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ABSTRACT 

Zinkgruvan is a Pb-Zn-Ag deposit located in south-central Sweden, owned and operated by Lundin 

Mining. The ore is beneficiated by a collective-selective flotation circuit, recovering both galena and 

sphalerite in a bulk rougher-scavenger flotation stage and later on separating them into two final 

products. Opportunities for increase in zinc recovery in the bulk rougher-scavenger flotation stage 

have been identified as the plant is relying on natural Pb-activation to process the ore. 

Process mineralogical tools were used to characterize four different orebodies from Zinkgruvan 

(Burkland, Borta Bakom, Nygruvan and Sävsjön) and evaluate the metallurgical performance for 

flotation and magnetic separation, following a geometallurgical approach to better understand and 

predict the behavior of such ore types in processing plant. 

The first hypothesis in this thesis is that by addition of copper sulfate and increased collector dosage, 

Zn recovery will be improved without being detrimental to galena flotation. Results demonstrated 

that there is a significant increase in Zn recovery by further increasing collector dosage and copper-

activating the flotation pulp in the scavenger stage. For instance, an increase in zinc recovery up to 

16% has been achieved after addition of copper sulfate. Galena is readily floatable while sphalerite 

takes longer to be recovered. In addition, iron sulfides take longer to be recovered and, after addition 

of copper sulfate, there was an increase in iron sulfide recovery. 

The amount of iron sulfides reporting to the concentrate should still not be a problem to the plant. 

Most of the Fe in the concentrate is still coming from the sphalerite lattice. However, it might be that 

some orebodies coming into production in the near future have higher amounts of pyrrhotite, which 

might be a problem. Therefore, magnetic separation methods have been tested to remove pyrrhotite 

from the bulk ore. The second hypothesis is that the high Fe content in the concentrate might be due 

to the presence of iron sulfides, in which case they could be selectively removed by magnetic 

separation. 

XRD analyses demonstrated that Sävsjön is a highly variable orebody, and that its high Fe content 

varies with the location inside the orebody, being caused by either iron sulfide or iron oxide minerals. 

Both monoclinic and hexagonal pyrrhotite have been observed. Davis Tube could remove monoclinic 

pyrrhotite but it was very inefficient when dealing with hexagonal pyrrhotite. WHIMS, on the other 

hand, performed well for both types of pyrrhotite. When applying Davis Tube on Sävsjön OLD feed, 

a concentrate with up to 52.3% pyrrhotite is achieved, at a recovery of 35.32%. However, sphalerite 

is also reporting to the magnetic concentrate, which would generate Zn losses for the overall process. 

Zinc losses were up to 15.3% when the highest field strength was applied. Therefore, the applicability 

of magnetic separation for Zinkgruvan ore must be further evaluated. 

 

Keywords: Geometallurgy, Zinkgruvan, Zn-Pb flotation, ore variability, mineral chemistry, pyrrhotite, 

magnetic separation 

 

  



ii 

 

ABBREVIATIONS 

 

PSD: Particle size distribution 

LA-ICP-MS: Laser ablation inductively coupled plasma mass spectrometry 

EMC: Element-to-mineral conversion 

XRD: X-ray diffraction 

WHIMS: Wet high intensity magnetic separator (Jones separator) 

Bu: Burkland orebody  

Sä: Sävsjön orebody 

Ny: Nygruvan orebody 

BB: Borta Bakom orebody 
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1. INTRODUCTION 

Zinkgruvan is a Pb-Zn-Ag deposit located in south-central Sweden owned and operated by Lundin 

Mining since 2004. The ore is beneficiated by a bulk rougher-scavenger flotation stage followed by 

a separation stage, first recovering both galena and sphalerite together, and later on separating them 

into two final products, a Zn concentrate and Pb (high Ag) concentrate. 

As the exploration progresses and new orebodies are found, several challenges arise. Zinkgruvan is 

constantly looking for possibilities to expand its operations and increase its life of mine. These new 

orebodies must be accurately characterized so that a feasible processing route can be determined and 

predictive models built. The mineralogical variability in these orebodies has been raising concerns 

over concentrate grade and metal recovery at Zinkgruvan, especially in the bulk rougher-scavenger 

flotation circuit. 

A geometallurgical approach is carried out in this thesis aiming at investigating how the ore variability 

at Zinkgruvan can influence mineral recovery in the process and providing comprehensive resource 

understanding by matching the ore characterization to its performance in the plant. The 

characterization and modelling of processes provide reliable information that are used for 

metallurgical forecasting of the plant performance for the different Zinkgruvan orebodies. 

The idea behind this project originated from previous PREP projects at Luleå University of 

Technology and by direct communication with Zinkgruvan engineers. A possibility of increasing Zn 

recovery by addition of copper sulfate had been identified and likewise a laboratory flotation 

procedure corresponding to the bulk rougher-scavenger circuit at Zinkgruvan. In addition, 

Zinkgruvan has noticed an increase in Fe content in the concentrates and this is assumed to be caused 

by iron sulfides. Even though this is still not an issue for the plant, Zinkgruvan and LTU have come 

together to perform preventive studies on magnetic separation of pyrrhotite by Davis Tube and a wet 

high intensity magnetic separator (WHIMS), in case higher Fe-containing orebodies come into 

production in the near future. 

The first step in solving the problem is performing a proper ore characterization to understand the 

mineralogical variability between different orebodies being exploited or coming into production in 

the upcoming years. From this point, the behavior of similar particles can be analyzed, providing 

qualitative and quantitative information on each flotation stream in terms of size, mineralogical 

association, liberation and mineral chemistry. Particle mass balancing along with predictive models 

for production and concentrate quality, and ultimately a simulation model might be developed. 

Geometallurgy provides predictive information on metallurgical performance based on mineralogical 

variability, providing engineers and management with reliable tools for maximizing resource 

utilization and the economic value of mining projects. 

2. HYPOTHESIS AND OBJECTIVES OF STUDY 

The bulk rougher-scavenger flotation stage at Zinkgruvan needs special attention as this stage is 

decisive in determining the amount of contaminants moving towards the final concentrates and the 

amount of economically interesting minerals lost to the tailings. Some opportunities for improvement 

were identified in terms of Zn recovery and concentrate grade. 
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Therefore, the two hypothesis to be evaluated in this thesis are: 

1. Natural Pb activation is not sufficient to yield maximum Zn recovery for all orebodies and 

stronger Cu activation might decrease sphalerite losses to the tailings; 

2. The high Fe content in the bulk concentrate for some orebodies might be due to the presence 

of iron sulfides that might be selectively removed by magnetic separation; 

Based on these premises, some objectives and experimental work are defined for this master thesis: 

Objective 1 

Identify the benefits of copper activation in the Pb-Zn bulk rougher-scavenger stage by running 

flotation tests at increased collector dosage and addition of copper sulfate (CuSO4) 

This first objective is aimed at maximizing Zn recovery by exhausting sphalerite flotation without 

being detrimental to galena recovery. Four different orebodies from the Zinkgruvan deposit are 

characterized and their variability in mineralogy is linked to its performance in a batch flotation 

circuit. The results will provide information on whether copper activation is beneficial to Zinkgruvan 

plant, and to which extent this will increase Zn recovery. 

Objective 2 

Determine if the high Fe content comes from iron sulfides or from increasing Fe inside sphalerite 

lattice and evaluate the efficiency of separation for pyrrhotite under magnetic separation 

Previous PREP studies at Luleå University of Technology have shown that as new orebodies are 

exploited, there is a tendency of higher presence of iron sulfides in the plant. Pyrrhotite is reported as 

the major iron sulfide at Zinkgruvan and it may be present in its monoclinic or hexagonal crystal 

structure, where the monoclinic type is more magnetic and would be more easily removed by 

magnetic separation. Therefore, an investigation on which kind of pyrrhotite is present at Zinkgruvan 

and an evaluation of the efficiency of magnetic separation in terms of selectivity is done, having 

special attention at sphalerite losses to magnetic concentrate. 

In addition, a deeper investigation on sphalerite mineral chemistry from two very distinct Zinkgruvan 

orebodies is made aiming at determining differences from fast and slow floating sphalerite (first and 

last concentrates, respectively). 

The combination of results from objectives 1 and 2 will provide enough information to determine 

whether copper activation might be implemented at Zinkgruvan plan, with respect to the bulk 

rougher-scavenger stage. Further studies should be carried out on the separation stage in order to 

evaluate the behavior of copper activated-sphalerite at this stage. Furthermore, it will provide better 

understanding on pyrrhotite behavior on some magnetic separators, evaluate the efficiency of the 

process in terms of sphalerite losses and provide recommendations for Zinkgruvan management and 

for further studies. 
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3. LITERATURE REVIEW 

3.1. THE GEOMETALLURGICAL APPROACH 

The geometallurgical understanding of an orebody provides significant benefits across the entire 

mineral industry value chain, particularly at the operational level, where it can be effectively 

positioned to optimize mineral resource utilization and its recovery (Philander and Rozendaal, 2013). 

Lund et al. (2013) states that geometallurgy aims at creating spatially-based predictive models by 

combining geological and metallurgical information, providing better understanding on how orebody 

variability affects a specific mineral processing unit in a circuit. This allows overall plant performance 

to be achieved as engineers and management can proactively adjust parameters in accordance to the 

ore type being fed to the plant (La Rosa, D.; Rajavuori, L.; Korteniemi, J.; Wortley, 2014). For 

deposits currently under production, a geometallurgical model can potentially be used to identify 

process limitations and re-evaluate the mining plan (Lund, Lamberg and Lindberg, 2015). 

An integrated geometallurgical approach also incorporates circuit simulation to predict metallurgical 

performance (Tungpalan et al., 2015) and attributes of economic values, aiming at reducing 

associated risks and uncertainties to new operations or expansions (Keeney, 2010). 

Lamberg (2011) has introduced the concept of particle-based geometallurgical approach, being a 

three-step model that describes quantitatively what kind of particles will be produced as the rocks 

given by the geologic model are broken and how these particles will behave in different unit 

operations. This approach is subdivided into three models: geological, particle breakage and process 

models. 

The geological model aims at describing the orebody in a quantitative manner in terms of its variation 

in modal mineralogy and mineral textures. For instance, textural information is still not easily 

described quantitatively and require very careful geostatistical consideration when input into a block 

model (Lamberg, 2011). On the other hand, there are many techniques for quantitatively describing 

the modal mineralogy of an ore. A fast and inexpensive approach called Element-to-Mineral 

conversion is described by Lund et al. (2013) (further detailed on section 4.2), being derived from 

routine chemical assays in order to describe mineralogy of less complex ores. The particle breakage 

model has its input as the modal composition and textural information coming from the geological 

model and provides quantitative analysis of the particles after a comminution step, in terms of 

liberation or mineral-gangue association (Lamberg, 2011). The process model is done for each single 

unit in a circuit and describes quantitatively how each particle should behave in the process. For 

modeling purposes, a particle mass balance is required (Lamberg, 2011). This whole particle-based 

approach is described, on a simplified manner, on Figure 1. 
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Figure 1. Particles-based geometallurgical approach – from Lamberg (2011) adapted by Lishchuk (2016) 

These three models can later on be simulated with computer-aided systems and derive process 

performance parameters such as throughput, energy consumption, recovery, grade, etc., for each ore 

block or feed blend (Lamberg, 2011). 

Lishchuk (2016) developed a classification system to identify different ways of linking geological 

information to metallurgical responses, describing three geometallurgical approaches related to their 

level of technology: traditional, based on elemental grades; proxy, based on indirect responses from 

metallurgical performance and; mineralogical, based on modal mineralogy. Lishchuk (2016) 

observed that the development of a geometallurgical program in a company gradually upgrades from 

traditional to mineralogical, as more information from the ore is being gathered and the company 

understands that chemical analysis does not directly correlate to the metallurgical response. 

Following the geometallurgical approach, a baseline study on ore variability (geological model), 

mineral liberation and association (particle model) and the behavior of particles in a flotation and 

magnetic separation process (unit process model) is made (see Figure 2). Modeling and simulation 

are still important steps to be further carried out, however this master thesis had the objective of 

initially providing baseline studies on ore variability. Only then flotation experiments focused on 

kinetics should be performed and a model developed. 

 

Figure 2. Scope of research carried out in this thesis - Geometallurgical approach for Zinkgruvan. Highlighted topic 

(Modeling and Simulation) was not performed in this study 

For a complete geometallurgical characterization, this thesis presents an investigation on the literature 

for the Zinkgruvan deposit, its mineralogical variability and its current processing route. In addition, 
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deep research on mineral processing units and the parameters that would influence Zn recovery and 

decrease the amount of deleterious minerals is performed. 

3.2. LEAD-ZINC SULFIDE FLOTATION 

The majority of world’s lead and zinc is supplied from deposits which often occur as finely 

disseminated bands of galena and sphalerite, with variable amounts of iron sulfides (Wills and Napier-

munn, 2006). Lead and zinc share similar precipitation conditions, therefore being normally found 

together in nature (Pålsson, 2016c). Head grades are typically 1-5% Pb and 1-10% Zn, and the most 

common associated minerals are pyrite, pyrrhotite and native silver, the latter having a good 

correlation with Pb minerals. 

Several process have been developed in order to separate galena from zinc sulfides, but the most 

widely accepted and used method is a two-stage selective flotation where, at first, zinc and iron 

sulfides are depressed, recovering lead minerals, and at last stage, copper activation of zinc minerals 

is performed, recovering  zinc minerals (Wills and Napier-munn, 2006). Zinc sulfates is added in 

order to depress sphalerite while cyanide can be added to depress iron sulfides (Pålsson, 2016c). 

Selective lead flotation is usually run at pH between 8.5 and 11 (typically 9.5) and lime is typical 

regulator to control pH. Attention should be paid because not only lime depresses pyrite, but it can 

also depress galena at some extent, therefore soda ash might be a preferable pH regulator for lead 

flotation (Wills and Napier-munn, 2006). Sphalerite is usually activated by heavy metal ions in 

solution, including Pb2+, which replace metallic zinc on the mineral surface by a process of ion 

exchange (see section 3.3.2). The addition of lime or soda ash to the slurry can precipitate heavy 

metal ions, thus de-activating sphalerite to some extent, so addition of copper sulfate is usually 

necessary in order to reactivate the surface of zinc minerals (Wills and Napier-munn, 2006). 

The second type of process developed for treatment of Pb-Zn sulfide ores is called bulk flotation of 

lead-zinc ores or collective-selective flotation and this is the method applied at Zinkgruvan. This 

process aims at recovering both galena and sphalerite on a first stage at slightly alkaline pH (around 

8) and later depressing sphalerite at higher pH (around 12), floating lead (Pålsson, 2016c). This 

method has a great economical advantage, as coarser primary grinding might be sufficient, because 

the valuable minerals only need to be liberated from the gangue and are fully liberated in a later 

regrinding stage. However, there are some problems as well, as no tailings are generated on the second 

stage, therefore any impurity will be sent to either the zinc or lead concentrates. In addition, activated 

sphalerite and pyrite coming from the rougher stage will not easily depress, unless large amounts of 

reagents are used. This is especially true at Zinkgruvan, as grinding is autogenous and lead ions 

released during grinding might strongly activate sphalerite (Wills and Napier-munn, 2006). 

When sphalerite is associated with pyrite or pyrrhotite, selectivity is usually ensured by the high 

alkalinity (pH 10.5-12) of the pulp in conjunction with copper sulfates activation (Wills and Napier-

munn, 2006). This causes the formation of ferric hydroxide layer on the iron sulfide mineral’s surface, 

preventing it from getting activated (Boulton, Fornasiero and Ralston, 2001). Regarding pyrrhotite 

effect on activated sphalerite, Pålsson (2016b) explains that pyrrhotite can decrease the pulp redox 

potential by adding Fe ions to the pulp and, therefore hindering the precipitation of copper-xanthate 

compound and negatively impacting sphalerite recovery. 
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3.3. FROTH FLOTATION 

Flotation is a separation process that makes use of air bubbles and surface chemistry in order to 

selectively concentrate mineral particles. The general concept of flotation is that the various minerals 

species in a slurry must present differential surface conditions so that they selectively attach to rising 

air bubbles and are lifted to the froth, the uppermost part of a flotation cell (Wills and Napier-munn, 

2006). This is achieved when the surface of minerals species in the slurry present differential 

hydrophobicity. Strongly hydrophobic particles will tend to be recovered in the froth zone, while 

weakly hydrophobic particles will tend to sink (King, 2001). Few minerals are naturally hydrophobic, 

so most commonly the use of surfactants, called collectors, is needed in order to selectively change 

mineral surfaces from hydrophilic to hydrophobic. 

In a conventional flotation cell, an agitated slurry is aerated so that there will be collision between the 

air bubbles, moving upwards at a specific rising velocity, and suspended mineral particles, moving 

downwards at their specific settling velocity. Those particles that have appropriate surface properties 

might attach to the bubbles and reach the froth zone. Each bubble is able to carry several mineral 

particles on its rise through the slurry. Each particle is considered to be in one of four possible states 

in a flotation cell: suspended in the pulp phase, attached to a bubble in the pulp phase, attached to a 

bubble in the froth phase or entrained in the froth phase (King, 2001). Suspended particles can leave 

the pulp phase by either being attached to a rising bubble (true flotation) or by entrainment, and they 

can also return to the pulp phase by detachment from a bubble or drainage from the froth zone. 

A more advanced understanding of the flotation process is performed by the kinetic model for 

flotation, which takes into consideration the flotation rate constants, being dependent on the rate of 

collision between particles and bubbles, the chances of attachment and particle-bubble stability. The 

rate of collision depends on the size of bubbles and particles, their relative velocities and the 

concentration of particles in the pulp. Particle-bubble attachment occurs when the contact time (sum 

of impact time and sliding time) is longer than the induction time (expressed as the time needed for 

the liquid film between the particle and the bubble to thin and rupture and for the three-phase system 

be in equilibrium) (Dai, Fornasiero and Ralston, 1999). The attachment efficiency is highly dependent 

on particle size, as it directly influences the sliding time (bigger particle sizes take less time to slide 

on the bubble), as well as the induction time, which increases when the particle is bigger, as it needs 

more time to reach the three-phase equilibrium (Dai, Fornasiero and Ralston, 1999). 

The stages of collision, attachment and detachment can be considered independent, since they are 

governed by different forces. The collision process is mainly driven by hydrodynamic forces around 

the bubble (Dai, Fornasiero and U, 2000); the attachment process is governed by surface interaction 

forces between the bubbles and particles and; the detachment process is dominated by the stability of 

particles-bubble system, being disturbed, for instance, by turbulence generated in the flotation cell 

(King, 2001). 
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The majority of valuable particles will float within few minutes, whereas it takes much longer for the 

residual small quantities to float, as can be observed on Figure 3. 

 

Figure 3. (a) Recovery of metal to concentrate versus time; (b) recovery versus concentrate grade curve (Wills and 

Napier-munn, 2006) 

3.3.1. REAGENTS 

The properties of raw mineral mixtures are rarely readily suitable for froth flotation. Chemical 

reagents are needed both to control the relative hydrophobicity of particles and to maintain a suitable 

pulp condition. At Zinkgruvan, collectors, frothers, pH regulators, activators and depressants are used 

in order to achieve a better overall flotation process. 

3.3.1.1. Collectors 

Few minerals are naturally hydrophobic and can be floated without addition of any surfactant. For 

most of the minerals that present economic interest, their surfaces must be modified so that they will 

become hydrophobic. This is achieved by addition of collectors, which are compounds that contain a 

functional group coupled with a hydrocarbon chain, where the hydrophobicity is created by the non-

polar group and the chemically active polar group will selectively adsorb to mineral surfaces of 

interest (Fuerstenau, Miller and Kuhn, 1985). There are anion active and cation active collectors, 

having negative polar groups and positive polar groups, respectively. Xanthates, dithiophosphates 

and fatty acids are common anionic collectors, while amines are the most common cationic collector. 

There are also specific cases where non-ionic reagents are used. The adsorption of collectors to a 

mineral surface is primarily done to energy rich sites like edges and corners (Pålsson, 2016a). 

At Zinkgruvan, the use of a specific type of xanthate, an anionic collector, is made in order to recover 

zinc and lead sulfide minerals on the bulk stage of flotation and galena on the selective separation 

stage. The reagent is SIPX – sodium isopropyl xanthate. Figure 4 presents a typical structure of 

xanthates. In the case of SIPX, the radical R can be substituted by a short-range carbon chain - 

(CH3)2CH. 

