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Abstract 

 

The leaching of metals from waste rock is directly related to the mineralogical 

composition of the rock. The overall study objective was to evaluate the application of 

automated quantitative electron microscopy to weathering waste rock. The value of 

mineral liberation analysis in optimizing mineral processing operations has been well 

documented. Application of automated mineralogical techniques, such as the Mineral 

Liberation Analyzer, to environmental studies is less common with no waste rock 

characterization studies found that specifically use the Mineral Liberation Analyzer. 

 

Mineral Liberation Analyzer methodology limitations and advantages were explored in 

the context of detection and quantification of primary and secondary metal-associated 

mineral phases. Mineral Liberation Analyzer application to waste rock weathering 

studies was assessed using laboratory, field cell, and experimental pile samples which 

were separated into particle-size fractions. Mineral Liberation Analyzer characterization 

included bulk modal and metal-associated mineralogy, size distribution, and mineral 

liberation, association, and exposure or availability (to weathering processes) and 

mineralogical features useful to an environmental modeller. The Mineral Liberation 

Analyzer consisted of a FEI Quanta 600 scanning electron microscope equipped with 

dual Bruker-AXS silicon drift detectors, tungsten filament and proprietary software. 

 

The Mineral Liberation Analyzer demonstrated characterization of Antamina mine waste 

rock which would aid the understanding of weathering processes at this and other sites, 

such as tailings and heap leach activity. Important mineralogical and elemental features 

determined were: availability / exposure, particle / grain size and shape, association 

(such as locking and potential mineral-mineral interactions), quantity and type (such as 

crystal structure reactivity), fractures and porosity. The scope of this study does not 

extend to linking lithology to secondary mineralogy. The Mineral Liberation Analyzer, in 

conjunction with geochemistry, particle surface analysis tools, chemical speciation 
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modeling and diagnostic sequential leach can advance waste rock characterization, to 

improve mitigation strategies for waste rock drainage. 
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CHAPTER 1   Introduction 

 

1.1   Introduction  

 

The purpose of this study was to assess and advance the application of quantitative 

mineralogy for its application to waste rock weathering studies. The Mineral Liberation 

Analyzer (MLA) is a well-known and effective tool to determine mineralogical 

information to support the development and improvement of mineral processes.  

However, there are no published studies demonstrating its application to waste rock 

weathering. The MLA was assessed by applying it to analysis of waste rock from the 

Antamina copper-zinc mine in Peru to determine mineralogical factors important to 

weathering processes. Through the application to this study, conclusions are drawn 

about the benefits and limitations of the MLA technology as an aid to understanding 

weathering mechanisms. 

 

1.2   Acid rock and neutral rock drainage 

 

In order to predict and model weathering, waste rock needs to be characterized. 

Methods included determination of metal concentrations and mineralogical composition 

which were then correlated to environmental outcomes. Minerals can be classified 

according to their acid generating and neutralizing potential. 

 

The reactivity of the minerals with neutralizing potential (NP) are presented in Table 1.1 

[Jambor and Blowes, 1998; Kwong, 1993; Lawrence and Scheske, 1997; Sverdrup, 

1990]. However, the sum of the NP of individual minerals is not necessarily the total NP 

of a waste rock (or tailing) because there are many mineralogical factors that can 

interfere with the access of neutralizing minerals to acid generating constituents. These 

factors include mineral liberation (i.e. availability or exposure) and associations, crystal 

structure (e.g. calcite is more reactive than aragonite), fractures and porosity, texture, 

size and shape of the mineral grains, mineral composition, and weathering state 
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(alteration products can coat / armour mineral surfaces and / or be reactive 

themselves). 

 

Table 1.1.  Rock reactivities of non-sulphide minerals at pH 5 (relative to calcite). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Overall, all Antamina mine waste rock samples of this study are classified as non-acid 

generating according to a screening criteria suggested by Price [1997]. Visual 

classification can be used, sometimes with relatively satisfactory result ï though not 

always, as evidenced by the Antamina mine waste rock releasing metals to the 

drainage [Aranda et al., 2009]. This suggested that classification methods such as Acid 

Base Accounting (ABA) may not be sufficient for predicting metal leach (ML) behaviour. 

In mine studies other than Antamina, mineralogical and chemical analyses were 

performed using optical microscopy and Inductively Coupled Plasma ï Atomic Emission 

Spectroscopy (ICP-AES), respectively [for example: Ulusoy and Kursun, 2011]; 

however, these analyses were reported to be relatively time-consuming, labour 

intensive and missed the finer detail associated with secondary mineral phases.  

 

 

Group Rock-Mineral Type

Relative 

Reactivity @ 

pH5

Dissolving calcite, aragonite, dolomite, magnesite, brucite 1

Fast weathering
anorthite, olivine, nepheline, garnet, leucite, diopside, 

wollastonite
0.4

Intermediate weathering

epidote, pyroxenes (enstatite, hypersthene, augite), 

amphiboles, (hornblende, tremolite, actinolite), biotite, 

chlorite, talc, titanite, serpentine

0.2

Slow weathering
plagioclase feldspars (albite, oligoclase, labradorite), 

clays (vermiculite, montmoril lonite)
0.01

Very slow weathering
K-Feldspar (microcline, orthoclase, sanidine), 

muscovite
0.01

Inert quartz, rutile, zircon 0.004

Sources (Jambor and Blowes, 1998; Kwong, 1993; Lawrence and Scheske, 1997; Sverdrup, 1990)
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On a broad scale, waste rock could be evaluated for reactivity. Antamina mineôs 

Class C waste rock was noted to be coarse-textured with high permeability (porosity) 

with potential harbours for formation of secondary mineralization. The reactive Class A 

waste rock was described as highly friable and finer-grained, and could easily produce 

metal-containing drainage. It is not clear how to evaluate drainage from the variably 

reactive Class B waste rock as it is not visually obvious and could be designated as 

Class A or Class C waste rock based on elemental chemical analysis. This variability, 

specifically at the micro-level of secondary phases, potentially reactive phases, exposed 

primary sulphide phases, and everything between, shows the difficulty of classifying 

waste rock material in the field ï without considering such macro-physical attributes as 

water flow pathways. This is partly the reason for the University of British Columbia 

(UBC) study. While there have been many studies of environmental impact from neutral 

drainage, a controlled study at field scale levels could not be found. 

 

1.3   Mine location, geology and task 

 

In 2005, a research program was initiated to study and improve the understanding of 

the weathering of Antamina waste rock (i.e. hydrological, biological, geochemical, 

mineralogical, physical) with technical expertise provided by Compania Minera 

Antamina S.A., UBC [Corazao Galegos et al., 2007; Bay et al., 2009] and Teck Metals 

Ltdôs Applied Research & Technology group. One aspect of this research program was 

to study the reactivity of the waste rock. Several graduate student projects, developed 

by UBC (in conjunction with Antamina mine staff) focused on characterization of the 

main types of waste rock and evaluation of their geochemical reactivity in the laboratory 

and at the waste rock dump through:  

(1) field cell experiments - 200 litre plastic drums filled with specific rock types 

[Aranda et al., 2009; Aranda, 2009; Hirsche, 2012];  

(2) experimental waste dumps - five instrumented 36m x 36m x 10m waste rock 

piles were constructed [Corazao Galegos et al., 2007]; and,  
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(3) cover study experiments - five test plots were constructed from waste rock 

using different cover types [Urrutia Varese, 2012].  

 

The results of the quantitative mineralogical study presented in this thesis were used to 

support the interpretation of the experimental program. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The South American Antamina Mine (latitude 9Á 32ô S, longitude 77Á 03ô W) is located in 

the Peruvian Andes range, 270 km north of Lima and 200 km west of Huarez, at 

4100-4700 m asl (Figure1.1). The climate can be characterized by an average annual 

temperature of 8°C (ranging from -8 to +23°C) and annual precipitation of 1200 mm 

(ranging 1100 ï 1300 mm) with a distinct ówetô (November through April) and ódryô period 

(May through October). The Antamina polymetallic skarn deposit was formed when 

quartz monzonite intruded into Cretaceous limestone [Lipten and Smith, 2005; Golder, 

2004]. The metals of economic interest are copper (Cu), zinc (Zn), silver (Ag) and 

 

Figure 1.1.  Location of the Antamina mine. 
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molybdenum (Mo). The ore deposit has an indicated resource of 745 Mt with 1.06 wt% 

Cu, 0.67 wt% Zn, 11.7 g/T Ag, 0.026 wt% Mo, on the basis of an average 0.3 wt% Cu 

cut-off grade. Mine production began October 2001 and mine life is estimated to last 

until 2029 [Brown, 2006; Strand et al., 2010]. Approximately 300 Mt/day of waste rock 

are generated. Over the 28-year planned mine life, 1.5 billion tons of waste rock will be 

deposited by end-dumping on steep mountain faces into piles that are 200-300 meters 

deep. The high-carbonate waste rock surrounding the polymetallic ore emits near-

neutral pH effluents. The waste rock is classified as reactive, moderately reactive or 

less reactive according to the criteria summarized in Table 1.2. 

 

Table 1.2.  Antamina mine waste rock classification criteria1. 

 

 

Five distinct waste rock types were specified by Golder (2004): hornfels, marble, skarn, 

intrusives and limestone, although hornfels and marble comprise the majority of the 

waste rock. These lithotypes were further grouped into three reactivity groupings for on-

site classification of the waste rock for specific dump sites based upon sulphide content 

and expected metal loading (i.e. zinc and arsenic) of the leachate. It was estimated that 

the distribution of waste rock types according to the classification scheme would be 

Class Reactivity Rock Type Zn (% ) As (% )
Visual Sulphide

1 

(% )
Location

A Reactive

Mineralized / Oxidized rock 

[including Skarn (endo / exo), 

Hornfels, Marble, Limestone 

(some Intrusive)]; high Zn, 

As, S

> 0.15 > 0.04 > 3 within pit limits; East dump

B
Moderately 

reactive

Hornfels, Marble and 

Limestone; moderate Zn
0.07 - 0.15 < 0/04 2 - 3

stockpile pads; construction 

material; Tucush or East dump

C Less reactive
Hornfels, Marble and 

Limestone; low Zn, As, S
< 0.07 < 0.04 < 2

wherever needed (e.g. East 

dump, Tucush dump, tailings 

dam, water reservoir dam, access 

roads)

1
  Antamina 2010, Ore Control Procedure Manual.
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44% reactive, 42% less reactive, with the balance being moderately reactive [Golder, 

2006; Watermark Consulting Inc, 2000]. 

 

To reduce the environmental impact of mining activity as a consequence of metal 

release, a better understanding of waste rock weathering is required. Some key metal-

bearing mineral of interest (MOI) may be present in trace amounts, which would 

challenge understanding and predictive modeling without adequate particle statistics 

and increased knowledge of their chemical behaviour during waste rock weathering. 

Quantitative mineralogy on specific lithologic rock types will support the establishment 

of an effective waste rock classification scheme. It is proposed that quantitative 

mineralogy will support the interpretation of results from weathering experiments 

resulting in improved waste rock management practices and reduced environmental 

impact of mining. 

 

1.4   Objectives and study 

 

The objective of this study is to demonstrate and advance the application of quantitative 

mineralogy to waste rock weathering studies. Quantitative mineralogy was conducted 

using scanning electron microscopy and MLA technology. Waste rock samples came 

from the Antamina mine. At the Antamina mine, waste rock is classified into three broad 

reactivity types, Class A (reactive), Class B (moderate) and Class C (non-reactive) [see 

Table 1.2]. To better understand the weathering processes, field cell tests, experimental 

waste rock piles and large cover studies were conducted at the Antamina mine site by 

UBC. 

 

The study presented in this thesis will develop MLA methodology applicable to waste 

rock characterization and demonstrate MLA output that could benefit the interpretation 

of waste rock weathering processes. The main metals of interest focused on in this 

study were arsenic (As), antimony (Sb), copper (Cu), lead (Pb), molybdenum (Mo) and 

zinc (Zn). 
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Chapter 2 summarizes the relevant literature on waste rock weathering, the role of 

mineralogy and characterization methodologies and techniques used to identify and 

quantify minerals. In chapter 3 the experimental program is presented. In chapter 4, the 

MLA methodology parameters were explored in the context of automated quantification 

of waste rock features. Chapter 5 presents the MLA output in the context of waste rock 

characterization. Section 5.1 presents the bulk mineralogy of the Antamina mine waste 

rock. Section 5.2 and 5.3 present specific mineralogical information generated by the 

MLA with a focus on aspects of interest to weathering and metal leaching. Section 5.4 

summarizes the application of automated quantitative mineralogy to waste rock 

weathering. Specific association of lithology to mineralogy is beyond the scope of this 

study. Finally, chapter 6 presents the conclusions and recommendations resulting from 

this study. 
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CHAPTER 2   Literature review: characterization of mined material 

 

2.1   Introduction 

 

The mining industry requires effective mineral classification and quantification. Mineral 

information rather than elemental information is often preferred because different 

minerals in both metal-bearing ore and gangue can have different impact on plant 

performance [Lorenzen and van Deventer, 1994; White, 1998]. 

 

Traditional ore and rock characterization was based on the mineralogistôs observations 

from hand specimens and thin sections using optical microscopes. The tools available 

limited the extent of quantitative data, objective reporting and statistical validity. 

Automated mineralogical identification techniques provide objective quantification of 

sample mineralogy, as compared to mineralogical inference from chemical analysis or 

traditional methods. Automated mineralogy refers to technologies which collect and/or 

analyse mineral data with some degree of automation. The technologies combine the 

scanning electron microscope (SEM), electron beam measurement technology and 

imaging software to produce detailed analysis of mineral samples [Gottlieb et al., 2000; 

Petruk, 2000; Gu, 2003]. 

 

The automated mineralogical procedure analyzes a number of polished sample mounts 

in order to identify the mineralogical phases, their availability and associations. Three-

dimensional (3-D) results are extrapolated from a two-dimensional (2-D) sample mount 

through stereological correction [King and Schneider, 1998; Spencer and Sutherland, 

2000]. The application of a stereological correction eliminates the potential analysis of 

multiple samples to offset 2-D effects. 

 

In recent years, image processing techniques have applied an X-ray source in 

conjunction with backscatter electron (BSE) imaging to identify the elements associated 

with each mineral phase [Gottlieb et al., 2000; Petruk, 2000; Gu, 2003]. There have 
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been great advances in automation of numerous mineral identification and quantification 

technologies, including optical, X-ray beam, laser beam, electron beam (SEM, electron 

microprobe analysis [EMPA]), and proton beam techniques [AMIRA, 2002].  

 

2.2   Metal leaching from mine waste material 

 

In many parts of the world the highest grade mineral deposits are being depleted. The 

significant deposits of today are usually complex mixed sulphide-oxide ores. These ores 

represent a challenge in mineral processing and often parts of the deposit are untreated 

for metallurgical and / or economic reasons. The mine siteôs rock material undergoes 

mineral weathering reactions which result in acid production, acid neutralization and 

trace metal release. The geochemistry has been reviewed by others [e.g.: Nordstrom, 

1999; Nordstrom and Alpers, 1999; Smith, 1999; Smith and Huyuk, 1999]. 

 

Oxidation weathering of sulphides results in sulphate generation. Sulphide oxidation is 

dependent upon the sulphide composition and its reactivity, the availability of oxygen, 

water and the appropriate bacteria. Sulphide oxidation increases with increasing surface 

area and lower pH [Nordstrom and Alpers, 1999].  

 

The weathering leach of sulphide minerals has been described elsewhere [White, 

1998]. The majority of acid rock drainage (ARD) results from the oxidation of iron 

sulphides, such as in Equation 1 and 2 for pyrite and pyrrhotite, respectively [Stumm 

and Morgan, 1981]. 

 

FeS2(s) + (15/4)O2(aq) + (7/2)H2O Ą Fe(OH)3(s) +2SO4
-2

(aq) + 4H+
(aq)        (1) 

Fe1-xS(s) + [(9-3x)/4]O2(aq) + [(5-3x)/2]H2O Ą (1-x)Fe(OH)3(s) +SO4
-2

(aq) + 2H+
(aq)       (2) 

 

Oxidation of sulphides by ferric iron is shown in Equation 3 and 4. Equation 5 shows 

that dissolved ferric ion can precipitate and generate acid. Equation 6 shows the 

bacterial oxidation of ferrous to ferric iron which consumes acid [White, 1998]. Note that 
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pyrite / pyrrhotite oxidation could also generate ferrous iron, and in the presence of 

more oxygen could be converted to ferric iron (see Equation 6). 

 

FeS2(s) + 14Fe+3
(aq) + (19/2)H2O + 15/4O2(aq) Ą 15Fe(OH)3(s) + 2SO4

-2
(aq) + 46H+

(aq)       (3) 

Fe1-xS(s) + (8-2x)Fe+3
(aq) + [(9-3x)/4]O2(aq) + [(53-15x)/2]H2O Ą 

(9-3x)Fe(OH)3(s) + SO4
-2

(aq) + (26-6x)H+
(aq)     (4) 

Fe+3
(aq) + 3H2O Ą Fe(OH)3(s) + 3H+

(aq)          (5) 

4Fe+2
(aq) + O2 + 4H+ Ą 4Fe+3

(aq) + 2H2O          (6) 

 

In the context of particle mineralogy, ARD occurs when: (1) sulphide mineral is present 

and at high enough concentration to impact the environment; (2) sulphide mineral is 

reactive; and, (3) environmental conditions are favourable for oxidation (i.e. presence of 

oxygen / oxidizer and water) [White, 1998]. Acid generated can be neutralized in various 

acid consuming reactions such as contact with carbonates and silicates. When the 

drainage becomes less acidic / more neutral pH it is termed Neutral Rock Drainage 

(NRD). 

 

Characterizing waste rock is challenging due to secondary mineral formation reactions 

[Petrunic et al., 2005; Jambor and Blowes, 1998]. The reaction products of weathering 

can react with other sulphides, precipitate as sulphates (possibly hydrated), and / or 

react with host rock minerals to neutralize acid. Any acid that is not neutralized will 

result in ARD. Sulphates that precipitate have the potential to store acid and / or metals 

released from the mine waste during such events as snow melts or rain events, and 

may release them at a later time [Jerz and Rimstidt, 2003]. Common weathering 

sulphate minerals found in mineralized rock drainages include melanterite 

(FeSO4Å7H2O), rozenite (FeSO4Å4H2O), szomolikite (FeSO4ÅH2O), romerite 

(Fe+2(Fe+3)2(SO4)4Å14H2O) and copiapite (Fe+2(Fe+3)4(SO4)6(OH)2Å20H2O) [Alpers et al., 

1994]. Iron sulphates can experience dehydration reactions in which they transform into 

goethite (FeO(OH)) and jarosite (KFe3
+3(SO4)2(OH)6) [White, 1998]. 
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2.3   Neutralization of mined rock drainage 

 

Neutralization of ARD can occur with acid-buffering gangue minerals in the host rock. 

