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Abstract 

Mineral Liberation Analyzer (MLA) is an automated mineralogical system originally 

developed to characterize ore and mill feeds for the metallurgical processing industry. Its ability 

to quantitatively characterize solid and particulate material, including whole rock thin sections, 

waste rock, tailings, soil, and sediments, has led to increasing applications in other industries. The 

software uses back-scatter electron imagery and energy dispersive X-ray analysis to analyze each 

particle’s shape, size, and mineralogical information. Energy dispersive X-ray data are compared 

to a user-generated Mineral Reference Library consisting of known phases and corresponding 

EDS spectra to classify each particle. MLA is used in this study to provide quantitative 

assessments of mining-related environmental samples to answer questions regarding 

mineralogical controls on bioaccessibility, metal leaching/acid rock drainage potential, and 

anthropogenic influence. 

Six tailings samples from the New Calumet Mine in Quebec, Canada, were analyzed 

using MLA. Gastric Pb bioaccessibility testing and total metal content performed on these 

samples indicated that Pb bioaccessibility in the <250 micron size fraction was not directly 

correlated with the total Pb concentration. This suggested that there were mineralogical and/or 

physical controls on bioaccessibility. MLA was used to quantify the relative proportions of 

cerussite, a highly bioaccessible Pb carbonate, and galena, a lower bioaccessibility Pb sulfide. 

Liberation and particle size were also analyzed as controls on bioaccessibility. Sample GD-VEG1 

(highest bioaccessibility) has the highest ratio of cerussite to galena, the smallest particle size, and 

the most liberated Pb-bearing particles.  

The New Calumet tailings were also analyzed using static testing, a suite of laboratory 

tests used by environmental scientists and mine operators to operationally define acid rock 

drainage and metal leaching potential. Modal mineralogy obtained from MLA analysis was used 

to calculate neutralization potential (NP) and acid potential (AP), taking into account the presence 

of iron carbonate minerals and iron-bearing sulfides other than pyrite. Results are within several 

units of those obtained by static testing.  

Two Ni-impacted soil samples collected from the region of Kalgoorlie, Australia were 

characterized using MLA. Previous studies had focused on bioaccessibility and sequential 

extraction testing and minor mineralogical work. Preliminary XANES characterization conflicted 

with mineralogy predicted from sequential extraction and EMPA and MLA were used to 

quantitatively characterize major Ni-bearing phases and resolve previous discrepancies.  



 iii 

Acknowledgements 

When I came back to graduate school, it was to advance my career in environmental 

consulting by working with Dr. Heather Jamieson, who advised several of my professional 

colleagues. The experience of working with Dr. Jamieson has been invaluable, and I am 

immensely grateful for all that I have learned from and with her. Her flexibility in working with 

me while I also attended to my family (that grew by one while I did my thesis!) shows her respect 

for the autonomy of her students, and she is a wonderful mentor, sharing her knowledge of 

environmental geochemistry, her innovative thinking, and her enthusiasm.  

Heather Jaggard and Mallory Drysdale, former master’s students in the Jamieson research 

group, conducted previous research on New Calumet Mine and Kalgoorlie Smelter area. Thanks 

to them for their notes, emails, and assistance when I needed it, and for all the effort they put into 

their projects so that I build upon their work. I learned so much from the research experiences of 

all of my fellow students in the Jamieson research group and I am very thankful for their 

friendships and support. Thank you to Kristina Skeries, who has been a labmate, housemate, 

friend, and babysitter for the last three years. 

The MLA user community is small and tight-knit, and they are immensely supportive of 

new users like me! Thank you to Sharon Mateo at FEI for her prompt responses to my technical 

support questions as well as her wonderful in-person training when she came to Kingston. Chris 

Hamilton from SFR answered my questions at a crucial time in my thesis writing. David 

Haberlah at FEI maintains an automated mineralogy scientific library through Zotero that was an 

invaluable resource. Thank you to Brian Joy, microprobe technician at Queen’s, who taught me 

so much about the SEM-EDS analysis. Dr. Dan Layton-Matthews at Queen’s was a helpful 

resource as the other MLA user in the department and I am thankful for his experience and 

knowledge. Randy Blaskovich, an MLA operator/process mineralogist for Teck Resources, 

befriended me at a professional conference and patiently answered many MLA questions. 

My husband Bradley stayed home with our son for the last three years to care for him, 

and has provided him with countless adventures around Kingston. Thanks to him and Archer who 

was nine months old when I started my master’s and is three years old now, for their inspiration, 

fun, and most of all, patience with me. I am so thankful for my best master’s souvenir of all, my 

nine-month-old daughter Era. Her arrival marks the beginning of a new era for our family and we 

couldn’t be more excited! Finally, thank you to my parents, who housed our family while I 

finished my thesis. You made our first year as a family of four wonderful.  



 iv 

Table of Contents 

Abstract............................................................................................................................................ ii

Acknowledgements ........................................................................................................................ iii

Table of Contents.............................................................................................................................iv

List of Figures................................................................................................................................ vii

Chapter 1 Introduction and Literature Review .................................................................................1

1.1 Project Overview ....................................................................................................................1

1.2 Mine Waste—Metals in the Environment ..............................................................................2

1.3 Mineral Liberation Analyzer ..................................................................................................4

1.3.1 History and Development ................................................................................................4

1.3.2 How does it work? ...........................................................................................................4

1.3.2.1 Mineral Reference Library .......................................................................................8

1.3.3 Applications in the Metallurgical/Processing Industry .................................................10

1.3.4 Environmental Applications ..........................................................................................11

1.4 Comparison of MLA with other mineralogical techniques for the characterization and 

prediction of mine waste chemistry............................................................................................13

1.4.1 Petrographic point counting...........................................................................................13

1.4.2 Rietveld XRD ................................................................................................................14

1.4.3 Synchrotron-based microanalysis..................................................................................15

1.4.4 EMPA ............................................................................................................................16

1.5 Research Objectives .............................................................................................................16

References ......................................................................................................................................18

Chapter 2 Quantification of Mineralogical and Physical Controls on Gastric Pb Bioaccessibility, 

New Calumet Tailings ....................................................................................................................23

2.1 Introduction ..........................................................................................................................23

2.1.1 Site History and Overview ............................................................................................25

2.1.2 Gastric Bioaccessibility Testing ....................................................................................27

2.1.3 Previous Mineralogical Characterization ......................................................................29

2.2 Methods ................................................................................................................................30

2.2.1 Sample Collection and Preparation ...............................................................................30

2.2.2 MLA Methods ...............................................................................................................31

2.2.2.1 SEM Operating Conditions ....................................................................................31



 v 

2.2.2.2 Mineral Reference Library .....................................................................................32

2.2.3 Challenges: Distinguishing galena and cerussite...........................................................33

2.2.4 Experimental Design and Sampling: Number of Particles to be Analyzed...................36

2.3 Results: Mineralogical and Physical Controls on Bioaccessibility ......................................39

2.3.1 Pb Mineralogy ...............................................................................................................39

2.3.2 Particle Size and Sample Texture ..................................................................................44

2.3.3 Liberation.......................................................................................................................49

2.3.4 Uncertainty ....................................................................................................................52

2.4 Conclusions ..........................................................................................................................53

REFERENCES ...............................................................................................................................54

Chapter 3 Application of Automated Mineralogy to Characterization of Metal Leaching/ Acid 

Rock Drainage Potential, New Calumet Tailings...........................................................................58

3.1 Introduction ..........................................................................................................................58

3.1.1 Site History and Overview ............................................................................................60

3.2 Methods ................................................................................................................................62

3.2.1 SEM Methods ................................................................................................................62

3.2.1.1 Mineral Reference Library .....................................................................................63

3.2.2 Ferroan Dolomite Determination...................................................................................64

3.2.3 Static Testing Methods - Acid Base Accounting...........................................................65

3.3 Results ..................................................................................................................................67

3.3.1 Paste pH.........................................................................................................................67

3.3.2 Neutralization Potential .................................................................................................68

3.3.3 Acid Potential ................................................................................................................69

3.4 Discussion.............................................................................................................................71

3.4.1 Neutralization Potential Ratio .......................................................................................74

3.5 Conclusions ..........................................................................................................................77

REFERENCES ...............................................................................................................................79

Chapter 4 Quantification of Nickel-bearing Phases in Kalgoorlie Soils using Automated 

Mineralogy......................................................................................................................................82

4.1 Introduction ..........................................................................................................................82

4.1.1 Research Objectives ......................................................................................................84

4.1.2 Site Overview ................................................................................................................84

4.1.3 Bioaccessibility Testing.................................................................................................85



 vi 

4.1.4 Previous Characterization of Ni-hosting phases in Kalgoorlie soils .............................85

4.2 Methods ................................................................................................................................89

4.2.1 Building a Mineral Reference Library...........................................................................91

4.2.2 Experimental Design and Sampling: Number of Particles to be Analyzed...................91

4.3 Results ..................................................................................................................................93

4.3.1 Application of MLA ......................................................................................................95

4.3.2 EMPA analysis of slag particles ....................................................................................97

4.4 Discussion...........................................................................................................................101

4.5 Conclusions ........................................................................................................................103

REFERENCES .............................................................................................................................105

Chapter 5 Conclusions..................................................................................................................109

5.1 Application of Automated Mineralogy...............................................................................109

5.2 Recommendations for MLA Users.....................................................................................111

REFERENCES .............................................................................................................................114

Appendix A : Modal Mineralogy .................................................................................................115

Appendix B Modal Mineralogy – Kalgoorlie...............................................................................121

Appendix C : Static Testing Results for New Calumet Tailings Samples ...................................123

Appendix D : EMPA Results – Kalgoorlie Slag ..........................................................................125

 



 vii 

List of Figures 

Figure 1-1 How MLA works: 1a: Back-scatter image collection under optimized operating 

conditions 1b: X-ray analysis for each phase 1c: X-rays are compared with spectra in the Mineral 

Reference Library for classification 1d: Particle Classification and Processing (deletion, touch-

up) .....................................................................................................................................................6

Figure 2-1: Mineralogical and Physical Controls on Pb Bioaccessibility, modified from Ruby et 

al. (1999).........................................................................................................................................25

Figure 2-2: Map of New Calumet Tailings locations showing vegetated and non-vegetated 

tailings as well as sample locations, from Jaggard (2012) .............................................................26

Figure 2-3: Total Pb vs. % Gastric Bioaccessibility for New Calumet Tailings, <250 microns. 

Note that Pb-bioaccessibility is not directly correlated with Pb content. .......................................29

Figure 2-4 EDS Spectra of cerussite standard reference material (top) and galena standard 

reference material (bottom) ............................................................................................................34

Figure 2-5: This particle in sample GD-nonVEG contains galena and cerussite. At left, the Pb-

bearing particle is viewed under operating brightness (SEM). At right, galena (bright) can be 

distinguished from cerussite (rim, less bright) under a lower brightness setting than the image at 

left. ..................................................................................................................................................35

Figure 2-6: MLA Classification settings for classification based on brightness of galena and 

cerussite, New Calumet Tailings ....................................................................................................36

Figure 2-7: Cerussite:galena vs. Gastric Pb Bioaccessibility, New Calumet Tailings Samples, 

<250 microns ..................................................................................................................................41

Figure 2-8: Predicted vs. actual amounts of cerussite in New Calumet tailings samples (<250 

microns) based on relative bioaccessibilites of galena (5%) and cerussite (98%) from Casteel et 

al. (2006).........................................................................................................................................43

Figure 2-9: Visual comparison of GD-VEG1, highest bioaccessibility (left), and MS-nonVEG, 

lowest bioaccessibility (right) at the same scale.............................................................................45

Figure 2-10: False color images from MLA Image Processing software showing Pb-bearing 

particles in the six New Calumet tailings samples at the same scale. This view was created using 

the “Filter” function to select particles containing cerussite and galena, and then the “sort” 

function was used to display them in descending order by area. Most Pb-bearing particles are 

found as very small particles within quartz. ...................................................................................48



 viii 

Figure 2-11: Mineral Grain Size Distribution of Galena (left) and Cerussite (right), New Calumet 

Tailings Samples, <250 microns ....................................................................................................49

Figure 2-12: Difference between Liberation by Composition and Liberation by Free Surface, 

from FEI (2011)..............................................................................................................................50

Figure 2-13: Left: Classified image of galena (purple) in a biotite grain (green). This galena 

particle would be classified as fully enclosed (no liberation by free surface). Right: The same 

particle under BSE imagery, shows cracks and dissolution textures .............................................51

Figure 2-14: Liberation by Free Surface of Galena and Cerussite .................................................52

Figure 3-1: Tailings are located at three locations on the New Calumet mine site: Gobi Desert 

(left, partially vegetated), Beaver Pond (middle, partially vegetated), and Mount Sinai (right). 

Vegetated and unvegetated areas can be seen in map view in Figure 2-2......................................61

Figure 3-2: Ferroan Dolomite Spectra from the New Calumet Mineral Reference Library. Ferroan 

dolomite is distinguished from dolomite by the presence of an Fe peak .......................................64

Figure 4-1: Sequential Extraction Results from Kalgoorlie samples (Drysdale 2008). Smelter 

samples 2 and 5 were analyzed in this thesis..................................................................................87

Figure 4-2: Kalgoorlie XANES standards (left) and samples (right). Samples MD-02 and MD-05 

were analyzed in this thesis. ...........................................................................................................88

Figure 4-3: SEM images of Fe-Ni-silicate slag particles from sample MD-05 under back-scatter. 

Images taken by author...................................................................................................................89

Figure 4-4: Left: Kalgoorlie soil particle from sample MD-05 showing a “mixture” phase. Right: 

Multi-phase slag particle from sample MD-05, showing light (Fe rich) and dark (silica rich) 

phases. Numbered dots represent EMPA analysis sites. ................................................................96

Figure 4-5: High iron slag particle EDS spectra from sample MD-05 (25 keV accelerating 

voltage). Note that the particle contains Ni, Fe, and small amounts of Si, Al, Mg, and Cr ...........97

Figure 4-6: EMPA results for selected Kalgoorlie slag particles in sample MD-05. Multiple 

analyses were taken over the particle to capture different phases, which have significantly 

different chemical compositions.....................................................................................................99

Figure 4-7: Nickel content by mineral type, Kalgoorlie smelter samples MD-02 (left) and MD-05 

(right) ............................................................................................................................................103

 



 ix 

List of Tables 

Table 2-1: Total Pb Content and Gastric Bioaccessibility (%) for New Calumet Tailings............28

Table 2-2: SEM/MLA operating parameters for New Calumet Tailings Samples ........................32

Table 2-3: Minerals in New Calumet Tailings samples identified using ESEM and μXRD 

(Modified from Jaggard 2012) .......................................................................................................33

Table 2-4: Thin Section Particle Counts from MLA for New Calumet Tailings Samples, <250 

microns ...........................................................................................................................................38

Table 2-5: Analysis of galena and lead phases over multiple sample population sizes, New 

Calumet tailings ..............................................................................................................................39

Table 2-6: Ratio of Cerussite to Galena in New Calumet Tailings Samples, <250 microns. Modal 

Mineralogy obtained by MLA. .......................................................................................................40

Table 2-7: Determination of “bioaccessible Pb” in New Calumet tailings samples ......................42

Table 2-8: Particle size distribution of the <250 micron size fraction, New Calumet Tailings 

(Jaggard 2012) ................................................................................................................................44

Table 3-1: Average iron content of Ferroan Dolomite grains analyzed by SEM using Bruker 

Esprit software for the calculation of Neutralization Potential from iron carbonates ....................64

Table 3-2: paste pH values from static testing for New Calumet tailings samples ........................68

Table 3-3: Modal Mineralogy of Carbonate Phases in New Calumet Tailings as determined by 

MLA ...............................................................................................................................................69

Table 3-4: Comparison of Sulfur species determined from static testing and MLA, New Calumet 

Tailings Samples, <250 microns ....................................................................................................70

Table 3-5: Modal Mineralogy of potentially acid bearing sulfide minerals in New Calumet 

Tailings, <250 microns ...................................................................................................................71

Table 3-6: Neutralization Potential calculated from MLA vs. determined by static testing, New 

Calumet Tailings Samples <250 microns .......................................................................................73

Table 3-7: Acid Potential (AP) calculated from modal mineralogy (MLA) vs. static testing, New 

Calumet Tailings Samples, <250 microns ......................................................................................74

Table 3-8: Neutralization Potential Ratios calculated from values obtained by MLA and static 

testing, New Calumet Tailings Samples <250 microns..................................................................75

Table 4-1: Modal Mineralogy Comparison of selected minerals from Kalgoorlie sample MD-05 

as analyzed with different particle number counts .........................................................................93



 x 

Table 4-2: Average composition of primary Ni-bearing phases in Kalgoorlie soils, determined by 

SEM-EDS .....................................................................................................................................101



 1 

Chapter 1 

Introduction and Literature Review 

1.1 Project Overview 

Automated quantitative mineralogy is a powerful tool that allows us to answer questions 

regarding mineralogical controls on the behaviour of mining-related waste in the environment. 

Mineral Liberation Analyzer, an SEM-based mineralogical software program, and its sister 

software QEMSCAN have traditionally been used by the metallurgical industry for characterizing 

ore and mill feed. Tailings, waste rock, polished rock thin sections, mining impacted soils, and 

other sediments can be analyzed using MLA to determine the relative abundance of minerals in 

mine waste to better understand the processes that formed them and their fate. Quantitative 

mineralogy can be used to accurately predict the contribution of different mineral phases in 

weathering conditions (Price 2009). 

In this thesis, MLA is used to analyze the mineralogical and physical controls on 

bioaccessibility and metal leaching/acid rock drainage potentials of Pb-bearing mine waste from 

the former New Calumet Mine in Quebec. Previous characterization utilized in vitro 

bioaccessibility testing in simulated gastric fluids to characterize the human health risk from Pb-

bearing tailings. Jaggard (2012) posited that the bioaccessibility in the <250 μm fraction could be 

higher in some samples simply due to higher concentrations of more bioaccessible Pb-bearing 

minerals cerussite (PbCO3) and massicot (PbO) rather than galena (PbS) and anglesite (PbSO4), 

which have lower bioaccessibilities (Casteel et al. 2006). Six samples from the New Calumet 

mine were analyzed using MLA and controls on bioaccessibility including mineralogy, particle 

size, and liberation, were quantified. In addition, modal mineralogy from MLA was used to 

calculate neutralization potential (NP) and acid potential (AP) and compared with results from 

laboratory static testing. Static testing is a suite of standard chemical analyses used by 
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environmental geochemists and mine operators to characterize mining related waste and predict 

acid drainage potential. MLA allowed for the consideration of mineralogical-based controls on 

the generation of acidic drainage and accompanying neutralization potential. 

MLA was also used to identify Ni-bearing phases in Ni-contaminated soils from the 

region surrounding the Kalgoorlie nickel smelter in Kalgoorlie, Australia. Previous research by 

Drysdale (MSc. 2008, Queen’s) focused on the bioaccessibility of the soils and utilized sequential 

extraction for mineralogical characterization. Sequential extraction results conflicted with further 

mineralogical analysis, including X-ray Absorption Near Edge Structure (XANES) and scanning 

electron microscopy (SEM) (Warner and Jamieson personal communication, Skuce 2011). MLA 

was applied to determine the predominant Ni-bearing phases.  

1.2 Mine Waste—Metals in the Environment 

The mining and processing of metals from ore deposits results in the creation of by-

product wastes, which include waste rock removed in the process of mining ore, tailings and 

process waters from metallurgical processing, drainage waters from the mine itself, and airborne 

particulates from pyrometallurgical processing such as particulate emissions, slag, and matte.  

Tailings are ground, mill-processed minerals that are leftover after the extraction of ore 

minerals during metallurgical processing. The recovery of ore minerals is never 100%, and thus 

tailings contain small amount of ore minerals. Tailings are usually stored on-site in a variety of 

ways, including tailings ponds, dry stacks, or piles. Waste rock is removed during mining and is 

not of economic interest, so it must be stored. Waste rock is usually coarser than tailings and is 

stored in piles or dumps at the surface (Price 2009). Weathering of these waste products occurs 

naturally as a result of exposure to air, water, ambient temperatures, and vegetation. The 
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oxidation and weathering of tailings and waste rock results in the formation of numerous 

secondary minerals (Price 2009). 

Weathering and oxidation results in leaching of components within mine waste and the 

creation of mining-impacted drainage. Acid rock drainage forms from the oxidation of iron 

sulfides such as pyrite and pyrrhotite, creating sulfuric acid. Acid rock drainage is associated with 

the leaching of metals, which creates deleterious drainage. ARD is not the only environmental 

concern from a drainage chemistry perspective. Metals such as arsenic and selenium can leach in 

circum-neutral pH environments.  

Humans are exposed to mine wastes through many pathways, such as the ingestion and 

inhalation of metal-bearing dust, tailings, soil, and/or water. The field of medical geology deals 

with the linkage between the mineralogical and geochemical characteristics of mine waste and 

adverse health effects via exposure (Plumlee and Morman 2011). Metals found in mine wastes 

can cause toxic reactions in the body, leading to a host of health concerns including respiratory 

illness, cancer, and neurological effects (Plumlee et al. 2006).  

The environmental behaviour of tailings is affected dramatically by particle size. The 

grind size in processing is optimized for metal recovery. Material is ground to a size that allows 

mineral grains to liberate, or freely dissociate, from associated rock. Due to the expense of 

grinding, there is a cost trade-off between a finer grind, to extract more metals, and a coarser 

grind, which is cheaper but reduces metal recovery. Thus, coarser ground material may contain 

more metals that are available for weathering and leaching into the surrounding environment. In 

the natural environment, tailings are exposed to weathering including oxygen, water, and 

vegetation. Particles break down into smaller silt and clay sized particles that are more likely to 
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be distributed by wind and water. Smaller particles also have higher surface areas and are more 

reactive in the environment (Horowitz 1985, McBride 1994).  

1.3 Mineral Liberation Analyzer 

1.3.1 History and Development  

Mineral Liberation Analyzer is an automated quantitative mineralogy software program 

that combines scanning electron microscopy, image analysis, and energy dispersive X-ray 

analysis for chemistry. It was developed by Ying Gu at University of Brisbane in association with 

their corporate arm, JKC Tech and was presented publicly in 1997. It was originally designed for 

the metallurgical industry, as mineral processing operations require detailed characterization of 

the ore and plant feed (Gu 2003, Fandrich et al. 2007). Mineral liberation is the dissociation of a 

mineral or phase of interest into a free particle consisting solely of that mineral (Austin & Luckie 

1988). A number of measurement systems have been developed to characterize polished particle 

sections, but SEM based systems allowed for automation and the ability to obtain and rapidly 

analyze a statistically significant set of data (Fandrich et al., 2007). In the past decade, modern 

SEM-based quantitative mineralogy tools have improved significantly, providing decreased 

measurement times, increased computing power, and sophisticated imaging that allows for 

analysis of very fine-grained material. Automated SEM analysis reduces operator dependence and 

allows for the collection of quantitative data that is reproducible (Pirrie et al., 2004). There are 

two major automated SEM systems; both initially designed to support mineral processing. They 

are QEMSCAN and MLA, both owned by FEI (Pirrie et al. 2004).  