 

Figure 4. Typical chemical structure of xanthates (Pålsson, 2016a) 

The amount of xanthate needed in industrial flotation processes vary from 10 g/tonne up to several 

hundred g/tonne and the typical xanthate salts used in flotation are sodium or potassium salts (Pålsson, 

2016a). 

3.3.1.2. Frothers 
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The primary task of frothers is to stabilize the bubbles and the froth zone, providing sufficient time 

so bubbles can transport mineral particles from the pulp zone into the froth zone to be recovered. 

Frothers have also the effect of lowering the water surface tension, making it possible for bubbles to 

decrease in size, becoming more suitable for flotation. As the bubbles are more stable, there is less 

coalescence and the induction time for a stable bubble-particle system decreases, increasing the 

chances of particle recovery (Pålsson, 2016a). 

Frothers are generally heteropolar surface-active organic reagents, capable of being adsorbed in the 

air-water interface (Wills and Napier-munn, 2006). 

3.3.1.3. pH regulators 

In order to control the pulp pH in a flotation cell, modifiers called pH regulators (such as lime or 

sulfuric acid) can be used, being of extreme importance when trying to achieve selective flotation. 

For instance, at higher pH values, metal hydroxides become more insoluble and therefore less metal-

collector compounds may be formed, which decreases the hydrophobicity character of the particles 

and negatively affects flotation. Thus, it is important to determine the critical pH at which the best 

selectivity is achieved. This can be done by using the so-called Bjerrum diagram (Figure 5), which 

correlates hydroxide ion concentration with metal ion concentration. The critical pH is found at the 

intersecting point from the solubility products of metal hydroxide line (45o line) and solubility 

products of the chemical compounds (horizontal line) (Pålsson, 2016a). 

 

Figure 5. Example of Bjerrum diagram (Pålsson, 2016a) 

Another important factor in regulating the alkalinity of the pulp is that it highly influences mineral 

dissociations and the reagents added to the system. For instance, xanthate based flotation cannot be 

run under pH 4, as xanthates are not stable in acidic environments, decomposing into alcohol and 

carbon disulfide (Pålsson, 2016a).  

The use of lime as pH regulator must be carefully analyzed, as it might act as strong depressants by 

releasing Ca2+ into solution. For instance, pyrite and arsenopyrite are depressed if lime is used before 

addition of xanthate collectors. Both hydroxyl and calcium ions participate in this depressive effect 

over pyrite by forming mixed films of Fe(OH), FeO(OH), CaSO4 and CaCO3, thus reducing the 
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adsorption ability of xanthate (Wills and Napier-munn, 2006). Lime also presents, to some extent, the 

same effect over galena. 

3.3.1.4. Depressants 

As mentioned in the previous section, depression is another key factor influencing flotation. The 

principle of a depressant is to render certain minerals hydrophilic or avoid adsorption from collectors, 

thus preventing their flotation (Wills and Napier-munn, 2006).  

Depression might occur naturally as well. For instance, slimes in ore after a grinding stage might coat 

the mineral particles, retarding collector adsorption and decreasing flotation performance (Wills and 

Napier-munn, 2006). 

Wei et al. (2012) have demonstrated that a Na2S solution can be used to precipitate Pb2+ and therefore 

perform as a depressant for sphalerite, avoiding natural activation in Pb-Zn ores from occurring. In 

addition, Na2S has sulphidation and redox effect on oxidized lead minerals, which could improve lead 

flotation. 

At Zinkgruvan, sodium bisulfite (NaHSO3) is used as a depressant in the selective separation circuit. 

Sometimes sodium metabisulfite (Na2S2O5) is also used. 

3.3.2. MINERAL SURFACES ACTIVATION 

3.3.2.1. General activation theory 

Activators are compounds that change a mineral surface prior to addition of collectors so that they 

will adsorb onto the surface of a mineral that normally they could not. For instance, sphalerite usually 

needs to be activated by heavy metal ions (e.g. Cu2+, Pb2+, Ag1+) so that these ions would replace 

metallic zinc atoms on the sphalerite surface due to favorable thermodynamics, transforming its 

surface into a more insoluble sulfide surface, which is then able to attract xanthates (Pålsson, 2016a). 

Activators are mostly soluble salts that ionize in solution, liberating ions that will react with mineral 

surfaces (Wills and Napier-munn, 2006). 

Pure sphalerite is not strongly hydrophobic in xanthate solutions, as zinc xanthate is fairly soluble 

and hence a stable adsorption is not achieved, quickly dissolving in water, not being suitable for 

flotation (Wills and Napier-munn, 2006). Therefore, copper sulfate can be added to the pulp, being 

readily soluble and dissociating into Cu2+ in solution. These ions would further replace Zn2+ on 

sphalerite surface, followed by precipitation of Cu(II)S and a final reduction reaction into Cu(I)-

sulfide (see Figure 6). Activated sphalerite is then suitable for xanthate adsorption and therefore 

would form an insoluble Cu-xanthate compound, improving its flotation performance. 

Ejtemaei & Nguyen (2017) performed an adsorption study of copper sulfate onto sphalerite and pyrite 

surfaces by Cryogenic X-Ray Photoelectron Spectroscopy (Cryo-XPS). It was confirmed that an ion 

exchange mechanism of Zn2+ by Cu2+ occurs on the surface, up to 10nm, followed by a redox reaction 

of the adsorbed Cu2+ into Cu+ and S2- into S- (Figure 6), which lead to the formation of a Cu(I)-sulfide 

layer on sphalerite surface. Regarding pyrite activation, the study showed that a monolayer (up to 

3nm) formation of CuFeS2 is formed onto pyrite surface. Zeta potential measurements performed on 

the Cu-activated minerals support the idea that Cu2S and CuFeS2 are formed onto sphalerite and 

pyrite, respectively.  
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Figure 6. Schematic illustration of Cu-activation mechanism on sphalerite surface (modified from Ejtemaei & Nguyen 

2017) 

Some of the solubility products of metal-xanthates are shown on Figure 7, where it becomes clear 

that zinc xanthate compounds are not as insoluble as other xanthate associations. 

 

Figure 7. Solubility products of various metal xanthates (Fuerstenau, Miller and Kuhn, 1985) 

Solubility products of metal xanthates normally decrease with increased carbon chain length (Figure 

7). The fact that the solubility product of zinc xanthate is considerably larger than both lead and 

cuprous xanthates demonstrate the need for sphalerite activation. Furthermore, if the goal is to 

separate galena, sphalerite and chalcopyrite, it demonstrates how flotation could be carried out to 

selectively perform this separation (Fuerstenau, Miller and Kuhn, 1985). 

Wills & Napier-munn (2006) points out that separate conditioning stages for xanthates and copper 

sulfates must take place, as xanthates readily react with copper ions and this might hinder the 

activation effect. 

3.3.2.2. Sphalerite activation by lead 

In flotation of Cu–Pb–Zn sulfide ores, Cu and Pb ions are frequently suspected of inadvertent 

activation of sphalerite (Rashchi, Sui and Finch, 2002). For instance, the dissolution of lead sulfide 

oxidation product releases Pb ions into solution, activating sphalerite. 

Basilio et al. (1996) performed an experiment where flotation was run at pH 9 using amyl xanthate 

as collector, aiming at understanding the influence of lead minerals over sphalerite activation. At a 

first step, no lead mineral was added and as a result ZnS didn’t float at all. However, in the presence 

of galena a small ZnS recovery was observed and this recovery was even more pronounced when lead 

oxides (cerussite and anglesite) were added to the system. It was demonstrated that the lead-to-zinc 

atomic ratio on sphalerite surface is considerably higher in the concentrate than in the bulk flotation, 

meaning that the activation effect is even more prominent when a lead-zinc ore has a longer retention 

time or larger circulating load (Basilio, Kartio and Yoon, 1996). 
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Rashchi et al. (2002) demonstrated that under pH 10, Pb ions exchange with zinc in the mineral lattice 

and react with xanthate (X-), forming Pb-X. On a higher alkaline pH, the dominating species is 

Pb(OH)2 and these species are too stable to adsorb onto sphalerite surface, so it continues to be 

hydrophilic (see Figure 8). Rashchi et al. (2002) has also demonstrated that sphalerite recovery 

increase with the amount of Pb on its surface. 

 

Figure 8. Proposed interactions of sphalerite with Pb species and xanthate (Rashchi, Sui and Finch, 2002) 

Fuerstenau et al. (1974) observed that sphalerite could be floated without any activation in solutions 

where the pH is below 6, as the pzc (point of zero charge) of sphalerite was measured as 6.2 and the 

mineral association to xanthates (zinc xanthate) becomes soluble enough (see Bjerrum diagram for 

zinc on Figure 13). On the other hand, Pålsson (2016a) remembers that xanthates tend to become 

unstable on acidic conditions (especially under pH 4). If high xanthate dosages are used, sphalerite 

flotation is possible even under pH 7.  

3.3.2.3. Depression of Cu-activated sphalerite 

Khmeleva et al. (2006) studied the depression mechanisms of sodium bisulfite on Cu-activated 

sphalerite with xanthate collector addition and proposed that it is due to the decomposition of 

hydrophobic copper-sulfide by sulfite ions (SO3
2-) resulting in surface oxidation and the formation of 

zinc hydroxide. 

Sodium metabisulfite (Na2S2O5) is more effective than sodium sulfite (Na2SO3) in depressing Cu-

activated sphalerite, as observed by Dávila-pulido et al. (2011) and shown on Figure 9, where the 

contact angle is smaller for metabisulfite under pH<9. 
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Figure 9. Effect of presence of sodium metabisulfite (Na2S2O5) and sodium sulfite (Na2SO3) on the contact angle of Cu(II)-

activated sphalerite (Dávila-Pulido, Uribe-Salas and Espinosa-Gómez, 2011) 

3.3.2.4. Depression of Cu-activated iron sulfides 

Ejtemaei & Nguyen (2017) showed that Cu-activation of pyrite leads to the formation of a monolayer 

(up to 3nm) of CuFeS2 onto pyrite surface (Figure 10). 

 

Figure 10. Schematic illustration of Cu-activation mechanism on pyrite surface (Ejtemaei and Nguyen, 2017) 

Pålsson (2016b) explains that chalcopyrite is stable under low redox potentials and, therefore some 

oxidation would need to occur in order to make it possible for chemical bonding reactions to occur. 

If chalcopyrite is further oxidized, it will transfer into an area where Cu(I)-sulfides are not stable and, 

at some point, the surface become fully oxidized into Cu(OH)2 and xanthate-based flotation will not 

work any longer (see Pourbaix diagram for chalcopyrite under typical rougher flotation pulp on Figure 

11). 
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Figure 11. Pourbaix diagram for chalcopyrite under conditions of rougher flotation (Pålsson, 2016b) 

Pålsson (2016b) also explains that pyrrhotite is easily oxidized in water and that a suitable method 

for depressing iron sulfides is by deliberately oxidizing the surfaces until they are covered with 

hydrophilic iron-oxygen compounds, as seen on the Pourbaix diagram for pyrite under typical rougher 

flotation pulp (Figure 12). It is also said that pH 6.5 is the critical pH for xanthate flotation of Fe(III) 

minerals. 

 

Figure 12. Pourbaix diagram for pyrite under conditions of rougher flotation (Pålsson, 2016b) 

The mechanism for depression of Cu-activated minerals is proposed as due to oxidation of copper 

into copper hydroxide at the mineral surface, inhibiting collector adsorption. This oxidation is thought 

to happen more rapidly over pyrite surface than sphalerite surface, being explained by the different 

electrochemical activities of these minerals (pyrite being the most cathodic mineral) (Boulton, 

Fornasiero and Ralston, 2001). Separation can be improved by keeping pH at 8.5 and even further by 

oxygen conditioning. 
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3.3.3. ZINC AND LEAD SULFIDE MINERALS PROPERTIES 

Zinc is a metal with density of 7.13 g/cm3, melting point at 419.5 oC and, when pure, is very malleable. 

The most common zinc mineral is sphalerite, ZnS, which often has its Zn atom in the mineral lattice 

substituted by other metal atom with oxidation state 2+, in particular Fe(II) (Pålsson, 2016c). 

Vergouw et al. (1998) states that most zeta potential studies on sphalerite report its i.e.p (iso-electric 

point) in the range from pH 2 to 7, typically around 6 (Fuerstenau, Miller and Kuhn, 1985). According 

to Vergouw et al. (1998), this variation might be related to the iron content (the higher the Fe content, 

the higher the i.e.p) or, more importantly, due to surface oxidation and ionic metal species on its 

surface. 

Regarding the flotation performance of zinc minerals, Figure 13 presents the Bjerrum diagram for 

zinc, demonstrating the need for activation and the typical alkaline pH range in which good results 

might be achieved. 

 

Figure 13. Bjerrum diagram for Zinc (DuRietz 1957 cited in Pålsson 2016c) 

Regarding Zn substitution by Fe on sphalerite lattice, Boulton et al. (2005) performed flotation 

experiments that could demonstrate the detrimental effect of Fe content in sphalerite lattice by 

decreasing copper activation, which leads to a reduction in xanthate adsorption and Cu(I)-xanthate 

compound formation. The study also demonstrated that careful consideration on the collector dosage 

should be made, as there is always an optimal value and both excessive and non-sufficient dosages 

would decrease sphalerite recovery. 

Lead is a very soft material, with good chemical resistance, low melting temperature (375 oC) and 

high density (11.34 g/cm3). The most common lead mineral is galena, PbS, containing 86.6% Pb in 
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its structure. Lead forms very insoluble alkaline sulfates and carbonates, that may act as depressants 

in the flotation process (Pålsson, 2016c). 

Figure 14 presents the Bjerrum diagram for Lead, showing some typical reagents used as collectors 

and their solubility according to the pH value. From this diagram it is possible to observe that an 

alkaline pH, from 8 to 11, would be most suitable for xanthate based lead flotation. 

 

Figure 14. Bjerrum diagram for Lead (DuRietz 1957 cited in Pålsson 2016c) 

3.4. MINERAL CHEMISTRY 

Sphalerite has an ability to incorporate a broad range of trace elements that could be either at 

economic levels to be exploited or to pose environmental hazard. Several studies (Cook et al., 2009, 

2016; Ye et al., 2011; Lockington, Cook and Ciobanu, 2014) have demonstrated that the presence of 

economic elements, like Ga, Ge or In and deleterious elements, such as Cd, Mn, Hg, As, Tl contained 

inside sphalerite. The mentioned studies made use of Laser Ablation Inductively-Coupled Mass 

Spectrometry (LA-ICP-MS) to investigate the presence of minor and trace elements in sphalerite 

lattice. Cook et al. (2009) have studied the mechanisms involving the substitution of Zn by these 

elements. The study points out that there are mainly two mechanisms: by cation substitution (such as 

the common substitution of Zn2+ ⇔ Fe2+, or for other bivalent elements as Mn, Cd, Co, Ni) or coupled 

substitution (such as 2Zn2+ ⇔ Cu+ + In3+, or monovalent elements as Ag+ and Cu+ with In3+ and Sb3+). 

More complex is the substitution involving Ga and Ge, where most probably +4 ions enter sphalerite 

by coupled substitution (Ge4+, Ga4+, Ga3+, Sn4+, etc.). 

LA-ICPMS (laser ablation inductively coupled mass spectroscopy) has been proven to be an accurate 

and efficient method for determination of trace element concentration in sulfides. It can also be 

applied for identification of substitution of elements into mineral lattices and distinguishing it from 

elements present in solution (Cook et al., 2009). Cook et al. (2016) has made an extensive review on 

LA-ICP-MS and the importance of using an appropriate matrix-matched reference standard in order 

to perform calibration and data correction, acquiring producing reliable quantitative outcomes. The 

most widely accepted reference standards suitable for sulfides are MASS-1 (Wilson, Ridley and 

Koenig, 2002) and STDGL2b (Danyushevsky et al., 2011). The study points out some drawbacks of 

the method, such as isotope interference (e.g., 108Pd and 108Cd; 115In with 115Sn) or few elements in 
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which accurate measurement is tricky (such as As, Se, Hg and even Pb, producing high background 

noise). 

Wilson et al. (2002) developed a method for producing synthetic calibration standard materials for 

sulfides by precipitation from solution, commonly known nowadays as MASS-1 (formerly PS-1). 

The study states that the matrix composition in terms of Fe, Cu, Zn and S is sufficiently close to 

natural sulfides so that it can accurately be used for analysis of pyrite, sphalerite, chalcopyrite, etc., 

and selecting the appropriate internal standard, which usually is the major element. For the case of 

sphalerite, 66Zn is the most accurate isotope to be selected as internal standard. Galena is not suited 

for analysis under calibration from MASS-1 standards. 

One of the biggest drawbacks of Laser Ablation Inductively-Coupled Plasma Mass Spectrometry 

(LA-IPC-MS) is the difficulty in calibration and quantification of samples, mainly due to limited 

access to good quality reference materials (Axelsson and Rodushkin, 2001). Both Axelsson & 

Rodushkin (2001) and Ye et al. (2011) have used 66Zn as the internal standard (IS) element for 

calibration and data reduction. 

Cook et al. (2009) studied sphalerite from different deposits and have found out that cobalt 

concentration in sphalerite at Zinkgruvan is considerably high. According to Cook et al. (2016), cobalt 

ion is similar in size to that of iron, so sphalerite has high chances of carrying this element. 

Axelsson & Rodushkin (2001) states that the two major parameters to be optimized during laser 

ablation are laser energy and spot size (ablation crater diameter). Generally, higher energy results in 

higher signal intensity but producing noisy signal due to release of large solid fragments to the plasma. 

The study was carried out at 1.5 mJ laser energy and 40µm sampling diameter. 

The chemical composition of sphalerite at Zinkgruvan has been analyzed through SEM-EDS on 

previous PREP projects and a summary of the data is available on Table 1. It shows a high variance 

between the orebodies in terms of Fe substitution, where for instance, Sävsjön contains high amounts 

of Fe and Burkland contains lower amounts. The values for Zn are used as Internal Standard when 

dealing with LA-IPC-MS data reduction scheme (DRS). 

Table 1. Average mineral chemistry for sphalerite at Zinkgruvan orebodies obtained from internal PREP projects 

 Sphalerite* 

 Zn %  Fe %  S % 

Reference 57.10 5.25 32.27 

Borta 
Bakom  

60.03 5.15 34.48 

Nygruvan  59.60 5.70 34.51 

Burkland  61.49 4.30 33.80 

Sävsjön  56.27 8.36 34.80 

*It does not sum up to 100% as it gets the average for each element separately 

A LA-IPC-MS study performed by George et al. (2015) contained information regarding galena 

sample from Zinkgruvan, showing that the concentration of Sb in galena is high, averaging 721ppm. 

This concentration is found to be higher than Ag, which is available at a mean concentration of 676 

ppm in galena. 
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3.5. IRON SULFIDES SEPARATION 

Pyrrhotite is typically characterized as Fe1-xS, where x varies from 0 to 0.17. The non-stoichiometry 

of pyrrhotite is due to deficiencies of iron atoms in its chemical structure, which is responsible for its 

magnetic properties and crystal symmetry, which can be monoclinic or hexagonal (Kontny et al., 

2000). The higher the deficiency in iron, the greater its attraction to magnetic fields, by generating 

cation vacancies in pyrrhotite lattice (O’Reilly et al., 2000). 

Natural monoclinic pyrrhotite has a typical composition of Fe7S8 (x=0.125), is stable in temperatures 

under 225oC and it is reasonable to say that oxygen may replace sulfur in its structure (less than 0.1% 

Oxygen) making monoclinic pyrrhotite stable even under 310oC (Kullerud, 1986). On temperatures 

over 600oC, monoclinic pyrrhotite decomposes to hexagonal pyrrhotite and pyrite. Studies have 

pointed out that monoclinic pyrrhotite is metastable with respect to hexagonal pyrrhotite and pyrite. 

O’Reilly et al. (2000), (Kontny et al., 2000) and Posfai et al. (2000) have stated that monoclinic 

pyrrhotite is ferromagnetic whereas hexagonal (Fe9S10) and orthorhombic (Fe10S11) are anti-

ferromagnetic. O’Reilly et al. (2000) explains that ‘the spontaneous magnetization of monoclinic 

pyrrhotite is due to cation vacancies located in alternate layers normal to the c-axis, the filled and 

partly-filled layers forming the magnetic sub-lattices of a ferrimagnet’. Bin & Pauthenet (1963) 

confirm that the presence of vacancies is responsible for the ferromagnetic behavior of pyrrhotite and 

proposes that its anisotropic properties are also related to the presence of these vacancies. These Fe 

atom vacancies are demonstrated by Tokonami et al. (1972) and exemplified on Figure 15. 