Gangue includes both non-sulphide and low-grade sulphide-bearing minerals. There are 

several MOIs which can affect ARD neutralization. Sherlock et al. [1995] stated that 

minerals which can potentially neutralize ARD (in order of reactivity) are: (1) calcium 

and magnesium bearing carbonates; (2) oxides and hydroxides of calcium, magnesium 

and aluminum; (3) soluble, non-resistant silicates; and, (4) phosphates (mainly apatite). 

Each different mineral phase can affect the overall chemical reactivity of the waste rock 

dump, and each MOI can itself be affected by the physical attributes of the particles in 

which they reside. 

 

The distinction between ARD and NRD is leachable water of approximately pH 6.4 

[Drever, 1988; Alpers et al., 1994]. The neutralization reaction for the dominant 

carbonate is shown in Equations 7 and 8. Equation 7 represents the dominant calcite-

mediated neutralization below pH 6.4 and Equation 8 shows the dominant calcite-

mediated neutralizing reaction above pH 6.4: 

 

CaCO3(s) + 2H+
(aq) = H2CO3(aq) + Ca+2

(aq)            (7) 

CaCO3(s) +   H+
(aq) = HCO3

-
(aq)  + Ca+2

(aq)            (8) 

 

The rate of acid neutralization by carbonates is high [Sherlocke et al., 1995]. 

Carbonates may include calcite (CaCO3), magnesite (MgCO3), siderite (FeCO3), 

dolomite (CaMg(CO3)2) and ankerite (CaFe(CO3)2). Three separate weathering 

processes, each at a different pH range, may occur: circum-neutral carbonate 

dissolution; acidic hydroxide dissolution; and, very acidic silicate dissolution [Blowes 

and Ptacek, 1994]. 

 

Weathering of silicates can also neutralize acid; however, their dissolution rates and 

consequent acid neutralization are slow relative to the carbonate minerals [Nesbitt and 

Jambor 1998]. Silicate neutralization of acid will increase as particle size decreases. 
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Although mine drainage acidity commonly receives the most attention, the source of 

poor drainage quality is related to the leached metals. ARD water discharge does not 

meet environmental guidelines such as those provided by the Environmental Protection 

Agency [USEPA, 1994a].  

 

The degree of availability of the waste rock particle mineral phase for oxidation 

reactions affects the mine drainage composition. The particle textureôs mineral 

availability can be qualified as either fully liberated, fully locked in a host particle, 

partially liberated at the surface or exposed through a crack or pore in the particle 

[Ghorbani et al., 2011]. Once metals are released to the environment their fate is 

influenced by many factors. Metal mobility, in a broad sense, can be estimated; 

however, at the microscopic level it is much more difficult [Smith and Huyuk 1999]. 

Metals can be present as dissolved in the leachate or removed as secondary mineral 

phases which may be present on their own or as coatings on other particles. The 

oxidation of sulphide minerals and weathering (dissolution) of carbonate minerals is 

surface-controlled. These reactions can be controlled by the presence of secondary 

coatings. Mineral surface oxidation is therefore controlled by availability, particle size 

and texture. 

 

2.4   Evaluation of analysis techniques for mine waste rock mineralogy 

 

Mineralogical studies are traditionally performed manually using point-counting 

techniques which require the skill and knowledge of a mineralogist [Neilson and 

Brockman, 1977]. Automation techniques offer the advantages of increased number of 

particles examined, improved sampling statistics and objective particle accounting. 

 

Sample characterization begins with the collection of representative samples. The 

sample integrity must be preserved during collection, storage and sample preparation. 
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Sampling theory specifically related to waste rock has been discussed in the Canadian 

Mine Environment Neutral Drainage (MEND) Program literature [MEND, 2001].  

 

A widely used method to indicate the properties of rock material to future oxidation 

processes is the static test. Static tests are short in duration (hours to days) and low 

cost. Static tests predict the waste rockôs ability to produce and neutralize acid based on 

elemental, not mineralogical, composition. Details of these tests are discussed 

elsewhere [White et al., 1999]. The most used static test is ABA [Sobek et al., 1978]. 

This test uses the total sulphur or sulphide-sulphur content to calculate the quantity of 

acid producing (AP) minerals in the sample [White et al., 1999]. The total sulphur 

calculation may over estimate acid production due to the presence of non-acid 

generating sulphate minerals (e.g. barite, BaSO4). The sulphide-sulphur calculation may 

underestimate acid production due to the production of other sulphate-containing 

mineral phases (e.g. melanterite). The neutralization potential (NP) of the waste rock is 

dependent upon the mineralogy which incorporates major rock-forming elements and 

carbon (see Table 1.1). 

 

Paste pH is a common field test that estimates the presence of soluble acid salts on the 

rock [MEND, 1990]. The United States Environmental Protection Agency (EPA) 

synthetic precipitation leaching procedure (SPLP) is used to indicate the presence of 

more soluble acid salts in rock drainage [USEPA, 1994b].  

 

Kinetic tests, such as humidity cells and columns, estimate the potential quality of 

drainage from the weather-leached waste rock. This type of test will often not simulate 

actual rock weathering but can deliver helpful information when there is no other 

information available. The kinetic test accelerates weathering processes through 

application of abundant oxygen and water (to transport reaction products) [Sapsford et 

al., 2009]. 
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In environmental studies, metal releases require knowledge of the interaction between 

different mineral phases. Assigning trace metals to specific minerals will require 

mineralogical information. A sequential chemical leach may be used to assign these 

metals to general mineral phases. The sequential leach (SL) process fractionates 

specific metal-bearing MOIs with a combination of reagents. The MOIs are extracted 

into the leach solution as a function of the mineral phase dissolution [Lorenzen, 1995]. 

 

 

Figure 2.4.1.  Pictorial representation of sequential leach work flow. 

 

The general stages of a SL study are shown in Figure 2.4.1. In this study, some of the 

samples (see Table 3.2.4) were exposed to the SL steps shown in Table 2.4.1 [Klein et 

al., 2011]. 
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Table 2.4.1.  Sequential leach extraction procedure. 

Step Action Analysis 

1 
 

Sample: dry 500-1500 g. 
 

Use in Step 2 

2 

 
Water soluble and weakly exchangeable: mix sample 

with 95g/kg MgCl2, adjust to pH7, and agitate 1 hr. 
 

Leach 1 for chemical elemental 
analysis; Residue 1 used in Step 3 

3 

 
Exchangeable cations and anions, and elements 

bound to carbonates: mix sample with 82g/kg 
Na acetate, adjust to pH5 (use HNO3), agitate 0.5 hr. 

 

Leach 2 for chemical elemental 
analysis; Residue 2 used in Step 4 

4 

 
Elements bound to Fe and Mn oxides: mix sample with 

8.3g/kg NH2OH / 9.1g/kg HCl, digest in 60 C water 
bath 3 hrs. 

 

Leach 3 for chemical elemental 
analysis; Residue 3 used in Step 5 

5 

 
Elements bound to organic matter and sulphides: first 

mix sample with 63g/kg HNO3 leach, then 
0.7g/kg H2O2, adjust to pH2, agitate 4 hrs. 

 

Leach 4 for chemical elemental 
analysis; Residue 4 used in Step 6 

6 

 
Elements bound to oxides, sulphides, some silicates: 

mix sample with aqua regia (5.4g/kg HCl: 
3.1g/kg HNO3), digest in 85 C water bath 3 hrs. 

 

Leach 5 for chemical elemental 
analysis; Residue 5 used in Step 7 

7 
 

Residue: dry, sieve into size fractions 
Mineralogical analysis 

 

A diagnostic SL can improve the understanding of weathering behaviour associated 

with specific mineral phases. Quantitative results for trace mineral phases and 

associated metals are complicated by the following factors: (1) analytes redistribute 

during the extraction (e.g. readsorption of analytes, incomplete dissolution, organic-

bound metal liberated by organic matter destruction or exchange processes, or samples 

have the ability to alter ï such as raise pH and therefore decrease extracted analyte 

solubility); (2) extraction is incomplete; (3) ñnewò mineral precipitation (e.g. insoluble 

pyromorphite, Pb5(PO4)3Cl); and, (4) poor reagent selectivity [personal communication].  

 

Chemical analysis of waste rock can be used to estimate the presence of minerals with 

acidic and neutralizing abilities, quantify the trace metals, and determine whole rock 
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composition. The chemical analysis can be destructive, such as using acid digestion or 

fusion followed by Atomic Absorption Spectroscopy (AAS) or Inductively Coupled 

(Argon) Plasma spectrometry (ICP), or non-destructive, such as using X-ray 

Fluorescence (XRF) or EMPA.  

 

Optical microscopy (reflected or polarized light), X-ray diffraction (XRD) and / or SEM in 

conjunction with an energy or wavelength dispersive spectrometer (EDS and WDS, 

respectively) can be used to determine the mineralogy. XRD cannot be used to identify 

amorphous minerals, which often include the secondary phases generated during the 

weathering processes of waste rock (e.g. iron oxyhydroxides and aluminosilicates). The 

application of the Rietveld method can establish the quantity of amorphous content 

[PANalytical, 2009]. Analyses can be augmented by SEM which has a higher 

magnification capability than optical microscopy. WDS (and improved EDS) can be 

used to quantify the lower atomic number elements (i.e. Ò 6). The mineralogical analysis 

determinations are improved if the samples are analyzed as polished thin sections, 

which are about 30 µm thick slices of whole rock. The combination of SEM and X-ray 

analysis vastly improves the ability to obtain compositional information for the smaller 

particle grains and fine features such as particle rim coatings [Sutherland et al., 1988]. 

 

2.5   Applied mineralogy definitions 

 

To quantify weathering mineralogy a measurement is required. The measurement of 

mineralogical information includes: ñCharacteristics like chemical composition, relative 

proportions, distribution, texture, types of intergrowths, size distribution, liberation 

degree and crystal structure of different ore minerals and their products are very 

important to understanding the different stages of weatheringò [Márquez et al., (2006)]. 

 

Mineralogical texture is the random structure in which different minerals occur together 

in the rock [Jones, 1987]. This definition separates it from the use of many image 

processing techniques that treat texture as known and repetitive.  
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Microtexture (defined as texture that is identifiable using a microscope) is usually 

measured on three types of sample: (i) polished thin section (PTS), a sample of 

unbroken rock, typically 1-2 cm in length and width, polished to about 30 ɛm thickness 

for examination with a microscope ï optical polarizing microscope or SEM / MLA; (ii) 

polished rock surfaces, several centimeters in length and width and thickness (~3 mm), 

examined with an optical microscope or a SEM; and, (iii) polished particle samples, are 

rock fragments that have been broken into small particles (usually less than 1 mm), 

mounted in resin and polished, with advantage of good sampling statistics. 

 

The simplest and smallest form of textural feature is a grain. A grain is a single crystal 

consisting mostly of a single mineral in which a lattice of atoms of the constituent 

elements is aligned geometrically in a particular orientation [Jones, 1987]. Individual 

grains are often difficult to distinguish and so should more aptly be referred to as phase-

regions. A phase-region is a connected region consisting mainly of a single mineral. The 

border between phase regions having different orientations or consisting of different 

minerals constitutes a grain boundary. An inclusion of a different mineral refers to partial 

replacement of the original mineral by another mineral during geological evolution 

[Jones, 1987]. 

 

A feature is a particular region of rock that has different characteristics from adjacent 

parts of the rock, most notably edges or boundaries between dissimilar regions [Jones, 

1987]. 

 

The image analysis presented in this thesis is based chiefly on mineral maps, which are 

images in which a particular mineral or mineral group has been assigned to each pixel. 

These maps have been derived from MLA (SEM-based) images where the minerals 

were identified by their X-ray emission spectra. The image pixel size for this study was 

about 2 ɛm. 
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2.6   Automated mineralogy developments 

 

2.6.1   Introduction 

 

A mineral deposit can only be exploited economically and efficiently if there is detailed 

knowledge of the nature and distribution of the minerals in the deposit. Deposit 

information would include identity, composition, amount and size of each mineral phase 

because mineral interaction during processing depends upon the mineral and the 

particle properties. The mineral processing definition of liberation was refined to indicate 

the amount of unassociated gangue [Lorenzen and van Deventer, 1994; White, 1998]. 

 

The advantages of complementary approaches by mineralogists and metallurgists have 

been highlighted [Henley, 1983]. Chemical analysis, physical separations and XRD 

analysis reported bulk mineralogy though lacked information on mineral size and 

texture. Chemical analysis results, sometimes accompanied by EMPA, were applied to 

normative methods to back-calculate mineral quantity. Physical separations provided 

size distributions (and density information) which were supplemented with XRD and 

optical analysis. The XRD provided mineral identity and quantity to as low as a few 

percent. Optical microscopists provided the supporting information to complete the 

mineralogy report. The labour intensive and time consuming approach provided the 

motivation for automation. 

 

2.6.2   History 

 

Gaudin was the first to use the term ólockingô in reference to the amount of target 

mineral available to the concentration process [Gaudin, 1939]. The required liberation in 

the process necessitated the development of image analysis (including preparation of 

polished sample mounts), geometrical treatment of the particle images and 

quantification of the mineral phases [Henley, 1983]. The final step would be forming a 

relationship between the measured parameters and the actual mineral processing, such 



19 

 

as grinding, concentration or heap leach. Automated mineralogy techniques were 

needed to statistically manage the thousands of grains present in the samples. 

 

The first automated scanning instruments were either optical or X-ray based 

instrumentation, such as optical reflectance or BSE and fluorescence, respectively. 

Initially stereological transformation of the measured data was dealt with by assuming 

particles were spherical in shape and had perfect random cuts through the spheres (due 

to polishing). However, it was noted that non-spherical geometries (more reasonable for 

rock particle shapes) reported very different size distributions, which lead to more 

sophisticated particle measuring methods [Petruk, 1976]. Smaller size fractions 

generated better volume-percent results after the stereological transformation of the raw 

image data.  

 

King proposed linking image analysis and stereological transformation into a predictive 

liberation model [King, 1979]. The fundamental problem was using an unrealistic 

geometry to assess the mineral process when in reality rock fragments do not form 

spheres. Microscopy techniques were used to obtain the particle images. The difficulties 

of quantification and determining the liberation of mineral phases in complex particles 

from an image was acknowledged. The microscopic examination of polished sample 

mounts was complicated by stereological bias and poor mineral phase discrimination of 

the optical images [Henley, 1983]. Barbery introduced an improved stereological 

transformation method for raw image data which provided more accurate results 

[Barbery et al., 1984]. To achieve statistical accuracy for the reported data a large 

number of particles were needed to be observed. Automated scanning instruments 

were used to achieve these objectives. 

 

An example of automated image analysis involved simple binary particles (iron oxide 

and silica) in a narrow size range (-595/+417 µm) which were mounted into polished 

sections and analyzed by the QEM-SEM (Quantitative Evaluation of Minerals by 

Scanning Electron Microscopy) [Sutherland et al., 1988]. The QEM-SEM, developed by 
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CSIRO in Australia, was based upon a SEM equipped with a BSE detector and an EDS 

[Miller et al., 1982; Reid et al., 1984]. The JKMRC MLA was presented as an automated 

mineral measurement tool in 1997 [Gu and Napier-Munn, 1997]. The QEM-SEM (and 

MLA) was linked to a computer that controlled stage and electron beam movement, to 

collect and analyze the particle images and associated X-ray spectra from polished 

sample mounts. This instrument used a stereological correction algorithm based on a 

method developed by Hill et al. [Hill et al., 1987] in which the stereological error was 

diminished by assessing the particle area rather than chords with no assumption of 

particle shape. Good agreement between QEM-SEM measurements and calculated 

composition (from density fractionation) confirmed the method for estimating unknown 

distributions of particle compositions. The low noise, high resolution BSE image enabled 

accurate discrimination of the mineral phases in a particle. 

 

In the early 1980s, the use of computers were linked to developments to improve 

instrumentation (fast, reliable, memory for image data storage), software (complex 

programs easier to use, advanced particle feature recognition), SEMs (easier to use 

and more reliable), BSE detector (atomic number resolution improved) and EDSs and 

WDSs (higher spectral resolution). Disadvantages of using SEMs included: more 

expensive instrumentation; relatively more measurement time compared to optical 

methods; difficulties in discrimination of phase boundaries; non-recognition of minerals 

with similar BSE intensity and very different chemical composition; no differentiation 

between polymorphs (minerals with same composition and different crystal structure); 

and, reduced definition of particle features (since the electron beam often penetrated 

below the particle surface) [Shouwstra and Smit, 2011].  

 

In the 1980s, statistical reliability required the analysis of at least 1000 particles (or 

features) and included several point analyses per particle. The most efficient EDS and 

WDS delivered a single point spectrum in excess of 1 second resulting in long sample 

analysis times. Three innovative approaches were put forward to resolve this challenge:  
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   i) A microprobe equipped with four WDSôs used a line-scan approach [Jones: 1982; 

1984]. The system also deployed an automated stage scan (removed analysis 

subjectivity) [Reid and Zuiderwyk, 1975]. Each WDS was set up for a specific 

wavelength / element, basing sample mineralogy upon four elements. Sample X-ray 

acquisition was decreased to ten milliseconds per analysis point. 

   ii) An analysis based on the BSE gray-level image was used [Petruk, 1988]. When 

minerals were encountered with similar BSE intensity a microprobe (with EDS) 

automatically returned to the area to discriminate the mineral phases based upon X-ray 

information. Sample measurement time was improved by: only using X-ray analysis 

when needed; and, collection of a single X-ray spectrum from the centroid of each BSE 

gray scale range. 

   iii) The QEM-SEM, developed by CSIRO [Frost et al., 1977] could automatically 

analyze samples once the SEM operating conditions were set. The BSE detector 

provided an image of the particles which were subsequently mapped point-by-point 

using an EDS. To speed the analysis, four EDSs were placed close to the sample 

mount surface (~25 mm) and operated at ten times their normal count rate with only the 

desired particle features measured (to decrease analysis time). Most of the common 

minerals were identified in about 25 milliseconds, enabling a 1-2 hour sample analysis 

for 1000 count spectra on each mineral phase detected. The system could perform the 

analysis in point, line or area mode with an X-ray collected at each point and the mineral 

identified / classified during the scan through comparison with a reference library based 

upon BSE intensity and X-ray spectra. The limitation to this method was reduced energy 

resolution. 

