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ABSTRACT 

Tungsten (W) is listed among the European Union (EU) critical raw materials (CRMs) for its 

supply risk and economic importance. Primarily, tungsten is produced from scheelite and wolframite 

mineral ores with 0.08-1.5% tungsten trioxide (WO3) grade. However, as primary deposits for these 

resources are becoming less or lower in grade, alternative sources need to be explored. These 

alternative tungsten sources include scrap from end-of-life products, mine waste and rejects from the 

ore beneficiation processes (tailings). The latter alternative source is the focus within this thesis. 

Historical tailings repositories often pose environmental risks but may also become secondary 

sources of CRMs. This is because of relatively high minerals and metals content due to less efficient 

extraction methods and/or relatively low metal prices at the time of active mining. Therefore, 

reprocessing of such tailings is not only a supply risk-reducing measure but also an approach to 

remediation that contributes to the mining industry’s aim of moving towards a circular economy. 

The aim of this thesis has been to develop efficient methods for separating valuable minerals from 

the tailings of the closed tungsten mine in Yxsjöberg, Sweden in order to leave behind a stable and 

environmentally safe residue. Geometallurgical studies were conducted by collecting drill core 

samples from the Smaltjärnen tailings repository, for evaluating the potential of this repository for 

further processing. The tailings were originally produced from the ore that was mined by Yxsjö Mines 

while it was in operation from 1935 to 1963, with average ore grades of 0.3-0.4 wt.% WO3, 0.2 wt.% Cu 

and 5-6 wt.% fluorspar. The exploited minerals were scheelite for W, chalcopyrite for Cu and fluorspar. 

The tailings repository is estimated to have about 2.2 million tons of tailings covering an area of 26 

hectares, with elemental concentrations of 1-2 wt.% S, 0.02-0.2 wt.% Cu, 0.02-0.3 wt.% W, 0.02-0.04 

wt.% Sn and 0.02-0.03 wt.% Be. 

Sampling and characterization of the historical tailings were conducted based on geometallurgical 

units (i.e. a distinction between different layers and locations in the repository), followed by 

metallurgical test work. The tailings were characterized with regard to optical and granulometric 

properties, chemical composition, mineralogical composition, mineral occurrence, texture and mineral 

liberation. Based on a comprehensive literature survey, tailings characteristics, and assessment of the 

earlier processes from which the Yxsjöberg tailings were produced, feasible separation methods were 

pre-selected involving dry low-intensity magnetic separation (LIMS) and high intensity magnetic 

separation (HIMS), enhanced gravity separation (EGS) using a Knelson concentrator, and batch froth 

flotation. 

The average WO3 and Cu concentration in these tailings based on the sampled locations was 0.15 

% and 0.11 % respectively. Applying them to the estimated 2.2 million tons of tailings in this repository 

gives approximately 3300 tons of WO3 and 2512 tons of Cu. From the metallurgical test work, several 

feasible processing routes have been identified that need to be further assessed based on the economic 

and environmental criteria.  
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INTRODUCTION 

1 Background and objectives 

Mine wastes are volumetrically one of the largest waste streams in the world, with high 

concentrations of elements and compounds that can have severe environmental impacts, thus the need 

for continued multidisciplinary research to understand and manage these wastes sustainably [1]. For 

the mining industry, management of these wastes is a growing challenge especially as the primary ore 

deposits are becoming lower in grades and usually more complex in mineralogy. Tailings are one of 

the largest waste streams from the mining industry, classified as processing wastes, and usually stored 

in piles, large surface impoundments (tailings dams) and other tailings storage facilities (TSF) [1–3]. 

Repositories of historical tailings (HT) pose environmental risks but may also become new resources 

for valuable metals. This is because relatively high minerals and metals content characterize HT due 

to less efficient extraction methods and/or relatively low metal prices at the time of production [3]. 

Some of the minerals and metals contained in these tailings are among the critical raw materials 

(CRMs) cited for supply risk and economic importance for the European Union hence making such 

tailings potential secondary sources of CRMs. Therefore, reprocessing of such tailings would be 

considered as a supply risk-reducing measure [4]. 

The REMinE (Improve Resource Efficiency and Minimize Environmental Footprint) project’s 

vision is to decrease the amount of harmful wastes by reprocessing. To achieve this vision, it aims to 

develop effective methods for separating valuable minerals and extracting metals of interest from HT 

while leaving a stable and environmentally safe residue. Therefore, the REMinE project has taken a 

holistic approach in dealing with historical mine wastes such as the Yxsjöberg historical tungsten ore 

tailings in the Smaltjärnen TSF in Sweden, the Cabeço do Pião tailings dam in Portugal [5], and the 

Sasca Montana tailings management facility in Romania.  

In this thesis, the Smaltjärnen TSF in Yxsjöberg, Sweden is used as a case study to investigate the 

feasibility of reprocessing HT not only as a supply risk-reducing measure but also as a possible 

remediation method. The tailings in the repository under study contain some of the CRMs cited for 

supply risk and economic importance for the European Union, in elevated concentrations; tungsten 

(W), copper (Cu), fluorspar (CaF2), sulphur (S), tin (Sn), zinc (Zn), beryllium (Be) and bismuth (Bi) 

(Figure 1) [4,6]. Materials criticality with its crucial role for a circular economy have become a topic of 

increasing international interest [7]. Therefore, the research in this thesis has also gained the support 

of other international projects (IRTC – International Round Table on Materials Criticality) because the 

Yxsjöberg case study is a good example of how the supply risk-reducing measure in materials 

criticality could contribute to a circular economy in the mining industry [8].   
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Figure 1. Economic importance and supply risk results of 2017 criticality assessment [4]. 

Tungsten is an element of interest in the tailings under study; hence, in this thesis reference will 

be made to it more than the other elements. It has unique characteristics such as having the highest 

melting point of all metals, high density and low reactivity/toxicity, which make it a suitable and an 

irreplaceable metal in the production of hard, tough, durable and corrosion resistant tools essential in 

modern technologies [9–11].  According to the 2015 risk list of the British Geological Survey, tungsten 

has a relative supply risk index of 8.1 on a scale of 1 to 10, which is ranking sixth behind rare earth 

elements that have the highest risk [12].  Primarily, it is produced from scheelite and wolframite 

mineral ores with 0.08-1.5% tungsten trioxide (WO3) grade [9]. These tungsten minerals are friable in 

nature compared to the associated gangue minerals; hence, fine tungsten particles are excessively 

generated during comminution processes (crushing and grinding). The generated fine tungsten 

particles are lost to tailings due to the failure of separation methods commonly used to recover 

tungsten minerals [9,13]. In low-grade ores, tungsten losses to the tailings are enhanced because fine 

mineral particles such as scheelite particles are either lost as liberated fine particles due to the required 

fine grinding or as unliberated particles if the grinding is insufficient. Therefore, new techniques that 
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would help to reduce such losses during beneficiation and/or recover tungsten from tailings need to 

be developed [9,13,14]. 

The amount of minerals and/or metals that remain in tailings depends mainly on the separation 

and extraction methods employed, and the processing efficiencies. The design and selection of these 

processing methods are primarily based on the mineralogical characteristics of ores [15]. According to 

Petruk [16], applied mineralogy investigations are performed to determine mineralogical 

characteristics such as the following: 

i. Identities of major, minor and trace minerals, 

ii. Compositions of minerals that bear on the process, 

iii. Quantities of minerals 

iv. Particle and grain size distributions and textures of the minerals, 

v. Mineral liberations, 

vi. Surface coatings on minerals. 

These mineralogical characteristics are also essential when considering tailings for reprocessing 

because they have a link to the metallurgical performance of process flowsheets to be developed [17–

19]. Like ore bodies, tailings repositories can also be considered as so-called geometallurgical units 

based on the definition of being “an ore type or group of ore types that possess a unique set of textural 

and compositional properties from which it can be predicted they will have similar metallurgical 

performance” [17]. Therefore, TSF may have several geometallurgical units depending on what type 

of primary ore and which process streams the tailings were generated from, how the deposition was 

done (random or systematic), and the weathering that could have occurred over time. This may lead 

to reprocessing flowsheets of tailings and metallurgical performances being different from those of 

primary ores from which they were produced. 

To investigate systematically the feasibility of reprocessing HT, the following research questions 

were formulated:  

1) What separation/extraction methods can be used to effectively reprocess the Yxsjöberg 

historical tungsten ore tailings? 

a) What are their main physical and chemical characteristics?  

 optical and granulometric properties, chemical composition, mineralogical 

composition, mineral occurrence, texture and mineral liberation 

b) Is there variability in the drill core layers, and in the drill cores from one repository location 

to another? 

c) Is the variability significant and how will it affect the choice of reprocessing methods?  

 Varying methods from one repository location to another 

 Economic and/or environmental feasibility 

 Sustainability (methods and remaining residues)  

2) Will the developed reprocessing conceptual model be applicable to other tailings repositories? 

Based on these research questions, a research approach has been developed resulting in the work 

presented in this thesis and indications for what needs to be done going forward. A geometallurgical 

approach has been identified as an ideal way to study the Yxsjöberg case. This is because mine waste 
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management is a key part of the mining value chain, and reprocessing of such HT encompasses some 

types of processes (mineral processing and environmental) considered in geometallurgy [20]. The 

concept has mainly been applied to primary ore deposits, starting from ore body characterization to 

process modelling and economic optimization of the mining operation. However, as alternative 

mineral sources are being explored, a question of adaptability of the geometallurgical approach to the 

secondary resource repositories arises. Referring to the stipulated steps in a geometallurgical program, 

adaptable steps by order of execution to the research work in this thesis include [20]: 

1. Sample Selection 

2. Mineralogical/chemical/physical characterization 

3. Metallurgical test work 

4. Domain definition 

Using these geometallurgical steps, a methodology to understand further the properties (physical, 

chemical and mineralogical) of the Yxsjöberg HT, how they are distributed in the repository, and to 

determine the process options for reprocessing is proposed. Therefore, in this thesis the focus is not on 

developing a complete geometallurgical program but applying some of the steps in order to develop 

effective methods for separation of valuable minerals from historical tailings while leaving a stable 

and environmentally safe residue.   
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MATERIALS AND METHODS 

2 Materials and Methods 

2.1 The Yxsjöberg mine 

The Smaltjärnen TSF is located in Bergslagen, Central Sweden, which has been one of the most 

important mining areas in northern Europe with regard to tungsten ores. The Yxsjöberg historical 

tungsten ore tailings were produced from an ore that was mined at the Yxsjö Mines, which were in 

operation from 1935 to 1963. The exploited minerals were scheelite for W, chalcopyrite for Cu and 

Fluorite (CaF2), from crude ore with estimated average grade at 0.3-0.4 %WO3, 0.2 %Cu and 5-6 %CaF2 

[21,22]. The scheelite grain size in the ore was 0.2-4.0 mm and 90 wt.% of the ore was liberated at 0.4 

mm grain size. The concentrate recoveries were 50-70 wt.% for scheelite, 50 wt.% for fluorite and 25 

wt.% for chalcopyrite meaning a considerable amount of these valuable minerals ended up in the 

tailings [22]. The Yxsjö processing plant had three main divisions namely gravity separation, magnetic 

separation, and flotation, from which tailings were generated and randomly discharged into the 

Smaltjärnen TSF (Figure 2).  

 

Figure 2: Simplified flowsheet of the Yxsjö processing plant from which the HT were generated and then randomly 

discharged into the Smaltjärnen TSF. The aerial photo of the repository was taken in 1963 just before the processing 

plant stopped being in operation  [21–23]. 

The Smaltjärnen TSF is estimated to have about 2.2 million tons of tailings and covers an area of 

26 hectares, with elemental concentrations of 1-2 %S, 0.02-0.2 %Cu, 0.02-0.3 %W, 0.02-0.04 %Sn and 
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0.02-0.03 %Be. This TSF does not have dam walls or complete vegetation cover to prevent the tailings 

from being washed into the Smaltjärnen Lake at the foot of the repository; the remains of what seems 

to have been an embankment made of wood shows failure to contain the tailings thus allowing erosion 

(Figure 3). Therefore, environmental concerns are inevitable as seepage from the tailings through the 

dilapidated embankment into the surface waters, and air and soil pollution through dust generation 

is evident [2]. 

  

Figure 3. Left – a section of the Smaltjärnen TSF showing an embankment made of wood. Right – tailings washed 

downstream past the wooden embankment showing signs of acid mine drainage (AMD). 

2.2 Smaltjärnen TSF characterization 

2.2.1 Sampling and sample preparation 

The Smaltjärnen TSF was sampled by collecting drill core samples from nine different locations 

as shown in Figure 4. The detailed description of the coding system used for the numbering of the 

sampling locations, sampling procedure and sample preparation are given in the appended papers.  

 

Figure 4. Drill core sampling locations on the Smaltjärnen TSF represented by red dots, the yellow squares showing two 

discharge points, and the yellow lines showing the repository boundary. 
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The sampling points in the nine selected locations were randomly picked, and Table 1 gives summary 

information about the 17 sampling points out of which eight (1_2, 6 to 6F) were used for preliminary 

testing of feasible processing methods.  

Table 1. Summary information of points on the Smaltjärnen TSF. 

Sampling 

Point 

Sampling Points GPS Coordinates 

Altitude (m) 

Number 

of drill 

holes 

Drill 

hole 

depth 

(m) 

Number 

of drill 

cores 
DD (decimal degrees) 

1_1 60.041669, 14.771031 307 1 3.0 3 

2_1 60.040194, 14.775531 309 1 1.0 1 

1_2 60.041778, 14.775325 306 1 6.0 5 

2_2 60.040792, 14.776211 314 1 4.8 4 

3 60.042189, 14.771242 291 1 4.8 4 

4 60.040769, 14.774017 305 1 6.0 5 

5 
60.040069, 14.774878 305 2 

4.8 
8 

5A 4.8 

6 

60.042656, 14.775217 303 7 

2.2 

14 

6A 1.8 

6B 1.9 

6C 2.0 

6D 2.4 

6E 2.1 

6F 2.4 

7 
60.042911, 14.774928 315 2 

2.4 
4 

7A 2.4 

Screening of the drill cores was done based on the differences in color and granulometry in the 

cores, with the split into smaller samples representing tailings layers in a particular location of the 

repository. This approach was taken in order to have a clear understanding of layers represented in 

each drill core; after characterization, the particle size and minerals dominant in a given layer and their 

effect on the pre-selected separation methods would then be known. This understanding is important 

because the layers are an indication of how tailings deposition took place in the repository, variations 

in mineralogy and process parameters during the production period. The variations in the tailings 

layers in the different locations were also observed on-site in excavated sections (Figure 5). 
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Figure 5. Photos of excavated sections of the Smaltjärnen TSF showing variations in the tailings layers. 

Drill core vertical profiles showing the different tailings layers in the selected locations of the 

repository are shown in Figure 6. Applying the altitude information in Table 1 to the drill cores vertical 

profiles and connecting the sampling locations in the order 7, 6, 1_2, 2_2, 2_1, 5, 4, 1_1 and 3 gives an 

interpolated cross-section view of the repository (Figure 7).    

 

Figure 6. Vertical profiles for the 17 sampling points. 
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Figure 7. Interpolated cross-section view (direction order 7, 6, 1_2, 2_2, 2_1, 5, 4, 1_1 and 3) of the repository showing 

the variation of the tailings thickness on the TSF. 

2.2.2 Characterization of drill core samples 

Effective separation of valuable minerals and safe disposal of the remaining residue require a 

detailed understanding of the mineralogical, geochemical and bulk physical properties of the tailings 

[3,24]. Initial mineralogical and geochemical studies on the Yxsjöberg HT, revealing that the main 

minerals in which the W, Cu, F, S, Sn, Zn, Be and Bi were contained were scheelite, chalcopyrite, 

fluorspar, pyrrhotite, cassiterite, danalite (both Zn and Be) and bismuthinite, respectively [6]. The 

studies also showed that pyrrhotite was the main Fe-sulphide mineral responsible for AMD in the 

Smaltjärnen TSF hence for remediation it needs to be separated from the bulk minerals. However, in 

this thesis additional mineralogical and process mineralogical studies were done to add the mineral 

processing perspective but also to complement and confirm earlier findings considering possible 

variations in the samples. 

The protocol for characterization of drill core samples using the analyses methods is summarized 

in Figure 8. 
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Figure 8. Summary of the characterization sequence of drill core samples. 

 

2.3 Metallurgical test work 

Based on the tailings characterization, a comprehensive literature survey and the assessment of 

processes from which the Yxsjöberg tailings were produced, feasible separation methods were pre-

selected involving enhanced magnetic separation and gravity separation as well as froth flotation.  

2.3.1 Physical separation test work 

For physical separation tests, tailings samples from location 1_2 which had 11 different layers were 

used, with each layer being tested as a separate sample so that variations in metallurgical performance 

could be observed. The Knelson Concentrator was used for gravity separation while for magnetic 

separation dry low-intensity magnetic separation (LIMS) and dry high intensity magnetic separation 

(HIMS) were used. Photos of the equipment with their respective lab test flowsheets are shown in 

Figure 9, Figure 10 and Figure 11. Detailed feed specifications and process operating parameters are 

given in the appended papers I, IV and V. 
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Figure 9. Photos of LIMS (left) and HIMS (right) in the LTU mineral processing laboratory. 

 

Figure 10. The simplified test flowsheet of magnetic separation process. 

 

Figure 11. Photo of the Knelson concentrator in the Boliden Mineral AB laboratory (left) and simplified test flowsheet 

of gravity separation process (right). 
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2.3.2 Flotation test work 

In the appended papers of this thesis, flotation is not discussed at length but referred to as one of 

the methods conventionally used to process scheelite ores especially for the fine (<75 µm) particles. 

Since there is a relatively large amount of <75 µm particles in the tailings under study, and some 

preliminary froth flotation tests have been done on this fraction [25], a brief description of the test work 

will be given here. 

For froth flotation tests, tailings material with particle size <75 µm from location 6 (where more 

drill cores were collected) was used to run the tests so that variations in metallurgical performance 

with regard to sampling points (seven points 6 to 6F as given in Table 1) in this location could be 

observed. A photo of the small batch flotation device that was used and summarized flotation test 

protocols are shown in Figure 12. Three collectors, namely sodium oleate (NaOl), Berol 8313 and Atrac 

2600, were used to test the feasibility of scheelite flotation from these tailings, with sodium silicate (SS) 

as the depressant. Berol 8313 (a formulation containing fatty acid and nonionics) and Atrac 2600 (a 

synthetic anionic collector with different active components) were recommended and provided by 

Nouryon [26]. For pH regulation, 1.0 M HCl (hydrochloric acid) and 1.0 M NaOH (sodium hydroxide) 

were used. The specifications for the flotation parameters are summarized in Table 2. The products 

were chemically analyzed at ALS Scandinavia AB using the ICP-SFMS method. 

 

Figure 12. Photo of mini-flotation device (left) and flotation test protocols (right). 

Table 2. Summary of flotation parameters. 

Air flow 

rate 

(mL/s) 

Agitation 

speed 

Liquid 

volume 

(mL) 

% Solids Collector 
Collector 

dosage 
Depressant 

Depressant 

dosage 

12.6 265 190 20 

NaOl 
3 x 10-4 

mol/L 
SS 300 mg/L 

Berol 8313 

100 g/t 

SS 400 g/t 

250 g/t 

400 g/t 

Atrac 2600 
100 g/t 

400 g/t 
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RESULTS AND DISCUSSION 

3 Results and Discussion 

3.1 Smaltjärnen TSF Characterization 

In papers I and IV, a drill core from location 1_2 was characterized based on the 11 drill core 

layers. With regard to the six particle size fractions (>1190 μm, -1190+600 μm, -600+297 μm, -297+149 

μm, -149+75 μm and <75 μm), the tailings mass distribution in each size fraction for each layer was 

determined. It was observed that in all layers except for the two fines layers 1_2-6 and 1_2-11, the 

dominating particle size fractions were -600+297 μm and -297+149 (Figure 13). This variation in the 

dispersity of the HT at different depths is the first indication of the different geometallurgical domains 

that need to be defined for such a TSF, which may have different metallurgical performances [17]. 

 

Figure 13. PSD curves for the 11 drill core layers. 

In papers II and V, drill cores from locations 1_1 and 6 were additionally characterized and the 

tailings weight distribution in each size fraction for each drill core was determined. The dominating 

particle size fractions in each drill core were also -600+297 μm and -297+149 µm. However, drill cores 

1_2 and 6 had more fines (<75 μm) than drill core 1_1 (Figure 14) also confirmed from the calculated 

D80 values of each drill core (Figure 15). This variation in particle size is an indication of how tailings 
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deposition took place in the repository, as well as varying process parameters such as grinding size 

and/or changes in the mineralogy during the production period of 1936 to 1963. 

 

Figure 14. PSD curves for the three drill cores. 
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Figure 15. Variation of D80 values with depth 

Similarly, elemental concentrations and mass distributions in the six particle size fractions were 

determined in each drill core layer of location 1_2 (papers I and IV), and each drill core from locations 

1_1, 1_2 and 6 (papers II and V). All elements were high in particle size fractions -600+297 μm and -

297+149 μm as was the case for the tailings weight distribution. Therefore, for purposes of reprocessing 

these HT, additional steps for ensuring sufficient mineral liberation need to be considered for such 

coarse tailings particles. Examples of elemental mass distributions in the six particle size fractions in a 

drill core layer and drill cores from different locations are shown in Figure 16.   

