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ABSTRACT

The results presented in this thesis are a case study on the polymetallic Zn–Cu volcanic-hosted massive sulphide 
(VHMS) deposit at Rockliden. The Rockliden mineralisation is located in north-central Sweden, about 150 km south 
of the Skellefte district. Exploration at Rockliden started in the 1980’s despite the relative remote location of the 
deposit from processing facilities in the Skellefte ore district. During the first exploration period, flotation tests were 
conducted which indicated that the locally high Sb grade in the mineralisation would increase the Sb content of the 
Cu–Pb concentrate and lower its quality at the smelter. In 2007 exploration was resumed at the Rockliden site and 
massive sulphide mineralisation was found to extend toward the depth. The average Sb grade in the mineralisation 
decreases with depth; it is approximately 0.13 wt% above 400m below surface and only 0.06 wt% Sb below 400m. 

The focus of this PhD study was to evaluate mineralogical controls on the distribution of Sb minerals in base-metal 
flotation, which influences the Sb grade and hence the quality of the Cu–Pb concentrates. Modelling the Sb grade of 
the Cu–Pb concentrates is expected to be helpful in flowsheet design, e.g. for decision making on when to use 
hydrometallurgical treatment to reduce the Sb grade of this product prior to submission to the smelter.

The first part of the study was to characterise the massive sulphides and the immediate host rocks with special 
reference to Sb mineralogy. The mineralogy and mineral associations were documented by optical and scanning 
electron microscopy (SEM). Micro-analytical tools (such as wavelength-dispersive X-ray spectroscopy at an 
electron probe microanalyser) were used to study the mineralogical distribution of major, minor and trace elements 
(e.g., Zn, Cu, Fe, Sb). Sphalerite and chalcopyrite are the main base-metal minerals in the massive sulphides. 
Antimony (Sb) is a minor to trace element bound in different minerals. The Sb mineralogy is complex; the most 
common Sb-bearing phases include gudmundite and Cu- and Pb-bearing Sb sulphosalts; tetrahedrite, bournonite, 
and meneghinite. Furthermore, the Sb minerals were found to occur partly locked with base-metal sulphides and 
gangue in flotation products from initial flotation tests. Mineralogical parameters such as grain size, degree of 
liberation and locking (mineral association in particles) were outlined as potential controls on the distribution of the 
Sb minerals. 

The second part of this study was to quantify mineralogical parameters influencing the distribution of the Sb 
minerals in a laboratory flotation test. For this purpose composites blended from drill core samples were collected 
and tested, and the flotation products were analysed with MLA measurement. The measurements were mass-
balanced by a particle tracking technique and the impact of the mineralogical parameters controlling the Sb 
distribution was evaluated. The laboratory flotation test showed that Cu- and Pb-bearing Sb sulphosalts show 
different flotation behaviour than gudmundite and that locking of gudmundite with Cu- and Pb-bearing minerals 
influences its distribution. Further, chemical, bulk mineralogical and particle information was used to build Sb 
distribution models based on a first-order kinetic process using HSC Chemistry Sim software. Chemical assays 
alone were insufficient to simulate the Sb grades of flotation products, since they do not distinguish between the 
various Sb minerals. The simulation indicated that a model using bulk mineralogy (e.g. collected by Scanning 
Electron Microscopy based measurements) would be sufficient for estimating the Sb recovery and grade of the Cu–
Pb concentrate in the exploration or scoping stage of the Rockliden deposit.

The following components are required for a complete particle-based geometallurgical model of Rockliden: a 
process-adapted geological model, a particle-breakage model, and a unit process model. Implementing full particle 
information in the HSC Chemistry Sim software would improve the flotation model for Sb distribution, i.e. unit 
process model. Further, suggestions on building a process-adapted geological model and a particle breakage model 
are given based on the demands of a corresponding flotation model. The potential of the particle-based approach to 
provide a holistic view on the deposit by connecting ore geology, mineral processing and process metallurgy aspects 
of the Rockliden deposit was shown in this study.
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General Abbreviations and Definitions

AAS – Atomic absorption 
spectroscopy

BSE – Back Scattered 
Electrons

EDS – energy-dispersive X-ray 
spectroscopy

EPMA – electron probe 
microanalyser

FESEM – Field Emission 
Scanning Electron Microscope

MASS – massive sulphides

MLA – Mineral Liberation 
Analyser

PCA – Principal Component 
Analysis

RSQ – Pearson product-
moment correlation coefficient

SEM – Scanning Electron 
Microscope

XRD – X-ray diffraction

XRF – X-ray fluorescence

VHMS – volcanic-hosted 
massive sulphide deposit

WDS – wavelength-dispersive 
X-ray spectroscopy

Mineral abbreviations

Amp – amphibole minerals

Anh – anhydrite 

Ap – apatite

Apy – arsenopyrite

Bt – biotite

Boul – boulangerite

Bour – bournonite

Cal – calcite

Carb – carbonate minerals

Ccp – chalcopyrite

Zn-Chr – Zn-rich chromite

Chl – chlorite group 

Cst – cassiterite

Dol – dolomite group

Epi – epidote group

Fl – fluorite

Fsp – feldspar minerals

Gd – gudmundite

Il – ilmenite

Mene – meneghinite

Mgt – magnetite

Phsl – phyllosilicates

Po – pyrrhotite

Py – pyrite

Qtz – quartz

Ser – sericite

Sp – sphalerite

Stnn – stannite

Ttn – titanite

Ttr – tetrahedrite.

The term texture includes all parameters which are collectively found under petrographic terms: fabric, micro-
structure and texture (cf. Lund 2013). A distinction of scalar and vector mineral information is not made (cf. 
Minz 2013). In this study emphasis is taken on process relevant parameters such as mineral association, 
distribution, orientation, grain boundary relationship, grain size and shape (e.g. Butcher 2010; Walters and 
Kojovic 2006).

The term ore comprises the massive sulphides and immediate host rocks forming the Rockliden deposit, which
potentially would be mined together depending on the size of theoretical mining blocks or smallest mineable 
units. However, economic aspects are not further considered and the usage of the term ore does not strictly imply 
a profitable extraction of valuable metals in this study.
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1 Introduction

1.1 Geometallurgical Context of the Study

The term geometallurgy has been used in the literature for almost 50 years and a multitude of definitions and 
descriptions are given (Jackson et al. 2011). A common concept in geometallurgy is the cooperation of the 
disciplines involved in exploiting of mineral deposits (Jackson et al. 2011). Before the 20th century the cross-
disciplinary approach in mining and metallurgy was common practice (Jackson et al. 2011). For example, optical 
microscopy was used in mineral processing studies (Chayes 1944). In the first half of the 20th century, the 
management and organisation of large-scale mining has led into specialisation and separation between disciplines 
(Jackson et al. 2011 and references therein). Moreover, another aspect of the decline in cross-disciplinary 
communication is the fact that the usage of analytical tools, such as (ore) microscopy, is labour-intensive and 
seldom quantitative (Walters and Kojovic 2006). However, mineralogical variations are critical to all steps of ore 
processing, irrespective of the scale of mining (Baum 2014). The increase of mine sizes and production had required 
automation of mineral analytical techniques. The development of SEM-based automated tools, capable of providing
detailed quantitative mineralogical information, started about 40 years ago (Lotter et al. 2014 and references 
therein). In addition to the change to large-scale mining operations, the mining of complex and refractory ores has 
increased (Lorenzen and Barnard 2011). Particularly for the processing of complex or refractory ores, the 
determination of the complexity in the process response of such ores is helpful in evaluating the economic 
exploitability of the deposit (Dunham and Vann 2007).

In the late 20th century, the advances of a cross-disciplinary approach were rediscovered (Jackson et al 2011 and 
references therein). The potential benefits of a geometallurgical approach are numerous as described by Lamberg 
(2011). For a geometallurgical approach, the ore bodies are outlined based on forecasted metallurgical performance 
(Lamberg 2011). This allows the estimation of the value of an ore body spatially and more accurately. For example, 
the variation in the plant feed can be controlled and minimised by more strategically blending or adjustment of plant 
operation, including considerations about unconventional process solutions (Alruiz et al. 2009; Lamberg 2011; 
Suazo et al. 2010). Using integrated measures of processing attributes in a spatial model gives opportunities to 
optimise mine planning, to improve metallurgical performance, to reduce operational risk, and to make the overall 
production more sustainable at the same time as socio-economic factors can be considered through increased 
resource efficiency (Dunham and Vann 2007; Lund and Lamberg 2014; Parian 2015; Walters and Kojovic 2006).
Given the benefits of geometallurgy, geometallurgical programs were developed as industrial applications to cover 
the stages from the early exploration through feasibility studies to the operational phase (Jackson et al. 2011; 
Lamberg 2011).

The narrowest definitions of geometallurgy pertain to the subject of ore characterisation and process mineralogy, i.e.
studies without explicit spatial relation or coverage of the ore body (e.g. Helle et al. 2005; Minz 2013; Schouwstra et 
al. 2010; Tungpalan et al. 2015). More advanced studies include geometallurgical mapping and modelling (e.g. 
Alruiz et al. 2009; Jackson et al. 2011; Lamberg 2011; Walters and Kojovic 2006; Walters 2011). The broadest view 
on the cross-disciplinary approach of geometallurgy incorporates also the non-technical aspects such as risk 
management and economic evaluation, environmental and sustainability issues (Jackson et al. 2011).

Bulled and McInnes (2005) have defined the geometallurgical modelling as “an approach that measures 
metallurgical variability within an ore body and quantifies the effect of this variability on the comminution and 
metallurgical response of the ore”. Geometallurgical modelling requires that processing parameters are available 
throughout the spatial extent, meaning a large number of samples need to be analysed (Keeney et al. 2011; Lamberg 
2011; Parian 2015). This can be achieved by developing small-scale geometallurgical tests applicable to drill core 
samples (e.g. Bulled and McInnes 2005; Mwanga 2014; Mwanga et al. 2015a; Walters and Kojovic 2006 and 
references therein; Walters 2011). A statistical approach may be chosen for geometallurgical modelling, e.g. by 
deriving formulas for throughput, grade-recovery curves or tailing quality, through regression functions (e.g. 
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Dunham and Vann 2007). Another option is to define geometallurgical domains of ore bodies using principal 
component analysis (PCA) of geological databases and assigning processing parameters to the domains (e.g. Alruiz 
et al. 2009; Keeney et al. 2011). Besides standard laboratory tests for measuring variability in process response of 
geometallurgical domains, Lotter et al. (2011) recommended conducting tests on smaller samples throughout a 
geometallurgical unit in order to measure the range in process response within a unit and thus to verify the validity 
of the definition of units. 

In the geometallurgical research group at Luleå University of Technology the focus is on practical amalgamation of 
ore geology, process mineralogy and minerals processing (Lamberg 2011; Lund 2013; Mwanga 2014) in order to 
build a model which can be used in production planning and management (Lishchuk et al. 2015a; Lishchuk et al. 
2015b; Parian 2015).

The scope of a geometallurgical program may be defined on the framework or background of an individual project 
(Jackson et al. 2011). In the Rockliden case, the model should have the capability to forecast the product quality in 
terms of grades and recovery of penalty elements, in particular of antimony (Sb) in the Cu–Pb concentrate, over the 
spatial extent of the Rockliden deposit (Fig. 1.1). Two aspects were considered: (1) the occurrence and variability of 
Sb in minerals (including textural factors such as mineral association), and (2) the distribution of Sb minerals in the 
flotation process. These aspects focus on two of the geometallurgical program points suggested by Lamberg (2011): 
first, ore characterisation for sample selection and, second, laboratory testing of selected samples in order to extract 
process model parameters (see also Table 5.1).

Initial exploration started in the 1980s at the Rockliden site and comprised of a drilling campaign and flotation tests. 
Due to the remote location of Rockliden and the metallurgical challenges, high investment costs were expected and 
the exploration activities were stopped (Raat and Årebäck 2009). Despite these facts, a new exploration campaign 
started in 2007, with the metallurgical challenges remaining. Relatively high Sb grades had been noticed in parts of 
the Rockliden massive sulphide deposit and in the Cu concentrate (Minz 2013). Generally, antimony (Sb) grades are 
known to affect the smelting and refining process. For example, the occurrence of Sb in the matte has negative 
effects on the copper electro-refining process e.g. through contamination of the copper cathodes by floating slimes 
(Awe et al. 2012 and references therein; Larouche 2001; Navarro and Alguacil 2002; Wang 2004). Also, Sb affects 
the properties of metallic copper, e.g. by lowering the ductility of refined copper  
and references therein; Knorr and Breedis 1986). Due to these unwanted effects, Sb is referred to as a penalty 
element constraining the quality of Cu concentrates and grades higher than ca. 0.2 wt% Sb can cause penalties at Cu 
smelters (Larouche 2001). In case of a high Sb content in the Cu concentrate, unconventional process solutions are 
considered, including hydro- and pyrometallurgical treatment. Compared to arsenic (As), Sb shows a lower 
distribution into offgas during smelting but the distribution of Sb into matte phases is double to three times higher 
than for As (Awe 2013and references therein; Björnberg et al. 1986). This indicates the removal of Sb will be less 
effective than the removal of As by pyrometallurgical treatment. The removal of Sb by hydrometallurgical treatment 
of the Cu concentrates, e.g. alkaline sulphide leaching, has been shown to be promising, since it is capable to 
dissolve all Sb minerals in Cu–Pb concentrates from Rockliden (Awe et al. 2012).

Given the above considerations, the following disciplines are involved in the Rockliden study: ore geology, process 
mineralogy, mineral processing and metallurgy. Knowledge from these disciplines forms the main academic 
framework of this study.
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Fig. 1.1. Simplified process chain including unconventional process solutions (for a more detailed flowsheet see figure 3.3).

1.2 Process Mineralogy

Process mineralogy is a branch of applied mineralogy which focus on studying mineralogical and petrographic 
variations in the ore feed (also referred to as ore characterisation) and the effect of this variation on the metallurgical 
performance (Baum 2014; Jackson et al. 2011; Petruk 2000). Generally, metallurgical parameters are functions of a 
variety of geological and mineralogical parameters, such as (mineral) grades, ore textures, the association of ore and 
gangue minerals, mineral chemistry, and element deportment (e.g. Ashley and Callow 2000; Lorenzen and Barnard 
2011). In addition, petrophysical properties, such as rock strength (hardness, abrasion, etc.), grain size, ‘dustability’, 
grindability and liberability, and specific gravity of ore and host rocks and smelting characteristics, might be 
included in process mineralogy studies, depending on the framework of an individual study (Dunham and Vann 
2007; Mwanga et al. 2015b; Walters and Kojovic 2006).

Process mineralogy studies are important in designing a process and to optimise it (Baum 2014; Lorenzen and 
Barnard 2011; Lotter et al. 2014; Petruk 2000). The process diagnosis or problem-solving approach for poor or 
unexpected metallurgical outcomes is a key aspect of process mineralogy (Lotter et al. 2011). It should be noted that 
process mineralogy does not provide a direct spatial context to an ore deposit (Jackson et al. 2011). A spatial context 
to the results of a process mineralogical study could be inferred if results are coupled to an ore type definition of a 
geological model. However, process mineralogy can have economic benefits in itself, for example by determining 
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the optimal grinding size for flowsheet design and improving the forecast of process models based on quantitative
mineralogical data (Baum et al. 2004; Gu et al. 2014; Lotter et al. 2011; Lotter et al. 2014).

A range of analytical techniques are available to determine mineralogical parameters. Automated X-ray diffraction 
(XRD) and automated mineralogy based on scanning-electron microscopy (such as MLA, QEM*SEM/QEMSCAN 
and INCA Feature analysis) are used in the mining industry (Baum 2014; Gottlieb et al. 2000; Gu et al. 2014; Liipo 
et al. 2012; Parian et al. 2015; Petruk 2000). For the selection of appropriate analytical methods and (laboratory)
tests, several aspects might need to be considered such as cost-efficiency, time for data acquisition and processing,
reproducibility and reliability of measurements on small sample sizes (e.g. Baum 2014; Parian et al. 2015; Walters 
and Kojovic 2006). The economic aspects become critical especially when the geometallurgical context is 
considered, since a large number of samples might need to be analysed or tested to achieve a link between 
(mineralogical) parameters and the metallurgical response, considering the mineralogical variability of an ore 
deposit (Lamberg 2011; Parian et al. 2015 and references therein).

1.3 Geometallurgy and Process Mineralogy of Base-Metal Deposits

The following chapter gives a summary for case studies which consider different aspects of ore characterisation and 
process mineralogy for Cu, Zn and Pb ore deposits and some of which have a more extensive geometallurgical 
context. As this thesis presents results of a case study for the Rockliden Zn–Cu volcanic-hosted massive sulphide 
(VHMS) deposit, this literature review is intended to give an insight into research approaches chosen in other studies 
and it positions the Rockliden study in the respective research area.

Studies concerning geometallurgical modelling which cover the whole mining and processing chain are not so 
common, and mostly pertain to large scale operations, e.g. for Cu porphyry deposits (e.g. Tungpalan et al. 2015).
Process mineralogical studies focusing on mineralogical complex massive sulphide ore are more common (e.g. 
Lastra 2007; Petruk and Hughson 1977). Additional to deposit case studies, research on development of analytical 
approaches to record parameters relevant to mineral processing is presented in few studies (e.g. Hunt et al. 2011).

1.3.1 Copper deposits

Porphyry deposits are the most important sources for Cu, accounting for about 60% of the world Cu production. Cu 
porphyry deposits are low grade – high tonnage deposits with a typical Cu grade of about 0.2 wt% (Cropp et al. 
2013 and references therein). Cropp et al. (2013) describe general mineralogical and textural parameters which can 
influence the flotation of Cu minerals. Since Cu porphyries are low grade deposits the gangue mineralogy influences 
to a high degree the flotation performance, but also the comminution characteristics such as throughput (Cropp et al.
2013). Alruiz et al. (2009) proposed a comminution model based on characteristics of geometallurgical units, such
as ore grindability (derived from comminution tests on a large number of samples), to simulate the throughput of the 
Collahuasi grinding circuit. Suazo et al. (2010) built a model to calculate the metallurgical results of the Collahuasi 
flotation circuit using inherent floatability as a characteristic of geometallurgical units. In a case study for a 
porphyry and a porphyry associated skarn deposit, the application of modelling software for ”integrated simulation 
of comminution, classification and flotation” was demonstrated for quick estimation of product quality of a flotation 
plant (Tungpalan et al. 2015). Finally, Helle et al. (2005) showed the relation between mineralogical characteristics 
of geometallurgical units and Cu recovery by acid leaching. The above list of geometallurgical research covers 
almost all processing aspects of Cu porphyry deposits.

Besides Cu porphyry deposits, IOCG, Cu-Ni and Cu-shale deposits are also relevant Cu sources. Examples of 
process mineralogical and geometallurgical research for Cu shale deposits are given by Lotter et al. (2014) and Van 
den Boogaart et al. (2011). Hunt et al. (2011) demonstrated the usage of artificial segmentation algorithms on 
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mineral maps in order to determine potential liberation behaviour of samples from an IOCG (iron oxide copper 
gold) deposit. Bonnici (2012) investigated and adapted microscopic techniques, using high resolution digital images 
and image analysis, as tools to quantify mineralogical and textural attributes relevant to processing behaviour of 
minerals exemplified for IOCG and Cu porphyry deposits. Lotter et al. (2011) conducted process mineralogical 
research at the Cu–Ni Nickel Rim South deposit (Sudbury district, Canada) and the related Raglan concentrator. The 
applicability of process mineralogy, including benchmark plant surveys using QEMSCAN data, was demonstrated 
in the development of blending, grinding and flotation strategies (Lotter et al. 2011).

1.3.2 Zinc-lead(-copper) deposits (including VHMS deposits)

The following studies highlight process mineralogical and geometallurgical aspects of Zn-Pb (Cu) massive and 
semi-massive sulphide deposits. 

McClung and Viljoen (2012) underlined the importance of mineralogical and geometallurgical investigations in
mineralogical complex ore at the Zn–Pb Broken Hill deposit, South Africa. The significance of mineralogy (and 
mineral chemistry) for the explanation of the quality of the flotation products was demonstrated by an element 
deportment study at the Gamsberg Zn deposit (South Africa); comprising QEMSCAN analysis, microprobe data on 
sphalerite and Time of Flight Secondary Ion Mass Spectrometer (ToF-SIMS) (Schouwstra et al. 2010). Leaching 
characteristics of a Gamsberg pyrite-quartz-sphalerite ore sample were studied by Ghorbani et al. (2013) using X-
ray tomography and QEMSCAN measurements. A connection between mineral association and mineral chemistry 
was shown (Ghorbani et al. 2013). These three studies present results on different process-mineralogical and 
geometallurgical aspects of the Zn–Pb deposits, however, give no direct proposal for a complete geometallurgical 
model.

A detailed ore characterisation and process mineralogy study was conducted for the George Fisher Zn–Pb sediment-
hosted sulphide ore deposit close to the Mount Isa deposit, Australia (Bojcevski et al. 1998; Bojcevski 2004).
Mineral textures were defined on meso-scale (centimeter level, usable for drill core logging) and on micro-scale (by 
using optical microscopy to describe mineral association, grain sizes, etc.). Incorporating meso-texture information, 
in addition to chemical assays, into an empirical flotation model allowed more precise simulation of the recovery of 
base-metals related to improved correlation. Assuming metallurgical characteristics of the outlined ore textures were 
found consistent throughout the ore deposit, it was suggested to infer metallurgical characteristics of ore types from 
meso-textures of a geological model, e.g. for mine planning (Bojcevski 2004). The study conducted by Bojcevski 
(2004) provided the most complete concept of a geometallurgical model for a Zn–Pb ore deposit. In contrast to the 
empirical (or statistical) approach connecting ore characteristics with flotation results, Gorain et al. (2000) used
liberation analysis (derived from QEM*SEM analysis) to measure ore characteristics of the flotation feed and to 
model chalcopyrite recovery from Mount Isa ore.

Bolin et al. (2003) described the gradual improvement of the Garpenberg concentrator treating ore from Zn–Pb–Ag–
(Cu–Au) sulphide deposits in central Sweden. A mineralogical study on flotation products helped to find options for 
improvement of the existing operation, e.g. suggestions were given to increase sphalerite liberation by careful 
regrinding in order to avoid coating of sphalerite with oxyhydroxides.

Petruk and Hughson (1977) conducted a process mineralogical study on ore from the Zn–Pb–Cu volcanic-hosted 
massive sulphide (VHMS) deposits at the Matagami and Brunswick mines, Canada. Petruk and Schnarr (1981)
studied Brunswick concentrator products. Chemical assays, XRF analysis, optical microscopy and image analysis 
with Quantimet 720 Image Analyzing system were used for mineralogical and textural characterisation and for 
comparison of flotation products. Regrinding was recommended to improve sphalerite, chalcopyrite, galena and 
tetrahedrite liberation and recovery (Petruk and Schnarr 1981). However, advanced regrinding on the other hand 
caused sliming of galena in the Brunswick ore (Petruk and Hughson 1977). In his book “Applied Mineralogy in the 
Mining Industry”, Petruk (2000) summarised the ore characterisation of several VHMS deposits Flin Flon-Snow 
Lake areas, Manitoba, Canada. Descriptions of ore texture were mostly qualitative and based on ore microscopy. 
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Microprobe analyses were conducted for e.g. trace minerals. By combining ore characterisation with chemical 
analysis of the flotation products, suggestions for improvement in processing were made. 

Benzaazoua et al. (2002) conducted a detailed EPMA/WDS study on all minerals in the Cu-rich feed of the VHMS 
deposit of Neves Corvo, Iberian Pyrite Belt, Portugal. The detailed mineral chemistry (EPMA analysis) served as 
basis for element to mineral conversion. High mineral liberation was assumed. A laboratory test was conducted 
using different flotation reagents and the bulk mineralogy of all products derived from chemical assays. Some key 
findings of this process mineralogical study were that: firstly, a differential flotation behaviour for fahlores 
(tetrahedrite–tennantite series) was found; secondly, principal component analysis (PCA) showed that a higher 
mineral separation could be achieved; and thirdly, a correlation between major elements or minerals and trace 
elements was established and was found potentially useful for prediction of trace element content of products from 
XRF analysis in slurries in the processing plant. Beyond the traditional approach to processing of ore material, Hunt 
et al. (2016) studied the mineralogy of gossanous waste rock material from the polymetallic VHMS deposits of the 
Iberian Pyrite Belt, Portugal and Spain. Information from the mineralogical studies was used to give advice on the 
extraction of precious metals from this material in order to increase the exploitability of the resources, and at the 
same time taking into consideration environmental issues.

A detailed ore characterisation and geological modelling work was done on the Hellyer Zn–Pb–Cu VHMS deposit, 
Tasmania (McArthur 1988; McArthur 1996). McArthur (1988) adapted kriging technique, using variography within 
stratigraphic layers, to model the metal grade distribution for early mine planning studies. In the PhD thesis,
McArthur (1996) described micro-textures in detail and established a coding system based on optical microscopy. 
Microprobe analyses were conducted to identify trace minerals and to determine the chemistry of the main sulphide 
minerals and tetrahedrite over the spatial extent of the Hellyer deposit (McArthur 1996). It was suggested to embed 
mineralogical parameters, such as grain size and mineral association, in a block model, which could then assist in 
mine planning and forecast process performance (Walters and Kojovic 2006). For example, attributes such as rock 
hardness, mineral grade, and textures, are expected to have an impact on mill operation (Walters and Kojovic 2006).

Knight et al. (2011) built a geometallurgical model for an unnamed Zn–Cu VHMS deposit in the prefeasibility stage 
of a mining project. A uniform mineralogy and mineral chemistry was assumed for the deposit. Two locked cycle 
flotation tests were used to estimate the Cd or Sb+As content of the flotation products. Based on this information
iso-surfaces were constructed and areas where these contents were estimated to be above the threshold for smelter 
penalties were outlined. The variability in flotation response within the margins of iso-surface remained unknown
since the precision of this approach had not been shown (cf. Lotter et al. 2011). Despite these shortcomings, Knight 
et al. (2011) provided the most comprehensive study on geometallurgical modelling of a VHMS ore deposit.

In addition to the research on Sb minerals in VHMS deposits presented by Benzaazoua et al. (2002), Lager (1985)
conducted a mineralogical study distinguishing several Sb minerals at the Rakkejaur massive sulphide deposit, 
Skellefte district (northern Sweden). The behaviour of the Sb minerals was studied in a flotation test at a pilot plant 
(Lager and Forssberg 1990), and a SEM-based mineralogical study was done to record the Sb mineralogy of the 
products. Additional mineralogical factors such as degree of liberation were not investigated (Lager and Forssberg 
1990). However, it was shown that the grain size of Sb minerals can be as low as 30 μm and complex intergrowths 
were documented in the ore (Lager 1985), which would require very fine grinding to completely liberate the Sb 
minerals. Advances in the analytical techniques make it possible to record mineralogical factors in addition to the 
bulk mineralogy, such as the degree of liberation for particles in flotation products in the Rockliden case study 
(Paper III).

In summary it can be stated that massive sulphide deposits in particular have a complex mineralogy and vast variety 
of textures, which are found to influence the processing behaviour. Furthermore, it is known that these deposits can 
host a range of deleterious trace minerals (cf. Minz 2013). Geometallurgical or process mineralogical studies on the 
trace mineralogy of massive sulphide deposits and the implications for mining and quality of processing products 
are few (e.g. Benzaazoua et al. 2002; Lager and Forssberg 1990). However, the usage of detailed mineralogical 
information in modelling of flotation processes is known for complex PGE deposits, requiring consistent analysis 
with SEM-based automated tools such as MLA analysis (e.g. Chetty et al. 2009).
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1.4 Aim and Scope of the Thesis

The main aim of this study is to describe the mineralogical variation of the Rockliden deposit, with focus on Sb 
minerals, and with the purpose of outlining and extracting rock-intrinsic parameters influencing the distribution of 
the Sb minerals during flotation. Further, it was aimed to determine whether (and which) mineralogical and particle 
information can be used to model the Sb grade of the Cu–Pb concentrate precisely enough for implementation into a 
geometallurgical model in the exploration stage of a deposit. Suggestions are given on how quantitative 
mineralogical information – focusing on the Sb mineralogy – can be added to a resource model in the current stage 
of the Rockliden exploration project. 

The project is divided into two parts, which are described in the following: 

Part 1: Ore characterisation and Sb mineralogy (Paper I & II, Minz 2013, summarised in section 2)

Ore characterisation has been defined as a fundamental component in the geometallurgical approach used at LTU 
(e.g. Lund 2013). The Rockliden ore characterisation study comprises petrographic description of selected drill core 
sections and samples in order to classify host rocks and massive sulphides using geochemical and mineralogical 
classification tools. This includes also a detailed characterisation of the complex mineralogy, both the main and Sb 
mineralogy in the ore and flotation products, using qualitative microscopic studies (SEM/BSE images) and 
microanalysis (SEM/EDS and EPMA/WDS). Results from the ore characterisation study (part 1) assisted in the 
sample collection for the laboratory flotation test and provided basic information for automated mineralogy analysis 
in the continuation of the study (part 2, cf. Lotter et al. 2003).

Part 2: Extraction test and Sb distribution model (Paper III & IV, section 3 to 6)

Variability testing is used to extract parameters needed for modelling of the process (Lamberg 2011).
Mineralogically distinct composites (end-member samples in terms of main and Sb mineralogy) were used as feed to 
a simplified laboratory flotation test to evaluate variability in process response (cf. Lamberg 2011). Automated 
SEM-based measurements were conducted to document the mineralogy of the flotation products using the Mineral 
Liberation Analyser (Fandrich et al. 2007). A particle tracking technique was applied to automated SEM-based 
measurements in order to study the distribution of locked and unlocked Sb minerals in the flotation products 
(Lamberg and Vianna 2007). Using the quantitative mineralogical data, the flotation distribution of Sb was 
simulated. Different levels of mineralogical information were used for simulation. The aim was to study the depth of 
mineralogical information needed, i.e. which rock-intrinsic parameters are necessary to simulate the Sb distribution 
in different flotation products accurately enough to be usable for a geometallurgical model in the exploration stage 
of the Rockliden deposit. Based on the relevance of parameters, suggestions were made on how to collect (spatial) 
quantitative mineralogical information and how to implement such information in a process-adapted geological 
model for the Rockliden volcanic-hosted massive sulphide (VHMS) deposit (Fig. 1.2, Fig. 5.2).

Figure 1.2 gives the general outline of this study and Table 1.1 discloses the objectives of the two parts of this study.
Results presented in this thesis focus on the second part the Rockliden PhD study.
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Fig. 1.2. Flow chart showing the structure of the Rockliden PhD project. Grey outlined are the part 1 and black outlined the 
second part of the study.

Table 1.1

Objectives within the aim of this study.

Article Objectives

Paper I Detailed description of the Sb mineralogy and the mode of occurrence of Sb minerals in the 
Rockliden ore,
Qualitative characterisation of flotation products to outline mineralogical (rock-intrinsic) parameters,
potentially controlling Sb flotation distribution,

Paper II Compilation of knowledge of the local geology and mineralogy of the Rockliden deposit,
Detailed petrographic and mineralogical description of the different rock and mineralisation types,
Qualitative classification of the massive sulphide ore based on the grade of the major sulphide 
minerals and micro-textures,

Paper III Quantification of the Sb mineralogy in the ore and in the products of a laboratory flotation test,
Defining mineralogical factors controlling the distribution of Sb between different flotation products,

Paper IV Simulation of the Sb grade and recovery in the Cu–Pb concentrate based on Sb mineralogy of the 
feed and flotation products,
Testing whether a particle-based model (i.e. using particle-tracked MLA measurements) provides
more precise simulations than using bulk mineralogy or chemical assays.
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2 Background – Mineralogical Characterisation of the Rockliden Deposit

2.1 Ore Characterisation

The inferred mineral resource of the Rockliden massive sulphide ore is 9.2 Mt with 4.0 wt% Zn, 1.8 wt% Cu, 
0.4 wt% Pb and 48 g/t Ag (New Boliden 2015). Besides bonus trace elements such as Ag, the Rockliden deposit 
contains deleterious trace elements such as As, Hg and Sb. An average Sb content was estimated from drill core 
assays to be 0.1 wt%. In this study the characterisation of the massive sulphide ore bodies and the immediate host 
rock is based on drill core logging, assaying, optical microscopy and SEM (scanning electron microscopy). This 
chapter summarises the results of Paper I and II.

The main rock types of Rockliden are metasedimentary and volcanic rocks enveloping the steeply dipping massive 
sulphide ore. Mafic dykes are cross-cutting the deposit. A summary of all rock and massive sulphide types is given 
in Table 2.1. Based on the total sulphide content (TS) of drill core samples, the following broad distinction can be 
made: disseminated (generally < 15 wt% TS), semi-massive (ca. 15 to 50 wt% TS), and massive sulphides (> 50 
wt% TS). The drill core samples with disseminated sulphides comprise the silicate-dominated host rock, which may 
contain minor amounts of sulphide minerals when it is altered. An extensive alteration halo is present in the volcanic 
rocks, which transgress through semi-massive into massive sulphides in structurally undisturbed drill core profiles. 
The main sulphide minerals are pyrite (Py), sphalerite (Sp), chalcopyrite (Ccp) and pyrrhotite (Po). Based on the 
main mineralogy six massive sulphide types have been distinguished (Table 2.1). These six types may be grouped 
based on their chemical assays (the only quantitative information systematically collected for drill core intervals)
into two classes: one Cu-dominated (Cu/Cu+Zn > 0.5), the other Zn-dominated (Cu/Cu+Zn < 0.5). The Cu-
dominated class comprise largely massive sulphides of type 5 and 6 while the Zn-dominated class contains the 
massive sulphides of type 2, 3 and 4 (Table 2.1).

Table 2.1

Characterics of host rocks and massive sulphides (MS) types. Mineral abbreviations: Amp – amphibole minerals, And –
andalusite, Anh – anhydrite, Ap – apatite, Apy – arsenopyrite, Bt – biotite, Cal – calcite, Carb – carbonate minerals, Ccp –
chalcopyrite, Zn-Chr – Zn-rich chromite, Phsl – phyllosilicates, Chl – chlorite group, Cst – cassiterite, Epi – epidote group, Fl –
fluorite, Fsp – feldspar minerals, Il – ilmenite, Mgt – magnetite, Po – pyrrhotite, Py – pyrite, Qtz – quartz, Rt – rutil, Ser –
sericite, Sp – sphalerite, Stnn – stannite, Ttn – titanite, Ttr – tetrahedrite.

Rock type Mineralogy Texture

Turbiditic 
sediments and 
greywackes

Phsl, Qtz. Alternations of shale and fine-grained 
sandstone; locally silicification in contact with 
massive sulphides.

Felsic volcanic 
rocks

Fsp, Qtz, Ser (minor and trace minerals in altered 
volcanics: Phsl (Chl), Fe-ghanite, Epi, And, Carb, 
Anh, Fl; Py, Po, Sp, Ccp),
geochemical classification: rhyolitic–dacitic.

Porphyritic with Fsp and Qtz phenocrysts, 
foliation defined by alignment of 
phyllosilicates; alteration types: sericite and 
sericite-quartz alteration, chlorite alteration.

Mafic Rocks 
(mafic dykes)

Amp, Fsp, Phsl, Bt, (minor and trace minerals: Carb, 
Qtz, Zn-Chr, Rt, Il, Ttn, Ap, Cal),
trace chemistry of mafic dykes: Cr > 300 ppm and V 
> 150 ppm (Zn-Chr grains surrounded by Cr–V-rich
Mgt rims or Il rims).

Mafic dykes: Amp (composition of hornblende, 
grain size: 50 to 500 μm), Phsl, Bt, and Plg 
forming a fine-grained groundmass (no distinct 
chilled margins in contrast to dolerite dykes (cf. 
Raat et al. 2011), locally with Cal-Qtz-Chl 
veinlets.
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Table 2.1 (cont.)

Massive sul-
phides (MS)

Mineralogy Texture

MS – Type 1 Po–Sp–Ccp (non-opaque minerals: Carb, Qtz, Ser, 
Phsl, Fsp, Amp),
high grades (> 1000 ppm) of Sn (tin) locally in clast-
rich, isolated (max. 2 m width), massive sulphide 
intersections (Sn mineralogy: Cst and Stnn).

Locally, with isolated grains of pyrite (up to 500 
mm diameter).

MS – Type 2 Py (non-opaque minerals: Qtz, Carb, Phsl),
.

50–500 μm grain size variation of pyrite, locally 
high density packing of pyrite grains,
irregular-shaped Ccp±Po meshes if Cu > 2 wt%,
Mgt grains up to 200 μm in diameter

MS – Type 3 Py–Sp (non-opaque minerals: Carb, Qtz, Phsl, Ser, 
Bt),
Zn > 5 wt% (ranging from 7 – 15 wt%), Cu < 2 wt%.

Py grains (200 to 500 μm, max 1000 μm 
diameter) often show embayments of Sp, Py 
with inclusions of Sp (locally also Gn and Ttr)
Po in diablastic intergrowth in the Sp 
groundmass 

MS – Type 4 Py–Sp–Ccp (non-opaque minerals: Qtz, Carb, Ser, 
Phsl, Amp),
Zn > 5 wt-%, Cu > 2 wt%.

With increasing Po content, Po and Sp can 
alternate in ground mass around Py grains and 
form banded textures.

MS – Type 5 Py–Ccp–Sp (non-opaque minerals: Qtz, Carb, Phsl,
Ser, Amp),
Zn < 5 wt-%, Cu > 2 wt%.

Locally close association of Apy–Po–Ccp (tight 
intergrowth),
high Ccp content tend to correlate with 
relatively high Po content.

MS – Type 6 Py–Po–Mgt–Ccp–Sp (non-opaque minerals: Phsl,
Qtz, Carb, Amp).

Similar as the Py–Ccp–Sp group (MS type 5)
but with high Po or Mgt content.

The Sb minerals were studied in detail as a critical component of the minor and trace mineralogy of Rockliden. SEM 
studies showed that there is a great variety of Sb minerals found at Rockliden, out of which tetrahedrite, bournonite, 
meneghinite, boulangerite and gudmundite are commonly found in the Rockliden deposit (Minz 2013, Fig. 2.1). The
mineral chemistry of the main Sb minerals has been studied in detail with EPMA/WDS analysis (Table 2.2). Except 
for tetrahedrite, the Sb minerals are close to their stoichiometric compositions (cf. Paper I). The Ag content of 
tetrahedrite was found to be variable, being highest in the drill core samples from Po–Py–Sp massive sulphides 
(Mattsson and Heeroma 1985) and mafic dykes. The variation in Ag content is probably related to the host rock, i.e. 
tetrahedrite found in altered felsic volcanic rocks have an Ag content below 4 wt% and tetrahedrite found in mafic 
dykes generally have an Ag content above 4 wt% (Minz 2013). The distinction between two types of tetrahedrite is 
shown in Table 2.2.
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Table 2.2

Mineral composition of the common Sb minerals at Rockliden according to EPMA/WDS analysis. 

Mineral and 
stoichiometric formula 

No. of 
analysis Stat.c)

Ag / 
wt%

Zn / 
wt%

Cu / 
wt%

S / 
wt%

Fe / 
wt%

Sb / 
wt% Pb / wt%

Tetrahedrite(a 6 AM 1.62 2.09 36.21 24.98 5.59 28.95 -

(Cu,Fe,Ag,Zn)12Sb4S13 SD 1.31 0.25 0.90 0.37 0.33 0.60 -

Tetrahedrite(b 23 AM 7.60 1.73 32.28 24.49 5.85 27.60 -

(Cu,Fe,Ag,Zn)12Sb4S13 SD 2.51 0.40 1.89 0.65 0.51 0.93 -

Bournonite 25 AM - - 13.34 19.68 0.46 23.34 42.67

PbCuSbS3 SD - - 0.25 0.41 0.31 1.64 1.63

Meneghinite 20 AM - 0.44 1.56 17.36 0.47 18.72 60.86

Pb13CuSb7S24 SD - 0.36 0.29 0.17 0.26 0.40 0.69

Boulangerite 8 AM - 0.50 - 18.43 0.39 24.19 55.84

Pb5Sb4S11 SD - 0.52 - 0.11 0.28 0.77 0.46

Gudmundite 39 AM - - - 15.67 28.21 55.58 -

FeSbS SD - - - 0.64 0.62 1.33 -

- - LLD 0.05 0.21 0.16 0.04 0.1 0.06 0.19
a) tetrahedrite in altered felsic volcanic rock and part of the massive sulphides,

b) tetrahedrite in mafic dykes and part of the massive sulphides,

c) statistics (AM – arithmetic mean, SD – standard deviation, LLD – lower limit of detection (EPMA/WDS analysis)).