 

Petrukôs method [Petruk, 1988] used the most up to date image analyzer at the time, to 

reject touching particles and manage particle óedge effectsô (i.e. BSE gray level óthinnedô 

into resin at particle image edges). The method did not make stereological corrections. 

Jonesô method [Jones, 1982] did not display a full 2-D image (due to line-scan analysis) 

yet could calculate mineral composition, liberation and particle size distribution. The 

method addressed the stereological correction by calculating transformations for 
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defined geometrical shapes (i.e. sphere, ellipsoid). The QEM-SEM method off-line 

analysis of the image data provided modal abundance, mineral phase surface areas, 

mineral associations, and particle grain size distributions. Line-scans provided the 

additional information of particle / grain size distribution, mineral association and 

liberation. The Petruk area scan while slower, delivered less biased liberation data and 

particle images than the Jones line-scan approach [Latti and Adair, 2001; Pascoe et al., 

2007; King and Schneider, 1998; Fandrich et al., 1998; Lastra, 2007]. 

 

2.7   Automated mineralogy on-going issues 

 

2.7.1   Sample collection and sampling statistics 

 

Mineralogical investigations are performed on small amounts of sample material. As a 

consequence, the mode of sample collection and sampling statistics are important. For 

example, the number of 25 mm polished sample mounts (with equal amounts of pyrite 

and quartz) required to reliably report 1 mg/kg of 10 µm gold grains would be 200 for 

50% accuracy [Jones and Cheung, 1988]. The task of sampling must be representative 

of the bulk chemistry as well as the particle size and textural characteristics. 

 

Sampling methodology to account for representativeness and randomness was 

developed by Gy [Gy, 1979]. Gyôs methodology was linked to mathematical approaches 

that took into consideration image analysis and stereology [King, 1983 & 1984; Barbery 

et al., 1983; Gay, 2004]. 

 

Sampling waste rock dumps for characterization studies is complicated because the 

particle size ranges from the coarsest material produced by blasting to the finest 

material retained after precipitation run-through. Studies recommended that sub-2 mm 

rock fragments are representative of more than 75% of the waste rock surface area 

[Price and Kwong, 1997]. 
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The representative samples from the ore deposit or plant must be sub-sampled 

representatively, and then mounted for SEM (or optical) particle analysis. The blended 

sample can be sub-sampled by a spinning riffler to produce replicate subsamples with 

minimal variance. Sample preparation requires a contrast between the mounting 

medium and the sample particles. For electron beam systems, a chlorinated epoxy resin 

has proved to be a good mounting medium as the resin BSE intensity was below that of 

most minerals. The modal abundance of minerals estimated from measurements of the 

polished sample mounts was unbiased provided the particles were distributed randomly 

within the sample mount [Latti and Adair, 2001; Pascoe et al., 2007; King and 

Schneider, 1998; Fandrich et al., 1998; Lastra, 2007]. Random particle orientation within 

a sample mount and preventative particle agglomeration were achieved by mixing the 

sample particles with crushed graphite and epoxy resin [Jackson et al., 1984]. Mineral 

density differences that affect particle settling rates in the sample mount before the 

epoxy cured could be addressed through use of a transverse mounting technique (see 

Appendix 4). Having the analyzed sample particles close to the same size simplified 

sample preparation and data interpretation [Jones, 1982; Petruk, 1988; Frost et al., 

1977]. 

 

2.7.2   Stereology 

 

Rock texture can be imaged from a carefully prepared and polished sample mount. The 

texture imaged from automated imaging analysis plays an important role in the 2-D 

particle image mineral distribution from the conversion of 3-D particle distributions. The 

major difficulties in interpretation of the particle / phase measurements are: (1) size 

estimates are biased because the polishing ensures the particle will be equal to or 

smaller than the true size; (2) the imaged particle shape depends on the particleôs 

orientation within the sample mount; and, (3) poor discrimination between adjacent 

particles or phases which artificially enlarges the particle. 
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A stereological model was applied which assumed spherical or ellipsoidal particle shape 

[Russ, 1986]. The performance of the model to correct stereology was confirmed by 

comparing the simulated particle size distributions and the mean mineral grade by size 

class with the corresponding values obtained from measurements of the polished 

sample mounts of the ground sample [Latti and Adair, 2001]. The stereological model 

was also confirmed by chemical analysis (such as XRF or AAS), X-ray methods, modal 

and image analysis. 

 

For a narrow size fraction such as -105/+90 µm, more than 60% of the measured 

particles are predicted to come from the correct size range [Pascoe et al., 2007]. Area 

size distributions of the polished sample mounts were used to validate the stereological 

model [Pascoe et al., 2007]. Previous mineral liberation studies, measured by the line 

scan approach were found to have higher stereological error than liberation by area 

measurement [King and Schneider, 1998; Fandrich et al., 1998; Lastra, 2007].  

 

2.7.3   Particle statistics 

 

The automated SEM (MLA) analysis employs fast data acquisition (about 80 analyses 

per second) and facilitates analysis of large sample populations. The MLA software 

stage automation steps the electron beam across the sample mount surface at a user-

defined pixel resolution, to as low as one pixel, with the pixel size defined by the user-

defined horizontal field width or magnification (e.g. sub-micron resolution). At each pixel, 

the instrument collects a BSE signal and EDS spectrum and correlates them with 

predetermined mineral definitions developed from the sample material and stored in an 

X-ray spectra mineral database [Fandrich et al., 2007; Gu, 2003].  

 

There is trade-off between the number of polished sample mounts to get improved 

particle statistics and the cost / time to obtain the results. Consequently, some 

automated mineralogy users choose to examine the same number of particles (e.g. 

5000) in each of the sampleôs size fractions. Another approach to analyze ore 
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concentrates is to only analyze 90% passing 106 microns sample particles, imaging 

60,000 particles for the modal abundance mineralogy [personal communications].  

 

More rigorous acceptance criteria for particle statistics are required when studying 

minor and trace minerals. One approach was to accept 8 grains of metal-associated 

phases per product-fraction (no consideration of total grain population), whereas 

another facility required a minimum of 40 detected grains for each phase [personal 

communications]. 

 

The simplest approach to report statistically credible data would be to report the 

numbers of grains and / or particles and the size of the phase of interest for pertinent 

mineral phase liberation data as well as the associated pixel statistics from the modal 

data. Using this information, accompanied by repeat analyses of sample mounts 

(duplicate and / or triplicate) an error estimate can be achieved. 

 

In automated mineralogy laboratories, particle statistics are not easily forthcoming. 

Proposed basic statistics are presented below in Table 2.7.3.1. The variation in particle 

number depends upon the particle size, the quantity of the target phase and the grain 

size of the target phase. Note that target phase grain size may not be known before the 

analysis. 

 

Table 2.7.3.1.  Suggested MLA analysis scheme for particle statistics (VMS ore*). 

Size Fraction (microns)
 Minimum Number of 

Particles to Measure

Adjustment to Trace Phase 

(if minimum  number not 

reached)

+300 2500 7500

-300/+150 5000 10,000

-150/+75 10,000 20,000

-75/+38 15,000 30,000

-38/+20 10,000 20,000

-20/+11 10,000 20,000

-11/+6 5000 10,000

* Volcanic Massive Sulphide
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If the quantity of the phase of interest is high and the ore is simple, the time for the 

image analysis could be decreased by using half of the suggested minimum number of 

particles. Table 2.7.3.1 cannot be used as a generic rule-of-thumb when studying 

porphyry deposits due to the fine grain size of copper minerals, the complexity of copper 

mineral speciation, and secondary copper mineral formation in hypogene/supergene 

zones [personal communication]. Furthermore, the table entries could be improved by 

weighting on the number of phase-specific particles. For example, although elemental 

data reconciles to the head (i.e. recombination of all size fractions), if the MLA detected 

100 pixels of chalcocite which represented 4 grains, repeatability between polished 

sample mounts makes standard deviation calculations meaningless [personal 

communication]. 

 

2.7.4   Operator and instrument errors 

 

To expose errors made during sample preparation, duplicate or triplicate samples can 

be analyzed. Precision of the analytical instrument can be tested by repeated analysis 

of one selected sample. 

 

2.8   Technique options for automated mineralogy 

 

The trend over the last two decades has been to apply semi or fully automated mineral 

data collection, because of increased speed and characterization efficiency. Several 

systems have been discussed in the literature, including optical analysis, spectrographic 

analysis and microscopic approaches [Lane et al., 2008; Evans et al., 2011; Fandrich et 

al., 2007; Pascoe et al., 2007; Hoal et al., 2009]. 
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2.8.1   Digital optical imaging 

 

Optical systems were based upon light reflectance from a polished sample mount. 

Optical systems are cheap, image collection is fast, and they somewhat automate the 

task of the mineralogist. However, the optical properties of some minerals are poorly 

defined due to the phase boundary region, the light source wavelength limited spatial 

resolution to 0.5 µm [Ofori et al., 2006], and reflectivity is sensitive to the polished mount 

surface. Both reflected and transmitted light can be applied to the sample with the aid of 

crossed polarizers for identification of minerals (e.g. quartz from calcite). Optical 

microscopy data is limited in that often 500-1000 grains represent the total grain 

population. A review of optical methods emphasized the limitations for complex sulphide 

ores [Barbery, 1984].  

 

In the last decade optical microscopy has advanced to include photometric, polarizing 

and micro-chemical techniques [Stanley, 1998; Criddle, 1998; Jones, 1987]. In 1962, 

reflectance tables were published to add to the mineral identification criteria 

[International, 1962].  

 

Correct detection of mineral phases in polished sample mounts are hampered by 

touching particles, non-opaque gangue mineral discrimination from resin (i.e. low 

reflectance) and mineral reflectance overlap. Digital cameras have improved mineral 

phase discrimination. The stereological effect is reduced because a large number of 

particles can be analyzed. The complexity of the mineral content, non-opaque mineral 

resolution and physical limits to spatial resolution limit the optical approach. Automated 

optical imaging analysis was successfully demonstrated with gold particles 

[Oosthuyzen, 1985]. Colour filter wheels have enabled phase segmentation of some 

previously unresolved similar-spectrum minerals [Lane, 2008].  
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2.8.2   EMPA 

 

The most mature microbeam analysis, combining the analytical capabilities of the SEM 

and XRF, is the EMPA [Reed, 1990]. EMPA mapping was developed to characterize 

samples that were difficult to analyze using traditional SEM techniques. The electron 

microprobe was first applied in the field of solid state physics in 1950 by Raymond 

Castaing. The first scanning EMPA, equipped with EDS having spatial resolution of 

0.5 µm, analyzed 20 µm2 in about 14 hours [Jones and Gavrilovic, 1968]. By applying a 

WDS [Jones and Cheung, 1988] with resolution ~2 µm, 1 cm2 was analyzed in 

56 hours. Data acquisition speed was increased by using BSE scanning to detect 

specific BSE gray levels and only then applying EDS analysis, delivering a 1 cm2 scan 

in 1 hour. CSIRO [Pounceby et al., 2001] used EMPA mapping with image processing 

on a system equipped with one EDS and 5 WDSs to analyze a 6 mm x 9 mm sample in 

13 hours. An advantage of the EMPA is that it can be used to accurately characterize 

mineral surface elemental composition of solid solutions and fine inclusions. The 

generally accepted detection limit using WDS is 100 mg/kg [Newbury et al., 1986] 

though can be reduced by using a longer acquisition (counting) time, such as greater 

than 100 seconds. Spectral overlaps can be overcome by applying higher or lower 

accelerating voltages. EMPA with WDS is the most commonly used electron beam 

technique for quantitative elemental analysis. 

 

2.8.3   XRD 

 

The XRD can identify bulk (crystalline) mineral phases. Every mineral has a unique 

XRD pattern that is dependent upon the crystal structure [Warren, 1969]. XRD 

quantification of the mineralogy is most accurate when using the refinement technique 

created by Rietveld [1969]. Most clay minerals are altered species (substitutions, 

dislocations, interstratifications) and do not usually produce accurate quantification 

[Omotoso et al., 2006]. Amorphous species are not identified using the XRD 

[Warren, 1969]]. The Rietveld quantification method requires knowledge in 
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crystallography and mineralogy. The XRD analysis does not provide mineral size, 

mineral association or particle images. 

 

Synchrotron XRD (S-XRD) adds to XRD capabilities by enabling the identification of 

minerals in aqueous systems. This is due to the higher energy beam used to excite the 

atoms [De Marco et al., 2006]. S-XRD measurements can be performed with high 

spatial and time resolution because the radiation is at least 104 times brighter and 

counting statistics are 106 times faster than the standard XRD [Parise, 2000]. Surface 

analysis becomes possible because the typical penetration depth of the traditional XRD 

and S-XRD are 0.1-10 mm and 1-5 nm, respectively [Klug and Alexander, 1974; Zaera, 

2012]. There is no particle imaging. 

 

2.8.4   SEM 

 

The electron microscope was first used in biological applications in 1931 by Ernst 

Ruska [Bogner et al., 2007], before it was applied to mineralogy. Automated mineralogy 

and its application to liberation analysis has been described by: Andrews and Mika 

(1975); Steiner (1975); King (1979); Meloy (1984); King (1990); Barbery (1991); King 

and Schneider (1998); Fandrich et al. (2007); and, Michelic et al. (2011).  

 

SEM mineralogical techniques are most commonly applied to particulate samples (i.e. 

less than 1 mm in length). SEM has been used to analyze large particles with fine 

mineral inclusions and phases with BSE intensity below that of the resin. Typically 

spatial resolution is affected by the electron beam interaction volume which can 

penetrate 1-5 µm below the polished mount surface. The generation of mineral maps 

from an SEM image currently require substantial human, generally up to about an hour 

per sample.  

 

New sample preparation, mounting and measurement methods to address the imaging, 

particle statistics and analysis time have been developed [Hoal et al., 2009; Lastra, 
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2007; van der Waal and Kruesemann, 2011]. Mineral BSE intensity discrimination 

improved and the more complex particles were identified by X-ray analysis. BSE 

detector improvements enabled discrimination of mineral phases (in an epoxy mount) 

corresponding to an average atomic number of about 0.5 (i.e. about five BSE gray scale 

units) [King and Schneider, 1998]. Stereological correction techniques for both linear 

and area-based analysis were developed [King and Schneider, 1998]. Typical SEM 

filament lifetime was extended from days to months in order to address additional time 

requirements for multiple sample analyses. Successive measurement of large sample 

batches lead to the development of large automated stages with multiple sample 

holders. 

 

Automated systems in current use include JKMRCôs MLA (Mineral Liberation Analyzer) 

[Gu: 2003, 2004] and Intellectionôs QEMSCAN (Quantitative Evaluation of Mineralogy 

by SCANning electron microscopy) [Gottlieb et al., 2000]. Improvements in the systems 

have been described [van der Waal and Kruesemann, 2011]. 

 

Currently, the main users of automated mineralogy are mining company laboratories, 

mineral processing research institutes and service providers. There is a recent advance 

into plant-based technology, such as the FEI bench top MLA EXpress, to provide 

real-time data to plant operations [FEI, 2012]. 

 

2.8.5   Time of Flight ï Secondary Ion / Mass Spectrometer (ToF-SI/MS) 

 

Secondary ion mass spectrometry (SI/MS) is a well-established technique that was 

originally designed for the analysis of organic materials. The technique was extended to 

geological materials [MacRae, 1995]. SI/MS analyzes the composition of solid surfaces 

and thin films using an ion beam to excite atoms on the surface which then eject 

secondary ions from a depth of 1-2 nm [MacRae, 1995]. 
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Quantitative data with a calibration standard series composed of a matrix similar to the 

sample can provide detection limit 0.2-0.3 mg/kg; however, it cannot be used for the 

major element or non-sulphide minerals [Adriaens et al., 1999; VanVaeck et al., 1999]. 

Disadvantages of ToF-SI/MS include: matrix effects (surface artifacts); only ejected ions 

are measured (not the higher presence neutral species); excessive charging of 

insulating materials, which includes gangue minerals (e.g. silicates, carbonates); and, 

optical limitations which make it a challenge to locate particle-grains. ToF-SI/MS records 

the sub-micron full mass spectrum mapping within every pixel. Elemental detection 

limits range to as low as 0.001 mg/kg [Vickerman and Briggs, 2001]. 

 

2.8.6   Synchrotron X-ray Fluorescence (S-XRF), Extended X-ray Absorption Fine 

Structure (EXAFS) and X-ray Absorption Near-Edge Structure (XANES) 

 

Synchrotron spectrometric methods use high energy to characterize minerals. Methods 

include X-ray fluorescence (S-XRF) and extended X-ray absorption fine structure 

(EXAFS) and X-ray absorption near-edge structure (XANES) analysis [Majuste et al., 

2013]. X-ray fluorescence (XRF) is well established for quantitative elemental analysis 

though has high detection limits of 10-100 mg/kg. With the use of the higher energy 

synchrotron, the spatial resolution is about 2 µm and the detection limit is greatly 

improved to 0.01-0.1 mg/kg. While elemental composition can be determined to low 

concentration levels, there is no accompanying particle image. X-ray absorption 

analysis looks at three energy regions of a particle: the edge; the near edge XANES 

(provides information on the geometry of the local structure), and the extended edge 

EXAFS (provides local structure information). Synchrotron technology is extremely 

expensive and requires a large footprint, limiting its commercial viability. 
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2.8.7   Laser Ablation ï Inductively Coupled Plasma / Mass Spectrometer  

(LA-ICP/MS) 

 

Accompanied by laser ablation, the inductively coupled plasma mass spectrometer 

(ICP/MS) is in general use [Becker and Dietze, 1999]. LA-ICP/MS can report bulk 

sample analysis with a beam / spot size of greater than 100 µm and can perform 

microprobe analysis if the spot size is less than 100 µm. The detection limit is 

dependent upon the ablation volume and elemental counting time [Gunther et al., 1999]. 

Bulk analysis will deliver a lower detection limit as it does not require higher spatial 

resolution for the microprobe analysis approach. This technique can have spatial 

resolution of 0.5~50 µm and has detection limits of low to sub mg/kg values. Minimal 

sample preparation (no wet chemistry) and quick turnaround time make it attractive. The 

method cannot provide elemental maps of a particle due to single-point analysis [Becker 

and Dietze, 1999]. 

