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ABSTRACT 

 

Complex ores, in this instance, a polymetallic base metal ore with additional precious 
and penalty elements, pose particularly tough challenges for successful production 
forecasts. Plant performance and recoveries for complex ores are more difficult to 
predict due to the larger number of variables that must be considered, tracked, and 
characterized during the multi-stage separation process.  

The focus of this study is to evaluate the mineralogical and textural controls that affect 
the variability in the flotation performance of a complex and variable ore. The research 
is based on a case study of the polymetallic Lappberget Zn-Pb-Ag-(Cu-Au) massive 
sulfide deposit at the Garpenberg Mine in Sweden. The mine is currently operated by 
Boliden Mineral AB and produces four different concentrates: zinc, lead, copper, and a 
gravimetric concentrate targeted for gold and silver.  

Geometallurgical characterization was conducted to understand the variability within 
the Lappberget deposit and to quantify the impact of geology (e.g., host rocks, 
mineralogy, and texture) on the metallurgical response and metal recovery processes. 
The approach undertaken is divided into five stages: (1) geological characterization, 
(2) ore classification, (3) geometallurgical testing, (4) development of prediction 
models, and (5) geometallurgical domaining. The first two stages aim at 
characterizing the geological characteristics of the ore and understanding its 
variability, whereas the latter three stages aim to describe and quantify the variability 
in the flotation performance of the ore and determine how it relates to its geological 
characteristics.  

For the geological characterization, qualitative and quantitative mineralogical and 
textural investigations were undertaken for the different sulfides present in the 
deposit, mainly sphalerite, pyrite, galena, and chalcopyrite. Results from this study 
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revealed the mineralogical, textural, and chemical variations of these sulfides within 
the deposit. This heterogeneity reflects the complex ore-forming conditions and 
the polyphase history of tectono-metamorphic processes that have affected the 
deposit. Three sphalerite types and four pyrite types were identified based on their 
distinct mineral chemistry, trace element signatures, texture, and host rock 
associations.  

Based on the geological characteristics of the Lappberget deposit, ten geological 
domains were established to provide a framework for understanding the variability 
in flotation performance within the deposit. Batch flotation tests were conducted 
for samples from each geological domain. Quantified mineralogical characterization 
of the flotation products from the batch flotation tests was undertaken using 
automated mineralogy complemented by electron microprobe analysis. Results 
from the deportment study of the silver-rich ore type revealed a variety of complexly 
intergrown silver-bearing minerals: mainly native silver, allargentum, and freibergite. A 
strong association between silver and antimony was also observed. The results of the 
sphalerite deportment study indicate that in terms of ore mineral characteristics, physical 
factors, such as grain size and liberation, have a more significant effect on sphalerite 
flotation than the presence of elevated iron and manganese in the sphalerite crystal 
structure. The high variability in the feed grade of the different ore types identified in 
the Lappberget deposit reflects the heterogeneity of the ore and, consequently, the 
variable flotation performance.  
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gn – galena 
grt – garnet group 
ilm - ilmenite 
jor – jordanite 
mag – magnetite 
mca – mica group 
nis - nisbite 
po – pyrrhotite 
pph – pyrophanite 
px – pyroxene group 
pyr – pyrargyrite 
py – pyrite 
qtz – quartz 
sp – sphalerite 
ttn – titanite 
tnt – tennantite 
ttr – tetrahedrite

Element symbols list 
Ag – silver 
Al – aluminum 
As – arsenic 

Au – gold 
Bi – bismuth 
C – carbon 
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Ca – calcium 
Cd – cadmium 
Cl – chlorine 
Cu – copper 
Fe – iron 
F – fluorine 
H – hydrogen 
Hg – mercury 
K – potassium 
Mg – magnesium 

Mn – manganese 
Mo – molybdenum 
Na – sodium 
Ni – nickel 
O – oxygen 
Pb – lead 
S – sulfur 
Sb - antimony 
Si – silicon 
Zn – zinc 

 
Acronyms 
EDS – Energy-dispersive X-ray spectroscopy 
EMC – Element-to-mineral conversion 
EPMA – Electron probe microanalysis 
ICP-OES - Inductively coupled plasma optical emission spectroscopy 
ICP-MS - Inductively coupled plasma mass spectroscopy 
LA-ICPMS- Laser ablation coupled with ICP-MS 
PCA – Principal component analysis 
QEMSCAN – Quantitative evaluation of minerals by scanning electron microscope 
SEM – Scanning electron microscope 
SVALS – Subseafloor volcanic-associated limestone-skarn-hosted (deposit type) 
XRF – X-ray fluorescence 
 
Definitions 

In the context of this research, the following terminologies are defined: 

Complex ore refers to an ore with three or more economic metals hosted by various 
major and minor minerals that are intricately associated with each other (i.e., complex 
texture).  

Variability refers to the inherent geological (i.e., alteration, lithology), mineralogical, 
and flotation performance variation within the ore body. 

Texture includes all parameters, which are collectively defined under geological terms 
fabric, structure, and texture. In this study, emphasis is taken on process-relevant rock 
properties such as grain size, degree of liberation, mineral association, and distribution. 
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CHAPTER 1 

1. Introduction 
 

The green energy transition needed to avoid the worst effects of climate change will 
unleash unprecedented metal demand in the coming decades. For instance, the 
production of solar panels requires large amounts of copper, silicon, silver, and zinc, 
while wind turbines necessitate iron, copper, and aluminum (IEA, 2021). Within 
Europe, there is a predicted increase in demand for critical raw materials such as 
germanium, gallium, and indium, which are mainly produced as by-products of zinc 
refining (Bobba et al., 2020). The rising demand for high-quality raw materials is 
driving the mining industry to exploit deposits previously considered uneconomic due 
to low grades, geological and mineralogical complexity, and the presence of deleterious 
elements (Dominy and O’Connor, 2016; Dunham et al., 2011). Variable geological 
characteristics and complex mineralogy and texture can result in significant variations 
in metallurgical response, which increases the cost and technological complexity of 
mineral extraction (Jackson et al., 2011; Keeney and Walters, 2011; Williams and 
Richardson, 2004). Therefore, it is crucial to effectively characterize these types of ore 
bodies and to properly assess their processing performance.  

Geometallurgy, in the past decades, has become a widely known approach for ore body 
characterization that helps to understand the geological and mineralogical variability of 
ore bodies (Lamberg, 2011; Lishchuk et al., 2020; Williams and Richardson, 2004). 
Geometallurgy aims to evaluate the potential of maximizing the economic value of the 
ore, optimize production planning, reduce risk, guide the managerial decision-making 
process, and keep projects sustainable through efficient resource and tailings 
management (Dominy and O’Connor, 2016; Keeney and Walters, 2011; Lishchuk et 
al., 2020; Lopera, 2014; Tungpalan et al., 2015; Williams and Richardson, 2004). From 
its earlier definitions, geometallurgy has emerged to bridge the gap between geology 
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and metallurgy. However, much of the geological information is still lost during the 
transfer of information from the geologists to the process engineers due to the following: 

- qualitative nature of the geological data (e.g., drill core logs, structural maps), 

- geologists lack or have limited knowledge about mineral processing, and vice-
versa for process engineers, 

- lack of standardized definitions between geological- and process-related factors, 
and 

- lack of a way to incorporate 3D spatial data into the 1D ore feed system (i.e., 
conveyor belt). 

The first problem can be addressed through the development of online logging 
technologies for mineralogy and texture detection. Rapid technologies for online 2D 
and 3D drill core scanning systems are currently being developed to help transform 
geological data from drill holes into a quantitative format (e.g., HyLogger (Schodlok et 
al., 2016), SisuRock (Specim, 2020), TerraCore (Terracore, 2015), and Orexplore 3D 
imaging (Orexplore, 2013)). However, without proper knowledge of geology, process 
engineers cannot fully utilize the vast amount of geological information, regardless of 
its quantitative format. Similarly, geologists may not have a complete understanding of 
the information that is crucial to pass on to the process engineers. This highlights the 
problem that despite the emergence of geometallurgy for more than 40 years (Williams, 
2013), except for mineralogy, there is still a lack of standardized definitions for 
parameters related to the both disciplines.  

For example, in geology, particle texture is defined in terms of fabric, grain size and 
shape, degree of crystallinity, and arrangement. In contrast, in the fields of mineral 
processing and metallurgy, it is commonly referred to as the “mathematical 
morphology” of particles, including mineral association, liberation, and distribution 
(Bonnici, 2012; Tiu, 2017). A geologist describes textures relevant to the geological 
formation of the rock, whereas metallurgists and process engineers measure textures 
relevant to ore beneficiation. Lastly, the spatial information captivated by geological 
models is rarely utilized for process optimization. Since mined ores are rarely tracked as 
they are fed to the processing plant, geological characteristics already defined in the 
geological models are not incorporated into process optimization. Instead, new 
technologies are being designed focusing on how to characterize the ore coming to the 
conveyor belt, which is counterproductive since the ore characteristics should have 
already been spatially modeled (e.g., Firsching et al., 2019; Raatikainen et al., 2021).  
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These problems led to the development of a geology-based approach called 
‘geometallurgical mapping’. Geometallurgical mapping documents the variability 
within an orebody by quantifying the impact of geology and mineralogy on an ore’s 
metallurgical response and metal recovery process (Williams and Richardson, 2004). 
This approach is applicable for the pre-feasibility or feasibility planning stages of a mine. 
Prior to conducting a geometallurgical study, the geologists and process engineers 
discuss together to define a geometallurgical matrix (geomatrix), which is composed of 
critical geological factors that can cause variability in the process performance in the 
plant based on previous studies. The caveat of this method is that it can produce a vast 
number of ‘domains’ that require further metallurgical testing. Figure 1 shows an 
example of a simplified geomatrix of 27 cells for an unaltered, unmineralized, and 
unmetamorphosed massive sulfide deposit. For complex ores containing three or more 
economic metals hosted by various major and minor minerals that are intricately 
associated with each other, the number of variables can increase the number of domains 
exponentially. Geometallurgical testing and characterization of all these domains are 
also not cost-effective and practical.

Figure 1 Example of a simplified ‘geomatrix’ for a massive sulfide deposit (modified from Williams and 
Richardson, 2004).
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Another geometallurgical mapping approach is by creating domains using recognized 
statistical techniques (e.g., principal component analysis, multiple linear and non-linear 
regression modeling) (Keeney and Walters, 2011; Tungpalan et al., 2021). This 
approach is called the ‘integrated geometallurgical method’. The key assumption for 
this kind of geometallurgical mapping is that the sample ‘mineralogy’ distribution 
throughout the deposit ultimately controls grade, recovery, hardness, and, 
consequently, the metallurgical performance. Since the domaining process only 
depends on mineralogy, other relevant factors, such as grain size and associations, are 
only incorporated later into the domain.  

Another more simplified approach is to utilize geological domains, typically identified 
when creating 3D block models for resource estimations (Ehrig et al., 2014). Geological 
domains are usually linked to litho-structural and alteration boundaries that are usually 
refined by metal distribution patterns. The geological domains can serve as ‘seed’ 
domains for geometallurgical testing and characterization. These domains can be 
utilized for geometallurgical variability sampling and tests, where correlations between 
geological and metallurgical responses can be established. This information can be 
integrated into the geological domains to serve as a basis for creating the 
geometallurgical domains. 