2.2 Process Mineralogy

2.2.1 Distribution of Sb minerals in the ore body

The distribution of Sb minerals in the deposit, as estimated by using both optical microscopy and SEM, shows that 
tetrahedrite and gudmundite occur evenly distributed, with a slightly higher abundance in the upper part of the 
deposit (Fig. 2.1). Meneghinite and boulangerite tend to show peak concentrations in rather narrow intervals, a 
feature that might be related to their preferred occurrence in mafic dykes (see also section 4). 

Systematic differences are recognized between the Sb mineralogy of Sb-rich rock types and of massive sulphides. 
The Sb mineralogy of the mafic dykes is dominated by Cu- and Pb-bearing sulphosalts, while the acid volcanic 
rocks contain mostly gudmundite with Pb–Sb sulphosalts, locally associated with quartz and calcite veinlets. No 
systematic differences are noticed within the massive sulphides. A correlation between main mineralogy (or main 
elements) and Sb as trace element (cf. Benzaazoua et al. 2002) could not be established for Rockliden massive 
sulphide samples and this might be related to the complexity in the Sb mineralogy at Rockliden. However, the Sb
mineralogy seems to change towards depth in the Zn-dominated massive sulphides (Paper I). The SIMCA software 
was used to conduct a principal component analysis (PCA) on the Sb mineralogy of the massive sulphides (32 
samples). The Sb mineralogy of each sample was estimated from combined optical microscopy and SEM-based 
analysis. It should be noted that the number of samples is too low for a proper PCA model. A provisional two 
component PCA model using assays for the base metals and the fraction of Sb minerals (Sum to 100%) gives the 
loading plot shown in Fig. 2.2a. Additionally, a two component PCA model is shown in figure 2.2b using Sb grade 
differentiated by minerals instead of fractions of Sb minerals.
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Fig. 2.1. Variation in the grade (wt%) of the main Sb minerals (Bour – bournonite, Gd – gudmundite, Mene – meneghinite 
(including boulangerite), Ttr – tetrahedrite) based on the estimated proportion of Sb minerals in drill core samples collected 
during 2012 and 2013 (length of sampled intervals: 0.3 to 1.0 m), in relation to rock types (MS-Cu/-Zn – Cu- and Zn-dominated 
massive sulphides, MD – mafic dykes, volc – felsic volcanic rock). Viewing to the west with the Rockliden massive sulphide ore 
body as translucent shapes.
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Fig 2.2. Loading plot of a 2 component PCA model using SIMCA modelling software (Eriksson et al. 2006). Besides drill core 
assays, graphic (a , and graphic (b) shows 
Sb grades hosted by tetrahedrite (Ttr), bournonite (Bour), meneghinite (Mene) and gudmundite (Gd). The Sb mineralogy was
estimated from combined optical microscopy and SEM.

It should be noted that the second component of the PCA models in figure 2.2a and figure 2.2b is not significant, the 
R2X (degree of explanation) for both components is lower than 0.5 and the Q2 (predictablility) value is negative or 
close to cerro. Further, the PCA model in figure 2.2b gives no distinct separation of mineral specific Sb grades, i.e. 
grades based on the Sb distribution to the host minerals (tetrahedrite, bournonite, meneghinite and gudmundite), 
along the first componenet and is thus discarded from further discussion. However, a clustering of the fraction of 
bournonite and meneghinite with the Pb, Zn and Sb assays and the fraction of tetrahedrite and gudmundite with Cu, 
As and S content is observed in figure 2.2a. Such clustering is supported by the mineral association as observed in 
qualitative microscopic studies; the Cu- and Pb-bearing sulphosalts (tetrahedrite, bournonite, meneghinite and 
boulangerite) are commonly associated with each other and with sulphide minerals, whereas the mineral association 
of gudmundite is rather widespread (Paper I, Table 2.3). Only the very fine grained gudmundite is associated 
systematically with chalcopyrite, pyrrhotite and galena (Table 2.3). A difference between the mineral association of 
Cu- and Pb-bearing sulphosalts and gudmundite is supported by the results of automated mineralogy analysis (cf. 
Table 4.4). However, it cannot be ruled out that the difference in mineral association could be partly due to 
differences in the ratio of chalcopyrite and sphalerite caused by the selectivity when sampling the massive sulphides.

Table 2.3

Position and mode of occurrence of common Sb minerals, in ore and in particles found in grounded flotation products (Paper I 
and II). Sb mineral: Boul – boulangerite, Bour – bournonite, Gd – gudmundite, Mene – meneghinite, Ttr – tetrahedrite. For 
abbreviation of other minerals see Table 2.1. LR-Zn – Zn-dominated massive sulphides in the deeper part of the Rockliden 
deposit (ca. 400 m below surface), MD – mafic dykes, MS – massive sulphides, Volc – felsic volcanic rock. 

Mineral Position in the ore body Association in the mineralisation Association in the particles
• Tetrahedrite MS (only traces in LR-Zn ), 

MD
Gn, Bour, Ccp, Sp, Po Gn, Sp, Ccp, Po, silicate 

minerals

• Bournonite MD, MS Gn, Ccp, Ttr, Sp Gn, (Sp, Ccp, Boul, Py)

• Meneghinite &
Boulangerite

MD, in LR-Zn Apy, Gn, silicate minerals Gn, Bour, silicate minerals

• Gudmundite MS, Volc, MD Po, Sp, Gn, Ttr, Apy (as small grains < 10 μm 
with Ccp, Po, Sp, Gn), silicate and carbonate 
minerals

Gn, Ccp, silicate and carbonate 
minerals
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2.2.2 Expected distribution of Sb minerals in flotation process

Beside the ore characterisation, studying flotation products with qualitative and semi-quantitative (microscopic) 
methods is an important aspect in outlining rock- and ore-intrinsic factors, which potentially control the distribution 
of minerals, in particular Sb minerals. According to Lager and Forssberg (1990), ferrous Sb minerals, such as 
gudmundite reported largely into the tailings both in a soda and lime environment, Cu- and Pb-bearing Sb 
sulphosalts floated in both environments, and for the Pb-bearing Sb sulphosalts a slightly better flotation was 
documented in the soda environment. An initial flotation test on three Rockliden composites was conducted in 2010 
and the Sb mineralogy of the final flotation products was documented by SEM/EDS-based INCA feature analysis 
(Bolin 2010, Fig. 2.3). The results of the semi-quantitative study indicated that the behaviour of the Sb minerals is in 
accordance with the findings of Lager and Forssberg (1990). Microscopic studies on the final flotation products 
indicated that the distribution of Sb minerals is not only influenced by their own flotation behaviour related to the 
mineral chemistry, but also by locking with other minerals in composite particles, which in turn could be related 
back to the mineral association documented in the ore samples (Paper I, Table 2.3).

Fig. 2.3. Relative composition of Sb minerals in the final flotation products based on INCA analysis (summing to 100% Sb 
minerals in each studied product). The recovery of Sb is given for all products from the initial flotation test (Bolin 2010). Mineral 
abbreviations: Ttr – tetrahedrite, Bour – bournonite, M/B –meneghinite-boulangerite, Gd – gudmundite. Location of the samples 
is indicated in figure 2.1.
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2.2.3 Implications of ore characterisation for automated mineralogy

Optical microscopy is of limited use in the distinction of (minor and) trace minerals in multiple samples. This is 
known for the complex Sb mineralogy of massive sulphide ores at the Rakkejaur deposit (Skellefte district) due to 
the small grain size and similar optical properties (e.g. Lager 1989); and it is also true for quantitative ore 
characterisation studies at the Rockliden deposit. Also, limitations are noticed in the distinction of minerals with 
close mean atomic number (i.e. low BSE contrast) and similar chemistry using SEM-based automated mineralogy 
such as MLA techniques. The setting up of MLA measurements would require a special modification (fine tuning) 
of the BSE images in order to distinguish boulangerite and meneghinite (Paper III, and references therein). Given 
the similar chemistry, the flotation behaviour of meneghinite and boulangerite is expected to be similar and thus 
they were combined for SEM-based automated mineralogy. Generally, it is recommended to reduce the complexity 
in the mineralogy for the purpose of quantifying the mineralogy of ore and processing products, i.e. before a particle 
tracking technique can be applied on automated mineralogy data (Lamberg and Vianna 2007). The minerals 
documented in the massive sulphides and the immediate host rocks at Rockliden are listed according to their mean 
atomic number in figure 2.4. Figure 2.4 shows also a scheme which was used to group the minerals in order to 
reduce the complexity in mineralogy. All non-sulphide minerals and non-Sb-bearing trace minerals are grouped 
together as NSG (non-sulphide gangue). Furthermore, arsenopyrite and pyrite are combined. Arsenopyrite is a minor 
mineral at Rockliden and is expected to show similar flotation behaviour as pyrite (Benzaazoua et al. 2002).
However, in a study considering the distribution of e.g. Sn or As during flotation, the mineral grouping would 
obviously need to be changed.

Fig. 2.4. List of documented minerals sorted by their mean atomic number illustrating the possible distinction in BSE 
(backscattered electron) images (Minz 2013). Outlined with arrows and boldly highlighted text is the mineral grouping used for 
particle tracking of automated mineralogy measurements.
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3 Materials and Methods

3.1 Sampling, assays and microscopy

A list of all samples used in this study is given in Table 3.1. Samples that have been specifically collected for this
study are marked and sampling for the second part of the Rockliden PhD project is described below in more detail.

Table 3.1

Summary of samples and analysis available to the Rockliden PhD project. *) Samples of first sampling campaign (part 1 of the 
thesis), **) Samples of the second sampling campaign (part 2 of the thesis), remaining samples provided by Boliden AB. 

No. sample type experimental, analytical methods

490 Drill core samples, RC drilling Surface mapping, geochemical analysis and drill core logging 
(Exploration Department, Boliden AB)

59(* Drill core samples (mostly ca. 40 cm 
quartered BQ drill core) 

Geochemical analysis and mineralogical studies (optical microscopy, 
SEM/BSE imaging, SEM/EDS, EPMA/WDS)

3 Composite drill core samples (each ca. 15 to 
30 kg) 

Laboratory flotation tests (2009, Division of Process Technology, 
Boliden AB), geochemical analysis

9 Final products of laboratory flotation tests 
(2009) 

Geochemical analysis and mineralogical studies on polished epoxy
mounts (SEM/EDS, modal analysis with INCA feature (cf. Liipo et al. 
2012), EPMA/WDS)

29(** Drill core samples (mostly ca. 1 m quartered 
BQ drill core) 

Geochemical analysis, semi-quantitative mineralogical studies on 
polished epoxy mounts (SEM/EDS, modal analysis (INCA feature (cf. 
Liipo et al. 2012))

60(** Sieved products of simplified laboratory 
flotation tests (2013) on 4 composites (each 
ca. 2 kg), unsized products on 2 composites

Geochemical analysis on products of all composites, GXMAP-MLA on 
sieved products of 4 composites (= 60 samples), 10 samples selected for 
sequential leaching test

Based on the results of the first part of this study (see section 2), drill core material was selected for a laboratory 
flotation test (cf. Paper III). A critical point when dealing with trace elements (such as Sb) or minerals is to measure 
a sufficient number of particles to achieve sound statistics (e.g. Byrne et al. 1995; Chetty et al. 2009; Sutherland and 
Gottlieb 1991). Thus, for this study drill core samples were selected such that the Sb grade was higher than ca 
0.1 wt%. Twenty nine drill core intervals of ca. 1 m length were sampled, crushed and assayed (Fig. 3.1a and b). 
The collected drill core intervals were grouped into six sets depending on their chemistry and ore characteristics, 
representing Cu- and Zn-dominated massive sulphide ore types and Sb-rich mafic and altered felsic rock types (Fig. 
3.1b). Polished epoxy grain mounts were prepared from all crushed drill core samples and the Sb mineralogy was 
studied with a Zeiss Gemini FESEM at Luleå University of Technology, Sweden. From each set, two to three drill 
core intervals were selected based on similarity in main and Sb mineralogy, blended and ground to a P80 of ca. 
50 μm in a laboratory rod mill (Fig. 3.1c).
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Fig. 3.1. (a) Distribution of drill core samples in the Rockliden ore deposit. Viewing to the west on the Rockliden massive 
sulphide ore body (translucent shapes). (b) Ternary plot showing the classification of the drill core samples. (c) Laboratory 
flotation test using a Magotteaux bottom driven flotation machine. Flotation products: Cu–Pb cleaner concentrate (Cu CC), Cu–
Pb cleaner tailing (Cu CT), Zn cleaner concentrate (Zn CC), Zn cleaner tailing (Zn CT) and Zn rougher tailing (Zn RT). 
Composites: UR-Cu – upper Rockliden Cu-dominated massive sulphide, UR-Zn – upper Rockliden Zn-dominated massive 
sulphide (Sb/Ag ratio > 30), UR-Zn-Ag – upper Rockliden Zn-dominated Ag- -Zn –
lower Rockliden Zn-dominated massive sulphide, MD – amphibole-dominated mafic dyke, Volc – altered felsic volcanic host 
rock.
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The control on the Sb mineralogy made the samples of this study different from a snapshot approach which is based 
only on grade and spatial location assuming constant mineralogy and lithology within the deposit (Lorenzen and 
Barnard 2011). The sampling strategy did not aim for the collection of samples which represent the entire or parts of 
the Rockliden ore, but attempted to collect samples clearly showing differences in the main and Sb mineralogy. This 
can be described as sampling for end-member or ore variability testing (cf. Lamberg 2011; Lotter et al. 2003).
Generally, drill core samples will account for higher variability and tend to give more extreme grades compared to 
samples which would represent mining blocks (Dunham and Vann 2007).

Directly after grinding, the six composites were subjected to a simplified laboratory flotation test in the technical 
laboratory of the Boliden Mining Company (Fig. 3.1c, reagents are listed in Paper III). Five flotation products were 
collected from each test: Cu–Pb cleaner concentrate (CuCC), Cu–Pb cleaner tailing (CuCT), Zn cleaner concentrate 
(ZnCC), Zn cleaner tailing (ZnCT) and final tailing (ZnRT) (Fig. 3.1c). Their chemical composition was measured 
by XRF analysis (X-ray fluorescence spectrometer SPECTRO X-LabPro, technical laboratory, Boliden Mining 
Company, Sweden). Four composites and their flotation products were selected, and the products sieved into three 
size fractions (-20 μm, -45 to +20 μm, +45 μm) and the chemical composition of each fraction was assayed by XRF 
and for 21 major and trace elements by plasma atomic emission spectroscopy (ICP-AES) at ALS Minerals Division, 
Piteå, Sweden. 

3.1.1 Note on chemical assays as basis for element to mineral conversion

As mentioned above, different analytical methods were used to determine the elemental grades. Assays were 
obtained for all sieved products by XRF (X-ray fluorescence spectrometer SPECTRO X-LabPro, Boliden Mining 
Company) and ICP-AES analysis (ALS Minerals Division). Since several Sb minerals are documented in single thin 
sections of uncrushed drill core material from the Rockliden deposit (Paper I and II), the usage of plain Sb grades 
would not allow direct element to mineral conversion, e.g. in HSC Geo (cf. Roine 2009). Diagnostic leaching can 
provide additional constrains in a system with element number lower than the mineral number by determining 
additional Sb grades which would allow distinguishing Sb mineral group if they show selective leaching behaviour 
(cf. Whiten 2008). Antimony (Sb) in gudmundite and the Cu- and Pb-bearing sulphosalts have different oxidation 
state (Moëlo et al. 2008). A potential difference in solubility of the Cu- and Pb-bearing Sb sulphosalts and 
gudmundite was expected from the differences in the oxidation status (e.g. Kuhar et al. 2011). The bromine-
methanol selective dissolution was tested as a possible diagnostic leaching technique (Labtium, Finland). The 
method had been used successfully to distinguish pyrite and pyrrhotite (Penttinen et al. 1977). Bromine-methanol 
selective dissolution and total dissolution was conducted on 10 samples selected from the sieved products of the 
laboratory flotation test and assays were obtained with Flame AAS (Penttinen et al. 1977).

3.2 Automated Mineralogy, Particle Tracking and Simulation

Polished epoxy grain mounts were prepared at the “Erzlabor” (Technical University Freiberg, Germany) for all 
sieved flotation products. A Mineral Liberation Analyser (MLA) was chosen for SEM-based automated 
measurements (Fandrich et al. 2007) and the analysis was conducted with a FEI Quanta 650F. The MLA Suite 3.1.4 
software was used for data acquisition and processing at the Geometallurgy Laboratory, Technical University of 
Freiberg (cf. Paper III). The following analytical conditions were used: acceleration voltage of 25 keV and emission 
current of 10 nA. The grain X-ray mapping mode (GXMAP) was chosen for measurement with the MLA (cf. 
Fandrich et al. 2007). The MLA measurements were conducted at a pixel size of 0.75 μm/px, a minimum Quartz 
EDX-count of 2000 and a total particle count of >45000 (for samples of sieving fraction >20 μm) and >190000 (for 
samples of sieving fraction <20 μm) (Paper III).
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Prior to particle tracking, the complexity in the bulk mineralogy found in the MLA measurements was reduced 
according to the description in section 2.2 (Fig. 2.4). A particle tracking technique was used to mass balance the 
MLA measurements and to calculate recoveries of particle types defined by binning algorithm used in HSC 
Chemistry (Lamberg and Vianna 2007). Particles from MLA measurements were assigned to defined particle 
classes (binary, ternary and complex particles) in a step referred to as basic binning. For all composites, the 
mineralogical composition of the feed was back-calculated from the products. During advanced binning, mass 
balancing was done on the level for narrow liberation classes defined by adjusting Nmin to 250 in the combined 
products, i.e. in the corresponding bin in the feed.

For building a mineralogy-based flotation model (cf. Paper IV), a first-order kinetic process was assumed and the 
mineral specific flotation rate constants (k value) were calculated according to the following equation (Eq. 1):

(Eq. 1) R = mi (1 – e(-kit))
with: R – Recovery, ki – kinetic constant or rate of flotation for the component i, mi – mass fraction of 
component i, t – discrete time in a batch cell (Runge et al. 1997; Welsby et al. 2010)

Three levels of simulation were done based on the detail of mineralogical information used for each simulation 
option: unsized (SL1) and sized bulk mineralogy (SL2) and particle information (SL3, Table 3.2). Depending on the 
detailed level of information chosen for simulation, the k values were modelled from the observed recoveries of 
minerals (liberated minerals in simulation option SL3). For each mineral (or mineral group, cf. Fig. 2.4), a k value 
was chosen either derived from the recoveries measured for the Zn-dominated massive sulphide composite of the 
upper part (UR-Zn) or from the Zn-dominated massive sulphide composite of the lower part of the Rockliden 
deposit (LR-Zn). These selected k values were then used in HSC 7 SIM simulating the recovery of minerals based 
on the feed information provided by particle-tracked MLA measurements of the four composites. The detailed level 
of information for the feed was chosen corresponding to the level by which the k values were modelled (Table 3.2). 
Beside the three mineralogical levels (SL3 to SL1), an assay-based option (SL0, Table 3.2) was included using 
common drill core assays: Cu, Zn, Pb, As, Sb and S. It should be noted that this does not allow for distinction of Sb 
bound by different minerals. 

Table 3.2

Combinations for simulation. Abbreviations: SL –simulation level, UR-Zn – upper Rockliden Zn-dominated massive sulphide, 
LR-Zn – lower Rockliden Zn-dominated massive sulphide.

Depth of information for feed to simulation and 
k values selected from UR-Zn and LR-Zn

Assays-based 
mineralogy, 
unsized

Bulk 
mineralogy, 
unsized

Bulk 
mineralogy, 
sized

Liberated 
particles, sized

simulation option SL0 SL1 SL2 SL3

The simulation was based on the flowsheet of the laboratory flotation test (Fig. 3.1c, see also Paper IV). A residence 
time of 5.5 min for rougher flotation cells and of 3.5 min for the cleaner flotation cell was used. As the bubble sizes 
were not measured and air flow rates were fixed in the tests, the bubble surface area flux (Sb) was set to the value of 
“1” in the simulation. The other flotation cell parameters were kept as suggested by the flotation model in HSC SIM 
7.1 modelling software.
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3.3 Evaluation of Error Sources 

A complete error analysis for the sampling, experimental and analytical work of the thesis was not included. 
However, remarks on different types of errors and error sources are given in this section. 

3.3.1 Notes on sampling errors

Errors related to sampling of particular material are described in Pitard (1993). Some aspects are listed below in 
Table 3.3 and some notes are given in the following.

Table 3.3

List of errors regarding the sampling procedure in the Rockliden project. The table is not a complete list of all aspects of errors 
occurring during sampling of particle material, and the reader should consider Pitard (1993) for this purpose.

Error Remarks

Overall estimation 
error (OE)

The OE cannot be empirically analysed (Pitard 1993);
OE = TE + AE , with:
TE – n (SEn + PEn) with n = number of preparation stage,
AE – analytical error (comments on AE are given below).

Preparation error 
(PE)

The PE is an example for accidental errors. It can be introduced by contamination, loss, chemical or 
physical alteration, human mistakes, fraud.
Comments on PE are given below.

Sampling (or 
selection) error 
(SE)

SE = (aS – aL) / aL , with:
aL – unknown true content of a lot L,
aS – estimator of the content of the lot L.
[also: SE = EE + DE + CE with DE – (increment) delimitation error, EE – (increment) extraction 
error, CE – constitution selection error]

Fundamental 
sampling error (FE)

The FE is related to constitution heterogeneity and is the remaining error when all sampling 
operation is perfect.
Comments on FE are given below.

Care was taken to minimise the preparation errors (PE) during sampling of the Rockliden ore material. The 
multitude of labs involved all analysis and related packing-shipping of samples to different labs is expected to have 
a relatively large impact on the PE and hence on the total sampling error. However, the PE cannot be studied by 
statistics (Pitard 1993) and remains an unknown error component of this project.

Depending on the purpose of the application, the following range is suggested for the fundamental error: sFE

for technical sampling and process control and sFE (Pitard 1993).
It was pointed out that the Gy formula tends to overestimate the calculated variance (Bazin et al. 2013 and reference 
therein). A method to describe the standard deviation of the fundamental error (FE) for a two species system (e.g. 
valuable /target mineral and gangue) has been outlined for low grade ores by Bazin et al. (2013). The mineralogy of 
Rockliden, however, should not be reduced to a binary system in this study. The HSC 7 Geo Sampler, based on Gy's 
equation, has been used to estimate the impact of the fundamental error for the sampling of blended drill core 
material before crushing, for sampling of MLA analysis from the Cu–Pb cleaner concentrate (CuCC) and the final 
tailing (ZnRT) (Table 3.4).
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Table 3.4

Estimates of fundamental error (%) during sampling before crushing and sampling of the Cu–Pb cleaner concentrate (CuCC) and 
Zn rougher tailing (ZnRT) for chemical analysis (ALS), considering the trace mineralogy of Sb in the Zn-dominated massive 
sulphide composite from the upper part of the Rockliden deposit (UR-Zn) and the mafic dyke composite (MD). For flowsheet see 
figure 3.1c. Mineral abbreviations: Bour –bournonite, Gd – gudmundite, Mene – meneghinite, Ttr – tetrahedrite. 

UR-Zn MD

s (%) Ttr Bour Mene Gd Ttr Bour Mene Gd

crushing grinding 0.99 1.94 2.58 1.34 0.98 0.94 0.53 2.08

CuCC ALS 0.30 0.85 1.16 0.88 0.33 0.19 0.09 2.11

ZnRT ALS 10.92 4.81 6.34 1.42 1.70 2.13 1.23 4.22

3.3.2 Notes on analytical errors

The standard deviation of repeated measurements on the same sample is a measure of the precision of an analysis 
(Menditto et al. 2007). The bias quantifies the closeness between a reference value and the average of large series of 
test results; which is referred to as trueness of an analysis and has often been used indistinctively with accuracy 
(Menditto et al. 2007).

For chemical analysis, ALS Minerals, the laboratory used, states the relative accuracy and precision with ±5% for 
elements at high level concentration and ±10% for elements on trace level concentration (ALS Minerals Statement 
on Accuracy and Precision, pers. comm. Tony Ökvist, 2014-03-07). External standards have not been supplied to 
the samples for the products of the laboratory flotation test to confirm the bias assessing the accuracy. However, 
earlier studies on massive sulphide drill core samples using similar analytical package and external standards 
support the accuracy and precision given by ALS.

A relative error is assigned to assays of XRF analysis (X-ray fluorescence spectrometer SPECTRO X-LabPro) 
which is stated to be less than ±5% for major and minor elements. 

Figure 3.2a shows the reproducibility of XRF analysis, i.e. the combined error of repeating the sample preparation 
and measurement (cf. Parian 2015). The average coefficient of variation CVAV (cf. Abzalov 2008) was estimated 
with 11 % for the 18 samples (for repeated sampling and repeated analysis). Graphic b (Fig. 3.2) compares different 
types of analysis. The reader should be aware that neither the criterion of repeatability (i.e. repeating only the 
measurement) nor for reproducibility (repeated sample preparation and measurement) are fulfilled (cf. Parian 2015)
and the spread in the Sb values might be attributed to both analytical errors and errors in sampling (Figure 3.2b). 
However, a pattern can be shown for the material of mafic dykes: for Sb grades < 2.5 wt% ICP-AES analysis gives
lower grades than XRF analysis, particularly in the coarse fraction (> 45 μm). Since highly oxidizing solutions 
(HNO3, KClO4 and HBr) have been used to dissolve the samples for ICP-AES analysis, the impact of grain size on 
the error in analytical results might be more significant in XRF analysis. Large errors are known to occur in XRF 
analysis of sample material with large variation in grain size, or with light elements, or having constituents with long 
wave characteristic lines (e.g. Si, Al) such as silicates (Mzyk et al. 2002). Such reasons may partly explain the 
deviation of ICP-AES analysis and XRF analysis on flotation products of the mafic dyke composite (Fig 3.2b). 
Moreover, it should be noted that the mafic dyke samples, dominated by silicate minerals (cf. Table 4.2), were 
analysed with the same program at the X-ray fluorescence spectrometer SPECTRO X-LabPro which was set-up and 
used for massive sulphides, dominated by Fe sulphide minerals. 
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Fig. 3.2. (a) Reproducibility of Sb assays on ca. 5g sample, analysed with XRF; (b) parity chart for Sb comparing ICP-AES 
analysis (ALS: ME-ICP41a, ca. 1g samples) with XRF analysis (ca. 5g sample). Abbreviations: MASS – massive sulphide 
composites, MD – mafic dyke composite (coarse size fraction is marked with grey dots with a black circle, see legend graphic b).

3.3.3 Data reconciliation and error sources in MLA measurements 

The relative standard deviation of MLA measurements was estimated from repeated analyses on one epoxy mount 
and is below 5% for most minerals and elements.

The ALS chemical assays were used to evaluate the quality of the MLA data. Generally, chemical assays provide 
more accurate assays than those derived from MLA measurements. The bulk composition derived from MLA 
measurements is not effected by stereological error (Spencer and Sutherland 2000), and thus should be identical to 
chemical analysis, under the assumption that the mineral chemistry used to derive assays from MLA measurements 
is precisely known. Table 3.5 shows the average coefficient of variance (CVAV) for assays derived from MLA data 
and from ICP-AES analysis and the CVAV values indicate that they are generally in good agreement. The high 
coefficient of variance for Cu assays might be related to the strong reporting of Cu to the Cu–Pb cleaner concentrate 
(CuCC). Excluding the Zn cleaner tailing (ZnCT) and final tailing (ZnRT) gives a lower coefficient of variance. 
Difference between the assays includes both sampling error and analytical errors of MLA and ICP-AES analysis. 

Table 3.5

CVAV (coefficient of variance, cf. Abzalov, 2008) for assays (ICP-AES analysis) on sieved products and chemical composition 
back-calculated from MLA measurements. CVAV i=1

N{(ai – bi)2 / (ai + bi)2}](1/2). For abbreviations of 
composites see figure 3.1.

CVav Si S Fe Cu Cu* Zn Sb Pb

UR-Cu 76.0 1.3 1.2 24.5 5.6 30.4 19.7 24.1

UR-Zn 24.9 3.1 5.2 64.1 13.6 17.5 16.4 25.4

LR-Zn 31.3 4.2 5.8 62.3 9.7 10.4 21.1 26.0

MD 19.3 11.2 29.0 12.0 2.3 48.4 27.7 14.5
*) includes only assays from Cu–Pb cleaner concentrate. 



23

After sieving no size reduction was conducted (neither before sampling for MLA analysis (about 3g per sample) nor 
before sample submission for chemical assays (at least 1g for each sample)). Although about 3g of each flotation 
product were used to prepare epoxy grain mounts, less than 5 wt% of the material is estimated to be present at the 
polished surface recordable by MLA analysis. Thus, the total amount of material analysed with MLA is lower than 
the material used for chemical assays and the FE (fundamental error) is supposed to be higher for MLA analysis (cf. 
Table 3.4). Generally, it is assumed that the quality of chemical analysis is better than the assays derived from 
liberation data (Lamberg and Vianna 2007; Spencer and Sutherland 2000). Since chemical assays (ICP-AES 
analysis) are available for all products from the laboratory flotation test, element to mineral conversion could be 
utilised to attain a mineralogical mass balance that is fully consistent with chemical assays. However, attempts to 
reconcile the mineral liberation data with the assay-based bulk mineralogy in the HSC Chemistry software (Roine 
2009) were not applied to the MLA data since it led to adjustment of mineral contents to zero in several products 
(Paper III).

The following list summarises challenges with sample preparation for MLA and MLA measurements:

Stereological corrections were not applied to the experimental data of this study. Spencer and Sutherland 
(2000) found that the grades of binaries in feed and flotation products might be differently affected and it 
should be expected that in the presented MLA data the recovery of as 3D particles would be different from 
2D particles. Since stereological corrections were not applied to the mineralogical complex data for 
Rockliden, the reader should be aware that there is an error of unknown magnitude in the experimental data 
related to the measurement technique.

During sample preparation, particle agglomeration is a challenge to automated mineralogy. De-
agglomeration can be partly achieved by careful sample preparation (e.g. Kwitko-Ribeiro 2012) and by 
software solutions in measurement programs (Fandrich et al. 2007). Manual adjustment was necessary 
during processing of MLA data, especially for the fine fraction (< 20 μm, Paper III).

In addition to classification of particles due to differences in size, density segregation is a critical aspect in 
preparing epoxy mounts (Kwitko-Ribeiro 2012). The sieved samples of the Rockliden case contain 
minerals with a wide range of densities. Elements with high atomic number, such as Sb and Pb, tend to 
have higher contents in MLA derived assays than in chemical assays compared to S and Fe in the massive 
sulphide composites. This effect was tentatively attributed to density segregation (cf. Paper III). 

The minimum grain size for GXMAP-MLA analysis was set to 4 μm (Paper III). Generally, the minimum 
mineral size is suggested to be around 5 μm, limited by the interaction volume of the electron beam in the 
sample (e.g. Lund 2013). Misidentification of small minerals occurring at the rims of larger mineral grains 
has been noticed in MLA analysis (Paper III). Such fine rims may be detected in BSE images but are too 
small to give clean spectra in EDS analysis. This may be also a possible explanation for Cu deviation in the 
Cu assays derived from MLA data compared to assays from ICP-AES analysis (cf. Table 3.5). Cu is carried 
largely by chalcopyrite (more than 70% of Cu in all massive sulphide composites), which could be 
misidentified as pyrrhotite in unclear spectra, e.g. collected along margins of pyrite. However, this effect 
should be minimal since a Minimum Quartz EDS-count of 2000 was defined in the setup for MLA 
measurement, limiting the collection and interpretation of spectra with high noise. Another challenge are 
very fine intergrowths frequently found in BSE images in the Zn-dominated massive sulphide composite 
from the lower part of the Rockliden deposit. The intergrowths comprise chalcopyrite, pyrrhotite, galena 
and gudmundite of a mineral size <1μm, which is too small to be correctly distinguished in MLA data.

The distinction of minerals is limited in SEM-based automated analysis, in particular if minerals have 
similar chemical composition and mean atomic ratio. Meneghinite and boulangerite are an example of 
minerals with similar chemical composition and mean atomic ratio. In some cases, where SEM-based 
automated mineralogy reaches its limits, wavelength-dispersive X-ray spectroscopy (WDS) on an electron 
probe microanalyser (EPMA) may be used as an alternative mineralogical analytical tool with option for 
automatisation (Pownceby et al. 2007). However, MLA measurements could also be finely adjusted, i.e. the 
back scattered electron image can be tuned and expanded to have a difference between grey levels. 
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Recommendations for measurement are found for the distinction of hematite and magnetite (Bachmann et 
al. 2014; Figueroa et al. 2012).

There are no international standards available for SEM-based automated mineralogy (Sylvester 2012) and 
the quality of data is influenced on the set-up and conditions for measurement in laboratories. Keeping data 
comparable for samples of an experimental series, the samples of this study were measured over a short 
period of time in a single laboratory.

Monte Carlo simulation can be used to evaluate the standard deviation (STD) for the mass proportion and recoveries 
of specific particle types (Lamberg and Vianna 2016, and references therein). The STD was based on the relative 
standard deviation (RSD) calculated from the particle number (of liberated minerals) according to the following 
equation (Eq. 2):

(Eq. 2) RSD = 100 / (NOP)(1/2)

(NOP – number of particles of a specific particle type in a flotation feed and product)

The RSD was then used to estimate the STD for recoveries of liberated minerals by using bootstrap Monte Carlo 
simulation (cf. Paper III). 

3.3.4 Notes on experimental and modelling errors

To embed the data of this project into a geometallurgical model several additional sources to more general errors 
have to be considered. The following sources of error were listed by Bulled and McInnes (2005):

1. experimental errors in data derived from (laboratory) tests (e.g. precision in estimating kinetic factors),

2. errors in geostatistical models related to sample distribution of the ore body,

3. errors in model calibration.

A measured precision of the flotation test and errors on the estimation of the flotation rate factors for each composite 
could not be calculated from the experimental data directly since no repetition measurement was conducted. This 
was largely due to the project capacity limiting the selection of drill core material and number of composites to be 
tested. However, at least one replicate sample would be necessary in order to evaluate the experimental error 
(Chauhan et al. 2013; Lotter et al. 2003).

The second error source of the list above was not considered further since building a complete geometallurgical 
model is beyond the scope of this study. However, it will become relevant when the data of this study is to be put in 
a geometallurigcal context. Since only four composite samples were tested with drill core samples selected from a 
limited number of drill cores, the error due to insufficient sample density would be unacceptably high. Currently, 
there is no quantitative mineralogical analysis available on drill cores which would cover the ore body more 
continuously. The only quantitative available data are chemical assays on intersections of the structurally complex 
massive sulphide bodies (Paper II, and references therein). The available mineralogical information is not following 
a regular (geometric) grid which would provide sufficient three-dimensional information for modelling (e.g. Farrel 
et al. 2011; Keeney and Walters 2011, for more references see section 1.1 and for further discussion section 5.3).

Similar to the second point of the list above, the third error source was not considered further in this study. Results 
from a full-scale operation (as outlined in Fig. 3.3) of the Rockliden prospect are not available and only laboratory 
tests were part of the analytical work. This gives no basis for calibration of laboratory tests to full-scale operations 
or pilot plant results (Ikumapayi 2013).
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Fig 3.3. Schematic flotation circuit for ore material at Boliden Mineral AB (after Ikumapayi (2013)).
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4 Results – Quantification and Modelling of the Flotation Distribution of Sb

4.1 Flotation Test – Distribution of Sb Minerals

4.1.1 Characteristics of the composites

Drill core samples representing different rock and massive sulphide types were collected. The drill core samples 
were combined to six composite samples to be used as feeds in the laboratory flotation test: four Cu- and Zn-
dominated massive sulphides, further distinguished by their Sb mineralogy, and two Sb-rich host rocks, a felsic and 
a mafic rock samples were collected (for description of sampling procedure see section 3.1, Fig 3.1). The flotation 
products of four composites were selected for further analysis. The chemical composition of four selected 
composites is given in Table 4.1, and the mineralogical composition is presented in Table 4.2. 

Table 4.1

Chemical composition of the feed samples. The differentiated Sb grade based on the feed Sb mineralogy back calculated from 
MLA measurement. Abbreviations: UR-Cu/-Zn – upper Rockliden Cu- and Zn-dominated massive sulphide, LR-Zn – lower 
Rockliden Zn-dominated massive sulphide, MD – amphibole-dominated mafic dyke.

composite
SiO2
(wt%)

S
(wt%)

Fe 
(wt%)

Cu 
(wt%)

Pb 
(wt%)

Zn 
(wt%)

SbTtr
(wt%)

SbBour
(wt%)

SbMene
(wt%)

SbGd
(wt%) Total

UR-Cu 1.7 39.9 43.1 3.4 0.4 2.2 0.07 0.01 0.00 0.08 90.90

UR-Zn 12.4 37.8 31.2 1.5 2.2 8.6 0.21 0.03 0.01 0.21 94.10

LR-Zn 10.0 38.4 32.1 0.3 2.3 10.5 0.00 0.04 0.09 0.16 94.06

MD 30.5 7.3 7.1 2.4 10.6 0.5 0.24 0.57 1.65 0.10 60.89

In the Zn-dominated massive sulphide composites (UR-Zn and LR-Zn), the main sulphide minerals are pyrite (FeS2)
and sphalerite (ZnS), followed by pyrrhotite (Fe1-xS), with minor amounts of chalcopyrite (CuFeS2) and galena 
(PbS) (Table 4.2). Chalcopyrite is the main mineral in the Cu-dominated massive sulphide composites (UR-Cu, 
Table 4.2). The non-sulphide minerals (plus remaining trace minerals such as stannite and cassiterite) are grouped 
together in the non-sulphide gangue (NSG).

In the feed of the Zn-dominated massive sulphide samples, quartz is dominating the gangue (NSG group, Table 4.3). 
In the Cu-dominated massive composite, magnetite and carbonate minerals are the main gangue minerals. Other
gangue minerals include silicates, such as feldspar, muscovite, amphibole, chlorite and epidote group minerals 
(Table 4.3). The mafic dykes contain minor amounts of sulphide minerals (Table 4.2) and the main gangue minerals 
are amphiboles and phyllosilicates (Table 4.3, see also section 2.1, Table 2.1).
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Table 4.2

Feed mineralogy by size, back-calculated from MLA data. Mineral abbreviations: Bour – bournonite, Ccp – chalcopyrite, Gn –
galena, NSG – non-sulphide gangue (mostly silicates), Po – pyrrhotite, Py – pyrite (with arsenopyrite), Sp – sphalerite, Gd –
gudmundite, Mene – meneghinite (with boulangerite), Ttr – tetrahedrite.

Composite Size fraction
NSG 

(wt%)
Py 

(wt%)
Po 

(wt%)
Ccp

(wt%)
Gn 

(wt%)
Sp 

(wt%)
Ttr* 

(wt%)
Bour 
(wt%)

Mene 
(wt%)

Gd 
(wt%)

UR-Cu bulk 9.0 50.1 14.3 20.4 0.6 4.9 0.39 0.04 0.02 0.24

UR-Cu 0-20 μm 8.9 47.0 15.3 22.3 1.0 4.5 0.51 0.08 0.04 0.38

UR-Cu 20-45 μm 8.1 45.6 14.3 24.6 0.5 6.3 0.42 0.02 0.01 0.18

UR-Cu >45 μm 10.0 57.5 13.2 14.6 0.3 4.0 0.21 0.01 0.01 0.14

UR-Zn bulk 13.4 55.9 7.9 4.1 2.5 14.7 0.85 0.13 0.05 0.45

UR-Zn 0-20 μm 12.8 47.2 7.7 5.9 4.4 19.8 1.15 0.25 0.12 0.69

UR-Zn 20-45 μm 14.0 49.9 9.8 4.8 2.2 17.6 1.12 0.11 0.02 0.41

UR-Zn >45 μm 13.6 65.8 7.1 2.3 1.2 9.2 0.48 0.04 0.01 0.27

LR-Zn bulk 13.6 53.6 9.0 1.3 2.3 19.0 0.01 0.19 0.60 0.35

LR-Zn 0-20 μm 10.6 46.5 9.6 1.9 3.9 25.7 0.01 0.32 0.97 0.52

LR-Zn 20-45 μm 9.3 56.5 10.3 1.3 1.7 19.9 0.01 0.17 0.51 0.33

LR-Zn >45 μm 17.7 58.3 8.1 0.8 1.3 13.1 0.00 0.08 0.33 0.21

MD bulk 81.7 5.0 0.4 2.2 3.7 0.4 0.45 1.30 4.67 0.09

MD 0-20 μm 78.1 5.0 0.4 2.4 5.1 0.5 0.57 1.79 6.09 0.10

MD 20-45 μm 80.3 6.8 0.6 2.8 3.0 0.6 0.44 1.19 4.22 0.09

MD >45 μm 86.6 4.3 0.4 1.8 2.3 0.3 0.32 0.76 3.13 0.07
*) Ttr composition for LR-Zn and MD is of type 1 tetrahedrite and for UR-Cu and UR-Zn composite of type 2 tetrahedrite (Table 
2.2).