 

Figure 15. The ideal structure of a 4C-type pyrrhotite. Only Fe layers are indicated for simplicity, omitting sulfur layers. 

Squares represent vacant Fe sites while circles represent presence of Fe sites (Tokonami, Nishiguchi and Morimoto, 

1972) 

3.5.1. PYRRHOTITE REACTIVENESS, OXIDATION AND EFFECTS OVER ITS 

FLOTATION 

Becker et al. (2010) have evaluated pyrrhotite behavior on flotation and its reactiveness by different 

approaches such as mineral chemistry (presence of ferric ion), crystallography (number of vacancies) 
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and pH. It was observed that pyrrhotite subjected to low oxidation might produce hydrophobic species 

for collectorless flotation of pyrrhotite. On the other hand, extensive oxidation will form a thick layer 

of ferric hydroxide on its surface and hinder collector adsorption. Since the solubility of ferric 

hydroxide species is substantially lower at a higher pH, it is expect that natural floatability of 

pyrrhotite would decrease with increasing pH. 

Regarding the effect of pH over pyrrhotite reactiveness, Becker et al. (2010) showed that an increase 

in the oxidation rate constant and stability of hydrophilic ferric hydroxide is observed with increasing 

pH (experiments were made from pH 7 to 10), which hinders pyrrhotite flotation by avoiding collector 

adsorption. It is important that oxidation takes place before addition of collector, as the species formed 

after xanthate oxidation are still hydrophobic and would render pyrrhotite floatable. Ekmekçi et al. 

(2010) states that there is a clear inverse correlation between electrochemical reactivity and pyrrhotite 

flotation performance. Miller et al. (2005) explains that pyrrhotite collectorless flotation is due to 

elemental sulfur formation at the mineral surface, which is strongly hydrophobic and stable even 

under alkaline conditions. 

Regarding pyrrhotite crystallography, Becker et al. (2010) explains that whenever there is oxidation 

taking place, electrons from within the crystal lattice move to the surface to facilitate oxygen 

reduction. It is also explained that the presence of vacancies in the structure would ease electron 

transfer and the diffusion of iron through the crystal lattice, therefore facilitating the oxidation 

reaction. On this issue, Ekmekçi et al. (2010) have performed electrochemical experiments on 

pyrrhotite and observed that monoclinic pyrrhotite (Fe7S8), which contains more vacancies in its 

structure – one vacancy for every eight Fe sites -, would have more accelerated oxidation reaction 

than hexagonal pyrrhotite (Fe9S10). Another argument made by Becker et al. (2010) is the fact that 

monoclinic pyrrhotite (Fe2
3+ Fe5

2+ S8
2-) contains proportionally more Fe3+ ions than hexagonal 

pyrrhotite (Fe2
3+ Fe7

2+ S10
2-), and since Fe3+ is an even stronger oxidizing agent than oxygen, 

monoclinic pyrrhotite is therefore expected to have stronger oxidation reactions. These results were 

confirmed by Becker (2009),  who observed that non-magnetic pyrrhotite presents higher natural 

floatability than magnetic pyrrhotite. 

According to Boulton et al. (2001), the most common method to depress iron sulfides is to increase 

the pulp pH to highly alkaline values in order to form a ferric hydroxide layer on these minerals, 

inhibiting copper activation and therefore collector adsorption. Collector adsorption is another factor 

that affects pyrrhotite flotation and it has been observed that addition of collector improves pyrrhotite 

hydrophobicity when compared to absence of collector. The same study also demonstrated that 

pyrrhotite can be activated by metal ions and have a boost in its flotation recovery.  

This effect of pre-aeration on the grade-recovery curve for zinc flotation and its effect over iron 

recovery is shown on Figure 16, showing the detrimental effect on iron sulfides flotation and 

beneficial effect over sphalerite. 
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Figure 16. Effect of O2 conditioning prior to flotation on a zinc rougher flotation test (Boulton, Fornasiero and Ralston, 

2001) 

 

3.5.2. PYRRHOTITE CHARACTERIZATION UNDER OPTICAL MICROSCOPE AND 

XRD 

Pyrrhotite presents a strong anisotropism, which according to Bin & Pauthenet (1963) is due to the 

presence of cation vacancies in its lattice and also presents weak pleochroism. 

Under a SEM-EDS automated mineralogy equipment, the BSE signal for monoclinic and hexagonal 

pyrrhotite would also present slight differences, as the BSE grey level for the monoclinic is ~43.16 

and for the hexagonal is ~43.33 (Becker, 2009), theoretically being possible to discriminate between 

both of them, as seen on Figure 17. 

 

Figure 17. BSE images from Becker (2009). a) pyrrhotite under routine conditions c) discrimination between magnetic 

and non-magnetic pyrrhotite under adjusted SEM brightness and contrast settings 

Vaughan & Craig (1978) states that in addition of its ferrimagnetism, monoclinic pyrrhotite is readily 

distinguished by its higher amount of peaks and its doublet (408̅, 408) reflection on X-ray powder 

diffraction patterns, as seen on Figure 18, whereas hexagonal pyrrhotite exhibits only a single (102) 

reflection in this portion of the X-ray pattern. Becker (2009) describes these peaks at d=2.066Å and 

2.056Å for the doublet on monoclinic pyrrhotite and d=2.066Å for the singlet on the hexagonal 

pyrrhotite. 
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Figure 18. Comparison of the (102) X-ray powder diffraction peak of hexagonal pyrrhotite and the (408̅, 408) doublet of 

monoclinic pyrrhotite. The abscissa is o2θ for Cu Kα radiation; the peak intensity is not calibrated (Vaughan and Craig, 

1978). 

3.5.3. MAGNETIC SEPARATION 

Differences in magnetic susceptibility between minerals can be used in order to selectively separate 

them under the influence of a magnetic field. Particles of different magnetic susceptibilities will 

follow different paths under the influence of two interacting fields (magnetic plus gravity or shearing 

fields) (King, 2001). 

This thesis has worked with two types of magnetic separators: 

 Wet High Intensity Magnetic Separator (WHIMS) 

An example of WHIMS is the Jones carousel separator, used to separate diamagnetic materials from 

paramagnetic materials. The magnetic force applied over the particles is directly proportional to the 

magnetic field and to the electric current applied on system. The idea is that paramagnetic particles 

that collide with the matrix should remain attached to it while diamagnetic minerals should report to 

the tailings due to hydrodynamic and gravitational forces competing with the magnetic force (Lage, 

2010). The magnetic field gradient is an important parameter, being related to the gap between the 

matrices’ elements, and accounts for the magnetic field intensity over a certain distance, dB/dx. 

After all the material is fed to the equipment, water at low pressure is used to rinse gangue entrapped 

in the matrix, generating the tailings from WHIMS. The concentrate is obtained by turning off the 

magnetic field and rinsing all the material into a new recipient. 

 Davis Tube 

Davis tube is a laboratory instrument capable of working with small samples of magnetic ore and 

separating it into a magnetic fraction (strongly magnetic or weakly magnetic, depending on the field 

strength selected) and non-magnetic fraction.  
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Murariu & Svoboda (2003) explains that for any magnetic separation method, the efficiency of 

separation is not determined by the magnetic field strength separately, but rather by the product of 

the magnetic induction B and the field gradient B, usually called ‘force index’: .  

The magnetic gradients of a Davis tube and that of a drum magnetic separator are not necessarily the 

same and thus the force index of a Davis Tube and a drum separator will most likely be different, 

which might cause them to not have a straight-forward relationship. Murariu & Svoboda (2003) 

observed that the separation distance from the sample and the magnets play a big role in a Davis Tube 

separation. 

Another advantage of separating pyrrhotite and magnetic minerals from the bulk tailings is the 

possibility of generating two separate tailings, one at a high sulphur content (magnetic pyrrhotite) and 

another low sulphur (silicates and other non-reactive gangue mineral). 

3.6. THE ZINKGRUVAN OPERATION 

The Zinkgruvan zinc-lead-silver mine is located in south-central Sweden at approximately 200 km 

southwest of Stockholm. It comprises an underground mine, processing plant, tailings dam and 

associated facilities, holding three exploitation concessions summing up to an area of 679ha and since 

2004 it is owned and operated by Lundin Mining Corporation (Owen, M.; Meyer, 2013). Zinkgruvan 

is a sedimentary exhalative zinc-lead deposit (Lundin Mining, 2016b). 

According to Lundin Mining (2016a), the most updated Mineral Resources and Reserves estimates 

available, dated from 30 June 2016, the Pb-Zn sulfide ores comprise a total proven and probable 

reserves of 10.77Mt at 8.0%Zn, 3.3% Pb and 72 g/t Ag. Regarding Mineral Resources, the estimate 

is that there are 7.94 Mt measured resources at 10.0% Zn, 4.1% Pb and 91 g/t Ag and 8.15 Mt 

indicated resources at 8.8% Zn, 3.7% Pb and 86 g/t Ag. The cut-off grade is 3.9% Zn equivalent. 

Based on these reserve estimates, Zinkgruvan is expected to have 10-year mine life with annual 

production of 80-85 ktonnes of zinc concentrate. The mine produces zinc concentrate grading 

approximately 54% Zn and lead concentrate grading approximately 75% Pb, having silver as by 

product in the concentrate (up to 1,100-1,500 g/t in the lead concentrate) (Lundin Mining, 2016b). 

The mining operation at Zinkgruvan is completely underground and highly mechanized, employing 

long-hole panel stoping in the Burkland area and sublevel benching in the Nygruvan and Cecilia areas 

(Owen, M.; Meyer, 2013), currently at a depth up to 1,300m. The paste fill material comes from either 

tailings or waste rock with addition of cement. The main shaft and the processing plant are just 

adjacent to the mine, minimizing transportation costs. The concentrate is transported via trucks to the 

inland port Otterbäcken on Lake Vänern, being further transported to Gothenburg and finally to 

European smelters. 

The mineralization occurs as massive stratiform Pb-Zn orebodies, being divided by a large fault into 

a deposit named Knalla, to the west, and Nygruvan, to the east (Hedström, Simeonov and Malmstrom, 

1989). Knalla can be subdivided, from NE to SW, into: Burkland, Sävsjön, Mellanby, Cecilia and 

Borta Bakom (Figure 19). The copper mineralization sits on the hanging wall of the Burkland 

orebody, having chalcopyrite as its main mineral of interest, hosted by dolomitic marbles overlain by 

metatuffite hydrothermally altered into quartz-microcline rock (Malmström, Hedström and Syme, 

2008). 
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Figure 19. Simplified 3D section of Zinkgruvan mine (Malmström, Hedström and Syme, 2008) 

3.6.1. GEOLOGY 

The deposit has been controversially classified between a volcanogenic massive sulfide (VMS) and 

a sediment-hosted exhalative (SEDEX) deposit (Hedström, Simeonov and Malmstrom, 1989). 

Features such as a centrally located Cu-rich stringer zone point towards VMS origins, while the 

stratiform metavolcanic-metasedimentary environment points more towards a SEDEX deposit 

(Bjärnborg 2009 and Hedstrom et al. 1989). 

The Zinkgruvan deposit is structurally divided into two distinct areas by a NNE-SSW-trending fault 

named Knalla. It is situated in an E-W striking synclinal structure, being subdivided into three litho-

stratigraphic groups: the metavolcanic group in the lower part of the stratigraphy, the metavolcano-

sedimentary group and the metasedimentary group on the highest stratigraphic position of the 

supracrustal rocks (Figure 20). Its Pb-Zn-Ag orebodies occurring in 5-25m-thick stratiform zones in 

the upper part of the metavolcano-sedimentary group (Hedström, Simeonov and Malmstrom, 1989). 

Most of the economic Pb-Zn-Ag mineralization consist of layers of sphalerite and galena intercalated 

with layers of quartzitic metatuffite (homogenous quartz-microcline-biotite rock) and calc-silicate 

rocks. Metavolcano-sedimentary rocks associated to carbonates and cherts host the massive sulfide 

Pb-Zn-Ag and disseminated Cu mineralization (Owen, M.; Meyer, 2013). The ore bed stratification 

is clearly seen in the Nygruvan mine, while in the Knalla area it is less obvious. Galena is more 

abundant than sphalerite in the lower layers of the stratigraphy (Hedström, Simeonov and Malmstrom, 

1989). 
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Figure 20. Stratigraphy of Zinkgruvan deposit (Bjärnborg, 2009) 

Jansson et al. (2017) discussed the genesis of the Cu and Zn-Pb-Ag stratiform mineralization at 

Zinkgruvan and he has observed a variety of other minerals along the various stratigraphic sequences 

at Zinkgruvan, mostly variations of olivines, pyroxenes, garnets and alumino-silicates (such as 

forsterite, diopside, spessartine and sillimanite, respectively). The study has also reported the 

presence of magnetite, monazite, tourmaline, cobaltite, breithaupite, nickeline, safflorite, bornite, 

gahnite and other spinels. 

A stratiform pyrrhotite mineralization is found higher on the stratigraphic sequence, occurring in the 

border between the uppermost part of the metavolcano-sedimentary group and lower part of 

metasedimentary groups (Owen, M.; Meyer, 2013). 

Metamorphism and deformation have mobilized galena into veins and fissures. Native silver is even 

more mobile. Remobilization is most commonly observed in the Pb-rich zones of western Nygruvan 

and Burkland areas. Contacts between mineralization and host stratigraphy are generally very sharp 

and well defined (Malmström, Hedström and Syme, 2008). 

3.6.2. MINING OPERATIONS AND BENEFICIATION PROCESS 

Zinkgruvan applies long-hole panel stoping and sub level benching in order to exploit its deposit 

(Owen, M.; Meyer, 2013). Semi-remote controlled LHDs are used underground so that the operator 

does not have to manually operate the machine when loading ore from the stopes, increasing safety. 

The ore is then dumped into ore passes or directly loaded into trucks that would transport the ore to 

two underground crushers situated on the 800m level. The Pb-Zn ore (as well as Cu ore and waste) is 

crushed underground to -250mm and hoisted to surface, being stockpiled, screened in three size 

fractions (+90mm, 15-90 mm and -15mm) and then fed to an Autogenous Grinding (AG) mill at 

approximately 30% lump ore (+90mm) and 70% finely crushed ore (-15mm). The intermediate 
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fraction from the screen is delivered to a cone crusher and re-circulated to the double-deck screen. 

The AG mill measures 6.5x8.0m and works in closed circuit with a series of hydrocyclones, aiming 

at a product 80% passing 130 µm (Owen, M.; Meyer, 2013). The hydrocyclones overflow are then 

conditioned to reach pH 8 by addition of sulfuric acid, before the ore proceeds to the bulk rougher-

scavenger flotation stage. The complete flotation circuit is comprised of four stages: bulk rougher-

scavenger, bulk cleaning, Pb-Zn rougher selective separation and Pb cleaning flotation stages. 

In the bulk-selective flotation circuit, the first stage aims at recovering as much galena and sphalerite 

as possible, being called bulk rougher-scavenger flotation and is comprised of two Outotec OK 38 

cells (SR1-2) followed by six METSO RCS 40 m3 cells (SR3-8). SIPX (sodium isopropyl xanthate) 

is currently used as collector at 45g/tonne dosage and NasFroth used as frother at 50 g/tonne (Owen, 

M.; Meyer, 2013). There has been no need to use zinc activators, as natural lead activation of 

sphalerite occurs during autogenous grinding (Wyllie, 1977). There is a regrind ball mill in this circuit 

aiming at the scavengers concentrate and tailings from the first two cleaning cells, aiming at 

producing material with d80 of 60 µm (Kol, 2015). The scavenger tailings, from cells SR7-8, either 

are sent to the tailings dam or to the paste fill plant. The bulk cleaning stage is comprised of six 

METSO RCS 15 m3 cells (SF1-6) and two Outotec OK 16 m3 (SF7-8) cells, producing the final bulk 

concentrate. The flowsheet for the bulk flotation stage is depicted on Figure 21. 

 

Figure 21. Bulk stage of Pb-Zn flotation circuit at Zinkgruvan (Kol, 2015) 

The selective separation circuit aims at floating lead minerals while depressing zinc minerals by the 

addition of sodium bisulfite (NaHSO3) at 320 g/t, extra collector and frother. Further comminution 

on a regrind ball mill is performed on the bulk concentrate, aiming at a d80 of 30 µm (Kol, 2015), in 

order to liberate sphalerite-galena particles and clean up sphalerite surface by generating fresh 

surface. The separation stage uses six METSO RCS 15 m3 cells (PR1-6), where its tailings will form 

the zinc concentrate and its concentrate proceed to the lead cleaning stage. This last stage is comprised 

of four METSO RCS 15m3 cells (PF1-4) and a JELE cell, producing the final lead concentrate. The 

flowsheet for the selective separation flotation circuit is available on Figure 22. 
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Figure 22. Selective stage of Pb-Zn flotation circuit at Zinkgruvan (Kol, 2015) 

The lead concentrate is delivered to a 7m diameter Sala thickener followed by a Svedala VPA filter 

while the zinc concentrate goes to a 15m diameter Sala thickener followed by a VPA 15 pressure 

filter (Owen, M.; Meyer, 2013). Water from the lead thickener is recirculated into the process in order 

to provide additional Pb2+ for improving sphalerite activation. 

There is an Outotec Courier on-line analyzer that performs X-ray fluorescence (XRF) analysis of 

slurry samples by exciting the sample by X-rays and capturing the fluorescence radiation emitted by 

the atoms, which is characteristic for each individual element. This provides tools for immediate 

response to changes in the metallurgical performance of the flotation circuit (Outotec, 2015). 

A new AG mill was installed at Zinkgruvan in April 2017 and is expected to increase production by 

at least 10%. 

3.7. GAPS IDENTIFIED FOR DEVELOPMENT OF A MASTER 

THESIS 

It was observed that Zinkgruvan still needs baseline studies on ore variability and its influence on the 

processing plant. From batch flotation experiments, further investigation on the mineralogical 

variability is made in order to evaluate the possibility of further increasing Zn recovery at Zinkgruvan. 

The aim was to exhaust flotation by addition of higher amounts of collector and further copper 

activation aiming at recovering slow floating sphalerite before it reaches the tailings. A deeper 

investigation on mineral chemistry is made, focusing on understanding the differences from sphalerite 

in different orebodies and most importantly evaluate the differences between fast and slow floating 

sphalerite. 

The motivation behind the research on pyrrhotite separation is that the understanding of process 

mineralogy as a whole can help identify optimum mineral processing techniques and parameters for 
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efficient separation. In this thesis, flotation and magnetic separation methods will be evaluated and a 

proper characterization of pyrrhotite particles reporting to each stream shall be presented in terms of 

mineral composition and crystallography. It has been reported by previous PREP projects at Luleå 

University of Technology that even at coarser sizes pyrrhotite is well liberated at Zinkgruvan (95% 

on 106-150 µm), so magnetic separation studies are performed in order to separate this material and 

generate two separate tailings, one containing high sulfur and one with less reactive minerals. No 

previous studies were found that evaluated the efficiency and selectivity of Davis Tube or WHIMS 

when processing ores containing pyrrhotite. The possibility of using Davis Tube to predict the 

outcome from WHIMS is evaluated as a geometallurgical tool for simpler and quicker magnetic 

separation experiments. 

4. METHODOLOGY 

In order to better understand which experiments were performed and the respective analytical 

methods applied, Table 2 presents a summary so that the reader can easily walk through the 

methodology carried out in this thesis. 

Table 2. Experimental setup and analytical methods selected 

 

Particle size measurements were done for each orebody separately for the rod mill feed and flotation 

feed (rod mill output). Batch flotation tests for each orebody (Burkland, Nygruvan, Borta Bakom and 

two datasets from Sävsjön) were performed generating four concentrates (called C1, C2, C3 and C4) 

and one tailings stream from each flotation experiment.  

4.1. SAMPLING AND PREPARATION 

Samples from four different orebodies (Burkland, Nygruvan, Borta Bakom and Sävsjön) were 

collected by geologists at Zinkgruvan and shipped to Luleå University of Technology as crushed ore 
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(-3.35mm). The exact location of the samples is not available. The sampling campaign performed by 

Zinkgruvan is believed to have followed the best practices and, therefore, these samples are 

representative from the respective orebodies. A second set of samples from Sävsjön was received 

later on, containing 19 kg split into 1kg bags. This set of samples are referenced as Sävsjön NEW, 

while the first set of samples is called Sävsjön OLD.  

Weighing was done using SB32001 DeltaRange® Mettler Toledo with 0.1g precision and Mettler 

PC2000 with 0.01g precision scales. A schematic representation of the overall sampling procedure 

for flotation experiments is depicted on Figure 23. 