The geological complexity of a mineral deposit makes it difficult to create a ‘fit-for-all’ 
geometallurgical approach. Thus, a fit-for-purpose geometallurgical program is always 
necessary for each deposit type. Based on the assumption that there is an empirical 
relationship between the intrinsic characteristics of the ore (directly or indirectly) to its 
metallurgical response (Keeney and Walters, 2011; Williams, 2013), the variability of 
the process performance of the ore, if all other operational parameters are kept constant, 
can only be attributed to the heterogeneity in the geological characteristics of the ore. 
This hypothesis will serve as the basis to define the problem and scope of this work. 

1.1. Problem statement and scope of work 

This PhD project aims to improve the geometallurgical model for a complex 
polymetallic base metal ore. These types of ores pose particularly tough challenges for 
successful production forecast due to the mixed Zn-Pb-Cu base metals, the complex 
association of the beneficial Ag and Au, and the presence of deleterious elements such 
as As, Cd, Sb, Hg, Mn, and Mg. The main focus of this project is to investigate the 
causes of the variability of the flotation performance in the processing plant by 
understanding the intrinsic geological variability in the deposit. This study addresses the 
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following questions: 

1. What are the key mineralogical and textural parameters that cause the variability in the 
flotation performance of a complex sulfide ore? 

2. Is it possible to predict them? 

To answer these questions, a geometallurgical study was conducted, consisting of five 
main stages (Figure 2): 

1. Geological characterization - qualitative and quantitative investigations of 
the formation, distribution, and occurrence of sulfide minerals (Paper I) 

2. Ore classification – defining the geological domains based on their 
distinguishing geological characteristics (mainly host lithology, mineralogy, 
sulfide content, and textures) and evaluating their potential impact on 
mineral processing (Papers I and IV) 

3. Geometallurgical testing – batch flotation tests for the defined geological 
domains and the characterization of the flotation products (Papers II, III, 
and IV) 

4. Prediction model – analysis of the distribution of selected elements and 
their host minerals (i.e., silver for Paper II, sphalerite for Paper III, and how 
they vary within the deposit for Paper IV) 

5. Geometallurgical domaining – ore classification from the combined 
mineralogical, textural, and flotation behavior information (Paper IV) 

 
Two Master students’ thesis projects were co-supervised as part of the PhD research 
project. These are: 

a) Examination of micro-scale sulfide distribution for the gold mineralization in the 
Lappberget deposit, Garpenberg mine, Sweden: towards a geometallurgical 
approach (Barbosa, 2021) 

b) A process mineralogy study of grinding characteristics for the polymetallic 
orebody, Lappberget, Garpenberg (Stark, 2021) 
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Figure 2 General workflow of this study.

The scope of this thesis is limited to the geology and mineral processing aspects of the 
ore, specifically focusing on the mineralogical and textural properties and their impact 
on flotation performance. The broader context of geometallurgy, which includes the 
other aspects of the mining value chain (as illustrated in Figure 3) is acknowledged but 
not the focus of this work. In the context of this thesis, the term “ore characteristics” is 
limited to the mineralogical and textural properties of the ore. “Metallurgical response” 
primarily pertains to the flotation performance and its relations to grindability (i.e., 
related to the study by Stark (2021)). Crushability and leachability will only be discussed 
based on the literature review. In terms of geometallurgy, the thesis does not involve 
the development of geometallurgical models and simulations. However, the results of 
this thesis can provide a pathway for determining the critical input variables required in 
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creating such models. Although developed for the Lappberget deposit, the 
methodology utilized in this study could be extended to other ores of similar nature. 

Figure 3 Scope and limitation of this work in the context of the mining value chain (in bold black font). 
The Roman numerals indicate the topic covered by the appended papers.

1.2. Statement of originality

The contributions to knowledge from this research include the following:

- understanding the effect of tectono-metamorphic modifications on the textural 
and chemical variation for different sulfides within the ore body (Paper I),

- development of a methodology combining automated mineralogy with other 
microanalytical tools as an effective particle-based geometallurgical 
characterization tool for tracking trace minerals (Paper II),

- understanding the potential influence of mineral chemistry variations with 
respect to grain size and degree of liberation in the flotation behavior in 
sphalerite (Paper III), and
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- demonstration of the use of geological domains to assess the separation response 
of a variable and complex ore body (Paper IV). 

1.3. Structure of the thesis 

This thesis presents a synthesis of the findings from four appended papers, as shown in 
Figure 3. Paper I provides a detailed geological characterization of the Lappberget 
deposit, including an analysis of its mineralogical and chemical variability. Papers II, III, 
and IV examine the relationship between the mineralogical and textural properties of 
the ore and its flotation performance, specifically focusing on silver mineralogy (II), 
sphalerite chemistry (III), and variations within the different geological domains (IV). 

Overall, the thesis has five chapters. Chapter 1 establishes the context of the thesis. 
Chapter 2 presents a brief background of the case study area. Chapter 3 presents the 
methods used in the study, including sampling and experimental procedures. Chapter 
4 presents the synthesized results and discussion from the studies reported in the four 
appended papers and results that are not reported elsewhere. Finally, Chapter 5 
summarizes the conclusions and recommendations. 
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CHAPTER 2 

2. Case study: The Lappberget deposit 
 

The Lappberget deposit is a stratabound Zn-Pb-Ag-(Cu-Au) deposit located at  Boliden 
Mineral AB’s Garpenberg mine, situated approximately 180 km northwest of 
Stockholm, Sweden (Figure 4). The mine is part of the historical Bergslagen mining 
district, known for hosting a diverse range of metamorphosed and deformed, magmatic-
hydrothermal, and hydrothermal mineral deposits, including ca. 7,000 iron oxide 
deposits, 1,500 base metal deposits, and 150 deposits of other commodities (Stephens 
et al., 2009). Mining operations at Garpenberg began as far back as 375 BCE (Bindler 
et al., 2017), and the mine has since developed to be the world’s most productive and 
modern underground zinc mine. In 2021, the mine processed approximately 3.06 Mt 
of ore to produce 109,000 t Zn, 38,000 t Pb, 985 t Cu, 275 t Ag, and 661 kg Au 
(Boliden, 2022). 

The Lappberget deposit is currently the largest known sulfide deposit in the mine, with 
a combined mineral resource and mineral ore reserve of 72.9 Mt at 2.86% Zn, 1.12% 
Pb, 0.05% Cu, 66 g/t Ag, and 0.40 g/t Au (Derrien, 2022). The mine produces four 
different concentrates: zinc, lead, copper, and a gravimetric concentrate targeted for 
gold and silver. Zinc accounts for approximately 40% of the revenue, next to silver (ca. 
30%), followed by lead (ca. 20%), then copper and gold (ca. 10%) (Tuvesson, 2022).  

2.1. Geology 

The Lappberget deposit is hosted within the strongly deformed and metamorphosed 
Garpenberg supracrustal inlier, composed of rhyolitic to dacitic metavolcanic rocks with 
minor metabasalts and marble interbeds (Figure 5). A northeast-southwest trending, 
doubly plunging upright syncline constitutes the major structure in the area and is 
referred to as the Garpenberg syncline (Allen et al., 2003; Du Rietz, 1968). 
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Mineralization occurs as irregular, stratabound, massive, and disseminated deposits, 
which mostly occur along the northwest limb of the Garpenberg syncline. 
Mineralization formed at ca. 1.89 Ga during the early stages of the Svecokarelian 
orogeny  (Jansson et al., 2011). The deposit was overprinted by at least two events of 
deformation and metamorphism at ca. 1.87 Ga and 1.82-1.84 Ga (Stephens and Jansson, 
2020). The metamorphic grade is estimated at lower amphibolite facies with a peak 
metamorphic temperature of 550°C at pressures below 3.5 kbar (Vivallo, 1985). At ca. 
1.8 Ga, a transition from ductile to brittle deformation occurred, characterized by 
localized shearing and faulting (Stephens and Jansson, 2020). The deposit is interpreted 
as a ‘Falun-type’ or subseafloor volcanogenic carbonate replacement (SVALS)-type 
deposit associated with VMS- and skarn-like features. SVALS-type deposits are 
interpreted to have formed in intra-caldera settings, wherein rapid burial during major 
caldera-forming volcanic events induced a shift from sub-seafloor hydrothermal activity 
to contact-metasomatic regimes with time (Jansson et al., 2011). 

 

Figure 4 Geological map of the Bergslagen region showing the location of the Garpenberg area outlined 
with a black box. Red circles are polymetallic sulfide deposits and blue circles are Fe oxide deposits 
registered in the database of the Geological Survey of Sweden (modified from Jansson et al., 2011). 
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On a local scale, the Lappberget deposit is hosted by intensely altered and 
metamorphosed felsic volcanic rocks and former limestone interbeds that are 
stratigraphically overlain by less altered metavolcanic rocks (Figure 5). The stratigraphic 
footwall rocks consist of highly silicified and/or micaceous rocks interpreted as massive 
to bedded metavolcanic rocks of originally rhyolitic to dacitic composition, with a 
minor presence of basaltic rocks (Jansson and Allen, 2011). This sequence is overlain by 
the main sulfide ore hosts, which consist of a skarn unit and calcitic to dolomitic marble. 
The hanging wall rocks consist of less altered, metamorphosed, rhyolitic to basaltic 
volcanic breccia, conglomerates, and sandstones with subvolcanic dacitic intrusions.  

Figure 5 Regional geologic map of the Garpenberg area (modified from Allen et al., 2003 and  Jansson 
et al., 2011). 
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CHAPTER 3 

3. Research methods 
 

This chapter describes the research methods carried out to achieve the objectives of this 
study, as illustrated in Figure 6. Table 1 provides a summary of the samples and 
techniques employed throughout the study. 

3.1. Drill core logging 

Drill core logging is one of the most fundamental geological characterization methods 
utilized in the mine. Boliden Mineral AB has provided the logging and assay database 
for the deposit. The database was used to understand the spatial distribution and the 
character of the Lappberget deposit and served as a guide for the subsequent logging 
and sampling selection. A total of approximately 7000 meters of drill core were re-
logged, providing a comprehensive overview of the deposit's geology and serving as the 
basis for collecting samples for microanalytical characterization.  

3.2. 3D modeling 

A 3D mineralogical model was developed to show the distribution of the main sulfide 
minerals in the deposit (Figure 7). This model was built using mineral abundance 
estimates obtained during drill core logging, calculated mineralogy from assays using 
element-to-mineral conversion, and underground mine geology maps (i.e., from -450 
to -1400 mine level). The model covers an area from approximately 350 meters below 
the surface down to 1600 meters in depth, representing the extent of the available drill 
core data during the study. High-grade intervals were logged in the deepest drill cores 
of the deposit, suggesting that mineralization remains open at depth.  
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Figure 6 General workflow of the study.
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Table 1 Summary of samples and analyses used in the study.  