Table 4.3

Composition of the group of non-sulphide gangue (wt%) as estimated by MLA measurements. Mineral abbreviations: Amp –
amphibole minerals, Bt – biotite (partly altered), Cal – calcite, Chl – chlorite group, Dol – dolomite group, Epi – epidote group, 
Fsp – alkali feldspar minerals, Mgt – magnetite, Plg – plagioclase, Px – pyroxene minerals, Qtz – quartz, Ser – sericite. Others 
include oxides (chromite e.g. in MD), Ca sulphates, apatite and remaining silicate minerals such as undefined clay minerals, 
titanite and zircon.

Mgt Dol Cal Epi Amp & Px Chl Bt Ser Qtz Fsp Plg Others

UR-Cu 3.4 2.5 0.5 0.0 0.6 0.5 0.5 0.0 0.3 0.0 0.0 0.2

UR-Zn 0.0 0.0 0.5 0.4 0.8 0.7 0.1 0.7 8.7 0.0 0.5 0.5

LR-Zn 0.2 1.5 0.9 0.1 0.9 0.2 0.3 0.3 8.6 0.0 0.2 0.1

MD 1.2 0.8 0.5 3.8 34.0 10.7 8.0 1.9 8.2 0.1 10.5 1.8

Tetrahedrite is the main Sb mineral in the massive sulphide composites from the upper part of the Rockliden deposit 
(Table 4.2). Meneghinite is the main Sb mineral in the Zn-dominated massive sulphide composite from the lower 
part of the Rockliden deposit and in the mafic dyke composite. Although gudmundite is the second most abundant 
Sb mineral, it is the main Sb carrier in the massive sulphide composites (Table 4.1).

Generally, it can be stated that the Sb minerals have a smaller mineral grain size (P80

sulphide minerals (P80 ranging from 40 to 50 μm) in the grounded feed. Pyrite shows the largest mineral grain size 
with the highest P80, followed by sphalerite in the massive sulphide composites (Fig. 4.1).
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Fig. 4.1. Comparison of mineral grain size distribution for selected minerals in the grounded feed of the four composites. 
Indicated with a grey box is the range of the P80. The light grey area marks the part of the curve below a minimum grain size 
which was set to be detected by GXMAP-MLA analysis. Abbreviations: Bour – bournonite, Ccp – chalcopyrite, Gd –
gudmundite, Mene – meneghinite, NSG – non-sulphide gangue (silicates with remaining trace minerals), Py – pyrite (with 
arsenopyrite), Sp – sphalerite, Ttr – tetrahedrite. For abbreviations of composites see Table 4.1.

Given the comparatively small grain size of Sb minerals, it is expected that they show a lower degree of liberation 
than other sulphides. This is shown in figure 4.2: the Sb minerals are poorly liberated compared to the main sulphide 
minerals, pyrite and sphalerite or chalcopyrite in the massive sulphide composites, and the NSG in the mafic dyke 
composite. This is noteworthy since the locking of Sb minerals with the main minerals is relevant to the distribution 
of Sb minerals in the flotation process. For example the locking of Cu- and Pb-bearing Sb sulphosalts with 
sphalerite, pyrite or NSG could cause that these mineral are not reporting to the Cu concentrate, or locking of 
gudmundite with chalcopyrite or galena might cause reporting of gudmundite to the Cu–Pb concentrate. Figure 4.2 
shows only the liberation of minerals from bulk feed. It was noticed for the Sb minerals that the degree of liberation 
is lowest for the coarse size fraction and increases to finer size fractions.
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Fig. 4.2. Cumulative mineral liberation yield for the two main minerals and the dominant Sb minerals of the four composites. 
The mineral grades are given to the left of each curve. Abbreviations: Bour – bournonite, Ccp – chalcopyrite, Gd – gudmundite, 
Gn – galena, Mene – meneghinite, NSG – non-sulphide gangue (silicates with remaining trace minerals), Py – pyrite (with 
arsenopyrite), Sp – sphalerite, Ttr – tetrahedrite. For abbreviation of composite names see Table 4.1.

Figure 4.3 shows the association of Sb minerals in the grounded feed. For the liberated Sb minerals a standard 
deviation is given which is based on the number of particles (see section 3.3.3, Eq. 2). Sb minerals show higher 
relative standard deviation related to their lower particle number compared to the main sulphide minerals (Paper III). 

The association of Sb minerals with other minerals in locked particles, appears to depend on the main mineralogy, 
particularly for the Cu- and Pb-bearing sulphosalts, i.e. they show strong association with chalcopyrite and galena in 
the massive sulphide composites (UR-Cu, UR-Zn and LR-Zn). Gudmundite shows a more variable association with 
the main minerals. This is largely in agreement with observations made in the semi-quantitative process mineralogy 
study (Table 2.3, Paper I).

The chalcopyrite content varies between the three composites, decreasing from UR-Cu (20.4 wt% Ccp) to UR-Zn 
(4.1 wt% Ccp) to LR-Zn (1.3 wt% Ccp, Table 4.2). A lower proportion of gudmundite-chalcopyrite binaries was
expected in LR-Zn than in UR-Cu. However, the only distinct decrease in proportion of gudmundite-chalcopyrite 
binaries is noticed between UR-Zn and LR-Zn (Fig. 4.3).
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Fig. 4.3. Proportion of Sb minerals in liberated and binary particles, and the distribution in different size fractions of the feed. 
Mineral abbreviations: Bour – bournonite, Gd – gudmundite, Mene – meneghinite (with boulangerite), Ttr – tetrahedrite , B Ccp 
– binary with chalcopyrite, B Gn – binary with galena, B NSG – binary with non-sulphide gangue (mostly silicates), B Py –
binary with pyrite (with arsenopyrite), B Sp – binary with sphalerite, B* – other binaries (with pyrrhotite and remaining Sb 
minerals), MC – ternaries and more complex particles. For abbreviation of composite names see Table 4.1.

An association index was calculated for the Sb minerals with the main minerals in the studied composite samples 
(cf. Lund 2013). If the association index is above 1, the association is said to be more common than the bulk 
composition would suggest and if it is below 1, the association is said to be less common than expected (Lund 
2013). For example a sample which is rich in chalcopyrite and poor in sphalerite, the Sb minerals would be more 
likely to associate with chalcopyrite. Thus, the association index refers to original textures and breakage structures. 
The association indices for the main Sb minerals are given in Table 4.4. In particular the Cu- and Pb-bearing Sb 
sulphosalts show strong association with galena and show low association with pyrite. The results underline the 
observation that gudmundite shows a more variable association with the main minerals in the composites, in contrast 
to the strong association of Cu- and Pb-bearing sulphosalts with base-metal sulphides. Also, it points out the higher 
than expected association of gudmundite with chalcopyrite in Zn-dominated massive sulphide composites (UR-Zn 
and LR-Zn). The association of gudmundite with chalcopyrite is lower than expected for the Cu-dominated massive 
sulphide composite (UR-Cu, Table 4.4).
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Table 4.4

Association index for the main Sb minerals with base-metal sulphides and gangue minerals. For calculation of the association 
index see Lund (2013). Abbreviations: Bour – bournonite, Ccp – chalcopyrite, Gd – gudmundite, Gn – galena, Mene –
meneghinite, NSG – non-sulphide gangue (silicates), Py – pyrite (with arsenopyrite), Sp – sphalerite, Ttr – tetrahedrite, MD –
mafic dyke composite, LR-Zn – Zn-dominated massive sulphides from the lower part of the Rockliden ore deposit, UR-Zn/-Cu –
Zn- and Cu-dominated massive sulphides from the upper part of the Rockliden ore deposit.

Composite UR-Cu UR-Zn LR-Zn MD MD UR-Cu UR-Zn LR-Zn

associated with
Ttr Ttr Mene Mene Bour Gd Gd Gd

Ccp 1.75 2.27 1.76 1.29 1.69 0.80 4.15 2.02

Gn 26.04 13.37 12.24 4.17 2.47 3.26 1.60 3.27

Sp 1.93 1.39 1.02 0.27 0.70 0.72 0.62 0.64

Py 0.07 0.05 0.13 0.10 0.14 0.29 0.16 0.19

Sil 0.70 0.41 0.30 0.68 0.57 3.02 1.96 1.31

Trace element mineralogy besides Sb minerals

In addition to Sb, other deleterious elements are also detected at Rockliden, and the average content of these 
elements is given in Table 4.5. Although these elements are not the focus of this study, a brief mention of their 
distribution in minerals is given. Table 4.5 also compares of chemical assays and assays derived from MLA 
measurements. It should be noted that the contents of trace elements, such as Hg in sphalerite, are below the 
detection limit of SEM/EDS analysis and a fixed mineral chemistry had to be assumed from previous mineralogical 
studies (cf. Minz 2013) before assays were extracted from MLA measurements. The MLA-derived assays, and 
particularly those concerning Hg and Ag, should be considered with caution. 

Table 4.5

Content of critical elements in the composites, derived by mass-balance over analysis on flotation products. ALS – ICP-AES 
chemical assays, MLA – assays back-calculated from MLA measurements. In the case of Bi only ICP-AES chemical assays are 
available.

ALS MLA ALS MLA ALS MLA ALS ALS MLA ALS

composite As / wt% As / wt% Ag / ppm Ag / ppm Hg / ppm Hg / ppm Cd / ppm Sn / ppm Sn / ppm Bi / ppm

UR-Cu 2.1 2.2 88 76 140 26 49 665 1288 32

UR-Zn 0.5 0.5 127 146 634 19 208 1356 1629 33

LR-Zn 0.5 0.4 53 8 360 14 220 946 939 51

MD 1.8 1.5 441 199 33 30 18 215 333 496

Arsenopyrite is the main carrier of arsenic (As), hosting nearly 100 wt% of the As detected in the four feed samples 
as recorded by MLA analysis (Table 4.6). It is a minor mineral in the feed of the massive sulphides. In the mafic 
dyke sample the arsenopyrite content is higher than the pyrite content, but the combined arsenopyrite–pyrite content 
is below 5 wt% and assigned to the minor minerals. Additionally, other As minerals such as native arsenic were
found in trace amounts in the mafic dykes by SEM/EDS analysis. The recovery of arsenopyrite based on non-
particle-tracked MLA measurements indicates that its distribution pattern in the flotation test is similar to pyrite (see 
section 4.1.2 below).
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Tetrahedrite is a main carrier mineral for silver (Ag). However, the Zn-dominated sample from the lower part of the 
Rockliden deposit has a low tetrahedrite content (Table 4.2), and thus Ag cannot be accommodated by tetrahedrite, 
even if high Ag values in tetrahedrite are assumed (e.g. as high as for the tetrahedrite from mafic dykes, Table 2.2). 
The occurrence of solid solutions (Table 4.6) was observed which could host the Ag not accommodated by 
tetrahedrite. These solid solutions appear as small sulphide droplets or inclusions mostly in association with 
chalcopyrite, and comprise Ag, Hg and Sb. A fixed composition of the solid solution was used for the calculation 
presented in Table 4.6: 55 wt% Ag, 20 wt% Sb, and 25 wt% Hg. Using this composition makes it possible to explain 
about 90% of the Ag grade (chemical assay) by mineralogical MLA data in the case of the massive sulphides from 
the upper part of the Rockliden deposit (UR-Cu and UR-Zn). However, less than 50% Ag (chemical assay) can be 
explained by assays back-calculated from MLA data using the fixed composition of solid solutions and tetrahedrite 
in the remaining composites (LR-Zn and MD, Table 4.5). Thus, the current approach using fixed Ag content in 
tetrahedrite and solid solutions might be insufficient to derive reliable Ag assays by MLA measurement. Further, Ag 
might be hosted in other minerals, e.g. as a trace element in sphalerite or chalcopyrite. However, more detailed 
mineralogical studies are necessary to improve the knowledge of the Ag mineralogy, e.g. by using EPMA/WDS or 
Lacer ICP-MS analysis.

The Hg assays for the feed samples derived from MLA measurement are lower than those from chemical assays 
(Table 4.5), which is explained by the fact that the Hg-free sphalerite was used for back-calculation of the assays 
from MLA measurements. However, mercury (Hg) is known to occur in sphalerite from VHMS deposits (e.g. 
Benzaazoua et al. 2002; Cook et al. 2009; Grammatikopoulos and Roth 2002; Grammatikopoulos et al. 2006). In 
sphalerite of Rockliden massive sulphides, Hg has been recorded to be below the lower limits of detection of 
EPMA/WDS analysis, i.e. in concentrations below 0.2 wt% (Minz 2013). Assuming sphalerite and solid solution to 
be the only Hg-bearing minerals, and the solid solution to contain on average 25 wt% Hg, an artificial Hg content 
can be calculated for sphalerite using the Hg grades of the composites (chemical assays) and the grade of sphalerite 
and solid solution in the composites as indicated by MLA measurement (Table 4.6). Mercury (Hg) contents above 
0.3 wt% were not confirmed by EPMA/WDS analysis on sphalerite (Minz 2013). In addition to sphalerite, other 
sulphide minerals such as tetrahedrite might contain Hg. An Hg content of 0.2 wt% is known for tetrahedrite from 
Neves Corvo VHMS deposit (Benzaazoua et al. 2002). Such a low Hg content is below the lower limit of detection 
for EPMA/WDS measurements conducted on Sb minerals in this study (Paper I). 

No distinct Cd-bearing mineral has been documented so far at Rockliden. It is assumed that Cd is largely bound by 
sphalerite. This is supported by the observation that Cd and Zn show almost identical recovery into flotation 
products and a strong correlation between Cd and Zn assays in drill core samples was found (RSQ = 0.96, n = 94). 
Traces of Cd were detected in galena; EPMA/WDS analysis indicated 0.13 wt% Cd in galena. Assuming that galena 
in all composites had a Cd content of 0.13 wt%, and locating the remaining Cd to sphalerite, the Cd grade would 
range between 0.2 wt% to 0.5 wt% in sphalerite (Table 4.6). Such high Cd values have not been documented by 
EPMA/WDS analysis of Rockliden sphalerite and the mineral chemistry ought to be studied in more detail if the Cd 
flotation distribution by mineral would need to be disclosed.

EPMA/WDS analysis indicated a Bi content of 0.5 wt% in galena and this allows to accommodate all Bi in the 
galena of (Zn-dominated) massive sulphide composites. However, the content of galena in mafic dykes is not 
sufficient to accommodate all Bi at a Bi grade of 0.5 wt% in galena. Other minerals might contain Bi and the 
presence of Bi-bearing phases was indicated by SEM/BSE analysis (single grains, <5μm length, observed in 
chalcopyrite with a composition of ca. 10 wt% Bi and ca. 90 wt% Sb).

Tin (Sn) is a trace element in the Rockliden composites (Table 4.5) and largely hosted by cassiterite and stannite 
(Table 4.6). The Tin (Sn) grade is expected to range generally between 20 and 100 ppm and peak concentrations of 
ca 3500 ppm Sn are documented only in clast-rich, isolated massive sulphide intersections (Paper II). The collected 
composites have Sn grade above the expected general range and below the peak concentrations (Table 4.5). MLA 
measurements indicate that the flotation behaviour of stannite and cassiterite is opposite to each other, i.e. stannite is 
expected to report to the Cu–Pb cleaner concentrate whereas cassiterite is expected to report to the final tailings. If 
the flotation distribution of Sn ought to be studied, a mineral grouping should be chosen for particle-tracking 
different to the one used in this study (cf. Fig. 2.4).
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Table 4.6

Distribution of trace elements in minerals (Ttr – tetrahedrite, SoSo – solid solution, Hrz – herzenbergite, Cst – cassiterite, Stnn –
stannite, Apy – arsenopyrite) and calculated Hg and Cd content of sphalerite (Sp**, for explanation see text). 

Ag % Ag % Sn % Sn % Sn % As % As % Hg wt% Cd wt%

by Ttr by SoSo* by Hrz by Cst by Stnn by Ttr by Apy in Sp** in Sp**

UR-Cu 83.5 16.5 1.4 49.4 49.2 0.04 99.96 0.22 0.27

UR-Zn 89.5 10.5 0.8 40.8 58.4 0.47 99.53 0.32 0.41

LR-Zn 37.3 62.7 0.5 51.4 48.1 0.01 99.99 0.14 0.19

MD 93.3 6.7 1.7 57.5 40.9 0.05 98.41 0.58 -
*) assuming the following average composition of SoSo: 55 wt% Ag, 20 wt% Sb, 25 wt% Hg.

4.1.2 Characteristics of the flotation products

Figure 4.4 gives the flotation distribution of the bulk chalcopyrite and sphalerite, the main base-metal carriers, and 
the two most abundant Sb minerals of each composite. The recovery of fully liberated chalcopyrite into the Cu–Pb 
cleaner concentrate is high, above ca. 90%, indicating that flotation selectivity was very good for liberated 
chalcopyrite from the massive sulphide composites (Table 4.7). Similarly high recovery into the Cu–Pb cleaner 
concentrate is measured for (liberated) Cu- and Pb-bearing Sb sulphosalts and galena from the massive sulphides 
(Table 4.7, see also Fig. 4.5 and Fig. 4.6). In contrast to this, the distribution of liberated sphalerite into the Zn 
concentrate is lower ranging from about 55% to 75%. The recovery of bulk gudmundite into the final tailing (Zn 
rougher tailing) is relatively low, ranging from about 30% to 40%, while 14% to 28% of bulk gudmundite are 
recovered into the Cu–Pb cleaner concentrate (Fig. 4.4, Table 4.7). About 8% to 13% of the liberated gudmundite 
reports to the Cu–Pb cleaner concentrate which is slightly above the recovery of liberated pyrite (6% to 13%) and 
above the recovery of liberated silicates (2% to 3%) into the Cu–Pb cleaner concentrate (Table 4.7). The relatively 
high recovery of liberated gudmundite into the Cu–Pb cleaner concentrate was attributed to the slight 
hydrophobicity of this mineral in Cu flotation (Paper III).
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Fig. 4.4. Mineralogical characterisation of the feed and distribution of the valuable minerals and the main Sb minerals in the 
laboratory test flotation, based on the bulk mineralogy (wt%) derived from MLA data. The thickness of arrows indicates the Sb
distribution (Sankey diagram). Horizontal numbers in the enlarged columns of the Sb mineralogy give the Sb distribution (%) in
minerals in the feed (cf. Table 4.1). Abbreviations: Bour – bournonite, Ccp – chalcopyrite, Gd – gudmundite, Gn – galena, Mene 
– meneghinite (with boulangerite), NSG – non-sulphide gangue (with remaining trace minerals), Po – pyrrhotite, Py – pyrite 
(with arsenopyrite), Sp – sphalerite, Ttr – tetrahedrite, MD – mafic dyke composite, LR-Zn – Zn-dominated massive sulphides 
from the lower part of the Rockliden ore deposit, UR-Zn/-Cu – Zn- and Cu-dominated massive sulphides from the upper part of 
the Rockliden ore deposit; Cu CC – Cu–Pb cleaner concentrate, Cu CT – Cu–Pb cleaner tailing, Zn CC – Zn cleaner concentrate, 
Zn CT – Zn cleaner tailing, Zn RT – final tailing.



35

Table 4.7 

Comparison of distribution of minerals based on bulk mineralogy (bulk) and grade of liberated particles (lib.), without distinction 
of size fractions. Abbreviations: Bour – bournonite, Ccp – chalcopyrite, Gd – gudmundite, Gn – galena, Mene – meneghinite, 
NSG – non-sulphide gangue (with remaining trace minerals), Py – pyrite (with arsenopyrite), Sp – sphalerite, Ttr – tetrahedrite, 
MD – mafic dyke composite, LR-Zn – Zn-dominated massive sulphides from the lower part of the Rockliden ore deposit, UR-
Zn/-Cu – Zn- and Cu-dominated massive sulphides from the upper part of the Rockliden ore deposit, CuCC – Cu–Pb cleaner 
concentrate, ZnCC – Zn cleaner concentrate, ZnRT – final tailing. 

bulk lib.

UR-Cu Ccp Gn Sp Py Po NSG Ttr Gd Ccp Gn Sp Py Po NSG Ttr Gd

CuCC 87.3 78.5 25.0 8.8 9.7 13.3 82.0 14.0 91.4 93.3 14.6 7.2 7.5 8.9 85.9 8.3

ZnCC 0.7 4.7 53.0 16.8 21.0 1.9 0.9 10.1 0.0 0.6 67.2 8.4 19.8 1.0 0.4 10.4

ZnRT 0.9 2.4 0.5 52.4 22.6 76.3 0.4 36.9 0.0 0.4 0.2 60.8 22.0 83.9 0.3 41.6

bulk lib.

UR-Zn Ccp Gn Sp Py Po NSG Ttr Gd Ccp Gn Sp Py Po NSG Ttr Gd

CuCC 80.7 85.3 27.8 10.9 6.2 5.1 96.2 28.5 96.0 93.7 17.5 13.3 3.4 2.2 96.2 13.2

ZnCC 1.4 2.6 46.9 6.1 8.1 2.8 0.4 8.5 0.0 0.4 58.1 3.4 6.1 1.3 0.2 9.2

ZnRT 8.5 1.9 1.0 66.6 48.3 83.6 0.2 32.7 0.0 0.1 0.7 60.1 48.4 90.4 0.0 46.3

bulk lib.

LR-Zn Ccp Gn Sp Py Po NSG Mene Gd Ccp Gn Sp Py Po NSG Mene Gd

CuCC 63.1 86.2 20.3 7.8 8.5 5.2 94.6 28.3 99.7 97.5 14.7 5.9 6.1 2.8 97.8 12.8

ZnCC 7.8 4.1 59.7 4.3 9.3 4.5 1.1 6.8 0.0 0.6 66.9 0.9 3.6 1.4 0.6 4.5

ZnRT 16.4 2.9 3.4 71.5 48.3 81.6 1.4 35.4 0.2 0.2 2.4 81.2 52.3 89.0 0.3 52.1

bulk lib.

MD Ccp Gn Sp Py Po NSG Bour Mene Ccp Gn Sp Py Po NSG Bour Mene

CuCC 67.9 41.4 21.2 6.2 8.4 4.4 80.6 77.3 73.9 50.5 11.6 2.5 3.7 2.2 91.1 87.2

ZnCC 13.4 19.4 52.4 57.2 50.1 7.0 7.1 5.9 8.9 14.7 61.6 62.5 53.7 3.6 2.2 2.2

ZnRT 4.4 7.9 6.2 8.8 12.6 71.3 3.4 3.3 1.1 0.7 6.7 5.5 10.6 78.4 0.5 0.3

Figure 4.5 gives a summary of mode of occurrence of the main Sb minerals in the different flotation products 
compared to the feed. The proportion of Cu- and Pb-bearing sulphosalts locked with sphalerite in the Zn cleaner 
concentrate is relatively high in the feed. The proportion of gudmundite locked with chalcopyrite or galena in the 
Cu–Pb cleaner concentrate is also high. Since the bulk recovery of Cu- and Pb-bearing sulphosalts in the Zn cleaner 
concentrate is low (ca. 1%, Fig. 4.4 and Fig. 4.5), the percentage of these binaries (Cu- and Pb-bearing sulphosalts 
locked with sphalerite) reporting into the Zn cleaner concentrate is low. However, this is different for the locking of 
gudmundite with chalcopyrite and galena since about 14% to 28% of the bulk gudmundite is recovered into the Cu–
Pb cleaner concentrate (Fig. 4.4 and Fig. 4.5).
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Fig. 4.5. Mode of occurrence of Sb minerals in different products of the composites compared with the feed samples (cf. figure 
4.3). Numbers inside the columns give the liberation distribution of the Sb minerals (* lib.) and number below the columns give 
distribution as calculated from bulk mineralogy (** bulk, cf. Table 4.7). The standard deviation is given as vertical numbers and 
is estimated using bootstrap Monte Carlo simulation (based on the relative standard deviation = 100 / (NOP)^(1/2) with NOP –
number of particles of a specific particle type in a flotation feed and product). Abbreviations: B Ccp – binary with chalcopyrite, B 
Gn – binary with galena, B NSG – binary with non-sulphide gangue (silicates), B Py – binary with pyrite (with arsenopyrite), B 
Sp – binary with sphalerite, Bour – bournonite, Gd – gudmundite, Mene – meneghinite (with boulangerite), Ttr – tetrahedrite. For 
abbreviation of composite and product names see figure 4.4.

Figure 4.6 shows the distribution of Sb minerals in selected particles types. The distribution of liberated Sb minerals 
and the distribution of selected binary types, hosting Sb mineral grains, are systematic and similar in different 
samples (Fig. 4.6). As indicated above, locking with base-metal minerals is controlling the distribution of 
gudmundite. Gudmundite–chalcopyrite and gudmundite–galena binaries account for 5 to 10% of the gudmundite in 
the feed and report to 75 to 78% to the Cu–Pb cleaner concentrate of all massive sulphide composites (Fig. 4.6). 
Binaries of tetrahedrite and meneghinite with sphalerite report largely to the Cu–Pb cleaner concentrate of the tested 
massive sulphide composites.
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Fig. 4.6. Percentage of selected particle types (binaries and liberated Sb minerals) to the total amount of the respective Sb 
minerals shown in the feeds of the four composites, and the distribution of selected particle types in the flotation products. Sb 
minerals in binaries with main minerals are shown as coloured numbers in boxes coloured according to the coding in the legend. 
Number on white boxes give the liberation distribution. Graphic (B) to (E) show examples of Sb minerals in particles of selected 
products, as indicated in graphic (A). Abbreviations: Bour – bournonite, Ccp – chalcopyrite, Gd – gudmundite, Gn – galena, 
Mene – meneghinite, NSG – non-sulphide gangue (mostly silicates), Po – pyrrhotite, Py – pyrite (with arsenopyrite), Sp –
sphalerite, Ttr – tetrahedrite. For abbreviation of composite and product names see figure 4.4.

4.2 Sb Distribution Model for Flotation

4.2.1 Modelling of flotation rates and testing of different simulation options 

Theoretical considerations of the modelling and simulation of the Sb flotation distribution are given in Paper IV. 
The recovery of minerals was used to model flotation rates (k values) according to a first order kinetic model (cf. 
Runge et al. 1997; Welsby et al. 2010, see section 3.2, Eq. 1). The flotation distribution of liberated minerals was 
used to calculate k values for simulation option SL3. Modelled k values were selected from the two Zn-dominated 
massive sulphide composites (UR-Zn and LR-Zn), one for each of the 10 minerals (groups as defined in figure 2.4). 
The k values are given in Table 4.8. The selected mineral-specific k values were used in HSC Chemistry Sim 7.1 
modelling and simulation software to calculate the distribution of minerals into the flotation products using 
information of the feed providing the same depth of mineralogical details, i.e. unsized and sized, for simulation 
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option SL1 and SL2, and particle data for simulation option SL3 (cf. Table 3.2). The simulation option SL0 is based 
on chemical assays converted into minerals (in HSC Geo, see section 3.1 above), which does not allow the 
distinction of Sb minerals.

Chalcopyrite, galena and Cu- and Pb-bearing Sb sulphosalts show the highest k values in Cu–Pb flotation and 
sphalerite in Zn flotation. The other minerals show distinctively lower values (Table 4.8). This observation is 
emphasised for k values derived from recoveries of liberated particles (SL3) compared to k values derived from bulk 
mineralogy (SL2 and SL1, Table 4.8).

Table 4.8

Flotation rates (k values) calculated from mineral recoveries (partly shown in Table 4.7). Model options are listed in Table 3.2. 
Flotation rates of option SL3 are based on distribution of liberated minerals (data presented for size fractions). Abbreviations: 
Bour – bournonite, Ccp – chalcopyrite, Gd – gudmundite, Gn – galena, Mene – meneghinite (with boulangerite), NSG – non-
sulphide gangue (mostly silicates), Po – pyrrhotite, Py – pyrite (with arsenopyrite), Sp – sphalerite, Ttr – tetrahedrite; CuF – k
values for Cu–Pb flotation circuit, ZnF – k values for Zn flotation circuit.

NSG* Py Po Ccp Gn Sp Ttr Bour** Mene Gd

CuF 0-20μm SL3 0.01 0.02 0.04 0.86 0.83 0.09 0.85 0.63 1.09 0.06

CuF 20-45μm SL3 0.01 0.02 0.04 1.32 0.90 0.10 1.43 1.17 1.31 0.09

CuF >45μm SL3 0.01 0.02 0.01 1.38 0.81 0.09 1.44 0.87 1.02 0.08

ZnF 0-20μm SL3 0.01 0.02 0.07 0.11 0.30 0.67 0.39 0.08 0.29 0.08

ZnF 20-45μm SL3 0.01 0.02 0.13 0.07 0.33 1.30 0.51 0.05 0.20 0.08

ZnF >45μm SL3 0.01 0.01 0.06 0.11 0.28 1.43 0.22 0.08 0.18 0.10

CuF SL1 0.02 0.03 0.04 0.51 0.60 0.14 0.97 0.62 0.85 0.14

ZnF SL1 0.01 0.04 0.10 0.07 0.24 0.76 0.26 0.11 0.18 0.10

CuF SL0 0.03 0.03 - 0.56 0.72 0.14 - 0.34 - -

ZnF SL0 0.02 0.05 - 0.08 0.78 0.76 - 0.14 - -
*) for simulation option SL0 quartz has been used in element to mineral conversion to represent the NSG group.
**) for simulation option SL0 the total Sb grade was allocated to bournonite in element to mineral conversion.

Observed and simulated grade-recovery curves are given in figure 4.7. Simulation options based on bulk mineralogy 
(SL2 and SL1) tend to overestimate Cu and Sb recoveries, whereas the simulation based on particles (SL3) tends to 
underestimate recoveries. Curves based on simulation option SL0 show most variable shapes (Fig. 4.7).

The predicted and experimental recoveries were compared using average coefficient of variation (CVav, cf. Abzalov 
2008) of which the results are tabulated in Paper IV. No model option gave CVav values consistently below an error 
of 5% when experimental and simulated Cu, Pb, Zn and Sb grades and recoveries were compared (Paper IV). Thus, 
simulation options (SL0 to SL3) are not recommended to be used beyond the exploration stage or scoping study, for 
which the error is suggested to be below 5% (Paper IV and references therein). However, model option SL2 and 
SL1 might be sufficient for estimation of element recoveries in an exploration project. 

Since the Sb mineralogy is known to be variable in the Rockliden deposit and Sb minerals show different flotation 
behaviour (Paper III), it cannot be expected that the k values based on single Sb grades is usable in simulating ore 
samples with variable Sb mineralogy. Using a single k value for Sb, gave poor simulation results regarding Sb 
grades and recoveries of one composite (UR-Cu, Paper IV). Thus, simulation option SL0 is not recommended to be 
used for forecasting the flotation distribution of Sb.
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Fig. 4.7. Recovery-grade curves for Cu and Sb comparing results from the simulation with the experimental data in Cu–Pb 
flotation. Model options: EXP – experimental data; SL3, SL2, SL1 and SL0 simulation options are listed in Table 3.2.

Generally, it is assumed that with increasing detail in mineralogical information more precise modelling and 
simulation could be achieved (e.g. Lishchuk et al 2015a). However, currently the simulation option SL3, using 
particle information, does not significantly improve the simulation results in comparison to mineralogical options 
SL2 or SL1. The relatively large deviation was partly related to the fact that not all binary particles show a linear 
recovery pattern in relation to the composition of the particles (Paper IV). However, such linear correlation is used 
by default in the flotation model of HSC Chemistry Sim 7.1. Examples of binaries, which show non-linear 
behaviour, are given in figure 4.8. It can be seen from the bended shape to the recovery curves (Fig. 4.8), that even a 
small amount of Cu- or Pb-bearing minerals (5 to 10 wt%) in binary particles will give a high recovery of such 
binary particles into the Cu–Pb cleaner concentrate.
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Fig. 4.8. Examples of bended shape of recovery curves for selected binaries in selected products. X-axes: weight (wt%) of one 
mineral in binary particles (the weight % of other mineral is the difference to 100%), Y-axes: recovery of the binary particle as 
defined by experimental data. Abbreviations: Ccp – chalcopyrite, Gd – gudmundite, Gn – galena, Py – pyrite (with arsenopyrite),
Ttr – tetrahedrite, Sp – sphalerite, LR-Zn – Zn-dominated massive sulphides from the lower part of the Rockliden ore deposit, 
UR-Zn/-Cu – Zn- and Cu-dominated massive sulphides from the upper part of the Rockliden ore deposit; CuCC – Cu–Pb cleaner 
concentrate, ZnCC – Zn cleaner concentrate, ZnRT – final tailing.

4.2.2 Distinction of Sb minerals in flotation feed

A comparison between different simulation options (SL0 to SL3) showed that the minimum requirement for 
simulation of Sb grades and recoveries is the quantitative distinction of Sb minerals in the feed to flotation. The Sb 
minerals show different flotation behaviour and could be distinguished by MLA measurements.

An alternative for MLA measurements, selective leaching was tried, which might allow fast collection of 
information on the Sb mineralogy in the exploration stage of a project. The number of (Sb-bearing) minerals 
calculated from mineral-specific Sb grades could be increased if Sb minerals show highly selective dissolution 
((Lamberg et al. 1997; Whiten 2008), see also section 3.1.1). The solubility of Sb minerals was tested using the 
bromine-methanol method (Penttinen et al. 1977). Figure 4.9 shows the Sb grade of the tested samples as bound by 
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gudmundite (Gd) against the difference in the Sb grade treated with total dissolution and bromine-methanol 
selective leaching. No indication on selective behaviour of Sb minerals in bromine-methanol leaching could be
shown. The difference between the AAS analysis of the total dissolution and of the dissolution from the bromine-
methanol method is within the margin of sampling and analytical error, as indicated by the negative value -0.07 wt% 
(Fig 4.9).

Fig. 4.9. Antimony (Sb) grade bound by gudmundite (Gd, x-axis) vs. difference in Sb grade determined in solution derived from 
total leaching and sequential leaching (y-axis). 

Alternative leaching methods which are documented in the literature on Sb minerals are for example ferric chloride-
sodium chloride-hydrochloric acid solutions (Correia et al. 2001) and alkaline sodium sulphide leaching (Anderson 
et al. 1991; Awe 2013; Filippou et al. 2007). However, these methods are aimed on full dissolution of the contained 
Sb minerals. Alkaline sulphide leaching is expected to effectively leach all Sb minerals in Cu–Pb concentrates from 
Boliden operations et al. 2005). Pérez-López et al. 
(2008) used the modified BCR-sequential extraction procedure (European Community Bureau of Reference). The 
BCR procedure did not result in sequential leaching of Sb from mining products at São Domingos Mine, Iberian 
Pyrite Belt (Pérez-López et al. 2008). Bacterial leaching might be an unconventional option for sequential leaching. 
Bacterial media described in the literature has been used to extract Cu from tetrahedrite with Acidithiobacillus 
ferrooxidans (Filippou et al. 2007 and references therein) and from disordered tetrahedrite in grinding material with 
Thiobacillus ferrooxidans (Baláž et al. 1994). Research concerning the selective leaching of Sb using such 
unconventional options is not known to the author.
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5 Summary and Discussion

5.1 Summary of Results 

The complex Sb mineralogy of the Rockliden Zn–Cu VHMS deposit was studied and the mineralogy of the ore was 
characterised in detail. The main Sb minerals are Cu- and Pb-bearing sulphosalts (tetrahedrite, bournonite and 
meneghinite) and gudmundite. The Sb mineralogy differs between massive sulphides and the Sb-rich host rocks. A 
general classification was proposed for the massive sulphides, which distinguishes them by the relative abundance 
of the main minerals, i.e. pyrite, sphalerite, chalcopyrite and pyrrhotite (Table 2.1). It was documented that the Sb 
mineralogy varies between the massive sulphides from the upper and lower part of the Rockliden deposit. However, 
no systematic difference could be found in the Sb mineralogy in relation to the classification of the massive 
sulphides. Antimony-rich mafic dykes are dominated by Cu- and Pb-bearing Sb sulphosalts and Sb-rich altered 
felsic volcanic rocks by gudmundite and Pb–Sb sulphosalts.

Four composite samples were collected from drill core material and combined in order to have a distinctive Sb 
mineralogy in relation to the main mineralogy (the two main Sb minerals are given in brackets): one mafic dyke 
composite (MD, with meneghinite and bournonite), one Cu-dominated massive sulphide (UR-Cu, tetrahedrite and 
gudmundite), one Zn-dominated massive sulphide from the upper part of the deposit (UR-Zn, tetrahedrite and 
gudmundite), and one Zn-dominated massive sulphide composite from the lower part of the deposit (LR-Zn, 
meneghinite and gudmundite). A laboratory flotation test was carried out on the four composite samples.

The general behaviour of liberated Sb minerals was found to be in close agreement with studies by Lager and 
Forssberg (1990) on the Rakkejaur deposit. Similar to liberated chalcopyrite and galena, the liberated Cu- and Pb-
bearing Sb sulphosalts showed a high recovery into the Cu–Pb cleaner concentrate from all massive sulphide 
composites. The distribution of bulk Cu- and Pb-bearing Sb sulphosalts into the Cu–Pb cleaner concentrate was 
only a few per cent lower than for liberated Cu- and Pb-bearing Sb sulphosalts, although their liberation degree is 
relatively low compared to that of the main minerals. This was partly related to their strong association with galena
(and chalcopyrite) (Table 4.4); and both (liberated) galena and chalcopyrite are strongly reporting to the Cu–Pb 
cleaner concentrate; but also other particle types (e.g. Cu- and Pb-bearing Sb sulphosalts locked with gangue 
minerals or sphalerite) show relatively high recovery into the Cu–Pb cleaner concentrate. Given the high recovery of 
all bulk Cu- and Pb-bearing Sb sulphosalts into the Cu–Pb cleaner concentrate, their contribution to the Sb grade of 
this product could be estimated by knowing only the grade of these minerals. 

Similar to the Sb sulphosalts, gudmundite showed a relatively poor liberation compared to the main minerals in all 
ground composites. The distribution of liberated gudmundite particles was found to be most similar to the 
distribution of liberated pyrite, i.e. they reported mostly into the final flotation tail. However, the recovery of bulk 
gudmundite into the Cu–Pb cleaner concentrate was higher than for bulk pyrite. This is partly due to the occurrence 
of gudmundite locked with chalcopyrite and galena, which report largely to the Cu–Pb cleaner concentrate.

Lund (2013) has developed an association index evaluating the association of two minerals in a ground (feed) 
sample. Calculating the association index for chalcopyrite and gudmundite gives indices above 1 for the Zn-
dominated massive sulphide composites (UR-Zn and LR-Zn) and an index below 1 for the Cu-dominated massive 
sulphide composite (UR-Cu, Table 4.4). Indices below 1 mean that the mineral association is lower than the bulk 
composition would suggest and vice versa (Lund 2013). Calculated association indexes showed that a direct 
correlation between the chalcopyrite content of the massive sulphide composites and the amount of gudmundite-
chalcopyrite binaries cannot be drawn. Textural features such as grain size, preferred mineral orientation (e.g. 
alignment due to deformation), and association, are factors possibly controlling the amount of gudmundite-
chalcopyrite particles derived from the massive sulphide composites. For example, very fine complex particles of 

                                                           
comprising all types of particles which contain the targeted minerals (here Cu- and Pb-bearing Sb sulphosalts)
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gudmundite intergrown with chalcopyrite, pyrrhotite and galena was documented only in the Zn-dominated massive 
sulphide composite from the lower part of the Rockliden deposit (LR-Zn). The occurrence of carbonate cement and 
veinlets was locally observed in the massive sulphide samples during drill core logging. In BSE images of polished 
thin sections the carbonate minerals were documented to be associated with gudmundite (Paper I). Similar textural 
features might be an explanation for the relatively low association index of gudmundite and chalcopyrite but 
relatively high proportion of gudmundite-NSG binaries in the Cu-dominated massive sulphide composite of the 
upper part of the Rockliden deposit (UR-Cu) compared to the Zn-dominated massive sulphide composites. 
However, more detailed and systematic investigations would need to be conducted including quantitative 
mineralogical studies on the mineral association in the incoming ore before crushing.

