

suggest the presence of Fe3+, but the centroid energies of melanterite and FeSO4·7H2O(ox) remain in 

the Fe2+ energy range (Table 3-1). Three maxima are tenuously observable in the melanterite and 

FeSO4·7H2O(ox) spectra (Figure 3-1), possibly illustrating increasing site distortion and shifting pre-

edge features towards two maxima (Wilke et al., 2001). The pre-edge maxima together with the lower 

centroid intensities calculated for melanterite and FeSO4·7H2O(ox) compared to FeSO4·7H2O appear 
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to be a result of dehydration during spectra acquisition (Figure B-5). In addition, the full-energy 

spectra of melanterite and FeSO4·7H2O(ox) show shifted E0 and white line energies, and more 

pronounced white line characteristics, consistent with oxidation characteristics (Figure B-2), despite 

the centroid energies reflecting a Fe2+ oxidation state. Because these standards had oxidized and likely 

dehydrated, they were not included as components in LCF. However, the discrepancy between the 

observed oxidation characteristics in the XANES spectra and the pre-edge centroid intensities is 

noteworthy, particularly because the same discrepancy was observed with the pyrrhotite standard.  

The pre-edge intensities of pyrite and marcasite measured in this study are discordant with the 

expected relative intensities due to lattice symmetry (Table 3-1 and Figure B-3; Table B-1). Iron in 

both pyrite and marcasite is in octahedral coordination, however marcasite has lower lattice symmetry 

than pyrite (Schmøekel et al., 2014), and is more reactive than pyrite (Zhang et al., 2022), suggesting 

the pre-edge intensity of marcasite should be larger than that of pyrite. The discrepancy may be 

related to the presence of oxidation products in the marcasite standard, as identified by XRD. Both 

the pyrite and marcasite standards were maintained in the standard suite used for LCF.  

Neither linear nor polynomial regression equations with a R2 > 0.7 value could be obtained from 

the pre-edge centroid energy and intensity values of the standards, pyrrhotite spots, or a combined 

dataset (standards + transect spots; Figure 3-1). Ratios of Fe3+/[Fe2+ + Fe3+] (Fe3+/ƩFe) for unknown 

transect spots could not be calculated based on the pre-edge centroid characteristics of the standards. 

Sample-specific regressions could be obtained using the sample-specific pyrrhotite spots and the Fe3+ 

standards only, however correlation remained poor with the regression and sample transect spots, 

illustrating the complexity of compounds where both oxidation state and coordination are variable.  
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Figure 3-1: Pre-edge peaks (baseline-subtracted) for Fe2+ and Fe3+ standards. Blue curves represent 
measured spectra, black dotted curves represent deconvoluted spectra. Vertical grey bars illustrate 

centroid energy (of main peaks). Fit statistics provided in Figure B-3. 
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Table 3-1: E0, white line and pre-edge centroid (PEC) characteristics for standards in fluorescence mode. 

Standard 
E0 

(eV) 
White line 

(eV) 
PEC energy 

(eV) 
PEC 

intensity 

PEC fit 
reduced 

Chi2 
Sample pyrrhotite spots (standards) 
117b 7116.30 7121.61 7112.28 0.256 3.03E-7 
117d 7117.51 7121.71 7112.23 0.265 2.73E-6 
117e 7116.91 7121.51 7112.38 0.283 1.49E-7 
117f 7115.91 7121.21 7112.25 0.274 1.45E-6 
117g 7116.21 7121.51 7112.26 0.333 1.79E-7 
3Ma 7116.31 7121.11 7112.24 0.232 1.62E-6 
3Mb 7115.91 7121.81 7112.24 0.246 1.83E-6 
3Mc 7116.41 7120.91 7112.21 0.283 3.41E-7 
3Mf 7116.41 7121.71 7112.39 0.284 1.24E-7 
4Ta 7116.31 7121.41 7112.28 0.320 2.44E-7 
4Tb 7116.41 7121.51 7112.45 0.361 1.67E-7 
4Tc 7116.41 7121.31 7112.25 0.278 8.04E-7 
4Td 7116.71 7121.9 7112.32 0.291 1.81E-7 
Standards      

Pyrrhotite 7118.52 7123.72 7112.08 0.170 2.44E-7 
Pyrite 7116.62 7119.62 7112.58 0.485 3.12E-7 
Marcasite 7116.92 7119.72 7112.60 0.337 2.58E-7 
FeSO4·7H2O 7119.83 7125.73 7112.53 0.185 2.73E-7 
FeSO4·7H2O (oxidized) 7118.42 7124.02 7112.13 0.077 2.85E-7 
Melanterite (oxidized ± 
dehydrated) 7120.03 7126.32 7112.59 0.144 1.11E-7 

Magnetite 7119.62 7130.42 7113.27 0.386 2.30E-7 
Hematite 7122.12 7129.02 7113.16 0.155 1.88E-7 
Schwertmannite 7125.92 7130.82 7113.31 0.102 1.25E-7 
Jarosite 7127.12 7130.42 7113.31 0.100 1.46E-7 
Goethite 7127.32 7131.97 7113.25 0.118 8.74E-8 
Ferrihydrite 7122.02 7130.84 7113.26 0.221 2.16E-7 
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Figure 3-2: Calculated pre-edge centroid intensity (main peaks) vs. average standard deviations of the 
Fe-O bond lengths for Fe3+ minerals (circle symbols). Dashed line represents regression line for Fe3+ 

minerals with equation: [centroid intensity] = 0.037 + (1.19 × [standard deviation of Fe-O bond length]) 
with R2 = 0.84. Included for information: Fe2+ minerals (square symbols) and FeSO4·7H2O* (triangle 

symbol); FeSO4·7H2O* plotted with the calculated pre-edge centroid intensity of the standard used in this 
study, at the bond length uncertainty of melanterite because of the poor-quality spectra of melanterite 
obtained in this study. References from which bond length uncertainty was calculated are provided in 

Table 3-2. 

 
Table 3-2: Summary of Fe-O bond lengths and calculated standard deviations for Fe-O octahedra. 

Mineral System 
n        

Fe sites 

Average    
Fe-S/O length 

(Å) 
Standard 

deviation Reference 

Pyrrhotite (Fe7S8) Trigonal  7 2.453 0.148 Fleet, 1971 

Pyrrhotite (Fe7S8) Monoclinic 4 2.449 0.084 Tokonami et al., 1972 

Marcasite Orthorhombic 1 2.244 0.010 Buerger, 1937  

Melanterite Monoclinic 2 2.123 0.042 Peterson, 2003 

Hematite Trigonal  1 2.031 0.093 Finger and Hazen, 1980 

Ferrihydrite Trigonal 1 2.083 0.145 Drits et al., 1993 

Goethite Orthorhombic 1 2.022 0.075 Szytuła et al., 1968 

Jarosite Trigonal 1 2.000 0.031 Kato and Miura, 1977 

Schwertmannite Triclinic 10 2.033 0.082 Fernandez-Martinez et al., 2010 
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Figure 3-3: Pre-edge centroid energy vs. (main peak) intensity of standards and transect spots for (a) 
grain 117, (b) grain 3M, (c) grain 4T, and (d) transect spots from all three grains.  

 

3.4.2  Transects across altered pyrrhotite grains 

Grain 117 was obtained from a sample of freshly blasted waste rock, and grains 3M and 4T were 

obtained from samples of waste rock that had been weathering under ambient conditions for more 

than 30 years (Smith et al., 2021; Chapter 2). The bulk waste-rock sample from which grain 4T was 

obtained exhibited typically stronger oxidation characteristics than the sample from which grain 3M 

was obtained, with lower pore water pH and lower alkalinity concentrations, but a similar proportion 

of alteration products measured by quantitative mineralogical analysis (Smith et al., 2021, Chapter 2, 

Chapter 5). XANES spectral features from spots collected across transects of the three partially 

oxidized pyrrhotite grains suggest the presence of both Fe2+ and Fe3+ species, with variations across 

the transect of the partially oxidized grains (Figure 3-3 and Figure B-6). Deconvolution of the pre-

edge centroids of the transect spots did not require extra peaks at energies > 7115 eV, as was required 

for the Fe3+ standards ferrihydrite, goethite, schwertmannite and hematite.  
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3.4.2.1 E0 and white line energies, and pre-edge centroid characteristics 

The transect across grain 117 shows an abrupt increase to the white line energies, increasing pre-edge 

centroid energies, and decreasing centroid intensities as the proportion of Fe3+ species increase at the 

discrete transition from a visually unaltered pyrrhotite to an alteration zone. Values of E0 illustrate a 

more subdued increase, with some variation at the transition from the pyrrhotite grain to the alteration 

zone (Figure 3-4). The grains from the weathered waste-rock samples 3M and 4T, do not exhibit 

abrupt changes in white line energies, however E0 values from adjacent transect spots can change by 

several eV, particularly towards the center of the transect in grain 3M, and near the beginning, middle 

and end of the transect across 4T. These energy changes are reflected in the LCF fits of both the pre-

edge and full spectrum, which included a higher proportion of Fe3+ minerals in the best fits for 

transects with higher E0 than the adjacent spots with lower E0 energies.  

Centroid energies remain < 7113.0 eV in most transect spots of samples 117 and 3M, but range up 

to 7113.27 in sample 4T, generally consistent with the proportion of Fe2+ and Fe3+ species identified 

by LCF. Centroid intensities reflect the Fe-coordination symmetry, and the shifting intensities across 

transects suggest changing Fe coordination and lattice distortions across spots at the µm scale as 

pyrrhotite oxidizes and alteration products form and transform. The transect spots in 117 that are 

predominantly composed of pyrrhotite have the highest calculated centroid intensities of the transect 

spots, typically > 0.3, and the lowest centroid energies, consistent with pyrrhotite-dominated 

mineralogy at those spots. These intensities are at the high end of those calculated for the sample-

specific pyrrhotite measurements (Table 3-1). The lower centroid energies of the transect spots in 

grain 117 associated with alteration products, and most transect spots in 3M and 4T suggest 

decreasing Fe-coordination symmetry with formation of secondary Fe-O ± OH ± S species as Fe-

deficient sulfide phases (e.g., marcasite) and Fe-(oxyhydr)oxide phases form and transform as 

pyrrhotite oxidation progresses.  

The centroid intensities are generally inverse to the centroid energies but show more variation. 

Although the correlation coefficients for the transect spots were moderate with samples 117 and 3M, 

(r = −0.61, r = −0.57, respectively, P < 0.05), there was no correlation for sample 4T (r = −0.23, 

P > 0.05), for the combined dataset of transect spots (r = −0.40, P < 0.05; Figure 3-3, Figure 3-4) or 

among sample-specific pyrrhotite standards + Fe3+ standards + transect spots (as in Section 3.3.2).  
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3.4.2.2 Linear combination fitting 

The LCF best fits of the pre-edge and full-spectrum energy ranges suggested the presence of different 

phases associated with pyrrhotite alteration, though both spectral fits included phases that could 

reasonably be present.  

Spots 1 – 6 of the transect across grain 117, associated with visually unaltered pyrrhotite, included 

small calculated (< 5%) pyrite contributions in both the pre-edge and full spectrum LCF best fits. 

Excluding pyrite from the LCF components at these spots degraded the reduced Chi2 fit parameter by 

10 – 56% (RPD), suggesting the association of pyrrhotite with the Fe-deficient phase at these spots is 

reasonable. Similarly, excluding magnetite from the components for the full-spectrum LCF degraded 

the reduced Chi2 value by up to 25% (RPD).  

 Whereas the Fe3+ phases of the pre-edge LCF best fits for grains 117 and 3M were predominantly 

schwertmannite and ferrihydrite, the full-spectrum LCF fits included more prevalent ferrihydrite, 

goethite, and jarosite (Figure 3-4; LCF fits and statistics are provided in Figure B-7 through Figure 

B-12). LCF best fits for the pre-edge spectrum of grain 4T were obtained predominantly with 

ferrihydrite as the Fe-(oyhydr)oxide species, whereas hematite dominated in the full spectrum LCF 

best fit. Fe-SO4 phases were largely absent in both the pre-edge and full spectrum best fits for grain 

4T, with exceptions at four spots in the pre-edge LCF best fits (Figure 3-4). The transformation of 

ferrihydrite to hematite is favored over goethite at pH 7 – 8 (Schwertmann and Murad, 1983), the pH 

range measured in pore water extracted from the weathered waste-rock samples 4T (Smith et al., 

2021, Chapter 2). The presence of hematite favored in the full-spectrum LCF best fit of grain 4T 

compared to ferrihydrite calculated for grains 117 and 3M, suggest the transformation of secondary 

phases associated with grain 4T is more advanced than the other two grains. That grain 4T would 

exhibit more aged Fe-(oxyhydr)oxides is consistent with the sample origin from weathered waste 

rock: grain 117 was obtained from freshly blasted waste rock, and geochemical characteristics of pore 

water from sample 4T indicated a higher degree of oxidation and weathering than sample 3M (from 

Smith et al., 2021; Chapter 2). 

FeSO4·7H2O was calculated to be present in small, but persistent contributions in the full spectrum 

LCF best fits for grain 3M, and spots associated with alteration characteristics in grain 117. Excluding 

FeSO4·7H2O from the LCF standards increased the reduced Chi2 statistic by up to 115% (RPD). In 

contrast, few spots in the pre-edge LCF best fits included FeSO4·7H2O and excluding this phase from 

the pre-edge LCF components degraded the reduced Chi2 fit statistic by < 5% (RPD), suggesting the 

LCF best fits of the pre-edge without a FeSO4·7H2O component was also reasonable. Spots with 

FeSO4·7H2O contributions typically, but not consistently, also included the Fe-deficient sulfide 
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marcasite. The pre-edge LCF best fits included a higher proportion of marcasite (Figure 3-4), with 

schwertmannite as the SO4 phase providing a better fit, compared to the full-spectrum LCF best fits. 

The oxidation of marcasite is stoichiometric and produces polysulfides (Rinker et al., 1997), 

including ferrous sulfate (as FeSO4; Zhang et al., 2022). Melanterite and/or other hydrated ferrous 

sulfate phases are commonly associated with marcasite oxidation (Rimstidt and Vaughan, 2003). 

These Fe-SO4 phase(s) associated with sulfide oxidation have been identified by various techniques in 

studies of mining waste (Blowes et al., 1991; Jambor, 1994; Hammarstrom et al., 2004; Murray et al., 

2004; Moncur et al., 2015a, 2015b). The considerable improvement in the reduced Chi2 fit statistic by 

including the FeSO4·7H2O standard for the full spectrum LCF of grains 117 and 3M, and the presence 

of a Fe-deficient sulfide phase, is consistent with the progression of pyrrhotite oxidation. The paucity 

of FeSO4·7H2O in most spots of grain 4T LCF full spectrum best fits is also consistent with that grain 

exhibiting a higher degree of oxidation from XANES analysis in this study, and geochemical and 

mineralogical analyses from previous studies (Smith et al., 2021; Chapter 2, Chapter 5). 

Schwertmannite is a common precipitate in waters associated with sulfide oxidation, but typically 

forms distant from the site of sulfide oxidation (Schoepfer and Burton, 2021). This poorly crystalline 

phase forms as very fine grains and is metastable, aging to goethite at pH > 5 (Schwertmann and 

Carlson, 2005), the pH of the porewater extracted from waste-rock samples associated with grains 3M 

and 4T (Smith et al., 2021; Chapter 2). The schwertmannite crystal structure remains uncertain due to 

variable composition and metastability (Schoepfer and Burton, 2021), but Fernandez-Martinez et al., 

(2010) proposed a deformed structure with Fe3+-O octahedra, with SO4
2- forming both inner-sphere 

and outer-sphere complexes within the channel structures. Excluding schwertmannite and limiting the 

SO4-bearing standards to jarosite and FeSO4·7H2O degraded the value of the reduced Chi2 fit statistic 

by up to 64% (RPD) for the pre-edge LCF best fits for grains 3M and 117. Schwertmannite may be 

forming in microenvironments associated with pyrrhotite alteration. The presence of jarosite has been 

inferred by XRD and mineral liberation analysis to be forming in microenvironments associated with 

oxidizing pyrrhotite in samples of 3M and 4T (Chapter 5).  Alternately, schwertmannite in the LCF 

fits in this study may represent a poorly crystalline Fe3+-O-H phase with lattice distortions caused by 

associated S-species of indeterminate oxidation state, bonding arrangement, and possibly trapped 

electrons. These S species would affect Fe bonding and/or lattice distortion (e.g., Zhang et al., 2022), 

and, therefore, Fe K-edge XANES spectra. Previous studies of oxidizing pyrrhotite by S K-edge 

XANES identified or inferred the presence of mixed oxidation state S-species associated with 

oxidizing pyrrhotite (Langman et al., 2015; Steinepreis, 2017; Smith et al., 2021; Chapter 2). 
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Figure 3-4: XANES features at transect spots across partially oxidized pyrrhotite grains 117, 3M and 4T. 
µXRF maps of Fe in grain in (a) and reflected light images in (b) for each grain. 

 

3.4.2.3 Ferric iron contributions (Fe3+/ƩFe) 

Because a reasonable correlation could not be obtained from the ratio of Fe3+/ƩFe and pre-edge 

centroid characteristics of the standards, an estimate of Fe3+/ƩFe was calculated from LCF best fits for 

transect spots and compared to pre-edge centroid characteristics. Both the pre-edge and full spectrum 

LCF best fits included similar contributions from pyrrhotite in grains 117 and 4T. Grain 3M pre-edge 

LCF best fits had lower calculated pyrrhotite components and higher calculated marcasite 

components than the full spectrum (Figure 3-4). However, the pre-edge and full spectrum LCF best 

fits had similar Fe3+/ƩFe for samples for all grains. The full spectrum LCF best fits contained Fe3+ 

contributions that were typically slightly lower than those calculated for the pre-edge. The 

discrepancies in Fe3+/ƩFe contributions were typically < 0.08 with a maximum of 0.12 (e.g., transect 

spot 18 of grain 3M had a pre-edge LCF best fit with Fe3+/ƩFe = 0.48, whereas the pre-edge LCF best 

fit for the same spot calculated Fe3+/ƩFe = 0.36). Pre-edge LCF Fe3+/ƩFe greater than those calculated 

from the full spectrum LCF best fits is consistent with the finding of Prietzel et al., (2001) that LCF of 

the pre-edge region under-estimated the Fe2+ component of mechanical mixtures of Fe2+ and Fe3+ 

minerals.   

However, the pre-edge centroid energies of the pyrrhotite, melanterite and FeSO4·7H2O(ox) 

standards maintained energies consistent with Fe2+, despite the XANES spectra exhibiting oxidation 

characteristics. It is proposed here that the pre-edge centroid energies of oxidizing minerals can 

maintain the energy of the lower oxidation state of an oxidizing phase until a threshold Fe3+ 

contribution is surpassed. The combined dataset suggests the threshold value for these samples 

(analyzed in fluorescence mode with no over-absorption correction) is Fe3+/ƩFe ≈ 0.2, based on the 

full spectrum LCF best fits (Figure 3-5). Centroid energies at Fe3+/ƩFe ≈ 0.2 range from 7112.2 – 

7112.9, and these data points include spots from each of the three analyzed grains.  

The Fe3+/ƩFe calculated from both the pre-edge and full-spectrum LCF best fits for the transect 

spots were highly correlated (P < 0.05) to the centroid energies in each grain transect, as well as the 

combined dataset (Figure 3-5). Centroid intensities were not correlated to Fe3+/ƩFe (Figure 3-5), 

attributed to more intense pre-edge centroids of Fe3+ species dominating a combination that includes a 

less intense Fe2+ pre-edge centroid (Berry et al., 2003). Regression equations suggest Fe3+/ƩFe from 

full-spectrum LCF best fits can be calculated from the pre-edge centroid energies. Both linear 
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regressions and second-order regressions provide R2 > 0.8, with the second-order regressions 

providing marginally better fits (Table 3-3). The observation of a Fe3+/ƩFe threshold value suggests 

any applied regression equation may have a larger error for Fe3+/ƩFe < 0.2, and the applicability of 

the regression equation calculated from the full dataset to partially oxidized pyrrhotite grains from 

other samples would need to be tested.  

3.5 Conclusions 

Linear combination fitting of Fe K-edge XANES spectra and deconvolution of the pre-edge centroids 

of transects across partially oxidized pyrrhotite grains provided insight into pyrrhotite oxidation. 

Results suggest phases at the 1 µm scale are a complex mixture of Fe-bonding symmetry and 

oxidation states as Fe-S ± O ± H phases transform. These bonding arrangements are difficult to 

represent by discrete mineral phase standards in Fe K-edge XANES analyses. Oxidizing phases 

appear to retain the Fe2+ pre-edge centroid energy until oxidation produces a threshold Fe3+ 

contribution, which contributes to the complexity of XANES interpretation of spots associated with 

pyrrhotite oxidation in natural samples. 
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Figure 3-5: Pre-edge centroid energies vs. ratios of ferric iron to ferrous iron plus ferric iron (Fe3+/ƩFe) calculated from LCF fits of the pre-edge region 
(open circles), and the full spectrum (solid circles) for (a) grain 117, (b) grain 3M, (c) grain 4T and (d) the combined dataset. Pre-edge centroid 

intensities vs Fe3+/ƩFe calculated from LCF fits of the pre-edge region (open squares), and the full spectrum (solid squares) for (e) grain 117, (f) grain 
3M, (g) grain 4T, and (h) the combined dataset. Horizontal dashed line in all plots at Fe3+/ƩFe = 0.2.  
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Table 3-3: Linear and second order regressions for pre-edge centroid energies and ratios of ferric iron to ferrous iron plus ferric iron (Fe3+/ƩFe) 
calculated from linear combination fitting (LCF) best fits of the full energy XANES spectra (7070 – 7220 eV) , and separately the pre-edge energy range 

of the XANES spectra (7104 – 7119 eV)  P < 0.001 for all regressions. C [eV] denotes centroid energy. 

 Pre-edge LCF  Full-spectrum LCF  
 Linear regression Second order regression  Linear regression  Second order regression  

117  C [eV] = 7112.3 + (1.052 × 
Fe3+/ƩFe); R2 = 0.84 

 C [eV] = 7112.3 + (1.766 ×  
Fe3+/ƩFe) − (1.751 ×  (Fe3+/ƩFe)2); 
R2 = 0.87 

 C [eV] = 7112.4 + (1.244 ×  
Fe3+/ƩFe);  
R2 = 0.81 

 C [eV] = 7112.3 + (2.443 ×  
Fe3+/ƩFe) − (3.296 ×  (Fe3+/ƩFe)2); 
R2 = 0.89 

3M  C [eV] = 7112.2 + (1.260 ×  
Fe3+/ƩFe); R2 = 0.83 

 C [eV] = 7112.1 + (1.699 ×  
Fe3+/ƩFe) − (0.481 ×  (Fe3+/ƩFe)2); 
R2 = 0.83 

 C [eV] = 7112.3 + (1.231 ×  
Fe3+/ƩFe): R2 = 0.81 

 C [eV] = 7112.1 + (2.140 ×  
Fe3+/ƩFe) − (1.097 ×  (Fe3+/ƩFe)2); 
R2 = 0.83 

4T  C [eV] = 7112.4 + (0.880 ×  
Fe3+/ƩFe); R2 = 0.86 

 C [eV] = 7112.2 + (1.884 ×  
Fe3+/ƩFe) −  (0.876 ×  (Fe3+/ƩFe)2); 
R2 = 0.92 

 C [eV] = 7112.4 + (0.908 ×  
Fe3+/ƩFe); R2 = 0.84 

 C [eV] = 7112.2 + (2.020 ×  
Fe3+/ƩFe) − (1.027 ×  (Fe3+/ƩFe)2); 
R2 = 0.90 

Combined 
dataset C [eV] = 7112.3 + (0.989 × 

Fe3+/ƩFe); R2 = 0.90 

C [eV] = 7112.3 + (1.209 × 
Fe3+/ƩFe) − (0.246 × Fe3+/ƩFe)2); 
R2 = 0.91 

C [eV] = 7112.4 + (1.015 × 
Fe3+/ƩFe); R2 = 0.89 

C [eV] = 7112.3 + (1.462 × 
Fe3+/ƩFe) − (0.522 × (Fe3+/ƩFe)2); 
R2 = 0.91 
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Chapter 4 
Major ion chemistry and calcium isotopic composition of waste 

rock and porewater in calcite-dominant and calcite-depleted 
systems  

4.1 Summary 

Sulfide mineral oxidation produces acid that can be neutralized by carbonate and non-carbonate 

minerals. Datasets and archived samples of waste-rock porewater and solids from two lithologically-

distinct mines were analyzed with the objective of discriminating the relative contributions from 

carbonate-mineral and non-carbonate mineral dissolution to neutralizing acid produced by sulfide-

mineral oxidation. Waste rock from Diavik Diamond Mine (Diavik) was composed of granite and 

metasediment, and porewater exhibited periods of alkalinity depletion. Waste rock from the Detour 

Lake Mine (Detour) was typical of greenstone gold deposits and porewater had measurable alkalinity 

for all samples analyzed. Major-ion ratios of solids and porewater samples suggest preferential 

release of calcium and/or retention in porewater. Calculations using measured geochemical 

parameters and calculated concentrations of dissolved inorganic carbon provided a lower bound of 

porewater calcium concentrations derived from carbonate-mineral dissolution; exsolution of carbon 

dioxide gas was not measured in these samples. A small subset of porewater and solid samples was 

analyzed to determine stable calcium isotope ratios (44Ca/40Ca). Waste-rock porewater from Diavik 

Diamond Mine exhibited alkalinity depletion and had δ44/40Ca values that ranged from −1.51 to 

−1.08 ‰ (seawater). Porewater from Detour had measurable alkalinity and typically higher δ44/40Ca 

values than the porewater from Diavik; Detour porewater had δ44/40Ca values of −1.22 to −0.45 ‰. 

The δ44/40Ca values of solid samples leached by acetic acid and samples digested by four-acid 

digestion from Detour were lower than the associated porewater samples, suggesting an isotope 

fractionation mechanism, likely the precipitation of secondary gypsum. Two-component mixing 

calculations of samples used to represent the carbonate fraction and the silicate fraction for the Diavik 

samples resulted in high contributions from carbonate-mineral dissolution, which are inconsistent 

with the extent of carbonate-mineral depletion. The solid-sample endmembers applied may not have 

been representative. Results suggest the geochemical evolution of porewater in waste-rock systems, 

particularly secondary-mineral formation, may confound the ability to apply simple two-component 

mixing or measured porewater geochemistry to discriminate contributions of carbonate-mineral 
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dissolution and silicate-mineral dissolution to acid neutralization.  Additional measurements of 

δ44/40Ca values of target mineralogical fractions within solid samples of secondary minerals may 

improve the mixing results.   

4.2 Introduction 

The evolution of porewater geochemistry and mineral transformations in acidic and circumneutral 

waste-rock systems is complex because of concurrent sulfide-mineral oxidation; acid neutralization 

by the dissolution of carbonate, oxide and silicate minerals; secondary-mineral precipitation and/or 

dissolution; and/or cation sorption to secondary (oxyhydr)oxide minerals (e.g., Jambor et al., 2003). 