1.3.2 How does it work? 

The basis of liberation analysis using MLA is back-scatter electron (BSE) imagery and 

the generation of high quality sample images. Using SEM imagery, a BSE image is collected 
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under calibrated measurement conditions (Figure 1a). Particles are distinguished by the software 

based on shape factors and the background epoxy is removed according to a pre-determined BSE 

background range. A number of parameters are applied before data acquisition begins that 

include: accelerating voltage, spot size, frame resolution, acquisition time, back-scatter electron 

(BSE) gray level optimization, beam optimization, and mineral classification criteria. The MLA 

technology utilizes automated stage control to enable measurement of a prescribed number of 

grains or particles and allow for precise coordinates to be taken for each particle (Gu 2003, 

Fandrich et al. 2007). 

A particle may host multiple phases, or grains, including primary forms or secondary 

minerals produced through weathering, oxidation, precipitation and other transformations. Image 

segmentation identifies composite particles and breaks them apart into different mineral phases 

(grains) based on homogeneous grey levels (BSE). Each mineral in the sample should have a 

defined BSE grey value related to its unique average atomic number. The MLA software utilizes 

the BSE grey value to delineate and differentiate phases (Gu 2003). 

The BSE grey level of a mineral can vary over the measurement period, and the variation 

can cause grey levels of different minerals to overlap. In addition, minerals with the same or 

almost the same average atomic number, including polymorphs, may have exactly the same grey 

level in a BSE image. These issues are resolved with the use of X-ray analysis. An energy 

dispersive (EDS) spectrum (henceforth called “X-ray” in accordance with MLA terminology) is 

taken for each phase in the sample to determine chemistry (Figure 1b). Compound particles with 

multiple minerals will have multiple chemical spectra so that each phase within the particle can 

be classified.  
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1a: Back Scatter  

 

1b: X-ray analysis 

 

1c: Mineral Reference Library 

 

1d: Classification and Processing 

Figure 1-1 How MLA works: 1a: Back-scatter image collection under optimized operating 

conditions 1b: X-ray analysis for each phase 1c: X-rays are compared with spectra in the 

Mineral Reference Library for classification 1d: Particle Classification and Processing 

(deletion, touch-up)  
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Each X-ray analysis acquired is then compared with a user-generated mineral database 

library of X-ray spectra known or anticipated to be present in the sample and assigned a mineral 

name or chemical composition grouping (Figure 1c). MLA cannot identify minerals based on 

crystal structure, but rather comparison and “fit” with a known EDS spectrum that gives elements 

present and relative concentrations. Elements must be greater than 3% of the phase to be detected 

(Pirrie and Rollinson 2011). In addition to modal mineralogy, textures, fabric, shape, and particle 

size are also analyzed.  

Mineral phases are classified based on user-defined criteria and assigned a false color to 

each mineral phase/composition to produce a mineral map of the particles, frame by frame 

(Figure 1d). X-rays that do not match any minerals are classified as “unknown” and can be 

relocated and classified with user input. In MLA’s Image Processing software, the operator can 

delete, touch up, and reanalyze particles and then export the data into a database that contains all 

sample particles analyzed and the associated data (mineralogy, shape, particle size; liberation, 

association). The database is viewed and analyzed in the software program MLA Dataview. 

Some particles in a sample may touch each other. The MLA system has an automated 

function, known as deagglomeration, to detect touching particles and separate them into separate 

particles for analysis based on conditional separation parameters (Gu 2003). The deagglomeration 

function uses particle shape parameters to evaluate if particles are stuck together. It is not 

necessary to run deagglomeration, but it should be performed if degree of liberation or grain size 

and shape will be analyzed. 

The MLA software has a number of measurement modes combining BSE analysis and X-

ray analysis. The measurement modes vary from a BSE based technique to a mostly X-ray 

analysis based technique (Gu 2003). In ores that have high BSE contrast, such as Pb-Zn ores and 
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copper sulfide ores, BSE image analysis alone may be used for mineral discrimination. Only X-

ray analysis can provide elemental information to uniquely identify almost all the minerals in a 

sample, and is more useful for fine-grained samples. Point X-ray analysis (XBSE mode) takes 

one X-ray analysis for each grey level region identified within a segmented particle or on a 

single-phase particle (Gu 2003, Fandrich et al. 2007). The analysis is collected at the center of a 

phase. This method is the quickest, as it requires a small number of X-rays to determine the 

mineral composition of a particle. It can be applied to most samples (Gu 2003). Pixel spaced X-

ray analysis (GXMAP mode) collects analyses at a defined pixel spacing, and is useful in cases 

where poor contrast can result in two phases not being delineated. Measurement triggers for 

GXMAP mode can be applied to only X-ray map certain minerals. X-ray mapping creates a grid 

over an entire particle and collects X-ray data at each grid point. This analysis method is very 

time intensive as many more analyses are collected to create a mineral map (Fandrich et al., 

2007). QEMSCAN’s measurement mode can be compared to MLA’s X-ray mapping mode, 

whereby spectra are measured at a defined pixel spacing and each pixel is assigned a mineral 

name (Pirrie et al. 2004). 

1.3.2.1 Mineral Reference Library 

The most important part of using Mineral Liberation Analyzer is the creation of an 

accurate and complete Mineral Reference Library that is used to classify the minerals in a sample 

or sample suite. The Mineral Reference Library is made up of mineral names or chemical 

composition groupings with associated EDS spectra. Each EDS spectra collected in an MLA run 

is compared to the Mineral Reference Library and assigned a classification (mineral name or 

chemical composition grouping) based on the EDS spectra it matches most closely.  

MLA software provides a way of quickly building a Mineral Reference Library in the 

XSBE_STD run. The sample is analyzed like an MLA run but all of the unknown spectra are 
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binned into categories (Min1, Min2, Min3), which require operator input to classify based on the 

EDS spectra collected. Mineral Reference Editor allows the operator to open other mineral 

reference libraries with which to compare unknowns, and new spectra can be imported or added 

from other mineral reference libraries. This includes the “FEI Standard Reference Library” 

provided by FEI that contains hundreds of spectra and mineral information. A mineral reference 

library is unique for each project.   

Alternatively, a mineral reference library can be built manually from the samples. Spectra 

can be collected from any phase viewed on the SEM using the “X-ray to new mineral” function 

under the “Collect” button in Mineral Reference Editor, which will collect X-ray spectrum and 

add an entry to the mineral list. The recommended setting is 10,000 counts. Once the mineral is 

identified, composition information should be entered. Carbon-coated mineral standards can also 

be used to build the mineral reference library.  

Multiple EDS spectra can be entered for one mineral. If a spectrum from the sample 

matches any of the spectra under that mineral name in the Mineral Reference Library, that 

particle will be classified with that grouping’s name.  

A well-defined mineral reference library should prevent an excessive (1-2%) amount of 

unknowns in a sample. When a particle is classified as unknown, the mineral can be identified 

and a spectrum added to the mineral reference library. MLA software provides the ability to drive 

back to any particle in the sample on the SEM for further analysis. The particle can be identified 

using EDS and the new mineral can be added to the Mineral Reference Library. Ideally, this 

process should be done immediately after a run, before the sample is removed, so that MLA can 

drive back to the particle accurately based on the coordinates taken during analysis. Samples that 

have been removed from the sample holder and then replaced may prove difficult, as it is nearly 
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impossible to place the sample back in so that it is in the exact same position when driving back 

to a particle according to the coordinates MLA has recorded. However, in some cases it is 

possible to mitigate this difficulty somewhat by establishing a preferred orientation when placing 

the sample in the sample holder. The sample should always be placed in this preferred 

orientation. When the sample is placed in the same orientation, it may be possible to locate it 

based on its position relative to other particles. In a university setting, taking samples in and out is 

inevitable as the SEM may be used by multiple users on a daily basis and MLA work may be 

spread out over multiple sessions.   

1.3.3 Applications in the Metallurgical/Processing Industry 

 

Mineral Liberation Analysis and QEMSCAN improved greatly upon previous 

technologies for characterizing ore processing materials. Previously, manual optical microscopy 

and bulk techniques were used, but the former lacks quantitative abilities and the latter does not 

preserve micro-textures. SEM based technologies have revolutionized the mineral processing 

industry and are used to optimize processing flow sheets (Jaime et al. 2009). Physical and process 

characteristics of ore, such as hardness, liberation, flotability, and leach response, can be 

quantified using automated mineralogy.  

Geometallurgy refers to an emerging field that combines geological knowledge of ore 

deposits with mineralogical characterization techniques utilized by the mineral processing 

industry such as MLA or QEMSCAN to improve our understanding of field relationships in 

various geological domains of a deposit and the distribution of ore and gangue minerals (Hoal et 

al. 2009). While this study does not fall within the realm of geometallurgy because it deals with 

post-processing wastes, the body of literature has contributed greatly to the application of MLA 

to environmental mineralogy. Applications include studies of the distribution of economic 
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minerals in concentrates and ore feed to optimize metal recovery based on mineralogy and 

characterization of physical parameters that control metallurgical responses such as presence of 

clays and silicification (Gottlieb et al. 2000; Hoal et al. 2009). Mining-related materials can be 

characterized quantitatively at all stages, from exploration to post-mining reclamation. 

Mineralogy and physical characteristics such as particle shape and size play a significant role in 

the economics and management of a mining project (Hoal et al. 2009).  

1.3.4 Environmental Applications 

 

The environmental applications of MLA have been limited to date, even though the 

software has great potential beyond its current scope of ore and processing feed for 

characterization of soil, sediments, tailings, and other aggregated material. The characterization 

of waste materials and mining impacted soil and sediments provides information on the 

environmental impact of past, current, and future mining operations (Hoal 2009).  

One study demonstrated the applicability of MLA’s sister software, QEMSCAN to the 

characterization of tailings-contaminated sediments in the Fal Estuary of Cornwall, United 

Kingdom (Pirrie et al. 2003). Sediments in the estuary contain sulphidic mine waste tailings, 

which, in addition to dissolved metal contaminants, are a source of bioavailable metals. 

QEMSCAN was used to determine the relative contributions of particulate waste vs. metals 

associated with mine drainage in the estuary and quantify the sediment mineralogy. QEMSCAN 

analysis in this study shows that minerals containing metal elements, such as chalcopyrite, 

sphalerite, and pyrite comprised between 0.5 and 1.5% of the estuarine sediments collected and 

were likely fine-grained mine tailings that were not captured during mineral processing due to 

historic poor recoveries. Some sulfide grains were fresh and unaltered, but others had alteration 
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rims, especially the chalcopyrite and sphalerite grains. Through SEM analysis, it was determined 

that the majority of the heavy minerals were in the <20 um fraction (Pirrie et al. 2003) 

MLA provides a great amount of information previously unavailable or prohibitively 

time-consuming or difficult to obtain for researchers. Weathered tailings analyzed by Redwan 

and Rammlmair (2011) using MLA allowed the authors to quantify weathering products and 

secondary phases, decipher grain size distribution of individual minerals, and analyze 

relationships between mineralogy and texture with the goal of modeling reactive transport at the 

pore level. All this information is available from one comprehensive run, providing hundreds of 

thousands of data points to analyze using multiple parameters. 

Automated mineralogy and geometallurgy can also be applied to the prediction of metal 

leaching and acid rock drainage utilizing mineralogical factors. At present, the industry standard 

is static laboratory tests to determine sulfur species and neutralization potential, and kinetic 

laboratory tests where material is leached over a period of time to analyze reaction rates and 

metal loads. These tests utilize crushed samples and do not take mineralogical factors into 

account. Previous researchers have utilized mineralogical information obtained petrographically 

and via X-ray diffraction and whole rock geochemistry to develop predictive models for metal 

leaching and acid rock drainage ( Jambor et al. 2002; Jambor et al. 2006; Lawrence & Wang 

1997; Jambor et al. 2007; Frostad et al. 2003). Parbhakar-Fox (2011) used MLA as a tool for 

mineralogical characterization in the development of a mineralogical ARD index on intact 

samples. Texture plays an important role in ARD, as mineral associations, extent of weathering, 

and phase-specific surface areas can greatly impact reactivity and rates. The ARD index utilizes a 

step-wise approach with parameters that assess the “content and context” of acid-neutralizing and 

acid-generating minerals (Parbhakar et al. 2009b). MLA was used to identify textural 

relationships between sulfide minerals and weathering products. Automated mineralogy can be 
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used to improve the accuracy of ARD prediction (Parbhakar et al. 2009a, Mermollid-Blondin et 

al. 2011). MLA has been applied to the chracterization of waste rock from the Antamina Mine 

copper-zinc mine in Peru with a focus on mineralogical products important to weathering 

processes (Blaskovich 2013). The focus was metal-bearing minerals of interest present in trace 

amounts, which are difficult to model based on their minor presence. Quantitative mineralogy 

was also used to create a classification scheme for waste rock.  

1.4 Comparison of MLA with other mineralogical techniques for the 

characterization and prediction of mine waste chemistry 

 

Quantitative mineralogy has long been an important aspect of environmental prediction 

in mine waste and has been achieved through various methods. Previous studies utilizing MLA or 

QEMSCAN for environmental characterization show that automated mineralogy is a valuable 

new tool when integrated with other microscopy, geochemical, and mineralogical techniques 

including synchrotron based microanalysis, electron microprobe, geochemical mapping, etc. 

Combining scanning electron microscopy with techniques is important for environmental 

characterization, as the SEM and MLA software can miss submicron scale chemical and/or 

physical characteristics such as poorly crystalline oxides and alteration structures which can play 

an important role in the environmental behavior of metals. MLA is a highly powerful tool that, 

when combined with other techniques, provides quantitative, automated analysis in a 

reproducible and timely fashion. At this time, access to MLA is limited but interest in its use 

continues to rise (Pirrie & Rollinson 2011).   

1.4.1 Petrographic point counting  

The modal abundance of mineral phases can be determined by overlaying the sample 

surface with a grid and recording the particle information identified at each grid line intersection. 
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A minimum of 300 points on the sample are collected and percentages are reported for each phase 

(Blaskovich 2013). Historically, petrographic point counting is an important quantitative 

mineralogical method to measure mineral abundance that relies heavily on the skill and expertise 

of a skilled operator, usually a trained mineralogist. Its main advantages are ease of access to 

equipment and low cost. It is slow and very difficult to utilize on very fine-grained samples, as 

the wavelength of the light source limits the ability to identify small grains (Pirrie and Rollinson 

2011, Blaskovich 2013). Petrography does not provide chemical compositions and cannot detect 

elemental substitutions. For example, it is difficult to distinguish between carbonate phases using 

petrography, which are significant phases to quantify due to their ability to neutralize acidic 

drainage. Point counting may also miss the presence of hydrothermal alteration and weathering 

products, which could result in erroneous predictions of mineral quantities (Price 2009). Scanning 

electron microscopy allows for greater magnification and can identify many more particles in a 

shorter period of time.  

1.4.2 Rietveld XRD 

 

Rietveld XRD is highly recommended by environmental scientists for mineralogical 

characterization for drainage chemistry production (Price 2009). X-ray diffraction is a method for 

determining mineralogy that is based on the way crystalline materials diffract X-rays. Rietveld 

analysis provides quantitative analysis of X-ray diffraction patterns to characterize crystalline 

materials. Rietveld XRD was developed to refine X-ray diffraction profiles to deal with 

overlapping peaks (Rietveld 1969) and thus can detect mineral phases present in much smaller 

quantities, as low as 0.1-0.2 wt. % (Price 2009). Rietveld can distinguish between similar phases 

that have overlapping peaks, such as carbonate minerals calcite, ankerite, and siderite (INAP 

2009). Rietveld XRD can be combined with qualitative SEM analysis or electron microprobe to 
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confirm mineralogy, determine the presence of substituted elements and measure the elemental 

compositions of minerals with variable composition in solid solution such as the dolomite-

ankerite series (INAP 2009).  

1.4.3 Synchrotron-based microanalysis 

 

Synchrotron-based microanalysis uses highly energetic, focused X-rays to perform rapid 

X-ray analysis. This powerful tool can be conducted on crushed or powdered material to gain 

information on the bulk characteristics or on intact samples using a microfocused beam that can 

analyze on the micrometer scale (Jamieson and Gault 2012). It works on a range of material and 

does not require extensive special preparation for analysis. Various measurement modes, 

including micro-XRD, micro-XRF, and XANES, allow for semi-quantitative characterization. In-

situ measurements allow for analysis of mineral intergrowths and associations, and it is uniquely 

suited for analysis of weathering products.  

Gräfe et al. (2011) advocates the combination of synchrotron microanalysis and 

automated mineralogy. MLA and QEMSCAN can provide information on the amounts of 

minerals, but may have difficulty identifying minerals precisely. The New Calumet Project 

(Chapters 2 and 3) and the Kalgoorlie Project (Chapter 4) both rely on data collected using 

synchrotron-based analytical techniques to build each project’s mineral reference library in MLA. 

Synchrotron microanalysis confirms minerals, identifies phases that are ambiguous, and most 

importantly, can closely examine trace element substitution that is too low in concentration to be 

identified by SEM-EDS. Automated mineralogy provides a quantitative overview of all of the 

particles in a sample, wherein users of synchrotron analysis select targets based on “hot spots”. 

Automated mineralogy can show grains that host elements of interest in lower concentrations and 

thus reduce sample bias (Jamieson and Gault 2012). 
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The combination of microanalysis and quantitative automated mineralogy allows for 

evaluation of trace metals in the framework of the “underlying” mineralogy (Gräfe et al. 2011). 

However, Gräfe notes the discrepancy between probing depths in SEM technologies vs. 

synchrotron-based technologies. MLA will only probe the top 2 to 3 microns, while μXRD, 

μXRF, and μXANES probes the entire thickness of the thin section. This may result in analytical 

differences between the two methods. As with MLA, the application of synchrotron-based 

microanalysis is limited by access to the equipment and cost (Jamieson and Gault 2012).   

1.4.4 EMPA 

Electron microprobe analysis combines scanning electron microscopy and X-ray 

fluorescence (XRF) to accurately and precisely determines the chemical composition of mineral 

grains by measuring the characteristic X-rays produced by electron bombardment. It does not 

provide overall quantitative analysis, but is utilized as part of a mineralogical characterization 

program to identify minerals and provide concentrations of elements.  

Automated mineralogy is well utilized as a preliminary step before other analysis such as 

laser ablation, EMPA, and synchrotron microanalysis, as it defines regions of interest effectively 

and maps the analytical area. Targets can be bookmarked, driven to, and easily located again. In 

this thesis, EMPA targets were chosen from MLA analysis and coordinates from the SEM were 

used for study with the electron microprobe (Chapter 4).   

1.5 Research Objectives 

Quantitative, automated mineralogy (MLA) was applied to environmental samples 

including Pb-Zn tailings, comparison with static testing results for acid rock drainage 

determination, and Ni-impacted soils. Results from MLA analysis are combined with other 

analyses including synchrotron-based microanalysis, electron microprobe analysis, 
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bioaccessibility testing, static testing, and sequential extraction to gain a representative 

understanding of the sampled material.  

 

Objectives: New Calumet Mine Tailings 

• Quantify relative amount of Pb-bearing minerals to analyze mineralogical controls on 

bioaccessibility 

• Analyze other controls on bioaccessibility, including particle size and liberation 

• Compare laboratory static testing results for acid rock drainage characterization to 

calculations of acid potential (AP) and neutralization potential (NP) calculated from 

MLA-determined modal mineralogy 

 

Objectives: Kalgoorlie  

• Determine Ni distribution by mineral type and compare with previous characterization 

(sequential extraction and XANES) 

• Estimate anthropogenic influence on soils from the presence of Ni-bearing iron silicate 

slag particles 
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Chapter 2 

Quantification of Mineralogical and Physical Controls on Gastric Pb 

Bioaccessibility, New Calumet Tailings 

 

2.1 Introduction 

The mining and processing of lead (Pb) ore has resulted in contamination of surficial 

environments from waste rock and tailings. Lead is a non-essential element for human health and 

the toxic effects of lead are well known. Children are especially impacted by lead; at low 

concentrations over prolonged periods, it can cause cognitive delays and learning impairments in 

children and at high doses it can cause blindness, convulsions, encephalopathy, renal failure, and 

death (Plumlee and Morman 2011). An extreme example of lead poisoning was a recent case in 

Nigeria, where over 40 children were killed and over a hundred sickened by severe lead 

poisoning from artistinal mining of lead-bearing gold ores (Plumlee and Morman 2011). The 

weathering of Pb-bearing mine wastes often results in the conversion of relatively inert Pb-

sulfides into more soluble forms such as Pb-oxides and carbonates. Lead-bearing tailings have the 

potential to be inhaled or consumed by humans and thus Pb-bearing tailings pose a potential risk 

to human health.  

Bioaccessibility is a term that refers to the potential of a substance to interact and be 

absorbed by an organism (Plumlee and Ziegler, 2007). It is often confused with bioavailability, 

but the terms are not interchangeable. Bioavailability is defined as the fraction of a substance that 

is absorbed, reaches the bloodstream, and is transported in the body to a site of toxicological 

action (Ruby et al. 1999; Plumlee and Ziegler, 2007).  
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The risk to human health from ingested or inhaled metal compounds is directly related to 

mineralogy, particle size, and degree of liberation (Ruby et al. 1999, Figure 2-1). Previous studies 

of the New Calumet Pb-Zn tailings have focused on gastric bioaccessibility and mineralogy of 

lead-bearing phases, and this study utilizes automated mineralogy to quantify and analyze the 

multiple parameters that control the environmental behavior of the tailings. Automated 

mineralogy provides quantitative analysis of hazardous element-bearing minerals as well as other 

factors that control bioaccessibility. 

Mineral Liberation Analyzer (MLA) is an automated, quantitative SEM-EDS based 

mineralogical software characterization program that obtains modal mineralogy as well as many 

other parameters. The software can rapidly analyze thousands of particles in just a few hours, 

providing detailed information on particle composition, size, shape, and texture for quantitative 

analysis (Gu 2003). 

Lead was chosen as the main element of concern to study in the New Calumet tailings. 

Pb is an element that has the potential to cause toxicological harm to the body if excess is inhaled 

or ingested (Plumlee et al. 2006). Lead bioaccessibility is affected significantly by the speciation 

and solubility of the minerals present (Ostergren et al. 1999, Ruby et al. 1999). The most 

bioaccessible Pb compounds are Pb carbonates, such as cerussite (PbCO3), and Pb oxides. Galena 

(PbS) is one of the least bioaccessible Pb compounds (Plumlee and Ziegler, 2007). A study of Pb 

bioaccessibility in swine has shown that it can range from 5% for tailings material comprised 

primarily of galena (PbS) to 45% for soils where the majority of Pb is found as Fe-Mn-Pb oxides 

and 98% for material comprised primarily of cerussite (Casteel et al. 2006). Characterization of 

mineralogy is an important factor in understanding the geochemical processes that control metal 

transport and bioaccessibility (Ostergren et al. 1999). 
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Figure 2-1: Mineralogical and Physical Controls on Pb Bioaccessibility, modified from 

Ruby et al. (1999).  