A flotation model was built in HSC Chemistry Sim 7.1 modelling and simulation software (Paper IV, section 4.2), 
using the experimental data derived from the laboratory flotation test (Paper III, section 4.1). Three levels of 
simulation were defined based on the detail of mineralogical information: unsized bulk mineralogy (SL1), bulk 
mineralogy by size (SL2) and particle information (SL3, liberated minerals used for modelling of flotation rates (k 
values) and full particle information for the feed to the simulation). Additionally, an assay-based simulation option 
was run (SL0). The flotation rates were derived from first-order kinetic process using the mineral recovery as 
defined by particle-tracked MLA results on the flotation products. For each mineral, as defined by the particle 
tracking technique, a k value was chosen from the Zn-dominated massive sulphide composite (either UR-Zn or LR-
Zn). 

Using the mineral-specific k values from two composite samples gave comparatively similar simulation results for 
all four tested composite samples in terms of Cu, Pb and Sb grades and recoveries. This fact indicates that the 
mineral-specific k values can be used globally, i.e. they are independent of the feed material. However, the four 
composite samples which were tested in this study had Sb grades above the average of the Rockliden resource. Also, 
the main sulphide mineralogy of the composites was chosen to represent end-member samples. Despite this the 
usage of flotation reagents was kept similar in all samples, resulting in slightly lower recoveries of liberated 
chalcopyrite in the UR-Cu composite compared to the Zn-dominated massive sulphide composites (UR-Zn and LR-
Zn). It is highly recommended to study additional samples to verify the global use of k values, which was suggested 
in this study (cf. Paper IV). Otherwise the final geometallurgical model might be erroneous due to the lack of 
representative sampling which is also crucial to the particle-based modelling (Lamberg 2011). Previous flotation 
tests were done on three composite samples derived from entire massive sulphide lenses with similar grades as of 
the Rockliden inferred mineral resource (Bolin 2010, Fig. 2.1 and Fig. 2.3), and semi-quantitative SEM-based 
mineralogical analysis indicates that the distribution of Sb minerals from large-scale samples is similar and hence 
their flotation rates are expected to be similar too. However, semi-quantitative SEM-based mineralogical data does 
not provide sufficient quantitative input for simulation, in order to verify the global applicability of mineral-specific 
k values as suggested in Paper IV. 

Relative errors between the simulated and measured grades and recoveries were mostly in the range of 5% to 20% 
and in this case the simulation would be usable within the stage of an exploration project according to the error 
margins suggested by Pitard (1993). Large errors in the simulated and measured Sb grade and recovery were 
documented for the UR-Cu composite using the feed simulation option SL0. This option was based on assays only 
and did not allow distinguishing the Sb mineralogy. Thus, it was not recommended to use only assays for simulation 
of Sb grade and recovery in the Rockliden case (cf. Paper IV). 

Generally, it is assumed that with an increasing detail in mineralogical information the precision in the simulation 
and geometallurgical models would increase (e.g. Lishchuk et al 2015a). However, in most cases the simulation 
option SL3 did not give much improvement in the simulation of grades and recoveries compared to options SL2 and 
SL1. One reason for the relatively poor prediction is that behavoiur of binary and more complex particles was not 
correctly implemented in SL3. It is expected that implementing the non-linear behaviour of binary particles will 
result in an improvement of the simulation of grades and recoveries based on full particle information. The 
implementation of full particle information could eventually give results acceptable to build a simulation usable for 
process control. 
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The up-scaling of the laboratory flotation test results might be achieved by determining unit scale up constants for 
mineral-specific flotation rates (cf. Runge et al. 2003). However, data from larger scale flotation experiments like 
pilot plant test is currently not available which would provide calibration data for scaling-up on a mineralogical 
level (e.g. Dobby and Savassi 2005).

The flotation tests and simulations (Paper III and IV) were done with Sb-rich samples. To estimate the Sb grade of 
the Cu–Pb cleaner concentrated of an average feed, a simplified flotation simulation was built using a feed 
composition derived from the average grade of the inferred mineral resource of the Rockliden deposit (5.2% 
chalcopyrite, 6.0% sphalerite, 0.5% galena, 50% pyrite and 37.5% NSG; for metal grades see: New Boliden 2015) 
and using split values based on the recovery of minerals (cf. Table 4.7). From all drill core assays, an average Sb 
grade of 0.1 wt% was calculated. In the simplified simulation the Sb grade was fixed to 0.1 wt%, with the option of 
alternating Sb mineral ratios. Applying the proportion of Sb minerals as given for the composite sample in Fig 4.4, 
the Sb grade of the Cu–Pb concentrate was in the range of 0.8 to 1.6 wt% (i.e. recoveries of Sb above 50%).
Assuming hypothetically all Sb to be hosted by gudmundite, which is not documented for the studied drill core 
samples, the simplified simulate gave a Sb grade of 0.34 wt% (i.e. recovery of Sb of 20%) in the Cu–Pb concentrate 
at a feed grade of 0.1 wt% Sb. Such a Sb grade is above the typical penalty threshold for Cu concentrates at smelters 
(e.g. Larouche 2001).

The impact of certain particle types on the distribution of Sb reporting from the feed to the Cu–Pb cleaner 
concentrate can be evaluated from the particle-tracking data (Fig. 5.1). The proportion of Sb bound in gudmundite-
chalcopyrite binaries reporting to the Cu–Pb cleaner concentrate ranges from 2% to 4% of the total Sb grade of the 
feed, i.e. in all three massive sulphide composites (Fig. 5.1; for example 3.64 % (= 0.52 * 7%) of Sb is bound by 
gudmundite-chalcopyrite particles in the UR-Cu composite reporting to the Cu–Pb concentrate and 7.28 % (= 0.52 * 
14%) of Sb is bound by bulk gudmundite in the UR-Cu composite reporting to the Cu–Pb concentrate). Assuming 
that approximately the same proportion of Sb bound in gudmundite-chalcopyrite and gudmundite-galena particles 
would report from an average ore sample to the Cu–Pb cleaner concentrate as in the tested composite and that the 
mineral ratios and textures of the average ore would be similar to the massive sulphide composites, this would give 
about 20 to 40 ppm of Sb bound in such form reporting to the Cu–Pb concentrate from an average ore with an Sb 
grade of 1000 ppm. Further, assuming a penalty threshold of 2000 ppm (Larouche 2001), then the proportion of Sb 
wrongly reporting to the Cu–Pb concentrate due to locking of gudmundite with chalcopyrite would be 1% to 2% of 
the Sb grade which could cause penalties at the smelter. The low percentage of Sb bound by gudmundite-
chalcopyrite particles in relation to a penalty threshold of 0.2 wt% Sb is currently within the error margins of 
simulation options and such effects could not be taken into consideration (Paper IV).
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Fig. 5.1. Amount of Sb reporting to the Cu–Pb cleaner concentrate (CuCC) via selected particle types. Percentage below the 
columns are in relation to Sb head grade and numbers inside the columns are in relation to percentages below the columns. The 
proportion of the Sb minerals of each composite reporting to the Cu–Pb cleaner concentrate (CuCC) is shown in colour in the 
columns labelled with the composite names (UR-Cu, UR-Zn, LR-Zn, MD). The parallel columns (lined in one row) show the 
mode of occurrence (MoO) for the two main Sb minerals in the CuCC of the corresponding composite. Mineral abbreviations: 
Bour – bournonite, Ccp – chalcopyrite, Gd – gudmundite, Gn – galena, Mene – meneghinite, NSG – non-sulphide gangue 
(silicates), Py – pyrite (with arsenopyrite), Sp – sphalerite, Ttr – tetrahedrite. Abbreviations of composites: MD – mafic dyke 
composite, LR-Zn – Zn-dominated massive sulphides from the lower part of the Rockliden ore deposit, UR-Zn/-Cu – Zn- and 
Cu-dominated massive sulphides from the upper part of the Rockliden ore deposit.

The possibilities in decreasing the Sb content in the Cu–Pb concentrate by flotation would require selective flotation 
of Cu- and Pb-bearing Sb sulphosalts from chalcopyrite during Cu–Pb separation (cf. Fig. 1.1 and Fig. 3.3). The 
common Cu- and Pb-bearing Sb sulphosalts contain both Cu and Pb in their formula (cf. Table 2.2) or are strongly 
associated with galena (and chalcopyrite) (cf. Table 4.4). A separation of Cu- and Pb-bearing Sb sulphosalts from 
chalcopyrite and galena is not expected to be easily achieved in the case of Rockliden ore, even if regrinding would 
be applied to the ore. An increase in the liberation of gudmundite is expected to slightly decrease the amount of Sb 
reporting to the Cu–Pb cleaner concentrate. Regrinding, however, could easily cause overgrinding of the main base 
metal sulphide minerals and thus has a negative effect on their recovery (Trahar 1981; Trahar and Warren 1976).
Besides this, it would cause extra grinding costs. Further, regrinding might cause sliming effects, particularly for the 
relatively soft base metal sulphides and Cu- and Pb-bearing Sb sulphosalts (e.g. Lager 1989). Moreover, the
simplified flotation simulation (see above), has indicated that even if all Sb would be hosted in (liberated) 
gudmundite in a feed with an average Sb grade of 0.1 wt%, the Sb grade of the Cu–Pb concentrate could be above a 
penalty threshold of 0.2 wt% Sb for Cu concentrates at smelters (cf. Larouche 2001). Thus, successful options in 
adjusting particle size distribution are limited.

An effective method to reduce the Sb grade of the Cu–Pb concentrate would be blending the ore so that the head 
grade would be low enough for the production of saleable concentrate. Further, there is a possibility to remove Sb 
from the Cu–Pb concentrate by leaching. Alkaline sulphide leaching has been shown to be highly effective in 
removing Sb from copper concentrates (e.g. Awe 2013). However, as an unconventional process solution, alkaline 
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sulphide leaching is an additional process step and should only be applied to Cu–Pb cleaner concentrate when the Sb 
grade is above the penalty threshold at the smelter. Thus, the precise simulation of the grade and recovery of Sb in 
the flotation products based on the incoming ore is seen as a necessity for designing the flowsheet for processing of 
the Rockliden ore.

5.2 Components for a Particle-Based Geometallurgical Model

The results of this study are to be put into the larger framework of a geometallurgical model. The study was 
intended to provide basic information for building a model which is capable to simulate results of mineral 
processing related back to ore characteristics, considering the geological and mineralogical variability of the ore. 
This study covers in parts a full geometallurgical program as outlined by Lamberg (2011) and listed in Table 5.1. It 
should also be noted that the Rockliden deposit is in an exploration stage and that data from laboratory tests is 
relatively scarce. In particular quantitative mineralogical information is only available at some points irregularly
scattered over the deposit. 

Table 5.1

Steps of a geometallurgical program (Lamberg 2011and references therein) and results available from the Rockliden project.

Step of geometallurgical program Availability

• Collection of geological data (logging, petro-physical measurements, 
chemical analyses etc.).

Yes, for intersection of massive sulphide lenses 
(cf. Paper I and II)

• Ore sampling program for metallurgical testing. Yes*, sample selection for a simplified laboratory 
flotation test (Paper III).

• Laboratory testing to extract process model parameters. Yes*, simplified laboratory flotation with 
GXMAP-MLA analysis and particle analysis 
(Paper III and IV).

• Checking the metallurgical validity of the geological ore type 
definition.

Not yet completed, part of the ore types were not 
analysed in detail (cf. Table 2.1).

• Mathematical model for the estimation of metallurgical parameters 
across the geological database.

Currently not possible due to the limited number 
of tested composites, for discussion see below.

• Metallurgical model consisting of unit operations using the defined 
metallurgical parameters.

Suggestions are given for flotation as unit 
operation (applicability of particle data was tested 
in simulating of laboratory flotation based on 
first-order kinetic process, Paper IV).

• Plant simulation based on the metallurgical process model and 
“calibration of the models via bench-marking for existing operations” 
(Lamberg 2011).

No, currently no complete metallurgical process 
model or particle-based geometallurgical model 
available.

*) with the limit to the number of four composites being tested in this study. 

The number of samples tested in the laboratory flotation cell in this study is currently not sufficient to extract or 
estimate relevant metallurgical parameters from a geological database by means of statistics (cf. Bulled and McInnes 
2005). Further, it might be noted that an adjustment of ore type definition towards the definition of potential 
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geometallurigcal units is not possible (e.g. Lotter et al. 2011), which is in part related to the currently incomplete 
testing of all ore types outlined in section 2.1.

Despite the limited number of composites studied in the laboratory flotation test, a theoretical concept for the 
particle-based geometallurgical model will be outlined in this section for the Rockliden deposit, following the 
guidelines given by Lamberg (2011) and Lund (2013). Such model will be composed of three sub-models (Fig. 5.2). 
A process-adapted geological model and a particle-breakage model for the Rockliden deposit have not been studied 
in depth so far. However, in the following, a short account will be given on them. Mineralogical parameters, which 
are necessary when building a particle-based geological model, will be discussed. Finally, the section 5.3 gives 
comments on a statistical modelling alternative in comparison to the particle-based approach.

Fig. 5.2. Components of a particle-based model on the forecast of product quality (e.g. Sb grade). The scheme is constructed 
after Lamberg (2007) and Lund (2013).

5.2.1 Process-related geological sub-model 

Lund (2013) highlighted the importance of quantitative mineralogical information arguing that samples with same or 
similar chemical composition do not need to have the same mineralogy. Indeed, the mineralogical information is 
critical to mineral processing and the overall performance of a plant (for examples see section 1.3). Another aspect 
that should be extracted from the geological model is textural information. This includes information such as grain 
size and mineral association. The grain size is important as to estimate the degree of liberation which is aimed to 
range 90 – 95% in the example of iron oxide ores (Lund 2013). Similarly, higher liberation of main sulphides is not 
the target in Rockliden, since this can cause overgrinding and an overall lower efficiency in the recovery.

Considerations for the forecast of Sb mineralogy in a block model

Generally, the mineralogical data needs to be collected systematically throughout the full 3D extension of a deposit. 
SEM-based automated semi-quantitative and quantitative studies are only available for four composite samples in 
this study (Fig. 3.1c). The quantitative information available most consistently from the Rockliden ore bodies, is 
chemical assays (Cu, Zn, S, Pb, As, Sb), which in turn can be converted to mineral grades if a simplified mineralogy 
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is assumed. However, there are more minerals recorded than chemical assays collected from drill cores, in particular 
concerning the complex Sb mineralogy. It is known that selective dissolution can provide additional information to 
the chemical assays derived on a standard basis in the mining industry (Lamberg et al. 1997). The bromine-methanol 
leaching method has been tested (Penttinen et al. 1977), but the results did not show selective leaching of Sb 
minerals in samples selected from the flotation products of the four composites (Fig. 4.9).

Since no further testing has currently been conducted on selective leaching methods regarding the Sb mineralogy, a 
preliminary scheme for element to mineral conversion in HSC Geo (cf. Roine 2009) was suggested (Fig. 5.3). It is 
based on the mineralogical information summarised in section 2 and on the MLA measurements of four tested 
composites (Table 2.1, Table 2.3, and Table 4.2). The recommended element to mineral conversion in figure 5.3 is 
using the assay data which comprises S, Cu, Zn, As, Pb and Sb for most drill core intervals at Rockliden. Since very
little quantitative mineralogical data is available, in particular for the Sb mineralogy when Sb assays are below 0.05 
wt%, it is recommended to study the Sb mineralogy quantitatively for a larger number of samples. Furthermore, the 
non-sulphide mineralogy is also simplified in figure 5.3, i.e. the occurrence of minerals potentially harmful to the 
flotation process, such as chlorite, talc or clay minerals, is not taken into consideration. 

Fig. 5.3. Scheme for element to mineral conversion proposed for the Rockliden deposit. Abbreviations: Amp – amphibole, Bour 
– bournonite, Ccp – chalcopyrite, Fsp – alkali-feldspar, Gd – gudmundite, Gn – galena, Mene – meneghinite, NSG – non-
sulphide gangue (silicates with remaining trace minerals), Plg – plagioclase, Po – pyrrhotite, Py – pyrite (with minor amounts of 
arsenopyrite), Qtz – quartz, Sp – sphalerite, Ttr – tetrahedrite, TS – total sulphides (= 100% - Qtz). For abbreviation of 
composites see figure 5.1.
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Considerations for the forecast of textural information

Textural features, relevant to processing of the ore material, comprise: mineral assemblage and association, grain 
size distribution, orientation, shape and grain boundary relationships (Butcher 2010; Walters and Kojovic 2006).
The quantification of textural information is challenging and textural parameters are not necessarily additive 
(Lamberg 2011and references therein). However, it is known that liberation characteristics are closely connected to 
mineral textures (Lund 2013). Thus, the measurement of textural information ought to be considered in process-
adapted geological models as a component of particle-based geometallurgical models (Fig. 5.2).

Most methods to record textural information (in unbroken ores) give qualitative information based on observations 
in thin sections (e.g. McClung and Viljoen 2012; Petruk and Hughson 1977; Petruk 2000), and in the form of 
descriptions using classification or coding systems (e.g. Bojcevski et al. 1998; Ghorbani et al. 2013; McArthur 
1996). A classification of the Rockliden massive sulphides based on the main mineralogy (Paper II) was proposed, 
which is similar to the meso-type classification developed for the George Fisher Ag-Pb-Zn deposit (cf. Bojcevski et 
al. 1998).

The distinction of the main minerals in mineral maps is possible by optical microscopy (e.g. Hunt et al. 2011).
However, to quantify textural parameters of a mineralogically complex system such of the Rockliden deposit would 
require acquisition of mineral maps using SEM-based automated mineralogy tools. Further, testing of the etching 
techniques might be necessary to enhance textural features such as grain size in the uncrushed ore. These procedures 
are time consuming and have not been included in this study. It should also be considered that the textural 
parameters vary on a centimeter to decimeter scale at the Rockliden deposit and that several standard-size thin 
sections would need to be analysed to gain representative textural information. However, it might be sufficient to 
use sections of crushed (or ground) drill core material for textural analysis. 

When crushed or grinded ore material is studied by SEM-based automated mineralogy tools in order to evaluate the 
impact of textural parameters on ore processing, there are two options available to derive textural information from 
particles: (1) Particles are described by bulk composition and classified into liberated, binary, ternary, etc. using a 
particle tracking technique (e.g. Lamberg and Vianna 2007). This is the approach chosen to describe the ground feed 
composites in this study. It should be noted that the original grain size of the main minerals could not be studied in 
the ground material since the particle size is reduced to a P80 of ca. 50 μm. For example, the grain size of pyrite 
generally extends above 50 μm (Table 2.1). Furthermore, the particle-tracking approach will not give textural 
information on complex intergrowth of particles such as stockworks, coating and emulsion (cf. Pérez-Barnuevo et 
al. 2013). A second option (2) to describe textural information was suggested by Pérez-Barnuevo et al. (2013).
Particles are analysed with a linear intercepts method, from which perimeters, specific surface area and linear 
grades, are computed, and then used to calculate a set of indices classifying particles into different textural types. 
The quantification of different textural types allows estimating the impact of a certain particle type on the 
concentration processes (Pérez-Barnuevo et al. 2013). The amount of ternary or more complex particles has been 
found low in the Rockliden composites, generally below 5%, and complex textural types are found rarely in 
particles documented by MLA analysis. Assessing complex textural types would be interesting only in the case of 
complex intergrowths of gudmundite with chalcopyrite, pyrrhotite and galena in the Zn-dominated massive sulphide 
composite of the lower part of the Rockliden deposit. However, these textures are so fine grained that it is 
challenging to correctly record them with MLA measurements. 

So far, textural information is suggested to be implemented in a geometallurgical model using host rock 
classification and massive sulphide types as outlined by qualitative ore characterisation (section 2.1, Paper II). The 
simplified classification scheme for massive sulphides, as proposed in figure 5.3, might be sufficient to calculate the 
bulk mineralogy in the exploration stage of the Rockliden deposit.
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5.2.2 Flotation-related comminution model

In order to complete a particle-based geometallurgical model, a particle-breakage model should be derived from 
comminution tests (Fig. 5.2). The particle-breakage model should define the particle size distribution and liberation 
distribution based on feed characteristics (e.g. bulk mineralogy and mineral textures) obtained from a process-
adapted geological model and the outcome of the particle-breakage model is to be used in a unit process model 
(Lamberg 2011; Lund 2013). Parameters such as rock hardness, crushing and grinding indices, energy consumption 
and throughput will be critical in a geometallurgical model, and the throughput influencing the residence time in the 
flotation circuit (Bulled and McInnes 2005; Mwanga et al. 2015b). Measuring and simulating of throughput is 
particularly critical to large-scale operations e.g. for porphyry Cu deposits (Cropp et al. 2013; Keeney et al. 2011).

Parameters describing the crushability and grindability do not provide information on the composition of the feed in 
terms of particles. Since the main focus of grinding is to achieve liberation, required for effective mineral separation 
and further utilisation of the resource, a new term liberability was suggested by Mwanga et al. (2015b) to describe 
the “ease with which an ore mineral can be liberated by grinding”. The liberability was shown in graphs plotting the 
liberation degree vs. specific grinding energy (Mwanga et al 2015b). Further, Mwanga et al. (2015b) suggested not 
to fix the particle size for the final comminution product when a big variation in micro-texture and liberation size is 
reported. This proposal might also be relevant to massive sulphide deposits. For example at the George Fisher Zn–
Pb sulphide ore deposits, coarse grained massive galena and sphalerite samples showed simple processing 
characteristics, but regrinding was recommended when finer grained micro-textures occurred in order to improve the 
recovery of base-metal sulphides from e.g. pyrite (Bojcevski et al. 1998; Bojcevski 2004). Similarly, variation of 
pyrite grade and grain size is documented for massive sulphide classes outlined in this study (Table 2.1, Paper II).

The degree of preferential breakage in grinding of the valuable minerals compared to gangue minerals will be 
critical to the shape of the particle size distribution curve (Runge et al. 2013). In this study, the largest difference in 
the shape of the particle size distribution was noticed between mafic dyke and massive sulphide composites, with 
the mafic dyke composite having a flatter curve than the massive sulphide composites. However, this is probably 
related to mineral size distribution of the main minerals of the composites, i.e. mafic dyke composite dominated by 
silicates and massive sulphide composites dominated by pyrite (Table 4.2, Fig. 4.1), rather than preferential grinding 
of the target minerals (chalcopyrite and sphalerite). However, the bulk mineralogy of the Rockliden composites 
showed that the grade of hard minerals such as pyrite and NSG is highest in the coarsest size fraction of the feed 
while relatively soft minerals such as sphalerite, chalcopyrite and Sb minerals have the highest content in the finest 
size fraction. This indicates that the breakage is selective on minerals (cf. Lund 2013).

Hunt et al. (2011) used mineral maps (from multilayer images recorded by optical microscopy), which were 
processed by a chessboard segmentation algorithm at different pre-defined particle sizes, to estimate the liberation
degree and the related flotation potential. By testing material from an IOCG deposit it was found that liberation 
potential for valuable minerals is most variable for low grade ores (Hunt et al. 2011). As pointed out above, the 
acquisition of mineral maps would require SEM-based automated tools in the Rockliden case. Besides this, 
segmentation algorithms, mathematical more advanced than the chessboard model, are known in the literature and 
e.g. a Boolean model with Poisson polyhedra grains are suggested to be used in case of complex textures (Barbery 
and Leroux 1988). However, random breakage models should not be used when selective breakage between 
minerals is observed (Lund 2013 and references therein), as it is in Rockliden (cf. Table 4.2). Choi et al. (1988)
developed a model in order to estimate parameters for breakage distribution and breakage rate functions from image 
analysis on sized samples for a binary ore system. It was possible to simulate the size distribution and particle 
composition in the binary system. However, the Rockliden mineralogy is much more complex and the direct 
application of the model built by Choi et al. (1988) would require strong simplification, e.g. rejecting the distinction 
of Sb minerals, and thus has not been used. 

Lamberg and Lund (2012) developed a calculation algorithm to produce a liberation distribution for a feed sample 
for which only (unsized) bulk mineralogy is given. The bulk composition by size and the liberation distribution are 
calculated based on the particle information as it is given by archetype samples. The liberation distribution is 
adjusted iteratively until the bulk mineralogy reaches the required target. To apply this algorithm to an ore sample, 
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the texture (type) of the incoming ore material has to be recorded in order to choose the most appropriate archetype 
for simulating the particle composition after comminution. The approach chosen by Lamberg and Lund (2012)
assumes that the liberation distribution is conserved in narrow size fractions regardless of the overall particle size 
distribution and breaking mechanism (cf. Vizcarra et al. 2010). Within this study only four composite samples with 
end-member mineralogy were tested. These four composites might serve as archetypes themselves. However, the 
approach suggested by Lamberg and Lund (2012) cannot be validated for the Rockliden project due to limited 
sample material. 

Within this study no data was collected specifically to estimate comminution parameters. However, general trends 
have been determined for other base-metal sulphide deposits. For example at the George Fisher Zn–Pb sulphide ore 
deposit, ore hardness was attributed to textural end members which were sorted from softest to hardest: massive 
galena, massive galena/sphalerite, massive sphalerite, banded sphalerite and banded pyrite (Bojcevski et al. 1998; 
Bojcevski 2004). Comminution tests on bulk samples representing Rockliden ore material indicate that an increasing 
content of Zn (and hence sphalerite) is one factor causing easier grinding (Bolin, pers. comm., 2014-04-08). Two 
massive sulphide samples, with different Zn and sphalerite content, were collected from the Rockliden outcrop and a 
laboratory test was conducted on these samples (Mwanga, pers. comm. 2016-01-28). Similar Bond index values 
were obtained for the grindability of the two samples. This does not support observations made on the other 
Rockliden samples. However, the limited number of samples in the Rockliden study does not allow drawing a
conclusion for the Rockliden deposit so far.

Currently, no comminution model is available which would provide particle size distribution and liberation 
distribution in the Rockliden case study. However, it was observed that with a higher grade of a mineral in the feed, 
a higher degree of liberation can be obtained for the main and trace minerals shown in figure 5.4a (cf. Table 4.2 and 
Fig. 4.2). In order to validate this observation, it is recommended to study the impact of micro-textures on the 
liberation distribution, by testing more ore samples. Figure 5.4 might merely point to the possibility to develop a 
breakage model, e.g. based on archetypes as proposed by Lamberg and Lund (2012). However, it might also serve 
as a qualitative assessment whether a mineral is expected to show a high or low degree of liberation based on the 
grade of the mineral in the sample (Fig. 5.4).

Besides the degree of liberation, the particle composition of binary, ternary and more complex particles ought to be 
provided by a particle-breaking model (Fig. 5.2). As pointed out previously (see section 4.1 and 5.1), the association 
indexes of a mineral pair are different for the composites (e.g. chalcopyrite and gudmundite, Table 4.4). Thus, it is 
suggested that the composites might serve as archetypes and that the abundance of certain particle types might be 
similar if an untested composite has similar mineralogical composition and textural characteristics as the studied 
composites. However, the limit of four composites with mineralogical end-member characteristics does not allow
proofing this idea. Further, not all textural classes outlined for massive sulphides in the ore characterisation study 
(Table 2.1) have been studied in laboratory tests. Particle information should not be derived from the association 
index for samples with a combination of main and trace Sb mineralogy different to the four composites.
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Fig. 5.4. (a) Comparison of degree of liberation by size fraction in feed of the four composites (UR-Cu, UR-Zn, LR-Zn and 
MD). The grade (wt%) of each mineral in the corresponding composite is given besides the degree of liberation in the bulk. (b)
Bulk degree of liberation (Deg-lib) vs grade of mineral (in wt%) of the four composites. Mineral abbreviations: Bour –
bournonite, Ccp – chalcopyrite, Gd – gudmundite, Gn – galena, Mene – meneghinite, NSG – non-sulphide gangue (silicates), Po 
– pyrrhotite, Py – pyrite (with arsenopyrite), Sp – sphalerite, Ttr – tetrahedrite. For other abbreviations see Fig. 5.1.
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5.3 Model Alternatives

5.3.1 Outlining alternative approaches

As pointed out in section 5.2, neither a complete process-adapted geological model nor a particle-breakage model is 
currently available for the Rockliden deposit. Both components are critical to build a geometallurgical model (Fig. 
5.2). Regarding the unit process model, a limited number of composites were tested and more flotation tests on 
mixtures of the end-member ore types as well as repetition tests ought to be done to simulate the production mill 
feed accurately enough to be used for mine planning (Baum et al. 2004).

Model alternatives mentioned in previous chapters will be summarised here. Generally, there are two groups of 
alternatives to build a geometallurgical model for an ore deposit. A first approach is through relating rock intrinsic 
parameters with processing proxies using statistical tools, i.e. developing empirical equations connecting parameters 
along the processing chain, e.g. using laboratory flotation tests calibrated by pilot plant studies, benchmark 
surveying etc. (e.g. Chauhan et al. 2013; Keeney et al. 2011; Lotter et al. 2011). The particle-based approach is 
counted to the second group of alternatives, and has already been discussed in the previous section.

In order to formulate a model using the statistical approach, a database sufficiently large to apply statistical tools 
needs to be build which means that a reasonably big number of laboratory tests need to be conducted. Kenney et al. 
(2011) showed that comminution models based on assay only, give poorer accuracy than using additional 
petrophysical data and results from comminution tests. Similarly, it is expected that only using drill core assays in a 
flotation model would give poorer precision of the simulated Sb grade then using additional mineralogical or 
petrographic information. However, quantitative data additionally to assay data is not (consistently) available in the
Rockliden case. This means that mineralogical and petrographic data and test parameters would need to be collected 
on a large number of samples to build a 3D model forecasting process parameters. The limited number of samples 
tested in the Rockliden case allows not to build a model forecasting the recovery based on sound statistics (e.g. 
Walters 2011). Similarly to the approach described by Kenney et al. (2011), Hunt et al. (2013) demonstrated the use 
of mineralogical parameters (including lithology and alteration) derived from drill core logging for building a 
comminution model using empirical equations. To find a statistical sound relation between geological data and 
comminution indices, a sufficient number of comminution tests need to be conducted (Hunt et al. 2013).

Considering separation processes, Bulled and McInnes (2005) suggested to run a full flotation test per ore type and 
to couple the full test with a simplified (“mapping”) flotation test for each ore block. The results of the mapping 
flotation test were calibrated by the results of the full flotation test. They suggested to have 15% full and 85% 
“mapping” flotation test in the case of an ore deposit with a simple mineralogy. However, it requires that a 
“mapping” flotation test is conducted for every mining block. Thus, the amount of samples which would need to be 
tested might be similarly large as for the statistical approach.

For the statistical approach, it should be noted that processing parameters and proxies, such as inherent floatability 
of the ore, are often non-additive and it requires special considerations when using such parameters to build a 
geometallurgical model (e.g. Deutsch 2013; Dunham and Vann 2007). On the other hand, a particle-based 
geometallurgical model would require the modelling of textural information as this is part of the output of a process-
adapted geological model (Fig. 5.2). Generally, the modelling of complex geologic relationships of an ore deposit 
using geostatistical tools is found very challenging (Barnett and Deutsch 2012). Newton and Graham (2011)
suggested to test different methods including the calculation of variograms for modelling of classes defined by 
Principal Component Analysis. The spatial treatment of categorical variables e.g. by indicator kriging (Newton and 
Graham 2011), might be extended to modelling of textural types in massive sulphides. However, in the Rockliden 
case, variations in textures occur on a centimeter to decimeter scale (Paper II). So far, the determination of micro-
textural types of the Rockliden massive sulphides is based on optical microscopy, which allows for example 
studying variation in grain size of pyrite. The fine scale of the textures is much below the scale of theoretical mining 
blocks. However, in order to use textual types in a mining model the proportion of each meso- or micro-textural type 
need to be determined which are found within theoretical mining blocks. Knowing the amount of textural types and 
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their mineralogy, and given a particle breakage model is available, this would allow generating particle information 
for each mining block. Knowing the proportion of particle types per mining block, processing parameters (e.g. 
recovery) could be estimated using unit process models. Thus, a non-additive character of processing parameters 
would not be of concern in a complete particle-based geometallurgical model. 

5.3.2 Evaluation of increased precision in modelling using mineralogical data

It has been generally stated that with increasing depth in mineralogical information more precise models can be 
derived (Gu et al. 2014; Lishchuk et al. 2015). More precise models will reduce uncertainty about decisions making 
and give a better basis for mine planning and management. Gu et al. (2014) proposed to calculate the value of 
mineralogical information as the difference between expected opportunity loss due to wrong decision before precise 
information was implemented, and the expected opportunity loss after precise information was available or 
implemented in a geometallurgical model. 

In order to evaluate the value of mineralogical information in a particle-based geometallurgical model at Rockliden,
one would need a process-adapted geological model, a particle-breakage model and a unit process model (Fig. 5.2),
e.g. to model the Sb content of final flotation products. So far, only a comparison of different simulation options 
(SL0 to SL3, cf. Table 3.2) for a flotation model (unit process model) in the Rockliden case has been made (Paper 
IV). SL1 and SL2 were based on bulk mineralogy and SL3 was based on full particle information (with the 
limitation that the mineral-specific k values were modelled only for distribution of liberated particles). As discussed 
above, currently no distinct improvement can be documented when simulation option SL3 is compared to SL1 and 
SL2. The lack of improvement in precision of the simulation of option SL3 was partly attributed to challenges in 
correctly modelling of the behaviour of binary and more complex particles. This is part of on-going research. The 
final value of mineralogical information cannot be determined currently since a complete (particle-based) 
geometallurgical model could not be developed for the Rockliden deposit solely by this study.

However, the usage of bulk mineralogy (SL1 and SL2) is expected to be sufficient for building a process model 
precise enough to be used as part of a geometallurgical model in the exploration and scoping stage of the Rockliden 
resource. For the estimation of the Sb grade and recovery into the Cu–Pb concentrates, it is recommended to 
distinguish the Sb minerals in the incoming ore. So far, SEM-based measurements are seen as the most efficient 
method in recording the Sb mineralogy in this study. Disadvantages of SEM-based automated measurements are that 
sample preparation and analysis require advanced analytical techniques and specially trained personal (cf. section 
3.3.3). Further, to measure the same amount of material as with chemical analysis will require measurement of 
several standard-size epoxy blocks (cf. section 3.2 and section 3.3.3). Analytical and data processing time are 
expected above analysis by chemical assays. However, selecting for example simple Point X-ray analysis for MLA 
measurements (cf. Fandrich et al. 2007) might slightly shorten the analytical time. Simple Point X-ray analysis 
might be sufficient for the purpose of distinguishing the main Sb minerals since these minerals show a rather wide 
spread in mean atomic number in BSE images (Fig. 2.4). The only exceptions are meneghinite and boulangerite, 
which have similar mineral chemistry and similar expected flotation behaviour, and thus were combined in this 
study. 

Different plant modifications need to be considered in order to evaluate the best processing option (Gu et al. 2014).
Thus, the actual values of mineralogical information and a geometallurgical model may also be considered in the 
context of the chosen plant modification. In order not to face too high Sb grades in the Cu–Pb concentrates derived 
from the Rockliden deposit, different process solutions are thinkable: e.g., blending of ore material before flotation 
or of Cu–Pb concentrates after flotation, production of a Pb concentrate extracting Pb–Sb sulphosalts from the Cu 
concentrate by selective flotation, or roasting and alkaline sulphide leaching (cf. Fig. 1.1). Each solution has 
different investment factors depending on the amount of material which is expected to be treated by the chosen 
processing option and the investment in appropriately sized facilities. Despite the fact that the economic impact 
cannot be currently evaluated, the relevance of detailed knowledge of Sb mineralogy in order to estimate Sb grades 
and recoveries into products is obvious under all suggested treatment options.
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An economic evaluation of a statistical approach is not given in this study. Since the number of composite samples 
that are tested in a laboratory flotation test is limited, statistical tools cannot be applied in order to extract
mineralogical or petrographic parameters which will have most control on the processing results. If the geological 
(rock-intrinsic) parameters controlling processing parameters cannot be outlined, it is also not possible to judge on 
the economic impact of systematic collection of relevant rock-intrinsic and corresponding processing parameters. 

Thus, an economical comparison of the statistical and the particle-based approach cannot be given. It might
however, be noted that a particle-based approach considers the behaviour of physical entities in mineral processing 
i.e. the particles (also termed bridge between geology and metallurgy (Lamberg 2011)), whereas the statistical 
approaches would give for example a numerical equation connecting rock- and ore-intrinsic parameters to 
processing proxies, and thus it might give poorer forecasts when the process or plant operation is changed compared 
to the time when processing proxies were recorded.
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6 Conclusions and Recommendations for Future Work 

Detailed ore characterisation and automated SEM-based measurements were used to study the complex trace 
mineralogy of antimony (Sb) of different rock and ore types present in the Rockliden Zn–Cu volcanic-hosted 
massive sulphide deposit (Paper I and II). Based on the results of the ore characterisation (Paper I and II), four 
composites were collected from drill cores: three Sb-rich end-member massive sulphide types and one mafic dyke 
composite. Systematic distribution of Sb minerals as liberated and locked particles was documented in a laboratory 
flotation test of four composite samples (Paper III). This confirms the results from earlier semi-quantitative work 
done on composite samples representing average ore material from three sulphide lenses of the Rockliden deposit 
(Bolin 2010) and a quantitative study considering the Sb mineralogy of flotation products at the Rakkejaur deposit 
(Lager and Forssberg 1990). These previous studies do not consider mineralogical factors such as the description of 
particles by the degree of liberation and type of locking. The relevance of such mineralogical factors was pointed 
out in Paper III and they are suggested to be implemented in a unit process model as a component of a possible 
particle-based geometallurgical model for the Rockliden deposit (Paper IV). However, a complete particle-based 
geometallurgical model would require systematic collection of bulk mineralogy and textural data as minimum 
information from a process-adapted geological model of the deposit, as well as the development of a precise 
particle-breakage model and a unit process model (cf. Lamberg 2011; Lund 2013).

Several simulation options have been tested to develop a unit process model (Paper IV). The options were 
distinguished based on the depth of mineralogical information used in simulation. It was found that simulation based 
on bulk mineralogy gives estimations on the Sb grade and recovery of the Cu–Pb concentrate precise enough to be 
applicable in the exploration and scoping stage of a mining project (Paper IV). It is however, required to distinguish
at least semi-quantitatively the Sb minerals throughout the deposit. SEM-based automated mineralogy is considered 
the best analytical option to determine the trace mineralogy of Sb. The bromine-methanol sequential leaching 
method could not distinguish Sb minerals, and thus is not an alternative to SEM-based automated mineralogy for the 
purpose of this study. The Sb mineralogy has not yet been determined systematically throughout the Rockliden 
deposit and only Sb assays are recorded on regular basis. Naturally, this does not allow distinguishing and 
quantifying Sb minerals. Based on qualitative and quantitative ore characterisation (Paper I to III), an element to 
mineral conversion scheme was developed, which refines the Sb mineralogy using single Sb assays. It takes into 
account that the Sb mineralogy of the massive sulphides is expected to change with depth and that Sb mineralogy is 
distinct for Sb-rich altered felsic and mafic rocks. A fixed ratio of Sb minerals for the Sb-rich rock types and 
massive sulphide classes was proposed for the refined element to mineral conversion, which allows estimating the 
bulk Sb mineralogy. 