 

Figure 23. Sampling procedure for flotation tests (Gy error #1, #2 and #3 are explained on Appendix B) 

From the bulk material, 1kg bags of representative samples were obtained by using a rotary splitter. 

These samples are ground in a rod mill to achieve a PSD similar to that of Zinkgruvan (d80~130 µm). 

From each flotation product, ~20g of representative sample is obtained using a riffle splitter. Ring-

and-puck mill is used to bring particle size down to 100% -75µm. At ALS Geochemistry, further 

splitting is performed and the final Gy error can be calculated (refer to Appendix B). 

4.2. FLOTATION 

Each flotation experiment was performed using a WEMCO flotation cell (Figure 24). Grinding was 

done for 10min with 1kg of material in a rod mill using 17.5kg of stainless steel rods at 60% solids 

percentage by weight targeting d80~130µm. The rod mill product is used as feed material to the 

flotation experiments, using tap water to reach pulp at 30% solids by weight concentration (10-15% 

solids by volume). In order to avoid Fe ions from being added to the pulp, stainless steel rod mill is 

used. 
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Figure 24. WEMCO flotation cell used for lab scale tests (Chinbat, Del Rio and Pashkevich, 2016) 

The impellor agitates the pulp and pH is measured throughout the whole process, adding sulfuric 

acid at 5% v/v aiming at keeping pH close to 8 at all times. The complete process is illustrated 

on Figure 25. 

 

Figure 25. Schematic representation of flotation procedure and its products 

Before each mass pull is obtained, a conditioning stage is added: 

- Conditioning 1: collector (SIPX at 1% w/w) is conditioned for two minutes at 50 g/t then 

NasFroth 240 (10% v/v from Nasaco) is conditioned for one minute at 25 g/t. The air valve 

with fixed aeration rate is opened and the froth is scraped every 10 seconds, collecting the 

first concentrate (C1) after one minute of flotation. 

- Conditioning 2: further addition and conditioning of SIPX at 25 g/t for two minutes is made 

and concentrate two (C2) is recovered after three extra flotation minutes. 

- Conditioning 3: similar to conditioning 2, SIPX is added at 25 g/t, conditioned for two 

minutes and the third concentrate (C3) is collected after nine extra minutes of flotation. 

- Conditioning 4: at this stage, copper activation is performed by addition of 100 g/t of copper 

sulfate (CuSO4) in powder form (100% concentration), conditioned for two minutes, 

followed by addition of another 50 g/t SIPX and NasFroth at 10 g/t, conditioned for two and 

one minute, respectively. The fourth concentrate (C4)  is collected after 4 minutes of flotation 

and the tailings is also obtained. 
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4.3. MAGNETIC SEPARATION 

Two types of magnetic separators (Davis Tube and WHIMS) were used to perform an investigation 

on pyrrhotite removal, as both Sävsjön OLD and Sävsjön NEW samples contain higher amounts of 

Fe, expected to come from pyrrhotite. It will be further discussed that Sävsjön NEW actually contains 

high amounts of magnetite instead of pyrrhotite. 

4.3.1. DAVIS TUBE 

The parameters that are possible to be modified in the Davis Tube (see equipment on Figure 26) are: 

 Electric current (A), ranging from 0 to 1,71 A 

 Electric voltage (V), ranging from 0 to 102 V 

 Inclination of glass tube, ranging from 30o to 60o 

 Water flow rate through the glass tube 

 Frequency of vibration 

The final procedure and parameters selected for experimentation are shown on Table 3. 

 

Figure 26. Davis Tube 

Table 3. Experimental parameters for Davis Tube tests 

Parameter Value Observation 

Inclination 60o It was observed that particles easily settle to the bottom of the tube, causing 

them to end up in the concentrate when all the material is washed out. 

Therefore the tube inclination was set to maximum in order to minimize this 

source of contamination. 

Water flow 

rate 

0.6 L/min  

Frequency of 

vibration 

40 cycles/min The frequency of vibration was set to its maximum, which is still quite low 

for the purpose of this separation. It is not possible to vary the amplitude of 

vibration. 

Electric 

current (A) 

0.4; 0.8; 1.2 

and 1.65 A 

The electric current and electric tension (V) have a positive correlation, 

therefore, the experiment was performed varying the electric current only. 
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250g of material was used on each experiment aiming at obtaining a reasonable amount of concentrate 

(at least 5g) for further process mineralogy analysis. The ore was fed into the tube 15g at a time and 

run for 2 minutes and 30 seconds before turning off the magnetic field and recovering the concentrate. 

The electric current was evaluated in four different strengths: 0.40A, 0.80A, 1.20A and 1.65A 

(respectively, 23.2V, 46.0V, 70.0V and 100V). Therefore, 1kg of samples were used for each orebody 

separately (Sävsjön OLD and Sävsjön NEW) to obtain four concentrates and four tailings each. 

4.3.2. WET HIGHT INTENSITY MAGNETIC SEPARATION (WHIMS) 

The Jones separator is a Humboldt Wedag Jones P40 that makes use of a canister filled with a matrix 

of grooved steel plates with non-adjustable aperture. The solids percentage in the feed was 20% w/w 

and the feed flow rate was 1.95 L/min. The feed material size was the same as the flotation feed, 

where d80 ~ 130µm. The feed material ranged from 450 to 500g. 

The only parameter that could be modified in the Jones separator (Figure 27) is the ‘current rating’, 

defined as the percentage of maximum current that is applied to the machine. It varies from 0-100%. 

In total, six experiments were performed: at 10%, 30%, 40%, 50%, 70% and 90% of maximum 

current strength. 

 

Figure 27. Jones separator 

4.4. PROCESS MINERALOGY 

The analytical tools employed in this thesis to characterize the ore and evaluate its performance on 

flotation and magnetic separators (as illustrated on Figure 28) were: 

 Chemical analysis by X-Ray Fluorescence (XRF) and Inductively Coupled Plasma (ICP) acid 

digestion with further Element-to-Mineral-Conversion. These techniques were applied on every 

flotation product for all orebodies. 

 Mineralogical analysis by optical microscopy and mineral liberation analysis from Scanning 

Electron Microscopy/Energy Dispersive X-Ray Spectroscopy (SEM-EDS) data. 
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 X-ray diffraction (XRD) was used on concentrate and tailings from magnetic separation in order 

to identify mineral phases, with special focus on pyrrhotite and its crystal structures. These 

analyses were focused on Sävsjön orebody. 

 Laser Ablation Inductively Coupled Mass Spectroscopy (LA-ICP-MS) was used to identify 

differences in sphalerite composition in two different orebodies (Sävsjön OLD and Burkland) 

and streams (concentrates C1 and C4). 

 

Figure 28. Analytical methods for ore characterization and metallurgical performance evaluation 

4.4.1. CHEMICAL ASSAYS 

Chemical assays were obtained for all flotation product on each orebody in order to evaluate the 

performance of flotation experiments. In total, twenty concentrates and five tailings samples were 

sent to ALS Geochemistry laboratory in Piteå, Sweden, for chemical analysis for thirty-three elements 

and three oxides. The analysis precision and detection limits are presented on Appendix C. The 

method of analysis included: 

 C-IR07, S-IR08 and ME-IR08 for Total Carbon and Sulphur by Leco furnace on all samples; 

 ICP-AES (ME-ICP61) four acid digestion for 33 elements (Zn, Pb and Cu if less than 1%; 

Ag if less than 100 ppm. For higher grades, the method is ICP-AES OG62) performed on 

tailings samples; 

 ICP-AES (ME-ICP81) lithium metaborate fusion for metal content in tailings samples; 
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 ICP-AES/MS (ME-MS61c) four acid digestion for 48 elements on concentrate samples; 

 Si-CON02 Titration or Gravimetric Finish for SiO2 content in concentrate samples; 

 ICP-AES (Si-ICP81) Na2O2 fusion for SiO2 content in tailings samples. 

*Further description on these methods is available at ALS Geochemistry’s website 

(https://www.alsglobal.com/us/services-and-products/geochemistry/geochemistry-testing-and-analysis). 

4.4.2. X-RAY DIFFRACTION 

X-ray diffraction measurements were performed on Sävsjön OLD, Sävsjön NEW and Burkland aimed 

at qualitatively identifying mineral phases present in the samples and quantitatively, by the Rietveld 

method, obtaining mineralogical composition. The list of samples analyzed by XRD is presented on 

Table 4. 

XRD analyses were run with PANAlytical Empryrean X-RAY diffractometer equipped with a Cu 

tube and data processing with phase identification is performed using PANAlytical High Score Plus 

software, being able to provide qualitative and quantitative results through the Rietveld method. The 

2θ range was from 5 to 70o and a total run time of 30 minutes for each sample. 

The particle size was aimed for 25-75µm. If the material was a flotation feed or product in bulk size, 

it would be ground on a ring-and-puck mill for 5 seconds in order to reach the required size for 

analysis. 3-5 grams of finely ground material were used for analyses.  

Table 4. Samples analyzed by X-ray diffraction 

Separation 

method 

Orebody 
Stream 

Davis Tube 

Sävsjön 

OLD 

Concentrate from 0.40A test 

Tailings from 0.40A test 

Concentrate from 1.20A test 

Sävsjön 

NEW 

Concentrate from 0.40A test 

Tailings from 0.40A test 

Concentrate from 1.20A test 

WHIMS 
Sävsjön 

OLD 

Concentrate from 30% current rating 

Tailings from 30% current rating 

Concentrate from 90% current rating 

Tailings from 90% current rating 

Flotation Burkland Concentrate C1 

4.4.3. OPTICAL MICROSCOPY 

Two optical microscopes were used for this purpose: Zeiss Axiophot and Nikkon Eclipse E600 POL. 

The Zeiss optical microscope is equipped with a Nikon Digital Camera DXM1200 and the software 

Nikon ACT-1, capable of acquiring good quality pictures. Optical microscopy was used to identify 

mineralogical composition and variability, mineral association, estimate the degree of liberation and 

grain size. 

The preparation of polished sections was made by splitting the material to reach 2-3 grams, then 

preparing a mix of resin and hardener (10g:1.2g ratio), leaving it for 1.5 hours until it reaches the 

right viscosity. The epoxy mold is prepared by adding resin to 2/3 of the plastic recipient (25 or 30mm 

diameter) and then adding the sample, stirring on an 8-pattern until particles are properly separated 

and no bubbles are formed. The mold stays in a pressure vessel for 15 minutes, dry for up to 48 hours 

https://www.alsglobal.com/-/media/als/resources/services-and-products/geochemistry/fee-schedules/als-geochemistry-fee-schedule-eur.pdf
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then it is removed from the plastic recipient and polished. After polishing, the mold is suitable for 

optical microscopy analysis. The sample preparation is carried out according to Luleå University of 

Technology procedures. 

4.4.4. LASER ABLATION INDUCTIVELY COUPLED MASS SPECTROMETRY 

Quantitative trace element composition analysis for sphalerite was obtained through ‘spot analysis’ 

using a New Wave Research NWR193 laser-ablation system coupled to an iCAP Q ICP Mass 

Spectrometer from Thermo Scientific at Luleå University of Technology. 

Analysis can be performed on spots, rasters or elemental maps, as described by Cook et al. (2016). 

Spot analysis was selected for this experiment, as there is no need to identify variation across a grain 

or association of minerals. Cook et al. (2016) remembers the importance of ensuring that the ablated 

surface is free of inclusions. The isotopes selection took into account the reference standard being 

used (MASS-1) so the elements must be constrained to the ones available at the reference material. It 

also took into account any prior analysis made on the same ore type. Therefore, a deep investigation 

on the literature for all the parameters set during LA-ICP-MS measurement and elements to be 

analyzed was performed (see Appendix F). 

The final list of isotopes to be measured was: 32S, 33S, 34S, 55Mn, 56Fe, 57Fe, 58Fe, 59Co, 63Cu, 64Zn, 66Zn, 
71Ga, 107Ag, 111Cd, 115In, 121Sb, 202Hg, 208Pb and 209Bi. The dwell time was selected at 20ms, with 

exception for the major elements (S, Zn, Pb, Fe) with dwell time of 10ms, having a total of 320ms 

dwell time per analysis. The spot size for each sphalerite particle was set to 25 µm. The laser energy 

was used at 2.0 J/cm2 at a frequency of 5 Hz laser pulse. The equipment kept on shooting over the 

sample for 30 seconds, with 18s prior for calibration and another 22s afterwards, totaling 70 seconds 

per spot analyzed. Reference standard (Mass-1), NIST612 and blank measurements were carried out 

in between every sample analyzed, in order to correct for equipment drift. Zinc was used as internal 

standard for sphalerite when processing the data for quantitative results. The amount of spots analyzed 

per sample is shown on Table 5.  

Table 5. Amount of spots analyzed by LA-IPC-MS per sample (BuC1, BuC4, SäC1 and SäC4) 

Sample Burkland C1 Burkland C4 Sävsjön C1 Sävsjön C4 

Spots analyzed 21 24 25 26 

4.5. POST-PROCESSING 

4.5.1. ELEMENT-TO-MINERAL CONVERSION (EMC) 

EMC is a geometallurgical tool consisting in solving a set of linear equations (Figure 29). The b 

matrix represents the elemental analysis vector; the A matrix represents the theoretical chemical 

composition for each mineral, which is the amount of a specific element inside a certain mineral, 

calculated using their molar mass and; the x matrix represents the product matrix, where we can find 

the final mineral composition for each stream analyzed, by . 
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Figure 29. Mineral composition matrix calculation (Parian et al., 2015) 

HSC Chemistry 7.1® from Outotec was used to perform the element-to-mineral conversion. The 

mineralogical data used is available on Table 6, section 4.5.3. It provides the chemical composition 

of each mineral phase for the Zinkgruvan mine. 

The elemental composition for some  minerals at Zinkgruvan have been previously studied and this 

data is available on Appendix D. For each orebody a different set of mineral composition (MinSetUp 

file) was used during the calculation. 

4.5.2. MINERAL LIBERATION ANALYSIS 

Luleå University of Technology is equipped with a Zeiss Merlin SEM running the INCAMineral 

software with an EDS detector, capable of generating a modal composition for the whole sample, 

quantifying individual particle shape, size, association, as well as chemical and mineralogical 

composition. 

GrainClassifier V1.9 was developed by Parian (2017) and is used to post-process data coming from 

INCAMineral systems, classifying minerals, reporting mineral grades and back-calculating chemical 

composition. GrainClassifier was used in this thesis in order to evaluate the presence of minerals 

reported in the literature (especially from Jansson et al., 2017) and non-sulfide zinc minerals, such as 

hemimorphite, willemite and smithsonite, which have not yet been observed at Zinkgruvan. An 

updated list of minerals is presented on Table 6. 

GrainAlyzer is used in processing database files from INCAMineral containing information on each 

particle and extracting files (.txt, .csv or .xml), used for further mineral liberation analysis using HSC 

Chemistry. The procedure for data processing in HSC Chemistry consists on creating a mineral set 

up file based on the mineral groups proposed before. Each particle size is imported and assigned to 

the corresponding fraction. After these steps, the particles can once again be grouped, according to 

their liberation degree, this operation being called ‘Basic Binning’. This study considered 100% as a 

liberation threshold, with 1% of tolerance. Since the database was obtained solely for size fractions 

38-75µm and 75-150µm, the finest and coarsest fractions (0-38 and 150-300µm) were extrapolated 

using the ‘Missing Tools’ process. Finally, the ‘Rebalance’ of the mineral proportions in each size 

fraction was performed. 

4.5.3. UPDATED MINERALOGICAL COMPOSITION 

In terms of mineralogy, an updated list of the known minerals present at Zinkgruvan is shown on 

Table 6. This list is based on internal PREP projects and it was re-evaluated using work from Jansson 

et al. (2017), who have observed the presence of a variety of other minerals in the deposit, such as 

monazite, graphite, fluorphlogopite, apatite, wollastonite, vesuvianite, cobaltite and löllingite. The 

minerals in each group are classified in order of importance, relative percentage encountered in the 

ore and similarities of behavior in the processing plant. 
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Table 6. Mineral setup list. Chemical formula and specific gravity for each mineral were obtained from 

http://webmineral.com 

N° 
Mineral 

group 
Minerals Abbreviation 

Specific 

gravity 

1.1 Sphalerite  Sphalerite (Zn,Fe)S; Sph 4.05 

1.2 

Non-floating 

zinc 

minerals 

(NFZ) 

Zincite [(Zn,Mn)O]; 

Gahnite  (ZnAl2O4); 

Franklinite [(Zn,Mn,Fe)(Fe,Mn)2O4]; 

Willemite (Zn2SiO4); 

Hemimorphite [Zn4Si2O7(OH)2.(H2O)]; 

Smithsonite (ZnCO3) 

Znc 

Gah 

Fkln 

Wiil 

Hmm 

Smt 

5.56 

4.30 

5.14 

4.05 

3.45 

4.45 

2  Galena  Galena  (PbS) Gn 7.40 

3  
Other 

sulphides 

Pyrrhotite (FeS); 

Pyrite (FeS2); 

Pentlandite [(Fe,Ni)9S8] 

Po 

Py 

Pn 

4.61 

5.01 

4.80 

4  Chalcopyrite  Chalcopyrite (CuFeS2); Ccp 4.19 

5  Quartz  Quartz (SiO2) Qtz 2.65 

6  Feldspars Orthoclase (KAlSi3O8); Or 2.60 

7 Plagioclase Plagioclase [(Na,Ca)(Si,Al)4O8)] Pl 2.62 

8 Amphibole Actinolite [Ca2(Mg,Fe2+)5Si8O22(OH)2];  Act 3.00 

9 Diopside 

Diopside (CaMgSi2O6); 

Petedunnite [Ca(Zn,Mn,Fe,Mg)Si2O6]; 

Hornblende [Ca2[Fe4(Al,Fe)]Si7AlO22(OH)2] 

Di 

Pdn 

Hbl 

3.28 

3.68 

2.90 

10  Biotite 
Biotite [K(Mg,Fe)3[AlSi3O10(OH,F)]; 

Chlorite [(Mg,Fe,Li)6AlSi3O10(OH)8]; 

Muscovite [KAl2(Si3Al)O10(OH,F)2] 

Bt 

Chl 

Ms 

3.09 

2.95 

2.82 

11  Carbonates 
Calcite (CaCO3); 

Dolomite [(Ca,Mg)CO3]; 

Siderite (FeCO3)  

Cal 

Dol 

Sd 

2.71 

2.84 

3.96 

12 Magnetite 
Magnetite [Fe2+Fe2

3+O4] 

Titano-magnetite [Fe2+(Fe3+,Ti)2O4]; 

Mgt 

Ttn-Mgt 

5.15 

5.00 

13  
Non-floating 

gangue 

(NFG) 

Epidote [Ca2(Fe,Al)Al2(SiO4)(Si2O7)O(OH)]; 

Scapolite [(Na,Ca)4(Al3Si9O24)Cl]; 

Andradite [Ca3Fe2(SiO4)3]; 

Vesuvianite [Ca10Mg2Al4(SiO4)5(Si2O7)2(OH)4]; 

Tourmalite – Boron cyclosilicate 

Apatite [Ca5(PO4)3(OH,F,Cl)] 

Wollastonite (CaSiO3) 

Cordierite (Mg2Al4Si5O18) 

Fluorapatite [Ca5(PO4)3F] 

Zircon (ZrSiO4) 

Titanite (CaTiSiO5) 

Anhydrite (CaSO4) 

Barite (BaSO4) 

Ep 

Scp 

Adr 

Ves 

Tour 

Apt 

Wol 

Co 

Flap 

Zrn 

Ttn 

Anh 

Brt 

3.45 

2.66 

3.86 

3.40 

3.10 

3.19 

2.84 

2.64 

3.15 

4.65 

3.54 

2.97 

4.3-5 

Each mineral on the list is found in every orebody (Bu, Ny, BB and Sä) to some extent. The sum of 

every non-floating zinc mineral (NFZ) ranges from 0.1 to 0.5%. Even though they clearly behave 

differently in a flotation system, they were classified together with sphalerite when performing 

calculations on HSC Chemistry. The presence of petedunnite is also interesting, as it is a Zn-

containing clinopyroxene. No presence of arsenopyrite, nickeline, monazite, safflorite, graphite, 

dyscrasite, cobaltite, löllingite, ilmenite, breithaupite or rutile was observed. 
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5. RESULTS 

5.1. METALLURGICAL PERFORMANCE – FLOTATION 

The hypothesis of natural Pb activation not being sufficient to yield maximum Zn recovery is 

evaluated with further flotation experiments by addition of copper sulfate to the scavenger stage. 

