
 

 

 

 

 

Characterization of Historical Tungsten Ore 

Tailings for Pre-selection of Feasible  

Reprocessing Methods 

Yxsjöberg, Sweden 

 

 

 
 

 

Pourya Khavari 

 

 

Natural Resources Engineering, master's level (120 credits) 

2018 

 

Luleå University of Technology 

Department of Civil, Environmental and Natural Resources Engineering 

 



 

 

 

 

 

 

Characterization of Historical Tungsten Ore 

Tailings for Pre-selection of Feasible 

Reprocessing Methods 

Yxsjöberg, Sweden 
 

 

 

 

Pourya Khavari 

 

 

Supervisors: Jane Mulenshi, Jan Rosenkranz 

 

 

 

Division of Minerals and Metallurgical Engineering 

Department of Civil, Environmental and Natural Resources Engineering 

Luleå University of Technology 

 

 

 

 



i 
 

Acknowledgement 
Firstly, I would like to thank my kind supervisor Ms. Jane Mulenshi for all her help on 

my project; whenever I had any question and feeling troubled her door was always open. 

I would also like to acknowledge Professor Jan Rosenkranz for his great management over 

my project to reach its final destination. 

I would like to thank Dr. Bertil Pålsson and Dr. Cecilia Lund for their great help and 

instructive ideas. Dr. Mehdi Amiri Parian helped me a lot on the characterization scheme 

designing and interpretation, which is also acknowledged. 

  



ii 
 

Contents 

1. Introduction .......................................................................................................................... 1 

1.1. REMinE Project ................................................................................................................. 1 

1.2. Yxsjöberg Mine ................................................................................................................. 2 

1.3. Tailings Characterization and Reprocessing ................................................................ 4 

1.4. Objectives of the Work .................................................................................................... 4 

2. Background Theory ............................................................................................................. 6 

2.1. Deposit Geology and Mineralization ............................................................................ 6 

2.2. General W-Cu Skarn Processing Methods ................................................................. 14 

2.2.1. Flotation .................................................................................................................... 16 

2.2.2. Gravity Separation .................................................................................................... 27 

2.2.3. Magnetic Separation ................................................................................................. 31 

2.2.4. Pre-treatment, Slime treatment and Cleaning ........................................................... 31 

2.3. Yxsjöberg Later Process Plant....................................................................................... 32 

2.4. Secondary Tungsten Processing Examples and Innovative Cases.......................... 36 

3. Materials and Methods ...................................................................................................... 40 

3.1. Characterization Test Works ........................................................................................ 43 

3.2. Separation Test Works ................................................................................................... 49 

3.3. Element to Mineral Conversion (EMC) ........................................................................ 54 

4. Results and Discussion ...................................................................................................... 59 

4.1. Analysis of Former Yxsjöberg Process Plant .............................................................. 59 

4.2. Tailings Characterization .............................................................................................. 60 

4.2.1. Sample Splitting and Preparation .............................................................................. 60 

4.2.2. Characterization Results ........................................................................................... 64 

4.3. Separation Tests .............................................................................................................. 92 

4.3.1. Magnetic Separation Tests ........................................................................................ 92 

4.3.2. Knelson Enhanced Gravity Separation Tests ............................................................ 95 

4.3.3. Suggestions for Flotation Test Works................................................................ 100 

4.4. Discussion on Errors and Data Validation ............................................................... 103 

4.4.1. Sample Preparation Errors .................................................................................. 103 

4.4.2. Errors Related to Elemental Analysis ................................................................ 104 

4.4.3. Element to Mineral Conversion (EMC) Errors and Results Validation ....... 109 



iii 
 

5. Conclusion and Recommendations ............................................................................... 116 

6. Summary ........................................................................................................................... 122 

References .................................................................................................................................... 123 

List of Appendices ...................................................................................................................... 129 

 

  



iv 
 

List of Figures 
Figure 1: Yxsjöberg mine site and tailings dam position (Google EarthTM) ........................... 2 

Figure 2: Yxsjöberg mine production history with regard to the tailing repository site 

(Source: Ohlsson 1979; Rothelius 1958; Alakangas et al. 2016; Jolyon Ralph 2000) .................... 4 

Figure 3: From deposit to the historical tailing ........................................................................... 6 

Figure 4: General geological map of Bergslagen area, central Sweden (Sundblad et al. 

1993). B: Bergslagen, S: Skålhöjden, F: Falun, V: Van, T: Tyfors, Pi: Pingstaberg, W: 

Wigström, Y: Yxsjöberg, Hä: Hällefors, L: Langban, P: Persberg, G: Grythyttan, Ho: 

Högåsen, V: V. Gråshöjden, Tl: Tallåsberg, A: Adamsgård. .......................................................... 7 

Figure 5: Cross-section through the Yxsjöberg orebody, a-a' section in Figure 6 (Ohlsson 

1979) ..................................................................................................................................................... 10 

Figure 6: Underground geological map of the Yxsjöberg mine, 300-m level (Ohlsson 

1979) ..................................................................................................................................................... 10 

Figure 7: Correlation between W and F Content in Yxsjöberg Deposit (Ohlsson 1979) ..... 11 

Figure 8: Flow diagram of tungsten processing from mine to industry (BGS 2011) ........... 15 

Figure 9: Conceptual flow diagram of scheelite/wolframite processing (Weisun 1979) ... 16 

Figure 10: Adsorption of octyl hydroxamate (OHA) on wolframite as a function of pH 

and it's relation to wolframite flotation recovery (Hu et al. 1997) .............................................. 17 

Figure 11: Effect of OHA concentration on the recovery of wolframite and adsorption of 

OHA on wolframite (pH = 8.5–9.0) (Meng et al. 2015) ................................................................. 18 

Figure 12: wolframite floatability with regard to (A) collector dosage (NHOO at pH = 6, 

BHA and OHA at pH 9) and pH at 15 mg/L NHOO, BHA, or OHA (Deng et al. 2015) ........ 18 

Figure 13: Flotation recovery of wolframite (size fraction: -74+38 µm) of two different 

ore (Fe/Mn (Yaoling) =1.672; Fe/Mn (Hukeng) =0.205) as a function of pH with (A) BHA 

as a collector (BHA = 100 mg/dm3, MIBC= 20 mg/dm3) and (B) NaOl as a collector (NaOl 

= 30.4 mg/dm3) (Yang et al. 2014) ................................................................................................... 19 

Figure 14: Zeta-potential of scheelite (Atademir et al. 1979) .................................................. 20 

Figure 15: Conventional scheelite concentration approaches by flotation (After Yongxin 

& Changgen 1983 and Lu et al. 2014) .............................................................................................. 20 

Figure 16: Difference in recovery of scheelite and calcite by using NaOl as collector and 

sodium carbonate as depressant (Patil & Nayak 1985) ................................................................ 22 

Figure 17: The difference between scheelite recovery with mixed collector and single 

collector in microflotation based on Ca2+ or Mg2+ concentration (Kupka & Rudolph 2017) ... 23 

Figure 18: Effect of kerosene and amine D acetate dosage on the recovery and grade of 

scheelite (Hiçyìlmaz et al. 1993) ....................................................................................................... 23 



v 
 

Figure 19: Effect of SS dosage on the flotation behavior of scheelite and calcite using DDA, 

NaOl, or DDA/NaOl as collector in single mineral (a) and mixed binary minerals (b) flotation 

tests (Wang et al. 2016) ...................................................................................................................... 24 

Figure 20: Recovery of scheelite and wolframite with and without addition of lead nitrate 

as a function of (A) slurry pH and (B) collector dosage (Zhao et al. 2015) ................................ 25 

Figure 21: Difference in flotation recovery with different Pb/BHA proportions for (A) 

scheelite and (B) wolframite (Yue et al. 2017) ................................................................................ 26 

Figure 22: Shizhuyuan dressing plant for wolframite and scheelite (Han et al. 2017) ....... 26 

Figure 23: appropriate size ranges for different types of gravity separation methods (Abols 

& Grady 2005) ..................................................................................................................................... 28 

Figure 24: Cross-section of Knelson concentrator illustrating separation mechanism (A) 

and structure of the slurry in the inner bowl (B) (Fatahi & Farzanegan 2017) .......................... 30 

Figure 25: Effect of head grade (A), feed particle size (B) on grade and recovery of product 

of Knelson concentrator (Fatahi & Farzanegan 2017) ................................................................... 30 

Figure 26: Effect of relative centrifugal force (A) and feed rate (B)on grade and recovery of 

product of Knelson concentrator (Fatahi & Farzanegan 2017) .................................................... 31 

Figure 27: Yxsjöberg later Processing Plant (Gräsberg & Mattson 1979) .............................. 33 

Figure 28: Particle size distribution of fines from hydrocyclone in the Yxsjöberg new 

processing plant (Source Grasberg & Mattson 1979) .................................................................... 34 

Figure 29: WO3 recovery by size fraction in concentrate of the scheelite flotation based on 

the results of Yxsjöberg new plant survey, January.to September 1978 (Source: Grasberg & 

Mattson 1979) ...................................................................................................................................... 35 

Figure 30: WO3 distribution by size fraction in feed and tailing of the scheelite flotation 

based on the results of Yxsjöberg new plant survey, January.to September 1978 (Source: 

Grasberg & Mattson 1979) ................................................................................................................ 36 

Figure 31: Areas of innovative potentials for recovering secondary tungsten resources ... 39 

Figure 32: REMinE project sampling campaign 2 drill hole locations .................................. 40 

Figure 33: Drill cores vertical profiles (Mulenshi, 2017) .......................................................... 41 

Figure 34: Appearance of different samples from S2101 to S2111 ......................................... 43 

Figure 35: List of samples and number of their replicates after sample splitting using riffle 

splitter .................................................................................................................................................. 43 

Figure 36: Parameters to be considered in the characterization of the historical tailings 

samples ................................................................................................................................................ 43 

Figure 37: AccuPyc II 1340 Pycnometer (A) and a high-resolution scale (B) used for 

weighing of the samples before density measurement ................................................................ 44 

Figure 38: List of replicates of the samples considered for particle size distribution ......... 45 



vi 
 

Figure 39: Designed approach for characterization of tailings samples ............................... 46 

Figure 40: Polished samples prepared for optical microscopy studies ................................. 47 

Figure 41:Schematic condition of scheelite particles assumed for counting-based 

quantitative liberation analysis including fully liberated particles (A), binary with other 

minerals (B) and locked in other minerals (C) ............................................................................... 48 

Figure 42: Determining background (A) and search peaks parameters (B) set in 

HighScore Plus software ................................................................................................................... 48 

Figure 43: Low intensity magnetic separator (LIMS) used for magnetic separation tests 

(A) and its separation mechanism (B) ............................................................................................. 50 

Figure 44: High intensity magnetic separator (HIMS) used for magnetic separation tests 

(A) and its separation mechanism (B) ............................................................................................. 51 

Figure 45: Separating planes position for HIMS ...................................................................... 52 

Figure 46: Laboratory scale Knelson enhanced gravity separator ......................................... 53 

Figure 47: Simplified Yxsjöberg Original Processing Plant (Hübner 1971) .......................... 59 

Figure 48: Comparison the masses distribution of different samples ................................... 61 

Figure 49: PSD curves of the replicates of different samples .................................................. 62 

Figure 50: PSD curves of all samples (A) and D-80 Vs depth/sample (B) ........................... 63 

Figure 51: Historical picture of the tailing dam shows different discharge points 

(Swedish Land Survey, 2016) ........................................................................................................... 63 

Figure 52: D80 vs. moisture content (A) and Density of the samples (B) ............................. 64 

Figure 53: W grade distribution vs depth ................................................................................. 65 

Figure 54: Elements of concern distribution vs. depth for copper (A), beryllium (B), 

bismuth (C) and sulfur (D) ............................................................................................................... 65 

Figure 55: Tungsten grade distribution vs size fractions for six samples ............................. 66 

Figure 56: Grade distribution vs size fractions for copper (A), beryllium (B), bismuth (C) 

and sulfur (D) ..................................................................................................................................... 67 

Figure 57: Tungsten mass distribution vs size fractions, two different distribution (A) 

and (B) .................................................................................................................................................. 68 

Figure 58: Scheelite grade distribution vs depth ...................................................................... 68 

Figure 59: Minerals of concern distribution vs depth including chalcopyrite (A), helvite 

(B) and bismite (C) ............................................................................................................................. 69 

Figure 60: Main gangue minerals distribution vs depth including apatite (A), fluorite + 

calcite (B) and pyrrhotite (C) ............................................................................................................ 69 

Figure 61: Main silicate gangue minerals distribution vs depth including quartz and 

actinolite (A), albite (B) and hedenbergite (C) ............................................................................... 70 



vii 
 

Figure 62: Comparison between estimated fluor content and total grade of other elements 

not measured by elemental analysis in bulk samples ................................................................... 71 

Figure 63: Scheelite grade distribution vs size fractions for six samples .............................. 72 

Figure 64: Gangue minerals distribution showing slight differentiation versus size fractions 

including bismite (A) helvite (B), titanite (C), sphalerite (D), albite (E) and apatite (F) .......... 72 

Figure 65: Minerals of concern distribution vs size fraction including chalcopyrite (A) and 

pyrrhotite (B) ...................................................................................................................................... 73 

Figure 66: Scheelite particles under UV lamp ........................................................................... 73 

Figure 67: Targeting scheelite under microscope, (A) normal light, (B) after applying blue 

filter (pictures taken from polished sample S2102) ....................................................................... 74 

Figure 68: Some of the observation of the sample S2101 under the microscope including big 

liberated scheelite particle (A), fine locked scheelite grains (B), big liberated scheelite particle 

full of cracks (C) and scheelite rims (D) .......................................................................................... 75 

Figure 69: Some of the observation of the sample S2104 under the microscope including big 

locked scheelite grains (A, D) fine locked scheelite grains (B) and big liberated scheelite 

particles (C) ......................................................................................................................................... 76 

Figure 70: Some of the observation of the sample S2105 under the microscope including big 

liberated scheelite particles (A) and fine locked scheelite grains (B) .......................................... 76 

Figure 71: Some of the observation of the sample S2106 under the microscope including 

fine liberated scheelite particle (A, D) and big locked scheelite grains (B, C) ........................... 77 

Figure 72: Some of the observation of the sample S2109 under the microscope including big 

locked scheelite grains (A) and fine locked scheelite grains (B) .................................................. 78 

Figure 73: Fine liberated scheelite particles of sample S2109- fraction -75 μm in small scale 

(A) and big scale (B) images ............................................................................................................. 79 

Figure 74: fine liberated scheelite particles of sample S2111 in small scale (A) and big scale 

(B) images ............................................................................................................................................ 79 

Figure 75: Iron contaminations have been observed in the tailings polished sample of S2105 

(A) and S2106 (B) ................................................................................................................................ 79 

Figure 76: Agglomerated particles have been observed in polished samples ..................... 80 

Figure 77: Quantitative results of liberation analysis for six main samples from the point of 

mass distribution for S2101 (A), S2102 (B), S2103 (C), S2104 (D), S2108 (E) and S2109 (F) ..... 81 

Figure 78: Distribution of liberated fine particles in different size ranges below 75 μm for 

sample S2109 ....................................................................................................................................... 81 

Figure 79: S2101 XRD peaks interpretations and default Rietveld results ........................... 82 

Figure 80: BSE image 2 comprising spectrum 10 to 20 taken from sample S2109 ............... 85 

Figure 81: BSE image 11 comprising spectrum 44 to 47 taken from sample S2104 ............. 86 



viii 
 

Figure 82: BSE image 4 taken from sample S2109 .................................................................... 91 

Figure 83: Linear elemental variations corresponding to the line in Figure 82 ................... 91 

Figure 84: Correlation between aluminum and sodium based on the elemental assay of 

the converted elements to minerals for size fraction samples given by HSC software ........... 91 

Figure 85: Correlation between silica and calcium based on the elemental assay of the 

converted elements to minerals for size fraction samples given by HSC software .................. 92 

Figure 86: Flow diagram of the magnetic separation test works ........................................... 92 

Figure 87: Schematic result of elements of concern deportment through different 

fractions in magnetic separation tests for sample S2104 .............................................................. 93 

Figure 88: Schematic result of elements of concern deportment through different 

fractions in magnetic separation tests for sample S2108 .............................................................. 93 

Figure 89: Schematic result of minerals deportment through different fractions in 

magnetic separation tests for sample S2104 ................................................................................... 94 

Figure 90: Schematic result of minerals deportment through different fractions in 

magnetic separation tests for sample S2108 ................................................................................... 95 

Figure 91: Comparison of the color of different products of the magnetic separation tests

 .............................................................................................................................................................. 95 

Figure 92: Unit process circuit of the Knelson enhanced gravity separator ......................... 96 

Figure 93: Visual comparison of mass and tungsten recovery to different fraction in 

Knelson separation tests for samples S2101 (A), S2104 (B), S2108 (C) and S2109 (D) .............. 97 

Figure 94: Visual comparison of mass and minerals recovery to different fraction in 

Knelson separation tests for sample S2101 ..................................................................................... 98 

Figure 95: Visual comparison of mass and minerals recovery to different fraction in 

Knelson separation tests for sample S2104 ..................................................................................... 98 

Figure 96: Visual comparison of mass and minerals recovery to different fraction in 

Knelson separation tests for sample S2108 ..................................................................................... 99 

Figure 97: Visual comparison of mass and minerals recovery to different fraction in 

Knelson separation tests for sample S2109 ..................................................................................... 99 

Figure 98: Grade-recovery graph for Knelson multi-gravity results of sample S2109...... 100 

Figure 99: Effect of SS dosage (A) and pulp pH (B) on the recoveries of scheelite and 

calcite using collector mixture of HXMA-8 and NaOl (Gao et al. 2016) .................................. 102 

Figure 100: Experimental flowsheet has been used in the studies by Gao et al. (2016) .... 102 

Figure 101: Experimental flowsheet has been used in the studies by Liu et al. (2014) (Liu 

et al. 2014) .......................................................................................................................................... 103 

Figure 102: Mass lose on splitting vs number of splitting steps .......................................... 104 

Figure 103: Sieving lose distribution based on sieving tests measurements ...................... 104 



ix 
 

Figure 104: Total grade of elements have been measured by ICP-SF-MS method for batch 1 

of the tests including bulk samples and size fractions ............................................................... 105 

Figure 105: Total grade of elements have been measured by ICP-SF-MS method for batch 2 

of the tests including separation tests outputs ............................................................................. 105 

Figure 106: Comparison between reported errors of batch 1 and batch 2 of elemental 

analysis for main oxides of concern including SiO2 (A), Al2O3 (B), CaO (C), Fe2O3 (D), MgO (E) 

and MnO (F) ...................................................................................................................................... 107 

Figure 107: Comparison between reported errors of batch 1 and batch 2 of elemental 

analysis for main elements of concern including copper (A), molybdenum (B), sulfur (C), 

barium (D), tungsten (E) and lead (F) ........................................................................................... 108 

Figure 108: Comparison between reported errors of batch 1 and batch 2 elemental analysis 

for other elements of concern showing more close values including beryllium (A), scandium 

(B), strontium (C), chrome (D), mercury (E) and zinc (F) ........................................................... 109 

Figure 109: Total grade of predicted minerals in the first category of EMC including bulk 

samples .............................................................................................................................................. 110 

Figure 110: Residuals of oxides have been consumed in EMC for bulk samples .............. 111 

Figure 111: Residuals of elements have been consumed in EMC for bulk samples.......... 111 

Figure 112: Recommended flowsheet for extensive recovery of metals for processing of the 

Yxsjöberg historical tailings ............................................................................................................ 121 

 

  



x 
 

List of Tables 

Table 1: Run-of-mine statistics of years 1945, 1954 and 1963 (Hübner 1971) ......................... 3 

Table 2: Tungsten Minerals and their basic properties (Hübner 1971) ................................... 8 

Table 3: Tungsten grade in mineralized and unmineralized granitoid rocks (Hübner 

1971) ....................................................................................................................................................... 8 

Table 4: Chemical analysis of the two of the Yxsjöberg skarn bodies and “Contact Zone” 

rocks (Ohlsson 1979) .......................................................................................................................... 11 

Table 5: Average Yxsjöberg deposit minerals grade (Gräsberg & Mattson 1979) ............... 12 

Table 6: Summary of the Yxsjöberg deposit characteristics (Source: Ohlsson 19f79; 

Hübner 1971; Baker & Hellingwerf 1988) ....................................................................................... 13 

Table 7: International specifications for the chemical composition of scheelite and 

wolframite concentrates (Cited in: Elsner 2010) ............................................................................ 14 

Table 8: Pre-treatment of concentrates (Borchers 1979) ........................................................... 32 

Table 9: Test works by Statsgruvor AB before installing the new plant (Source: Grasberg 

& Mattson 1979) ................................................................................................................................. 33 

Table 10: Scheelite and copper flotation results at Yxsjöberg new processing plant- 

Surveyed January.to September, 1978 (Source: Grasberg & Mattson 1979) .............................. 34 

Table 11: List of tailing process plants for recovering tungsten around the world and 

corresponding methods (Oeqvist et al. 2016) ................................................................................. 37 

Table 12: Innovative separation schemes for recovering W from secondary resources ..... 38 

Table 13: Sample IDs and their corresponding layers ............................................................. 42 

Table 14: Particle size classes used to identify size distribution of the samples .................. 45 

Table 15: List of samples analyzed in each characterization method .................................... 46 

Table 16: Number of pictures captured for optical microscopy studies ............................... 47 

Table 17: List of samples chosen and its state considered for characterization test works

 .............................................................................................................................................................. 50 

Table 18: Magnetic separators operating parameters had been chosen for tests ................. 52 

Table 19: Different products of the magnetic separation tests and the naming protocols 

have been devised for further analysis ........................................................................................... 52 

Table 20: Operating parameters of the laboratory scale Knelson enhanced gravity 

separator .............................................................................................................................................. 53 

Table 21: Different products of the Knelson multigravity separation tesst and the 

naming protocols devised for further analysis .............................................................................. 54 

Table 22: List of all possible minerals present and their corresponding source of 

elemental composition available ...................................................................................................... 55 



xi 
 

Table 23: List of all possible minerals present and their corresponding source of elemental 

composition available- Continue ..................................................................................................... 56 

Table 24: List of minerals used for EMC .................................................................................... 57 

Table 25: EMC protocol has been used in the task ................................................................... 58 

Table 26: List of reagents used in the Yxsjöberg original processing plant-flotation circuit 

(Source: Rothelius 1957; Day 2002) .................................................................................................. 60 

Table 27: Summary of the operational conditions  of the Yxsjöberg original processing plant 

(Source: Rothelius 1957) .................................................................................................................... 60 

Table 28: Major minerals observed to be present in each sample based on XRD peaks 

interpretations .................................................................................................................................... 83 

Table 29: Major and minor minerals found in literature studies also observed to be present 

in the tailings based on XRD peaks interpretations ...................................................................... 84 

Table 30: Primary and secondary minerals not found in literature studies but observed to 

be present in the tailings based on XRD peaks interpretations in minor amount .................... 84 

Table 31: Chalcopyrite chemical composition obtained by SEM-EDS and corresponding 

spectrum numbers ............................................................................................................................. 86 

Table 32: Fluorite chemical composition obtained by SEM-EDS and corresponding 

spectrum numbers ............................................................................................................................. 87 

Table 33: Scheelite chemical composition obtained by SEM-EDS and corresponding 

spectrum numbers ............................................................................................................................. 87 

Table 34: Bismuth chemical composition obtained by SEM-EDS and corresponding 

spectrum numbers ............................................................................................................................. 88 

Table 35: Bismite chemical composition obtained by SEM-EDS and corresponding 

spectrum numbers ............................................................................................................................. 88 

Table 36: Bismuthoferrite chemical composition obtained by SEM-EDS and corresponding 

spectrum numbers ............................................................................................................................. 88 

Table 37: Bismuthinite and Sillénite chemical composition obtained by SEM-EDS and 

corresponding spectrum numbers ................................................................................................... 89 

Table 38: Calcium-Eisenspessartin chemical composition obtained by SEM-EDS and 

corresponding spectrum numbers ................................................................................................... 89 

Table 39: Primary minerals approved to be present in the tailings by SEM-EDS spectrums 

and corresponding spectrum numbers ........................................................................................... 90 

Table 40: Feeding rates in Knelson enhanced gravity separation tests ................................. 96 

Table 41: Comparison of tungsten enrichment ratio of cycle 1 of Knelson multi-gravity test

 ............................................................................................................................................................ 100 

Table 42: List of reagents used for scheelite flotations (Kupka & Rudolph 2017) ............. 101 



xii 
 

Table 43: Comparison of correlation between measured values and estimated grades of 

elements by EMC for three categories pf EMC including bulk samples, size fractions and 

separation tests products ................................................................................................................ 112 

Table 44: continue of Table 43 ................................................................................................... 113 

Table 45: continue of Table 44 ................................................................................................... 114 

Table 46: continue of Table 45 ................................................................................................... 115 

 



1 
 

1. Introduction 
Constant increase in the minerals demand, decreasing the grade of mineral deposits and 

therefore increasing the waste production are coming by time and imposing new challenges 

to the mining and minerals industry including increase in waste production. All these 

challenges from one side and improving social awareness and life standards from the other 

side necessitate improving of the current framework to stablish new legislations and 

guidelines to overcome these challenges. Some of the measures to minimize the negative 

impacts of mining and combat these challenges are in the form of national and international 

consensuses, agreements, agendas, regulations and legislations, acts, treaties, resolutions and 

proposed strategies by the governments and industries. Some of these documents include 

World Summit on Sustainable Development (Summit 2002), Framework Convention on 

Climate Change (UNFCCC 1992), International Court of Justice Statute (Gilmore 1945) and 

Stockholm Declaration on the Human Environment (Sohn 1973). Consequently, all these 

measures applied a complex constraint to the mining industry in different stages of the mine 

life from pre-feasibly, feasibility, mine design and planning to operations, closure and post-

closure. 