A statistical modelling approach is discussed as an alternative to the particle-based geometallurgical model. In the 
former approach, statistical tools are applied to establish a link between detailed information on process-relevant 
rock-intrinsic parameters and corresponding processing parameters. In this study, processing parameters were 
obtained for four composite samples and this limited number does not allow building a geometallurgical model 
using a statistical approach. More laboratory tests would need to be conducted on several small-scale (drill core) 
samples in order to record proxies, e.g. estimating the recovery, with a sample density sufficient to cover the ore 
variability over the spatial extent of the deposit (e.g. Chauhan et al. 2013; Mwanga et al. 2015b). Moreover, in 
contrast to element or mineral grades, processing proxies are largely non-additive during blending or modelling (e.g. 
Deutsch 2013; Dunham and Vann 2007; Newton and Graham 2011). A particle-based model might have the 
advantage that the recovery of e.g. Cu, Pb and Sb of each mining block could be simulated directly from the grades 
of particle types in a mining block. The grades of particle types might be forecasted by a particle-breakage model 
applied to (weighted proportion of) rock and ore types found within a mining block. This approach would avoid 
challenges in modelling of non-additive processing parameters in a deposit model. However, the recording and 
modelling of textural parameters is challenging too. Textural parameters form a critical input for a particle-based 
geometallurgical model. Different options of analysing textural features are discussed. The approach described by 
Bojcevski et al. (1998) classifying ore based on meso- and micro-texture types is recommended to be adapted for the 
Rockliden deposit and a suggestion for the classification of the massive sulphides is given in Paper II.
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Beyond all these considerations, it is to state that the content and requirements of the geometallurgical model of a 
specific deposit are dependent on process selection and on the question how accurately Sb distribution and its grades 
in products needs to be forecasted.

The following list highlights some aspects for which further research is recommended, if a complete particle-based 
geometallurgical model should be built for the Rockliden deposit:

A classical geological model will provide the outline of different rock types and the massive sulphides. 
Knowledge on the shape and size of Sb-rich mafic dykes will be helpful since they can increase 
concentrations of Sb in Cu–Pb concentrate if they are not sufficiently blended with other ore material 
(Paper II). A final process-adapted geological model has not yet been completed for the Rockliden deposit. 

A mineralogical and textural classification of massive sulphides at Rockliden has been proposed (Paper II). 
Semi-quantitative recording of textural types might be possible on a meso-scale (cf. Bojcevski 2004).
However, systematic usage of textural ore types has not been implemented in drill core logging at 
Rockliden. Ore textures are expected to affect comminution parameters, such as liberability, and hence 
flotation results. Thus they are important information which should be provided by a process-adapted 
geological model.

Also, the bulk mineralogy is seen as a critical input parameter to a geometallurgical model, in particular 
concerning the Sb mineralogy (Paper I and III). In this study a simplified element to mineral conversion 
scheme is proposed to derive the Sb mineralogy of the massive sulphide ore. Further sampling and SEM-
based quantitative ore characterisation studies should be conducted to support or modify the scheme.

A particle breakage model is not yet ready for the Rockliden deposits. It is suggested that an expected 
degree of liberation and mineral association in particles can be estimated based on results from this study. 
However, laboratory tests are highly recommended to be conducted, and the recording of parameters such 
as comminution energy and throughput.

To attain higher confidence in the proposed unit flotation model (Paper IV), testing of additional 
composites as well as repetition of the laboratory test on composites is recommended for error analysis in 
experimental studies. 

Data from pilot scale or plant service should be collected in order to scale-up the unit process model which 
is currently based on laboratory test data only. Studying the correlation of flotation cell parameters 
influencing the floatability of a particle in the different environments is required for the purpose of up-
scaling or expanding of results from laboratory test to flotation plant conditions (e.g. Niemi 1995).

If finally a complete particle-based model can be presented, it is expected to be a helpful tool in mine planning and 
management. Such model might also allow simulating the Sb grade and mineralogy of tailings. Similar to arsenic, 
Sb is a potential environmental hazard concerning the discharge to rivers (Wilson et al. 2010). The inclusion of the 
consideration of environmental and sustainability issues would broaden the perspective of the geometallurgical 
model for Rockliden (cf. Jackson et al. 2011).

Besides antimony (Sb) and arsenic (As), the Rockliden polymetallic Zn–Cu VHMS deposit contains further 
deleterious trace elements, which could form additional environmental hazards. Process mineralogical assessment of 
other trace elements such as Cd, Hg, Bi, and Sn would require additional mineralogical research. For building a 
model accounting for these elements and their mineral hosts, it is recommended to use a mineral grouping different 
from the one used in this study for Sb. For example, arsenopyrite (the main As carrier) and pyrite ought not to be 
combined if the processing behaviour of As should be studied in detail. So far, it is assumed that the arsenopyrite 
and pyrite show similar flotation distribution based on studies of non-particle tracked MLA data (see also
Benzaazoua et al. 2002). The main tin (Sn) minerals are expected to show opposed behaviour during flotation, i.e. 
stannite reporting to Cu–Pb concentrate and cassiterite to tailings. Tin might be seen as a valuable element; 
however, the concentration is estimated to be low at Rockliden (generally ranging between 20 and 100 ppm, Paper 
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II). Such low grades of Sn are found in e.g. placer deposits, from which Sn can be recovered easily compared to 
Rockliden. 

Finally, this study also discloses the analytical effort which has to be taken to describe the complex trace mineralogy 
such as Sb in a polymetallic ore deposit. It also shows the limitations in applying knowledge about complex 
mineralogy in modelling and simulation of the process behaviour of respective trace elements. Including additional 
trace elements was beyond the limit of this study. However, this study can be used as a guideline for future research 
on remaining trace elements and minerals in the processing of complex sulphide ore at Rockliden and elsewhere.
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a b s t r a c t

The antimony (Sb) content of the Rockliden complex Zn–Cu massive sulphide ore lowers the quality of
the Cu–Pb concentrate. The purpose of this study is to characterise the Sb mineralogy of the deposit.
The Sb-bearing minerals include tetrahedrite (Cu,Fe,Ag,Zn)12Sb4S13, bournonite PbCuSbS3, gudmundite
FeSbS and other sulphosalts. On a microscopic scale these minerals are complexly intergrown with
base-metal sulphides in the ore. Based on these observations mineralogical controls on the distribution
of Sb-bearing minerals in a standard flotation test are illustrated. Deposit-scale and rock-related variation
in the Sb-content and distribution of Sb-bearing minerals were found. This underlines the importance in
understanding the geological background as a basis of a 3D geometallurgical model for Rockliden. Such a
model is expected to predict the Sb content of the Cu–Pb concentrate, among other process-relevant fac-
tors, and helps to forecast when the Cu–Pb concentrate has to be treated by alternative processes, such as
alkaline sulphide leaching, before it is sold to the smelter.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Antimony (Sb) has no commercial use as metal itself, but it
finds application in form of metallo-organic and inorganic com-
pounds as flame retardants, pigments, heat and radiation stabiliz-
ers for plastics and clarification of specialty glasses, as well as Sb-
based catalysts and Sb alloys, to increase strength and hardness of
Pb (Butterman and Carlin, 2004; Masters, 2005; Anderson, 2012).
Given its usage, it was defined as critical raw material for the mod-
ern society (Anderson, 2012; European Commission, 2010). The
world market of Sb is dominated by China although the closure
of mines in the Hunan Province has caused a decrease in surplus
(Anderson, 2012; Masters, 2005).

The world’s largest natural resources of Sb, such as those in Chi-
na, primarily contain stibnite associated with pyrite, arsenopyrite,
jamesonite, and various oxides if the deposits are affected by oxi-
dation (Butterman and Carlin, 2004; Tian-Cong, 1988; Table 1).
Other Sb deposits are more complex in terms of their metal con-
tent, i.e. they are polymetallic and are primarily mined for com-
modities such as Cu, Pb, and Ag. Sulphosalts form the dominant
Sb-bearing minerals (e.g. tetrahedrite, Table 1) in these deposits,
accompanied by sulphide minerals such as galena and pyrite

(Anderson, 2012; Butterman and Carlin, 2004). An example is the
Sunshine Mine, Coeur d’Alene mining district, Idaho (Anderson
et al., 1991) with Pb–Ag–Zn–Cu–Sb sulphides bearing tetrahe-
drite-rich quartz–siderite veins (Wavra et al., 1994).

Mineral processing techniques traditionally applied to the pri-
mary, stibnite dominated, Sb ore material are hand-sorting, heavy
medium separation, and flotation (Anderson, 2012; Tian-Cong,
1988). The processing of the more complex and polymetallic ore
material requires, in addition to mineral processing, the involve-
ment of alternative pyrometallurgical and hydrometallurgical pro-
cess solutions to extract Sb from the ore material (Anderson, 2012).

The zinc–copper (Zn–Cu) volcanic-hosted massive sulphide
(VHMS) deposits of the Skellefte district (northern Sweden,
Fig. 1) contain Sb as impurity element with grades commonly
above 200 ppm (e.g. Rakkejaur), but generally below 2.5 wt% (Allen
et al., 1996). The Sb grades at the Rockliden massive sulphide min-
eralisation also fall into this range (Raat and Årebäck, 2009). For
this range in the Sb content pyrometallurgical methods, such as
oxide volatilisation or roasting, which are normally used for pro-
duction of Sb from low grade Sb-ores (5–25 wt%) (Anderson,
2012 and references therein), are not considered further. However,
attempts have been made to remove Sb from As–Sb–Bi-rich sul-
phide concentrates by partial roasting before the material was to
be sent to the smelter in Rönnskär, Skellefteå, Sweden (Björnberg
et al., 1986).

Studies by Lager (1989) on massive sulphides from the
Rakkejaur deposit (Skellefte district, Sweden) showed that certain
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(liberated) Sb-bearing minerals (e.g. gudmundite) can be de-
pressed during Cu–Pb and Zn flotation, whereas other minerals
(e.g. bournonite and tetrahedrite) show flotation properties similar
to chalcopyrite and will report to the Cu–Pb concentrate. Due to
complex mineralogy, poor liberation and selectivity in flotation,
Sb-bearing minerals end up in Cu–Pb and Zn concentrates. When
Sb is transferred to the Cu–Pb concentrate, it lowers the quality
of this product and causes penalties at the smelter. Thus, solutions
to remove Sb from the Rockliden Cu–Pb concentrate by hydromet-
allurgical processes have been considered (Bolin, 2010). Generally,
hydrometallurgical methods can be employed to extract Sb from
polymetallic ore, for example by alkaline sulphide leaching as used
at the Sunshine Mine plant, Coeur d’Alene mining district, Idaho
(Anderson et al., 1991). Sulphide leaching was tested successfully
for Cu–Pb concentrates from the Rakkejaur massive sulphide
deposit and Rockliden (Awe et al., 2012; Lager, 1985). During
further processing steps Sb could be recovered via electrowinning
(Anderson, 2012; Anderson et al., 1991; Awe, 2010; Awe and
Sandström, 2012; Filippou et al., 2007).

The Rockliden Zn–Cu massive sulphide deposit is located in
North-Central Sweden, approximately 150 km south of the Skel-
lefte ore district (Fig. 1). The deposit was discovered by Boliden
in the 1980s but development was put on hold when flotation tests
showed that the quality of the Cu–Pb concentrate is lowered by the
Sb content (Raat and Årebäck, 2009). However, currently the de-
posit is again under consideration. The inferred mineral resource
of Rockliden is 3.53 Mt with 4.2 wt% Zn, 1.9 wt% Cu, 0.7 wt% Pb

and 71 g/t Ag (New Boliden, 2013). The Cu and Zn contents are
fairly constant throughout the steeply dipping mineralisation.
However, the Sb content varies. For example, the average Sb-con-
tent of all analysed intersections drilled below ca. 400 m depth is
about half of that from the upper part of the deposit (Raat and
Årebäck, 2009), ranging on average from ca. 750 to 1500 ppm.

Most of the mineralisation at Rockliden is found at the altered
stratigraphic top of rhyolitic–dacitic volcanic rocks (Depauw,
2009; Mattsson and Heeroma, 1985). The volcanic rocks are
thought to form an inlier, isolated within the metamorphosed sed-
imentary rocks of the Bothnian Basin (Depauw, 2009; Kousa and
Lundqvist, 2000). Silicification and sericitation, and locally carbon-
ate- and chlorite-alteration, have affected the volcanic host rocks
(Depauw, 2009; Raat and Årebäck, 2009). The metamorphic grade
of the volcanic and sedimentary host rocks reaches greenschist fa-
cies (Depauw, 2009), which is low compared to the regional,
amphibolite facies, metamorphic grade (Kousa and Lundqvist,
2000). Folding and faulting resulted in steeply dipping mineralised
zones (Fig. 2) with complex geometry (Evins, 2011; Raat and
Årebäck, 2009). Additionally, NE–SW to ENE–WSW trending faults
and parallel mafic dykes cross-cut the Rockliden mineralisation
(Depauw, 2009). Remobilisation of Sb during the intrusion of the
dykes has been suggested and some of the dykes contain about
1 wt% Sb (Depauw, 2009).

The work presented here is part of the Rockliden geometallurgi-
cal case study. Generally, geometallurgy combines all steps in-
volved in finding and extracting metals from the earth under
current economic conditions (e.g. Dunham et al., 2011; Jackson
et al., 2011; Lamberg, 2011). This general description, however, im-
plies that a broad range of aspects are considered from all involved
disciplines. The Rockliden geometallurgical project focuses on
understanding and gaining knowledge of the response to processes
involved in extracting minerals from this deposit (cf. Jackson et al.,
2011). Process-relevant, i.e. metallurgical-driver, rock-intrinsic
parameters need to be identified (Walters and Kojovic, 2006;
Williams, 2011). Further, the variability of these parameters should
be captured over the spatial extent of the Rockliden deposit to
outline domains representing homogeneous populations in terms
of the parameters under consideration (cf. Jackson et al., 2011).
These domains form a geometallurgical model to be built for
Rockliden and to be used in forecasting the metallurgical response
and furthermore in production planning and management.

Critical process-relevant parameters at Rockliden include the Sb
content of the Cu–Pb concentrate, and the purpose of this work is
to gain detailed knowledge of this component of response (cf. Jack-
son et al., 2011). This study compiles the Sb mineralogy at Rockl-
iden and outlines controls on the Sb distribution in laboratory
flotation tests. In earlier studies on the Sb mineralogy of Rockliden,
tetrahedrite, bournonite and gudmundite were identified (Karup-
Møller and Makovicky, 1980). The list of Sb-bearing minerals was
extended in this study, and additional information was collected,
such as the grain size of the Sb-bearing minerals and their mineral
association, i.e. their mode of occurrence in the uncrushed drill
core material. This data was then used to qualitatively evaluate
the liberation distribution of the Sb-bearing minerals as found in
the flotation products from laboratory flotation tests.

2. Methods

Two types of samples were studied: uncrushed drill cores and
flotation products from laboratory tests from three composite sam-
ples. Locations of drill core intersections are shown in Fig. 2.

Prior to sample collection for mineralogical studies on uncru-
shed drill core samples, all Rockliden drill core assays available
from the Boliden archive were evaluated to capture the variation

Fig. 1. Location of the Rockliden project south of the Skellefte district.

Table 1
Common Sb bearing minerals (cf. Anderson, 2012; Butterman and Carlin, 2004).

Name Composition

Stibnite Sb2S3
Jamesonite Pb4FeSb6S14
Senarmontite, Valentinite Sb2O3

Kermesite Sb2S2O
Tetrahedrite Cu12Sb4S13
Bournonite PbCuSbS3
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in Sb grades in relation to the base-metal content. Cu, Zn, Pb, As, S
and Sb assays were converted into mineral grades of pyrite, chalco-
pyrite, sphalerite, galena, arsenopyrite and bournonite using the
Geo module of the HSC Chemistry software (Roine, 2009). Since
chalcopyrite and sphalerite are the main base metal carriers at
Rockliden which need to be separated by flotation into Cu–Pb
and Zn concentrates, the drill core assays were classified based
on the chalcopyrite and sphalerite content of the plain sulphide
fraction, i.e. sulphides recalculated to 100 wt%. These preliminary
classes were further subdivided by their Ag and Sb content, since
these metals represent important bonus and penalty elements at
Rockliden. Using the preliminary classification as a guide, sixty
samples were collected from six drill cores distributed throughout
the Rockliden deposit (Fig. 2). In this paper these samples are re-
ferred to as mineralogical samples, i.e. samples which were used
to study primary features of Sb-bearing minerals as found in the
uncrushed ore. For each mineralogical sample, a polished thin sec-
tion was prepared and chemical assays were obtained from the
residual drill core material (i.e. ca. 30–50 cm length of quartered
BQ and NQ drill core per sample). The polished thin sections were
studied by optical microscopy and 15 thin sections were selected
for scanning electron microscope studies and 6 for electron micro-

probe studies (Fig. 2), emphasising those with elevated Sb or Ag
content in the chemical assays.

Laboratory batch flotation tests were run in 2009 by Boliden
Mineral AB to determine the metallurgical response of composite
samples (each composed of 15–30 kg mineralised drill core) col-
lected from three different parts of the Rockliden mineralisation
(CA, CB and CC, Fig. 2B). The three composite samples were not
characterised petrographically and mineralogically in any detail
prior to processing for this initial study. They were crushed to
minus 3.15 mm and divided by a rotary splitter into 1 kg lots.
Grinding was done in a laboratory rod mill. A laboratory flotation,
using the flow sheet shown in Figs. 2 and 5, was done in a 2.7 l cell
with a Wemco lab flotation machine. For each composite sample a
final Cu–Pb concentrate, a Zn concentrate and final tailings product
was collected, assayed and epoxy samples were prepared for
microscopic studies (Fig. 2).

Scanning electron microscope (SEM) studies were conducted at
the following instruments and institutions: Hitachi SU6600 (FES-
EM, NTNU Trondheim, Norway), Ultra Plus – Zeiss Gemini (FESEM,
Oulu University, Finland), Merlin – Zeiss Gemini (FESEM, Luleå
University of Technology, Sweden), and SEM (Research Laboratory,
Geological Survey of Finland (GTK, Helsinki, Finland)). Generally,

Fig. 2. Diagram showing the research approach. Sections (A) and (B) are viewing to the west on the Rockliden massive sulphide ore body (translucent shapes) with the
location of sampled and assayed drill core intervals (white dashed lines). (A) Samples for the mineralogical study (from six drill cores A–F). (B) Composite samples (CA, CB and
CC). Flotation sheet for the laboratory tests below graphic (B) (for more details see Fig. 5). The final products and samples used for microscopic studies are shown bold and
underlined. Abbreviation for microscopic and micro-analytical studies: BSE Back scattered electron imaging, EDS energy-dispersive X-ray spectroscopy, SEM scanning
electron microscope, EPMA electron probe microanalyser, WDS wavelength-dispersive X-ray spectroscopy.
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the acceleration voltage was set to 20 keV and the emission current
ranged from 0.9 to 1.1 nA for EDS (energy-dispersive X-ray spec-
troscopy) analysis. The following analytical conditions were cho-
sen for wavelength-dispersive X-ray spectroscopy (WDS) analysis
at the electron probe microanalyser (EPMA): acceleration voltage
of 15–20 keV, emission current of 15–30 nA and a beam diameter
of 1–5 lm. EPMA/WDS studies were conducted at the following
facilities: JEOL JXA-8200 microanalyser (Oulu University) and elec-
tron microprobe Cameca SX100 (GTK Helsinki).

3. Results

3.1. Chemical composition of Sb-bearing minerals at Rockliden

The average composition of common Sb-bearing minerals at
Rockliden is listed in Table 2. Analyses of bournonite, meneghinite,
boulangerite and gudmundite, are close to the stoichiometric com-
position (Moëlo et al., 2008). Meneghinite and boulangerite have a
similar chemical composition (Table 2) and show similar grey
scales in BSE images (i.e., similar mean atomic number). Thus, their
distinction is challenging by automated SEM-based modal analysis
and they consequently are grouped in one mineral class.

The Sb content of the tetrahedrite analysed with EPMA/WDS is
relatively constant, but the Ag-content varies between 0.5 and
12.5 wt% (i.e., relative high standard deviation, cf. Table 2). An in-
crease in Ag in tetrahedrite corresponds to a concomitant decrease
in Cu and vice versa, a well-known relationship between Cu and Ag
in tetrahedrite (Moëlo et al., 2008). The highest Ag content (above
5 wt%) is measured in tetrahedrite from mineralogical samples re-
ferred to as mafic rocks (for explanation see next section) whereas
the Ag content in tetrahedrite from massive sulphide samples tend
to be lower. Arsenopyrite grains show fine-scale (1–5 lm), blotchy

and concentric zoning in BSE images, which is related to variations
in the Sb content (0–0.5 wt%).

Additionally, other Sb-bearing minerals and sulphosalts such
as berthierite (FeSb2S4), jamesonite (Pb4FeSb6S14), geocronite
(Pb14(Sb,As)6S23), native antimony, pyrargyrite (Ag3SbS3) and
miargyrite (AgSbS2) were found in SEM/EDS study.

3.2. Characterisation of Sb-bearing minerals in Mineralogical Samples

The mineralogical samples are subdivided into (1) disseminated
to semi-massive sulphides and (2) massive sulphide samples based
on their total sulphide content calculated from chemical assays by
element to mineral conversion (Roine, 2009). Generally, the total
sulphide content of the disseminated to semi-massive sulphides
is on average ca. 15 wt% and for the massive sulphide samples
above 50 wt%. The average chemical compositions of the mineral-
ogical samples are listed in Table 3. The main types are further di-
vided into subtypes based on their dominating base metal sulphide
(chalcopyrite/sphalerite) and their trace element (Ag/Sb) content,
their host rock composition (mafic/felsic), and their spatial location
(upper/deeper part).

Massive sulphides consist mostly of pyrite followed by sphaler-
ite and chalcopyrite. Often sphalerite is the main base metal sul-
phide mineral, i.e. the Zn content is relative high compared to
the Cu content (MASS, Table 3). In Sb- and Ag-poor samples impu-
rity minerals were very rarely observed by optical microscopy. In
the Ag-rich massive sulphide samples, tetrahedrite is the most
common Sb-bearing mineral (Table 4). It is also the main Sb-bear-
ing mineral in sphalerite-dominated, relative Sb-rich samples from
the uppermost part of the massive sulphide mineralisation (Ta-
ble 4). In these samples, tetrahedrite is often penetrated by chalco-
pyrite veinlets which contain small inclusions of native antimony
(mostly <10 lm, Fig. 3D). However, relatively Sb-rich massive sulp-

Table 2
Common Sb-bearing minerals at Rockliden and the average chemical composition in wt% recalculated from EMPA/WDS analysis (not shown are values for Bi, Se, Ni, Hg, and As).

LLDb Tetrahedrite Bournonite Meneghinite Boulangerite Gudmundite
Formulaa – (Cu,Fe,Ag,Zn)12.1Sb3.89S13 Pb1.01Cu1.03Sb0.94S3 Pb13.02Cu1.10Sb6.81S24 Pb5.16Sb3.80S11 Fe1.04Sb0.94S
No. of analysis – 38 25 20 8 39

AMc and SDd – AMc SDd AMc SDd AMc SDd AMc SDd AMc SDd

Ag (wt%) 0.05 5.84 3.17
Zn (wt%) 0.21 1.80 0.36 0.44 0.36 0.50 0.52
Cu (wt%) 0.16 33.56 2.23 13.34 0.25 1.56 0.29
S (wt%) 0.04 24.63 0.56 19.68 0.41 17.36 0.17 18.43 0.11 15.67 0.64
Fe (wt%) 0.10 5.85 0.48 0.46 0.31 0.47 0.26 0.39 0.28 28.21 0.62
Sb (wt%) 0.06 27.96 0.93 23.34 1.64 18.72 0.40 24.19 0.77 55.58 1.33
Pb (wt%) 0.19 42.67 1.63 60.86 0.69 55.84 0.46

a Formula recalculated from EMPA/WDS analysis.
b Lower limit of detection (EPMA/WDS analysis).
c Arithmetic mean.
d Standard deviation.

Table 3
Average chemical composition of different types (main and sub types, see text) of mineralogical samples.

Descriptiona Chemical subclassb No. of samples S (wt%) Cu (wt%) Zn (wt%) Sb (wt%) Ag (wt%) Pb (wt%) As (wt%)

DISS (felsic) Sp–Sb 1 2.21 0.04 0.60 1.84 59 0.25 0.12
DISS (mafic) Ccp–Ag(/Sb) 4 3.53 1.32 0.50 1.00 253 5.58 0.80
MASS (UP) Sp–Sb 2 38.35 0.30 7.47 0.13 62 0.62 0.10
MASS (DP) Sp–Sb 3 30.73 0.19 10.08 0.23 34 1.50 0.39
MASS Sp–Ag 2 26.50 1.09 25.99 0.25 236 5.23 0.34
MASS Ccp(-Ag) 3 36.10 3.97 3.83 0.12 96 0.51 1.23

a DISS: disseminated to semi-massive sulphides (acid or mafic host rock, for explanation see text), MASS: massive sulphides (from upper (UP, i.e. drill core A, cf. Fig. 2) or
deeper parts (DP) of the Rockliden deposit).

b Classes as defined by the preliminary classification (see Section 2 for explanation, Sp–Sb (or -Ag): sphalerite-dominated Sb-rich (or Ag-rich) subclass, Ccp–Ag: chalco-
pyrite-dominated Ag-rich subclass).
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hides from the deeper part of the Rockliden deposit (below ca.
300 m depth) have gudmundite as a common Sb-bearing phase
(Table 4). The grain size of gudmundite is variable and ranges from

ca. 50 lm for individual grains up to 200 lm in star-shaped
agglomerates (Fig. 3E and F). Gudmundite is also found as small
grains (<10 lm) in complex intergrowths with chalcopyrite or
Fe-sulphides (Fig. 3E).

Most of the studied disseminated to semi-massive sulphide
samples are dominated by Fe–Mg-bearing silicate minerals such
as amphiboles and biotite. They are referred to as mafic rocks. Four
out of five studied disseminated sulphide samples are of this type
(Table 3). Chalcopyrite is dominating over sphalerite in the mafic
rock samples, and bournonite is the main Sb-bearing phase in
these samples (DISS mafic, Table 4, Fig. 3A and B). Chalcopyrite is
commonly found as inclusions or intergrowths with bournonite
(Fig. 3B). The bournonite crystals are up to 200 lm in length. Ex-
cept for bournonite, the abundance of Sb-bearing minerals in the
mafic rock samples is rather variable, comprising tetrahedrite,
meneghinite and gudmundite. Meneghinite reaches similar sizes
as bournonite, whereas tetrahedrite has a diameter of ca. 50–
100 lm and is commonly associated with bournonite, galena and
chalcopyrite (Fig. 3C). The remaining, non-mafic, studied dissemi-
nated sample (DISS felsic, Tables 3 and 4) consists of quartz and
clay minerals and has sphalerite as the main base metal carrier.
This sample derives from a Sb-rich interval within the altered vol-
canic rocks and is referred to as felsic rock. Berthierite, jamesonite

Table 4
Relative abundance of Sb-bearing minerals within mineralogical samples as esti-
mated by optical microscopy and SEM/EDS spot analysis (xxx – major, xx – common,
x – minor, (x) – rare, Ttr – tetrahedrite, Bour – bournonite, Gd – gudmundite, Boul –
boulangerite, Mene – meneghinite).

Descriptiona Chemical subclassb No.d Ttr Bour Gd Boul Mene

DISS (felsic) Sp–Sb 1c x
DISS (mafic) Ccp–Ag(/Sb) 4 xx xxx x x xx
MASS (UP) Sp–Sb 2 xxx x xx
MASS (LP) Sp–Sb 3 (x) xxx x xx
MASS Sp–Ag 2 xxx xx x
MASS Ccp(-Ag) 3 xxx x xx

a DISS: disseminated to semi-massive sulphides (acid or mafic host rock, for
explanation see text), MASS: massive sulphides (from upper (UP, i.e. drill core A, cf.
Fig. 2) or deeper parts (DP) of the Rockliden deposit).

b Classes as defined by the preliminary classification (see Section 2 for explana-
tion, Sp–Sb (or -Ag): sphalerite-dominated Sb-rich (or Ag-rich) subclass, Ccp–Ag:
chalcopyrite-dominated Ag-rich subclass).

c This sample contains mainly berthierite and minor jamesonite.
d Number of mineralogical samples included.

Fig. 3. BSE images showing the mode of occurrence of Sb-bearing minerals in polished thin sections of mineralogical samples. The black background represents silicate
minerals (graphics A, B and C). (A) meneghinite (Mene) intergrown with galena (Gn) and bournonite (Bour); (B) bournonite (Bour) with inclusions of chalcopyrite (Ccp)
adjacent to sphalerite (Sp); (C) arsenopyrite (Apy) with a fine rim which is chemically similar to gudmundite (�) and tetrahedrite (Ttr) in contact with sphalerite (Sp), galena
(Gn) and chalcopyrite (Ccp); (D) tetrahedrite (Ttr) with fractures filled by chalcopyrite (Ccp) and fine native antimony (Ant); (E) gudmundite (Gd) together with galena (Gn) as
porous crystals and in fine complex intergrowths with pyrrhotite (Po) and chalcopyrite (Ccp) in contact with magnetite (Mgt) and pyrite (Py); and (F) gudmundite (Gd)
intergrown with quartz (Qtz) and calcite (Cal), meneghinite (Mene), native antimony (Ant), sphalerite (Sp), galena (Gn) and pyrrhotite (Po).
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and gudmundite comprise the Sb-bearing minerals documented in
this disseminated sulphide sample.

3.3. Characterisation of Sb-bearing minerals in the flotation test
products

The distribution of Sb-bearing minerals in the final flotation
products of the three Rockliden composite samples is summarised
in Fig. 5. Chemical analysis for the flotation products (as outlined in
Fig. 5) are shown in Table 5 and the distribution of Sb-bearing min-
erals is further disclosed in Table 6.

In the Cu–Pb concentrates, tetrahedrite and bournonite are the
major Sb-bearing phases (Table 6). The Cu–Pb concentrates of the
composite samples from the upper part of the Rockliden deposit
(CA and CB (cf. Fig. 2), Table 6) have a higher abundance of tetra-
hedrite compared to the Cu–Pb concentrate from the tests done
for composite sample CC (cf. Fig. 2) taken at greater depth in the
deposit (ca. 300–900 m). The Sb mineralogy of the Zn concentrates
is similarly complex to the Cu–Pb concentrate, comprising bourno-
nite, gudmundite, tetrahedrite and boulangerite (Table 6). In the
tailing samples from the Rockliden flotation tests, gudmundite is
the dominant Sb-bearing mineral (Table 6).

In the laboratory flotation tests the P80 of the flotation feed was
ca. 50 lm. Although most of the sulphide minerals are liberated at
this size, the Sb-bearing minerals remain partly locked with other
minerals. This is not unexpected and reflects the size of Sb-bearing
minerals observed in the mineralogical samples. Thus the mode of

occurrence of Sb-bearing minerals in particles of the flotation
products was studied more closely in BSE images.

Beside liberated mineral grains, tetrahedrite (Fig. 4A and B) and
bournonite occur together with galena in binary particles from the
Cu–Pb concentrates, but also with sphalerite, chalcopyrite and pyr-
ite. Gudmundite is a minor Sb-bearing mineral in Cu–Pb concen-
trate (Table 6), but it occurs locked together with galena in
binary particles and also in ternary particles complexly intergrown
with chalcopyrite (Fig. 4B and C). In the Zn concentrates, tetrahe-
drite is found locked with sphalerite, galena and chalcopyrite
(Fig. 4E), as well as with arsenopyrite and bournonite. In the Zn
concentrate bournonite (Fig. 4D) is locked with galena, pyrite, pyr-
rhotite, chalcopyrite, sphalerite, boulangerite and arsenopyrite. In
the tailing products, gudmundite is mostly found as liberated
grains. But gudmundite as well as meneghinite occur also locked
mainly with gangue minerals like chlorite, quartz, calcite and pla-
gioclase (Fig. 4F).

4. Discussion

Microscopic studies of mineralogical samples are summarised
and compared with the Sb deportment in the flotation products
in Table 7. Similarities in the associations between the mineralog-
ical samples and flotation products can be seen in this table, i.e. the
mode of occurrence of Sb-bearing minerals as found in the uncru-
shed material apparently is reflected in particles in the flotation
products. Thus reasons for the behaviour of particles during flota-
tion can be linked to the mineral grain sizes and associations found
in the primary rock and mineralised material.

Based on observations done in a limited number of thin sections
on massive sulphide samples, there is an apparent change in the Sb
mineralogy of the massive sulphide samples towards greater depth
(>300 m below surface at the Rockliden deposit). The Sb-rich mas-
sive sulphide samples from the upper part of the deposit contain
abundant tetrahedrite often with complex intergrowths of pyrrho-
tite-chalcopyrite-native antimony, whereas gudmundite is the
main Sb-bearing mineral the Sb-rich massive sulphide samples
from greater depth. In the disseminated sulphide samples, bourno-
nite is the common Sb-bearing phase of the mafic rocks. Mafic
rocks are documented within or close to the massive sulphides
throughout the 3D extent of the deposit, potentially complicating
the Sb-mineralogy of composite samples and flotation products
irrespectively of the depth from which these products are derived.
Moreover, one sample taken from the felsic rocks (i.e. volcanic
host rock of Rockliden) contains additional Sb-bearing phases,

Table 5
Chemical assays for flotation products (for location of the products in the flow sheet see Fig. 5).

CSa Product Ag (ppm) Cu (wt%) Zn (wt%) Pb (wt%) As (wt%) S (wt%) Sb (wt%) Sb distribution (%)

CA Cu–Pb RC 211 8.17 3.43 1.33 0.55 40.30 0.09 30.4
CAb Cu–Pb conc. 278 13.28 2.12 1.50 0.39 37.90 0.11 16.9
CA Zn RC 64 1.49 5.58 0.41 0.98 38.50 0.05 56.7
CAb Zn conc. 63 1.67 8.07 0.38 0.38 47.10 0.05 18.3
CAb Final tailing 32 0.63 1.28 0.25 1.13 16.25 0.03 12.9
CB Cu–Pb RC 246 4.98 6.68 2.87 0.23 39.33 0.43 65.2
CBb Cu–Pb conc. 321 7.11 4.86 3.62 0.15 39.20 0.57 51.3
CB Zn RC 57 0.73 8.36 0.64 0.59 41.70 0.08 28.9
CBb Zn conc. 58 0.75 13.17 0.68 0.35 46.90 0.08 15.1
CBb Final tailing 14 0.14 0.36 0.22 0.13 2.87 0.03 5.9
CC Cu–Pb RC 264 18.91 4.30 3.78 0.35 28.80 0.48 48.9
CCb Cu–Pb conc. 291 25.35 2.38 4.09 0.20 29.50 0.54 36.0
CC Zn RC 33 0.82 7.48 0.26 0.55 38.40 0.06 35.8
CCb Zn conc. 34 1.02 17.51 0.32 0.18 45.90 0.05 12.0
CCb Final tailing 10 0.10 0.63 0.14 0.62 9.27 0.05 15.3

a Composite sample (for location in the Rockliden deposit see Fig. 2, for location of the products in the flow sheet see Fig. 5).
b Products sampled for microscopic studies (cf. Fig. 2).

Table 6
Relative abundance of minerals in Sb-bearing sulphide fraction within flotation
samples based on values obtained with SEM-based quantification (xxx – major, xx –
common, x – minor, (x) – rare, y – particles were documented by EDS analysis on
single grains; Ttr – tetrahedrite, Bour – bournonite, Gd – gudmundite, Boul –
boulangerite, Mene – meneghinite, Jms - Jamesonite).

CSa Product Ttr Bour Boul Mene Gd Jms

CA Cu–Pb conc. xxx x y (x) y
CA Zn conc. xxx x xxx
CA Tailing y xxx
CB Cu–Pb conc. xx xxx x y x
CB Zn conc. x xxx xx
CB Tailing xxx xxx
CC Cu–Pb conc. x xxx xx y
CC Zn conc. y xx xxx y x
CC Tailing x y xxx

a Composite sample (for location see Fig. 2).
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jamesonite and gudmundite, indicating that the Sb-mineralogy of
the host rocks is locally more complex.

Further, the highest Ag-values of tetrahedrite were documented
in the mineralogical samples of mafic rock, indicating that the var-
iation of Ag in tetrahedrite is partly related to different rock and
mineralisation types. Also, it is known from previous studies of

the Rockliden deposit that the Ag-content can be as high as
15 wt% in tetrahedrite in the north-western parts of the Rockliden
deposit (Karup-Møller and Makovicky 1980; Mattsson and
Heeroma, 1985) and variations might be related to even larger
scale geological features. These relationships need to be under-
stood in order to be able to predict the distribution of Sb combined

Fig. 4. BSE images of Sb-bearing minerals in the flotation products. (A) binary particle with tetrahedrite (Ttr) and chalcopyrite (Ccp); (B) gudmundite (Gd) together with
chalcopyrite (Ccp) and Sb-dominated sulphide mixture (white dots, <5 lm); (C) gudmundite (Gd) in complex intergrowth with chalcopyrite (Ccp) and galena (Gn); (D)
ternary particle with sphalerite (Sp), galena (Gn) and bournonite (Bour); (E) ternary particle with sphalerite (Sp), galena (Gn) and tetrahedrite (Ttr); and (F) meneghinite
(Mene) intergrown with plagioclase (Plg).

Table 7
Comparison of the mode of occurrence of common Sb-bearing minerals in the mineralogical samples and flotation products.

Mineral and ideal chemical
formula

Position in the ore body Associationa in the
mineralisation

Distribution in the
flotation productsb

Associationa in particles

Tetrahedrite (Ttr),
(Cu,Fe,Ag,Zn)12Sb4S13

Mafic rocks, MASS
(not Sp–Sb in DP)

Gn, Bour, Ccp, Sp, Po Cu–Pb conc., Zn conc. Gn, Sp, Ccp, Po, silicate minerals

Bournonite (Bour), PbCuSbS3 Mafic rocks, MASS (only traces in
Sp–Sb in DP)

Gn, Ccp, Ttr, Sp Cu–Pb conc., Zn conc. Gn, (Sp, Ccp, Boul, Py)

Meneghinite (Mene),
Pb13CuSb7S24

Mafic rocks, MASS Sp–Sb in DP Apy, Gn, silicate minerals Cu–Pb conc., Zn conc.,

(tailing)

Gn, silicate minerals

Boulangerite (Boul), Pb5Sb4S11 Mafic rocks, MASS Sp–Sb in DP Apy, Gn, silicate minerals Cu–Pb conc., Zn conc.,

(tailing)

Bour

Gudmundite (Gd), FeSbS All Po, Sp, Gn, Ttr, Apy, (as small
grains < 10 lm with Ccp, Po, Sp)
silicate & carbonate minerals

Zn conc., (Cu–Pb conc.) Gn, (Ccp, Ttr), silicate &
carbonate minerals

a Apy – arsenopyrite, Ccp – chalcopyrite, Gn – galena, Po – pyrrhotite, Py – pyrite, Sp – sphalerite.
b Underlined are products where the Sb-bearing minerals are unexpected (cf. Lager and Forssberg, 1990).
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with the economic valuable Ag in tetrahedrite and in other sul-
phosalts throughout the entire deposit.

The examples given above suggest that the Sb-mineralogy in
the Rockliden deposit can be linked to the geology, to rock and
mineralisation types. Thus it is clear that a geological model,
accounting for the complex geometry of the Rockliden massive sul-
phide body should form the basis of a detailed 3D mineralogical
map of the Sb mineralogy.

The Sb mineralogy of flotation products from Rockliden (Fig. 5)
is partly consistent with the expected distribution based on the
study of Lager and Forssberg (1990) on the separation of Sb miner-
als in flotation tests of Rakkejaur complex sulphide ore. The Sb-
bearing minerals containing Cu, Ag or Pb are mainly found in the
Cu–Pb concentrate and those which combine Sb with Fe or As in
the tailings.