2.1.1 Site History and Overview 

The former New Calumet Mine is located on Ile du Grand Calumet (Lat. 45.70 Long. -

76.68) in Quebec, Canada, approximately 90 km northwest of Ottawa, Ontario. The New Calumet 

deposit consists of massive sulfide lenses and disseminated sulfides associated with cordierite-

anthophyllite-bearing gneisses that have been metamorphosed from hydrothermally altered rocks 

(Corriveau et al. 2007). The ore consists mainly of sphalerite and galena with smaller amounts of 

pyrrhotite, silver, gold, chalcopyrite, and tetrahedrite. Gangue minerals are quartz, feldspar, 

calcite, amphibole, pyroxene, biotite, orthoclase, plagioclase (anorthite and albite), titanite, 

goethite, and spinel (Williams 1992).  

The mine operated from 1943 to 1968, during which time 3.8 million tonnes of Pb-Zn ore 

grading 5.8% Zn, 1.6% Pb, 2.16 oz/tonne Ag, and 0.013 oz/tonne Au were extracted using 
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flotation processing (Bishop 1987). The 270 acre property is now privately owned as a 

recreational property. Approximately 2.5 million tonnes of tailings remain exposed on site in 

multiple locations, known colloquially as the Gobi Desert, Mount Sinai, and the Beaver Pond. In 

some areas, the site owner has vegetated the tailings, and revegetation efforts continue. Tailings 

locations and samples collected are shown in Figure 2-2.  

 

Figure 2-2: Map of New Calumet Tailings locations showing vegetated and non-vegetated 

tailings as well as sample locations, from Jaggard (2012)  

The Gobi Desert (sample code GD) tailings deposit contains approximately 1.02 million 

tonnes of tailings and ranges from 1-6 meters above surrounding elevation. It covers a large 

surface area of 900 m
2 
and has naturally revegated in some areas. Other areas have been vegetated 
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through the efforts of the site owner, which includes the application of fertilizer. The Mount Sinai 

(sample code MS) tailings deposit holds 1 million tonnes of tailings and has the smallest ground 

area and highest relief of all the tailings deposits. At its peak, it is 30 meters in height. The sides 

and top of the pile has not been vegetated and is a source of windblown dispersion in the area 

(Jaggard 2012). Some tailings around the base of the tailings deposit have been vegetated and 

vegatation efforts continue. The Beaver Pond (sample code BV) tailings deposit holds 

approximately 500,000 tonnes of tailings in low-lying area following the creek from the mine site 

to the Ottawa River. It receives run-off from surrounding agricultural operations and can become 

partially covered with water in the summer months. It has partially vegetated. 

The concentration of Pb in the near surface tailings ranges from 1,740 ppm to 4,730 ppm 

in the six samples collected by Heather Jaggard (2012). Although no guidelines for tailings exist, 

the industrial soil guideline for Pb with regards to contaminated sites in Canada is 600 ppm and 

the residential soil guideline is 140 ppm (CCME, 2007). The property is privately owned and 

fenced, and human exposure is minimal. Although there is little risk to human health associated 

with the New Calumet tailings because of limited access, this site provides an opportunity to 

examine mineralogy and bioaccessibility of weathered Pb bearing tailings utilizing MLA.  

2.1.2 Gastric Bioaccessibility Testing  

Tailings samples collected by Jaggard (2012) were subjected to bioaccessibility testing, 

geochemical analysis, and mineralogical analysis using SEM-EDS and synchrotron-based 

microanalysis. In vitro bioaccessibility tests (IVBA) are physiologically-based extraction tests 

designed to estimate the bioaccessibility of elements along ingestion exposure pathways 

(Morman et al. 2009). In vitro methods simulate a human digestive or pulmonary system by 

means of a chemical surrogate, which has ethical and financial advantages over in vivo methods 

that utilize human or animal surrogates (Scheckel et al. 2009). Simulated gastric fluids were 
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exposed to tailings samples sieved to <250 m. The <250 m samples were selected for gastro-

intestinal extractions since this is the fraction most likely to adhere to the hands of children and 

be ingested (Plumlee et al. 2006). The gastric fluid used is a standard method by Drexler and 

Brattin (2007) and is approved by the US Environmental Protection Agency to measure 

bioaccessibility and estimate relative bioavailability of Pb. The extracted solutions were analyzed 

by inductively coupled plasma-mass spectrometry (ICP-MS) for trace elements. To obtain the % 

bioaccessibility, the amount of material leached is divided by the total concentration and 

multiplied by 100.  

Bioaccessible Pb concentrations in the <250 m fraction of tailings sampled from 

Calumet Mine range from 23 to 69% Pb (Jaggard 2012), see Table 2-1. Figure 2-3 shows that 

there is not a direct correlation between total Pb concentration in ppm and total % 

bioaccessibility.  

Table 2-1: Total Pb Content and Gastric Bioaccessibility (%) for New Calumet Tailings 

Sample % Bioaccessibility Total Pb conc. (ppm) 

GD-VEG1<250 69% 2190 

GD-VEG2<250 46% 2390 

GD-nonVEG<250 38% 4730 

BV-VEG1 <250 42% 2930 

BV-nonVEG <250 36% 2540 

MS-nonVEG <250 23% 1740 
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Figure 2-3: Total Pb vs. % Gastric Bioaccessibility for New Calumet Tailings, <250 

microns. Note that Pb-bioaccessibility is not directly correlated with Pb content. 

2.1.3 Previous Mineralogical Characterization 

Jaggard (2012) utilized scanning electron microscopy (SEM) and synchrotron-based 

XRD and XRF to characterize the mineralogy of the New Calumet tailings samples. Based on 

her observations, the primary mineral hosting Pb in the <250 m fraction of the Calumet mine 

tailings is galena (PbS). Investigation of galena grains on the SEM resulted in observation of 

alteration rims and dissolution textures surrounding a number of galena grains. Typically, the 

altered rims were more prevalent if the galena grain was on the edge of a host grain and less 

altered (or not altered at all) if found within a host grain. Using more advanced techniques such as 

synchrotron-based XRD, identification of these rims confirmed the presence of cerussite 

(PbCO3) with lesser amounts of hydrocerussite (Pb3(CO3)2(OH)2). Cerussite may be regarded as a 

weathering product of galena (Gee et al. 1997). It is likely that the amount of galena and cerussite 

differs in each sample analyzed. Cerussite’s bioaccessibility is 98% in gastric fluids, which is 
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much higher than galena’s bioaccessibility of 5% in gastric fluids (Ostergren et al. 1999, Casteel 

et al. 2006), suggesting that the samples with higher % bioaccessible Pb have more cerussite than 

galena.  

Microfocused X-ray diffraction (μXRD) is a synchrotron technique that was used to 

identify mineral phases in individual grains as small as 7-10μm. This technique produces powder 

diffraction rings that are identified using Highscore™. Synchrotron microXRD was chosen rather 

than standard XRD to identify secondary minerals present in small quantities. Galena (PbS), 

cerussite (PbCO3), and hydrocerussite (Pb3(CO3)2(OH)2) were observed to be the main Pb-bearing 

minerals, with minor occurrences of anglesite (PbSO4), and massicot (PbO).  Goethite 

(FeO(OH)), a secondary iron oxide mineral, was also analyzed due to its ability to scavenge Pb 

ions released during primary sulfide dissolution (Hayes et al. 2009). Microprobe results indicate 

that goethite is scavenging other metals, including Pb (Jaggard 2012).  

2.2 Methods 

2.2.1 Sample Collection and Preparation 

The goal of the sampling program carried out by Jaggard (2012) was to collect samples 

from the three tailings areas, Gobi Desert, Mount Sinai, and Beaver Pond, for geochemical, 

mineralogical, and bioaccessibility analysis. Samples were taken from vegetated and non-

vegetated tailings. Non-vegetated samples were taken of the top 5cm of material and vegetated 

samples were taken down to approximately 20cm to obtain root material including a variety of 

(immature) soil horizons. Tailings samples were air dried and sieved into multiple particle size 

categories prior to analysis. The sample fraction sieved to <250 m was utilized for gastric 

bioaccessibility testing at the USGS laboratory in Denver, CO and thin sections were prepared 

from splits of this particle size fraction for SEM-EDS analysis, including MLA.  



 31 

Vancouver Petrographics in Langley, BC prepared thin sections from <250 micron 

tailings samples for petrographic classification, SEM-EDS analysis, and synchrotron 

microanalytical work. Samples were impregnated with set epoxy, mounted to glass slides, and 

ground to 30-50 μm. Thin sections are doubly-polished and liftable (for synchrotron-based 

analysis), and mounted onto glass using Krazy Glue™. Water and heat are not used during 

preparation of thin sections, to avoid any chemical alteration of the samples. Kerosene is used 

when fluids are necessary.   

Thin sections were carbon coated for SEM and microprobe analysis using a Denton 

Vacuum: Desk V Sputter Coater at Queen’s University. Samples were analyzed under high 

vacuum at Queen’s University on a Quanta 650 ESEM equipped with a field emission gun, two 

high-energy dispersive X-ray spectrometers (EDS) and FEI’s MLA software.  

2.2.2 MLA Methods 

2.2.2.1 SEM Operating Conditions 

Use of MLA requires a skilled operator to optimize a number of parameters based on 

desired results and sample characteristics. Many operating parameters are project-specific, such 

as brightness and contrast. For Calumet, brightness and contrast were calibrated on a galena 

standard. FEI recommends calibrating brightness and contrast on the brightest (highest atomic 

number) mineralogical phase in the sample to achieve the best range of gray scale coloring in 

back scatter electron view for particle distinguishing. A combination of XBSE (single point X-

ray, most particles) and GXMAP (X-ray pixel mapping) modes were used in each MLA run. 

GXMAP mode was implemented using a brightness trigger that X-ray maps the bright Pb-bearing 

particles to allow for accurate classification. Operating parameters are outlined in Table 2-2. 
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Table 2-2: SEM/MLA operating parameters for New Calumet Tailings Samples 

Voltage 25 kV Magnification 400x (GD-VEG1) 

200x (remaining 5 

samples) 

Spot Size 5.8 Brightness 

Contrast 

89 

27-29.4* 

*Range over multiple runs 

2.2.2.2 Mineral Reference Library  

A very important part of using Mineral Liberation Analyzer is the creation of an accurate 

and complete Mineral Reference Library that is used to classify the minerals in a sample or 

sample suite (Fandrich et al. 2007). The Mineral Reference Library is made up of mineral names 

or chemical composition groupings with associated EDS spectra. Each EDS spectra collected in 

an MLA run is compared to the Mineral Reference Library and assigned a classification (mineral 

name or chemical composition grouping) based on the EDS spectra it matches most closely.  

The New Calumet Mineral Reference Library was built iteratively over the course of 

multiple runs, first by running MLA’s standard collection XBSE_STD run that bins unknown 

spectra for operator classification, and later by identifying additional unknowns seen in 

subsequent analyses. Expected phases were outlined by Jaggard (2012) and are shown below in 

Table 2-3. Galena and cerussite were the only two Pb-bearing phases significant enough to be 

incorporated into the Mineral Reference Library. Spectra for galena and cerussite were gathered 

from standard reference material as well as phases within the sample through standard collection 

in MLA’s Mineral Reference Editor software. 

 



 33 

Table 2-3: Minerals in New Calumet Tailings samples identified using ESEM and μXRD 

(Modified from Jaggard 2012) 

Non-metallic minerals Metal bearing minerals 

quartz, calcite, biotite, amphiboles 

(actinolite and horneblende), pyroxene 

(augite), orthoclase, plagioclase (anorthite 

and albite)  

pyrite, pyrrhotite, goethite, Galena, cerussite, 

hydrocerussite, anglesite, massicot, sphalerite, 

tetrahedrite, titanite, spinel, staurolite, 

chalcopyrite 

2.2.3 Challenges: Distinguishing galena and cerussite 

SEM-EDS analysis does not provide exact mineralogy, which means that minerals that 

are similar in composition may be difficult to classify. An accurate Mineral Reference Library 

may not always be able to provide enough information to distinguish minerals that have very 

similar spectra. For the New Calumet project, distinguishing between galena (PbS) and cerussite 

(PbCO3) was important. These minerals have very different relative bioaccessibilities and one 

goal of the study was to quantify the relative amounts of both minerals in each sample to explain 

bioaccessibility results.  

The differentiation of cerussite and galena on the SEM using energy dispersive X-ray 

analysis is difficult due to several factors. First, MLA samples are carbon coated, making 

quantification of carbon (in cerussite) impossible. Second, compounds of heavy metals and light 

elements such as C, O, and H are difficult to quantify because heavy metals (Pb) absorb the X-

rays of light elements (Miler and Gosar 2010). For galena, the K  peak of sulfur overlaps with the 

M  peak of Pb, making it difficult to distinguish galena, which has Pb and S, from cerussite, 

which is depleted in sulfur (see Figure 2-4). Galena, a sulfide mineral, may sometimes show 

oxygen peaks, which is likely caused by incomplete oxidation of sulfides (Miler and Gosar 2010). 

Cerussite, a weathering product of galena, is commonly found in these samples as rims on the 

edges of galena grains (Jaggard 2012), presenting further challenges due to the small area (often 

<5 um).  



 34 

 

 

Figure 2-4 EDS Spectra of cerussite standard reference material (top) and galena standard 

reference material (bottom) 

Under normal operating conditions, the brightness of galena and cerussite are too similar 

for XBSE analysis, as they are distinguished as one phase by MLA. However, they do have 

slightly different brightness levels when viewed under the SEM with the brightness setting turned 

down. Cerussite appears relatively less bright than galena when the brightness is turned down 

below normal operating conditions, such that surrounding particles are too dark to view (see 

Figure 2-5), and the difference in brightness was used to classify them. 
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Figure 2-5: This particle in sample GD-nonVEG contains galena and cerussite. At left, the 

Pb-bearing particle is viewed under operating brightness (SEM). At right, galena (bright) 

can be distinguished from cerussite (rim, less bright) under a lower brightness setting than 

the image at left. 

After an MLA run, samples are classified in the MLA Image Processing software. The 

classify function offers a number of classification settings, shown in Figure 2-6 below. Due to the 

relative difference in brightness between galena and cerussite, the “BSE Range Limits” setting 

was used (Figure 4). The BSE ranges for galena (240-255) and cerussite (140-239) were defined 

operationally, using BSE brightness information gathered from the Image Processing software.   
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Figure 2-6: MLA Classification settings for classification based on brightness of galena and 

cerussite, New Calumet Tailings 

2.2.4 Experimental Design and Sampling: Number of Particles to be Analyzed 

 

Process mineralogists at mining companies such as Teck Cominco, Newmont, and 

Anglo-American who utilize automated mineralogy typically analyze a certain number of 

particles in a sample, rather than analyzing the entire thin section. This number ranges from 5,000 

particles and upwards (Blaskovich, 2013). MLA operators at the Bingham Canyon Mine 

(Kennecott/Rio Tinto) often run 75,000 particles per day (MacDonald et al. 2011). The question 

of how many particles to analyze relates to sampling theory, and within the mining and 

metallurgical industries, operators use Gy’s Theory of Sampling. Gy’s Theory provides a 

complete analysis of the technical and statistical aspects of sampling and analysis from sample 

collection to analysis (Peterson et al. 2005). It was developed to provide a regime for 

representative sampling of heterogenous materials, especially particulates such as crushed ore, 

tailings, and sediments. Pierre Gy began developing the theory in 1950 and it is still used today in 
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the mining industry as well as in environmental studies and other disciplines (Petersen et al. 

2005).  

Although MLA is often described as a quantitative mineralogical tool, a detailed 

understanding of how representative MLA results are of the larger volume of material is rarely 

discussed. The goal of representative sampling is to accurately reduce a very large volume of 

material to a very small volume of material while maintaining the characteristics of the large 

volume of material. Thus, the measured value for the part is an unbiased estimate for the whole 

(Petersen et al. 2005). This is difficult with heterogeneous materials. A sample is representative if 

the sampling process is both accurate and reproducible. All samples will deviate in concentration 

when compared to the true concentration of the entire unit, but the goal of representative 

sampling is a sample that is accurate and precise. In a typical thin section, approximately 1 gram 

of material is used to create a 30 mm wide polished block for thin section preparation, making a 

thin section a subsample of the sample (Pirrie and Rollinson 2011). A thin section is a two-

dimensional sample from a three-dimensional object, and the image frames can be understood as 

a zero-dimensional subsample from a two-dimensional surface (Korpelainen et al. 2002).

If representative sampling is not taken into account at the first stage of sample collection, 

there is no way of estimating sampling bias and sampling errors embedded in the final results 

(Petersen et al. 2005). For this thesis, previous researchers completed the sampling process and 

prepared thin sections, and it is not possible to perform a full analysis of the errors and biases 

using Gy’s theory through every step of the sampling, preparation, and analysis process. Due to 

small sampling population for this study, statistical analysis is also not feasible. Initially, the 

protocol of other environmental automated mineralogical studies was followed and the entire thin 

section was surveyed (Pirrie et al. 2004). This method was chosen to ensure that all Pb-bearing 

minerals in the sample were analyzed. Choosing to analyze only a certain number of particles 
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would reduce the percentage of Pb-bearing minerals even further. The number of particles 

analyzed for each sample as well as the number of Pb-bearing particles contained within this 

sample population is described in Table 2-4. Although the area surveyed is roughly similar in all 

thin sections, the particle counts differ greatly due to variability in particle size and sample 

texture. A study by Blaskovich (2013) comparing modal mineralogies between multiple particle 

size groups noted that lower particle counts can skew modal abundance data for phases of interest 

with low occurrences. Larger particle counts are important to avoid a “nugget effect”.  

Table 2-4: Thin Section Particle Counts from MLA for New Calumet Tailings Samples, 

<250 microns 

Sample  Number of Particles in Thin Section Number of Pb-bearing 

particles (PbS & PbCO3) 

GD-VEG1 706,225 72 

GD-VEG2 489,009 216 

GD-nonVEG 79,129 214 

BV-VEG1 224,429 149 

BV-nonVEG 137,879 127 

MS-nonVEG 38,934 185 

   

Choosing a sample population size for MLA analysis is especially important when the 

component of interest is not a major phase. MLA operators require more rigorous criteria for 

particle counts when analyzing trace and minor phases, with some operators requiring at least 8 

grains containing the phase of interest to be analyzed within the sample population while others 

require a minimum of 40 detected grains for each phase (Blaskovich 2013). The components of 

interest in this study are the primary lead-bearing minerals, galena and cerussite. After analyzing 

the entire thin section of sample GD-VEG1, the sample population was selectively reduced by 

randomly deleting frames and modal mineralogy was recalculated for the new particle count. 
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Through selective reduction of the number of particles analyzed, Table 2-5 shows that, due to the 

minor presence of lead-bearing particles in sample GD-VEG1, analyzing smaller particle counts 

may affect the modal mineralogy greatly. 

Table 2-5: Analysis of galena and lead phases over multiple sample population sizes, New 

Calumet tailings 

 706,255 particles 349,859 particles 

Name Particles Area Microns Particles Area Microns 

Galena 42 337.25 19 120.76 

Cerussite 34 619.4 15 211.48 

     

 99,616 particles 9,699 particles 

Name Particles Area Microns Particles Area Microns 

Galena 5 38.96 0 0 

Cerussite 3 47.86 0 0 

 

2.3 Results: Mineralogical and Physical Controls on Bioaccessibility 

2.3.1 Pb Mineralogy 

 

Previous characterization indicated that total Pb content of the samples was not correlated 

to bioaccessibility, which led to the conclusion that mineralogy was a controlling factor (Jaggard 

2012). The two main Pb-bearing minerals, galena and cerussite, vary greatly with respect to 

bioaccessibility (Casteel et al. 2006) and MLA was used to determine whether samples with a 

higher bioaccessibility had a higher concentration of cerussite than samples with a lower 

bioaccessibility. Automated mineralogy is well-suited to determine whether there is more 

cerussite than galena in the six New Calumet samples, as it provides quantitative mineralogy on 

an entire thin section in a rapid, replicable manner.  
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Using the modal mineralogy results obtained by MLA, the ratio of cerussite to galena 

was calculated to assess the contribution of mineralogy to the observed bioaccessibility results. 

The modal mineralogy calculated by MLA provides several measurement options: particle count, 

grain count, pixels, area %, weight %, and area (microns). Imaging is a two-dimensional analysis 

and area (microns) was chosen to compare galena and cerussite amounts most accurately. The 

relationship between the two minerals is presented as a ratio in Table 2-6, below, and graphically 

in Figure 2-7. 

Table 2-6: Ratio of Cerussite to Galena in New Calumet Tailings Samples, <250 microns. 

Modal Mineralogy obtained by MLA. 

Sample Bioaccessibility Area (Microns) Cerussite:Galena 

  Galena Cerussite  

GD-VEG1 69% 337.25 619.96 1.84 

GD-VEG2 46% 3790.38 588.2 0.16 

GD-nonVEG 38% 23574.02 9331.66 0.40 

BV-VEG1 42% 7448.41 4329.69 0.58 

BV-nonVEG 36% 5144.43 525.35 0.10 

MS-nonVEG 23% 7210.22 4690.32 0.65 
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Figure 2-7: Cerussite:galena vs. Gastric Pb Bioaccessibility, New Calumet Tailings Samples, 

<250 microns 

 

This analysis begins to explain why sample GD-VEG1 has the highest bioaccessibility, 

while containing much less Pb than the other samples. It has a much higher ratio of cerussite to 

galena (1.8 vs. <0.8 for other samples) and is the only sample where the amount of cerussite 

exceeds the amount of galena. However, sample MS-nonVEG, which has the lowest 

bioaccessibility at 23%, has a higher ratio of cerussite to galena than samples with an 

intermediate bioaccessibility (GD-VEG2, GD-nonVEG, BV-VEG1, and BV-nonVEG). 

Therefore, mineralogy is not the only factor controlling bioaccessibility. 

Jaggard utilized the relative bioaccessibilities of galena and cerussite from Casteel et al. 

2006, assuming galena at 5% and cerussite at 98% relative bioaccessibility in gastric fluids to 

calculate what percentage of cerussite we could expect in each sample, and this calculation is 

repeated in Table 2-7 and Figure 2-8 for each sample. This simple calculation relies on a 
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predictive model of ratios of galena and cerussite in the sample, which can then be compared to 

the bioaccessible Pb amount measured using bioaccessibility testing. Then, the predicted 

mineralogy (% cerussite) can be compared to the actual % cerussite analyzed by MLA. This 

calculation assumes that galena and cerussite are the only Pb-bearing minerals, and that goethite 

is not a significant source of Pb.  

For samples GD-VEG1 and BV-VEG, the predicted amount of cerussite falls within 10% 

of the amount of cerussite measured by MLA. This may suggest that, for these samples, 

mineralogy is the predominant control on bioaccessibility. Sample MS-nonVEG is the only 

sample that has a predicted % cerussite less than the actual % cerussite.  