As mentioned earlier, mine wastes and processing plant tailings have always been a 

challenge for mining industry due to their large volume and more importantly their metals 

and minerals contents. The latter case is an environmental issue and at the same time the target 

of economic interests in the case of historical tailings. Historical tailings are tailings from the 

historical processing plants and may contain some metals and minerals of interests due to 

reasons such as less efficient processing methods, and low metal prices at the time. On the 

other hand, newly developed processing equipment may bring new solutions to recover the 

lower grade metal contents with lower cost. 

1.1. REMinE Project 

This thesis work is part of the research project called REMinE (Improve Resource Efficiency 

and Minimize Environmental Footprint). REMinE is an ERA-MIN1 project with collaborations 

between Luleå University of Technology (LTU) in Sweden, University of Porto (U.PORTO) in 

Portugal, and the Research and Development National Institute for Metals and Radioactive 

Resources (INCDMRR) in Romania. One historical tailings site in each country has been 

chosen as a case study. The project aims to investigate the feasibility of re-processing of the 

historical tailings to recover more of the valuable minerals, and to produce more 

environmentally compatible wastes. The REMinE project is divided into five (5) work 

packages (WP) as follows (Alakangas et al. 2016): 

 WP1: Project management by Luleå University of Technology, 

 WP2: Detailed characterization and risk assessment of the mine wastes selected, 

 WP3: Identification of feasible processing methods for mine waste, 

 WP4: Characterization and risk assessment of the remaining residues, 

 WP5: Outlining of business opportunities and environmental impact in a conceptual 

model for sustainable mining. 

                                                      
1 European Union project on non-energy industry raw materials 
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The presented thesis work is a focus on WP3 to target the potentially feasible 

reprocessing methods based on the results of the tailings characterization of the selected 

historical tailings repository, Yxsjöberg in Sweden 

1.2. Yxsjöberg Mine 

In Sweden, the only tungsten occurrence of significance is that of Yxsjöberg Mine. The 

locations of important tungsten occurrences that have been mined or subjected to the 

advanced exploratory mining operations along with occurrences that have been subjected 

to preliminary excavations are presented in Appendix 1. 

Yxsjöberg mine is a historical tungsten and copper mine in the Bergslagen region, south-

central Sweden (Figure 1). The corresponding deposit was discovered in 1728 initially as a 

copper deposit then scheelite was discovered in 1862. During WW12, this mine became 

interesting for its tungsten and fluorite, and this period was the beginning of extraction of 

these two commodities. However, after the end of WW1 and due to the decrease in the 

price of tungsten and fluorite, the mine was closed. This period of production yielded 37 

tons of scheelite concentrate containing 20 tons of WO3 from the treated 6,405 tons of ore 

WO3 (Jolyon & Jolyon 2000; Hübner 1971; Ohlsson 1979). 

 

 

Figure 1: Yxsjöberg mine site and tailings dam position (Google EarthTM) 

 

                                                      
2 World War 1 
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After about 15 years, Yxsjöbergs Gruvor3 AB4 reopened the mine in 1936 with the new 

processing plant producing scheelite concentrate. In 1954, fluorite and copper concentrates 

added to the products of the plant. The plant and mine closed in 1963 due to falling of 

tungsten price. According to the Official Mine Statistics, the production in this period (1936 

- 1963) was 2,696,181 tons of run-of-mine ore which also included some ore from 

Örabergsgruvan and Baggetorp mines between 1936 and 1945 (location of these two mines 

are presented in Appendix 1). The average grade of scheelite, copper and fluorite in the crude 

ore was estimated to be 0.35, 0.16 and 5.5 percent, respectively. It was estimated that the 

overall W-content of concentrate from the tungsten ore produced by Yxsjöberg, Baggetorp 

and Öraberg mines (1936 – 1963) was around 5,550 metric tons (Cited in Hübner 1971). 

The scheelite, copper and fluorite concentrates were supposed to contain on average 72 

percent WO3, 25 percent copper and 95 percent CaF2, Respectively. Hübner (1971) mentioned 

the production of about 20,000 tons of barren rock and 150,000 tons of crude ore per annum 

that corresponds to 500 tons of scheelite concentrate. He also stated the three (3) point statistics 

of years 1945, 1954 and 1963 as presented in Table 1. (Hübner 1971; Ohlsson 1979). 

 

Table 1: Run-of-mine statistics of years 1945, 1954 and 1963 (Hübner 1971) 

Year 
ROM5 

(tons) 

W Content 

(tons) 
Comment 

1945 126,000 248 Includes some ore from 

Örabergsgruvan and Baggetorp. 1954 127,213 274 

1963 92,183 N.A.  

 

In 1969, Statsgruvor AB bought the property and started to operate again in 1972. Finally, 

mining and production permanently stopped in 1989 after 17 years of operation by 

Statsgruvor AB due to the falling of the tungsten price and the mine became water filled. 

Figure 2 shows the schematic history of the mine production before changing of the tailing 

repository site. Important to note that at the beginning of processing by Statsgruvor AB, the 

tailings from the thirties and forties had been reprocessed again (Ohlsson 1979; Rothelius 1957; 

Alakangas et al. 2016; Hübner 1971). 

Noteworthy, Yxsjöberg Mine is one of the two main potential sites in Europe for tungsten 

production considerations with the aim of geopolitical risk reduction (84 percent of tungsten 

production worldwide is produced by China based on the 61,700 tons of production in 2010). 

The other potential is the Hemerdon deposit southwest of England (Ohlsson 1979; Boyd 2012). 

Tailings of the processing plant before 1972 deposited in the Smaltjärn region south of the 

Yxsjöberg, pointed by the yellow pin in Figure 1. These tailings have been estimated to be 

around 2.2 million tons and cover an area of about 26 hectares (Alakangas et al. 2016). 

                                                      
3 Plural form of Gruva means Mine in Swedish 
4 Legal notation of Public Limited Company in Swedish 
5 Run-of-Mine 
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Figure 2: Yxsjöberg mine production history with regard to the tailing repository site (Source: Ohlsson 1979; 

Rothelius 1958; Alakangas et al. 2016; Jolyon Ralph 2000) 

 

1.3. Tailings Characterization and Reprocessing 

A lot of research work has been done on the characterization of tailings of the mines. 

However, most of researches are focused on the environmental impact assessment like 

sulfide minerals grading, Acid Mine Drainage (AMD) measurements, elemental mobility, 

solute release from tailings (García-Meza et al. 2004; Moncur et al. 2015; Mascaro et al. 2002; 

Assawincharoenkij et al. 2018; Hiller et al. 2013; Walder & Chavez 1995; Shaw et al. 2011; 

Corriveau et al. 2011; Fanfani et al. 1997; Essilfie-Dughan et al. 2012; Amos et al. 2015; 

Brough et al. 2013; Jamieson et al. 2015). Choosing proper characterization method is 

strongly bonded to the objective of the characterization, which can be for re-processing 

purpose or environmental considerations. Since the concept of tailing re-processing is a 

new subject, characterization methods need to be refined in order to satisfy the aim of the 

study. 

Devising a proper characterization scheme will give ideas to the material properties 

both physical and chemical, and therefore choosing of the processing methods. Linking 

between characterization results of the historical tailings and reprocessing methods is the 

main task. This task has been done with regard to newly developed methods and improved 

mineral processing technics, providing novelty to this work and serving as a prototype for 

such studies. 

1.4. Objectives of the Work 

This thesis aims to address the possibility of historical Tailings re-processing, and to 

produce environmentally stable wastes. In order to reach these aims, the following 

objectives will be pursued in this thesis work. 

Objective 1: Detailed elemental, chemical, mineralogical and textural characterization 

of Yxsjöberg historical tailings 

Objective 2: Choosing pre-feasible re-processing methods based on the tailing 

characteristics and literature knowledge 

Objective 3: Evaluating the performance of the chosen re-processing methods. 

To achieve the mentioned objectives, the present work is divided into six (6) main 

chapters. The current chapter is the first chapter and is dedicated to the primary 

information and introduction. Second chapter looks into the literature for the geology of 

the deposit and the later processing plant. Moreover, a thorough literature study on 

1728
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general processing methods and last processing developments has been provided in this 

chapter. 

In the third chapter, samples and the strategy of the work including characterization and 

separation test works have been introduced. Results and discussion in chapter 4 focus on the 

results from the characterization test works and on how these are linked to choosing the 

possible reprocessing methods. In addition, the selected pre-feasible separation methods are 

given, and the results of the separation are provided at the end of this chapter. Conclusions 

and recommendations then follow in chapter six (5) followed by a summary in chapter seven 

(6). 
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2. Background Theory 
In order to study the tailing characterization and possible re-processing methods, one 

should consider all stages that the target tailing passed through. According to Figure 3, it 

is clear that the current state of tailing is a factor of deposit characteristics (primary 

minerals, liberation, texture, etc.), the process that material had been passed through and 

finally the effect of time and weathering on the tailing (secondary minerals, etc.). Hence, it 

is important to study the deposit and understand the processing plant in advance of the 

characterization studies. 

 

 

Figure 3: From deposit to the historical tailing 

 

2.1. Deposit Geology and Mineralization 

Yxsjöberg tungsten deposit is a skarn deposit. There is no definite theory regarding the 

genesis of this deposit. However, there seems to be more evidence toward the epigenetic 

origin of the deposit. Based on these evidences, Yxsjöberg skarn has been formed by the 

hydrothermal solutions most probably originating from acidic magma. Romer and 

Öhlander (1994) estimated the age of Yxsjöberg scheelite‐ skarn deposit of Western 

Bergslagen to Palaeoproterozoic era. Granitoids hydrothermal fluids are the source of 

metals and heat for the formation of Yxsjöberg deposit. These fluids derived from 

magmatic bodies and replaced limestone host rock in acid volcanic rocks. Lagerblad (1990) 

believes that regional variations in metal content in source rock also can contribute to the 

metal concentration of the skarn deposits in Bergslagen, south-central Sweden. (Billström 

1990; Ohlsson 1979; Romer & Öhlander 1994; Lagerblad 1990) 

Magmatic bodies related to the Yxsjöberg deposit mineralization formed during the 

Svecofennian orogeny and is related to the Transscandinavian Granite-Porphyry Belt6 

(TGPB). Figure 4 shows the main orogenic provinces of Scandinavia and the general 

geological map of Bergslagen area, central Sweden along with the main skarn deposits in 

the region including Yxsjöberg deposit. According to this figure, there are three main 

period of magmatic activity in the Transscandinavian Granite-Porphyry Belt and the 

adjacent Svecofennian domain: Early Svecofennian (1.85-1.89 Ga) Supracrustal units, Early 

Svecofennian (1.85-1.89 Ga) Plutonic bodies, Late Svecofennian (c. 1.78 Ga) Granites. Here 

also there is no concrete conclusion that which body is the exact source of metals that 

triggered the mineralization of Yxsjöberg and many other skarn deposits in Bergslagen, 

                                                      
6 Called also as: Transscandinavian Igneous Belt (TIB) (Öhlander & Zuber 1990). 
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Sweden. (Larson & Berglund 1992; Sundblad et al. 1993; Romer & Öhlander 1994; Billström 

1990; Lundström et al. 1990; Baker 1990) 

 

 

Figure 4: General geological map of Bergslagen area, central Sweden (Sundblad et al. 1993). B: Bergslagen, S: Skålhöjden, 

F: Falun, V: Van, T: Tyfors, Pi: Pingstaberg, W: Wigström, Y: Yxsjöberg, Hä: Hällefors, L: Langban, P: Persberg, G: 

Grythyttan, Ho: Högåsen, V: V. Gråshöjden, Tl: Tallåsberg, A: Adamsgård. 

 

Fluid inclusion analysis have been done at Yxsjöberg deposit by Lindblom and Öhlander 

(1993) on pyroxene, garnet, scheelite, quartz and fluorite samples. Analysis of these fluid 

inclusions that have been found to be of aqueous, carbonic and mixed aqueous-carbonic types 

shows that the original limestone horizon of the Yxsjöberg deposit transformed to a skarn 

assemblage of five stages (Lindblom & Öhlander 1993): 

(a) Pyroxene-garnet; (b) Amphibole-biotite, (c) Scheelite-sulphite; (d) Fluorite and (e) 

calcite. 

Baker and Hellingwerf (1988) characterized the geochemistry of granites related to the 

skarn mineralization and the geochemical evolution of different W-Mo deposits in western 

Bergslagen. They classified these deposits as Intragranitic types, HT7 skarns (dominant by 

garnet, pyroxene, vesuvianite, plagioclase, K-feldspar, amphibole, fluorite) and LT8 skarns 

                                                      
7 High Temperature 
8 Low Temperature 
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(dominant by amphibole, biotite, magnetite). Appendix 2 shows the analysis results of 

granites bodies related to the W skarn mineralization in Bergslagen and Pingstaberg area 

(approximately 4 km east of Yxsjöberg deposit). Most of these granites are characterized as 

high silica and subalkaline content (mildly peraluminous) (Baker & Hellingwerf 1988). 

Tungsten, which in Swedish means “heavy stone”, belongs to the chromium group and 

occurs in more than ten different forms but the most important ones are presented in Table 

2. Scheelite group (calcium tungstates) and wolframite group (iron and manganese 

tungstates) are from the economic point of interest. Tungsten is a lithophile element and is 

generally more abundant in acidic rocks, especially granites than basic igneous rocks. 

Hübner (1971) also analyzed some samples from the tungsten mineralized and non-

mineralized granitoids. The results which are presented in Table 3 shows that there is not 

any pattern in the W grade to differentiate mineralized form non-mineralized granitoids 

and the W grade can change in a wide range of 3 to 30 ppm (Hübner 1971). 

 

Table 2: Tungsten Minerals and their basic properties (Hübner 1971) 

Ore Mineral 
Chemical 

Formula 

Metallic Content 

(% W) 
Color 

Specific 

Gravity 

Scheelite CaWO4 63.9 White to amber 5.9 – 6.1 

Wolframite: (Fe, Mn)WO4 51.3 Black to brawn 

7.0 – 7.54 (Ferberite to FeWO4 60.6 Black 

Hübnerite) MnWO4 60.7 Brawn 

Tungstite9 WO3.H2O  Greenish to Yellow 4.6 

 

Table 3: Tungsten grade in mineralized and non-mineralized granitoid rocks (Hübner 1971) 

Location No. of Samples W Grade (ppm) 

Granitoid rocks without tungsten mineralization 

Ukraine 11 3.0 ± 1.3 

Caucasus 15 1.8 ± 0.5 

Central Kalba 32 1.5 ± 0.2 

Zabaikale 8 3.0 ± 1.2 

Granitoid rocks with tungsten mineralization 

Leucocratic granite, Altai 11 3.3 ± 1.5 

Jurassic two-mica granite, Zabaikale 30 7.8 ± 2.1 

Granite with greisen, Soktuisk 32 23.0  ± 7.0 

 

                                                      
9 Tungsten ochre 
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Scheelite forms as isomorphic series with powellite (CaMoO4) and usually appears as 

individual crystals. Its color and luster is like some common non-metallic minerals like 

calcite, feldspar, barite and quartz. However, it has a strong fluorescence property, which 

is now used extensively for detection. Its molybdenum (Mo), manganese (Mn) and REE 

content may change the fluorescence color from blue to yellow. Mo can be a deleterious 

element for scheelite and in rare cases Niobium (Nb), Tantalum (Ta) and the REEs. Unlike 

scheelite, wolframite is relatively hard. It can have inclusion or rims of scheelite or it may have 

replaced scheelite in the metallogenic process. (Hübner 1971) 

Wolframite is the main mineral of Baggetorp mine, which fed the Yxsjöberg plant during 

1936-45, and its paragenesis may include quartz, cassiterite, molybdenite, fluorite, apatite and 

tourmaline. Wolframite in Yxsjöberg mine is found to be more of modified ferberitic (Hübner 

1971). 

Baggetorp geologically described as: “wolframite and molybdenite in subordinate 

amounts together with other sulfides such as pyrite and chalcopyrite, appear in quartz-aplite 

mass which has been intruded older veined gneiss of Sörmland type” (Cited in Hübner 1971). 

This mine was closed after the Second World War due to the drop in tungsten and fluorite 

price. Observations on the dumps from this mine shows the presence of pegmatitized gneiss, 

gneissose leptite, gneissose granite with basic remnants, aplite, pegmatite, quartz veins. 

Garnet, epidote and chalcopyrite are present in skarn, wolframite in quartz veins (up to a few 

cm in size) and finally pyrrhotite and wolframite in pegmatite. (Hübner 1971; Ohlsson 1979) 

Pesonen (1990) mentioned some lateral and vertical movements between the geological 

units at various times in Fennoscandian Shield that gives more complex structural bodies and 

mineralogical assemblage to the deposits. This deposit is characterized as a reduced skarn 

deposit, which means the mineralization occurred in carbonaceous host rock. However, 

abovementioned movements and intrusion of the basic dykes made the deposit bodies and 

minerals accessory of the deposits in the region more complex. Figure 5 and Figure 6 Shows 

the structure and geology of the Yxsjöberg deposit. According to these figures, Yxsjöberg 

deposit consists of three main skarn bodies namely Nävergruvan, Finngruvan and Kvarnåsen. 

The bedrock of the Yxsjöberg deposit consists largely of siliceous metavolcanic rocks, which 

are mainly quartz and feldspar bearing with a wide composition variation and their grain size 

is between 0.03 to 0.6 mm, intruded by several basic dykes. Presence of several minor folds 

and faults also made the body complex. (Pesonen 1990; Ohlsson 1979) 

Billström (1990) characterized Yxsjöberg deposit as “rich in pyrrhotite (high pyrrhotite: 

pyrite ratio as a characteristic of reduced skarn ores), Mo-poor scheelite and low metal 

tonnage”. Ohlsson (1979) analyzed three samples from two of the Yxsjöberg bodies and one 

contact zone (Table 4). By investigating these results, Ohlsson (1979) found very good 

correlation between the tungsten grade and fluorite content in all levels of deposit and all 

three bodies of the Yxsjöberg deposit. As it can be seen in Figure 7, higher grade of fluorite is 

a good indicator for presence of tungsten. (Billström 1990; Ohlsson 1979) 

 



10 
 

 

Figure 5: Cross-section through the Yxsjöberg orebody, a-a' section in Figure 6 (Ohlsson 1979) 

 

 

Figure 6: Underground geological map of the Yxsjöberg mine, 300-m level (Ohlsson 1979) 
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Table 4: Chemical analysis of the two of the Yxsjöberg skarn bodies and “Contact Zone” rocks (Ohlsson 1979) 

Element Nävergruvan Finngruvan “Contact Zone” rocks 

SiO2 42.90 32.90 54.30 

TiO2 0.05 0.06 0.09 

Al2O3 8.21 5.16 20.40 

Fe2O3 3.10 3.10 3.00 

FeO 9.60 13.10 4.60 

MnO 1.24 0.95 0.40 

MgO 1.07 1.41 1.17 

CaO 19.60 15.40 6.22 

Na2O 2.19 1.54 5.23 

K2O 0.51 1.02 1.43 

P2O5 0.01 0.02 0.02 

F 5.30 4.31  

WO3 0.46 0.41  

CuFeS2 0.90 0.80  

FeS  12.60  

FeS2 3.60 2.80  

LOI 0.40 1.80 1.40 

Total 99.144 97.378 98.256 

 

 

Figure 7: Correlation between W and F Content in Yxsjöberg Deposit (Ohlsson 1979) 
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The mineralogical composition between the three orebodies is not homogenous. 

Kvarnåsen is richer in diopside- hedenbergite mixed with hornblende than the two other 

bodies. Biotite mostly occurs in the border zone. Grassularite-andradite is more common 

in eastern part of the body and diopside- hedenbergite is the dominant skarn mineral in 

Nävergruvan. Hornblende can be found in minor amounts and zonal rich pyrrhotite and 

magnetite is abundant. Minerals of economic interest includes scheelite, chalcopyrite and 

fluorite. Accessory minerals may include molybdenite (less than 0.05 % molybdenum), 

wolframite, sphalerite, Bi-sulfides, helvite, apatite and sphene. Note that the distribution 

of scheelite in the three ore bodies are not the same and Nävergruvan has highest amount 

followed by Kvarnåsen and Finngruvan. Hedenbergite-diopside followed by garnet and 

hornblende are the first metamorphic minerals. Hornblende can be found as both a 

primary and secondary mineral due to the uralitization of pyroxene, which can be followed 

by the formation of plagioclase, microcline and quartz. Scheelite formation was also 

followed by fluorite, pyrrhotite, chalcopyrite and calcite. Table 5 and Table 6 presents a 

brief summary of the characteristics of the Yxsjöberg and Baggetorp deposits which fed the 

Yxsjöberg processing plant and the average minerals grade in Yxsjöberg deposit, 

respectively (Ohlsson 1979; Hübner 1971; Baker & Hellingwerf 1988; Gräsberg & Mattson 

1979). 

 

Table 5: Average Yxsjöberg deposit minerals grade (Gräsberg & Mattson 1979) 

Minerals Grade (%) 

Scheelite 0.5 

Sulfides 6.1 

Apatite 0.1 

Fluorite 7.5 

Calcite 5.0 

Quartz 5.2 

Feldspar 15 

Biotite 10 

Skarn Minerals 50 

Chalcopyrite 0.7 
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Table 6: Summary of the Yxsjöberg deposit characteristics (Source: Ohlsson 19f79; Hübner 1971; Baker & Hellingwerf 

1988) 

Province, District Örebro, Ljusnarsberg 

Type of Deposit Contact metasomatic (pegmatitic to pneumatolitic) skarn 

Important commodities W, Cu, Mo, Fe, CaF2 

Activity Abandoned 

Host Rock Skarn, Pegmatite, Amphibolite, Limestone 

Country Rock Leptite, Limestone, Skarn, Amphibolitic dykes, Pegmatite 

Economic Minerals Scheelite, chalcopyrite, fluorite, bi-minerals, helvite, molybdenite 

Gangue Minerals 

 Skarn minerals: Pyroxene (diopside- hedenbergite (poor in 

Mg)), amphibole (hornblende, actinolite), biotite, 

grossularite-andradite (Ca-Al garnet), carbonates (calcite 

and siderite), epidote, chlorite-mainly clinochlore, apatite, 

titanite, allophane (hisingerite-rich in iron and potash) 

 Pegmatite minerals: perthitic microcline, quartz, feldspar 

group: albite-oligoclase to acidic andesine, also  plagioclase 

series (often together with scheelite) 

 Iron oxides: magnetite 

 Sulfides: pyrrhotite, pyrite 

 Bismuth and bismuthinite 

Other Minerals 

Observed 
Muscovite, sphene, zircon, ilmenite, sphalerite 

Deleterious elements 

for WO3 concentrate 

Nb, Ta and REEs normally in wolframite lattice, Sn, As, Cu, P, Sb, 

Bi, Pb 

Comments 

In Baggetorp deposit, the main tungsten mineral is wolframite and 

it has higher molybdenite content than Yxsjöberg deposit. 