Based on studies by Lager and Forssberg (1990), it is expected
that liberated tetrahedrite, bournonite, boulangerite, meneghinite
and jamesonite float readily under the conditions of the Rockliden
laboratory flotation tests. These minerals should largely report to
the Cu–Pb concentrate. The remaining Sb phase, gudmundite, is
not expected to float in Cu–Pb and Zn flotation and therefore it
should be found in the tailings. However, the mineralogical com-
position of the flotation products is generally more complex than
expected from the liberation distribution of the Sb-bearing miner-
als (Fig. 5). When locked the associating minerals (cf. Table 7,
Figs. 3 and 4) will influence the behaviour of complex particle
depending on relative exposure proportions. Chalcopyrite- and
galena-rich particles are expected to be recovered into the Cu–
Pb concentrates and the locked Sb-bearing minerals will therefore
follow (e.g. Fig. 4B and C). Similarly sphalerite-rich particles with
Sb-bearing minerals most likely will be recovered into Zn concen-
trate. Observations support these generalisations. For example the
Sb-bearing minerals found in Zn concentrates occur locked in
sphalerite-rich particles (e.g. Fig. 4D and E). In tailing products
the Sb-bearing minerals, other than gudmundite, were found
locked with gangue minerals (e.g. meneghinite with plagioclase,
Fig. 4F).

Small grain size and complex mineral textures show that the
liberation of Sb-bearing minerals in Rockliden is challenging and
would require fine grinding. Furthermore their rejection from
Cu–Pb concentrate would require special flotation conditions since
most of the Sb minerals are Cu- or Pb-bearing and therefore having
natural tendency to float in the chemical regime used (Benzaazoua
et al., 2002; Byrne et al., 1995). It is, however, possible to remove
tetrahedrite via alkaline leaching processes from the Cu–Pb con-

centrate, before sending this product to the smelter (Awe and
Sandström, 2010; Bolin, 2010). Also, the Sb-recovery was above
90 wt% in alkaline sulphide leaching tests from Cu–Pb and Zn con-
centrates which contain additionally bournonite and gudmundite
as common Sb-bearing phases (Sandström, personal communica-
tion 2013). Thus, process options are available when these miner-
als report to the Cu–Pb concentrate.

5. Conclusions

Since the Sb-content controls the quality of the Cu–Pb concen-
trates, it is important to know the distribution of Sb-bearing min-
erals and their mode of occurrence in the ore. This study outlines
variations in the distribution of Sb-bearing minerals, which appear
to be related to rock and mineralisation types found in the Rockl-
iden Zn–Cu massive sulphide deposit. During flotation, both the
chemical composition and mineral association of the Sb-bearing
minerals, inherited from the primary ore material, control the dis-
tribution of these minerals. Examples are illustrated in this study.

In order to implement the data on the Sb mineralogy into a geo-
metallurgical model of the Rockliden deposit, the results of this
study need to be quantified. The value of qualitative and quantita-
tive mineralogical and petrographic studies has already been
pointed out in case studies on process optimisation for several
ore deposits (e.g. Baum et al., 2004; Lotter et al., 2011). Thus, a
main target for future work on Rockliden is to quantify the distri-
bution and the mode of occurrence of Sb-bearing minerals in the
ore and flotation products using automated SEM-based methods.
This will also show how rigorously the Sb mineralogy can be de-
rived, e.g. from chemical assays, or whether other methods such
as diagnostic leaching must be applied to quantify the Sb mineral-
ogy at Rockliden. Quantitative data should also be used in order to
test proposed relationships between the Sb mineralogy and rock,
alteration, and mineralisation types.

If the influence of all factors governing the variations in the Sb
mineralogy, as pointed out in this study, is understood in detail,
quantified and used in a 3D model, it is expected that the Sb char-
acteristics of flotation products can be predicted for different parts,
i.e. geometallurgical units, at the Rockliden massive sulphide de-
posit. Textural information, as outlined by the mode of occurrence
of Sb-bearing minerals in this study, plays a significant role in cre-
ating the model. The task of transferring texture information from
the ore to quantitative mineral association data of corresponding
flotation feed is challenging but concepts have been proposed

Fig. 5. Flow sheet of the laboratory flotation test (chemical assays are given in Table 5 for the streams with bold arrows). Tables for the final products show the abundance of
tetrahedrite (Ttr), bournonite (Bour), boulangerite (Boul, including meneghinite (Mene)) and gudmundite (Gd) within the Sb-bearing mineral fraction (estimations are based
on quantifications done with INCA Mineral software (Oxford Instruments NanoAnalysis, 2012)). Sb-bearing minerals which are highly expected to be found in the flotation
products (cf. Lager and Forssberg, 1990) are bold and underlined in the figure.
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(e.g. Lamberg, 2011). The prediction needs to have good accuracy
to support production management, for example to make decisions
on the treatment of the flotation products, i.e. decisions on when
the Cu–Pb concentrate has to be treated by unconventional process
solutions such as alkaline leaching.
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Abstract

The Rockliden Zn–Cu volcanic-hosted massive sulphide deposit is located approximately 150 km 
south of the Skellefte ore district, north-central Sweden. Most of the mineralisation is found at the 
altered stratigraphic top of the felsic volcanic rocks, which are intercalated in the metamorphosed 

including the massive sulphides, at the Rockliden deposit. The relatively high Sb grade of some 
parts of the mineralisation results in challenges in handling of the Cu–Pb concentrate in the smelting 
process. The aim of this study is to characterise different host rock units and ore types by their main 
mineralogy, as well as by their trace mineralogy with focus on the Sb-bearing minerals. Ore types 
are distinguished largely on the basis of their main base-metal bearing sulphide minerals, which are 
chalcopyrite and sphalerite. Several Sb-bearing minerals are documented and differences in the trace 
mineralogy between rock and ore types are highlighted. Based on the qualitative ore characterisation, 
rock- and ore-intrinsic parameters, such as the pyrite, pyrrhotite and magnetite content of the massive 
sulphides, the trace mineralogy and its association with base-metal sulphide minerals, are outlined 
and discussed in terms of relevance to the ore processing. 

Key words: Rockliden; North-central Sweden; Base metal sulphide; Ore characterisation; 
Process mineralogy; Impurity elements
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1. Introduction

The Rockliden volcanic-hosted massive sulphide 
(VHMS) deposit is located in the Västernorrlands 
Län, north-central Sweden, ca. 150 km SW of 
the Skellefte ore district and the nearby existing 
processing facilities (e.g. the smelter at Rönnskär, 
Fig. 1). The inferred mineral resource is 3.53 Mt 
with 4.2 wt-% Zn, 1.9 wt-% Cu, 0.7 wt-% Pb and 
71 g/t Ag (New Boliden, 2013). The Rockliden 
deposit is relatively Cu-rich compared to other 
Swedish VHMS deposits, e.g. Kristineberg, 
Renström, Maurliden and Rakkejaur (Allen et 
al., 1996; New Boliden, 2013). Similar to other 
VHMS deposits of the Skellefte ore district, 
the Rockliden mineralisation shows high 
concentrations of penalty elements such as As, 
Sb and Hg (Allen et al., 1996; Raat and Årebäck, 
2009). 

Shortly after the discovery of the Rockliden 
deposit in the 1980s, the project was put on hold 
when metallurgical tests indicated a high Sb 
content in the Cu–Pb concentrate, thus lowering 
the quality of this product (Raat and Årebäck, 
2009). In 2007, exploration drilling in the 
Rockliden area restarted, indicating a decrease 
in the average Sb content at depth and some 

were performed with new samples (Raat and 
Årebäck, 2009; Bolin, 2010). There is now an 
alternative treatment considered to remove Sb 
from the Cu–Pb concentrate by alkaline sulphide 
leaching (Awe, 2013; Bolin, 2010). However, in 
order to determine when it is appropriate to use 
this optional treatment, it is important to know 
what parts of the ore are likely to generate high Sb 
contents in the Cu–Pb concentrate (Minz, 2013). 
Studies of the Sb mineralogy of Rockliden have 
pointed towards several parameters controlling 
the distribution of Sb-bearing minerals during 

concentrate (Minz et al., 2013). One potential 
process-relevant parameter is the interlocking 
of penalty element-bearing minerals with base-
metal and Fe sulphides in mineralogically 
complex particles (Minz et al., 2013). 

Details of the Sb mineralogy of Rockliden are 
published by Minz et al. (2013). A detailed 
petrographic and mineralogical description 
of the different rock and mineralisation types 
at the Rockliden exploration project, i.e. the 
framework to the Sb-bearing minerals, is 
presented in this paper. The main purpose of 
this study is to characterise and classify the 
Rockliden mineralisation qualitatively based 
on the occurrence and distribution of the 
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major sulphide minerals (i.e. pyrite, sphalerite, 
chalcopyrite and pyrrhotite. The parameters 
used in this petrographic study to characterise 
the massive sulphides include not only the 
mineralogical composition but also textural 
information such as grain size, oriented 
intergrowths and association with penalty and 
bonus element-bearing minerals (cf. Walters and 
Kojovic, 2006). Herein, the current knowledge 
of the local geology and mineralogy of 
Rockliden is compiled, and is discussed in terms 
of petrographic parameters that are expected to 

evaluation gives guidance for quantifying 
potential process-relevant parameters which 
might form the background of a process-adopted 
geological model for the Rockliden deposit 
(Lamberg, 2011; Minz, 2013).

2. Geological setting

2.1. Regional geology

The Rockliden massive sulphide deposit is 
located within the Bothnian Basin (Welin, 1987; 
Lundqvist et al., 1998; Kousa and Lundqvist, 
2000), in the Svecofennian rocks south of 
the Luleå-Jokkmokk line (Weihed, 2004). 
The basin is located south of the Skellefte ore 
district and north of the Bergslagen ore district 
(Kumpulainen, 2009; Fig. 1). The supracrustal 
rocks of the Svecofennian Domain are dominated 
by turbiditic metasedimentary rocks of the Härnö 
group which is estimated to be at least 10 km 
thick (Lundqvist, 1987; Lundqvist et al., 1990; 
Kousa and Lundqvist, 2000; Kumpulainen, 
2009). Volcanic rocks in the Bothnian Basin are 
divided into basalt-andesites and fractionated 
basalts to rhyolites (Bergström, 2001). In the 
Rockliden area, Mattsson and Heeroma (1985) 

and basaltic rocks, which are found in outcrops 
within a distance of 5 to 10 km from the 
Rockliden deposit. Acid volcanic rocks occur 
locally. Metarhyolitic to metadacitic volcanic 
rocks, located just 1.5 km west of Rockliden, 
were dated 1875 Ma (Welin, 1987). As with 
the volcanic rocks of the Skellefte group (Allen 
et al., 1996; Rutland et al., 2001), a number of 
different tectonic settings for the Rockliden 
volcanic rocks have been suggested. Depauw 

(2009) proposed an active continental margin 

of Schandl and Gorton (2002), or an extensional 
setting within the Bothnian Basin rimmed to the 
south by the Bergslagen volcanic arc and to the 
north by the Skellefte volcanic arc.

Based on geochronological age data the following 
post-depositional history was proposed. Peak 
metamorphism was reached in the Bothnian Basin 
during the Svecokarelian orogeny (1.9 to 1.8 Ga) 
and large parts of the basin were metamorphosed 
to upper greenschist to upper amphibolite facies, 
and partly migmatised (Lundqvist et al., 1990; 
Weihed, 2004). Late-orogenic S-type granitoids 
(1.82 to 1.80 Ga) and post-orogenic A- to I-type 
Revsund granitoids (1.80 to 1.77 Ga) intruded 
into the basin (Claesson and Lundqvist, 1995; 
Weihed, 2004; Fig. 2d). Between 1.27 to 1.24 Ga 

of the Central Scandinavian Dolerite Group 
(CSGD) (Söderlund et al., 2006).

2.2. Local geology

The Rockliden massive sulphide deposit is 
located primarily at the contact between the 
Härnö sedimentary rocks and the Rockliden 
volcanic rocks (Depauw, 2009). On the basis of 
the geochronological age data of Welin (1987), 
the Rockliden felsic volcanic rocks are located 
in the stratigraphic upper part of the sedimentary 

as calc-alkaline rhyolites to rhyodacites and 
dacites (Mattsson and Heeroma, 1985) and are 
interpreted as quartz–feldspar phyric coherent 

breccias, and agglomerates. The stratigraphic 
sequence of these rocks is not well understood. 
Metamorphosed turbiditic shales and siltstones 
stratigraphically overlie the mineralisation 
and generally show a sharp contact against the 
massive sulphides (Mattsson and Heeroma, 
1985; Raat and Årebäck, 2009; Depauw, 2009). 
To the north and west, the Rockliden area is 
bordered by granitic rocks, whereas to the south 
and east metagreywackes of the Härnö group are 
found as gneisses and migmatites (Mattsson and 

intrusions occur in the Rockliden area including 
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decimetre- to metre-wide sills and dykes. They 
mostly occur along structural zones of weakness, 
such as faults (Raat and Årebäck, 2009). Dolerite 
dykes with chilled margins crosscut all rocks of 
the Rockliden area in a WSW–ENE to SW–NE 
direction (Fig. 2; Mattsson and Heeroma, 1985; 

lacking distinct chilled margins, are found close 
to, or within, the mineralisation (Depauw, 2009). 

dipping, mostly lying parallel to bedding or 
along the foliation of the host rocks, but they 

do not appear to be continuous over vertical 
distances larger than 50 m and often appear to 
coincide with possible fault structures (Raat and 
Årebäck, 2009). 

While the metamorphic grade in large parts of 
the Bothnian Basin reached upper amphibolite 
facies conditions during the Svecokarelian 
orogeny (e.g. Lundqvist et al., 1998), the host 
rocks to the Rockliden mineralisation have 
reached only a maximum metamorphic grade 
of upper greenschist facies (Depauw, 2009). 
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According to Raat and Årebäck (2009) and 
Depauw (2009), the volcanic rocks show, 
locally, impregnations of carbonate minerals and 

the massive sulphide mineralisation. Sericitic 
alteration is the most prominent type in the 
Rockliden volcanic footwall rocks, extending 
several tens to hundreds of metres into these 
rocks and transgressing into a strong to intense 
sericite-quartz dominated alteration within 
tens of metres to a few metres of the massive 
sulphides. A zone of chlorite alteration of several 
metres to only a few decimetres wide occurs in 
close proximity to the massive sulphides and 
locally contains neoblasts of andalusite, biotite, 
magnetite and red garnet (Depauw, 2009). 

The contact between the altered volcanic rocks 
and the metasedimentary rocks of Rockliden is 
steeply dipping (Fig. 2c) and the sedimentary 
rocks are generally younging to the north 
(Depauw, 2009; Raat and Årebäck, 2009). The 
geometry of the massive sulphide bodies is 
complex due to deformation (Fig. 2b and 2c). 
Structural features generally trend E–W (Evins, 
2011). Two deformation events were proposed 

event with N–S trending fold axis and a second 
event with E–W trending fold axis. However, 
the E–W trending fold axes are prominent in 
the massive sulphides and the folds are tight, 
nearly concentric at the outcrop of the massive 
sulphide mineralisation (Raat and Årebäck, 
2009; Evins, 2011). These folds are occasionally 
accompanied by axis-parallel shear zones with 
an apparent sinistral offset of up to 30 m (Evins, 
2011). Additionally, NW–SE and NE–SW 
striking and steeply dipping faults transect the 
Rockliden area (Mattsson and Heeroma, 1985). 
Dextral offset was observed on a late shear zone 
cutting the massive sulphide mineralisation 
(Evins, 2011). 

Mattsson and Heeroma (1985) sketched 
an idealised mineralogical zoning for the 
undeformed massive sulphide mineralisation 

massive sulphides and deviations from the 
idealised zoning pattern are thought to be due to 
deformation and metamorphism (Depauw, 2009; 
Raat and Årebäck, 2009; Minz, 2013; Fig. 2c). 

This includes structural repetition of massive 
sulphide bodies and remobilisation of ore shoots 
along fault planes, as well as enrichment of 
galena and chalcopyrite in fold hinges and along 
faults and transformation of pyrite to pyrrhotite 
(Depauw, 2009; Raat and Årebäck, 2009).

3. Methods

In preparation of drill core sampling for this ore 

(pyrite, chalcopyrite, sphalerite, galena, 
arsenopyrite and bournonite) was calculated 
from chemical assays (S, Cu, Zn, Pb, As and Sb) 
for drill core intervals using the Geo module of 
the HSC Chemistry software (Roine, 2009). The 
calculated total for modal pyrite includes other 
sulphide minerals which are not present in the list 
for the element-to-mineral conversion yet might 
be present in the ore, for example pyrrhotite. 
Bournonite was chosen to represent the Sb-
bearing minerals in these calculations. Based 
on the sphalerite and chalcopyrite content of the 
plain sulphide fraction (i.e. sulphides calculated 
to 100 wt-%) three preliminary classes were 

rich class. These classes were further subdivided 
by their Ag and Sb content representing critical 
bonus and deleterious elements. 

Boliden’s database of chemical assays from the 
Rockliden exploration project were imported and 
interpolated using a spheroidal model for kriging 
with Leapfrog 3D modelling software (Zaparo 
Ltd., 2009) and qualitatively evaluated together 

this evaluation, six drill cores were selected 
and 59 samples collected from the preliminary 

of the deposit for the study of variability in 
mineralogy. All 59 samples were assayed by the 
ALS Minerals Division (Piteå, Sweden) for 64 
major and minor elements. The accuracy and 
precision of the data is stated with +/- 5 % for 
elements at high level concentration and +/- 10 
% for elements on trace level concentration. 
The ranges of the analytical precision affect 
the recalculated modal mineralogy in the same 
order of magnitude. The geochemical data were 
studied against reference data from the Boliden 
database for Rockliden host rock material.
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Polished thin sections were prepared by 
Vancouver Petrographics Ltd (Canada) and 
were studied under an optical microscope 
(Nikon ECLIPSE E600 POL, Luleå University 

additional textural information. Further, 
mineralogical studies were continued with 
energy-dispersive X-ray spectroscopy (EDS) in 
the scanning electron microscope (SEM) and the 
chemical composition of minerals was measured 
by wavelength-dispersive X-ray spectroscopy 
(WDS) at the electron probe micro-analyser. 
EDS and WDS analysis were conducted using 
the following instrumentation with the following 
settings: Merlin SEM (Zeiss Gemini, FESEM, 
Luleå University of Technology, Sweden) with 
acceleration voltage of 20 keV and emission 
current of 0.9 to 1.1 nA and JEOL JXA-8200 
microanalyser (Center of Microscopy and 
Nanotechnology, Oulu University, Finland; 
Table 1) with acceleration voltage of 15 keV, 
emission current of 15 to 30 nA and a beam 
diameter of 5 μm. 

Table 1. Standards used forEPMA/WDS analysis.
element standard
Si Wollastonite
Ca Wollastonite
F BaF2

V V metal
K Orthoclase
Al Al2O3

Cr Chromite
Sn Sn metal
Mg MgO
Mn Mn metal
Ti Ti metal
Na Jade
Fe Hematite
Zn Zn metal

4. Results

Based on the total calculated sulphide content 
the following broad distinction was made for the 
drill core samples: massive sulphides (samples 
with > 50 wt-% total sulphide content) and 
disseminated to semi-massive sulphides (< 50 
wt-% total sulphide content). The latter group 
is dominated by silicon (Table 2) and hence by 

silicate minerals (Table 3). In the following these 
are referred to as host rocks and geochemical 

sedimentary rocks form the main host to the 
Rockliden massive sulphide mineralisation. 
The felsic volcanic rocks constitute the 
stratigraphic footwall and will be described in 

also present, locally in close relationship and 

included in this study.

4.1. Petrography and geochemistry of host 
rocks

From drill core logging, three main rock types 

sedimentary host rocks to the massive sulphides. 
Regarding the base-metal sulphide minerals, 

than the felsic volcanic and sedimentary rocks, 
both of which have higher sphalerite content 
(Fig. 3a, cf. Table 2). The three host rock types 
are described in more detail below.

4.1.1. Felsic volcanic rocks

The volcanic rocks cover an area of 25 km2 
(Fig. 3a). The unaltered felsic volcanic rocks 
are characterised by porphyritic textures with 
variable abundance of feldspar and quartz 
phenocrysts. Feldspar phenocrysts range in 
length from 1 to 5 mm and, within feldspar-rich 
units, they form up to 10 area-% of the rock (Raat 
et al., 2011). Both plagioclase and alkali feldspar 

constitute generally less than 5 area-%, with a 
maximum size of ca. 5 mm (Raat et al., 2011). 

alignment of phyllosilicates (Fig. 4b). In most 

be resolved by optical microscopy (Fig. 4a and b).

rhyolites and dacites in the TAS diagram (Le 
Maitre et al., 1989; Fig. 3b) and are mostly found 
in the range of rhyolites and dacites in alteration 
box-plots, i.e. they plot within the lower part of 
the box which composes analysis of the least 
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Table 3. Relative abundance of minerals in the sulphide fraction and non-sulphide fraction
(xxx – major, xx – common, x – minor, (x) – trace). 
sulphide fraction

Classa) No. Py Po Mgt Sp Ccp Apy Sb-bearing minerals

Po–Sp–Ccp 6 x xxx (x) xx xx-x x Ttr, Bour, Gd (in Sp-rich samples), +/- Boul

Py 3 xxx xx (x) xx x (x) Ttr, Gd, Hg-Ag-Sb sulphide minerals

Py–Sp 9 xxx xx-x x xx x (x) Ttr, Bour, Gd (Gd preferentially in samples from 
deeper parts of the deposit)

Py–Sp–Ccp 5 xxx xx x xx x (x) Ttr, Hg-Ag-Sb sulphide minerals

Py–Ccp–Sp 6 xxx xx (x) x xx x Ttr, Gd, Bour

Py–Po–Mgt–Ccp–Sp 3 xxx xx xx x x (x) Gd, Hg-Ag-Sb sulphide minerals

7 xx xx xxx x Bour, Ttr, Mene, Boul, Gd

felsic 1 xxx xx

felsic (altered) 9 xxx xx xx x (x) Gd, Sb-bearing sulphosalts

sed 3 xxx x (x) x (x)

Classa) No. Qtz Fsp Ser Clay
Min Bt Amp Carb others (minor or trace minerals)

Po–Sp–Ccp 6 xxx (x) x x (x) xxx cassiterite, stannite

Py 3 xxx x xx

Py–Sp 9 xxx (x) x (x) xxx (scheelite)

Py–Sp–Ccp 5 xxx x x (x) xx epidote group minerals

Py–Ccp–Sp 6 xxx x xx (x) xx

Py–Po–Mgt–Ccp–Sp 3 xx xxx (x) xx

7 x xxa) x x xxx (x) Zn-Chr, Rt, Ilm, Ttn, Ap, Cal

felsic 1 xx xxxb) xx

felsic (altered) 9 xxx x xx xx (x) (x) (x) Fe-ghanite, Epi, Anh, And, Fl

sed 3 xx xxx (x)

– andalusite, Anh – anhydrite, Ap – apatite, Apy – arsenopyrite, Bt – biotite, Boul – boulangerite, Bour – bournonite, Cal – calcite, 
Carb – carbonate minerals, Ccp – chalcopyrite, Zn-Chr – Zn-rich chromite, ClayMin – phyllosilicates, Epi – epidote group minerals, 

a) plagioclase, b) alkali-feldspar), Gd – gudmundite, Il – ilmenite, Mene – meneghinite, Mgt – 

altered rocks (cf. Large et al., 2001; Fig. 3d). The 

is supported by the immobile trace element plot 
by Winchester and Floyd (1977), which shows 

(Fig. 3c). However, systematic differences in 
the mineralogical composition, i.e. potential 

and clustering, have not been observed during 
drill core logging.

All studied samples have been taken close to 
the massive sulphide mineralisation and the 
felsic rocks described below are all affected 
by alteration. Also, those plotting in the box of 
least altered rocks show features of alteration 

alkali feldspar crystals are locally preserved. 

The volcanic rocks plotting outside the box of 
least altered rocks, i.e. AI > 80 (cf. Large et al., 
2001), comprise quartz and sericite (Fig. 4c) 
with varying amounts of phyllosilicates, partly 

In reference to optical microscopy, they appear 
to become more chlorite-rich with increasing 
CCPI index (Fig. 3d). Gahnite, with 7 to 8 wt-% 
Fe, is found locally in intensely altered samples 
(Fig. 4f). Amphibole minerals were documented 

volcanic rock (Fig. 4e). Locally, the altered 
volcanic rocks show elevated values of Sb and 
are transected by quartz veins or calcite veinlets 
(Fig. 4b). Besides gudmundite, various Sb-
bearing sulphosalts were documented with EDS 
analysis. 
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and ca. 380 lithological reference samples from the host rock database (Exploration Department, Boliden Mines)):
a) chalcopyrite(Ccp)-sphalerite(Sp)-pyrite(Py) ternary plot based on mineralogical composition of the sulphide fraction 
calculated with HSC Chemistry (Roine, 2009); b) -

c) 
Winchester and Floyed (1977), d) e) discrimina-
tion of sedimentary rocks based on Yb-La diagram, f)
Ab – albite, Adu – “adularia”, Ill – illite, Chl – chlorite, Py – pyrite, Ank – ankerite, Dol – dolomite, Cal – calcite, Ep – epidote.
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4.1.2. Turbiditic sediments and greywackes

The siliciclastic sedimentary rocks comprise 

(Fig. 5a). In contrast to the volcanic host 
rock, alteration is less pronounced in the 
sedimentary rocks. Drill cores display bleached 

zones (decimetre to several metres in width) 

sulphides. However, primary sedimentary 
textures such as graded bedding, indications 
of soft-sediment deformation (Evins, 2011) 
and fracturing in the form of calcite and quartz 

Fig. 4. Volcanic host rock and alteration types (optical microscopy, plane and cross polarised light): a) volcanic host 
b)

alteration minerals are andalusite (And) and calcite (Cal)), c) intensively sericite-altered rock (Ser – sericite), d) alter-
e) amphibole crystals (Amp) 

and epidote group minerals (Ep), f)
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veinlets were documented (Fig. 5a). In contact 
with the massive sulphides, the fracturing is 
locally accompanied by elevated concentration 
of Sb in drill core assays. The sedimentary rocks 
are mostly distinct from the (felsic) volcanic 
rocks in Yb–La and Cr–V trace element plots 
(Fig. 3e and 3f) and partly distinct in e.g. Al2O3/
TiO2–Zr/Al2O3 plots. 

4.1.3. 

Dolerite dykes are a few decimetres to metres 
wide and are largely aphyric (Raat and Årebäck, 
2009). They have chilled margins and 1 to 5 mm 
long plagioclase crystals commonly with ophitic 

in the central parts (Raat and Årebäck, 2009). 

sills and dykes by Raat and Årebäck (2009), have 

a similar thickness as the dolerite dykes in drill 
core intersections, but show no distinct chilled 
margins. To simplify, they will be referred to as 

dykes are composed of amphibole minerals, 
phyllosilicates such as biotite, and plagioclase 

grain size of amphibole varies from 50 to 500 μm 
(Fig. 5b and 5c) and chemically it is hornblende, 
with relatively large variation in Fe, Mg, Si and 
Al content (Table 4). The main carbonate mineral 

dyke samples contain traces of rounded Zn-rich 
chromite grains, with ca. 9 wt-% Zn, surrounded 
by Cr–V-rich magnetite rims or ilmenite rims 

dykes form a distinct cluster at Cr > 300 ppm and 

Fig. 5.
a) variation in the grain size of quartz in the sedimentary rocks. Bedding is transected by calcite veinlets (Cal),
b) 
c) d) Zn-rich chromite (Chr) enclosed 
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dyke samples show elevated concentrations of 
Sb (Table 2), and bournonite, meneghinite and 
tetrahedrite are the main Sb-bearing minerals 

rock units, occurring within and around the 
Rockliden deposit, is needed in order to give a 

relative to the ore formation. 

4.2. Massive sulphide mineralisation types

The variation in chemical composition of the 
massive sulphide mineralisation is shown in 

mineral resource at Rockliden (New Boliden, 

Zn ternary plot of Franklin et al. (1981). 

The massive sulphides show variable textures 
in the drill core. Banding is due to the variation 
in grain size of pyrite or in the abundance 
of sphalerite in the groundmass surrounding 
the pyrite grains (Fig. 7). Locally, irregular 
chalcopyrite patches (referred to as chalcopyrite 
mesh texture, Fig. 7) or abundant host rock clasts 
are observed in the massive sulphides. 

intersection is shown with a gradual change in 
Cu/(Cu+Zn) ratio from the sericite and chlorite 
altered volcanic host rock into the massive 
sulphides. Arsenic is found in relatively high 
concentrations in the semi-massive sulphides 
(Fig. 7a). The stratigraphic upper contact of 
the massive sulphide intersection with the 
sedimentary host rock is sharp (Fig. 7a). At this 
contact, the sedimentary host rock is quartz-
veined and characterised by elevated Sb grade.
Most other massive sulphide intersections are 

of altered felsic volcanic rocks. Two of the 

changes in the Cu/(Cu+Zn) ratio of the massive 
sulphides observed. Massive sulphides showing 
chalcopyrite mesh textures are more common in 

and Fig. 7b with Fig. 7c). Some of the interrupted 
massive sulphide intersections show high Ag (> 
100 ppm) and Sb (> 1000 ppm) contents over 
parts or the entire massive sulphide intersections. 
Relatively narrow (max. 2 m wide) massive 
sulphide intervals with abundant host rock 
clasts are occasionally found (Fig. 7b) and these 
intervals are typically dominated by pyrrhotite.
On the basis of optical microscopy, the massive 
sulphides are grouped according to the dominant 
sulphide (and oxide) minerals, i.e. pyrite (Py), 
pyrrhotite (Po), magnetite (Mgt), chalcopyrite 
(Ccp) and sphalerite (Sp) (Fig. 6b). Some 
textures of the massive sulphide samples are 
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between the various groups are common; there 

mineralisation types.

In the pyrrhotite–sphalerite and pyrrhotite–
chalcopyrite groups (Po–Sp, Po–Ccp), pyrrhotite 
is the main sulphide mineral. Locally, isolated 
grains of pyrite (up to 500 μm diameter) are 
preserved (Fig. 8a). Distinctively high grades of 
more than 1000 ppm Sn are measured in clast-
rich, isolated (max. 2 m width), massive sulphide 
intersections (Fig. 7b). The Sn-bearing oxide 
and sulphide minerals include cassiterite and 
stannite, respectively. The silicate clasts form 
so-called augen textures (Fig. 8b; cf. Petruk, 
2000). The clasts comprise mainly quartz, 
biotite, chlorite and other phyllosilicates, minor 
epidote group minerals and feldspars. Beside 
silicates, carbonates are the main non-sulphide 
phases in samples of this group (Table 3). Zoning 
of dolomite group minerals is observed (back-
scattered electron imaging at the SEM and EDS 
analysis), comprising Fe-rich cores surrounded 
by Fe-poor margins, which in turn, might be 
rimmed by calcite. Magnetite is rarely found in 
samples of this group.
Massive sulphide samples of the pyrite (Py) 
group show banding related to the clustering 
and grain size variation of pyrite (50 – 500 μm). 
The packing of pyrite grains locally reaches 
high density (Fig. 8c). The combined Cu and Zn 
content of this group is generally below 6 wt-% 

(Table 2, cf. Fig. 6b). Samples with Cu values 
> 2 wt-% are characterised by irregular-shaped 
chalcopyrite ± pyrrhotite meshes, imposing 
a deformation texture on these samples (Fig. 
8d). Magnetite grains are mostly rounded to 
subangular and range from 100 to 200 μm in 
diameter (Fig. 8d). Occasionally, they contain 
inclusions of sulphides, mainly pyrite.

The Py–Sp–Ccp and Py–Ccp–Sp groups can be 
subdivided by their Zn content (Py–Sp–Ccp with 
Zn > 5 wt-%, Py–Ccp–Sp with Zn < 5 wt-%, cf. 
Fig. 6b). The Cu content is generally above 2 
wt-% (Table 2, cf. Fig. 6b). Samples with high 
chalcopyrite content tend to also have relatively 
high pyrrhotite content. They often lack distinct 
banding, but deformation textures such as 
chalcopyrite meshes are documented (Fig. 8d-f, 
Fig. 7). A close association of arsenopyrite with 
chalcopyrite and pyrrhotite is locally observed 
in samples of this group (Fig. 8f). Some samples 
of the Py–Ccp–Sp group contain both abundant 
magnetite and pyrrhotite. Thus, they are allocated 
to a separate group, termed Py–Po–Mgt–Ccp–
Sp group (Fig. 6b). However, they do not form 
a separate cluster in the Py–Ccp–Sp ternary plot 
(Fig. 6b). 

The pyrite-sphalerite (Py–Sp) group has 
relatively low Cu content (generally below 2 
wt-%), while the Zn content is relatively high 
(ranging from 7 to 15 wt-%, Table 2, cf. Fig. 
6b). Pyrite grains often show embayments of 

Fig. 6. a) Zn–Cu–Pb ternary plot showing the variation of chemical composition of massive sulphide samples (424 
assays with total sulphide content .50 wt-%) and the grade of the inferred mineral resource at Rockliden (New Boliden, 

(1981) and b)
massive sulphide (33 samples).

Cu / wt%

Pb / wt% Zn / wt%

C
u group

Zn-C
u group

Zn-Pb-Cu group

b

Sp

Ccp

Py

a

Py+Po+Mgt-Ccp-Sp
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Py-Ccp-Sp
Py-Sp
Py-Sp-Ccp

Mineral classes in the 
massive sulphides:

inferred mineral 
resource at Rockliden
massive sulphides 
(analysis from drill core)

Base metal classes grades:



14

sphalerite (atoll texture, Fig. 8g). Grain size of 
pyrite ranges from 200 to 500 μm (up to 1000 μm 
diameter) and it can host inclusions of sphalerite 
and occasionally galena or tetrahedrite (Fig. 
8h). Despite sphalerite forming the dominant 
mineral embedding pyrite grains, pyrrhotite 
is locally present and in this case imposes a 
banded texture on the ore. Locally, pyrrhotite is 
found in diablastic intergrowth in the sphalerite 
groundmass or as fractures within pyrite grains 
(Fig. 8e and h). Magnetite is commonly found in 
this group. 

So far, no systematic differences are noticed 
in the Sb mineralogy of different base-metal 
groups of the massive sulphides (Table 3). 
Based on optical microscopy it is observed 
that tetrahedrite, bournonite, meneghinite and 
boulangerite are associated with sphalerite and 
galena, as well as pyrrhotite and arsenopyrite, 
whereas gudmundite is often found associated 
with chalcopyrite, pyrrhotite, silicate minerals 
and calcite (Minz et al., 2013). 

Fig. 7. a) undisrupted, b) disrupted (massive 
sulphide package enclosed by sedimentary rocks), c) disrupted (massive sulphide intersections in contact with brecciat-
ed altered volcanic host rock at ca. 172 m and sedimentary rocks below 245 m). Mineral abbreviation: Ccp – chalcopy-
rite.
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Fig. 8. a) large fractured pyrite grain in a pyrrhotite-chalcopyrite-sphalerite 
groundmass and intergrowths of galena and bournonite, b) augen texture of silicate minerals hosting gudmundite, c) 
dense packing of pyrite grains, d) pyrite-magnetite dominated sample with chalcopyrite meshes, e) orientated texture 
of pyrrhotite and partly also chalcopyrite, f) close association of chalcopyrite, pyrrhotite and arsenopyrite (details given 

g) pyrite showing atoll texture (white frame) and sphalerite-pyrrhotite diablastic 
intergrowth, h) cataclastic pyrite associated with pyrrhotite, galena and native antimony. Mineral abbreviation: Ant – na-
tive antimony, Apy – arsenopyrite, Ccp – chalcopyrite, Gd – gudmundite, Gn – galena, Mgt – magnetite, Po – pyrrhotite, 
Py – pyrite, Sp – sphalerite.
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5. Discussion

Based on the sulphide content, massive (> 
50 wt-%), semi-massive (15 to 50 wt-%) and 
disseminated (< 15 wt-%) mineralisation types 
are distinguished in the Rockliden deposit. 
The latter is dominated by silicate minerals 
and forms the host rock to the mineralisation. 
Several lithologies can be distinguished in the 

the following the characteristics of the studied 
lithologies are summarised and the distinguished 
host rocks are discussed, as is the mineralogy of 
the massive sulphides and the implications on 
mineral processing.

5.1. Lithological constraints on the 

from the Rockliden area, including gabbro 
intrusions, dolerite dykes and basalt (Mattsson 
and Heeroma, 1985; Raat and Årebäck, 2009; 

intrusions and dolerite dykes have been 
suggested to post-date the formation of the 
massive sulphides at Rockliden (Söderlund et 

amphiboles, and contain traces of Cr–V-rich 
magnetite, and can be distinguished in Cr–V-
diagrams (Fig. 3f). They are found in relatively 
narrow drill core intersections, partly located 
within the massive sulphides. Although they 
represent a volumetrically minor host rock, they 

metals (e.g. Sb and Ag) in the deposit and in 

petrographic and geochemical differentiation 

Rockliden area and their relative timing in 
relation to the massive sulphide mineralisation, 
i.e. the potential overprinting effect on the 
mineralisation, should be studied in more detail. 
However, this is beyond the scope of this paper.
It is shown that the sedimentary and felsic 
volcanic rocks can be largely distinguished by 
their Yb and La contents (Fig. 3e). Given the 
combination of felsic volcanic and sedimentary 

host rocks, and the base-metal content of 
Rockliden (Fig. 6a; cf. Barrie et al., 1999), the 
mineralisation is suggested to belong to the 
bimodal felsic VHMS group (cf. Fig. 3c), in 
accordance with earlier studies by Depauw 
(2009) and Raat and Årebäck (2009). It is 
also consistent with Mattsson and Heeroma’s 
(1985) schematic for pre-deformational zoning 
within the Rockliden deposit, which is typical 
of massive sulphide deposits associated with 
felsic volcanic rocks (Galley et al., 2007). The 
felsic volcanic rocks show spatially extensive 
alteration zones and are dominated by sericite 
and quartz with minor chlorite group minerals. 
The sequence of alteration zones resembles 
the zoning outlined by Galley et al. (2007) for 
the bimodal felsic VHMS group (cf. Raat and 
Årebäck, 2009).

5.2. Mineralogical indications of 
deformation and metamorphism of the 
massive sulphides

The metamorphic grade of the host rocks varies 
from lower greenschist facies, up to amphibole 
facies (Depauw, 2009; Raat and Årebäck, 
2009). However, the geometry of the ore 
body is complex due to deformation and most 
massive sulphide intersections are disrupted 
by thin, partly brecciated host rock intervals. 
Within the massive sulphides, textural features 
related to metamorphism and deformation are: 

(1) Banding may have been enhanced during 
deformation since galena, sphalerite, 
pyrrhotite and chalcopyrite are suggested 
to be relatively ductile compared to pyrite 
at the maximum metamorphic conditions 
for Rockliden (Clark and Kelly, 1973; 
Raat and Årebäck, 2009). However, 
the extent to which metamorphism is 
responsible for this texture is unknown, 
as banding might also be a primary 
feature or a recrystallisation event in 
unmetamorphosed “prototype” VHMS 
deposits (Eldridge et al., 1983; Mattsson 
and Heeroma, 1985). 

(2) Corrosion of pyrite grains (by sphalerite, 
chalcopyrite and pyrrhotite) and 
recrystallisation of pyrite and related 
changes in grain sizes has been suggested 
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to occur during metamorphism (Petruk, 
2000). However, rounding of pyrite 
grains and the formation of atoll textures 

by ore forming solutions (Eldridge et 
al., 1983). Similarly to banding the 
impact of metamorphism on this texture 
is unknown for the Rockliden massive 
sulphides. 

(3) Locally, pyrrhotite is the predominate 
Fe-bearing sulphide mineral in thin, 
massive sulphide intersections; it is 
found marginal to massive sulphides or 
enclosed by sedimentary rocks. Also, 

large pyrite grains (Fig. 8h). These 
observations are in accordance with the 
interpretation of pyrrhotite formation 
during metamorphism and deformation 
(Mattsson and Heeroma, 1985; Depauw, 
2009). Furthermore, pyrrhotite is 
documented in diablastic intergrowth 
with sphalerite, and pyrrhotite and 
chalcopyrite often show foliated, 
elongated and schistose textures. These 
features were ascribed to metamorphism 
of massive sulphides (Petruk, 2000). 

(4) Mattsson and Heeroma (1985) suggested 
that the formation of magnetite is related 
to secondary (ore-modifying) events as 
they observed magnetite bands cross-
cutting the banding in the massive 
sulphides. Similar observations were 
made in this study. Moreover, magnetite 
locally contains abundant inclusions 
of pyrite and pyrrhotite (Fig. 3.5e of 
Minz (2013)), resembling magnetite 
porphyroblasts, which were interpreted 
as metamorphic features in VHMS 
deposits studied by Petruk (2000). 