Sample Set Methods Sample Type Number 
Mineralogical 
Samples 
(Paper I, II)  

Drill core logging and sampling  
(various lengths) 

Drill holes 23 

3D modeling Historical database 
 

-Drill holes 714 

-Assays 45,586 

Characterization 
  

-Microscopic analysis (Optical 
light microscopy and SEM-EDS) 

Thin sections 150 

-Automated Mineralogy 
(QEMSCAN) 

Thin sections 10 

-EPMA Thin sections 25 

-LA-ICPMS Thin sections 21 

Flotation 
Samples  
(Paper II, III, 
IV) 

Sampling Composite drill core 
samples (each approx. 15-
60 kg) 

20 

 
Flotation Test Crushed drill cores sieved 

at <3.15mm (5 kg each) 
23* 

 
Characterization 

  

 
-Geochemical analysis (ICP-
MS/OES, FA-OES, XRF) 

Flotation Products 160 

 
-Microscopic analysis (Optical 
light microscopy and SEM-EDS) 

Polished Epoxy Mounts 120** 

  -Automated Mineralogy 
(QEMSCAN) 

Polished Epoxy Mounts 120** 

*3 feed samples for the flotation test pre-study and 20 feed samples for the main study 
**sieved fractions of flotation products (3 each). QEMSCAN analysis for Paper II and Paper 
III was conducted for all eight flotation products, whereas only the Cu-Pb concentrate, Zn-
concentrate, and Final Tails were analyzed for Paper IV.  
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3.3. Sampling 

For this study, two sets of samples were prepared: mineralogical and flotation samples. 
The sampling workflow is visualized in Figure 6 and summarized in Table 1. The 
mineralogical samples were thin sections prepared from selected drill core samples of 
varying lengths (5–100 cm). These were collected from various mineralized sections in 
the deposit, targeting specific zones of the ore (i.e., different lithologies, alteration styles, 
and mineralogy). The ore classification scheme from the geological characterization 
study (Paper I) was used as a guide for selecting the flotation samples. The flotation 
samples were composed of crushed drill cores sieved at less than 3.15 mm, and then 
homogenized for each ore type. Both mineralogical and flotation samples were 
examined through different microanalytical tools, as described in Section 3.5.1. 
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Figure 7 Sample location plotted in the 3D mineralogical model of the Lappberget deposit. 
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3.4. Froth flotation

Froth flotation is a physiochemical separation method that utilizes the interface 
differences between solid particles, an aqueous solution, and a gaseous phase (air). 
Flotation is a complex process with several interacting factors, which can be categorized 
under four main categories: material, chemistry, equipment, and operation (Figure 8). 

Figure 8 Froth flotation system components.

The ‘material’ factors are related to the ore characteristics and are the main parameters 
studied in this thesis. However, ‘chemistry’ factors can also be attributed to the ore 
characteristics since these factors also rely on the mineral(s)-solution interactions. The 
effectiveness and dosage requirement of the reagents (i.e., collectors, frothers, activators, 
and depressants) depend on the surface properties of the particles being floated vis-à-vis 
the mineral(s) chemical properties (e.g., hydrophobicity, solubility, zeta potential, 
surface charge). Similarly, mineralogy can also affect the natural pH of the solution (e.g., 
the presence of carbonates in the feed).

The scheme for the flotation tests was designed based on the standard method used at
Boliden’s mineral processing laboratory. Two sets of experiments were conducted: a 
pre-study and a main study (Figure 9). The goal of the preliminary study was to identify 
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the optimal grinding time, which would be used as a parameter for the main study. 
Given the complexity of the multi-stage Zn-Pb-Cu flotation process, a 5-kg feed was 
selected to improve the representativeness of the samples (i.e., reducing the fundamental 
sampling error as discussed in Section 3.6.1). In addition, a large feed ensured that there 
would be sufficient concentrate mass for subsequent analysis for all ore types (i.e., 
geochemical assays require a minimum 25 g sample for gold fire assay). 

Figure 9 Scheme for the flotation experiments for the pre-study (in dashed line) and the main study 
(solid line). Reagents added during the conditioning stages are listed in italics. Eight flotation products 
(underlined) were collected for each experiment.
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The crushed drill core samples (<3.15 mm particle size) were divided into two sets. For 
the pre-study, 1.5-kg samples from the ten ore types were combined and then split into 
three 5-kg bulk feed samples. The remaining crushed drill cores from each ore type 
were split into 5-kg feed samples for the main study. 

To simulate the autogenous grinding process in the Garpenberg processing plant, a rod 
mill (i.e., Sala torque mill) made of acid-proof stainless steel and charge was used in the 
experiment. The stainless-steel composition of the mill and charge prevents the release 
of iron that can form iron hydroxides, which can influence the flotation process. The 
feed was ground in the mill with 2.7 liters of water and 49 kg rod mill charges with 
diameters between 5-25 mm. The mill was rotated at 54 rpm. For the preliminary 
study, three rougher flotation experiments of the bulk samples were performed at 
different grinding times (35, 45, and 55 minutes). The flotation products from this study 
were dried, sieved, and analyzed by X-ray fluorescence spectrometry (XRF) at 
Boliden’s mineral processing laboratory. An optimal grinding time of 45 minutes was 
determined based on Zn, Pb, and Cu grades and recoveries.  

For the main study, three cleaner stages were added for the Cu-Pb- and Zn-flotation. 
Two flotation tests were conducted (i.e., including rougher and cleaner stages) for each 
of the ten ore types. The operational parameters were kept constant for all experiments 
except for the pH in the Cu-Pb flotation and the frother dosage. Flotation products 
were collected, dried, and split into two sample sets. The first set of samples was 
submitted to Intertek Genalysis Laboratory in Australia for chemical analysis. The 
second set was analyzed by X-ray fluorescence spectrometry (XRF) at Boliden’s mineral 
processing laboratory. Initial processing of the XRF data for Zn, Pb, Cu, and Ag 
showed similar trends between the two repeats; thus, no additional test was performed. 
For all the second flotation tests (i.e., repeat test), the second set of samples was sized 
using 45- and 63-micron sieves to create three size fractions. 30-mm polished resin 
mounts were prepared for the different size fractions for optical microscopy and 
QEMSCAN analysis. For Papers II and III, QEMSCAN analysis was conducted for all 
eight flotation products, whereas only the Cu-Pb concentrate, Zn-concentrate, and 
Final Tails were analyzed for Paper IV. 
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3.5. Characterization 

3.5.1. Mineralogical characterization 

Different micro-analytical tools were employed to characterize the mineralogical and 
flotation samples, as summarized in Table 2. Detailed parameters for EPMA and LA-
ICPMS spot and mineral map analyses can be found in Paper I.  

Table 2 Different mineralogical characterization tools employed in the study. 

Methods Information 
Obtained 

Model Parameters Place of 
Analysis 

Optical microscope  Petrographic 
data 
(mineralogy, 
texture, 
mineral 
association, 
grain size) 

Nikon ECLIPSE 
E600 POL 

 
Luleå 
University of 
Technology 

Scanning electron 
microscope - 
Energy dispersive 
spectrometer 
(SEM-EDS) 

Mineralogy 
and semi-
quantitative 
mineral 
chemistry 

Zeiss Merlin FEG-
SEM 

Emission 
current: 1 nA 
Accelerating 
voltage: 20 kV 

Luleå 
University of 
Technology 

Electron probe 
microanalysis 
(EPMA) 

Quantitative 
mineral 
chemistry 

CAMECA SX100 
(1 EDS and 5 
wavelength 
spectrometers: 
TAP, 2 LLIF, PET, 
and LPET) 

Emission 
current: 40 nA 
Accelerating 
voltage: 20 kV 

Geological 
Survey of 
Finland 

Laser ablation-
inductively 
coupled plasma 
mass spectrometer 
(LA-ICPMS) 

Quantitative 
trace element 
mineral 
chemistry 

New Wave 
Research 
(NWR193) laser 
ablation system 
and Thermo 
Scientific iCAP-Q 
quadrupole ICPMS  

Spot size: 25 and 
50 microns 
Repetition rate: 
5 Hz 
Laser fluence 
~2.5 J/cm2 

Luleå 
University of 
Technology 

Acquisition 
time: 85 seconds 

QEMSCAN Automated 
mineralogy 
(modal 
mineralogy, 
particle data, 
liberation) 

QEMSCAN® 650 
(FEI with W 
filament, 2 EDS, 1 
electron backscatter 
detector) 

Emission 
current: 10 nA 
Accelerating 
voltage: 25 kV 
Point spacing: 
2.5-5 μm  

Boliden 
Mineral AB 
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3.5.2. Geochemical assays 

All flotation samples were initially analyzed using X-ray fluorescence spectrometry 
(XRF) at Boliden’s mineral processing laboratory and were submitted for multi-
element analysis to the commercial laboratory Intertek Genalysis in Australia. Analytical 
procedures used include fire assay and inductively coupled plasma optical emission 
spectroscopy (ICP-OES) for Au, four-acid (HNO3-HClO4-HF-HCl) digestion and 
inductively coupled plasma mass spectroscopy (ICP-MS) for 48 elements, and 
controlled temperature acid digest ICP-MS for Hg. If the acquired values for Cu, Zn, 
Pb, and S were above detection limits, the samples were additionally analyzed by four-
acid ore grade ICP-OES. Samples with greater than 5 wt% Ag or 70 wt% Pb were 
additionally analyzed using sodium peroxide fusion Ni crucible ICP-OES. 

3.5.3. Element-to-mineral conversion 

Element-to-mineral conversion (EMC) is based on a set of linear algebraic equations 
utilized to convert a sample's bulk chemical composition to mineral grades (Whiten, 
2007). This can be expressed as:  

     Eq. 1 

where  is the mass proportion of the th element in the sample (i.e., chemical assay), 
 is the mass proportion of the th mineral in the sample (i.e., modal mineralogy),  

is the mass proportion of th elemental assay in the th mineral (i.e., based on the 
mineral chemistry).  

The EMC calculations were performed for the 3D mineralogical modeling of the 
Lappberget deposit and the estimation of the modal mineralogy of the flotation 
products. For the 3D mineralogical modeling, only sphalerite, galena, and chalcopyrite 
were calculated since most of the historical assays were limited to Zn, Pb, Cu, Au, and 
Ag. The abundance of the minerals was calculated based on the assumption that the 
majority of Zn, Pb, and Cu are hosted in sphalerite, galena, and chalcopyrite, 
respectively. From the results of Paper IV, sphalerite and galena account for more than 
99% of Zn and Pb deportment. Copper is mainly hosted in chalcopyrite (76%-96%), 
followed by cubanite (3%-11%) and/or tetrahedrite (<1%-18%), depending on the ore 
type. For the calculation of modal mineralogy of the flotation samples, a list of elements 
and minerals utilized in the calculations is shown in Table 3. Mineral ratios based on 
the QEMSCAN analysis of each ore type were utilized to constrain the matrix 
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calculations. The chemical composition utilized for the calculation can be found in the 
supplementary material in Paper IV. The comparison between the mineral distribution 
calculated by the EMC method and the QEMSCAN analysis showed a high level of 
agreement for the major and minor minerals but not for trace minerals (refer to  
Supplementary Figure 1 in Paper IV). 