Quantifying the relative contributions of carbonate- and non-carbonate-mineral dissolution to the 

neutralization of the acid produced by sulfide oxidation could refine models and predictions of the 

evolution of drainage water from mine-waste systems, and, thus, its potential impact on the receiving 

environment. 

Of the minerals with potential neutralizing capacity, calcite [CaCO3] is typically the most important 

in mining-waste systems because of its high solubility and typically high abundance in crustal rocks. 

Based on aqueous carbonate equilibria, the neutralization of acidity [H+] by calcite is pH dependent. 

The predominant neutralization reaction at pH > 6.4 releases 1 mol bicarbonate [HCO3
-] and one mol 

calcium [Ca, as the Ca2+ ion]. At pH < 6.4, the predominant aqueous carbonate species is carbonic 

acid [H2CO3]. Calcite dissolution releases 1 mol Ca2+ and 1 mol carbonate species per mol of CaCO3 

dissolved, regardless of pH (Equations 4.1 and 4.2).   

𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3(𝑠𝑠) + 𝐻𝐻+  → 𝐶𝐶𝐶𝐶2+ +𝐻𝐻𝐻𝐻𝑂𝑂3− 𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝 > 6.4  (4.1) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3(𝑠𝑠) +  2𝐻𝐻+  → 𝐶𝐶𝐶𝐶2+ + 𝐻𝐻2𝐶𝐶𝑂𝑂3 𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝 < 6.4  (4.2) 

Carbonic acid produced in the reaction described by Equation. 4.2, is in equilibrium with dissolved 

CO2 [CO2(aq)], which in turn is in equilibrium with the gas phase [CO2(g)] (Equations 4.3 and 4.4). The 

measurement of CO2(g) within waste-rock piles can be an indication of acid neutralization by 

carbonate-mineral dissolution (Amos et al., 2009, 2015).  

𝐻𝐻2𝐶𝐶𝑂𝑂3  ⇄ 𝐻𝐻2𝑂𝑂 + 𝐶𝐶𝑂𝑂2(𝑎𝑎𝑎𝑎)    (4.3) 

𝐶𝐶𝑂𝑂2(𝑎𝑎𝑎𝑎)   ⇄ 𝐻𝐻2𝑂𝑂 + 𝐶𝐶𝑂𝑂2(𝑔𝑔)    (4.4) 
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Dolomite [CaMg(CO3)2] is also considered a fast-dissolving carbonate mineral important in acid 

neutralization (Paktunc 1999; Jambor 2000). Dolomite dissolution releases one mole of each Ca2+ and 

magnesium [Mg, as the ion Mg2+] in a ratio of 1 mol Ca2+ and 1 mol Mg2+ to 2 mol carbonate species 

(Equation 4.5 and 4.6). Busenberg and Plummer (1982) demonstrated that dolomite dissolution was 

non-stoichiometric in a brief early stage wherein the CaCO3 component dissolved more rapidly than 

the MgCO3 component, prior to dissolution becoming stoichiometric.  

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝐶𝐶𝑂𝑂3)2(𝑠𝑠) + 2𝐻𝐻+  → 𝐶𝐶𝐶𝐶2+ + 𝑀𝑀𝑀𝑀2+ + 2𝐻𝐻𝐻𝐻𝑂𝑂3−  at pH > 6.4  (4.5) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝐶𝐶𝑂𝑂3)2(𝑠𝑠) + 4𝐻𝐻+  → 𝐶𝐶𝐶𝐶2+ + 𝑀𝑀𝑀𝑀2+ + 2𝐻𝐻2𝐶𝐶𝑂𝑂3  at pH < 6.4  (4.6) 

The Fe-bearing carbonate minerals ankerite [Ca(Fe,Mg)(CO3)2] and siderite [FeCO3] are common 

minerals in mine-waste systems. Ankerite dissolution is analogous to that of dolomite, producing 1 

mol of Ca2+ and 2 mol of HCO3
- during acid neutralization (at pH > 6.4). Siderite is a common 

primary carbonate mineral in quartz-carbonate vein deposits (Dubé and Gosselin, 2005). Siderite does 

not contain Ca. The dissolution of siderite releases HCO3
− (or H2CO3) but contributes neither Ca nor 

consumes net acidity under aerobic condition; siderite dissolution first consumes H+, but then 

produces H+ through Fe2+ oxidation and hydrolysis to Fe(OH)3 (Paktunc, 1999).  

As the carbonate minerals dissolve to neutralize acid produced by the oxidation of sulfide minerals, 

non-carbonate minerals also dissolve and can act to neutralize acid, though the rate of silicate-mineral 

dissolution is kinetically limited (e.g., Jambor 2003; Price 2009). The dissolution of silicate minerals 

releases the major cations Ca, Mg, sodium [Na], potassium [K], as well as silicon [Si], aluminum 

[Al], and iron [Fe], along with any trace element impurities. The dissolution of available neutralizing 

minerals contributes to the development of pH-buffering plateaus described by Blowes and Ptacek 

(1994), which has been observed in several mine-waste systems (e.g., Johnson et al., 2000; Ljungberg 

and Öhlander 2001; Gunsinger et al., 2006; Smith et al., 2013a; Langman et al., 2015). Of the Ca-

bearing silicate minerals, Ca-bearing plagioclase of the Ca-Na solid-solution series (with the calcic 

end-member anorthite [CaAl2Si2O8]), the pyroxenoid wollastonite [CaSiO3], and the clinopyroxene 

group (e.g., augite nominally as [(Ca,Na)(Mg,Fe,Al)(Si,Al)2O6], and Ca endmembers diopside 

[CaMgSi2O6] and hedenbergite [CaFeSi2O6]) are among the faster-reacting silicate minerals, though 

have rates 4 – 5 orders of magnitude lower than calcite (Jambor 2000). For example, diopside 

dissolution by (e.g., by sulfuric acid) consumes 4 mol of H+ and releases 1 mol Ca2+ (Equation 4.7). 
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Chemical weathering of 1 mol anorthite consumes 2 mol of H+ and releases 1 mol of Ca2+ when 

H2SiO4 activity favors kaolinite [Al2Si2O5(OH)4] formation (Equation 4.8). 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆2𝑂𝑂6 (𝑠𝑠) +  4𝐻𝐻+  +  2𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝐶𝐶2+ + 𝑀𝑀𝑀𝑀2+ + 2 𝐻𝐻4𝑆𝑆𝑖𝑖𝑖𝑖4(𝑎𝑎𝑎𝑎)  (4.7) 

𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴2𝑆𝑆𝑆𝑆2𝑂𝑂8 (𝑠𝑠) +  2𝐻𝐻+  + 𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝐶𝐶2+ + 𝐴𝐴𝐴𝐴2𝑆𝑆𝑆𝑆2𝑂𝑂5(𝑂𝑂𝑂𝑂)4(𝑠𝑠) (4.8) 

Pertinent to Ca behavior in mine-waste systems is the common precipitation of the sparingly 

soluble mineral gypsum [CaSO4·2H2O], removing Ca from porewater. The formation of gypsum has 

been shown in laboratory experiments to retard the dissolution rate of calcite by forming on the 

calcite surface (Booth et al., 1997; Wilkins et al., 2001; Offeddu et al., 2015). A gypsum coating on 

carbonate surfaces was inferred in samples from a tailings impoundment (Dubrovsky et al., 1985; Al 

et al., 2000).  Secondary siderite was identified as a coating on ankerite in samples from an anoxic 

tailings impoundment (Al et al., 2002), and in saturated tailings at near-neutral pH and with high 

concentrations of aqueous Fe2+ (Dubrovsky et al., 1985), suggesting the formation of secondary 

siderite would impede carbonate dissolution.  

Several studies of rivers have apportioned Ca to silicate weathering by carbonic acid to evaluate 

atmospheric CO2 consumption; these studies applied major ion ratios of the host silicate rocks and 

aqueous concentrations, commonly Ca/Na ratios with the assumption Na is derived from plagioclase 

(e.g., Blum et al., 1998; Gaillard et al., 1999; Galay and France-Lanord 1999; Anderson et al., 2000; 

Quade et al., 2003; Ryu et al., 2011; Moore et al., 2013). In rivers where aqueous Ca was calculated 

to exceed the Ca concentration of the host silicate assemblage, the “excess” Ca was attributed 

primarily to calcite and/or dolomite dissolution; secondary-mineral formation and/or dissolution, 

including non-stoichiometric dissolution, of Ca-bearing minerals also contributed to excess Ca (Blum 

et al., 1998; Galay and France-Lanord 1999; Oliva et al., 2004; Moore et al., 2013). 

Moore et al., (2013) compared results from a mass-balance approach using Ca/Na ratios to δ44/40Ca 

values of riverine water samples and rocks to apportion Ca between carbonate and silicate reservoirs. 

Calcium has six stable isotopes, of which 40Ca and 44Ca are the most abundant in nature, at 96.98% 

and 2.056%, respectively, with variations possible due to radiogenic 40Ca contributions (DePaolo 

2004). Lenh et al., (2017) applied δ44/40Ca and δ44/42Ca values, among other isotope geochemistry, to 

evaluate sources of mineral products in five Alaskan rivers. Other riverine studies used Ca isotopes to 

calculate mixing between calcite weathering, silicate weathering, and/or other input sources 

(Hindshaw et al., 2013; Moore et al., 2013; Jacobson et al., 2015). In addition to aqueous samples, 
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studies have measured δ44/40Ca in samples of minerals (e.g., Ryu et al., 2011; Jacobson et al., 2015; 

Lehn et al., 2017). Fractionation of Ca isotopes during gypsum precipitation (Harouaka et al., 2014) 

and calcite precipitation has been demonstrated in laboratory experiments (Lemarchand et al., 2004; 

Tang et al., 2008), and in natural systems (Tipper et al., 2006; Brown et al., 2013; Nielsen and 

DePaolo 2013). However, Jacobson and Holmden (2008) suggest an equilibrium Ca-isotope 

fractionation factor very close to zero during calcite precipitation in a study of a carbonate aquifer. 

This study evaluated major-ion ratios, and ratios of calculated dissolved inorganic carbon (DIC) to 

dissolved Ca concentrations for porewater samples, and analogous ratios for solid samples to provide 

a lower bound of carbonate-mineral dissolution. Calculation results were compared to a limited series 

of 44Ca/40Ca measurements on porewater and waste-rock solids in waste-rock systems that exhibited 

periods of alkalinity depletion, and waste-rock systems with measurable alkalinity. The objectives of 

this study were to evaluate if Ca and calculated DIC concentrations, and 44Ca/40Ca ratios could be 

used to apportion aqueous Ca to the dissolution of Ca-bearing carbonate and Ca-bearing silicate 

minerals in waste rock. A better understanding of the relative contributions of mineral types to 

neutralize acid produced by sulfide oxidation would improve models of long-term geochemical 

evolution of waste-rock piles and associated environmental impacts.  

4.3 Experimental section 

4.3.1 Site descriptions 

Waste-rock porewater and drainage (collectively referred to as porewater samples), and solid-phase 

samples evaluated in this study were obtained from existing datasets and archived samples. Porewater 

and solids data were collected from multi-year field experiments at Diavik Diamond Mine (Diavik; 

Northwest Territories, Canada; Figure 4-1; Smith et al., 2013b). Porewater and solids data from 

Detour Lake Mine (Detour), a greenstone gold mine (Ontario, Canada; Figure 4-1), were collected 

from two historical waste-rock piles (McNeill 2016; McNeill et al., 2021; Smith et al., 2021; Chapter 

2).  

Waste rock at Diavik is Ca-poor, consisting of predominantly granitoids, with varying proportions 

of metasediment that is hosted in the granitic country rock as lenses and rafts. The granitic 

assemblage is K-feldspar [KAlSi3O8], plagioclase [(Na,Ca)Al(Al,Si)Si2O8, with Ca < 0.2 atomic 

proportion], and quartz [SiO2] with < 5% each of biotite [nominally as K(Mg,Fe)3AlSi3O10(OH)2] and 



 

56 

muscovite [KAl2(AlSi3O10)(OH)2], and < 2% apatite (as hydroxyapatite [Ca5(PO4)3(OH)]), with some 

local chloritization of biotite and sericitization of plagioclase (Jambor, 1997). The metasediment 

assemblage contains highly variable modes of predominantly quartz, plagioclase (with Ca < 0.3 

atomic proportion), and biotite, common but irregular K-feldspar, and predominant accessory 

minerals of apatite and zircon [ZrSiO4], with occasional sillimanite [Al2(SiO4)O] and tourmaline of 

undefined cation composition (Jambor 1997). Calcite in the Diavik waste rock is present as an 

accessory mineral, with carbon [C] concentrations estimated at < 0.2 wt% (0.04 – 2.14 wt%, median 

of 0.17 wt%, n = 34) in the < 40 mm particle fraction (Smith et al., 2013c).  

The waste-rock samples from Detour exhibited a typical greenstone mineral assemblage 

metamorphosed to lower amphibolite facies, e.g., quartz, plagioclase, K-feldspar, chlorite [e.g., 

chlinochlore (Mg,Fe,Al)6(Si,Al)4O10(OH)8], amphibole [e.g., actinolite Ca2(Mg,Fe2+)5Si8O22(OH)2], 

and clinopyroxene (Oliver et al., 2012). Both anorthite and albite contribute to the plagioclase mineral 

assemblage (McNeill (2016); Chapter 5; Appendix C). Carbonate minerals occur as interstitial calcite 

in mafic assemblages and from regional hydrothermal alteration (Oliver et al., 2012). 

 

 

Figure 4-1: Locations of the Diavik Diamond Mine and the Detour Lake Mine. 

4.3.2 Existing datasets 

4.3.2.1  Porewater and drainage samples 

Datasets and archived samples of porewater analyzed in this study from three Diavik systems that 

exhibited periods of alkalinity depletion, and one system that maintained measurable alkalinity. The 

system with measurable alkalinity was a 2-m scale active zone lysimeter (AZL) filled with waste rock 
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of lower metasediment proportion (system 1UW), and the alkalinity-depleted systems included a 

duplicate AZL filled with waste rock of lower metasediment proportion (system 1UE), two 2-m scale 

AZLs filled with waste rock of higher metasediment proportion (systems 3UE and 3UW), and a 15-m 

scale test pile constructed with waste rock of higher metasediment proportion that was covered with 

1.5 m of till (glacial sediment recovered from the lake bottom) and 3 m of waste rock of lower 

metasediment proportion (the Covered test pile, CB; Hannam, 2012; Bailey 2013; Smith et al., 2013a; 

Langman et al., 2017). Sulfide-mineral content was predominantly associated with the metasediment 

lithology (Jambor, 1997), thus systems with higher metasediment compositions had higher 

concentrations of sulfur (Smith et al., 2013c; Bailey et al., 2016).  

Porewater samples for Ca-isotope analysis from 1UE, 1UW, 3UW and CB were selected from 

archived cation samples by evaluating concentrations of major ions, pH and measured alkalinity. All 

but one sample were selected to represent depleted alkalinity concentrations, with saturation indices 

indicating undersaturation with respect to calcite but ranging from undersaturated to approaching 

saturation with respect to gypsum. One sample was selected with higher alkalinity and calculated to 

be supersaturated with respect to calcite and undersaturated with respect to gypsum, to represent 

conditions prior to alkalinity depletion (Table 4-1).  

Datasets and archived porewater samples analyzed from the Detour waste-rock systems represented 

systems with measurable alkalinity and were collected by soil-water solution samplers (SWSS) 

installed in boreholes in an historical waste-rock pile at Detour (WRS#4, McNeill, 2016), and from 

porewater extracted from waste-rock samples collected from a second historical waste-rock pile at the 

Detour mine (WRS#1, Smith et al., 2021; Chapter 2). The depositional histories of the waste-rock 

piles were unknown. At the time of sampling, the waste-rock piles had single-layer soil covers that 

were vegetated with grasses, shrubs and trees, but the waste-rock piles had been partially excavated 

such that the pile profiles were exposed to the atmosphere; WRS#4 overlaid a peat layer (McNeil 

2016). Samples collected from SWSS installed within the peat layer underlying WRS#4 were 

geochemically distinct from porewater obtained from within the waste rock and were not included in 

the analysis.
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Table 4-1: Measured values of pH, alkalinity and dissolved calcium [Ca], and calculated saturation indices of calcite and gypsum for the porewater 
samples analyzed for Ca isotopes in this study. Data with * denotes data reported or presented in referenced study; reference with † indicates data 

presented in the supplementary material. Data with no symbols indicate this study is the first to present the value. 

Sample 
origin Sample type Sample ID 

Digestion or 
sample date pH 

Alkalinity 
(mmol L−1 
CaCO3) 

Ca  
(mmol L−1) 

Log SI 
calcite 

Log SI 
gypsum 

δ44/40Ca  
(‰ seawater) 

Reference for 
*data 

Detour Centrifuged porewater 2M-pw 24-Nov−15 8.1* 0.69* 15.5* 0.50* 0.039* −0.84 
Smith et al., 2021†, 
Appendix A 

Detour Centrifuged porewater 4T-pw 23-Nov−15 7.0* 0.35* 13.3* −0.91* 0.01* −0.62 
Smith et al., 2021†, 
Appendix A 

Detour Centrifuged porewater 5M-pw 24-Nov−15 7.4* 0.27* 13.1* −0.75* 0.007* −0.82 
Smith et al., 2021, 
Appendix A† 

Detour Centrifuged porewater 6B-pw 22-Nov−15 8.1* 1.11* 14.9* 0.70* 0.013* −0.66 
Smith et al., 2021†, 
Appendix A 

Detour in situ porewater (4-2)-5.5 04-Sep−13 8.1* 1.31* 5.1* 0.43 −0.58 −1.22 McNeill, 2016 
Detour in situ porewater  (4-2)-10.5 24-Sep−12 8.0* 0.42* 12.4* 0.16 −0.070 −0.45 McNeill, 2016 
Detour in situ porewater  (4-2)-25.5 23-Sep−12 7.2* 6.11* 6.6* 0.42 −0.90 −1.03 McNeill, 2016 
Detour in situ porewater  (4-5)-15 04-Sep−13 8.1* 1.00* 11.9* 0.52 −0.074 −0.28 McNeill, 2016 
Diavik Waste-rock drainage 1UE-pw11 20-Oct−11 5.9* 0.015* 0.41* −4.55* −2.00 −1.39 Hannam, 2012 

Diavik Waste-rock drainage 1UE-pw13 01-Oct−13 5.0 0.025 1.1 −4.75 −1.36 −1.38 
Not previously 
reported 

Diavik Waste-rock drainage 1UE-pw15 02-Jun−15 4.6 0.010 4.6 −4.68 −9.75 −1.42 
Not previously 
reported 

Diavik Waste-rock drainage 1UW-pw11 20-Aug−11 8.6* 0.59* 1.1* 0.037* −1.52 −1.20 Hannam, 2012 

Diavik Waste-rock drainage 3UW-pw15 20-Aug−15 3.5 0 5.8 − −3.00 −1.51 
Not previously 
reported 

Diavik Waste-rock drainage CB-drn22 22-Nov-08 5.1* 0.032* 11.8* −3.77* −0.18* −1.22 Bailey, 2013 
Diavik Waste-rock drainage CB-drn28 28-Nov-08 4.8* 0.17* 10.8* −3.53* −0.21* −1.23 Bailey, 2013 

Diavik Waste-rock drainage CB-drn18 18-Sep−12 4.0* 0 7.4 − −0.28 −1.08 
Langman et al., 
2017 
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All porewater samples had been measured for pH using an Orion Ross combination electrode 

calibrated to standards of pH 4.01, 7.00, and 10.01; for alkalinity on a filtered aliquot (0.45 µm 

syringe filter) by Hach digital titrator and bromocresol green/methyl red indicator (endpoint of pH 

4.5); and for cations on a filtered aliquot (0.45 µm syringe filter) preserved to pH < 3 with trace-

metals grade HNO3 (McNeill, 2016). All porewater was analyzed for major cations at the University 

of Waterloo by ICP-OES, with QA/QC protocols following EPA method 6010C. Archived samples 

had been stored in a cold room (4 °C) and did not exhibit evidence of evaporation or secondary 

mineral precipitation by visual observation. The saturation indices (SI; as log SI) and speciation were 

calculated for this study using PHREEQCi v.3.3.12.12704 (Parkhurst and Appelo, 2013) using the 

WATEQ4F database. Inputs included field-measured pH, Eh, and alkalinity, major cations, Al, Fe, 

manganese [Mn], and the anions sulfate [SO4], nitrate [NO3], and chloride [Cl]. 

4.3.2.2 Solid samples 

The Detour solid samples in this study were reported by McNeill (2016) and in Chapter 5. For this 

study the data were converted from oxide to elemental concentrations, and individual measurements 

of the < 425 µm size fractions of the waste-rock samples were included. The Detour solids dataset 

comprised 299 data points. Solid-sample data from the Diavik waste-rock systems were limited to 

measurements on grain-size fractions from five samples with lower sulfur concentrations and 28 

samples with higher sulfur concentrations. Sample preparation and chemical composition were 

summarized as particle-size weighted average concentrations in the < 5 mm fraction in Bailey et al. 

(2016), and Bailey (2013). The same dataset was applied in this study; however, the oxide 

concentrations were converted to elemental concentrations, and individual measurements from the 

grain-size fractions < 630 µm, the sieve size closest to the < 425 µm sieve size used for Detour 

samples, were applied. The resulting Diavik solids dataset comprised 15 data points for the lower 

sulfur samples, and 64 data points for the higher sulfur samples.  

Waste-rock samples from both the Diavik and the Detour waste-rock piles that hosted the SWSS 

were analyzed by energy dispersive X-ray fluorescence spectroscopy (ED-XRF) at the University of 

Waterloo using a PanAnalytical Minipal4 desktop analyzer (Bailey et al., 2016; McNeill, 2016). Solid 

samples obtained from the Detour waste-rock pile profile, from which porewater was extracted by 

centrifugation (Smith et al., 2021; Chapter 2; Chapter 5), were analyzed by whole-rock analysis with 

lithium metaborate fusion with ICP-MS finish (WRA) at SGS Canada (Burnaby, Canada). Results 

from WRA conducted by SGS Canada are presented in Table D-2. 
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It is important to note that the solid samples analyzed from Diavik were collected prior to the 

construction of the waste-rock piles and had not weathered under ambient conditions prior to analysis 

(Smith et al., 2013b; Bailey et al., 2016). In contrast, the Detour solid samples were collected from 

excavated pits and profiles of waste-rock piles that had weathered in situ for approximately 30 years 

(Cash, 2014; McNeill et al., 2016, Smith et al., 2021). 

4.3.3 Solid samples: additional analyses 

Carbonate-mineral grains from four thin sections of waste-rock samples from Detour (Smith et al., 

2021; Chapter 2) were analyzed by electron probe micro-analysis (EPMA) with a 1 µm spot size 

(JEOL 8230 Superprobe, University of Ottawa, Canada). Standards included calcite, dolomite, Mn-

bearing siderite [FeCO3, with 2.95 wt% Mn] and strontianite [SrCO3]. Detection limits for carbonate 

analysis for Ca was 134 ppm, Sr was 476 ppm, Fe was 188 ppm, Mn was 144 ppm, and Mg was 

115 ppm. 

4.3.4 Solid samples: treatments for calcium-isotope analyses 

The solid samples for Ca-isotope analyses included plagioclase grains and waste-rock matrix from 

Diavik, and waste-rock matrix and massive calcite from Detour. The plagioclase grains from Diavik 

were separated manually under a microscope from archived samples of the waste rock with lower 

sulfur concentrations. The plagioclase grains were first leached by acetic acid to remove any 

accumulated carbonate-mineral phases and the acetic-acid rinsate was discarded. The rinsed 

plagioclase grains were digested using the four-acid approach (hydrofluoric acid, nitric + perchloric 

acids, aqua regia), evaporated to dryness, and then reconstituted with HNO3 for cation and Ca-

isotope analyses. The calcite sample from Detour was a ~500 g solid calcite sample provided by the 

Detour geology department. The origin of the calcite sample was not provided, but the morphology 

suggested the sample was obtained from a hydrothermal vein, common on the mine property. The 

solid samples of waste rock consisted of air-dried fractions obtained by sieving (Smith et al., 2021; 

Chapter 2). An aliquot of the sieved Diavik waste-rock sample was leached with acetic acid to target 

the carbonate-mineral fraction, with the leachate retained and analyzed. This solid fraction was 

subsequently digested by the four-acid approach, evaporated to dryness and reconstituted with HNO3. 

The acetic leach of the Detour waste-rock samples and the four-acid digestions on all solid samples 

were conducted by AGAT Laboratories (Mississauga, ON). Acetic leaches of the Detour calcite, the 

Diavik waste rock, and the pre-rinse of the Diavik plagioclase were conducted at the University of 
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Waterloo: 2 g of the < 425 µm fraction of waste rock were leached with 30 mL of 1 M sodium acetate 

brought to pH 4.5 with glacial acetic acid. The samples were placed in an orbital rotator for 2 hr at 

40 rpm and filtered through a 0.2 µm syringe filter.  summarizes the solid samples and the 

leaching/digestion treatments. Rinsate and leachate were analyzed for major cations at the University 

of Waterloo by ICP-OES using the same protocols as the porewater samples. 

4.3.5 Isotope analysis 

Porewater samples, acetic-acid rinsate, and digested solid samples were analyzed at the University of 

Saskatchewan (Saskatoon, Canada) for 44Ca/40Ca isotopic ratios by multicollector thermal ionization 

mass spectrometry (MC-TIMS) using a double-spike technique, following the procedure described by 

Jacobsen et al., (2015). Values are reported relative to OSIL seawater in delta notation and per mil 

units (‰): 

𝛿𝛿44/40𝐶𝐶𝐶𝐶 =  � ( 𝐶𝐶𝐶𝐶/ 𝐶𝐶𝐶𝐶)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
4044

( 𝐶𝐶𝐶𝐶/ 𝐶𝐶𝐶𝐶)𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
4044 − 1�  × 1000   (4.9) 

Standard reference material (SRM) from the National Institute of Standards and Technology 

(NIST) 915a and 915b were analyzed during the analyses to assess accuracy and reproducibility and 

results are considered reasonable when compared to long-term data for δ44/40Ca915a  

(−1.862 ± 0.006 ‰)  and δ44/40Ca915b (−1.129 ± 0.004 ‰) reported by Jacobson et al. (2015; Table 

4-2). 

Table 4-2: Standard reference material from the National Institute of Standards and Technology 
measured during sample analyses 

Standard 
Measured δ44/40Ca 

(seawater) 2 standard error  
915b −1.14 0.02 
915b −1.12 0.02 
915b −1.13 0.02 
915b −1.15 0.03 
915a −1.86 0.03 
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4.4 Results and discussion 

4.4.1 Major cations 

The concentrations of major cations in the Diavik porewater reflect the predominant felsic 

mineralogy, with higher concentrations of Na and K compared to the mafic and Ca-dominated 

mineralogy of the Detour waste rock (Figure 4-2). Major ions in the porewater samples analyzed for 

Ca isotopes were consistent with the relative cation concentrations of the larger datasets (Figure 4-2).  