 

2.8.8   Proton Induced X-ray Emission (PIXE) 

 

PIXE is a well-established non-destructive technique that can perform simultaneous 

trace multi-element analysis [Remond et al., 1987]. PIXE can be used as an imaging 

technique with poor detection limits. Alternatively it can be used to detect low elemental 

concentrations. PIXE (with proton beam 5-20 µm) can provide 3-30x better detection 

limit than the EMPA (with beam size 1-10 µm) providing 100-400 mg/kg detection limit. 

X-ray spectral overlap interferences impede detection mainly because electrons are 

much more intense than the protons. PIXE can be used for elemental mapping 

[Remond et al., 1987]. 

 

2.8.9   X-ray Photoelectron Spectroscopy (XPS) 

 

XPS can deliver elemental composition of a solid surface within the top 4-10 nm [Van 

der Heide, 2011] for particle sizes too small for XRD analysis. This feature is beneficial 
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to elemental composition determination of amorphous materials. There is no imaging 

available with this technique.  

 

2.8.10   High Resolution X-ray MicroTomography (HRXMT) 

 

The application of X-ray microtomography to mineralogy is new. HRXMT enables 3-D 

reconstruction of the sample [Garcia et al., 2009]. The computerized reconstruction is 

based on summation of voxels (volume elements) to form a spatial description of the 

sample with a resolution of ~1 µm. The identification of trace MOIs in the range of 

mg/kg will require examination of a large number of samples to provide accurate and 

reliable data [Garcia et al., 2009]. 

 

The advancement of 3-D geometric imaging with HRXMT produces 3-D images of the 

internal structure of a particle sample with ~1 µm3 voxel resolution for a mineral 

structure of 10 µm3 size [Miller and Lin, 2004, 2009]. HRXMT is a non-destructive non-

invasive technique capable of generating 3-D particle images from 1000 million voxel 

sample size. A full HRXMT analysis takes a few hours for 5 µm spatial resolution to half 

day for 1 µm resolution. 

 

2.9   Automated quantitative electron microscopy 

 

There are advantages and disadvantages with the many techniques described above to 

the application of automated quantitative mineralogy. The approach can make use of 

many techniques and methodologies. 

 

The diagnostic SL is an excellent technique to separate the various reactive 

components of the sample. The SL technique cannot deliver a quantitative result for 

trace mineral phases because analytes may redistribute during each step of the SL. The 

SEM can perform high-resolution imaging of rock and particle surfaces. The advantages 

of SEM over light microscopy include higher magnification (more than 100,000 times) 
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and greater depth of field (more than 100 times). The automated SEM data does not 

rely on operator input, such as: (1) user does not hunt-and-peck for MOI to include in 

the study; and, (2) delivers the same mineral information for economic (i.e. valued) and 

gangue mineralogy. Optical, XRD and SEM methods can be time consuming and 

labour-intensive, and usually generate semi-quantitative results from data sets that are 

too small to be statistically useful. Commercial automated SEM systems, such as 

JKMRCôs MLA and Intellectionôs QEMSCAN, increase the speed and accuracy of 

particle liberation analysis, and deliver better particle statistics. 

 

The current technique of choice in process mineralogy studies is either the MLA or 

QEMSCAN [van der Wal and Kruesemann, 2011]. A process mineralogy program 

should include geology, sampling, hardness, mineralogy, and mineral processing [Lotter 

et al., 2011] as well as mineralogy. The quality and usefulness of the mineralogical data 

being produced by the MLA and QEMSCAN has been demonstrated in the field of ore 

characterization [van der Wal and Kruesemann, 2011]. The application of these 

techniques into the environmental realm is new.  

 

In this study, waste rock was characterized using the automated quantitative MLA 

system [see Appendices 2 and 4]. The MLA rapidly scanned the sample, collected 

particle images, and then analyzed them to obtain elemental information with relative 

detection limits of less than half a mass-percent. The MLA can deliver up to sixteen 

sample analyses overnight without an operator. This approach, while applied to waste 

rock, could equally be applied to heap leaching and tailings dumps. Outcomes of this 

study will indicate the usefulness of the MLA for waste rock characterization. 

 

2.10   Summary 

 

Automated quantitative electron microscopy brings together a range of technologies. 

Energy dispersive X-ray spectrometers (on the market for 40 years) can detect 

elements down to low atomic number boron simultaneously. Scanning electron 
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microscopes (known to be stable analysis platforms) have significantly improved in their 

ease of use. The MLA and QEMSCAN methods can accurately conduct about 10,000 

pixel analyses per minute with low detection limits, such 1 mg/kg, with the ability to 

analyze 50,000 or more particles for tailings or low-grade materials in about an hour. 

These systems can analyze up to 16 different samples overnight without the need of an 

operator, and rapidly identify and quantify minerals in polished sample mounts with such 

mineral features as abundance, grain size and liberation distributions [Gotlieb et al., 

2000; Gu, 2003; Fandrich et al., 2007; van der Waal and Kruesemann, 2011]. 

 

Automated mineralogy supplements classical analysis techniques, such as optical 

microscopy, semi-automated or computer-controlled SEM, XRD, XRF and EMPA. 

Comparison of the MLA to the classical techniques shows: 

¶ Particle by particle analysis, not just bulk analysis. 

¶ Objective image capture, rather than subjective operator image capture. 

¶ Quantitative and qualitative data, not just qualitative data.  

¶ Data and particle images recorded in digital format, rather than just data. 

¶ Result formats include tabulated, graphical and pixel images, not just tabulated. 

 

The MLA technology provides a micro level view, though the software can provide a 

macro view to show the complete sample mount surface scanned. The key attribute to 

automated mineralogy data are the graphical images. Data quality relies on the image 

quality, which in turn relies on high quality sample preparation and modern analytical 

and imaging software. 

 

Some attractive reasons why current automated mineralogical techniques will continue 

to improve while new ones are being developed: 

¶ Operator independent analysis. 

¶ Objective data and analysis output (i.e. without human operator bias). 

¶ Computers enable fast image processing. 
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¶ Large numbers of statistically reliable measurements on large numbers of 

particles. 

 

In summary, automatic quantitative mineralogical techniques allow more analyses with 

higher accuracy while minimizing human resources. In the near future, it will be possible 

to routinely generate large numbers of three-dimensional images by HRXMT. Mineral 

identification through tomography may not be as precise as that available from optical 

microscopy or SEM, but the 3-D nature of the images will advance automated 

mineralogy. 

 

In the end, the analyst must stay informed of the latest application developments of 

each technique. A fundamental understanding of what is being measured in the sample 

and how the technique performs the measurement are essential to putting the 

mineralogical data into its proper context for successful interpretation. Finding a concise 

balance between the large amounts of data collected and the right amount of data to 

highlight is not a simple task. Without a thorough understanding of the project issue(s), 

irrelevant information could easily be provided or conversely, relevant information might 

be unknowingly withheld. Decisions must be made on sampling technique, sample 

preparation technique, analytical approach, data processing and data reporting. Quality 

reporting can only occur if quality assurance / quality control was planned for each 

stage of the project.  
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CHAPTER 3   Experimental program 

 

3.1   Sampling 

 

The samples for this thesis work were collected after considerable discussion and 

review of sampling practices (see section 2.7.1). In an overall mineralogical sense, rock 

fragments can range from tiny to very large (e.g. greater than 10 cm). If the fragment 

has an enclosed reactive metal-bearing mineral phase and is fractured, degradation 

could occur inside the particle. With this in mind it should be acceptable to crush the 

larger rock fragments in order to expose the results of weathering chemistry.  

 

Price and Kwong (1997) examined -100 mm rock fragments taken from the top 1 meter 

of the mine site dump. The rock fragments were sorted into size fractions, -100 / +19 

mm, -19 / +11 mm, -11 / +2 mm, -2 mm / +50 µm and -50 µm, then each fraction 

subjected to paste pH, carbonate NP, Sobek NP and sulphide-sulphur determinations. 

Although the results showed variations with particle size, the authors concluded "éthe 

data provided illustrated: differences in the composition of different particle size 

fractions, the inadequacy of a whole sample assay as a means of characterizing 

weathering, and the importance of separately analyzing a fine particle size fraction (less 

than 2 mm) when evaluating weathering effects". The investigators noted that the sub-2 

mm fraction of their samples represented 10 to 30% of the sample mass. In another 

study, Price [1997] noted that most laboratory (i.e. static) analyses do not distinguish 

between liberated and unliberated mineral species. Price recommended that in the 

absence of site-specific data that specified liberation size, the sub-2 mm fraction of 

waste rock should be considered the reactive fraction in ARD prediction studies. In 

western Canada a widely used approximation for the reactive portion of waste rock 

dumps is 10 to 20% of the entire dump site, based on observations from the sub-2 mm 

material [Price, 1997]. In another report Murray [1997] gave an average of 15 to 25% for 

reactive waste rock with a range of 0 to 35% based on Canadian precious and base 

metal mines. Based upon elemental assay data it may be possible to justify elimination 
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of coarse fractions (e.g. greater than 2 mm) and only examine the sub-2 mm material 

because it contains more than 75% of the exposed surface area. Greater surface area 

equates to more mineral surface available for chemical and biological weathering. 

 

Some sampling weaknesses to consider:  

¶ Sampling technique may not provide representative samples of the bulk stockpiles 

due to the massive expanse and variability of the waste rock piles, even after 

consideration has been given to all precautionary measures.  

¶ Field cells may not mimic the waste rock dump due to unnaturally high rock contact 

and / or the reaction products may / may not be flushed away.  

¶ Inadequate post-sampling stabilization and storage may allow samples to become 

weathered (i.e. compromised) prior to analysis. 

 

Because quality / credible data is subject to sampling and analysesô methods and 

procedures, good practices must be followed for representative sampling The rock 

fragment samples collected for this study were stage-crushed to sub-1.19 mm (if too 

large for SEM examination) and then the crushed material sized and blended to 

produce a representative homogeneous sample. The sample was subsampled by rotary 

riffler to produce replicate samples for mineralogical and elemental assessment. Particle 

sizing the sample refines the mineralogical assessment by creating subdivision within 

the particles to further amplify mineralogical differences (e.g. texture, alteration). The 

elemental assessment would enable metal content correlation to the different waste 

rock behaviours. 

 

3.2   Sample description 

 

The Antamina mine waste rock materials submitted for MLA mineral characterization 

were used to determine the applicability of the MLA to both unweathered and weathered 

waste rock studies. The applicability was evaluated through the measurement of 

mineralogical features important to waste rock weathering. It should be noted that the 
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samples, excluding those of Table 3.2.2, were unweathered waste rock. Table 3.2.4 

samples were split and a portion of each sample subjected to a sequential leach [Klein 

et al., 2011]. 

 

Table 3.2.1.  Pile segment description. 

1
 Material from different locations in the open pit was provided in size fractions: -1190 µm / +600 µm, -600 

µm / +300 µm, -300 µm / +150 µm, -150 µm / +106 µm, -106 µm / +75 µm, -75 µm / +53 µm; particles 

greater than 1.2 mm and less than ~15 µm were not analyzed by MLA. 

 

Samples submitted for this study included blasted rock and drill core. One set of blasted 

rock samples (see Table 3.2.1) was collected by hand from different locations in the 

open pit, all rock fragments no larger than 10 cm and all rock material representative of 

that used in both experimental Pile#1 and field cell construction. One set of blasted rock 

samples (see Table 3.2.2) was hand collected from the base of weathered (~2 year-old) 

Field cell1
Wasterock 

Type

Phase of 

Pile 

Creation

Alteration Mineralization

FC-0

Class B; 

black 

marble

Protective 

layer 

(Pile#1)

1% surface oxidation; <1% calcite vein 0.5% v.fine disseminated pyrite

FC-1

Class B; 

diopside 

marble

1st tipping 

phase 

(Pile#1)

1% surface oxidation; <1% secondary 

Cu mineral (malachite)
<1% fine disseminated pyrite

FC-2

Class B; 

diopside 

marble

2nd tipping 

phase 

(Pile#1)

2% surface oxidation; <1%  secondary 

Cu mineral (chrysocolla); <1% calcite 

vein with pyrite

2-3% coarse disseminated cubic 

pyrite with trace chalcopyrite, 

sphalerite, galena

FC-3

Class B; 

diopside 

marble

3rd tipping 

phase 

(Pile#1)

<1% surface oxidation; <1% calcite 

vein with pyrite

<1% fine disseminated pyrite with 

trace chalcopyrite, sphalerite

FC-4

Class B; 

gray 

hornfels

3rd & 4th 

tipping 

phase 

(Pile#1)

<1% surface oxidation; <1% calcite 

vein
1% v. fine disseminated pyrite
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field cells. Drill core samples (see Table 3.2.3) were taken from particular 

depths / elevations in the waste rock dumps, with half of the core (lengthwise) used in 

this study. One set of blasted waste rock samples (see Table 3.2.4) was collected using 

a shovel with all rock fragments generally less than 10 cm. 

 

Table 3.2.1 describes blasted waste rock from the Antamina field cell experiments 

which were sized into 12 size fractions ranging from 10 cm to 53 µm (270 mesh), 

though only 9 size fractions (i.e. sub-1190 µm to 53µm) were used in the MLA analysis. 

These rock samples were to be considered as fresh unweathered rock surface. 

 

 

Table 3.2.2 lists ñsandò samples which were collected from drain-holes in the bottom of 

five separate field cells that contained blasted waste rock. The samples were studied to 

determine the immobilization of metals such as Mo. UBC laboratory tests were 

conducted using a riffled portion of this ñsandò to study Mo attenuation mechanisms 

(e.g. precipitation, adsorption). The lab tests used fine marble particles (e.g. less than 

Table 3.2.2.  Field cell ñsandò description. 

1
 Material was sized: -2000 µm / +850 µm, -850 µm / +297 µm, -297 µm / +147 µm, -147 µm / +53 µm, -

53 µm / +44 µm, -44 µm. 

Field Cell Wasterock Type
ά{ŀƴŘέ tŀǊǘƛŎƭŜ 

Size1
Mineralization

Cell 5
Class A (high 

range); Intrusive

34% less than 

1119 µm

Pure monzonite; feldspar (quartz veins with minor 

biotite), sil icates

Cell 6
Marginal-grade 

Cu Ore

43% less than 

1119 µm

Pink endoskarn, some Intrusive; fine calcite in 

matrix

Cell 7

Class A (average 

range); 

Endoskarn

46% less than 

1119 µm

Pink endoskarn, some Intrusive; calcite in matrix; 

leachate: ~50mg/L

Cell 8
Class A; 

Hornfels

24% less than 

1119 µm

Typical gray hornfels; scattered pyrite-pyrrhotite, 

oxidation in fractures

Cell 14 Class B; Marble
25% less than 

1119 µm

Combination of marble, marble-diopside, gray 

marble, white marble; scattered pyrite-pyrrhotite, 

calcite veins, Mg Oxides rare
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125 µm) mixed with aqueous solutions containing Mo+2, Cu+2, Zn+2, Pb+2 and sulphate 

(SO4
-2) salts [Conlan et al., 2012]. 

 

Table 3.2.3.  Drill core description. 

1
 Material was provided in size fractions: -1190 µm / +600 µm, -600 µm / +300 µm, -300 µm / 

+150 µm, -150 µm / +106 µm, -106 µm / +75 µm, -75 µm / +53 µm. 

 

Drill core samples from Table 3.2.3 were used to study waste rock zones thought to be 

the more reactive marble and hornfels units in an effort to form a link between 

mineralogy (e.g. grain size, texture, primary and secondary mineralization) and results 

of a new diagnostic SL that could indicate potential weathering behaviour (see Table 

2.4.1). In Table 3.2.3 are shown the supplied six 47.25 mm diameter drill core intervals 

for study. They were sized and proportioned for chemical assay and MLA analysis (i.e. 

9 size fractions, with a top size of 600 µm).   

 

Table 3.2.4 samples were used to test a new diagnostic SL procedure which would help 

to improve waste rock classification at the mine site in real time. Samples submitted for 

analysis were unweathered waste rock (head) and diagnostic sequential leach residue 

(SLR). 

 

Drill Core Wasterock Type
Particle Size 

(µm)1
Mineralization

A1018 (17.25m) Class C; marble -1190/+53
Light-gray lime-marble; white, l ight-green and dark-gray 

mineralization; red-brown oxidation phases

A951 (176.00m) Class B; marble -1190/+53
Light-gray banded lime-marble; white and brown 

mineralization

A431 (306.00m) Class A; marble -1190/+53
Gray banded lime-marble; dark-gray, white and brown 

mineralization; reddish-brown oxidation phases

A355 (70.50m) Class B; hornfels -1190/+53
Whitish-gray hornfels; mineralized veining contains dark-

gray, brown, gray and grayish-white phases

A355 (160.50m)Class C; hornfels -1190/+53 Whitish-gray hornfels

A162A (97.50m)Class A; hornfels -1190/+53
Whitish-gray hornfels; banded layers containing grayish-

black and greenish-gold mineralization
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3.3   Sample preparation for analysis 

 

An unbiased laboratory classification was required to ensure the design of the various 

experimental piles and field cells used material consistent with the plan. Overall, the 

Antamina Geology classification was found to be acceptable [Golder, 2010; Antamina, 

2001] with few exceptions. For example, a report [Golder, 2010] of the field cell material 

[Table 3.2.4] showed: Cell 21 was visually designated Class C waste rock by Antamina 

Geology classification, but was considered Class A after performing a subsample 

chemical assay; Cell 24 was visually designated Class B waste rock by Antamina 

Geology classification, but considered Class C after performing a subsample chemical 

assay; Cell 6 was visually designated Class B marginal-grade Cu by Antamina Geology 

classification (classified as non-AG meaning little sulphide leaching, little NP and 

Table 3.2.4.  Pile and field cell description. 

* AG = acid generating; PAG = potentially acid generating; NP = neutralization potential 

1
  Head sample and Sequential Leach Residue (SLR) sample 

2
  Head sample, no SLR sample 

3 
Material was provided in size fractions: -25400 µm / +4800 µm, -4800 µm / +1200 µm, -1200 µm / +600 

µm, -600 µm / +297 µm, -297 µm / +105 µm, -105 µm / +53 µm, -53 µm. 