Table 2-7: Determination of “bioaccessible Pb” in New Calumet tailings samples  

 

GD-

VEG1 

GD-

VEG2 

GD-

nonVEG 

BV-

VEG 

BV-

nonVEG 

MS-

nonVEG 

Total Pb (ppm) (ICP-MS) 2190 2390 4730 2930 2540 1740 

% Bioaccessibility 69 46 38 42 36 23 

Bioaccessible Pb (ppm) 1511 1099 1797 1231 914 400 
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Figure 2-8: Predicted vs. actual amounts of cerussite in New Calumet tailings samples (<250 

microns) based on relative bioaccessibilites of galena (5%) and cerussite (98%) from Casteel 

et al. (2006) 
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The determination of galena and cerussite in these samples using MLA suggests that 

mineralogy is not the only factor controlling bioaccessibility results. MLA provides us with the 

ability to quantify the other factors that control bioaccessibility: particle size/texture and 

liberation.   

2.3.2 Particle Size and Sample Texture 

Particle size plays a significant role in the fate of hazardous elements. The six tailings 

samples were sieved by Jaggard (2012) to perform analyses on certain particle sizes. The results 

for the <250 micron size fraction, which was used for bioaccessibility and MLA analysis, are 

outlined in Table 2-8. Sample MS-nonVEG has the highest percentage of material in the coarsest 

fraction (125-250 microns). Sample GD-VEG1 has the lowest percentage of material in this size 

fraction. The former has the lowest bioaccessibility, and the latter the highest, which suggests that 

particle size is playing a significant role in bioaccessibility results. 

Table 2-8: Particle size distribution of the <250 micron size fraction, New Calumet Tailings 

(Jaggard 2012) 

Size Fraction 

(microns) 

GD-

VEG1 

GD-

VEG2 

GD-

nonVEG 

BV-

VEG1 

BV-

nonVEG 

MS-

nonVEG 

125-250 7.9% 21.6% 35.5% 37.0% 41.5% 76.3% 

63-125 15.5% 39.3% 12.0% 33.0% 16.5% 16.2% 

45-63 12.1% 12.8% 2.3% 6.8% 3.6% 1.0% 

20-45 16.2% 15.7% 4.0% 10.0% 3.9% 0.5% 

<20 0.8% 1.7% 0.5% 2.9% 1.0% 0.1% 

Percentage <250  52.5% 91.1% 54.3% 89.7% 66.5% 94.1% 

       

Bioaccessibility 69% 46% 38% 42% 36% 23% 

 



 45 

MLA estimates the particle size as part of analysis. It is important to note that particle 

size, when measured using imaging analysis such as scanning electron microscopy, is difficult 

due to the nature of sectioning and the variable shapes  of most particles. It is a two dimensional 

analysis and the particle size that MLA determines is always less than or equal to the true particle 

size (Sutherland 2007). Visually, the sample with the highest bioaccessibility, GD-VEG1 

(bioaccessibility = 69% Pb) is the finest grained sample, and the sample with the lowest 

bioaccessibility, MS-nonVEG (bioaccessibility = 23% Pb) is the most coarse grained (see Figure 

2-9). Texturally, the six tailings samples from New Calumet vary greatly. MS-nonVEG is made 

up of larger, more discrete particles, as seen in a side-by-side comparison of MLA results in 

Figure 2-9.   

 

Figure 2-9: Visual comparison of GD-VEG1, highest bioaccessibility (left), and MS-

nonVEG, lowest bioaccessibility (right) at the same scale 

 

Particle size is a parameter that can be measured with other techniques such as sieving. 

However, MLA’s powerful contribution to particle size is the ability to selectively view (Figure 

2-10) and quantitatively analyze the particle size of certain minerals or groups of minerals quickly 
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and easily. In the six New Calumet samples, the Pb-bearing minerals are fine grained, with no 

particles larger than 63 microns. Most are contained as very small particles within grains of 

quartz or other silicates.  

 
GD-VEG1 - selected galena and cerussite bearing particles, sorted by area

GD-VEG2 - selected galena and cerussite bearing particles, sorted by area
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GD-nonVEG - selected galena and cerussite bearing particles, sorted by area

BV-VEG1 - selected galena and cerussite bearing particles, sorted by area

BV-nonVEG - selected galena and cerussite bearing particles, sorted by area
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MS-nonVEG- selected galena and cerussite bearing particles, sorted by area

Figure 2-10: False color images from MLA Image Processing software showing Pb-bearing 

particles in the six New Calumet tailings samples at the same scale. This view was created 

using the “Filter” function to select particles containing cerussite and galena, and then the 

“sort” function was used to display them in descending order by area. Most Pb-bearing 

particles are found as very small particles within quartz.  

Samples GD-VEG1 and GD-VEG2 have the finest grained Pb bearing particles, with 

100% of cerussite and galena grains smaller than 20 microns. The plots in Figure 2-11, show the 

particle size distribution of galena (left) and cerussite (right) for all six New Calumet samples as 

determined by MLA. The Pb-bearing particles are much smaller in sample GD-VEG1. Smaller 

particles have a larger surface area and are more leachable and bioaccessible (Ruby et al. 1999), 

which may explain why GD-VEG1 is more bioaccessible while having a lower total Pb content 

than MS-nonVEG. 
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Figure 2-11: Mineral Grain Size Distribution of Galena (left) and Cerussite (right), New 

Calumet Tailings Samples, <250 microns 

When the tailings were originally deposited during production in the 1950s, fractions less 

than 225 microns accounted for approximately 25 wt% of the sample and that the largest size 

fraction measured was 2,380 microns (report by D. Ferrigan, Mill Superintendent). The < 250 

micron size fraction accounts for 50-95% of six samples collected in 2010. Variability in particle 

sizes between samples may be a result of location, as the tailings at New Calumet were deposited 

by spigotting and thus particle size is expected to decrease going away from the distribution 

point. Weathering and erosion are likely responsible for the reduction in particle size over time, 

and vegetation may play a part in reducing particle size.  

2.3.3  Liberation 

 

Liberation is an important metallurgical parameter and automated mineralogy (MLA and 

QEMSCAN) was originally developed for the analysis of liberation. Liberation is the separation 

and enrichment of ore minerals from gangue minerals (waste) through size reduction. MLA 

provides interpretation of liberation in two types: liberation by volume and liberation by free 

surface (FEI, 2011). The difference between these two liberation types is demonstrated in Figure 
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2-12. Liberation by volume, where a particle is considered 100% liberated if it is made up of one 

mineral only, is the type favored by metallurgical processing. Recovery is optimized when 

particles are fully separated. For environmental purposes, the amount of material that is exposed 

(liberation by free surface) is more like to dissolve in bodily fluids. Liberation by free surface was 

chosen for this analysis, as environmental behavior will be most impacted by the exposure of the 

mineral of interest to weathering at the surface of the particle.   

 

 

Liberation by 

Composition 

50% 50%  50% 

Liberation by Free 

Surface 

0% 50%  100% 

Figure 2-12: Difference between Liberation by Composition and Liberation by Free 

Surface, from FEI (2011)  

 

MLA may not accurately interpret liberation of weathered material, such as the Calumet 

surficial tailings. For example, minerals with cracks or dissolution textures may be viewed as 

solid surfaces, and thus a fractured Pb-bearing grain may be interpreted by MLA as being fully 

encapsulated, when in fact the weathering and dissolution has liberated it (See Figure 2-13). 

Liberation is a powerful analysis but for weathered, environmental material such as tailings, it 

may not always be accurate.   
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Figure 2-13: Left: Classified image of galena (purple) in a biotite grain (green). This galena 

particle would be classified as fully enclosed (no liberation by free surface). Right: The same 

particle under BSE imagery, shows cracks and dissolution textures 

 

Liberation was compared for galena and cerussite across the six tailings samples (Figure 

2-14). The majority (>80%) of galena grains are unliberated, as expected based on historical 

processing, where more liberated grains would be effectively removed by flotation, as well as the 

weathering whereby more highly liberated sulfide grains would likely be dissolved. Sample GD-

VEG1, which has the highest bioaccessibility, has the most liberated Pb bearing particles. Due to 

the nature of the weathered material, the application of liberation data should be used with 

caution.  
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Figure 2-14: Liberation by Free Surface of Galena and Cerussite 

 

2.3.4 Uncertainty 

Calculating the uncertainty of mineral phase estimates made by SEM-EDS imaging is 

complex. As discussed in Section 2.2.4, particle sampling, thin section preparation, and number 

of particles analyzed can all contribute to error. Error in sampling can be estimated by running 

duplicate samples, which are taken through the same sample preparation procedure as the original 

sample. For this thesis, repeat analyses were usually performed to test a new mineral reference 

library or fix errors in previous runs, and multiple runs for purposes of error analysis were not 

performed.  

To analyze precision of the instrument, Blaskovich (2013) recommends repeat analyses 

of sample mounts in duplicate or triplicate to make an error estimation from modal mineralogy 

information obtained on the same sample multiple times. The instrumental reproducibility of 

automated mineralogy system QEMSCAN was tested by Pirrie et al. (2009) by analyzing the 

same sample ten times using the same operating, measurement, and processing parameters. They 

concluded that the variability demonstrated by differences in classification between replicates on 
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the same instrument is significantly less than observed natural variability between samples. The 

small variability was attributed to sub-sampling a different sub-set of the overall assemblage of 

particles in the sample. They concluded that a single analysis is representative of that sample. 

2.4 Conclusions 

MLA has the potential to answer a number of questions regarding the mineralogical and 

physical controls on Pb bioaccessibility. Data from the MLA software can provide very detailed 

information on the factors that control bioaccessibility, including mineralogy, liberation, and 

particle size. Sample GD-VEG1, which has the highest bioaccessibility, has the smallest particle 

size, highest ratio of cerussite to galena, and the most liberated Pb-bearing particles.  
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Chapter 3 

Application of Automated Mineralogy to Characterization of Metal 

Leaching/ Acid Rock Drainage Potential, New Calumet Tailings 

3.1 Introduction 

The extraction of metals by the mining industry results in the creation of millions of 

tonnes of mine waste that requires ongoing maintenance and attention to prevent potential 

environmental degradation from metal leaching and/or acidic rock drainage. Sulfuric acid forms 

from the oxidation and weathering of sulfidic minerals such as pyrite (FeS2) and pyrrhotite (Fe1-

xS) found in many types of ore. Acidic drainage occurs when the pH of aqueous drainage is below 

5.5, a point at which biota is affected (Jambor et al. 2002).  

The environmental impact of acidic drainage can be ameliorated by the presence of 

neutralizing minerals that react with aqueous acidity. The determination of the neutralization 

potential (NP) and acid potential (AP) of environmentally reactive material is a crucial step in the 

characterization and prediction of acid rock drainage (ARD) in mine waste for environmental 

planning, and the segregation and mitigation of ARD in an operational mine. The prediction of 

drainage chemistry involves static and kinetic analyses and tests that characterize the chemical 

components of mining materials such as waste rock, tailings, and soil. Static tests for acid base 

accounting (ABA) measure the composition and quantity of constituents in a sample at a single 

point of time. Environmental scientists, mine operators, regulators, and decision makers typically 

rely on calculations for acid potential based on “static” laboratory tests of sulphur content 

including sulfide, sulphate, and insoluble sulphur. Neutralization potential is tested by titration 

and inorganic carbon content, whereby all inorganic carbon is interpreted as neutralizing 

carbonates reacting like calcite (Price 2009). Static testing does not provide reaction rates, but is a 
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useful first step to reduce uncertainty and identify potential liabilities that can then be managed 

and mitigated (Price 2009). 

Laboratory static tests for AP and NP are not mineralogically based and do not take into 

account the variability in chemical content of various acid producing and acid neutralizing 

minerals. We know that mineralogy plays a significant role in the neutralization of ARD and 

mineralogical characterization is recommended as part of every drainage chemistry prediction 

program to check assumptions made by laboratory tests (Price 2009). The most important acid 

neutralizing minerals are in the carbonate group, which react readily and freely. Some silicate 

minerals such as olivine and wollastinite provide neutralization (Jambor et al. 2002) but with very 

slow reaction rates. It is expected that the onset of ARD precedes the reaction rates of 

neutralizing silicates (Jambor et al. 2002) and most researchers recommend the use of 

neutralization potential derived from carbonates such as calcite and dolomite, excluding siderite 

(FeCO3) (Jambor et al. 2000, Price 2009).  

The presence of iron and manganese carbonates such as siderite (FeCO3) and ferroan 

dolomite [Ca(Fe,Mg)(CO3)2 , Fe>Mg] complicates neutralization potential, because the alkalinity 

produced by the dissolution of the carbonates is offset by the acidity contributed by iron and 

manganese oxidation (Price 2009, Frostad et al. 2003).  

Automated mineralogy provides a way to look at the mineralogical and physical factors 

that control metal leaching and acid rock drainage. For this study, modal mineralogy was 

obtained from Mineral Liberation Analyzer, an automated, quantitative SEM-EDS based 

mineralogical software program. MLA works on particle thin sections and determines modal 

mineralogy while collecting sample images and allowing for the analysis of sample texture and 

particle size. 
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Samples were collected from tailings at the former New Calumet mine, a former Pb-Zn mine in 

Quebec, Canada, where approximately 2.5 tonnes of Pb-Zn tailings have been stored in multiple 

locations on the surface since the mine closed in 1968. At present, drainage from the tailings is 

pH neutral, likely due to abundant carbonate in the host rock (Sangster 1967; Doonkervort 2007; 

Praharaj & Fortin 2008).  

Research Objectives 

The goal of this study is to compare mineralogically based estimates of neutralization 

potential and acid potential calculated from MLA-obtained modal mineralogy to static testing 

results from New Calumet tailings samples.  

3.1.1 Site History and Overview 

The former New Calumet Mine is located on Ile du Grand Calumet (Lat. 45.70 Long. -

76.68) in Quebec, Canada, approximately 90 km northwest of Ottawa, Ontario. The New Calumet 

deposit consists of massive sulfide lenses and disseminated sulfides associated with cordierite-

anthophyllite-bearing gneisses that have been metamorphosed from hydrothermally altered rocks 

(Corriveau et al. 2007). The ore consists mainly of sphalerite and galena with smaller amounts of 

pyrrhotite, silver, gold, chalcopyrite, and tetrahedrite. Gangue minerals are quartz, feldspar, 

calcite, amphibole, pyroxene, biotite, orthoclase, plagioclase (anorthite and albite), titanite, 

goethite, and spinel (Williams 1992).  

The mine operated from 1943 to 1968, during which time 3.8 million tonnes of Pb-Zn ore 

grading 5.8% Zn, 1.6% Pb, 2.16 oz/tonne Ag, and 0.013 oz/tonne Au were extracted using 

flotation processing (Bishop 1987). The 270 acre property is now privately owned as a 

recreational property. Approximately 2.5 million tonnes of tailings remain exposed on site in 
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multiple locations, known colloquially as the Gobi Desert, Mount Sinai, and the Beaver Pond. In 

some areas, the site owner has vegetated the tailings, and vegetation efforts continue.  

The Gobi Desert tailings deposit contains approximately 1.02 million tonnes of tailings 

and ranges from 1-6 meters in elevation. It covers a large surface area of 900 m
2 
and has naturally 

revegated itself in some areas. Other areas have been vegetated through the efforts of the site 

owner, which includes the application of fertilizer (See Figure 4-1). The Mount Sinai tailings 

deposit holds 1 million tonnes of tailings and has the smallest ground area and highest relief of all 

the tailings deposits. At its peak, it is 30 meters in height (See Figure 4-1). The sides and top of 

the pile has not been vegetated and is a source of windblown dispersion in the area. Some tailings 

around the base of the tailings deposit have been revegatated and revegatation efforts continue. 

The Beaver Pond tailings deposit holds approximately 500,000 tonnes of tailings in low-lying 

area following the creek from the mine site to the Ottawa River. It receives run-off from 

surrounding agricultural operations and can become covered with water in the summer months. It 

has partially vegetated. 

Figure 3-1: Tailings are located at three locations on the New Calumet mine site: Gobi 

Desert (left, partially vegetated), Beaver Pond (middle, partially vegetated), and Mount 

Sinai (right). Vegetated and unvegetated areas can be seen in map view in Figure 2-2. 
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3.2 Methods 

The goal of the sampling program carried out by Heather Jaggard (2012) was to collect 

samples from the three tailings areas, Gobi Desert, Mount Sinai, and Beaver Pond, for 

geochemical, mineralogical, and bioaccessibility analysis. Samples were taken from vegetated 

and non-vegetated tailings. Non-vegetated samples were taken of the top 5cm of material and 

vegetated samples were taken down to approximately 20cm to obtain root material including a 

variety of (immature) soil horizons. Tailings samples were air dried and sieved into multiple 

particle size categories prior to analysis. The fraction sieved to <250 m was utilized for gastric 

bioaccessibility testing at the USGS laboratory in Denver, CO and thin sections were prepared 

from splits of this particle size fraction for SEM-EDS analysis, including MLA (Chapter 2).  

Vancouver Petrographics in Langley, BC prepared thin sections from <250 micron 

tailings samples for petrographic classification, SEM-EDS analysis, and synchrotron 

microanalytical work. Samples were impregnated with set epoxy, mounted to glass slides, and 

ground to 30-50 μm. Thin sections are doubly-polished and liftable (removable from the glass for 

synchrotron-based analysis), and mounted onto glass using Krazy Glue™. Water and heat are not 

used during preparation of thin sections, to avoid any chemical alteration of the samples. 

Kerosene is used when fluids are necessary.   

Thin sections were carbon coated for SEM and microprobe analysis using a Denton 

Vacuum: Desk V Sputter Coater at Queen’s University. Samples were analyzed under high 

vacuum at Queen’s University on a Quanta 650 ESEM equipped with a field emission gun, two 

high-energy dispersive X-ray spectrometers (EDS) and FEI’s MLA software.  

3.2.1 SEM Methods 

Thin sections were carbon coated and analyzed as in Chapter 2 Section 2: Methods.  
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3.2.1.1 Mineral Reference Library 

MLA’s Mineral Reference Library is comprised of all known phases and associated 

spectra. Each X-ray spectra taken from the sample is compared to the Mineral Reference Library 

and classified based on best fit. The mineral reference library was built iteratively over the course 

of multiple runs by identifying unknowns and adding them to the working library. An accurate 

mineral reference library is critical for this project, as multiple mineral types contribute to acid 

generation and acid neutralization.  

3.2.1.1.1 Neutralizing Phases in New Calumet Mineral Reference Library 

Numerous minerals provide neutralization potential and thus accurate classification of all 

phases is required to quantify neutralization potential. Carbonate minerals identified in this study 

that are expected to provide neutralization potential in the New Calumet tailings are calcite, 

dolomite, and ferroan dolomite.  

3.2.1.1.2 Acid-generating Phases in New Calumet Mineral Reference Library 

Sulfides are common ore minerals and are the cause of acidic drainage due to the 

formation of sulfuric acid during oxidation and weathering. When viewed under back-scatter on 

the SEM, sulfides are bright phases due to their high atomic number. MLA was designed to 

characterize sulfides, as the basis of MLA is distinguishing minerals based on brightness. Sulfides 

also have relatively uniform compositions that are well characterized using EDS spectra. FEI’s 

standard reference library in Mineral Reference Editor contains spectra for most of the important 

sulfide phases that can assist in the classification of sulfide phases in the New Calumet tailings. 

The New Calumet tailings contain the following sulfide minerals as determined from spectra 

matching in MLA’s Mineral Reference Editor: arsenopyrite, galena, chalcopyrite, pyrrhotite, 

pyrite, and sphalerite. 
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3.2.2 Ferroan Dolomite Determination 

Ferroan dolomite is an intermediate phase in the ankerite (Ca(Fe,Mg,Mn)(CO3)2)-

dolomite (CaMg(CO)2) solid solution. In the New Calumet Mineral Reference Library, it is 

distinguished from dolomite by the presence of an Fe peak (Figure 3-2).  

Figure 3-2: Ferroan Dolomite Spectra from the New Calumet Mineral Reference Library. 

Ferroan dolomite is distinguished from dolomite by the presence of an Fe peak 

To effectively evaluate the potential for acid neutralization from carbonates containing these acid-

contributing Fe and Mn, the amount of iron and manganese must be quantified. Multiple ferroan 

dolomite grains were analyzed using Bruker Esprit and quantified to obtain the Fe mole % values 

required for the calculation of neutralization potential (Table 3-1). Six samples were analyzed, 

ranging from 0.96% Fe-mole to 6.51% Fe-mole. The average amount of Fe was 3.9%.  

Table 3-1: Average iron content of Ferroan Dolomite grains analyzed by SEM using Bruker 

Esprit software for the calculation of Neutralization Potential from iron carbonates 

Ferroan 

Dolomite Fe Mole % 

Ferroan 

Dolomite Fe Mole % 

Sample 1 6.51 Sample 4 0.96 

Sample 2 1.16 Sample 5 5.7 

Sample 3 6.15 Sample 6 2.92 

 Average: 3.9  
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3.2.3 Static Testing Methods - Acid Base Accounting 

A series of laboratory chemical tests, known within the mining industry as static tests, 

were conducted on the New Calumet mine samples to predict metal leaching and acid rock 

drainage (ML/ARD). Samples of the <250 micron size fraction from the six New Calumet 

tailings samples were sent to SGS Lakefield in Burnaby, BC for static testing of acid base 

accounting parameters. 

All six of the samples collected from New Calumet were subjected to static tests at SGS 

Lakefield in Burnaby, BC by the Modified Sobek method (Sobek et al. 1978, Lawrence and 

Wang 1997). ABA analyses included paste pH, total inorganic carbon, sulphur speciation, 

determination of acid potential and neutralization potential. These parameters are explained 

below. 

Paste pH 

Paste pH values were determined by mixing 20 g of sample with 20 mL of distilled water 

for 5 minutes. The pH of the supernatant is determined by pH probe after a settling time of 10 

minutes (Sobek et al. 1978). Paste pH is used as a preliminary screening tool to determine 

whether the sample is presently acid-generating. 

Sulphur speciation 

Total sulphur was determined using a LECO furnace. Sulphate was determined by 

leaching a subsample (<1 g) with 20% hydrochloric acid and heating to dissolve readily soluble 

sulphates such as gypsum. A hydrochloric acid leach performs only variable dissolution of 

jarosite (KFe
3+

3(OH)6(SO4)2) and alunite (KAl3(SO4)2(OH)6). It does not remove insoluble 

sulphates barite (BaSO4), anglesite (PbSO4) and celestite (SrSO4) (Price 2009). The resulting 

solutions were analyzed on an Inductively Coupled Plasma-Atomic Emission Spectrometer 
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(Appendix C). Sulfide sulphur was calculated as the difference between total sulphur and sulphate 

sulphur, and is used in the calculation of acid potential. 