Relative contributions of Ca, and to a lesser extent, Mg were typically higher in porewater samples 

than the solid samples for both the Diavik and Detour systems (Figure 4-2; Figure C-1), indicating 

preferential Ca release from mineral weathering and/or preferential retention of Ca in porewater. The 

concentrations measured in the Detour solid samples represents minerals that have undergone some 

degree of weathering (Figure C-2), which may include non-stoichiometric or preferential dissolution. 

The Detour porewater dataset maintained a higher proportion of Ca than the solid samples, suggesting 

ongoing preferential release of Ca from mineral weathering and/or retention of Ca in porewater. 

Molar proportions of Ca to the major cations Ca + Mg + Na + K (Ca/∑cations) in the Diavik 

porewater ranged from 0.06 – 0.74, with median of 0.27. The Ca/∑cations of the Detour porewater 

was higher, ranging from 0.23 – 0.77 with median of 0.62. No trends were evident between 

Ca/∑cations and porewater pH or measured alkalinity (Figure 4-2); these relationships did not 

provide insight into the relative contributions of carbonate- and non-carbonate- mineral dissolution to 

acid neutralization in either Ca-poor or Ca-abundant systems. 
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Figure 4-2: Ternary plots for (a) Diavik and (b) Detour showing molar proportions of calcium (Ca), 
magnesium (Mg) and sodium plus potassium (Na + K). Molar proportions of calcium to the sum of major 

cations (Ca/∑cations) vs. pH for (c) Diavik and (d) Detour. Ca/∑cations vs. measured alkalinity for (e) 
Diavik and (f) Detour. Note different y-axes scales in (e) and (f). Diavik waste rock (solid dark-grey 
diamonds), porewater (open light-grey diamonds), Detour waste rock (solid dark-grey circles) and 

porewater (open light-grey circles). Porewater samples analyzed for calcium isotopes are illustrated with 
blue outlines. Detour waste-rock samples with extracted porewater analyzed for calcium isotopes are 

illustrated with solid blue symbols. Note the x-axes in (c) – (f) in reverse order to correspond to Ca-axes 
of ternary diagrams. 
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4.4.2 Secondary minerals 

Mineral weathering releases the major cations Ca, Mg, Na, and K to porewater, and the oxidation of 

sulfide minerals releases SO4. Removal of Ca, Mg, Na, K and/or SO4 by the formation of secondary 

minerals could affect Ca/∑cations ratios, and, thus, affect apportioning dissolved Ca to carbonate- and 

non-carbonate minerals. All Diavik and Detour porewater samples in this dataset were calculated to 

be undersaturated with respect to the secondary Mg-bearing phases brucite [Mg(OH)2], epsomite 

[MgSO4·7H2O], and nesquehonite [Mg(CO3)·3H2O]. All samples analyzed for Ca isotopes, and all 

porewater samples in the Diavik dataset were calculated to be undersaturated with respect to 

magnesite [MgCO3]. A small number of Detour samples (n = 7 of the 117 samples from above the 

peat layer) were calculated to be supersaturated with respect to this phase; PHREEQC calculations 

indicated Mg removal by secondary minerals was not expected, and therefore would not affect the Ca 

molar proportions. Similarly, removal of Mg by incorporation as an impurity in precipitating calcite 

and aragonite [CaCO3] has been shown to be low at Mg/Ca ratios similar to those measured in the 

Detour sample set for samples collected above the peat layer (0.21 – 1.31, median of 0.50, n = 117; 

e.g., Davis et al., 2004; De Choudens-Sánchez and González, 2009). 

Jarosite [KFe3(SO4)2(OH)6] is a common secondary mineral in acidic mine-drainage waters 

(Dutrizac and Jambor, 2000).  The formation of jarosite could remove K from the water and therefore 

amplify the Ca/∑cations ratio. None of the Detour samples collected above the peat layer was 

calculated to be saturated with respect to jarosite, however, another study of the Detour solids from 

waste-rock pile WRS#1 suggested the presence of jarosite at modal abundances < 1 % (Chapter 5). Of 

the samples from the Diavik dataset, n = 157 of 793 were calculated to be supersaturated with respect 

to jarosite, including sample 3UW-pw15, analyzed for Ca-isotope ratios (Table 4-1). This sample had 

a Ca/∑cations ratio within the range of the Diavik dataset. There was no observable trend between 

Ca/∑cations ratios and the calculated jarosite saturation indices for either dataset (Figure 4-3). The 

calculated saturation indices of Mg- and K-bearing secondary phases suggest that secondary-mineral 

formation was not measurably amplifying the Ca/∑cations ratios.  

Contrary to the formation of secondary Mg- and K-bearing minerals amplifying Ca/∑cations ratios, 

gypsum formation can cause the ratios to decrease by removing Ca from porewater. Gypsum is a 

common secondary mineral in mine-waste systems and many Diavik and Detour porewater samples 

were calculated to be approaching saturation, or supersaturated, with respect to gypsum, including 

samples analyzed for Ca isotopes (Figure 4-3). Gypsum has been identified in Detour waste-rock 
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samples from WRS#1 (Smith et al., 2021; e.g., Figure A-4). Like gypsum, the precipitation of 

secondary calcite would remove Ca from porewater. Most samples (n = 112 of 135) were calculated 

to be supersaturated with respect to calcite, however rates of calcite precipitation at saturation indices 

near equilibrium (log SI of 0 – 0.2) have been shown to be very low and may be inhibited by trace 

impurities (Plummer and Busenberg, 1999). Nonetheless, calculated saturation indices for calcite at 

saturation appear to indicate a solubility control (Figure 4-3d). 

 

 

Figure 4-3: Relationship between calcium concentrations as molar proportion (Ca/∑cations) and the 
calculated saturation indices (log SI) of the Diavik porewater dataset of (a) calcite, (b) gypsum and (c) 

jarosite; and for the Detour porewater dataset of (d) calcite, (e) gypsum, and (f) jarosite. Open grey 
symbols identify porewater values and open blue symbols identify samples analyzed for Ca isotopes. 
Data points at or above dashed horizontal line at log SI = 0 are calculated to be (super)saturated with 

respect to the mineral phase. Samples with no measurable alkalinity are plotted at log SI calcite = −6 for 
display. 
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4.4.3 Alkalinity 

Drainage from Diavik waste rock exhibited periods of alkalinity depletion, and periods with 

measurable alkalinity (Hannam 2012; Smith et al., 2013a; Bailey et al., 2016; Figure C-3), whereas in 

situ porewater from Detour had measurable alkalinity for all samples obtained (McNeill 2016; Figure 

C-4) Centrifuged porewater from Detour waste rock also contained measurable alkalinity (Figure 

A-2; Smith et al., 2021; Chapter 2). Samples in both datasets had pH < 8.3 (Figure 4-4), with few 

exceptions, indicating the predominant carbonate species was H2CO3 and/or HCO3
−. Alkalinity 

measured by titration (as measured in the datasets used in this study) includes non-carbonate species 

and species that contribute to “negative alkalinity” or acidity (see Kirby and Cravotta 2005a,b for 

detailed discussion). Alkalinity and the contribution of various species to alkalinity were calculated 

by PHREEQC. For samples with measured alkalinity > 0 mg L−1 as CaCO3 the calculated total 

concentrations equaled the measured total alkalinity, and PHREEQC provided calculated 

concentrations of DIC species. Negative alkalinities and no DIC species were calculated for inputs 

with measured alkalinity = 0 mg L−1 as CaCO3. Of note are a number of Diavik samples (n = 54 of 

793 samples) with pH < 4.5 but measured alkalinity > 0 mg L−1 as CaCO3. At pH < 4.5 acidity 

provided by H+ and other protonated species is expected to equal or exceed concentrations of species 

that contribute to alkalinity and a positive alkalinity measured by titration is not expected; the 

dominant DIC species in aqueous carbonate equilibria at this pH range is H2CO3, which does not 

contribute to alkalinity. The discrepancy may be due to samples not being at equilibrium at the time 

of analysis but is likely a result of field-sampling error and/or measurement sensitivity; these data 

points are discussed further in the calculation section (Section 4.4.4) and included in Figure C-6. 

Plots of measured alkalinities (in units of mol L−1 as CaCO3), and PHREEQC-calculated total 

alkalinity and total DIC, excluding samples with pH < 4.5 and measurable alkalinity, are provided in 

Figure 4-4. There were no observable trends between any of the alkalinity-related parameters and pH 

for the Detour dataset. Calculated alkalinities increased from negative values as pH increased to > 4.5 

in the Diavik dataset. There were no observable trends between pH and calculated DIC for pH < 4.5 

or pH > 6.3 in the Diavik dataset, but for 4.5 < pH < 6.3, and DIC > 0 mmol L−1 the calculated DIC 

concentrations appear to increase with decreasing pH (Figure 4-4c). An exponential decay (in the 

form y = a−bx) regression produced a moderate correlation of R2 = 0.73, but with standard error greater 

than the calculated “a” coefficient. The higher calculated DIC concentrations at pH values 

approaching 4.5 may be an artefact of the PHREEQC calculation requiring DIC species to balance 
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calculated alkalinity species and H+ as a result of disequilibrium within the sample and/or field 

measurement error near pH 4.5.  

 

Figure 4-4: Measured alkalinity, PHREEQC-calculated alkalinity, and PHREEQC-calculated dissolved 
inorganic carbon (DIC) concentrations for (a – c) the Diavik porewater dataset; and (d - f) the Detour 

porewater dataset. Open grey symbols indicate porewater samples, open blue symbols indicate samples 
analyzed for Ca-isotope values. Horizontal dashed line at pH = 4.5 and pH = 6.3 in all plots. Vertical 

dashed line in (b) at alkalinity concentration of 0 mmol L−1 as CaCO3. 

 

4.4.4 Calcium derived from carbonate-mineral dissolution: lower-bound calculations 

Measured concentrations of Ca and PHREEQC-calculated concentrations of DIC were used to 

estimate a lower bound for contributions of Ca from carbonate minerals dissolving to neutralizing 

acidity produced by sulfide oxidation. DIC exsolved as CO2(g) (i.e., per Eq. 4.2 – 4.4) was not 

measured, which precluded a full mass-balance calculation of carbonate-derived DIC in the systems. 

As lower-bound calculations, DIC was applied as a proxy for Ca derived from carbonate-mineral 

dissolution, based on the assumption that each mol of C is released in 1:1 ratio with Ca for calcite 
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dissolution (Equation 4.1), or a 2:1 ratio for dolomite (± ankerite) dissolution (Equation 4.5), 

regardless of pH. Ratios based on the assumption that calcite was the only carbonate mineral 

contributing Ca were calculated by Equation 4.10 and denoted as (Cacal-diss/Capw). Ratios based on the 

assumption that dolomite (for Detour samples only) was the only carbonate mineral contributing Ca 

were calculated by Equation 4.11 and denoted as (Cadol-diss/Capw). 

∑(𝐷𝐷𝐷𝐷𝐷𝐷 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) ∑(𝐶𝐶𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)⁄ ; denoted (Cacal-diss/Capw)  (4.10) 

�1
2
∑(𝐷𝐷𝐷𝐷𝐷𝐷 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)� ∑(𝐶𝐶𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)� ; denoted (Cadol-diss/Capw) (4.11) 

Analogous calculations were made for the solid samples of concentrations of C to Ca as 

mol [kg waste rock]−1 as an indication of the contribution of calcite and dolomite to Ca concentrations 

in the solid samples (Cacal-minl/Casol) and (Cadol-minl/Casol), respectively. These ratios represent the 

proportion of Ca in the solid sample attributable to Ca-bearing carbonate minerals for the assumption 

that no other C sources (e.g., organics) were present. The assumption is reasonable for Diavik systems 

1UE, 1UW, 3UE and 3UW because calcite was identified as the only carbonate mineral present 

(Jambor 1997), and the waste-rock samples were obtained directly from freshly blasted waste rock 

(Smith et al., 2013b). System CB, the 15-m high waste-rock pile, included a till cover constructed 

from till recovered from a lake bottom (Smith et al., 2013b), which may plausibly contain organic C. 

Geochemical characterization of the till has not been conducted, but if present organic C can 

contribute organic alkalinity to total alkalinity (e.g., Cantrell et al., 1990), and therefore over-calculate 

DIC of the porewater.  

Analysis by EPMA of 13 carbonate grains from two Detour waste-rock samples collected from 

WRS#1 (samples described in Smith et al., 2021; Chapter 2) did not identify dolomite, however 18 of 

29 grains measured from freshly blasted waste rock within the Detour pit were identified as dolomite 

(Table C-1). McNeill (2016) identified the presence of dolomite in waste-rock samples collected from 

WRS#1 for that study, and quantitative mineralogical analyses of separate samples from WRS#1 

(Chapter 5) suggested the presence of dolomite, with modal abundances of dolomite > calcite in 

seven of nine samples.  Ankerite [Ca(Fe,Mg)(CO3)2] was not identified by EPMA but was identified 

as part of the hydrothermal alteration mineral assemblage in the mafic rocks at Detour (Oliver et al., 

2012). Like dolomite, ankerite has a CO3:Ca ratio of 2:1, and Ca released during ankerite dissolution 

is analogous to dolomite dissolution. Siderite has not been identified in Detour samples in this, or 

other studies of Detour lithologies, (Chapter 5; Oliver et al., 2012; McNeill 2016; McNeill et al., 
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2020), despite its common occurrence in mineral deposits. For this study, siderite was assumed to be 

absent, based on the mineralogical studies, and any reference to Ca contributions from dolomite 

dissolution implicitly includes the potential for an ankerite component. However, if present in 

significant quantities, ignoring siderite would over-ascribe Ca from calcite-dolomite-ankerite 

dissolution in the DIC-based calculation method, and produce erroneously high Cacal-diss/Capw. Ratios 

calculated assuming only dolomite was dissolving were lower than ratios calculated assuming only 

calcite was dissolving for a given measured Ca concentration. 

For the Diavik sample set, the Cacal-minl/Casol in the solid samples had a similar range to the 

Cacal-diss/Capw ratios in the porewater (Figure 4-5). The Cacal-minl/Casol ratios were < 0.5 (n = 79, range 

of 0.07 – 0.52, and median of 0.19). Half of the porewater samples in the Diavik dataset had no 

measurable alkalinity (n = 401 of 793 samples), and therefore Cacal-diss/Capw = 0. The 54 suspect 

Diavik porewater samples with pH < 4.5 but measurable alkalinity produced high PHREEQC-

calculated DIC concentrations (> 4 mmol L−1, with n = 31 of 54 samples > 10 mmol L−1; Figure C-6), 

and therefore high, suspect Cacal-diss/Capw ratios (range 0.37 – 77.7, median 1.23; Figure C-6). 

Additional analyses, including pCO2 measurements, would be required to better quantify DIC 

concentrations in porewater with pH < 4.5. Samples with pH > 4.5 and measurable alkalinity had 

Cacal-diss/Capw range of 0.002 – 1.86 and median of 0.16. Ratios of Cacal-diss/Capw > 1 are incompatible 

with the conceptual model that all DIC was contributed by carbonate-mineral dissolution in a 1:1 

molar ratio with Ca, i.e., suggesting an excess of Ca from carbonate-mineral dissolution over the 

measured concentration of dissolved Ca. The three Diavik samples with pH > 4.5, measurable 

alkalinity and calculated Cacal-diss/Capw > 1 had pH near 4.5 and low measured alkalinity, suggesting 

that, like samples with pH < 4.5 and measurable alkalinity, the porewater of these samples was likely 

not at equilibrium, or the field-measured alkalinity or pH values were erroneous. Excluding the three 

samples with pH > 4.5, measured alkalinity, and calculated Cacal-diss/Capw > 1 produced a range of 

0.002 – 0.96 with a median of 0.11 (n = 334; Figure 4-5). These lower-bound calculations suggest 

calcite dissolution commonly contributed to porewater Ca concentrations. Calcite dissolution was 

also indicated by the calculated saturation indices, with only 4 of 793 Diavik porewater samples 

calculated to be supersaturated with respect to calcite (Figure 4-3). Similar to the apparent trend of pH 

with DIC for samples with 4.5 < pH < 6.3, the Cacal-diss/Capw ratios appear to decrease with increasing 

pH (Figure 4-5), consistent with ongoing calcite dissolution to neutralize acidity. 
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The Cacal-diss/Capw ratios for porewater samples from the Detour dataset at < 25 m depth ranged 

from 0.02 – 0.75, with a median of 0.06, lower than the median value calculated for the Diavik 

samples. Higher concentrations of Ca in Detour porewater and/or lower DIC concentrations would 

cause lower Cacal-diss/Capw ratios. In a system where both calcite and dolomite dissolution contribute to 

porewater Ca concentrations, Cacal-diss/Capw overestimates, and Cadol-diss/Capw underestimates the 

minimum contribution of carbonate dissolution to Ca porewater concentrations. The range and 

median values of the Cadol-diss/Capw ratios were half that of the Cacal-diss/Capw ratios (0.01 – 0.37 with 

median value of 0.03). The range bounded by each of these carbonate-mineral contributions in the 

Detour samples is illustrated in Figure 4-5. There was no observable trend between Cacal-diss/Capw 

ratios and pH (Figure 4-5). 

Whereas correlating ratios with common components can results in Pearson’s “spurious 

correlations” (Chayes, 1971), deviations from the regression lines of ratio correlations can be 

informative. There was no trend in calculated DIC concentrations with Cacal-diss/Capw ratios for the 

Diavik dataset as a whole (Figure 4-5). However, evaluating the datasets by excluding data points 

with pH < 4.5 and measurable alkalinity (i.e., suspect, high Cacal-diss/Capw values), and considering 

each waste rock-system separately, four of the five waste-rock systems produced highly correlated 

regressions (Figure C-7). System 1UW did not produce a high correlation coefficient. All porewater 

samples from 1UW were circumneutral (pH 6.3 – 8.6; median of 7.5, n = 138). The Cacal-diss/Capw 

values for 1UW samples appear to be independent of DIC concentrations, suggesting the higher ratios 

are caused by relatively lower porewater Ca concentrations rather than relatively higher DIC 

concentrations. At circumneutral pH, like in the 1UW system, pH is expected to be buffered by 

carbonate-mineral dissolution, and this system typically had the highest median value of Cacal-diss/Capw 

(0.21) among the Diavik systems.  

For n = 123 of 135 samples in the Detour dataset, both Cacal-diss/Capw and Cadol-diss/Capw increase 

with increasing DIC concentrations along regression curves with the same slope, but with different 

intercepts, illustrating the shift as a result of the 2:1 molar ratio of C:Ca in dolomite (Figure 4-5). 

Where the trends in Cacal-diss and Cadol-diss are similar, the term Caminl-diss denotes the contribution of Ca 

from carbonate-mineral dissolution, and is used in the discussion to refer to both Cacal-diss and Cadol-diss. 

Samples plotting above the regression lines in Figure 4-5 show increasing Caminl-diss/Capw at relatively 

constant (respective) Caminl-diss concentrations, illustrating that the higher ratios were caused by 

relatively lower Ca concentrations rather than relatively higher DIC concentrations, similar to the 
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trend from the Diavik system 1UW. Of the 12 samples that suggest the Caminl-diss/Capw was higher as a 

result of relatively lower Ca concentrations, seven were collected from SWSS installed at < 5.5 m 

depth. These shallow samples were calculated to be supersaturated with respect to calcite, but 

undersaturated with respect to gypsum. Seven of the eight samples were calculated to be 

supersaturated with respect to dolomite, however, the precipitation of dolomite would not be expected 

(Busenberg and Plummer, 1982). The lower Ca and SO4 porewater concentrations measured in these 

porewater samples from < 5.5. m depth (McNeill, 2016) suggest a compositional or physical 

difference affecting waste rock in the upper 2 – 5 m compared to the deeper portions of the waste-

rock pile. The compositional difference may be a result of waste-rock pile construction (i.e., different 

waste-rock lithologies placed at the top of the pile during pile construction), the influence of the cover 

material, and/or the downward propagation of a sulfide-oxidation front depleting sulfide minerals 

with carbonate minerals dissolving to (super)saturation to neutralize the acid. The physical difference 

may be related to the hydrologic conditions in the upper ~5 m, where capillarity tension may be 

affecting the equilibrium constants for secondary minerals, particularly gypsum precipitation (Pedretti 

et al., 2015). Ratios of Caminl-diss/Capw would be amplified by removal of Ca from porewater by 

gypsum formation.  
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Figure 4-5: (a) Diavik and (b) Detour datasets of Ca-molar proportion of cations (Ca/∑cations) vs. the 
calculated proportion of dissolved Ca in porewater contributed by calcite dissolution (Cacal-diss/Capw), and 

the calculated proportion of Ca from calcite in the total concentration of Ca (Cacal-minl/Casol) in solid 
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samples. (c) Diavik (e) Diavik dataset of pH vs. (Cacal-diss/Capw). (e) Diavik and (f) Detour datasets of 
dissolved inorganic carbon (DIC) vs. Caminl-diss/Capw. Caminl-diss/Capw indicates ratio calculated assuming 

calcite dissolution or dolomite dissolution. (g) Diavik and (h) Detour dataset of the calculated proportion 
of Ca from calcite or dolomite in the total concentration of Ca (Caminl/Casol) in solid samples. Axes 

denoted Caminl/Casol indicates the ratio of carbonate calculated as [mol calcite] [kg waste rock]−1, or as 
[mol dolomite] [kg waste rock]−1  to the concentration of Ca as [mol Ca] [kg waste rock]−1.  Horizontal 

dashed line in (a) and (e) at a molar ratio of 1. Vertical dashed lines in (c) and (d) at pH 4.5 and 6.3. Dotted 
lines in (e) and (f) are the regression lines for Cacal-diss/Capw vs. DIC for the various systems. Dashed 
horizontal lines at 1 indicate all Ca measured is attributable to carbonate-mineral presence (for solid 

samples), or dissolution (for aqueous samples) for this calculation approach. 

 

4.4.5 δ44/40Ca values of porewater 

Samples of drainage from Diavik waste rock had δ44/40Ca values that were more negative than those 

of porewater samples from Detour waste rock (Table 4-1). The range of δ44/40Ca values for Diavik 

porewater samples was −1.51 to −1.08 ‰, and for Detour samples above the peat layer was −1.22 to 

−0.45 ‰, with median values of −1.31 ‰ and −0.82 ‰, respectively. The sample collected form 

within the peat layer, with a measured value of −1.03 ‰ was not included in the interpretation of Ca-

isotope values, but the value is maintained in figures and tables for information. 

4.4.6 Porewater δ44/40Ca values and ion ratios 

The δ44/40Ca values of the Diavik samples appear to be independent of both the Ca/Na and Ca/K ratios 

(Figure 4-6), suggesting a possible influence on the δ44/40Ca value from a Ca source other than the 

weathering of Ca-poor minerals such as, Na-bearing plagioclase, K-feldspar, and K-bearing micas. In 

addition to calcite dissolution, the dissolution of apatite in acid-neutralizing reactions was likely 

contributing to the porewater concentrations of Ca in the Diavik samples (Langman et al., 2019). Ca-

isotope measurements were not conducted on apatite samples, and dissolution of this mineral may be 

influencing the δ44/40Ca values of the Diavik porewater. 

The δ44/40Ca values of the Detour samples do not exhibit a trend with Ca/K or Ca/Mg ratios, but 

δ44/40Ca values increase with Ca/Na ratios (Figure 4-6), likely from plagioclase dissolution. The solid-

solution minerals that include Ca and Mg, and the K-bearing mineral assemblage obscure any 

weathering relationships.  
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The δ44/40Ca values appear to increase with increasing Ca/SO4 ratios for the Diavik sample set, 

whereas the δ44/40Ca values appear be independent of the Ca/SO4 ratios for the Detour dataset (Figure 

4-6). Porewater SO4 concentrations were attributed to sulfide oxidation in both systems. A regression 

line with moderate correlation can be calculated for δ44/40Ca to Ca/SO4 of the Diavik samples (R2 = 

0.55). The Detour dataset suggests a possible control on the Ca and SO4 concentrations, likely 

gypsum formation, which confounded apportioning porewater Ca to carbonate-mineral and silicate-

mineral sources. Furthermore, capillarity tension in models of waste-rock piles has been shown to 

increase the equilibrium constant of gypsum and promote gypsum formation (Pedretti et al., 2015). 

This process may be occurring in both the Diavik and Detour systems, which would influence the Ca 

reservoirs of each system, and which would not be indicated by the saturation indices calculated by 

PHREEQC. However, the dataset is small and correlations and apparent trends should be interpreted 

with caution. 

 

 

Figure 4-6: Molar ratios of calcium (Ca) to (a) sodium (Na); (b) potassium (K); (c) magnesium (Mg); and 
sulfate (SO4). 
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4.4.7 Apportioning calcium to carbonate and silicate fractions using δ44/40Ca values 

An apparent trend between Cacal-diss/Capw and the measured δ44/40Ca values for samples with DIC > 0 

for the combined (Detour + Diavik) dataset (Figure 4-7) suggests δ44/40Ca values and Cacal-diss/Capw 

calculations may be promising approaches to apportion carbonate-mineral contributions of Ca to 

aqueous concentrations of Ca in these datasets. However, the regression calculation provided only a 

moderate correlation coefficient (R2 = 0.41), suggesting these results should be interpreted with 

caution. The Ca/∑cations and the measured δ44/40Ca values of the combined dataset (Diavik + Detour) 

and moderate correlation (R2 = 0.62) can be calculated (Figure 4-7). The dataset is small, and the 

Diavik and Detour groupings appear to be influencing the regression calculation. Any interpretations 

of potential correlations between or within the datasets are tenuous. As separate groups, the Diavik 

and Detour data each illustrate values of δ44/40Ca that appear to be independent of the Ca/∑cations 

ratio. Variable δ44/40Ca values at relatively constant Ca/∑cations ratios suggests a mechanism(s) 

influencing the δ44/40Ca values that has little effect on Ca/∑cations ratios.  

The δ44/40Ca values appear to increase with increasing log SI calcite to calcite saturation for 

porewater samples with measurable alkalinity for a dataset that includes both Diavik and Detour 

samples (Figure 4-7). A regression line with high correlation can be calculated for δ44/40Ca to the 

calculated saturation indices of calcite (R2 = 0.94). When evaluated separately, the Diavik system for 

samples with measurable alkalinity and [log SI calcite] < 0, maintains a mutually increasing 

relationship with a very similar regression line and high correlation coefficient (R2= 0.84) but over a 

very small range of log SI calcite values. The calculated saturation indices of calcite for the larger 

Diavik porewater datasets (Figure 4-3) illustrates the limited range of the Ca-isotope samples, again 

cautioning that the interpretation of a correlation on small, weighted datasets is tenuous. The Diavik 

samples were calculated to be undersaturated with respect to gypsum and show no relationship 

between δ44/40Ca values in porewater and the calculated saturation indices of gypsum (Figure 4-7).  