Cassiterite is also observed in this deposit. 
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2.2. General W-Cu Skarn Processing Methods 

Before proceeding to the next part, a literature study is presented that has been carried 

out on the separation processes for the present economic minerals that have been found in 

the Yxsjöberg historical tailings. As for the case the Yxsjöberg tailing repository, most of 

the reduced W-Cu skarns are primarily characterized by scheelite and wolframite as the 

main economic tungsten minerals, followed by chalcopyrite, fluorite, molybdenum, 

beryllium, bi-minerals, to name a few. 

Standard grades for tungsten minerals concentrates are 65 percent of WO3 for 

wolframite ores and 60 percent for scheelite ores (70 % for steel making). International 

specifications for the chemical composition of scheelite and wolframite concentrates, as 

well as tolerated penalty elements grades are presented in Table 7 for all types of 

concentrates (Elsner 2010). 

 

Table 7: International specifications for the chemical composition of scheelite and wolframite concentrates (Cited in: 

Elsner 2010) 

 Wolframite Scheelite 

 General Grade I Grade II General Grade I Grade II 

WO3 65 - 70 >= 65 60 - 65 60 - 70 >= 70 65 - 70 

Sn 1.00 - 1.50 0.20 - 1.00 <= 2.50 <= 0.30 

As 0.10 - 0.25 <= 0.20 <= 0.40 <= 0.10 <= 0.30 

Cu <= 0.10 0.08 - 0.40 <= 1.00 <= 0.10 - 

Mo 0.04 - 0.40 <= 0.40 <= 1.00 0.05 - 0.40 <= 2.00 <= 0.40 

P 0.05 - 0.10 0.03 - 0.08 <= 0.25 0.05 - 0.10 <= 1.00 

S 0.10 - 0.50 0.20 - 0.75 <= 2.00 <= 0.50 

Bi <= 1.00 

- 

0.05 - 1.00 

<= 0.20 Sb <= 0.50 <= 0.50 

Mn 0 <= 1.00 

 

Figure 8 shows the tungsten system of integration to the industry. Concentration of this 

literature study is on conventional beneficiation methods (shown by red border) with 

regard to the latest improvements and innovation potentials. According to Borchers (1979) 

moving more to the right side of the stream (Figure 8) is less of a technical problem and 

also out of the topic of the present thesis work. Based on literature, flotation is a common 

method and the backbone of beneficiation of such mineral assemblage; however, due to 

the high density of tungsten minerals, gravity separation methods like shaking tables and 

jigging are common for beneficiation of larger grains tungsten minerals. Magnetic 

separation is also widely used to recover wolframite and pyrrhotite (gangue mineral) due 

to their paramagnetic property. In case of flotation, reagents may change according to the 

minerals assemblage in the feed, however, Sun et al. (2004) introduced chelating collectors 
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(mixed collectors) as the core of the flotation reagents for a complex multi-metal ore 

containing tungsten, bismuth, molybdenum and fluorite (Zadra 1959; Sun et al. 2004). 

Here, the focus is to provide a literature knowledge on state of the art of the scheelite-

chalcopyrite-fluorite processing methods, which further leads to the pre-selection of feasible 

reprocessing methods after characterization. 

 

 

Figure 8: Flow diagram of tungsten processing from mine to industry (BGS 2011) 

 

Starting from grinding, Weisun (1979) suggested that in order to have always an optimized 

size range, multi-stage grinding and beneficiation is recommended. Pre-concentration or 

preliminary concentration for removing 35 to 70 percent (usually 50 percent) of ROM should 

be considered to increase the throughput and decrease the costs. Pre-concentration methods 

may include hand sorting, photometric sorting, heavy medium separation, etc. heavy medium 

separation process gives better result with ore from granite country rock. Recovery rate in the 

pre-concentration stage should keep at least 97 percent and with regard to Schmidt (2012) 

“The earlier recovered, the more recovered”, since wolframite and scheelite are brittle, they 

have to be recovered as early as possible. Figure 9 shows the conceptual flow diagram of 

scheelite/wolframite processing (Weisun 1979; Schmidt et al. 2012). 

Studies by Srivastava and Pathak (2000) shows that pre-concentration is important to not 

only have the high recovery rate but also meet the requirements for penalty elements. 

Beneficiation test at -74 µm feed size by vanning showed that the sample could be upgraded 

to near 65% WO3 but undesirable impurities like SiO2 and sulfur could not be brought down 

to below1% as required for concentrate. On the contrary, by applying pre-concentration at -

250 µm by sulfide flotation and subsequent vanning of sulfide tails produced a concentrate of 

68.4% WO3, 0.8% SiO2 and 0.4% S with a recovery of 63.5% WO3 (Srivastava & Pathak 2000). 
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Figure 9: Conceptual flow diagram of scheelite/wolframite processing (Weisun 1979) 

 

Before proceeding to the main beneficiation methods, this fact should be considered that 

pre-concentration methods have not been used earlier and their applicability needs to be 

investigated. For instance, Lu et al. (2016) found that for Canada tungsten ore containing 

wolframite as the main tungsten mineral, high-gradient magnetic pre-concentration works 

better than gravity pre-concentration (Falcon Concentrator). This high-gradient magnetic 

pre-concentration  can reject about 90% of feed which contains over 85% of arsenic and less 

that 15% of tungsten. 

The main beneficiation methods for the mentioned minerals assemblage as introduced 

before are flotation, gravity separation and magnetic separation, and will be discussed 

below. 

2.2.1. Flotation 

Scheelite (CaWO4) and wolframite (a solid solution of ferberite (FeWO4) and hübnerite 

(MnWO4)) are the most common tungsten minerals and, when coarse, these can be treated 

by gravitational methods. However, these minerals are brittle (hardness of 4.5-5 on Mohs 

scale) and tend to slime easily during comminution. When fine, froth flotation is the most 

common, simple and major method to treat the ore. (Lu et al. 2014; Kupka & Rudolph 2017) 

2.2.1.1. Wolframite Flotation 

Flotation is applied for recovering wolframite only when finely dispersed. Studies by 

Clemente et al. (1993) on the flotation of wolframite did not have any consistent results to 
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be considered. The experimental flowsheet was consisting of desliming, bulk sulfides rougher 

flotation, wolframite flotation with rougher and one cleaner. Different collector schemes have 

been tested including: Procol CA 540 (Na phosphonate), Briphos S2D (phosphate ester) + 

kerosene, Briphos S3D (phosphate ester) + kerosene, Flotinor SM-15 (Mixture of Phosphoric 

acid and esters), Briquest 2N81 25S (methylene phosphonate) and Briquest 281 25S (methylene 

phosphonate). Note that in mentioned experiments, lower grades and recoveries have been 

obtained for older tailings than the fresh tailings, while both not satisfactory. (Clemente et al. 

1993) 

Studies on wolframite flotation, however, have been continued because of reaching finer 

grains and more disseminated ores. Hu et al. (1997) studied the interaction and flotation of 

wolframite with octyl hydroxamate (OHA). By means of zeta potential measurements, 

infrared spectroscopy and solution chemistry calculations, they showed that wolframite could 

be floated with octyl hydroxamate (OHA) at pH between 8 and 10 (Figure 10). Based on the 

observations, it had been concluded that flotation of wolframite with octyl hydroxamate 

(OHA) can be considered to recover the fine wolframite (-74 µm) unrecoverable by 

conventional gravity circuit, and the optimal flotation condition can be derived based on the 

solution chemistry of chelation compound. Further studies by Meng et al. (2015) reached the 

same conclusion on the recovery of fine wolframite by using OHA. It has been also approved 

that OHA adsorption to the wolframite surface and wolframite recovery has a strong direct 

relationship with OHA concentration (Figure 11). (Hu et al. 1997; Meng et al. 2015) 

 

 

Figure 10: Adsorption of octyl hydroxamate (OHA) on wolframite as a function of pH and it's relation to wolframite 

flotation recovery (Hu et al. 1997) 
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Figure 11: Effect of OHA concentration on the recovery of wolframite and adsorption of OHA on wolframite (pH = 

8.5–9.0) (Meng et al. 2015) 

 

Deng et al. (2015) simultaneously worked on the synthesis and flotation performance of 

a novel surfactant named N-(6-(hydroxyamino)-6-oxohexyl) octanamide (NHOO). The 

result of FTIR spectroscopy, flotation tests, zeta potential and adsorption quantity 

measurements showed that NHOO was a stronger collector compared to the conventional 

hydroxamic acid collectors such as benzoyl hydroxamic acid (BHA) and octyl hydroxamic 

acid (OHA) in the same dose as Figure 12(A) shows. The preferable pH ranges for NHOO 

adsorption on wolframite surfaces also have been obtained to be below seven (7) or above 

nine (9) (Figure 12(B)) which lies in a range that conventional collectors (BHA and OHA) 

do not work. (Deng et al. 2015) 

 

 
(A) 

 
(B) 

Figure 12: wolframite floatability with regard to (A) collector dosage (NHOO at pH = 6, BHA and OHA at pH 9) 

and pH at 15 mg/L NHOO, BHA, or OHA (Deng et al. 2015) 
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Previous works on wolframite flotation mostly focus on reagents and not considering 

mineral composition as Yang et al. (2014) claimed. The empirical formula of wolframite is 

(Fe, Mn) WO4 that lies between two end-members including ferberite (FeWO4) and 

hübnerite (MnWO4). Considering two conventional collector for wolframite, BHA and 

sodium oleate (NaOl), Yang et al. (2014) found that the ratio of Fe/Mn has a direct relationship 

with the ratio of BHA/NaOl and that is because of the interaction between BHA and ferric(II) 

ion and interaction between NaOl and manganous ion. As it can be seen in Figure 13, flotation 

of wolframite from Yaolin deposit, China, with Fe/Mn greater than 1 works better with BHA 

while the flotation of wolframite from Hukeng deposit, China, with Fe/Mn less than 1 works 

better with NaOl. This fact make it essential to consider the collecting capability of the 

BHA/NaOl collector mixture that has been defined as a “functional complementation”. (Yang 

et al. 2014) 

 

 
(A) 

 
(B) 

Figure 13: Flotation recovery of wolframite (size fraction: -74+38 µm) of two different ore (Fe/Mn (Yaoling) =1.672; 

Fe/Mn (Hukeng) =0.205) as a function of pH with (A) BHA as a collector (BHA = 100 mg/dm3, MIBC= 20 mg/dm3) and 

(B) NaOl as a collector (NaOl = 30.4 mg/dm3) (Yang et al. 2014) 

 

2.2.1.2. Scheelite Flotation 

Scheelite is a polar salt type mineral similar to apatite, fluorite and calcite. Its molecular 

structure makes it hydrophilic and therefore semi-soluble. Scheelite surface is negatively 

charged almost over the whole range of pH. Figure 14 shows the zeta-potential of this mineral. 

In W-skarn deposits, the main gangue minerals are calcite, apatite and fluorite that have the 

same surface properties as scheelite. In this situation and according to Figure 15, there are two 

approaches to concentrate scheelite: i) bulk flotation of scheelite and other Ca-bearing gangue 

minerals followed by cleaning of scheelite ii) selective flotation of scheelite in normal 

temperature (improved Petrov’s process) with mixed collector or lime flotation method. In 

case of bulk flotation (i), two approaches are available to clean the scheelite concentrate: a) the 

conventional Petrov’s process and b) acid leaching of Ca-bearing gangue minerals. Petrov’s 

process includes steaming of bulk concentrate in 2-4 % solutions of Na2SiO3 at 80-90°C, 

desorption of anion collector from gangue minerals, cooling, reagent removal, repulping and 

flotation of scheelite using fatty acids as collector. However, both mentioned cleaning 

methods are extremely complex, costly and non-efficient. (Kupka & Rudolph 2017; Yongxin 

& Changgen 1983; Atademir et al. 1979) 



20 
 

 

 

Figure 14: Zeta-potential of scheelite (Atademir et al. 1979) 

 

 

Figure 15: Conventional scheelite concentration approaches by flotation (After Yongxin & Changgen 1983 and Lu et 

al. 2014) 

 

Samatova et al. (2011) proposed that in order to obtain a high-grade final concentrate 

from a low-grade scheelite ore, feed dephosphorization should be considered in advance 

of bulk flotation of scheelite and other Ca-bearing gangue minerals (i) or selective flotation 

of scheelite (ii). This preliminary flotation of apatite allow the more efficient flotation of the 

scheelite with the minimum possible loss of WO3 and low P2O5 content. In each case (i) or 

Scheelite production 
strategies by flotation

i) Bulk flotation of 
scheelite and other Ca-

bearing gangue 
minerals followed by

a) The conventional 
Petrov’s process for 

cleaning

b) Acid leaching of Ca-
bearing gangue 

minerals

ii) Selective flotation of 
scheelite by

C) Improved Petrov's 
Process (Normal 

Temperature)

D) Lime Method
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(ii), Shepeta et al. (2012) noted that flotation kinetic of scheelite is higher than other Ca-bearing 

gangue minerals. This difference between the flotation kinetic of scheelite and other Ca-

bearing gangue minerals will converge by passing time and will diverge by adding more 

collector. Therefore, technically it is proposed that in roughing circuit scheelite flotation 

should be done as short as possible, i.e. first one or two flotation cells. (Samatova et al. 2011; 

Shepeta et al. 2012) 

i) Bulk flotation of scheelite and other Ca-bearing gangue minerals 

Bulk flotation of scheelite and other Ca-bearing gangue minerals including calcite and 

fluorite is a simple task and most primitive step devised in the production of tungsten. Due 

to the similar surface properties, all collectors that are used to collect scheelite will float other 

mentioned minerals to some extent, which results in additional cleaning stages. There are two 

main cleaning methods for scheelite processing plants that have been introduced as follow. 

a) The conventional Petrov’s process 

The conventional Petrov’s process or high temperature flotation method of scheelite is used 

to clean the scheelite concentrate out of Ca-bearing gangue minerals. This method encompass 

the following steps: adding some sodium silicate and heating the pulp to more than 80℃, 

stirring the pulp for about 30 to 60 minutes, then the final concentrate of scheelite can be 

obtained by flotation at room temperature after thinning the pulp. This method provides an 

advantage as the flotation can be carried out after thinning the pulp without reagents removal. 

However, it has some drawbacks including high energy consumption, high processing costs, 

complicated operations and poor production environment. (Lu et al. 2014) 

b) Acid leaching of Ca-bearing gangue minerals 

In most cases, grade of scheelite concentrate which has been treated by conventional 

Petrov’s process or normal temperature flotation will fluctuate due to different ore 

characteristics between 55 to 60 percent and needs a slight treatment. This treatment is 

normally done by hydrochloric acid leaching of Ca-gangue minerals. Due to the simplicity, 

economic and environmental friendliness of this method, higher attention has been paid to 

this field by researchers and industries. (Lu et al. 2014) 

ii) Selective flotation of scheelite 

Patil and Nayak (1985) reported that the most difficult problem in scheelite flotation is not 

the removal of the siliceous or sulfide gangue minerals, but the separation of scheelite and 

other Ca-bearing gangue minerals like calcite and fluorite since these minerals have similar 

surface properties. Atademir et al. (1981) tested a number of different collectors including non-

complexing ionic surfactants like fatty acids, non-ionic surfactants and chelating collectors by 

investigating the mechanism of adsorption of different surfactants on minerals surfaces. 

Conventional surfactants studied were sodium laurate, dodecyl sulphate, myristate and 

oleate and also dodecylaminc hydrochloride (DAC), octadecyl pyridinium bromide (ODPB), 

fatty acids (oleic acid, saturated acids, lauric (dodecanoic) and myristic (tetradecanoic)) and 

finally catechol derivatives (o-dihydroxybenzene (catechol) and 4-tertiary butylcatechol 

(4TBC)). Since scheelite, calcite and fluorite are all slightly soluble, none of the surfactants 

individually was able to act selectively. Even in the case of using depressants such as 

quebracho (a tannin) and dextrin, they did not find any selectivity. Moreover, slightly soluble 

minerals are intrinsically hydrophilic and therefore need a substantial hydrophobic coating to 
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be able to float. The only promising collector they found to be considered for future studies 

was fatty acids. Patil and Nayak (1985) studied the application of sodium oleate as collector 

while trying to depress calcite. Reagents examined as auxiliary surfactants to depress 

calcite includes sodium tri-polyphosphate, sodium hexametaphosphate, ferrous sulphate, 

sodium silicate, sodium carbonate and hydrosols (metal silicates). The only promising 

depressant for calcite they found while using NaOl was sodium carbonate as Figure 16 

shows the depressing effect of adding NaOl. (Atademir et al. 1981; Patil & Nayak 1985) 

 

 

Figure 16: Difference in recovery of scheelite and calcite by using NaOl as collector and sodium carbonate as 

depressant (Patil & Nayak 1985) 

 

c) Improvements to the conventional Petrov’s process: Flotation in normal temperature 

As the conventional Petrov’s process has some drawbacks for cleaning scheelite rough 

concentrate that contains Ca-bearing gangue minerals, several researches have been 

conducted on different ores and tailings in different conditions and reagent schemes to 

improve the method. The efforts in order to improve the method are mainly focused on 

reagent scheme, both combined collectors, combined depressants and combined regulators 

in order to reach the normal temperature success. Figure 17 shows the difference between 

scheelite recovery with mixed collector and single collector schemes. As a rule of thumb, 

regulators that are weak alkaline media (pH=8.5~10.0), are mostly considered to improve 

the selectivity such as lime-sodium silicate, lime-sodium silicate-sodium carbonate, 

sodium silicate-sodium carbonate, sodium silicate-sodium hydroxide and sodium silicate-

sodium hydroxide-sodium carbonate. These regulators are usually added before the 

collectors. From the point of pH adjustment, sodium silicate-sodium carbonate is better 

than sodium silicate-sodium hydroxide since the adsorption of CO32- anion changes the 

surface electrical potential of scheelite and makes the adsorption strength between collector 

(normally anionic) and scheelite stronger, and weaker for fluorite and calcite. With regard 

to these basic principles, there are two main processes from the point of reagent scheme. 

The common point is they both use sodium silicate-sodium hydroxide-sodium carbonate 

as regulator and combined collectors. The difference is one uses metal salts as depressants 

and the other uses macromolecular organic reagents, such as bake glue and tannin. The 
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alkaline medium help on dispersion so the combined depressant can work better on selective 

depression of gangue minerals. Finally, scheelite will be collected by using combined 

collectors. Second case is more common. (Lu et al. 2014; Kupka & Rudolph 2017) 

 

 

Figure 17: The difference between scheelite recovery with mixed collector and single collector in microflotation based on 

Ca2+ or Mg2+ concentration (Kupka & Rudolph 2017) 

 

Amines are considered as one of the most important reagents in many flotation circuits. 

Applicability of this reagent family on flotation separation of scheelite from calcite has been 

studied by Hiçyìlmaz et al. (1993). The best grade and recovery have been obtained was by 

using amine D acetate as collector. The result of experiments showed that among the various 

amines, only the dodecyl amines with acetate radicals showed some selectivity and amine D 

acetate gave the optimum results at pH values between 9 to 10. Moreover, it has been found 

that the addition of kerosene does not have any effect on improvement of the selectivity 

(Figure 18). The best grade and recovery obtained from an ore with head grade of 5.93 percent 

WO3 was about 64.55±0.96 and 91.41±2.56 percent, respectively. (Hiçyìlmaz et al. 1993) 

 

 

Figure 18: Effect of kerosene and amine D acetate dosage on the recovery and grade of scheelite (Hiçyìlmaz et al. 1993) 

As mentioned before, studies on the effect of reagent mixtures as collectors, depressants 

and regulators became the topic of interest for many researchers studying the selective 
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flotation of scheelite from its accompanying gangue minerals. Wang et al. (2016) 

investigated the performance of mixed cationic/anionic collectors of dodecyl amine (DDA) 

and sodium oleate (NaOl) on flotation separation of scheelite from calcite. Individual NaOl 

and DDA were also tested for comparison (Figure 19). The flotation results of single 

mineral and mixed binary minerals showed that a high selectivity and recovery could be 

obtained for the flotation of scheelite from calcite at pH of about seven (7) using mixed 

DDA/NaOl collectors. The best collector mixture ratio of DDA/NaOl that has been 

obtained to give the best selectivity and recovery was at 2:1 molar. Owing to the lower 

dosage and higher selectivity, the mixed DDA/NaOl collectors exhibit great potential for 

industrial application in scheelite flotation. On the other hand, preferential pH of neutral 

gives the opportunity of minimum pH regulator consumption. Hence, this method will be 

interesting from the point of reagent cost reduction and environmental consequence 

mitigation. (Wang et al. 2016) 

 

 

Figure 19: Effect of SS dosage on the flotation behavior of scheelite and calcite using DDA, NaOl, or DDA/NaOl as 

collector in single mineral (a) and mixed binary minerals (b) flotation tests (Wang et al. 2016) 

 

d) Lime Method 

Lime can be used in the flotation of scheelite at normal temperature. In this method, 

which contains stirring the pulp with lime while roughing and adding sodium silicate and 

sodium carbonate, satisfactory grade and recovery can be obtained. The mechanism is that 

the dissolved calcium cation could selectively adsorb on the surface of gangue minerals 

and change the surface charge of gangue minerals from negative to positive while scheelite 

surface charge is still negative. Finally, lime and sodium oleate will be add to collect 

scheelite. This method is simple, effective and low cost with ordinary chemical reagents, 

suitable for skarn deposits but it cannot replace the conventional flotation process. This 

method has been industrially implemented and is in operation at a number of plants in 

China in the provinces of Guangxi and Yunnan. In the Yunnan province plant, combined 
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depressant is used to depress gangue minerals and oxy-paraffin soap is used as scheelite 

collector. The grade and recovery of scheelite in this plant have been reported as 60 and 

86.32 percent, respectively. (Lu et al. 2014) 

2.2.1.3. Mixed Scheelite-Wolframite Flotation 

In the case of mixed scheelite-wolframite ores, several works have been done for 

simultaneous flotation of these two minerals. Zhao et al. (2015) studied the effect of lead 

nitrate on simultaneous activation of wolframite and scheelite surfaces while using BHA as 

collector. The result of micro flotation tests, zeta potential measurements, X-ray photoelectron 

spectroscopy (XPS) analyses and density functional theory (DFT) calculations shows that the 

addition of lead nitrate can notably improve the recovery of scheelite and wolframite. Figure 

20 shows the difference in recovery of scheelite and wolframite with and without addition of 

lead nitrate as a function of pH and collector dosage. As it is obvious, addition of lead nitrate 

considerably enhanced the recovery. This is due to the adsorption of lead ions onto the 

mineral surfaces by physical bonding from one side. On the other hand, the binding ability of 

BHA and Pb(OH)+ is strong enough to effectively recover the mineral and shows that BHA 

preferentially coordinate with Pb ion compared with Ca, Mn and Fe ions on the surface of 

scheelite and wolframite. Furthermore, Yue et al. (2017) found that the best Pb/BHA 

proportion to achieve highest recovery for both wolframite and scheelite happens when 

concentration of Pb to the concentration of BHA (CPb/CBHA) is about one. Figure 21 shows 

difference in flotation recovery with different Pb/BHA ratios for both scheelite and 

wolframite. Han et al. (2017) mentioned Pb-BHA collector scheme to reach the selective 

simultaneous tungsten minerals recovery among other Ca-bearing gangue minerals. Since this 

collector scheme can selectively active the scheelite and wolframite surfaces, the need for 

depressant for gangue minerals will decrease considerably. This decrease in depressant need 

will decrease reagent costs and benefit the environment. Han et al. (2017) implemented the 

mentioned flotation scheme in synchronous flotation process for wolframite and scheelite in 

Shizhuyuan dressing plant in China, as presented in Figure 22. (Zhao et al. 2015; Yue et al. 

2017; Han et al. 2017) 

 

 
(A) 

 
(B) 

Figure 20: Recovery of scheelite and wolframite with and without addition of lead nitrate as a function of (A) slurry pH 

and (B) collector dosage (Zhao et al. 2015) 
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(A) 

 
(B) 

Figure 21: Difference in flotation recovery with different Pb/BHA proportions for (A) scheelite and (B) wolframite 

(Yue et al. 2017) 

 

 

Figure 22: Shizhuyuan dressing plant for wolframite and scheelite (Han et al. 2017) 
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2.2.2. Gravity Separation 

Gravity separation is used when there is difference between specific gravity of minerals of 

concern and gangue minerals. Due to the recent improvements on gravity separation 

methods, attentions are coming back from flotation to the gravity separation methods. The 

increasing cost of flotation reagents and level of environmental concerns are among the 

motives to consider gravity separation methods. Latest developments in gravity separation 

equipment have added advantages for considering this method which include (Peer et al. 