Table 3 Elements and minerals used to create rounds for EMC calculation. Mineral formulas are based 
on the EPMA analysis from Paper I.  

Elements Mineral phase 
(abbreviation) Mineral Formula 

 
Zn Sphalerite (sp)* Zn0.8-1.08Fe0-0.2Mn0-0.1S  

Gahnite (ghn) ZnAl2O4  

Pb Galena (gn) PbS  

Boulangerite (boul) Pb5Sb4S11  

Jordanite (jor) Pb13.8-13.9(As4.6-5Sb1.1-1.3)S23-23.1  

Bournonite (bour) PbCuSbS3  

Diaphorite (dia) Pb2Ag3Sb3S8  

Cu Chalcopyrite (ccp) CuFeS2  

Cubanite (cbn) CuFe2S3  

Freibergite (frb) (Cu4.3-10.6Ag0.1-6.2Zn0-1.1Fe0.1-2Mn0-1.9)(Sb0.2-

4.2As0-3.8)S12.2-13.6 
 

Tetrahedrite (ttr)  

Tennantite (tnt)  

Ag Native Silver (Ag) Ag  

Allargentum (all) Ag0.81-0.98Sb0.01-0.15   

Dyscrasite (dys) Ag3.1-3.2Sb0.8  

Acanthite (ac) Ag2S  

Pyrargyrite (pyr) Ag3SbS3  

Au Electrum (el) (Au,Ag) 10-87wt% Ag  

Fe and S Pyrite (py) FeS2  

Pyrrhotite (po) Fe1-xS  

As Arsenopyrite (apy) Fe1.02-1.03As0.9-1S  
Sb Gudmundite (gdm) FeSb0.9-1S  
*two sphalerite compositions were accounted for during the calculations (sphalerite-1 
with 7% Fe, 0.5% Mn, and 60% Zn and sphalerite-2 with 3% Fe, 0.5% Mn, and 63% 
Zn). The ratio utilized to constrain the calculation is based on the distribution from the 
QEMSCAN analysis, wherein sphalerite grains were categorized as Fe-rich and Zn-rich 
sphalerite. 
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3.6. Evaluation of error sources 

This section addresses the various types of errors and sources of error encountered 
during the sampling, experimental, and analytical work. 

3.6.1. Sampling error 

A summary of the main sources of sampling error based on Pierre Gy’s sampling theory 
is presented in Table 4 (Minnitt et al., 2007; Pitard, 2019). Errors associated with 
material heterogeneity (FSE, NE, and GSE) and sampling process variations (HFE) are 
inherent to the characteristics of the sample; thus, they cannot be eliminated but only 
minimized through careful design of the sampling procedure. The last five sampling 
errors are accumulated from incorrect sampling procedures related to tools, techniques, 
and handling of samples.  

According to Gy (1976), the relative variance of the fundamental sampling error is 
expressed as: 

    Eq. 2 

where  is the mass of the sample,  is the mass of the lot (i.e., total mass of material 
from which  is taken),  is the form factor,  is the granulometric distribution factor, 
 is the mineralogical composition factor,  is the liberation factor, and  is the nominal 

size of fragments of the sample at P95. The mineralogical composition factor  is defined 
as: 

    Eq. 3 

where  is the relative proportions of the metals of interest on the mineralogic factor, 
 is the density of the metal of interest, and  is the density of the sample matrix 

(i.e., gangue). 
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Table 4 Main sampling errors contributing to the non-representativeness of the samples categorized based 
on the main factors affecting the errors (Minnitt et al., 2007; Pitard, 2019).  

Factors Errors Description 
Material 
heterogeneity 

Fundamental 
sampling error 
(FSE) 

refers to the 'minimum' sampling errors that arise 
from the inherent variability of the material being 
sampled 

In-situ nugget effect 
(NE) 

random variance associated with the presence of 
isolated high-grade materials leading to unpredictable 
rapid changes 

Grouping and 
segregation errors 
(GSE) 

related to the combined effects of gravity interacting 
with the characteristics of materials being sampled and 
with the spatial distribution of the particles 

Sampling 
process selection 

Heterogeneity 
Fluctuation error 
(HFE) 

non-random, spatial error due to large-scale periodic 
or cyclical, but non-random, fluctuations across 
the population (e.g., seasonal changes) 

Equipment 
design and 
analytical 
uncertainty 

Increment 
delimitation error 
(IDE) 

tied to the design of the sampling device wherein the 
volume boundaries of the device must give all 
fractions collected an equal chance of being part of 
the sample  

Increment 
extraction error 
(EE) 

tied to the design of the sampling device wherein the 
shape of the device's edges is important to the center 
of gravity of each particle and for each particle's 
chance to be part of the sample or part of the rejects. 

Weighing error 
(WE) 

associated with incorrect weighing procedures, such 
as uncalibrated and improperly installed weighing 
apparatus 

Preparation error 
(PE) 

include gross errors such as losses, contamination, and 
alteration (e.g., sample degradation) associated with 
sampling preparation 

Analytical error 
(AE) 

associated with the imperfections in the analysis 
(chemical or physical) operation (e.g., 
instrumentation error, operator errors, moisture 
analysis, gravimetric errors, and other measurement 
errors) 
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Estimates of the fundamental sampling error for the flotation procedure are given in 
Table 5. The first stage of sampling accounts for most of the error. For the first stage, 
the total mass of the sampled drill cores (  is 368 kg, and the mass of the lot (  is 
72.9 Mt (based on the total tonnage of the Lappberget deposit’s mineral resource and 
reserve from Derrien (2022)). The reasonable guideline for most base metals at the first 
sampling stage is at 10%, the second at 7%, the third at 5%, and so on (Pitard, 2019). 
The sampling strategy conducted for this work is within reasonable levels for Zn and 
Pb. However, relatively high error estimates are calculated for Cu, Ag, and Au due to 
the low-grade concentrations of these metals in the Lappberget deposit (i.e., 0.05 wt% 
Cu, 0.01 wt% Ag, and 0.5 g/t Au). Thus, for representative sampling of Cu, Ag, and 
Au, a higher sample mass is needed to account for the inherent variability of the sample. 
For example, a minimum sample requirement of approximately 2.5 t, 27 t, and 905 t is 
needed to have a 10% error for Cu, Ag, and Au.  

Since the majority of the equipment used is from Boliden’s mineral processing 
laboratory, minimizing the equipment design-related errors (IDE and IE) was not 
included in the scope of the study. Care was taken to minimize the preparation and 
weighing errors during the sampling, packing, and transporting of the Lappberget ore 
material.  

Table 5 Estimates of the fundamental error (relative standard deviation in %) for the sampling procedure 
of the flotation samples utilized in the study.  

  Zn Pb Cu Ag Au 
Composite drill core selection 3.8 9.1 21.7 85.2 496.1 

Crushing to grinding 0.4 1.0 2.3 9.1 52.8 

flotation products to Intertek 0.1 0.1 0.3 1.3 7.5 

flotation products to QEMSCAN 0.4 1.0 2.3 9.1 53.0 

 
Several analytical errors can be associated with the various analytical techniques utilized 
in this study (Table 1). For the geochemical analysis, internal laboratory quality control 
at Intertek was passed within 2 error range for each of the analyzed elements. For 
external quality control, certified standards were interspersed with the samples, all 
passing within 2 error. The precision of all the analyses for all the analyzed elements 
for the different procedures is available in Intertek (2020). The XRF equipment in 
Boliden’s mineral processing laboratory (SPECTRO X-LabPro) has been calibrated 
using analyzed ore samples from the Garpenberg mine and has a ±5% relative error for 
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major elements. Uncertainties and detection limits for the LA-ICPMS and EPMA 
analyses are provided in the Supplementary Material of Paper I. 

Analytical uncertainty for QEMSCAN analysis is generally around ±5 % (relative error), 
with a detection limit of 0.5-3 wt% depending on the analyzed element and the number 
of X-ray counts (Newbury and Ritchie, 2013; Rollinson, 2021). However, by 
processing the individual EDS analysis points and taking the average EDS analysis for 
each mineral grain, the uncertainty for the QEMSCAN analysis was improved 
significantly as demonstrated in Paper III.  QEMSCAN analysis of sphalerite for 
manganese, iron, and zinc falls within ±0.2, ±0.6, and ±0.8 wt% at 95% confidence 
interval of the EPMA results, respectively. Other errors associated with the 
QEMSCAN analyses can be attributed (but not limited) to: 

- Particle agglomeration was observed in the <45 μm fractions despite using 
graphite. Agglomerated particles were removed during the processing of 
QEMSCAN data. 

- Density segregation, which can occur due to the presence of minerals with 
varying densities in the Lappberget samples, may also contribute to analytical 
errors in the QEMSCAN analysis. However, comparisons of the calculated 
QEMSCAN assay and chemical assay for Ag (Paper II) and minerals such as 
galena, native silver, and allargentum (Paper IV) show no systematic 
overestimation in the QEMSCAN analyses. 

- The minimum grain size was determined by the pixel size limitation of 3 μm, 
leading to an underestimation of QEMSCAN results for extremely fine-grained 
minerals (Paper II). 

- Mixed pixel signals were observed, especially for EDS analyses within grain 
boundaries. The effect of mixed signals was partially removed by filtering out 
results with less than 100,000 kcps X-ray count rate and 85% spectral engine 
identification confidence (Paper III). 

- Stereological corrections were not applied for the QEMSCAN analysis. 
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3.6.2. Experimental error 

The flotation experiments were conducted with varying feed characteristics (i.e., 
different ore types) while keeping the operational conditions constant. However, 
despite efforts to maintain consistency in all the operational parameters, it is inevitable 
that minor differences in the flotation set-up can occur (e.g., speed of manual scraping, 
addition of wash water, estimation of percentage solids by weight, process water quality, 
and temperature). These limitations also apply to the replicate tests. The flotation tests 
were conducted in a random order to balance the effect of these extraneous or 
uncontrollable conditions. 
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CHAPTER 4 
4. Results and Discussion 

 

This chapter summarizes the main findings and results of the studies presented in the 
four appended papers and highlights their implications for research and industry. 
Additionally, results not reported elsewhere in the papers will also be discussed in this 
chapter. 