The Detour samples were calculated to be at or approaching saturation with respect to calcite and 

gypsum, and the δ44/40Ca values appear to be independent of the calculated saturation indices (Figure 

4-7). The one Detour sample with a lower calculated saturation index for gypsum was collected from 

a SWSS at 5 m depth and was consistent with the shallow (~2 – 5 m deep) SWSS samples of the 

porewater dataset of that had lower Ca porewater concentrations (McNeill 2016); these shallow 

samples were also calculated to be undersaturated with respect to gypsum. 
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Despite the small datasets, the relationships of δ44/40Ca porewater values with calculated saturation 

indices do not preclude the possibility that gypsum formation influences δ44/40Ca porewater values in 

systems where that phase may be forming. The δ44/40Ca value of gypsum would depend on the δ44/40Ca 

values of the porewater from which it was forming, and isotopic fractionation during gypsum 

formation. A laboratory study of abiotic gypsum precipitation reported an isotopic fraction factor 

(Δ44/40Casolid-fluid =  δ44/40Casolid  − δ44/40Cafluid) of −2.25 ‰ to −0.82 ‰, with the lighter isotope 

preferentially partitioned into the forming gypsum (Harouaka et al., 2014).  

Because the Diavik, Detour, and combined datasets of δ44/40Ca are small, interpretations of potential 

correlations are not robust. However, the trends and implications identified in this study warrant 

further investigation on additional samples. Evaluations should include the relationship between 

δ44/40Ca values and non-carbonate- and carbonate-mineral dissolution, secondary-mineral formation 

and dissolution, and the influence of the geochemical and organic composition of a cover system. 

 

Figure 4-7: δ44/40Ca values as a function of (a) calculated molar proportion of calcium [Ca] in porewater 
attributed to alkalinity, based on calcite dissolution (Cacal-diss/Capw) in log scale; (b) calcium 

concentrations as molar proportion (Ca/∑cations); (c) calculated dissolved inorganic carbon (DIC) in 
mmol L−1; (d) Ca concentration; (e) log saturation index (log SI) of calcite; and (f) log SI of gypsum.  For 

display purposes, samples with no measurable alkalinity are plotted at vertical grey dashed lines in (a) at 
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0.01 proportion Ca from alkalinity, in (c) at DIC concentration of 0.01 mmol L−1, and in (e) at log SI of −6.5. 
Vertical black dashed lines in (e) and (f) at log SI = 0 (saturation). Dotted lines in (b) and (e) are 

regression lines with R2 of 0.62 and 0.94 (P < 0.005), respectively. Legend the same as in Figure 4-6. 

 

4.4.7.1 Solid phase leaches and digestions 

Acetic acid leaches and four-acid digestions of solid samples () were intended to represent carbonate- 

and silicate-mineral endmembers, respectively, in two-component mixing calculations. Diavik 

plagioclase sample T1-pl-4a had a δ44/40Ca value of −3.84 ‰ (by four-acid digestion; ) much lower 

than measured values for Icelandic basalt (−1.07 ‰ to −1.04 ‰ seawater) measured by Jacobson et 

al., (2015) and granites (−1.44 ‰ and −1.39 ‰ seawater) measured by Ryu et al., (2011), but higher 

than the measured value of K-feldspar (−9.62 ‰ seawater) reported by Ryu et al., (2011). The single 

Diavik sample representing carbonate minerals was sample T1-aa (δ44/40Ca values of −0.92 ‰), the 

sample of the lower sulfur waste-rock system that was screened to pass the #35 sieve (500 µm) and 

leached with acetic acid. The measured δ44/40Ca values of −0.92 ‰ of the Diavik waste-rock sample 

leached by acetic acid was within the range of values for Icelandic calcite measured by Jacobson et 

al., (2015; −1.18 ‰ to −0.59 ‰ seawater).  

Diavik plagioclase sample T1-pl-4a (four-acid digestion) and acetic-acid leach T1-aa were used as 

endmembers in two-component mixing calculations for all Diavik porewater samples. Results appear 

contrary to the typical and expected geochemical evolution, and inconsistent with lower-bound 

calculations using calculated DIC concentrations. Two component mixing results suggested a greater 

proportion of carbonates were contributing to the δ44/40Ca value for all samples, including those with 

lower calculated DIC concentrations, when a greater non-carbonate proportion would be expected 

(Table 4-4). The discrepancies suggest (i) one or both end members were not representative of the 

individual samples, (ii) a separate Ca source was contributing to the porewater Ca concentrations, (iii) 

the dissolution of carbonate minerals produced different Ca-isotope values over time, and/or (iv) 

gypsum was acting as a Ca reservoir.  

Though these Diavik samples were calculated to be undersaturated with respect to gypsum, Ca-

isotope values in gypsum would reflect the porewater Ca-isotope value at the time of formation, and 

fractionation during gypsum formation or dissolution. In a study of downward transport of rainfall in 

Ca-sulfate soils, Ewing et al., (2008) interpreted Ca-isotope negative fractionation factors (dissolved 
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phase isotopically heavier than solid phase). They concluded in situ Ca isotopic fractionation during 

mineral precipitation and dissolution occurred and was highly dependent on water recharge, solution 

chemistry, and transport. Diavik waste-rock systems experience repeated wetting and drying cycles as 

precipitation recharges the waste-rock piles, and seasonal variations in solute chemistry (Hannam 

2013; Neuner et al., 2013; Smith et al., 2013a; Bailey et al., 2016; Collette, 2017), suggesting in situ 

Ca isotope fractionation due to secondary-mineral formation may also be plausible in unsaturated 

waste-rocks systems. 

 

Table 4-3: Descriptions of solid samples and measured values of δ44/40Ca. 

Sample 
origin Sample type Sample ID Digestion or sample date δ44/40Ca (seawater) 

Diavik Acetic acid leach on < #35 
sieve fraction T1-aa 30-Aug−17 −0.92 

Detour  Acetic acid leach on < #40 
sieve fraction 2M-aa 30-Aug−17 −1.14 

Detour  Acetic acid leach on < #40 
sieve fraction 5M-aa 30-Aug−17 −1.37 

Detour  Acetic acid leach on pan 
fraction 4T-aa 22-Jun−16 −1.24 

Detour  Acetic acid leach on 
pulverized sample DT-calcite-aa 21-Jul−16 −1.82 

Diavik Four-acid digestion of 
acetic-acid leached 
plagioclase grains T1-pl-4a 04-Jul−16 −3.84 

Detour  Four-acid digestion of 
< #40 sieve fraction 2M-4a 28-Aug−17 −1.03 

Detour  Four-acid digestion of 
< #40 sieve fraction 5M-4a 28-Aug−17 −1.17 

Detour  Four-acid digestion on 
< #200 sieve fraction 4T-4a 22-Jun−16 −1.12 

 

 

The Detour acetic leach samples of waste rock (−1.37 ‰ and −1.14 ‰; ), and the massive 

(presumed hydrothermal) calcite sample from Detour (−1.82 ‰) were lower than the Diavik sample 

subjected to acetic leach and the measured values of calcite reported by Jacobson et al. (2015). The 

four-acid digested samples of Detour waste rock, which were not leached by acetic acid prior to 

digestion, had measured δ44/40Ca values of −1.17 ‰, −1.12 ‰, and −1.03 ‰ (), lower than the values 

for Icelandic basalt reported by Jacobson et al. (2015) and hornblende measured by Ryu et al. (2011; 
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−0.84 ‰), but higher than the values measured by Ryu et al. (2011) for biotite (−1.52 ‰) and chlorite 

(−1.63 ‰). The waste rock leached by acetic acid and digested by the four-acid method have δ44/40Ca 

values lower than the porewater samples extracted by centrifuging waste-rock solids (sample prefixes 

2M, 4T and 5M; Table 4-1 and Table 4-3).  

Fractionation factors (Δ44/40Ca) between the acetic-acid leach and porewater, and four-acid 

digestion and porewater were calculated by Equations 4.12 and 4.12, respectively. The porewater of 

these three samples was calculated to be saturated with respect to gypsum (Table 4-1), suggesting the 

preferential incorporation of the lighter 40Ca isotope into gypsum, causing the remaining porewater to 

have a higher δ44/40Ca value. This fractionation trend is consistent with fractionation measured during 

gypsum formation in the laboratory experiments of Harouaka et al. (2014), and the interpretations of 

in situ fractionation by Ewing et al. (2008). The endmember values are higher than the porewater 

values, likely due to the presence of gypsum and fractionation associated with gypsum formation. The 

four-acid digestion results without an acetic acid pre-leach precluded two-component mixing 

calculations for the Detour samples.  

Δ44/40Ca[acetic acid leach]-porewater =  δ44/40Ca[acetic acid leach]  − δ44/40Ca porewater  (4.12) 

Δ44/40Ca[four-acid digestion]-porewater =  δ44/40Ca[four-acid digestion]  − δ44/40Ca porewater (4.13) 

Cation geochemistry of the acetic leach fractions was used to estimate the proportion of leachable 

Ca-bearing phases that may have been extracted by the acetic acid leach by assuming the Mg was 

contributed wholly by dolomite, the sulfur [S] was contributed wholly by gypsum, and the remaining 

Ca was contributed by calcite (Table 4-6). These calculations did not immediately identify a trend 

between the measured δ44/40Ca values and the estimated contribution of calcite, dolomite, or gypsum, 

though the dataset is small. The assumption of the mineral contributions to each element is a large 

source of error, particularly for the Diavik sample T1-aa, which has a calculated dolomite fraction of 

0.87, despite that phase not being identified in the Diavik mineral assemblage. Hong et al. (2018) 

have noted that gypsum may be partially dissolved by acetic acid during an acetic-acid leach. 

Additional sample treatments should be included for future studies to target gypsum separately from 

the carbonate minerals.     
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Table 4-4: Two-component mixing results for the Diavik samples. The δ44/40Ca value (−3.84 ‰) from four-
acid digestion sample T1-pl-4a was used as the silicate value and the δ44/40Ca value (−0.92 ‰) from the 

acetic leach sample T1-aa was used as the carbonate value. Calculated silicate and carbonate 
components from Cacal-diss/Capw are summarized for comparison. 

   Two-component mixing Cacal-diss/Capw 

Sample 
δ44/40Ca    

(‰ seawater) 

Calculated 
DIC   

(mmol L−1) 

Calculated 
silicate 

component 

Calculated 
carbonate 
component 

Calculated 
maximum 

silicate 
component 

Calculated 
minimum 
carbonate 
component 

1UE-pw11 −1.39 0.063 0.16 0.84 0.85 0.15 
1UE-pw13 −1.38 0.78 0.16 0.84 0.29 0.71 
1UE-pw15 −1.42 2.37 0.17 0.83 0.49 0.51 
1UW-pw11 −1.20 0.57 0.10 0.90 0.49 0.51 
3UW-pw11 −1.51 0 0.20 0.80 1 0 
CBdrn-28 −1.23 6.61 0.11 0.89 0.39 0.61 
CBdrn-22 −1.22 0.49 0.10 0.90 0.96 0.04 
CBdrn-18 −1.08 0 0.05 0.95 1 0 

 

Table 4-5: Fractionation factors (Δ44/40Ca) for the three Detour samples with measured values of for 
porewater, acetic acid leached solids and four-acid digested solids. 

Sample prefix Δ44/40Ca[acetic acid leach]-porewater Δ44/40Ca[four-acid digestion]-porewater 
2M −0.30 ‰ −0.19 ‰ 
4T  −0.62 ‰ −0.50 ‰ 
5M  −0.55 ‰ −0.35 ‰ 

 

Table 4-6: Apportioned calcium (Ca) to soluble mineral phases in acetic acid leach based on magnesium 
[Mg], sulfur [S] and Ca concentrations. 

  T1-aa 2M-aa 5M-aa 4T-aa 
δ44/40Ca (‰ seawater) −0.92 −1.14 −1.37 −1.24 
Ca (mmol g−1) 0.0061 0.27 0.34 0.31 
Mg (mmol g−1) 0.0053 0.02 0.016 0.017 
S (mmol g−1) 0.0021 0.043 0.35 0.28 
Proportion Ca as dolomite 0.87 0.072 0.047 0.054 
Proportion Ca as gypsum 0.34 0.16 1.02 0.89 
Proportion Ca as calcite −0.21 0.77 −0.07 0.051 
MLA dolomite proportion 0.31 0.21 0.18 
MLA gypsum proportion 0.05 0.62 0.8 
MLA calcite proportion 0.64 0.17 0.02 

 



 

81 

4.5 Conclusions 

Molar-ion ratios of aqueous and solid samples from two lithologically-distinct mines illustrated a 

higher calcium proportion in aqueous samples than associated solid samples, suggesting preferential 

release from the solids and/or preferential retention of Ca in porewater. Calculations based on 

measured alkalinity and calcium and calculated dissolved inorganic carbon concentrations provided 

lower-bound contributions of calcium in aqueous samples from carbonate-mineral dissolution and 

non-carbonate mineral dissolution for data points with measurable alkalinity and pH > 4.5, and 

measured alkalinity of 0 mg L−1 as CaCO3 and pH < 4.5.  Porewater δ44/40Ca values, measured 

alkalinity inputs and calculated concentrations of dissolved inorganic carbon, major cation ratios, and 

two-component mixing calculations did not identify any clear trends between the extent of carbonate-

mineral dissolution and measured δ44/40Ca values. Though a limited dataset of 44Ca/40Ca 

measurements, 44Ca/40Ca isotope analyses could not sufficiently discriminate carbonate-dominant vs. 

silicate-dominant acid neutralization in these mine-waste systems. Confounding factors may include 

incongruent primary- and secondary-mineral dissolution with respect to Ca-release, the formation of 

secondary minerals, and Ca-isotope fractionation during mineral dissolution and/or precipitation. 

Porewater δ44/40Ca values from Diavik were typically lower than those from Detour across the range 

of alkalinity values, suggesting that the Ca-bearing mineralogy influenced δ44/40Ca values in 

porewater, in addition to the degree of geochemical evolution, including precipitation and dissolution 

of Ca-bearing secondary minerals. Fractionation factors between waste rock leached by acetic acid 

(presumed carbonate-mineral component) and porewater samples were −0.62 ‰, −0.55 ‰, −0.30 ‰ 

for the three sets of co-located samples. The fractionation was likely caused by gypsum formation in 

the mine-waste system. Additional analyses of various solid samples, including discrete mineral 

phases, could refine an acid-neutralization model based on δ44/40Ca, which would avoid many of the 

assumptions required for the calculation method based on measured alkalinity and calculated 

dissolved inorganic carbon. Calcium-bearing secondary minerals and their influence on δ44/40Ca 

values in water draining from mining-waste rock requires further investigation. 
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Chapter 5 
Secondary mineral formation and trace-element reservoirs in 

weathered waste rock: Integration of quantitative mineralogy and 
conventional mineralogical techniques 

Lianna J.D. Smith, Dogan Paktunc, and David W. Blowes. In In preparation for submission to 

Journal of Geochemical Exploration. 

 

5.1 Summary 

Sulfide minerals and secondary minerals associated with sulfide oxidation were characterized using 

automated quantitative mineralogy techniques in samples of weathered and freshly blasted waste rock 

from the Detour Lake Mine, Ontario, Canada. Associations and mineral habit of secondary minerals 

suggest heterogeneous and dynamic geochemical conditions within the historical waste-rock pile, and 

the formation of secondary minerals in microenvironments associated with oxidizing sulfide minerals. 

Electron-probe microanalyses of sulfide grains and alteration rims applied to the modal mineralogy 

determined by quantitative mineralogy permitted a calculation of trace elements in these reservoirs. 

The calculations revealed an under-estimation of trace elements by quantitative mineralogy when 

mass-balance calculations were considered.  

5.2 Introduction 

Waste rock from mining that is stored subaerially in waste-rock piles can generate acid mine drainage 

when sulfide minerals in the waste rock oxidize. Trace elements, which occur as components or 

impurities in sulfide, oxide and/or silicate minerals, can be released to porewater during sulfide 

oxidation, acid neutralization, and mineral weathering. As these reactions proceed, secondary 

minerals may precipitate and sequester elements and/or dissolve and release elements, which affects 

the concentration and speciation of major ions and trace elements in the porewater and drainage. 

Alteration rims surrounding partially oxidized sulfide minerals are composed of iron [Fe], oxygen 

[O], and, commonly, sulfur [S] of mixed oxidation states (e.g., Mycroft et al., 1995; Langman et al., 

2015; Nordstrom et al., 2015; Steinepreis, 2017; Smith et al., 2021; Chapter 2).These Fe-

(oxyhydr)oxide and Fe-hydroxysulfate minerals have the propensity to sorb trace elements that were 
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released during mineral dissolution (e.g., McKenzie et al., 1980; Bruemmer et al., 1988; Scheinost et 

al., 2001; Lee et al., 2002; Tian et al., 2017; Smith et al., 2021; Chapter 2). 

Reliable and common bulk characterization techniques for quantifying elements in waste rock 

include whole rock analysis (WRA) by lithium metaborate fusion, aqua regia digestion, four-acid 

digestion, total sulfur and total carbon analyses and/or modified acid-base accounting (ABA). Bulk-

characterization methods provide limited information about the mineral hosts containing potentially 

hazardous trace elements. Targeted mineralogical analyses commonly used to support bulk 

characterization include evaluations of mineral abundance and habit by optical microscopy, elemental 

concentrations at the ppm level by electron-probe microanalysis (EPMA), and mineral 

characterization by scanning electron microscopy with energy dispersive X-ray microanalyzer 

(SEM/EDX). X-ray diffraction (XRD) provides the mineralogical composition. These techniques are 

limited by the number of particles that are analyzed. The application of Rietveld refinement to XRD 

analyses can provide semi-quantitative mineral abundances, but can be limited in mineralogically-

complex samples, including those from metamorphic terranes that include minerals with solid 

solutions, and platy or amorphous minerals; these types of samples produce complex patterns of 

overlapping peaks that can make quantification of phases difficult. 

Mineral Liberation Analysis (MLA) is an automated technique for identifying minerals, 

determining mineral quantities, and distinguishing mineral associations. Development of automated 

systems for quantitative mineralogy began in the 1970s, including those based on image analysis and 

EPMA (Petruk, 1987, 1989; Sylvester et al., 2012).  The Mineral Liberation Analyzer, the instrument 

used in this study, uses SEM to collect backscattered electrons (BSE) to identify minerals and mineral 

boundaries based on grey-scale brightness, and EDX to verify mineral identification using a reference 

database (Sylvester, 2012). MLA has become routine in ore-process mineralogy (e.g., Lotter et al., 

2018; Sousa et al., 2018), and has been increasingly applied to waste-rock studies.  Automated 

mineralogical quantification has been demonstrated to be a useful tool for pre-screening ore samples 

for the potential to form acid rock drainage using a calculated acid rock drainage (CARD) risk ratio 

based on the particle areas of sulfide and carbonate minerals, and relative mineral reactivities 

(Parbhakar-Fox et al., 2017). CARD risk ratios have been determined on samples of mine tailings to 

evaluate the physical, mineralogical, and geochemical characteristics of hardpan formation (Redwan 

et al., 2012).  Barazzuol et al. (2009) applied the automated technique to humidity cell charges of 

mining-waste rock to confirm sulfide- and carbonate-mineral species in humidity cell charges, to 
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evaluate the relationships between sulfide grain size and liberation, and various minerals determined 

by MLA, and to determine sulfate release rates from humidity cells. Another study of waste rock 

compared acid-generating potential and neutralization potential obtained from standard acid-base 

accounting tests to those calculated using mineral liberation data (Elghali et al., 2018). St-Arnault et 

al., (2019) used MLA in a comprehensive study of waste rock that evaluated mineralogical controls 

on porewater chemistry from a field experiment.  

Combining standard bulk techniques and targeted mineralogical techniques with automated mineral 

quantification provides an opportunity to better understand secondary-mineral formation and trace-

element reservoirs. This study evaluates samples of waste rock from a historical waste-rock pile and 

freshly blasted waste rock from Detour Lake Gold Mine, a greenstone gold mine in Ontario, Canada 

(Figure 5-1). The objectives of this study were to apply MLA to characterize secondary-mineral 

assemblages, to combine results from EPMA and MLA measurements to quantify trace-element 

reservoirs associated with sulfide minerals and alteration products, and to compare results to bulk 

chemical analyses.  

 

 

Figure 5-1: (a) Site location of Detour Lake Mine and (b) local geology with original pit and expansion pit 
outline (modified from BBA and SGS, 2014). 

5.3 Experimental section 

Samples for this study were obtained from a historical waste-rock pile and freshly blasted waste rock 

from the Detour Lake Mine, Ontario, Canada (Figure 5-1). Detour Lake Mine is an open-pit gold 

mine in the Abitibi Greenstone Belt of Ontario, Canada. The mine operated from 1983 – 1999, with 
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re-development commencing in 2006. The deposition of waste rock during the first stage of 

development was not documented, and the provenance and depositional history of the waste rock is 

poorly known. During closure the initial waste-rock piles were re-contoured and covered with a single 

layer of soil (McNeill et al., 2020).  The second stage of mining required excavation and relocation of 

the historical waste-rock piles, providing an opportunity to collect in situ samples from waste rock 

that had been weathering for up to 30 years (Cash et al., 2014; McNeill et al., 2020; Smith et al., 

2021).  

Whole-rock analyses, total carbon and total sulfur, MLA, optical microscopy, X-ray Diffraction 

(XRD), and EPMA analyses were conducted on samples from the historical waste-rock pile that had 

been partially excavated, and samples from waste rock that was recently blasted from areas 

immediately adjacent to the original open pit. The waste-rock and porewater samples evaluated in this 

study were the same samples as those described in Chapter 2 and in Smith et al. (2021). The historical 

waste-rock samples were collected in November 2015, and the freshly blasted waste-rock samples 

were collected in December 2015 and January 2016. The < 425 µm fractions of freshly blasted and 

historical waste rock were evaluated in this study. Samples for thin sections and laboratory analyses 

were air dried in a fumehood for 48 h to reduce the possibility of tertiary mineral transformations 

(Jambor, 1994), sieved using a #40 (425 µm) sieve, and subsampled by coning and quartering.  

Thin sections were prepared by Spectrum Petrographics (Vancouver, USA). Samples were 

mounted using a non-aqueous compound, cut to 30 µm thickness and finished with microprobe-

quality polish on Suprasil 2A quartz glass slides. Thin sections were carbon coated for MLA analysis. 

MLA analysis was conducted at Memorial University (St. John’s, Canada) by an experienced 

technician using a Mineral Liberation Analyzer and a standard database. Reported values for modal 

mineralogies are valid to +/- 0.01 wt% (Grant, D., pers. comm., 19 March 2019). XRD analyses were 

conducted at CanmetMINING (Ottawa, Canada) on splits of the < 425 µm sample fractions 

micronized to < 5 µm in a McCrone micronizing mill. XRD analyses were conducted with a Rigaku 

D/MAX 2500 rotating-anode powder diffractometer with monochromatic CuKα radiation at 40 kV, 

200 mA, a step-scan of 0.02°, and a scan rate at 1° per minute in 2Ɵ from 5 to 70°. Rietveld 

refinement was attempted, but the mineralogical complexity, talc component and the large quantity of 

solid-solution minerals, which have shifting peak positions depending on the composition, provided 

results of low confidence. EPMA was conducted at the University of Ottawa (Ottawa, Canada) using 

a JEOL 8230 SuperProbe with a 1 µm spot size. Sulfide grains and reaction rims were analyzed for 
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sulfur [S], iron [Fe], copper [Cu], cobalt [Co], nickel [Ni], zinc [Zn], arsenic [As] and selenium [Se], 

with standards of marcasite [FeS2], sphalerite [ZnS], Bi2Se3, cubanite [CuFe2S3], pyrrhotite [Fe1-x]S, 

pentlandite [(Fe,Ni)9S8], and GaAs.  

Calculations for mineral associations were based on mineral-boundary lengths calculated from each 

mineral grain identified by MLA. The proportion of the grain boundary of “mineral a” that is in 

contact with “mineral b” was normalized by the boundary lengths of “mineral b” in the sample. A 

mineral-association ratio greater than 1 indicates the contact between mineral a and mineral b is 

greater than would be expected based on bulk mineral-boundary lengths, and a ratio less than 1 

suggests a lower degree of association. Minerals with modal abundances < 0.01 wt% were excluded 

from the calculation. This approach is analogous to the association index proposed by Lund et al. 

(2015) and applied by St-Arnault et al. (2019) but used mineral boundary lengths rather than MLA-

calculated wt% associations. The boundary-length approach was applied here to remove any 

assumptions about mineral-phase densities and is proposed to be more representative for secondary 

minerals and for particles composed of numerous mineral grains of variable composition. 

Splits of samples were subjected to four-acid digestion (hydrofluoric acid, nitric + perchloric acids, 

aqua regia), evaporated to dryness, and then reconstituted with trace-metals grade HNO3 by AGAT 

Laboratories (Mississauga, Canada). The digestate was analyzed at the University of Waterloo for 

major cations by ICP-OES and for trace elements by ICP-MS, with QA/QC protocols following EPA 

methods 6010C (ICP-OES) and 6020A (ICP-MS). Total carbon and total sulfur were measured on the 

solid samples by induction furnace, conducted by SGS (Burnaby, Canada).  

Maximum possible modal mineralogies for chalcopyrite, pentlandite and sphalerite were calculated 

from the four-acid digestion concentrations of Cu, Ni and Zn, respectively. The calculations assumed 

that all measured Cu was contributed by chalcopyrite, all measured Ni was contributed by 

pentlandite, and all measured Zn was contributed by sphalerite. The calculation results were checked 

by assuming the MLA-calculated pyrite and pyrrhotite abundances were representative, and then 

apportioning S to pyrite, pyrrhotite and the calculated maximum chalcopyrite, pentlandite and 

sphalerite abundances, and the residual S (from the induction furnace measurements) to the MLA-

calculated abundances of gypsum, jarosite ± Ca-Fe-sulfate phase. Results were consistent with total S 

concentrations (Table D-1). 
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5.4 Results and discussion 

5.4.1 Modal mineralogy  

MLA-quantified modal mineralogy of the historical samples, together with optical microscopy 

observations, suggest the waste-rock samples were derived from similar mafic to ultramafic 

lithologies within the historical pit (Table 5-1). Two of the freshly blasted samples (samples 117 and 

119) exhibited modal mineralogies similar to the historical samples. The remaining three freshly 

blasted samples suggest more felsic lithologies than the other samples and are likely derived from the 

felsic intrusives that occur within the mafic and ultramafic units (Oliver et al., 2012; Figure 5-1).  

The freshly blasted felsic samples had lower abundances of sulfide minerals (Table 5-1). All 

freshly blasted samples, both felsic and mafic, had higher abundances of carbonate minerals and 

lower abundance of secondary minerals than the historical samples. Total S measured by induction 

furnace, and MLA-reported total S were in very good agreement, and total C was typically within a 

factor of two (Table 5-2). The discrepancy in the C concentrations may be related to the presence of 

C-containing particles not detected by MLA, e.g. (i) graphite, which has been documented at gold 

deposits within the Abitibi Greenstone belt (e.g., Dinel et al., 2008); (ii) carbonate grains < 1.5 µm, 

the resolution of the MLA; (iii) organic material; and/or (iv) other C-containing minerals not included 

in the MLA database. The MLA modal mineralogies, and total S and total C abundances by induction 

furnace are consistent with the expectation that the carbonate minerals would be depleted in the 

historical samples due to dissolution via acid neutralization in response to acid produced during 

sulfide oxidation. Ongoing formation of secondary minerals, which including sulfate-bearing phases, 

would be expected to occur throughout the weathering of the waste rock over the 30-year period of 

subaerial exposure.  
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Table 5-1: MLA-derived modal mineralogy for key minerals in wt%. “Qtz-plg-mix” denotes a mixture of quartz and plagioclase and was not included in 
the database for all MLA analyses. Gypsum was not included for sample 119. MLA-labeled mineral yavapaiite has been interpreted to occur in the 

samples as jarosite (See Section 3.2.1.3). Bulk chemical compositions for major elements are provided in Appendix D. Freshly-blasted samples 117 and 
119 exhibited mafic to ultramafic lithology, whereas the remaining freshly blasted samples exhibited felsic lithology. 