Field Cell1 Wasterock Type Acid Potential* Description3
Leachate Metal Content

Tucush 01
Class B; 

marble/hornfels
- Coarse pieces High Zn, Cu

Tucush 03
Class A; 

marble/hornfels
Non-AG Coarse sand Low Zn (13 g Zn/kg)

Tucush 042
Class C; marble/ 

hornfels
Non-AG Fine-coarse sand Low Zn (0.035 g Zn/kg)

Cell 6
Marginal-grade Cu 

ore

Non-AG; finite source 

of acidity (NP)
Fine-coarse sand

High Mo (2.8 g Mo/kg); 

sulphates

UBC3-2A Class A; exoskarn PAG Coarse sand
High Zn, Cu                                    

(24 g Zn/kg, 12 g Cu/kg)

UBC2-3A Class A; intrusive PAG Coarse sand High Cu (8 g Cu/kg)

Cell 21 Class C; marble -
Coarse pieces; enough NP 

buffer capacity
High As (0.092 g As/kg)

Cell 24 Class B; marble - Coarse (14 pieces) High As (0.026 g As/kg)
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contained the lowest Zn content) yet might be better classified as Class A. The 

Antamina mine geologists generally do an excellent job when classifying waste rock. 

 

Random sampling of the screened fraction material was achieved using a micro-rotary 

riffler. A riffled portion from each screen fraction was submitted for various chemical 

elemental assays. Generally, elemental concentrations were determined by ICP-AES 

(atomic emission spectroscopy) analysis for 33 trace metals, total sulphur by Leco 

furnace, and sulphide sulphur by four acid digest. In the case of Table 3.2.4, if minimal 

SLR sample was available, no MLA analysis was performed (i.e. chemical analysis 

only) and if minimal Head sample was available, no chemical analysis was performed 

(i.e. MLA analysis only). 

 

For all samples a riffled representative portion of the -1.19 mm material was dry-

screened into several size fractions. The sieve-screens were reported to have been 

inspected carefully before use to avoid sample cross-contamination. The particle size 

fractions used in this study are listed in Tables 3.2.1 through 3.2.4. Note that the 

majority of the material in each sample was coarse and often represented more than 

98% of the entire sample mass (e.g. greater than 2 mm). 

 

Considerations during sample preparation: 

¶ Submitted samples were wet when collected at the mine site. The material was 

reported to have been dried at ambient low temperatures (~20-22°C) in a ódust-freeô 

location. This was to reduce the potential alteration of MOIs and prevent 

agglomeration formation (i.e. ócementingô particles together). It was important not to 

alter the condition of the mineral phases - especially those which could be fragile. 

¶ Samples may contain water-soluble minerals. Although wet-screening provides a 

more accurate separation of the particle sizes, it may cause the loss of some water-

soluble mineral species. For this reason, samples were dry screened / sieved into 

size fractions. All samples were dry-screened into + / -2 mm fractions based upon 

the method of Goldberg et al [Goldberg et al., 1996].  
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¶ The samples were prepared for MLA analysis óas receivedô meaning the samples 

were already dry-screened and separated into size fractions. Some samples 

required stage-crushing to 100%-passing 1190 µm if rock fragments were too large 

for MLA analysis. For example, the drill core (Table 3.2.3) was stage-crushed before 

screening to 100% passing 2.54 mm. The stage-crushed samples were 

accompanied by the conditional understanding that modal abundance data would be 

quantitative, while liberation, association and MOI-metal locking (i.e. exposure, 

availability) would be semi-quantitative.  

 

MLA liberation analysis involves particle mounting, polishing and carbon-coating of a 

cylindrical epoxy resin molded shape (see details in Appendix 4). MLA analysis sample 

considerations: 

¶ Typically it is preferable for particle sizes in each mount to be in a narrow size range 

because the MLA is not very effective at simultaneously resolving both fine and 

coarse particles due to complexities of magnification (i.e. horizontal field width) and 

accelerating voltage, which was also discussed in Section 2.7.  

¶ Packing density of the epoxy mount was not explored in this study though it is 

generally considered that a particle packing density of 40-60% in epoxy resin is 

acceptable to achieve optimal analysis conditions. 

¶ Grains less than ~1 µm were not measured directly and the minimum particle area 

captured was ~4 µm2. The beam excitation volume was considered to be an 

encumbrance to acquiring good images of the smaller grains using the 

magnifications adopted for this study. 
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CHAPTER 4   Mineral Liberation Analyzer analysis parameters 

applicable to waste rock characterization 

 

4.1   Introduction 

 

Quality management of MLA technology is important because incorrect data most often 

results in incorrect decisions for mine site management. Overall internal risks to the 

validity of the data produced by automated mineralogical instruments are related to 

changes in hardware, software, techniques, operators, and key user files (i.e. data 

manipulation). The hardware, software and operators are not changeable, which leaves 

techniques and user files that could be changed. The user files will be examined in view 

of elemental reconciliation. MLA techniques comprise many facets - some will be 

discussed here. 

 

In this MLA study, the sample size fractions were examined without further manipulation 

of sample, with the exception that if sample material was greater than 1.19 mm it was 

stage-crushed to 100% passing 1.19 mm (see Section 3.3). Any samples subjected to 

stage-crushing could still report semi-quantitative mineral association data along with 

modal mineralogy and grain size distribution. 

 

This chapter will discuss mineralogical features important to weathering, extracted from 

MLA analysis of Antamina mine waste rock samples. This chapter will also discuss 

potential MLA operating parameters for waste rock characterization and propose 

suitable parameters. 

 

4.2   Relevant mineralogical features of weathering waste rock particles  

 

Waste rock piles are a complex blend of reactions such as sulphide oxidation which 

produces a variety of secondary mineral phase features. Knowledge of the distribution 
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of the features within the waste rock pile will assist in understanding and predicting 

metal release mechanisms.  

A brief explanation of particle weathering features and oxidation terminology follows 

with examples of MLA digitized particle images in Figure 4.2.1: 

¶ Grain ï feature composed of a single MOI. 

¶ Liberated grain ï MOI grain not attached to any other MOI grain (i.e. free).  

¶ Particle ï fragment of rock containing at least one MOI. 

¶ Inclusion ï MOI grain partially or wholly encompassed within a larger MOI particle. 

Partially encompassed, such that grain has some surface exposure or availability. 

Wholly encompassed or locked, such that there is no exposure to the particle 

surface. Grain boundary inclusion, such that the grain lies on the boundary between 

two different MOIs. Fracture-hosted grain inclusion, such that the grain lies in 

contact with fractures that lead to the particle surface. 

¶ Rimming ï MOI is altered along part or whole of particle perimeter / surface. 

 

Figure 4.2.1.  Examples of weathering particle terminology: MLA digitized particles. 
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¶ Middling ï intergrowth or blend of at least two different MOIs. The inclusion can be 

numerous and complex. 

¶ Binary particle ï two different MOIs in contact with each other. 

¶ Ternary+ particle ï at least three different MOIs in contact with each other. 

 

Through the course of this study, many particles and their mineral phases and textures 

were observed. The following mineralogical features are considered important to metal-

bearing particle weathering processes at most waste rock dump sites: 

¶ The presence of sulphide minerals and / or metal-bearing mineral phases. 

¶ Leachability of sulphides in sulphuric acid and / or ferric iron environment. 

¶ Mineralogy in terms of the importance of sulphide-sulphide systems that exhibit 

strong galvanic interactions under leaching conditions. 

 

 

Figure 4.2.2.  Description of leachability in terms of locking. 
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¶ Quantification of secondary metal-bearing mineral phases: 

o Modal mineralogy (type and abundance of mineral phases present within 

each particle). 

o Grain (size and shape distribution; surface area and potential reactivity; 

particle textural (can supply localized areas on, or in, the particle for reaction 

to environmental conditions)). 

o Association (grains classified according to accessibility to adjacent minerals 

with which they may co-react (e.g. galvanic interaction, such as ferric 

sulphate and arsenopyrite or chalcopyrite and covellite)).  

o Locking (grains classified according to availability / exposure to leach solution 

(see Figure 4.2.2)). 

o Cracks and pores (not quantified in this study, though clearly important as a 

route for initial leach solution contact and leach solution transport). 

o Coatings (secondary mineralization can passivate the particle surface (e.g. 

calcium oxide precipitation on calcite) or act as a porous bridge between 

mineral phases to promote galvanic interaction (e.g. ferric ion precipitation on 

sphalerite)). 

 

4.3   Mineral Liberation Analyzer imaging and image analysis 

 

The Mineral Liberation Analyzer (MLA) is an automated system that integrates image 

analysis with SEM and EDS. The following describes the operation of the system. 

 

4.3.1   Image acquisition and analysis 

 

Imaging and image analysis, fundamental to mineral liberation analysis, is commonly 

used to evaluate mineral phases [ASM International, 2000; Russ, 2002]. The low noise, 

high resolution image (stable BSE signal) and 0.5 µm spatial resolution enable the MLA, 

advanced image analysis techniques to accurately discriminate mineral phases within a 

particle.  
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The principal MLA image analysis functions used during data collection are: background 

removal; particle de-agglomeration; and, phase segmentation. An important image 

analysis consideration is stereology [Spencer and Sutherland, 2000; see Section 2.7.2]. 

Stereology in the context of image analysis is extracting quantitative information about 

3-D properties from 2-D planar sections. Stereology is a completely different approach 

from computed tomography (HRXMT) which reconstructs the complete internal 3-D 

object (see Section 2.8.10). The MLA algorithmôs typical approach is to assume that all 

particles are spherical. The MLA image analysis software records the 2-D image of the 

3-D particle. Subsequently the particle shape algorithm computes a circle and rectangle 

ratio based upon standard industry algorithms which ófit a circleô and / or ófit a rectangleô 

over the particle. These ófitô ratios are applied to the image to automate a 

deagglomeration routine to digitally break up designated agglomerates (according to 

user defined criteria).  

 

The MLA analysis proceeds through the software components shown in Figure 4.3.1.1. 

The basis for all quantitative operations is the measurement. The Measure software 

controls SEM operation and EDS X-ray spectrum collection. X-ray spectra and mineral 

phases are managed through ParticleX, XSTD and MineralDatabaseMaker. 

ImageProcessTool manipulates the digitized particle images. Each pixel of the particle 

image is assigned an array of MOI properties, such as X-ray spectrum, density, size, 

association and availability. Dataview collates the digitized image information, with the 

ability to present the information in both numerical and graphical formats. 
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Figure 4.3.1.1.  Mineral Liberation Analyzer data flow. 

In Figure 4.3.1.2 is shown the graphic output from MLA software during a sample 

analysis.  

 

 

Figure 4.3.1.2.  Typical (twin) transverse mount (with the highest density (e.g. brightest 

and / or heaviest) particles mounted nearest the center of the mount (FC-2, -1190 / +600 

µm, mosaic frame-merge). ParticleX separates particles, delineates each detected phase to 

which is attached an X-ray spectrum. ImageProcessTool collates the particle data [colour: 

red = pyrite; blue = copper phases; green = carbonates; gray = oxides; pink = silicates]. 

BSE  False  

Colour  
Classified 
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The BSE image undergoes background extraction, then particle segmentation and EDS 

X-ray analysis of each particle segment to produce a false-colour image. Each 

segmented area of the particle which would represent at least one pixel will have 

associated with it a false-colour and X-ray spectrum (see Figure 4.3.1.3).  

  

 

Figure 4.3.1.3.  Typical particle line-up of false-colour segmented particles 

(FC-2, -1190/+600 µm, mosaic frame-merge). 

 

At each (user-defined) pixel, the EDS spectrum is correlated with a user-developed 

library of mineral definitions which are specific to the samples. Each pixel is then 

assigned (classified) a mineral name based on the elemental spectral data from the 

database. Mineral identification by X-ray analysis requires a library of high quality EDS 

spectra. Creating the local mineral library database directly from the sample is not 

mandatory (i.e. could use a generic mineral database) though: (1) ensures MLA 

measurement conditions are consistent with the MOI database; (2) elemental 

composition reflects sample rock chemistry. 

 

The MLA software does provide tools to correct misclassified phases, however this 

aspect was not explored in this study because multiple inspections (i.e. thousands) 
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indicated more than 97% correct phase assignment. Most incorrect classifications 

belonged to tiny grains of non-sulphide mineral.  

 

The classified particle mage (Figure 4.3.1.4) and its associated MOI data are the basis 

for all further quantitative analysis through the DataView software. The BSE digitized 

image data and its associated MOI data, such as grain size, shape factors, association 

and liberation can be displayed by the DataView software numerically and graphically. 

DataView is the data presentation software that enables the user to store, examine, 

process and present qualitative and quantitative mineralogical data generated from MLA 

measurement analysis. Presentation data include (not exhaustive list):  modal 

mineralogy, calculated assay, elemental distributions, particle and mineral grain size 

distributions, particle density distributions, mineral associations and locking (i.e. 

availability), phase specific surface area (PSSA) and mineral liberation by particle 

composition and free surface. 

 

 

Figure 4.3.1.4.  Image of MLA phase-classified particle map [Tucush-01, -1190/+600 µm size 

fraction): mosaic frame-merge ï after classified, grouped, and re-coloured [colour: red = 

pyrite; blue = copper phases; green = carbonates; gray = oxides; pink = silicates]. 

 

Details of the spectrum identification process can be found in Appendix 4.  
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4.3.2   Analysis Modes 

 

The MLA offers a number of measurement modes that implement the fundamental BSE 

image and corresponding X-ray analysis to meet different mineralogical information 

requirements. The five modes of MLA analysis considered for this study were: 

 

1. Extended BSE mode (XBSE) implements area or point X-ray analysis to efficiently 

and effectively analyze mineralogical samples containing MOIs with sufficient BSE 

contrast to generate effective segmentation. The high resolution BSE imaging of 

grain boundaries and speed of X-ray mineral identification make this method ideal 

for most mineralogical samples. A specific (i.e. local) mineral classification standard 

was developed for the waste rock using SEM and EDS. The digitized, segmented 

BSE image triggered the collection of a single point (or area) EDS spectrum from the 

geometric centre of each segmented phase. BSE image, X-ray information and 

particle features are saved with the data. 

2. X-ray Modal analysis (XMOD) is a fast method, though strictly collects bulk modal 

mineralogy. XMOD is similar to the classical point counting method used with an 

optical microscope; however, the MLA (or automated SEM) is used in place of a 

microscopist and optical microscope. The mineral identification is determined by X-

ray analysis at each counting point on a user-defined grid. This mode uses BSE 

imaging to discriminate particle matter from background and then collects X-ray 

spectra from each particle-grid intersection. The X-ray spectra (and x-y coordinates 

on sample surface) are saved with the data. This method does not provide particle 

image data, such as association, locking and grain size. XMOD can be used in a 

relatively fast line scan measurement mode where X-ray spectra are collected at a 

step size of one pixel in the x- direction and a user-determined y- displacement 

spacing to provide a quasi-mineral association. 

3. The Grain X-ray Mapping mode (GXMAP) is usually applied to X-ray mapping of 

phases that are similar in BSE brightness (i.e. average atomic number (AAN), 

density) which are not discriminated and segmented into individual mineral phases. 

http://www.jktech.com.au/Products_Services/MLA/MLA-System/identification.htm
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The user selects the mineral phases to map through either a BSE trigger (e.g. 

chalcopyrite and pentlandite, both with AAN 23.5) or a specific mineral phase X-ray 

spectrum trigger (e.g. high and low iron sphalerite). A series of MLA-generated 

mixed spectra, interpolated at 10% intervals between the nominated pure pair of X-

ray spectra, is compared with the actual sample phase (mixed) spectra. GXMAP is a 

flexible mapping technique that collects MOI X-ray data on a user prescribed x-y 

grid. In the case of only metal-bearing MOI phases, GXMap was an inefficient 

approach (e.g. only two X-ray points on the segmented phase making method of 

little use and adding costly analysis time). Same data as the XBSE mode though 

higher detail on user-defined MOIs. 

4. The sparse phase liberation with XBSE mode (SPL_XBSE) searches BSE images 

for particles, based upon a MOI BSE gray scale trigger range, with subsequent 

XBSE analysis of phases that match the trigger. Post-MLA processing is identical to 

the XBSE method and generates similar data ï though only for SPL triggered 

particles. It cannot provide modal mineralogy information because only selected 

(triggered) particles are analyzed. The selectivity of the SPL measurement is 

designed to efficiently measure low concentration mineral phases (e.g. ore in 

tailings, sulphides in waste rock) where the mineral associations are important. A 

specialised version of SPL analysis called SPL_XMAP maps the MOI internal 

mineral associations once detected (i.e. GXMAP applied to a SPL analysis). The 

metal-bearing MOI phases may be too small or very thin coatings and the beam 

excitation volume would ñgrayò any discrimination (segmentation) of phases. 

5. Extended SPL analysis (XSPL) employs a two-tiered analysis trigger based upon 

BSE gray level, followed by a mineral X-ray spectral trigger, before finally recording 

the mineral phase data. However, this mode was only useable for high density 

phases (i.e. high AAN, bright BSE image) and most secondary mineralization, due to 

ñgrayò discrimination was difficult to detect. 
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4.3.3   Evaluation of the Mineral Liberation Analyzer 

 

4.3.3.1   Considerations 

 

The MLA applies image analysis to segment contrasting BSE gray level intensity into 

digitized false-coloured particles separated (extracted) from the background (resin). The 

BSE gray level intensities are regulated by the mean AAN or density of each mineral 

phase (i.e. higher density display as brighter and whiter). An X-ray spectrum is acquired 

for each segmented false-colour region of the particle, which is then compared (through 

a chi-squared algorithm) with a mineral phase X-ray classification library (database). For 

this study, measurement used the MLA XBSE analysis mode. For this study the MLA 

was operated at accelerating voltage 25 kV to improve detection of fine phases often 

associated with metals, such as secondary MOIs. Further information on MLA analysis 

can be found elsewhere [Gu, 2003; Fandrich et al., 2007; Appendices 2 and 4]. 

 

To perform the MLA analysis: 

¶ First consideration must be the sample and its preparation for analysis. The resin 

used to mount the sample must have particular specifications. The resin must: (1) be 

stable and cure hard; (2) have little to zero out-gassing under vacuum; and (3) 

display a low BSE coefficient. No contamination should be introduced prior to image 

analysis, including weighing, mixing with resin, and polishing.  

¶ During polishing the resin must be relatively resilient to the process (e.g. little to zero 

particle ópull-outsô / plucking from the resin).  

¶ The chosen transverse mounting method (see Section 4.3.5.5 and Appendix 4) 

segregates particles based upon mass (related to density) and can be noted in the 

BSE image shown in Figures 4.3.1.2 and 4.3.1.4. When the MLA analyzes the 

sample mount it rasters the electron beam in a North-South direction (relative to 

Figure 4.3.1.4) to ensure that it collects data for each data point along the density 

continuum. 
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¶ The polished sample face must be coated with a thin (~200 Å) conductive material 

(e.g. graphite) to ensure release of electron beam energy from the sample mount. 