It is suggested that metal zoning occurs on 
the deposit scale, i.e. Cu dominated drill core 
intersections become more abundant towards 
depth, i.e. ca. 400 m below surface (Raat and 
Årebäck, 2009). By correlation this would mean 
that textures such as the chalcopyrite meshes 
are also expected to be more abundant at depth, 
which is apparent from drill core logging. 
However, no clear metal zoning pattern was 
found and the absence of such pattern was related 

at Rockliden (Minz, 2013). Moreover, the 
occurrence of pyrrhotite-dominated sulphide 
pods within largely unaltered sedimentary rocks 
was interpreted as remobilisation along faults 
cross-cutting the mineralisation, stressing the 
importance of deformation on the shape and 
mineralogy of the Rockliden massive sulphide 
deposit (Depauw, 2009; Fig. 2c). However, the 
above listed metamorphic features are observed 
on a microscopic scale and vary at a centimetre 
to metre scale. Thus, their implementation into a 
process-adapted geological model is challenging 
(cf. Minz, 2013) and evaluation in terms of 
exploitation has not been performed at the 
current stage.

Regarding the trace mineralogy, the association 
of Sb-bearing minerals is rather complex 
at Rockliden (Minz et al., 2013). Such 
complex associations are known also for other 
polymetallic sulphide ore deposits. For example, 
bournonite is commonly observed adjacent 
to galena and tetrahedrite or meneghinite 
(Anderson, 1940; Wen et al., 1991; Wagner 
and Cook, 1997). Additionally, Sb-bearing 
minerals are found intergrown with pyrrhotite 
at Rockliden (Fig. 8h). It is expected from aS2-
temperature diagrams that sulphosalts such as 
meneghinite and bournonite are stable in the 

200°C (Mookherjee and Mishra, 1984). Given 
these considerations on the ore formation, a 

be excluded at Rockliden. It was suggested in 
earlier studies that remobilisation of Sb occurred 
during the intrusion of dolerite dykes and a 
related increase in temperature (Depauw, 2009).

5.3. Mineralogical parameters in context of 
mineral processing

Based on the qualitative mineralogical results 
of this study, it is proposed that the content of 
chalcopyrite and sphalerite can be calculated 
reliably from Cu and Zn assays as they are the 
main carriers of the base metals in the massive 
sulphides. Exceptions are only Fe-rich gahnite 
and Zn-rich chromite for Zn and tetrahedrite, 
bournonite and meneghinite for Cu. In most 
cases, these minerals are not expected to be a 
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found as minor or trace minerals in the massive 
sulphides and host rocks. This means that the 
Cu and Zn content of the massive sulphides (cf. 

chalcopyrite and sphalerite content. However, 
the modal mineralogy does not directly reveal 
textural features. Some textural features 
potentially affect the processing of the massive 
sulphides. For example pyrite–sphalerite 
banding will cause anisotropic mineralogical 
hardness contrast, and microtextures will control 
grain and related liberation size (cf. Butcher, 
2010).

From the overlap of Py–Po–Mgt–Ccp–Sp and 
Py–Ccp–Sp massive sulphide groups in the 
ternary Py–Ccp–Sp plot (Fig. 6b); it is clear that 
the entire modal mineralogy cannot be calculated 
from chemical assays based on the limited 
number of elements commonly assayed in drill 
core. Furthermore, the direct calculation of pyrite 
from simple Fe assays is not possible since other 
Fe-bearing minerals such as magnetite occur with 
pyrite and pyrrhotite in the massive sulphides. 
The importance of quantitative information on 
Fe-bearing minerals in massive sulphides was 
illustrated for the magnetite content in ore from 
the Black Mountain polymetallic base metal 
mine, South Africa (Williams and Holtzhausen, 
2001). The magnetite content was shown to 

increasing the hardness of the ore, and the 

valuable minerals (Williams and Holtzhausen, 
2001). In this study, no systematic variations in 
the magnetite content have been documented 
at Rockliden. In a study by Mattsson and 
Heeroma (1985), it was found that magnetite 
is more abundant in massive sulphides from 
the northwestern part of the deposit. The 
overall magnetite content in the Rockliden ore 
is expected to be low compared to the Black 
Mountain ore and might not affect the processing 

(Bolin, pers. comm., 2013). However, the pyrite 
content and the silicate mineralogy might have 

to hardness and grindability characteristics 
of the ore and therefore controlling the plant 
throughput.

A relationship between the Sb mineralogy and 
the rock types of Rockliden has been proposed 

bournonite, meneghinite or tetrahedrite; the 
altered felsic volcanic rocks contain locally 
gudmundite and various Sb-bearing sulphosalts; 
and the massive sulphides contain tetrahedrite, 
bournonite or gudmundite as the main Sb-bearing 
trace minerals (Minz et al., 2013). There are also 
indications that the Sb mineralogy of the massive 
sulphides might change with depth, i.e. below ca. 
400 m below surface (cf. Minz et al., 2013), and 
towards the northwest of the Rockliden deposit 
(Mattsson and Heeroma, 1985). Generally, the 
Sb-bearing minerals are associated with base-
metal minerals and this association will have 

(Minz et al., 2013). 

6. Conclusions

Based on the total sulphide content of whole rock 
samples, it is possible to distinguish between 
disseminated to semi-massive and massive 
sulphides at the Rockliden deposit. The former 
comprise the lithological units which are hosting 
the massive sulphides, including felsic volcanic 

volcanic and sedimentary rocks form the main 
host rocks. The altered felsic volcanic rocks 
show locally elevated concentrations in Sb, 
often connected to quartz veining in the host 

concentrations in Sb and, although it is found in 
relatively narrow intervals, it is concluded to be 
an important rock type when the Sb distribution 
of the Rockliden ore is considered. 

on their chalcopyrite (Ccp), sphalerite (Sp), 
pyrite (Py), pyrrhotite (Po) and magnetite 
(Mgt) content. The following groups were 
distinguished: Po–Sp, Po–Ccp, Py, Py–Po–Mgt–
Ccp–Sp, Py–Ccp–Sp, Py–Sp–Ccp and Py–Sp. 
The content of pyrite, pyrrhotite and magnetite 
is expected to be important to the ore processing. 
However, this cannot be directly calculated from 
drill core assays. The chalcopyrite and sphalerite 
content is expected to be approximated from 
chemical assays. However, ore textures cannot 
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be subtracted from chemical assays. Textures 
which are suggested to be related to deformation 
and metamorphism include banding and 
variation of grain size and shape of pyrite on 

in pyrite, diablastic intergrowth of pyrrhotite 
and sphalerite, schistose textures and foliation 
of pyrrhotite and chalcopyrite, and magnetite 
with abundant sulphide inclusions. In order to 
evaluate the impact of these textures on the ore 

using (automated) microscopic tools. 
Systematic differences in the trace mineralogy, 
especially the Sb-bearing fraction of the massive 
sulphides, could not be determined by qualitative 
ore characterisation and the usage of automated 
SEM-based mineralogical tools is suggested 

within different rock and ore types. Further, 
the content of the Sb-bearing minerals as well 
as their association is expected to control their 

Sb grade of the Cu–Pb concentrate (cf. Minz et 

will decide whether it has to be further treated 
by hydrometallurgical methods, such as alkaline 
sulphide leaching (cf. Awe, 2013), or during 
pyrometallurgical processing. In either case 

forecast of the Sb grade of the Cu–Pb concentrate. 
Thus, determining and measuring the rock- and 
ore-intrinsic parameters, which control the 
distribution of the Sb-bearing minerals, is needed 
to develop a model predicting the Sb grade of 
the Cu–Pb concentrate (Minz et al., 2013). 
SEM-based methods (automated mineralogy) 

trace minerals. Furthermore, quantifying and 
understanding the variation in the Sb mineralogy 
in relation to lithological units and structural 
features (potentially favouring hydrothermal 

mineralogy of the ore and plant feed based on a 
geological model.
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a b s t r a c t

The Rockliden massive sulphide Zn–Cu deposit contains minor amounts of Sb minerals. The Sb mineral-
ogy is complex in terms of composition, micro textures and mineral associations. The main Sb minerals
comprise tetrahedrite, bournonite, gudmundite and Sb–Pb sulphides such as meneghinite. The presence
of these minerals is especially critical to the quality of the Cu–Pb concentrate. To study how they are dis-
tributed in a simplified flotation circuit and what controls their process behaviour Sb-rich drill core sam-
ples were selected from the Rockliden deposit and a standard laboratory flotation test was run on the
composite samples. Scanning electron microscope-based automated mineralogy was used to measure
the Sb mineralogy of the test products, and the particle tracking technique was applied to mass balance
the different liberation classes to finally trace the distribution of liberated and locked Sb minerals. The
mineralogical factors controlling the distribution of Sb minerals are mineral grain size, the degree of
liberation, and associated minerals. Similarities in the distribution of specific particle types from the
tested composites point towards systematics in the behaviour of particles and predictability of their dis-
tribution which is suggested to be used in a geometallurgical model of the deposit.

� 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Generally, antimony (Sb) is known to occur as a trace element
in massive sulphide ores. It is regarded as penalty element because
it lowers the quality of Cu concentrates produced from ore and
sent to the smelters (Minz, 2013 and references therein).
Typically, penalty charges are imposed for Sb contents of 0.1–
0.3 wt% in copper (Cu) concentrates (Larouche, 2001). However,
Sb has usage, for example as alloy in lead (Pb) batteries, if it can
be separated from massive sulphide ores (Anderson, 2012; Awe,
2013). In addition to producing valuable products from massive
sulphide ores, the Sb content of the tailings ought to be considered
since the Sb content of the tailings is a potential environmental
hazard, particularly in the discharge to rivers, comparable to
arsenic (Wilson et al., 2010).

Rockliden is a polymetallic copper–zinc (Cu–Zn) massive sul-
phide deposit located in north-central Sweden (Minz et al.,
2014). The inferred mineral resource is 9.2 Mt with 4.0 wt% Zn,
1.8 wt% Cu, 0.4 wt% Pb and 48 g/t Ag (New Boliden, 2014). The
Rockliden ore contains not only bonus elements such as silver
(Ag) but also deleterious trace elements such as arsenic (As) and
antimony (Sb). At Rockliden, drill core samples with Sb grades
higher than 0.2 wt% represent about 25% of the length of all anal-
ysed massive sulphide drill core intersections down to a depth of
about 900 m below surface. The abundance of Sb-rich massive sul-
phide drill core intersections is higher in the upper parts of the
deposit (i.e. above 400 m below surface). Particularly in the Zn-
dominated massive sulphides from the upper part of the deposit,
the Sb grade is higher than 0.2 wt% in more than half of the anal-
ysed intervals.

Flotation tests on Rockliden composite samples have shown
that the threshold of 0.2 wt% Sb is exceeded in the Cu–Pb concen-
trate even if the Sb grade of the blended feed material is below this
value (Bolin, 2010; Minz, 2013). This is related not only to the
flotation behaviour of common Sb minerals but also to the mineral
association and the degree of liberation, which are suspected to

http://dx.doi.org/10.1016/j.mineng.2015.03.007
0892-6875/� 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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influence the distribution of Sb minerals between different flota-
tion products (Lager and Forssberg, 1990; Minz et al., 2013).
Mineralogical studies have shown that the mineralogy of Sb is
complex in the Rockliden massive sulphide ore (Minz et al.,
2013). The main Sb minerals are listed in Table 1, together with
an expected ideal distribution of liberated particles during Cu–Pb
and Zn flotation.

In geometallurgical projects it is common to run ore variability
tests in the form of laboratory flotation tests in order to study the
variation in the metallurgical response (Baumgartner et al., 2011;
Lamberg, 2011). Scanning electron microscope (SEM)-based auto-
mated mineralogy focusing on minor and trace minerals in ore
products is frequently done for processed material from noble
metal deposits (e.g. Chetty et al., 2009; Goodall, 2008; Zhou
et al., 2009). In contrast to the complex Sb mineralogy of the
Rockliden case, the gold (Au) mineralogy of ore deposits is usually
simple (e.g. Zhou et al., 2009). Complex trace mineralogy is
reported, for example, for uranium (U), silver (Ag), rare earth ele-
ment (REE) and platinum group element (PGE) ores (e.g. Bowell
et al., 2011; Chetty et al., 2009; Grammatikopoulos et al., 2013;
Kelvin et al., 2011; Rohde et al., 2014). In such cases a large number
of mineral grains, and thus a large number of samples, are mea-
sured by automated mineralogy tools (Chetty et al., 2009).
Instead of running the flotation test for a large number of samples,
a different approach was chosen for the work presented here. This
study was constrained to a limited number of samples. To allow for
sound statistical interpretation of the distribution of Sb minerals
into different products, naturally Sb-enriched samples were col-
lected, in an approach similar to that of Byrne et al. (1995). Two
composite samples were selected and compared in this study.
The two composites represent Zn-dominated massive sulphide
ore with a Sb grade above 0.2 wt% from different parts of the
Rockliden deposit. Given the complexity of the Sb mineralogy, it
was the primary aim of this study to quantify the Sb mineralogy
in the ore and in the products of the flotation test using SEM-based
automated mineralogical tools. Finally, the target is to define the
factors controlling the distribution of Sb minerals between differ-
ent products like Cu–Pb, Zn concentrates and tailings.

2. Methods

2.1. Samples

Two sets of drill core samples were collected, representing Zn-
rich massive sulphide ore types from the upper (S-7576) and lower
(S-7577) part of the deposit (Fig. 1a and b). Each set contains four
to five individual drill core samples of about 1 m length. For each
drill core sample about 1 kg quartered drill core was collected.
The drill core samples were crushed and about 100 g sample of
each sample were separated for chemical analysis (Fig. 1c).
Further, the Sb mineralogy was studied in polished epoxy grain
mounts prepared from each of the crushed drill core samples.
Qualitative studies were conducted using a Merlin – Zeiss Gemini
FESEM (Field Emission Scanning Electron Microscope), Luleå

University of Technology, Sweden. Based on similarities in both
chemical and SEM-based analyses, three individual drill core sam-
ples were selected from each set of drill core samples and com-
bined to form composite samples (Fig. 1b and c). The composite
samples were ground to a P80 of about 50 lm in a laboratory rod
mill before the flotation test (Fig. 1c).

2.2. Laboratory flotation test

A simplified laboratory flotation test, based on the test com-
monly used at the Boliden Mining Company (Fig. 1), was carried
out. The flotation test was conducted using a Magotteaux bottom
driven flotation machine with a cell size of 2.7 l. The percentage
of solids was about 47 wt% for both composites. The flotation
reagents used are indicated in Fig. 1c. The total flotation time for
each composite was about 20 min.

Five flotation products were collected from each test: Cu–Pb
cleaner concentrate (Cu CC), Cu–Pb cleaner tailing (Cu CT), Zn clea-
ner concentrate (Zn CC), Zn cleaner tailing (Zn CC) and final tailing
(Fig. 1c). Their chemical composition was analysed by X-ray fluo-
rescence spectrometry (XRF) at Boliden laboratories. The flotation
products of the composite samples were sieved into three size frac-
tions (�20 lm, +20 to �45 lm, +45 lm) and the chemical
composition of each fraction was constrained by inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES) for 21 major
and trace elements at ALS Minerals Division, Piteå, Sweden. From
each size fraction about 10 g sample was separated for preparation
of polished epoxy grain mounts by the Erzlabor, Helmholtz
Institute Freiberg for Resource Technology, Germany. Polished
epoxy grain mounts of the sieved flotation products were prepared
by mixing of 3 g aliquots with graphite and epoxy resin; and
finally, the epoxy grain mounts were ground and polished.

2.3. Mineral liberation analysis (MLA) for characterisation of flotation
products

All flotation products were studied using MLA measurements.
Prior to the SEM studies the samples were carbon-coated with a
Leica EM MED020 carbon coater to avoid surface charging due to
electron beam interactions. Analyses were carried out with a FEI
Quanta 650F equipped with two Bruker Quantax X-Flash 5030
energy-dispersive X-ray spectrometers. MLA Suite 3.1.4 software
was used for automated data acquisition and processing at the
Geometallurgy Laboratory, Technische Universität Bergakademie
Freiberg, Germany. Consistent operating conditions were applied
(Table 2). The grain X-ray mapping mode (GXMAP) was used for
MLA measurement (Fandrich et al., 2007).

It should be noted that, although distinguishable by careful
energy-dispersive X-ray spectroscopy (EDX) spot analysis on a
SEM and wavelength-dispersive X-ray spectroscopy (WDS) on an
electron probe microanalyser (EPMA) (Minz et al., 2013), menegh-
inite and boulangerite cannot be distinguished by MLA measure-
ments under the chosen conditions (Table 2). For this purpose
the back scattered electron image can be tuned and expanded to
have a difference between grey levels of meneghinite and boulan-
gerite, similarly as recommended for distinction of hematite and
magnetite (Bachmann et al., 2014; Figueroa et al., 2012).
However, this was regarded unnecessary in this study since the
flotation behaviour of meneghinite and boulangerite is expected
to be similar due to their similar mineral chemistry (Table 1).

It should also be noted that challenges were encountered dur-
ing MLA analyses of the particle size fraction �20 lm including
misidentification of minerals along rims of grains and within
agglomerations. Such analytical errors might have an influence
on the apparent distribution of minor amounts of meneghinite
and bournonite reported to products other than the Cu–Pb cleaner

Table 1
Common Sb minerals at the Rockliden ore deposit.

Mineral Formulaa Liberation distributionb

Tetrahedrite (Cu, Fe, Ag, Zn)12.1Sb3.89S13 Cu–Pb concentrate
Bournonite Pb1.01Cu1.03Sb0.94S3 Cu–Pb concentrate
Meneghinite Pb13.02Cu1.10Sb6.81S24 Cu–Pb concentrate
Boulangerite Pb5.16Sb3.80S11 Cu–Pb concentrate
Gudmundite Fe1.04Sb0.94S Tailing

a Formula recalculated based on EPMA/WDS analysis (Minz et al., 2013).
b Liberation distribution according to Lager and Forssberg (1990).
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concentrate, but also to base metals with relatively low grade
(e.g. Cu in S-7577, Fig. 3a). Several filtering tools were used to min-
imise such errors during the processing of MLA data. Further, rim-
ming effects are removed during particle tracking as they were
mostly below the particle threshold of 5 vol% (Lamberg and
Vianna, 2007).

2.4. Balancing of liberation data

In mass balancing of liberation data a particle tracking tech-
nique was used (Lamberg and Vianna, 2007). The standard proce-
dure of particle tracking comprises three major steps: (1) unsized
mineralogical mass balance, (2) mineral-by-size mass balance

Fig. 1. Diagram showing the sample collection and experimental procedure. (a) Location of drill core samples within the Rockliden massive sulphide ore body (translucent
shapes). (b) Ore types as described by Minz et al. (2014) are outlined in the Cu–Zn–Sb ternary plot based on chemical assays (wt%). (c) Laboratory flotation test showing all
sampled flotation products. Abbreviations: Cu CC – Cu–Pb cleaner concentrate, Cu CT – Cu–Pb cleaner tailing, Zn CC – Zn cleaner concentrate, Zn CT – Zn cleaner tailing.
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and (3) mass balance of narrow liberation classes. Prior to the mass
balancing procedure, element to mineral conversion is utilised to
attain a mineralogical mass balance that is fully consistent with
chemical assays. The HSC Chemistry software provides tools to
adjust the mineral liberation data against the modal mineralogy
received from element to mineral conversion (Roine, 2009). This
approach was also tested in this study but it resulted in erroneous
adjustment of mineral contents to zero in several products. This is
due to the complexity of the studied system – particularly with
respect to the Sb minerals (Minz et al., 2013). Consequently, the
chemical assays were used only to evaluate and confirm the qual-
ity of the MLA data. Fig. 2 shows that assays back-calculated from
MLA data and chemical assays are generally in good agreement for
Fe, Zn and Sb. This is also true for other elements such as Cu.

Variation of the MLA measurements was studied by repeated
analyses on one epoxy mount. For all base metals the coefficient
of variation values were below 1% and for most remaining ele-
ments below 10%, showing a good reproducibility of the back-cal-
culated assays based on MLA measurements. The accuracy and
precision of the chemical assays (ICP-AES analysis) is stated with
±5% for major elements and ±10% for elements at trace element
concentration (Fig. 2). It should be noted that elements with high
atomic number, such as Sb and Pb, have higher contents (up to
25%) in MLA derived assays than in chemical assays. As illustrated
for Sb assays (Fig. 2b and d), errors in the MLA measurements or
chemical assays are unlikely to account for such deviation.
However, it indicates that the abundance of minerals containing
elements of high atomic number is apparently overestimated by
MLA analyses on epoxy mounts. This is tentatively attributed to
minor density separation during preparation of polished epoxy
blocks, a common problem in preparing epoxy mounts from pro-
cess samples (Kwitko-Ribeiro, 2012).

For both Zn-dominated massive sulphide composites, the
mineralogical composition of the feed was back calculated from
the products and the distribution (recovery) of minerals and parti-
cles with different liberation classes were calculated with HSC
Chemistry using a particle tracking technique (Lamberg and
Vianna, 2007). Minerals identified by MLA (EDX) measurement
were grouped to reduce the complexity in modal mineralogy.
Subsequently, particles were binned i.e. they were assigned to par-
ticle classes (binary, ternary and complex particles) and this basic
grouping was adjusted so that mass-balancing was possible by
reaching a sufficient number of particles in each liberation class

for each size fraction and stream. Finally, particle bins were
mass-balanced over the flotation circuit.

3. Results

3.1. Chemistry and mineralogy of the composite samples

The chemical composition of the composite samples is given in
Fig. 3a. The modal mineralogy of the two composites (feed samples
S-7576 and S-7577) is presented in Fig. 3b. The mineralogy of the
composite samples is largely in agreement with the results from
the optical microscopic observations and qualitative SEM studies
on epoxy grain mounts prepared from crushed drill core samples.

The main sulphide minerals are pyrite (FeS2) and sphalerite
(ZnS), followed by pyrrhotite (Fe1�xS), with minor amounts of chal-
copyrite (CuFeS2) and galena (PbS) in both composites (Fig. 3b).
Non-sulphide gangue (NSG) is generally dominated by silicate
minerals and thus will be referred to as silicates. In the feed of both
composite samples, quartz is dominating the NSG group, with
minor amounts of plagioclase, muscovite, carbonate, amphibole
and chlorite group minerals. In contrast to Sb as a penalty element,
the mineralogy of arsenic (As) is rather simple: Arsenopyrite is the
main As-bearing mineral and hosts about 99–100 wt% of the
arsenic (As) in the composite samples. The arsenic content of tetra-
hedrite is low, generally below 1 wt% (Minz, 2013). Tetrahedrite
carries less than 1 wt% of the arsenic in the composite samples.
However, arsenopyrite is a minor mineral in the feed and MLA
measurements showed that its distribution pattern in the process
is similar to pyrite. Thus, it was combined with pyrite. As intended
by selection of drill core samples, the composite samples are dis-
tinctively different in their Sb mineralogy. Composite S-7576 is
dominated by tetrahedrite and composite S-7577 is dominated
by meneghinite, in both cases followed by gudmundite (Fig. 3b).

The cumulative mineral grain size distribution of the main sul-
phide minerals (pyrite and sphalerite) is shown in comparison to
the Sb minerals in the composite (Fig. 4a and b). The Sb mineral
grains are relatively small compared to pyrite and sphalerite in
the flotation feed. Moreover, gudmundite has a large portion of fine
mineral grains, especially in the composite from the lower part of
the Rockliden deposit (Fig. 4b). Graphic c and d of Fig. 4 shows the
cumulative mineral liberation yield in weight present. The Sb
minerals are poorly liberated compared to the main sulphide
minerals, pyrite and sphalerite. Also, chalcopyrite and galena show
relatively poor liberation, particularly in the composite from the
lower deposit part (Fig. 3d).

The mode of occurrence of the two most abundant Sb minerals
found in the ground feed is given in Fig. 3c. A significant portion
(5–10 wt%) of gudmundite is locked with chalcopyrite and galena
in binary particles in the feed samples. This is noteworthy as it
might cause gudmundite to report to the Cu–Pb cleaner concen-
trate and lowering the concentrate quality. Further, the association
of tetrahedrite and meneghinite with sphalerite, pyrite and sili-
cates is considered since such particle types potentially subtract
tetrahedrite and meneghinite from the Cu–Pb cleaner concentrate.
Although pyrite and silicates are major mineral classes in both
composite samples, the amount of tetrahedrite and meneghinite
locked with pyrite and silicates is relatively low and the potential
of reporting Sb in tailings through such types of locking thus ought
to be low.

3.2. Flotation test

The mineral grades and recovery by size into the main flotation
products are given in Table 3. In both flotation tests chalcopyrite

Table 2
Summary of measurement parameters at the Mineral Liberation Analyzer (MLA).

SEM parameters MLA parameters

Sample batches >20 lm <20 lm

Mode GXMAP Scan speed 16 16
Voltage (kV) 25 Resolution in

pixels (px)
1000 � 1000 1000 � 1000

Working
distance
(mm)

12 Pixel size (lm/
px)

0.75 0.75

Probe current
(nA)

10 Acquisition time
(ms)

6 6

Spot size 5.88 Minimum
quartz EDX-
count

2000 2000

Horizontal field
width (lm)

750 Step size (px) 6 � 6 6 � 6

Brightness 83.5 GXMAP trigger 25 25
Contrast 25.9 Minimum

particle size (px)
10 4

BSE calibration Au 252 Minimum grain
size (px)

4 4

Particle count >45,000 >190,000
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and sphalerite show relatively low recoveries into the Cu–Pb and
Zn cleaner concentrates, 63–77% and 47–60%, respectively.

The recovery of fully liberated chalcopyrite is high, 96–100%
(Table 4), indicating that flotation selectivity was very good for
chalcopyrite. Similarly, galena and Pb–Cu–Sb minerals (tetra-
hedrite, bournonite and meneghinite) show high recoveries into
the Cu–Pb cleaner concentrate, 94–98% for galena, 96% for tetra-
hedrite and 98% for meneghinite (Table 4). Gudmundite shows in
both flotation tests quite similar distribution: about half of the lib-
erated gudmundite reported to the final tailing, 13% to the Cu–Pb
cleaner concentrate, 5–9% to the Zn cleaner concentrate and
remaining gudmundite to the Cu–Pb and Zn cleaner tailings.
Differing from chalcopyrite, sphalerite shows lower selectivity in
flotation. The recovery of fully liberated sphalerite into the Zn clea-
ner concentrate is 58–67%. A significant amount (15–18%) of liber-
ated sphalerite reports to the Cu–Pb cleaner concentrate. The low
recovery of liberated sphalerite is discussed in the following
section.

The relative amount of liberated gudmundite reporting to the
Cu–Pb cleaner concentrate was found to be much higher compared
to the amount of liberated silicates (Table 4). The distribution of
liberated gudmundite resembles that of pyrite, particularly in
flotation products of S-7576. An enrichment of liberated gud-
mundite, pyrite or silicates cannot be observed in the finest frac-
tion of the Cu–Pb cleaner concentrate of the two composites.

Thus, entrainment effects are unlikely to cause observed behaviour
of gudmundite, and most likely gudmundite shows slight
hydrophobicity in the Cu–Pb flotation. Trace amounts of liberated
meneghinite are noted in the Zn cleaner concentrate, especially
in the finest (and partly in the coarse) particle size fraction. This
might be due to poorer flotation behaviour of very small mineral
grains.

Fig. 5 shows the mode of occurrence of the main Sb minerals in
the different flotation products, for tetrahedrite and gudmundite
from the upper part of the Rockliden deposit and for meneghinite
and gudmundite from the lower part of the deposit. Although
tetrahedrite and meneghinite report largely to the Cu–Pb cleaner
concentrate, a small amount of these Sb minerals is found in the
Zn cleaner concentrate and in the tailings (Table 3). In the latter
cases they are found associated with sphalerite, pyrite and silicate
minerals. About 30% of gudmundite reports to the Cu–Pb cleaner
concentrate (Table 3), which is high compared to the liberated gud-
mundite of which less than 15% report to the Cu–Pb cleaner con-
centrate (Table 4). In this case the association with chalcopyrite
or galena apparently have an impact on the distribution of gud-
mundite (Fig. 5).

As for the distribution of liberated Sb mineral particles (Fig. 6a),
the distribution of Sb minerals grains, locked in binary particles, is
systematic (Fig. 6b). Locking with base-metal minerals is relevant
to the distribution of gudmundite. Fig. 6b shows that the binaries

Fig. 2. Parity chart for Zn, Fe and Sb assays. Assays, back-calculated from MLA modal composition of the products, are shown on the x-axis and chemical results obtained by
ICP-AES analysis on the y-axis. Sb assays (graphic b and d) show error bars for results from MLA measurements a RSD of 2% and for ICP-AES analysis a RSD for 5% for assays
<1 wt% and a RSD of 10% for assays >1 wt%.
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gudmundite–chalcopyrite of the composite sample S-7576 and the
binaries gudmundite–galena from composite sample S-7577
mostly report to the Cu–Pb cleaner concentrate (i.e. to about
75%). It should be noted that the chalcopyrite content is higher
in the feed of composite sample S-7576 than in S-7577 (Fig. 3b).
Thus, it is reasonable that the higher amount of chalcopyrite in
the feed of S-7576 will in turn also increase the possibility of lock-
ing of gudmundite with chalcopyrite. Binary tetrahedrite–pyrite
and meneghinite–silicate particles are found in relatively low
amounts in the feed (Figs. 3c and 6b). The binaries with sphalerite
report largely to the Cu–Pb cleaner concentrate (85 wt%,
Fig. 6XXb).

4. Discussion

As expected, almost all liberated main sulphide minerals report
selectively to the respective flotation products. Sphalerite is a nota-
ble exception. The relative large amount of liberated sphalerite in
the Cu–Pb cleaner concentrate may be related to activation of
sphalerite during Cu–Pb flotation (cf. Lastra, 2007; Chandra and
Gerson, 2009). It could also be due to stereological effects; parti-
cles, which look like fully liberated sphalerite in 2D sections, may
indeed still be intergrown with other minerals. It is known that
without stereological correction the liberation of minerals is over-
estimated (e.g. Spencer and Sutherland, 2000) and preliminary

Fig. 3. Chemical and mineralogical characteristics of the feed back-calculated from MLA data: (a) Chemical composition of composite drill core samples. The mineralogical
distribution of Sb between the Sb minerals (tetrahedrite, bournonite, meneghinite & gudmundite) is derived from modal mineralogy and the Sb content of the corresponding
Sb minerals (Minz et al., 2013). (b) Modal mineralogy and Sb mineralogy of the flotation feed calculated from MLA results of the flotation products. (c) Mode of occurrence of
Sb minerals in the flotation feed (S-7576 and S-7577) and distribution of particle types in different size fractions (%); for liberated Sb minerals the relative standard deviation
is given in brackets. Abbreviations: B Ccp – binary with chalcopyrite, B Gn – binary with galena, Lib – fully liberated, MC – more complex particles, NSG – binary with non-
sulphide gangue (silicates), B Sp – binary with sphalerite, B⁄ – other binaries (with pyrrhotite and remaining Sb minerals), Bour – bournonite, Ccp – chalcopyrite, Gd –
gudmundite, Gn – galena, Mene – meneghinite (with boulangerite), NSG – non-sulphide gangue (for explanation see text), Po – pyrrhotite, Py – pyrite (with arsenopyrite), Sp
– sphalerite, Ttr – tetrahedrite.
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results on the particle behaviour have shown that sphalerite-domi-
nated particles with small amounts of Cu–Pb bearing minerals will
report to the Cu–Pb cleaner concentrate. However, stereological
correction was not applied because the multiphase system of
Rockliden is complex compared to the two-phase-systems for
which stereological corrections have been developed (e.g. King
and Schneider, 1998). Stereology is, however, not likely the main
reason since pyrite, the other main sulphide mineral, does show
much lower recoveries into the Cu–Pb cleaner concentrate
(Table 4).

Generally, the main Sb minerals, tetrahedrite (of composite S-
7576, upper part of the Rockliden deposit) and meneghinite (of

composite S-7577, lower part of the Rockliden deposit) report
mostly to the Cu–Pb cleaner concentrate, as expected (Lager and
Forssberg, 1990). Liberated tetrahedrite and meneghinite report
almost exclusively to the Cu–Pb cleaner concentrates. The amount
of liberated gudmundite reported to the Cu–Pb cleaner concentrate
is relatively high compared to the study by Lager and Forssberg
(1990), who found only about 5% of this mineral in Zn and Cu–Pb
cleaner concentrates. In this study, about 10% of pyrite and gud-
mundite report to the Cu–Pb cleaner concentrate. This cannot be
related to entrainment effects, as no distinct enrichment in the fin-
est fraction of the Cu–Pb cleaner concentrate was noticed for the
distribution of liberated gudmundite in this study (cf. Kursun,

Fig. 4. Mineral grain size distribution in the bulk feed, back-calculated fromMLA measurements: (a) S-7576, (b) S-7577. Mineral liberation by weight for the feed: (c) S-7576,
(d) S-7577. Abbreviations: Ccp – chalcopyrite, Gd – gudmundite, Gn – galena, Mene – meneghinite, Py – pyrite (with arsenopyrite), Sp – sphalerite, Ttr – tetrahedrite.

Table 3
Distribution (recovery) of minerals into different flotation products, for composite S-7576 and S-7577. Mineral abbreviations: Ccp – chalcopyrite, Gd – gudmundite, Gn – galena,
Mene – meneghinite (with boulangerite), Py – pyrite (with arsenopyrite), NSG – non-sulphide gangue (silicates), Sp – sphalerite, Ttr – tetrahedrite. Cleaner tailings are not shown.
For abbreviation of product names see Fig. 1.

Composite S-7576 S-7577

Mineral NSG (%) Py (%) Ccp (%) Gn (%) Sp (%) Ttr (%) Gd (%) NSG (%) Py (%) Ccp (%) Gn (%) Sp (%) Mene (%) Gd (%)

Cu CC bulk 5.1 10.9 77.6 85.3 27.7 96.2 28.5 5.2 7.8 63.1 86.2 20.3 94.6 28.3
Cu CC �20 lm 1.7 1.7 37.3 54.8 10.1 44.9 9.4 2.1 2.0 37.1 58.6 11.2 58.3 12.7
Cu CC +20 lm 1.1 2.4 21.4 16.2 8.0 27.3 8.0 1.2 1.6 12.3 11.5 4.4 14.7 5.5
Cu CC +45 lm 2.2 6.8 18.8 14.3 9.6 23.9 11.1 1.8 4.2 13.7 16.1 4.7 21.6 10.1

Zn CC bulk 2.8 6.1 1.3 2.6 46.8 0.4 8.5 4.5 4.3 7.8 4.1 59.7 1.1 6.8
Zn CC �20 lm 0.4 0.7 0.4 0.4 21.8 0.1 4.5 0.5 0.8 2.0 0.7 25.2 0.4 3.1
Zn CC +20 lm 0.6 1.1 0.3 0.5 12.1 0.1 1.8 0.8 0.9 0.7 0.6 12.2 0.2 1.2
Zn CC +45 lm 1.8 4.4 0.6 1.7 12.9 0.2 2.2 3.2 2.7 5.1 2.7 22.3 0.6 2.4

Tailing bulk 83.6 66.8 8.2 1.9 1.0 0.2 32.7 81.6 71.5 16.4 2.9 3.4 1.4 35.4
Tailing �20 lm 27.5 21.3 4.7 0.2 0.6 0.1 22.0 22.2 23.5 7.7 0.3 1.9 0.4 23.2
Tailing +20 lm 18.7 12.3 0.9 0.3 0.1 0.0 4.7 8.6 13.9 2.9 0.3 0.2 0.1 6.6
Tailing +45 lm 37.3 33.2 2.6 1.4 0.3 0.1 6.0 50.8 34.1 5.8 2.2 1.3 0.9 5.6
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2014; Trahar and Warren 1976; Welsby et al., 2010). Liberated
gudmundite shows behaviour similar to the behaviour of liberated
pyrite. This might be related to similarities in their mineral chem-
istry. It is assumed that some of the liberated gudmundite and pyr-
ite reported to the Cu–Pb cleaner concentrate could have been
removed by the use of additional cleaning stages. Further, Lager

and Forssberg (1990) noticed that the floating of gudmundite in
the lime environment (Zn flotation) is slower than in the soda
environment (Cu–Pb flotation). This seems to be supported by
the findings of this study, where 4.5–9% liberated gudmundite
report to the Zn cleaner concentrate whereas 13% report to the
Cu–Pb cleaner concentrate (Table 4).

Table 4
Distribution (recovery) of fully liberated particles – particles consisting of only one mineral – into different flotation products, for composite S-7576 and S-7577. A standard
deviation (STD) is given for recoveries of minerals in the bulk of each product; the STD was based on the relative standard deviation = 100/(NOP)0.5 (NOP – number of particles of a
specific particle type in a flotation feed and product) and estimated by using bootstrap Monte Carlo simulation. Mineral abbreviations: Ccp – chalcopyrite, Gd – gudmundite, Gn –
galena, Mene – meneghinite (with boulangerite), Py – pyrite (with arsenopyrite), NSG – non-sulphide gangue (silicates), Sp – sphalerite, Ttr – tetrahedrite. Cleaner tails are not
shown. For abbreviation of product names see Fig. 1.

Composite S-7576 S-7577

Mineral NSG (%) Py (%) Ccp (%) Gn (%) Sp (%) Ttr (%) Gd (%) NSG (%) Py (%) Ccp (%) Gn (%) Sp (%) Mene (%) Gd (%)

Cu CC bulk 2.2 13.3 96.0 93.7 17.5 96.2 13.2 2.8 5.9 99.7 97.5 14.7 97.8 12.8
Cu CC – STD 0.0 0.0 0.2 0.3 0.0 1.5 2.2 0.0 0.0 1.9 0.4 0.0 2.3 2.5
Cu CC �20 lm 0.9 4.0 57.5 71.6 8.1 55.5 8.1 1.6 2.9 73.3 83.4 9.9 77.4 9.9
Cu CC +20 lm 0.5 3.7 26.1 15.6 5.2 27.5 3.3 0.7 1.5 17.9 8.7 3.1 11.9 1.7
Cu CC +45 lm 0.8 5.6 12.4 6.4 4.1 13.2 1.8 0.5 1.5 8.5 5.4 1.8 8.5 1.2

Zn CC bulk 1.3 3.4 0.0 0.4 58.1 0.2 9.2 1.4 0.9 0.0 0.6 66.9 0.6 4.5
Zn CC – STD 0.0 0.0 0.7 0.3 0.0 3.1 1.7 0.0 0.0 4.6 0.5 0.0 3.7 5.3
Zn CC �20 lm 0.3 1.0 0.0 0.2 29.2 0.2 6.3 0.3 0.4 0.0 0.4 31.9 0.5 3.5
Zn CC +20 lm 0.3 0.6 0.0 0.1 15.5 0.0 1.7 0.4 0.4 0.0 0.1 14.3 0.0 0.6
Zn CC +45 lm 0.7 1.9 0.0 0.1 13.4 0.0 1.1 0.8 0.1 0.0 0.1 20.7 0.1 0.4

Tailing bulk 90.4 60.1 0.0 0.1 0.7 0.0 46.3 89.0 81.2 0.2 0.2 2.4 0.3 52.1
Tailing – STD 0.0 0.0 3.8 2.8 0.1 29.0 6.4 0.0 0.0 12.9 3.2 0.0 19.7 11.3
Tailing �20 lm 30.8 34.8 0.0 0.1 0.6 0.0 34.9 28.5 48.6 0.1 0.1 2.0 0.2 40.3
Tailing +20 lm 21.6 15.8 0.0 0.0 0.0 0.0 7.4 10.3 12.7 0.0 0.0 0.1 0.0 9.5
Tailing +45 lm 37.9 9.5 0.0 0.0 0.0 0.0 4.0 50.2 19.9 0.1 0.1 0.3 0.1 2.3

Fig. 5. Mode of occurrence of Sb minerals in different products of the two composites compared with the feed samples (S-7576 and S-7577, cf. Fig. 3c). Abbreviations: B Ccp –
binary with chalcopyrite, B Gn – binary with galena, B NSG – binary with non-sulphide gangue (silicates), B Py – binary with pyrite (with arsenopyrite), B Sp – binary with
sphalerite, Gd – gudmundite, Mene – meneghinite (with boulangerite), Ttr – tetrahedrite, LR – lower deposit part (composite S-7576), UR – upper deposit part (S-7577). For
abbreviation of product names see Fig. 1.
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The amount of tetrahedrite and meneghinite locked with spha-
lerite was found to be negligible in the Zn cleaner concentrate, but
relatively high in the Cu–Pb cleaner concentrate (Fig. 6b). Initial
studies on particle behaviour have shown that even small amounts
of Cu- and Pb-bearing minerals, such as tetrahedrite and menegh-
inite, locked with sphalerite are likely to cause reporting of such
particles into the Cu–Pb cleaner concentrate. Locking of gud-
mundite with chalcopyrite as well as with galena will cause report-
ing of gudmundite into the Cu–Pb cleaner concentrate. The types of
locking of gudmundite – i.e. dominance of chalcopyrite or galena –
might be related back to the differences in the chalcopyrite and
galena content of the feed sample. Moreover, it is known that gud-
mundite can form very fine intergrowths with chalcopyrite, pyr-
rhotite and galena (Minz et al., 2013), and such fine intergrowths
are found typically in the Cu–Pb cleaner concentrate of composite
S-7577. These intergrowths are too fine (<1 lm) to be correctly
resolved in the processed MLA data. However, textural differences
in the association of gudmundite of S-7576 and S-7577 are sus-
pected to have no or little effect (Fig. 6b).