2002): 

- Low capital expenditure (CAPEX) and operational expenditure (OPEX) 

- High efficiency 

- Lack of chemicals and excessive heating requirements. 

In the case of tungsten processing, gravity separation methods are widely used even after 

the development of froth flotation in the beginning of the twentieth century. In the case of 

tailings reprocessing, the presence of former reagents, changing in surface properties of 

minerals, and the presence of secondary minerals made it more complex to devise a proper 

reagent scheme and therefore more motivation to consider gravity methods. There are 

different types of gravity concentrators available, including (Abols & Grady 2005): 

- Hand panning 

- Trays and cones 

- Pitched sluice: gravitational and frictional force 

- Jigs  

- Spirals 

- Shaking tables (sloping deck and multi deck) 

These methods have all been widely used in tungsten processing due to the high specific 

gravity of tungsten minerals. When target minerals are well liberated and have large sizes, all 

these methods are very efficient and suitable (Sarab-shahrak et al. 2016). 

Jigging is normally suitable for coarse particles, and when it comes to fine particles, 

spiraling methods have been widely considered. Spirals are considered among modern 

gravity methods that have high capacity and low cost. Their unique structure will apply 

natural centrifugal force without need of drivers. The principal of separation of this 

equipment is based on differential settlings and heavy particle migration. Spirals are normally 

used for processing beach sand containing: monazite, ilmenite, rutile, zircon, garnet and 

chromite. Shaking tables are separating particles based on their specific gravity and size. There 

are different types of shaking tables including Wilfley, Deister, Holman tables, and flotation 

tables. Flotation tables usually used to remove sulfides from gravity concentrates (Arcos et al. 

2016). 

New improvements in gravity methods made them more suitable for fine and ultrafine 

particle processing and when the differences in specific gravity of minerals of concern and 

gangue minerals decrease. Modern gravity methods involve centrifugal multigravity 

separators that can be run in dry and wet processes. Both of these methods have proven to be 
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efficient in fine particle processing. Figure 23 shows appropriate size ranges for different 

types of gravity separation methods. (Luttrell et al. 1995; Singh et al. 1997; Abols & Grady 

2005) 

 

 

Figure 23: appropriate size ranges for different types of gravity separation methods (Abols & Grady 2005) 

 

2.2.2.1. Centrifugal Concentrators 

Centrifugal concentrators work based on the artificial centrifugal ‘G’ force to enhance 

the mineral separation. Success of this type of concentrators on recovering fine gold 

particles resulted in development of various types of centrifugal concentrators during the 

past 20 years for different purposes. Principal of centrifugal concentrators is operating at 

high speeds of rotation and therefore producing high ‘G’ forces to allow for the separation 

of fine particles that would be previously unrecoverable using conventional jigs, spirals, 

cones, or shaking tables. 

Different types of continuous and semi-continuous centrifugal concentrators have been 

developed and are available today, which differ in their special designs. About 99 percent 

of the present centrifugal concentrators are semi-continuous concentrators. Although 

tailings discharge is continuous in these machines, feed has to be periodically stopped to 

wash and remove concentrates from the bowl. Two primitive centrifugal concentrators that 

were used first for gold and became a prototype for modern concentrators are Hendy 

concentrator and Ainlay bowl. Different types of modern centrifugal concentrators that are 

available today include (Abols & Grady 2005): 

- Kelsey jig 

- Falcon Concentrator 

- Multigravity Separators (MGS) 
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Kelsey jigs are capable of producing up to 100 times of gravitational force “G” and 

therefore increasing the separation efficiency especially for fines below 40 µm. These type of 

centrifugal concentrators are applicable for tungsten processing. Falcon Concentrators can 

produce up to 300 G force, which results in better performance when the differences of specific 

gravities of minerals are low. However, this type of centrifugal concentrator has a main 

drawback as it is not continuous in operation. There are three (3) different models of this 

concentrator including (Zhou 2016): 

- C Models: this model is mainly used when recovery requires a higher mass yield to 

concentrate compared to SB models. 

- SB Models: this model is a semi-batch concentrator, continuous in feeding but non- 

continuous in concentrate release. The separation principle of this model is based on 

specific gravity and size of the particles. 

- UF Models: this model is applicable to process ultrafine particles up to 3 microns by 

applying very high centrifugal force. 

Multigravity separators are theoretically the combination of conventional shaking table 

and centrifugal force. Principal of these separators is that they use higher amplitude of 

oscillation for coarser size feeds and higher frequency for finer size feeds. Light particles and 

entrapped light particles among heavy particles are washed out by fluidization water flow. 

These separators are continues in feeding and non-continues in concentrate release. 

Separation criterion in these concentrators  is mostly based on relative densities and proved 

to be very effective for very fine particles and obtained good results for tungsten minerals 

under 20 micron. There are two (2) types of multigravity separators including (Zhou 2016; 

Tripathy et al. 2012; Journal 2018): 

- Mozley MGS 

- Knelson Concentrator 

Knelson Concentrator 

The Knelson concentrator is one of the most common enhanced gravity separators and is 

capable of processing a wide range of particle sizes from 10 micron to 8 millimeters. According 

to Figure 24(A), Knelson concentrator consists of a bowl rotating around its central vertical 

shaft. This rapidly rotating bowl results in producing artificially enhanced gravity field of 

about 60 to 100 times of the gravitational force “G” and press the particles in the slurry to the 

grooves in the bowl wall. Here, the fluidization water flow fluidize the bed result on flowing 

lighter particles to scape and exit from the upper part of the bowl (Figure 24(B)). Finally, heavy 

particles, which stuck into the grooves due to the centrifugal force, will discharge through the 

holes at intervals. It is suggested that feed should normally come from cyclone underflow or 

ball mill discharge in narrow size ranges. The Knelson concentrator has some advantages and 

disadvantages as follow (Koppalkar 2009; Zhou 2016): 

 Advantages: 

o Suitable to concentrate fine size material 

o High separation efficiency 

o High recovery 

 Drawbacks: 
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o Large volume of water required 

o Wastewater treatment is hard due to the suspension of very fine particles and needs 

special filters, centrifuges and thickeners (increased CAPEX and OPEX), consequently, 

dry process is then proposed. 

 

 
(A) 

 
(B) 

Figure 24: Cross-section of Knelson concentrator illustrating separation mechanism (A) and structure of the slurry 

in the inner bowl (B) (Fatahi & Farzanegan 2017) 

 

Fatahi and Farzanegan (2017) studied the effect of different controlling parameters on 

grade and recovery of the concentrate. Parameters that affect the separation efficiency of 

Knelson concentrator include feed particle population, particle size range, heavy particles 

content in feed (head grade), feed rate, relative centrifugal force, bowl rotational speed and 

concentration cycle time. Fatahi and Farzanegan (2017) simulates the effect of some of these 

parameters and verified by experimental studies. Figure 25 shows the effect of different 

parameters on grade and recovery of product of Knelson concentrator. According to this 

figure, by increasing the head grade, concentrate grade will increase but recovery will 

decrease. Figure 26(B) shows that Knelson concentrator recovery is better for coarse 

particles, but still fine particles have acceptable recovery values. Relative centrifugal force 

and feeding rate have direct and indirect relation to recovery, respectively, while grade is 

not affected. (Fatahi & Farzanegan 2017) 

 

 
(A) 

 
(B) 

Figure 25: Effect of head grade (A), feed particle size (B) on grade and recovery of product of Knelson concentrator 
(Fatahi & Farzanegan 2017) 
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(A) 

 
(B) 

Figure 26: Effect of relative centrifugal force (A) and feed rate (B)on grade and recovery of product of Knelson 

concentrator (Fatahi & Farzanegan 2017) 

 

2.2.3. Magnetic Separation 

In tungsten processing, magnetic separators are used for two purposes; for recovering 

wolframite since wolframite is a paramagnetic mineral, and in the case of skarn scheelite, it is 

used to remove pyrrhotite as a gangue mineral. However, nowadays wolframite processing 

is mostly done by simple gravitational methods to the more integrated flowsheets in 

operation, i.e.  gravity methods are the core of the process (Weisun 1979). 

In the case of fine particles, conventional magnetic separators cannot recover wolframite 

effectively even by increasing the intensity. By increasing the intensity, risk of recovering 

magnetic silicates and even siderite and consequently poor weight rejection is inevitable. 

However, newly designed high gradient magnetic separators showed better performance on 

fine wolframite recovery. (Clemente et al. 1993) 

2.2.4. Pre-treatment, Slime treatment and Cleaning 

Table 8 presents the conventional pre-treatment methods used in the tungsten processing 

industry (Borchers 1979). Slimes can be considered as primary slime in the feed and as 

secondary slime when produced during processing. The grade of slimes is usually higher than 

that of feed and based on statistics, slimes contain more than 14 percent metal and the mass 

normally yields up to about 10 percent of total feed. Generation of tungsten minerals slimes 

occurs due to the following reasons (Weisun 1979): 

- Brittleness of tungsten minerals 

- The high density of tungsten minerals which leads them to the oversize fraction when 

treating by cyclones or hydraulic type of classifiers 

Therefore, according to Weisun (1979) “Slimes should be sorted, thickened, classified and 

beneficiated”. Desliming is necessary for good preliminary and main beneficiation steps. 

Weisun (1979) recommended that +74 µm has to be treated separately and the best slime 

treatment practice is obtained if -10 µm is discarded before slime concentration. Slime 

treatment is normally done by the following methods (Weisun 1979): 

 Gravity concentration: 

o Slime tables: 74-30 µm 
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o Cloth coated sluice 

o Multi-deck tilting sluice 

o Centrifugal separator: 74 - 10 µm, suitable for mixed scheelite-

wolframite slimes to be recovered effectively. Centrifugal separators have large 

capacities and suitable for slime roughing. 

o Vanner and Rocking-shaking-vanner: latter one has higher recovery 

and better enrichment and suitable for 74 – 20 µm. Even difficult-to-separate 

paragenetic minerals like tourmaline can be successfully separated by this mean. 

 Flotation: Flocculation flotation of scheelite by adding some surfactants named 

flocculants. Flocculants are added to make the ultrafine particles attach to each other 

and act as normal particles from the point of size range suitable for flotation. 

 Leaching 

 Wet high intensity magnetic separators (WHIMS) 

o Wolframite: 100 – 10 µm with intensity of 1 – 1.3 T 

Cleaning can be done by both physical and chemical methods. Normally, cleaning step 

includes combined flowsheet with components including gravity methods, flotation, table-

flotation, dry and wet high intensity magnetic separation, electrostatic separation and 

chemical treatments to remove molybdenite, bismuthinite, bismutite, chalcopyrite, 

arsenopyrite, pyrite, sphalerite, scheelite, cassiterite, and rare earth elements like monazite 

and xenolite. (Weisun 1979) 

 

Table 8: Pre-treatment of concentrates (Borchers 1979) 

Method Upgrading steps 

Flotation 
Enrichment of scheelite, removal of Cu, Pb, Sn, Bi, 

Sb, Fe, As, Mo, Sulfides 

Magnetic Separation 
Wolframite/cassiterite, Wolframite/scheelite, 

Garnet/scheelite, FeS/scheelite 

Electrostatic Separation Scheelite/cassiterite 

Roasting 
Removal of As and S, Burning of flotation oils and 

organic material, influencing the solubility (SiO2) 

Grinding + classification Upgrading by removal of low value classes 

Acid Leaching Removal of apatite and calcite 

 

2.3. Yxsjöberg Later Process Plant 

In 1971, Statsgruvor AB started to produce copper and scheelite concentrates from a 

new processing plant. Before installing the new plant, several tests were done to choose 

the best processing protocol and install the plant. Test works focused on choosing between 

one of the two protocols provided in Table 9. Comparison of the laboratory tests and pilot 

tests showed that the first option is not ideal for industry since it is very sensitive to calcite 

content and it affects the scheelite grade and recovery to the concentrate. On the other 



33 
 

hand, there was a good compliance between the laboratory and the pilot test results for the 

second option but with the drawback of high consumption of reagents. However, this 

option was choses for industrial test and then installation of the process line due to the 

applicability of the method to meet the scheelite concentrate standards. (Gräsberg & Mattson 

1979) 

 

Table 9: Test works by Statsgruvor AB before installing the new plant (Source: Grasberg & Mattson 1979) 

Method Collector Modifiers Drawback 

Bulk flotation of 

calcium minerals with 

subsequent separation 

Amphoteric 

unsaturated high 

molecular carboxylic 

acid 

Sodium 

silicate 

Scheelite recovery 

sensitive to varying 

calcite grade 

Direct selective 

scheelite flotation 

Fatty acid (collector & 

frother) 

Sodium 

silicate 

High consumption of 

chemicals 

 

The new process plant, its flowsheet is presented in Figure 27, has been surveyed during 

January to September 1988. During the survey, feed rate was between 18 and 25 tons per hour. 

The particle size distribution of the hydrocyclone overflow, which is the feed for flotation, has 

been analyzed and the distribution curve is shown in Figure 28. D80 has been around 160 µm. 

The survey includes test results of ore processing and historical tailing processing. The result 

of both tests are presented in Table 10. When operated with old tailings, the ball mill is omitted 

to prevent overgrinding of the particles. Detailed survey of scheelite flotation line along with 

the sampling points and corresponding assays are presented in Appendix 7. (Gräsberg & 

Mattson 1979) 

 

 

Figure 27: Yxsjöberg later Processing Plant (Gräsberg & Mattson 1979) 
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Figure 28: Particle size distribution of fines from hydrocyclone in the Yxsjöberg new processing plant (Source 

Grasberg & Mattson 1979) 

 

Table 10: Scheelite and copper flotation results at Yxsjöberg new processing plant- Surveyed January.to September, 

1978 (Source: Grasberg & Mattson 1979) 

Ore Type 
Weight 

(t) 

Assay (%) Distribution 

Cu WO3 CaF2 CaCO3 Cu WO3 

Yxsjöberg Ore 

Feed 92649 0.21 0.384 6.2 5.9 100 100 

Cu Concentrate 678 22.6 0.01   79.0 0.0 

WO3 Concentrate 4053 0.01 69.9 1.8 10.7 0.0 79.4 

Tailing 91566 0.045 0.08   21.0 20.6 

Old Tailing 

Feed 5735 0.05 0.124 3.6 4.5  100 

WO3 Concentrate 6  66.6 7.3 7.6  56.4 

Tailing 5729 0.05 0.054    43.6 

 

 

According to Grasberg and Mattson (1979), the copper content of the historical tailings 

cannot be recovered by the method has been used in later process plant  since the presence 

of reagents which were used at the time would cause scheelite losses to the copper 

concentrate. They believe that scheelite floats considerably faster than sulfides, so 

scavengers will not work as efficient as for sulfides, since calcite and fluorite surfaces will 

become active much more faster than sulfides and in the case of historical tailings it is more 

problematic as scavengers will lose their functionality. Apatite behavior is not clear in the 

scheelite flotation circuit because of its low content. (Gräsberg & Mattson 1979) 
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Based on the results of the survey, Grasberg and Mattson (1979) found that scheelite 

recovery is very good in middle range particle size fractions from 9 to 250 µm. Figure 29 shows 

the WO3 recovery by size  fraction in the concentrate. Accordingly, lose to the tailings occurs 

mostly in the extreme size fractions and by quantity mostly in ultrafine fraction. Figure 30 

shows the WO3 distribution in feed and tailings of the scheelite flotation test. It is obvious that 

loses in the ultrafine sizes contributes most to the quality of overall results. To overcome this 

problem, Grasberg and Mattson (1979) proposed to replace the ball mill with a pebble mill in 

order to prevent overgrinding and production of fines. Besides the fact that concentration 

ratio for original process plant for WO3 was around 500 to 1, some other proposals have been 

made for improving of the overall concentrator efficiency including (Gräsberg & Mattson 

1979): 

 Scheelite intense flocculation can be considered as a possible solution for fine particles 

flotation 

 Concentrator must be kept flexible since several problems have been observed by even 

slight changes in the components specifically calcite 

 Smaller machines are needed for cleaner step due to the low tonnage sending to the 

cleaner step 

 

 

Figure 29: WO3 recovery by size fraction in concentrate of the scheelite flotation based on the results of Yxsjöberg new 

plant survey, January.to September 1978 (Source: Grasberg & Mattson 1979) 
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Figure 30: WO3 distribution by size fraction in feed and tailing of the scheelite flotation based on the results of 

Yxsjöberg new plant survey, January.to September 1978 (Source: Grasberg & Mattson 1979) 

 

2.4. Secondary Tungsten Processing Examples and Innovative Cases 

In this section, a list of tailings processing plants for recovering tungsten from secondary 

resources around the world have been presented in Table 11. It is obvious that in most 

cases, flotation is the backbone of the most of the plants presented. This is due to the fact 

that secondary resources may contain fine particles and that one of the conventional 

methods widely used to recover fine particles is flotation. However, new improvements 

and breakthroughs have been achieved in other methods including gravity separators and 

magnetic separators to be able to process fine particles. 
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Table 11: List of tailing process plants for recovering tungsten around the world and corresponding methods (Oeqvist et 

al. 2016) 

Case Mine 
Main W 

Mineral 

Main Beneficiation 

Methods 
Comments 

Mo Flotation 

Tailings 

Luanchuan, 

China 
Scheelite Flotation 

1 rougher 

(Na2SiO3, P-1, T-

1 and cyanide) + 

2 scavengers (P-

1, T-1) + 2 

cleaners (5 stage 

at 85˚C) 

a) Historical 

mine tailings 

b) Current plant 

slimes tailings 

Panasqueira 

Mine Portugal 

Mostly 

wolframite -25 

microns in size 

Flotation, magnetic 

separation and 

gravity 

concentration 

concentrate of 

50 % to 55 % 

WO3 

Tailings 

Barruecopardo 

tungsten mine, 

Spain 

Scheelite, 

-1 mm: 0.093%; 

+1 mm: 0.088% 

spiraling  

Tungsten 

containing 

tailings of tin 

mine 

Tin mine in 

Bolivia 

WO3 grade of 

0.64% 

Chlorination 

segregation (copper 

mineral separated), 

flotation, high 

intensity magnetic 

separation, and 

gravity separation. 

Copper 

concentrate Cu 

25.04% at 

recovery 83.19 

%, tungsten 

concentrate 

WO3 60.22% at 

recovery 64.26% 

Old tailing 

dumps 

Kolar and 

Hutti gold 

fields in India 

Scheelite content 

from 0.01% to 

0.53% WO3 

Tabling, flotation 

and magnetic 

separation 

concentrate of 

65% WO3 

Old 

molybdenum 

mine tailings 

Tyrnyauz 

processing 

plant, Russia 

molybdenite, 

fluorite, calcite, 

scheelite 

Flotation 

Concentrate of 

54–55% WO3 at 

the recovery of 

61.91– 62.08% 

WO3 

 

Table 12 provides a list of innovative and newly developed separation schemes for 

recovering W from secondary resources. As it can be understood, most of newly built 

innovative process plants are based on combined methods for tailings re-processing and 

enhanced gravity separators play an important role in most of these plants. 
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Table 12: Innovative separation schemes for recovering W from secondary resources 

Case Target Method Comment/considerations Reference 

Tailings 

To recover 

fine 

wolframite 

Enhanced magnetic 

separation using 

dispersant 

Polymeric dispersant 

(Frolova 

et al. 

2014) 

Tailings 

To recover 

fine 

wolframite 

Combination of 

flotation, magnetic and 

gravity separation 

Reagents, intensities, 

dispersion 

(Clemente 

et al. 

1993) 

Tailings 

To recover 

scheelite 

from sulfide 

tailings 

Rough spiraling + 

sulfide flotation + 

shaking table 

 

(Cited in 

Oeqvist 

2016) 

Tailings 
To recover W 

and Ta 

Centrifugal separation 

+ sulfide flotation 

Centrifugal separation: 1 

roughing + 4cleaning step 

Sulfide flotation: 1 roughing 

+ 1 scavenging and 1 

cleaning step 

(Cited in 

Oeqvist 

2016) 

Tailings To recover W 

Centrifugal Separation 

+ high gradient 

magnetic separator 

 

(Cited in 

Oeqvist 

2016) 

Tailings 

To recover 

scheelite and 

wolframite 

Centrifugal Separation 

+ flotation + shaking 

table 

Bulk flotation of scheelite 

and wolframite, cleaning in 

heating flotation 

(Cited in 

Oeqvist 

2016) 

Tailings 
To recover W 

and Sn 

Suspended vibration 

cone concentrator 

Patented fine gravity 

separator 

(Cited in 

Oeqvist 

2016) 

Tailings 
To recover 

W, Mo and Bi 

Suspended vibration 

cone concentrator + 

flotation 

Flotation includes 1 roughing 

and 1 cleaning 

Flotation of Mo, Bi and W 

(both Scheelite and 

wolframite) in sequence 

(Cited in 

Oeqvist 

2016) 

Tailings 
To recover 

scheelite 

Flotation: New 

collector: FX-6 

Na2CO3 (1800 g/t) 

Na2SiO3 (2000 g/t) 

FX-6 (1800 g/t) 

(Cited in 

Oeqvist 

2016) 

Tailings 

To recover 

fine 

wolframite 

Flotation by chelating 

collectors 
 

(Cited in 

Oeqvist 

2016) 

Tailings 

Comprehensi

ve recovery 

of W, Cu, Sn 

Chlorination + 

flotation + magnetic + 

gravity separation 

Segregation T: 950˚C (45 

min), 3% calcium chloride, 

3% coke, Primary D95<74 

µm, Secondary D95<38 µm 

(Cited in 

Oeqvist 

2016) 

Ore 
To liberate 

Scheelite 

Selective fragmentation 

by high voltage pulse 

(HPV) 

W-skarn, improvement of 

scheelite liberation and 

decreasing grinding energy 

(E. Umur 

Kol et al. 

2015) 
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As it can be seen in Table 12, several innovative schemes have been used or processing 

secondary tungsten resources. To summarize, these methods along with other innovative 

potential technics for recovering secondary tungsten resources are presented in Figure 31. 

According to this figure, several surface based methods have been studied, including shear 

flocculation, column flotation, polymer flocculation, etc. Besides, strong breakthroughs have 

been achieved in the field of gravity separation. Enhanced gravity methods including 

different types of centrifugal concenters proved to be efficient for processing secondary 

tungsten resources. 

 

 

Figure 31: Areas of innovative potentials for recovering secondary tungsten resources 

 

  

Surface Based Methods

•Froth Flotation

•Shear flocculation

•Carrier flotation

•Column flotation

•Polymer flocculation

•Oil-based methods

•Electro/Vaccum/Precipitate 
flotation

Gravity Concentration

•Centrifugal concentration

•Hydrocyclones

•Mozley's equipment

Magnetic/Electrostatic 
Concentration

•High intensity/gradient
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3. Materials and Methods 
The REMinE project test works are based on the samples obtained during two (2) 

different sampling campaigns. Figure 32 shows the location of drill holes of campaign 2 at 

the Yxsjöberg historical tailings repository. After extracting the drill cores, each core was 

separated into smaller samples based on their wet in-situ visual color and texture. Figure 

33 shows the vertical profile of each drill core based on the different layers observed. In 

each vertical profile, each color represents a different layer in the tailings repository. Hence, 

the drill core from drill hole 1 encompassed 11 different layers, drill cores 2 and 4 had 7 

different layers each, and drill cores 3, 5, 6 and 7 consisted of 6, 5, 3 and 1 layer, respectively. 

Drill core 1 was selected to be studied in this thesis work since it encompassed the most 

variety of layers.  

It should be noted that the tailings repository sampling, division of the drill cores into 

smaller samples based on the observed layers, and generation of the drill cores vertical 

profiles shown in Figure 33 was done by Jane Mulenshi, who is the PhD student in WP3 of 

the REMinE project at LTU. 