Besides this analysis on the effects of copper activation, the hypothesis of sulphur deficiency observed 

from previous PREP projects is evaluated by better determining the mineral chemistry of sphalerite 

from Burkland and Sävsjön. 

This sulphur deficiency problem was first observed on Burkland concentrates, as the total sulphur 

obtained by chemical assays cannot explain the total amount of sphalerite, galena and chalcopyrite 

(back-calculated using their stoichiometric formulas). 

XRD measurement was performed on the first concentrate on Burkland (C1), evaluating the 

hypothesis of having non-sulfide zinc minerals (section 5.1.4), while the hypothesis of high variability 

in sphalerite chemistry is evaluated by LA-ICP-MS (section 5.1.3). Reference values based on real 

data from Zinkgruvan plant from 2013-2016 is available in Appendix A. Sampling strategy and 

calculation for Gy error is presented in Appendix B. 

5.1.1. DENSITY AND PARTICLE SIZE DISTRIBUTION MEASUREMENTS 

The results for density measurements are shown on Table 7. Observe that Sävsjön is expected to 

contain lower amounts ore minerals and higher amounts of silicates, as its density is much lower than 

the remaining orebodies. 

Table 7. Density measurements obtained by AccuPycII 1340 Helium pycnometer 

Sample Density (g/cm3) Standard deviation (g/cm3) 

Burkland 3.3228 0.0006 

Sävsjön 2.8551 0.0009 

Nygruvan 3.1175 0.0009 

Borta Bakom 3.0951 0.0150 

The set of sieves selected for this particle size distribution followed the √2 series: 300, 212, 150, 106, 

75, 53 and 38 µm and the sieving ran for 10 minutes. Figure 30 presents PSD curves from Sävsjön 

OLD compared to the PSD for the flotation feed at Zinkgruvan. It can be seen that the resulting d80 

on the laboratory test is in accordance with the values currently being carried out at Zinkgruvan. The 

major difference, however, is that the actual plant uses Autogenous Grinding, thus its distribution 

presents a wider range of particle size in comparison to the results obtained in the laboratory by using 

rod mill. 
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Figure 30. PSD (wet and dry) for Sävsjön OLD before and after grinding on rod mill. Reference curve for plant flotation 

feed is also available – refer to Appendix A 

5.1.2. FLOTATION EXPERIMENTS 

5.1.2.1. Flotation experiments – increased collector and activator dosage 

From the chemical assays, a product mass balance was made to evaluate flotation performance on all 

orebodies (refer to Appendix Q for product mass balance tables). Figure 31 shows the grade vs 

recovery curves for the flotation tests. The increase in recovery from the third and fourth concentrates 

is of special interest, as the difference represents the effect of Cu activation. Only Borta Bakom did 

not need extra activation, as its recovery by the third concentrate was already high (94.3%). The 

reason behind its better floatability and no need for copper activation will be discussed later when 

mineralogical and liberation data is provided. An increase in recovery up to 16.8% (for Nygruvan) 

was observed. 
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Figure 31. Grade vs Recovery curves for Zn and Pb on flotation experiments. White and yellow dots represent the average 

grade x recovery for Zn and Pb, respectively, for Zinkgruvan data from 2013 to 2016 

The green and blue dots in each graph represent the reference grade x recovery values for Zn and Pb, 

respectively, based on Zinkgruvan plant data (described on Appendix A). Compared to this data it is 

possible to observe that besides Sävsjön samples, the remaining orebodies present higher Zn recovery 
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than the reference values and similar grades. For Sävsjön NEW, Zn grade is high but its recovery is 

slightly lower than the reference. The only orebody that performs below expectation in terms of Zn 

grade and recovery is Sävsjön OLD, having Zn recovery as low as 82.9% with bulk rougher-

scavenger concentrate of 39.50% Zn. The Zn reference values for the plant are 43.60% Zn with 

93.56% recovery and the Pb reference values are 18.42% Pb with 91.67% recovery. 

It is possible that orebodies containing lower amounts of galena and higher amounts of pyrrhotite 

(especially Sävsjön OLD) would need higher activator dosage, as not enough Pb ions are released 

naturally and still some of it might be captured by pyrrhotite. 

By analyzing these graphs, it becomes clear that sphalerite has much slower flotation kinetics than 

galena and that copper activation is indeed necessary, except for Borta Bakom, as a considerable 

amount of sphalerite only floats after activation is performed. This is confirmed by the increase in 

recovery from concentrate C3 to concentrate C4 (refer to Table 8). Pb recovery was not negatively 

affected by copper activation. 

Table 8. Increase in Zn recovery after copper activation was performed (from concentrate C3 to C4) 

Orebody Increase in Zn recovery [%] 

Burkland 8.40 % 

Nygruvan 16.74 % 

Borta Bakom 2.99 % 

Sävsjön OLD 10.03 % 

Sävsjön NEW 12.57 % 

Selectivity is also an important metallurgical parameter, providing information on how well the 

minerals of interest and gangue are reporting to the expected streams. The graph on Figure 32 presents 

the selectivity curves for each flotation experiment. It is important to observe the differences between 

detrimental and payable elements recovery, as well as trends in recovery between elements. For 

instance, Pb and Ag visibly have good correlation for all orebodies. Copper recovery, mostly coming 

from chalcopyrite, is high for every orebody, simply explained by the easy xanthate adsorption onto 

its surface. 
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Figure 32. Selectivity curves for flotation experiments. Elements compared: Pb, Zn, Ag, Cu, Fe, remaining sulphur and 

gangue minerals 

The S/FeSx curve represents the distribution for iron sulfides (pyrrhotite mainly), back-calculated 

from chemical assays for sulphur that has not yet been assigned to other sulfides (sphalerite, galena 

and chalcopyrite). Here, this sulphur deficiency problem was first observed, as for Burkland the 

values for S/FeSx are negative and therefore not shown in its graph. 

In addition, from the S/FeSx curve it is possible to observe that from the third to the fourth 

concentrates there was a significant increase in iron sulfides recovery, meaning that copper activation 

is also recovering pyrrhotite, to some extent, which is undesirable. This is more evident for Nygruvan, 
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as 26.3% increase in S/FeSx recovery is observed, compared to its 16.8% increase in Zn recovery, 

which was the highest among all orebodies evaluated. Therefore, Nygruvan seems to have higher 

amounts of iron sulfides which are recovered in the last flotation concentrate (when copper activation 

is performed), decreasing the efficiency of the overall process. 

For Burkland, observe that its Fe recovery is very high (42.4%) however according to EMC (refer to 

section 5.1.2.3), 40.57% of Fe in the feed comes from sphalerite, meaning that the Fe in the 

concentrate is actually coming almost entirely from sphalerite. 

Attention must be paid to Sävsjön NEW, which contains relatively high amounts of Zn in the feed 

and still has a low recovery, generating the highest concentrator loss from all orebodies (10.90kg 

Zn/tonne ore). Despite the fact that Sävsjön NEW contains high amounts of Fe (7.55% in the feed), 

its Fe recovery is still the lowest, being a good indication that the majority of its iron is coming from 

iron oxides (this will be further discussed on section 5.3.2) and inside sphalerite lattice. Iron oxides 

do not pose a problem to the flotation process at Zinkgruvan as they do not tend to be recovered for 

the conditions and reagents used during the process. 

In terms of minor elements, some correlation could even be observed from the chemical assay 

obtained. A positive correlation between galena and antimony (Sb) is observed in every flotation 

stream. The same is true for sphalerite and cadmium (Cd), as shown in Figure 33. Further studies on 

mineral chemistry of sphalerite by LA-ICP-MS will be presented on section 5.1.3. 

 

Figure 33. Flotation results - relationship between Pb/Sb and Zn/Cd from chemical assays 
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5.1.2.2. Optical Microscopy 

Figure 34 presents optical microscopy images aiming at understanding the differences between the 

orebodies (Burkland and Sävsjön OLD, selected as they present the highest ore variability) and 

streams (flotation concentrate C1 and C4). Mineral association, grain size and estimation of mineral 

composition and degree of liberation for each stream is described in Table 9. Additional pictures are 

available in Appendix M. 

 

Figure 34. Optical microscopy analysis with 6x magnification. A) Burkland C1; B) Burkland C4; C) Sävsjön C1; D) 

Sävsjön C4. Sph: sphalerite; Gn: galena; Po:pyrrhotite; Cpy: chalcopyrite 
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Table 9. Optical microscopy images description 

Image 
Mineral composition 

(estimated) 

Degree of liberation 

(estimated) 
Mineral associations 

A 

Burkland C1 

Sphalerite: 50%; 

Galena: 45%; 

Chalcopyrite: roughly 1%; 

Pyrrhotite: less than 1%; 

Gangue: 1-2% 

Sphalerite and 

galena are highly 

liberated (over 90%) 

Pyrrhotite and gangue particles are 

mostly associated to sphalerite. 

Sphalerite/galena binaries are found, 

which is not a problem 

B 

Burkland C4 

Sphalerite: up to 90%; 

Galena: ~3%; 

Chalcopyrite: less than 1%;  

Pyrrhotite: 1-2%;  

Gangue: ~5% 

Sphalerite is well 

liberated (~80%); 

Galena highly 

liberated (over 90%); 

Chalcopyrite usually found as liberated 

particles; 

Pyrrhotite is found associated to 

sphalerite and even as liberated particles; 

Gangue is associated to sphalerite, 

mostly, and in complex interlocking. 

C 

Sävsjön C1 

Sphalerite: ~70%; 

Galena: ~20%; 

Chalcopyrite: less than 1%;  

Pyrrhotite: less than 1%; 

Gangue: 5-10% 

Sphalerite and 

galena are well 

liberated (~90%). 

Gangue is mostly associated to 

sphalerite; however even liberated 

gangue has been observed.  

D 

Sävsjön C4 

Sphalerite: ~75%; 

Galena: ~3%; 

Chalcopyrite: ~1%;  

Pyrrhotite: less than 3%;  

Gangue: 10-12% 

Liberation is good 

(~85%). 

Pyrrhotite reports associated to 

sphalerite. 

Gangue is found in association to 

sphalerite and even as liberated particles. 

In a summary, clearly particles in C4 are less liberated than in C1, bringing some contaminants to the 

concentrate or, even worse, avoiding sphalerite or galena particles to be recovered and reporting to 

the tailings. Pyrrhotite is also observed to respond to copper activation, having an increase in recovery 

in the last concentrate, both on Burkland and Sävsjön. Chalcopyrite content in Sävsjön is clearly 

lower than in Burkland. 

5.1.2.3. Element-to-Mineral Conversion (EMC) 

The step-be-step calculation for the EMC is depicted on Table 10, where each round of calculation is 

performed in a sequence so that the remaining elemental composition are associated to specific 

minerals. 

Table 10. Methodology for performing Element-to-Mineral Conversion. LS - Least squared method; NNLS - Non-negative 

least squared method;  

Round Method Minerals (Elements) 

1st round LS Sphalerite (Zn), Galena (Pb), Chalcopyrite (Cu), Calcite (C) 

2nd round LS Feldspars and Micas (K) 

3rd round LS Actinolite and Diopside (Mg) 

4th round NNLS Plagioclase (Al), Non-floating gangue (Ca) and Quartz (Si) 

5th round NNLS Pyrrhotite (S)*, Magnetite (Fe) 

* For Burkland, Fe was used instead of S for the calculation, as Burkland presents some sulphur deficiency problems – 

yet to be investigated - and S would result in 0% of iron sulfides 

Even though the 2nd and 3rd rounds are underdetermined (having more minerals than elements to 

perform the calculations), this is the result that presented the least residuals and better match between 
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all streams, having good correlation with the actual feed composition obtained by SEM/EDS analysis 

on previous PREP projects (see Appendix E). The use of minor elements such as Na, Ti or Mn was 

not considered as it would overestimate the content of some minerals (actinolite, micas or 

plagioclase). 

The resulting mineral composition for every stream obtained by EMC is illustrated on Figure 35. The 

raw data is available in Appendix H. It is important to observe the correlation between flotation 

kinetics and different minerals. For instance, galena is fast floating and it is reporting mostly to 

concentrate C1, while sphalerite floats slightly slower with increasing recovery as time passes. 

Observe as well that pyrrhotite recovery increases as time passes, especially after copper activation 

is performed, on concentrate C4. 

Furthermore, a comparison between the mineral composition obtained by EMC and a mineral mass 

balance was performed, using the results from concentrates C1 to C4 and tailings and back-calculating 

the feed. As a result, the mass-balanced feed composition matches to the calculated composition from 

EMC, meaning that for most of minerals, its composition in each stream can be relied upon. 

Chalcopyrite is the only mineral with constant relative error of 5-15%, while pyrrhotite on Burkland 

and Borta Bakom have higher deviation (28 and 22%, respectively). For the other minerals, not much 

deviation was observed (see Appendix I). 
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Figure 35. Mineral composition in every concentrate, tailings and feed for each orebody (adjusted to 100%). Raw data 

available in Annex H 
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From the chemical assay, the Fe distribution by minerals is obtained (Figure 36). This data can be 

compared against the actual Fe recovered in the flotation tests, determining how much of the Fe in 

the concentrates come from sphalerite. This comparison is shown on the graph on the left on Figure 

36. Observe that Burkland, Borta Bakom and Sävsjön NEW have most of its Fe in the concentrates 

coming from sphalerite, while Nygruvan and Sävsjön OLD have other minerals as source of Fe in the 

concentrates. From the graph on the left, showing the Fe distribution in the feed, it is clear that 

pyrrhotite is commonly observed at Zinkgruvan orebodies. Still, the high Fe content observed in 

Sävsjön NEW comes from magnetite rather than pyrrhotite, not being a problem in the flotation 

circuit. 

 

Figure 36. A) Fe distribution by minerals from EMC results; B) percentage of Fe in the concentrates that actually comes 

from sphalerite (based on total Fe recovery from chemical assays) 

5.1.3. SPHALERITE MINERAL CHEMISTRY 

The use of LA-ICP-MS aimed at evaluating sphalerite mineral chemistry, as it is believed that its Zn, 

S and Fe content might significantly change between different orebodies. However, LA-ICP-MS 

results acquired at LTU could not provide reliable results for the major elements, therefore it was 

only used to evaluate minor and trace elements. For major elements, SEM/EDS point analysis data 

was used instead. 

5.1.3.1. Major elements 

SEM/EDS data have been acquired by previous PREP projects and contain information on elemental 

composition for major elements on sphalerite. This data is analyzed for Burkland and Sävsjön OLD 

feed samples, being able to compare differences in terms of Zn, S and Fe from different Zinkgruvan 

orebodies. Figure 37 presents a correlation between Zn and Fe from Burkland and Sävsjön, showing 

an inversely proportional distribution between the elements due to Fe substitution, as expected. In 

addition, distinction between both orebodies can be made, as Sävsjön clearly contains higher amounts 

of Fe and lower Zn than Burkland. 
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Figure 37. Correlation graph for Zn and Fe from SEM/EDS point analysis data on sphalerite particles 

The box plots in this image show basic statistics information for Zn and Fe, showing that sphalerite 

on Burkland has an average 60.74% Zn and 4.39% Fe in its composition, while for Sävsjön its 

composition is 57.46% Zn and 7.54% Fe. Table 11 presents basic statistics for Zn, Fe and S. Observe 

that the sulfur content does not present any significant differences between Burkland and Sävsjön. 

Table 11. Basic statistics for SEM/EDS point analysis data on major elements inside sphalerite for Burkland and Sävsjön 

  Burkland Sävsjön 

Data points 2769 particles 265 particles 

Element S Fe Zn S Fe Zn 

Mean 34.86 4.39 60.74 34.98 7.54 57.46 

Median 34.65 3.86 61.10 35.05 7.66 57.34 

STD 1.57 1.65 2.24 1.27 1.34 1.83 
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5.1.3.3. Minor and trace elements 

George et al. (2015) demonstrated by map analysis on LA-ICP-MS that for the majority of sulfide 

ores containing galena and sphalerite, there are elements that are more likely to be found in each of 

these minerals. In sphalerite, In, Cd, Co, Hg and Ga are mostly present, while Bi, Sb, Tl, Se and Ag 

are mostly found in galena. Basic statistics from the minor and trace elements is available on 

Appendix G and a brief description of each relevant element is made: 

 Cadmium: A clear distinction between Burkland and Sävsjön is observed in terms of 

cadmium content in sphalerite (see Figure 38 for better visualization). However, it seems that 

there is no difference in Cd content from slow and fast floating sphalerite, as samples from 

concentrates C1 and C4 do not present significant differences. This shows that the amount of 

cadmium in sphalerite is not detrimental to flotation and that blending should be the best 

strategy to decrease Cd concentration in the concentrate. 

 

Figure 38. Plot for Cd (in ppm) vs Zn (in counts per second) showing whisker plots 

 Indium: The majority of particles contain low amounts of Indium (lower than 1 ppm), except 

for Sävsjön C4 where the median In content of all particles is 2.61 ppm, with peaks up to 
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11.65 ppm, as observed on Figure 39. In general, whenever a particle contains higher In 

content it comes from Sävsjön orebody, with exception from one sample from Burkland C1. 

 

Figure 39. Plot for In (ppm) vs Zn (counts per second) 

Regarding the other elements, not much correlation has been observed. The histograms on Figure 40 

present a simplified way of visualizing the trends in separation from datasets (Burkland C1, Burkland 

C4, Sävsjön C1 and Sävsjön C4). The bars in the graph represent the observations for the whole 

dataset, while the curves represent each individual group separately. Besides Cd and In, it also 

presents histograms of transformed lognormal data for Hg and Ag. For Cu, Co, Mn and Ga, please 

refer to Appendix G for correlation graphs. 

 Sävsjön C1 contains less variable and lower amounts of Hg; 

 Slow floating sphalerite tend to contain less Ag, especially for Burkland, where most of its 

sphalerite contain low amounts of Ag; 

 Cu grades tends to be lower in the first concentrate, regardless of the orebody, meaning that 

in concentrate C4 sphalerite that contain higher amounts of Cu are more easily floated due to 

activation; 

 Ga tends to be lower in concentrate C1 and it gets significantly higher in Sävsjön C4, but still 

in low concentrations (up to 3.8 ppm Ga); 

 Mn is higher in Burkland concentrates and looks like it has a normal distribution, while in 

Sävsjön it is more variable and it contains a lognormal distribution, with higher standard 

deviation. 
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Figure 40. Histograms for Cd, In, Ag and Hg with fitting curves for normal and lognormal distribution. Colors represent 

the four streams analyzed (Bu C1, Bu C4, Sä C1 and Sä C4) 

One problem due to instrumental error occurred during the laser ablation measurements. As there 

were over 100 spots analyzed on the same day, there was a significant target shifting (as illustrated 

on Figure 41), mainly for the first spots setup for analysis, Burkland C1 and Burkland C4. The image 

illustrates that the spots analyzed on Burkland C4 (image A) present strong deviations from the actual 

targeted spot, while for Sävsjön C4 the spots were hit at the desired location, having less interference 

from other mineral sources or matrix. A few samples from Burkland C1 had to be excluded from the 

analysis due to clear presence of other minerals rather than sphalerite. 

 

Figure 41. Target shifting during experiment. Optical microscopy images. A) Burkland C4; B) Sävsjön C4. 
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5.1.4. X-RAY DIFFRACTION (XRD) RESULTS FOR BURKLAND C1 

The sulphur deficiency problem is evaluated by XRD, determining if there is any other non-sulfide 

zinc mineral responding to flotation at Zinkgruvan. Burkland was selected for analysis as this orebody 

presented the highest deviations from expected and calculated S content from elemental mass balance. 

A list of zinc silicates, carbonates and oxides were tested separately on XRD and the Rietveld method 

was run, trying to observe if any of them would have a positive signal. These minerals were added 

after inputting sphalerite, galena, chalcopyrite and pyrrhotite to the mineral list, and ran one by one. 

It is important to mention that the presence of these minerals was not expected to be found, as they 

should not be reporting to the concentrate on this flotation scheme. The list of zinc minerals evaluate 

is presented as follows: 

 Zinc silicates: hemimorphite, willemite, kraisslite 

 Zinc oxides: gahnite (spinel), zincite, franklinite 

 Zinc carbonates: smithsonite 

Indeed, none of these zinc minerals were identified by the Rietveld analysis. The only mineral that 

contained Zinc that was positively identified, even though in small percentages, was a clinopyroxene 

with Zn and Ca in its lattice. This mineral is also known as Petedunnite and it is formed in 

metamorphic stratiform zinc deposits. Further investigation on the presence and formation of 

petedunnite at Zinkgruvan should be carried out. The XRD spectrum for Burkland flotation 

concentrate C1 is presented on Figure 42. 