4.1. Ore mineralogy of the Lappberget Zn-Pb-Ag-(Cu-Au) 
deposit 

Up to 120 minerals (including 32 sulfides and sulfosalts, as listed in Table 6) have been 
identified in the Lappberget deposit.  Sphalerite, galena, and pyrite are the main sulfide 
minerals, whereas pyrrhotite and chalcopyrite constitute minor components. Magnetite 
is mainly found in the upper portion of the deposit. Major gangue minerals are quartz, 
tremolite-actinolite, diopside, biotite, muscovite, calcite, dolomite, plagioclase, talc, 
garnet, and chlorite. The deposit is categorized into seven mineralization styles based 
on the distribution and occurrence of the different sulfides in Lappberget and their 
association with their host lithologies. Footwall disseminated and semi-massive (FWD) 
mineralization is observed at depth and transitions to a massive sphalerite-galena-pyrite-
chalcopyrite-pyrrhotite-Au (MSGC) mineralization followed by a massive sphalerite-
pyrite-galena (MSPG) mineralization. Skarn-hosted (SKN) mineralization occurs at the 
interface between the silicified volcanic rock and dolomitic marble. Magnetite 
mineralization (MT), carbonate-hosted Ag-rich sulfide sulfosalt veinlets (AgD) 
mineralization is concentrated in the upper part of the deposit, within the dolomitic 
marble sequence. Northeast-trending shear zones that host the mineralization at 
Lappberget are classified as mineralized shear zones (MSZ). 
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Table 6 Mineral abundance of sulfides, sulfosalts, and antimonides in the Lappberget deposit (Paper I) 

Ab.* Mineral phase (abbreviation) Mineral Formula 

M
aj

or
 Sphalerite (sp) Zn0.8-1.08Fe0-0.2Mn0-0.1S 

Galena (gn) PbS 

Pyrite (py) FeS2 

M
in

or
 

Pyrrhotite (po) Fe0.9-1S 

Chalcopyrite (ccp) CuFeS2 

T
ra

ce
 Arsenopyrite (apy) Fe1.02-1.03As0.9-1S 

Freibergite (frb) (Cu4.3-10.6Ag0.1-6.2Zn0-1.1Fe0.1-2Mn0-1.9)(Sb0.2-

4.2As0-3.8)S12.2-13.6 Tetrahedrite (ttr) 

Sp
or

ad
ic 

Allargentum (all) Ag0.81-0.98Sb0.01-0.15  

Native silver (Ag) Ag 

Cubanite (cbn) CuFe2S3 

Gudmundite (gdm) FeSb0.9-1S 

Alabandite (alb) MnSa 

Bournonite (bour) PbCuSbS3 

Dyscrasite (dys) Ag3.1-3.2Sb0.8 

Acanthite (ac) Ag2Sa 

Electrum (el)** (Au,Ag) 10-87 wt% Ag 

Boulangerite (boul) Pb5Sb4S11
a 

Jordanite (jor) Pb13.8-13.9(As4.6-5Sb1.1-1.3)S23-23.1 

 R
ar

e 

Tennantite (tnt)  

Stephanite (stp) Ag5.3-7.4Sb1.4-3.4S0.7-1.1 

Pyrargyrite (pyr) Ag3SbS3
a 

Diaphorite (dia) Pb2Ag3Sb3S8
a 

Native antimony (Sb) Sba 

Native arsenic (As) Asa 

Native gold (Au) Aua 

Proustite (prs) Ag3AsS3 

Nisbite (nsb) NiSb2 

Chalcostibite (csb) CuSbS2 

Bornite (bn) Cu₅FeS₄  
Löllingite (lo) FeAs₂ 
Molybdenite (mol) MoS2 

*Abundance: major mineral phase (>5%), minor (0.1-5%), sporadic (0.01-0.001%), rare 
(<0,001%), ** alloy 
a based on stoichiometric formula (Anthony et al., 1990) 
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4.1.1. Texture and mineral chemistry of sulfide minerals

Qualitative and quantitative mineralogical and textural investigations were undertaken 
for the main sulfide minerals in the Lappberget deposit. Three sphalerite types were 
identified based on their distinct mineral chemistry and morphology. Examples of these 
sphalerite types are shown in Figure 10. Sphalerite-1 (sp-1) contains a relatively higher 
amount of trace elements (Fe, Co, Ge, Cu, Sn, and Au) but is lower in Mn/Fe, Ga, 
and Hg compared to sphalerite-2 (sp-2). Sphalerite-3 (sp-3) is Mn-rich but rarely 
contains fine oscillatory growth zonation with irregular fluctuations in Mn composition 
(0.1-46 wt% Mn). Sp-1 mainly occurs within the main sulfide mineralization (i.e., 
MSPG, MSGC, and FWD). It is generally coarse-grained and exhibits recrystallization 
and annealing textures. Chalcopyrite inclusions are common for sp-1 grains in MSGC 
and FWD ore types. This texture is referred to as ‘chalcopyrite disease’, which is typical 
in metamorphosed sulfide deposits (i.e., below upper amphibolite facies)(Barton and 
Bethke, 1987; Bente and Doering, 1995; Govindarao et al., 2018; Lockington et al., 
2014). Sp-2 is mainly associated with manganoan dolomitic marble and skarn minerals 
(i.e., MT, AgD, and SKN). Brittle deformation of sp-1 and sp-2 in shear zones 
produced finer-grained rounded sphalerite intergrown with galena. Late-stage 
carbonate-hosted Ag-rich veins (AgD) contain well-rounded sphalerite grains (sp-3a) 
and sphalerite grains with nano- to micrometer thick oscillatory growth zonation (sp-
3b). 

Figure 10 Three sphalerite types present in Lappberget:(A) photomicrograph of a sphalerite-1 grain 
showing the typical ‘chalcopyrite disease’ watermelon texture (LPB1554-216.7), (B) photomicrograph 
of sphalerite-2 showing growth zonation patterns (LPB3065-30.78), and (C) SEM image of 
sphalerite-3 showing oscillatory zoning cut by fracture-filling allargentum (all) and Ag-bearing 
tetrahedrite (ttr) and freibergite (frb) (LPB2918-472.34).
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The four different generations of pyrite identified in the Lappberget deposit were (1) 
rounded Co-rich anhedral pyrite (py-1), (2) inclusion-rich pitted pyrite (py-2), (3) 
inclusion-free recrystallized pyrite (py-3) and (4) As-rich pyrite aggregates occurring 
with galena and tetrahedrite (py-4). Py-1 is finer-grained (<100 μm) and occurs as 
anhedral to subhedral individual grains or as inclusions within the younger pyrite 
generations. Py-1 shows a high distribution of Co, Ni, and As. It is, however, difficult 
to distinguish since it visually resembles py-3 and was only revealed through etching 
with NaClO, as shown in Figure 11. The pits in py-2 are commonly filled with 
arsenopyrite, galena, tetrahedrite, sphalerite, chalcopyrite, and silver-bearing minerals. 
Analyzed py-2 grains contain several micro-inclusions, resulting in an anomalously high 
amount of Cu, Zn, As, Ag, Pb, and Sb. Py-3 is characterized as coarse and rounded
subhedral grains, commonly found with recrystallization and annealing features. Py-3
is found throughout the mineralized areas in Lappberget. Most of the pyrite, assumed 
to be of the recrystallized type (py-3), show an even and relatively low distribution of 
trace elements (Mn, Co, Ag, Sb, Au, and Pb). Py-4 is fine-grained (<10 μm) aggregates 
of pyrite grains complexly intergrown with galena, tetrahedrite, and other sulfosalts and 
is observed in skarn ore type (SKN) and the late veins (AgD). A younger fine-grained 
subhedral to euhedral pyrite is also observed in the unmineralized rocks (i.e., younger 
intrusives) in Lappberget but was not included in the study. 

Figure 11 Three generations of pyrite revealed through etching in NaClO and LA-ICPMS multi-
element mapping (LPB1617-277).
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Two generations of chalcopyrite were observed. Type 1 chalcopyrite (ccp-1) is 
associated with sulfide mineralization and dominant in FWD and MSGC, whereas the 
second type of chalcopyrite (ccp-2) is mostly observed in late-stage Ag-rich veins 
(AgD). Ccp-1 predominately occurs in the lower part of the deposit associated with the 
biotite-rich footwall rocks. Ccp-1 is generally fine-grained (<25 μm) but may occur as 
coarse (>200 μm) crystals along sulfide veinlets. Cubanite and pyrrhotite exsolutions 
were also observed in ccp-1. Ccp-2 is subhedral to euhedral and occurs as fine- to very 
fine-grained crystals. Ccp-2 is typically intergrown with euhedral arsenopyrite, 
dyscrasite, sphalerite (sp-3), and tetrahedrite (ttr-2).  

It is difficult to distinguish different galena generations due to galena’s ductile behavior. 
Galena typically forms as an interstitial phase between sphalerite and, less commonly, 
pyrrhotite and chalcopyrite. Trace element chemistry analysis shows significant amounts 
of Ag (median = 842.1 ppm) and Sb (median = 893.6 ppm) with varying concentrations 
of Cd, Sn, Sb, Tl, Bi, and more rarely As in the crystal lattice. Galena associated with 
Ag- and Sb-bearing minerals reports a lower Ag and Sb content, whereas the highest 
Sn content in galena is observed in FWD and MSGC samples. 

Based on the volume of the detected and analyzed silver-bearing grains, the most 
important silver minerals are native silver and allargentum. The tetrahedrite group of 
minerals are the next most abundant hosts for silver, followed by acanthite, dyscrasite 
and electrum. The silver-bearing minerals are commonly complexly intergrown with 
each other and associated with galena veins. Freibergite and tetrahedrite exsolutions 
typically occur in galena, forming irregular grains ranging from a few microns to a 
millimeter.  

Principal component analysis (PCA) of the trace element concentrations of co-
occurring sphalerite, galena, chalcopyrite, pyrite, and pyrrhotite shows preferential 
partitioning of some elements between different sulfides (Figure 12). Manganese, Cd, 
and Hg are primarily concentrated in sphalerite, whereas Tl and Bi are mainly 
incorporated in galena. Pyrite mainly hosts As and Co. High concentration of Au is 
detected in chalcopyrite grains; however, further investigation using LA-ICPMS spot 
analysis shows that Au mainly occurs as microinclusions within the chalcopyrite grains. 
Chalcopyrite is the primary host for Sn but is also present in sphalerite and galena. 
Gallium and In are consistently concentrated in sphalerite but can also be present in 
other sulfides. 
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Figure 12 3D Bi-plot from the PCA analysis of trace element concentrations of analyzed co-occurring 
sulfides (LPB3458-178.06). 

4.1.2. Implications to ore formation, metamorphism, and deformation  

The results from this study have shown that some primary features (i.e., textural and 
chemical signatures) associated with the initial ore formation of Lappberget are still 
preserved despite the two overprinting metamorphic and deformation events. The 
metal zonation at the deposit is similar to other SVALS-type deposits in Bergslagen, 
(i.e., transitioning from Cu and Au-rich disseminated/stringer mineralization in the 
footwall rocks to a more Zn-Pb-rich massive sulfide mineralization). Based on the 
chemical signatures of the analyzed sulfides (e.g., high Au/Ag content in electrum, high 
Co concentration of py-1, high Sn content in galena), it is inferred that Lappberget 
formed from relatively hot (>250 ◦C), moderately acidic, reducing hydrothermal fluids, 
similar to typical volcanogenic massive sulfide deposits. Building on the SVALS-type 
models (Allen et al., 2003, 1996; Jansson and Allen, 2015; Kampmann et al., 2018), 
pyrite (py-1), pyrrhotite, chalcopyrite (ccp-1) ± cubanite, and possibly gold may have 
formed contemporaneously during the early (syn-volcanic) ascent of the hydrothermal 
fluid when a decrease in temperature prompted the deposition of minor sphalerite and 

-galena. Upon interaction of the fluid with the overlying marble unit, pH 
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neutralization occurred and promoted the formation of the main massive sulfide lenses. 
In detail, this led to the increased precipitation of sphalerite (sp-1), pyrite (py-2), and 
galena. The timing of the skarn mineral formation and sp-2 at Lappberget is difficult to 
fully constrain due to the complex regional metamorphic overprint. The origin of these 
skarns may have been from purely regional metamorphic reactions between carbonates 
and silicates in syngenetic deposits to intrusion-related metasomatism. 