 

 

Figure 32: REMinE project sampling campaign 2 drill hole locations 
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Figure 33: Drill cores vertical profiles (Mulenshi, 2017) 

 

After separating the different layers of the extracted cores (total number of 5 cores from 

drill hole 1, with each core approximately 1.2 m), layers with similar visual color and texture 

were mixed and named as one sample. Naming protocol for all samples is as provided as 

below: 

 

The S stands for Sample, 2 stands for sampling campaign 2, 1 stands for drill hole 1 and last 

two digits XX range from 01 to 11 represents different samples. Table 13 lists the samples, 

their IDs and how these are made up of different layers. For example, sample S2101 contains 

the material of drill core 1 from the length 0 to 87 centimeter and sample S2102 contains the 

material of the same drill core but from length 87 to 116 mixed with drill core 2 from the length 

0 to 28 centimeter. Note that the slight intermixing of the layers is due to the removal of 

significantly different thin layers appearing within larger layers, which are to be considered 

as separate samples especially for characterization. However, it can be assumed in general 

that by increasing the last two digits from 01 to 11, the depth from where the sample is taken 

will increase. For instance, sample S2101 is at the top while sample S2111 is at the bottom of 

the tailings repository. 

 

S21XX 
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Table 13: Sample IDs and their corresponding layers 

Sample 

ID 

Combined Layers Scheme 

Lot 1 Lot 2 Lot 3 

C
o

re
 ID

 

F
ro

m
 

(cm
) 

T
o

 (cm
) 

L
 (cm

) 

C
o

re
 ID

 

F
ro

m
 

(cm
) 

T
o

 (cm
) 

L
 (cm

) 

C
o

re
 ID

 

F
ro

m
 

(cm
) 

T
o

 (cm
) 

L
 (cm

) 

S2101 1 0 87 87   

S2102 1 87 116 29 2 0 28 28  

S2103 2 28 58 30   

S2104 2 58 90 32 3 7 18 11 3 24 102 78 

S2105 3 0 7 7 

  
S2106 3 18 24 6 

S2107 4 0 5 5 

S2108 4 5 57 52 

S2109 4 57 98 41 5 3 76 73  

S2110 5 0 3 3 
  

S2111 5 76 93 17 

 

The picture of the samples presented in Figure 34 that shows their visual differences in 

terms of color and texture after drying. The drying process for all samples was done by 

storing the samples in the oven for 48 hours at the temperature of 105˚ Celsius. After 

drying, all samples were weighed and split into a number of replicates to be used for 

different tests except for the very small samples that could not be further split. For naming 

of the replicate samples, an underscore (_) followed by r, which stands for replicate and 

then a digit X that starts from 1 to any number of available replicates as follows:  

 

In order to produce representative replicates, splitting of the samples was done using 

riffle splitters (pictures presented in Appendix 8). Samples S2105, S2106, S2107 and S2110 

were not split into any replicates since their initial quantities were not sufficient to be 

replicated. The list of other samples and their number of replicates are presented in Figure 

35. 

 

S21XX_rX 
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Figure 34: Appearance of different samples from S2101 to S2111 

 

 

Figure 35: List of samples and number of their replicates after sample splitting using riffle splitter 

 

3.1. Characterization Test Works 

Characterization of historical tailings samples was done to identify two (2) groups of 

characteristics as given in Figure 36, with basic characteristics to include moisture content, 

specific gravity and particle size distribution, and main characteristics to include elemental 

composition, mineralogical composition and minerals liberation condition.  

 

 
Figure 36: Parameters to be considered in the characterization of the historical tailings samples 

S2101

S2101_r1
S2101_r2
S2101_r3
S2101_r4
S2101_r5
S2101_r6
S2101_r7
S2101_r8

S2102

S2102_r1
S2102_r2
S2102_r3
S2102_r4

S2103

S2103_r1
S2103_r2
S2103_r3

S2104

S2104_r1
S2104_r2
S2104_r3
S2104_r4
S2104_r5
S2104_r6
S2104_r7
S2104_r8
S2104_r9

S2108

S2108_r1
S2108_r2
S2108_r3
S2108_r4
S2108_r5
S2108_r6
S2108_r7
S2108_r8

S2109

S2108_r1
S2108_r2
S2108_r3
S2108_r4
S2108_r5
S2108_r6
S2108_r7
S2108_r8
S2108_r9

S2111

S2111_r1
S2111_r2

Basic Characteristics

•Moisture Content

•Specific Gravity

•Particle Size Distribution

Main Characteristics

•Elemental Content

•Mineralogical Content

•Minerals Liberation Conditions
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Moisture content was measured simply by difference in the weight of the samples 

before and after drying. In order to have an accurate measurement of the moisture content, 

all samples were kept in tightly closed containers with minimum opening time in order to 

minimize moisture evaporation. However, the moisture that was lost due to the 

condensation and adhesion to the container could be a source of error.  

Specific gravity of each sample was measured by AccuPyc II 1340 Pycnometer in the 

mineral processing laboratory of Luleå University of Technology, shown in Figure 37. 

Weighing of samples taken for density measurement needs to be measured with a high-

resolution scale. In this regard, a special scale with accuracy of ten-thousandth of gram 

utilized specially for this purpose. The principle of density measurement by the mentioned 

method is based on gas pycnometry. The first step is to prepare a dried sample of about 25 

gram and measuring the accurate weight of up to at least four digit. The sample has to be 

placed in a special compartment, which has a known volume, then sealed and inserted into 

the device. The pycnometer will measure the volume of the sample by gas replacement. 

Usually a neutral gas, in this case helium, will discharge to the compartment and then will 

be expanded into another compartment with known volume. The pressure of the gas 

before and after expansion is measured and is used to compute the sample volume. By 

dividing the obtained volume into the sample weight, which has been measured before 

and inserted into the device by its keyboard will gives the density of the sample. This 

procedure has been done 5 times for each measurement and average them automatically 

to give the most accurate result (AccuPyc n.d.) 

 

 
(A) 

 
(B) 

Figure 37: AccuPyc II 1340 Pycnometer (A) and a high-resolution scale (B) used for weighing of the samples before 

density measurement 

 

Particle size distribution of the samples was measured for all samples and their 

replicates to assess the representability of the samples in six size particle fractions with 

sieve aperture sizes as listed in Table 14. For dry sieve analysis, at least 150 grams of sample 
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were used to give the more representative result unless the primary sample was less than that 

amount. Figure 38 shows the number of replicates for each sample that were analyzed for 

particle size distribution. Sieve sizes were chosen with regard to the discharge size fractions 

of the former process plant, availability and standard sizes clarified by literature. For some of 

the samples whose considerable portion was fine, two (2) more sieves were added to the list 

as 53 and 38 μm. All sieving was done for 10 minutes with sieve shaker RO-TAP® Sieve 

Shaker model RX-29, shown in Appendix 10. 

 

Table 14: Particle size classes used to identify size distribution of the samples 

No. Size Classes (μm) 

1 + 1100 

2 + 600, - 1100 

3 + 300, - 600 

4 + 150, - 300 

5 + 75, - 150 

6 -75 

 

 
Figure 38: List of replicates of the samples considered for particle size distribution 

 

In this thesis, characterization works will provide information for processing of the tailings, 

and environmental impact considerations. In this regard, the following main characteristics 

will be considered for the tailings under study: 

 Elemental analysis of the tailings for all samples on different scales (major, minor and 

trace), in the bulk samples and particle size fractions; 

 Mineralogical identification (primary and/or secondary minerals) 

 Minerals liberation status including their associated texture and minerals  

As shown in Figure 39, characterization test works were done in three major phases from 

the point of timing and priorities. After preparing the samples in bulk and particle size 

fractions, elemental analysis was done using the inductively coupled plasma - sector field 

mass spectrometry (ICP-SF-MS) method. Table 15 shows which of the samples were analyzed 

by size fraction and which were in bulk. Note that the samples that were analyzed in bulk did 

not have sufficient quantities required for the ICP-SF-MS method in each size fraction. In this 

method (ICP-SF-MS), 10 oxides including SiO2, Al2O3, CaO, Fe2O3, K2O, MgO, MnO, Na2O, 

P2O5 and TiO2, and 21 elements including As, Ba, Be, Bi, Cd, Co, Cr, Cu, Hg, Mo, Nb, Ni, Pb, 

S, Sc, Sn, Sr, V, W, Y, Zn and Zr were measured. 

S2101

S2101_r1
S2101_r2
S2101_r3

S2102

S2102_r1
S2102_r4

S2103

S2103_r3

S2104

S2104_r1
S2104_r2
S2104_r3

S2108

S2108_r1
S2108_r2
S2108_r3

S2109

S2108_r1
S2108_r2
S2108_r3

S2111

S2111_r1
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Figure 39: Designed approach for characterization of tailings samples 

 

Table 15: List of samples analyzed in each characterization method 

Sample 

ID 

Characterization method and sample used 

Elemental Analysis Optical Microscopy XRD SEM Based Measurements 

S2101 Size Fraction Bulk Bulk - 

S2102 Size Fraction Bulk - - 

S2103 Size Fraction Bulk - - 

S2104 Size Fraction Bulk Bulk 17 Points 

S2105 Bulk Bulk - - 

S2106 Bulk Bulk - - 

S2107 Bulk Bulk - - 

S2108 Size Fraction Bulk Bulk - 

S2109 Size Fraction Bulk, Fraction -75 μm Bulk 30 Points 

S2110 Bulk Bulk - - 

S2111 Bulk Bulk - - 

 

For optical microscopy studies, all samples were chosen as bulk along with the fraction 

below 75 μm of sample S2109. An amount of 3±0.1 gram was taken from each sample by 
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riffle splitting, and the polished samples were prepared. Figure 40 shows the polished samples 

that were prepared for optical microscopy study. Optical microscopy studies were done by 

ZEISS Axiophot Fluorescent Microscope (Appendix 13(A)) and the pictures of the microscopy 

were captured by an on-board Infinity HD Camera, shown in Appendix 13(B). A total number 

of 255 images were captured as presented in Table 16. 

 

 

Figure 40: Polished samples prepared for optical microscopy studies 

 

Table 16: Number of pictures captured for optical microscopy studies 

Sample ID No. of pictures 

S2101 24 

S2102 11 

S2103 16 

S2104 23 

S2105 15 

S2106 16 

S2107 21 

S2108 49 

S2109 16 

S2110 25 

S2111 21 

S2109 (-75 μm) 11 

General pictures 7 
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All pictures were captured from parts on the surface of the polished samples where 

scheelite grains were observed. According to Figure 41, counting-based quantitative 

liberation analysis on all samples was done based on the condition of scheelite particles in 

three (3) different modes including fully liberated, binary with other minerals, and locked 

in other minerals. All scheelite particles in the pictures were counted in these conditions 

and categorized in five (5) different size ranges as -75 μm, 75 to 150 μm, 150 to 300 μm, 300 

to 600 μm and more than 600 μm. Furthermore, the distribution of liberated scheelite 

particles for sample S2109, which mostly occurred in the fine fraction (-75 μm), was 

identified by the same approach on the polished sample S2109_-75 in four different size 

ranges including -10 μm, 10 to 38 μm, 38 to 53 μm and 53 to 75 μm. 

 

 
(A) 

 
(B) 

 
(C) 

Figure 41:Schematic condition of scheelite particles assumed for counting-based quantitative liberation analysis 

including fully liberated particles (A), binary with other minerals (B) and locked in other minerals (C) 

 

Four (4) most important (based on their mass distribution) samples were chosen for X-

ray Diffraction (XRD) analysis. The obtained raw data was analyzed by HighScore Plus 

software to distinguish possible present phases. Parameters for determining background 

and searching the peaks set in HighScore Plus software are provided in Figure 42. These 

settings considered the same for all samples that have been tested. In order to search the 

best match, all the presented elements were chosen based on the elemental analysis results 

and the knowledge of literature. The list of chosen elements is presented in Appendix 14. 

Among the proposed phases by the software, the best matches were selected with regard 

to the three (3) main pick strengths of each phase published in Webmineral Mineralogical 

Database (www.webmineral.com). 

 

 
(A) 

 
(B) 

Figure 42: Determining background (A) and search peaks parameters (B) set in HighScore Plus software 

http://www.webmineral.com/
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For Scanning Electron Microscopy (SEM) studies including Energy-Dispersive X-ray 

Spectroscopy (EDS) and Back Scattered Electron (BSE) imaging, two (2) most important (based 

on their mass distribution) samples were chosen as listed in Table 15. Note that the same 

polished samples that were used for optical microscopy studies were carbon coated in order 

to be used for SEM studies. These analyses were done using the Merlin SEM – Zeiss Gemini 

device at SEM laboratory at Luleå University of Technology. Elemental spectrum of different 

points on the samples was obtained by INCA-Oxford Instruments software. Back Scattered 

Electron images were also captured during the measurements. 

Point-based elemental composition of different minerals, which obtained by SEM studies, 

gave a good insight for the confirmation of the selected phases in XRD data interpretations. 

Moreover, these elemental compositions obtained coupled with BSE images helped on 

confirming the identification of minerals observed under microscope. The minerals chemistry 

data was also used as an average for conducting element-to-mineral conversion. Element-to-

mineral conversion of the elemental analysis has been done to identify minerals flow in 

different streams of the separation tests, and in different size fractions of the samples. 

3.2. Separation Test Works 

Based on the results obtained by characterization test works and knowledge of literature, 

three main separation methods were chosen as pre-feasible methods for further consideration. 

These methods included magnetic separation, gravity separation and flotation. Among these 

three, magnetic separation and gravity separation were done on some of the samples. 

Magnetic separation tests were done at the Mineral Processing Laboratory in Luleå University 

of Technology. Table 17 presents the list of samples chosen and sample’s requirement 

considered for separation tests. Visibly, number of six (6) most important (based on their mass 

distribution) samples were chosen for this test. Sample specifications required for magnetic 

separation tests are included to have at least 150 grams sample available and have size fraction 

over 75 μm. Hence, samples that their available mass for this fraction (+75 μm) was not 

adequate were disregarded for this test. 

Magnetic separation tests were done with both low intensity and high intensity. The low 

intensity magnetic separator (LIMS) and high intensity magnetic separator (HIMS) were used 

for the tests and their separation mechanisms are presented in Figure 43 and Figure 44, 

respectively. Low intensity magnetic separators (LIMS) are designed to treat ferromagnetic 

and strong paramagnetic materials. Principal of separating is based on a rotating drum and 

feeding on the top on the drum. By passing from a permanent magnet with an intensity of less 

than 0.3 tesla, ferromagnetic and strong paramagnetic particles will be separated from non-

magnetic particles. Parameters that can be modified in this separator includes drum speed, 

feeding rate and the angle of separation blade (Wills & Finch 2015). 
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Table 17: List of samples chosen and its state considered for characterization test works 

Sample 

ID 

Separation tests have been done 

Magnetic Separation Gravity Separation 

S2101 + 75 μm - 600 μm 

S2102 + 75 μm - 

S2103 + 75 μm - 

S2104 + 75 μm - 600 μm 

S2105 - - 

S2106 - - 

S2107 - - 

S2108 + 75 μm - 600 μm 

S2109 + 75 μm - 600 μm 

S2110 - - 

S2111 - - 

 

 
(A) 

 
(B) 

Figure 43: Low intensity magnetic separator (LIMS) used for magnetic separation tests (A) and its separation 

mechanism (B) 

 

High intensity magnetic separators that can have intensity of up to two (2) tesla are 

capable of recovering weakly paramagnetic particles like dark silicates. According to 

Figure 44 (B), the high intensity magnetic separator that has been used for the tests includes 

a feeder, conveyer belt rounding around two drum and the front one encompasses the rare 

earth element (REE) magnet that is capable of producing up to 2 Tesla. Two (2) embedded 

separation blades will divide the material into magnetic, middling and non-magnetic 
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products. Parameters that can be modified in this separator includes drum speed, feeding rate 

and the angle of separation blades (Wills & Finch 2015). 

 

 
(A) 

 
(B) 

Figure 44: High intensity magnetic separator (HIMS) used for magnetic separation tests (A) and its separation 

mechanism (B) 

 

To acquire the best working condition to achieve the best separation results, some 

preliminary tests were done to identify a good operating condition based on visual 

comparison of different fractions obtained. Operating conditions, which were fixed, presented 

in Table 18 for both high intensity and low intensity magnetic separators. For the low intensity 

separator, the separating blade was fixed while the drum speed and feeding were modified 

to acquire the best separation results. For the case of high intensity, drum speed and feeding 

rate were fixed and the angle of separation blades was changed to find the position to give the 

best results Figure 45. 
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Table 18: Magnetic separators operating parameters had been chosen for tests 

Method 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 45: Separating planes position for HIMS 

 

After magnetic separation tests, products were sampled, prepared and analyzed 

elementally by ICP-SF-MS with the same protocol as primary samples. Table 19 shows the 

naming protocols for different products of the magnetic separation test works, which were 

analyzed elementally. Note that samples S2101_L_M, S2102_L_M, S2103_L_M and 

S2109_L_M were not tested elementally due to the low mass recovery, which was not 

adequate for elemental analysis. 

 

Table 19: Different products of the magnetic separation tests and the naming protocols have been devised for further 

analysis 

Products 
LIMS- Magnetic 

product 

HIMS- Magnetic 

product 

HIMS- Non-magnetic 

product 

S2101 S2101_L_M S2101_H_M S2101_H_N_M 

S2102 S2102_L_M S2102_H_M S2102_H_N_M 

S2103 S2103_L_M S2103_H_M S2103_H_N_M 

S2104 S2104_L_M S2104_H_M S2104_H_N_M 

S2108 S2108_L_M S2108_H_M S2108_H_N_M 

S2109 S2109_L_M S2109_H_M S2109_H_N_M 
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For gravity separation, Knelson enhanced gravity separation tests were done at Boliden 

AB laboratory with the laboratory scale separator, shown in Figure 46. According to Table 

17, four (4) samples were chosen for this test. According to the literature, to keep good 

working conditions a narrower size range is aimed to be tested. In this regard, fraction below 

600 μm of the samples were considered for separation tests. The laboratory Knelson 

equipment used is a non-continuous machine, hence, for each sample, the feed completely 

passed through the separator and light fraction and heavy fraction were recovered at the end. 

After putting each fraction aside for a while and filtering the water, the heavy fraction was 

labeled and stored for elemental analysis as first concentrate. Light fraction underwent 

another round of separation by passing them again through the separator. Three of the 

samples, S2101, S2104 and S2108 experienced second round of separation, and heavy fraction 

and light fraction were recovered, labeled and stored for elemental analysis. Sample S2109 

underwent one more separation step to obtain a three-point grade-recovery curve. Operating 

parameters of the laboratory scale Knelson enhanced gravity separator used in the tests are 

presented in Table 20. After multi-gravity separation tests, all products were sampled, 

prepared and analyzed elementally by ICP-SF-MS with the same protocol as primary samples. 

Table 21 shows the naming protocols for different products of the Knelson multigravity 

separation tests, which were analyzed elementally. 

 

 

Figure 46: Laboratory scale Knelson enhanced gravity separator 

 

Table 20: Operating parameters of the laboratory scale Knelson enhanced gravity separator 

Operating Parameters Unit Value 

Drum Speed rpm 1500 

Centrifugal force g 60 

Fluidization water flow rate L/min 3.5 

Fluidization water pressure kPa 2 
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Table 21: Different products of the Knelson multigravity separation test and the naming protocols devised for 

further analysis 

Products Concentrate 1 Concentrate 2 Concentrate 3 Tail 

S2101 S2101_Conc.1 S2101_ Conc.2 - S2101_ Tail 

S2104 S2104_ Conc.1 S2104_ Conc.2 - S2104_ Tail 

S2108 S2108_ Conc.1 S2108_ Conc.2 - S2108_ Tail 

S2109 S2109_ Conc.1 S2109_ Conc.2 S2109_ Conc.3 S2109_ Tail 

 

3.3. Element to Mineral Conversion (EMC) 

In order to investigate the mineral-based composition of the samples and performance 

of the separation tests based on minerals present, element to mineral conversion task was 

done by HSC 9.5.1 software. Element to mineral conversion is important since the 

separation process is based on the minerals properties (whether chemical or physical). 

Moreover, EMC will gives valuable insights on the performance of the process. In addition, 

elemental analysis of the material is cheaper than the mineralogical analysis methods.  

EMC was done in three (3) stages: (i) based on the bulk composition of the samples to 

achieve the best conversion protocol, (ii) on the particle size fractions composition to give 

a view on the distribution of the minerals, which could help on devising the best separation 

procedure and (iii) on separation products from the separation tests. However, all three (3) 

EMC stages were done with the same protocol obtained to be the best on bulk samples, 

and based on the bulk elemental composition. 

In the first step of the EMC, the list of possible present minerals were prepared, as 

presented in Table 22, based on literature studies, result of the XRD tests and SEM 

measurements. Since minerals in nature have rare stoichiometric composition, the actual 

elemental composition of some of the minerals obtained by SEM-EDS were used for the 

task, and for the rest of the minerals, stoichiometric composition was considered (Table 

22). As it can be seen, there is a total number of 42 minerals possibly present in the samples. 

EMC with the current list is a very complex task; therefore, in the first step the list has been 

simplified and reduced according to different facts. Firstly, among the four (4) Bi-minerals 

identified by SEM-EDS, only bismite was found to be present in considerable amounts 

based on XRD results. Therefore, bismite was kept among the four (4) identified Bi-

minerals. 

Secondly, XRD interpretation showed that garnet group is present in some of the 

samples and in minor amounts less than a percent, so, andradite, grossular and calcium-

eisenspessartin were discarded from the EMC list. Same interpretations showed actinolite 

as the main amphibole present, albite as the main feldspar, hedenbergite as the main 

pyroxene, calcite as the main calcite (in comparison with siderite) and annite as the main 

mica present in the samples and the rest of the mentioned groups were present only in 

minor amounts. Although, helvite, danalite and genthelvite were all observed by SEM 

measurements, helvite proved to be the dominant Be-mineral by XRD interpretations, 

hence, the other two (2) were discarded from the EMC list. The same observation was made 



55 
 

for titanite as the main Ti-mineral. Epidote and hisingerite were also not found to be present 

by XRD interpretations. 

Table 22: List of all possible minerals present and their corresponding source of elemental composition available 

No. Mineral Symbol Mineral Name Available Composition 

1 Qtz Quartz SEM-EDS 

2 Ccp Chalcopyrite SEM-EDS 

3 Fl Fluorite SEM-EDS 

4 Mag Magnetite SEM-EDS 

5 Py Pyrite SEM-EDS 

6 Sp Sphalerite SEM-EDS 

7 Po Pyrrhotite SEM-EDS 

8 Sch Scheelite SEM-EDS 

9 Ab Albite SEM-EDS 

10 CE-Sps Calcium-Eisenspessartin SEM-EDS 

11 Fe2-Hbl Hornblende SEM-EDS 

12 Fe2-Act Actinolite SEM-EDS 

13 Adr Andradite SEM-EDS 

14 Hd Hedenbergite SEM-EDS 

15 Bi Bismuth SEM-EDS 

16 Bim Bismite SEM-EDS 

17 Bif Bismutoferrite SEM-EDS 

18 Bth Bismuthinite SEM-EDS 

19 Ap Apatite Stoichiometric 

20 Hlv Helvite Stoichiometric 

21 Dnl Danalite Stoichiometric 

22 Gnt Genthelvite Stoichiometric 

23 Mo Molybdenite Stoichiometric 

24 Omn Omongwaite Stoichiometric 

25 Birn Birnessite Stoichiometric 

26 Coll Collinsite Stoichiometric 

27 Di Diopside Stoichiometric 

28 Olg Oligoclase Stoichiometric 

29 Mc Microcline Stoichiometric 

30 Grs Grossular Stoichiometric 

31 Clc Clinochlore Stoichiometric 

32 Ann Annite Stoichiometric 
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Table 23: List of all possible minerals present and their corresponding source of elemental composition available- 
Continue 

No. Mineral Symbol Mineral Name Available Composition 

33 Bt Biotite Stoichiometric 

34 Ms Muscovite Stoichiometric 

35 Cal Calcite Stoichiometric 

36 Sd Siderite Stoichiometric 

37 Cst Cassiterite Stoichiometric 

38 Ttn Titanite Stoichiometric 

39 Ep Epidote Stoichiometric 

40 Bn Bornite Stoichiometric 

41 Ilm Ilmenite Stoichiometric 

42 His Hisingerite Stoichiometric 

 

Omongwaite, birnessite, collinsite, annite and bornite were found to be present in major 

amounts in the samples by XRD interpretations. However, since their presence was not 

approved by any other means, they were discarded from the EMC list. Consequently, a 

total number of 42 minerals was reduced to 20 minerals for EMC task as provided in Table 

24.  