  

Figure 16. Elemental mass distributions in the six particle size fractions for layer 1_2-4 (left). WO3 mass 

distributions in the six particle size fractions for drill cores 1_1, 1_2 and 6 (right). 
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Elemental concentrations and mass distributions were also varying at different depths of the TSF 

(Figure 17). These variations would have an effect on the grades and recoveries of the concentrates that 

may be produced from the reprocessing of these HT. For process and product optimization, varying 

of process parameters and blending of tailings may be necessary. Therefore, based on the physical and 

chemical characterization of the Smaltjärnen TSF, the variations occurring in the different layers of the 

drill cores revealed the variability at different depths and locations of the TSF. Figure 18 summarizes 

the D80 values and seven elements of high concentrations in the TSF locations 1_1, 1_2 and 6. With this 

kind of repository characterization, the potential of historical tailings to become secondary sources of 

CRMs is explored hence the Yxsjöberg case study proposed as a good example in the appended paper 

III.  

  

Figure 17. WO3 concentration (left) and mass distributions (right) at different depths of locations 1_1, 1_2 

and 6. 

 

Figure 18. Summary of elemental concentrations and D80 values in three locations of the Smaltjärnen TSF. 
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3.2 Metallurgical test work 

Process mineralogical studies of the tailings were essential in the pre-selection of feasible 

reprocessing methods. Therefore, in addition to the chemical composition, paper II explored the 

mineralogical composition, mineral occurrence, texture and liberation of the tailings. With scheelite 

being the mineral of interest for W, its occurrence, texture and liberation was assessed; its particles 

were both fine and coarse, and with regards to liberation, its particles were mostly liberated in the <75 

µm size fraction while coarser fractions the particles were mostly non-liberated. Since scheelite is a 

dense mineral, the densities of other minerals present in the tailings were also considered especially 

that gravity separation was a feasible separation method [27]. The main minerals for the eight elements 

of high concentration in the tailings were identified and their densities [28] are given in Table 3. On 

average, the tailings particle density was approximately 3.2 g/cm3. 

Table 3. Summary main minerals in the tailings with their densities. 

Element of high concentration Main Mineral Density (g/cm3) 

W Scheelite 5.9 - 6.12 

Cu Chalcopyrite 4.1 - 4.3 

S Pyrrhotite 4.58 - 4.65 

Sn Cassiterite 6.8 - 7 

Zn Danalite 3.43 

Be Danalite 3.43 

Bi Bismuthinite 6.8 - 7.2 

F Fluorite 3.01 - 3.25 

3.2.1 Physical separation 

As summarized in papers I, II, IV and V, the physical separation of mineral particles in the tailings 

was observed to be feasible with magnetic and gravity separation.  

From magnetic separation using LIMS and HIMS, the light-colored non-magnetic fraction had 

minerals identified to be mainly albite, fluorspar, calcite, scheelite and biotite. As desired, pyrrhotite, 

the main Fe-sulphide mineral in the tailings and responsible for AMD, was mainly in the ferromagnetic 

and paramagnetic fractions, with only 1.0 wt.% S in the non-magnetic fraction. However, the desired 

separation of scheelite, fluorspar and chalcopyrite from the paramagnetic fraction was not achieved 

probably due to insufficient liberation from pyrrhotite and/or to liberated small particles entrapped 

and entrained.  

Scheelite separation was enhanced in gravity separation using the Knelson concentrator, with the 

highest recovery at approximately 70 wt.%. However, magnetite (ferromagnetic mineral) whose 

density (5.15 g/cm3) is close to scheelite density (6.01 g/cm3), was also mostly recovered in the 
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concentrate hence to enhance the separation of scheelite from magnetite, magnetic separation should 

be done before gravity separation. At least 30 wt.% of the less dense minerals (quartz (2.62 g/cm3), 

fluorspar (3.13 g/cm3), calcite (2.71 g/cm3), chalcopyrite (4.19 g/cm3), pyrrhotite (4.61 g/cm3) and 

danalite (3.43 g/cm3) [28]) were not fully separated from scheelite in the concentrate, which would be 

due to insufficient liberation of the mineral particles.   

3.2.2 Flotation 

Flotation tests to assess the feasibility of recovering scheelite from Yxsjöberg HT showed that with 

SS (300 mg/L) as the depressant, the widely used fatty acid anionic collector NaOl at 3 x 10-4 mol/L 

concentration was not ideal for this material as both W grade and recovery was very low (Figure 19). 

On the contrary, collectors Berol 8313 and Atrac 2600 gave promising results, with Atrac 2600 at 400 

g/t giving the highest concentrate grade 0.9 % W and 57 % W recovery. Compared to Berol 8313 at 400 

g/t, Atrac 2600 at 400 g/t also showed better flotation selectivity of W from CaO, which is desirable for 

the separation of scheelite from other calcium-bearing minerals like fluorspar. 

  

Figure 19. Yxsjöberg HT scheelite flotation; concentrate W grade (left) and elemental (W, Cu & CaO) 

recoveries (right). 

3.3 Process design and analysis 

Based on the TSF characterization, conducted metallurgical tests and analyses, a methodology for 

HT reprocessing and a preliminary process flowsheet for separating valuable minerals in the Yxsjöberg 

HT were proposed in paper I (Figure 20 and Figure 21). 

The methodology to reprocess these HT was proposed based on the preliminary study conducted 

and future work foresight. The methodology is divided into three main categories namely TSF 

characterization, metallurgical test work, and process design and analysis. Each of these categories has 

defined tasks, which represent steps and methods to be undertaken in each category e.g. 

characterization of tailings is a step in the TSF characterization category but it also has sub-steps and 

methods as shown in Figure 8.  
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Figure 20. Preliminary methodology proposed for the reprocessing of Yxsjöberg HT. 

The proposed process flowsheet was based on the preliminary results of the tailings 

characterization and physical separation tests. Since the tailings elemental and mass distribution was  

high in the coarser particle size fractions of -600+149 μm, classification to separate the coarser tailings 

from the finer ones would be the first step. The first classification threshold is at <75 μm because from 

optical microscopy and SEM observations, scheelite particles in this size fraction are liberated. Also 

during gravity separation, much of the <75 μm ended up in the tailings product, hence there is a need 

for prior separation. Basically, scheelite recovery from this particle size fraction would be best through 

froth flotation [29]. For the tailings fraction >75 μm, the issue of mineral liberation is evident, hence 

regrinding will be required. However, more studies need to be done to determine the mineral 

liberation size for scheelite in these tailings so that generation of ultrafine particles is minimized. With 

sufficient mineral liberation, having magnetic separation before gravity separation enhances the 

separation of magnetite (in addition to pyrrhotite) from scheelite; magnetite density (5.15 g/cm3) is 

close scheelite density (6.01 g/cm3) [28] hence their separation with gravity separation may not be 

efficient. Therefore, gravity separation would be applied to the non-magnetic product of magnetic 

separation. 
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Figure 21. Preliminary process flowsheet proposed for separation of valuable minerals in the reprocessing of 

Yxsjöberg HT. 
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CONCLUSIONS AND FUTURE WORK 

4 Conclusions and future work 

In this thesis, geometallurgical steps (1) sample selection, (2) mineralogical/chemical/physical 

characterization, (3) metallurgical test work, and (4) domain definition were considered in the 

characterization and reprocessing options for historical tailings from the Yxsjöberg tungsten mine 

in Sweden. With this approach, the formulated research questions were addressed and the 

following were the findings and conclusions: 

a) What are their main physical and chemical characteristics?  

 The tailings elemental and mass distribution was high in the coarser particle size 

fraction range -600+149 μm. In this particle size range, scheelite particles were both fine 

and coarse grained, liberated and non-liberated, meaning that mineral liberation 

analysis would be essential in the development of effective separation methods. 

 Elements of high concentration in the tailings were W, Cu, S, Sn, Zn, Be, Bi and F, and 

they were mainly contained in scheelite, chalcopyrite, pyrrhotite, cassiterite, danalite 

(both Zn and Be), bismuthinite and fluorspar, respectively. For W and Cu, the average 

WO3 and Cu concentration in the sampled locations was 0.15 % and 0.11 % 

respectively, and applying them to the estimated 2.2 million tons of tailings in this 

repository gives approximately 3300 tons of WO3 and 2512 tons of Cu. 

 

b) Is there variability in the drill core layers, and in the drill cores from one repository location 

to another? 

 Based on the physical and chemical characterization of the Smaltjärnen TSF, the 

variations occurring in the different layers of the drill cores revealed the variability at 

different depths and locations of the TSF.  

 

c) Is the variability significant and how will it affect the choice of reprocessing methods? 

 The variations in the tailings resulted in different metallurgical performances hence 

the need to define geometallurgical domains for such a TSF.  

 Magnetic and gravity separation using LIMS, HIMS and the Knelson concentrator 

were feasible physical separation methods. For effective mineral separation, magnetic 

separation should be done before gravity separation. 

 Scheelite recovery from the <75 μm particle size fraction would be best through froth 

flotation. 
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Further geometallurgical studies are planned so that geometallurgical domains can be defined 

within the TSF; conduct more mineralogical characterization and metallurgical tests. Additionally, 

quantitative mineralogical studies on the processing products are required in order to ascertain that 

minerals of economic interest and minerals of environmental concern in the tailings are separated as 

desired for eventual extraction of elements of interest. The proposed process flowsheet will require 

further refinement as the processes become more defined and optimized for instance the sequence of 

minerals to be floated, and additional classification after comminution. Economic and/or 

environmental feasibility needs to be assessed as well as the sustainability of the methods to be 

employed and the remaining residues. The question of the developed reprocessing conceptual model 

being applicable to other tailings repositories also needs to be addressed.  
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Abstract: Repositories of historical tailings pose environmental risks but may also become new 

resources for valuable metals. This is because relatively high minerals and metals content 

characterize them due to less efficient extraction methods and/or relatively low metal prices at the 

time tailings were generated. In this study, the focus is to investigate the feasibility of reprocessing 

historical tungsten ore tailings as a supply risk-reducing measure and a possible remediation 

method. Geometallurgical studies were conducted on drill core samples taken from the 

Smaltjärnen tailings repository of the closed Yxsjöberg tungsten mine, Sweden. The collected 

samples were characterized physically, chemically and mineralogically. Knelson concentrator, dry 

low-intensity magnetic separation and high-intensity magnetic separation were selected as 

potential beneficiation methods. The tailings mass distribution was high in particle size fraction 

range -600+149 µm. The highest concentration of tungsten (W) was 0.22 %WO3. Using a Knelson 

concentrator, scheelite (main W mineral) recovery was enhanced, with 75 wt.% tungsten recovered 

in the 34 wt.% of concentrate produced. After magnetic separation, only 1.0 wt.% sulphur (S) 

remained in the non-magnetic fraction. Based on the findings, a methodology and a preliminary 

process flowsheet to reprocess these ore tailings is proposed.   

Keywords: Historical tailings; Tungsten; Scheelite; Geometallurgical approach; Characterization; 

Beneficiation; Reprocessing 

 

1. Introduction 

Tungsten (W) is among the critical raw materials cited for supply risk and economic importance 

for the European Union [1]. According to the 2015 risk list of the British Geological Survey, tungsten 

has a relative supply risk index of 8.1 on a scale of 1 to 10, which is ranking sixth behind rare earth 

elements that have the highest risk [2]. Primarily, tungsten is produced from scheelite and 

wolframite mineral ores with 0.08-1.5% tungsten trioxide (WO3) grade [3]. These tungsten minerals 

are friable in nature compared to the associated gangue minerals; hence, fine tungsten particles are 

excessively generated during the necessary comminution processes. The generated fine tungsten 

particles are lost to tailings due to the failure of separation methods commonly used to recover 

tungsten minerals [3,4]. Thus, for critical raw materials with a high supply risk such as tungsten, 

tailings storage facilities (TSF) potentially can be explored as new resources due to the relatively 

high amount of valuable minerals. Therefore, historical tailings (HT) recycling would be considered 

as a supply risk-reducing measure [1]. Apart from being potential resources, HT repositories also 

pose environmental risks [5–7]. Hence, there is need for a holistic reprocessing approach in that not 

only is recovering valuable minerals essential but also reducing hazardous problems and leaving an 

inert and environmentally safe residue [7].  
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HT repositories can be considered as geometallurgical units based on the definition of being 

“an ore type or group of ore types that possess a unique set of textural and compositional properties 

from which it can be predicted that they will have similar metallurgical performance” [8]. 

Accordingly, various geometallurgical and/or process mineralogical approaches have been used to 

investigate process tailings or processed ores [6,9–13]. TSF may have several geometallurgical units 

depending on what type of primary ore and which process streams the tailings were generated from, 

how the deposition was done (randomly or systematically), and the weathering that could have 

occurred over time. This may lead to reprocessing flowsheets of tailings and metallurgical 

performances being different from those of primary ores from which they were initially produced. 

Moreover, the amount of valuable minerals in HT depends mainly on the initially employed 

beneficiation methods and their processing efficiencies. For instance, for high density ores such as 

scheelite ores, gravity separation and flotation methods are conventionally used but depending on 

their mineral associations such as magnetite (ferromagnetic minerals) and pyrrhotite (strongly or 

weakly magnetic minerals) magnetic separation is also used [14]. Since fine tungsten particles are 

excessively generated from scheelite ores during comminution processes, which are partly lost to the 

tailings, advanced multi-gravity separation techniques for processing fine particles should also be 

considered in order to efficiently recover heavy fines during tailings reprocessing [15].    

In this study, historical tailings from the Smaltjärnen TSF at the closed Yxsjöberg tungsten mine 

in Middle Sweden have been analyzed and tested within a case study in order to investigate the 

feasibility of reprocessing not only as a supply risk-reducing measure but also as a possible 

remediation method. In addition to tungsten, other elements of economic importance and with 

elevated concentrations in the tailings under study include copper (Cu), fluorspar (CaF2), sulphur 

(S), tin (Sn), zinc (Zn), beryllium (Be) and bismuth (Bi) [17]. Eventual extraction of these elements 

and safe disposal of the remaining residue requires a detailed understanding of the mineralogical, 

geochemical and bulk physical properties of these tailings [7,18]. Preliminary mineralogical and 

geochemical studies of these tailings revealed that the main minerals in which W, Cu, F, S, Sn, Zn, Be 

and Bi were contained were scheelite, chalcopyrite, fluorspar, pyrrhotite, cassiterite, danalite (both 

Zn and Be) and bismuthinite, respectively [17]. The analyses also showed that pyrrhotite was the 

main Fe-sulphide mineral responsible for acid mine drainage (AMD) from the Smaltjärnen TSF, 

hence for remediation it needs to be separated from the bulk minerals. 

The objectives of this current study have been (i) to propose a methodology to understand 

further the properties (physical, chemical and mineralogical) of the Yxsjöberg HT and how these are 

spatially distributed in the TSF, and (ii) to determine the processing options for reprocessing. These 

objectives will be achieved through (i) TSF characterization (sequential characterization of tailings), 

(ii) metallurgical test work (selection of feasible reprocessing methods e.g. physical separation), and 

(iii) process design and analysis (flowsheet design). The results of this initial study will be decisive 

for the development of methods for separation of valuable minerals from HT while leaving a stable 

and environmentally safe residue.   

2. Materials and Methods  

2.1 The Yxsjöberg mine 

One of the most important mining areas in northern Europe with regard to tungsten ores has 

been the Bergslagen district in Middle Sweden where the Yxsjöberg historical tungsten ore tailings 

repository is located. The tailings in this study were produced from the ore that was mined at the 

Yxsjöberg mine while it was in operation from 1935 to 1963, with average ore grades of 0.3-0.4 wt.% 

WO3, 0.2 wt.% Cu and 5-6 wt.% fluorspar [19,20]. The exploited minerals were scheelite for W, 

chalcopyrite for Cu and fluorspar. This repository is estimated to have about 2.2 million tons of 

tailings and covers an area of 26 hectares, with elemental concentrations of 1-2 wt.% S, 0.02-0.2 wt.% 

Cu, 0.02-0.3 wt.% W, 0.02-0.04 wt.% Sn and 0.02-0.03 wt.% Be. The scheelite grain size in the ore was 

0.2-4.0 mm and 90 wt.% of the ore were liberated at 0.4 mm particle size. The concentrate recoveries 

at that time were 50-70 wt.% for scheelite, 50 wt.% for fluorspar and 25 wt.% for chalcopyrite, 
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meaning that a considerable amount of valuable minerals ended up in the tailings [20]. The 

Yxsjöberg processing plant had three main sections, namely gravity separation, magnetic separation, 

and flotation, from which tailings were generated and discharged onto the Smaltjärnen tailings 

repository, see Figure 1. Tailings deposition was done through several pipes, thus producing 

homogenous layers of tailings equally distributed over the width of the repository surface. No data 

was available that could be used to link these layers to the former production schedule 

 

Figure 1. (a) Processes from which the Yxsjöberg historical tailings were generated (b) Drill core sampling 

locations on the Smaltjärnen TSF represented by red dots, the yellow squares showing two discharge points, the 

yellow lines showing the repository boundary, and the white arrow showing the location of focus in this study . 

2.2 Sampling and sample preparation 

The Smaltjärnen tailings repository was sampled by taking sediment drill core samples  from 

nine different locations as shown in Figure 1 (b). Sampling was mainly done along the main flow 

direction of the tailings during discharge. The red dots represent the individual drill core sampling 

locations and the numbering of the sampling locations was based on the sequence of sampling in each 

sampling campaign. The first four locations were distinguished by _1 and _2 meaning 1_1 was in the 

first campaign while 1_2 was in the second campaign. For locations 1_2 to 7, a percussion drill rig from 

Envix Nord AB was used with plexiglass tubes (40 mm diameter and 1.2 m length each tube) for 

sample holding. The sampled locations were selected based on the visual variations of the tailings in 

terms of color and granulometry, and the proximity to former discharge points (Figure 1). It should be 

noted that the drill core from sampling location 1_2 shown by the white arrow in Figure 1 (b) is the 

focus of this study. This location was also in very close proximity to the sampling location P4 referred 

to in the geochemical characterization of these historical tailings [17]. 

The actual sampling points in the selected locations were randomly picked and a summary of the 

information about one sampling point used in this paper is given in Table 1. Screening of the drill core 

was done based on the differences in color and granulometry in the core, with the split smaller 

samples representing tailings layers in this particular location of the repository. The thickness of each 

observed compacted layer was noted to have its approximate thickness in the tailings repository. The 

drill core vertical profile showing the different layers of tailings in the selected location of the 

repository (Figure 2). Each color represents a layer of the drill core and its compacted length (depth) in 

the tailings repository. The number of observed layers in sampling point 1_2 were 11, and it had the 

longest drill core of approximately 500 cm. In order to further characterize the tailings samples 

(physically: moisture content, texture and particle size distribution, chemically: elemental composition 

and distribution, and mineralogically), the samples were dried at 105°C for 48 hours. The dried tailing 

samples were then split into subsamples using a riffle splitter. As an example, Figure 2 shows pictures 

of the dried tailings samples for drill core 1_2, with their representative layers and position in the drill 

core. In order to account for the different layers, in addition to the numbering of the sampling location, 

a layer number was added to denote the layers from top to bottom of a drill core (i.e. 1_2-1 means the 

first (top) layer in drill core 1 of the second campaign). 
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Table 1. Information of sampling point 1_2. 

Sampling Point 

Sampling Points GPS Coordinates 

Altitude (m) 

Number 

of drill 

holes 

Drill 

hole 

depth 

(m) 

Number of 

drill cores 
DD (decimal degrees) 

1_2 60.041778, 14.775325 306 1 6.0 5 

 

Figure 2. Vertical profile for sampling point 1_2 with each color representing a layer of the drill core and its 

compacted length (depth) in the tailings repository; top layer 1_2-1 through to bottom layer 1_2-11. 

Replicate dry samples of approximately 150 grams each representing the tailings layers in the 

drill core were sieved a RO-TAP® Sieve Shaker model RX-29 with five sieves to obtain six size 

fractions. However, the quantities of four layers (1_2-5, 1_2-6, 1_2-7 and 1_2-10) were less than 150 

grams; hence, the samples were sieved without replication, which for the bigger samples was 

necessary to check that the split samples were representative of the whole layer sample. 

2.3 Characterization of drill core samples 

The six size fractions obtained from the dry sieving were >1190 µm, -1190+600 µm, -600+297 µm, 

-297+149 µm, -149+75 µm and <75 µm. Particle size distribution curves for each drill core layer and 

subsequently the entire drill core were determined. Using the Rosin-Rammler-Sperling-Bennett 

(RRSB) distribution function, the D80 of particle size was determined for each drill core layer. Small 

samples of approximately 15 grams were split from each particle size fraction and bulk samples (1_2-5, 

1_2-6, 1_2-7 and 1_2-10 layers that were less than 150 grams) of each drill core layer were chemically 

analyzed using the inductively coupled plasma – sector field mass spectrometry (ICP-SFMS) method. 