The overprinting metamorphism and deformation phases have resulted in the formation 
of most of the textural features observed in Lappberget (e.g., Figure 13). 
Recrystallization of sp-1 grains occurs at high-angle boundaries, some showing triple-
grain junctions commonly lined by small chalcopyrite and pyrrhotite grains. Sp-1 
generally has a homogeneous trace element distribution (i.e., no zonation observed) 
due to static recrystallization and re-equilibration (Bente and Doering, 1995; Gilligan 
and Marshall, 1987; Lockington et al., 2014). Silver in the Lappberget deposit may have 
been remobilized from the massive sulfide mineralization through retrograde reactions 
involving sulfosalt phases formed through exsolution from a high-temperature galena 
phase ( -galena). The strong Ag and Pb correlation, high Ag:Pb wt. % ratio (1:240), 
and approximately 1:1 bulk Ag/(Sb + Bi) molar ratio of the Lappberget ore suggest that 
significant quantities, if not all, of silver in Lappberget can be accounted for as an original 
component of an -galena (Amcoff, 1976; Chutas et al., 2008). The recrystallization of 
pyrite (py-3) and galena may have led to the re-distribution of fluid-mobile elements 
(As, Cu, Zn, Pb, Ag, and Au), some of which were deposited in discordant Ag-rich 
fissure veins peripheral to the main massive sulfide lenses.  

The transition from ductile to brittle deformation caused the formation of localized 
shear zones and generated ‘ball ore’ textures in MSZ. The brittle deformation of the 
more competent minerals (mainly pyrite, silicates, and carbonates) was commonly 
observed within localized structures (e.g., Figure 13B). Silver-rich veins associated with 
sp-4, py-4, and ccp-2, did not exhibit evidence of ductile deformation and hence most 
likely formed after the transition from ductile deformation when the dolomite host 
began to deform in a brittle manner. Based on the cross-cutting relationships, these 
veins were formed in the later stage of the regional geological evolution in Bergslagen. 
However, it is most likely that these veins were ultimately sourced from the nearby 
sulfide lenses via remobilization since the suite of elements mirrors those that are 
inferred to have been lost during the recrystallization of early galena (e.g., Sb, Ag) and 
pyrite (Co, Ni, As, Cu, Zn, Pb, Ag, and Au).  
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Figure 13 Ore textures: (a) recrystallized, coarse-grained sphalerite  (LPB1617-91-02), (b) shear 
movement within localized structure leads to the natural ‘grinding’ of minerals (LPB1617-157.62), 
(C) chalcopyrite disease characterized by fine-grained inclusions of chalcopyrite in sphalerite (LPB1554-
216.17), (D) complex texture formed from the exsolution of allargentum, nisbite and pyrrhotite 
(LP1103-198.32), (E) complex texture formed from the exsolution of former sulfosalt to tetrahedrite, 
cubanite, silver, allargentum, alabandite and sphalerite (LPB2572-153.91), and (F) interstitial growth 
of bannisterite in fissure veins (KCa(Mn,Fe,Zn,Mg)21(Si,Al)32O76(OH)16•12(H2O)), (LPB3617-
98).
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4.2. Linking ore characteristics to the variability in process 
performance 

To understand the variability within the entire deposit, geological domains were 
utilized as the basis for sampling and geometallurgical testing. Ten geological domains 
were established based on the seven mineralization styles defined in Section 3.1. The 
massive sulfide mineralization ore type was further subdivided into three classes based 
on their spatial location in relation to the main ore lens, host lithologies, and the relative 
abundance of pyrite, sphalerite, and galena. Similarly, the footwall disseminated rocks 
are divided into two types based on differences in host lithology characteristics and 
sulfide abundance. The geological domains identified are summarized in Table 7. The 
flotation performance for all geological domains was evaluated based on the grade, 
recovery, and concentration efficiency index (Ec).  Ec is defined as a product of mineral 
recovery and selectivity (Stevens and Collins, 1961). The results are summarized in 
Table 8 and Figure 14.  

The high variability in the feed grade of the different ore types reflects the heterogeneity 
of the ore and, consequently, the flotation performance of the samples. The Cu-Pb 
flotation circuit targets a variety of minerals in trace to minor amounts, leading to higher 
variability in performance compared to the Zn flotation which only targets sphalerite. 
Gahnite, a zinc spinel (ZnAl2O3), rarely occurs in Lappberget and is expected to report 
to the tailings. Sphalerite also occurs at a coarser grain size and a higher degree of 
liberation compared to galena, chalcopyrite, and other Ag-bearing phases. Between the 
different ore types, higher variability in grain size and degree of liberation is observed 
in galena, chalcopyrite, and Ag-bearing minerals than in sphalerite. In addition, the 
strong associations of galena, tetrahedrite, and other Ag-bearing phases produce more 
complex textures than sphalerite grains (see Figure 13 for examples). 

Recovery of galena is correlated with the recovery of Ag-bearing phases. This is due to 
the strong association of Ag-rich minerals with galena veins and Ag present in the crystal 
lattice of galena. 
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Table 8 Statistics for the feed grade, concentrate grade, and recovery of the flotation experiments in Paper 
IV

Element Unit Mean Std. Dev.
Coefficient 
of Variation

Feed Grade Zn wt % 7.6 4.6 60.2

Pb wt % 2.9 2.3 80.8

Cu wt % 0.1 0.1 95.0

Ag g/t 158.8 78.2 49.2

Au g/t 0.5 0.7 132.9

Final Concentrate 
Grade

Zn wt % 57.6 2.8 4.8

Pb wt % 45.2 15.4 34.0

Cu wt % 1.3 1.5 110.0

Ag g/t 0.3 0.4 125.6

Au g/t 4.9 5.1 103.6

Recovery Zn % 64.6 13.3 20.7

Pb % 58.8 20.7 35.2

Cu % 44.5 21.5 48.2

Ag % 51.2 18.3 35.8

Au % 32.1 12.9 40.3

Figure 14 Average concentration efficiency (EC) for sphalerite (in %), galena (in %), chalcopyrite (in 
‰), and Ag-bearing phases (in ‰). Range bars indicate the values from the repeat flotation tests.
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The variation in sphalerite flotation performance is mainly attributed to the differences 
in grain size and liberation and, less significantly, to differences in mineral chemistry 
(Paper III). The flotation performance of the ten different geological domains also 
shows the strong effect of grain size and liberation on sphalerite recovery (Figure 15). 
However, it should be noted that the grain size studies were based on ‘ground’ samples 
and, thus, not the inherent sphalerite grain size of the ore. It was also not possible to 
use the coarsest size fraction as an alternative to determine the ‘intact’ mineral grain size 
and mineral association characteristics since most of the sphalerite-bearing particles in 
the sample were liberated. The degree of liberation of sphalerite particles, which is 
mainly dependent on the complexity of ore texture and fineness of grind, is strongly 
correlated with the final sphalerite concentrate grade. 

Figure 15 (A) Plot of EC values for sphalerite and the mean grain size of sphalerite (ESD) (B) Plot of 
the final concentrate grade of sphalerite and the distribution of liberated sphalerite particles (>80% degree 
of liberation).

The hardness of the minerals is also a contributing factor in the variability of the 
grinding performance of the ore. The study by Stark (2021) showed that the quartz-
rich ore types at Lappberget are more difficult to grind than massive sulfide ore types 
(Figure 16).
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Figure 16 Estimated grinding energy consumption of selected ore types in Lappberget based on the study 
by Stark (2021).

4.3. Linking geology and metallurgy

The results of this study have shown that the ore characteristics vary considerably for 
the different ore types as a function of the prevailing physicochemical conditions during 
ore formation and their evolution during subsequent metamorphism and deformation. 
Consequently, this leads to the variability in the mineral processing performance of the 
ore. Table 9 summarizes some of the interrelationships observed between the geological 
and mineralogical processing parameters and their impact on the beneficiation process.

Table 9 Correspondence between the geological and mineral processing factors

Geological Factor Mineral Processing Factor Mineral Processing Operation
Primary rock type hardness, density, pH Crushing, Grinding, Flotation

Primary ore formation mineral assemblage, mineral 
chemistry, hardness, grain 
size, density

Grinding, Flotation

Alteration hardness, clay*, mineral 
assemblage, mineral 
chemistry, hardness, density

Grinding, Flotation

Metamorphism and 
Deformation

mineral assemblage, mineral 
chemistry, hardness, grain 
shape and size

Grinding, Flotation

Structure (Faulting) clay*, grain size, friability Crushing, Grinding, Flotation

*talc for the Lappberget deposit
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For the Lappberget deposit, some of these interrelationships between geology and 
mineral factors can be isolated and spatially constrained as follows: 

- Primary rock type. The primary host lithologies for the mineralization in 
Lappberget are mainly metavolcanic rocks and marble. The rocks at Lappberget 
were subjected to the action of highly SiO2-rich hydrothermal fluids, which 
caused silicification and the formation of quartz-rich rocks around the ores. 
Highly siliceous ore types in Lappberget are more difficult to grind than 
carbonate-hosted ore types. Dolomite and calcite-bearing lithologies had higher 
natural pH during the Cu-Pb flotation (~pH 9); however, the effect in flotation 
was not investigated. 

- Primary ore formation. The distribution of sulfide minerals at Lappberget is a 
function of primary zonation in the original ore-forming hydrothermal system, 
followed by remobilization during the overprinting metamorphism and 
deformation. Consequently, the different spatial distribution and occurrence of 
the sulfide minerals throughout the deposit mainly contribute to the variability 
in the feed grade in the processing plant. Ore types with the highest 
concentrations of chalcopyrite and gold in the feed produced the highest final 
Cu and Au concentrate grades, albeit not the highest recoveries. The 
concentration of massive sphalerite and galena along the contact with the 
overlying marble is associated with massive sphalerite-rich ores, which were 
easiest to grind (Stark, 2021) and had the highest degree of liberation for 
sphalerite and galena. Ore type quartz-magnetite-skarn (QMt), which is 
characterized by the subordinate magnetite mineralization associated with 
galena, Ag-minerals, pyrrhotite,  minor sphalerite, and pyrite, is interpreted as 
part of the distal end of metal deposition (Jansson, 2011), and consequently, 
deposited in stratigraphically upper parts of the deposit. The poor flotation 
performance of QMt can be attributed to its unique mineral assemblage, which 
includes lower levels of sphalerite and higher concentrations of Ag-bearing 
minerals.  