According to the minerals composition whether obtained by SEM-EDS or in 

stoichiometric mode, elemental composition of the samples was fed to the software and 

mineral phases were selected as presented in Table 24. Before this task, the chemical 

compositions of minerals, which were obtained by SEM-EDS, were added to the HSC Data. 

According to Table 25, Molybdenite, helvite, bismite, scheelite, sphalerite, chalcopyrite, 

apatite, biotite and titanite were selected for the first round since they are the only 

consumers for molybdenum, beryllium, bismuth, tungsten, zinc, copper, phosphate, 

potassium and titanium, respectively. Different protocols were tested to identify the best 

practical protocol that gives the best result close to the reality. Among these protocols, it 

was found that the only element that can constrain the hedenbergite production is lead, 

which is one of the only consumer of hedenbergite as an impurity. Otherwise, it would use 

the considerable portion of silica and convert to illogical amount of hedenbergite. Based on 

the result of magnetic separation tests and XRD results, it was found that the only mineral 

that uses the major portion of sulfur is pyrrhotite. Hence, hedenbergite and pyrrhotite were 

considered in the first round to consume lead and sulfur respectively, and the method 

considered was the least square method, as the basic one. 

After attributing the mentioned elements to the minerals in the first round, it was found 

that the remaining sodium is only consumable by albite, and manganese by actinolite. Since 

in the elemental analysis the grade of elements fluorine and carbon was not identified, it 

became a barrier to differentiate between fluorite and calcite since both are common in 

consuming calcium. However, since XRD data proved there was a considerable amount of 

fluorite in comparison to calcite, fluorite was allocated in the second round to consume 
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calcite. Least square method was considered for the round two (2) as well. The rest of the 

minerals were located in the third round to consume the rest of the elements by non-

negative least square method. 

 

Table 24: List of minerals used for EMC 

No. 
Mineral 

Name 
Available Composition 

1 Quartz SEM-EDS 

2 Chalcopyrite SEM-EDS 

3 Fluorite SEM-EDS 

4 Magnetite SEM-EDS 

5 Pyrite SEM-EDS 

6 Sphalerite SEM-EDS 

7 Pyrrhotite SEM-EDS 

8 Scheelite SEM-EDS 

9 Albite SEM-EDS 

10 Actinolite SEM-EDS 

11 Hedenbergite SEM-EDS 

12 Bismite SEM-EDS 

13 Apatite SEM-EDS 

14 Helvite Stoichiometric 

15 Molybdenite Stoichiometric 

16 Clinochlore Stoichiometric 

17 Biotite Stoichiometric 

18 Calcite Stoichiometric 

19 Cassiterite Stoichiometric 

20 Titanite Stoichiometric 
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Table 25: EMC protocol has been used in the task 

Round Mineral Element Method 

1 

Molybdenite Mo 

Least Square (LS) 

Helvite Be 

Bismite Bi 

Hedenbergite Sn 

Scheelite W 

Sphalerite Zn 

Chalcopyrite Cu 

Apatite P 

Biotite K 

Pyrrhotite S 

Titanite Ti 

2 

Albite Na 

Least Square (LS) Actinolite Mn 

Fluorite Ca 

3 

Quartz 

100 % - Total 

Rest 

Non-Negative Least Square 

(NNLS) 

Magnetite 

Pyrite 

Clinochlore 

Calcite 

Cassiterite 
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4. Results and Discussion 

4.1. Analysis of Former Yxsjöberg Process Plant 

In order to understand the state of the existing historical tailings, it is important to look at 

the process flowsheet of the Yxsjöberg processing plant. The process flowsheet will show what 

processes the tailings were coming from and gives an insight of the particle size range of the 

tailings. This information together with the production history of the plant, given in section 

1.2, will give a predictive view of the general composition of the tailings. Moreover, study of 

Yxsjöberg process flowsheet will be beneficial for giving recommendations about the future 

process options of the tailings. 

According to Hübner (1971), first, the underground jaw crusher in the mine operated to 

crush the material to under 30 mm. After hoisting, the ore is processed in the processing plant, 

its simplified flowsheet is presented in Figure 47. The flowsheet (Figure 47) represents the 

concept of the Yxsjöberg processing plant for the period 1936 to 1963, and shows the process 

stream from which the tailings repository resulted from. Three main separation methods have 

been used in this plant including gravity separation, magnetic separation and flotation 

(Hübner 1971). 

 

 

Figure 47: Simplified Yxsjöberg Original Processing Plant (Hübner 1971) 

 

Rothelius (1957) described the process plant in detail including the machinery as provided 

in Appendix 3, and the flowsheets for gravity separation, magnetic separation and flotation 

division (presented in Appendix 4 to Appendix 6). Scheelite and fluorspar are fragile minerals 

and tend to go to finer particle size fractions. Therefore, in order to prevent slimes production, 

Symons cone crusher and crushing rolls in closed circuit have been used to crush the material 

to -3 mm. Shaking tables are then used to enrich particles under 0.4 mm while jigs are used 

for particles between 0.4 to 3 mm. Afterwards, rod mill and ball mill have been used to further 
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grind the material to liberate the finer particles and then enrichment done by shaking 

tables. Outputs from this division either directed to the magnetic separation division as 

rough concentrates, or magnetic and non-magnetic slimes to the tailing ponds (-3 mm). The 

remained part directed to the sulfide and fluorspar flotation plant (Rothelius 1957). 

Rougher scheelite concentrate is first processed in a low intensity magnetic separator 

and then heated to 600˚C followed by high intensity magnetic separation. First magnetic 

separator removes pyrrhotite and then pyrite, garnet and other skarn minerals from the 

rough scheelite concentrate that are weak paramagnetic will be removed. Tailings from the 

gravity separation are sent to the flotation division. Sulphides are floated first by using 

xanthate as collector. Tailings from sulphide flotation are sent to the fluorite flotation 

where tall oil is used as collector and querbacho as depressant of carbonate minerals. In 

both flotation cases, sodium silicate is used as slime dispersant and viscosity reducer (Table 

26). Recovery of the scheelite, chalcopyrite and fluorite during the operational period of 

this plant have been reported by Rothelius (1957) and summarized in Table 27 (Rothelius 

1957; Day 2002). 

 

Table 26: List of reagents used in the Yxsjöberg original processing plant-flotation circuit (Source: Rothelius 1957; 

Day 2002) 

Reagents Flotation Circuit Function 

Xanthate Chalcopyrite Chalcopyrite collector 

Pinol Chalcopyrite  

Quebracho Fluorite Calcite (carbonates) depressant 

Sodium Silicate Chalcopyrite, Fluorite Slime dispersant and viscosity reducer 

Tall Oil Fluorite Fluorite collector 

 

Table 27: Summary of the operational conditions  of the Yxsjöberg original processing plant (Source: Rothelius 

1957) 

Period 
Concentrat

e 

Recovery 

(%) 

Grade in Concentrate 

(%) 

Contribution to the 

Total Value (%) 

1936-1953 scheelite >50 66-74 100 

1954-1963 

scheelite <70 66-74 80 

fluorite <50 >95 (<0.05 S) 15 

chalcopyrite 25  5 

 

4.2. Tailings Characterization 

4.2.1. Sample Splitting and Preparation 

Characterization test works started with sample splitting and particle size distribution 

(PSD) measurements. Sample splitting has been done to produce representative replicates 
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unless the initial available mass was not adequate. Figure 48 shows the mass distribution of 

different samples to the overall drill core mass. Hence, from the point of mass in drill core 1, 

Samples S2109, S2104, S2108, S2101, S2102 and S2103 are of high importance, respectively. 

Although, main characterization test works have been done on all samples, some separation 

test works considered just for the samples that have more mass available. To investigate the 

replicability of the samples, different replicates of the samples has been analyzed for particle 

size distribution. Figure 49 shows the particle size distribution curves of different samples and 

their replicates. According to this figure, all PSD curves of different replicates of each sample 

are precisely match that shows the quality of sample splitting as representative samples. 

 

 

Figure 48: Comparison the masses distribution of different samples 

 

 

 



62 
 

  

  

  
Figure 49: PSD curves of the replicates of different samples 

 

To calculate a unique distribution curve for each sample, masses of each size fraction 

for each sample have been combined and the universal PSD curves of all samples have 

been produced that are drawn together in one graph, presented in Figure 50 (A). As it can 

be seen, there are two main size distributions. Majority of the samples are coarse grain and 

two samples have more fine grain PSD curves. Investigations and the obtained historical 

data show that discharges from the former plant, which included discharges from magnetic 

separation, gravity separation and flotation circuits, have been randomly deposited to the 

tailing dam. Figure 51 shows a historical 1963 airborne picture that has been captured from 

the tailings dam, indicating the different discharge point of the process plant. Moreover, 

during past years a number of different studies and tests have been done on these tailings, 

which involved inevitable mixing of different parts of the tailing body. 
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According to Figure 50 (B), most of the samples have the D80 size of about 600 μm except 

the two samples S2106 and S2111, which have D80s of about 100 μm. It means that the two fine 

grain layers located one in the middle and other at the bottom of the tailing pond. 

 

 
(A) 

 
(B) 

Figure 50: PSD curves of all samples (A) and D-80 Vs depth/sample (B) 

 

 

Figure 51: Historical picture of the tailings dam taken in 1963 shows different discharge points (Swedish Land Survey, 

2016) 

 

In the next step of primary characterization test works moisture content and density 

measurements done on the bulk samples. Figure 52(A) shows the D80 values of the samples 
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that plotted versus moisture content. According to this figure, moisture content has 

correlation with D80 and the two fine-grain samples (S2106 and S2111) have considerably 

higher moisture content than others. The other samples have almost the same moisture 

content level. Density of different samples measured and plotted in Figure 52(B). 

Obviously, all the samples have more or less the same density values around 3.2 grams per 

cubic centimeter except the sample at the bottom of the tailings. This slight decrease in 

density could be due to the abundant presence of organic matters like small remnants of 

branches of the threes or other herbs or maybe different in mineralogical content. 

 

 
(A) 

 
(B) 

Figure 52: D80 vs. moisture content (A) and Density of the samples (B) 

 

4.2.2. Characterization Results 

4.2.2.1. Elemental Analysis 

The main characterization test works started with elemental analysis. Elemental 

analysis results showed that none of the samples contains two environmentally hazardous 

elements arsenic (As) and mercury (Hg). Hence, emphasis has been put on other elements 

of economic and environmental concern including tungsten (W), copper (Cu), beryllium 

(Be), bismuth (Bi) and sulfur (S). In the first place, tungsten grade distribution has been 

plotted versus depth, shown in Figure 53. This figure shows that most of the samples have 

tungsten content of about 1000 ppm except for sample S2102 that reaches to 2000 ppm and 

samples S2109 and S2111 that decreases to a value of around 500 ppm. 

Considering Figure 54 that shows the deviation of other elements of concern (Cu, Be, Bi, 

S) by depth, it can be concluded that sample S2111 has been depleted of these elements. 

Copper, beryllium and bismuth have low deviations by depth but sulfur content fluctuates 

more drastically. Knowledge of the history of the plant shows that in different points in the 

history of the mine, dressing operations ceased and ran again several times and these 

ceasing and running in different periods will cause different time periods of tailing surface 

exposure to the atmosphere. This long exposure to the atmosphere may results on 

weathering and desulfurization of surficial layers of the tailings in the form of acid mine 

drainage (AMD). As it can be seen in Figure 54(D), there are three main desulfurized zone 

in the section, first one is in the surface and two other at the nominal depth of 3 and 6. The 

number of two desulfurized zones corresponds to the two time ceasing of the dressing 



65 
 

operations during the history of the plant. Among these elements, beryllium shows the lowest 

mobility in the tailing dam. 

 

 

Figure 53: W grade distribution vs depth 

 

 
(A) 

 
(B) 

 
(C) 

 
(D) 

Figure 54: Elements of concern distribution vs. depth for copper (A), beryllium (B), bismuth (C) and sulfur (D) 

 

Six samples were analyzed by elements and by size fraction to investigate the grade of 

elements of concern in different size ranges. Figure 55 shows the tungsten grade versus size 

fractions for the six samples. This figure reveal that all samples follow the same U-shape 
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pattern for their tungsten grade. It means that the grade of fine or coarse size fractions are 

higher than the mid-size range. Although, the grade for fine fractions are much higher than 

coarse fractions, it can be concluded that separation efficiency was low for both fine and 

coarse size fractions. Moreover, due to the brittleness nature of tungsten minerals, they 

tend to be lost as fine more rigorously than other minerals. Same concept applies to the 

copper separation circuit, as Figure 56(A) shows the same behavior as tungsten. Same 

pattern (U-shape) can be observed for the sulfur grade (Figure 56(D)) and since it never 

was an element of economic concern, behaving the same pattern as tungsten and copper 

may be partly due to relative deportment by mass and partly association with copper in 

the form of chalcopyrite. 

On the contrary, beryllium minerals are hard (e.g. genthelvite hardness is about 6 to 6.5 

on Mohs scale) and their grinding behavior in milling process in homogenous; therefore, 

having a constant grade distribution over size fractions may be due to the hard nature of 

beryllium minerals. Bismuth grade also shows a constant distribution except the first two 

samples which correspond to the surface of the tailing. This implies that weathering effect 

may be the reason why sulfur ends up to the fine fractions f; however, it needs to be 

clarified by additional experiments. 

 

 

Figure 55: Tungsten grade distribution vs size fractions for six samples 
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(A) 

 
(B) 

 
(C) 

 
(D) 

Figure 56: Grade distribution vs size fractions for copper (A), beryllium (B), bismuth (C) and sulfur (D) 

 

When the mass distribution on different size fractions considered, it has been found that 

tungsten content has two different distribution, as illustrated in Figure 57. The samples that 

correspond to the younger tailings (Figure 57(A)) have a bell shape distribution while older 

tailings (Figure 57(B)) have more tungsten content in fine fraction. Studying the history of the 

process plant of the Yxsjöberg mine revealed that at the beginning, process plant grinding 

circuit was working with a primary rod mill and a secondary ball mill in a raw. However, 

former investigations during the operation showed that the secondary ball mill produce more 

fine and therefore tungsten loss as fine is high; consequently, they replaced the secondary ball 

mill with a secondary rod mill, so the new plant included two rod mill in a raw to produce 

less fine. Based on these facts, it can be note that having two different tungsten content 

distributions over size fraction could be explained by the mentioned change in the process 

plant. 
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(A) 

 
(B) 

Figure 57: Tungsten mass distribution vs size fractions, two different distribution (A) and (B) 

 

After investigating the distribution of different elements of concern in bulk samples and 

size fractions, mineralogical studies were done on both bulk and size fraction samples 

based on the result of element-to-mineral conversion (EMC). The method used for element-

to-mineral conversion has been introduced in section 3.3. Scheelite grade distribution by 

depth is plotted in Figure 58. The same distribution graphs are plotted for chalcopyrite, 

helvite and bismite and presented in Figure 59 (A), Figure 59 (B) and Figure 59 (C), 

respectively. It is obvious that these four minerals have the same expected distribution 

versus depth with those of the corresponding elements including tungsten, copper, 

beryllium and bismuth. 

 

 

Figure 58: Scheelite grade distribution vs depth 
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(A) 

 
(B) 

 
(C) 

Figure 59: Minerals of concern distribution vs depth including chalcopyrite (A), helvite (B) and bismite (C) 

 

Figure 60 presents the distribution graphs over depth for apatite (Figure 60 (A)), sum of 

fluorite and calcite grade (Figure 60 (B)) and pyrrhotite (Figure 60 (C)). Apatite grade is 

averagely about 0.05 percent that is very close to the standard requirements for scheelite 

concentrates. Therefore, apatite may not be big challenge for the production of scheelite 

concentrate. On the contrary, fluorite and calcite grade together reach up to the 20 percent. 

Pyrrhotite distribution over depth also follows that of the sulfur distribution. Note that all 

these minerals including scheelite, chalcopyrite, bismite, helvite, apatite, fluorite, calcite and 

pyrrhotite are depleted in the last zone (corresponding to sample S2111). 

 

 
(A) 

 
(B) 

 
(C) 

Figure 60: Main gangue minerals distribution vs depth including apatite (A), fluorite + calcite (B) and pyrrhotite (C) 
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Figure 61 shows the same graph for main silicate gangue minerals including quartz, 

actinolite, albite and hedenbergite. As it can be seen, dark silicates like actinolite (Figure 61 

(A)), which could be paramagnetic, made up the major portion of the tailings. Albite 

(Figure 61 (B)) and hedenbergite (Figure 61 (C)) grades barely reach to 15 and 8 percent, 

respectively. Again, sample S2111 that corresponds to the bottom of the tailings depleted 

in hedenbergite and contains mainly albite as a clay mineral and rest quartz and actinolite. 

Distribution of other minerals including sphalerite, titanite, biotite and clinochlore versus 

depth have been provided in Appendix 16 (A), Appendix 16 (B), Appendix 16 (C) and 

Appendix 16 (D), respectively.  

 

 

  

(A) (B) (C) 
Figure 61: Main silicate gangue minerals distribution vs depth including quartz and actinolite (A), albite (B) and 

hedenbergite (C) 

 

Result of element-to-mineral conversion made it possible to estimate the grade of fluor 

in the tailings. The grade of fluor, which is the main element in fluorite mineral, has not 

been measured by elemental analysis. However, grade of calcium, which is the other 

element of fluorite, has been measured. After element to mineral conversion, based on the 

amount of fluor consumed to produce fluorite, the grade of fluor calculated and reported 

by HSC software. Figure 62 shows the graph of estimated fluor grade for eleven bulk 

samples. Note that since HSC software used available calcium to produce fluorite and 

produced no calcite, the values presented in Figure 62 should be considered as maximum 

possible grade of fluor. To verify the validity of the estimated grades, the total grade of 

elements that has not been measured by elemental analysis (100 percent minus measured 

elements) have been added in the same figure. Obviously, estimated fluor grade should be 

lower than the total grade of elements that have not been measured. 
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Figure 62: Comparison between estimated fluor content and total grade of other elements not measured by elemental 
analysis in bulk samples 

 

Same element-to-mineral conversion has been done for size fraction samples to analyze the 

distribution of minerals by size fractions. Figure 63 shows the scheelite distribution versus 

size fractions and as expected it has the same behavior as tungsten element. Distribution of 

other minerals of concern, whether economic or environmentally, and gangue minerals 

distribution show slight fluctuation versus size fractions. These graphs for chalcopyrite, 

helvite, bismite, pyrrhotite titanite and sphalerite are presented in Figure 65 and Figure 64. 

Among these minerals, helvite and sphalerite do not show any special changes by size fraction 

while chalcopyrite, pyrrhotite, titanite and bismite show the same behavior as scheelite. 

Corresponding graphs for albite and apatite are presented in Figure 64 (E) and Figure 64 (F), 

respectively. Other minerals including chalcopyrite, biotite, hedenbergite, fluorite and calcite, 

actinolite and quartz (better to consider summation of actinolite and quartz) have a constant 

distribution with regard to size fractions; their corresponding graphs have been presented in 

Appendix 17 (A), Appendix 17 (B), Appendix 17 (C), Appendix 17 (D), Appendix 17 (E) and 

Appendix 17 (F). The same procedure as in the bulk samples has been followed to estimate 

the grade of fluor in size fraction samples and the results are presented in Appendix 18. For 

the size fraction samples also, obtained grades of fluor are close to those of bulk samples. 
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Figure 63: Scheelite grade distribution vs size fractions for six samples 

 

 
(A) 

 
(B) 

 
(C) 

 
(D) 

 
(E) 

 
(F) 

Figure 64: Gangue minerals distribution showing slight differentiation versus size fractions including bismite (A) 
helvite (B), titanite (C), sphalerite (D), albite (E) and apatite (F) 
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(A) 

 
(B) 

Figure 65: Minerals of concern distribution vs size fraction including chalcopyrite (A) and pyrrhotite (B) 

 

4.2.2.2. Optical Microscopy Studies and Liberation Analysis 

First step in optical microscopy studies and scheelite liberation investigations is to 

distinguish and target the scheelite particles under the microscope. Since polished samples 

are used to study the tailings, scheelite particles and Bi-mineral particle have almost the same 

luminance and brightness under the normal light and it is hard to differentiate between them. 

Hence, different filters were applied to find some easy-to-find differences. Thanks to the 

fluorescence nature of scheelite particles (Figure 66), blue filter has been found to be effective 

for this purpose. 

 

 

Figure 66: Scheelite particles under UV lamp 

 

It is known that by applying blue filter on the microscope all bright minerals will suppress 

in luminance except for scheelite. Moreover, in this condition there are some visible 

differences between scheelite and Bi-minerals particles. These differences helped on 

distinguishing scheelite particles from other minerals. One of the differences is that due to the 
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brittle nature of scheelite particles, scheelite grains normally have sharp tips while Bi-

minerals have smooth perimeter. The other difference is that scheelite surface luminance 

is observed constant in brightness in the surface of the mineral, while Bi-mineral surface 

luminance has curvature and then has depth. In addition, most of the scheelite particles 

encompass some cracks in them due to the brittleness nature of this mineral. Figure 67 

shows the difference between part of the sample S2102 under the microscope with and 

without filter. 

 

 
(A) 

 
(B) 

Figure 67: Targeting scheelite under microscope, (A) normal light, (B) after applying blue filter (pictures taken from 

polished sample S2102) 

 

After training on scheelite distinguishing, all polished samples were analyzed under the 

microscope and a total number of 255 images has been captured. Later on, important 

observations will be described sample by sample. Figure 68 shows some of the 

observations of the sample S2101 under the microscope. As it can be observed, there are 

some liberated big scheelite particles (Figure 68(A)). Presence of big liberated scheelite 

particles means that gravity circuit in the former plant, which was in charge of recovering 

big scheelite particles, was not working efficiently, i.e. the problem of separation could be 

a reason for poor tungsten recovery.  

On the other hand, there are also some fine scheelite grains that are not liberated (Figure 

68(B)). Presence of big liberated scheelite particles along and fine locked grains shows the 

complexity of the ore from the point of scheelite grain size ranges. On the other hand, 

proves the presence of both separation problems and liberation problems in former process 

plant. Figure 68(C), which shows a big liberated scheelite particle full of cracks, will impose 

a special regard to the brittle nature of scheelite particles and its tendency to end up to the 

fine fraction. Some scheelite particles have been found to be coated, as Figure 68(D) shows. 

Presence of these coatings, which its nature would have been important (probably of 

secondary origin), should be investigated if surface-based separation methods like froth 

flotation are considered as processing options. These coatings might also affect magnetic 
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separation results if the coatings are paramagnetic compounds like iron hydroxides. In case 

of utilizing surface-based separation technics, methods to remove these coatings should be 

investigated. Normally, attrition mills may be able to remove such coatings. The same 

observations as sample S2101 are found for sample S2102 and an example has been shown in 

Figure 67. 

 

 
(A) 

 
(B) 

 
(C) 

 
(D) 

Figure 68: Some of the observation of the sample S2101 under the microscope including big liberated scheelite particle (A), 

fine locked scheelite grains (B), big liberated scheelite particle full of cracks (C) and scheelite rims (D) 

 

Figure 69 and Figure 70 show some of the observations from samples S2104 and S2105, 

respectively. The presence of fine liberated and non-liberated scheelite particles along with 

coarse liberated and non-liberated particles have been observed for both samples S2104 and 

S2105. Figure 69 (C) and Figure 70 (A) show some coarse liberated scheelite particles for 

samples S2104 and S2105, respectively, whereas, Figure 69 (B) and Figure 70 (B) show fine 

non-liberated scheelite particle for the mentioned samples. 
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(A) 

 
(B) 

 
(C) 

 
(D) 

Figure 69: Some of the observation of the sample S2104 under the microscope including big locked scheelite grains 
(A, D) fine locked scheelite grains (B) and big liberated scheelite particles (C) 

 

 
(A) 

 
(B) 

Figure 70: Some of the observation of the sample S2105 under the microscope including big liberated scheelite 
particles (A) and fine locked scheelite grains (B) 
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Same observations as sample S2101 have been found in samples S2103, S2107, S2108 and 

S2110 that are provided in Appendix 19, Appendix 20, Appendix 21 and Appendix 22, 

respectively. Scheelite grains are found in the mentioned samples to be in a wide size range 

from some micrometer to 1 millimeter in both conditions, locked and liberated. Samples 

S2106, S2109 and S2111 show a slightly different behavior that is going to be discussed here. 