The “MG-2 + Bi Metals in waste” package analysis protocol included 10 oxides and 22 elements 
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namely SiO2, Al2O3, CaO, Fe2O3, K2O, MgO, MnO, Na2O, P2O5, TiO2, As, Ba, Be, Bi, Cd, Co, Cr, Cu, Hg, 

Mo, Nb, Ni, Pb, S, Sc, Sn, Sr, V, W, Y, Zn, and Zr. 

For the tailings mineralogical composition, X-ray Diffraction (XRD) analysis was done using a 

PANalytical Empyrean X-ray diffractometer. Drill core layers 1_2-1, 1_2-4, 1_2-8 and 1_2-9 were 

selected for this analysis as they had the highest mass distributions in this drill core as shown in Figure 

3. Small samples (i.e. less than 50 g) of these selected layers were pulverized in a ring mill to obtain the 

powder samples required for XRD analysis. The raw data obtained from the diffractometer was 

evaluated using the PANalytical X’Pert HighScore Plus v3.0 software. 

 

Figure 3. Mass distribution (%) of tailings layers in drill core 1_2. 

A ZEISS Axiophot Fluorescent Microscope mounted with an Infinity HD Camera was used for 

optical microscopy to study the scheelite (as the main mineral of interest) particles in the tailings with 

regard to occurrence, texture, and liberation. The fluorescence property of scheelite mineral was used 

to identify the scheelite particles and the blue filter was found to be effective for distinguishing them 

from other minerals of similar luminance and brightness such as bismuthinite. For this study, the 11 

layers of drill core 1_2 were used as bulk samples by splitting 3 grams from each layer and preparing 

epoxy (grain mounds) polished samples. The ZEISS MERLINTM FE-SEM (Field Emission – Scanning 

Electron Microscope) with Energy-Dispersive X-ray Spectroscopy (EDS) and Back Scattered Electron 

(BSE) imaging was used to study the minerals in the drill core layers 1_2-4 and 1_2-9, which were the 

two layers having the highest mass in drill core 1_2. BSE images were captured and analyzed using the 

INCA-Oxford Instruments software. The distinction between scheelite and bismuthinite particles was 

thus verified using SEM-EDS chemical composition. 
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The above characterization methods for the drill core samples are summarized in Figure 4. 

 

Figure 4. Summary of the characterization sequence of drill core samples. 

2.4 Physical separation test work 

Magnetic and gravity separation were pre-selected as feasible physical separation methods based 

on literature, tailings characteristics, and assessment of processes from which the Yxsjöberg HT were 

produced. 

2.4.1 Magnetic separation 

The two layers 1_2-4 and 1_2-8 were used for magnetic separation tests, with each layer being 

tested as a separate sample. The sample specifications for this separation method were having at least 

150 grams with the particle size greater than 75 µm. Dry low-intensity magnetic separation (LIMS) and 

high-intensity magnetic separation (HIMS) were used. The separation in both LIMS and HIMS was 

adjusted by varying the operating variable parameters while observing the attained color separation in 

the products. The operating parameters for the LIMS were the drum speed and feed rate, while for the 

HIMS it was the position of the splitter only. Table 2 summarizes the operating parameters of LIMS 

and HIMS. The flowsheet in Figure 5 shows the magnetic separation test. 

Table 2. Magnetic separation operating parameters [21]. 

Variables Motor (0-100) Vibrator (0-100) Plane 1 (-5, +5) Plane 2 (-5, +5) 

LIMS 100 70 Fixed N.A 

HIMS Fixed Fixed +3 -1 
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Figure 5. The simplified flowsheet of magnetic separation process. 

2.4.2 Gravity separation 

The two layers 1_2-1 and 1_2-8 were used for gravity separation tests, with each layer being tested 

as a separate sample. The sample specifications for this separation method were having not more than 

2 kg with the particle size range of -600+38 µm. A 58 ml laboratory scale Knelson Concentrator at the 

Boliden AB laboratory was used, with operating parameters set as shown in Table 3. 

Table 3. Knelson concentrator operating parameters [21]. 

Drum Speed 

(rpm) 

Centrifugal force (G) 
Fluidization water flow rate 

(L/min) 
Fluidization water pressure (kPa) 

1500 60 3.5 2 

The products of separation methods were chemically analyzed also at ALS Scandinavia AB in 

Luleå, Sweden using the ICP-SFMS method. Element-to-Mineral Conversion (EMC) algorithms using 

the HSC chemistry software were used to determine the minerals in the magnetic separation products 

based on the elemental composition. 

3. Results and Discussion 

3.1 Characterization of drill core samples 

The physical and chemical characterization of the HT showed the variations occurring in the 

different layers of the drill cores, which revealed the variability at different depths of this repository 

location. In terms of moisture content, the upper tailings layers had higher moisture content than 

lower layers (Figure 6). This moisture variation was mainly attributed to the varying dispersity of 

particle sizes in the tailings layers. It was observed that layers with significantly finer particle sizes 

(1_2-6 and 1_2-11) had higher moisture content than the layers with relatively coarser particles. In 

order to illustrate the particle size variation at different depths of this repository location, the 

determined D80 values for the layers of the drill core were plotted against the depth as shown in 

Figure 7. 

The layer 1_2-2 at the depth between 87 and 144 cm shows a significantly coarser (D80 = 681 µm) 

tailings layer than the other layers. Other layers (e.g. 1_2-6 and 1_2-11) were significantly finer with 

D80 values of 259 and 227 µm at depths 303 and 483 cm, respectively. This variation in the dispersity 

of the HT in the different depths is the first indication of the different geometallurgical units that 

need to be defined for such a tailings repository, which may have different metallurgical 

performances [8]. This variability in dispersity properties would have an effect on the choice of 
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methods to be considered for reprocessing such as further grinding to liberate minerals of interest 

that may be locked up in the coarse particles as observed with optical microscopy. 

 

 

Figure 6. Moisture content variation at different depths. 

 

Figure 7. Variation of D80 values with depth. 

With regard to the six particle size fractions, the tailings mass distribution in each size fraction 

for each layer was determined. It was observed that in all layers except for the two fines layers 
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mentioned above, the dominating particle size fractions were -600+297 µm and -297+149 (Figure 8). 

This variation in particle size is indicative of varying process parameters such as grinding size 

and/or changes in the mineralogy during the production period of 1936 to 1963. 

 

Figure 8. PSD curves for the 11 drill core layers. 

Apart from the tailings weight distribution, elemental concentrations and distributions were 

also determined within the six particle size fractions. The main oxides were SiO2, Al2O3, CaO, and 

Fe2O3 while W, Cu, S, Sn, Zn, Be and Bi were the main elements. From the elemental concentrations 

in the particle size fractions, weighted average concentrations in the drill core layers were 

determined and subsequently calculated for the entire drill core. 

Figure 9 illustrates elemental concentrations and mass distributions for the example of layer 

1_2-4, which is the layer with the highest mass distribution of tailings in this drill core (compare 

Figure 3). Considering the drill core as a whole, W and Cu, as the main metals of interest, were 

observed to have high concentrations 2329 mg/kg and 1427 mg/kg respectively, in the fine (<75 µm) 

particle size fraction. However, in terms of mass distribution, all elements were high in particle size 

fractions -600+297 µm and -297+149 µm as was the case for the tailings weight distribution. 

Therefore, for purposes of reprocessing these HT, additional steps for ensuring sufficient mineral 

liberation need to be considered for such coarse tailings particles. 
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Figure 9. Elemental concentrations (left) and mass distributions (right) in the six particle size fractions for layer 

1_2-4. 

Elemental concentrations and mass distributions were varying at different depths of the drill 

core. The highest WO3 concentration was 0.22 % in layer 1_2-2 (between 87 and 144 cm) as shown in 

Figure 10. Since this was the layer with the coarsest tailings particles, it means that during the 

concentration processes shown in Figure 1 (a), most of the scheelite mineral particles should have 

been lost to these tailings as non-liberated particles. The highest Cu concentration was 1147 mg/kg in 

layer 1_2-8, at a much deeper depth between 313 and 365 cm. However, it is important to know the 

mass distribution of metals in the layers because the concentrations may be high but the actual 

quantities would be small when the total metal content in the drill core is considered. Therefore, the 

mass distribution for each element in the layers was calculated as a percentage of the total elemental 

content in the drill core. Figure 11 shows the WO3 and Cu mass distributions in the drill core. It was 

observed that much of the WO3 and Cu was contained at the depth between 174 and 295 cm, with 32 

wt.% of the total WO3 and 29 wt.% of the total Cu. 

  

Figure 10. WO3 (left) and Cu (right) concentrations in the 11 drill core layers. 

  

Figure 11. WO3 (left) and Cu (right) mass distributions in the 11 drill core layers. 
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Since these tailings have been stored in this repository for a long period, sulphur depletion due 

to oxidation was expected with the depletion decreasing from top to bottom even though this would 

also depend on other factors such as particle size and initial quantity. Therefore, both the 

concentration and mass distribution of sulphur in each layer was analyzed. The highest S 

concentration was also in layer 1_2-2 at 1.85 % as shown in Figure 12 (left). However, with regard to 

mass distribution, it was observed that much of the S was contained in layer 1_2-4 at the depth 

between 174 and 295 cm, with 28 wt.% of the total S. 

  

Figure 12. Sulphur concentration (left) and mass distribution (right) in the 11 drill core layers. 

Observing the S depletion trend for the drill core according to Figure 12 (right), there would be 

three possible main deposition and oxidation periods where S is seen to have a significant stepwise 

increase in depth; the first being for the depth 296-483 cm, second 145-295 cm and third 0-144 cm. 

These trends also show possible mineralogical variations with regard to sulphur content over the 

production period of 1936 to 1963.  

Table 4 summarizes the concentrations of the seven main elements in the 11 layers and the 

weighted averages in the drill core. The variations in the elemental concentrations and distributions 

at different depths of this location would have an effect on the grades and recoveries of the 

concentrates that may be produced from the reprocessing of these HT. Consequently, process 

parameters would need to be varied depending on what depth the tailings are obtained. For 

instance, in order to get much of W and Cu out this location, tailings at deeper depths (below 174 

cm) must be treated. Blending of tailings before reprocessing may also be necessary for process and 

product optimization. 

Table 4. Elemental concentrations in the layers and the drill core as a whole. 

Sample WO3 (%) Cu (mg/kg) S (%) Sn (mg/kg) Zn (mg/kg) Be (mg/kg) Bi (mg/kg) 

Layer 1_2-1 0.14 1024 1.54 554 311 267 454 

Layer 1_2-2 0.22 1058 1.85 560 313 289 460 

Layer 1_2-3 0.13 982 0.79 516 333 278 342 

Layer 1_2-4 0.13 980 1.28 569 300 254 311 

Layer 1_2-5 0.17 1060 1.25 590 305 249 298 

Layer 1_2-6 0.16 777 0.72 709 309 239 286 

Layer 1_2-7 0.13 1020 1.03 611 303 253 302 

Layer 1_2-8 0.11 1147 1.81 528 313 237 418 

Layer 1_2-9 0.07 910 1.17 600 102 204 454 

Layer 1_2-10 0.11 1020 1.24 562 326 239 439 
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Layer 1_2-11 0.06 469 0.35 150 89 63.2 202 

Drill core 1_2 0.12 981 1.33 558 251 241 390 

Under the optical microscope, scheelite particles were observed in the normal light and with a 

blue filter (Figure 13). The scheelite particles in the polished samples were both fine and coarse, as 

well as liberated and non-liberated, meaning that mineral liberation analysis would be essential in 

order to develop effective separation methods. Some particles showed rims, which were identified 

as hydrous ferric oxides [17]; hence, the recovery of such scheelite mineral particles may be hindered 

in processes like flotation where reagents need to have contact with the mineral particle, and also in 

magnetic separation where scheelite would end up being pulled to the paramagnetic fraction. 

Hence, pre-treatment methods such as scrubbing may be required. The main minerals in which the 

main elements W, Cu, S, Sn, Zn, Be, Bi and F were contained were scheelite, chalcopyrite, pyrrhotite, 

cassiterite, danalite (both Zn and Be), bismuthinite and fluorspar, respectively [17,21]. 

 

Figure 13. Scheelite identification (left), scheelite texture – fine, coarse particles (center), scheelite liberation – 

liberated, non-liberated particles (center), and scheelite particle with a rim around it (right). 

The particle and compositional characterization of these historical tailings based on the 

analyzed drill core revealed the variations in the repository depth-wise in terms of layers. For this 

HT repository, the prediction of metallurgical performance based on geometallurgical units would 

be defined first from the drill core layers perspective. This approach of using the repository layers as 

samples for metallurgical test work helps to avert technical errors that arise from the use of 

composite samples, which may have insufficient representation of such a repository [11]. The 

metallurgical performance of the individual drill core layers provides an effective way of assessing 

their eventual effect on composite samples. For repository locations with several different layers 

such as 1_2, blending of the layers would be inevitable due to the visibly different thin layers that 

occur in between the thicker layers. Therefore, the effect of variability in these HT would be on both 

the choice of feasible reprocessing methods and the elemental/mineralogical composition of the 

products [8,11]. 

3.2. Processing properties 

The Yxsjöberg tailings are fine particles (-600+38 µm) with high-density valuable minerals such 

as scheelite (6.01 g/cm3) and bismuthinite (7 g/cm3), and low-density gangue minerals such as quartz 

(2.62 g/cm3) and calcite (2.71 g/cm3) [22]. Therefore, enhanced gravity separation where a centrifugal 

force is applied to enhance the differential settling velocities between heavy and light particles 

(-80,000+10 µm) would be appropriate for these HT thus a Knelson concentrator was used [15]. The 

tailings had high sulphur concentration, which was mainly in the strongly or weakly magnetic 
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mineral pyrrhotite, and they also had magnetite a ferromagnetic mineral; hence, magnetic 

separation by use of LIMS and HIMS was considered appropriate. This magnetic separation would 

enhance the separation of minerals like scheelite and chalcopyrite from pyrrhotite, which is the main 

Fe-sulphide mineral in the tailings responsible for AMD [17].  

3.2.1. Magnetic separation tests 

The two layers (1_2-4 and 1_2-8) of drill core 1_2 were separately used in magnetic separation. 

The three products from the magnetic separation namely ferromagnetic, paramagnetic and 

non-magnetic fractions had significant visual (color) differences, with the non-magnetic fraction 

dominated by the orange, brown and white colored minerals. Based on the knowledge of minerals 

known to be present in the samples and using EMC, the light-colored minerals in the non-magnetic 

fraction were identified to be mainly albite, fluorspar, calcite, scheelite and biotite. 

In the magnetic separation tests, the desired outcome was to have the valuable minerals 

scheelite, fluorspar and chalcopyrite in the non-magnetic fraction of the HIMS but the mass recovery 

to this fraction for both samples was small, with the highest amount being only 9.2 wt.% from layer 

1_2-8. From Figure 14 and Table 5, it is observed that much of the W and Cu ended up in the 

paramagnetic fraction for both layers; meaning the separation of scheelite and chalcopyrite was not 

achieved as desired. This could be due to the insufficient liberation of scheelite and chalcopyrite 

minerals from the mineral pyrrhotite and/or to liberated small particles entrapped and entrained. 

The insufficient liberation of scheelite was confirmed by the higher W recovery of 83.6 wt.% in the 

paramagnetic fraction, from the less coarse layer 1_2-8 which had more W distributed to the 

-600+297 µm fraction as compared to layer 1_2-4. The paramagnetic fraction had the highest mass 

recoveries with 87.3 wt.% for layer 1_2-4 and 85.8 wt.% for layer 1_2-8, indicating a high amount of 

pyrrhotite. Sulphur was mostly recovered in the ferromagnetic and paramagnetic fractions with 

only 1.0 wt.% in the non-magnetic fraction of layer 1_2-8, meaning that pyrrhotite, the main 

Fe-sulphide mineral in the tailings and responsible for AMD, was ending up in the desired magnetic 

fractions of the LIMS and HIMS. For both layers, the mass recovered by the LIMS was very low, with 

the highest amount being only 5.0 wt.% from layer 1_2-8. This could indicate a low amount of the 

ferromagnetic mineral magnetite in the tailings. But considering the high recovery of Fe2O3 in the 

paramagnetic fraction, it could also mean that a larger amount of magnetite was locked up with 

pyrrhotite and/or other non-paramagnetic minerals such as cassiterite, danalite, bismuthinite, 

fluorspar, calcite and quartz. 

  

Figure 14. Magnetic separation elemental and mass recoveries.
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Table 5. Products balance for magnetic separation. 

  Weight Assays (mg/kg) Contents (g) Distribution (%) 

Product gram % W S W S W S 

1_2-4 Ferromagnetic 8.19 4.21 872 144000 0.01 1.18 4.2 53.1 

1_2-4 Paramagnetic 169.66 87.30 800 5920 0.14 1.00 80.6 45.2 

1_2-4 Non-Magnetic 16.50 8.49 1550 2270 0.03 0.04 15.2 1.7 

1_2-4_Calculated Feed (+75 µm) 194.35 100.00 867 11429 0.17 2.22 100.0 100.0 

                  

1_2-8 Ferromagnetic 8.64 4.98 685 222000 0.01 1.92 4.9 63.5 

1_2-8 Paramagnetic 148.97 85.82 683 7180 0.10 1.07 83.6 35.4 

1_2-8 Non-Magnetic 15.98 9.21 877 1930 0.01 0.03 11.5 1.0 

1_2-8_Calculated Feed (+75 µm) 173.59 100.00 701 17389 0.12 3.02 100.0 100.0 

Assessing the particle sizes in the products in relation to what was in the feed, it was observed 

that 97 wt.% of the -600+297 µm particles, being the most abundant in these HT, were distributed to 

the paramagnetic fraction (Figure 15). This confirms that the minerals of interest like scheelite need 

to be further liberated from this particle size fraction in order to improve mineral separation by 

magnetic separation. 

 

Figure 15. Magnetic separation products distribution over particle size ranges. 

3.2.2. Gravity separation tests 

The two layers (1_2-1 and 1_2-8) of drill core 1_2 were individually used for gravity separation 

tests with the Knelson concentrator, with two separation cycles for each sample. The recovery of 

scheelite in each cycle product was assessed by the amount of W (Figure 16). It was observed that 

recovery of W in the concentrates was decreasing with an increasing number of separation cycles, 

with the highest recovery being 60.6 wt.% in concentrate 1 of layer 1_2-1. The decrease in W recovery 

with the increasing number of separation cycles was due to the decreasing amount of dense and 

coarse particles that contain W. In this regard, comparison between the two layers showed a higher 

W recovery in concentrate 1 for layer 1_2-1, which was coarser with higher W content than layer 

1_2-8. This can be seen in the products balance given in Table 6. 
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Figure 16. Gravity separation (Knelson concentrator) elemental and mass recoveries. 

Table 6. Products balance for gravity concentration using Knelson concentrator. 

  Weight Assays (mg/kg) Contents (g) Distribution (%) 

Product gram % W W W 

1_2-1 Concentrate 1 88.88 17.05 4190 0.37 60.6 

1_2-1 Concentrate 2 87.71 16.82 992 0.09 14.2 

1_2-1 Tailings 344.83 66.13 449 0.15 25.2 

1_2-1_Actual Feed (-600 µm) 521.42 100.00 1178 0.61 100.0 

            

1_2-8 Concentrate 1 92.56 18.53 1950 0.18 47.1 

1_2-8 Concentrate 2 95.61 19.14 813 0.08 20.3 

1_2-8 Tailings 311.47 62.34 402 0.13 32.7 

1_2-8_Actual Feed (-600 µm) 499.64 100.00 767 0.38 100.0 

Even though the recovery of scheelite was significantly favorable with this enhanced gravity 

separation, it is important to look at the selectivity, i.e. its separation from the other minerals. From 

Figure 16, it is observed that in both samples, other than W, at least 30 wt.% of each main element is 

also recovered to the concentrate fraction. This means that quartz (2.62 g/cm3), fluorspar (3.13 g/cm3), 

calcite (2.71 g/cm3), chalcopyrite (4.19 g/cm3), pyrrhotite (4.61 g/cm3) and danalite (3.43 g/cm3) were 

not fully separated from scheelite despite having much lower mineral densities than scheelite (6.01 

g/cm3). Considering the coarseness of the particles in these samples, the insufficient mineral 

separation would be attributed to the insufficient liberation of the mineral particles. With regard to 

the tailings fraction, W distribution was considerably high at 32.7 wt.% in layer 1_2-8, which was an 

indication of relatively high scheelite distribution towards the fine fractions. The scheelite mineral 

particles may be liberated in the fine fractions but would still end up in the tailings because the 

coarser mineral particles are preferentially concentrated as both the mineral particle size and density 

are important in enhanced gravity separation. 
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Figure 17. Knelson concentrator products distribution over particle size ranges. 

Using particle size distribution in the products to further assess the concentration process 

(Figure 17), it was confirmed that the dense coarser (-600+297 um) particles were distributed more to 

concentrate 1 than 2 while the dense finer (<75 um) particles were higher in concentrate 2 than 1. 