Misplacement of Sb minerals into valuable flotation products,
due to locking with base metal sulphide minerals, might not be
adjustable during flotation. Finer grinding could be considered,
but this has cost implications and overgrinding might even have
negative effects on the flotation of the main base metal sulphide
minerals (Trahar, 1981; Trahar and Warren, 1976). However, it is
expected that all main Sb minerals from Rockliden can be removed
from the Cu–Pb concentrate by alkaline sulphide leaching before
the product is sent to the smelter (Awe, 2013; Minz, 2013 and
references therein). Thus, a forecast of the Sb grade of the Cu–Pb
concentrate might help to evaluate an alternative treatment of
the Cu–Pb concentrate.

So far, research was conducted only on selected Sb-rich Zn-
dominated massive sulphide samples from the Rockliden deposit
subjected to a simplified flotation test. These samples represent
two massive sulphide types outlined in qualitative studies on the
Sb mineralogy of the Rockliden mineralisation (Minz et al., 2013).
Additionally, Sb-rich ore types were described by qualitative ore
characterisation of Rockliden (Minz et al., 2014). Testing of

Fig. 6. (a) Distribution (%) of liberated Sb minerals into different flotation products and the percentage of liberated Sb minerals in the feed (wt%); in comparison with (b) the
distribution (%) of binary locked Sb minerals into different flotation products and the percentage of liberated Sb minerals in the feed (wt%). Abbreviations: Cu CC – Cu–Pb
cleaner concentrate, Cu CT – Cu–Pb cleaner tailing, Zn CC – Zn cleaner concentrate, Zn CT – Zn cleaner tailing, Ccp – chalcopyrite, Gd – gudmundite, Gn – galena, Mene –
meneghinite, NSG –non-sulphide gangue (silicates), Sp – sphalerite, Ttr – tetrahedrite, LR – lower part of the Rockliden ore deposit, UR – upper part of the Rockliden ore
deposit.
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different ore types might allow linking the behaviour of Sb miner-
als in the flotation test with the 3D distribution of ore types in a
geological model. A geological model of the deposit would then
allow to evaluate the impact of Sb-rich ore types on the processing
of the Rockliden mineralisation, but such model has been found
difficult to implement (Minz et al., 2014). Further, ore-intrinsic
parameters, i.e. proxies measuring, for example, the recovery, can-
not be assumed to be additive during blending (e.g. Deutsch, 2013;
Dunham and Vann, 2007). Thus, a simple summation of proxies for
the flotation behaviour of different rock and ore units is not
expected to predict characteristics of a mining block adequately.
Effects of waste rock dilution on massive sulphides, i.e. flotation
test of composite samples, for building a 3D process-adopted
model should be assessed separately.

An earlier laboratory flotation test has been done on composite
samples representing different ore lenses, with similar grade as the
Rockliden resource, and products were studied with EDX on a SEM
(Bolin, 2010). The semi-quantitative character of the results of this
earlier study does not allow for evaluation and comparison of the
distribution of Sb minerals with the herein presented results.
However, it can be assumed that Sb minerals will be equally dis-
tributed even when derived from samples with lower Sb grade.
Similarly, the floatability component method assumes the floata-
bility of particles will be constant as long as the flotation condi-
tions are the same, i.e. no regrinding, no addition of chemicals
etc. (Runge et al., 1997). This assumption would need further
research. Welsby et al. (2010) pointed out that even floatability
component models have been unable to model satisfactory flota-
tion circuits when, e.g. feed grade and particle size distribution
are changed. The reader should be aware that based on these
results of this study no conclusion should be drawn on the varia-
tion of the Sb mineralogy within Rockliden mineralisation nor
should be speculated whether the particle behaviour will be iden-
tical in composite samples representing full-scale mining blocks.

As an alternative to the implementation through ore types, the
implementation of results from this study into a resource model
might be achieved through distribution models of Sb-bearing par-
ticles. Primary results on the distribution of Sb minerals have
shown to be similar between the tested composites. Thus, the
impact of locked Sb minerals reporting to, or rejected from, the
Cu–Pb cleaner concentrate might be evaluated on the basis of par-
ticle behaviour. Using the information obtained on the particle
behaviour, a metallurgical model for the distribution of Sb miner-
als in different associations and liberation classes could be imple-
mented in a resource model. The modelling could be done
following the guidelines given by Lund (2013). However, this
requires firstly providing the modal composition of each block, sec-
ondly information on mineral association and thirdly a model on
liberation distribution of flotation feed with certain particle size
distribution. This is labour and time intensive and therefore the
suitability of proxies should be explored. Semi-quantitative studies
relating the Sb mineralogy of drill core samples with chemical
analysis indicated challenges in using chemical assays to predict
the Sb mineralogy. However, sequential leaching methods could
be developed. Gudmundite is not a sulphosalt whereas the remain-
ing Cu- and Pb-bearing Sb minerals, i.e. tetrahedrite, bournonite
and meneghinite, are sulphosalts with an oxidation state of +3 of
the contained Sb (Moëlo et al., 2008). The difference in the oxida-
tion state of Sb in these two groups, i.e. gudmundite and the
sulphosalts, would allow to consider selective dissolution methods,
e.g. the bromine-methanol method of Penttinen et al. (1977), to
estimate the gudmundite content of a drill core interval. As all
sulphosalts at the Rockliden deposit have shown to have high
recovery to the Cu–Pb cleaner concentrate, generally more than
90%, the Sb grade of this product could then be estimated by mod-
elling the addition of Sb through gudmundite to this product.

5. Conclusions

The behaviour of Sb minerals from the Rockliden massive sul-
phide deposit was critically assessed based on the study of two 
composite samples using a simplified flotation test. Although the 
main mineralogy of both composites was found similar, the Sb 
mineralogy of the two composite samples is different. The flotation 
feed from the upper and lower part of the deposit is dominated by 
tetrahedrite and meneghinite, respectively. Additionally to tetra-
hedrite and meneghinite, significant amounts of gudmundite were 
found in both composites.

Liberated chalcopyrite and galena as well as tetrahedrite and 
meneghinite report selectively in the Cu–Pb concentrate of both 
tested composites. Liberated gudmundite has a poor selectivity 
into the tailings and a weak hydrophobicity both in Cu–Pb and 
Zn flotation. The same is valid for pyrite, but the degree of 
hydrophobicity is lower. About 15% liberated sphalerite reports 
into Cu–Pb cleaner concentrate indicating slight sphalerite activa-
tion in Cu–Pb flotation. Gangue minerals show almost no flotation 
and effect of entrainment is minimal.

When Sb minerals occur locked with other minerals they show 
systematic behaviour controlled by the minerals present and their 
mass proportions in the particle. Locking effects with, for example, 
sphalerite, had negligible effects on the subtraction of tetrahedrite 
and meneghinite from the Cu–Pb cleaner concentrate in the flota-
tion test. However, locking of gudmundite with chalcopyrite and 
galena causes imperfect reporting of up to 10% of gudmundite into 
the Cu–Pb cleaner concentrate.

Although the two tested samples show differences in the Sb 
mineralogy and in the bulk flotation results, initial results show 
that particles with similar size and composition behave in a similar 
way in the used laboratory flotation test. This encourages building 
of a Sb distribution model using systematics in the behaviour of 
particles based on particle properties. Such model should then give 
a possibility to forecast the metallurgical behaviour of the 
mineralogical complex Rockliden ore accurately if the liberation 
distribution of the flotation feed is available. Further, a Sb dis-
tribution model might help to evaluate treatment options, such 
as alkaline sulphide leaching, when the Sb content is predicted to 
lower the quality of the Cu–Pb cleaner concentrate.
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Abstract

The polymetallic Cu–Zn ore of the Rockliden massive sulphide deposit in the Skellefte District 
in north-central Sweden contains a number of deleterious elements in relevant concentrations. Of 
particular concern is the amount of antinomy (Sb) reporting to the Cu–Pb concentrate. The aim 
of this study is to compare different model options to simulate the distribution of Sb minerals in a 

selected from two composites. The following different simulation levels were run (sorted from least to 
highest level of detail of their mineralogical information): chemical assays, unsized bulk mineralogy, 
sized bulk mineralogy and particle information. For the latter, k values were modelled from recovery 
of liberated particles. It was shown that recoveries simulated based on bulk mineralogy are mostly 

high deviation in the simulation using particle information from the original recovery has been partly 
attributed to the fact that recovery of non-liberated particles cannot be modelled appropriately in the 

full particle information in simulation will improve the Sb distribution model for the mineralogically 
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1. Introduction

An important aim in geometallurgy is to forecast 
the concentrate grades and recoveries of target 
minerals in processing products based on the 
information available for the ore. This might be 
done through quantifying relevant parameters 
or indicators in the ore (e.g. Chauhan et al. 
2013). Several studies have been conducted 
demonstrating the impact of ore characteristics 
on the processing of base metal and precious 
metal ore (e.g. Bojcevski, 2004; Cropp et al., 
2013; Dzvinamurungu et al., 2013; Lastra, 
2007; Petruk and Hughson, 1977). Laboratory 

ore types or geometallurgical units within an ore 
body (Brough et al., 2010; Chauhan et al., 2013; 
Lotter et al., 2003; Lotter et al., 2011; Suazo et 
al., 2010). Suazo et al. (2010) developed unit 

of geometallurgical units. They used these 
parameters and the particle size distribution to 
predict the recoveries for each unit and then 

approach was successfully applied in the case 
study of a porphyry copper deposit (Suazo et 
al., 2010). A different approach was suggested 
by Bulled and McInnes (2005), who aimed 
to measure the pulp kinetics for each of the 

applied for a whole mine block model (Bulled 
and McInnes, 2005). For such an approach to 
be successful, the particle size distribution and 
liberation distribution should not change within 

and the ore type is admissible. 

Niemi, 1995; Runge et al.
rate equation for the mineral recovery in a plug 

written as:
          (1)    R = mi . (1 – e(-ki . t))

with: R – recovery, ki – kinetic constant or rate of 
i – mass fraction 

of component i, t – discrete time in a batch cell 
(Runge et al. 1997; Welsby, Vianna, Franzidis 
2010).

  (2)   k = kc . Rf = P . Sb . Rf  

with: k – overall rate constant (s-1), kc – collection 
zone rate constant (s-1

(dimensionless); Sb  
(s-1), Rf – froth recovery factor (e.g. Gorain et 
al., 1998).

Several input factors must thus be considered 

process. These factors can be distinguished 
in two main groups: characteristics of a cell 

Eq. (2), and cell operating conditions (Ralston 
et al., 2007; Runge et al., 2003). The latter is 
represented by Sb*Rf in Eq. (2) and comprises 

f), 
b), which 

include parameters such as entrainment, bubble 

velocity and turbulent energy dissipation (e.g. 
Ralston et al., 2007). The bubble surface area 

stream parameters, such as particle size (Gorain 
et al., 1999). Feed characteristics (P), on the 
other hand, include particle size distribution, 
degree of liberation or mineralogical (surface) 
composition of particles, degree of surface 

shape and degree of aggregation of the particles 
in the system (Niemi, 1995; Runge et al., 2003; 
Welsby et al., 2010 and reference therein). 

As the feed characteristics (P) cannot be assumed 
to be constant, but instead will vary in relation to 

et al., 
2003). The classes include particles of variable 
size and composition. If the data is recorded 
only on unsized basis, the underlying physical 
properties cannot be directly related to fast, slow 

regrinding in the circuit, and it faces challenges 
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when feed parameters, such as head grade and 
particle size distribution, change (Runge et al., 
1997; Welsby et al., 2010). Welsby et al. (2010) 
showed that a narrow particle size fraction and 
liberation interval of the valuable mineral could 

Ideally, it means that physical particle parameters 

Thus, if the relevant physical parameters of the 

this would allow a connection of the variability 

grades and recoveries (cf. Lamberg, 2011).

In this study, the particle composition and size 
were selected as physical parameters relevant 

was used. The assumption behind this is that 

by different components (fast, slow and non-

degree of liberation for narrow size fractions. 

recovery of minerals, on unsized and sized basis, 

classes in narrow particle size fractions. In the 

pure liberated particle in a narrow size range is 
virtually constant in different ore types at similar 

et al., 2000). 

The mineralogical information used in this 

the polymetallic Cu–Zn massive sulphide 
Rockliden deposit. Antimony (Sb) is a minor 
to trace element in the Rockliden ore, which 
potentially lowers the quality of the Cu–
Pb concentrate since it is a penalty element 
at Cu smelters (Larouche, 2001). The Sb 

comprising tetrahedrite (Cu12Sb4S13), bournonite 
(PbCuSbS3), meneghinite (Pb13CuSb7S24) and 
gudmundite (FeSbS) as the main Sb carriers 
(Minz et al., 2013). Four mineralogically 
distinct composite samples were subjected to 

presented in previous contributions (Minz et al., 
2015a; Minz et al., 2015b). The main focus of the 
present study is to formulate a model, which can 
forecast the Sb recovery and grade of the Cu–
Pb concentrate, based on the distribution of Sb 

study should also show whether the prediction 
of Sb recovery and grade is more precise when 

analysis providing particle information (mineral 
liberation level) than by using bulk mineralogy 
(sized and unsized). For comparison with 

modelled based on chemical composition.

2. Methods

2.1. 

This study is based on the results from laboratory 

representing four Sb-rich mineralisation 
types of the Rockliden deposit three massive 
sulphide samples (two Zn-dominated and 

Detailed descriptions of the sampling, analytical 

reported in Minz et al. (2015; 2015). Only a 
summary is provided here. The samples were 
ground in a laboratory rod mill to a P80 of about 

the percentage of solids used was 46 to 49 wt% 

removed with a scraper at constant pace and depth 

minutes and 3.5 minutes for the cleaner stages 
(Fig. 1). Samples were dried, weighted, and 
sieved into three size fractions, and polished 

were prepared. It should be noted that the test 
for the composites was not repeated and hence 

(cf. Chauhan et al., 2013).  

A mineral liberation analyser (MLA) at 
the Geometallurgy Laboratory, Technische 
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was used to study the mineralogical composite 

by GXMAP analysis (Fandrich et al., 2007). 
Results were treated by a particle tracking 
technique (Lamberg and Vianna, 2007). Before 
balancing of particles in narrow size fractions, 

in mineralogy given in MLA measurements for 
the Rockliden case. A total of 10 mineral groups 

Sb minerals, base-metal sulphides, Fe sulphides 
and non-sulphide gangue minerals. The main Sb 
minerals were kept separately as they show a 

et 
al., 2015). The grouped MLA data was binned, 
i.e. particle classes based on their composition 

further adjusted by advanced binning, so that 
mass-balancing was possible by reaching a 

group of each product (Lamberg and Vianna, 
2007). The processed MLA results will be 

As an alternative approach, a bulk mineralogy 
was computed from chemical assays provided 

and S assays were converted into chalcopyrite, 
sphalerite, galena, bournonite, quartz, 
arsenopyrite, pyrite and quartz in the Geo module 
of the HSC Chemistry software (cf. Roine, 

2009) and then used similar to MLA-based bulk 
mineralogy in the modelling of k-values and 
simulation of grades and recoveries of the four 
composites. It should be noted, however, that 
the bulk mineralogy calculated from chemical 
assays does not allow the distinction of different 
Sb minerals.

2.2. Modelling 

All modelling described in this manuscript 
is empirical, i.e. it is based on the results of 

(-20 μm, +20 to -45 μm, +45 μm). The models 
of this study are developed for assay-based bulk 
mineralogy (grades and recoveries of minerals 
derived from element to mineral conversion, 
SL0), bulk mineralogy (mineral grade and 
recoveries derived from MLA data, on unsized 
and sized basis, SL1 and SL2, respectively) and 
for fully liberated particles (derived from mass 
balancing of MLA data, SL3) (cf. Table 1). 

liberated particles of each size fraction (SL3), 

Fig. 1.
concentrate, Cu CT – Cu–Pb cleaner tailing, Zn CC – Zn cleaner concentrate, Zn CT – Zn cleaner tailing, Zn RT – Zn 

the symbols of the rougher and cleaner stages.

Cu CC

Cu CT Zn CT

Zn CC

Zn RT
5 flotation products for each

composite sample

Cu-Pb rougher Zn rougherground 
composite 

(ca. 2 kg 
feed material)

1.5 g/kg Zn-sulphate
1 g/kg soda ash
K-amyl-xanthate 
Dowfroth 250

slaked lime (pH ca. 12)
0.3 g/kg Cu-sulphate
Na-isobuthyl-xanthate
Dowfroth 250

epoxy mounts for 
MLA measurements

sieving into 3 size fractions
(-20 μm, -45 μm, + 45 μm)

Cu-Pb cleaner Zn cleaner

5.5 min 5.5 min

3.5 min 3.5 min

particle tracking
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modelled recoveries. The modelled recoveries 
were calculated based on Eq. (1), applying the 

2.3. Simulation and model validation 

composite samples, the cell operating conditions 
were kept constant. The cell parameters were not 
considered in modelling, i.e. the bubble surface 

b) and froth recovery were set to the 
value of “1” in the simulations leading to k = P 
in Eq. 2.

as Zn-dominated massive sulphide ore, cf. 

values were used in HSC Chemistry Sim 7.1 
modelling and simulation software to forecast 

products (Roine, 2009). As described above, 

not distinguished; instead one component was 

narrow size classes. Accordingly to the depth 
of information on which the k values have 
been modelled, different detail of mineralogical 
information was used to describe the feed in the 
simulation of the four composites (Table 1).

Abzalov, 2008) has been used to estimate the errors 
between the Sb grade and recovery given by the 
simulated data (ai i) for 
the pairs (a and b) of the rougher and cleaner 

      ACV = 100 . [2 / N . i=1
N{(ai – bi)

2 / 
      (ai + bi)

2}](1/2)

It should be noted that the ACV values were 
developed originally for assay data in ore 
geology applications and not for recoveries 
(Abzalov, 2008). 

3. Results

3.1. Mineralogical characterisation of test 
material and distribution of Sb 

Table 2 gives an overview of the bulk 
mineralogy of the four composites as derived 
from MLA measurements. It shows that the feed 
is dominated by sulphide minerals including 
pyrite, sphalerite and chalcopyrite for all tested 

composite is different as it is dominated by non-
sulphide gangue, mostly comprising amphiboles, 
phyllosilicates, feldspar minerals and quartz. 
More details on the mineralogical characteristics 
are found in Minz et al. (2015a; 2015a).

Table 3 shows the deportment of antimony 
(Sb) between the Sb minerals and the degree of 
liberation in the feed samples. The data in Table 

in the mineralogy between the feed samples. 
Systematic correlation between head grades 
of Sb minerals (Table 2) and their degree of 
liberation (Table 3) is not apparent. However, it 
might be noted that at low grades (< 0.15 wt%) 
the degree of liberation of Sb minerals is highly 
variable, ranging between 18 and 48 %; with 
increasing grade (> 0.15 wt%) the degree of 
liberation of Sb minerals narrows to a range of 
35 to 45 %.

Depth of information 
for feed to simulation 
and k values selected 

Zn

Bulk mineralogy 
computed from 
chemical assays, 
unsized

Bulk mineralogy 
derived from 
MLA data, 
unsized

Bulk mineralogy 
derived from 
MLA data, sized

Liberated 
particles, 
sized

Simulation option SL0 SL1 SL2 SL3

Table 1.  
massive sulphide from the upper part of the Rockliden deposit, LR-Zn – Zn-dominated massive sulphide from the 
lower part of the Rockliden deposit.
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Table 4 summarises the distribution of the Sb 

both for bulk minerals and for liberated particles. 

differences in their distribution. The distribution 
of liberated Sb minerals is more pronounced 
than the distribution of bulk minerals. Liberated 
particles of Cu- and Pb-bearing Sb sulphosalts 
(tetrahedrite, bournonite and meneghinite) 

are recovered mostly into the Cu–Pb cleaner 
concentrate (recoveries > 85 %) if head grades 
of the Cu- and Pb-bearing Sb sulphosalts 
are higher than 0.15 wt% (compare Table 2 
and 4). Gudmundite reports largely to the 
tailings (Table 4). The difference in distribution 
between bulk and liberated gudmundite are 
attributed to effects of locking, in particular 
of locking in chalcopyrite-gudmundite and 

(wt%) (wt%)
NSG 

(wt%)
Po 

(wt%) (wt%)
Gn 

(wt%)
Ttr 

(wt%)
Bour 

(wt%)
Mene 
(wt%)

Gd 
(wt%)

51.9 4.5 8.6 14.1 19.6 0.6 0.40 0.04 0.02 0.24
55.9 14.7 13.4 7.9 4.1 2.5 0.85 0.13 0.05 0.45

LR-Zn 53.6 19.0 13.6 9.1 1.3 2.3 0.01 0.19 0.60 0.35
MD 4.5 0.4 82.6 0.4 2.1 3.6 0.45 1.25 4.58 0.07

Degree of liberation in feed (P80 ca. 50 μm)
Ttr Bour Mene Gd Ttr Bour Mene Gd
43.2 3.4 1.3 52.1 37.6 18.5 34.2 38.2
46.4 5.7 1.8 46.2 43.4 34.1 47.9 44.3

LR-Zn 0.6 12.5 32.1 54.8 29.6 40.9 43.4 36.6
MD 9.6 22.4 64.4 3.7 39.2 43.6 44.0 28.6

Sb% Ttr % Bour % Mene % Gd % Ttr % Bour % Mene % Gd %
CuCC 24.2 82.0 69.9 54.9 14.0 85.9 46.4 72.3 8.3
ZnCC 6.7 0.9 2.3 5.5 10.1 0.4 2.9 3.3 10.4
ZnRT 42.4 0.4 13.7 22.4 36.9 0.3 30.8 11 41.6
CuCC 63.1 96.2 83.0 70.1 28.5 96.2 79.7 78.4 13.2
ZnCC 4.3 0.4 1.2 3.1 8.5 0.2 0.7 0.9 9.2
ZnRT 16.3 0.2 7.8 7.0 32.7 0.0 10.6 3.4 46.3

LR-Zn CuCC 56.8 93.5 87.5 94.6 28.3 95.9 90.0 97.8 12.8
LR-Zn ZnCC 4.3 2.0 1.6 1.1 6.8 2.0 0.5 0.6 4.5
LR-Zn ZnRT 21.1 0.4 5.4 1.4 35.4 0.4 5.2 0.3 52.1
MD CuCC 82.9 66.0 80.6 77.3 13.4 86.6 91.1 87.2 9.6
MD ZnCC 5.8 9.9 7.1 5.9 37.5 1.0 0.5 0.3 3.0
MD ZnRT 1.5 12.4 3.4 3.3 16.5 3.6 2.2 2.2 45.8

Table 2. Mineralogical composition of the studied composites based on MLA measurements. Abbreviations: Bour 
– bournonite, Ccp – chalcopyrite, Gd – gudmundite, Gn – galena, Mene – meneghinite (with boulangerite), NSG – 
non-sulphide gangue (with remaining trace minerals), Po – pyrrhotite, Py – pyrite (with arsenopyrite), Sp – sphalerite, 

-

Table 3. Deportment of Sb between Sb minerals. For abbreviations see Table 2.

Table 4. Distribution of Sb minerals (Gd – gudmundite, Bour – bournonite, Mene – meneghinite, Ttr – tetrahedrite) 
-

are the two main Sb host minerals of each composite.



7

galena-gudmundite binary particles (Minz et al., 
2015a; Minz et al., 2015b). The hypothesis that 
similar particle types (in terms of composition 
and size, e.g. chalcopyrite-gudmundite and 
galena-gudmundite binary particles) show 

composition, location or ore type of the feed – 
was supported by quantitative mineralogical 

et al., 2015a; Minz et al., 2015b).

3.2. 
binaries

calculated for all minerals in the four composites 
according to the simulation options listed 

calculated for liberated particles per size fraction 

the size-recovery curves (SL3 and SL2) and 
unsized values (SL1) are shown for chalcopyrite, 

Fig. 2. Flotation kinetics (k values) for chalcopyrite (Ccp), sphalerite (Sp), non-sulphide gangue (NSG) and Sb miner-

LR-Zn). Grey lines show size-recovery curves for the remaining composites to illustrate the range of k values. 
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sphalerite, non-sulphide gangue and Sb minerals 

well as Cu- and Pb-bearing Sb sulphosalts show 

values of the medium size fraction (20 to 45 μm) 

size-recovery curves (e.g. Trahar, 1981; Trahar 
and Warren, 1976; Fig. 2). It should be noted 
that composite LR-Zn has a low chalcopyrite 
grade. The highest k value of chalcopyrite in the 
smallest size fraction is thus attributed due to 
the fact that in the case of the LR-Zn composite 

into the Cu–Pb cleaner concentrate. 

chalcopyrite in option SL3 are higher than in 
option SL2 (compare size-recovery curves, 

Fig. 2). This is related to the fact that chalcopyrite 
includes liberated and non-liberated particles 
in mineral-by-size modelling and simulation 

pronounced distribution of liberated particles 
into Cu–Pb cleaner concentrate on which the 
k values of option SL3 are based (cf. Table 4). 
Correspondingly, for sphalerite the k values of 
liberated particles are lower than for the bulk 
mineral in size-recovery curves (Fig. 2).

The behaviour of binaries is derived from 

bent shape to the recovery curves (Fig. 3), that a 
small amount of Cu- or Pb-bearing minerals (5 to 
10 wt%) will give high recovery of such binary 
particles into the Cu–Pb cleaner concentrate. 

Fig. 3.

abbreviations see Table 2.
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Chemistry Sim 7.1 uses linear relation for 
recovery curves of binary particles. It is clear 

to be successful non-linearity must be included 
in model option SL3. The implementation of 
a non-linearity model is currently not possible 
by the HSC Chemistry Sim 7.1 modelling and 
simulation software.

3.3. 
simulation

To critically assess the different simulation 
options recovery-grade curves are shown for 
Cu and Sb in the Cu–Pb circuit (Fig. 4). The 

simulation options SL0 to SL2 generate higher 
recoveries for Cu and Sb than actually observed. 
The opposite is true for the simulation options 
SL3. Recovery-curve of option SL3 tend to 

option SL2 to SL0, and in some cases give even 
recovery-grade curves apparently closest to 

the Sb grade-recovery curve for option SL3 of 

curves for simulation based on the sized and 
unsized bulk mineralogy (SL2 and SL1) are 
very similar (Fig. 4). The results obtained for 
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simulation based on unsized bulk mineralogy 
(SL1) deviates only slightly from that based on 
size-by-size bulk mineralogy (SL2, Fig. 4). The 
recovery-grade curves of simulation option SL0 

more variable shapes in comparison to curves of 
simulation option SL1 to SL3. 

binary particle types was implemented in 
simulation using k values for the liberated 
particles from the same composite. The recovery-
grade curves of the tested cases were closer to the 

of simulation option SL3, but did not come to 

research is required to enable incorporation of 
all non-linear behaviour of binary and more 

Pb, and Sb grades and recovery of the Cu–Pb 
cleaner concentrate. In addition ACV values 
are also given in Table 5, comparing grades and 

option (Table 5). The ACV values consider only 

based on bulk mineralogy (SL1 and SL2) give 
similar, in some cases even smaller ACV values 

Zn and LR-Zn, Table 5). It should be noted that 

which k values have been selected for modelling. 
The observation that ACV values, in particular 

composites are partly smaller for model option 
SL1 or SL2 than for SL3 might be attributed to 
the fact that the distribution of binary and more 

with option SL3. The k values based on the 
bulk mineralogy in option SL2 and SL1 might 
compensate the missing modelling of binary and 

ACV values for option SL3 are partly lower for 

option SL2 and SL1. The plain bulk mineralogy 

consideration. The slightly higher precision of 

Table 5. 
in the grade-recovery curves (cf. Fig. 4) is given for the Cu–Pb cleaner concentrates for the respective simulation 
option (SL0 to SL3). ACV -

For abbreviations see Fig. 4.
Distance ACV values for recoveries

  D(Cu) D(Pb) D(Sb) Cu wt% Pb wt% Sb wt% Cu % Pb % Sb %
SL3 6.9 14.9 2.9 15.3 2.9 11.1 2.9 14.2 6.5
SL2 9.4 7.4 9.4 13.3 22.9 28.6 4.6 5.3 11.4
SL1 10.8 7.2 9.2 13.7 24.2 30.2 5.7 5.3 11.6
SL0 8.5 14.1 15.9 14.6 8.3 38.3 3.3 10.3 21.7
SL3 16.5 17.4 17.4 28.6 28.5 22.6 12.1 12.3 18.0
SL2 5.7 7.2 2.8 25.8 26.2 24.8 3.1 0.9 3.1
SL1 5.8 7.4 3.4 26.0 26.5 24.6 3.2 1.1 3.7
SL0 6.4 9.0 4.1 25.7 24.5 18.2 3.6 3.7 7.8
SL3 21.3 25.5 17.7 22.3 26.5 22.8 22.7 17.3 19.3
SL2 12.2 7.6 4.2 28.1 21.5 17.5 17.0 3.1 7.8
SL1 13.1 7.7 4.7 28.8 21.9 17.0 17.6 3.3 8.5
SL0 13.1 8.8 2.4 30.2 22.5 17.5 17.9 3.3 14.8

MD SL3 4.5 14.5 8.1 8.5 16.5 4.2 3.4 6.5 7.1
MD SL2 11.5 32.8 14.6 10.8 21.5 11.0 11.1 21.4 10.7
MD SL1 12.2 33.3 14.8 11.5 21.9 11.2 11.5 21.7 10.8
MD SL0 2.0 27.5 15.0 9.0 23.5 4.8 5.4 15.8 11.3
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MD composites indicates limits in the portability 
(or global usage) of k values used for forecasting 
of Sb recoveries (see subsection 4.2).

4. Discussion

4.1. 

showed that, although the mineralogy of the 
composites is different (cf. Table 2 to 4), the k 
values are similar for liberated particles in all 

MD, Fig. 2). For simulation options SL3 to SL1, 

that the precision is similar for results from 

k values were selected and for simulations using 
feed information from the remaining composites 

using k values derived from distribution of 

different sample is permissible, i.e. mineral-

a deposit. 

However, it should be noted that the mineralogy 
of tested composite samples represents, by 

mineralogy and in the Sb trace mineralogy 
in respect to ore from the Rockliden deposit 
(Minz et al., 2015b; Minz et al., 2014). Holding 

for each composite were equal, e.g. caused by 
different reagent consumptions. It is observed 
that the Cu recovery of liberated chalcopyrite is 
relatively low for the Cu-rich massive sulphide 

degree of chalcopyrite is highest in this sample. 
In order to account for the close relation of 

particles, modelling of micro-kinetics would be 
required (Danoucaras et al., 2013 and references 
therein). Guy and Trahar (1985) have listed 

precipitation, catalytic reactions and solid-solid 

interaction (e.g. slime coating). They pointed out 
that the number of such interactions is largely 
unknown. However, such interactions cannot be 
discerned by the approach taken in this study.

4.2. 
geometallurgical modelling 

According to purpose of sampling different 
tolerance levels were suggested for the 
fundamental error in sampling (sFE) by Pitard 
(1993): sFE FE 

and sFE

ACV values, these thresholds can be used to 
evaluate the applicability of different simulation 
options in the forecasting of grades and recoveries 
by geometallurgical models. The results indicate 
that the model, based on bulk mineralogy of the 

the Sb recoveries at a precision of less than 16% 
(Table 5). Thus, simulation options SL2 and 

stage or a scoping study. The studied simulation 
options (SL0 to SL3) are not recommended to be 

For simulation option SL3, the assumption of non-
linear recovery behaviour for binary particles is 
currently not correctly implemented in modelling 
and simulation with HSC Chemistry Sim 7.1. 
This is a reason for relatively high ACV values 
compared to other simulation options (SL2 to 

based simulation, considering simulation of 

have considerable advantages especially (but 
not only) when trace minerals are concerned. 
This is reasonable under the assumption that at 
decreasing grade and grain size, trace minerals 
might be found more frequently locked in 
particles and consequently less governed by 
the behaviour of fully liberated particles. By 
implementing the correct behaviour of binary 

account the bent shape of recovery curves (cf. 
Fig. 3), models based on particle information 
may be considerably improved (referred to as 
SL4 in Table 6). 
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and simulation using only assays (SL0) would 
result in much poorer forecast of Sb grades 
and recoveries than using simulation options, 
especially since Sb minerals are not discerned 
in option SL0. This was indeed the case for the 

and recovery is higher in option SL0 compared 
to the other options. Based on this observation, 
the plain chemical assays should not be used for 
the simulation of product quality in the case of 

Table 6 compares the advantages and 
disadvantages of different modelling levels for 
the simulation of the behaviour of minerals in 

term portability means that model parameters 
can be derived from one sample or small 
number of samples and can be globally used 
in a large number of samples or ore blocks 
in a geometallurgical model or program, if 
appropriate input information for simulation is 
available, e.g. in form of bulk mineralogy and 

SL3 and SL4 (cf. Lund, 2013).

4.3. 

A complete decoupling of the feed stream 
characteristics and the cell operating conditions 
is not possible (cf. Danoucaras et al., 2013). For 

cell and by controlling the operation conditions 

Table 6. Suggested application of mineralogical information for different simulation options 

Model Advantage Disadvantage studies

SL0
Information of 

assay-derived bulk 
mineralogy needed. 

Portably might be possible, 
but not recommend with 
changes in mineralogy 

(such as it is the case of Sb 
mineralogy).

grade ore material, with 
simple mineralogy (i.e. 
mineral grades can be 

estimated from chemical 
assays), high liberation 

degree and small variation 

Magnetite ore 
(Lund, 2013; 
Parian, 2015).

SL1

Information of bulk 
mineralogy needed, 

no sizing and 
liberation analysis 

needed.

Portability in ore bodies 
showing only variation 

in mineral grades. Leads 
easily to a big number of 

samples to be tested (e.g. in 

low variability in mineral 

mineral association).

This study, SL1 
level.

SL2

Information of bulk 
mineralogy by size 

needed, no liberation 
analysis needed

As for SL1. Portability over 
high variation in mineral 

Requires sizing and thus 
tedious.

low variability and particle 
size distribution is to be 

optimised.

This study, SL2 
level.

SL3

Enables simulation 
of different particle 
sizes and mineral 

Labour-intensive, requires 
liberation analysis and 

classes (arche-types). Needs 
model development.

Ores showing high variation 

grain size and mineral 
association).

This study, SL3 

magnetite ore (Lund 
2013).

SL4

Global k values 
and bending factors 

for modelling 
distribution of 

See disadvantages of SL3. 

of mineral combinations in 
particles.

For simulation of trace 
elements (< 1 wt%), 

poorly liberated particles of 
trace minerals.

Sb minerals 
in Rockliden 

mineralisation.
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carefully. The application of results from one 

purpose for up-scaling) requires studying 

different environments (e.g. laboratory test and 
et al., 2000; Niemi, 

1995). This is beyond the scope of this study. It 
is recommended to conduct research that would 
allow scaling-up the results of this study.

4.4. Alternative model

Statistical modelling, commonly used in 
geometallurgy, could be chosen as an alternative 
approach. By taking this approach, processing 
attributes such as recovery can be estimated 
based on geological data. A statistical approach 
would require a large number of laboratory 
tests to build a model that forecasts grades and 
recoveries as a function of ore properties: e.g. 
CuRec=f(Cu, Sb, S, Zn head grade, etc.) (e.g. 
Bulled and McInnes, 2005). Keeney et al. (2011) 
showed that comminution models based on 
chemical assays results in poorer accuracy than 
those which also use additional information such 
as petrophysical data. Similarly, it is assumed that 
only using drill core assays would give poorer 

products than using additional mineralogical 
or petrographical information. However, other 
than the drill core assays, quantitative data is 
not consistently available in the Rockliden case. 
This means that mineralogical, petrographical 
or petrophysical data and test parameters would 
need to be collected for a large number of samples 
to build a 3D model for simulation of process 
parameters such as comminution indices and 
recoveries, which is more accurate than a model 
based on assays only (e.g. Bulled and McInnes, 
2005). The low number of samples (four) tested 
in the Rockliden case study, does not permit a 
model forecasting the recovery based on sound 
statistics connecting geological and processing 
parameters. Variations in the mineralogy 
within the Rockliden massive sulphide deposit 

Sb mineralogy (Minz et al., 2014). Thus, it is 
not recommended to base a model on a direct 
relation between drill core assays and processing 
parameters since the chemical assays might not 

Moreover, only Sb-rich composite samples were 
collected to study the mineralogical end-members 
of the Rockliden massive sulphide deposit, but 
were not intended to cover the variation in the 
Sb grade at Rockliden and related difference in 
the Sb mineralogy (including differences in bulk 

mining blocks. 

5. Summary and Conclusions 

In this study several modelling and simulation 
options were tested to forecast grades and 
recoveries (of Cu, Pb, Sb, etc.) in the Cu–Pb 
concentrate of the polymetallic Rockliden 
massive sulphide deposit. Simulations were 

kinetic process. Mineralogical information was 

for four composite samples. Four levels of 
simulation were distinguished by the details in 
mineralogical information describing the feed 
used for simulation and by the corresponding 

of k values. The following levels were tested 
in the simulation, from most to least detailed: 
full particle information (option SL3), sized 
bulk mineralogy (option SL2) and unsized bulk 
mineralogy (option SL1), as well as simulation 
based on chemical assays only (option SL0). 
For each mineral a k value was selected from 
two composites. The application of the selected 

and recoveries of the remaining two composites 
indicated the portability or global usability of 

Comparing the recovery-grade curves of the 
simulation results of option SL3 (mineral 
liberation) to SL0 (chemical assays) showed 
that neither simulation option consistently gives 

model options based on bulk mineralogy (SL2 
and SL1) and on chemical assays (SL0) tend 
to overestimate recoveries of Cu and Sb, while 
option SL3 tends to underestimate recoveries. 

data as a basis for simulation of Sb recoveries 
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a mining project. The simulation options (SL2 
and SL1) require less effort for data acquisition, 
processing and building of a model since no 
complete particle analysis is implemented in the 
simulation. 

A large deviation between measured and 
simulated Sb grades and recoveries was noted 
for one composite using simulation option 
SL0 and thus it is not recommended to use 
only assays for the simulation in the case 

samples all had relatively high Sb grades (about 

Sb minerals (Cu- and Pb-bearing Sb sulphosalts) 

the massive sulphide composites. Thus, there 
is no basis on which the results for simulation 

Sb minerals or feed samples with different Sb 
grades for which also a lower degree of liberation 

work should be conducted on this issue.

Generally, it is perceived that with increasing 
depth of information a more precise modelling 

geometallurgy (e.g. Lishchuk et al., 2015). In this 
study it could not be shown that a particle-based 
simulation (SL3) gives consistently better result 
than simulation based on e.g. bulk mineralogy 
(SL2 or SL1). This was partly attributed to the 

particles are not correctly implemented in 
the particle-based simulation option (SL3). 
Continued research on this issue should reveal 
whether the implementation of full particle 

better quality forecasts on grades and recovery 
for implementation in a geometallurgical model 
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