  Historical Freshly blasted 
wt% 2M 3B 3M 3T 4Mb 4T 5B 5M 5T 117 119 090 223 224 25-26 
Quartz 13.6 15.9 14.9 18.3 18.7 7.3 19.3 11.1 17.9 9.3 14.0 32.4 29.4 29.0 37.3 
Qtz-plg-mix 

   
1.5 1.3  0.98 

 
1.3 

 
1.3 

    

Plagioclase 7.8 8.2 8.0 11.5 12.6 5.5 11.3 8.0 11.5 7.2 9.1 20.3 20.1 19.7 21.8 
Albite 2.7 1.9 3.1 1.2 1.3 2.1 1.1 2.4 1.4 0.84 1.3 5.1 3.7 5.0 5.3 
Orthoclase 2.5 2.8 3.4 4.3 4.1 1.4 3.1 2.3 3.8 1.4 2.0 8.8 7.1 8.4 9.1 
Chlorite-Fe 2.1 1.7 0.89 4.7 2.9 0.69 3.0 0.85 3.2 1.1 2.9 0.28 1.1 1.3 0.56 
Chlorite-Mg <0.01 <0.01 <0.01 7.2 8.3 <0.01 9.5 <0.01 10.3 <0.01 15.3 <0.01 <0.01 <0.01 <0.01 
Chamosite (+Mg) 14.4 16.9 17.5 2.3 3.2 22.7 2.5 18.5 3.1 19.7 4.1 0.63 0.95 3.7 1.3 
Clinopyroxene 12.3 13.1 15.5 11.5 11.6 17.1 8.6 13.9 10.6 7.2 8.5 3.2 2.3 4.2 2.7 
Orthopyroxene 2.2 3.7 5.1 4.6 3.1 4.5 2.9 5.4 2.8 0.84 0.59 0.20 0.60 1.2 0.59 
Hornblende 14.2 12.0 7.4 7.6 9.1 6.7 9.3 4.7 8.1 11.0 4.4 6.2 13.0 10.6 7.2 
Amphibole - K rich 2.4 2.0 2.7 2.3 1.6 1.7 1.1 2.1 1.6 1.5 0.47 10.3 3.1 3.3 2.9 
Muscovite 0.70 0.53 0.46 0.40 0.36 0.34 0.78 0.27 0.64 0.28 1.1 0.52 0.42 0.77 0.48 
Biotite 1.7 1.6 1.8 2.5 6.3 7.0 3.0 4.4 3.3 3.6 1.8 0.47 1.3 1.1 0.45 
Epidote 1.1 0.74 0.60 0.44 0.53 0.35 0.58 0.39 0.55 0.46 0.13 1.3 1.5 1.8 1.5 
Talc 8.5 5.2 7.2 4.9 6.0 10.3 9.3 11.4 8.5 21.5 17.3 0.11 0.14 1.7 0.37 
Calcite 1.9 0.63 0.48 0.34 0.48 0.55 0.38 0.06 0.81 5.0 2.9 1.8 7.8 2.8 1.6 
Dolomite 1.7 0.98 1.1 1.5 1.7 1.4 2.1 1.1 1.3 4.0 5.2 6.0 3.8 2.3 4.2 
Pyrrhotite 2.6 1.9 1.00 0.24 0.33 0.98 1.1 0.63 1.1 2.0 3.7 0.08 0.45 0.34 0.13 
Pyrite 0.88 0.56 0.15 0.36 0.53 0.42 0.91 0.04 0.46 0.71 0.59 0.28 0.42 0.44 0.04 
Chalcopyrite 0.14 0.27 0.16 0.11 0.09 0.23 0.27 0.17 0.18 0.11 0.33 <0.01 0.02 <0.01 0.01 
Pentlandite 0.03 0.03 0.03 <0.01 0.01 0.03 0.04 0.01 0.03 0.08 0.11 <0.01 <0.01 <0.01 <0.01 
Sphalerite <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Altered Fe-sulfide 1.3 1.1 0.93 1.2 0.59 0.87 1.2 1.5 1.0 <0.01 0.05 <0.01 0.02 <0.01 0.09 
Gypsum 0.24 2.5 2.9 6.7 1.2 3.4 3.1 4.2 2.6 0.12 

 
0.03 0.05 0.08 0.06 

Yavapaiite (jarosite) 0.16 0.15 0.15 0.20 0.37 0.27 0.13 0.58 0.20 <0.01 0.06 <0.01 <0.01 <0.01 <0.01 
Ca-Fe-sulfate 0.04 0.17 0.19 0.18 0.03 0.11 0.06 0.21 0.14 0.02 0.03 <0.01 <0.01 <0.01 <0.01 
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Table 5-2: Carbon [C] and sulfur [S] concentrations calculated by mineral liberation analyzer (MLA) and 
measured by induction furnace (IF). “n.a.” denotes not analyzed.  

 MLA MLA IF IF  

 C 
(wt%) 

S       
(wt%) 

C (tot) 
(wt%) 

S (tot) 
(wt%)  

Historical    
2M 0.45 1.94 0.88 1.52  
3B 0.20 1.91 0.66 1.88  
3M 0.20 1.34 0.78 1.32  
3T 0.23 1.92 0.47 1.89  
4Mb 0.28 0.90 0.53 0.89  
4T 0.25 1.60 0.53 1.72  
5B 0.31 1.92 0.41 1.90  
5M 0.15 1.65 0.41 1.67  
5T 0.26 1.53 0.57 1.40  
Freshly blasted 
090 0.99 0.19 2.19 0.12  
117 1.11 1.25 1.52 1.29  
119 1.02 1.91 0.94 1.35  
223 1.42 0.42 2.09 0.55  
224 0.64 0.38 n.a. n.a.  
25-26 0.73 0.11 1.26 0.12  

 

5.4.2 Secondary sulfate minerals 

5.4.2.1 Gypsum 

Gypsum is a common secondary mineral in waste rock and stream channels impacted by mine 

drainage. Porewaters extracted from waste-rock samples analyzed in this study were calculated to be 

saturated with respect to gypsum (Smith et al., 2021 with plots in Supplementary Material therein; 

Chapter 2). MLA provided a higher calculated abundance of gypsum in the weathered waste-rock 

samples than the freshly blasted samples (Table 5-1), as would be expected from ongoing sulfate 

release from sulfide oxidation in the older samples, compared to samples where sulfide minerals have 

not been extensively exposed to water and air. The grain-size distribution (as maximum diameter) of 

gypsum provided by MLA indicated d50 grain sizes of 133 – 227 µm (median = 189 µm, n = 9) in the 

historical samples (recall in the sample size fraction was < 425 um), suggesting prolonged conditions 

that were geochemically favorable to gypsum precipitation in most historical samples. Conversely, 
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grain-size distributions of gypsum in the freshly blasted samples were finer (66 – 145 µm, median = 

124 µm, n = 5), consistent with the expectation of limited gypsum formation in those samples.  

Evaluating the MLA-calculated mineral grain sizes (as maximum diameter) of gypsum with respect 

to MLA-calculated modal abundance, and porewater pH and calculated saturation indices (Smith et 

al., 2021; Figure A-3), suggest dynamic and heterogeneous geochemical conditions in the historical 

waste-rock pile. Among the historical samples, sample 2M had the smallest d50 (132 µm), lowest 

calculated modal mineralogy (0.24 wt%), smallest free-boundary length, highest calculated saturation 

index (SI) for gypsum (log SI = 0.04; Smith et al., 2021; Figure A-3), and the highest calculated 

modal mineralogy of pyrrhotite (2.6 wt%). Furthermore, this sample was the only historical sample to 

have a boundary association > 1 for gypsum and the altered Fe-sulfide phase [MLA-ascribed formula 

of [(FeO(OH)·nH2O)(Fe2+S2)] (Figure 5-2, Figure D-1). These characteristics and associations 

suggest gypsum formation was occurring proximal to oxidizing sulfide grains, where local 

concentrations of SO4 may be higher than within the bulk porewater. An evaluation of the MLA-

produced particle images of sample 2M showed most gypsum grains had irregular boundaries and/or 

occurred as cementing grains; well-formed crystal habits would be expected for prolonged 

geochemical conditions favorable to gypsum precipitation from porewater (Figure 5-3a). Together the 

MLA-calculated modal abundances, free-boundary lengths and MLA-produced images suggest 

sulfide oxidation and gypsum formation were in their infancy in sample 2M, and there remains a high 

potential for ongoing sulfide oxidation and related gypsum formation. The sample with the second 

smallest d50 (147 µm) for gypsum, sample 4Mb, had low modal abundances of both gypsum 

(1.2 wt%) and pyrrhotite (0.33 wt%; Table 5-1), a porewater pH of 8.1 (Smith et al., 2021; Chapter 2) 

and a calculated log SI < 0. However, the calculated free-boundary lengths were similar to those 

measured for the other historical samples, and MLA-produced images illustrate common well-formed 

gypsum crystals with a high proportion of grains with no or few included minerals (Figure 5-3b). 

Together, these observations on sample 4Mb suggest an evolution from prolonged conditions 

favorable to gypsum formation to porewater that was undersaturated with respect to gypsum at the 

time of sampling. In addition, the degree of association between gypsum and the altered Fe-sulfide 

phase was low (Figure 5-2, Figure D-1), suggesting previous conditions within the bulk porewater 

were favorable to gypsum precipitation and accumulation, rather than limited gypsum formation 

proximal to oxidizing sulfide minerals in microenvironments, as interpreted for the sample 2M with 

d50 of 132 µm. 
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Figure 5-2: Calculated mineral associations for altered Fe-sulfides, Ca-Fe-sulfate and yavapaiite 
(jarosite). Minerals with <0.01 wt % modal abundance not included in the calculations. 
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Figure 5-3: MLA-produced grain images. (a) Typical gypsum habit in sample 2M with smallest d50; (b) 
typical gypsum habit in sample 4Mb with second smallest d50; (c) typical occurrence of Ca-Fe-sulfate in 
various grains and samples; (d) distributions and associations of jarosite in various grains and samples.  

 

5.4.2.2 Calcium-iron-sulfate phase 

A calcium-iron-sulfate phase identified as Ca-Fe-sulfate [no ascribed formula] in the MLA database 

had mineral boundaries that were highly associated with gypsum for all samples (Figure 5-2; one 

freshly blasted sample did not have gypsum included in the MLA database during analysis). Mineral-

boundary associations with Fe-bearing minerals, including the altered Fe-sulfide phase, were typically 

low. The typically small grain sizes (d50 range of 20 – 60 µm with median of 61 µm for historical 

samples, and 22 – 45 µm with median of 30 µm for freshly blasted samples), and MLA-modal 

abundances were low.  
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 An evaluation of the MLA-produced particle images suggests grains of Ca-Fe-sulfate had similar 

habit to gypsum, particularly larger grains, distribution patterns consistent with cementing gypsum 

(e.g., Jambor 1994), appearing as continuation of gypsum grains, or as blebs in, or associated with, 

gypsum (Figure 5-3). Rather than a discrete phase, the MLA-ascribed Ca-Fe-sulfate phase in these 

samples is interpreted to be predominantly gypsum with an associated Fe species such as Fe-

(oxyhydr)oxide precipitate on gypsum, sorbed Fe species on gypsum grains (e.g., Melliti et al., 2021), 

or as a gypsum surface coating on underlying Fe-bearing phase(s); the Fe-bearing phases may include 

partially oxidized sulfides that contributed SO4 and Fe to the secondary phase.  

Gypsum had the highest calculated degree of mineral association with the Ca-Fe-sulfate phase in 

the freshly blasted samples, however, unlike the historical samples, a Ca-Fe-sulfate phase was also 

associated with pyrite and/or pyrrhotite, and four of the six samples demonstrated a high degree of 

association with calcite ± dolomite (Figure D-2).  These relationships, the smaller particle sizes, and 

habit of gypsum in the freshly blasted samples indicate that the early-time formation of gypsum, and 

the associated Ca-Fe-sulfate phase was driven by the release of Fe and SO4 by oxidizing sulfide 

minerals, and interaction with Ca which was likely predominantly derived from carbonate-mineral 

dissolution.  

5.4.2.3 Jarosite 

MLA assigned the phase yavapaiite [KFe3+(SO4)2] to grains in some samples. Yavapaiite is 

interpreted here to occur in the samples as the hydrated form jarosite [KFe3+
3(SO4)2(OH)6]). 

Yavapaiite is a rare primary mineral that is not stable in the temperature regime of greenschist to 

lower amphibolite facies, or typical hydrothermal temperatures (Forray et al., 2005). Jarosite is a 

common secondary mineral in mine tailings and waste rock where pH values are acidic (Dutrizac and 

Jambor, 2000; Jambor, 1994; Jamieson et al., 2005), and one study identified jarosite in a 

circumneutral waste-rock system (Dockrey et al., 2014). Jarosite can precipitate from supersaturated 

porewater in mine waste-rock systems (Alpers et al., 1989; Bigham and Nordstrom, 2000), can form 

coatings or pseudomorphs of Fe-sulfide minerals in oxidized sulfide deposits (Dutrizac and Jambor, 

2000; Jamieson et al., 2005), and has been reported to form on pyrrhotite surfaces during oxidation in 

laboratory experiments (Bhatti et al., 1993). XRD analyses identified jarosite as possibly present in 

the historical samples, but not in the freshly blasted sample measured by that technique.  
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In the historical samples, jarosite was predominantly associated with altered Fe-sulfides, sulfide 

minerals, the Ca-Fe-sulfate phase, ± gypsum (Figure 5-3; Figure D-3). Only sample 119 had an 

MLA-reported modal mineralogy of jarosite > 0.01 wt% (0.06 wt%), an order of magnitude lower 

than those calculated for the historical samples (Table 5-1). This freshly blasted sample had MLA 

associations consistent with those for the historical waste rock, suggesting the presence of jarosite. 

The blasting and collection history of this sample is undocumented, but modal abundances of 

sulfides, carbonates, and the presence of measurable secondary phases suggest this sample has 

undergone limited, but continuing, sulfide oxidation. 

 MLA-produced particle images illustrate the spatial distribution and habit of jarosite as occurring 

as small, discrete grains, and irregular blebs and patches intimately associated with pyrite, pyrrhotite 

and/or the altered Fe-sulfide phase (Figure 5-3). MLA-calculated grain sizes in the historical and 

freshly blasted samples had d50 ranges of 19 – 40 µm (median of 30 µm, n = 9), and 9 – 32 µm 

(median of 20 µm), respectively (Figure 5-3), consistent with observations that jarosite associated 

with mining wastes is fine grained, typically < 45 µm, and often < 0.5 µm (Desborough et al., 2006, 

2010). The small, discrete grains may represent nucleation from a supersaturated solution in a 

microenvironment in close proximity to an oxidizing grain, though precipitation from supersaturated 

porewater has been reported to be limited by kinetic barriers (Alpers et al., 1994). The larger discrete 

grains, and the blebs and patches indicate jarosite formed directly on the sulfide surface during 

oxidation, with K+ in the porewater derived from silicate mineral weathering. The presence of jarosite 

is difficult to observe by optical microscopy and was not noted in this study, but in the study 

described in Chapter 3, jarosite was included as a component of the best fits of linear combination 

fitting of Fe X-ray absorption near edge spectra (XANES) of an oxidizing pyrrhotite grain from 

sample 3M. Jarosite occurrence in other studies of mining waste suggest this phase formed in close 

association with mixture of secondary Fe-(oxy)hydroxides and Fe-hydroxysulfates from sulfide 

weathering (Blowes et al., 2014; Desborough et al., 2010), which can include schwertmannite [e.g., 

Fe3+
16O16(SO4)2(OH)12·20H2O, n = 10 – 12], ferrihydrite [nominally Fe2O3·9H2O], goethite 

[α-Fe(OOH)], and/or lepidocrocite [γ-Fe(OOH)] (Bigham and Nordstrom, 2000; Blowes et al., 2014; 

Dockrey et al., 2014). The association between jarosite and the Fe-(oxyhydr)oxides is a consequence 

of an alteration sequence associated with sulfide oxidation and the aging of the associated Fe±S-

bearing secondary minerals (Jambor et al., 2000).  
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Porewater extracted from the historical samples was circumneutral and calculated to be 

undersaturated with respect to jarosite (Smith et al., 2021; Chapter 2; Figure A-3). However, based on 

the identification of a K-Fe3+SO4 phase by MLA, the MLA-produced images, the MLA-reported 

associations of jarosite, and supporting evidence from XRD and XANES linear combination fitting 

from Chapter 3, it is interpreted here that the developing sulfide alteration products can include 

jarosite forming in acidic microenvironments, intimately associated with secondary 

Fe-(oxyhydr)oxide and Fe-hydroxysulfates (e.g., Figure 5-3). Similarly, occurrences of As-bearing 

secondary phases that are only stable at acidic pH values have been documented in mine tailings with 

circumneutral porewaters (DeSisto et al., 2011). 

 

 

Figure 5-4: Distribution of d50 values of (a) altered Fe-sulfides; (b) yavapaiite (jarosite); (c) Ca-Fe-sulfate; 
(d) gypsum. Top boxes (green fill) in each frame are data from historical samples, bottom boxes (blue fill) 
are from freshly blasted samples. Boxes represent 25th and 75th percentiles, with median line; whiskers 

represent 5th and 95th percentile. 

 

5.4.2.4 Fe-(oxyhydr)oxides 

Consistent with the formation of Fe-(oxyhydr)oxides and Fe-hydroxysulfates, predominantly as 

alteration product from sulfide oxidation, MLA data suggest altered Fe-sulfides were associated 

predominantly with pyrrhotite, and to a lesser degree pyrite, chalcopyrite and pentlandite in all 

samples (Figure 5-2; Figure D-4). As reported in a previous study of these samples (Smith et al., 

2021; Chapter 2), pyrite exhibited a lower degree of oxidation than pyrrhotite grains, as observed by 

optical microscopy, SEM/EDX and EPMA. Chalcopyrite grains were calculated to have a higher 
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degree of association with altered Fe-sulfide phases than pyrite in all but two historical samples, 

suggesting a higher degree of alteration in chalcopyrite, and consistent with optical microscopy 

observations. Grain sizes of chalcopyrite were calculated to be smaller than those of pyrite (median 

d50 value for chalcopyrite of 45 µm; median d50 value of pyrite of 108 µm in historical samples), 

which may be an artefact of the limited modal abundance of chalcopyrite. However, small grain sizes 

can contribute to a higher degree of susceptibility to oxidation and/or illustrate a shrinking sulfide 

grain due to oxidation. Free-surface areas calculated by MLA suggest pyrite had a higher proportion 

free surface than chalcopyrite for both historical and freshly blasted samples. Pyrite and pyrrhotite 

had a high degree of association (Figure D-5), consistent with pyrite to pyrrhotite transition at 

conditions of greenschist to amphibolite facies exhibited at Detour (Phillips and Powel, 2010; Oliver 

et al., 2012; Dubosq et al., 2018). This close association can cause galvanic interactions between 

pyrite and pyrrhotite during weathering, with the enhanced oxidation of pyrrhotite over pyrite in this 

couple. Increased oxidation of chalcopyrite compared to pyrite due to galvanic interactions between 

pyrrhotite and pyrite may be contributing to the MLA-calculated associations of chalcopyrite and 

altered Fe-sulfide that were higher than associations between pyrite and altered Fe-sulfides, and the 

higher degree of alteration of chalcopyrite than pyrite observed by optical microscopy and 

SEM/EDX. Pyrrhotite and pentlandite had a high degree of association in all historical samples, 

consistent with typical occurrences of pentlandite as inclusions and/or exsolution lamellae in 

pyrrhotite, and as observed in these samples by optical microscopy (Smith et al., 2021; Chapter 2). 

However, in the MLA-produced mineral-particle images pentlandite typically occurred as blebs rather 

than lamellae, suggesting the resolution of the MLA (approximately 1.5 µm) was insufficient to 

capture pentlandite lamellae, and, therefore, the MLA-calculated modal mineralogy for pentlandite 

may be lower than the actual occurrence.  

Notable associations with the altered Fe-sulfide phase, in addition to the secondary sulfates and 

sulfides, were the oxides ilmenite [MLA database formula as Fe2+TiO3], Cr-bearing magnetite [as 

Fe2.5Cr0.5O4] and titanomagnetite [as (Fe0.9Ti0.1)3O4] (Figure 5-3). Ilmenite has been identified as part 

of the lower amphibolite facies mineral assemblage at Detour Lake Mine (Oliver et al., 2012). In 

addition to altered Fe-sulfides, ilmenite typically had a degree of association with the S-bearing 

minerals jarosite in most samples, and with pyrrhotite and chalcopyrite in some samples, but with no 

consistency among the relationships (Figure D-1 through Figure D-5). The WRA-measured titanium 

[Ti] concentrations were lower than the MLA-calculated Ti elemental distribution for the historical 
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samples, but similar for the freshly blasted samples (Table D-2 and Table D-3). Studies of Fe ore by 

automated mineralogy have found distinguishing between Fe-ore minerals of similar composition to 

be problematic (Figueroa, et al., 2011; Donskoi et al., 2013). The MLA-calculated association 

between the Fe-oxides and altered Fe-sulfides in this study is interpreted to predominantly represent 

Fe-oxide phases in association with pyrrhotite that oxidized to form the MLA-identified phase altered 

Fe-sulfide.  

5.4.3 Trace elements reservoirs 

The liberation of minerals in which trace elements are incorporated will impact the release rate of 

trace elements to porewater. Encapsulation of sulfide minerals by silicate minerals and the 

accumulation of secondary minerals on surfaces can affect the diffusion rates of oxidants and reaction 

products, and thus impact the rate of sulfide oxidation and solute release. This rate dependence is 

commonly described conceptually and mathematically by the shrinking core model (e.g., Davis et al., 

1986; Wunderly et al., 1996). MLA data of the historical and freshly blasted waste rock suggest that 

typically < 10% of sulfide grains were fully encapsulated (Figure D-6) by either rock-forming 

minerals or sulfide-oxidation products. The degree of liberation is expected to impact the overall rate 

of sulfide oxidation of the grain; however, oxidation is still expected to propagate through the entirety 

of partially encapsulated grains, but at a lower overall rate because of the narrowed oxidation front. 

As such, the entire trace-element load associated with a partially liberated grain would be available to 

be released to the environment. 

The MLA database provided idealized mineral formulae that do not account for trace-element 

substitutions in the crystal lattice or surface sorption and makes assumptions about the composition of 

minerals with solid solution. Concentrations of Zn and Ni calculated by MLA were an order of 

magnitude, or more, lower than concentrations measured by four-acid digestion whereas Cu 

concentrations calculated by MLA were typically within a factor of two lower (Table 5-3). The MLA 

database ascribed Cu only to chalcopyrite [CuFeS2], Ni only to pentlandite [Ni4.5Fe4.5S8], and Zn only 

to sphalerite [ZnS]. The trace elements Se, Co and As were not included in the MLA-calculated 

elemental assay because they did not occur in the formulae of the minerals included in the MLA 

database.  

Chalcopyrite and pentlandite were calculated by MLA to be present at ≤ 0.3 wt%, with sphalerite at 

< 0.01 wt% (Table 5-1). Low MLA-reported modal abundances may be an artefact of the resolution 
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and/or sample size used by MLA; i.e., the total number of particles analyzed by MLA is considerably 

lower than the number of particles analyzed by bulk chemical techniques, and particles smaller than 

the MLA resolution (1.5 µm) would escape identification by MLA (e.g., potentially pentlandite 

lamellae in pyrrhotite, or sphalerite grains). These “missing” particles may be contributing to the 

discrepancy between trace-element concentrations calculated by MLA and those measured by four-

acid digestion (Table 5-3). The concentrations of Cu, Ni and Zn measured by four-acid digestion were 

used to calculate maximum abundances of chalcopyrite, pentlandite and sphalerite, respectively. 

Maximum calculated modal mineralogies of chalcopyrite were typically higher than those calculated 

by MLA by a factor of two, and pentlandite and sphalerite abundances were typically higher by an 

order of magnitude (Table 5-4). These maximum concentrations calculated using four-acid digestion 

concentrations are still considered “trace” (≤ 0.5 wt%), consistent with optical microscopy 

observations (Smith et al., 2021; Chapter 2), and are considered a reasonable maximum bound. 

Combining modal mineralogy with EPMA data provides an opportunity to quantify and interpret 

trace-element reservoirs associated with sulfide minerals and their Fe-(oxyhydr)oxide ± S alteration 

rims; these associated trace elements may be released to porewater as geochemical conditions evolve 

as a result of ongoing acid production by sulfide oxidation and neutralization by carbonate- and 

silicate-mineral dissolution. EPMA measurements were collected from grains of pyrite (n = 101 in 

historical samples, n = 83 in freshly blasted samples), pyrrhotite (n = 79 in historical samples, n = 85 

in freshly blasted samples), chalcopyrite (n = 41 in historical samples, n = 7 in freshly blasted 

samples) and pentlandite (n = 5 in historical samples, n = 2 in freshly blasted samples) to identify and 

quantify trace-element substitutions in these minerals, which could be released during sulfide 

oxidation. Trace elements were measured in alteration rims associated with pyrrhotite (n = 50 in 

historical samples, n = 12 in freshly blasted samples) and pyrite (n = 10 in historical samples, n = 5 in 

freshly blasted samples) (Smith et al., 2021; Chapter 2) to quantify the trace-element reservoir that 

may act as both a sink and source for trace elements in porewater, based on the geochemical stability 

of the secondary Fe-(oxyhdr)oxide ± S phases, which may fluctuate in response to changing in situ 

conditions.   

5.4.3.1 Pyrite and pyrrhotite 

The trace elements Ni and Co were measured by EPMA at the highest concentration in both 

pyrrhotite and pyrite, but with trace concentrations of Cu, Zn, Se and As detected in many grains 
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(Smith et al., 2021; Chapter 2). Applying median and 75th percentile concentrations measured by 

EPMA to the modal abundance of pyrite and pyrrhotite reported by MLA provided an estimate of the 

trace-element reservoirs in sulfide minerals and alteration products in the < 425 µm fraction of the 

historical waste rock that was not captured by MLA (Figure 5-5; Table D-4 and Table D-5). 

Pyrrhotite was calculated to contribute up to 103 ppm Ni and up to 15 ppm Co, and pyrite was 

calculated to contribute up to 16 ppm Ni and up to 18 ppm Co from the < 425 µm fraction of the bulk 

waste rock, in addition to the MLA-calculated Ni reservoir, and quantifying a Co reservoir not 

identified by MLA (Table D-4 and Table D-5). 