Therefore, in order to minimize W losses in the fines to the tailings fraction, the particle size range 

for the feed material to the Knelson concentrator must be narrow; otherwise, more concentration 

cycles may need to be run to recover it. In this initial metallurgical test work, the feed particle size 

range was -600+38 µm, however, for subsequent tests, division of this size range into narrower ones 

such as -600+297 µm, -297+149 µm, -149+75 µm and -75+38 µm should be considered in order to 

improve the recovery and separation efficiency [15]. 

3.2.3. Proposed process flowsheet 

Based on the preliminary results of the tailings characterization and physical separation tests, a 

process flowsheet is proposed (Figure 18). Since the tailings elemental and mass distribution was 

high in the coarser particle size fractions of -600+149 µm, classification to separate the coarser 

tailings from the finer ones would be the first step. The first classification threshold is at <75 µm 

because from optical microscopy and SEM observations, scheelite particles in this size fraction are 

liberated. Also during gravity separation, much of the <75 µm ended up in the tailings product, 

hence there is a need for prior separation. Basically, scheelite recovery from this particle size fraction 

would be best through froth flotation [23]. For the tailings fraction >75 µm, the issue of mineral 

liberation is evident, hence regrinding will be required. However, more studies need to be done to 

determine the mineral liberation size for scheelite in these tailings so that generation of ultrafine 

particles is minimized. With sufficient mineral liberation, having magnetic separation before gravity 

separation enhances the separation of magnetite (in addition to pyrrhotite) from scheelite; magnetite 

density (5.15 g/cm3) is close scheelite density (6.01 g/cm3) [22] hence their separation with gravity 

separation may not be efficient. Therefore, gravity separation would be applied to the non-magnetic 

product of magnetic separation.  
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Figure 18. Preliminary process flowsheet proposed for separation of valuable minerals in the 

reprocessing of Yxsjöberg HT. 

3.3. Proposed methodology for HT reprocessing 

Based on the preliminary study presented in this paper and future work foresight, a 

methodology to reprocess these HT is proposed (Figure 19). The methodology is divided into three 

main categories namely TSF characterization, metallurgical test work, and process design and 

analysis. Each of these categories has defined tasks, which represent steps and methods to be 

undertaken in each category e.g. characterization of tailings is a step in the TSF characterization 

category but it also has sub-steps and methods as shown in Figure 4. 



Processes 2019, 7, x FOR PEER REVIEW 18 of 21 

 

 

Figure 19. Preliminary methodology proposed for the reprocessing of Yxsjöberg HT. 

4. Conclusions 

In this study of the Yxsjöberg historical tungsten ore tailings, a preliminary process flowsheet 

and a methodology for reprocessing historical tailings has been proposed. The following were the 

main findings and conclusions:    

 There were particle-related and compositional variations in the repository location studied. 

The dispersity variations in the different layers were indicative of the varying process 

parameters such as grinding size and/or changes in the mineralogy during the production 

period of 1936 to 1963. The tailings elemental and mass distribution was high in the coarser 

particle size fraction range -600+149 µm. With regard to texture and liberation, scheelite 

particles were both fine and coarse grained, liberated and non-liberated, meaning that 

mineral liberation analysis would be essential in order to develop effective separation 

methods.  

 The main minerals in which the elements W, Cu, S, Sn, Zn, Be, Bi and F were contained were 

scheelite, chalcopyrite, pyrrhotite, cassiterite, danalite (both Zn and Be), bismuthinite and 

fluorspar, respectively. W and Cu were the metals of interest, with highest concentrations 

being 0.22 %WO3 and 0.11 %Cu. The average WO3 and Cu concentration in the sampled 

location was 0.12 % and 0.1 %, respectively.  

 Sulphur was mostly recovered in the ferromagnetic and paramagnetic fractions with only 

1.0 wt.% in the non-magnetic fraction, meaning pyrrhotite, the main Fe-sulphide mineral in 

the HT responsible for AMD, was separated to the desired magnetic fractions of the LIMS 

and HIMS. 

 The recovery of scheelite was significantly favorable with enhanced gravity separation 

using the Knelson concentrator, with the highest W recovery being 60.6 wt.%.  

5. Future work 

Since these characterization and processing findings only represent one location in the TSF, 

further geometallurgical studies are planned for samples from different locations so that 

geometallurgical units can be defined within the TSF. Additionally, quantitative mineralogical 
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studies on the processing products are required in order to ascertain that minerals of economic 

interest and minerals of environmental concern in the tailings are separated as desired for eventual 

extraction of elements of interest. The proposed process flowsheet will require further refinement as 

the processes become more defined and optimized for instance the sequence of minerals to be 

floated, and additional classification after comminution.           
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Abstract: The geometallurgical concept has mainly been applied to primary ore deposits, starting 

from ore characterization to the economic optimization of the mining operation. However, as 

primary ore resources are becoming depleted and lower in grade, alternative sources need to be 

explored and a question of adaptability of the geometallurgical approach to the secondary resource 

repositories arises. In this study, two-geometallurgical steps: (1) Sample selection and (2) 

Mineralogical/chemical/physical characterization are applied on the Smaltjärnen tailings storage 

facility in Yxsjöberg, Sweden, in order to define its structure in the selected locations and 

understand the depositional environment. This was done by sampling and characterization of drill 

cores from different repository locations. The tailings elemental and mass distribution was high in 

the coarser particle size fraction range -600+149 μm. Elements of high concentration in the tailings 

were W, Cu, S, Sn, Zn, Be, Bi and F, and they were mainly contained in scheelite, chalcopyrite, 

pyrrhotite, cassiterite, danalite (both Zn and Be), bismuthinite and fluorspar, respectively. There 

were variations in dispersity and mineralogical composition in the different repository locations, 

indicating that geometallurgical domains may exist in this repository hence the need for 

subsequent metallurgical tests to assess the effect on metallurgical performances.  

Keywords: Historical tailings; Tungsten; Scheelite; Geometallurgy; Characterization; Mineralogy 

 

1. Introduction 

In-situ tonnage, grade and recovery estimation based on some metallurgical test work have 

been the traditional approach to evaluating primary ore deposits [1]. However, in order to 

understand and measure of the ore properties relevant to its successful processing, a 

cross-disciplinary approach of geology and mineral processing (geometallurgy) needs to be adapted. 

This approach enhances resource knowledge from the processing perspective hence lowering 

operational risk related to ore deposit unknown variation [2]. With regard to mining waste (waste 

rock and tailings), the geometallurgical approach has been identified as one of the five key areas of 

an integrative approach to attaining improved environmental outcomes and circular economy 

aspirations [1]. The geometallurgical concept has mainly been applied to primary ore deposits, 

starting from ore characterization to the economic optimization of the mining operation. However, 

as primary ore resources are becoming depleted and lower in grade, alternative sources need to be 

explored and a question of adaptability of the geometallurgical approach to the secondary resource 

repositories arises. In a prefeasibility study of historical tailings (HT) for reprocessing, vital 

adaptable steps include collection of geological data, development of a repository sampling 

program, tailings variability testing, and development geometallurgical domains [2]. In a 

geometallurgical program, these steps can be simplified and arranged by order of execution 

applicable to this study: (1) Sample selection, (2) Mineralogical/chemical/physical characterization, 

(3) Metallurgical test work, and (4) Domain definition [3].   
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In order to apply these steps in this current study, two concepts about tailings repositories need 

to be established: (i) Concept of defining the tailings repository structure and (ii) Concept of 

reprocessing historical tailings. A number of factors influence the repository structure (depositional 

environment); changing positions of discharge (spigotting) points, the method of slurry entry into 

the impoundment, discharge rate, the density of the discharged slurry, whether the disposal surface 

has a distinct slope, tailings diverse mineralogical composition and different specific gravities [4]. 

The visible effect of these factors is stratification, graded and cross bedding textures in the 

repository. With regard to particles segregation and settling in the repository, coarser and heavier 

particles tend to settle near the spigotting points while the finer and lighter particles settle away 

from the outlet. Therefore, if certain minerals are found in a particular particle size, they may 

segregate and accumulate in some locations of the repository thus resulting in higher concentrations 

in those areas [4]. The concept of reprocessing historical tailings can thus be established based on this 

understanding of the repository structure.  

Considering the varying depositional environments in tailings storage facilities, HT repositories 

can also be considered as geometallurgical units/domains based on the definition of being “an ore 

type or group of ore types that possess a unique set of textural and compositional properties from 

which it can be predicted that they will have similar metallurgical performance” [5]. Accordingly, 

various geometallurgical and/or process mineralogical approaches have been used to process 

tailings or processed ores (Table 1).  

Table 1. Selected case studies of geometallurgical and/or process mineralogical approaches. 

Case study 

site 

Sample 

type 
Mineral type Process Results Reference 

Kamoa 

(Democratic 

Republic of 

the Congo) 

Drill core 

Cu sulphide 

(Bornite, chalcocite, 

chalcopyrite, 

covellite and 

azurite) 

Flotation 

Final concentrate – 

88.3% Cu recovery, 

38.99% Cu grade and 

14.56% SiO2 grade 

[6,7]  

Montcalm 

(Canada) 
Drill core 

Ni/Cu sulphide 

(Pentlandite and 

chalcopyrite) 

Grinding and 

flotation 

Bulk concentrate – 

82.9% Ni recovery 

and 9.0% Ni grade 

[8]  

Amandelbult 

(South Africa) 
Tailings PGM 

Grinding and 

flotation 

Tailings grade 

0.5-0.6 g/t 4E (Pt, Pd, 

Rh + Au) 

[8]  

Timmins 

(Canada) 

Crushed 

ore 

Ni-Cu sulphide 

(Pentlandite and 

chalcopyrite) 

Grinding, 

flotation and 

smelting 

Reduce total energy 

requirements across 

the 

concentrator–smelter 

process chain 

[9]  

Finney’s Hill 

(Hypothetical) 
Drill core 

Cu sulphide 

(Bornite, 

chalcopyrite and 

chalcocite 

Grinding and 

flotation 

Final concentrates 

Sample A – 41.18% 

Cu grade and 90.04% 

Cu recovery 

Sample B – 35.61% 

Cu grade and 90.57% 

Cu recovery 

[10] 
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A historical tailings repository may have several geometallurgical domains depending on what 

type of primary ore and which process streams the tailings were generated from, how the deposition 

was done (random or systematic), and the weathering that could have occurred over time. This may 

lead to tailings reprocessing flowsheets and metallurgical performances being different from those 

of primary ores from which they were produced. Moreover, the amount of valuable minerals in HT 

depends mainly on the initially employed beneficiation methods and their processing efficiencies. 

Thus, methods of sampling and characterization studies based on geometallurgical domains are 

applied when HT are considered for reprocessing [5–7]. These studies are essential in order to 

determine the feasibility of reprocessing HT and to understand potential variability in the tailings 

repository [5,12]. Using the integrated approach of linking geometallurgy to metallurgical 

performance allows to better understand the variable characteristics and metallurgical performance 

of tailings to be reprocessed [12]. 

The above approach has also been used within the ERA-MIN project REMinE (Improve 

Resource Efficiency and Minimize Environmental Footprint) in dealing with historical mine wastes; 

historical tungsten ore tailings in the Smaltjärnen tailings repository in Yxsjöberg, Sweden, the 

Cabeço do Pião tailings dam in Portugal [13], and the Sasca Montana tailings management facility in 

Romania. Tungsten (W), copper (Cu), fluorspar (CaF2), sulphur (S), tin (Sn), zinc (Zn), beryllium (Be) 

and bismuth (Bi) are the elements of high concentration in the Yxsjöberg HT [14], and are all among 

the EU critical raw materials cited for supply risk and economic importance. Of these eight elements, 

four (Cu, S, Sn and Zn) are classified as non-critical raw materials with less supply risk but of high 

economic importance [15], emphasizing the importance of studying this HT ore repository. 

Preliminary mineralogical and geochemical studies of the tailings under study revealed that 

scheelite, chalcopyrite, fluorspar, pyrrhotite, cassiterite, danalite and bismuthinite were the main 

minerals in which W, Cu, F, S, Sn, Zn, Be and Bi were contained, respectively, with Zn and Be both 

contained in danalite [14].   

The objective of this study is to investigate the feasibility of reprocessing HT by applying steps 

and methods proposed in the methodology for HT reprocessing using the Yxsjöberg case. The first 

two-geometallurgical steps: (1) Sample selection and (2) Mineralogical/chemical/physical 

characterization are applied on the Smaltjärnen tailings storage facility (TSF) in order to define its 

structure in the selected locations and understand the depositional environment. This was done by 

sampling and characterization of drill cores from different repository locations.          

Sample C – 9.38% Cu 

grade and 82.69% 

recovery 

Pellivuoma 

(Sweden) 

Waste 

rock 

Magnetite, 

calcium–magnesium 

and magnesium 

silicate (Skarn Iron 

Ores) 

Acid Rock 

Drainage and 

Metal(loid) 

Leaching 

(ARDML) 

assessment 

Low acid generation 

and silicate buffering 
[11] 

San Manuel 

(USA) 
Tailings 

Cu sulphide 

(Chalcopyrite, 

bornite and 

chalcocite) 

Acid Rock 

Drainage and 

Metal(loid) 

Leaching 

(ARDML) 

assessment 

Low acid generation 

and sulfide 

encapsulation 

[11] 
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2. Materials and Methods 

The steps and methods proposed in the methodology for HT reprocessing are given in Figure 1. 

The methodology is divided into three main categories namely TSF characterization, metallurgical 

test work, and process design and analysis. Each of these categories has defined tasks, which 

represent steps and methods to be undertaken in each category e.g. characterization of tailings is a 

step in the TSF characterization category but it also has sub-steps and methods. In this study the 

focus is on TSF characterization hence the steps and methods in the first category will be followed. 

 

Figure 1. Methodology proposed for the reprocessing of HT 

2.1. The Yxsjöberg mine 

One of the most important mining areas in northern Europe with regard to tungsten ores was 

Bergslagen in Central Sweden where the Yxsjöberg historical tungsten ore tailings repository is 

located. These tailings were produced from the ore that was mined at the Yxsjö Mines, while it was in 

operation from 1935 to 1963, with the average ore grade of 0.3-0.4 wt.% WO3, 0.2 wt.% Cu and 5-6 wt.% 

fluorite [16,17]. The exploited minerals were scheelite for W, chalcopyrite for Cu and Fluorite. Figure 2 

shows the location of the Smaltjärnen tailings repository and the decommissioned processing plant in 

Yxsjöberg. This repository is estimated to have about 2.2 million tons of tailings and covers an area of 

26 hectares, with elemental concentrations of 1-2 wt.% S, 0.02-0.2 wt.% Cu, 0.02-0.3 wt.% W, 0.02-0.04 

wt.% Sn and 0.02-0.03 wt.% Be. The scheelite grain size in the ore was 0.2-4.0 mm and 90 wt.% of the 

ore was liberated at 0.4 mm particle size. The concentrate recoveries were 50-70 wt.% for scheelite, 50 

wt.% for fluorite and 25 wt.% for chalcopyrite meaning that a considerable amount of these valuable 

minerals ended up in the tailings [17]. The Yxsjö processing plant had three main sections namely 

gravity separation, magnetic separation, and flotation, from which tailings were generated and 

discharged onto the Smaltjärnen TSF as shown in Figure 3.  
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 Figure 2. Smaltjärnen TSF in Yxsjöberg, Sweden. 

 
Figure 3. Simplified flowsheet of the Yxsjö processing plant from which the HT were generated and then 

randomly discharged into the Smaltjärnen TSF. The aerial photo of the repository was taken in 1963 just before 

the processing plant stopped being in operation [16–18]. 

2.2. Sampling and sample preparation 

The Smaltjärnen TSF was sampled by collecting drill core samples from nine different locations 

as shown in Figure 4. The red dots represent the drill core sampling locations and the numbering of 

the sampling locations was based on the sequence of sampling in each sampling campaign The first 

four locations were distinguished by _1 and _2 meaning 1_1 was in the first campaign while 1_2 was 

in the second campaign. In the first campaign, a Cobra hand drill was used with an open gauge steel 

tube (40 mm diameter and 1 m length) for sample holding. In the second campaign, a percussion 

drill rig from Envix Nord AB was used, which used plexiglass tubes (40 mm diameter and 1.2 m 

length each tube) for sample holding. The sampled locations were selected based on the visual 

variations of the tailings in terms of color and granulometry, and the vicinity to former discharge 
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points. It should be noted that sampling location 1_2 was also in very close vicinity to the sampling 

location P4 referred to in the geochemical characterization of these historical tailings [14]. 

 

Figure 4. Drill core sampling locations on the Smaltjärnen TSF represented by red dots, the yellow squares 

showing two discharge points, and the yellow lines showing the repository boundary. 

The sampling points in the selected locations were randomly picked and a summary of the 

information about three sampling points used in this paper is given in Table 2.  

Table 2. Information of sampling points: 1_1, 1_2 and 6. 

Screening of the drill cores was done based on the differences in color and granulometry in the 

cores, with the split into smaller samples representing tailings layers in a particular location of the 

repository. This approach was taken in order to have a clear understanding of layers represented in 

each drill core; after characterization, the particle size and minerals dominant in a given layer and 

their effect on the pre-selected separation methods would then be known. This understanding is 

important because the layers are an indication of how tailings deposition took place in the 

repository, variations in mineralogy and process parameters during the production period.  

The thickness of each observed compacted layer was noted to have its approximate thickness in 

the tailings repository. Drill core vertical profiles showing the different tailings layers in the selected 

locations of the repository are shown in Figure 5. Each color represents a layer of a drill core and its 

compacted length (depth) in the tailings repository. The number of observed layers in sampling 

points 1_1, 1_2 and 6 were 10, 11 and 3 respectively, with sampling point 1_2 having the longest drill 

core of approximately 5 meters. Applying the altitude information in Table 2 to the drill cores 

vertical profiles and connecting the sampling locations in the order 6, 1_2 and 1_1 gives an 

interpolated cross-section view of the repository (Figure 6).  

Sampling 

Point 

Sampling Points GPS Coordinates 

Altitude (m) 

Number 

of drill 

holes 

Drill 

hole 

depth 

(m) 

Number 

of drill 

cores DD (decimal degrees) 

1_1 60.041669, 14.771031 307 1 3.0 3 

1_2 60.041778, 14.775325 306 1 6.0 5 

6 60.042656, 14.775217 303 1 2.2 2 
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Figure 5. Vertical profiles for sampling points 1_1, 1_2 and 6 with each color representing a layer of the drill 

core and its compacted length (depth) in the tailings repository. 

 

Figure 6. Interpolated cross-section view (direction order 6, 1_2 and 1_1) of the repository showing the variation 

of the tailings thickness on the TSF. 

In order to further characterize the tailings samples physically (moisture content, texture and 

particle size distribution) and chemically (elemental composition and distribution), and 

mineralogical composition, the samples were dried at 105 °C for 48 hours. The dried tailing samples 

were then split into smaller samples using a riffle splitter. Figure 7 shows pictures of the dried 

tailings samples for drill cores 1_1, 1_2 and 6, with each sample representing a layer in the drill core. 

Therefore, in addition to the numbering of the sampling locations, a layer number was added to 

distinguish the layers from top to bottom of a drill core meaning 1_2-1 is the first (top) layer in drill 

core 1 of the second campaign. 
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Figure 7. Dried tailings samples for drill core 1-1 with layers 1_1-1 to 1_1-10, drill core 1_2 with layers 1_2-1 to 

1_2-11, and drill core 6 with layers 6-1 to 6-3, showing variability in color and texture. 

Replicate dry samples of approximately 150 grams each representing the tailings layers in a 

particular drill core were sieved using a RO-TAP® Sieve Shaker model RX-29 with five sieves to 

obtain six size fractions. However, for sampling point 1_2, the quantities of some four layers were 

less than 150 grams; hence, the samples were sieved without replication, which for the bigger 

samples was necessary to check that the split samples were representative of the whole layer sample. 

2.3. Characterization of drill core samples 

The six size fractions obtained from the dry sieving were >1190 μm, -1190+600 μm, -600+297 

μm, -297+149 μm, -149+75 μm and <75 μm. Particle size distribution curves for each drill core layer 

and subsequently the entire drill core were determined. Using the Rosin-Rammler-Sperling-Bennett 

(RRSB) distribution function, the D80 of particle size was determined for each drill core layer. 

Subsamples of approximately 15 grams were split from each particle size fraction and bulk samples 

(1_2-5, 1_2-6, 1_2-7 and 1_2-10 layers that were less than 150 grams) of each drill core layer were 

chemically analyzed using the inductively coupled plasma – sector field mass spectrometry 

(ICP-SFMS) method. The “MG-2 + Bi Metals in waste” package analysis protocol included 10 oxides 

and 22 elements namely SiO2, Al2O3, CaO, Fe2O3, K2O, MgO, MnO, Na2O, P2O5, TiO2, As, Ba, Be, Bi, 

Cd, Co, Cr, Cu, Hg, Mo, Nb, Ni, Pb, S, Sc, Sn, Sr, V, W, Y, Zn, and Zr.  

For the tailings mineralogical composition, X-ray Diffraction (XRD) analysis was done using a 

PANalytical Empyrean X-ray diffractometer. Subsamples (i.e. less than 50 g) of these selected layers 

were pulverized in a ring mill to obtain the powder samples required for XRD analysis. The raw data 

obtained from the diffractometer was evaluated using the PANalytical X’Pert HighScore Plus v3.0 

software. 