¶ The MLA analysis requirements are important, such as: SEM electron beam stability 

which is affected by vacuum pressure and filament saturation; MLA analysis 

parameters that match client needs, which would involve particle image detail, 

background extraction, segmentation of digitized particle images, X-ray spectra 

collection, and MOI classification criteria. 

¶ The MLA mineral database library contains (primary and secondary) mineral phases 

detected in the sample waste rock. It is used to classify and assign segmented 

particle phases with mineral names and associated textural information (see 

Chapter 5). Details can be found in Appendix 4. 

 

4.3.3.2   Strengths 

 

Below is a partial list of positive assets regarding use of the MLA for mineralogical 

assessment of waste rock: 

 

¶ Automation infers objective mineralogy. 

¶ Superior particle texture discrimination enables high resolution phase 

segmentation. 

¶ EDS is used instead of Wavelength Dispersive Spectrometer (WDS). WDS 

differs from EDS in that it is qualifying mineral elemental components based 

upon wavelength, whereas EDS quantifies those components based upon x-ray 

energy. Compared to EDS, the WDS poorly handles edge effects such as 

particles poorly held by resin that exhibit a rough perimeter / surface texture after 

polishing. In the past, WDS (relative to EDS) could better separate similar X-ray 

energy peaks (e.g. S, Mo, Pb) however this is no longer a limitation of EDS. 

¶ Detailed mineralogical / mineral chemistry. 

¶ Minerals can be studied in their ñas receivedò natural state. 

¶ Particle shape, inclusions and porosity can be studied (e.g. leaching residue). 
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¶ Mineral phase coating, liberation and locking can be studied.  

¶ Often poorly crystalline secondary mineralization, unsuitable for XRD mineral 

phase determination, can be determined with the MLA.  

¶ Often small (size, concentration) secondary mineralization, beyond the resolution 

of optical microscopy, can be detected by MLA. 

¶ Mineral phases with similar BSE gray levels (i.e. similar AAN) can be determined 

using GXMap mode to discriminate phases. 

¶ Bruker Esprit third-party software provides an excellent halocentric peak 

determination (HPD) application to correctly identify elemental components. This 

is especially useful for a non-mineralogist. 

¶ The MLA software default simplified first approximation assumption is that all 

particles are spherical. If this is unsuitable (e.g. molybdenite grains are long and 

narrow) the user can alter the phase shape assumption for separate or all 

mineral phases (i.e. user-defined sub-routine scripting). 

 

4.3.3.3   Limitations 

 

Below is a list of limitations to be considered when using the MLA for mineralogical 

assessment of waste rock: 

 

¶ Polymorph minerals will not be distinguished (e.g. rutile, anatase, brookite) 

because the EDS cannot discriminate crystallinity. 

¶ EDS spectral resolution may be challenged (e.g. magnetite and hematite). It may 

be possible to resolve phases using MLA mode SXBSE (Select XBSE) or 

Advanced Classification subroutine. 

¶ Possible challenges with hydroxide and carbonate mineral phases (e.g. Fe ï 

OH? or -CO3?) due to the conductive coating applied to the sample mount 

surface (e.g. graphite). The coating can absorb X-ray energy which causes 

inaccurate EDS detection of spectral energy lines (e.g. O, H, C). 
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¶ Alteration products of primary MOIs may not be in the local (user-defined) X-ray 

mineral classification database. 

¶ In coarse size fractions (e.g. greater than 1 cm) mineral liberation and grain size 

cannot adequately be represented using the MLA due to insufficient particle 

statistics unless multiple sample mounts are analyzed (see Section 2.7.3). 

¶ Lack of operator knowledge of mineral chemistry and EDS limitations. 

¶ Minerals must be mounted and polished. Poor edge retention of mounted 

particles during polishing will skew MOI data. 

¶ Secondary minerals occurring in trace amounts or in thin rims may not be 

identified by MLA due to electron beam excitation volume exceeding the phase 

size. MLA analysis was not designed for nanometer depth surface analysis, but 

instead for modal abundance and liberation in mineral processing plants. 

¶ Minerals occurring in trace amounts (less than 200 mg/kg / 0.02 wt%) in solid 

solution within a host mineral will not be identified by MLA (e.g. As in pyrite). 

EMPA or LA-ICP/MS could provide the information to amend the MLA X-ray 

mineral classification database.   

 

4.3.4   Summary 

 

The automated quantitative electron microscopic technique of MLA reveals previously 

undisclosed mineral species and their relationships. The MLA performs rapid waste rock 

characterization by combining software directives with SEM and EDS [Fandrich et al., 

2007]. MLA techniques direct the SEM to discriminate (segment) mineral phases based 

upon image analysis of BSE signal intensity and EDS acquisition of characteristic X-ray 

spectra from particles and their component grains. The X-ray spectra are compared with 

a database library of mineral spectra to identify and then quantify the component 

minerals.  

 

The automated MLA is based on: (1) television (TV) rate image scanning (i.e. rapid 

raster); (2) X-ray resolution tied directly to the integrated EDS X-ray system; and, (3) a 
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conventional SEM tungsten filament electron source.  The MLA delivers spatial and 

spectral resolution with the capability of locating and positively identifying micron-sized 

MOIs. The different measurement mode options, such as simple point-counting or 

advanced X-ray and particle mapping, provide orders of magnitude measurements 

(from thousands to millions) of point- and / or particle-counts in an automated, 

unattended operation.  

 

The key benefit of the MLA is the spatially resolved mineralogical data and associated 

elemental spectra, which provide improved information for (trace) MOIs, particle size 

and shape distributions, and quantitative data, including mineral abundance, association 

and exposure. Although the MLA technique is usually perceived as being operator 

independent, a trained operator is required to ensure quality representative sampling 

and sample preparation, make decisions on MLA operating conditions, and provide 

quality control on the results. Relative to the historic, manual (subjective) point counting 

methods, objective and high confidence results are acquired by the MLA which provide 

accurate mineralogical data to accompany geochemical, particle surface and elemental 

information.  

 

The reasons for choosing the MLA technology are: 
 

¶ Automated image analysis is a fast method that eliminates operator bias and 

fatigue.  

¶ Automated image analysis brings reliability, accuracy and reproducibility 

regardless who is performing the analysis.  

¶ Automated image analysis allows statistically significant sampling of thousands 

of particles in one measurement. 
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4.4   Mineral Liberation Analyzer analysis parameters 

 

Choosing the analysis technique is an important decision for waste rock 

characterization. Subsequent to this decision, suitable operating parameters must be 

determined for using the technology. 

 

4.4.1   Automated electron microscopy instrument specifics 

 

The Teck MLA system consists of: an off-the-shelf FEI Quanta 600 SEM with tungsten 

source electron beam and by-design working distance of 10 mm; dual Bruker-Nano 

XFlash 4010 SDDs (10 mm2 crystal, electronic Peltier cooling technology) for spectral 

interpretation and data processing. The tungsten-source electron beam, operating at 

accelerating voltage 15kV or 25kV (in this study) has a typical diameter of 0.25ï0.5 nm. 

The SEM was coupled to an EDS system and FEI MLA software (version 2.9). The 

electron beam delivered both spatial resolution and penetration depth of ~1-5 µm (high 

vacuum, 25kV accelerating voltage) and spectral resolution of ~150eV (Mn KŬ at 

FWHM, 20-25kV accelerating voltage, 275 kcps signal processing board). 

 

Particle size fraction material greater than Warman cyclosizer C6 (~6 µm) was analyzed 

using an accelerating voltage of 25kV. Particle size fraction material equivalent to 

Warman cyclosizer C6 or smaller was analyzed using accelerating voltage 15 and 25 

kV. For samples with unsized material the higher accelerating voltage was used.  

 

The MLA measurement module controls the hardware settings of the SEM, including 

electron beam accelerating voltage, SEM magnification, BSE brightness and contrast, 

spot size, and working distance. The two parallel EDS-detectors allow for fast 

acquisition of data (generally 100-200 X-ray analyses per second), enabling the 

automated analysis of large sample particle populations to deliver statistically reliable 

data sets. Normally, measurements are carried out on a sequence of closely sized 

particle fractions (although not necessarily sequential) of a sample. 
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Operational set-up was adjusted for the finest particles measured being ~2 ɛm and the 

finest mineral inclusions ~0.5 ɛm (both limited by the electron beam excitation volume 

due to mineral phase density). The image and EDS resolution limitation that affects 

analysis can be improved by decreasing accelerating voltage. Low-density phases, 

especially finer grains, can be problematic. 

 

4.4.2   Comparison of two Mineral Liberation Analyzers 

 

In an effort to analyze the hundreds samples generated in this study, the use of two 

MLAs was considered. For the most expedient use of time, it was considered simplest if 

both MLAs operated with the same MLA analysis parameters. However, it was not 

known whether there were significant performance differences between the two MLAs. 

Performance was checked through a study suggested by FEI Company Inc. (the 

manufacturer of the SEM and MLA system). In this study, each MLA was operated with 

exactly the same parameter settings and the X-ray photon impulses received by the 

detector were measured based on several target materials. The tests were performed at 

two different accelerating voltages, 15 and 25 kV, as these voltages were considered 

best options for the overall study sample analysis.  

 

The target materials chosen for analysis were: (1) quartz, least dense mineral phase to 

be analyzed; (2) copper, with mid-range BSE gray level and density; and (3) gold, 

highest density and BSE gray level that might be found in the sample particles. The two 

MLAs operated with identical SEM parameters delivered absolute signal responses 

within 7-10% of each other over a wide range of spot sizes (see Table 4.4.2.1; more 

detail in Appendix 3a). The difference in SDD response was not significant enough to 

impact particle image data collection. 

 



62 

 

Table 4.4.2.1.  Comparison of MLA X-ray acquisition: ability to use same parameters. 

Quartz Copper Gold Quartz Copper Gold

3 1.20 1.10 1.13 1.00 1.05 1.04

3.5 1.06 1.21 1.11 1.04 1.00 1.09

4 1.09 1.08 1.11 1.06 1.03 1.08

4.5 1.10 1.09 1.11 1.04 1.04 1.11

5 1.15 1.09 1.11 1.07 1.07 1.12

5.5 1.05 1.10 1.13 1.07 1.07 1.16

6 1.14 1.12 1.14 1.05 1.05 1.15

6.5 1.13 1.10 1.13 1.03 1.06 1.16

7 1.16 1.10 1.14 1.13 1.11 1.16

Average 1.12 1.11 1.12 1.05 1.05 1.12

Std Dev 0.05 0.04 0.01 0.03 0.03 0.04

Ratio of MLA X-ray Counts (MLA#1/MLA#2)

25kV accelerating voltage 15kV accelerating voltage
Spot Size

 

 

4.4.3   Mode of analysis 

 

Initial testing was performed using MLA measurement modes XBSE, XMOD, SPL-

XBSE and GXMap (see section 4.3.2). The latter three analysis modes proved to not be 

as useful as the XBSE measurement. XMOD delivered a modal analysis, but did not 

supply any BSE gray-level particle images or associated particle data. The SPL-XBSE 

measurement mode, designed to specifically collect particle image data for particular 

BSE gray-levels, was adequate for high density larger mineral phases but was 

challenged to detect BSE gray-level ranges of the lower density mineral phases, such 

as iron oxides and sulphates, and their often very small size. GXMap was able to collect 

BSE gray-level images of the particles but added extra analysis time with insignificant 

enhancement of the particle data collected. It was also difficult to establish the GXMap 

trigger X-ray file for oxide MOIs due to grain size and spectra mixed with host particle 

phases.  

 

The MLA XBSE mode of analysis was chosen for this study. 
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4.4.4   Elemental reconciliation 

 

The reconciliation of chemical assay data to MLA-calculated assay data is an important 

aspect for assurance of credible MLA data. Figure 4.4.4.1 shows the total sample 

geochemistry by ICP or AAS analysis and the calculated elemental results from the 

MLA analysis. The individual size fraction elemental assay data is in Appendix 5. The 

comparison indicates that the MLA X-ray classification standard used for post-analysis 

processing of MLA digitized image data was generally in good agreement with the 

geochemical data. This indicates the MLA mineral database created had acceptable 

defining properties for the metal mineral phases and major phases. 

 

 

Figure 4.4.4.1.  Elemental reconciliation: chemical assay vs. MLA-calculated assay. 

 

The majority of the metals involved secondary mineral phases where either the metal 

was adsorbed on or incorporated into the phaseôs lattice. Using a well-defined (i.e. 

detailed) MLA X-ray classification standard in conjunction with well-chosen MLA data 

collection parameters, it is possible to follow trace elemental concentration trends to 

levels below detection limits of the chemical (digestion) analysis and SEM (see Figure 
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4.4.4.1). This could be verified by using elemental analysis methods with lower 

detection limits such as EMPA, to improve assignment of optimal densities in the MLA 

X-ray classification standard. Uncertain density assignment can cause MOIs to be over- 

or under-reported.  

 

In Figure 4.4.4.1 many MLA-calculated assay results were found to be higher than 

those from the chemical assay technique ï especially at the very low concentrations. 

This is likely directly related to a physical limitation of the SEM itself. The excitation 

volume of the electron beam marginally exaggerates the area of the trace metalôs MOI. 

In Figure 4.4.4.1, the trace (secondary) metal MOIs were in many instances smaller in 

size than the electron beam excitation volume (e.g. particle coating). The calculated 

amount, while far below the detection limit of the SEM and EDS, could still indicate MOI 

trends. If required, over-reporting due to electron beam excitation volume could be 

compensated by incorporating EMPA MOI data into the X-ray classification mineral data 

base. Acknowledging the trace metal content, this data is considered acceptable. 

 

4.4.5   Sample mounting technique 

 

As discussed in Appendix 4, a decision was required with respect to the mounting 

method for the samples to be analyzed by the MLA. The two mounting approaches 

evaluated were ñsingleò and ñtransverseò. The single-mount is attractive because the 

sample preparation can be completed an entire day sooner than the transverse mount 

preparation. A brief study was performed using a larger and smaller size fraction (e.g. -

106 / +75 µm and sub-38 µm). The larger sized particles were chosen to determine if a 

ñnugget effectò would occur which would significantly skew reported results ï especially 

for trace MOIs. The smaller sized particles were chosen because the vast majority of 

secondary mineral phases are small and more reactive (i.e. high surface area), hence 

any skewing of the data could dramatically change weathering interpretations.  
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This study (see Appendix 6) generated the following observations: 

¶ The procedure for single-mount resulted in the denser particles (e.g. higher 

density / mass due to either large particle volume or higher density minerals) settling 

in the sample mount face that was to be polished. The polishing process can remove 

hundreds of microns of material from the mount face if not careful. If the particle 

sizes are sub-one hundred microns, clearly they would be at least partially removed 

from the analysis.  

¶ Rare occurrence (ñnuggetò) particles, such as oxides, secondary carbonates, 

sulphates, phosphates, sulphides, and silicates, were removed from the single-

mount during the polishing process because they had settled in the polishing zone of 

the sample mount. In the waste rock, the rare occurrence phases were expected to 

be small in size and concentration. Take note that particles can be composed of 

grains and a single particle can represent one grain. Particle count and grain count 

of the smaller particles was approximately identical indicating little association 

between different MOI phases (i.e. liberated). The polished single-mount would skew 

reported results due to loss of some MOIs during polishing. In test samples the 

sulphide particle count was lower than the grain count indicating that sulphide 

phases were in binary or ternary+ association with other mineral phases. These 

mixed-phase particles would have higher density and hence settle near the surface 

of the single-mount face and be polished out during sample mount preparation. 

Metal element Zn showed the most significant content change comparing transverse 

and single mount. 

¶ The MLA applies a stereology algorithm to calculate mass based on a 3-D spherical 

particle shape with the volume calculated from 2-D radius of area for each mineral 

phase. The single-mount (30 mm diameter) has a face area of ~700 mm2 and 

transverse-mount (~5 mm x ~25 mm x 2 pieces) has a face area of ~250 mm2 from 

twin pieces. The mass of sample mixed into the resin for each sample mount was 

~1.5 g (average). The packing density of the single-mount was ~50% while that of 

the transverse-mount was ~60%, which generates a potential analyzable particle 

surface area of ~350 and ~150 mm2, respectively. Taking into account the difference 
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in the actual particle analysis surface area, it was clear that there was a significant 

difference between the two mount methods. This would suggest potentially more 

particles for analysis in the single-mount; however, the transverse-mount would 

provide a true evaluation of the particle phase density continuum compared to the 

single-mount. The MLA software normalizes the digitized particle image data to 

100%.  

¶ Table 4.4.5.1 provides an example to show the effect of mounting method. If the 

single-mount decreased from 1000 to 250 sulphide grains due to polishing, and the 

total particle count was 50,000, then the single-mount would report 0.7% sulphides 

instead of 2%. This represents a significant change in critical phase content (results 

reported as normalized) meanwhile the carbonates would show a less significant 

effect. Clearly the reported data would artificially skew MOI presence. While the 

single-mount data appeared to report higher levels of metal MOIs, the particle count 

was actually significantly reduced for those MOIs, with the end result of skewing the 

data due to normalization. 

 
Table 4.4.5.1.  Effect of the mounting method. 

 

Number 

particles

Fraction of 

total (%)

Number 

particles

Fraction of 

total (%)

Number 

particles

Fraction of 

total (%)

Number 

particles

Fraction of 

total (%)

Total 50000 na 35000 na 50000 na 50000 na

Sulphides 1000 2.0 250 0.7 1000 2.0 1100 2.2

Carbonates 42000 84 30000 86 42000 84 41000 82

Single-mount

Before After

Transverse-mount

Before After

grind-polish grind-polish grind-polish grind-polish

 

 

 

The decision was made to use transverse-mount for all subsequent sample analysis. 
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4.4.6   Electron beam spot size 

 

The SEM images a sample by scanning it with a high-energy beam of electrons in a 

raster scan pattern. The electrons interact with the atoms that make up the sample, 

producing X-ray photon pulses that contain feature information, such as a surface 

topography, composition, grain size and association. The primary electron beam 

interacts with the sample within a teardrop-shaped volume known as the interaction or 

excitation volume, which can penetrate as much as ~5 µm into the sample surface. The 

size of the interaction volume depends on the electron's landing energy, the atomic 

number of the specimen and the specimen's density. The size of the interaction volume 

affects the minimum spatial resolution of the image. The SEM ñspot sizeò is an arbitrary 

relative value placed upon the diameter of the electron beam. The FEI company defines 

spot size to be proportional to log2(probe current). As spot size increases, more 

electrons are directed at the sample surface. The result is a larger interaction volume 

and higher photon signal returned to the BSE detector - though poorer spatial 

resolution. The SEM electron beam column final aperture which also plays a role in 

resolution (note: same for both MLAs) was not investigated in this study.  