Forms of acid generation potential  

The acid generation capacity of a sample (AP) is calculated based on the sample’s 

sulphur content. Calculation of AP assumes two moles of H+ are produced per mole of sulphur in 

pyrite, and that one mole of calcite neutralizes two moles of H+, as per the following equations 

(Price 2009): 

FeS2 + (15/4)O2 + (7/2)H2O  Fe(OH)3(s) + 2SO4
2-

 + 4H+  

 

2CaCO3 + 4H+  2Ca
2+

 + 2H2O + 2CO2  

 

Based on these reactions, AP is calculated as follows: 

Acid Potential (AP), in kg CaCO3/t = Sulfide Sulphur (%) * 31.25  

where the conversion factor of 31.25 is derived from:  

(2x molecular weight of calcite /2x molecular weight of sulphur) x (10)  

 

Total inorganic carbon 

Total inorganic carbon (TIC) was determined by acidifying a known weight of sample 

with hydrochloric acid and heating to evolve forms of inorganic carbon as CO2. TIC is reported 

as percent carbon, and is used to determine the reactive carbonate content in a sample. This 

assumes all carbonates in the sample react like calcite. The presence of Fe and Mn carbonates 

should be checked using mineralogical characterization techniques such as petrography or XRD, 

as they do not provide the same neutralization potential as calcite. Additionally, magnesite 

(MgCO3) has been shown to dissolve poorly in hydrochloric acid (Paktunc 1999), and its 

contribution to NP may be underestimated by measuring total inorganic carbon.   
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Forms of neutralization potential 

Modified Sobek neutralization potential (NP) is determined by treating the sample with a 

prescribed volume and strength of hydrochloric acid at ambient temperature for 24 hours. After 

24 hours, the sample is back-titrated with a strong base to an end pH of 8.3 to determine the 

amount of acid consumed (Lawrence and Wang 1997). The NP determination may include 

neutralization potential from other minerals, such as silicates, which have very slow weathering 

rates in the field (Jambor et al. 2003). Carbonate NP (CaNP), which is calculated based on 

laboratory-measured total inorganic carbon, estimates the amount of neutralization that can be 

attributed to carbonate minerals, and is recommended for usage in acid-base accounting due to 

the slow kinetic rates of neutralizing silicates estimated in total NP calculations (Jambor et al. 

2000). 

3.3 Results 

The pH of drainage from the Calumet tailings remains neutral to alkaline based on testing 

from the 1960s to present day (Doonkervort 2007; Praharaj & Fortin 2008; Dongas 2013). 

However, Jaggard (2012) notes the occurrence of anglesite (PbSO4), a mineral stable under acidic 

conditions, in the fine (<20 μm) fraction. This suggests the presence of an acidic environment, 

even if only on a small scale or in certain environments within the tailings. Static testing results 

are compared to modal mineralogy gathered by MLA to assess how MLA can supplement and 

benefit a metal leaching/acid rock drainage (ML/ARD) characterization program.  

3.3.1 Paste pH 

Acidic drainage is a result of the rate of acid generation exceeding the rate of acid 

neutralization (Price 2009). Paste (crushed sample) pH is an estimate of the pH of the present 

drainage of the sample. The six New Calumet tailings samples have neutral to alkaline paste pHs 
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(ranging from 6.70-8.15), indicating that none are presently acid-generating. Five of six samples 

have alkaline pH (>7) and one sample, MS-nonVEG, has a neutral pH (6<pH<7).  

Table 3-2: paste pH values from static testing for New Calumet tailings samples 

Sample  Paste pH  

(static testing) 

GD-VEG1 8.15 

GD-VEG2  8.07 

GD-non VEG  7.80 

BV-VEG  7.87 

BV-nonVEG  7.76 

MS-non VEG 6.70 

3.3.2 Neutralization Potential  

Acid neutralization potential (NP) is a measure of the total acid a material is capable of 

neutralizing (Price 2009). The term neutralization or neutralizing potential (NP) is used for 

laboratory measurements and field predictions of the potential of material to react with acidic 

drainage. Chemical tests of neutralization potential do not utilize mineralogy. Non-carbonate 

neutralizers such as silicates and oxides, which have longer reaction times, are consumed in the 

process. Thus, modified Sobek typically overestimates NP. Calcite-NP is a measure of 

neutralizing potential assuming that all inorganic carbon is in the form of calcite, which, as 

previously noted, reacts quickly.  

Calculating the neutralization potential of material from modal mineralogy obtained by 

XRD or MLA allows for the consideration of Fe and manganese carbonates (Frostad et al. 2003, 

Paktunc 1999). In the New Calumet tailings, ferroan dolomite grains contain neutralizing 

carbonates and small amounts of Fe. The average Fe mole % was determined to be 3.9% (Section 

3.2 Methods). The modal mineralogy of carbonate phases is outlined in Table 3-3. Cerussite 
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(PbCO3) forms from the weathering of galena and is not expected to contribute to neutralization 

potential as it is a very minor phase ( 0.01 wt%). 

Table 3-3: Modal Mineralogy of Carbonate Phases in New Calumet Tailings as determined 

by MLA 

 Name Area % Weight % 

Area 

Microns 

GD-VEG1 Ferroan Dolomite 0.05% 0.05 38,526 

 Calcite 6.35% 6.15 5,084,660 

 Dolomite 2.07% 2.11% 1,659,969 

 Cerussite  <0.01% <0.01% 619 

GD-VEG2 Ferroan Dolomite 0.03% 0.04 47,442 

 Calcite 6.59% 6.12 9,035,591 

 Dolomite 1.52% 1.48% 2,082,407 

 Cerussite <0.01% <0.01% 588 

GD-nonVEG Ferroan Dolomite 0.01% 0.02 2,4095 

 Calcite 4.75% 4.47 7,786,485 

 Dolomite 2.58% 2.55% 4,220,059 

 Cerussite 0.01% 0.01% 9,354 

BV-VEG1 Ferroan Dolomite 0.05% 0.05 74,239 

 Calcite 5.24% 4.83 7,650,590 

 Dolomite 1.68% 1.63% 2,458,908 

 Cerussite <0.01% 0.01% 4,339 

BV-NONVEG Ferroan Dolomite 0.04% 0.04 53,815 

 Calcite 4.07% 3.79 5,886,056 

 Dolomite 0.72% 0.70% 1,039,042 

 Cerussite <0.01% 0.01% 4339 

MS-nonVEG Ferroan Dolomite 0.05% 0.05 84,127 

 Calcite 0.42% 0.39 703,639 

 Dolomite 0.58% 0.56% 958,149 

 Cerussite <0.01% 0.01% 4,693 

 

3.3.3 Acid Potential 

Acid Generation Potential (AP) is a measure of the total acid (H+) a material is capable 

of producing (Price 2009). Acid generated could be neutralized, precipitated, or remain in 

solution. Acid potential can be calculated from modal mineralogy by calculating the sulfur 

content of acid-generating minerals. In general, the acid-generating minerals are predominantly 

sulfides. Static testing uses a determination of the amount of sulfur in the sample to calculate acid 
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potential. We will look at a comparison of the total sulfur as determined by MLA and static 

testing. The static testing results total sulfur content compare well to the total sulfur assay 

determined by MLA (Table 3-4). 

Table 3-4: Comparison of Sulfur species determined from static testing and MLA, New 

Calumet Tailings Samples, <250 microns 

 MLA Static Testing 

 %S (total) %S (total) 

Sample calculated assay SGS measured 

GD-VEG1 0.44 0.43 

GD-VEG2 2.66 2.28 

GD-non VEG 2.40 2.32 

BV-VEG1 3.89 2.92 

BV-non VEG 3.11 2.25 

MS-non VEG 2.04 2.46 

 

Sulfide-S was measured by SGS using a modified Sobek procedure of 1:7 nitric acid 

leach with gravimetric finish. Some issues have been identified with nitric acid leaches (Price 

2009), including the potential to underestimate sulfide sulphur due partial dissolution of pyrite. 

Total sulfur minus sulfate sulfur was chosen as a better estimation of sulfide sulphur content, and 

this is a recommended indirect method for estimating sulfide sulphur where organic sulphur is not 

present (Price 2009).  

At New Calumet, pyrite and pyrrhotite are the most important acid-generating minerals, 

because they generate acidity with when reacting with oxygen (See Equation 1). Arsenopyrite 

also oxidizes in the presence of oxygen, but it is a minor constituent in these samples ( 0.01 

wt%). As pyrite breaks down, ferrous iron in solution oxidizes to aqueous ferric iron in solution, 

which in turn can further oxidize pyrite (Equation 3, 4, and 5, below). Other sulfides, such as 
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chalcopyrite and high Fe sphalerite generate acidic drainage with ferric iron as an oxidant 

(Plumlee 1999). Thus, the generation of acidic drainage from pyrite and pyrrhotite can lead to the 

breakdown of less reactive sulfides. The modal mineralogy of potentially acid-bearing sulfide 

minerals is shown in Table 3-5. 

FeS2 + 7/2O2 + H2O = Fe
2
+ + 2SO4

2
- + 2H

+
   

Equation 3 

FeS2 + 14Fe
3
+ + 8H2O = 15Fe

2
+ + 2SO4

2
- + 16H

+
   

Equation 4 

Fe
2
+ + O2 + H

+
 = Fe

3
+ + H2O   

Equation 5 

Table 3-5: Modal Mineralogy of potentially acid bearing sulfide minerals in New Calumet 

Tailings, <250 microns  

  Modal Mineralogy – Weight % 

Sulfide Mineral 

%S in 

mineral 

GD-

VEG1 

GD-

VEG2 

GD-

nonVEG BV-VEG1 

BV-

nonVEG 

MS-

nonVEG 

Sphalerite with 

high Fe 

36.07% 

<0.01% 0.03% 0.12% 0.06% 0.04% 0.43% 

Pyrrhotite 38.94 0.59% 4.36% 3.76% 6.88% 5.53% 3.35% 

Arsenopyrite 19.69 <0.01% <0.01% <0.01% 0.01% <0.01% <0.01% 

Chalcopyrite 34.94 0.39% 1.89% 2.18% 3.24% 2.70% 0.90% 

Galena 13.40 <0.01% 0.01% 0.04% 0.01% 0.01% 0.01% 

Pyrite 53.45 0.16% 0.70% 0.19% 0.32% 0.16% 0.54% 

 

Acid potential was calculated from sulfide species present in New Calumet tailings. 

Percent Sulfide-Sulphur (%S2) is converted to AP by multiplying the %S by 31.25. This 

conversion factor is derived from (2 x the molecular weight of calcite/ 2 x molecular weight of 

sulphur in pyrite) * 10 to convert from % to kg/tonne CaCO3 equivalent (Price 2009). 

3.4 Discussion 

The total NP for the New Calumet samples was calculated according to Frostad et al. 

(2003) from two components. CaCO3-NP takes into account the modal mineralogy of calcite and 
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dolomite and subtracts the contribution from Fe (Equation 6) and FeCO3-NP takes into account 

ferroan dolomite and siderite (not present in these samples) and removes the contribution from Fe 

(Equation 7). Siderite-NP and calcite-NP are added together to calculate the total NP, and the 

results are compared to CaNP and Modified Sobek NP static testing results in Table 3-6. The 

results are broadly similar and within the same range. Sample GD-VEG1 varies the most 

significantly, with NP(MLA) value 8 units lower than Ca-NP(static test). The other five samples 

have NP(MLA) values that are 0-4 units higher than Ca-NP(static test).   

CaCO3-NP (kg CaCO3/tonne) = (calcite wt.% + dolomite wt % + (ferroan dolomite wt.% x (1-(Fe mole% 

/100)))) x 10  

EQUATION 6  

 

FeCO3-NP (kg CaCO3/tonne) = ((ferroan dolomite wt.% x Fe-mole%) + siderite wt.%) / 115.86
*
 x 100.09

#
 x 10       

                   EQUATION 7 

*115.86 = molecular weight of FeCO3 

#100.09 = molecular weight of CaCO3 
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Table 3-6: Neutralization Potential calculated from MLA vs. determined by static testing, 

New Calumet Tailings Samples <250 microns 

 

CaCO3-NP 

(modal) 

(kg CaCO3/tonne) 

FeCO3-NP 

(modal) 

(kg CaCO3/tonne) 

Total NP 

(MLA) 

(kg 

CaCO3/tonne) 

Calcite-NP  

(static test) 

(kg CaCO3/tonne) 

Modified 

Sobek NP 

(static test) 

(kg CaCO3/tonne) 

GD-VEG1 83 1.7 85 93.33 104.0 

GD-VEG2 77 1.3 78 75.00 85.0 

GD-non VEG 71 0.7 71 69.17 77.5 

BV-VEG 65 1.7 67 66.67 74.6 

BV-non VEG 45 1.3 47 44.17 54.7 

MS-non VEG 10 1.7 12 8.33 14.4 

 

The Modified Sobek NP measurement is one of a variety of tests to measure 

neutralization potential. Modified Sobek NP tests feature a longer (24 hour) digestion period and 

thus typically have higher values (Jambor et al. 2007, Price 2009). Numerous studies have been 

done to measure the neutralization potential of common rock forming minerals and common rock 

types and compare it to NP calculated from modal mineralogy (Jambor et al. 2002, Jambor et al. 

2006, Jambor et al. 2007). Non-carbonate minerals that may contribute to neutralization potential 

measured by Modified Sobek in the New Calumet tailings include plagioclase feldspar (1-12 kg 

CaCO3/tonne depending on calcium content), chlorite (6 kg CaCO3/tonne) enstatite (3.2 kg 

CaCO3/tonne), anthophyllite (4.0 kg CaCO3/tonne), muscovite (1 kg CaCO3/tonne), orthoclase 

(potassium feldspar, 1 kg CaCO3/tonne) (Jambor et al. 2002, 2006). Some of these minerals are 

found in very small abundances, and the NP contribution from non-carbonates is minor. For 

comparison, the NP value of calcite is 1,000 kg CaCO3/tonne and dolomite is 1085 kg 
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CaCO3/tonne (Jambor et al. 2002). The contributions from these non-carbonate minerals explain 

why modified Sobek NP is higher than CaNP.  

Acid Potential was calculated by determining the %S of the sulfide species found in the 

New Calumet samples. Acid potential from modal mineralogy was calculated in two ways: with 

pyrite and pyrrhotite only (Py+Po) and with all the sulfides that have the potential to oxidize with 

iron or oxygen as an oxidant (Sulf). Results are shown in Table 3-7 and compared to the acid 

potential measured in the laboratory. 

Table 3-7: Acid Potential (AP) calculated from modal mineralogy (MLA) vs. static testing, 

New Calumet Tailings Samples, <250 microns 

 

%S(S2) 

(py+po+as) 

MLA 

%S(S2) 

(sulf) 

MLA 

%S(S2) 

%S(total)-

%S(SO4) 

Static  

AP 

Py+po+as 

(MLA) 

AP 

sulf 

AP 

(static) 

GD-VEG1 0.32 0.45 0.40 9.85 14.11 12.50 

GD-VEG2 2.07 2.74 2.23 64.75 85.72 69.69 

GD-non VEG 1.57 2.37 2.04 48.93 74.08 63.75 

BV-VEG1 2.85 4.01 2.87 89.13 125.18 89.69 

BV-non VEG 2.24 3.20 2.21 69.97 99.87 69.06 

MS-non VEG 1.59 2.06 1.95 49.78 64.46 60.94 

 

3.4.1 Neutralization Potential Ratio  

Acid base accounting involves taking the results of static testing, including paste pH, 

sulfur species, and neutralization determination, to make estimations as to the potential for metal 

leaching and acid rock drainage. To evaluate the potential for acidic drainage, the ratios of acid 

neutralization and acid generation are compared to categorize samples as non-acid-generating 

(NAG) or potentially acid-generating (PAG). Mine operators and regulators use varying 
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terminology to assess the potential for ARD; neutralization potential ratio (NPR=NP/AP) is 

common in Canada and is outlined in Price (2009). The choice of suphur species and 

neutralization potential to calculate and determine ML/ARD potential is dependent on a number 

of factors, including requirements of regulatory regimes, mineralogy, and site-specific conditions.  

For this analysis, two NPR calculations are compared. NPR (static testing) is calculated 

from AP(static testing) and the NP calculated from modal mineralogy, and NPR(MLA) is 

calculated from the AP and NP calculated from modal mineralogy. Samples are considered 

potentially net acid generating (PAG) if the NPR <1, non-PAG if NPR >2 and uncertain if NP/AP 

is between 1 and 2 (Price 2009). Samples BV-VEG, BV-nonVEG, and MS-nonVEG are 

potentially acid-generating based on this criteria. Sample GD-VEG1 is non-acid-generating 

(NPR>2). For samples GD-nonVEG and GD-VEG2 (1<NPR<2), acid generation potential is 

uncertain and would require further analysis to determine the acid-generating potential.  

Acid potential and neutralization potential compare well between measured and calculated 

parameters. 

Table 3-8: Neutralization Potential Ratios calculated from values obtained by MLA and 

static testing, New Calumet Tailings Samples <250 microns 

Sample  NPR (MLA NP/ 

MLA AP)  

NPR (MLA 

NP/static AP) 

NPR (static 

CaNP/Static AP) 

GD-VEG1 8.63 6.80 7.47 

GD-VEG2  1.20 1.12 1.08 

GD-non VEG  1.45 1.11 1.08 

BV-VEG  0.75 0.75 0.74 

BV-nonVEG  0.67 0.68 0.64 

MS-non VEG 0.24 0.20 0.14 
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The prediction of drainage chemistry is a multi-faced process that involves numerous 

techniques. Static testing does not provide a timeline for the onset of ARD in PAG material, and 

further kinetic testing would be required. Kinetic testing may take the form of columns, humidity 

cells, or field bins where material is leached in natural weathering environments with drainage 

collection for a period of time. For some projects, site-specific criteria for NAG and PAG waste 

are developed based on the results of drainage prediction and characterization tests (INAP 2009). 

Potentially acid-generating waste requires special handling to prevent weathering and oxidation, 

which involves extra cost and time, as well as additional regulatory attention.  

If the New Calumet tailings were going into production today, the low NPRs would result 

in the need for further testing. Many regulatory regimes would consider the low NPRs of these 

samples to be of concern, but it is important to remember that these samples have been 

weathering and oxidizing for over forty years and are not yet acid producing. This research 

suggests that further testing should be done on the Mount Sinai tailings deposit, as it is 

significantly depleted in acid-neutralizing carbonates when compared to samples from other 

tailings deposits. A subsequent study of Mount Sinai tailings tested multiple samples to assess 

their ARD potential (Dongas 2013). All five samples collected from Mount Sinai had calculated 

NPRs of less than 1 and would be classifed as PAG. Modal mineralogy obtained by MLA shows 

that their overall carbonate content is low, indicating that neutralization is being depleted. Before 

the introduction of NPR as the predominant ARD prediction parameter, a material with a 

neutralization potential of >20 kg CaCO3-equivalent was considered not acid producing (Jambor 

et al. 2002). Using this regime, all samples except for MS-nonVEG would be not acid-generating, 

due to their abundant carbonate content.   

It is of significance to note that sample GD-VEG1, which has the highest gastric Pb 

bioaccessibility at 69% (Chapter 2), is the only sample with abundant neutralization potential as 
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compared to acid potential. This sample contains the highest amount of cerussite, which dissolves 

readily in acidic simulated gastric lung fluid, and has the smallest particle size.  

3.5 Conclusions 

A mineralogical approach to determination of acid potential and neutralization potential 

can overcome some of the shortcomings of static testing and provides a higher degree of 

confidence than chemical results (Paktunc 1999). Mineralogy is the predominant control on 

neutralization potential and carbonate mineralogy determined by MLA correlates well with the 

static tests. Mineralogical approach allows for modeling of long-term kinetics.  

This study takes a preliminary look at the use of MLA as a quantitative mineralogical 

tool for the prediction of acid rock drainage. MLA provides quantitative modal mineralogy with 

very low detection limits (Blaskovich 2013), thus quantifying important acid-generating or acid 

neutralizing minerals that may be found in smaller amounts than could be detected by other 

quantitative techniques such as XRD.  

MLA can also contribute greatly to a static testing program. Acid potential and 

neutralization potential calculated from modal mineralogy provides several advantages over 

laboratory tests, as it allows for speciation of acid creating minerals and acid neutralizing 

minerals. The modal mineralogy information collected by MLA can supplement a ML/ARD 

characterization program to provide a well correlated measure of neutralization potential that 

takes into account the presence of Fe and manganese carbonates.  

 Particle size and liberation were not analyzed in this thesis, as they are not comparable 

between thin section analysis using MLA and static testing. MLA works on intact samples and 

preserves sample texture and particle size. Static testing utilizes subsamples crushed to <74 

microns or <120 microns, dependent on laboratory, for analysis of sulphur species and 
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neutralization potential (Price 2009). Crushing and grinding creates new particles and surfaces 

(Price 2009), which may result in increased neutralization potential (Jambor et al. 2002) 

Although not considered in this thesis, there are multiple factors that impact true acid potential 

and neutralization potential in the field that could be analyzed by MLA. As with bioaccessibility 

discussed in Chapter 2, acid rock drainage is controlled by factors that affect leaching such as 

mineralogy, particle size, and degree of liberation. Previous studies have demonstrated a 

consistent trend of increased neutralization potential as particle size gets smaller (Jambor et al. 

2002). The analysis of particle size, liberation, and physical factors would make interesting future 

research to compare static testing, mineralogical testing, and field performance. MLA could be 

used to calculate NP and AP based on particle size (Paktunc 1999; Price 2009), predict future 

kinetics based on known dissolution rates of minerals (Paktunc 1999), and improve weathering 

models utilizing mineralogical information such as mineral associations, exposure, and grain size 

(Blaskovich 2013).  
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Chapter 4 

Quantification of Nickel-bearing Phases in Kalgoorlie Soils using 

Automated Mineralogy 

 

4.1 Introduction 

The processing of metals using pyrometallurgical techniques such as roasting and 

smelting often results in metal contamination to the surrounding environment, not only through 

airborne transmission but also through the handling and transportation of mining-related waste. In 

soils, metal compounds released by mining weather and oxidize, forming secondary minerals and 

producing metal ions that are scavenged and adsorbed by other soil minerals (McBride 1994). 

Metal contaminated soils pose human health risks through the potential ingestion, either gastric or 

lung, of metal-bearing minerals that become soluble and thus bioaccessible (Ruby et al. 1999).  

Detailed mineralogy can answer many questions regarding environmental behavior of 

metal-bearing soils, but it can be difficult and time-consuming to obtain such in-depth data. 

Analysis of soils using petrography or scanning electron microscopy requires a great deal of time 

and is subject to human error. In addition, visual inspection is more likely to miss minor phases 

and small particles. Mineralogical characterization techniques such as XRD provide quantitative 

mineralogy but have high detection limits and fail to preserve sample texture and mineral 

associations. Microanalysis techniques such as EMPA and synchrotron provide detailed 

mineralogy on selected samples but lack quantitative results for all phases.  

Automated mineralogy used in this study offers rapid analysis with a great deal of 

information, including particle size and shape and mineral associations. Most importantly, it can 

detect minor phases making up much less than 1% of the sample, dependent on particle size. 
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Mineral Liberation Analyzer is an automated, quantitative mineralogical software program that 

operates in conjunction with SEM-EDS imagery. Originally designed for the metallurgical 

processing industry due to its ability to rapidly characterize ore and mill feeds, its application has 

expanded to other particles such as tailings, waste rock, and soil. Soils have been characterized 

using automated mineralogy for forensic studies to connect soil mineralogy between the suspect’s 

shoes or car and the scene of the crime (Pirrie 2009). 

MLA provides a comprehensive way to analyze a number of parameters of interest, 

including, but not limited to, mineralogy. Metals in the environment can be in very small amounts 

and thus are difficult they are to characterize using visual means. Quantitative mineralogy is 

crucial to accurately quantify the risk metals pose to the environment, rather than focusing solely 

on their presence and form. Relative amounts of each Ni-bearing mineral can be obtained and 

correlated with other Ni quantification methods (XANES and sequential extraction in this study).  