Since characterization of tailings is a step in the TSF characterization category, its sub-steps and 

methods are summarized in Figure 8.  



Minerals 2019, 9, x FOR PEER REVIEW 9 of 17 

 

 
Figure 8. Summary of the characterization sequence of drill core samples. 

3. Results and Discussion 

From the TSF characterization category of the methodology proposed for HT reprocessing, it is 

observed that much of the required information about the repository is given in the methods 

description except for the tailings characterization where each sub-step has several results.  

The physical and chemical characterization of the HT showed the variations occurring in the 

different layers of the three selected drill cores, which revealed both the variability in the different 

locations and layers of the repository. In terms of moisture content, some upper tailings layers had 

higher moisture content than the lower layers (Figure 9).  

 

Figure 9. Moisture content variation at different depths. 
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This moisture variation was mainly attributed to the varying dispersity of particle sizes in the 

tailings layers. It was observed that the layers with finer particle sizes had higher moisture content 

than the layers with coarser particles with an exception of the bottom layer (6-3) of drill core 6. 

About 27 wt.% of layer 6-3 had a particle size greater than 1190 µm, which contributed to the high 

D80 value; hence, the high moisture content in this layer was attributed to the 73 wt.% passing 1190 

µm. In order to appreciate the particle size variation in the three selected locations of the repository, 

the determined D80 values for the layers of the drill cores were plotted against the depth as shown in 

Figure 10. It was observed that the drill core 1_1 had coarser particles than the drill cores 1_2 and 6. 

Based on the principle of particles segregation and settling in the TSF, drill cores 1_1 and 6 were 

sampled near the spigotting points hence the much coarser particle size than drill core 1_2 which 

was further away from both outlets shown in Figure 4 [4].  

 

Figure 10. Variation of D80 values with depth. 

The drill core 1_1 layer at the depth between 30 and 70 cm shows a significantly coarser (D80 = 

1065 µm) tailings layer than the other layers in the same drill core. The bottom layer in drill core 6 

was the coarsest (D80 = 1830 µm) but had material that was not typical of the tailings which were 

comparatively coarse and much darker in colour; hence, only chemical analysis could confirm the 

observation. The longest drill core 1_2 had two layers that were significantly fine with D80 values of 

259 and 227 µm at depths 303 and 483 cm, respectively. This variation in the dispersity of the HT in 

the different locations is the first indication of the different geometallurgical domains that need to be 

defined for such a tailings repository, which may have different metallurgical performances [5]. This 

variability in dispersity properties would have an effect on the choice of methods to be considered 

for reprocessing. For instance, in location 1_1, further grinding may be required as the minerals of 

interest may be locked up in the coarse particles as observed with optical microscopy. 

With regard to the six particle size fractions, the tailings weight distribution in each size fraction 

for each drill core was determined. It was observed that in all drill cores the dominating particle size 

fractions were -600+300 µm and -300+149 µm as can be seen in Figure 11. Drill cores 1_2 and 6 had 

more fines (-75 µm) than drill core 1_1. This variation in particle size is indicative of varying process 

parameters such as grinding size and/or changes in the mineralogy during the production period of 

1936 to 1963. 
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Figure 11. PSD curves for the three drill cores. 

Apart from the tailings weight distribution, elemental concentrations and distributions were 

also determined in the six particle size fractions. The main oxides were SiO2, Al2O3, CaO, and Fe2O3 

while W, Cu, S, Sn, Zn, Be and Bi were the main elements. From the elemental concentrations in the 

particle size fractions, weighted average concentrations in the layers of each drill core were 

determined and subsequently in the entire drill core. Figure 12 and Figure 13 show elemental mass 

distributions in the three drill cores, which are calculated weighted averages from samples of 

different layers in the drill cores. Except for drill core 1_1, all elements were high in particle size 

fractions -600+297 µm and -297+149 µm as was the case for the tailings weight distribution. 

Therefore, for purposes of reprocessing these HT, mineral liberation analysis (MLA) needs to be 

considered in order to determine the mineral liberation size for the minerals of interest. 

 

Figure 12. Elemental mass distributions in the different particle size fractions for drill cores 1_1 and 1_2. 
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Figure 13. Elemental mass distributions in the different particle size fractions for drill core 6. 

Elemental concentrations and mass distributions were also varying at different depths and 

locations of the drill cores. The highest WO3 and Cu concentrations were observed in the drill core 

1_1 as shown in Figure 14. In all the three drill cores, the highest WO3 concentration was between 88 

and 153 cm depth. These highest WO3 concentrations were 0.27, 0.22 and 0.16 % in the drill cores 1_1, 

1_2 and 6, respectively. For Cu, the depths of highest concentrations were different for each drill 

core; it was near the surface between 30 and 70 cm for drill core 1_1, much deeper for drill core 1_2 

between 313 and 365 cm, and for drill core 6 it was between 111 and 153 cm. These highest Cu 

concentrations were 1742, 1147 and 1178 mg/kg in drill cores 1_1, 1_2 and 6, respectively. 

  

Figure 14. WO3 (left) and Cu (right) concentrations in the three drill cores. 

However, it is important to know the mass distribution of these metals in the layers of the drill 

cores because the concentrations may be high but the actual quantities would be small when the 

total metal content in the drill core is considered. Figure 15 shows the WO3 and Cu mass 

distributions in the three drill cores. 

  

Figure 15. WO3 (left) and Cu (right) mass distributions in the three drill cores. 

From the Figure 15, it is be observed that for the drill core 6, most of the WO3 (≈70 wt.%) and Cu 

is contained in the upper layer (0-111 cm) while for drill core 1_2 it is between 174 and 295 cm with 
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32 wt.% of the total WO3 and 29 wt.% of the total Cu. For the drill core 1_1, the depth (30-70 cm) with 

the highest Cu concentration also had the highest mass distribution of Cu (24 wt.%) and W (21 

wt.%). 

Since these tailings have been in this TSF for a long period, sulphur depletion due to oxidation 

was expected with the depletion decreasing from top to bottom though. This would also depend on 

other factors such as particle size and initial quantity. Therefore, both the concentration and mass 

distribution of sulphur in each drill core were analyzed. In all the three drill cores, the highest S 

concentration was between 88 and 153 cm depth as was the case for WO3. These highest S 

concentrations were 1.89, 1.85 and 3.05 % in the drill cores 1_1, 1_2 and 6, respectively, as shown in 

Figure 16 (left). 

  

Figure 16. Sulphur concentration (left) and mass distribution (right) in the three drill cores. 

In Figure 16 (right), it can be seen that for the drill core 6, 57 wt.% of the S is contained in the 

upper layer (0-111 cm) while for the drill core 1_2, it is between 174 and 295 cm with 28 wt.% of the 

total S. For the drill core 1_1, the depth (150-190 cm) had the highest mass distribution of S at 24 

wt.%. The chemical analysis also confirmed the observation that the material in the bottom layer of 

the drill core 6 was not typical of the tailings as the concentration and distribution of all the main 

elements was extremely low. Observing the S depletion trend for drill core 1_2 in Figure 16 (right), 

there would be three possible main deposition and oxidation periods where S is seen to have a 

significant stepwise increase in depth; the first being for the depth 296-483 cm, second 145-295 cm 

and third 0-144 cm. These trends also show possible mineralogical variations with regard to sulphur 

content over the production period of 1936 to 1963.  

These variations in the elemental concentrations and distributions at different depths of the 

locations would have an effect on the grades and recoveries of the concentrates that may be 

produced from the reprocessing of these HT. Consequently, process parameters would need to be 

varied depending on which location and depth tailings are obtained from. For instance in location 

1_2, in order to get much of W and Cu out this area, tailings at deeper depths (below 174 cm) must be 

treated. Blending of tailings before reprocessing may also be necessary for process and product 

optimization. 

Table 3 summarizes the weighted average elemental concentrations in the three drill cores. The 

drill core 1_1 had higher concentrations in WO3, Cu, Sn, Zn, Be and Bi than the drill cores 1_2 and 6, 

while drill core 6 had the highest S concentration. Taking the average WO3 and Cu concentration of 

these three tailings locations to be 0.15 % and 0.11 % respectively, and applying them to the 

estimated 2.2 million tons of tailings in this repository gives approximately 3300 tons of WO3 and 

2512 tons of Cu. 
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Table 3. Weighted average elemental concentrations in the three drill cores. 

Samples WO3 (%) 
Cu 

(mg/kg) 
S (%) 

Sn 

(mg/kg) 

Zn 

(mg/kg) 

Be 

(mg/kg) 

Bi 

(mg/kg) 

Drill core 1_1 0.20 1418 1.32 602 319 282 538 

Drill core 1_2 0.12 981 1.33 558 251 241 368 

Drill core 6 0.13 1026 1.73 517 275 223 435 

Element-to-Mineral Conversion (EMC) algorithms using the HSC chemistry software were 

used to determine the minerals in the tailings based on the elemental composition. The main 

minerals for the eight elements of high concentration in the tailings were identified, and since 

scheelite, the mineral of economic interest is dense, densities [19] of other minerals present in the 

tailings are also given in Table 4. On average, the tailings particle density was approximately 3.2 

g/cm3. With regard to mineral grade distribution in the drill cores, the trends for scheelite and 

chalcopyrite was similar to that of W and Cu, respectively. 

Table 4. Summary main minerals in the tailings with their densities. 

Element of high concentration Main Mineral Density (g/cm3) 

W Scheelite 5.9 - 6.12 

Cu Chalcopyrite 4.1 - 4.3 

S Pyrrhotite 4.58 - 4.65 

Sn Cassiterite 6.8 - 7 

Zn Danalite 3.43 

Be Danalite 3.43 

Bi Bismuthinite 6.8 - 7.2 

F Fluorite 3.01 - 3.25 

Scheelite occurrence, texture and liberation was assessed using optical microscopy; its particles 

were both fine and coarse, and with regards to liberation, its particles were mostly liberated in the 

<75 µm size fraction while coarser fractions the particles were mostly non-liberated. 

4. Conclusions 

In this study, geometallurgical steps (1) sample selection and (2) 

mineralogical/chemical/physical characterization were applied on the Smaltjärnen tailings storage 

facility (TSF) in order to define its structure in the selected locations and understand the depositional 

environment. By applying the steps and methods proposed in the methodology for historical tailings 

reprocessing, the Yxsjöberg case was studied and the following were the findings and conclusions: 

 The tailings elemental and mass distribution was high in the coarser particle size fraction 

range -600+149 μm. In this particle size range, scheelite particles were both fine and coarse 

grained, liberated and non-liberated, meaning that mineral liberation analysis would be 

essential for reprocessing of these tailings. 

 Elements of high concentration in the tailings were W, Cu, S, Sn, Zn, Be, Bi and F, and they 

were mainly contained in scheelite, chalcopyrite, pyrrhotite, cassiterite, danalite (both Zn 

and Be), bismuthinite and fluorspar, respectively. For W and Cu, the average WO3 and Cu 

concentration in the sampled locations was 0.15 % and 0.11 % respectively, and applying 

them to the estimated 2.2 million tons of tailings in this repository gives approximately 3300 

tons of WO3 and 2512 tons of Cu. 

 The variations in dispersity and mineralogical composition in the repository locations are an 

indication of the possible geometallurgical domains existing in this repository hence the 

need for subsequent metallurgical tests to assess the effect on metallurgical performances. 
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1 Research context 

Repositories of historical tailings (HT) pose environmental risks but could also become secondary 

sources of critical raw materials (CRMs). This is because relatively high minerals and metals content 

characterize them due to less efficient extraction methods and/or relatively low metal prices at the 

time. The Yxsjöberg historical tungsten ore tailings in the Smaltjärnen tailings repository in Sweden is 

one of the case studies of historical mine wastes on the REMinE (Improve Resource Efficiency and 

Minimize Environmental Footprint) project, whose vision is to decrease the amount of harmful wastes 

by reprocessing. This repository is estimated to have about 2.2 million tons of tailings and covers an 

area of 26 hectares, with elemental concentrations of 1-2 %S, 0.02-0.2 %Cu, 0.02-0.3 %W, 0.02-0.04 %Sn 

and 0.02-0.03 %Be. These tailings were produced from ore that was mined at the Yxsjö Mines, which 

were in operation from 1935 to 1963, with the average grade of the crude ore estimated at 0.3-0.4 

%WO3, 0.2 %Cu and 5-6 %fluorite. The exploited minerals were scheelite for W, chalcopyrite for Cu 

and fluorite (CaF2). Tungsten, Cu, CaF2, S, Sn, Zn, Be and Bi are the main elements found in the 

Yxsjöberg HT and all are among the European Union (EU) CRMs cited for supply risk and economic 

importance. Of these eight elements, four (W, CaF2, Be and Bi) are classified as CRMs with high 

supply risk and of high economic importance (European Commission, 2017). This shows the 

importance of studying this HT repository. Therefore, reprocessing of such HT is considered as a 

supply risk-reducing measure. In this research, the focus is on the feasibility of reprocessing these HT 

not only as a supply risk-reducing measure but also as a possible remediation method. This research 

aims at developing effective methods for separating minerals and extracting metals of interest from 

these HT in order to produce an inert and environmentally safe residue. 

2 Research questions and deliverables 

1) What separation/extraction methods can be used to effectively reprocess the Yxsjöberg 

historical tungsten ore tailings?   

2) Will the developed reprocessing conceptual model be applicable to other tailings repositories?  

Sampling and characterization of tailings based on geometallurgical units followed by metallurgical 

test works (flotation, gravity and magnetic separation) have been used to assess the feasibility of 

reprocessing tailings from the Smaltjärnen repository. This has only been done for two out of the nine 

repository locations sampled hence more characterization and metallurgical test works are yet to be 

done in order to deliver conclusive results to the above research questions and research aim.   

3 International Round Table on Materials Criticality (IRTC) support 

IRTC should support this proposal because it is in line with the fourth Round Table discussion set on 

in-use stocks and secondary supply of critical raw materials. The research shows the role HT will play 

in the secondary supply of CRMs like tungsten. It also shows how the geometallurgical approach will 

play a significant role in assessing the feasibility of reprocessing such mine wastes, and developing 

efficient methods where residues that are inert and environmentally safe will be left behind. This 

holistic approach to reprocessing such historical mine wastes will contribute to the mining industry 

moving towards the circular economy. The Yxsjöberg case study is a good example of how the supply 

risk-reducing measure in material criticality would contribute to a circular economy in the mining 

industry. 
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Abstract  

Repositories of historical tailings (HT) pose environmental risks but could also become new resources for 

valuable metals. This is because relatively high minerals and metals content characterize them due to less 

efficient extraction methods and/or relatively low metal prices at the time. In this investigation, 

geometallurgical studies were conducted by collecting drill core samples (DCS) from the Smaltjärnen 

tailings repository in Yxsjöberg, Sweden. The collected DCS were from the main layers of the longest drill 

core, and were characterized physically (color, texture, moisture content and particle size distribution) and 

chemically (elemental composition and distribution, and mineralogical composition). The characterization 

of DCS indicated that the tailings mass distribution was high in the coarser particle size fraction of +149 µm. 

Tungsten (W) and Copper (Cu) were the metals of interest with highest concentrations being 0.22 %WO3 

and 0.11 %Cu.  Feasible physical separation methods selected were Knelson concentrator, LIMS and HIMS, 
based on the knowledge from literature, tailings characteristics, and assessment of processes from which 

the Yxsjöberg HT were produced. Using the Knelson concentrator, the recovery of scheelite, which is the 

main W mineral, was enhanced, with 75 wt.% tungsten recovered in the 34 wt.% of concentrate produced. 

In magnetic separation, sulphur (S) was mostly recovered in the ferromagnetic and paramagnetic fractions 

with only 1.0 wt.% in the non-magnetic fraction, meaning pyrrhotite, the main Fe-sulphide mineral in the 

HT responsible for AMD, was separated to the desired magnetic fractions of the LIMS and HIMS. These 

results are fundamental in the development of methods for separation of valuable minerals from these HT 

in order to produce an inert and environmentally safe residue. 

Highlights  

 The Yxsjöberg HT elemental and mass distribution was high in the coarser particle size fractions of 

+297 µm and +149 µm. Tungsten and Cu were the metals of interest with highest concentrations 

being 0.22 %WO3 and 0.11 %Cu. 

 The main minerals in which the main elements W, Cu, S, Sn, Zn, Be, Bi and F were contained were 

scheelite, chalcopyrite, pyrrhotite, cassiterite, danalite (both Zn and Be), bismuthinite and fluorite, 

respectively. 

 Knelson concentrator, LIMS and HIMS were selected as feasible physical separation methods based 

on the knowledge from literature, tailings characteristics, and assessment of processes from which 

the Yxsjöberg HT were produced. 



 Using the Knelson concentrator, the recovery of scheelite, which is the main W mineral, was 

enhanced, with 75 wt.% tungsten recovered in the 34 wt.% of concentrate produced. 

 In magnetic separation, sulphur (S) was mostly recovered in the ferromagnetic and paramagnetic 

fractions with only 1.0 wt.% in the non-magnetic fraction, meaning pyrrhotite, the main Fe-sulphide 

mineral in the HT responsible for AMD, was separated to the desired magnetic fractions of the 

LIMS and HIMS. 

Abbreviations  

REMinE – Improve Resource Efficiency and Minimize Environmental Footprint 

HT – Historical tailings 

DCS – Drill core samples 

1 Introduction 

Tungsten (W) is among the European Union (EU) critical raw materials cited for supply risk and economic 

importance (European Commission, 2017). According to the 2015 risk list of the British Geological Survey, 

tungsten has a relative supply risk index of 8.1, which is sixth in ranking from the 9.5 of the rare earth 

elements (British Geological Survey, 2015). Primarily, tungsten is produced from scheelite and wolframite 

mineral ores with 0.08-1.5% tungsten trioxide (WO3) grade (Leal-Ayala et al., 2015). These tungsten ore 

minerals are friable in nature compared to the associated gangue minerals; hence, fine tungsten particles 

are excessively generated during beneficiation processes such as crushing and grinding. The generated fine 

tungsten particles are lost to tailings due to the failure of separation methods commonly used to recover 

tungsten minerals (Clemente et al., 1993,Leal-Ayala et al., 2015). Since in the historical tailings (HT), the 

amount of valuable minerals is relatively high (due to less efficient extraction methods and/or relatively 

low metal prices at the time), for critical raw metals with a high supply risk such as tungsten, they can be 

considered as new resources. Apart from being potential resources, HT repositories also pose 

environmental risks hence, the need for a holistic reprocessing approach in that not only is recovering 

valuable minerals essential but also reducing hazardous problems and leaving an inert and 

environmentally safe residue (Alakangas et al., 2016).  

HT repositories can also be considered as geometallurgical units based on the definition of being “an ore 

type or group of ore types that possess a unique set of textural and compositional properties from which it 

can be predicted they will have similar metallurgical performance” (Lotter, 2011). Therefore, various 

geometallurgical and/or process mineralogical approaches have been used to process tailings or processed 

ores (Evans et al., 2011,Brough et al., 2013,Lotter et al., 2013,Tungpalan et al., 2015,Whiteman et al., 

2016,Lotter et al., 2018). It was documented that HT repository may have several geometallurgical units 

depending on what type of primary ore and process streams the tailings were generated from, how the 

deposition was done (random or systematic), and the weathering that could have occurred over time. This 

may lead to tailings reprocessing flowsheets and metallurgical performances being different from those of 

primary ores from which they were produced. Moreover, the amount of valuable minerals in HT depends 

mainly on the employed beneficiation methods and their processing efficiencies. For instance for high 

density ores such as scheelite ores, gravity separation and flotation methods are conventionally used but 

depending on their mineral associations such as magnetite (ferromagnetic minerals) and pyrrhotite 

(paramagnetic minerals) magnetic separation is also used as was the case for Yxsjöberg scheelite ore 



(Rothelius, 1957,Yang and Niemistö, February, 2017). However, to reprocess tailings from scheelite ores, 

enhanced gravity separation would be required due to high fines content. Multigravity separators such as 

the Knelson concentrator provide the enhanced gravity separation for very fine particles (Das and Sarkar, 

2018).  

The REMinE (Improve Resource Efficiency and Minimize Environmental Footprint) project has taken a 

holistic approach in dealing with historical mine wastes such as the Yxsjöberg historical tungsten ore 

tailings in the Smaltjärnen tailings repository in Sweden, the Cabeço do Pião tailings dam in Portugal 

(Figueiredo et al., 2018), and the Sasca Montana tailings management facility in Romania. In this study, the 

focus is the feasibility of reprocessing these HT not only as a supply risk-reducing measure but also as a 

possible remediation method. In addition to tungsten, copper (Cu), fluorspar (CaF2), sulphur (S), tin (Sn), 

zinc (Zn), beryllium (Be) and bismuth (Bi) are the main elements found in the Yxsjöberg historical ore 

tailings (Hällström et al., 2018) and all are among the EU critical raw materials cited for supply risk and 

economic importance. Of these eight elements, four (Cu, S, Sn and Zn) are classified as non-critical raw 

materials with less supply risk but of high economic importance (European Commission, 2017). This shows 

the importance of studying this HT repository. In general, this investigation as a case study is going to 

determine the feasibility of gravity and magnetic separation for the Yxsjöberg historical tungsten ore 

tailings. Sampling and characterizing the Yxsjöberg HT based on geometallurgical units followed by 

metallurgical test works (physical separation methods such as gravity and magnetic separation) are used 

to assess the feasibility of reprocessing tailings from this repository. The results of this initial study would 

be fundamental in the development of methods for separation of minerals and extraction of metals of 

interest from these HT in order to produce an inert and environmentally safe residue. 