 

A comparison method can be used when adjusting the spot size whereby the electron 

beam is applied to an object and the X-ray photon counts-per-second (cps) returning 

from the object are measured. In this study, the beam was directed at a piece of pure 

quartz. Quartz, chosen because it would be the lowest density MOI in the samples, 

would return to the detector the corresponding lowest expected X-ray photon counts-

per-second. By using quartz as the reference material to adjust the spot size, ample 

counts (impulses) were assured for all MOIs with densities at or above MOI quartz. 

 

Two spot sizes were chosen for comparison, analyzing the same samples with identical 

MLA analysis routine at 60,000 cps and 100,000 cps with respect to quartz (Appendix 

7). In the MLA software, the user can enter a value for the acquisition (count) time per 

X-ray collection sampling point (e.g. 25 msec). The grain sampling point is determined 
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through the MLA particle segmentation routine (based upon differing BSE AAN gray 

levels). The expected result of increasing spot size was an increase in spectral 

resolution, decrease in spatial resolution and decrease in analysis time.  

 

A comparison showed that increasing the spot size decreased the analysis run time 

~5%. The larger spot size, due to increased electron beam interaction volume could 

negatively affect the MLA softwareôs particle segmentation routine (based on density). 

The increased spot size would have the largest affect upon the trace (small) mineral 

phases. Larger spot size resulted in improved MOI X-ray spectral resolution which 

improved confidence in the classification. 

 

 

Figure 4.4.6.1.  BSE particle image comparing spatial resolution with respect to spot size. 

 

The visual examination did not expose significant improvement in the MLA BSE imaging 

and segmentation due to increased spot size (see Figure 4.4.6.1) though it did 

marginally reduce analysis time. The decision was to use the spot size that delivered 
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60,000 cps when the electron beam was targeting MOI quartz to ensure more 

mineralogical detail collected per pixel. 

 

 

 

4.4.7   Electron beam dwell time  

 

As the SEM electron beam scans over the particle image in a raster pattern, the particle 

surface is recorded digitally. At each pixel the detector collects BSE image information 

with the beam dwelling on each pixel for a time period. Typically, with MLA operation 

the dwell time is set at 16 µsec / pixel. In this study, dwell times of 8, 16 and 32 were 

investigated to determine if better resolution could be obtained while maintaining a 

reasonable analysis time (see Appendix 8).  

 

It was found that the relatively smaller dwell time (i.e. 8 ɛsec / pixel) was often too short 

to acquire satisfactory image data for the MLA segmentation algorithm, and the 

relatively larger dwell time (i.e. 32 ɛsec / pixel) was found to often lead to better 

resolved X-ray spectral data.  

 

Using dwell time 8 ɛsec / pixel, the overall MLA analysis time decreased a modest 

~2.5%. With dwell time 32 ɛsec / pixel, the overall MLA analysis time increased 

significantly by ~39%. The higher dwell time did not significantly change the X-ray 

classification of mineral phases nor the consequent modal abundance of the mineral 

phases. The decision was made to use dwell time 16 ɛsec / pixel for all further MLA 

analyses. 

 

4.4.8   Particle count 

 

Using optical microscopy, the modal abundance of mineral phases can be determined 

through the use of a technique called point-counting. In point-counting the sample 
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surface is overlaid with a grid and at every grid line intersection (i.e. crosshair) if there is 

a mineral phase, the particle information is recorded. This method is usually objective, 

very labour intensive and time-consuming. Typically 300 points (minimum) on the 

sample surface are tabulated and the final result reported as a normalized percentage 

for each phase. However, there are limitations to the use of optical microscopy in that 

the wavelength of the light source limits the size of the smallest grain that can be 

identified (according to the deBroglie inverse relationship between wavelength and 

electron velocity) [see Section 4.4.9; Ofori et al., 2006]. With the use of the SEM (and 

electron beam as the light source) the magnification and depth of field increase greatly, 

and the MLA capitalizes on this aspect to improve particle/MOI statistics. A comparison 

study was performed of MLA analysis applied to the same samples with the MLA 

particle collection parameter for the minimum number of particles collected being set at 

2000, 12,000, and 20,000 (see Appendix 9). 

 

Overall MLA analysis time decreased 66% (average) when collecting a minimum of 

2000 particles, compared to an increase of 38% analysis time (average) when collecting 

minimum 20,000 particles, relative to benchmark collection of minimum 12,000 

particles. The greatly decreased analysis time was attractive. However, this study 

showed that lower particle count would skew modal abundance data, especially for low 

number metal MOI occurrences. Higher particle number collection de-emphasized the 

ñnugget effectò. With increased particle count, the trace metal MOI content was 

sometimes significantly affected. It should be noted that the minimum particle count for 

the MLA analysis reported a particle count more than fourty times that used in a typical 

optical point-count technique. The duration of the MLA analysis time could also be 

affected by the sample mount particle packing density.  

 

The minimum number of particles used as the threshold to halt analysis was set at 

12,000.  
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For this study the average sample displayed 600 +/- 340 particles per frame-of-view. 

The MLA analyzed 400 +/- 100 particles per minute. The duration of each sample 

analysis time period was 220 +/- 30 minutes.  

 

4.4.9   Accelerating voltage 

 

The accelerating voltage is used to increase the velocity of the electrons in the beam. 

The electron velocity impacts the wavelength according to the relationship ɚ = h / mᾇ, 

with ɚ  being the deBroglie wavelength, h being Planckôs constant, m and v being the 

electronôs mass and velocity, respectively. Spatial resolution is a measure of the amount 

of textural detail that can be discerned on an image. One of the factors controlling 

image detail and spatial resolution is the wavelength of the electron beam that produces 

the image. 

 

However, the ability to focus the electrons to a small point (via spot size) and the beam 

excitation (interaction) volume within the sample material itself must reach a balance. 

Low-voltage SEM can show fine (nanometre-scale) surface features, while high-voltage 

SEM can probe deeper into the material and retrieve more elemental X-ray information. 

The operatorôs judgment of image quality depends on the information required from the 

sample. Either may be better for different applications. In this study the accelerating 

voltages 15kV and 25kV were compared (see Appendix 10). 

 

MLA reports detected phases normalized to 100 percent. Relative to 25kV accelerating 

voltage, the results generally showed that lower accelerating voltage caused the often 

greater in quantity lower density gangue phases to be reported in higher proportions, 

while the higher density mineral phases (e.g. sulphides) were generally reported with 

decreased proportion. Checking X-ray spectral data revealed that the gangue was 

generally reported correctly. However, the lower voltage decreased the ability to detect 

some mineral phases, specifically the critical-to-know fine metal MOIs. Poor detection 

plus MLA normalization of data, artificially exaggerated the gangue content.  
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Knowing the majority of the waste rock was composed of carbonates and silicates, 

while any metal MOIs would be present in much smaller relative proportions, a higher 

accelerating voltage was chosen to enable detection of the trace and minor secondary 

mineral phases. 

 

4.4.10   Magnification (or horizontal field width) 

 

All SEMs have an optimal working distance for imaging. The working distance is the 

distance from the bottom of the SEM column (i.e. final aperture) to the sample surface 

and affects spatial resolution and depth of field. In general, a shorter working distance 

should be used for higher spatial resolution imaging, at the sacrifice of depth of field. 

The FEI Quanta 600 SEM working distance of 10 mm was better suited for this studyôs 

application (see section 4.3.3 and Appendix 2). Generally, to improve spatial resolution 

a smaller spot size can be used in conjunction with a shorter working distance (see 

section 4.4.7). Ideally a higher energy beam confined to a very small spot size would be 

most useful for examining the fine-detail of waste rock secondary mineral phases in a 

time-efficient manner (e.g. FEG SEM). 

 

Another aspect of the SEM that can be employed to improve MLA image analysis is 

magnification. Spatial resolution refers to the ability to distinguish between, or identify, 

very closely spaced points. Sample textural features can impose spatial resolution 

limitations. The magnification at which a sample is investigated affects the 

interpretation of the acquired data. Particle features that are evident at one 

magnification may be absent at other magnifications. Thus, there is a magnification 

impact on MLA imaging, segmentation and consequent quantification of waste rock 

mineralogy and features. In this study, a progressive magnification was applied to 

evaluate a possible improvement of MOI quantification. Note that frame size (i.e. pixel 

resolution) remained constant at 1000 x 1000 pixels throughout all aspects of the study. 
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The study results showed that analysis time will increase with increasing magnification 

(Appendix 11) if targeting the same minimum number of analyzed particles (Table 

4.4.10.1). In the table, the particle size value represents the top-size for the size 

fraction.  Due to the regimented action of the SEM raster, the MLA analysis does not 

end until the line raster has been completed - even though the minimum particle count 

may have been achieved. For this reason and the higher magnification, there were 

~33% more particles (and frames) collected ï which increased analysis time. The 

results also showed that better spatial resolution (via higher magnification) of the 

phases lead to better X-ray spectra collection (i.e. fewer mixed spectra) which improved 

MLA mineral phase identification. For example, watanabeite (Cu4As1.4Sb0.6S5) and 

enargite (Cu3AsS4) classification was refined using the higher magnification. Using the 

initial (benchmark) magnifications shown, the average time for an MLA analysis was 

220 minutes. 

 

Table 4.4.10.1.  Change in MLA analysis time with magnification. 

 

Mesh 

Size 

(US) 

Particle 

Size (µm) 

Initial 

Analysis 

Time (hr) 

Magnification 

Change (from Ą to) 

Change in MLA 

Analysis Time 

(%) 

16 1190 2.0 ï 2.5 120 Ą 200 ~290 

30 600 2.0 ï 2.5 120 Ą 200 ~300 

50 300 2.5 120 Ą 225 ~360 

100 150 1.5 ï 2.5 150 Ą 250 ~260 

140 106 1.5 ï 2.5 175 Ą 275 ~260 

200 75 2.0 ï 2.5 200 Ą 275 ~230 

270 53 1.0 ï 2.0 200 Ą 275 ~150 

-270 -53 0.5 ï 0.75 200 Ą 275 ~150 
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When the magnification was increased, more minor inclusions and grains were 

detected, which consequently increased the analysis time. Closer inspection revealed 

that the smallest particles and grains, most often composed of a single phase, did not 

add significant analysis time. The larger increase in analysis time was associated with 

large multiphase particles. 

 

For this study, the lower magnifications (see Table 4.4.10.1) were used in the interest 

of analysis time and associated costs.  

 

4.4.11   Random sampling 

 

The sample particles, more specifically the MOIs that compose the particles, are 

supposed to be randomly presented in the sample mount. If this is true, then the 

orientation of the sample mount in the MLA sample holder should not alter mineralogical 

determination. A brief study was performed to test this hypothesis (Appendix 12). The 

MLA analysis was performed such that sample mounts were re-analyzed in a different 

orientation in the sample holder (e.g. rotated ninety degrees). This change in orientation 

was expected to emphasize the nugget effect if present. To further determine the 

randomness of sample preparation, a duplicate sample (i.e. completely separate 

portion) was prepared and analyzed. 

 

The overall change in number of frames analyzed (for the same user-defined analysis 

parameters) was ~10%, while the particle count changed ~23% (comparing Original 

analysis vs. Reposition analysis). The change in frame and particle number was 

definitive evidence of changed sample mount positioning and indicative of sample 

mounts which displayed variable particle density. Although there was a change in 

particle count, the overall normalized modal abundance of mineral phases and the MLA 

calculated elemental assay data did not change significantly. The metal distribution 

associated with a mineral did show some change, though was noted to be mainly 
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associated with Sb, As and Zn. The change was investigated and found to be mainly 

caused by the ñnugget effectò.  

 

Additionally, the sampling techniques can be assessed by reviewing the analyses of 

sample duplicates and replicates (see Appendix 13). Duplicate refers to a second 

sample aliquot riffled from the same sample portion which was then taken through all 

sample preparation steps in parallel with the original sample portion. A replicate refers 

to a completely separate sample analysis which was performed on a different day on a 

different MLA.  

 

The effects of the ñnuggetò could be reduced by analyzing a larger number of particles 

through analysis of multiple sample mounts. Particle statistics were improved and 

ñnugget effectò reduced by appending the digitized particle data files of duplicate sample 

mounts (i.e. particularly important for larger particle sizes). For each MOI, the average 

modal weight-percent difference between duplicate sample mounts compared to the 

appended sample data was 1.6 wt% +/- 1.4 wt%; for replicate the average modal 

weight-percent difference was 16.8 wt% +/- 4.9 wt%. The replicate analysis showed 

greater variation: 86% of time due to extremely trace quantities of MOIs (e.g. 0.00001 

wt% compared to 0.00002 wt%); and, 14% of time due to the nugget effect (e.g. 0.0007 

wt% compared to 0.01 wt%). Result variation was further exacerbated by electron beam 

size differences of the two MLAs used in this study (i.e. interaction volume; see section 

4.4.4 and 4.4.6). These causes for variation were observed in the particle image data 

and should be taken into consideration when reporting mineralogical data. At the same 

time, the extremely low reported concentrations can be ignored. Higher MOI content in 

the sample (e.g. greater than 1 wt%) plus increased total particle counts significantly 

reduced variation between duplicate sample MOI concentrations. Appending the data 

files was especially helpful when reviewing trace metal MOIs particle statistics.  

 

This study showed that better representation of the sample size fraction MOIs would be 

achieved using appended data files (i.e. improved particle statistics) especially with 
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respect to trace MOIs. This translated to a minimum of two sample mounts being 

analyzed, if sufficient material was available. 

 

4.4.12   Summary of Mineral Liberation Analyzer operating parameters 

 

MLA technology can be used to identify MOI primary and secondary phases which can 

then be used in predictive weathering models. A suitable method of analysis would 

include an XBSE analysis of at least two transverse-mounts, using an electron beam 

spot size and magnification (horizontal field width) based more on spatial rather than 

spectral resolution, with an accelerating voltage capable of reasonable MOI detection in 

the shortest analysis time. Suitable conditions from this study are summarized in 

Table 4.4.12.1. 

 

Table 4.4.12.1.  Summary of suitable MLA operating parameters. 

Parameter Suitable value 

comparison of two MLAs use same operating parameters 

MLA analysis mode XBSE 

elemental reconciliation acceptable 

sample mounting technique transverse 

spot size 60 kcps on pure quartz 

dwell time 16 µsec / pixel 

particle / grain count minimum 12000 particles 

accelerating voltage 25 kV 

magnification (or horizontal field 

width) 
lower if possible 

random sampling 
acceptable, use duplicates when 

possible 
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CHAPTER 5   Demonstration of Mineral Liberation Analyzer 

application to waste rock characterization 

 

Waste rock pile weathering of particles generates secondary amorphous MOIs and 

elemental ions which can impact the environment. The secondary MOIs are difficult to 

identify without such instrumentation as SEM and EDS. Mounted samples from the 

Antamina mine were subjected to MLA analysis to explore applicability to waste rock 

characterization. The scope of this study was to demonstrate the usefulness of MLA 

technology to characterize waste rock, not specifically to quantify and determine 

weathering mechanisms. This chapter will demonstrate the ability to detect (and 

quantify) some of the determined waste rock characteristics (see Chapter 4) through 

example waste rock particles. 

 

5.1   Waste rock bulk modal mineralogy 

 

Modal abundance using MLA technology is very dependent upon several factors, which 

include sample mount integrity, SEM, and the MLA image analysis and X-ray 

classification database. Using the MLA classification algorithm (chi-squared probability) 

mineral phase names from the database library (verified, see Section 4.4.4) were 

assigned to discriminated segments of each particle. The data summary shown in 

Table 5.1.1 is a compilation of Appendix 14, which comprises unweathered waste rock 

samples from field cells and drill core, both representing the same experimental pile (i.e. 

see Tables 3.2.1 and 3.2.3, respectively).  

 

Generally, hornfels could potentially produce more ARD than marble due to association 

with more sulphides. Class A waste rock showed most sulphides in the coarser 

hornfels; Class C showed most sulphides in the finer hornfels. Class B waste rock was 

variable. This further confirmed the difficulty in classifying Class B waste rock reactivity. 

Hornfels form when minerals in igneous or sedimentary rocks recrystallize during 

metamorphism to form larger crystal structures accompanied by micro-spaces (pores) 
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between grains. The presence of pores in the hornfels could provide protected 

environments where sulphides are able to be leached (see chapter 2) even in a largely 

carbonaceous environment. The variability of Class B waste rock reactivity was 

reflected in the potential internal and external particle weathering possibilities.  

 

 

Table 5.1.1.  Observations from MLA analysis: modal abundance. 

 



79 

 

Generally the more reactive Class A and B waste rock displayed a larger carbonate 

presence in mid-sized particles (i.e. -300 / +75 ɛm). It was assumed that any fine 

carbonate particles would be readily dissolved. Unreactive Class C waste rock 

displayed a larger carbonate presence in the fines (i.e. -53 ɛm) which suggested either 

high pH environment or low potential ARD production. The noted lack of carbonate in 

the larger particle size fractions (greater than 300 ɛm) may be due to leaching and 

dissolution before field sampling began. The fine, higher surface area, Class C 

carbonate particles was assumed to have a higher reactivity, yet the carbonates were 

not found associated with other phases as armouring precipitates. Some larger Class C 

particles displayed coatings (armour) of oxide. 

 

Class A and B waste rock showed most silicates in the fine particle size range. Class C 

showed least silicates in the fine particle size range. Hornfels contained ~4 times more 

silicates than marble. Considering the waste rock classification scheme currently in use, 

waste rock may be less reactive when there are larger particles of silicates which lock 

reactive phases making them unavailable for ARD development (see section 5.2).  

 

The coarser sized particles in Class A waste rock had the largest phosphate content 

while the finest sized particles in (diopside) marble showed the most phosphate. In 

Class C material, hornfelsô phosphate content was about the same in all particles sizes 

while marble showed the lowest content of phosphate in the finest sized particles. Class 

B waste rock showed lowest phosphate content in the mid-sized particles. 