 

Figure 42. XRD spectrum for Burkland concentrate C1 

5.2. MINERAL LIBERATION ANALYSES 

In order to explain how the ore variability at Zinkgruvan orebodies affect the need for induced copper 

activation, mineral liberation data analyses were performed from SEM/EDS data on four orebodies: 

Burkland, Nygruvan, Borta Bakom and Sävsjön OLD. The data has been previously acquired and had 

not yet been processed. Figure 43 presents the distribution of sphalerite particles in the feed. It is 

discriminated in terms of mineral association (liberated, binary, ternary or more complex) by size 

fraction and bulk. 
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Figure 43. Mode of occurrence of sphalerite in the feed for Burkland, Nygruvan, Borta Bakom and Sävsjön OLD 

Observe that the mineral association on Burkland, Nygruvan and Borta Bakom is relatively simple, 

with very good liberation (over 70%). Still, a good proportion of the binary particles are composed 

of sphalerite and galena, which is perfectly fine, as both minerals are expected to reach the bulk 

concentrate together and only then be separated in a later flotation stage.  However, for Sävsjön OLD 

both mineral association and sphalerite liberation are detrimental to its flotation. Only 50% of the 

particles are liberated in the bulk feed, very few binaries with galena are found and large amounts of 

binaries with pyrrhotite, causing a decrease in the concentrate grade with high Fe content. 

It is also visible that the amount of ternary particles is high, which makes sphalerite recovery more 

difficult. Mineral association plays a big role in determining if a particle will be recovered to the 

concentrate or not. Based on optical microscopy images on Sävsjön OLD concentrates, it is possible 

to observe that even on the last concentrate (C4), liberation is still high (approximately 80%), which 

shows that most of the complex associated particles are reporting to the tailings. 

Observe as well that the amount of binary particles between sphalerite and pyrrhotite in Sävsjön OLD 

is significant. It represents 7.44% of all sphalerite particles in the feed. It shows the importance of 

dealing with pyrrhotite with some of Zinkgruvan orebodies. Mineral association data for pyrrhotite is 

available in Appendix O and it also shows how much the association sphalerite + pyrrhotite is 

significant on Sävsjön OLD. 
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Sävsjön’s contribution to the ROM at Zinkgruvan has been increasing lately, partly explaining the 

increase in Fe content in the concentrates and decrease in concentrate grade. Therefore, this thesis is 

also meant to evaluate the performance of magnetic separation methods in removing pyrrhotite. 

5.3. METALLURGICAL PERFORMANCE - MAGNETIC 

SEPARATION 

Magnetic separation methods are applied on both Sävsjön OLD and Sävsjön NEW samples aiming 

at evaluating the hypothesis of presence of iron sulfides in the ore and the efficiency of separation of 

iron sulfides by magnetic separators. In addition, a quantification of the amount of sphalerite reporting 

to the magnetic concentrate is made, determining how detrimental magnetic separation might be in 

terms of zinc losses. WHIMS are common magnetic separators used in the industry and, therefore, 

present more reliable results while Davis Tube is a geometallurgical tool aiming at rapid 

measurements using less amounts of material. Separate measurements on both methods, Davis Tube 

and WHIMS, are made with field strengths that might be related to each other. A comparison between 

both methods could have been made if proper measurements of magnetic field were available. This 

comparison and scale-up of WHIMS based on Davis Tube is left for further studies. 

5.3.1. DAVIS TUBE 

A comparison in mineralogy and source of Fe from Sävsjön OLD and Sävsjön NEW can be made by 

drawing a mass pull graph from Davis Tube tests on feed material (Figure 44). A significant 

difference in the amount of magnetic particles is observed, demonstrating that there is high 

mineralogical variability at Sävsjön. These tests were done individually for each electric current, 

having four runs for the feed (at 0.4, 0.8, 1.2 and 1.65 amperes) and two runs for the concentrate (at 

0.8 and 1.65 amperes). 

 

Figure 44. Graph comparing OLD and NEW Sävsjön samples in terms of mass pull 

The graph on Figure 44 also evaluated how much magnetic material is in the flotation concentrate 

from Sävsjön NEW, showing that not much magnetics are reporting to the flotation concentrate: 

0.27% when a current of 0.8A is applied and 0.87% when the maximum electric current (1.65A) is 

used. This will be further discussed when dealing with XRD analysis, which show that magnetite is 

the most relevant magnetic mineral in Sävsjön NEW, while Sävsjön OLD samples contain higher 

amounts of pyrrhotite. Magnetite is easily separated in the flotation stage, reporting to the tailings. 
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The products tested on XRD for Sävsjön OLD were both tailings and concentrate from the lowest 

magnetic strength (0.40A test) to intermediate strength (0.8A and 1.2A), having a total of six samples, 

as described in Figure 45. For Sävsjön NEW, three samples were analyzed on XRD: tailings and 

concentrate from the 0.4A test and concentrate from the 1.2A test, highlighted by red circles in Figure 

45. 

 

Figure 45. Davis Tube schematic flowsheet – red circle represents samples selected for XRD analysis 

5.3.2. X-RAY DIFFRACTION (XRD) RESULTS ON DAVIS TUBE 

XRD analyses provided information on mineral phases with proper distinction between magnetic 

(monoclinic) and non-magnetic (hexagonal) pyrrhotite. In addition, the identification of the source of 

high Fe content in Sävsjön is made. 

For quantification analysis, the Rietveld method was used. For the products from Sävsjön OLD and 

WHIMS, the results can be considered quantitative, as the measurements were taken using cobalt 

tube, having higher resolution and number of counts. These measurements were performed at the 

Geological Survey of Finland (GTK), scanning from 2θ: 5-75 degrees. However, for Sävsjön NEW, 

a copper tube was used and the results shall only be considered as semi-quantitative. 

Becker (2009) states that the strengths of using powder XRD is that the sample preparation and 

measurement time are relatively quick. However, the Rietveld method has a detection limit of ~5% 

in weight of the mineral in the sample, being its biggest drawback. 

5.3.2.1. Sävsjön OLD 

To visualize the XRD spectrum for all measurements from Davis Tube in Sävsjön OLD, refer to 

Appendix K. The list of all minerals and the quantification results from the Rietveld method is shown 

in Table 12. Note that for the field strengths of 0.8A and 1.2A the analyses were made using cobalt 

tube, therefore the results are more reliable. However, for the measurements on 0.4A the use of copper 

tube was made, providing semi-quantitative results. 
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Table 12. Quantification analysis from Rietveld on Sävsjön OLD for Davis Tube tests 

Mineral 

Mineral grade (%) on Davis Tube products 

Tailings on 
0.4 A 

Concentrate 
on 0.4 A 

Tailings 
on 0.8 A 

Concentrate 
on 0.8 A 

Tailings 
on 1.2A 

Concentrate 
on 1.2A 

Sphalerite Fe-rich/ferroan 1.8% 10.4% 5.0% 11.4% 3.0% 12.8% 

Magnetite - 12.4% - 13.2%  12.0% 

Pyrrhotite 5C (monoclinic) - 0.8% - 45.6% - 52.3% 

Pyrrhotite (hexagonal) 0.1% - 1.3% - 1.2% - 

Quartz/Quartz low 24.1% 21.7% 26.5% 16.2% 27.9% 10.8% 

Biotite 8.9% 6.7% 16.5% 9.3% 15.0% 10.7% 

Orthoclase/Anorthoclase 36.5% 41.2% 45.0% - 46.9% - 

Actinolite 5.9% 5.5% 5.0% 4.3% 3.1% 1.5% 

Galena 0.4% 1.4% - -   

Chalcopyrite 0.5% - 0.6% - 2.0% - 

Dolomite 0.6% - - -  - 

Albite 21.1% - - - - - 

Clinopyroxene (Na, In) - - - - 1.0% - 

Weighted R-profile 
Semi-

quantitative 
Semi-

quantitative 
19.9 8.23 20.5 7.66 

These results show that there are both monoclinic and hexagonal pyrrhotite in Sävsjön OLD and that 

the monoclinic type is recovered to the concentrate while the hexagonal pyrrhotite remains in the 

tailings. Note that magnetite is recovered on the lowest magnetic field strength and, unfortunately, 

sphalerite is also reporting to the concentrates in fairly high amounts (from 2.5 to 5.1% recovery). 

Figure 46 demonstrates that the Davis Tube concentrate on 1.65A field strength contains many 

pyrrhotite particles, mostly liberated. Unfortunately, the presence of sphalerite is also visible. 

 

Figure 46. Optical microscopy image from Davis Tube concentrate on 1.65A - Sävsjön OLD 



56 

 

Sävsjön NEW contains magnetite (easily separated simply by flotation) while Sävsjön OLD samples 

contain higher amounts of pyrrhotite. The latter can be visually observed on the XRD spectrum for 

the higher magnetic field strength (1.2 Amperes) on Davis Tube when Cu tube was used (Figure 47). 

 

Figure 47. XRD spectrum of Davis Tube concentrate at higher intensity (1.2A) on Sävsjön OLD, showing a typical 

monoclinic pyrrhotite with probable presence of some hexagonal pyrrhotite (as described by Vaughan & Craig, 1978) 

5.3.2.2. Sävsjön NEW 

The mineralogy on Sävsjön NEW and the efficiency of a magnetic separation by Davis Tube were 

evaluated by XRD and quantification by the Rietveld method. To visualize the XRD spectrum for all 

measurements on Sävsjön NEW, refer to Appendix L. The list of all minerals and the quantification 

results from the Rietveld method is shown on Table 13. Note that all the measurements were made 

using copper tube, therefore only semi-quantification results are provided. 

Table 13. Semi-quantification analysis from Rietveld on Sävsjön NEW for Davis Tube tests 

Mineral 

Mineral grade (%) on Davis Tube products 

Tailings from 
0.40A strength 

Concentrate from 
0.40 strength 

Concentrate from 
1.20A strength 

Sphalerite 16.7% - - 

Sphalerite Fe-rich - 19.5% 4.8% 

Magnetite - 29.7% 38.2% 

Pyrrhotite 5C (monoclinic) - 0.9% 0.8% 

Pyrrhotite (hexagonal) 0.3% - 1.1% 

Quartz 27.1% - - 

Biotite 10.4% 4.3% 3.5% 

Orthoclase 39.8% - - 

Actinolite 2.3% 9.2% 11.6% 

Galena 0.7% 1.2% 0.3% 

Chalcopyrite 1.0% 1.5% 1.5% 

Dolomite 0.3% - - 

Orthopyroxene 1.5% - - 

Diopside, ferroan - 15.5% 22.5% 

Fayalite, magnesian - 9.% 11.4% 

Spessartine - 8.9% 4.3% 
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Figure 48 shows the XRD spectrum for the Davis Tube concentrate on 1.20A on Sävsjön NEW. Due 

to the fact that the analyses were run using a copper tube, the amount of counts obtained by the 

detectors were too low (up to 600 counts), resulting in low accuracy quantification measurements by 

Rietveld method. 

 

Figure 48. XRD spectrum and Rietveld quantification for Davis Tube concentrate on 1.2 Amperes - Sävsjön NEW 

The XRD results on Sävsjön NEW demonstrate that Sävsjön is a highly variable orebody and that its 

high Fe content comes from both iron sulfides and iron oxides with varying degrees of each mineral 

along the orebody. Magnetite does not pose any problems to the flotation process, as it is not easily 

recovered to the concentrate. However, pyrrhotite does, and proper separation by either flotation or 

magnetic separation should be carried out. 

Figure 49 presents optical microscopy images from Davis Tube concentrate on the highest electric 

current (1.65A) on Sävsjön NEW. It shows that magnetite is predominant in this stream (Image A) 

and that even though pyrrhotite is not present in large amounts, it can still be easily identified. 

Magnetite is found in association to many minerals (Image B), as it is strongly magnetic and it reports 

to the concentrate even when associate to non-magnetic minerals. Sphalerite is also found in the 

concentrate, which is a problem in terms of Zn losses, as the magnetic concentrate is aimed at 

separating pyrrhotite from the remaining ore without removing sphalerite. 



58 

 

 

Figure 49. Optical microscopy image from Davis Tube concentrate on 1.65A - Sävsjön NEW. Mgt: magnetite; Po: 

pyrrhotite; Sph: sphalerite; Py: pyrite 

5.3.3. WET HIGH INTENSITY MAGNETIC SEPARATION (WHIMS) 

WHIMS tests were performed after the Davis Tube tests were done and results analyzed. Therefore, 

it was decided to run WHIMS tests only on Sävsjön OLD samples, as this orebody contains more 

pyrrhotite and less magnetite than Sävsjön NEW. 

Laboratory-scale WHIMS experiments are known to be more representative to full scale magnetic 

separation. Six measurements at different field strength were made and the mass pull to the 

concentrate at test is shown on Figure 50. Observe that only at the lowest field strength (measurements 

up to 0.25 amperes) a comparison to Davis Tube in terms of mass pull is possible. For higher electric 

currents, the mass pull is much higher than that obtained by Davis Tube. 

 

Figure 50. Mass pull to the concentrate from WHIMS in varying electric current 

Ferromagnetic materials tend to retain some magnetism even after the removal of the magnetic field 

is done, this effect being called remanence. It causes particles to clog in the matrix and perhaps trap 

gangue particles, which might be recovered as concentrate instead of being sent to the tailings, 
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decreasing the final grade. Therefore, it is common to obtain higher recovery rates on WHIMS, with 

consequent lower grade than other magnetic separation methods. 

Regarding the feed flow rate, the higher it is the lower the recovery is expected to be, as magnetic 

material would pass through without being attracted to the matrix. As the magnetic material is mostly 

pyrrhotite, this could have had an important effect over recovery.  

XRD measurements using cobalt tube were obtained for tailings and concentrates on WHIMS for two 

different field strengths: 30 and 90% current rating. The list of all minerals and the quantification 

results from the Rietveld method is shown in Table 14. To visualize the XRD spectrum for all 

measurements in Sävsjön OLD for WHIMS tests, refer to Appendix M. 

Table 14. Quantification analysis from Rietveld on Sävsjön OLD for WHIMS tests 

Mineral 

Mineral grade (%) on WHIMS products 

Tailings on 
30% current 

rating 

Concentrate 
on 30% 

current rating 

Tailings on 
90% current 

rating 

Concentrate 
on 90% 

current rating 

Sphalerite Fe-rich/ferroan 6.2% 8.4% 4.8% 15.3% 

Magnetite - 9.2% - 2.2% 

Pyrrhotite 5C (monoclinic) - 4.5% - 20.7% 

Pyrrhotite (hexagonal) - 24.8% - - 

Quartz/Quartz high 30.0% 22.5% 30.8% 21.1% 

Biotite 16.6% 12.2% 14.3% - 

Orthoclase/Anorthoclase 38.1% - 44.7% 24.4% 

Actinolite 9.1% 7.5% 5.3% 16.4% 

Dolomite - - - - 

Zincite - 10.9% - - 

Weighted R-profile 18.11 9.71 16.46 11.63 

Observe that every magnetite and pyrrhotite particle, including the non-magnetic pyrrhotite, is 

recovered to the concentrate, even at lower field strength (100% recovery). However, differentiation 

between monoclinic and hexagonal pyrrhotite is poor, since no hexagonal pyrrhotite is observed in 

the WHIMS test at 90% current rating even though it is present in the test at 30% current rating. Still, 

these results show that WHIMS do yield higher pyrrhotite recovery than Davis Tube, while the latter 

present higher pyrrhotite grade. 

5.3.4. SPHALERITE LOSSES INTO MAGNETIC CONCENTRATE 

Based on mass pull and mineral grades on each magnetic separation product on both Davis Tube and 

WHIMS, the sphalerite recovery to the concentrate can be obtained. This value is important because 

it represents the amount of sphalerite lost during the magnetic separation circuit. The product mass 

balance for both Davis Tube and WHIMS can be found in Appendix R. Figure 51 presents a grade 

versus recovery plot for magnetic separation experiments on Sävsjön OLD. 
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Figure 51. Magnetic separation experiments. A) Grade vs Recovery curve and B) selectivity curve for pyrrhotite and 

sphalerite 

From the graph it is possible to observe that high sphalerite losses will be obtained when magnetic 

separation methods are used to process Zinkgruvan’s feed. Davis Tube results show losses up to 5.1%, 

while WHIMS reach 15.4% sphalerite losses when maximum field strength is applied. It represents 

losses from 1.4% Zn to 2.9% Zn on Davis Tube and up to 8.7% Zn on WHIMS. Additional cleaning 

stages should be considered in order to decrease sphalerite losses. 

Regarding pyrrhotite removal, XRD results show that monoclinic pyrrhotite is completely, or nearly 

100%, recovered to the magnetic concentrate on both methods (WHIMS and Davis Tube). However, 

when considering the overall pyrrhotite removal, including both monoclinic and hexagonal pyrrhotite, 

the recovery is much lower, reaching a maximum value of 35.32% when higher electric current (1.2A) 

is applied on Davis Tube. This shows that Davis Tube is very effective to remove magnetic pyrrhotite 

but cannot separate non-magnetic pyrrhotite. WHIMS tests show that both magnetic and non-

magnetic pyrrhotite are recovered to the concentrate. 

6. DISCUSSIONS 

Based on this geometallurgical approach, the hypothesis previously defined are discussed, providing 

detailed analysis on the results. Further steps in order to accurately understand Zinkgruvan orebodies 

variability, their performance in the processing plant and be able to forecast production are given.  

Hypothesis 1. Natural Pb activation is not sufficient to yield maximum recovery and stronger Cu 

activation might decrease sphalerite losses to the tailings. 

It has been shown that indeed copper activation is necessary for three orebodies (Burkland, Nygruvan 

and Sävsjön), while for Borta Bakom its recovery by the third concentrate was already high and 

copper activation could only recover an additional 2.99% of Zn. This behavior from Borta Bakom is 

mostly explained due to its higher liberation and simple sphalerite association to other minerals. On 

the other hand, Sävsjön OLD, present a much more complex mineral association with binary and 

ternary particles, making it harder for sphalerite to be recovered. Therefore, after copper activation is 

performed, higher Zn recovery is obtained for Sävsjön. However, copper activation strongly activates 

sphalerite and it is much harder to reverse Cu-activated than Pb-activated sphalerite. 

 Further sphalerite de-activation on separation stage 
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Pålsson & Forssberg (1989) point out that considering the activation of sphalerite as surface 

complexation, Pb(II) activation can be considered as a pure surface complexation, and as such 

relatively easier to reverse. On the other hand, Cu(II) activation leads to the formation of new phases 

in the system (formation of Cu(I), for instance), therefore being much harder to de-activate. Therefore, 

careful attention must be paid on the separation stage at Zinkgruvan plant, where sphalerite must be 

selectively separated from galena so that each mineral report to the correct stream. 

Basilio et al. (1996) have demonstrated that the activation effect is more prominent whenever an ore 

has longer retention time or larger circulating load. As a qualitative analysis on this issue, copper 

sulfate had been added at an earlier stage in the flotation circuit, in concentrate C3, for instance, and 

XRF analyses were made to evaluate its performance. The result is that even higher Zn recovery can 

be achieved, being in accordance with the outcomes from Basilio et al. (1996). Refer to Appendix P 

for further understanding on this analyses. 

 Mineral liberation analysis 

The importance of analyzing mineral liberation data relies, among other reasons, on the fact that it 

can aid in the identification of an optimal grinding size for the target mineral. This minimizes mineral 

association that would either hinder flotation of the target mineral or recover unwanted minerals into 

the concentrate. It has been observed that galena and sphalerite are well liberated and, when in binary 

particles, they are usually found associated to each other, which does not pose as a problem for the 

bulk flotation stage at Zinkgruvan and it is a confirmation that the grinding size is close to being 

optimal. 

 Presence of non-sulfide zinc minerals 

The amount of sphalerite reported by XRD on Burkland C1 is significantly higher than that reported 

by Element-to-Mineral Conversion and to that observed on optical microscopy. The Rietveld method 

has high error and Parian (2017) proposes the usage of cobalt tube for quicker and more reliable 

results. As means of understanding the mineralogy and evaluating the presence of non-sulfide zinc 

minerals, XRD with copper tube provided relatively good results. Thus, this thesis could confirm that 

sphalerite accounts for almost 100% of the zinc in the concentrate, discarding the hypothesis of any 

other major non-sulfide zinc minerals floating along with sphalerite, even though petedunnite was 

observed (in minor concentrations). 