2 Material and methods  

2.1 Yxsjöberg 

One of the most important mining areas in northern Europe with regard to tungsten ores was 

Bergslagen in Central Sweden where the Yxsjöberg historical tungsten ore tailings repository is located. 

These tailings were produced from ore that was mined at the Yxsjö Mines, which were in operation from 

1935 to 1963, with the average grade of the crude ore estimated at 0.3-0.4 %WO3, 0.2 %Cu and 5-6 %fluorite 

(Hübner, 1971,Rothelius, 1957). The exploited minerals were scheelite for W, chalcopyrite for Cu and 

Fluorite. Figure 1 shows the location of the Smaltjärnen tungsten ore tailings repository and the 

decommissioned processing plant. This repository is estimated to have about 2.2 million tons of tailings and 

covers an area of 26 hectares, with elemental concentrations of 1-2 %S, 0.02-0.2 %Cu, 0.02-0.3 %W, 0.02-0.04 

%Sn and 0.02-0.03 %Be (Alakangas et al., 2016). The scheelite grain size in the ore was 0.2-4.0 mm and 90 

wt.% of the ore was liberated at 0.4 mm grain size. The concentrate recoveries were 50-70 wt.% for scheelite, 

50 wt.% for fluorite and 25 wt.% for chalcopyrite meaning a considerable amount of these valuable minerals 

ended up in the tailings (Rothelius, 1957). The Yxsjö processing plant had three main divisions namely 

gravity separation, magnetic separation, and flotation, from which tailings were generated and discharged 

onto the Smaltjärnen tailings repository as shown in Figure 2. 



2.2 Sampling and sample preparation 

The Smaltjärnen historical tailings repository was sampled by collecting drill core samples (DCS) from 

nine different locations as shown in Figure 3. The black dots represent sampling in the first campaign while 

the red dots in the second campaign. The numbering of the sampling locations was based on the sequence 

of sampling in a sampling campaign. The first four locations were distinguished by _1 and _2 meaning 1_1 

was in the first campaign while 1_2 was in the second campaign. For locations 1_2 to 7, a percussion drill 

rig from Envix Nord AB was used, which uses plexiglass tubes (40 mm diameter and 1.2 m length each 

tube) for sample holding. The sampled locations were selected based on the visual variability of the tailings 

in terms of color and texture, and the proximity to former discharge points. It should be noted that sampling 

location 1_2 was also in very close proximity to the sampling location P4 referred to in the geochemical 

characterization of these historical tailings (Hällström et al., 2018). 

 

Figure 1. Smaltjärnen tungsten ore tailings repository in Yxsjöberg, Sweden. 

 

Figure 2. (a) Processes from which the Yxsjöberg historical tailings were generated (b) Smaltjärnen tailings 

repository in 1963 showing discharge points (Swedish Land Survey 1963) 



 

Figure 3. Drill core sampled locations on the Smaltjärnen historical tailings repository. 

The sampling points in the selected locations were randomly picked and a summary of the information 

about one sampling point used in this paper is given in Table 1. Screening of the drill core was done based 

on the differences in color and texture in the core, with the split smaller samples representing tailings layers 

in this particular location of the repository. The thickness of each observed compacted layer was noted to 

have its approximate depth in the tailings repository. The drill core vertical profile showing the different 

tailings layers in the selected location of the repository is shown in Figure 4. Each color represents a layer 

of the drill core and its compacted length (depth) in the tailings repository. The number of observed layers 

in sampling point 1_2 were 11, and it had the longest drill core of approximately 500 cm. In order to further 

characterize the tailings samples physically (moisture content, texture and particle size distribution) and 

chemically (elemental composition and distribution, and mineralogical composition), the samples were 

dried at 105oC for 48 hours. The dried tailing samples were then split into smaller samples using a riffle 

splitter. Figure 5 shows the dried tailings samples for drill core 1_2, with each sample representing a layer 

in the drill core. Therefore, in addition to the numbering of the sampling location, a layer number was added 

to distinguish the layers from top to bottom of a drill core meaning 1_2-1 is the first (top) layer in drill core 

1 of the second campaign. 

 

Table 1. Information of sampling point 1_2. 

Sampling Point 

Sampling Points GPS Coordinates 

Altitude (m) 
Number of 

drill holes 

Drill 

hole 

depth 

(m) 

Number of 

drill cores 
DD (decimal degrees) 

1_2 60.041778, 14.775325 306 1 6.0 5 

 



 

Figure 4. Vertical profile for sampling point 1_2. 

 

Figure 5. Dried tailings samples for drill core 1_2 with layers 1_2-1 to 1_2-11, showing variability in color 

and texture. 

 

Replicate dry samples of approximately 150 grams each representing the tailings layers in the drill core 

were sieved using a sieve shaker (RO-TAP® Sieve Shaker model RX-29) with five sieves to obtain six size 

fractions. However, the quantities of four layers (1_2-5, 1_2-6, 1_2-7 and 1_2-10) were less than 150 grams; 

hence, the samples were sieved without replication, which for the bigger samples was necessary to check 

that the split samples were representative of the whole layer sample. 



2.3 Characterization 

The six size fractions obtained from the dry sieving were +1190, +600, +297, +149, +75 and -75. Particle 

size distribution curves for each drill core layer and subsequently the entire drill core were determined. 

Using the Rosin-Rammler-Sperling-Bennett (RRSB) distribution, the D80 of particle size was determined for 

each drill core layer. Small samples of approximately 15 grams were split from each particle size fraction 

and bulk (1_2-5, 1_2-6, 1_2-7 and 1_2-10 layers that were less than 150 grams) samples of each drill core 

layer and were chemically analyzed at ALS Scandinavia AB using the inductively coupled plasma – sector 

field mass spectrometry (ICP-SFMS) method. The analysis protocol included 10 oxides and 22 elements 

namely SiO2, Al2O3, CaO, Fe2O3, K2O, MgO, MnO, Na2O, P2O5, TiO2, As, Ba, Be, Bi, Cd, Co, Cr, Cu, Hg, Mo, 

Nb, Ni, Pb, S, Sc, Sn, Sr, V, W, Y, Zn, and Zr. 

For tailings mineralogical composition, X-ray Diffraction (XRD) analysis was done using the 

diffractometer. Drill core layers 1_2-1, 1_2-4, 1_2-8 and 1_2-9 were selected for this analysis as they had the 

highest mass distributions in this longest drill core as shown in Figure 6. Small (less than 50 g) samples of 

these selected layers were pulverized in a ring mill for 15 seconds to obtain the powder samples required 

for XRD analysis. The raw data obtained from the diffractometer was evaluated using the PANalytical 

X’Pert HighScore Plus v3.0 software. The XRD evaluation was based on the chemical analysis results as a 

guide for possible elements in the proposed phases to obtain the best matches.  

A ZEISS Axiophot Fluorescent Microscope mounted with an Infinity HD Camera was used for optical 

microscopy to study the scheelite (mineral of interest) particles in the tailings with regard to occurrence, 

texture, and liberation. The 11 layers of drill core 1_2 were used as bulk samples for this study by splitting 

3 grams from each layer and preparing epoxy polished samples. Scanning Electron Microscope (SEM) with 

Energy-Dispersive X-ray Spectroscopy (EDS) and Back Scattered Electron (BSE) imaging was used to study 

the mineral phases in drill core layers 1_2-4 and 1_2-9, which were the two layers with the highest mass 

distributions in drill core 1_2. BSE images were captured and analyzed using the INCA-Oxford Instruments 

software. 

 

Figure 6. Mass distribution (%) of tailings layers in drill core 1_2. 

 



2.4 Physical separation 
Magnetic and gravity separation were pre-selected as feasible physical separation methods based on 

the knowledge from literature, tailings characteristics, and assessment of processes from which the 

Yxsjöberg HT were produced. 

 

2.4.1 Magnetic separation 

The two layers 1_2-4 and 1_2-8 were used for magnetic separation tests, with each layer being tested 

as a separate sample. The sample specifications for this separation method were having at least 150 grams 

with the particle size greater than 75 µm. The Low-Intensity Magnetic Separator (LIMS) and High-Intensity 

Magnetic Separator (HIMS) in the Luleå University of Technology (LTU) mineral processing laboratory 

were used. The separation in both LIMS and HIMS was optimized by varying the operating variable 

parameters and observing the attained color separation in the products. The operating variable parameters 

for LIMS were the drum speed and feed rate, while for HIMS it was the angle of the separation blades. Table 

2 summarizes the magnetic separation operating parameters of LIMS and HIMS, while Figure 8 shows 

pictures of LIMS and HIMS. The flow chart in Figure 8 shows the magnetic separation process. The products 

were chemically analyzed at ALS Scandinavia AB using the ICP-SFMS method. Element-to-Mineral 

Conversion (EMC) using the HSC chemistry software was used to determine the minerals in the magnetic 

separation products.  

Table 2. Magnetic separation operating parameters (Khavari, 2018). 

Variables Motor (0-100) Vibrator (0-100) Plane 1 (-5, +5) Plane 2 (-5, +5) 

LIMS 100 70 Fixed N.A 

HIMS Fixed Fixed +3 -1 

   

Figure 7. Pictures of LIMS (left) and HIMS (right) in the LTU mineral processing laboratory. 

 

Figure 8. The simplified flowsheet of magnetic separation process. 



2.4.2 Gravity separation 

The two layers 1_2-1 and 1_2-8 were used for gravity separation tests, with each layer being tested as 

a separate sample. The sample specifications for this separation method were having not more than 2 kg 

with the particle size less than 600 µm. A laboratory scale Knelson Concentrator at the Boliden AB 

laboratory was used, with operating parameters set as shown in Table 3.  

 

Table 3: Knelson concentrator operating parameters (Khavari, 2018). 

Drum Speed (rpm) 
Centrifugal force (G) 

Fluidization water flow rate 

(L/min) 
Fluidization water pressure (kPa) 

1500 60 3.5 2 

The picture of the Knelson concentrator and the flow chart in Figure 9 below summarizes the gravity 

separation process. The products were chemically analyzed at ALS Scandinavia AB using the ICP-SFMS 

method. EMC using the HSC chemistry software was used to determine the minerals in the gravity 

separation products. 

    

Figure 9. Picture of Knelson concentrator (left) and gravity separation process flow chart (right). 

3 Results and Discussion 

3.1 Characterization 
The physical and chemical characterization of the HT showed the variability in the layers of drill core 

1_2, which revealed the variability at different depths of this repository location. In terms of moisture 

content, the expectation was that the moisture content in the tailings samples would increase with 

increasing the depth in the tailings repository. However, this was not the case, as some tailings layers had 

higher moisture content than their underneath layers (Figure 10). This moisture variation was mainly 

attributed to the varying textures (particle sizes) in the tailings layers. It was observed that layers with 

significantly finer particle sizes (1_2-6 and 1_2-11) had higher moisture content than the layers with 

relatively coarser particles. In order to appreciate the particle size variation at different depths of this 

repository location, the determined D80 values for the layers of the drill core were plotted against the depth 

as shown in Figure 11. 

The layer 1_2-2 at the depth between 87 and 144 cm shows a significantly coarser (D80 = 681 µm) tailings 

layer than the other layers. The two layers 1_2-6 and 1_2-11 were significantly fine with D80 values of 259 

and 227 µm at depths 303 and 483 cm, respectively. This variation in the texture of the HT in the different 

depths is the first indication of the different geometallurgical units occurring in this HT repository, which 



may have different metallurgical performances (Lotter, 2011). This variability in texture would have an 

effect on the choice of methods to be considered for reprocessing such as further grinding to liberate 

minerals of interest that may be locked up in the coarse particles.    

With regard to the six particle size fractions, the tailings mass distribution in each size fraction for each 

layer was determined. It was observed that in all layers except for 1_2-6 and 1_2-11, the dominating particle 

size fractions were +297 µm and +149 µm meaning most of the tailings particles were less than 600 µm but 

greater than 149 µm as can be seen in Figure 12. This variation in particle size is indicative of varying process 

parameters such as grinding size and/or changes in the mineralogy during the production period of 1936 

to 1963.  

 

 
Figure 10. Moisture content variation at different depths. 

 

 
Figure 11. Variation of D80 values with depth. 



Apart from the tailings weight distribution, elemental concentrations and distributions were also 

determined in the six particle size fractions. The main oxides were SiO2, Al2O3, CaO, and Fe2O3 while W, 

Cu, S, Sn, Zn, Be and Bi were the main elements. From the elemental concentrations in the particle size 

fractions, weighted average concentrations in the drill core layers were determined and subsequently in the 

entire drill core. Figure 13 shows elemental concentrations and mass distributions in layer 1_2-4, which is 

the layer with the highest mass distribution of tailings in this drill core as shown in Figure 6. Considering 

the drill core as a whole, W and Cu, as the metals of interest, were observed to have high concentrations 

2329 mg/kg and 1427 mg/kg respectively, in the fine (<75 µm) particle size fraction. However, in terms of 

mass distribution, all elements were high in particle size fractions +297 µm and +149 µm as was the case for 

the tailings weight distribution. Therefore, for purposes of reprocessing these HT, mineral liberation needs 

to be considered for such coarse tailings particles.   

Elemental concentrations and mass distributions were also varying at different depths of the drill core. 

The highest WO3 concentration was 0.22 % in layer 1_2-2 (between 87 and 144 cm) as shown in Figure 14. 

Since this was the layer with the coarsest tailings particles, it means that during the concentration processes 

shown in Figure 2 (a), much of the scheelite mineral particles could have been lost to these tailings as non-

liberated particles. The highest Cu concentration was 1147 mg/kg in layer 1_2-8, at a much deeper depth 

between 313 and 365 cm. However, it is important to know the mass distribution of these metals in the 

layers because the concentrations may be high but the actual quantities would be small when the total metal 

content in the drill core is considered. Figure 15 shows the WO3 and Cu mass distributions in the drill core. 

It was observed that much of the WO3 and Cu was contained at the depth between 174 and 295 cm, with 32 

wt.% of the total WO3 and 29 wt.% of the total Cu. 

 

 
Figure 12. PSD curves for the 11 drill core layers. 



  

Figure 13. Elemental concentrations (left) and mass distributions (right) in the six particle size 

fractions for layer 1_2-4. 

  
Figure 14. WO3 (left) and Cu (right) concentrations in the 11 drill core layers. 

 

  
Figure 15. WO3 (left) and Cu (right) mass distributions in the 11 drill core layers. 

Since these tailings have been in this repository for a long period, sulphur depletion due to oxidation 

was expected with the depletion decreasing from top to bottom even though this would also depend on 

other factors such as particle size and initial quantity. Therefore, both the concentration and mass 

distribution of sulphur in each layer was studied. The highest S concentration was also in layer 1_2-2 at 1.85 

% as shown in Figure 16 (left). However, with regard to mass distribution, it was observed that much of the 

S was contained in layer 1_2-4 at the depth between 174 and 295 cm, with 28 wt.% of the total S.  



  
Figure 16. Sulphur concentration (left) and mass distribution (right) in the 11 drill core layers. 

 

 Observing the S depletion trend for the drill core in Figure 16 (right), there would be three possible 

main deposition and oxidation periods where S is seen to have a significant stepwise increase in depth; the 

first being for the depth 296-483 cm, second 145-295 cm and third 0-144 cm. These trends also show possible 

mineralogical variations with regard to sulphur content over the production period of 1936 to 1963.  

Table 4 summarizes the concentrations of the seven main elements in the 11 layers and the weighted 

averages in the drill core. The variations in the elemental concentrations and distributions at different 

depths of this location would have an effect on the grades and recoveries of the concentrates that may be 

produced from the reprocessing of these HT. Consequently, process parameters would need to be varied 

depending on what depth the tailings are obtained from. For instance, in order to get much of W and Cu 

out this location, tailings at deeper depths (below 174 cm) must be treated. Blending of tailings during 

reprocessing may also be necessary for process and product optimization. 

Table 4. Elemental concentrations in the layers and the drill core as a whole.  

Sample WO3 (%) Cu (mg/kg) S (%) Sn (mg/kg) Zn (mg/kg) Be (mg/kg) Bi (mg/kg) 

Layer 1_2-1 0.14 1024 1.54 554 311 267 454 

Layer 1_2-2 0.22 1058 1.85 560 313 289 460 

Layer 1_2-3 0.13 982 0.79 516 333 278 342 

Layer 1_2-4 0.13 980 1.28 569 300 254 311 

Layer 1_2-5 0.17 1060 1.25 590 305 249 298 

Layer 1_2-6 0.16 777 0.72 709 309 239 286 

Layer 1_2-7 0.13 1020 1.03 611 303 253 302 

Layer 1_2-8 0.11 1147 1.81 528 313 237 418 

Layer 1_2-9 0.07 910 1.17 600 102 204 454 

Layer 1_2-10 0.11 1020 1.24 562 326 239 439 

Layer 1_2-11 0.06 469 0.35 150 89 63.2 202 

Drill core 1_2 0.12 981 1.33 558 251 241 390 

 

In the optical microscopy, the fluorescence property of scheelite mineral was used to identify the 

scheelite particles and the blue filter was found to be effective for distinguishing them from other minerals 

of similar luminance and brightness such as bismuthinite. Figure 17 (left) shows how scheelite particles 



appeared under a microscope in the normal light and with the blue filter. The distinction between scheelite 

and bismuthinite particles was verified using SEM-EDS chemical composition. 

The scheelite particles in the polished samples were both fine and coarse, and liberated and non-

liberated, meaning mineral liberation analysis would be essential in order to develop effective separation 

methods. Some had rims, which were identified as hydrous ferric oxides (Hällström et al., 2018); hence, the 

recovery of such scheelite mineral particles may be hindered in processes like flotation where reagents need 

to have contact with the mineral particle, and also in magnetic separation where scheelite would end up 

being pulled to the paramagnetic fraction. Hence, pre-treatment methods such as scrubbing may be 

required. The XRD and SEM results were complementary to the geochemical characterization results 

obtained by our project partners in the REMinE who did a more detailed analysis. The main minerals in 

which the main elements W, Cu, S, Sn, Zn, Be, Bi and F were contained were scheelite, chalcopyrite, 

pyrrhotite, cassiterite, danalite (both Zn and Be), bismuthinite and fluorite, respectively. (Hällström et al., 

2018,Khavari, 2018)         

 
Figure 17. Scheelite identification (left), scheelite texture – fine, coarse particles (center), scheelite 

liberation – liberated, non-liberated particles (center), and scheelite particle with a rim around it (right).  

 

The textural and compositional characterization of these HT based on drill core 1_2 revealed the 

variability in the HT repository depth-wise in terms of layers. For this HT repository, the prediction of 

metallurgical performance based on geometallurgical units would be more defined from the drill core layers 

perspective first. This approach of using the drill core layers as samples for metallurgical test work helps to 

avert technical errors that arise from the use of composite samples, which may have insufficient 

representation of such a repository (Tungpalan et al., 2015). The metallurgical performance of the individual 

drill core layers provides an effective way of assessing their eventual effect on composite samples.  For 

repository locations with several different layers such as 1_2, blending of the layers would be inevitable due 

to the significantly different thin layers that occur in between the thicker layers. Therefore, the effect of 

variability in these HT would be on both the choice of feasible reprocessing methods and the 

elemental/mineralogical composition of the products. (Lotter, 2011,Tungpalan et al., 2015)  

3.2 Physical separation 
Yxsjöberg HT are fine particles with high-density valuable minerals such as scheelite (6.01 g/cm3) and 

bismuthinite (7 g/cm3), and low-density gangue minerals such as quartz (2.62 g/cm3) and calcite (2.71 g/cm3) 

(Barthelmy David, 2012). Therefore, enhanced gravity separation (EGS) where a centrifugal force is applied 



to enhance the differential settling velocities between heavy and light particles would be appropriate for 

these HT thus a Knelson concentrator was used (Das and Sarkar, 2018). The tailings also had high sulphur 

concentration, which was mainly in the mineral pyrrhotite a paramagnetic mineral, and had magnetite a 

ferromagnetic mineral; hence, magnetic separation by use of LIMS and HIMS was appropriate. This 

magnetic separation would enhance the separation of minerals like scheelite and chalcopyrite from 

pyrrhotite, which is the main Fe-sulphide mineral in the tailings responsible for Acid Mine Drain (AMD) 

(Hällström et al., 2018).   

 

3.2.1 Magnetic separation 

The two layers (1_2-4 and 1_2-8) of drill core 1_2 were individually used for magnetic separation. The 

three products from the magnetic separation namely ferromagnetic, paramagnetic and non-magnetic 

fractions had significant visual (colour) differences, with the non-magnetic fraction dominated by the 

orange, brown and white coloured minerals as shown in Figure 18 below. Based on the knowledge of 

minerals known to be present in these HT and using EMC, the light-coloured minerals in the non-magnetic 

fraction were identified to be mainly albite, fluorite, calcite, scheelite and biotite.      