In the Kalgoorlie mining region of Western Australia, previous researchers have 

documented the presence of Ni-bearing iron silicate slag particles in soils surrounding the smelter 

(Drysdale 2008, Drysdale et al. 2012). Although strict emission controls on the Kalgoorlie Nickel 

Smelter exist in present day, rail transport of Ni-bearing ore, matte, and slag as well as the legacy 

of historical emissions have led to airborne Ni contamination.  

Sequential extraction was used on Kalgoorlie soil samples to estimate metal partitioning 

through exposure to a series of chemical leaches (Drysdale 2008, Drysdale et al. 2012). XANES 

analysis was performed to identify Ni-bearing phases in conjunction with bioaccessibility testing. 

Preliminary results of these two methods offered conflicting views of predominant Ni 

mineralogy, and MLA was employed to resolve the discrepancy.  
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4.1.1 Research Objectives 

The goal of this study is to quantify primary Ni-bearing phases in Kalgoorlie Ni-impacted 

soil samples and correlate mineralogy to partitioning of Ni phases estimated by sequential 

extraction and bulk XANES analysis.  

4.1.2 Site Overview 

  The city of Kalgoorlie is located in Western Australia, approximately 600 km north-

northeast of Perth. It is the largest city in the Goldfields-Esperence region of Australia, which 

hosts gold, nickel, and PGE deposits. The town is home to a large open pit gold mine, as well as 

the Kalgoorlie Nickel Smelter, located 10 km south of the city. The smelter processes ore from a 

number of area deposits, including Kambalda, Black Swan, and Mt. Keith. Although strict 

controls are enacted on emissions from the smelter, mining-related activities including 

transportation impact the region environmentally. 

The Kalgoorlie-Boulder area has been identified as an asthma hotspot with elevated 

levels of respiratory diseases and cancer (Lee et al. 2006). This is likely due to mining activity 

coupled with high airborne dust concentrations, as the region has very fine-grained soils and low 

precipitation. Drysdale’s study focused on the bioaccessibility of Ni in Ni-impacted soils from the 

Kalgoorlie region. Nickel is a known carcinogen and causes respiratory problems in certain 

mineral forms (Kasprzak et al. 2003; Denkhaus & Salnikow 2002). The underlying geology of the 

area is Ni-rich, and anthropogenic Ni is also introduced by the nickel smelter and mining 

activities. 

The Kalgoorlie area’s surficial geology consists of a 40 m cover of saprolite and soil over 

bedrock. Aeolian transport significantly influences the mineralogy and composition of the soil 

cover. Soil composition is predominantly quartz, kaolinite, hematite, goethite and carbonate 
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minerals (Harper & Gilkes 2004), with minor amounts of sulfide minerals, and iron and 

magnesium oxides. Soil pH is typically alkaline.  

4.1.3 Bioaccessibility Testing 

 

Soil samples were taken from the Kalgoorlie region, comparing background samples 

(outside of the city) with sites around the city, smelter, and evaporated playa lakes. Drysdale et al. 

2012 performed pulmonary bioaccessibility testing on the <10 micron size fraction, which 

remains airborne the longest and thus is the most likely to enter the trachea (Bright et al. 2006). 

Sieved samples were leached in simulated lung fluids using in vitro methods. Bioaccessibility is 

defined as the quantity of Ni that dissolves in the simulated lung fluid. Bioaccessibility was 

directly correlated with the proportion of Ni bound in water-soluble and exchangeable Ni from 

sequential extraction, but the amount of Ni extracted by simulated lung fluid was greater than the 

amount of Ni bound in these fractions (Drysdale 2008). Simulated lung fluids dissolve insoluble 

Ni compounds, demonstrating that some “insoluble” compounds behave differently when 

exposed to chelating agents present in simulated lung fluid (Baker et al. 1983). The government 

of Australia currently regulates Ni exposure based on quantities of water-soluble Ni compounds 

(Drysdale et al. 2012). However, Drysdale et al. 2012 demonstrated that that lung fluids dissolve 

Ni compounds otherwise insoluble in water, resulting in increased Ni bioaccessibility.  

4.1.4 Previous Characterization of Ni-hosting phases in Kalgoorlie soils 

 

Sequential extraction was performed to characterize the various phases of Ni in the <10 

micron size fraction. Sequential extractions mimic the environmental behavior of different phases 

by reacting samples with various solvents and performing chemical analysis after each step 

(Tessier et al. 1979). It is used to determine the mobility, origin, and transport of elements and 
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compounds. Bioaccessibility testing and sequential extraction shows that the soil surrounding the 

smelter hosts more Ni and the Ni in these samples is more bioaccessible in the lungs (Drysdale et 

al. 2012) The total Ni (wt %) calculated from sequential extraction on the <10 micron size 

fraction indicates that the smelter soils contain Ni concentrations up to ten times higher than all 

other areas sampled, including sites in the city, outside the city (background), and evaporated 

playa lakes.  

The Tessier sequential extraction used by Drysdale consists of five chemical leaches and 

a subsequent analysis for residual Ni. The analyzed phases are water-soluble (Ni salts), 

exchangeable (weakly bound Ni), carbonate-bound, Fe-Mn oxide bound (reducible), organic and 

sulfide bound (oxidizable), and the final analysis for residual Ni (oxides and silicates). Slag 

particles are expected to report to the residual fraction, as they are comprised of Ni bound in 

silicates and Ni oxides (Drysdale 2008). 

The bulk of Ni was extracted in the oxidizable fraction (see Figure 4-1), leading Drysdale 

to conclude that the predominant Ni phase in the <10 micron size fraction was sulfide minerals. 

Electron microprobe analysis was done on thin sections made from the <2 mm size fraction that 

confirmed the presence of sulfide minerals.  
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Figure 4-1: Sequential Extraction Results from Kalgoorlie samples (Drysdale 2008). Smelter 

samples 2 and 5 were analyzed in this thesis. 

 

Nickel XANES spectra were collected on the <2 mm size fraction of Drysdale’s soil 

samples by H. Jamieson and J. Warner at the HXMA beamline of the Canadian Light Source. 

Samples were compared with standard spectra from Ni-bearing minerals, including silicates, 

carbonates, oxides, and sulfides. Spectra matching with standards suggested that the majority of 

the Ni was found in the form of trevorite (NiFe2O4), accounting for approximately 50-60% of Ni 

(Warner and Jamieson, personal communication 2013). Figure 2 demonstrates the standard and 

sample spectra from bulk XANES analysis (Warner and Jamieson, personal communication).  
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Figure 4-2: Kalgoorlie XANES standards (left) and samples (right). Samples MD-02 and 

MD-05 were analyzed in this thesis. 

Skuce (2011) attempted to reconcile the discrepancy between the mineralogy predicted 

by sequential extraction and the mineralogy as analyzed by XANES. He used a hand-held 

magnetic separator to lift magnetic particles from the overall sample and mounted them for SEM 

characterization. Nickel is ferromagnetic and several of the predicted forms of Ni are magnetic. 

He concluded that the majority of Ni in the <2 mm size fraction was trevorite in slag particles, or 

more likely in the trevorite-magnetite solid solution, where Ni substitutes for iron in magnetite 

(Fe3O4). Trevorite is a spinel mineral rarely found in nature in its pure form, but it forms a solid 
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solution with the more common magnetite and is known as ferroan trevorite (Hudson & Travis 

1981). Skuce concluded that Ni was hosted primarily in ferroan trevorite and sulfides such as 

pentlandite and haezelwoodite.  

Drysdale and Skuce also used X-ray diffraction (XRD) to analyze the soil samples. Bulk 

mineralogy of all samples analyzed using XRD appears similar and is dominated by quartz and 

kaolinite. The detection limits of XRD are not sensitive enough to pick up minerals present in 

concentrations less than 1%, such as the small concentrations of Ni-bearing minerals in the 

Kalgoorlie soils. Using EMPA and SEM, anthropogenic influence was observed in thin section 

under a microscope in samples taken near the smelter that contain Ni-bearing glassy slag particles 

in the soil ranging in size from 15 to 50 microns (see Figure 4-3). These particles have variable 

composition but consist mainly of iron, silica, and/or Ni oxides with minor amounts of aluminum, 

calcium, and magnesium.  

 

   

Figure 4-3: SEM images of Fe-Ni-silicate slag particles from sample MD-05 under back-

scatter. Images taken by author. 

4.2 Methods 

This study is based on MLA analysis of the thin sections prepared for those projects. Soil 

samples from the vicinity of the Kalgoorlie Nickel Smelter, West Australia, were sieved using 
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graduated sieves to <2 mm and this size fraction was also analyzed for XANES analysis by 

Warner and Jamieson. Thin sections were prepared from the same material for particle epoxy 

mounts. Sequential extraction and pulmonary bioaccessibility were conducted on samples sieved 

to <10 microns (Drysdale et al. 2012).  

Vancouver Petrographics in Langley, BC prepared thin sections from the <2 mm size 

fraction of Kalgoorlie soils for petrographic classification, SEM-EDS analysis, and synchrotron 

microanalytical work. Samples were impregnated with set epoxy, mounted to glass slides, and 

ground to 30-50 μm. Thin sections are doubly-polished and liftable (for synchrotron-based 

analysis), and mounted onto glass using Krazy Glue™. Water and heat are not used during 

preparation of thin sections, to avoid any chemical alteration of the samples. Kerosene is used 

when fluids are necessary.   

Thin sections were carbon coated for SEM and microprobe analysis using a Denton 

Vacuum: Desk V Sputter Coater at Queen’s University. Samples were analyzed under high 

vacuum at Queen’s University on a Quanta 650 ESEM equipped with a field emission gun, two 

high-energy dispersive X-ray spectrometers (EDS) and Bruker Esprit, FEI’s MLA software. 

Brightness and contrast were calibrated on a gold standard.  

Electron Microprobe Analysis (EMPA) was conducted for the Kalgoorlie Ni project on 

carbon coated thin sections using a JEOL JXA-8230 electron microprobe at Queen’s University. 

Operating conditions in wavelength-dispersive mode (WDS) were 15 keV and a focused beam 

current of 5 or 10 nA, depending on particle size. Analytical standards were hematite (Fe), 

synthetic nickel olivine (Ni), diopside (Si, Mg, Ca), adularia (Al, K), cobalt metal (Co), and rutile 

(Ti). Matrix corrections were applied using ( z).   
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4.2.1 Building a Mineral Reference Library 

 

An important part of using Mineral Liberation Analyzer is the creation of an accurate and 

complete Mineral Reference Library that is used to classify the minerals in a sample or sample 

suite. The Mineral Reference Library is made up of mineral names or chemical composition 

groupings with associated EDS spectra. The Kalgoorlie Mineral Reference library was build 

using MLA’s XBSE_STD run. The sample is analyzed like an MLA run but all of the unknown 

spectra are binned into categories (Min1, Min2, Min3), which require operator input to classify 

based on the EDS spectra collected. In addition, spectra of known phases can be collected from 

standard reference material or phases within the sample on the SEM. 

The Kalgoorlie project’s samples are all rich in quartz, a common mineral found in soil. 

However, during the standard collection run (XBSE_STD) multiple spectra resembling quartz 

were distinguished as separate entries in the unknowns list, due to the Fe oxide coatings on the 

quartz grains which included several trace elements. In the Mineral Reference Library, multiple 

EDS spectra can be entered for one mineral.  If a spectrum from the sample matches any of the 

spectra under that mineral name in the Mineral Reference Library, that particle will be classified 

with that grouping’s name. Because the coatings were not relevant to this study, these spectra 

were binned into one mineral grouping, named Quartz, which contains 17 spectra.   

4.2.2 Experimental Design and Sampling: Number of Particles to be Analyzed 

Although MLA is often described as a quantitative mineralogical tool, a detailed 

understanding of how representative MLA results are of the larger volume of material is rarely 

discussed. The goal of representative sampling is to accurately reduce a very large volume of 

material to a very small volume of material while maintaining the characteristics of the large 

volume of material. Thus, the measured value for the part is an unbiased estimate for the whole 
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(Petersen et al. 2005). This is difficult with heterogeneous materials. A sample is representative if 

the sampling process is both accurate and reproducible. All samples will deviate in grade in 

comparison to the true grade of the entire unit, but the goal of representative sampling is a sample 

that is accurate and precise. In a typical thin section, approximately 1 gram of material is used to 

create a 30 mm wide polished block for thin section preparation, making a thin section a 

subsample of the sample (Pirrie and Rollinson 2011). 

If representative sampling is not taken into account at the first stage of sample collection, there is 

no way of estimating sampling bias and sampling errors embedded in the final results (Petersen et 

al. 2005). For this analysis, previous researchers completed the sampling process and prepared 

thin sections, and it is not possible to perform a full analysis of the errors and biases through 

every step of the sampling, preparation, and analysis process. Due to small sampling population 

for this study, statistical analysis is also not feasible. Initially, the protocol of other environmental 

automated mineralogical studies was followed and the entire thin section of sample MD-05 was 

surveyed (Pirrie 2004). Then, the sample population of sample MD-05 (Kalgoorlie) was reduced, 

in steps, from the full section (>600,000 particles) to 300,000, 250,000, 100,000, and 10,000 

particles. A comparison was made of the modal mineralogy for each sample set, with selected 

minerals shown in Table 4-1. This analysis for sample MD-05 shows very little difference in 

modal mineralogy between the largest particle count and the smallest, indicating that the sample 

is well represented at all particle counts. Following this analysis, a sample size of 100,000 

particles was chosen for subsequent analyses at Kalgoorlie. This is consistent with the 

recommendation of other MLA researchers working on mine waste, who recommend >50,000 

particles (Blaskovich 2012, 2013).   
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Table 4-1: Modal Mineralogy Comparison of selected minerals from Kalgoorlie sample 

MD-05 as analyzed with different particle number counts 

MD-05 full size--622,863 particles 298,949 particles 99,410 particles 

Name Area % Wt % Area % Wt % Area % Wt % 

Quartz 33.87% 40.44% 34.19% 40.91% 34.27% 41.10% 

Chlorite Fe-Ni 7.05% 9.46% 6.97% 9.37% 6.71% 9.05% 

Pyrrhotite 0.22% 0.47% 0.21% 0.45% 0.23% 0.49% 

Pentlandite 0.26% 0.56% 0.21% 0.46% 0.20% 0.44% 

Calcite 3.16% 3.89% 3.13% 3.86% 3.11% 3.85% 

Pyrite 0.15% 0.35% 0.14% 0.33% 0.16% 0.36% 

Unknown 0.13% 0.06% 0.12% 0.06% 0.12% 0.05% 

       

MD-05 49,628 particles 24,736 particles 9,932 particles 

Name Area % Wt % Area % Wt % Area % Wt % 

Quartz 33.75% 40.36% 34.28% 40.78% 33.18% 40.10% 

Chlorite Fe-Ni 6.89% 9.26% 6.97% 9.32% 7.12% 9.67% 

Pyrrhotite 0.22% 0.47% 0.22% 0.45% 0.23% 0.48% 

Pentlandite 0.18% 0.40% 0.15% 0.32% 0.09% 0.19% 

Calcite 3.15% 3.89% 3.41% 4.18% 2.96% 3.69% 

Pyrite 0.15% 0.34% 0.16% 0.36% 0.11% 0.24% 

Unknown 0.12% 0.05% 0.09% 0.04% 0.12% 0.05% 

 

4.3 Results  

Samples MD-02 and MD-05 were analyzed using MLA and classified using the 

Kalgoorlie Mineral Reference Library. The focus of MLA analysis was the quantification of 

primary Ni bearing phases to correlate sequential extraction and XANES analysis. Research into 

this discrepancy came across several issues with previous mineralogical characterization that 

begin to explain the differences in results.  

Issue 1: Sequential Extraction 

Using sequential extraction, Drysdale observed that the majority of the Ni leached in the 

oxidizable phase, leading to the conclusion that sulfides were the predominant phase. XANES 

analysis suggested that the majority of Ni was in the form of trevorite (Warner and Jamieson 
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personal communication 2011), and Skuce (2011) noted the presence of Ni-Fe oxides, which he 

concluded to be trevorite, in glassy slag particles in sample MD-05 and MD-02. Nickel found in 

slag is expected to report to the residual fraction (Drysdale 2008, Tessier 1979). In a modified 

Tessier sequential extraction on industrially contaminated soils, Terzano observed that 77% of Ni 

reported to the residual fraction and was found to be in the form of trevorite (Terzano et al. 2007)  

 

Issue 2: Particle Size 

 

Previous studies on the Kalgoorlie samples were performed on different particle size 

fractions, and this thesis attempts to reconcile mineralogical analyses to the same size fraction. 

Drysdale made thin sections from the <2 mm particle fraction, and this size fraction was utilized 

for bulk XANES, electron microprobe, and MLA analysis. The <63 micron size fraction was 

analyzed by XRD, and the <10 micron size fraction was utilized for bioaccessibility and 

sequential extraction. The variability of metal concentration and speciation by particle size is well 

documented. Drysdale et al. 2012 observed up to three times higher Ni concentrations in the <10 

micron size fraction of smelter soils as compared to the <2 mm size fraction. There is a strong 

correlation between decreasing particle size and increasing metal concentrations, due to numerous 

physical and mineralogical factors (Horowitz 1985, McBride 1994)  

Could the discrepancy in particle size between sequential extraction analysis and XANES 

analysis explain the difference in results between XANES (<2 mm) and sequential extraction 

(<10 microns)? Drysdale (2008) and Skuce (2011) note the presence of Ni-bearing slag particles 

ranging in size from 15-35 microns in the <2 mm size fraction. These particles contain variable 

amounts of Fe, Ni, and silica. Slag particles likely represent a significant fraction of the Ni budget 

and may be under-represented in the <10 micron size fraction because observable slag particles 
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are typically >10 microns. However, this does not preclude the occurrence of smaller, less 

noticeable slag particles that may report to the <10 micron size fraction.  

MLA can be utilized to separate particles by size and a filter was utilized in MLA’s 

Image Processing software to compare sequential extraction results with modal mineralogy of the 

<10 micron size fraction obtained from automated mineralogy, even though thin sections used for 

MLA analysis were prepared from <2 mm material (described below).  

4.3.1 Application of MLA 

Although the overall mineralogy of the Kalgoorlie soils is relatively simple and is 

dominated by quartz, the identification and classification of Ni-bearing minerals in the soil 

proved challenging. Mixture phases are common (Figure 4-4) and amorphous slag particles are 

difficult to identify accurately due to their chemical variability (Figure 4-4). There are multiple 

phases that contain minor Ni, such as chlorite and Fe oxides such as hematite (Drysdale 2008; 

Skuce 2011), but the Ni content is not typically detectable in these phases using SEM-EDS if the 

element of interest represents less than 3% of the phase of interest (Pirrie & Rollinson 2011).  
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Figure 4-4: Left: Kalgoorlie soil particle from sample MD-05 showing a “mixture” phase. 

Right: Multi-phase slag particle from sample MD-05, showing light (Fe rich) and dark 

(silica rich) phases. Numbered dots represent EMPA analysis sites. 

The primary Ni-bearing phases identified through MLA’s standard collection process are 

pentlandite ((Fe,Ni)9S8) and Ni-bearing Fe-silicate slag (amorphous, glassy). Due to similarities 

in composition between slag particles and other minerals, MLA had difficulty with accurate 

classification. Skuce (2011) concluded that slag hosts a significant portion of the Ni in the form 

of trevorite (FeNiO4), as most slag particles contain Fe and oxygen, but no sulphur. However, 

SEM-EDS analysis in conjunction with MLA showed that slag particles were highly variable in 

composition, with Fe, Ni, Si, Al, Mg, Cr, and/or Ca in some proportion as demonstrated by an 

EDS Spectra from a slag particle in Sample MD-05 (See Figure 4-5). To determine whether the 

slag particles contain trevorite, sample MD-05 was analyzed using the electron microprobe. 
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Figure 4-5: High iron slag particle EDS spectra from sample MD-05 (25 keV accelerating 

voltage). Note that the particle contains Ni, Fe, and small amounts of Si, Al, Mg, and Cr 

4.3.2 EMPA analysis of slag particles 

Forty-one EMPA analyses were taken from six slag particles in sample MD-05, which 

contains the highest amount of slag particles and has the highest total Ni content. Most slag 

particles are multi-phase, and multiple analyses were taken from each particle to capture the 

different phases, determined by gray-scale variation under back-scatter electron view. Chemical 

compositions determined by EMPA suggest that trevorite is not found in slag particles, based on 

the ratio of cations to anions. Trevorite’s formula, NiFe2O4, indicates that there would be three 

cations for every four oxygens. EMPA analysis showed that slag particles contain one cation for 

one oxygen, as in the bunsenite (FeO)-wustite (NiO) solid solution. The presence of significant 
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silica in several analyses (Figure 4-6) suggests that the chemistry of the Kalgoorlie slag particles 

is best explained by the FeO-NiO-SiO2 ternary system. 

 

 Cations per 4 oxygens  

Analysis Points Si Ni Fe Mg 

1 0.0118 2.536 1.085 0.286 

2 0.0611 2.496 1.04 0.259 

3 0.021 2.538 1.076 0.275 

4 0.0184 1.078 2.717 0.1112 

5 0.0183 1.096 2.701 0.1039  
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Analysis Cations per 4 oxygens   

points Si Ni Fe Mg Co Ca 

1 0.0171 0.75 2.922 0.142 0.072 0.0089 

2 0.0313 0.739 2.878 0.171 0.068 0.021 

3 0.0251 0.709 2.947 0.175 0.066 0.0079 

4 0.053 0.718 2.834 0.179 0.068 0.0311 

5 0.0335 0.784 2.841 0.15 0.078 0.0142 

6 0.0157 1.934 1.424 0.45 0.139 0.0098 

7 0.0185 2.077 1.346 0.395 0.134 0.007 

8 0.942 0.316 0.96 0.214 0.05 0.548 

9 1.112 0.119 0.65 0.151 0.034 0.785 

Figure 4-6: EMPA results for selected Kalgoorlie slag particles in sample MD-05. Multiple 

analyses were taken over the particle to capture different phases, which have significantly 

different chemical compositions. 

The behavior of Ni oxide in Fe-silicate slags is complex and has been the subject of study 

for many years (Cruz et al. 2005, Grutzeck and Muan, 1992). The thermodynamic properties of 

liquid silicates have been studied extensively, beginning with binary systems that model the 
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behavior of metal oxide “MO”-SiO2. The thermodynamic behavior of binary systems was 

expanded to ternary models explained by AO-BO-SiO2, where divalent metal cations A
2+

 and B
2+

 

randomly mix and oxides AO and BO behave similarly to silicates (Cruz et al. 2005). Many 

binary (NiO-MgO), ternary (NiO-MgO-SiO2) and quaternary systems (CaO–MgO–NiO–SiO2) 

have been calculated and modeled and some have been tested in the laboratory, with good 

agreement to thermodynamic modeling (Grutzeck and Muan, 1988, Woo et al. 2011)  

Studies of the thermodynamic properties of slag have become very important due to the 

changes in pyrometallurgical processing that have resulted in increased metal losses to slag (Cruz 

et al. 2005, Ramirez et al. 2008). In these particles, the spinel solid solution (Fe2O3-NiFe2O3), 

which includes trevorite and magnetite and the oxide solid solution (FeO-NiO) interact in 

complex ways dependent on a variety of parameters including temperature and oxygen potential. 