5.4.3.2 Sulfide alteration products 

Trace elements associated with the MLA-calculated modal abundances of altered Fe-sulfides were 

calculated using EPMA measurements of alteration rims associated with pyrrhotite and pyrite grains 

from four historical samples (n = 57 measurements), and one freshly blasted sample (n = 19 

measurements). Trace-element concentrations not accounted for by MLA-ascribed mineral formulae 

were calculated to be Ni > Cu > Co > Zn > As > Se in the historical samples (Table 5-3). This 

sequence is broadly consistent with the modal abundances of sulfide minerals and their trace-element 

concentrations.  

Of the trace elements, Ni had the highest concentration measured by EMPA in pyrrhotite (median 

of 2740 ppm, 75th percentile of 3990 ppm, n = 79), pyrite (median of 558 ppm, 75th percentile of 1790 

ppm, n = 101), and the alteration rims associated with pyrrhotite and pyrite (median of 963 ppm, 75th 

percentile of 2510 ppm, n = 60). MLA-calculated Ni concentrations were based only on the 

occurrence of pentlandite, with the database formula of Fe2+
4.5Ni4.5S8, underestimating the Ni 

concentration contributed by sulfide minerals and alteration products in the < 425 µm fraction of 

historical waste rock by up to 89 ppm, a factor of two (30 – 99% relative percent difference, RPD) 

when median Ni concentrations from EPMA were applied (Figure 5-5; Table D-4).  Including the Ni 

reservoirs in pyrite, pyrrhotite and alteration rims, calculated using the median EPMA concentrations, 

increased the calculated concentrations of Ni associated with these reservoirs in the waste rock by up 

to a factor of two. When the 75th percentile concentrations measured by EPMA were applied, the 

discrepancy in Ni concentrations associated with sulfide mineral and alteration products increased by 

up to 152 ppm (60 – 170% RPD; Figure 5-5; Table D-5). 
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The median Cu concentration measured by EPMA on pyrite and pyrrhotite alteration rims (n = 60) 

was 1700 ppm (75th percentile of 5700 ppm). Median and 75th percentile concentrations were 24 ppm 

and 132 ppm (n = 79) in pyrrhotite and < 2 ppm and 99 ppm in pyrite (n = 101). Sorption of Cu on 

Fe-(oxyhydr)oxides has been observed in circumneutral mine drainage waters (Johnson, 1986; Lee et 

al., 2002), the pH range measured in porewater extracted from these samples (Smith et al., 2021; 

Chapter 2). Chalcopyrite was observed by optical microscopy to have a higher degree of alteration 

than pyrite in the historical samples (Smith et al., 2021; Chapter 2), suggesting chalcopyrite and 

alteration rims were the primary source of Cu in the historical samples.  

Zinc concentrations measured by EPMA in the alteration rims of pyrrhotite and pyrite grains 

(n = 60) from the historical samples had a median concentration of 293 ppm, higher than median and 

75th percentile concentrations measured in pyrite (< 2 ppm, 152 ppm, respectively; n = 101) and 

pyrrhotite (< 2 ppm, 159 ppm, respectively; n = 79), and higher than the median, but within the 75th 

percentile measured in chalcopyrite (39 ppm, 322 ppm, respectively; n = 41) in these samples. The 

higher concentration in alteration rims suggests Zn was released from weathering sphalerite, 

chalcopyrite, and possibly silicate minerals, and sorbed to the secondary Fe-(oxyhydr)oxide minerals 

associated with pyrite and pyrrhotite oxidation. 

5.4.3.3 Trace sulfides by MLA: chalcopyrite, pentlandite and sphalerite 

Chalcopyrite, pentlandite and sphalerite were characterized qualitatively by optical microscopy as 

occurring in minor or trace amounts (Smith et al., 2021; Chapter 2), whereas MLA quantified 

abundances of chalcopyrite and pentlandite, and estimated abundances of sphalerite. These 

quantifications permit a calculation of the reservoirs of Cu, Ni and Zn in mineral-crystal structures, 

and when combined with EPMA measurements, trace elements incorporated as impurities.  

EPMA measurements of trace elements obtained from chalcopyrite and pentlandite were used to 

calculate the concentration of trace elements present as impurities; no sphalerite grains were 

encountered during the EPMA analyses. Chalcopyrite in the historical samples (n = 42) had estimated 

(i.e., < MDL but > LOD) median Zn concentrations of 39 ppm (range of < LOD – 4.64 wt%), and an 

estimated median Ni concentration of 6 ppm (range of < LOD – 726 ppm). Arsenic, Se and Co were 

detected in some grains, but median concentrations were < LOD (ranges of < LOD – 171 ppm; 

< LOD – 456 ppm; < LOD – 408 ppm, respectively). Chalcopyrite grains from two freshly blasted 

samples had order of magnitude differences in Zn, though a with a limited number of measurements 
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(< LOD for all n = 3 in sample 117;  and median of 345 ppm with range of < LOD – 506 ppm, n = 4 

in sample 090), and Se (median of 248 ppm, range of < LOD – 380 ppm n = 3 in sample 117; and 

median of 48 ppm, range of < LOD – 132 ppm, n = 4 in sample 090).  

Few pentlandite grains (n = 5 for historical, n = 2 for freshly blasted) were measured by EPMA; 

pentlandite grains in the historical waste rock had a median Se concentration of 212 ppm (range of 

113 (estimate) – 467 ppm for historical; 3 ppm (estimate) and 243 ppm in freshly blasted), an 

estimated median As concentration of 103 ppm (range < LOD – 564 ppm for historical; 92 ppm 

(estimate) and 214 ppm for freshly blasted), and median Co concentration of 3.70 wt% (range of 0.76 

– 4.51 wt% for historical; 1.57 wt% and 2.04 wt% for freshly blasted; Cu was not detected in any of 

the pentlandite grains measured, consistent with expected Cu partitioning during sulfide formation 

and subsequent metamorphism. The presence of Co in wt% abundances is notable, despite the low 

modal abundance of pentlandite, because the MLA database has no mineral formulae that contain Co, 

therefore neglecting a reservoir of an element of potential concern in mine-drainage waters. The 

measured concentrations of trace elements in pyrrhotite and pentlandite are reasonable when 

compared to EPMA measurements on sulfide grains from the Bushveld complex, and various 

Canadian deposits (Paktunc et al., 1990). 

Trace-element concentrations associated with sphalerite were based only on the MLA-estimated 

sphalerite mineral abundances. Because no grains were encountered during EPMA, no assumptions or 

calculations were made about possible trace element impurities; however, it is expected that Cd, a 

common trace element in sphalerite solid solution (e.g., Cook et al., 2009), would be present in 

sphalerite, possibly in wt% abundances. Porewater extracted from corresponding historical samples 

had concentrations of Zn of 5.4 – 42.0 µg L−1 and Cd concentrations of < 0.05 – 1.3 µg L−1 (Smith et 

al., 2021; Chapter 2). The low concentration of Cd is consistent with the paucity of sphalerite in these 

samples. In addition to sphalerite, Zn can occur as an impurity in silicates, such as the amphiboles, 

pyroxenes and/or micas (Mihaljev and Farges, 1999; Salminen et al., 1998), which together comprise 

up to 37 wt% of the samples in this study, as calculated by MLA (Table 5-1).    

5.4.3.4 Bulk assay: Comparison to MLA and trace sulfide calculations 

The concentrations of Ni, Co, and Zn measured by four-acid digestion were consistent for felsic and 

mafic to ultramafic lithologies (Table 5-3; Mielke, 1979; Yaroshevsky, 2006). The discrepancy 

between the bulk measurement and calculated concentrations in sulfide and alteration-product 
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reservoirs may be artefacts of MLA sample size and resolution, (e.g., undercounting trace sulfides) 

and/or that these trace elements may be present as an impurity in ferromagnesian minerals (e.g., Carr 

and Turekian 1961). Copper concentrations measured by four-acid digestion were a factor of two to 

an order of magnitude higher than concentrations reported for crustal rocks (Yaroshevsky, 2006), 

suggesting chalcopyrite was present in the waste rock at elevated abundances, consistent with the 

association of chalcopyrite with gold mineralization at Detour Lake Mine (Oliver et al., 2012).  

Calculated modal mineralogies by bulk chemistry of chalcopyrite were typically within a factor of 

two of the MLA-calculated modal mineralogies (Table 5-1; Table 5-4). The modal mineralogies of 

pentlandite and sphalerite calculated by four-acid digestion results were typically an order of 

magnitude higher than those calculated by MLA (Table 5-1; Table 5-4), but still at concentrations 

considered “trace” (< 0.5 wt%). The calculations based on four-acid digestion results ignored the 

contribution of Cu, Ni and Zn as impurities or sorbed species associated with pyrite, pyrrhotite and 

altered Fe-sulfides, but is considered a reasonable estimate of maximum possible mineral abundances. 

The chalcopyrite, pentlandite and sphalerite modal mineralogies calculated by MLA and four-acid-

digestion are interpreted here to represent the lower and upper bounds, respectively, of the plausible 

concentrations of these minerals in the samples, recognizing that trace-element substitutions in 

silicate minerals may also be contributing to the discrepancy between the MLA-calculated elemental 

concentrations and concentrations measured by four-acid digestion. 

The trace elements Co, Se and As were not included in any MLA-ascribed mineral formula but 

were measured by four-acid digestion in the bulk waste-rock samples, and by EPMA as trace 

elements associated with sulfide minerals and their alteration products. Applying the EPMA-

measured concentrations to the MLA-calculated modal mineralogy provided an estimate of these 

trace elements that could be released to the environment from sulfide oxidation. The calculated 

concentrations of As and Se using the median and 75th percentile EPMA concentrations applied to the 

calculated chalcopyrite, pentlandite and sphalerite modal abundances were similar to the 

concentrations measured by four-acid digestion. However, the Co concentrations in the historical 

samples calculated by this method were approximately an order of magnitude lower than those 

measured by four-acid digestion (Table 5-3; Table 5-5; Table D-4 and Table D-5). Concentrations of 

Co calculated using EPMA concentrations and the modal abundances of pentlandite and chalcopyrite 

were similar to those measured by four-acid digestion, suggesting pentlandite, which was measured to 

contain wt% abundance of Co (Smith et al., 2021; Chapter 2), was under-reported by MLA.  
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5.5 Conclusions 

Quantitative mineralogy (mineral liberation analysis; MLA) integrated with conventional microscopy 

and mineral identification techniques suggest the persistence of heterogeneous and dynamic 

geochemical conditions in a historical waste-rock pile, including microenvironments that were 

geochemically favorable for secondary minerals to precipitate.  Combining trace-element 

concentrations measured by electron-probe microanalysis to abundances of sulfide minerals and 

sulfide-oxidation products reported by mineral liberation analysis provide a quantification of trace-

element reservoirs in the waste-rock samples. Calculations reveal that trace-element concentrations 

were undercalculated by quantitative mineralogy, when compared to standard bulk-chemical analysis; 

the discrepancy may be due to limitations on MLA sample size, resolution, and/or trace element 

impurities in silicate minerals.  

 

Table 5-3: MLA- calculated assay based on assigned mineral formulae vs. trace elements measured by 
four-acid digestion. Concentration of the trace elements zinc [Zn], selenium [Se], copper [Cu], cobalt 

[Co], nickel [Ni], and arsenic [As]. The detection limit for Se was 2.2 ppm. “n.a.” denotes the sample was 
not analyzed by four-acid digestion. All concentrations in ppm. 

 MLA-calculated elemental assay  Four-acid digestion concentrations  
  Zn  Se  Cu  Co  Ni  As  Zn  Se  Cu  Co  Ni  As  
Historical                        
2M 7 - 489 - 89 - 112 2.29 765 92.1 448 6.63 
3B 1 - 951 - 88 - 123 2.72 1810 108 644 6.28 
3M 36 - 554 - 96 - 106 2.38 740 90.4 700 5.04 
3T 0 - 378 - 33 - n.a. n.a. n.a. n.a. n.a. n.a. 
4MB 4 - 317 - 46 - n.a. n.a. n.a. n.a. n.a. n.a. 
4T 0.4 - 801 - 91 - 158 2.74 924 2060 1490 7.93 
5B 8 - 925 - 151 - n.a. n.a. n.a. n.a. n.a. n.a. 
5M 0.3 - 588 - 43 - 184 2.79 1050 201 1640 5.94 
5T 7 - 622 - 105 - 105 < 2.2 774 73.6 564 5.04 
Freshly blasted             
117 63 - 384 - 291 - 196 < 2.2 429 86.2 642 6.71 
119 59 - 1140 - 388 - n.a. n.a. n.a. n.a. n.a. n.a. 
90 10 - 29 - 0.5 - 38.3 < 2.2 62.3 9.8 32.6 1.64 
223 35 - 79 - 0.2 - 67 < 2.2 139 25.2 49.6 18.1 
224 12 - 25 - 3 - n.a. n.a. n.a. n.a. n.a. n.a. 
25-26 2 - 41 - 1 - 2.22 < 2.2 113 15.4 44.9 2.22 
   

  



 

104 

Table 5-4: Abundances of sphalerite, chalcopyrite and pentlandite based on zinc, copper and nickel 
concentrations, respectively, measured by four-acid digestion. “n.a.” denotes the sample was not 

analyzed by four-acid digestion. 

 Calculated abundances from 4AD (wt%) 
 Sphalerite Chalcopyrite Pentlandite 

Historical    
2M 0.02 0.22 0.14 
3B 0.02 0.52 0.20 
3M 0.02 0.21 0.22 
3T n.a. n.a. n.a. 
4MB n.a. n.a. n.a. 
4T 0.02 0.27 0.47 
5B n.a. n.a. n.a. 
5M 0.03 0.30 0.51 
5T 0.02 0.22 0.18 
Freshly blasted   
117 0.03 0.12 0.20 
119 n.a. n.a. n.a. 
090 0.01 0.02 0.01 
223 0.01 0.04 0.02 
224 n.a. n.a. n.a. 
25-26 0.01 0.03 0.01 
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Figure 5-5: Concentrations of trace elements provided by MLA compared to concentrations measured by 
four-acid digestion, and calculated concentrations using median and 75th percentile concentrations 

measured by electron-probe micro analysis (EPMA) and applied to the MLA-provided modal 
mineralogies for pyrrhotite, pyrite, chalcopyrite, pentlandite and altered Fe-sulfides. Sphalerite excluded 

because MLA modal abundance considered an estimate and no sphalerite grains encountered during 
EPMA analysis. Recall that freshly blasted samples 117 and 119 had mafic to ultramafic lithologies, 
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whereas the other freshly blasted samples had felsic lithologies. All concentrations in ppm of waste-rock 
fraction < 425 µm, i.e., [mg trace element] [kg < 425 µm fraction of waste rock]-1. 

 

Table 5-5: Concentrations of selenium [Se], cobalt [Co] and arsenic [As] measured by electron-probe 
microanalysis (EPMA) applied to modal abundances of pentlandite and chalcopyrite calculated by four-

acid digestion (4AD) concentrations. Includes contributions from pyrite, pyrrhotite and altered Fe-sulfide 
calculated based on MLA modal abundance. “n.a.” denotes sample not analyzed by four-acid digestion. 
All concentrations in ppm of waste-rock fraction < 425 µm, i.e., [mg trace element] [kg < 425 µm fraction 

of waste rock]-1. 

 

 
Median EPMA applied 
to sulfide abundances 

(ppm) 

75th percentile EPMA 
applied to sulfide 

abundances 
 Se Co As Se Co As 

Historical       
2M 2.4 36 12 7.4 121 18 
3B 2.7 44 9.2 6.4 132 14 
3M 1.5 43 5.7 3.8 121 9.0 
3T n.a. n.a. n.a. n.a. n.a. n.a. 
4MB n.a. n.a. n.a. n.a. n.a. n.a. 
4T 2.2 89 6.5 4.9 229 9.7 
5B n.a. n.a. n.a. n.a. n.a. n.a. 
5M 2.1 96 7.0 4.7 232 11 
5T 1.6 37 7.1 4.2 111 11 
Freshly blasted      
117 1.4 38 5.4 4.4 49 5.8 
119 n.a. n.a. n.a. n.a. n.a. n.a. 
090 0.1 2.4 0.6 0.4 4.8 0.9 
223 0.3 5.2 1.6 1.1 7.7 2.4 
224 n.a. n.a. n.a. n.a. n.a. n.a. 
25-26 0.2 3.2 0.6 0.4 3.4 0.8 
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Chapter 6 
Conclusions and contributions to science 

6.1 Summary of results 

This study has applied a variety of analytical techniques to investigate the key processes associated 

with pyrrhotite oxidation occurring in waste rock that has been weathering for more than 30 years.   

Porewater extracted from waste rock that had been weathering subaerially for more than 30 years 

remained circumneutral (pH 7.0 – 8.2) with measurable alkalinity (27 – 110 mg L−1 as CaCO3), and 

elevated concentrations of sulfate (1800 – 4200 mg L−1, median of 2000 mg L−1), nickel (1 –  

1660 µg L−1; median of 120 µg L−1), cobalt (2 – 81 µg L−1; median of 6 µg L−1), copper (1 –

14 µg L−1; median of 7 µg L−1)  and zinc (5 – 185 µg L−1; median of 26 µg L−1) consistent with on-

going sulfide oxidation and acidity neutralized predominantly by carbonate-mineral dissolution. 

Microanalysis of pyrrhotite grains confirmed oxidation and the presence of secondary minerals, and 

provided concentrations of trace elements associated with sulfide minerals and the oxidation products. 

Of the trace elements measured, nickel occurred at the highest concentration in pyrite (median of 558 

ppm) and pyrrhotite (median of 2740 ppm) and the alteration rims (median of 963 ppm) from samples 

of weathered waste rock. Calculations suggested that sorption sites on the alteration rims were 

saturated with respect to nickel. Synchrotron X-ray absorption spectra revealed the presence of phases 

of mixed oxidation states of iron, sulfur and nickel associated with alteration rims. Results from this 

study suggest sulfide oxidation was proceeding and releasing trace elements to porewater, with some 

attenuation by sorption onto secondary phases, and carbonate minerals were dissolving to maintain 

circumneutral porewater pH. 

Synchrotron-based data collected across oxidizing pyrrhotite grains provided insight into pyrrhotite 

oxidation at 1 µm intervals. Iron species in the alteration phases occurred as mixtures of ferric and 

ferrous iron species. Linear combination fitting of spectra from the least oxidized pyrrhotite grain 

included contributions of iron hydroxysulfate species whereas the iron species in the alteration 

products of the weathered sample consisted of predominantly iron (oxyhydr)oxides; these results are 

consistent with the aging of iron hydroxysulfates to iron hydroxides and circumneutral pH. Results 

from linear combination fitting were used to estimate the relative proportions of ferric iron and 

ferrous iron, and the results were compared to the pre-edge centroid characteristics. The pre-edge 
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centroids of some standards exhibited oxidation-state characteristics different from those inferred by 

edge and white line energies, and a clustering of data points from the pyrrhotite transects occurred at 

ferric iron fraction of 0.2. Together, these data suggest that the pre-edge centroids maintained the 

energy of ferrous iron until a threshold ferric iron contribution was exceeded.  

Porewater chemistry, solids chemistry and stable calcium isotopes were analyzed to attempt to 

identify the relative contributions of carbonate- and silicate-mineral weathering to the neutralization 

of acid produced by sulfide oxidation. Multi-year porewater chemistry data from Detour Lake Mine, 

with supplementary data from the Diavik Diamond Mine were used calculate lower bounds of 

carbonate-mineral contributions based on measured alkalinity and concentrations of dissolved 

calcium and calculated concentrations of dissolved inorganic carbon. The Detour and Diavik samples 

had calculated medians of carbonate-mineral contribution of 0.18 and 0.59 (as lower bounds), 

respectively. These results were consistent with expectations based on the respective system 

lithologies. Ratios of the stable calcium isotopes 44Ca and 40Ca were measured in a small number of 

porewater and solid samples from each system. Porewater from Diavik had lower δ44/40Ca values 

(range of −1.51 to −1.08 ‰) than porewater from Detour (range of −1.22 to −0.45 ‰,). Two-

component mixing based on solids and porewater samples from the Diavik system suggested a 

carbonate-mineral contribution of up to 0.90, much higher than expected for the calcite-poor waste-

rock system. Calcium isotope values from Detour solids and porewater samples suggested gypsum 

precipitation was preferentially incorporating the lighter (40Ca) isotope and was confounding 

interpretation of the dataset. Additional analyses on solid samples would provide additional insight 

into the applicability of using stable calcium isotopes to apportion carbonate-mineral contributions to 

acid neutralization in mining waste rock.  

Automated quantitative mineralogy (mineral liberation analysis, MLA) was used to identify and 

quantify characteristics of sulfide and secondary minerals. Porewater associated with the weathered 

waste-rock samples was calculated to be saturated with respect to gypsum. The abundance, mineral 

habit and grain sizes of gypsum varied among the historical samples and suggested heterogeneous 

and dynamic geochemical conditions within the waste-rock pile. The presence of jarosite in the MLA 

results were supported by X-ray diffraction analyses, despite calculations that showed porewater was 

undersaturated with respect to that phase. The grain size and associations produced by MLA 

suggested that jarosite formed in acidic microenvironments adjacent to oxidizing sulfide grains.  
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Concentrations of trace elements measured by electron-probe microanalysis were applied to MLA 

modal mineralogy to quantify potential trace-element reservoirs and compared to concentrations 

measured by four-acid digestion. Arsenic, selenium and cobalt were measured by electron-probe 

microanalysis in sulfide grains and alteration rims but were not included in the MLA-calculated 

elemental assay because no mineral formulae in the MLA database contained these elements. Copper, 

nickel and zinc occur as the main components of chalcopyrite, pentlandite and sphalerite, 

respectively, and as impurities in pyrite and pyrrhotite. These trace elements were under-reported by 

up to an order of magnitude when compared to calculations applying electron-probe microanalytical 

results to MLA modal mineralogy, and to four-acid digestion concentrations. The discrepancy 

between bulk chemical assay and MLA-calculated element concentrations may be caused by trace-

element solid solution with silicate minerals not considered by MLA mineral formulae, and/or the 

sample size and resolution limitations of MLA.  

6.2 Contributions to science 

The evolution of porewater geochemistry and mineral transformations in acidic and circumneutral 

mine-waste systems are complex because of concurrent sulfide-mineral oxidation, acid neutralization 

by the dissolution of carbonate- and non-carbonate minerals, secondary-mineral precipitation and/or 

dissolution, and/or trace-element release to porewater and sorption to secondary minerals. A better 

understanding of these processes contributes to more rigorous characterization and prediction of the 

quality and persistence of mine drainage, and, therefore, evaluation of environmental risk. Research 

presented in this study evaluated waste-rock solids and porewater and furthered our understanding of 

these processes.  

The first research chapter demonstrates the value of characterizing sulfide oxidation characteristics 

from the solid-phase and co-located porewater samples using solid-phase and aqueous geochemistry, 

data collected from microanalytical techniques, and mass-transfer models. Analysis of trace elements 

and the speciation of iron and sulfur in partially oxidized sulfide grains and associated alteration rims 

provides insight into the pyrrhotite oxidation process in waste rock that had been weathering for 30 

years. Interpreting characteristics of weathered waste-rock solids and porewater together contributes 

to a better understanding of the evolution of sulfide mineral oxidation and oxidation products in mine-

drainage water. This approach can be extended to a variety of mine-waste systems to improve 

drainage chemistry predictions for more robust mine-waste management strategies. An incidental but 
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broadly applicable finding emphasizes the importance of proper sample handling to reduce the 

possibility of tertiary phase transformations, which may affect measured geochemical parameters and 

subsequent interpretations and predictions. 

The synchrotron-based research described in the second chapter evaluated the spatial distribution at 

the 1 µm scale of iron species associated with pyrrhotite oxidation. The possibility of oxidizing 

ferrous-iron species retaining a ferrous-iron pre-edge centroid energy until a threshold ferric-iron 

component has been surpassed suggests the possibility of a pyrrhotite-oxidation mechanism that has 

not yet been identified and/or confirmed. This research forms the basis for (i) future studies to 

interrogate the sulfide-oxidation model using synchrotron-based techniques and (ii) evaluating 

adjustments to the shrinking-core model based on secondary phases in reactive transport modelling.  

This research is believed to be the first study to apply stable calcium-isotope measurements to 

mine-waste systems and provided values of δ44/40Ca from samples from two lithologically-distinct 

waste rock systems. Samples included porewater extracted from waste rock, massive calcite 

(presumed hydrothermal), plagioclase, acetic-leached fractions of waste rock, and waste rock digested 

by the four-acid method. A better understanding of the relative contributions of carbonate- and non-

carbonate minerals to neutralizing acid produced by sulfide oxidation is important for predicting the 

geochemical evolution of drainage chemistry. Additional porewater samples, and analyses targeting 

carbonate mineral, gypsum, and silicate fractions of waste rock would confirm the applicability of 

using stable calcium isotopes to inform acid neutralization mechanisms in heterogeneous geochemical 

systems. 

A mass-balance calculation using measured porewater chemistry and a mass-transfer model to 

apportion dissolved calcium concentrations to carbonate-mineral and silicate-mineral sources 

provides a lower-bound of calcium concentrations from carbonate-mineral dissolution. Additional 

characterization parameters would be required for a complete mass-balance approach and to 

confidently apply the results to unsaturated, subaerially exposed waste-rock systems. The presented 

calculation approach can form the basis for reactive transport modelling and can be refined with the 

incorporation of pore-gas composition data.  

Results from automated quantitative mineralogy provide insight into the distribution, association 

and habit of secondary minerals, which are not evident by standard techniques. Characteristics of 

secondary minerals provides insight into the geochemical conditions within the mine-waste system, 



 

111 

which are not necessarily evident from porewater chemistry or standard analytical methods. Trace-

element concentrations calculated from modal abundances measured by automated quantitative 

mineralogy must be interpreted with caution. Combining quantitative modal abundances and trace-

element concentrations measured by conventional microanalytical techniques provides a distribution 

of trace elements among sulfide-mineral and alteration-product reservoirs. Comparing these results to 

results from conventional bulk assays reveals limitations in applying automated quantitative 

mineralogy for characterizing trace-element reservoirs. Quantitative mineralogy provides large, 

comprehensive datasets that are not practicably obtainable by conventional methods, and is becoming 

a routine and important analytical method for mine-waste characterization. This research emphasizes 

the value of applying quantitative mineralogy to mine-waste systems. However, this research also 

emphasizes the necessity for understanding the assumptions and system limitations of quantitative 

mineralogy when interpreting the results, particularly for environmentally important trace elements, 

which may not be adequately represented by standard mineral databases. 

Research presented in this thesis demonstrates the value of integrating field-based measurements, 

and microanalytical and quantitative techniques to interpret sulfide-oxidation characteristics, 

secondary-mineral formation, and the behaviour of trace elements in solids and porewater. Research 

outcomes can be extended to future studies to contribute to improving our understanding of the 

development and persistence of drainage chemistry, and, thus, reducing environmental risk from mine 

waste. 
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Appendix A 
Supplementary Material for Chapter 2 

Trace elements in sulfides and release to porewater from sulfide oxidation in a 
historical waste-rock pile, Ontario, Canada 

 

Figures 

 

 

Figure A-1: Ratios of neutralization potential (NP) to acid-generating potential (AP) (NP:AP) of samples 
from historical waste rock (samples) and freshly blasted waste rock (triangles). Lines at 1:1, 1.5:1 and 2:1 
represent designations of acid-generating potential. Samples with NP:AP < 1:1 are typically designated 

“potentially acid generating”. Samples with 1:1 < NP:AP < 2:1 are typically designated “of uncertain acid-
generating potential”. Samples with NP:AP > 2:1 are typically designated “non-acid generating.”. Detour 

Lake Mine designates samples with NP:AP >1.5:1 as “non-acid generating”. 
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Figure A-2: Porewater concentrations of major ions and key trace elements. 
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Figure A-3: Saturation indices (SI) of key secondary phases calculated by PHREEQC. 