 

Figure 18. Magnetic separation products; ferromagnetic (left), paramagnetic (centre) and non-magnetic 

(right). 

In this magnetic separation, the desired outcome was to have the valuable minerals scheelite, fluorite 

and chalcopyrite in this non-magnetic fraction of the HIMS but the mass recovery to this fraction for both 

samples was small, with the highest amount being only 9.2 wt.% from layer 1_2-8. From Figure 19 below, it 

is observed that much of the W and Cu ended up in the paramagnetic fraction for both layers; meaning the 

separation of scheelite and chalcopyrite was not achieved as desired. This would be due to the non-

liberation of scheelite and chalcopyrite minerals from the paramagnetic mineral pyrrhotite and/or the 

liberated small particles are entrapped and entrained. The non-liberation of scheelite was confirmed by the 

higher W recovery of 83.6 wt.% in the paramagnetic fraction, from the less coarse layer 1_2-8 but which had 

more W distributed to the +297 µm fraction as compared to layer 1_2-4. The paramagnetic fraction had the 

highest mass recoveries with 87.3 wt.% for layer 1_2-4 and 85.8 wt.% for layer 1_2-8, indicating a high 

amount of the paramagnetic mineral pyrrhotite. Sulphur was mostly recovered in the ferromagnetic and 

paramagnetic fractions with only 1.0 wt.% in the non-magnetic fraction of layer 1_2-8, meaning pyrrhotite, 

the main Fe-sulphide mineral in the HT responsible for AMD, was separated to the desired magnetic 

fractions of the LIMS and HIMS. For both layers, the mass recovered by the LIMS was very low, with the 

highest amount being only 5.0 wt.% from layer 1_2-8. This could indicate a low amount of the ferromagnetic 

mineral magnetite in the HT but considering the high recovery of Fe2O3 in the paramagnetic fraction, it 

could also mean that a good amount of magnetite was locked up with pyrrhotite and/or other non-

paramagnetic minerals such as cassiterite, danalite, bismuthinite, fluorite, calcite and quartz.   



  

Figure 19. Magnetic separation elemental and mass recoveries. 

Assessing the particle sizes in the products in relation to what was in the feed, it was observed that 97 wt.% 

of the +297 µm particles which are the most abundant in these HT were distributed to the paramagnetic 

fraction (Figure 20). This confirms that minerals of interest like scheelite need to be liberated from this 

particle size fraction in order to improve mineral separation by magnetic separation.  

 

Figure 20. Particle size distribution in the magnetic separation products. 

3.2.2 Gravity separation 

The two layers (1_2-1 and 1_2-8) of drill core 1_2 were individually used for gravity separation 

(Knelson concentrator) tests, with two separation cycles for each sample. The recovery of scheelite in each 

cycle product was assessed by the amount of W as shown in Figure 21 below. It was observed that recovery 

of W in the concentrates was decreasing with the increasing number of separation cycles, with the highest 

recovery being 60.6 wt.% in concentrate 1 of layer 1_2-1. The decrease in W recovery with the increasing 

number of separation cycles was due to the decreasing amount of dense and coarse particles that contain 

W. In this regard, comparison between the two layers showed a higher W recovery in concentrate 1 for layer 

1_2-1, which was coarser with higher W content than layer 1_2-8.   



  

Figure 21. Gravity separation (Knelson concentrator) elemental and mass recoveries. 

Much as the recovery of scheelite was significantly favourable with this enhanced gravity separation, 

it is important to look at its separation from the other minerals. From Figure 21 above, it is observed that in 

both samples, other than W, at least 30 wt.% of each main element is also recovered to the concentrate 

fraction. This means that quartz (2.62 g/cm3), fluorite (3.13 g/cm3), calcite (2.71 g/cm3), chalcopyrite (4.19 

g/cm3), pyrrhotite (4.61 g/cm3) and danalite (3.43 g/cm3) were not fully separated from scheelite despite 

having lower mineral densities than scheelite (6.01 g/cm3). Considering the coarseness of the particles in 

these samples, the insufficient mineral separation would be attributed to the non-liberation of the mineral 

particles. With regard to the tailings fraction, W distribution was considerably high at 32.7 wt.% in layer 

1_2-8, which was an indication of relatively high scheelite distribution to the fine fractions. The scheelite 

mineral particles may be liberated in the fine fractions but would still end up in the tailings because the 

coarser mineral particles are preferentially concentrated as both the mineral particle size and density are 

important in enhanced gravity separation.  

 

Figure 22. Particle size distribution in the gravity separation (Knelson concentrator) products. 

Using particle size distribution in the products to further assess the concentration process (Figure 22), 

it was confirmed that the dense coarser (+297 um) particles were distributed more to concentrate 1 than 2 

while the dense finer (<75 um) particles were higher in concentrate 2 than 1. Therefore, in order to minimize 

losing W in the fines to the tailings fraction, the particle size range for the feed material to the Knelson 

concentrator must be narrow; otherwise, more concentration cycles may need to be run to recover it. In this 

initial metallurgical test work, the feed particle size range was -600+38 µm, however, for subsequent tests, 



division of this size range into narrower ones such as -600+297 µm, -297+149 µm, -149+75 µm and -75+38 

µm should be considered in order to improve the recovery and separation efficiency (Das and Sarkar, 2018).  

4 Conclusions 

The characterization of the Yxsjöberg historical tungsten ore tailings was done as a fundamental study that 

will help to develop effective methods for separating minerals and extracting metals of interest from these 

HT in order to produce an inert and environmentally safe residue. There were textural and compositional 

variability in the repository location studied. The textural variability in the different layers affected the 

moisture content at successive depths; the expectation of the moisture content to increase with increasing 

the depth in the tailings repository was not the case. This textural variability was indicative of varying 

process parameters such as grinding size and/or changes in the mineralogy during the production period 

of 1936 to 1963. A critical look at the tailings particles using optical microscopy revealed that scheelite 

particles both fine and coarse, and liberated and non-liberated, meaning mineral liberation analysis would 

be essential in order to develop effective separation methods. The tailings elemental and mass distribution 

was high in the coarser particle size fractions of +297 µm and +149 µm; hence, in order to liberate the 

minerals of interest in these HT, grinding should be considered and economic viability assessed. Tungsten 

and Cu were the metals of interest with highest concentrations being 0.22 %WO3 and 0.11 %Cu. The average 

WO3 and Cu concentration in the sampled location was 0.12 % and 0.1 %, respectively. The main minerals 

in which the main elements W, Cu, S, Sn, Zn, Be, Bi and F were contained were scheelite, chalcopyrite, 

pyrrhotite, cassiterite, danalite (both Zn and Be), bismuthinite and fluorite, respectively. 

Physical separation was evidently achieved with magnetic separation as the three products namely 

ferromagnetic, paramagnetic and non-magnetic fractions were visually (colour) different, with the non-

magnetic fraction dominated by the orange, brown and white coloured minerals. These light-coloured 

minerals in the non-magnetic fraction were identified to be mainly albite, fluorite, calcite, scheelite and 

biotite based on the knowledge of minerals known to be present in these HT and using EMC. However, the 

separation of scheelite and chalcopyrite to the non-magnetic fraction was not achieved as desired probably 

due to the non-liberation from the paramagnetic mineral pyrrhotite and/or the liberated small particles were 

entrapped and entrained. The non-liberation of scheelite was confirmed by the higher W recovery of 83.6 

wt.% in the paramagnetic fraction, from the less coarse HT but which had more W distributed to the +300 

µm fraction. Therefore, the liberation of scheelite and chalcopyrite mineral particles needs to be assessed 

and possibly have a comminution step such as grinding, and another separation step such as enhanced 

gravity separation prior to magnetic separation, which could take care of the entrapment and entrainment 

of liberated finer particles. Sulphur was mostly recovered in the ferromagnetic and paramagnetic fractions 

with only 1.0 wt.% in the non-magnetic fraction, meaning pyrrhotite, the main Fe-sulphide mineral in the 

HT responsible for AMD, was separated to the desired magnetic fractions of the LIMS and HIMS.  

The recovery of scheelite was significantly favourable with enhanced gravity separation using the Knelson 

concentrator, with the highest W recovery being 60.6 wt.%. However, other than W, at least 30 wt.% of each 

main element was also recovered to the concentrate fraction meaning despite the associated minerals 

(quartz, fluorite, calcite, chalcopyrite, pyrrhotite and danalite) having lower mineral densities than 

scheelite, they were not fully separated from scheelite. A considerably high amount of W at 32.7 wt.% was 

distributed to the tailings fraction, which was an indication of relatively high scheelite distribution to the 

fine fractions. Therefore, in order to minimize losing this W in the fines to the tailings fraction, the particle 



size range for the feed material to the Knelson concentrator must be narrow; otherwise, more concentration 

cycles may need to be run to recover it. 
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ABSTRACT 

Relatively high minerals and metals content characterize historical tailings due to less efficient 

extraction methods and/or relatively low metal prices at the time. Repositories of such tailings 

pose environmental risks but could also become metals and minerals resources. An example of 

such tailings is the Yxsjöberg historical tungsten ore tailings in the Smaltjärnen tailings 

repository in Sweden.     

The Smaltjärnen tailings repository was sampled by collecting drill core samples from different 

locations. The collected drill core samples were characterized physically (colour, texture, 

moisture content and particle size distribution) and chemically (elemental composition and 

distribution, and mineralogical composition). Feasible physical separation methods (magnetic 

and gravity separation) were pre-selected based on the tailings characteristics and the 

knowledge of processes from which the Yxsjöberg historical tailings were produced.  

In this paper, results from three drill cores each representing a different location on the tailings 

repository are presented. The tailings mass distribution was high in the coarser particle size 

fractions of +300 µm and +149 µm.  Tungsten (W) and Copper (Cu) were the metals of interest 

with one location having higher concentrations than the other two at 0.20 %WO3 and 0.14 %Cu. 

Sulphur (S) was recovered in the magnetic fractions of the LIMS and HIMS. Using the Knelson 

concentrator, W recovery was enhanced. These results are fundamental in the development of 

methods for separation of minerals and extraction of metals of interest from the historical 

tailings in order to leave behind an inert and environmentally safe residue. 

1 Introduction 

Primary ores have been the main source of minerals and metals of economic interest but with 

decreasing ore grades and increasing production costs, secondary sources such as historical 

tailings are being considered. Relatively high minerals and metals content characterize historical 

tailings due to less efficient extraction methods and/or relatively low metal prices at the time. 

Repositories of such tailings pose environmental risks but could also become metals and 

minerals resources. An example of such tailings is the Yxsjöberg historical tungsten ore tailings 

in the Smaltjärnen tailings repository in Sweden. This is one of the historical mine wastes case 

study sites for the REMinE (Improve Resource Efficiency and Minimize Environmental 

Footprint) project. In this project, the approach to dealing with these wastes is holistic in that 

not only are the tailings being considered for reprocessing for their valuable minerals and metals 

but also that their effective extraction must leave behind an inert and environmentally safe 

residue. (Alakangas, Sandström et al. 2016)   

In the past, tailings have been studied mainly for purposes of improving tailings management 

with regard to physical and chemical stability, which in turn reduce environmental risks 



associated with tailings storage (Bussière 2007). However, in recent years, historical tailings are 

being considered for recycling as a supply risk-reducing measure after critical raw materials 

have been identified (European Commission 2017). Tungsten (W), Copper (Cu), Fluorspar 

(CaF2), Sulphur (S), Tin (Sn), Zinc (Zn), Beryllium (Be) and Bismuth (Bi) are the eight main 

elements found in the Yxsjöberg historical ore tailings (Hällström, Alakangas et al. 2018) and 

are among the European Union (EU) critical raw materials cited for supply risk and economic 

importance. Of these eight elements, four (Cu, S, Sn and Zn) are classified as non-critical raw 

materials with less supply risk but of high economic importance (European Commission 2017). 

This shows the importance of studying this historical tailings ore repository.  

The Yxsjöberg historical tungsten ore tailings repository is located in the old mining area of 

Bergslagen in Central Sweden where the Yxsjö Mines were in operation from 1935 to 1963, 

with average grade of the crude ore estimated at 0.3-0.4 %WO3, 0.2 %Cu and 5-6 %fluorite 

(Hübner 1971, Rothelius 1957). The exploited minerals were scheelite for W, chalcopyrite for 

Cu and Fluorite. Figure 1 below shows the location of the Smaltjärnen tungsten ore tailings 

repository and the decommissioned processing plant. This repository is estimated to have about 

2.2 million tons of tailings and covers an area of 26 hectares, with elemental concentrations of 

1-2 %S, 0.02-0.2 %Cu, 0.02-0.3 %W, 0.02-0.04 %Sn and 0.02-0.03 %Be (Alakangas, 

Sandström et al. 2016).  

 

Figure 1: Smaltjärnen tungsten ore tailings repository in Yxsjöberg, Sweden. 

The Yxsjö processing plant had three main divisions namely gravity separation, magnetic 

separation and flotation, from which tailings were generated and discharged onto the 

Smaltjärnen tailings repository as shown in Figure 2 below. The scheelite grain size in the ore 

was 0.2-4.0 mm and 90 wt% of the ore was liberated at 0.4 mm grain size. However, scheelite 

and fluorite minerals are very fragile hence slimes are very easily formed by crushing and 

grinding. The concentrate recoveries were 50-70 wt% for scheelite, 50 wt% for fluorite and 25 

wt% for chalcopyrite meaning a good amount these valuable minerals ended up in the tailings. 

(Rothelius 1957)    



 

Figure 2: (a) Processes from which the Yxsjöberg historical tailings were generated (b) 

Smaltjärnen tailings repository in 1963 showing discharge points (Swedish Land Survey 1963) 

The amount of minerals and/or metals that remain in tailings depends mainly on the separation 

and extraction methods employed, and the processing efficiencies. The design and selection of 

these processing methods is based primarily on the mineralogical characteristics of ores 

(Tungpalan, Wightman et al. 2015). According to (Petruk 2000), applied mineralogy 

investigations are performed to determine mineralogical characteristics such as the following: 

i. Identities of major, minor and trace minerals, 

ii. Compositions of minerals that bear on the process, 

iii. Quantities of minerals 

iv. Particle and grain size distributions and textures of the minerals, 

v. Mineral liberations, 

vi. Surface coatings on minerals. 

These mineralogical characteristics are also essential when considering tailings for reprocessing 

as a secondary source of minerals and metals of economic interest, and/or environmental 

impacts. Separation and extraction methods for tailings reprocessing may differ from those 

initially used for treatment of primary ores due to mineral variations. For instance for high 

density ores such as scheelite ores, gravity separation and flotation methods are conventionally 

used but depending on their mineral associations such as magnetite (ferromagnetic minerals) 

and pyrrhotite (paramagnetic minerals) magnetic separation is also used as was the case for 

Yxsjöberg scheelite ore (Rothelius 1957, Yang, Niemistö February, 2017). However, to 

reprocess tailings from scheelite ores, enhanced gravity separation would be required due to 

high fines content. Multigravity separators such as the Knelson concentrator provide the 

enhanced gravity separation for very fine particles (Das, Sarkar 2018). 

Therefore, presented in this paper is a fundamental study of the Yxsjöberg historical tungsten 

ore tailings. The study has been done in order to develop effective methods for separating 

minerals and extracting metals and metalloids of interest from these historical tailings so that an 

inert and environmentally safe residue is left behind. 

2 Material and methods 

2.1 Sampling and sample preparation 

The Smaltjärnen historical tailings repository was sampled by collecting drill core samples from 

nine different locations as shown in Figure 3 below. The black dots represent sampling in the 

first campaign while the red dots in the second campaign. The numbering of the sampling 

locations was based on the sequence of sampling in a sampling campaign. Since there were only 

two locations sampled in the first campaign, the first four locations were distinguished by _1 

and _2 meaning 1_1 and 2_1 were in the first campaign while 1_2 and 2_2 in the second 



campaign. For locations 1_1 and 2_1, a Cobra hand drill with an open gauge steel tube (40 mm 

diameter and 1 m length) for sample holding was used. For locations 1_2 to 7, a percussion drill 

rig from Envix Nord AB was used, which uses plexiglass tubes (40 mm diameter and 1.2 m 

length each tube) for sample holding. The sampled locations were selected based on the visual 

variability of the tailings in terms of colour and texture, and the proximity to former discharge 

points. It should be noted that sampling location 1_2 was also in very close proximity to the 

sampling location P4 referred to in the geochemical characterization of these historical tailings 

(Hällström, Alakangas et al. 2018). 

 

Figure 3: Drill core sampled locations on the Smaltjärnen historical tailings repository. 

However, the sampling points in the selected locations were randomly picked and a summary of 

the information about three sampling points that will be discussed in this paper is given in Table 

1 below. 

Table 1: Sampling points 1_1, 1_2 and 6 summary information. 

Sampling 

Point 

Sampling Points GPS Coordinates  
Altitude (m) 

Number 

of drill 

holes 

Drill 

hole 

depth 

(m) 

Number 

of drill 

cores 
DD (decimal degrees) 

1_1 60.041669, 14.771031 307 1 3.0 3 

1_2 60.041778, 14.775325 306 1 6.0 5 

6 60.042656, 14.775217 303 1 2.2 2 

Screening of each drill core was done and based on the differences in colour and texture the 

cores were split into smaller samples representing tailings layers in a particular location of the 

repository. The thickness of each observed compacted layer was noted to have its approximate 

depth in the tailings repository. Drill core vertical profiles showing the different tailings layers 

in the selected locations of the repository were thus determined as shown in the Figure 4 below. 

Each colour represents a layer of a drill core and its compacted length (depth) in the tailings 

repository. The number of observed layers in sampling points 1_1, 1_2 and 6 were 10, 11 and 3 

respectively, with sampling point 1_2 having the longest drill core of approximately 500 cm. 



In order to further characterize the tailings samples physically (moisture content, texture and 

particle size distribution) and chemically (elemental composition and distribution, and 

mineralogical composition), the samples were dried at 105oC for 48 hours. The dried tailings 

samples were then split into smaller samples using a riffle splitter. Figure 5 below shows the 

dried tailings samples for drill cores 1_1, 1_2 and 6, with each sample representing a layer in 

the drill core. Therefore, in addition to the numbering of the sampling locations, a layer number 

was added to distinguish the layers from top to bottom of a drill core meaning 1_2-1 is the first 

(top) layer in drill core 1 of the second campaign. 

 

Figure 4: Vertical profiles for sampling points 1_1, 1_2 and 6. 

 

Figure 5: Dried tailings samples for drill core 1-1 with layers 1_1-1 to 1_1-10, drill core 1_2 

with layers 1_2-1 to 1_2-11, and drill core 6 with layers 6-1 to 6-3, showing variability in colour 

and texture. 

Replicate dry samples of approximately 150 grams each representing the tailings layers in a 

particular drill core were sieved using a sieve shaker (RO-TAP® Sieve Shaker model RX-29) 

with five sieves to obtain six size fractions. However, for sampling point 1_2, the quantities of 

some four layers were less than 150 grams hence the samples were sieved without replication, 

which for the bigger samples was necessary to check that the split samples were representative 

of the whole layer sample.  



2.2 Characterization 

The six size fractions in microns (µm) to be obtained from the dry sieving were +1190, +600, 

+300, +149, +75 and -75. Particle size distribution curves for each drill core layer and 

subsequently the entire drill core were determined. Using the Rosin-Rammler-Sperling-Bennett 

(RRSB) distribution, the particle size of which 80% of the tailings amount passes (D80) was 

determined for each drill core layer.  

Small samples of approximately 15 grams were split from each particle size fraction and bulk 

(drill core 1_2 four layers that were less than 150 grams) samples of each drill core layer, and 

were chemically analyzed at ALS Scandinavia AB using the inductively coupled plasma – 

sector field mass spectrometry (ICP-SFMS) method. The analysis protocol included 10 oxides 

and 22 elements namely SiO2, Al2O3, CaO, Fe2O3, K2O, MgO, MnO, Na2O, P2O5, TiO2, As, Ba, 

Be, Bi, Cd, Co, Cr, Cu, Hg, Mo, Nb, Ni, Pb, S, Sc, Sn, Sr, V, W, Y, Zn and Zr. 

For tailings mineralogical composition, X-ray Diffraction (XRD) analysis was done using the 

diffractometer at LTU in the Division of Chemical Engineering. Drill core 1_2 layers 1_2-1, 

1_2-4, 1_2-8 and 1_2-9 were selected for this analysis as they had the highest mass distributions 

in this longest drill core as shown in Figure 6 below. Small (less than 50 g) samples of these 

selected layers were pulverized in a ring mill for 15 seconds to obtain the powder samples 

required for XRD analysis. The raw data obtained from the diffractometer was evaluated using 

the PANalytical X’Pert HighScore Plus v3.0 software. The XRD evaluation was based on the 

chemical analysis results as a guide for possible elements in the proposed phases to obtain the 

best matches. 

 

Figure 6: Mass distribution (%) of tailings layers in drill core 1_2. 

A ZEISS Axiophot Fluorescent Microscope mounted with an Infinity HD Camera was used for 

optical microscopy to study the scheelite (mineral of interest) particles in the tailings with 

regard to occurrence, texture and liberation. The 11 layers of drill core 1_2 were used as bulk 

samples for this study by splitting 3 grams from each layer and preparing epoxy polished 

samples.  