Due to iron’s multiple charges (Fe
2+

 and Fe
3+

), the ternary FeO-NiO-SiO2 system can also be 

explained as the quaternary system NiO-FeO-Fe2O3-SiO2 (Grutzeck and Muan 1992, Cruz et al. 

2005, Ramirez et al. 2008). This quaternary system may explain why XANES analysis matched 

the Kalgoorlie samples with trevorite, while EMPA analysis indicated that they more closely 

resembled the FeO-NiO system.  

Based on electron microprobe analyses, three new mineral entries were created in the 

Mineral Reference Library to classify slag particles within the three end member compositions of 

the FeO-NiO-SiO2 system: “high iron”, “high nickel”, and “high silica”. Multiple spectra taken 

from slag particles were entered for each mineral type to represent the range in composition for 

each end member.  

Sequential extraction and XANES analysis used by previous researchers to characterize 

these samples analyze the amount of Ni in each phase. MLA does not provide Ni composition, 
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but rather the quantity of Ni-bearing minerals. To correlate MLA with Ni composition determined 

by sequential extraction, compositional quantification of Ni-bearing phases was performed on 

EDX spectra from the primary Ni-bearing phases: pentlandite and Ni-bearing iron silicate slag 

particles. Quantification was performed using Esprit software.  

Table 4-2: Average composition of primary Ni-bearing phases in Kalgoorlie soils, 

determined by SEM-EDS  

Mineral # of particles analyzed Ni (%) Fe (%) Si (%) S (%) 

 MD-02 MD-05     

pentlandite 19 157 29.14 24.95 -- 45.91 

“high iron” slag 41 163 14.56 53.22 2.81 -- 

“high silica” slag 291 485 8.98 14.01 13.24 -- 

“high nickel” slag 15 64 22.50 19.51 1.01 -- 

 

4.4 Discussion 

Mineral Liberation Analyzer (MLA) was used to quantitatively estimate the relative 

proportions of Ni minerals in smelter samples MD-05 and MD-02 and to resolve the discrepancy 

between mineralogy predicted by sequential extraction and mineralogy observed in bulk XANES. 

One of the first conclusions we can draw from MLA is that the overall amount of primary Ni-

bearing minerals (pentlandite and Ni-bearing slag) is very low, less than 1 wt. % in the <2 mm 

size fraction. The thin sections analyzed were prepared from the < 2 mm size fraction, but a filter 

was employed in MLA’s Image Processing software to select particles that were less than 10 

microns by area and save them as a new sample. Using the Filter function, the parameter “area 

[comparison op] pixels” was chosen. An area of 200 pixels, which was determined to be less than 

10 microns, was entered for the filter. By pressing the control key and dragging a selection box, 
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all the <10 micron size particles can be selected. The selected particles were saved as a new 

sample.  

Analysis using EMPA indicated that slag particles were often multi-phase and comprised 

of three compositions in the FeO-NiO-SiO2 ternary system. Three new mineral entries were 

created in Mineral Reference Library for nickeliferous slag: high nickel, high iron, and high 

silica. Slag phases were classified as one of these three categories based on spectrum matching, 

sometimes with multiple phases in one particle. To calculate weight % values for modal 

mineralogy, MLA relies on mineral density values entered in the Mineral Reference Library. For 

slag particles, a density of 3.11 g/cm
3
 was used based on previous characterization of Kalgoorlie 

slag (Jong-Leng & Gray 1996). 

The Ni content of the four predominant Ni bearing phases seen in Table 4-2 were then 

multiplied by weight percent values for these minerals from MLA-determined modal mineralogy 

results on the <10 micron (by area) size fraction to determine which mineral phase is the 

predominant Ni host. Nickel content by mineral type is shown in Figure 4-7. The predominant Ni 

host in the <10 micron size fraction is pentlandite for sample MD-05 and glassy slag (bunsenite-

wustite solid solution) for sample MD-02. Sample MD-05 supports the mineralogical 

characterization determined by sequential extraction, and sample MD-02 supports XANES 

assertion that Ni oxides are the predominant Ni host. Sample MD-05 has an order of magnitude 

higher pentlandite weight percent than MD-02, 0.36 (157 particles) vs. 0.02 wt% (19 particles).  
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Figure 4-7: Nickel content by mineral type, Kalgoorlie smelter samples MD-02 (left) and 

MD-05 (right)  

The calculation of Ni amounts by mineralogy is highly sensitive and varies with changes 

in modal mineralogy values. Changes in classification parameters, especially “spectrum matching 

threshold”, cause changes in modal mineralogy. A match below the spectrum-matching threshold 

will be classified as an unknown, so an increase in the threshold corresponds to an increase in the 

unknown percentage. MLA defaults to a 70% spectrum-matching threshold, but 80% was used 

for the Kalgoorlie samples.  

Based on this analysis, the primary Ni phase in the <10 micron size fraction is pentlandite 

for sample MD-05. Nickel-bearing slag particles also represent a significant Ni source and are the 

predominant source for sample MD-02. It is difficult to ascertain the actual presence of Ni-

bearing Fe silicate slag particles in the <10 micron size fraction. MLA interprets them as multiple 

particles of different compositions, and thus individual components may be smaller than 10 

microns when the actual particle is greater than 10 microns. Nickel-Fe-silicate slag particles may 

be over-represented in this analysis.  

4.5 Conclusions 

EMPA and EDS quantitative analysis was performed on Ni-bearing phases to correlate 

results from sequential extraction and XANES to MLA results of modal mineralogy. EMPA was 
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a crucial aspect of this project as it revealed that Fe-Ni oxide particles in slag were not trevorite, 

as previously believed, but part of the FeO-NiO-SiO2 thermodynamic system. 

Previous characterization demonstrates the potential hazards of making quantitative 

determinations with non-quantitative methods. It is difficult to use visual characterization such as 

SEM or EMPA to determine the predominant Ni-bearing phase when the overall quantity of Ni-

bearing minerals is very low. Automated mineralogy is a quick, accurate, and reproducible way to 

quantify mineralogy provided that an accurate mineral reference library has been created. This 

study demonstrated the important role of Ni-bearing slag particles in the soil, but their variable 

content made accurate and reproducible classification using MLA difficult. MLA has great 

potential for characterizing soils provided that mineralogy is well understood and easily captured 

using SEM-EDS technology.  

The fine-grained nature of soils and the amorphous mineralogy in the Kalgoorlie samples 

presented challenges in this regard. 

• Primary Ni bearing minerals (pentlandite and Ni-Fe-silicate slag particles) make up less 

than 0.5 wt % of the overall sample.  

• The predominant Ni-bearing phase in the <10 micron size fraction is pentlandite for 

sample MD-05, but Ni-bearing slag particles also are a significant source. 

• Electron microprobe analysis was essential for determining the composition of slag 

particles.  
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Chapter 5 

Conclusions 

5.1 Application of Automated Mineralogy 

MLA provides quantitative mineralogical and physical information that is highly detailed 

and not available through any other means. It has broad applications for environmental 

geochemistry and mineralogy. At this time, its application by many users is limited by access to 

the technology. It requires detailed mineralogical characterization to build an accurate mineral 

reference library and this can be accomplished through integration with other mineralogical tools, 

including XRD, EMPA, and synchrotron-based microanalysis. 

Automated mineralogy is a powerful tool when utilized by a skilled operator. However, 

its application to environmental samples presents many unique challenges. It was originally 

designed for modal abundance and liberation of ore minerals. Weathered materials such as soil, 

tailings, dust, and sediments often contain fine-grained, amorphous/poorly crystalline, compound 

particles that challenge the software’s advanced capabilities. Many secondary minerals occur in 

trace amounts and as small phases on rims, which challenges detection limits on the SEM.  

Automated mineralogy is well suited for continuing investigations, where systems can be 

created for repeat analysis of material that is continually gathered and routinely analyzed. The 

initial investment in creation of a mineral reference library and honing of operational parameters 

will be paid off in the ease and efficiency of routine analysis that follows. It provides much more 

data than any other technique due to its ability to preserve grain size, shape, texture, and mineral 

associations and intergrowths.  

A crucial aspect of successful implementation of an MLA program is the creation of a 

complete and accurate mineral reference library for each project, and this is where the greatest 
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challenges are presented. The non-uniform composition of most environmental materials makes it 

difficult to build a mineral reference library. Traditionally, MLA was used in metallurgical 

applications primarily for the analysis of sulfides and ore-hosting bodies with simple 

compositions and relatively consistent material in size and composition. The standard mineral 

reference library provided by MLA’s manufacturer, FEI, does not handle excessive variations in 

geologic material, and the mineralogy of each project must be carefully analyzed and understood 

to build a project specific mineral reference library. Within a project, however, environmental 

samples are notoriously difficult to obtain “standard reference” spectra for. Substitution of trace 

elements and formation of weathering products in naturally occurring minerals increase the 

complexity of applying MLA to naturally occurring materials.   

MLA integrates well with other forms of analysis such as EMPA and synchrotron-based 

microanalysis to provide precise chemistries, identify mineral forms, and build accurate mineral 

reference libraries. In the New Calumet study, MLA was integrated with results from 

bioaccessibility testing, geochemical characterization, SEM and EMPA mineralogical analysis, 

and synchrotron-based microanalysis. In the Kalgoorlie study, MLA supplemented and reconciled 

mineralogical and geochemical data obtained from bioaccessibility testing, sequential extraction, 

synchrotron-based XANES analysis, SEM analysis, and EMPA.  

Automated mineralogy can be applied to a number of mineralogically-based issues in 

mine waste management, including assessment of the relative proportion of potentially acid-

generating sulfide minerals and neutralizing phases, and the variation of these from sample to 

sample. This requires, accurate identification of the minerals present or anticipated to be present 

in order to develop a mineral library. Thus a combination of careful microscopy and 

microanalytical techniques combined with automated mineralogy is optimal. The most powerful 

contribution of automated mineralogy is its ability to ensure that results are representative of a 
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large quantity of mine waste material. Since many individual particles in multiple samples can be 

characterized relatively quickly, this approach is particularly useful for prediction. 

Benefits of MLA: 

• Reliability, accuracy, and reproducibility 

• Rapid analysis limits operator bias and fatigue as compared to other mineralogical 

techniques 

• Samples large numbers of particles in one measurement 

• Can detect a wide range of material, unknowns can be identified and added to the library 

• Low detection limits 

• Preserves particle size and texture 

• Separate effects of controls on environmental behavior including mineralogy, particle 

size, and liberation 

• “sieving” of selected minerals for size ranges 

 

Challenges: 

• Quantification of very fine grained material may be difficult if phases are too small to 

collect EDS spectra from 

• Quantification of carbonate and hydroxide phases is complicated by the conductive 

coating (e.g. carbon) applied to the sample mount surface for analysis under high vac. 

The coating can absorb X-ray energy, which causes inaccurate detection of light phases 

(O, H, and C).  

• Mixtures, incomplete oxidation, and weathering products may be difficult to classify 

• Because MLA evaluates every single particle, results can show contamination easily.  

• Access to technology is limited  

 

5.2 Recommendations for MLA Users 

Scientific research using MLA can be limited by the expense associated with MLA 

analysis and the difficulty of accessing equipment and skilled operators. The data are “only as 

good as the procedure and the analyst” (Hoal et al. 2009). The software is difficult to master, and 
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presents many challenges including identification of minerals from EDS spectra, image stitching, 

classification, and touch-up (Hoal et al. 2009). Minerals with similar composition, especially 

silicates, are more difficult to distinguish and categorize in a mineral reference library and must 

be very carefully classified. When utilized with environmental samples, the difficulty in building 

a mineral reference library may make it uneconomical, due to the time, and thus expense, 

involved. 

MLA and QEMSCAN typically default to 25 kV operating voltage, which optimizes the 

analysis of elements with high atomic numbers. This approach is well suited for sulfides, which 

are usually the primary focus in metal mining (Hoal 2009). Decreasing the operating voltage from 

25 keV to 15 keV can improve resolution and contrast by increasing the scatter of electrons 

across the sample surface under decreased voltage. Thus, it improves the characterization of 

silicate and/or carbonate minerals of potentially similar composition, as well as fine-grained 

particles. FEI recommends the use of 15kV for particles <15 microns. However, the lower 

voltage requires the creation of a new mineral reference library with spectra collected at 15 keV 

rather than 25 keV (Hoal 2009). This study utilized mineral reference libraries created under 25 

kV as metal phases were the focus, however future researchers should consider the use of a lower 

operating voltage for fine grained, silica/carbonate dominated samples.  

It has been suggested that there is the potential for vertical segregation of material during 

the manufacture of epoxy particle mount plugs (Blaskovich 2012, Mermollid-Blondin et al. 

2011). Due to differences in particle shape/size or specific gravity, larger and/or denser particles 

may settle to the bottom of the epoxy plug. Thus, a horizontal/lateral slice of the epoxy plug 

would contain a biased sample of heavier/larger or lighter/smaller particles, depending on its 

location in the top or bottom of the epoxy plug. This problem can be mitigated through the 

preparation of transverse mounts, whereby the epoxy mount is cut longitudinally, rather than 
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latitudinally, to eliminate errors in data collection due to particle density segregation (Blaskovich 

et al. 2012, 2013).  

Thin sections for this research were previously prepped for other projects and we were unable 

to prepare new transverse mount thin sections for comparison, but MLA operators may wish to 

consider utilizing this method for samples with especially dense or large particles. For samples 

with a wide range in particle sizes, sub-samples should be taken to separate particles into limited 

ranges. They can be recombined in MLA’s Dataview software.  
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Appendix A: Modal Mineralogy 

Data Source: GD-nonVEG      

Mineral Wt% Area% Area (micron) Particle Count Grain Count 

Sphalerite with mediumFe 0.00 0.00 20.03 1 1 

Sphalerite with loFe 0.00 0.00 0.00 0 0 

Sphalerite 0.00 0.00 0.00 0 0 

Sphalerite with hiFe 0.12 0.09 142249.94 101 158 

Biotite 12.30 11.46 18757262.70 9441 10271 

Rutile 0.04 0.03 46255.38 85 94 

Barite 0.00 0.00 51.20 3 3 

Chlorite-Fe 1.65 1.62 2650554.37 3251 4187 

Augite 10.65 9.05 14812316.67 3670 3917 

Air Bubble 0.02 0.07 110501.82 747 919 

Muscovite 3.07 3.14 5137637.73 1833 2214 

Ankerite/Ferroan Dolomite 0.02 0.01 24070.43 53 66 

Gahnite 0.23 0.15 253617.70 170 204 

Titanite 0.16 0.13 218764.21 231 257 

Spinel 0.22 0.18 289488.49 109 136 

Gypsum 0.35 0.43 709422.11 938 1067 

Enstatite 0.28 0.25 416701.37 453 672 

Orthopyroxene (enstatite-ferrosilite solid solution) 0.99 0.90 1468120.37 900 1106 

Pyrrhotite 3.75 2.35 3840323.25 9475 12184 

Arsenopyrite 0.00 0.00 1130.84 14 15 

Calcite 4.46 4.75 7780590.09 3690 3903 

Hematite 1.71 0.93 1523006.21 1173 1404 

Apatite 0.17 0.15 252413.40 207 235 

Chalcopyrite 2.17 1.49 2444770.34 12210 15017 

Galena 0.04 0.01 23574.02 138 351 

Orthoclase 6.32 7.13 11678762.07 3865 4749 

Quartz 16.18 17.80 29147164.88 7839 8614 

Anthophyllite 0.52 0.47 761687.87 315 362 

Plagioclase 14.07 15.13 24776653.29 7323 8557 

Goethite 2.80 2.13 3479493.86 8674 9855 

Cerussite 0.01 0.01 9331.66 145 299 

Pyrite 0.19 0.11 181052.46 517 553 

Native_Iron 0.16 0.06 95533.76 450 495 

Monazite-(La) 0.00 0.00 2288.39 13 14 

Almandine 0.28 0.20 319820.84 1386 2132 

Dolomite 2.54 2.58 4216521.39 2203 2282 

Anorthite 2.82 2.98 4882372.75 1343 1559 

Kyanite 0.68 0.46 757206.80 470 632 

Hornblende 11.02 10.98 17973904.10 8462 9379 

Unknown 0.00 1.12 1827298.03 6552 10360 

Low_Counts 0.00 1.65 2707303.42 4540 4546 

No_XRay 0.00 0.00 3842.19 669 669 

Total 100.00 100.00 163723080.42 79129 123438 
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Data Source: BV-nonVEG      

Mineral Wt% Area% Area (micron) Particle Count Grain Count 

Sphalerite with mediumFe 0.00 0.00 2.23 1 1 

Sphalerite with loFe 0.00 0.00 0.00 0 0 

Sphalerite 0.00 0.00 31.16 1 1 

Sphalerite with hiFe 0.04 0.03 40102.54 55 97 

Biotite 13.66 12.98 18288567.15 11739 13212 

Rutile 0.02 0.02 23082.06 99 106 

Barite 0.00 0.00 193.67 6 6 

Chlorite-Fe 0.82 0.81 1147255.51 2416 2931 

Augite 5.97 5.17 7289331.16 4517 4788 

Air Bubble 0.03 0.08 110034.34 1143 1281 

Muscovite 2.63 2.74 3860366.73 2350 2752 

Ankerite/Ferroan Dolomite 0.04 0.04 52163.36 78 82 

Gahnite 0.30 0.20 284976.26 325 388 

Titanite 0.13 0.11 149851.95 244 267 

Spinel 0.06 0.05 65361.69 70 85 

Gypsum 0.01 0.01 16279.21 128 131 

Enstatite 0.36 0.33 470776.92 520 657 

Orthopyroxene (enstatite-ferrosilite solid solution) 1.31 1.21 1705067.08 1597 1855 

Pyrrhotite 5.48 3.50 4930978.85 20534 24507 

Arsenopyrite 0.00 0.00 930.49 7 7 

Calcite 3.77 4.10 5773430.55 2633 2865 

Hematite 0.82 0.46 641130.92 1091 1414 

Apatite 0.20 0.18 259864.03 322 331 

Chalcopyrite 2.67 1.87 2634123.79 23048 26482 

Galena 0.01 0.00 5144.43 96 155 

Orthoclase 5.49 6.31 8894158.57 4751 5573 

Quartz 20.15 22.60 31849270.44 12817 14013 

Anthophyllite 0.28 0.26 366156.36 250 276 

Plagioclase 13.13 14.41 20300951.27 10967 12565 

Goethite 4.40 3.41 4800529.28 17265 18926 

Cerussite 0.00 0.00 525.35 48 59 

Pyrite 0.16 0.10 136339.74 493 518 

Native_Iron 0.20 0.08 106241.13 674 900 

Monazite-(La) 0.01 0.00 4543.40 21 26 

Almandine 0.21 0.15 212235.17 1891 2527 

Dolomite 0.68 0.70 992428.30 647 723 

Anorthite 3.57 3.84 5417478.46 2662 3054 

Kyanite 0.76 0.53 743685.69 756 871 

Hornblende 12.63 12.83 18079869.20 13010 14389 

Unknown 0.00 0.78 1095457.22 6484 8187 

Low_Counts 0.00 0.03 38706.80 824 828 

No_XRay 0.00 0.08 112503.05 26855 26987 

Total 100.00 100.00 140900125.53 137879 194823 
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Data Source: BV-VEG1      

Mineral Wt% Area% Area (micron) Particle Count Grain Count 

Sphalerite with mediumFe 0.00 0.00 0.00 0 0 

Sphalerite with loFe 0.00 0.00 0.00 0 0 

Sphalerite 0.00 0.00 0.00 0 0 

Sphalerite with hiFe 0.06 0.05 68803.19 74 116 

Biotite 12.91 12.36 17972198.94 19476 20292 

Rutile 0.05 0.04 52354.80 136 145 

Barite 0.00 0.00 821.42 25 27 

Chlorite-Fe 0.90 0.91 1318911.76 4051 4575 

Augite 8.33 7.27 10571537.87 8753 9014 

Air Bubble 0.03 0.08 113291.08 1214 1339 

Muscovite 2.54 2.66 3872850.50 3979 4297 

Ankerite/Ferroan Dolomite 0.05 0.05 73807.38 219 224 

Gahnite 0.52 0.36 521833.92 605 635 

Titanite 0.19 0.16 234976.64 437 449 

Spinel 0.23 0.19 271840.26 340 343 

Gypsum 0.00 0.00 7029.91 87 94 

Enstatite 0.21 0.20 284381.90 627 707 

Orthopyroxene (enstatite-ferrosilite solid solution) 1.56 1.44 2098793.24 3259 3464 

Pyrrhotite 6.82 4.39 6377597.67 23623 26398 

Arsenopyrite 0.01 0.01 10480.31 32 36 

Calcite 4.79 5.24 7623100.52 12777 13182 

Hematite 0.63 0.35 513944.75 761 872 

Apatite 0.26 0.24 353047.07 559 588 

Chalcopyrite 3.20 2.26 3292137.18 23809 26187 

Galena 0.01 0.01 7448.41 89 128 

Orthoclase 4.75 5.51 8013474.23 7782 8544 

Quartz 17.76 20.09 29198566.92 21105 21767 

Anthophyllite 0.24 0.22 326089.44 627 663 

Plagioclase 11.15 12.32 17909352.70 17290 18468 

Goethite 2.86 2.24 3251451.41 11834 13227 

Cerussite 0.01 0.00 4329.69 93 155 

Pyrite 0.32 0.19 273861.52 1354 1380 

Native_Iron 0.12 0.05 66071.81 408 464 

Monazite-(La) 0.01 0.00 4323.02 22 28 

Almandine 0.35 0.25 358149.21 2169 2680 

Dolomite 1.62 1.68 2445769.84 4307 4396 

Anorthite 3.33 3.62 5258717.80 3784 4080 

Kyanite 0.52 0.37 532610.30 721 773 

Hornblende 13.64 13.96 20287590.43 29132 30487 

Unknown 0.00 1.09 1578720.14 8934 11065 

Low_Counts 0.00 0.02 29546.55 597 597 

No_XRay 0.00 0.13 184037.62 44053 44066 

Total 100.00 100.00 145363851.32 224429 275952 
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Data Source: MS-nonVEG      

Mineral Wt% Area% Area (micron) Particle Count Grain Count 

Sphalerite with mediumFe 0.00 0.00 0.00 0 0 

Sphalerite with loFe 0.00 0.00 0.00 0 0 

Sphalerite 0.00 0.00 171.41 1 1 

Sphalerite with hiFe 0.42 0.31 520395.89 258 406 

Biotite 8.24 7.92 13113825.39 3861 4721 

Rutile 0.13 0.09 152616.72 106 113 

Barite 0.00 0.00 0.00 0 0 

Chlorite-Fe 1.09 1.10 1824065.78 3749 5927 

Augite 11.43 10.01 16582640.82 2929 3099 

Air Bubble 0.02 0.07 109967.56 648 827 

Muscovite 2.30 2.42 4016104.39 1185 1591 

Ankerite/Ferroan Dolomite 0.05 0.05 84127.41 28 30 

Gahnite 2.68 1.86 3076166.68 882 1052 

Titanite 0.16 0.14 231417.16 154 173 

Spinel 0.69 0.57 940162.55 215 260 

Gypsum 0.01 0.01 18378.38 207 216 

Enstatite 0.56 0.52 867412.55 485 716 

Orthopyroxene (enstatite-ferrosilite solid solution) 4.07 3.79 6277460.41 2427 3267 