 

 

 

Figure A-4: SEM/EDX maps of two altered pyrrhotite grains (upper left and lower right in each frame), and 
gypsum grains or coatings evident in the Sulfur and Calcium maps. Scale bar represents 60 µm. 
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Figure A-5: Concentrations of trace metals measured by EPMA in pyrrhotite (“po”, filled grey circles), 
and pyrite (“py”, open grey circles), and measured in porewater (blue circles). Filled blue circles 

represent porewater samples with corresponding EPMA measurements of po and py, open blue circles 
represent porewater samples with no corresponding EPMA measurements. Grey circles plotted at “N/A 

fresh” on the x-axis represent EPMA measurements on po and py in the freshly blasted sample most 
similar to the historical samples. Dotted line in the As and Se plots identify the method detection limits 

for the aqueous samples. 
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Figure A-6: Standard spectra for (a) iron-XANES, (b) sulfur-XANES, and (c) nickel-XANES. 
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Figure A-7: Measured spectra of iron (Fe; blue lines); sulfur (S; yellow lines); and nickel (Ni, green lines) 
and linear combination fitting results (dotted lines)
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Tables 

 

Table A-1: Sensitivity analyses for linear combination fitting (LCF) for X-ray absorption near edge spectra of iron (Fe-XANES). The % improvement in fit 
statistics compares the LCF combination in the previous column for the measured spot. “N.I.” in schwertmannite row indicates “not included”. 

Standard Spot a 
 

Spot b Spot c Spot d Spot e 
Pyrrhotite 100% 96% 78% 100% 88% 80% 63% 100% 86% 58% 100% 86% 42% 100% 98% 90% 
Marcasite   7%  12% 8% 13%  14% 27%  14% 34%    
Goethite  4% 10%   13% 14%      12%  2% 5% 
Ferrihydrite                 
Schwertmannite  N.I. 5%  N.I. N.I. 10%  N.I. 15%  N.I. 13%  N.I. 5% 
R-factor 1.63E-03 9.80E-04 4.55E-04 7.65E-03 1.82E-03 4.97-04 1.97E-04 2.09E-02 1.62E-02 5.01E-04 9.09E-03 5.99E-03 1.05E-03 2.38E-03 2.19E-03 3.69E-04 

Reduced Chi-squared 3.02E-04 1.81E-04 8.53E-05 1.41E-03 3.36E-03 9.27E-05 3.71E-05 3.69E-03 
6.00E 

-01 
8.94E-05 1.62E-03 1.06E-03 1.89E-04 4.56E-04 4.20E-04 7.15E-05 

% improvement in fit 
statistic 

 40% 54%  76% 73% 60%  22% 97%  34% 82%  8% 83% 
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Table A-2: Sensitivity analyses for linear combination fitting (LCF) for X-ray absorption near edge spectra of sulfur (S-XANES). The % improvement in 
fit statistics compares the LCF combination in the previous column for the measured spot. Grey font represents insufficient improvement in fit statistic 

to include phases < 5%. 

Standard Spot a Spot b Spot c Spot d Spot e 
Pyrrhotite 100% 94% 93% 89% 100% 88% 85% 86% 100% 88% 71% 69% No data 100% 90% 90% 
Marcasite          3%           
Elemental S                    6% 4% 
Thiosulfate   6% 6% 5%   7% 5%  12% 12% 13%    9% 4% 
Tetrathionate     5%  12% 8% 7%   17% 17%     2% 
Sulfite               1%      
Sulfate    2% 0.4%                
R-factor 8.94E-03 9.12E-03 8.83E-03 3.60E-03 1.13E-02 1.03E-02 4.67E-03 4.18E-03 2.93E-02 1.30E-02 1.12E-02 1.08E-02  

 1.14E-02 4.62E-03 3.40E-03 

Reduced Chi-squared 1.42E-03 1.49E-03 1.40E-03 5.72E-03 1.90E-03 1.72E-03 7.91E-03 7.13E-04 5.14E-03 2.28E-03 1.99E-03 1.93E-03  
 1.85E-03 7.53E-03 5.60E-04 

%improvement in 
fit statistics   2% 3% 59%   9% 54% 11%   56% 14% 3%   

 
  60% 26% 
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Table A-3: Sensitivity analyses for linear combination fitting (LCF) for X-ray absorption near edge spectra 
of nickel (Ni-XANES). The % improvement in fit statistics compares the LCF combination in the previous 
column for the measured spot. Grey font represents insufficient improvement in fit statistic to include to 

include phases < 5%. 

Standard Spot d 
Pentlandite 100%     
NiS2  100% 85% 84% 
NiS      
NiSO4   15% 15% 
NiO + Ni(OH)2    1% 

R-factor 3.49E-02 2.87E-02 1.08E-03 9.77E-04 

Reduced Chi-squared 7.94E-03 6.54E-03 2.48E-03 2.29E-04 

%improvement in fit 
statistics   18% 96% 9.5% 
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Appendix B 
Supplementary Material for Chapter 3 

Fe K-edge XANES across oxidizing pyrrhotite grains from natural samples of 
mining waste rock 

 

Figures 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 
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(f) 

 

(g) 

 

Figure B-1: Diffractograms from reference materials collected with a Rigaku MiniFlex II Desktop X-ray 
diffractometer. (a) jarosite, (b) hematite, (c) goethite, (d) ferrihydrite, (e) schwertmannite, (f) marcasite, (g) 

magnetite. Data was collected over 3 – 80 2θ° with a step size of 0.05° and scan speed of 4.00° min-1. A 
copper anode tube X-ray source was used with a voltage of 30 kV and current of 15 mA. All materials 

were positively identified using the PDF4+ database and JADE Pro software (Materials Data, Inc., USA) 
Diffractograms from ferrihydrite and schwertmannite samples showed no evidence of crystalline 

transformation products and contained broad peaks aligned with PDF4+ database patterns 01-072-7673 
and 00-047-1775, respectively. The marcasite sample was identified to contain a mixture of szomolnokite 

[FeSO4·H2O; 04-008-9680] and marcasite [04-008-8452]. Jarosite [04-015-8168], hematite [01-087-1166], 
goethite [04-015-2899], and magnetite [04-012-7038] were positively identified. The diffractogram from 

magnetite contained seven unidentified peaks at d-spacings of 6.96, 5.51, 3.50, 2.76, and 2.34 Å. 
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(a) 

 

(b) 

 

Figure B-2: Normalized standard spectra for (a) pyrrhotite standard (dark line) and sample spots from 
sample 117, 3M and 4T used as sample-specific standards in linear combination fitting; labels denote 

sample (117, 3M, 4T) and separate grains in each sample (a – g); and (b) standard spectra. Dotted line in 
(b) indicates standard spectra collected in transmission mode, demonstrating over-absorption occurred 

for spectra collected in fluorescence mode, with the exception of FeSO4·7H2O. 
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             (a) (b) 

 

Figure B-3: (a) Baseline-subtracted pre-edge spectra (blue line), with deconvolution fit (dotted black line) 
for standard spectra collected in fluorescence mode. Vertical grey lines denote centroid energy of full 

pre-edge feature. Horizontal dashed lines represent the baseline.  (b) Residual and fit parameters for pre-
edge deconvolution using a baseline spline function and pseudo-Voigt components with a fixed 0.4 

Gaussian fraction. 
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              (a) (b) 

 

Figure B-4: (a) Baseline-subtracted pre-edge spectra (blue line), with deconvolution fit (dotted black line) 
for pyrrhotite spectra collected in fluorescence mode. Vertical grey lines denote centroid energy of full 

pre-edge feature. Horizontal dashed lines represent the baseline.  (b) Residual and fit parameters for pre-
edge deconvolution using a baseline spline function and pseudo-Voigt components with a fixed 0.4 

Gaussian fraction. 
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Figure B-5: Successive melanterite spectra illustrating oxidation and dehydration during data collection 
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(a) 

 

(b) 

 

(c) 

 

Figure B-6: Transects across pyrrhotite grains (a) 117, (b) 3M and (c) 4T. E0 energy values denoted by 
filled triangle symbols, white line energy values denoted by open triangles. Numbers indicate transect 

spot number. 
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Spot # Reduced Chi2 

25 5.25E-04 

24 2.32E-04 

23 3.41E-04 

22 2.20E-04 

21 6.39E-05 

20 9.67E-05 

19 6.12E-05 

18 3.30E-05 

17 4.27E-05 

16 4.48E-05 

15 7.40E-05 

14 7.05E-05 

13 2.84E-05 

12 4.95E-05 

11 1.40E-05 

10 1.00E-05 

9 1.09E-05 

8 1.20E-05 

7 1.44E-05 

6 1.16E-05 

5 6.20E-06 

4 5.26E-06 

3 1.57E-05 

2 3.89E-06 

1 1.96E-05 
 

Figure B-7: Linear combination fitting results for transect spots across grain 117. Energy range of fit 
7070 – 7220 eV. 

  



 

157 

 

 

Spot # Reduced Chi2 

24 1.40E-03 

23 7.19E-04 

22 8.92E-04 

21 5.51E-04 

20 1.21E-04 

19 1.69E-04 

18 9.44E-05 

17 9.03E-05 

16 9.07E-05 

15 1.11E-04 

14 6.97E-05 

13 7.34E-05 

12 7.75E-05 

11 9.39E-05 

10 7.88E-05 

9 8.32E-05 

8 1.60E-04 

7 6.91E-05 

6 9.82E-05 

5 8.80E-05 

4 8.15E-05 

3 1.24E-04 

2 1.32E-04 

1 1.46E-04 
 

Figure B-8: Linear combination fitting results for transect spots across grain 3M. Energy range of fit 7070 
– 7220 eV.  
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Spot # Reduced Chi2 

21 4.42E-05 

20 2.54E-05 

19 3.94E-05 

18 7.39E-05 

17 1.20E-04 

16 1.95E-04 

15 1.09E-04 

14 8.02E-05 

13 5.35E-05 

12 4.52E-05 

11 3.63E-05 

10 3.32E-05 

9 4.84E-05 

8 4.17E-05 

7 3.66E-05 

6 5.37E-05 

5 3.62E-05 

4 2.88E-05 

3 3.69E-05 

2 3.45E-05 

1 6.58E-06 
 

Figure B-9: Linear combination fitting results for transect spots across grain 4T. Energy range of fit 7070 
– 7220 eV. 
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Spot # Reduced Chi2 

25 2.71E-05 

24 9.07E-06 

23 2.51E-05 

22 1.86E-05 

21 1.13E-05 

20 1.19E-05 

19 1.38E-05 

18 7.72E-06 

17 5.46E-06 

16 3.05E-06 

15 1.12E-05 

14 2.36E-06 

13 1.12E-05 

12 1.15E-05 

11 7.11E-06 

10 7.50E-06 

9 7.24E-06 

8 5.07E-06 

7 8.29E-06 

6 3.53E-06 

5 3.89E-06 

4 3.03E-06 

3 2.64E-06 

2 1.64E-06 

1 3.62E-06 
 

Figure B-10: Linear combination fitting results of the pre-edge region for transect spots across grain 117. 
Energy range of fit 7104 – 7119 eV. 
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Spot # Reduced Chi2 

24 1.82E-04 

23 2.14E-04 

22 7.15E-05 

21 4.39E-05 

20 3.08E-05 

19 1.75E-05 

18 2.52E-05 

17 2.00E-05 

16 1.27E-05 

15 1.63E-05 

14 1.22E-05 

13 1.15E-05 

12 1.14E-05 

11 1.06E-05 

10 1.36E-05 

9 1.11E-05 

8 1.08E-05 

7 1.78E-05 

6 1.82E-05 

5 2.27E-05 

4 2.14E-05 

3 1.86E-05 

2 1.54E-05 

1 2.14E-05 
 

Figure B-11: Linear combination fitting results of the pre-edge region for transect spots across grain 3M. 
Energy range of fit 7104 – 7119 eV. 
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Spot # Reduced Chi2 

21 1.63E-05 

20 9.26E-06 

19 8.55E-06 

18 8.98E-06 

17 3.82E-06 

16 1.80E-06 

15 8.17E-07 

14 2.18E-06 

13 8.00E-06 

12 8.74E-06 

11 1.53E-05 

10 1.44E-05 

9 1.63E-05 

8 4.10E-06 

7 1.41E-06 

6 2.45E-06 

5 8.25E-07 

4 2.57E-06 

3 3.16E-06 

2 4.17E-06 

1 3.72E-06 
 

Figure B-12: Linear combination fitting results of the pre-edge region for transect spots across grain 4T. 
Energy range of fit 7104 – 7119 eV. 
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Tables 

 

Table B-1: Pre-edge centroid energies and intensities for standard spectra collected in fluorescence 
mode and transmission mode. 

 Fluorescence mode Transmission mode 

  

Pre-edge 
centroid 
energy (eV) 

Pre-edge 
centroid 
intensity 

Pre-edge 
centroid 
energy (eV) Pre-edge centroid intensity 

Pyrrhotite 7112.08 0.170 7112.15 0.184 
Pyrite 7112.58 0.485 7112.59 0.354 
Marcasite 7112.60 0.337 7112.55 0.300 
FeSO4·7H2O 7112.53 0.185 7112.17 0.149 
FeSO4·7H2O (oxidized) 7112.13 0.077 7112.19 0.069 
Melanterite (oxidized ± 
dehydrated) 7112.59 0.144 7112.18 0.227 

Magnetite 7113.27 0.386 7113.29 0.277 
Hematite 7113.16 0.155 7113.25 0.121 
Schwertmannite 7113.31 0.102 7113.45 0.062 
Jarosite 7113.31 0.100 7113.33 0.072 
Goethite 7113.25 0.118 7113.25 0.121 
Ferrihydrite 7113.26 0.221 7113.17 0.143 
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Table B-2: References for data used to calculate standard deviation of Fe-S/O bond distances 

Mineral   System 
n Fe 
sites 

Average 
Fe-S/O 

Standard 
Deviation Reference 

Fe 
site 1 2 3 4 5 6 7 8 9 10 

Pyrrhotite 
(Fe7S8) 

Trigonal 7 2.4534 0.1475 Fleet, 1971 
ave 2.4481 2.4270 2.4270 2.4270 2.4694 2.4694 2.5057    
stdv 0.0848 0.1054 0.1051 0.1054 0.0963 0.0963 0.3362    

Pyrrhotite 
(Fe7S8) 

Monoclinic 4 2.4485 0.0844 Tokonami 
et al., 1972 

ave 2.4465 2.4481 2.4559 2.4435       
stdv 0.1150 0.0861 0.0948 0.0550       

Marcasite Orthorhombic 1 2.2439 0.0104 Buerger, 
1937  

ave 2.2439          
stdv 0.0104          

Hematite Trigonal 1 2.0309 0.0934 
Finger and 
Hazen, 
1980 

ave 2.0309          
stdv 0.0934          

Ferrihydrite Trigonal 1 2.0830 0.1452 Drits et al., 
1993 

ave 2.0830          
stdv 0.1452          

Goethite Orthorhombic 1 2.0218 0.0750 Szytuła et 
al., 1968 

ave 2.0218          
stdv 0.0750          

Jarosite Trigonal 1 1.9995 0.0361 
Kato and 
Miura, 
1977 

ave 1.9995          
stdv 0.0361          

Melanterite Monoclinic 2 2.1228 0.0415 Peterson, 
2003 

ave 2.1157 2.1298         
stdv 0.0426 0.0431         

Schwertmannite 
  

Triclinic 
  

10 
  

2.0326 
  

0.0815 
  

Fernandez-
Martinez et 
al., 2010 
  

ave 2.0201 2.0558 2.0117 2.0244 2.0459 2.0120 2.0116 2.0240 2.0608 2.0602 

stdv 0.1063 0.0447 0.0340 0.1022 0.1416 0.0417 0.0277 0.0936 0.0720 0.1108 
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Appendix C 

Supplementary Material for Chapter 4 

Major ion chemistry and calcium isotopic composition of waste rock and 
porewater in calcite-dominant and calcite-depleted systems 

 

Plagioclase composition 

Plagioclase grains were analyzed by electron-probe microanalysis (EPMA) at the University of 

Ottawa (Ottawa, Canada) for potassium [K], calcium [Ca], sodium [Na], aluminum [Al], manganese 

[Mn], iron [Fe], titanium [Ti], barium [Ba], magnesium [Mg], and silicon [Si]. Standards included 

sanidine [KAlSi3O8], diopside [CaMgSi2O6], albite [NaAlSi3O8], tephroite [Mn2SiO2], hematite 

[Fe2O3], rutile [TiO2], and sanbornite [Ba2Si4O10]. 

Plagioclase and alkali feldspar grains were measured by EPMA in one freshly blasted and two 

historical samples to determine the Ca and Na components in the plagioclase solid solution series 

{end members albite [Na(AlSi3O8)] and anorthite [Ca(Al2Si2O8)]}, and the K-Na components in the 

alkali feldspar solid solution series {end members orthoclase [KAlSi3O8] and albite}. The majority of 

the grains measured by EPMA had intermediate plagioclase compositions, with median mineral 

formulae in the historical and freshly blasted samples of [Na0.74Ca0.23Al1.23Si2.8O8] (n=24), and 

[Na0.77Ca0.21Al1.21Si2.8O8] (n=37), respectively. Approximately one third of the measured plagioclase 

grains in each sample had an albite composition with median mineral formulae for grains with 

Na > 0.9 of [Na0.91Ca0.04Al1.1Si3O8] (n=12), and [Na0.91Ca0.02Al1.1Si3O8] (n=20) for historical, and 

freshly blasted waste-rock samples, respectively. This ratio of albite:plagioclase is similar to the 

MLA-calculated modal mineralogy for the historical samples but is slightly higher than for the freshly 

blasted sample. Potassium [K] in feldspar was also investigated. The feldspar grains measured by 

EPMA (n= 56 for historical samples, none in freshly blasted sample) had a median composition of 

[K0.93Na0.04AlSi3O8], with most grains (n=31) having K > 0.9.  
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Figures 

 

 
Figure C-1: Ternary diagrams by waste-rock system for (a) Diavik waste rock and porewater and (b) 

Detour waste rock and porewater. Higher metasediment systems in the Diavik waste rock contain higher 
sulfur concentrations. 
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Figure C-2: Ratios of K/Na and Mg/Na vs. Ca/Na for Diavik and Detour datasets. Open light-grey symbols 
indicate porewater samples, solid dark grey symbols indicate solid samples, blue open symbols indicate 

porewater samples analyzed for Ca-isotope values and solid blue symbols indicate solid samples 
analyzed for Ca-isotope values. Lines plotted at 1:1. Diavik solid samples were not exposed to ambient 

conditions prior to analysis and have no observable trend. Detour solid samples were recovered from in 
situ waste-rock pile and the distributions indicate increasing K/Na and Mg/Na ratios with increasing 

Ca/Na ratios, suggesting ongoing weathering. 
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Figure C-3: Time series for Diavik porewater samples collected from 2 m scale experiments and a 15 m 
scale experiment. Alkalinity and calcium (Ca) concentrations from experiments from 2007 to 2011 
previously reported by Bailey (2013), Bailey et al. (2016) and Hannam (2012). Calculated saturation 

indices from 2007 – 2011 also reported but re-calculated for this study; re-calculated saturation indices 
(as log SI calcite and log SI gypsum) presented here. All data from 2012 to 2016 inclusive have not been 
previously published. Calcite saturation indices for samples with alkalinity = 0 mmol L−1 as CaCO3 are 

plotted at log SI calcite = −6. 
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Figure C-4: Time series for Detour porewater samples collected from soil-water soliton samplers (SWSS) 
installed in WRS#4. Data previously reported by McNeill (2016). Concentrations of alkalinity and calcium 

(Ca) converted to mmol L−1 for this study. Saturation indices of calcite and gypsum calculated for this 
study. 
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Figure C-5: Calculated saturation indices of gypsum for (a) full Diavik porewater dataset (b) Diavik 
porewater samples with no measurable alkalinity; (c) Diavik porewater samples with measurable 

alkalinity. Samples with no measurable alkalinity had slightly higher proportion of samples calculated to 
be saturated with respect to gypsum (n = 18 of 401 samples), compared to samples with measurable 

alkalinity (n = 9 of 392 samples) 
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Figure C-6: Diavik porewater datasets illustrating relationships between (a) and (b) calculated carbonate 
contributions and calculated dissolved inorganic carbon (DIC) (log scale for y-axis in (a), linear scale in 

(b)); pH and calculated DIC (log scale for x-axis in (c), linear scale in (d)); (e) pH and PHREEQC-
calculated alkalinity; (f) pH and measured alkalinity, with inset illustrating samples with low measured 

alkalinity concentrations and pH > 5. Open grey symbols indicate porewater samples, open blue symbols 
indicate porewater samples analyzed for Ca-isotopes; open black symbols indicate porewater samples 

with pH < 4.5, but with measured alkalinity concentrations.  
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Figure C-7: Calculated regression curves for each of the five Diavik systems that comprise the full Diavik 
porewater dataset. (a) all five systems; (b) Systems 1UE and 1UW with lower sulfur component (note the 

change in scale from (a)); and (c) Systems 3UE , 3UW and CB with higher sulfur component (note the 
change in scale from (a)). Yellow series 3UE with grey label in (a) and (c) for clarity.  
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Tables 

Table C-1: Electron probe microanalysis (EPMA) results for carbonate grains in weathered and fresh 
waste-rock samples from Detour Lake Mine. Reported as atomic proportion based on three oxygen 

molecules. 

Sample 
ID 

Sample 
type Mineral       Ca        Sr        Fe        Mn        Mg        C     Total   

2M Weathered Calcite 0.329 0 0 0.0003 0.0040 0.333 0.6663 
2M Weathered Calcite 0.331 0 0.0001 0.0021 0.0005 0.333 0.6668 
2M Weathered Calcite 0.333 0 0.0001 0.0003 0 0.333 0.6664 
2M Weathered Calcite 0.33 0 0.001 0.0015 0.0014 0.333 0.667 
2M Weathered Calcite 0.329 0 0.0001 0.0003 0.0043 0.333 0.6668 
2M Weathered Calcite 0.33 0 0.0009 0.0014 0.0012 0.333 0.6665 
2M Weathered Calcite 0.333 0 0.0002 0 0 0.333 0.6663 
2M Weathered Calcite 0.232 0 0.0013 0.0002 0.1 0.333 0.6665 
2M Weathered Calcite 0.333 0 0.0003 0.0001 0 0.333 0.6664 
2M Weathered Calcite 0.326 0 0.0004 0.0001 0.0065 0.333 0.6661 
3B Weathered Calcite 0.332 0 0.0002 0.0006 0.0006 0.333 0.6665 
3B Weathered Calcite 0.332 0 0.0003 0.0001 0.0007 0.333 0.6661 
3B Weathered Calcite 0.332 0 0.0001 0.0001 0.0012 0.333 0.6664 

25/26 Fresh Calcite 0.327 0 0.0021 0.0018 0.0028 0.333 0.6668 
25/27 Fresh Calcite 0.333 0 0.0001 0.0006 0.0001 0.333 0.6669 
25/28 Fresh Calcite 0.33 0 0.001 0.0002 0.0021 0.333 0.6663 
25/29 Fresh Calcite 0.327 0 0.0003 0.0001 0.0056 0.333 0.6661 

090 Fresh Dolomite 0.174 0 0.0033 0.0003 0.155 0.333 0.6657 
090 Fresh Dolomite 0.17 0 0.0002 0.0001 0.163 0.333 0.6663 
090 Fresh Dolomite 0.172 0 0.0019 0.0002 0.159 0.333 0.6662 
090 Fresh Dolomite 0.176 0 0.0022 0.0003 0.154 0.333 0.6656 
090 Fresh Dolomite 0.159 0 0.0003 0.0002 0.174 0.333 0.6665 
090 Fresh Dolomite 0.172 0 0.0007 0 0.161 0.333 0.6668 
090 Fresh Dolomite 0.169 0 0.0012 0 0.163 0.333 0.6663 
090 Fresh Calcite 0.247 0 0.0464 0.0143 0.026 0.3333 0.6666 
090 Fresh Dolomite 0.172 0 0.0002 0.0002 0.16 0.333 0.6655 
090 Fresh Dolomite 0.17 0 0.0006 0.0001 0.162 0.333 0.6658 
090 Fresh Calcite 0.333 0 0.0001 0 0 0.333 0.6662 
090 Fresh Dolomite 0.173 0 0.0003 0 0.16 0.333 0.6663 
090 Fresh Dolomite 0.172 0 0.006 0.0004 0.155 0.333 0.6665 
090 Fresh Dolomite 0.166 0 0.0017 0.0003 0.166 0.333 0.667 
090 Fresh Calcite 0.329 0 0.0012 0.0023 0.0006 0.333 0.6662 
090 Fresh Dolomite 0.177 0 0.0038 0.0002 0.152 0.333 0.6661 
090 Fresh Dolomite 0.166 0 0.0009 0 0.167 0.333 0.6669 
090 Fresh Calcite 0.319 0 0.0054 0.0054 0.0035 0.333 0.6664 
090 Fresh Calcite 0.329 0 0.0005 0.0002 0.0037 0.333 0.6664 
090 Fresh Dolomite 0.174 0 0.002 0.0002 0.157 0.333 0.6663 
090 Fresh Dolomite 0.17 0 0.0046 0.0006 0.158 0.333 0.6663 
090 Fresh Dolomite 0.169 0 0.0047 0.0006 0.16 0.333 0.6673 
090 Fresh Calcite 0.33 0 0.0004 0.0001 0.0025 0.333 0.6661 
090 Fresh Dolomite 0.17 0 0.0012 0.0003 0.162 0.333 0.6666 
090 Fresh Dolomite 0.172 0 0.0003 0.0001 0.161 0.333 0.6665 



 

173 

Table C-2: Linear regressions for the calculated minimum proportion of calcium derived from calcite and 
dolomite dissolution (Cacal-diss/Capw or Cadol-diss/Capw, respectively) to the calculated dissolved inorganic 

carbon (DIC) concentrations for each of the Diavik waste-rock systems, and the Detour waste rock 
systems. 