Figure 71 shows some of the observation of the sample S2106 under the microscope including 

fine liberated scheelite particles and big locked scheelite grains. However, in this sample, big 

particles over 75 micron are rarely observed and mostly were locked in a complex manner. 

 

 
(A) 

 
(B) 

 
(C) 

 
(D) 

Figure 71: Some of the observation of the sample S2106 under the microscope including fine liberated scheelite particle 

(A, D) and big locked scheelite grains (B, C) 

 

If it is assumed that this sample (S2106) which has a D80 of about 200 μm (about 400 μm 

smaller than the other mentioned samples’ D80s) could be the discharge from the flotation 

circuit, it can also be understood that flotation circuit were able to recover scheelite particles 

coarser than 75 μm while rest ended up in the tailings. However, by looking closer at the 

sample, it can be observed that almost all of the scheelite particles under 75 μm are already 

liberated. Same observations as S2106 are found in sample S2109. After surveying the whole 
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surface of the S2109 polished section, only two windows containing big scheelite grains or 

grains locked in bigger particles of dark silicates have been observed (Figure 72). This 

observation is also coincide with the elemental analysis for this sample. Note that samples 

S2104 and S2109 have been carbon coated first for SEM analysis then carbon coats were 

removed but it affected the background color of epoxy under microscope and that’s why 

samples S2104 and S2109 background epoxy has a different color than the rest of the 

samples. 

 

 
(A) 

 
(B) 

Figure 72: Some of the observation of the sample S2109 under the microscope including big locked scheelite grains 

(A) and fine locked scheelite grains (B) 

 

To investigate more on fine fraction of sample S2109 and since this sample has higher 

importance (based on mass distribution) another polished section has been prepared for 

fraction -75 μm of this sample. Clearly, many scheelite particles are found in this fraction 

and mostly in liberated condition, as illustrated in Figure 73 in two scales. This observation 

also coincides with the result of elemental analysis for this sample. Scheelite particles in 

sample S2111 are rarely observed and mostly in the ultrafine size range (Figure 74). 

Beside the overall observations regarding the liberation condition of scheelite particles, 

some other observations are also found to be important including iron contamination and 

agglomerated particles that entrapped some liberated scheelite particles. Figure 75 shows 

two observed iron (steel) particles in samples S2105 (A) and S2106 (B). Although, these are 

the only iron particles are found in all polished samples, their presence should be 

considered for any possible processing in the future while they might make problem in 

some separation processes including flotation while simple magnetic separator at the 

beginning can easily discard them. The other phenomenon observed was the presence of 

agglomerated particles around other big particles that includes entrapped liberated 

scheelite particles. Their presence also has to be considered as liberating these entrapped 

scheelite particles might be easier than to liberate fine locked particles by simple attrition 

or scrubbing. Figure 76 shows some entrapped liberated scheelite particles in an 

agglomerate. 
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(A) 

 
(B) 

Figure 73: Fine liberated scheelite particles of sample S2109- fraction -75 μm in small scale (A) and big scale (B) images 

 

 
(A) 

 
(B) 

Figure 74: fine liberated scheelite particles of sample S2111 in small scale (A) and big scale (B) images 

 

 
(A) 

 
(B) 

Figure 75: Iron contaminations have been observed in the tailings polished sample of S2105 (A) and S2106 (B) 

Iron particles 
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Figure 76: Agglomerated particles have been observed in polished samples 

 

After observing the liberation condition of scheelite particles under the microscope and 

capturing the corresponding pictures, all 255 pictures were used for quantitative liberation 

analysis by point counting. The result of the main samples (from the point total mass 

contribution) are presented in Figure 77 and rest of the samples in Appendix 23. As it can 

be seen, in most of the samples population of locked particles in each size range is more 

than the binary and liberated particles except for samples S2105, S2106 and S2108, 

presented in Appendix 23 (A), Appendix 23 (B) and Figure 77 (E). 

From the Figure 77 (A), Figure 77 (C), Figure 77 (D), Figure 77 (E), Appendix 23 (A), 

Appendix 23 (C) and Appendix 23 (D) that correspond to samples S2101, S2103, S2104, 

S2108, S2105, S2107 and S2110, it can be found that majority of scheelite particles in size 

ranges over 300 μm are mostly liberated or have simple binary condition. No large scheelite 

particle over 300 μm is found in rest of the samples. However, for fine particles, most of 

the particles are locked. 

According to Figure 77 (F), major portion of the liberated scheelite particles in sample 

S2109 are in fine fraction that is coincide with tungsten and scheelite grade distribution for 

this sample. To get closer and to see how fine (-75 μm) particles behave in this sample, 

pictures taken from the polished sample S2109 (-75 μm) were analyzed quantitatively and 

results are presented in Figure 78. Note that in this sample and for the particles below 75 

μm, no locked or binary scheelite particles are observed. Out of 235 liberated fine particles, 

more than 60 percent have the sizes below 10 μm and totally around 90 percent below 38 

μm. These are the size ranges that are barely visible in the bulk polished samples. 

Therefore, the uncertainty regarding ultrafine particles for other bulk samples should be 

investigated.  

From the point of separation, special attention should be put to fine and ultrafine size 

ranges as sample S2109 contributes to the major portion of total sample masses and 

probably to the total tailings mass. 

Entrapped fine scheelite 

particles in agglomerated 

zone 
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(B) 

 
(C) 

 
(D) 

 
(E) 

 
(F) 

Figure 77: Quantitative results of liberation analysis for six main samples from the point of mass distribution for S2101 
(A), S2102 (B), S2103 (C), S2104 (D), S2108 (E) and S2109 (F) 

 

 

Figure 78: Distribution of liberated fine particles in different size ranges below 75 μm for sample S2109 
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4.2.2.3. X-Ray Diffraction (XRD) Measurements 

X-ray diffraction analysis of samples S2101, S2104, S2108 and S2109 were done to 

investigate the major (and possibly minor) phases might be present in the tailings. Figure 

79 shows the peaks of the XRD measurement for sample S2101. Corresponding figure for 

samples S2104, S2108 and S2109 are presented in Appendix 24, Appendix 25 and Appendix 

26, respectively along with the grades obtained by default Rietveld analysis. As it can be 

seen in all these figures, the strongest peaks barely reach 2000 counts, which is not a very 

high intensity. This drawback for these measurements along with the presence of many 

phases in the samples made it very complex to stablish the best match finding for the peaks 

to consume all of them. However, it has been tried to reach the most conclusive ones and 

consume all peaks as much as possible. 

 

 

Figure 79: S2101 XRD peaks interpretations and default Rietveld results 

 

Table 28 shows the major minerals observed to be present in each sample based on XRD 

peaks interpretations. One of the important observations is made was that minerals 

pyrrhotite and calcite have not been observed in samples close to the surface while both 

are present in the samples in more depth. This fact might means that draining of pyrrhotite 

in the form of acid could have neutralizing reaction with calcite and therefore lack of both 

minerals. 
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Table 28: Major minerals observed to be present in each sample based on XRD peaks interpretations 

Phases S2101 S2104 S2108 S2109 

Quartz Observed Observed Observed Observed 

Fluorite Observed  Observed Observed 

Calcite  Observed Observed Observed 

Hedenbergite Observed Observed Observed Observed 

Feldspars Observed Observed Observed Observed 

Biotite Observed Observed  Observed 

Ferro-actinolite Observed Observed  Observed 

Ferro-hornblende   Observed  

Diopside Observed Observed Observed Observed 

Pyrrhotite   Observed Observed 

Omongwaite Observed    

Bismite Observed  Observed  

Bornite  Observed   

Genthelvite  Observed   

Birnessite (K-rich)  Observed   

Collinsite  Observed   

 

Based on the XRD peaks interpretations and match finding coupled with default Rietveld 

analysis, most of the minerals that have been found in literature studies proved to be present 

in the tailings either in major amounts or minor amounts and its list is presented in Table 29. 

In addition, some primary minerals are observed that interpreted to be present in the tailings 

but have not been found in literature studies including annite, bornite, danalite and 

genthelvite. Since these tailings are historical, presence of secondary minerals are very 

probable and, accordingly, some secondary minerals are interpreted to be present in the 

tailings, as listed in Table 30 along with other primary minerals not found in literature studies. 

However, presence of these minerals has to be approved by other methods like SEM-EDS or 

EPMA and their corresponding chemical composition has to be obtained. 
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Table 29: Major and minor minerals found in literature studies also observed to be present in the tailings based on 

XRD peaks interpretations 

Category Primary Minerals 

Major Diopside 

Major Hedenbergite 

Major albite (Sodium Anorthite) 

Major Oligoclase 

Minor Microcline 

Major Ferro-hornblende 

Major Ferro-Actinolite 

Minor Andradite 

Minor Grossular, Ferroan 

Minor Helvite 

Major Biotite 

Minor Muscovite 

Major Quartz 

Major Calcite 

Minor Siderite 

Minor Cassiterite 

Major Fluorite 

Minor Magnetite 

Major Pyrrhotite 

Minor sphalerite 

Minor titanite 

Minor epidote 

 

Table 30: Primary and secondary minerals not found in literature studies but observed to be present in the tailings 

based on XRD peaks interpretations in minor amount 

Primary Minerals Possible Secondary 

Annite Omongwaite 

Bornite Bismite 

Danalite Birnessite (k-rich) 

Genthelvite Collinsite 
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4.2.2.4. Scanning Electron Microscopy (SEM) Based Studies 

Important characterization test works that has been done on the samples using SEM-based 

analysis. All SEM analysis were done on samples S2109 and S2104 that are the most important 

samples from the point of mass distribution. The aim of SEM studies are to recognize different 

phases visible on the polished samples by obtaining their chemical composition through SEM-

EDS spectra. Moreover, backscattered electron images helped to confirm minerals recognition 

by optical microscopy. Some of the minerals that interpreted to be present in the tailings by 

XRD measurements, approved to be present by SEM-EDS spectra as well. Figure 80 and 

Figure 81 are two BSE images are taken from samples S2109 and S2104, respectively. BSE 

image two (2) comprises eleven (11) spectra from spectrum number 10 to 20 and BSE image 

eleven (11) comprises four (4) spectra from number 44 to 47 and their composition has been 

obtained by EDS results. By comparing chemical composition of each point with the 

stoichiometric composition of present minerals, the corresponding mineral of each spectrum 

was identified. For instance, BSE image 2 shows a scheelite particle (spectra 10 and 20) locked 

in a hornblende context (spectrum 11) and BSE image 11 shows another scheelite particle 

(spectrum 44) locked in garnet and feldspar (spectra 45, 46 and 47, respectively). By this mean, 

minerals association obtained. In most cases, scheelite particles are found to be locked in dark 

silicates. 

 

 

Figure 80: BSE image 2 comprising spectrum 10 to 20 taken from sample S2109 

 



86 
 

 

Figure 81: BSE image 11 comprising spectrum 44 to 47 taken from sample S2104 

 

Based on the chemical composition of the spectra number 5, 24 and 38, obtained by SEM-

EDS, which have been presented in Table 31, and comparing them with the stoichiometric 

composition of minerals that believed to be present in the tailings based on literature 

studies (presented in Appendix 15), it has been found that these three points correspond 

to mineral chalcopyrite. Despite of slight differences, targeted chalcopyrite grains have 

minor amounts of oxygen, aluminum, silicon and calcium as impurities. The same 

approach was applied to all spectra to distinguish corresponding minerals. Among them, 

fluorite is found to have minor amount of tungsten impurities (Table 32). Scheelite minerals 

also are found to have considerable impurities of strontium (Table 33). 

 

Table 31: Chalcopyrite chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum Stoichiometric 5 24 38 Mean STD 

Element Wt % Wt % Wt % Wt % Wt % Wt % 

O 0.00 0.00 0.00 1.13 0.38 0.65 

Al 0.00 0.00 0.00 0.04 0.01 0.02 

Si 0.00 0.19 0.00 0.26 0.15 0.13 

S 34.94 34.07 34.14 34.01 34.07 0.07 

Ca 0.00 0.27 0.00 0.09 0.12 0.14 

Fe 30.43 30.61 31.33 30.25 30.73 0.55 

Cu 34.63 34.86 34.53 34.22 34.54 0.32 

Total 100.00 100.00 100.00 100.00 100.00 0.00 
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Table 32: Fluorite chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum Stoichiometric 17 18 30 Mean STD 

Element Wt % Wt % Wt % Wt % Wt % Wt % 

F 48.67 43.72 43.80 43.33 43.62 0.25 

Ca 51.33 55.80 55.79 56.67 56.09 0.51 

W 0.00 0.48 0.41 0.00 0.30 0.26 

Total 100.00 100.00 100.00 100.00 100.00 0.00 

 

Table 33: Scheelite chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum Stoichiometric 10 20 44 Mean STD 

Element Wt % Wt % Wt % Wt % Wt % Wt % 

O 22.23 16.89 16.82 17.29 17.00 0.25 

Al 0.00 0.00 0.00 0.13 0.04 0.08 

Ca 13.92 15.00 15.06 14.65 14.90 0.22 

Sr 0.00 3.64 0.00 3.10 2.25 1.96 

W 63.85 64.47 68.12 64.83 65.81 2.01 

Total 100.00 100.00 100.00 100.00 100.00 0.00 

 

According to literature studies and the result of elemental analysis, there are considerable 

amount of bismuth minerals present in the tailings including native bismuth (Table 34) and 

bismuthinite (Table 37). However, as mentioned in XRD section, some other bismuth minerals 

have been interpreted to be present in the tailings that have not been observed in literature 

studies; however, their presence need to be approved like bismite that is a secondary mineral 

results from oxidation of bismuth. Accordingly, spectrum 22 is found to be more close to the 

chemical composition of bismite (Table 35). It has some amount of aluminum, silicon, calcium 

and iron as impurity as well. Spectrum 39 also is found to be more close to the bismuthoferrite 

mineral (Table 36). Note that these minerals are secondary minerals and product of 

weathering; therefore, having impurities or being in the midway of alteration is part of the 

nature. 

Sillénite, which has a chemical composition close to bismuthinite but higher in silicon and 

oxygen, is found to be present in the tailings (Table 37). However, since most of these bi-

minerals are intermediate minerals, they are considered in the same group. Among the 

obtained spectra, there are two (Table 38) that have chemical compositions close to the garnet 

group and spessartine mineral but are higher in calcium content. Calcium-Eisenspessartin is 

the name given to this mineral and is a kind of garnet that is a mineral present in skarn ores. 

Table 39 summarized the primary minerals approved to be present in the tailings by SEM-

EDS spectrums along with their corresponding spectrum numbers. 
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Table 34: Bismuth chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum Stoichiometric 2 37 Mean STD 

Element Wt % Wt % Wt % Wt % Wt % 

O 0.00 1.10 1.43 1.27 0.23 

Al 0.00 0.00 0.02 0.01 0.01 

Si 0.00 0.51 0.22 0.37 0.21 

Ca 0.00 0.35 0.12 0.24 0.16 

Fe 0.00 0.64 1.97 1.31 0.94 

Bi 100.00 97.40 96.24 96.82 0.82 

Total 100.00 100.00 100.00 100.00 0.00 

 

Table 35: Bismite chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum Stoichiometric 22 

Element Wt % Wt % 

O 10.30 4.51 

Al 0.00 1.74 

Si 0.00 2.86 

Ca 0.00 3.12 

Fe 0.00 3.08 

Bi 89.70 84.69 

Total 100.00 100.00 

 

Table 36: Bismuthoferrite chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum Stoichiometric 39 

Element Wt % Wt % 

O 27.59 13.58 

Al 0.00 1.61 

Si 10.76 4.70 

Ca 0.00 3.08 

Mn 0.00 0.67 

Fe 21.40 11.36 

Bi 40.05 65.00 

H 0.19 0.00 

Total 99.99 100.00 
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Table 37: Bismuthinite and Sillénite chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

 Bismuthinite Sillénite 

Spectrum Stoichiometric 1 3 4 21 23 25 28 7 9 

Element Wt % Wt % Wt % Wt % Wt % Wt % Wt % Wt % Wt % Wt % 

Si 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.34 4.12 1.65 

O 0.00 1.12 0.00 1.02 1.25 0.83 1.40 1.00 5.66 6.33 

Ca 0.00 0.00 1.05 0.32 0.00 0.00 0.00 0.56 0.00 0.00 

S 18.71 18.92 18.88 18.61 18.86 18.81 18.81 18.46 17.20 15.85 

Fe 0.00 1.22 0.86 1.47 0.79 1.18 1.07 1.92 0.69 2.35 

Bi 81.29 78.74 78.90 77.71 79.10 79.18 78.72 77.72 72.33 72.37 

Cu 0.00 0.00 0.00 0.87 0.00 0.00 0.00 0.00 0.00 0.00 

Te 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.45 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

 

Table 38: Calcium-Eisenspessartin chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum 46 47 Mean STD 

Element Wt % Wt % Wt % Wt % 

O 35.87 35.38 35.63 0.35 

Al 10.17 10.39 10.28 0.16 

Si 18.48 18.70 18.59 0.16 

Ca 17.17 16.96 17.07 0.15 

Mn 7.78 6.04 6.91 1.23 

Fe 10.53 12.53 11.53 1.41 

Total 100.00 100.00 100.00 0.00 
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Table 39: Primary minerals approved to be present in the tailings by SEM-EDS spectrums and corresponding 

spectrum numbers 

SEM-EDS Spectrum List 

Group Mineral S2109 S2104 

Pyroxene Hedenbergite 15, 19  

Feldspar albite 29 33, 45 

Amphibole 
hornblende 11 40 

actinolite  35, 36 

Garnet 
Andradite 6, 26, 27 32, 34 

Calcium-Eisenspessartin  46, 47 

 Quartz 8, 16  

Stibnite Bismuthinite 1, 3, 4, 7, 9, 21, 23, 25, 28  

Arsenic Bismuth 2, 22 37, 39 

Chalcopyrite Chalcopyrite 5, 24 38 

Fluorite Fluorite 17, 18, 30  

Spinel Magnetite 12, 13, 14  

Pyrite Pyrite  31 

Pyrrhotite Pyrrhotite  41, 43 

Scheelite Scheelite 10, 20 44 

Sphalerite sphalerite  42 

 

In addition to the point-based analysis by SEM-EDS, a linear elemental analysis by SEM-

EDS and the corresponding BSE images that have been acquired from the sample S2109. 

The BSE image and the elemental variation map are presented in Figure 82 and Figure 83, 

respectively. These figures give some more accurate data over the elemental variation and 

their correlation to each other. For instance, in Figure 83, aluminum and sodium are 

positively correlated. The correlation graph for these elements (Al-Na) then were drawn 

from the chemical assay provided by HSC software. The Al-Na for size fraction samples is 

presented in Figure 84. As expected, here also the same behavior is observed. As another 

example, correlation graph between silica and calcium is drawn from the chemical assay 

provided by HSC software. This graph is presented in Figure 85. For these two elements 

(Si-Ca) also the same behavior is observed. Other BSE images including BSE images 

number 1, 3, 5, 6, 7, 8 and 9, EDS layered image 1 and elemental descriptive images of 

layered BSE image 1, which all give the same results concluded here, have been presented 

in Appendix 30 to Appendix 32. 
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Figure 82: BSE image 4 taken from sample S2109 

 

 

Figure 83: Linear elemental variations corresponding to the line in Figure 82 

 

 

Figure 84: Correlation between aluminum and sodium based on the elemental assay of the converted elements to 
minerals for size fraction samples given by HSC software 
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Figure 85: Correlation between silica and calcium based on the elemental assay of the converted elements to minerals 
for size fraction samples given by HSC software 

4.3. Separation Tests 

4.3.1. Magnetic Separation Tests 

Magnetic separation tests were done in order to investigate the applicability of this 

method for removing magnetic particles in a pre-concentration step. Magnetic separation 

tests were done with low intensity magnetic separator and high intensity magnetic 

separator according to the flowsheet presented in Figure 86. The results of magnetic 

separation tests for sample S2104 and S2108 including grade and recovery of different 

elements (iron, cobalt, tungsten and sulfur) and mass yield in the products of magnetic 

separation tests for samples S2104 and S2108 have been calculated and presented in 

Appendix 43 to Appendix 46. Schematic representation of these values for better 

understanding and comparison are given in Figure 87 and Figure 88 for samples S2104 and 

S2108, respectively.  

 

 

Figure 86: Flow diagram of the magnetic separation test works 
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Figure 87: Schematic result of elements of concern deportment through different fractions in magnetic separation tests 

for sample S2104 

 

 

Figure 88: Schematic result of elements of concern deportment through different fractions in magnetic separation tests 

for sample S2108 

 

As it can be understood from both results, the low intensity magnetic separator was 

capable of removing a considerable amount of sulfur from the tailings. On the other hand, 

tungsten loss with sulfur removal was very low, which can be considered as an advantage of 

this method to produce environmentally stable tailings. 

As pyrrhotite is the only paramagnetic sulfide mineral present in the tailings, it should be 

this mineral which is discarding by magnetic separator. However, when it comes to high 

intensity, huge portion of mass will goes to the magnetic fraction that encompassed the same 

proportion of tungsten. As previous SEM-BSE images showed, most of the tungsten minerals 

were locked in dark silicates and, since dark silicates are taken out by high intensity magnetic 
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field, this separated tungsten as well. Some of the scheelite particles also have been 

observed to be coated. In case of being paramagnetic, these coatings also could be the 

reason for pulling scheelite particles to the magnetic portion; however, the nature of the 

coatings should be explored. 

Results from elemental analysis for separation products have been converted to 

minerals by using the HSC Chemistry software. As for the elemental analysis of the  

separation test results (Figure 87, Figure 88), the mineralogical analysis of minerals 

deportments in different products has been done and results are presented in Figure 89 

and Figure 90 for test samples S2104 and S2108. As it can be seen, in very low mass recovery 

of samples S2104 and S2108 to the magnetic products, large values of pyrrhotite and 

magnetite recovery have been observed. No other considerable values of recovery have 

been observed in the non-magnetic products in comparison with mass recovery except for 

albite, fluorite and calcite, scheelite and biotite. All these minerals are non-magnetic or even 

weak paramagnetic. They all have bright color and, in case of being liberated, they can 

easily be recovered in the non-magnetic product. Figure 91 shows the visual color of 

different products of the magnetic separation tests. As expected and based on the 

mentioned facts, these bright minerals that ended up in the non-magnetic product might 

be liberated albite, fluorite, calcite, scheelite or biotite particles. 

 

 

Figure 89: Schematic result of minerals deportment through different fractions in magnetic separation tests for 
sample S2104 
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Figure 90: Schematic result of minerals deportment through different fractions in magnetic separation tests for sample 
S2108 

 

 

Figure 91: Comparison of the color of different products of the magnetic separation tests 

 

4.3.2. Knelson Enhanced Gravity Separation Tests 

Figure 92 sketches the Knelson enhanced gravity separation tests. In these tests, feeding 

was done manually and by using a water nozzle; therefore, keeping exactly the same feeding 

rate for all the tests was out of control. However, feeding times for all tests were measured to 

estimate the feed rate. Table 40 shows the feed rate for all the tests and all cycles. The 

numerical result of Knelson tests for samples S2101, S2104, S2108 and S2109 have been 

provided in Appendix 47 to Appendix 50. The corresponding figurative results including 

mass yield and tungsten recovery for all samples have been drawn in Figure 93. As it can be 
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seen, tungsten recovery in cycle one of all samples is much higher than the mass yield, 

which shows the success of the method on enriching tungsten. 