- Alteration. It is interpreted that the ‘quartz-rich’ rocks are products of alteration 
and metamorphism. Within the ten ore types, ‘quartz-rich’ rocks are found at 
stratigraphically lower parts of the deposit (biotite (BQ) and mica quartzite 
(MQ)) and on top of the deposit (QMt). These ore types are expected to be 
more difficult to grind. Skarn in Lappberget is debatably interpreted as a product 
of alteration (i.e., metasomatism) or regional metamorphic reactions.   
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- Metamorphism and Deformation. Several features of the Lappberget deposit can be 
attributed to the tectono-metamorphic modification during metamorphism and 
deformation. These modifications not only affect the textural parameters (e.g., 
coarsening of sphalerite-1 grains during recrystallization) but have also caused 
changes in the mineral chemistry of different sulfides (e.g., remobilization of 
mobile elements such as Au in pyrite, depletion of trace elements in sphalerite-
1). The presence of impurities, such as Fe and Mn, in sphalerite was shown to 
affect the flotation performance. New minerals may also have formed due to 
different temperature and pressure conditions (e.g., exsolution of sulfosalts from 
an -galena), which led to the complex silver mineralogy and the strong 
association of silver and galena in Lappberget. ‘Chalcopyrite disease,’ 
characterized by very fine inclusions of chalcopyrite in sphalerite, leads to poor 
liberation of sphalerite and chalcopyrite grains. Figure 13 shows some examples 
of the textures described.   

- Structure (Faulting). The ductile-brittle deformation led to the formation of 
localized shear zones and generated ‘ball ore’ textures with a ‘ground’ sulfide 
matrix. Rocks within the shear zones, if not silicified, are generally friable and 
amenable to crushing and grinding. However, these structures are also associated 
with an increased presence of talc. Talc’s natural floatability makes it challenging 
to separate during froth flotation and requires a higher dextrin dosage to depress.  

 

4.4. Tracking trace and minor elements 

Society’s growing environmental and social awareness pushes mining companies to 
develop efficient, profitable processes with a less significant environmental footprint 
towards zero mine waste. To achieve this, it is important to have a better understanding 
of not only the valuable metals in an ore deposit, but also other elements that can affect 
the mining process. The following sections discuss the investigations conducted on 
identifying these influential elements in the Lappberget deposit. 

4.4.1. Trace element chemistry 

Investigation of the trace element chemistry of galena, sphalerite, and pyrite revealed 
the presence of several trace elements (incl. Ag and Au) in solid solution within the 
crystal lattices of these minerals (Paper I). Based on the median values of the 
concentrations of Au and Ag in the sulfides, it is possible to calculate the maximum 
potential of these sulfides as Ag- and Au-carriers. For example, depending on the ore 
type, galena can account for up to 40% of the Ag deportment. Although less favorable, 
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the mine is paid less for silver in the lead concentrates with less than 1000 g/t Ag 
(McElroy, I., Boliden, personal communication, 2023). Trace element concentrations 
of Au in pyrite and sphalerite can account for up to 40% and 8% of Au losses in the 
processing plant since the mine is only paid for Au in the lead, copper, and gravimetric 
concentrates. Thus, trace element concentrations in sulfides must also be taken into 
consideration during mineral deportment studies and material mass balance (e.g., Paper 
II).  

4.4.2. Deleterious elements 

Arsenic, Sb, Bi, Cd, Hg, Mg and Si are considered penalty elements during the smelting 
process of the Lappberget ore (McElroy, I., Boliden, personal communication, 2023). 
Cadmium and Mn, although not considered penalty elements in the processing plant, 
are considered deleterious elements during the Zn smelting process (Sinclair, 2005). 
The concentration and occurrence of these elements are summarized in Table 10.  

Table 10 Concentrations and main host mineral(s) of selected elements categorized as deleterious in the Zn-
Pb-Ag-(Cu-Au) beneficiation process. 

 Grade Unit Main host mineral(s) 

As 53-540  ppm pyrite, arsenopyrite 

Hg 0.7-9.5  ppm sphalerite 

Bi 0.1-5  ppm unknown*, ** 

Sb 71-415  ppm gudmundite, tetrahedrite, galena** 

Cd 28-399  ppm sphalerite 

Mn 0.07-3.8 wt % silicates, sphalerite 

Mg 0.5-9.0  wt % talc, dolomite, amphibole, pyroxene 

Si 2-36 wt% silicates 
*no data available but possibly associated with skarn minerals (Bernstein, 1985) 
**median galena content: Sb (0.11%), Bi (2 ppm) 
***median sphalerite content: In (<0.1 ppm), Ga (3 ppm), Ge (3 ppm), Hg (15 ppm) 

Mercury and Bi only occur in trace amounts within the deposit and are unlikely to 
have a significant impact on the processing of the ore. However, significant amounts of 
Sb and As are found in certain ore types. Antimony and As are considered deleterious 
elements during the roasting of Cu-Pb concentrates due to their high volatility, which 
requires additional treatment to prevent hazardous emissions (Prasad et al., 2021). 
Except for gudmundite, pyrite, and arsenopyrite, all Sb- and As- minerals contain Cu, 
Ag and/or Pb and, consequently, tend to report to the Cu-Pb flotation concentrate 
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(Figure 17). Gudmundite and arsenopyrite should theoretically report to the tailings; 
however, the complex association of these minerals with other sulfides and sulfosalts 
makes it challenging. Therefore, detailed characterization and tracking of these 
deleterious minerals should also be conducted to minimize the introduction of these 
elements in the downstream process. Similar to Sb and As, Cd is classified as a toxic 
metal. Cadmium is mainly hosted in sphalerite and reports to the Zn concentrate at 
0.1-0.2% concentration. During the smelting process, Cd is concentrated in dust and 
slag and requires additional treatment to prevent hazardous emissions (Han et al., 2022). 
Since Cd occurs within the sphalerite crystal lattice, it is not possible to minimize the 
introduction of this element into the downstream process. 

Figure 17 Deportment of Sb and As for the different ore types.

Manganese, Mg and Si are deleterious in the Zn smelting process but pose no 
environmental or health impact. Excessive amounts of Mn and Mg can cause a build-
up in the electrolysis process and incurs additional cost to remove (Sinclair, 2005).
Manganese concentration at levels less than 0.5% in the Zn concentrate is actually
beneficial, given that it forms a protective layer for the lead anodes used in the 
electrolysis. The Mn content in the Zn concentrates of the ore ranges from 0.3-1.7%.
The highest values are associated with the skarn-hosted and dolomite-hosted ores. 

0

20

40

60

80

100

Q
M

t

SK
N

D
O

L

M
SP

G

M
nM

SP
G

M
SG

C

R
PS

G

T
LC M
Q

B
Q

Sb
 D

ist
ri

bu
tio

n 
(%

)

galena diaphorite jordanite
boulangerite bournonite freibergite
tetrahedrite tennantite allargentum
dyscrasite pyrargyrite gudmundite

0

20

40

60

80

100

Q
M

t
SK

N
D

O
L

M
SP

G
M

nM
SP

G
M

SG
C

R
PS

G
T

LC M
Q

B
Q

A
s D

ist
ri

bu
tio

n 
(%

)

jordanite freibergite
tetrahedrite tennantite
allargentum dyscrasite
pyrite arsenopyrite

Tiu_Kappa_proofcheck_v5_G5_AA kl9.indd   59Tiu_Kappa_proofcheck_v5_G5_AA kl9.indd   59 2023-01-27   09:482023-01-27   09:48



CHAPTER 4 Results and Discussion 46

From the flotation tests conducted in Paper IV, only one ore type, the talc-bearing ore 
TLC, failed the concentrate smelter requirement due to high magnesium and silica 
content (i.e., MgO>0.4 wt% and SiO2>3 wt%, McElroy, I., Boliden, personal 
communication, 2023). Early detection of the presence of talc-rich ores in the feed can 
help processors to adjust the operational parameters earlier in the process. Since TLC 
ore type is associated with structures, detailed structural mapping and logging within 
the deposit, complemented by careful mine planning, can help address this problem.

4.4.3. Potential by-products

Mg-bearing minerals such as talc have a high carbon-sequestering potential (Bullock et 
al., 2021). Studies are ongoing on the potential of mine waste as carbon capture tools 
where these minerals are abundant and amenable to weathering (Beaudoin et al., 2017; 
Gras et al., 2017; Nowamooz et al., 2018; Pronost et al., 2011). Minerals highlighted 
in Figure 18, which can account for more than 60% of the modal mineralogy within 
skarn-type ores, are particularly promising as feedstocks for carbon capture and storage 
in mine tailings.

Figure 18 Theoretical mean CO2 removal (CDR) potential of common minerals from Bullock et al. 
(2021). Highlighted in green boxes are the major and minor minerals present in Lappberget.

Other elements investigated in the study are gallium (Ga), germanium (Ge), and indium 
(In), which are mainly hosted in sphalerite. These elements are considered critical raw 
materials by the European Union (EU) for use in key technologies for the digital and 
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green transition (IEA, 2021). The highest grades observed in the final zinc concentrate 
are 12 ppm Ga, 0.6 ppm Ge and 1.7 ppm In. These concentrations are too low to be 
economically extracted using the current best available technologies. Antimony and Cd 
are also critical raw materials for Cd-Te solar panels and Pb-As and Ni-Cd battery 
production (IEA, 2021). Secondary processing of Sb and Cd from the dust and slags of 
Cu and Zn smelting processes is currently not economically viable due to the limitations 
in technology and low metal prices. However, Sb from the Cu and Zn smelting process 
can be redirected to the Pb smelting line, where it can be extracted and used as a raw 
material in the production of Pb-As batteries. Cadmium, on the other hand, poses 
hazardous risks to the environment and human health, and as such, it is typically stored 
as waste or treated for proper disposal. To determine the feasibility of recovering Cd 
from the dust and slags of the Zn smelting process, further metallurgical investigations 
and an assessment of environmental and health risks must be conducted in the future if 
technology and metal prices improve. 

4.4.4. Potential of automated mineralogy 

Although the metallurgical balance of a flotation process is traditionally calculated based 
on chemical assays of flotation products, the development of automated mineralogy has 
led to more studies being conducted using particle data (i.e., including quantitative 
mineralogy and microtexture). Boliden Mineral AB and the mining industry at large 
have started using automated mineralogy to quantify mineralogy and monitor the 
deportment of metals during processing. Despite being ‘automatic’, this method still 
requires expertise to get accurate and precise data, especially for tracking minor and 
trace elements (Rollinson et al., 2011).  

In this study, the data extracted from QEMSCAN analysis was processed in two ways. 
The first approach, the ‘traditional’ approach, utilizes the software’s mineral 
classification scheme, which requires setting up the mineral library based on the species 
identification protocol (SIP). The quality of the results is highly reliant on the robustness 
and accuracy of the mineral library. For this study, the mineral library was established 
based on the mineralogical information from the petrographic analysis complemented 
by the mineral chemistry data from the EPMA and LA-ICPMS analyses. To evaluate 
the effectiveness of this approach, the results were validated using chemical analysis (e.g., 
ICPMS for trace elements). In the case of silver deportment (Paper II), setting up the 
mineral library required: 

(1) quantifying the mineral chemistry of silver-bearing minerals (for minerals where the 
composition is not stoichiometrically fixed, e.g., tetrahedrite and electrum, different 
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mineral categories based on silver content should be included in the mineral library), 

(2) distinguishing the silver-bearing minerals occurring as fine-grained microinclusions, 
which can produce mixed signals, and 

(3) identifying surficial diffusion of silver in sulfide minerals, mainly in chalcopyrite and 
galena. 