 Optimal reagents dosage 

This thesis was intended to determine if copper activation is beneficial or detrimental to Zinkgruvan 

process, resulting that it will further increase Zn recovery. Still, the optimal reagents dosage should 

be further evaluated. It was observed that whenever xanthate is added to the pulp and adsorbs onto 

mineral surfaces, the redox potential sharply decreases. This is explained by Becker (2009) as the 

formation of a surface coating corresponding to several monolayers would protect the mineral’s 

surface from further oxidation. When copper sulfate is added to the pulp, Cu acts as an oxidizing 

agent, increasing the redox potential immediately then slowly decreasing as the reaction product Cu-

Xanthate is formed, removing Cu2+ from solution. Whenever the redox potential stops decreasing, it 

means that the reaction has stopped. If the redox potential is still higher than its original value (based 

on the feed), it means that there is still excess of copper sulfate and its dosage should be decreased. 

This could aid in defining the optimal collector and activator dosage for the ore. 
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Hypothesis 2. The high Fe content in the bulk concentrate might be due to the presence of iron sulfides 

that could be selectively removed by magnetic separation 

From XRD results it has been shown that Fe comes from both pyrrhotite and magnetite, depending 

on the location inside Sävsjön orebody where the samples are coming from. Therefore, pyrrhotite 

presents itself as a much localized problem and better sampling campaigns in the mine should be 

made to better understand the mineralogical variability between different orebodies. 

It has been shown (see Figure 36) that for Burkland, Borta Bakom and Sävsjön NEW, the majority 

of Fe coming to the concentrate is inside sphalerite lattice. However, for Nygruvan and Sävsjön OLD, 

only 53.5% and 59.7%, respectively, of the Fe content in the concentrate is explained by sphalerite, 

so the rest comes mostly from iron sulfides. This explains where the high Fe content in the feed comes 

from, so that when dealing with orebodies with higher amounts of iron sulfides, modifications in plant 

operating parameters could be made, such as increasing collector and activation dosage. Otherwise, 

blending is a typical solution in order to dilute contaminants from specific orebodies. 

Regarding the efficiency of magnetic separation for pyrrhotite, it has been shown that higher field 

strengths should be used in order to remove pyrrhotite, which causes sphalerite losses as well. For 

Davis Tube experiments, monoclinic pyrrhotite can be easily recovered while hexagonal pyrrhotite 

tends to be sent to the tailings. On WHIMS, both pyrrhotite types are recovered to the concentrate. 

However, zinc losses to the magnetic concentrate range from 1.4 to 2.9% on Davis Tube and up to 

8.7% on WHIMS, therefore several cleaning stages should be performed to decrease these losses. In 

a summary, the benefits of magnetic separation on Davis Tube do not seem to be promising, as it does 

not recover much hexagonal pyrrhotite. Sävsjön OLD contains approximately 1.1 % pyrrhotite in its 

feed and the ratio between monoclinic and hexagonal pyrrhotite was found to be close to 43:100. 

Therefore, roughly 70% of pyrrhotite could still proceed to the flotation circuit. On the other hand, 

WHIMS showed better results being able to recover hexagonal pyrrhotite to certain degree. The exact 

amount of hexagonal pyrrhotite recovered on WHIMS should be evaluated. 

7. CONCLUSIONS 

This study highlighted the importance of conducting a detailed multidisciplinary investigation 

(geometallurgical approach) for better understanding of a Zn grade and recovery problem at 

Zinkgruvan mine and the determination of optimal solutions aiding decision makers at the plant. 

Regarding the benefits of addition of copper activation to the scavenger stage at Zinkgruvan plant, all 

orebodies, with exception from Borta Bakom, present significant increase from the third to the fourth 

concentrates, meaning that copper activation is able to recover particles that otherwise would end up 

in the tailings. Borta Bakom presents higher liberation and simple association, resulting in good 

recovery even without copper activation. Even in Burkland and Sävsjön OLD concentrate C4 many 

liberated sphalerite particles were observed, meaning that natural lead activation has not been able to 

provide maximum recovery and indeed copper activation is necessary. 

A drawback of the increase in mineral activation is that iron sulfides also tend to be activated and will 

be more easily recovered to the bulk rougher-scavenger concentrate. It was observed that for 

orebodies with higher contents of iron sulfides (Nygruvan and Sävsjön OLD, mainly), the increase in 

iron sulfides recovery is more pronounced. Considering that Zinkgruvan tends to exploit orebodies 
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with higher Fe content in the coming years, a typical solution for this problem would be the removal 

of iron sulfides by magnetic separation methods. 

Regarding sphalerite mineral chemistry for minor elements, it has been shown that cadmium presents 

a very good distinction between different orebodies, presenting higher content in Burkland than in 

Sävsjön OLD. Another distinct characteristic of minor elements distribution is that Indium is found 

at high concentrations, up to 11.86 ppm In, only in Sävsjön, especially in concentrate C4, whereas 

for Burkland its median content is as low as 0.22 ppm. 

For iron sulfides removal by magnetic separation methods, it should be noted that its efficiency to 

remove monoclinic (magnetic) pyrrhotite is good, but other iron sulfides tend to proceed to the 

tailings. The proportion of monoclinic pyrrhotite in Sävsjön OLD is estimated to be lower than 30% 

of the total iron sulfides in the feed, therefore magnetic separation methods would not fully solve the 

problem of high iron content in the flotation concentrate. Still, magnetic separation methods also 

remove up to 8.7% Zn in a first stage, therefore a cleaning circuit should be added in order to decrease 

these losses. As the pyrrhotite content in the feed is only 1.1% for Sävsjön OLD, flotation can still 

deal with the High Fe problem. For the future, more detailed studies using WHIMS should be 

performed, as method proved to be able to highly recover monoclinic pyrrhotite and even most of 

hexagonal pyrrhotite. 

8. RECOMMENDATIONS 

1. By increasing activator dosage, sphalerite might become too strongly activated, being more 

difficult to de-activate. Therefore, further studies on sphalerite de-activation must be performed 

before actually introducing higher concentrations of copper sulfate in the bulk rougher-scavenger 

flotation stage. 

2. Regarding the optimal activator and collector dosage, the use of spectroscopy techniques, such 

as XPS or XRF spectroscopy, might bring good results, by providing ion concentration on the 

surface of a mineral, or in the bulk, depending on its resolution (sample depth). It can, therefore, 

describe if activation is working and how deep in the mineral the ion exchange is happening. This 

could be used on both sphalerite and iron sulfides, determining the optimal activator dosage to be 

applied. Appendix P presents additional flotation experiments performed on Zinkgruvan orebody 

showing that Zn recovery can still be improved by modifying activation dosage and time. 

3. The bulk concentrate is sent to a regrinding stage before reaching the next flotation circuit, where 

Zn minerals and Pb minerals are separated. The regrinding stage will generate fresh surfaces on 

sphalerite, aiding its de-activation process. However, it will also release more Pb2+ into solution, 

further activating some sphalerite. The use of reagents to precipitate or complex Pb2+ ions should 

be investigated. Sodium sulfide (Na2S) is known for being able to precipitate Pb ions, but also 

sulfite may temporarily suppress lead induced flotation. 

4. Internal PREP projects have analyzed samples from Zinkgruvan plant and it was observed that 

sphalerite is present in the tailings mostly in coarser fractions and that only 29% of sphalerite is 

liberated in the tailings. Therefore, it is recommended that a classification stage is performed on 

the tailings from cells SR5-6, right before the scavenger stage, sending coarser particles (over 

106µm) back to regrinding and avoiding losing so much sphalerite due to association to other 

minerals. 
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5. Besides removing pyrrhotite by magnetic separation methods, it is possible to modify flotation 

parameters so that pyrrhotite has lower chances of floating. For instance, as magnetic pyrrhotite 

has been observed in high amounts in this thesis, a stage of pre-aeration prior to addition of 

collector might highly decrease pyrrhotite flotation. Becker (2009) explains that magnetic 

pyrrhotite is more reactive and would have, therefore, less chances of floating under oxidizing 

conditions. 

6. In order to decrease contamination in the Davis Tube concentrates longer time should be allowed 

during the experiment so that gangue particles are given enough time to settle. It was observed 

that 2 minutes were not enough and some gangue particles were inappropriately being recovered 

to the concentrate. 
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APPENDICES 

A. REFERENCE VALUES – ZINKGRUVAN PLANT PERFORMANCE 

From the data obtained at Zinkgruvan during the site visit in February 2017, information on ore 

quality for important streams is available. Figure 52 presents the histogram for Pb and Zn grade for 

the flotation feed (Malm) and bulk rougher-scavenger concentrate (Samkonc). The various 

distribution curves show the ore variability along the years (2013-2016). A table with basic statistics 

is available on Figure 54. 

 

Figure 52. Univariate statistics – histograms for Zn and Pb grade for the flotation feed (Malm) and bulk rougher-

scavenger concentrate (Samkonc). Data from Zinkgruvan plant from 2013 to 2016 

By analyzing the histograms for the flotation feed (Malm), it is possible to observe a trend of decrease 

in feed grade with the years, meaning that the plant has been processing a lower quality ore, but at a 

rather smaller deviation in quality, probably due to better blending or ore quality control by the mining 

department. Despite the decrease in the feed grade, the plant has been able to keep up with the 

rougher-scavenger concentrate grade (for Pb and Zn) at a lower deviation in quality. The Zinc 

recovery in 2016, as an average, was the lowest in the past 4 years – 92.47% in average with 2.97% 

standard deviation. 
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Zinkgruvan is also facing challenges in terms of Fe content (see Figure 53). Observe the increasing 

Fe content in the flotation feed in 2016, while the Zn grade has been decreasing, which means that 

less sphalerite and more Fe minerals (including pyrrhotite and iron oxides) have been mined. 

Regarding the bulk rougher-scavenger concentrate, the increase in Fe content in 2016 is even more 

significant, which raises the concern that the higher Fe coming from the feed is related to iron sulfides, 

which are more easily floated along with sphalerite. 

 

Figure 53. Univariate statistics – histograms for Fe grade for the flotation feed (Malm) and bulk rougher-scavenger 

concentrate (Samkonc). Data from Zinkgruvan plant from 2013 to 2016 

The particle size information for the flotation feed and bulk rougher-scavenger concentrate at 

Zinkgruvan plant is shown on Table 15. This information is important so that the laboratory tests aim 

for similar particle size distribution (d80 on flotation feed).  

Table 15. Grinding size at Zinkgruvan plant (from plant data on previous years) 

 
Flotation feed 

Bulk rougher-

scavenger concentrate 

d95 d80 d50 d95 d80 d50 

2016 (average) 215.06 130.18 59.43 90.71 54.51 18.99 

2017 (average) 202.19 119.17 52.20 85.09 50.08 23.99 

TOTAL (average) 213.35 128.72 58.46 89.84 53.83 19.19 
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Figure 54. Compiled statistics table for Zinkgruvan plant (2013-2016) 

B. SAMPLING STRATEGY AND GY ERROR 

The fundamental sampling error calculated by Gy’s formula provides a reasonable error estimation 

for inherent sampling splitting bias and it is used in order to design the sampling strategy so that an 

acceptable minimum level of confidence is achieved. For instance, orebodies with lower grade of the 

mineral of interest generate higher sampling error, thus the sampling campaign should take the grade 

distribution into account and keep the representativeness throughout the study. 

The sampling error exists every time there is a reduction in the mass of material, so whenever there 

is a splitting procedure in between size reduction stages. There were two size reduction stages: 

grinding for 10 minutes in a stainless steel rod mill to reach d80~-130 µm and grinding on ring-and-

puck mill to reach d95~75µm. On Figure 23 it is possible to observe that three Gy sampling error are 

present:  

- Gy error 01 – Splitting material from -3.35mm into 1kg samples 

- Gy error 02 – Splitting material from d95~140µm into 20g samples for analysis 

- Gy error 03 – Splitting material from d95~75µm down to 0.2g for chemical assays (laboratory 

analysis by acid digestion) 

The formula and description of parameters presented next are based on the study from Minnitt et al. 

(2007). 
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σ² = variance of the fundamental sampling 

error 

f = particle shape factor =  𝑉𝑜𝑙
𝑑3⁄ . For sphere-

shaped particles, f ~ 0.5 

d95 = top particle size [cm] 
β = liberation factor =    

d’ = nominal size for mineral grains to become 

liberated [cm] 

c = mineralogical composition factor  

𝑐 =  
1−𝑎

𝑎
  [(1-a)ρm + aρg] 

Ms = sample mass [g] 

a = fractional factor of mineral content 

𝑎 = (
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑖𝑛𝑒𝑟𝑎𝑙

𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡
) × (

𝑔𝑟𝑎𝑑𝑒 %

100
) 

Mlot = mass of the lot [g]                                             ρm = density of valuable mineral [g/cm3] 

g = granulometric factor   ρg  = density of gangue [g/cm3] 

The values for g ranges from 0.25 to 1.00, according to Table 16. 

Table 16. Determination of g in Gy's formula (Minnitt, Rice and Spangenberg, 2007) 

 

The liberation size d’ is estimated to be 30 µm, as it is the grinding size on the separation stage on 

the flotation circuit at Zinkgruvan. Figure 55 presents the Gy nomogram for the error inherent to mass 

splitting, taking into account sphalerite as the mineral of interest, showing that even in the lowest 

quality orebody (Sävsjön OLD) the standard deviation is kept under 1%. 

 

Figure 55. Gy Nomogram with 1% standard deviation safety line 
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C. ALS GEOCHEMISTRY LABORATORY TESTS DESCRIPTION AND DETECTION 

LIMITS 
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D. Mineral list for each orebody (MinSetUp file) 

The minerals plagioclase, micas, sphalerite and pyrrhotite were set with varying mineral composition, based on SEM/EDS analysis obtained on 

previous PREP projects at Luleå University of Technology on all four orebodies. 

Orebody Mineral (SG) Si O Al K Ca Na Ti Fe Mn Mg S C Zn Cu Pb 

S
a
m

e
 c

o
m

p
o
si

ti
o
n

 f
o
r 

  
 a

ll
 

o
re

b
o
d

ie
s 

Quartz 2.63 46.74 53.26                           

Orthoclase 2.56 30.27 45.99 9.69 14.05             

Actinolite 3.04 25.58 45.53 0.77  9.12 0.85 0.01 7.46 0.12 10.82       

Diopside 3.4 25.94 44.33   18.51     11.22       

Calcite 2.71   47.96   40.04       12.00     

Chalcopyrite 4.2         30.43   34.94   34.63   

Galena 7.4            13.40    86.60 

Epidote 3.45 17.24 41.21 11.08  16.44   11.29 0.10 0.08       

Magnetite 5.15   27.64      72.36         

B
u

rk
la

n
d

 

Plagioclase 2.69 22.70 47.20 14.10 1.00 12.00 1.20   1.00               

Micas 3.09 18.80 42.40 8.70 8.10 0.30  0.20 13.20 0.20 8.10       

Sphalerite 4.05         4.30   33.80  61.50    

Pyrrhotite 4.62         58.00   40.80      

N
y
g
ru

v
a
n

 

Plagioclase 2.69 27.30 48.80 12.40 0.60 6.10 4.20   0.50   0.10           

Micas 3.09 17.70 43.20 8.80 6.80 0.40  0.30 16.30 0.30 6.10       

Sphalerite 4.05         5.70   34.50  59.60    

Pyrrhotite 4.62               59.30     40.50         

B
o

rt
a

 

B
a

k
o

m
 Plagioclase 2.69 29.80 46.70 12.60 0.50 5.00 5.00   0.30               

Micas 3.09 17.90 41.20 9.30 7.00 0.20  0.40 17.80 0.30 5.80       

Sphalerite 4.05         5.10   34.50  60.00    

Pyrrhotite 4.62               59.10     40.70         

S
ä

v
sj

ö
n

 Plagioclase 2.69 27.20 46.50 13.50 0.70   3.10   0.50   0.10           

Micas 3.09 18.90 41.30 8.88 8.00 0.10  0.40 14.70  7.60       

Sphalerite 4.05         8.36   34.80  56.30    

Pyrrhotite 4.62               57.70     41.10         
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E. Bulk mineral composition for different Zinkgruvan orebodies – flotation feed 

*Data was obtained from SEM/EDS data and processed on HSC Chemistry 7.1 

N° 
Mineral 
group 

Main mineral 
Bulk mineral composition (%) 

Burkland Sävsjön OLD Nygruvan Borta Bakom 

1  Sphalerite  Sphalerite 25.11 3.99 13.53 17.16 

2  Galena  Galena 5.57 0.55 2.31 2.43 

3  Other sulfides Pyrrhotite 0.30 0.82 0.53 0.52 

4  Chalcopyrite  Chalcopyrite 0.08 0.02 0.05 0.01 

5  Quartz  Quartz 11.53 21.41 23.25 22.68 

6  Feldspars Orthoclase 24.26 29.56 19.63 17.70 

7 Plagioclase Albite 2.38 10.00 8.85 9.54 

8 Actinolite Actinolite 5.56 7.29 8.49 5.36 

9 Diopside Diopside 4.96 5.75 1.25 1.54 

10  Micas Biotite 15.59 13.08 12.53 14.59 

11  Calcite Calcite 2.05 1.14 1.95 0.45 

12 Magnetite Magnetite 0.20 0.40 0.15 0.32 

13  
Non-floating 
gangue (NFG) 

Epidote 2.41 5.99 7.48 7.71 

F. LA-ICP-MS spot analysis parameters - literature investigation 

Literature review Isotopes selected for analysis Main running parameters 

MASS 1 standard 

reference material 

(Wilson, Ridley and 

Koenig, 2002) 

Ag, As, Ba, Bi, Cd, Co, Cr, Cu, Fe, Ga, Hg, In, Ir, Mn, Mo, Na, Ni, Pb, S, 

Sb, Se, Sn, Te, Tl, V, W, Zn (all isotopes from these elements) 

(Cook et al., 2009) 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 
66Zn, 69Ga, 72Ge, 75As, 77Se, 
95Mo, 107Ag, 111Cd, 115In, 
118Sn, 121Sb, 125Te, 197Au, 
202Hg, 205Tl, 208Pb and 209Bi 

Laser energy from 5-6 J/cm2; 5 or 10 Hz 

laser pulse rate, removing 0.3 µm of 

material per pulse therefore having an 

ablation ratio of 1.5µm/s to 3.0µm/s, 

respectively; spot sizes varying from 25 to 

80 µm; analysis time of 90s for each sample 

with 30s for background measurement; 

dwell time of 20ms; calibration performed 

using standard STDGL2b2 (see 

Danyushevsky et al. (2010)) 

(Ye et al., 2011) 49Ti, 51V, 53Cr, 55Mn, 57Fe, 
59Co, 60Ni, 65Cu, 66Zn, 69Ga, 
72Ge, 75As, 77Se, 93Nb, 95Mo, 
107Ag, 111Cd, 115In, 118Sn, 121Sb, 
125Te, 182W, 185Re, 197Au, 205Tl, 
208Pb, 209Bi and 238U 

50µm spot size; 10 Hz pulse rate; laser 

energy at 5-6 J/cm2, removing 0.3µm of 

material per pulse; calibration made by 

STDGL2b-2 (see Danyushevsky et al. 

(2010)) 

(Lockington, Cook and 

Ciobanu, 2014) 

33S, 34S, 55Mn, 57Fe, 59Co, 60Ni, 
65Cu, 66Zn, 69Ga, 75As, 82Se, 
95Mo, 107Ag, 111Cd, 115In, 
118Sn, 121Sb, 125Te, 197Au, 
202Hg, 205Tl, 208Pb and 209Bi 

Pre-selection of samples under SEM, spot 

diameter of 30 µm, 5 Hz laser pulse rate and 

80% power level, 90s analysis time with 30s 

background measurement prior to ablation, 

calibration done by MASS-1 standard. Zinc 

concentration values measured by EMPA 

were used as internal standard. 
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(Axelsson and 

Rodushkin, 2001) 

32S, 55Mn, 56Fe, 59Co, 63Cu, 
64Zn, 107Ag, 111Cd, 114Cd, 115In 

Pulse energy 1.5mJ, spot size 40µm, 20 Hz 

pulse rate, 50 shots per point, 20ms dwell 

time. 