Scanning Electron Microscope (SEM) with Energy-Dispersive X-ray Spectroscopy (EDS) and 

Back Scattered Electron (BSE) imaging was used to study the mineral phases in drill core layers 

1_2-4 and 1_2-9, which were the two layers with the highest mass distributions in drill core 

1_2. The same epoxy polished samples used for optical microscopy were used but only after 

carbon coating them to avoid sample surface charging. The ZEISS MERLINTM FE-SEM (Field 

Emission – Scanning Electron Microscope) at LTU in the Division of Chemical Engineering 

was used. BSE images were captured and analyzed using the INCA-Oxford Instruments 

software. 

2.3 Physical separation 

Magnetic and gravity separation were pre-selected as feasible physical separation methods 

based on the knowledge from literature, tailings characteristics and knowledge of processes 

from which the Yxsjöberg historical tailings were produced. 

2.3.1 Magnetic separation 

The two layers (1_2-4 and 1_2-8) of drill core 1_2 were used with each layer being tested as a 

separate sample. The sample specifications for this separation method were having at least 150 

grams with particle size greater than 75 µm. The Low Intensity Magnetic Separator (LIMS) and 

High Intensity Magnetic Separator (HIMS) in the mineral processing laboratory at LTU were 

used. The separation in both LIMS and HIMS was optimized by varying the operating variable 

parameters and observing the attained colour separation in the products. The operating variable 

parameters for LIMS were the drum speed and feed rate, while for HIMS it was the angle of the 

separation blades. Table 2 below summarizes the magnetic separation operating parameters and 

Figure 7 shows pictures of LIMS and HIMS.  

Table 2: Magnetic separation operating parameters (Khavari 2018). 

 Motor (0-100) Vibrator (0-100) Plane 1 (-5, +5) Plane 2 (-5, +5) 

LIMS 100 70 Fixed N.A 

HIMS Fixed Fixed +3 -1 

   

Figure 7: Pictures of LIMS (left) and HIMS (right) 

The flow chart in Figure 8 below summarizes the magnetic separation process. The products 

were chemically analyzed at ALS Scandinavia AB using the ICP-SFMS method with the same 

analysis protocol as mentioned in section 2.2 above.  



 

Figure 8: Magnetic separation process flow chart. 

2.3.2 Gravity separation 

The two main layers (1_2-4 and 1_2-9) of drill core 1_2 were used for gravity separation tests, 

with each layer being tested as a separate sample. The sample specifications for this separation 

method were having not more than 2 kg with particle size less than 600 µm. A laboratory scale 

Knelson Concentrator at the Boliden AB laboratory was used with operating parameters set as 

shown in Table 3 below. 

Table 3: Knelson concentrator operating parameters (Khavari 2018). 

Drum Speed 

(rpm)  

Centrifugal force 

(G) 

Fluidization water flow 

rate (L/min) 

Fluidization water pressure 

(kPa) 

1500 60 3.5 2 

The picture of the Knelson concentrator and the flow chart in Figure 9 below summarizes the 

gravity separation process. The products were chemically analyzed at ALS Scandinavia AB 

using the ICP-SFMS method with the same analysis protocol as mentioned in section 2.2 above. 

    

Figure 9: Picture of Knelson concentrator (left) and gravity separation process flow chart (right). 

3 Results and discussion 

3.1 Characterization 

The physical and chemical characterization of the historical tailings showed variability in the 

layers of the three selected drill cores thus showing the tailings variability in the different 

locations of the repository. In terms of moisture content, the expectation was that the moisture 

content in the tailings samples would increase with increasing depth in the tailings repository. 

However, this was not the case as some tailings layers had higher moisture content than the 

layers underneath them as shown below in Figure 10. 

This moisture variation was mainly attributed to the varying textures (particle sizes) in the 

tailings layers. It was observed that the layers with finer particle sizes had higher moisture 

content than the layers with coarser particles with an exception of the bottom layer (6-3) of drill 



core 6. Only about 27 wt% of layer 6-3 had particle size greater than 1190 µm, which 

contributed to the high D80 value hence the high moisture content in this layer was attributed to 

the 73 wt% passing 1190 µm. 

In order to appreciate the particle size variation in the three selected locations of the repository, 

the determined D80 values for the layers of the drill cores were plotted against the depth as 

shown in Figure 11 below. It was observed that drill core 1_1 had coarser particles than drill 

cores 1_2 and 6. 

   

Figure 10: Moisture content variation at different depths. 

     

Figure 11: Variation of D80 values with depth. 

The drill core 1_1 layer at depth between 30 and 70 cm shows a significantly coarser (D80 = 

1065 µm) tailings layer than the other layers in the same drill core. The bottom layer in drill 

core 6 was the coarsest (D80 = 1830 µm) but had material that was not typical of the tailings 

hence only chemical analysis could confirm the observation. The longest drill core 1_2 had two 



layers that were significantly fine with D80 values of 259 and 227 µm at depths 303 and 483 cm, 

respectively. This variation in texture of the tailings in the different locations would have an 

effect on the choice of methods to be considered for reprocessing. For instance in location 1_1 

further grinding may be required as the minerals of interest may be locked up the coarse 

particles.    

With regard to the six particle size fractions, the tailings weight distribution in each size fraction 

for each drill core was determined. It was observed that in all drill cores the dominating particle 

size fractions were +300 µm and +149 µm meaning most of the tailings particles were less than 

600 µm but greater than 149 µm as can be seen in Figure 12 below. Drill cores 1_2 and 6 had 

more fines (-75 µm) than drill core 1_1. This variation in particle size is indicative of varying 

process parameters such as grinding size and/or changes in the mineralogy during the 

production period of 1936 to 1963.  

 

Figure 12: PSD curves for the three drill cores. 

Apart from the tailings weight distribution, elemental concentrations and distributions were also 

determined in the six particle size fractions. The main oxides were SiO2, Al2O3, CaO and Fe2O3 

while W, Cu, S, Sn, Zn, Be and Bi were the main elements. However, it should be noted that 

Fluorine (F) was one of the main elements in the tailings (Hällström, Alakangas et al. 2018) but 

was not analyzed in the selected chemical analysis protocol for this study. From the elemental 

concentrations in the particle size fractions, weighted average concentrations in the layers of 

each drill core were determined and subsequently in the entire drill core. Figure 13 below is an 

example of elemental concentrations and mass distributions in drill core 1_2. Tungsten (W) and 

Cu, which were the metals of interest, were observed to have high concentrations 2329 mg/kg 

and 1427 mg/kg respectively, in the fine (-75 µm) particle size fraction. However, in terms of 

mass distribution, all elements were high in particle size fractions +300 µm and +149 µm as was 

the case for the tailings weight distribution. Therefore, for purposes of reprocessing these 

historical tailings, mineral liberation needs to be considered for such coarse tailings particles.   



   

Figure 13: Elemental concentrations (left) and mass distributions (right) in the six particle size 

fractions for drill core 1_2. 

Elemental concentrations and mass distributions were also varying at different depths of the 

drill cores. The highest WO3 and Cu concentrations were observed in drill core 1_1 as shown in 

Figure 14 below. In all the three drill cores, the highest WO3 concentration was between 88 and 

153 cm depth. These highest WO3 concentrations were 0.27, 0.22 and 0.16 % in drill cores 1_1, 

1_2 and 6, respectively. For Cu, the depths of highest concentrations were different for each 

drill core; it was near the surface between 30 and 70 cm for drill core 1_1, much deeper for drill 

core 1_2 between 313 and 365 cm, and for drill core 6 it was between 111 and 153 cm.  

   

Figure 14: WO3 (left) and Cu (right) concentrations in the three drill cores. 

These highest Cu concentrations were 1742, 1147 and 1178 mg/kg in drill cores 1_1, 1_2 and 6, 

respectively. However, it is important to know the mass distribution of these metals in the layers 

of the drill cores because the concentrations may be high but the actual quantities would be 

small when the total metal content in the drill core is considered. Figure 15 below shows the 

WO3 and Cu mass distributions in the three drill cores. 

   

Figure 15: WO3 (left) and Cu (right) mass distributions in the three drill cores. 



From the Figure 15 above, it is observed that for drill core 6, most (≈70 %) of the WO3 and Cu 

is contained in the upper layer (0-111 cm) while for drill core 1_2 it is between 174 and 295 cm 

with 32 wt% of the total WO3 and 30 wt% of the total Cu. For drill core 1_1, the depth (30-70 

cm) with the highest Cu concentration also had the highest mass distribution of Cu (24 wt%) 

and W (21 wt%).         

Since these tailings have been in this repository for a very long time, sulphur depletion due to 

oxidation was expected with the depletion decreasing from top to bottom though this would also 

depend on other factors such as particle size and initial quantity. Therefore, both concentration 

and mass distribution of sulphur in each drill core was studied. In all the three drill cores, the 

highest S concentration was between 88 and 153 cm depth as was the case for WO3. These 

highest S concentrations were 1.89, 1.85 and 3.05 % in drill cores 1_1, 1_2 and 6, respectively, 

as shown in Figure 16 (left) below.  

   

Figure 16: Sulphur concentration (left) and mass distribution (right) in the three drill cores. 

In Figure 16 (right) above, it is observed that for drill core 6, 57 % of the S is contained in the 

upper layer (0-111 cm) while for drill core 1_2 it is between 174 and 295 cm with 28 wt% of 

the total S. For drill core 1_1, the depth (150-190 cm) had the highest mass distribution of S at 

24 wt%. The chemical analysis also confirmed the observation that the material in bottom layer 

of drill core 6 was not typical of the tailings as the concentration and distribution of all the main 

elements was extremely low. Observing the depletion trend for drill core 1_2 in Figure 16 

(right), there would be three possible main deposition and oxidation periods where S is seen to 

be having a significant stepwise increase in depth; the first being for the depth 296-483 cm, 

second 145-295 cm and third 0-144 cm. These trends also show possible mineralogical 

variations with regard to sulphur content over the production period of 1936 to 1963. 

These variations in the elemental concentrations and distributions at different depths of the 

locations would have an effect on the grades and recoveries of the concentrates that may be 

produced from the reprocessing of these tailings. Consequently, process parameters would need 

to be varied depending on which location and depth tailings are obtained from. For instance in 

location 1_2, in order to get much of W and Cu out this area, tailings at deeper depths (below 

174 cm) must be treated. Blending of tailings during reprocessing may also be necessary for 

process and product optimization. 

Taking the average WO3 and Cu concentration of these three tailings locations to be 0.15 % and 

0.11 % respectively, and applying them to the estimated 2.2 million tons of tailings in this 

repository gives approximately 3300 tons of WO3 and 2512 tons of Cu.   

Table 4 below summarizes the weighted average elemental concentrations in the Three (3) drill 

cores. Drill core 1_1 had higher concentrations in WO3, Cu, Sn, Zn, Be and Bi than drill cores 



1_2 and 6, while drill core 6 had the highest S concentration. Taking the average WO3 and Cu 

concentration of these three tailings locations to be 0.15 % and 0.11 % respectively, and 

applying them to the estimated 2.2 million tons of tailings in this repository gives approximately 

3300 tons of WO3 and 2512 tons of Cu.   

Table 4: Weighted average elemental concentrations in the Three (3) drill cores. 

 WO3 

(%) 

Cu 

(mg/kg) 
S (%) 

Sn 

(mg/kg) 

Zn 

(mg/kg) 

Be 

(mg/kg) 

Bi 

(mg/kg) 

Drill core 1_1 0.20 1418 1.32 602 319 282 538 

Drill core 1_2 0.12 981 1.33 558 251 241 368 

Drill core 6 0.13 1026 1.73 517 275 223 435 

In optical microscopy, the fluorescence property of Scheelite mineral was used to identify the 

scheelite particles and the blue filter was found to be effective for distinguishing them from 

other minerals of similar luminance and brightness such as Bismuthinite (Khavari 2018). Figure 

17 (left) shows how scheelite particles appeared under a microscope in normal light and with 

the blue filter. The distinction between scheelite and bismuthinite particles was verified using 

SEM-EDS chemical composition.         

 

Figure 17: Scheelite identification (left), scheelite texture – fine, coarse particles (centre), 

scheelite liberation – liberated, non-liberated particles (centre), and scheelite particle with a rim 

around it (right). (Khavari 2018) 

The scheelite particles in the polished samples were both fine and coarse, and liberated and non-

liberated, meaning mineral liberation analysis would be essential in order to develop effective 

separation methods. Some had rims, which were identified as hydrous ferric oxides (Hällström, 

Alakangas et al. 2018) hence the recovery of such scheelite particles may be hindered in 

processes like flotation where reagents need to have contact with the mineral particle. Hence, 

pre-treatment methods such as scrubbing may be required. 

The XRD and SEM results were complementary to the geochemical characterization results 

obtained by our project partners in REMinE who did a more detailed analysis. The main 

minerals in which the main elements W, Cu, S, Sn, Zn, Be, Bi and F were contained were 

scheelite, chalcopyrite, pyrrhotite, cassiterite, danalite (both Zn and Be), bismuthinite and 

fluorite, respectively. (Hällström, Alakangas et al. 2018, Khavari 2018)  



3.2 Physical separation 

The tailings characterization results showed that the concentration of W was high in the fines (-

75 µm) as could be seen earlier in Figure 13 (left). Therefore, being found in the high-density 

mineral scheelite, enhanced gravity separation by use of a Knelson concentrator would be 

appropriate. The tailings also had high sulphur concentration, which was mainly in the mineral 

pyrrhotite a paramagnetic mineral, and had magnetite a ferromagnetic mineral hence magnetic 

separation by use of LIMS and HIMS was appropriate. This magnetic separation would enhance 

the separation of minerals like scheelite and chalcopyrite from pyrrhotite, which is the main Fe-

sulphide mineral in the tailings responsible for Acid Mine Drain (AMD) (Hällström, Alakangas 

et al. 2018).  

3.2.1 Magnetic separation 

The two layers (1_2-4 and 1_2-8) of drill core 1_2 were used with each layer being tested as a 

separate sample. For both samples, the amount recovered in LIMS was very low at 4.2 wt% and 

5.0 wt% respectively. This indicates a low amount of ferromagnetic minerals in the tailings. In 

the HIMS, the magnetic fraction had the highest mass recoveries at 87.3 wt% and 85.8 wt% 

respectively thus indicating a high amount of paramagnetic minerals. The recoveries of S, W 

and Cu in the magnetic fraction of the HIMS shown in Table 5 below were of interest in 

assessing the separation. Sulphur was mostly recovered in the magnetic fractions of both 

separators with only about 1.3 wt% in the non-magnetic fraction as desired which would be 

good environmentally. However, W and Cu, which were desired to be recovered in the non-

magnetic fraction of the HIMS ended up in the magnetic fraction meaning the separation was 

not achieved. This would be due to the non-liberation of scheelite and chalcopyrite minerals 

from the paramagnetic minerals and/or the liberated small particles are entrapped and entrained.   

Table 5: Recoveries in the magnetic fraction of HIMS. 

 %S  %W  %Cu 

Drill core layer 1_2-4 45.2 80.6 90.8 

Drill core layer 1_2-8 35.4 83.6 90.3 

      

3.2.2 Gravity separation 

The two main layers (1_2-4 and 1_2-9) of drill core 1_2 were used for gravity separation tests, 

with each layer being tested as a separate sample. The separation cycles were two and three 

respectively. The recovery of W in each cycle product was assessed as shown in Table 6 below. 

It was observed that concentrate W recovery was decreasing with the increasing number of 

separation cycles. This is due to the decreasing amount of dense and coarse particles that 

contain W. The high W recovery in the tailings is an indication of high W in the fine fractions. 

Comparison between the two layers shows a better recovery for layer 1_2-4, which was coarser 

with higher W content than layer 1_2-9. 

  



Table 6: Tungsten recoveries in the Knelson concentrator products. 

 Cycle 1 

Concentrate 1 

(%W) 

Cycle 2 

Concentrate 2 

(%W) 

Cycle 3 

Concentrate 3 

(%W) 

Tailings 

(%W) 

Drill core layer 1_2-4 35.1 12.6 N/A 52.4 

Drill core layer 1_2-9 26.7 15.7 9.5 48.1 

4 Conclusions 

The characterization of the Yxsjöberg historical tungsten ore tailings was done as a fundamental 

study that will help to develop effective methods for separating minerals and extracting metals 

of interest from these historical tailings so that an inert and environmentally safe residue is left 

behind. There was particle size and elemental composition variability in the three repository 

locations. The tailings mass distribution was high in the coarser particle size fractions of +300 

µm and +149 µm hence mineral liberation analysis would be essential in order to develop 

effective separation methods. Therefore, grinding of the coarser particle size fractions should be 

considered with economic viability. Tungsten (W) and Copper (Cu) were the metals of interest 

with location 1_1 (60.041669, 14.771031) having higher concentrations than the other two at 

0.20 %WO3 and 0.14 %Cu. The average WO3 and Cu concentration of the three tailings 

locations was 0.15 % and 0.11 % respectively, and applying them to the estimated 2.2 million 

tons of tailings in this repository gives approximately 3300 tons of WO3 and 2512 tons of Cu.              

Tungsten recovery in the Knelson concentrator was enhanced but the mass recovery was low. 

Process optimization for these tailings would be required as the parameter settings that were 

used were optimized for gold recovery. For magnetic separation, W and Cu, which were desired 

to be recovered in the non-magnetic fraction of the HIMS ended up in the magnetic fraction 

hence the desired separation was not achieved. Therefore, the liberation of scheelite and 

chalcopyrite mineral particles need to be assessed and possibly have another separation step 

prior to magnetic separation which could take care of the entrapment and entrainment of 

liberated small particles.  

Acknowledgements 

Our sincere gratitude goes to the late Niclas Strandberg (AB Yxsjö Industriservice) who was the 

owner of the Yxsjöberg tailings repository for his support during the sampling campaigns. We 

also thank our REMinE project partners from Luleå University of Technology (LTU) in 

Sweden, University of Porto in Portugal and the Research and Development National Institute 

for Metals and Radioactive Resources (INCDMRR) in Romania. Special thanks goes to Lina 

Hällström, Erdogan Kol and Musah Salifu for their help and support during the sampling 

campaigns and for very insightful discussions. Thanks to Gunnar Frohm and Johan Hansson 

from Boliden Mines for allowing us to use their Knelson concentrator and for helping us during 

the laboratory exercise, and to Dr. Mehdi Parian for making it possible for us to get to Boliden 

and supporting us throughout. Special thanks to Dr. Cecilia Lund for advising and guiding us on 

sample preparation for optical microscopy, and to Dr. Bertil Pålsson for helping us plan and 

conduct physical separation tests. This work was funded by VINNOVA [Grant numbers 215 06 

631]. 

  



References 

ALAKANGAS, L., SANDSTRÖM, Å, ROSENKRANZ, J., MARTINSSON, O. and 

HÄLLSTRÖM, L., 2016. Project: Improve Resource Efficiency and Minimize Environmental 

Footprint.  

BUSSIÈRE, B., 2007. Colloquium 2004: Hydrogeotechnical properties of hard rock tailings 

from metal mines and emerging geoenvironmental disposal approaches. Canadian Geotechnical 

Journal, 44(9), pp. 1019-1052. 

DAS, A. and SARKAR, B., 2018. Advanced Gravity Concentration of Fine Particles: A 

Review. Mineral Processing and Extractive Metallurgy Review, 39(6), pp. 359-394. 

EUROPEAN COMMISSION, 2017-last update, Critical Raw Materials. Available: 

https://ec.europa.eu/growth/sectors/raw-materials/specific-interest/critical_en [4th October, 

2017]. 

HÄLLSTRÖM, L.P.B., ALAKANGAS, L. and MARTINSSON, O., 2018. Geochemical 

characterization of W, Cu and F skarn tailings at Yxsjöberg, Sweden. Journal of Geochemical 

Exploration, 194, pp. 266-279. 

HÜBNER, H., 1971. Molybdenum and tungsten occurrences in Sweden. Sveriges Geologiska 

Undersökning, (Ser. Ca NR. 46), pp. 1-28. 

KHAVARI, P., 2018. Characterization of Historical Tungsten Ore Tailings for Pre-selection of 

Feasible 

Reprocessing Methods, Yxsjöberg, Sweden., Luleå University of Technology. 

PETRUK, W., 2000. Applied Mineralogy in the Mining Industry. First edn. Elsevier Science 

B.V. Amsterdam, The Netherlands. 

ROTHELIUS, E., 1957. The Ore Dressing Mill at the Yxsjöberg Mine. Stockholm: International 

Mineral Dressing Congress. 

SWEDISH LAND SURVEY, 1963. Map of Yxsjöberg tailings discharging points. Swedish 

Land Survey. 

TUNGPALAN, K., WIGHTMAN, E. and MANLAPIG, E., 2015. Relating mineralogical and 

textural characteristics to flotation behaviour. Minerals Engineering, 82, pp. 136-140. 

YANG, J. and NIEMISTÖ, M., February, 2017Tungsten deposits, mining and beneficiation 

techniques, Conference in Minerals Engineering 2017&nbsp;, 7-8 February 2017 February, 

2017, pp. 161-176. 

  