System Linear regression R2 n n > DIC = 0 
1UE Cacal-diss/Capw = 0.036 + (441 × DIC) 0.85 120 114 
1UW Cacal-diss/Capw = −0.051 + (602 × DIC) 0.22 138 134 
3UE Cacal-diss/Capw = 0.00002 + (87.6 × DIC) 0.99 132 13 
3UW Cacal-diss/Capw = −0.0002 + (84.7 × DIC)  0.99 166 5 
CB Cacal-diss/Capw = −0.0011 + (103 × DIC) 0.97 183 72 
Detour (Cacal-diss = −0.0052 + (90.3 × Cacal-diss) 0.95 135 135 

Detour Cadol-diss/Capw = −0.0026 + (90.2 × Cadol-diss) 0.95 135 135 
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Appendix D  
Supplementary Material for Chapter 5 

Secondary minerals and trace element reservoirs in weathered waste rock: 
Integration of quantitative mineralogy and conventional mineralogical 

techniques 

 

 

Figures 
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Figure D-1: Mineral associations with gypsum. Minerals with < 0.01 wt% modal abundances not included 
in association calculations. Y-axes scale (calculated association ratio) to 250. 
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Figure D-2: Mineral associations with Ca-Fe-sulfate. Minerals with < 0.01 wt% modal abundances not 
included in association calculations. Y-axes scale (calculated association ratio) to 250. 
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Figure D-3: Mineral associations with jarosite. Minerals with < 0.01 wt% modal abundances not included 
in association calculations. Y-axes scale (calculated association ratio) to 250. 
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Figure D-4: Mineral associations with altered Fe-sulfide. Minerals with < 0.01 wt% modal abundances not 
included in association calculations. Y-axes scale (calculated association ratio) to 250. 
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Figure D-5: Mineral associations with pyrrhotite. Minerals with < 0.01 wt% modal abundances not 
included in association calculations. Y-axes scale (calculated association ratio) to 250. 
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Figure D-6: Sulfide mineral liberation calculated by mineral liberation analysis (MLA). 
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Table D-1: Trace sulfide modal mineralogies calculated from four-acid digestion concentrations. Calculation verifications using MLA-provided 
pyrrhotite, pyrite, gypsum and jarosite modal mineralogies compared to sulfur [S] concentrations measured by induction furnace [IF]. All 

concentrations in wt%. Modal mineralogies <0.01 wt %, presented in italics, are considered estimates but were maintained at MLA-reported values for 
calculations. Jarosite* indicates modal mineralogies taken from the yavapaiite modal mineralogies, with the jarosite mineral formula applied. “n.a.” 

denotes “not analyzed”. 

Mineral MLA database 
formula or element 

117 119 090 223 224 25-26 2M 3B 3M 3T 4MB 4T 5B 5M 5T 

Mineral abundance calculated by MLA; MLA database formulae provided 
Pentlandite Fe(2+)

4.5Ni4.5S8 0.08 0.11 0.0001 0.0001 0.0009 0.0003 0.03 0.03 0.03 0.01 0.013 0.03 0.04 0.013 0.03 
Chalcopyrite CuFe(2+)S2 0.11 0.33 0.008 0.02 0.007 0.012 0.14 0.27 0.16 0.11 0.09 0.23 0.27 0.17 0.18 
Sphalerite ZnS 0.009 0.009 0.002 0.005 0.002 0.0003 0.0010 0.0002 0.005 0 0.0005 0.00006 0.001 0.00005 0.001 
Pyrite Fe(2+)S2 0.71 0.59 0.28 0.42 0.44 0.04 0.88 0.56 0.15 0.36 0.53 0.42 0.91 0.04 0.46 
Pyrrhotite Fe(2+)

0.95S 2.04 3.74 0.08 0.45 0.34 0.13 2.58 1.94 1.00 0.24 0.33 0.98 1.08 0.63 1.05 
Gypsum CaSO4·2H2O 0.12 n.a. 0.03 0.05 0.08 0.06 0.24 0.17 2.87 6.65 1.15 3.36 3.10 4.21 2.65 
Jarosite*  KFe(3+)

3(SO4)2(OH)6 0.007 0.06 0.002 0.005 0.001 0.005 0.16 0.15 0.15 0.20 0.37 0.27 0.13 0.58 0.20 
Trace element concentrations measured by four-acid digestion 
 Ni 642 n.a. 33 50 n.a. 44.9 448.3 644.2 699.9 n.a. n.a. 1486.0 n.a. 1634.9 563.7 
 Cu 429 n.a. 62 138 n.a. 112 765 1806 740 n.a. n.a. 925 n.a. 1052 774 
 Zn 196 n.a. 38.3 67.0 n.a. 38.7 112 123 106 n.a. n.a. 158 n.a. 185 105 
Total sulfur measured by induction furnace 
  S 1.29 1.45 0.12 0.55 n.a. 0.12 1.52 1.88 1.32 n.a. n.a. 1.72 n.a. 2.00 1.38 
Maximum trace sulfide abundance calculated from four-acid digestion concentrations 
Pentlandite Fe(2+)

4.5Ni4.5S8 0.20 n.a. 0.010 0.016 n.a. 0.014 0.14 0.20 0.22 n.a. n.a. 0.46 n.a. 0.51 0.18 
Chalcopyrite CuFe(2+)S2 0.12 n.a. 0.018 0.040 n.a. 0.032 0.22 0.52 0.21 n.a. n.a. 0.27 n.a. 0.30 0.22 
Sphalerite ZnS 0.029 n.a. 0.006 0.010 n.a. 0.006 0.017 0.018 0.016 n.a. n.a. 0.024 n.a. 0.027 0.016 
Sulfur concentrations attributed to calculated trace sulfides 
Pentlandite S 0.07 n.a. 0.003 0.005 n.a. 0.005 0.05 0.07 0.07 n.a. n.a. 0.15 n.a. 0.17 0.06 
Chalcopyrite S 0.04 n.a. 0.006 0.014 n.a. 0.011 0.08 0.18 0.07 n.a. n.a. 0.09 n.a. 0.11 0.08 
Sphalerite S 0.010 n.a. 0.002 0.003 n.a. 0.002 0.005 0.006 0.005 n.a. n.a. 0.008 n.a. 0.009 0.005 
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Cont’d                 
Mineral MLA database 

formula or element 
117 119 090 223 224 25-26 2M 3B 3M 3T 4MB 4T 5B 5M 5T 

Sulfur concentrations attributed to MLA-provided modal mineralogies 
Pyrrhotite S 0.77 n.a. 0.031 0.171 n.a. 0.049 0.97 0.73 0.38 n.a. n.a. 0.37 n.a. 0.24 0.40 
Pyrite S 0.38 n.a. 0.150 0.224 n.a. 0.022 0.47 0.30 0.08 n.a. n.a. 0.22 n.a. 0.02 0.25 
Gypsum S 0.02 n.a. 0.005 0.009 n.a. 0.011 0.05 0.46 0.54 n.a. n.a. 0.63 n.a. 0.78 0.49 
Jarosite*  S 0.0009 n.a. 0.0002 0.0006 n.a. 0.0006 0.021 0.020 0.019 n.a. n.a. 0.034 n.a. 0.074 0.026 
Mass balance check 
Total attributed S from calculations 1.29 n.a. 0.20 0.43 n.a. 0.10 1.64 1.76 1.16 n.a. n.a. 1.51 n.a. 1.41 1.30 
Residual ([S from IF] - [S from 
calculations]) 

-0.004 n.a. -0.080 0.13 n.a. 0.023 -0.12 0.12 0.16 n.a. n.a. 0.21 n.a. 0.59 0.08 
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Bulk chemical composition 

Whole rock analysis (WRA) by lithium metaborate fusion with ICP-MS finish, and total sulfur [S] 

and total carbon [C] analyses by induction furnace were conducted by SGS Canada (Burnaby, 

Canada). 

Concentrations of major elements calculated by MLA were typically within a factor of two 

measured by WRA (converted from oxide to elemental concentrations; Table D-1; Table D-2). There 

were no systematic positive or negative biases between MLA results and WRA, or between the 

freshly blasted samples and the historical waste rock samples. However, some individual elements 

were either over- or under-predicted by MLA-calculations. Differences in MLA-calculated and 

measured concentrations may be an artefact of subsampling, and therefore different mineral 

distributions analyses by each method, though care was taken to apply accepted sub-sampling 

methods (coning and quartering). The concentrations of silicon [Si] are consistent. The differences in 

the remaining major cations appear to be an artefact of MLA-assigned mineral formulae, particularly 

for minerals with solid solution series. In these samples, key mineral phases with solid solution series 

with major elements include feldspars (plagioclase and alkali), amphiboles, micas, pyroxenes and 

chlorite.  
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Table D-1: MLA-calculated assay for carbon [C], sulfur [S], and the major cations associated with silicate 
minerals in the samples in this study: calcium [Ca], sodium [Na], potassium [K], iron [Fe], magnesium 

[Mg], silicon [Si, and aluminum [Al]. 

 MLA MLA MLA MLA MLA MLA MLA  
Ca 

(wt%) 
Na 

(wt%) 
K   

(wt%) 
Fe 

(wt%) 
Mg 

(wt%) 
Si   

(wt%) 
Al 

(wt%) 
Freshly blasted       
090 6.76 0.98 1.40 2.11 2.81 29.5 6.39 
117 6.25 0.33 0.67 10.2 8.17 20.3 5.21 
119 5.25 0.46 0.60 10.5 7.40 21.1 5.52 
223 8.50 0.91 1.30 3.31 2.48 27.1 6.32 
224 6.32 0.98 1.48 4.05 2.78 28.5 6.80 
25-26 5.74 1.04 1.45 2.41 1.93 31.0 6.45 
Historical        
2M 6.27 0.52 0.76 11.6 5.67 21.8 5.61 
3B 5.83 0.45 0.75 12.2 5.06 21.9 5.62 
3M 5.87 0.51 0.78 11.2 5.42 22.5 5.42 
3T 6.36 0.55 0.98 8.79 4.80 23.0 5.43 
4Mb 5.41 0.59 1.32 8.79 5.45 24.2 5.91 
4T 5.82 0.36 0.96 13.4 6.86 19.5 5.36 
5B 5.20 0.51 0.89 9.42 5.61 23.4 5.53 
5M 5.29 0.43 0.87 12.3 6.24 20.9 5.14 
5T 5.40 0.55 1.00 9.16 5.61 23.4 5.79 
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Table D-2: Whole rock analysis [WRA] of the major cations associated with silicate minerals in the 
samples in this study: calcium [Ca], sodium [Na], potassium [K], iron [Fe], magnesium [Mg], silicon [Si, 
and aluminum [Al]. WRA results converted from reported as oxides (wt%) to elemental concentrations 

for direct comparison to MLA-calculated assay. “n.a.” denotes not analyzed. 

 WRA WRA WRA WRA WRA WRA WRA 

 
Ca 

(wt%) 
Na 

(wt%) 
K   

(wt%) 
Fe  

(wt%) 
Mg 

(wt%) 
Si   

(wt%) 
Al  

(wt%) 
Freshly blasted       
090 5.52 2.05 1.83 2.18 2.26 30.4 5.82 
117 4.90 0.57 0.56 8.32 9.29 16.4 4.38 
119 3.05 0.95 0.53 7.41 9.41 22.9 4.23 
223 6.85 1.77 1.38 3.97 2.23 28.2 5.82 
224 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
25-26 4.07 2.03 1.58 2.63 1.92 31.3 5.72 
Historical        
2M 4.20 0.92 0.71 9.16 7.18 17.6 5.35 
3B 3.94 0.91 0.65 9.86 6.75 24.1 5.45 
3M n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
3T 4.31 1.19 0.98 7.76 5.55 22.9 4.84 
4Mb 3.26 1.20 1.09 7.20 6.15 24.6 5.25 
4T 3.74 0.73 0.69 9.79 8.99 16.9 5.10 
5B 3.34 1.02 0.77 7.90 6.33 23.5 4.89 
5M 3.29 0.82 0.79 9.37 7.54 21.3 4.67 
5T 3.18 1.00 0.87 7.48 6.27 23.1 4.91 
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Table D-3: Results of whole rock analysis by lithium metaborate fusion with ICP-finish. Conducted by SGS (Burnaby, Canada), method code ICP95A. 

 Al2O3 Ba CaO Cr2O3 Fe2O3 K2O MgO MnO Na2O Nb P2O5 SiO2 Sr TiO2 Y Zn Zr LOI 
  % % % % % % % % % % % % % % % ppm % % 

LOD 0.01 0.001 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.001 0.01 0.01 0.001 0.01 0.001 5 0.001 -10 
Freshly blasted                 
090 11.0 0.047 7.72 0.02 3.12 2.2 3.75 0.05 2.76 <0.001 0.10 65.0 0.025 0.35 0.001 36 0.018 7.14 
117 8.00 0.009 6.85 0.37 11.9 0.67 15.4 0.16 0.77 0.001 0.05 35.0 0.007 0.46 <0.001 178 0.004 6.69 
119 8.0 0.015 4.27 0.39 10.6 0.64 15.6 0.14 1.28 0.002 0.04 49.0 0.010 0.34 0.001 183 0.007 6.01 
223 11.0 0.032 9.58 0.02 5.67 1.66 3.70 0.10 2.38 0.001 0.08 60.3 0.020 0.41 0.001 54 0.011 6.53 
25-26 10.8 0.039 5.70 0.02 3.76 1.9 3.18 0.06 2.74 <0.001 0.07 66.9 0.021 0.31 <0.001 32 0.014 4.18 
Historical                   
2M 10.1 0.017 5.87 0.22 13.1 0.85 11.9 0.14 1.24 0.002 0.08 37.7 0.010 0.47 0.001 115 0.008 5.22 
3B 10.3 0.017 5.51 0.22 14.1 0.78 11.2 0.14 1.22 0.001 0.07 51.6 0.010 0.44 0.001 121 0.007 6.26 
3T 9.14 0.023 6.03 0.21 11.1 1.18 9.21 0.09 1.60 0.001 0.09 49.0 0.015 0.35 <0.001 86 0.010 7.37 
4Mb 9.92 0.025 4.56 0.23 10.3 1.31 10.2 0.12 1.62 0.002 0.09 52.7 0.017 0.46 <0.001 78 0.010 6.11 
4T 9.63 0.015 5.24 0.32 14 0.83 14.9 0.18 0.98 0.001 0.10 36.1 0.011 0.52 0.001 159 0.007 7.74 
5B 9.24 0.019 4.68 0.24 11.3 0.93 10.5 0.12 1.37 0.002 0.07 50.3 0.013 0.43 0.001 106 0.008 6.63 
5M 8.83 0.019 4.60 0.28 13.4 0.95 12.5 0.15 1.10 0.001 0.08 45.6 0.009 0.37 0.001 175 0.006 8.90 
5T 9.28 0.021 4.45 0.26 10.7 1.05 10.4 0.1 1.35 0.001 0.09 49.5 0.016 0.36 0.001 98 0.008 6.60 
Duplicates                   
2M                  5.34 
4T 9.92 0.015 5.11 0.32 13.9 0.83 15.1 0.17 0.96 0.001 0.10 38.4 0.008 0.5 0.001 150 0.006 - 
119                  6.04 
3T 9.24 0.025 6.06 0.20 11.5 1.17 9.27 0.09 1.47 0.002 0.10 49.4 0.014 0.35 0.001 75 0.010 - 
QC                   
SY-4 20.2 0.034 7.84 <0.01 6.09 1.64 0.54 0.11 6.94 0.001 0.13 50.1 0.115 0.28 0.012 93 0.056 - 
OREAS 70B                  6.87 
SY-4 20.1 0.033 7.78 <0.01 6.09 1.65 0.51 0.1 7.02 0.002 0.13 49.5 0.119 0.28 0.011 100 0.055 - 
OREAS 70B                  6.29 
Recommended 
values 20.69 0.034 8.05 <0.01 6.21 1.66 0.54 0.108 7.1 0.001 0.131 49.9 0.119 0.287 0.012 93 0.052 6.69 
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Table D-4: Results of four-acid digestion conducted at AGAT Laboratories (Mississauga, ON), with analysis by ICP-MS and ICP-OES at the University of 
Waterloo. 

 Al Ca Fe K Mg Na S Ti Fe Li Be B Si P V Cr Mn 
 wt% wt% wt% wt% wt% wt% wt% wt% wt% mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 
Freshly blasted                 
090 5.12 5.17 2.07 1.62 2.08 1.91 0.22 0.19 2.07 15 0.9 <1.6 44 401 51 43 392 
117 3.97 4.91 8.07 0.53 9.42 0.57 1.01 0.25 8.07 17 0.3 <0.5 78 199 68 1860 1160 
223 5.13 6.33 3.91 1.30 2.11 1.66 0.58 0.23 3.91 19 0.7 <0.5 48 372 93 78 762 
25/26 5.03 3.84 2.52 1.50 1.75 1.81 0.20 0.16 2.52 12 0.8 <1.6 65 307 53 79 404 
Historical                 
2M 4.59 3.82 8.48 0.63 6.50 0.88 1.22 0.25 8.48 23 0.4 <0.5 73 324 86 1100 103 
3B 4.66 3.78 9.00 0.59 6.01 0.85 1.62 0.23 9.00 22 0.5 <0.5 88 273 78 1160 985 
3M 4.43 3.31 8.21 0.74 6.45 0.91 1.20 0.22 8.21 19 0.5 <0.5 84 304 50 1370 877 
4B 4.56 2.98 5.32 1.08 5.02 1.38 0.61 0.17 5.32 16 0.7 <1.6 104 314 22 1020 694 
4T 4.48 3.51 9.46 0.66 8.41 0.69 1.43 0.27 9.46 30 0.4 <1.6 165 430 59 1650 1260 
5M 4.22 2.96 9.20 0.73 7.08 0.76 1.59 0.21 9.20 22 0.5 <0.5 76 341 31 1490 1180 
5T 4.48 3.21 7.63 0.78 6.73 0.98 1.19 0.20 7.63 18 0.5 <0.5 87 298 41 1310 764 
6T 4.85 3.55 7.16 1.06 2.12 1.49 1.39 0.21 7.16 16 0.6 <1.6 69 302 90 174 568 
                  
 Co Ni Cu Zn As Se Sr Mo Ag Cd Sn Sb Cs Ba Tl Pb U 
cont'd mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 
Freshly blasted                 
90 10 33 62 38 1.6 <2.2 293 0.6 0.2 0.1 3.1 0.2 1.3 453 0.3 13 0.9 
117 86 642 429 196 6.7 <2.2 92 2.4 0.9 1.0 2.6 0.2 1.2 88 0.2 8.7 0.2 
223 25 50 138 67 18 <2.2 243 1.5 0.3 0.2 2.4 0.2 1.0 319 0.3 14 0.6 
25/26 15 45 112 39 2.2 <2.2 249 0.6 0.2 0.1 2.5 0.7 0.9 396 0.3 14 0.6 
Historical                 
2M 92 448 765 112 6.6 2.3 119 0.8 0.9 0.3 2.9 0.4 1.3 155 0.2 9.6 0.4 
3B 108 644 1800 123 6.3 2.7 126 1.1 1.9 0.5 2.7 0.6 1.2 169 0.2 8.0 0.5 
3M 90 700 740 106 5.0 2.4 123 0.9 1.0 0.3 2.7 0.4 1.3 204 0.2 12 0.5 
4B 59 371 404 73 6.8 <2.2 194 0.7 0.5 0.3 2.1 0.5 1.4 297 0.2 9.3 0.5 
4T 205 1490 925 158 7.9 2.7 102 1.0 0.8 0.6 2.4 1.5 3.8 148 0.2 5.7 0.5 
5M 201 1640 1050 185 5.9 2.8 133 0.8 1.3 0.7 3.6 0.4 2.8 179 0.2 7.6 0.5 
5T 74 564 774 105 5.0 <2.2 136 1.1 0.7 0.3 2.3 0.4 1.7 223 0.2 8.6 0.6 
6T 33 80 778 56 5.5 2.3 192 0.8 1.0 0.1 7.2 0.3 1.1 287 0.2 9.3 0.4 
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Table D-5: Trace-element concentrations in MLA mineral formulae, and calculated trace element concentrations from EPMA measurements (as median 
values) applied to MLA mineral abundance. Median EPMA concentrations from sample 117 was applied to MLA samples 117 and 119; EPMA 

concentrations from 090 was applied to 090, 223, 224 and 25-26; and the median EPMA concentrations from all historical samples analyzed by EPMA 
(2M, 3B, 4T, 5M) were applied to the historical samples 2M, 3B, 3M, 3T, 4Mb, 4T, 5B, 5M and 5T analyzed by MLA. All concentrations in ppm of waste-
rock fraction < 425 µm– i.e., [mg trace element] [kg < 425 µm fraction of waste rock]−1. Sphalerite concentrations are considered estimates because 

sphalerite modal abundances were < 0.01 wt% in all samples. Cells with “-” indicate measurements were non-detect. * denotes sphalerite abundances 
considered estimates. 

 

Mineral MLA database 
formula or element 

117 119 090 223 224 25-26 2M 3B 3M 3T 4MB 4T 5B 5M 5T 

Mineral abundance calculated by MLA; MLA database formulae provided 
Sphalerite* ZnS 94 87 15 53 18 3 10 2 53 0 5 1 12 1 10 
Pyrite Fe2+S2 7150 5910 2800 4190 4380 412 8840 5600 1490 3620 5260 4210 9120 438 4630 
Pyrrhotite Fe2+

0.95S 20400 37400 829 4540 3440 1300 25800 19400 9970 2410 3320 9760 10800 6350 10500 
Chalcopyrite CuFe2+S2 1110 3280 83 228 71 118 1410 2750 1600 1100 915 2310 2670 1700 1800 
Altered Fe-
sulfide 

FeO(OH)·nH2O)(Fe2+S2) 94 494 58 163 15 944 13400 10800 9300 11700 5880 8670 11500 15400 10500 

Pentlandite Fe2+
4.5Ni4.5S8 849 1135 1 1 9 3 261 257 281 97 134 267 440 126 307 

Trace element concentrations in samples calculated by MLA [mg element] [kg <425 µm waste rock]−1 
 Zn 63 59 10 35 12 1.8 7.0 1.2 35.6 0 3.5 0.4 7.8 0.3 6.5 
 Se - - - - - - - - - - - - - - - 
 Cu 384 1140 29 79 25 41 489 951 554 378 317 801 925 588 622 
 Co - - - - - - - - - - - - - - - 
 Ni 291 388 0.5 0.2 3.1 1.0 89 88 96 33 46 91 151 43 105 
 As - - - - - - - - - - - - - - - 
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Cont’d                 
Mineral MLA database 

formula or element 
117 119 090 223 224 25-26 2M 3B 3M 3T 4MB 4T 5B 5M 5T 

Calculated trace elements associated with pyrite [mg element] [kg <425 µm waste rock]−1  
Zn 0 0 0.04 0.06 0.06 0.01 0 0 0 0 0 0 0 0 0  
Se 0.3 0.2 0.03 0.05 0.05 0.005 0.3 0.2 0.1 0.1 0.2 0.2 0.3 0.02 0.2  
Cu 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
Co 1.0 0.9 0.1 0.2 0.2 0.02 3.7 2.3 0.6 1.5 2.2 1.8 3.8 0.2 1.9  
Ni 3.1 2.6 0.3 0.5 0.5 0.05 4.9 3.1 0.8 2.0 2.9 2.3 5.1 0.2 2.6 

  As 0.9 0.7 0.4 0.6 0.6 0.06 2.7 1.7 0.5 1.1 1.6 1.3 2.8 0.1 1.4 
Calculated trace elements associated with pyrrhotite [mg element] [kg <425 µm waste rock]−1  

Zn 0 0 0.02 0.1 0.09 0.03 0 0 0 0 0 0 0 0 0  
Se 0.6 1.1 0.03 0.2 0.1 0.05 1.3 1.0 0.5 0.1 0.2 0.5 0.6 0.3 0.5  
Cu 0 0 0 0 0 0 0.6 0.5 0.2 0.06 0.08 0.2 0.3 0.2 0.3  
Co 0.4 0.8 0.4 2.2 1.7 0.63 5.8 4.4 2.2 0.5 0.7 2.2 2.4 1.4 2.4  
Ni 66 121 1.6 8.9 6.7 2.5 71 53 27 6.6 9.1 27 30 17 29 

  As 4.1 7.5 0.2 0.9 0.7 0.27 4.8 3.6 1.9 0.4 0.6 1.8 2.0 1.2 2.0 
Calculated Trace elements associated with chalcopyrite  [mg element] [kg <425 µm waste rock]−1  

Zn 0 0 0.03 0.08 0.02 0.04 0.06 0.1 0.06 0.04 0.04 0.09 0.1 0.07 0.07  
Se 0.3 0.8 0.004 0.01 0.003 0.006 0 0 0 0 0 0 0 0 0  
Cu - - - - - - - - - - - - - - -  
Co 0.03 0.1 0.002 0.006 0.002 0.003 0 0 0 0 0 0 0 0 0  
Ni 0 0 0.0001 0.0002 0.0001 0.0001 0.01 0.02 0.01 0.007 0.005 0.01 0.02 0.01 0.01 

  As 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Calculated trace elements associated with pentlandite [mg element] [kg <425 µm waste rock]−1  

Zn 0.1 0.2 0.0002 0.0001 0.001 0.0004 0 0 0 0 0 0 0 0 0  
Se 0.1 0.1 0.0002 0.0001 0.001 0.0004 0.06 0.05 0.06 0.02 0.03 0.06 0.09 0.03 0.07  
Cu 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
Co 15 20 0.02 0.01 0.16 0.05 10 9 10 3.6 5.0 10 16 4.7 11  
Ni - - - - - - - - - - - - - - - 

  As 0.13 0.17 0.0002 0.0001 0.001 0.0005 0.03 0.03 0.03 0.01 0.01 0.03 0.05 0.01 0.03 
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Cont’d                 
Mineral MLA database 

formula or element 
117 119 090 223 224 25-26 2M 3B 3M 3T 4MB 4T 5B 5M 5T 

Calculated trace elements associated with altered Fe-sulfides [mg element] [kg <425 µm waste rock]−1  
Zn 0.005 0.03 0.01 0.03 0.003 0.2 3.9 3.2 2.7 3.4 1.7 2.5 3.4 4.5 3.1  
Se 0 0 0.006 0.02 0.002 0.1 0 0 0 0 0 0 0 0 0  
Cu 0 0 0.04 0.1 0.01 0.6 23 18 16 20 10 15 20 26 18  
Co 0.001 0.004 0.003 0.01 0.001 0.0 1.4 1.1 1.0 1.2 0.6 0.9 1.2 1.6 1.1  
Ni 0.2 1.1 0.05 0.1 0.01 0.8 13 10 9 11 6 8 11 15 10 

  As 0.03 0.2 0.02 0.05 0.004 0.3 4.5 3.7 3.1 4.0 2.0 2.9 3.9 5.2 3.5 
Total trace elements in sulfides and altered Fe-sulfides not accounted for by MLA formulae [mg element] [kg <425 µm waste rock]−1  

Zn 0.1 0.2 0.1 0.3 0.2 0.3 4.0 3.3 2.8 3.5 1.8 2.6 3.5 4.6 3.1  
Se 1.3 2.3 0.1 0.3 0.2 0.2 1.7 1.3 0.6 0.3 0.4 0.7 1.0 0.4 0.8  
Cu 0 0 0.04 0.1 0.01 0.6 23 19 16 20 10 15 20 26 18  
Co 17 22 0.6 2.4 2.1 0.8 21 17 14 7 9 15 24 8 17  
Ni 69 124 2.0 9.5 7.2 3.4 89 67 37 20 18 37 46 32 41 

  As 5.2 8.6 0.6 1.6 1.3 0.6 12 9.0 5.5 5.5 4.2 6.1 8.7 6.5 6.9 
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