(George et al., 2015) 33S, 34S, 53Cr, 55Mn, 57Fe, 58Fe, 
59Co, 60Ni, 65Cu, 66Zn, 69Ga, 
75As, 82Se, 95Mo, 107Ag, 111Cd, 
115In, 118Sn, 121Sb, 125Te, 187W, 
197Au, 202Hg, 205Tl, 204Pb , 208Pb 

and 209Bi 

Mineral analyzed was galena; Selected 

areas for analysis based on BSE images; 

spot size 30µm; 4 Hz pulse rate; energy set 

to 0.5J/cm2; calibration performed by 

MASS-1 reference material, 

G. Laser ablation correlation graphs for Cu, Ga, Mn and Co and basic statistics on minor elements 
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Element Statistics Burkland C1 Burkland C4 Sävsjön C1 Sävsjön C4 

Points analyzed 21 24 25 26 

Cd Mean 1740 1651 967 1012 

Median 1799 1760 1060 1049 

STD 244 299 338 320 

Co Mean 75 102 75 134 

Median 46 50 33 105 

STD 76 111 94 112 

In Mean 0.48 0.28 0.96 3.28 

Median 0.24 0.21 0.33 2.61 

STD 0.94 0.19 1.46 3.48 

Hg Mean 48.36 60.67 39.40 54.43 

Median 46.10 52.10 31.30 34.45 

STD 19.61 31.76 24.48 32.00 

Ga Mean 0.78 1.43 1.36 2.61 

Median 0.66 1.13 0.49 1.67 

STD 0.47 1.12 2.07 2.70 

Mn Mean 1336 1244 1051 1083 

Median 1305 1248 821 698 

STD 294 306 808 1066 

Cu Mean 6.38 12.38 5.58 11.02 

Median 5.76 6.53 4.04 10.66 

STD 3.35 13.62 4.10 8.89 
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H. Raw data for Element-to-Mineral Conversion results and residuals from EMC calculation 

Stream Orebody 
Weight % of mineral 

SG 
Qtz % Fsp % Plg % Act % Di % Mica % Cal % Sp % Ccp % Gn % Other sulfides % Mgt% NFG % 

Feed 

B
u

rk
la

n
d
 

10.65 19.50 6.42 2.36 2.45 11.24 4.17 30.60 0.20 11.17 0.24 1.00 3.31 

C1 1.50 1.66 0.00 0.14 0.14 0.95 2.75 47.85 0.42 47.69 0.00 0.00 4.91 

C2 1.50 2.24 0.00 0.26 0.27 1.29 2.42 81.47 0.39 12.19 0.00 0.00 4.12 

C3 2.24 3.10 0.00 0.32 0.33 1.79 2.42 82.49 0.34 6.12 0.89 0.00 3.97 

C4 2.13 3.31 0.64 0.12 0.12 1.91 1.08 88.53 0.20 1.59 0.23 0.14 3.90 

Tailings 17.16 32.75 10.60 4.01 4.16 18.88 5.42 1.58 0.06 0.69 0.46 4.23 2.79 

Feed 

N
y

g
ru

v
an

 

16.73 17.53 14.63 3.74 3.88 8.49 3.08 18.61 0.09 6.50 1.00 5.73 3.09 

C1 1.86 1.33 0.00 0.36 0.38 0.64 2.83 55.71 0.38 35.74 1.38 0.00 4.64 

C2 1.85 1.67 0.79 0.45 0.47 0.81 2.17 70.17 0.29 18.50 3.02 0.00 4.25 

C3 1.76 2.02 1.84 0.54 0.56 0.98 1.42 76.69 0.20 8.44 5.54 0.01 4.06 

C4 1.92 2.08 1.10 0.34 0.36 1.01 0.75 83.73 0.14 1.65 6.54 0.39 3.96 

Tailings 22.60 23.24 17.43 4.92 5.10 11.25 3.42 1.65 0.02 0.66 0.26 9.45 2.80 

Feed 

B
o

rt
a 

B
ak

o
m

 

22.35 20.13 2.56 2.35 2.44 10.03 2.00 20.10 0.03 3.72 0.72 13.57 3.09 

C1 3.03 2.34 0.00 0.10 0.11 1.17 2.08 75.63 0.12 19.04 0.00 0.00 4.22 

C2 3.20 2.97 0.67 0.10 0.11 1.48 1.25 81.59 0.09 8.91 0.00 0.00 4.01 

C3 7.53 6.50 0.00 0.10 0.11 3.24 1.17 68.79 0.06 4.57 3.62 4.32 3.77 

C4 8.69 8.44 0.00 0.34 0.35 4.21 1.33 66.52 0.40 3.03 1.76 4.93 3.65 

Tailings 28.73 25.95 3.14 3.13 3.25 12.93 2.17 0.75 0.00 0.38 1.01 18.57 2.84 

Feed 

S
äv

sj
ö

n
 O

L
D

 

21.98 25.48 7.35 3.52 3.65 14.51 2.08 5.48 0.06 1.05 1.09 13.75 2.90 

C1 0.90 1.61 1.92 1.11 1.15 0.92 1.17 66.50 0.88 19.30 2.00 2.54 4.26 

C2 1.47 2.37 1.42 1.50 1.56 1.35 1.08 70.58 0.45 8.18 5.39 4.65 4.01 

C3 2.33 4.68 2.81 2.00 2.07 2.66 1.67 61.12 0.28 5.67 7.87 6.84 3.84 

C4 3.14 4.41 3.24 1.57 1.63 2.51 1.50 67.89 0.41 2.40 8.00 3.30 3.79 

Tailings 23.46 27.15 7.75 3.66 3.79 15.46 2.17 1.00 0.03 0.33 0.81 14.40 2.84 

Feed 

S
äv

sj
ö

n
 N

E
W

 

12.55 16.39 16.17 5.14 5.33 9.34 6.81 18.34 0.14 1.78 0.00 5.72 2.30 3.064 

C1 0.35 1.66 2.07 1.32 1.37 0.95 0.78 75.04 0.92 15.55 0.00 0.00 0.00 4.197 

C2 0.48 2.42 2.93 1.66 1.73 1.38 1.16 82.21 0.43 5.61 0.00 0.00 0.00 3.952 

C3 1.14 3.66 4.30 2.19 2.27 2.08 1.82 78.83 0.27 3.44 0.00 0.00 0.00 3.819 

C4 0.98 2.73 2.40 0.86 0.90 1.56 1.27 88.31 0.13 0.86 0.00 0.00 0.00 3.875 

Tailings 15.45 19.73 19.29 5.97 6.19 11.23 8.16 2.42 0.06 0.36 0.00 7.85 3.29 2.898 
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 Stream S % Fe % Al % Ca % K % Na % Mg % 

Burkland 

Feed (0.41) 0.287 0.128 (0.151) (0.064) 0.013 - 
C1 (1.51) 0.059 0.115 (0.803) - 0.009 - 
C2 (0.41) 0.247 0.168 (0.585) - 0.008 - 
C3 0.02 (0.014) 0.212 (0.424) - 0.007 - 
C4 (0.20) 0.141 0.042 (0.049) (0.006) - - 

Tailings (0.18) 0.130 (0.000) - (0.106) 0.029 - 

Nygruvan 

Feed - 1.650 0.000 - (0.088) (0.106) (0.017) 
C1 - 1.210 0.232 (0.770) - 0.027 - 
C2 - 0.872 0.215 (0.437) - - - 
C3 - (0.104) 0.087 (0.176) (0.011) (0.032) - 
C4 - (0.678) - - (0.007) - - 

Tailings - 1.782 - - (0.105) (0.054) (0.022) 

Borta Bakom 

Feed (0.31) 0.211 - - (0.013) 0.172 (0.010) 
C1 (1.68) (0.187) 0.104 (0.415) - 0.029 - 
C2 (0.57) 0.300 0.010 (0.026) - - - 
C3 (0.54) 0.371 (0.409) 0.276 - 0.089 - 
C4 (0.61) 0.423 (0.240) 0.162 - 0.117 - 

Tailings (0.12) 0.083 - - (0.016) 0.226 (0.014) 

Sävsjön OLD 

Feed - (1.016) - - (0.051) 0.402 (0.019) 
C1 - (0.378) - - (0.013) (0.009) (0.004) 
C2 - (1.471) - - (0.010) 0.023 (0.005) 
C3 - (1.061) - - (0.020) 0.056 (0.007) 
C4 - (1.579) - - (0.023) 0.026 (0.006) 

Tailings - (1.017) - - (0.054) 0.429 (0.020) 

Sävsjön NEW 

Feed (0.55) - - - (0.113) (0.245) (0.016) 
C1 (3.41) (2.623) - - (0.015) (0.060) (0.002) 
C2 (2.77) (2.324) - - (0.021) (0.080) (0.003) 
C3 (2.20) (1.353) - - (0.031) (0.106) (0.004) 
C4 (2.12) (3.053) - - (0.018) (0.057) (0.003) 

Tailings (0.03) - - - (0.135) (0.279) (0.019) 

*The residuals for Zn, Pb, Cu, Si and C are zero for every calculation.  
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I. EMC x Mass balanced mineralogy validation 

  



80 

 

J. Davis Tube performance by size fractions 

Davis Tube performance by size fractions was also evaluated, performing experiments on six size 

fractions: >150µm, 106-150µm, 75-106µm, 53-75µm, 38-53µm and <38µm. Each sample was run 

separately under 0.40A electric current, then the tailings would proceed to a further experiment at 

0.80A, then to 1.20A and finally to 1.65A, having a total of four concentrates and one tailings. The 

cumulative mass pull for this experiment is shown on Figure 56. 

  

Figure 56. Graph with concentrate mass pull (%) by size fraction for Sävsjön NEW on Davis Tube. Table shows the 

particle size distribution for this material, in percentage retained on each sieve 

This graph shows that the bigger the particle size, the higher the recovery of magnetic minerals to the 

concentrate, which is expected, as the bigger the particle size, the higher the magnetic force resultant 

over the particle. Some smaller particles tend to be recovered by means of entrapment rather than true 

magnetic separation or even by attraction to bigger particles behaving like mini-magnets in the sample 

(especially true for highly magnetic minerals). 

As a confirmation of the mass pull results, Table 17 presents a comparison between the sized and bulk 

experiments, showing that the amount recovered on each size fraction is within a reasonable deviation 

from each other. This confirms that Davis Tube performs well even if a broad range of particles sizes 

is input at the same time. 

Table 17. QA/QC for Sävsjön NEW with mass pull in the concentrate for each electric current, comparing the bulk and 

sized experiments 

Current (A) SaNEW01 – sized SaNEW04 - bulk Percent difference (%) 

0.4 4.13% 4.26% 3.07% 

0.8 4.71% 4.66% 0.92% 

1.2 4.90% 4.97% 1.40% 

1.65 5.07% 5.08% 0.21% 
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K. XRD spectrum for Davis Tube products on Sävsjön OLD 

 

Figure 57. XRD spectrum and Rietveld quantification for Davis Tube tailings on 0.4 Amperes - Sävsjön OLD 

 

 

Figure 58. XRD spectrum and Rietveld quantification for Davis Tube concentrate on 0.4 Amperes - Sävsjön OLD 
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Figure 59. XRD spectrum and Rietveld quantification for Davis Tube tailings 0.8 Amperes - Sävsjön OLD 

 

Figure 60. XRD spectrum and Rietveld quantification for Davis Tube concentrate 0.8 Amperes - Sävsjön OLD 
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Figure 61. XRD spectrum and Rietveld quantification for Davis Tube tailings on 1.2 Amperes - Sävsjön OLD 

 

Figure 62. XRD spectrum and Rietveld quantification for Davis Tube concentrate on 1.2 Amperes - Sävsjön OLD 
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L. XRD spectrum for Davis Tube products on Sävsjön NEW 

 

Figure 63. XRD spectrum and Rietveld quantification for Davis Tube tailings on 0.4 Amperes - Sävsjön NEW 

 

 

Figure 64. XRD spectrum and Rietveld quantification for Davis Tube concentrate on 0.4 Amperes - Sävsjön NEW 
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M. XRD spectrum for WHIMS products on Sävsjön OLD 

 

Figure 65. XRD spectrum and Rietveld quantification for WHIMS tailings on 30% current rating – Sävsjön OLD 

 

 

Figure 66. XRD spectrum and Rietveld quantification for WHIMS concentrate on 30% current rating – Sävsjön OLD 
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Figure 67. XRD spectrum and Rietveld quantification for WHIMS tailings on 90% current rating – Sävsjön OLD 

 

 

Figure 68. XRD spectrum and Rietveld quantification for WHIMS concentrate on 90% current rating – Sävsjön OLD 
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N. Optical Microscopy images 

 

Optical microscopy. A) Burkland C1: gangue as binary with sphalerite or even liberated particles; B) Burkland C4: 

liberated chalcopyrite and gangue; C and D) Sävsjön C4: C shows binary gangue and sphalerite particles on 

magnification 20 and D shows complex particles with pyrrhotite, sphalerite and gangue 
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O. Mode of occurrence for pyrrhotite on feed – Bu, BB, Ny and Sävsjön OLD 

 

P. Additional flotation experiments 

Even though good results were obtained by the experimental setup for batch flotation performed in 

this thesis, it is believed that there is still room for improvement in the amount of reagents being used, 

as liberated sphalerite particles could still be observed in the tailings. Therefore, additional flotation 

tests were performed in order to better understand the effects of some parameters over the metallurgical 

response. The chemical composition in the tailings for each of these experiments was measured by 

XRF.  

XRF measurements were performed using X-MET880 X-ray fluorescence developed by Outokumpu 

Electronics. XRF provides non-destructive elemental analysis on solid samples and it was calibrated 

for Zinkgruvan ore. However, XRF is known for providing low-confidence results, therefore being 

used solely as an indication of the overall performance. The deviation from XRF measurements to ICP 

chemical analyses from ALS Geochemistry was calculated based on samples where both methods 

were applied and it is shown on the graph below.  
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The results for XRF analyses on additional flotation experiments are illustrated on Figure 69, in terms 

of Zn% in the tailings (the lower the better) and Zn recovery %, calculated based on the mass pull. 

Original flotation experiments (according to the methodology on this thesis) are described with the 

orebody name. Tests with the termination in ‘A’ have an additional activation step on the third 

concentrate (C3) with addition of an extra 100 g/t CuSO4. ‘Nygruvan 200’ has 200g/t CuSO4 on last 

conditioning instead of the typical tests using 100 g/t CuSO4, while ‘Nygruvan 300’ used 300 g/t 

CuSO4. ‘Nygruvan pH9’ was carried out at pH 9.20, instead of the typical tests at pH 8.0. 

 

Figure 69. XRF results for Zn grade on tailings on additional flotation experiments 

From the graph it becomes clear that for all orebodies there is still room for improvement on Zn 

recovery. 1. By increasing the copper sulfate dosage on the scavenger stage; 2. By performing and 

additional step of activation before the last conditioning step, allowing longer time for sphalerite to be 

activated. It is also clear that an increase in pH would be detrimental to recovery. 
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The table below presents the data containing XRF measurements, the expected chemical composition 

based on the observed deviation from XRF and chemical analyses from ALS and calculated recovery 

for Pb and Zn. 

By analyzing this data, it becomes clear that none of these modifications on the flotation procedure 

are detrimental to Pb recovery. 

Test 
Mass pull 

to tailings 

Tailings Zn % 

based on XRF 

Tailings Pb % 

based on XRF 

Real Zn 

% 

Real Pb 

% 

Zn rec 

% 

Pb rec 

% 

Burkland 56.67 0.74 0.56 0.98 0.6 97.07% 96.48% 

Nygruvan 73.72 0.71 0.44 1.06 0.57 93.44% 92.54% 

Borta Bakom 74.29 0.71 0.31 0.45 0.33 97.25% 92.39% 

Sävsjön OLD 93.22 0.24 0.15 0.59 0.29 82.97% 70.29% 

Sävsjön NEW 80.46 0.79 0.15 1.36 0.31 89.40% 83.80% 

Sävsjön OLD 2x 93.72 0.32 0.21 0.38 0.28 88.87% 71.01% 

Nygruvan pH9 77.08 1.35 0.42 1.62 0.56 89.53% 92.29% 

Nygruvan 200 74.31 0.20 0.40 0.24 0.54 98.50% 92.92% 

Nygruvan 300 75.03 0.19 0.38 0.23 0.51 98.57% 93.21% 

Burkland A 56.31 0.39 0.68 0.47 0.91 98.61% 94.69% 

Nygruvan A 75.18 0.08 0.43 0.10 0.58 99.39% 92.30% 

Borta Bakom A 76.12 0.16 0.31 0.19 0.42 98.80% 90.18% 

Sävsjön OLD A 91.18 0.175 0.16 0.21 0.21 94.07% 78.51% 

Sävsjön NEW A 79.71 0.32 0.19 0.38 0.25 97.04% 86.82% 

 



91 

 

Q. Product mass balance for flotation experiments 
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R. Product mass balance for magnetic separation experiments 

 

 

Figure 70. Davis Tube products mass balance 

 

 

Figure 71. WHIMS products mass balance 

 

 

Davis Tube 0.4 A Weight Assays (%) Distributions (%)

Products (g) (%) Sph Po mono Po hexa Mgt Quartz Biotite Orthoclase Actinolite Others Sph Po mono Po hexa Mgt Quartz Biotite Orthoclase Actinolite Others

Concentrate 1.2 0.5 10.4 0.8 12.4 21.7 6.7 41.2 5.5 1.4 3.1 100.0 0.0 100.0 0.5 0.4 0.6 0.5 0.0

Tailings 219.3 99.5 1.8 0.1 24.1 8.9 36.5 5.9 22.6 96.9 0.0 100.0 0.0 99.5 99.6 99.4 99.5 100.0

Calc.Feed 220.5 100.0 1.8 0.0 0.1 0.1 24.1 8.9 36.5 5.9 22.5 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Davis Tube 0.8 A Weight Assays (%) Distributions (%)

Products (g) (%) Sph Po mono Po hexa Mgt Quartz Biotite Orthoclase Actinolite Ccp Sph Po mono Po hexa Mgt Quartz Biotite Orthoclase Actinolite Ccp

Concentrate 2.6 1.1 11.4 45.6 13.2 16.2 9.3 4.3 2.5 100.0 0.0 100.0 0.7 0.6 0.0 1.0 0.0

Tailings 227.1 98.9 5.0 1.3 26.5 16.5 45.0 5.0 0.6 97.5 0.0 100.0 0.0 99.3 99.4 100.0 99.0 100.0

Calc.Feed 229.7 100.0 5.1 0.5 1.3 0.1 26.4 16.4 44.5 5.0 0.6 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Davis Tube 1.2 A Weight Assays (%) Distributions (%)

Products (g) (%) Sph Po mono Po hexa Mgt Quartz Biotite Orthoclase Actinolite Others Sph Po mono Po hexa Mgt Quartz Biotite Orthoclase Actinolite Others

Concentrate 3.1 1.2 12.8 52.3 12.0 10.8 10.7 1.5 5.1 100.0 0.0 100.0 0.5 0.9 0.0 0.6 0.0

Tailings 247.4 98.8 3.0 1.2 27.9 15.0 46.8 3.1 3.0 94.9 0.0 100.0 0.0 99.5 99.1 100.0 99.4 100.0

Calc.Feed 250.5 100.0 3.1 0.6 1.2 0.1 27.7 14.9 46.2 3.1 3.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

WHIMS 90 % current rating Weight Assays (%) Distributions (%)

Products (g) (%) Sph Po mono Po hexa Mgt Quartz Biotite Orthoclase Actinolite Others Sph Po mono Po hexa Mgt Quartz Biotite Orthoclase Actinolite Others

Concentrate 26.3 5.4 15.3 20.7 2.2 21.1 24.4 16.4 15.4 100.0 100.0 3.8 0.0 3.0 15.0

Tailings 459.7 94.6 4.8 30.8 14.3 44.7 5.3 84.6 0.0 0.0 96.2 100.0 97.0 85.0

Calc.Feed 486.0 100.0 5.4 1.1 0.0 0.1 30.3 13.5 43.6 5.9 0.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

WHIMS 30 % current rating Weight Assays (%) Distributions (%)

Products (g) (%) Sph Po mono Po hexa Mgt Quartz Biotite Orthoclase Actinolite Zincite Sph Po mono Po hexa Mgt Quartz Biotite Orthoclase Actinolite Zincite

Concentrate 4.6 1.0 8.4 4.5 24.8 9.2 22.5 12.2 7.5 10.9 1.3 100.0 100.0 100.0 0.7 0.7 0.0 0.8 100.0

Tailings 459.4 99.0 6.2 30.0 16.6 38.1 9.1 98.7 0.0 0.0 0.0 99.3 99.3 100.0 99.2 0.0

Calc.Feed 464.0 100.0 6.2 0.0 0.2 0.1 29.9 16.6 37.7 9.1 0.1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0