 

The smallest particles were expected to have the highest oxide concentrations because 

smaller particles (i.e. higher surface area) were considered more reactive and could 

readily generate (or would be) oxides, while larger particles would provide surface area 

to coat. Class A waste rock did not show any preferential precipitation of oxides to a 

particular particle size even though it was considered the most reactive. Class C 

showed the highest oxide presence in mid-sized particles. 
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Iron is associated with common minerals such as hematite (Fe2O3), limonite / goethite 

(FeO(OH)), and pyrite (FeS2), as well as many others (see section 2.2). These MOIs, 

MLA-detected in the Antamina mine waste rock sample, revealed exposed thin layers of 

elemental sulphur and jarosite on SLR sulphide MOI surfaces as observed by particle 

rims containing As, S, O, Fe, K, and low-level Ag. The low-level Ag, assumed to be 

temporarily part of the thin jarosite rim phase, was also noted by Cordoba et al. [2009]. 

The observation suggested that the Fe oxide coating or rim acted as an attenuator of As 

and Ag and may also partially passivate the MOI reactive surface. 

 

Detection of poorly crystallized fine-grained iron mineral phases such as ferrihydrite 

(Fe2O3-0.5y(OH)y·nH2O, where 0 Ò y Ò 2 and 0.8 Ò n Ò 1.1) and schwertmannite (Fe2O3-

x(SO4)x·nH2O, where 0.4 Ò x Ò 0.5 and 1.5 Ò n Ò 2.8) were found through manual 

searching while developing the X-ray classification database; however, due to the 

phaseôs nano-size, SEM spatial resolution limitation, and MLA analysis parameters 

chosen to perform analysis in reasonable time, they remained undetected. Similar to 

previous studies of the Antamina Mine waste rock, hydrous iron sulphates such as 

melanterite (FeSO4·7H2O) and rozenite (FeSO4·4H2O) and hydrous phosphate vivianite 

(Fe3(PO4)2·8H2O) were not detected [Antamina, 2001]. The main secondary iron 

minerals detected in the waste rock were iron sulphate and iron oxyhydroxides (e.g. 

goethite and hematite) which occurred as coatings on both larger and finer rock 

fragments. 

 

The dominating sulphate oxyanion mineral was associated with iron, and in near vicinity 

to sulphides (i.e. if ARD was possible, sulphate generation was possible). Hornfels, 

which had the highest oxide presence in the mid-sized particles, also had the highest 

sulphate content. Marble showed highest sulphate content in the finest sized particles, 

which was also where higher carbonate presence was determined. 
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MLA scoping analysis provided large amounts of mineralogical information for 

interpretation, which should be used in conjunction with other analytical results such as 

geochemistry and surface analysis.  

 

5.2   Waste rock metal-bearing phase mineralogy 

 

5.2.1   Metal-bearing mineral association 

 

Information on availability of a (reactive) mineral phase will benefit the development of a 

waste rock weathering model. The available mineral phase may involve direct contact 

with the ARD / NRD fluids or may react through direct contact with an adjacent 

associated mineral phase such as galvanic interaction (see explanation in Section 

5.3.1.2). To demonstrate the usefulness of the MLA to characterize waste rock, the 

image data can be focused on a specific metal. 

 

MLA Dataview software was used to group the mineral modal abundance data into 

MOIs associated with a specific metal (either as part of the mineral composition locked 

in the crystal lattice or adsorbed to surface). Sample analysis data representing 

samples taken from the experimental piles and field cells (see Table 3.2.4) were used 

for this focus. These samples were subjected to a sequential leach (see Section 2.4). 

The grouping of the MOIs with respect to specific metals is shown in Appendix 16.  

 

A rearrangement of the bulk modal mineralogy (see section 5.1) with the perspective of 

MOI and associated metals provided a new perspective to waste rock degradation. MLA 

mineral association reported liberated minerals, and minerals sharing a boundary with 

resin (i.e. free surface) or another mineral. This demonstration of data focus did not 

incorporate particle size though it is possible. It was noted that after the SL, typically the 

amount of sub-53 µm particles was greatly decreased (with no MOI bias). Note that the 

SLR represents a weathering surrogate example for secondary MOIs in the natural 
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waste rock environment. Table 5.2.1.1 shows notable mineral phases for select metal 

associations. The following observations were made: 

 

Table 5.2.1.1.  Prevalent select metal-bearing mineral phases: before and after SL. 

 

(i) Antimony, Sb 

Of the two significant Sb-associated MOIs, stibnite [Sb2S3]] and watanabeite 

[Cu4(As,Sb)S5], the latter was slightly more prevalent. In the SLR, stibnite content 

decreased and watanabeite content increased, suggesting that stibnite may be an 

As attenuator. The MLA classification algorithm reported watanabeite though it may 

be As adsorbed to stibnite surface (often found closely associated to Cu-bearing 

particles). In the SLR, when watanabeite content decreased (relative to Head) it 

appeared that As leached first, followed by Cu, resulting in the secondary MOI 

stibnite (see section 5.3). 

 

(ii) Arsenic, As 

In this study, millions of MLA-analyzed particles showed few primary As species. 

The Antamina mine geologists reported primary sulphides such as arsenopyrite in 

the waste rock [Antamina, 2001]; however, these were not observed in the samples 

analyzed. This suggested that As-bearing MOIs (such as arsenopyrite) visually seen 

Metal Head SLR

As FeOxyhydroxide, FeSulphate, Siderite, Watanabeite FeOxyhydroxide, FeSulphate

Sb Watanabeite Watanabeite

Cu

Apatite, Chalcopyrite, FeCuSilicate, FeOxyhydroxide, 

FeSulphate, Grunerite (UBC2-3A), Mica, Pyrite, 

Siderite (UBC2-3A), Sphalerite, Tennantite (Tucush 

03, UBC2-3A), Titanite, Watanabeite

Apatite, Chalcopyrite, FeCuSilicate, 

FeOxyhydroxide, FeSulphate, Mica, Sphalerite, 

Titanite

Mo FeSulphate, Molybdenite, Stibnite, Watanabeite
FeSulphate, Molybdenite,                        

Watanabeite (Tucush 03)

Pb
Apatite, Chalcopyrite, FeOxyhydroxide, Galena, 

Grunerite (UBC2-3A), Titanite
Apatite, Chalcopyrite, FeOxyhydroxide, Titanite

Zn

Apatite, Chalcopyrite, FeOxyhydroxide, FeSulphate, 

Grunerite, Mica, Siderite, Sphalerite, Tennantite, 

Watanabeite

Apatite, Chalcopyrite, FeOxyhydroxide, 

FeSulphate, Mica, Sphalerite
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by the geologists, were easily dissolved or aggressively leached. Possible 

explanations include catalysis and galvanic activity. For example, the unobserved 

primary As-bearing sulphides may be due to dissolution processes with similarities 

to the Ag catalysis in chalcopyrite dissolution as suggested by others, such as 

Nazari et al. [2011], Price et al., [1986] and Ballester et al. [1990]. 

 

Arsenic was associated with numerous mineral phases including oxyhydroxides, 

carbonates, sulphates, suggesting that As was quite mobile in ARD and / or NRD. 

The SLR showed As-associated oxide content decreased the most (relative to other 

phases) suggesting weak attenuation by other phases. During the SL, the MOIs 

siderite [FeCO3], molybdofornacite [Pb2Cu[(As,P)O4][(Mo,Cr)O4](OH)], tennantite 

[(CuFe)12As4S13], and watanabeite decreased in concentration while iron sulphate 

remained relatively unchanged. Secondary As-associated MOI enargite [Cu3AsS4] 

not detected in the Head, appeared after the SL; however, due to electron beam 

penetration this MOI may actually have been iron-leached chalcopyrite [CuFeS2] 

with adsorbed As. EMPA surface analysis would be helpful in determining the MOI 

present. 

 

(iii) Copper, Cu 

The concentration of Cu-associated carbonate siderite and phosphate apatite 

[Ca5(PO4)3(OH) ] showed least resistance to SL conditions (i.e. content significantly 

decreased). Copper-associated MOIs that decreased in content during the SL were 

tennantite, pyrite [FeS2], grunerite [Fe7(Si8O22)(OH)] and iron-copper oxide 

[Fe2(Cu0.4)O4]. Chalcopyrite appeared to resist SL conditions as the amount did not 

change during the SL. After the SL there was increased presence of Cu-associated 

MOIs (altered) mica [(K,Na)(Fe,Al,Mg)2(Si,Al)4O10(OH)2 ], titanite [CaTiSiO5], iron 

sulphate and iron oxyhydroxides. It appeared that As, then Cu, was leached from the 

MOIs. The pyrite and chalcopyrite content increased perhaps representing 

degradation products of arsenopyrite [FeAsS2] and tennantite, respectively. 
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(iv) Molybdenum, Mo 

Molybdenite [MoS2], wulfenite [PbMoO4] and MoSulphatePowelliteClay 

[4MoSO4ÅCaMoO4ÅAlSi2O5(OH)4] showed decreased content in the SLR. Other 

secondary MOIs detected in the SLR, were iron sulphate, molybdofornacite and 

stibnite. The latter MOI may be a degradation product of watanabeite (suggested for 

Sb-bearing phases) or unlocked from a larger particle during the SL. 

 

(v) Lead, Pb 

Galena [PbS], apatite, wulfenite and grunerite were leached during the SL as 

indicated by reduced presence. In the SLR, MOIs with increased concentration 

detected by the MLA were chalcopyrite and titanite. Pb-associated titanite was 

detected in the SLR; however, Pb-free titanite was not detected before or after the 

SL which made any conclusion difficult. Titanite may be a good Pb sequestration 

MOI. 

 

(vi) Zinc, Zn 

Zinc was associated with MOIs both before and after the SL. The decreased 

concentration of Zn-associated carbonate siderite and phosphate apatite 

[Ca5(PO4)3(OH)] suggested poor resistance to SL conditions. In the SLR other Zn-

associated MOIs that showed decreased content were chalcopyrite and grunerite. 

Increased MOI content in SLR was noted for Zn-associated iron sulphate, iron 

oxyhydroxides, (altered) mica and watanabeite. It was interesting that the 

concentration of enargite associated with Zn did not change significantly as a result 

of the SL which suggested Zn association with the MOI may have protected it from 

dissolution. 

 

In summary, the MLA analysis of specific metal associated MOIs in the waste rock after 

the SL, revealed that some MOIs could either resist dissolution / leaching or were 

formed. A more in-depth analysis of the MOIs with other techniques such as EMPA or 

FEG-SEM would be very helpful due to inadequate MLA (SEM) resolution. 
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Primary As MOIs, such as arsenopyrite, were present in very trace amounts (evidence 

being no detection by MLA). The higher presence of secondary MOI wulfenite 

(PbMoO4) suggested it precipitated Mo more readily than powellite (CaMoO4) after the 

SL [Conlan et al., 2012]. The Mo-bearing MOIs contained traces of As suggesting that 

Mo and As could be attenuated with Pb in the waste rock dump [Petrunic et al., 2006]. 

Other elements that hydrolyze weakly (e.g. Zn, Co, Cd, Ni) existed as cations and 

appeared to have mainly formed low-solubility hydroxide or carbonate phases. Earlier 

studies [Golder, 2010; Golder, 2004] confirmed that the Antamina waste rock pile 

contained these oxyanions and cations which were attenuated as secondary minerals 

[Blowes et al., 1995] or with other MLA-detected MOI phases, such as clays (e.g. 

altered mica) and titanite.  

 

Cell UBC2-3A (unweathered) Head waste rock blend of Cu-bearing grunerite and 

siderite content decreased after SL exposure. 

 

Cations Cu and Zn, appeared more susceptible to association with MOIs watanabeite 

and mica-type clays in both Head and SLR samples which suggested SL (weathering 

surrogate) conditions are not the only attenuation factor involved. Watanabeite 

appeared to be a stronger attenuator of Mo. 

 

Cu and Pb more strongly favoured the MOI titanite surface than Zn and potential metal 

oxyanions As, Sb, and Mo. 

 

Zn, mobilized during the SL, was trapped with iron oxyhydroxides, iron sulphate and 

apatite. Zinc minerals, such as zincosite [ZnSO4], wulfingite [Zn(OH)2], and smithsonite 

[(Zn,Cd)10(CO3)10] were the most probable source of freed Zn (evidence being these 

trace phases were not detected after the SL). 

 

 



86 

 

5.2.2   Metal-bearing mineral availability (or locking) 

 

MLA Dataview software was used to group the modal abundance data into a single 

mineral phase or a group of phases. The grouping used the following arbitrary 

availability or exposure definitions: (1) ñlockedò refers to the MOI perimeter with less 

than 30% exposed; (2) ñpartially exposedò (also termed middlings) refers to the MOI 

perimeter with 30-90% exposure; and, (3) ñliberatedò refers to 90-100% of the MOI 

perimeter exposed. With this capability, the MOIs involved in the SL (weathering 

surrogate) processes could be highlighted in terms of availability (exposure). Samples 

of Table 3.2.4, which represent samples submitted to the SL of Section 2.4 (i.e. Head 

and SLR) were used for this focus. The grouping of mineral phases found in Appendix 

15 display the bulk and metal-associated MOIôs degree of exposure or availability (also 

termed liberation) to the SL (weathering surrogate) process. It was outside the scope of 

this study to quantify and / or coordinate lithology to secondary mineralization. 

 

It was not possible to analyze ñlargeò particles using the SEM due to practicality. For 

example, magnification 120x provided MLA (SEM) horizontal field (frame) width just 

large enough to avoid seeing shadow from the SEM electron beam column. In this case 

one 3 mm2 particle engulfed the entire frame of view. In this study, to facilitate better 

particle statistics, a maximum particle size limitation of 1190 µm was imposed, and a 

duplicate mount was analyzed ï if material was available (see Chapter 3; Sections 2.71 

and 2.73). Any waste rock fragment of size greater than 1190 µm was stage-crushed to 

100% passing 1190 µm. The 1190 µm particle size was chosen as the largest possible 

particle size to analyze in order to measure as representative a texture and MOI 

association as possible (i.e. to better assess the natural rock) plus dictate a reasonable 

number of particles per sample mount. 

 

To ensure credible MLA image analysis data, a large number of occurrences of each 

MOI must be measured, being cognizant of the amount of time and cost for MLA 

engagement. For the samples analyzed in this study there was an average of  



87 

 

680 +/- 340 particles/frame at analysis rate 400 +/- 100 particles/minute using an MLA 

time of 220 +/- 20 minutes/analysis. The following bulk modal mineralogy with respect to 

availability was observed: 

 

(i) Sulphides 

Results for Cell 06 sulphide MOIs, grouped and normalized to 100%, are shown in 

Figure 5.2.2.1. ñHeadò refers to fresh (i.e. unweathered) waste rock and ñSLRò refers 

to waste rock sequential leach residue. The horizontal (x-) axis displays the various 

size fractions of the waste rock sample (measured in microns). The vertical (y-) axis 

references the normalized weight-percent presence of a MOI.  

 

The highest sulphide liberation was in the finer size fractions and increased 

noticeably after the SL. Partially exposed sulphide content decreased greatly after the 

SL - especially in the -600/+297 µm size fraction. Cell 06 was described to be non-

AG (see Table 3.2.4) so it could be assumed that it included a large carbonate 

content. It was found that the SL significantly decreased the concentration of host 

carbonate particles, while liberated locked sulphides and secondary MOIs such as 

iron oxyhydroxides were formed. The remaining sulphide residue may either be 

unleachable or the SL was incomplete (i.e. insufficient reagent). 

 

Figure 5.2.2.1.  Example of Cell 06 grouped sulphide MOIs: (a) before SL (head); and, (b) 

after SL (SLR). The horizontal axis refers to the various size fractions of the waste rock 

sample (microns). The vertical axis refers to weight-percent (normalized). 
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(ii) Carbonates 

Results for Tucush 03 carbonate MOIs, grouped and normalized to 100%, are 

shown in Figure 5.2.2.2. Tucush 03 was described as a Class A blend of marble and 

hornfels (see Table 3.2.4). The MLA analysis showed carbonates were prevalently 

liberated in all size fractions. The SLR results indicated increased locked material 

especially in the -600/+297 ɛm size fraction. SEM EDS examination of particles 

suggested the SL caused rapid carbonate dissolution followed by rapid MOI phase 

precipitation which prevented further carbonate dissolution. This armouring and / or 

precipitation was not observed in the finest size fraction material which suggested 

that these high surface area particles were in a constant state of flux and provided 

no firm surface to precipitate on. The finding of SLR carbonate remaining could 

suggest that the SL was incomplete (i.e. insufficient reagent). 
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80%
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Tucush 03 Head: Carbonate 
Mineral Liberation-Availability
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partial(30-90)

locked/not
exposed(-30)

  

Figure 5.2.2.2.  Example of Tucush 03 grouped carbonate MOIs: (a) before SL (head); and, 

(b) after SL (SLR). The horizontal axis refers to the various size fractions of the waste rock 

sample (microns). The vertical axis refers to weight-percent (normalized). 

 

(iii) Silicates 

Silicate MOIs, as mentioned in chapters 1 and 2, have a higher acid neutralizing 

capacity than carbonates though slower dissolution rates. The more reactive waste 

rock carbonates would out-compete silicates in neutralization processes. 

Nonetheless silicates can still affect the long term ARD of a waste rock pile after 

carbonate depletion. For example, at low drainage pH <1, clay silicates begin to 
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neutralize acid [Blight and Ralph, 2004; Shiers et al., 2005]. MLA analysis 

highlighted silicate neutralization around some particle perimeters which suggested 

carbonate was unavailable at times. 

 

MLA detection suggested when some silicates dissolve ARD neutralization caused 

metal attenuation. Examination of MLA-detected MOIs revealed local textural 

concavities which represented acid-consuming (neutralizing) silicate minerals, such 

as Antamina mineôs pyroxene, amphibole, titanite and clay (e.g. Table 1.1). In the 

basic pH drainage of the Antamina mine waste rock, (altered) mica was often found 

associated with Cu and Zn. Examination of the (altered) mica particles with SEM and 

EDS sometimes showed a jarosite-like phase on the surface which suggested either 

low pH local environment or particles with textural features that protected jarosite 

from expected dissolution. 

 

Results for Class A PAG UBC3-2A (see Table 4.2.4) silicate MOIs, grouped and 

normalized to 100%, are shown in Figure 5.2.2.3. The SL simply increased silicate 

liberation suggesting silicate surfaces were not preferred for secondary oxide 

precipitation (assuming secondary oxide precipitation was an active process). 

 

Figure 5.2.2.3.  Example of UBC3-2A grouped silicate MOIs: (a) before (head); and, (b) after 

(SLR). The horizontal axis refers to the various size fractions of the waste rock sample 

(microns). The vertical axis refers to weight-percent (normalized). 
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