Pyrrhotite 3.31 2.14 3543243.88 2141 3264 

Arsenopyrite 0.00 0.00 854.81 4 4 

Calcite 0.39 0.42 702828.51 176 208 

Hematite 1.49 0.83 1383044.66 909 1548 

Apatite 0.28 0.26 435015.20 198 201 

Chalcopyrite 0.89 0.63 1045003.48 2221 3684 

Galena 0.01 0.00 7210.22 95 133 

Orthoclase 3.90 4.54 7516955.11 1742 2393 

Quartz 22.58 25.63 42448253.45 6711 7455 

Anthophyllite 1.25 1.16 1923530.77 441 541 

Plagioclase 6.57 7.29 12072174.36 2828 3807 

Goethite 3.67 2.88 4770582.04 8826 13960 

Cerussite 0.01 0.00 4690.32 117 223 

Pyrite 0.54 0.32 529553.91 303 357 

Native_Iron 0.17 0.06 103808.04 458 522 

Monazite-(La) 0.03 0.02 27917.07 19 20 

Almandine 0.90 0.64 1052253.77 3921 6893 

Dolomite 0.55 0.58 957378.93 262 273 

Anorthite 2.21 2.40 3979948.66 810 970 

Kyanite 1.01 0.71 1173966.05 370 576 

Hornblende 18.39 18.89 31294806.87 6861 7850 

Unknown 0.00 1.56 2581973.79 6092 10848 

Low_Counts 0.00 0.16 266157.12 1253 1253 

No_XRay 0.00 0.00 1308.93 250 250 

Total 100.00 100.00 165637373.03 38934 89632 
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Data Source: GD-VEG2      

Mineral Wt% Area% Area (micron) Particle Count Grain Count 

Sphalerite with mediumFe 0.00 0.00 0.57 1 1 

Sphalerite with loFe 0.00 0.00 1.14 1 1 

Sphalerite 0.00 0.00 1161.64 1 1 

Sphalerite with hiFe 0.03 0.02 26211.88 64 103 

Biotite 15.94 15.17 20802722.54 79392 83652 

Rutile 0.11 0.08 104064.01 350 360 

Barite 0.00 0.00 549.03 43 44 

Chlorite-Fe 1.54 1.54 2118179.58 18228 21533 

Augite 7.73 6.71 9200808.69 19003 20309 

Air Bubble 0.04 0.11 151135.47 3626 4421 

Muscovite 2.31 2.41 3310052.78 11770 12650 

Ankerite/Ferroan Dolomite 0.04 0.03 47402.47 582 594 

Gahnite 0.90 0.62 850588.47 2809 2970 

Titanite 0.17 0.15 202310.72 1001 1056 

Spinel 0.44 0.36 491828.59 1484 1585 

Gypsum 0.00 0.01 8621.47 229 302 

Enstatite 0.31 0.28 389822.72 2131 2376 

Orthopyroxene (enstatite-ferrosilite solid solution) 2.43 2.24 3074488.22 13677 14758 

Pyrrhotite 4.31 2.76 3781507.22 26875 32871 

Arsenopyrite 0.00 0.00 3030.15 46 59 

Calcite 6.05 6.59 9034214.19 43680 45505 

Hematite 0.32 0.18 242329.44 1140 1441 

Apatite 0.35 0.32 439848.25 1616 1633 

Chalcopyrite 1.87 1.31 1798121.21 35168 44379 

Galena 0.01 0.00 3790.38 189 414 

Orthoclase 3.11 3.59 4919905.17 17328 18893 

Quartz 15.93 17.90 24558618.58 55138 56723 

Anthophyllite 0.98 0.90 1240205.66 3259 3498 

Plagioclase 9.82 10.79 14799449.78 51690 55098 

Goethite 2.48 1.93 2645320.71 19113 24789 

Cerussite 0.00 0.00 588.20 56 116 

Pyrite 0.69 0.41 561178.48 5257 5406 

Native_Iron 0.11 0.04 56449.19 955 1368 

Monazite-(La) 0.00 0.00 3645.03 49 57 

Almandine 0.53 0.37 509502.46 7680 10524 

Dolomite 1.47 1.52 2082242.50 9550 9863 

Anorthite 1.94 2.09 2868121.41 7812 8626 

Kyanite 0.48 0.33 454218.88 2029 2158 

Hornblende 17.54 17.85 24479290.27 113159 121404 

Unknown 0.00 1.34 1831472.14 25022 35534 

Low_Counts 0.00 0.06 75686.68 4577 4577 

No_XRay 0.00 0.00 2508.94 1760 1760 

Total 100.00 100.00 137171194.95 489009 653412 
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Data Source: GD-VEG1      

Mineral Wt% Area% Area (micron) Particle Count Grain Count 

Sphalerite with mediumFe 0.00 0.00 21.70 1 1 

Sphalerite with loFe 0.00 0.00 0.00 0 0 

Sphalerite 0.00 0.00 0.00 0 0 

Sphalerite with hiFe 0.00 0.00 89.04 5 5 

Biotite 20.16 18.48 14786930.08 129596 140307 

Rutile 0.03 0.02 14422.67 279 279 

Barite 0.00 0.00 306.08 11 11 

Chlorite-Fe 1.44 1.39 1113091.55 21960 24744 

Augite 4.46 3.73 2982810.00 22420 24247 

Air Bubble 0.05 0.13 105576.65 3807 4245 

Muscovite 2.45 2.46 1968906.86 19597 20259 

Ankerite/Ferroan Dolomite 0.05 0.05 38514.25 563 573 

Gahnite 0.39 0.26 204861.89 2097 2123 

Titanite 0.18 0.15 118611.92 2235 2267 

Spinel 0.12 0.10 76561.58 933 944 

Gypsum 0.00 0.00 3207.76 126 137 

Enstatite 0.17 0.15 120771.21 1455 1487 

Orthopyroxene (enstatite-ferrosilite solid solution) 2.07 1.84 1470367.03 15974 16613 

Pyrrhotite 0.58 0.36 284503.22 4010 4268 

Arsenopyrite 0.00 0.00 222.61 7 7 

Calcite 6.06 6.35 5083312.31 66816 71432 

Hematite 0.04 0.02 18137.41 142 181 

Apatite 0.23 0.21 166565.80 1966 1974 

Chalcopyrite 0.38 0.26 206413.45 8422 9159 

Galena 0.00 0.00 337.25 42 52 

Orthoclase 4.35 4.83 3863351.88 38272 41616 

Quartz 14.68 15.89 12711545.57 86788 90524 

Anthophyllite 0.60 0.53 427068.15 3959 4018 

Plagioclase 14.44 15.28 12226417.22 112621 122531 

Goethite 1.47 1.10 880896.93 15270 16617 

Cerussite 0.00 0.00 619.96 34 52 

Pyrite 0.16 0.09 72842.38 3120 3148 

Native_Iron 0.03 0.01 8550.87 157 195 

Monazite-(La) 0.00 0.00 1918.31 59 64 

Almandine 0.39 0.27 213243.02 8298 9328 

Dolomite 2.08 2.08 1662275.45 14735 14996 

Anorthite 2.24 2.33 1863405.90 16228 17810 

Kyanite 0.22 0.15 117472.74 1205 1212 

Hornblende 20.46 20.04 16038511.19 184110 207955 

Unknown 0.00 1.33 1068064.95 28799 38840 

Low_Counts 0.00 0.12 94829.77 3514 3514 

No_XRay 0.00 0.00 3141.53 1937 1937 

Total 100.00 100.00 80018698.14 706255 899672 
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Appendix B Modal Mineralogy – Kalgoorlie 

Data Source: MD05      

Mineral Wt% Area% Area (micron) Particle Count Grain Count 

Albite 1.97 2.07 149700.58 706 708 

Quartz 30.53 31.91 2312679.59 13056 13304 

Goethite 3.10 2.24 162163.75 1079 1288 

Plagioclase 8.94 9.14 662335.29 7712 8302 

Hornblende 1.88 1.78 129214.67 1168 1222 

Orthoclase 3.95 4.23 306447.76 3528 3647 

Andalusite 2.43 2.12 153557.23 1463 1484 

Rutile 0.34 0.22 15856.81 489 511 

Pyrrhotite 0.39 0.23 16621.46 124 134 

Anthophyllite 0.10 0.08 6040.98 28 29 

Ilmenite 0.66 0.38 27687.78 122 129 

Chlorite-Fe and Ni 0.66 0.61 44375.47 1077 1191 

Pentlandite 0.49 0.28 20343.44 157 169 

Ferrosilite w/ Ca 2.15 1.49 108092.10 1291 1511 

Calcite 3.23 3.27 236963.96 3938 4418 

Diopside 1.38 1.11 80574.06 710 726 

Ankerite 0.17 0.15 10817.00 112 115 

Pyrite 0.24 0.13 9645.54 45 45 

Orthopyroxene (enstatite-ferrosilite solid solution) 0.32 0.28 20143.10 249 284 

Chalcopyrite 0.00 0.00 0.00 0 0 

Illite 22.60 22.55 1634391.21 27737 29260 

Chlorite 13.00 12.09 876502.68 23348 24443 

Muscovite 0.35 0.34 24727.12 278 281 

Zircon 0.09 0.05 3817.14 34 34 

Corundum 0.19 0.13 9184.74 26 26 

Apatite 0.03 0.03 2164.85 21 21 

Magnesium iron oxide 0.01 0.03 2533.82 14 15 

Chromium iron oxide 0.38 1.04 75364.51 595 603 

Iron manganese oxide 0.01 0.02 1099.12 14 28 

Potassium Aluminium Sulfate 0.00 0.01 627.19 24 28 

Goethite with Ti 0.10 0.07 5269.65 34 39 

Cassiterite 0.00 0.00 0.00 0 0 

Titanite 0.01 0.01 663.92 33 33 

Nickel Iron Alloy/Metal 0.01 0.02 1651.74 25 27 

Slag iron rich 0.18 0.50 36323.80 163 177 

Slag nickel rich 0.03 0.08 5797.23 64 68 

slag silica rich 0.08 0.22 16121.16 485 521 

Unknown 0.00 0.48 34597.49 702 758 

Low_Counts 0.00 0.27 19563.21 939 940 

No_XRay 0.00 0.33 24040.93 21792 21793 

Total 100.00 100.00 7247702.09 101127 118312 
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Data Source: MD02      

Mineral Wt% Area% Area (micron) Particle Count Grain Count 

Albite 4.20 4.48 432316.10 2483 2504 

Quartz 33.10 35.23 3397613.10 14579 14958 

Goethite 3.38 2.49 239862.85 1443 1774 

Plagioclase 4.90 5.10 491635.70 4052 4337 

Hornblende 1.77 1.70 164247.91 2130 2263 

Orthoclase 4.03 4.40 424683.48 4122 4294 

Andalusite 1.98 1.76 169419.05 1813 1837 

Rutile 0.93 0.61 59025.76 1274 1411 

Pyrrhotite 0.05 0.03 2798.72 18 19 

Anthophyllite 0.05 0.05 4425.97 11 12 

Ilmenite 1.32 0.78 75634.98 258 287 

Chlorite-Fe and Ni 0.62 0.59 56717.33 2395 2719 

Pentlandite 0.06 0.04 3483.23 19 21 

Ferrosilite w/ Ca 2.33 1.65 159025.00 3350 4109 

Calcite 0.85 0.87 84242.61 1348 1500 

Diopside 1.21 0.99 95534.88 535 544 

Ankerite 0.05 0.04 4301.87 53 56 

Pyrite 0.12 0.07 6373.22 22 22 

Orthopyroxene (enstatite-ferrosilite solid solution) 0.28 0.25 23934.64 244 281 

Chalcopyrite 0.00 0.00 0.00 0 0 

Illite 17.64 17.92 1728672.26 27313 30434 

Chlorite 20.49 19.41 1871711.34 32879 36646 

Muscovite 0.16 0.15 14893.48 141 149 

Zircon 0.07 0.04 3868.90 38 38 

Corundum 0.01 0.01 648.90 3 3 

Apatite 0.00 0.00 74.57 1 1 

Magnesium iron oxide 0.00 0.01 645.56 6 6 

Chromium iron oxide 0.12 0.33 31893.38 501 527 

Iron manganese oxide 0.02 0.06 5580.74 11 13 

Potassium Aluminium Sulfate 0.01 0.02 2117.54 57 57 

Goethite with Ti 0.16 0.12 11154.81 73 100 

Cassiterite 0.00 0.00 0.00 0 0 

Titanite 0.02 0.02 1533.76 34 35 

Nickel Iron Alloy/Metal 0.00 0.00 125.77 3 4 

Slag iron rich 0.03 0.09 8846.93 41 44 

Slag nickel rich 0.00 0.01 647.23 15 16 

slag silica rich 0.04 0.10 9734.02 291 307 

Unknown 0.00 0.35 33722.09 792 902 

Low_Counts 0.00 0.04 4226.18 305 305 

No_XRay 0.00 0.19 18772.40 17162 17164 

Total 100.00 100.00 9644146.25 99969 129699 
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Appendix C: Static Testing Results for New Calumet Tailings Samples 

Sample ID Paste TIC CaCO3 S(T) S(SO4) S(S-2) 

  pH % NP % % % 

Method Code Sobek CSB02V calc. CSD06V CSA07V CSA08D 

LOD 0.1 0.01 calc. 0.01 0.01 0.01 

BV-non VEG 7.76 0.53 44.17 2.25 0.04 0.38 

BV-VEG1 7.87 0.8 66.67 2.92 0.05 0.37 

GD-non VEG 7.80 0.83 69.17 2.32 0.28 0.45 

GD-VEG1 8.15 1.12 93.33 0.43 0.03 0.12 

GD-VEG2 8.07 0.9 75.00 2.28 0.05 0.65 

MS-non VEG 6.70 0.1 8.33 2.46 0.51 0.85 

Duplicates             

BV-non VEG 7.82           

GD-non VEG         0.29   

GD-VEG1  1.12       0.12 

GD-VEG2       2.27     

Reference Materials             

GTS-2A       0.33     

RTS-3A         1.05 2.27 

SY4   0.93         

NBM-1             

Expect Value   0.95   0.35 1.1 2.34 

Tolerance (+/-)   0.06   0.03 0.11 0.23 
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Sample ID Insoluble S AP NP Net NP/AP Fizz Test 

  %     NP Ratio   

Method Code calc. calc. Modified calc. Calc Sobek 

LOD   calc. 0.5 calc. #N/A #N/A 

BV-non VEG 1.83 11.9 54.7 42.8 4.6 Moderate 

BV-VEG1 2.5 11.6 74.6 63.1 6.5 Moderate 

GD-non VEG 1.59 14.1 77.5 63.4 5.5 Moderate 

GD-VEG1 0.28 3.8 104.0 100.2 27.7 Moderate 

GD-VEG2 1.58 20.3 85.0 64.7 4.2 Moderate 

MS-non VEG 1.1 26.6 14.4 -12.2 0.5 Slight 

Duplicates             

BV-non VEG     54.3     Moderate 

GD-non VEG             

GD-VEG1             

GD-VEG2             

Reference Materials             

GTS-2A             

RTS-3A             

SY4             

NBM-1     41.5     Slight 

Expect Value     42     Slight 

Tolerance (+/-)     4       

Note: 
AP  =  Acid potential in tonnes CaCO3 equivalent per 1000 tonnes of material.  AP is determined 

from the sulphide sulphur content. 

NP  =  Neutralization potential in tonnes CaCO3 equivalent per 1000 tonnes of material. 

NET NP = NP - AP 

Carbonate NP is calculated from TIC originating from carbonate minerals and is expressed in kg 

CaCO3/tonne. 

Sulphate Sulphur determined by 25% HCL with Gravimetric Finish 

Sulphide Sulphur determined by Sobek 1:7 Nitric Acid with Gravimetric Finish 

Insoluble S is acid insoluble S  (Total S - (Sulphate S + Sulphide S)). 
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Appendix D: EMPA Results – Kalgoorlie Slag 

 

 oxide weight %    

Point SiO2(Mass%) Al2O3(Mass%) NiO(Mass%) K2O(Mass%) FeO(Mass%) 

1 0 0.0162 53.56 0 38.04 

2 0.0101 0.0291 60.93 0 33.1 

3 0.0665 0 54.94 0.0196 37.13 

4 0.0513 0 51.6 0.0228 40.68 

5 0.0392 0.0327 59.91 0 32.28 

 

 oxide weight %    

Point TiO2(Mass%) MgO(Mass%) CoO(Mass%) CaO(Mass%) Total(Mass%) 

1 0 0.0143 2.93 0.0428 94.6033 

2 0 0.0058 3.44 0.0538 97.5688 

3 0.0321 0 3.06 0.0843 95.3325 

4 0.0195 0.0076 3.18 0.0268 95.588 

5 0.0393 0 3.02 0.0493 95.3705 
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 oxide weight %    

Point SiO2(Mass%) Al2O3(Mass%) NiO(Mass%) K2O(Mass%) FeO(Mass%) 

1 0.2424 0.0577 64.73 0.0245 26.63 

2 1.2752 0.0485 64.82 0.0199 25.97 

3 0.4368 0.0761 65.5 0.0208 26.72 

4 0.3628 0.1684 26.49 0.049 64.2 

5 0.3559 0.1694 26.49 0.0157 62.81 

6 0.2867 0.1968 26.04 0.0184 62.76 

 

 oxide weight %    

Point TiO2(Mass%) MgO(Mass%) CoO(Mass%) CaO(Mass%) Total(Mass%) 

1 0.029 3.94 1.43 0.1134 97.197 

2 0 3.63 1.46 0.4128 97.6364 

3 0.0635 3.83 1.32 0.1089 98.0761 

4 0 1.4747 0.7662 0.1793 93.6904 

5 0 1.355 0.8225 0.2349 92.2534 

6 0.0209 1.5643 0.7514 0.1981 91.8366 
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 oxide weight %    

Point SiO2(Mass%) Al2O3(Mass%) NiO(Mass%) K2O(Mass%) FeO(Mass%) 

1 0.9417 1.5837 20.78 0.0344 63.53 

2 1.1388 1.5681 21.49 0.0391 61.92 

3 2.8 1.568 22.92 0.0327 59.64 

4 1.1789 1.819 22.93 0 61.25 

5 1.8174 0.4796 57.09 0 31.17 

6 32.57 0.1106 42.33 0.006 6.68 

 oxide weight %    

Point TiO2(Mass%) MgO(Mass%) CoO(Mass%) CaO(Mass%) Total(Mass%) 

1 0.0474 4.09 0.2757 0.0896 91.3725 

2 0.1336 3.71 0.277 0.0945 90.3711 

3 0.0477 3.39 0.2779 0.0919 90.7682 

4 0.0106 3.39 0.2281 0.1004 90.907 

5 0.0616 5.77 0.2939 0.0799 96.7624 

6 0.0313 20.36 0.1361 0.0567 102.2807 
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 oxide weight %    

Point SiO2(Mass%) Al2O3(Mass%) NiO(Mass%) K2O(Mass%) FeO(Mass%) 

1 0.2745 0.0834 70.97 0 21.78 

2 0.1744 0.0554 69.93 0.0123 23.02 

3 0.2665 0.3373 26.47 0.0046 62.3 

4 0.5174 0.5038 26.06 0.0222 62.32 

5 0.2884 0.3941 26.75 0.0018 61.38 

6 0.2322 0.3307 26.13 0.0083 61.58 

 

 oxide weight %    

Point TiO2(Mass%) MgO(Mass%) CoO(Mass%) CaO(Mass%) Total(Mass%) 

1 0 4.99 1.69 0.0978 99.8857 

2 0 5.25 1.6 0.1071 100.1492 

3 0.0244 1.84 0.8126 0.1969 92.2523 

4 0.0052 1.72 0.7501 0.1709 92.0696 

5 0.0887 1.79 0.8122 0.1996 91.7048 

6 0.1044 1.86 0.6954 0.1909 91.1319 
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 oxide weight %    

Point SiO2(Mass%) Al2O3(Mass%) NiO(Mass%) K2O(Mass%) FeO(Mass%) 

1 0.3395 0.7703 18.55 0.0009 69.47 

2 0.6352 0.6853 18.64 0.0028 69.77 

3 0.5044 0.4797 17.76 0.0138 70.93 

4 1.0599 0.7179 17.84 0.0212 67.73 

5 0.6523 0.6675 19.01 0.0028 66.21 

6 0.339 0.0961 51.85 0.0301 36.71 

7 0.3914 0.0276 54.49 0.0188 33.96 

8 27.52 0.4542 11.48 0.0143 33.53 

9 34.78 0.6246 4.62 0.0408 24.3 

 

 oxide weight %    

Point TiO2(Mass%) MgO(Mass%) CoO(Mass%) CaO(Mass%) Total(Mass%) 

1 0.0277 1.9 1.79 0.1649 93.0133 

2 0 2.33 1.73 0.3966 94.1899 

3 0.026 2.37 1.66 0.1481 93.892 

4 0 2.4 1.69 0.581 92.04 

5 0.0696 1.96 1.9 0.2584 90.7306 

6 0.0433 6.51 3.73 0.1965 99.505 

7 0.0144 5.6 3.52 0.1384 98.1606 

8 0.0156 4.19 1.84 14.95 93.9941 

9 0.0262 3.16 1.33 22.91 91.7916 
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 oxide weight %    

Point SiO2(Mass%) Al2O3(Mass%) NiO(Mass%) K2O(Mass%) FeO(Mass%) 

1 1.1205 1.4645 15.36 0.0222 73.29 

2 0.9936 1.582 14.73 0.0028 72.47 

3 1.3894 1.5378 14.68 0 71.62 

4 1.0721 1.4554 15.52 0 71.94 

5 0.9538 0.1933 92.11 0.0152 6.86 

6 35.89 0.2655 19.62 0.011 19.49 

7 36.18 0.0938 20.89 0.0259 19.98 

8 36.47 0.0511 22.05 0.013 18.36 

9 38.83 0.1135 13.59 0 10.61 

 

 oxide weight %    

Point TiO2(Mass%) MgO(Mass%) CoO(Mass%) CaO(Mass%) Total(Mass%) 

1 0.1112 3.11 0.4037 0.0412 94.9233 

2 0.1024 3.13 0.4915 0.042 93.5443 

3 0.0608 3.31 0.4658 0.0833 93.1471 

4 0.1286 3.1 0.4531 0.0837 93.7529 

5 0 2.31 0.1878 0.0149 102.645 

6 0.0295 27.59 0.5283 0.1118 103.5361 

7 0.0353 25.03 0.7575 0.0746 103.0671 

8 0 25.59 0.7737 0.0641 103.3719 

9 0 36.84 0.2626 0.0581 100.3042 
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