The second approach, a more data-intensive approach, requires extracting individual 
EDS data acquired from the QEMSCAN analysis. This approach was utilized for 
quantifying the mineral chemistry of sphalerite grains in Paper III. The composition of 
sphalerite grains was calculated based on the average composition for each mineral grain 
from the individual EDS results from the QEMSCAN analysis. EDS data with less than 
100,000 X-ray count rate (kcps) per spectrum and 85% spectral engine identification 
confidence was removed to eliminate outliers and mixed analyses. Although high 
variability is observed in the individual EDS analysis for each sphalerite grain, the 
average EDS closely approximates the ‘true’ value, as determined by the EPMA analysis 
(e.g., Figure 19A). This methodology significantly improved the precision of the 
QEMSCAN analysis. QEMSCAN analysis of sphalerite for manganese, iron, and zinc 
falls within ±0.2, ±0.6, and ±0.8 wt% at 95% confidence interval of the EPMA results, 
respectively.  

The first approach is more suited to optimizing routine analysis of samples due to faster 
processing time and less data-intensive computing requirements. Operational 
parameters should also be optimized (e.g., X-ray counts and pixel size) depending on 
the goal of the analysis (e.g., higher analysis time for detecting minor elements in 
minerals and smaller pixel size for detection of fine-grained minerals). A methodology 
that merges the two approaches can help fully maximize the potential of automated 
mineralogy in characterizing and quantifying minor and trace elements in minerals. 
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Figure 19 Detection of Mn content in sphalerite: (A) example of a grain analyzed with QEMSCAN 
and SEM image of the grain with EPMA analysis point location, (B) comparison of EPMA and 
QEMSCAN data, and (C) absolute differences between EPMA and QEMSCAN data showing the 
average difference in thick solid line and 95% confidence interval in dash line.

4.5. Geometallurgical domains

Based on the mineralogical characteristics and metallurgical performance of the 
geological domains, the Lappberget deposit can be reclassified into seven 
geometallurgical domains. The characteristics of the seven geometallurgical domains are 
summarized in Table 11. 

Problematic ores (GM1, GM2, and GM3) are domains that gave the poorest flotation 
performance during the Cu-Pb flotation (and Zn-flotation for QMt). Silver- and gold-
rich ores are economically attractive due to the high content of precious metals. The 
complex mineralogy and occurrence of silver on these types of ores can also lead to 
poor recovery despite having higher silver feed grades (e.g., fine-grained Ag-bearing 
minerals and complex intergrowth with pyrite in QMt). GM3 and GM4 have higher 
antimony and arsenic content due to relatively high amounts of sulfosalts. The third 
category, the main sulfide ores, refers to sphalerite-rich ores characteristic of the main 
ore lenses in the Lappberget deposit. There is no significant difference between the 
flotation performance of GM6 and GM7; however, GM6 is expected to have a higher 
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energy requirement for grinding due to its high quartz content (Stark, 2021). 

Table 11 Proposed geometallurgical domains for Lappberget 

Categories Characteristics 
Geometallurgical 

Domains 
Geological 
Domains 

Problematic ores 
(poor grade and 
recovery in the Cu-Pb 
flotation) 

Poor selectivity GM1 TLC 

Low-grade ores, fine-grained 
sulfides 

GM2 DOL 

GM3 QMT* 

Silver- and gold-rich 
ores 

Complex silver mineralogy  
(high Ag concentrate grade) GM4 SKN 

Gold-associated chalcopyrite-
bearing ore (high Cu grade and 
recovery) 

GM5 MSGC & 
BQ* 

Main sulfide ores 

Disseminated sulfides GM6 MQ* 

Massive sulfides GM7 
MSPG, 
MnMSPG, 
MPSG 

*quartz-rich rocks that require relatively higher energy for grinding 
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CHAPTER 5 

5. Conclusions and Recommendations 
 

5.1. Conclusions 

This study demonstrates the use of geometallurgy to characterize a complex and variable 
ore. The methodology utilized in this study hinges upon the effective integration of the 
geological interpretation of the deposit and an understanding of the process 
performance of the ore. This work emphasizes the importance of having a detailed 
geological investigation and mineralogical assessment of the deposit as a prerequisite for 
any geometallurgical investigation of a variable and complex ore. The study's research 
questions led to the following conclusions: 

1. What are the key mineralogical and textural parameters that cause the variability in the 
flotation performance of a complex sulfide ore? 

Mineralogy, mineral chemistry, grain size, degree of liberation, and mineral 
associations are key factors that contribute to the variability in the performance of 
the ore. For complex ores like Lappberget, the effect of each factor varies depending 
on the characteristics of the target mineral(s) and the complexity of their association 
with other minerals. In particular: 

- the high variability in the Cu-Pb flotation performance can be attributed to the 
different mineral varieties targeted during the Cu-Pb flotation process, which 
have a wide range of mineral and grain size distribution, 

- sphalerite flotation is mainly affected by grain size and degree of liberation, and 
less significantly, Fe and Mn content, 

- fine grain size and complex intergrowth of Cu-, Au-, and Ag-bearing minerals 
leads to poor liberation and, consequently, poor recovery, 
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- recovery of galena is correlated with the recovery of silver due to the strong 
association of Ag-rich minerals with galena and Ag present in the crystal lattice 
of galena, 

- some of the Au and Ag losses can be attributed to trace concentrations in sulfides 
such as galena (Ag), sphalerite (Au), and pyrite (Au),  

- hydrophobic minerals such as talc will be recovered unselectively unless 
controlled by a higher dosage of depressant, and 

- low grindability for quartz-rich ore leads to poor liberation and higher energy 
requirements for comminution. 

2. Is it possible to predict them? 

Yes, to some degree. The mineralogical zonation and strong association of host 
lithology and sulfide types suggest that despite the complexity of the Lappberget 
ore, the distribution and characteristics of the ore are not random and are defined 
by geologically constrained boundaries. Thus, spatial modeling can be used to 
estimate the sulfide distribution and associations in the entire deposit. The spatial 
models can be used to target specific 'problematic' minerals (e.g., through detailed 
structural mapping for talc distribution). Geometallurgical domains can also be 
utilized as a ‘proxy’ to determine the general characteristics of the ore (e.g., coarse 
liberated sulfides for MSPG). It is important to note that while this study has 
established empirical relationships between the ore characteristics and the flotation 
behavior of different ore types, the results alone are not enough to conclusively 
predict the flotation performance of the entire deposit. This is because the limited 
number of samples used to validate correlations and create reliable prediction models 
is not statistically significant. To achieve more accurate predictions, additional 
composite samples and repetition of laboratory tests are recommended. 
Furthermore, the high fundamental sampling error for Cu, Ag, and Au highlights 
the need for a larger sample size to accurately represent the intrinsic variability of 
the ore for these elements. 

The study presented here showed that despite the limitations of automated mineralogy, 
the semi-quantitative nature of this analysis could be improved by: (1) complementing 
with quantitative mineral chemical analyses (e.g., EPMA), (2) optimizing the 
operational and processing parameters, and (3) detailed extraction and processing of 
data. The method employed in the study offers a valuable solution for tracking and 
quantifying the deportment of minor and trace elements within the flotation process. It 
can also be used to produce spatially resolved data for geological and geometallurgical 
purposes. Additionally, the conversion of chemical assays to minerals (EMC) can be 
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improved by constraining the algorithm with the mineral ratios extracted from the 
automated mineralogy. Integrating different characterization techniques can provide a 
cost-effective geometallurgical characterization tool that can be employed systematically 
in the mine during routine analysis.   

5.2. Recommendations 

5.2.1. Proposed approach for geometallurgical characterization 

A geometallurgical approach for characterization is proposed based on the methodology 
and results of this study, as illustrated in Figure 20. This is best suited for pre-feasibility 
and feasibility studies. This methodology focuses on using pre-defined geological 
domains as ‘seed’ domains, which will serve as the basis for the sampling campaign for 
further geometallurgical testing.  It is crucial to identify key mineralogical and textural 
parameters in the process performance (e.g., presence of talc, Au-rich zones) during the 
first iteration process. Based on these parameters, geometallurgical domains can be 
established that reflect the distinct metallurgical performance of the ore types in relation 
to their geological characteristics. If sufficient information has been acquired to create 
prediction models, geometallurgical modeling and simulation can be conducted to 
calculate key performance indicators  (e.g., grade and recovery, Net Smelter Return). 
These results can be integrated into the 3D block model. If not, the key mineralogical 
and textural parameters identified should be integrated into the geological data 
collection. These parameters must be logged in a quantifiable matter to sufficiently 
provide data for the prediction models.  

It is important to note that this geometallurgical approach is a continuous process, and 
as more data is collected and analyzed, the prediction models can be refined and updated 
to improve their accuracy. This process is repeated until sufficient data is acquired to 
create a robust geometallurgical model for the entire deposit. This approach will help 
better guide geological data acquisition to gear toward process-related parameters, 
effectively optimizing data collection from a geological and process performance 
perspective.   
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5.2.2. Other recommendations for future work 

Investigations on the correlation of equipment- and operation-related factors with 
flotation performance should also be conducted for the processing plant samples to 
expand the results of this study from laboratory tests to flotation plant conditions. 
Further work should also include testing the behavior of the different ore types to other 
related processes during ore beneficiation, such as comminution, gravity separation, and 
classification. Prediction models can be developed for all-related beneficiation processes, 
which can be utilized for mine planning, process optimization, and automation. Model 
validation and updates of the metallurgical performance indicators should also be done 
during full-scale production. 

A tracking system for the mined ore to the processing plant will enable early detection 
of problematic ores. This can be done by integrating the mine planning schedule with 
the processing plant system and/or by including tracking sensors in the ore as it goes to 
the processing plant. The success of this methodology relies on the strong collaboration 
between geologists, mining engineers, and process engineers to create a mining and 
processing plan designed and optimized based on the 3D spatial geometallurgical 
domains. The ore route from the mine to the mill can be validated either by using a 
tracking sensor (e.g., using radio frequency identification (RFID) technology (Isokangas 
et al., 2012; Jansen et al., 2009; Sudbury Mining, 2008)), by adding online sensors in 
the conveyor belt (e.g., Firsching et al., 2019; Raatikainen et al., 2021), or by 
comparing the sample feed analysis against the estimated ore grades based on the 
geological estimates of the mined block.  

This study highlights the importance of geometallurgy in understanding the complex 
and variable nature of many ore bodies and its ability to bridge the gap between geology 
and mineral processing. However, it is important to note that geometallurgy should be 
considered within the context of the entire mining value chain, including other aspects 
such as mining, refining, economy, and environment. By incorporating all related 
factors and studying their interconnections, a more robust geometallurgical 3D model 
can be created, which can be used to optimize the value of a mineral deposit over its 
entire life cycle. This approach can help to maximize the economic potential of an ore 
body, reduce technical risks, and ensure sustainable resource and tailings management.
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