 

 

Figure 92: Unit process circuit of the Knelson enhanced gravity separator 

 

Table 40: Feeding rates in Knelson enhanced gravity separation tests 

Feed Rate (gr/min) 

Sample Cycle 1 Cycle 2 Cycle 3 

S2101 50 52  

S2104 84 96  

S2108 70 79  

S2109 61 53 130 

 

Based on the literature review on the relevant process parameters, it has been proved 

that the larger the heavy particles are, the better recovery will be. The same mechanism is 

also visible in sample S2109 where scheelite particles are more present in fine fractions, 

thus giving lower recovery. Moreover, it can also be observed that sample S2104 that has 

higher feed rate gave higher recovery. In any case, based on the information obtained from 

literature studies and from Knelson separation tests, it can be claimed that Knelson 

enhanced gravity separator can be a strong candidate for fine tungsten minerals 

processing. 
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(A) 

 
(B) 

 
(C) 

 
(D) 

Figure 93: Visual comparison of mass and tungsten recovery to different fraction in Knelson separation tests for samples 

S2101 (A), S2104 (B), S2108 (C) and S2109 (D) 

 

Figure 94, Figure 95, Figure 96 and Figure 97 show the mineral-based analysis of Knelson 

enhanced gravity separation tests for samples S2101, S2104, S2108 and S2109. Two only 

minerals that shows differently with the mass yield are scheelite as expected from before and 

magnetite. Although its amount is low, special regard needed to consider that in case of not 

discarding at the beginning, magnetite will ends up to the scheelite concentrate by using 

gravity method since both have high value of specific gravity of more than 5 to 6. 
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Figure 94: Visual comparison of mass and minerals recovery to different fraction in Knelson separation tests for 
sample S2101  

 

 

Figure 95: Visual comparison of mass and minerals recovery to different fraction in Knelson separation tests for 
sample S2104 
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Figure 96: Visual comparison of mass and minerals recovery to different fraction in Knelson separation tests for sample 
S2108 

 

 

Figure 97: Visual comparison of mass and minerals recovery to different fraction in Knelson separation tests for sample 
S2109 
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As mentioned before, three step of concentration have been done for sample S2109 to 

obtain an approximation of the grade-recovery curve for Knelson enhanced gravity test. 

Figure 98 shows the grade-recovery curve for sample S2109. Based on this figure, by 

increasing grade from 700 ppm to 2000 ppm, the recovery will decrease from about 60 

percent to 30 percent. Enrichment ratio of the tungsten also have been calculated for the 

first cycle of all tests to compare and results are provided in Table 41. Although enrichment 

rations were satisfactory for this laboratory tests, it can be concluded that for the samples 

with higher initial mass enrichment ratio is higher and vice versa. This correlation between 

enrichment ratio and mass of feed could be because of presence of more big scheelite 

particle that have been replaced the smaller ones or other particles. This assumption need 

to be investigated, however, since laboratory Knelson separator is a non-continuous 

operation this assumption is technically possible. 

 

 

Figure 98: Grade-recovery graph for Knelson multi-gravity results of sample S2109 

 

Table 41: Comparison of tungsten enrichment ratio of cycle 1 of Knelson multi-gravity test 

Sample Cycle 1 Total Mass Tested 

S2101 3.5 503 

S2104 8.4 1340 

S2108 2.5 488 

S2109 3.4 1093 

 

4.3.3. Suggestions for Flotation Test Works 
Flotation is an important separation process for fine particles. Several breakthroughs 

have been achieved by researchers working on flotation reagents for enhanced separation 

of scheelite from other Ca-bearing gangue minerals. In the case at hand, results from 

characterization tests showed that a considerable amount of scheelite particles in the 

current tailings ended up in the fine and ultrafine size fraction. Therefore, it is of high value 

to do some tests to investigate the ability of flotation method for the current tungsten 
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tailings. In this regard, following recommendations regarding reagents, reagent schemes and 

experimental flowsheet for the future flotation test works can be made. Table 42 shows the 

main reagents used in scheelite flotation process. Among the pH modifiers, Sodium carbonate 

improves tungsten grade and recovery as well as selectivity if used in combination with one 

of the other pH modifiers, regardless of which one. Lime is only recommended to be used as 

a pH modifier in the lime method. While using pH regulators, it is recommended to consider 

that calcium may have deleterious effect on fatty acid flotation systems. Among the collectors, 

oleic acid, sodium oleate, alkylsulfonates, fatty acids and tall oils are more common (Kupka 

& Rudolph 2017). 

 

Table 42: List of reagents used for scheelite flotations (Kupka & Rudolph 2017) 

Category Reagent Name 

pH modifiers 

sodium hydroxide 

sodium carbonate 

calcium oxide 

Collectors 

Anionic 

Collectors 

Sodium oleate 

Hydroxamic acids 

Oleoyl sarcosine 

Oxidized paraffin soap (C12-16COONa) 

Sodium oleate and benzohydroxamic acid (BHA) 

Sodium oleate and octyl hydroxamic acid (HXMA-8) 

Oleic acid and naphthenic acid 

Mixtures of tall oil fatty acids 

Cationic 

collectors 

Dodecylamines with acetate radicals 

Quaternary ammonium salts (QAS) 

Pyridinium salts 

Amphoteric 

collectors and 

ionic/nonionic 

mixtures 

Sodium oleate and dodecylamine (DDA) 

Sodium oleate and lauryl alcohol polyoxeyethylene Ether 

(MOA-9) 

Amino phosphonic acids and their salts 

a-benzol-amino-benzyl phosphoric acid (BABP) 

Amide hydroxamic acids 

Microbial collectors 

Depressants 

Sodium silicate 

Acidified sodium silicate 

Quebracho 

Metal salts 

Polyphosphates 

Starches 

Promoters and modifiers 

Lead nitrate (Pb(NO3)2) 

Oxines 

Oxazolidines 
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Gao et al. (2016) devised a novel reagent scheme for selective flotation of scheelite from 

calcite. In this work, octyl hydroxamic acid (HXMA-8) was used as an associate collector 

with NaOl (preferred mass ratio of 1:2) for scheelite flotation. Sodium silicate (SS) also has 

been used as depressant for calcite. The result of experiments with the mentioned reagent 

mixture was proved to achieve the selective flotation separation of scheelite from calcite as 

Figure 99(A) shows the effect of depressant sodium silicate on depression of calcite. The 

best pH range that has been obtained by the test is eight (8) to ten (10), and Figure 99(B) 

shows the highest difference in recovery of scheelite and calcite. Figure 100 presents the 

experimental flowsheet that has been used in the study for the flotation tests (Gao et al. 

2016). 

 

 
(A) 

 
(B) 

Figure 99: Effect of SS dosage (A) and pulp pH (B) on the recoveries of scheelite and calcite using collector mixture 

of HXMA-8 and NaOl (Gao et al. 2016) 

 

 

 

Figure 100: Experimental flowsheet has been used in the studies by Gao et al. (2016) 
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Liu et al. (2014) studied the effect of calcium and sodium containing reagents on removing 

calcite and fluorite from scheelite during flotation process at room temperature. In the 

experiments, which contain one rougher, and one cleaner, CaO and Na2O3 have been used as 

pH regulator, water glass (sodium silicate) as gangue depressant and oleic acid or sodium 

oleate as collector. Figure 101 shows the experimental flowsheet that has been used in this 

study. Two types of ore have been tested in this condition with two different head grades, one 

with WO3 grade between 0.5 to 0.77 percent and other 1.5 to 2.5 percent and for both samples, 

a concentrate grade of more than 65 percent has been achieved that meets the standards for 

commercial products (Liu et al. 2014). 

 

 

Figure 101: Experimental flowsheet has been used in the studies by Liu et al. (2014) (Liu et al. 2014) 

 

4.4.  Discussion on Errors and Data Validation 

4.4.1. Sample Preparation Errors 
Sample preparation included splitting and sieve analysis of the samples. Depending on the 

number of the times, the splitting was done and also in the sieving procedure, some amount 

of sample was lost, and all the losses were measured during the whole sample preparation 

steps to track the source and amount of losses. It was found that losses such as dust was the 

main source of mass loss. The amount of mass loss in sample splitting depends on the number 

of splitting steps as Figure 102 shows. Mass loss by sieving also is tracked and measured, as 
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the results presented in Figure 103. As it can be seen, about 70 percent of mass losses in 

sieving analysis is below 0.5 percent. 

 

 

Figure 102: Mass lose on splitting vs number of splitting steps 

 

 

Figure 103: Sieving lose distribution based on sieving tests measurements 

 

4.4.2. Errors Related to Elemental Analysis 
As mentioned earlier in Chapter 3, two batches of samples were sent for the elemental 

analysis by ICP-SF-MS method. The first batch included bulk samples and size fraction 

samples. The second batch included the separation tests products. Before analyzing the 

result of orders, levels of error for both batches were investigated. In the first step, the 

summation of reported grades for all elements in each sample and for both batches were 

calculated. It is expected that these values should be below 100 percent since the elements 

that were measured, are not all the elements present in the samples. For instance, fluor is 

one of the main elements present in the samples; however, its grade was not measured in 

the orders. Figure 104 and Figure 105 shows the summation of total reported grades for all 

samples in batch 1 and batch 2 of the analysis, respectively. As it can be understood, the 
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total grades for all the samples in batch 1 are below 100 percent, while for the second batch, 

the total grade for seven (7) samples are considerably above 100 percent, despite errors 

reported for measurement of each element. 

 

 

Figure 104: Total grade of elements have been measured by ICP-SF-MS method for batch 1 of the tests including bulk 
samples and size fractions 

 

 

Figure 105: Total grade of elements have been measured by ICP-SF-MS method for batch 2 of the tests including 
separation tests outputs 
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In order to investigate the source of errors in total grades, values of errors that were 

reported for each element in each sample were analyzed. In this regard, the box plot of the 

errors for each element or oxide reported and for both batches were plotted beside each 

other to compare the level of error for each element in both batches. Figure 106 shows the 

box plots for reported errors of batch 1 and batch 2 of elemental analysis for main oxides 

of concern including SiO2, Al2O3, CaO, Fe2O3, MgO and MnO. Figure 107 also shows the 

box plots of reported errors of batch 1 and batch 2 for main elements of concern including 

copper, molybdenum, sulfur, barium, tungsten and lead. As it can be seen in both figures, 

the level of errors in batch 2 in much higher and wider. For instance, in batch 1 no error 

was reported for molybdenum, sulfur and lead while the corresponding average values in 

batch 2 for sulfur reaches to about 45000 ppm and for lead to 120 ppm, which are 

considerably high values. Errors for tungsten measurement, which is the main element of 

concern, reach values of about 1000 ppm in batch 2 that is considerably higher than the 

average 200 ppm of batch 1. Corresponding values for rest of the oxides including P2O5, 

TiO2, Na2O and K2O, are presented in Appendix 51. Although there are not too many 

differences between the reported errors of these oxides, their range of error for batch 2 is 

much wider than for batch 1. 

Figure 108 shows the box plot of reported errors for the elements of concerns that their 

corresponding average values in both batches are approximately the same, although there 

are much wider errors for batch 2. These differences whether in the average values or in 

the range of errors are important when it aims to combine two batches to estimate the grade 

of elements in other inter-batch samples by mass balance. For instance, it is mentioned 

earlier in chapter 3 that samples S2101_L_M, S2102_L_M, S2103_L_M, and S2109_L_M, 

which are the magnetic products of low intensity magnetic separator (LIMS), were not 

analyzed elementally since their mass yields were not adequate for elemental analysis. 

However it has been tried to estimate the corresponding grades of elements by mass 

balancing since the other products of magnetic separators (in batch 2) and the feed (in batch 

1) were analyzed. However, due to the huge difference in errors of the two batches, and 

also wider range of errors in batch 2, the result of grades for the mentioned samples by 

mass balancing were not logical values including negative or more than 100 percent. The 

same problem was encountered when estimating the grade of mass loss in draining water 

of the tailings from Knelson enhanced gravity tests. Therefore, the lost fraction as fine 

particles in drained water of Knelson enhanced gravity tests has been neglected. 

Comparison between reported errors of batch 1 and batch 2 of elemental analysis for 

the rest of the elements including cadmium, zirconium, yttrium, vanadium, cobalt and 

niobium is presented in Appendix 52. These are the only elements that the corresponding 

reported errors in batch 2 is less than batch 1; however, these values are not very high and 

the elements are not of the concern as other elements like tungsten or copper.  
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(A) 
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(F) 

Figure 106: Comparison between reported errors of batch 1 and batch 2 of elemental analysis for main oxides of concern 
including SiO2 (A), Al2O3 (B), CaO (C), Fe2O3 (D), MgO (E) and MnO (F) 
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Figure 107: Comparison between reported errors of batch 1 and batch 2 of elemental analysis for main elements of 
concern including copper (A), molybdenum (B), sulfur (C), barium (D), tungsten (E) and lead (F) 
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(A) 
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(D) 

 
(E) 

 
(F) 
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Figure 108: Comparison between reported errors of batch 1 and batch 2 elemental analysis for other elements of concern 
showing more close values including beryllium (A), scandium (B), strontium (C), chrome (D), mercury (E) and zinc (F) 

 

4.4.3. Element to Mineral Conversion (EMC) Errors and Results Validation 
Element to mineral conversion (EMC) is an analytical tool and might contain error. In an 

ideal situation, the total grade of minerals that is calculated by EMC should be 100 percent. 

On the other hand, all the present elements have to be consumed in the conversion. Moreover, 

the chemistry of the results of EMC has to be the same as the elemental composition input to 
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the HSC software for EMC. In this section, all these three requirements to have an ideal 

EMC result are investigated for all the three groups of samples, which include bulk 

samples, size fraction samples and separation products. To check the first requirement, the 

sum of the minerals predicted for bulk, size fraction and separation product samples are 

calculated and the results are presented in Figure 109, Appendix 53 and Appendix 54, 

respectively.  

 

 

Figure 109: Total grade of predicted minerals in the first category of EMC including bulk samples 

 

As can be seen in Figure 109, Appendix 53 and Appendix 54, the total values for bulk 

and size fraction samples are perfectly located around 100 percent, while for the separation 

products the corresponding error is higher. This higher level of error for separation 

products may be due to the higher level of errors of elemental analysis for separation 

products. However, to investigate the sources more accurately, the second requirement is 

used. In this regard, the value of residuals of consumed oxide forms in EMC task for bulk, 

size fraction and separation products samples are plotted in Figure 110, Appendix 55 and 

Appendix 56, respectively, and for the elements are plotted in Figure 111, Appendix 57 and 

Appendix 58. Based on the mentioned graphs, iron, MgO and slightly SiO2 have higher 

values of residuals and among elements, very low values of tungsten and sulfur are 

overconsumed. The corresponding values for separation products are in a more acceptable 

range. 
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Figure 110: Residuals of oxides consumed in EMC for bulk samples 

 

 

Figure 111: Residuals of elements consumed in EMC for bulk samples 

 

In order to check the last requirement, the correlation graphs of measured values by 

elemental analysis and chemistry results by HSC software for all elements are plotted and 

these plots are presented in Table 43 to Table 46.  Based on the information presented in these 

tables, just the values corresponding to MgO and MnO are overestimated and 

underestimated, respectively. These are elements with a range of errors more different 

between two batches and much higher in the second batch. 
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Table 43: Comparison of correlation between measured values and estimated grades of elements by EMC for three 
categories pf EMC including bulk samples, size fractions and separation tests products 

 Bulk Size Fractions Separation Products 

SiO2 

   

Al2O3 

   

CaO 

   

K2O 

   

MgO 
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Table 44: continue of Table 43 

 Bulk Size Fractions Separation Products 

Na2O 

   

MnO 

   

P2O5 

   

TiO2 

   

S 
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Table 45: continue of Table 44 

 Bulk Size Fractions Separation Products 

Sn 

   

Cu 

   

Be 

   

W 

   

Bi 
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Table 46: continue of Table 45 

 Bulk Size Fractions Separation Products 

Zn 
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5. Conclusion and Recommendations 
Literature studies on the origin of the Yxsjöberg historical tailings reveal that the ore 

deposit is a skarn type deposit. The main tungsten mineral is scheelite, which is the main 

component of economic interest. Chalcopyrite and fluorite have also been extracted as by-

products during the operation of the mine. It is found in literature that the mentioned 

deposit contains beryllium and bismuth minerals as well. However, none of these have 

been extracted for economic purposes. As a skarn deposit, the main gangue minerals 

include pyroxene group minerals (diopside, hedenbergite), amphiboles (hornblende, 

actinolite), garnet group minerals, micas (biotite, muscovite), chlorites (mainly 

clinochlore), carbonates (calcite and siderite), apatite and titanite. The country rock of the 

deposit is pegmatite. Therefore, considerable amounts of pegmatite minerals including 

feldspar group minerals (albite to oligoclase), quartz and microcline are reported along 

with magnetite, pyrrhotite, bismuth, bismuthinite, helvite and sphalerite. 

Since the subject of the characterization are historical tailings, it is expected to observe 

secondary minerals (in addition to the abovementioned minerals), chemical compounds as 

flotation reagents, iron contaminations from milling operations and organic matter. 

Certain secondary minerals are observed to be possibly present in the tailings by 

interpreting XRD measurements. Among these, some minerals are proved to be present by 

SEM-based measurements. The presence of secondary minerals is important to be 

investigated since these might affect processing performance. According to Schmidt (2012) 

special attention has to be paid on weathering, alteration and presence of secondary 

tungsten minerals. Presence of secondary tungsten minerals will have a negative impact 

on process efficiency, i.e. concentrate recovery and grade. These minerals include 

hydrotungstite (H2WO4.H2O), anthoinite (AlWO3(OH)3) and cerotungstite (CeW2O6(OH)3) 

(Schmidt 2012). Other possible secondary minerals observed by XRD interpretations 

include omongwaite, bismite, birnessite and collinsite. Among these, presence of bismite 

is approved by SEM-based measurements. Therefore, presence of other secondary minerals 

should be confirmed in future work, possibly by means of SEM-EDS or EPMA. 

Although the presence of chemical compounds like reagents might affect the results 

from elemental analysis, no direct means have been utilized to measure these compounds. 

The presence of reagents might affect the performance of flotation process. However, in 

case of surface refreshment by attrition or further grinding, their presence might be 

neglected since the amount of reagents used in the earlier flotation is considered to be low. 

In addition to the mentioned observation, some iron contaminations (fragments and 

particles from abrasion of grinding media) are also observed under the microscope. 

Magnetic separators can easily discard these iron contaminations. Presence of organic 

matter like remnants of trees and herbs are also observed in some sample while sieving. 

Due to their low gravity, organic matter can be easily discarded by floating it in water 

before wet process. 

Sieving analyses and fractionation were the first step in the characterization of tailings. 

These analyses were done to obtain PSD curves of the samples and to measure 

corresponding D80 values. Except for two samples, one from the middle of the tailings and 



117 
 

the other from the bottom of the tailings and have D80 values of about 150 µm, the other nine 

samples from the historical tailings have D80 values of about 600 µm while the D80 of the 

younger tailings has been reported to be about 150 µm in literature. In order to investigate the 

liberation condition of the scheelite particles and to see how this relates to the mentioned D80s, 

optical microscopy was used. Polished samples were prepared from all samples taken from 

the tailings repository. It has been found that a considerable portion of scheelite grains, 

whether locked or liberated, are below 75 µm. Among intact scheelite grains (locked scheelite 

grains), at least 85 percent and up to 99 percent of the grains were under 75 µm. When 

considering all type of scheelite grains including locked, binary and liberated grains, 80 to 95 

percent of the scheelite grains are under 75 µm. Although many scheelite grains are found in 

larger size ranges up to 1000 µm, 75 µm has been found as D85 of scheelite grains. Therefore, 

it can be concluded that one of the main barriers for recovering all tungsten in the first 

processing plant was due to liberation issue. However, presence of large liberated scheelite 

particles confirms a separation problem too. The mentioned quantitative liberation analyses 

were done by simple counting technique. Hence, in order to have results that are more 

accurate, an intensive quantitative liberation analysis using SEM based image analysis, 

automated mineralogy by MLA, QEM-Scan or similar systems, is recommended. In the case 

of considering just scheelite for liberation studies, image analysis by Weka software or any 

other image analysis software should be considered since the fluorescence nature of scheelite 

makes it easy for performing image analysis. Image analysis has lower cost and could be much 

faster since image analyzing is available everywhere while MLA or QEM-Scan needs a longer 

time to be in the queue. 

Elemental analysis of the samples by ICP-SF-MS method has been the second step in 

characterization test works. These analyses have been done for bulk samples and the samples 

taken from size fractions. The result from elemental analysis on bulk samples showed that, 

despite of some variations, the average tungsten grade in vertical profile of the tailings deposit 

is about 1000 ppm and the corresponding values for copper, beryllium and bismuth are about 

1000, 250 and 400 ppm, respectively. Note that the last sample corresponding to the bottom of 

the tailings deposit is depleted from all of these elements of interest. Due to the high 

instability, sulfur content varies widely. Those zones that have been exposed to the 

atmosphere for a longer period (due to the periodical ceasing of production) have lower 

values of sulfur for about 7500 ppm, while for the other zones the sulfur content reaches to 

about 20000 ppm. Note that the sample corresponding to the bottom of the tailings is also 

depleted from sulfur. Therefore, it is recommended that in case of reprocessing, this last zone 

should not be considered. Note that there the environmentally hazardous elements arsenic 

and mercury are not present in the tailings. 

Elemental analysis on size fractions showed that tungsten grade has a U shape distribution 

versus particle size. It means that the tungsten grades in fine (-75 µm) and coarse size (+ 1100 

µm) fractions are higher than for the medium size range. However, the values for the fines are 

about 2500 ppm while for the coarse fraction barely reach to 1500 ppm. The lowest grade for 

the medium size range has been around 500 ppm. Copper and sulfur show the same behavior 

as tungsten while beryllium and bismuth have almost constant grade distribution. Note that 

when the distribution of mass in size fractions is considered, two types of tungsten content 
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distribution by size fractions are observed. First case has a bell shape and corresponds to 

the samples related to the younger tailings (close to the surface) and the other has a bimodal 

distribution, means the tungsten content is not only high in middle size range (same as bell 

shape distribution) but also is high in fine fraction. According to the history of the process 

plant, milling of the ore was primarily done using a rod mill and a ball mill in a sequence. 

However, at some point the milling process changed to two rod mills in a row because of 

the high production of fines by ball mill. 

According to the elemental analysis results, lower size fractions have higher grades. 

However, the liberation situation of scheelite particles in this size fraction (- 75 µm) is not 

clear. Hence, a polished section was prepared from this size fraction of the most 

representative sample. It can be observed that almost all the scheelite particles in the fine 

fraction below 75 µm are found to be completely liberated. Quantitative analysis by 

counting the scheelite particles in this fraction showed that more than 60 percent of the 

liberated scheelite particles in this fraction are below 10 µm (ultrafine), about 25 percent 

between 10 and 38 µm, 8 percent between 38 and 53 µm and the rest between 53 and 75 

µm. This means that a considerable portion is lost as ultrafines and despite of being 

liberated, their recovery needs to be investigated by some newly developed methods like 

enhanced gravity separators or flocculation flotation method. 

Beside liberation information, some other phenomena have been observed in optical 

microscopy images including the presence some coatings around scheelite particles, which 

require further investigation, and the presence of some agglomerated particles that 

entrapped liberated scheelite particles. In the latter case, it is recommended to do attrition 

or scrubbing in order to release the entrapped and agglomerated particles. 

Beside the mentioned interpretations based on XRD measurements, the presence of 

several other major phases has been approved, including diopside, hedenbergite, albite, 

oligoclase, microcline, ferro-hornblende, ferro-actinolite, andradite, grossular, helvite, 

biotite, muscovite, quartz and calcite. This information, along with the grades of default 

Rietveld analysis, helped to establish a more realistic element-to-mineral conversion 

strategy. However, since the intensity of peaks was not very high, accurate interpretation 

of peaks was very hard. It is recommended for future works that XRD measurements at 

higher energy level are established for all the samples and even size fractions. Since the 

samples contain many phases, it is easier to interpret spectrums with higher energy level. 

In this case, it is easier to relate the results of XRD tests to the elemental analysis results. 

SEM-EDS measurements provided valuable information about the actual chemistry of 

some of minerals. These data were used for the element-to-mineral conversion. The 

minerals for which chemistry was measured by SEM-EDS included hedenbergite, albite, 

hornblende, actinolite, andradite, andradite, calcium-eisenspessartin, quartz, bismuthinite, 

bismuth, chalcopyrite, fluorite, magnetite, pyrite, pyrrhotite, scheelite and sphalerite. Back-

scattered electron images were also beneficial to distinguish different minerals under the 

microscope. It is re commended that in order to have more accurate element-to-mineral 

conversion, the chemistry of all minerals should be measured by this means. 
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Although, the results from element-to-mineral conversion were satisfactory, some sources 

of error have been identified. By tracking the sources error, it is found that first, the elemental 

analysis results contain considerable errors, specifically for the second batch of samples. In 

this regard, performing a better elemental analysis with more accurate tools is recommended. 

In addition to the errors of elemental measurements, the chemistry of some minerals used for 

element to mineral conversion were obtained by SEM-EDS measurements while for the rest 

stoichiometric chemistry has been used. It is further recommended to perform a more accurate 

EMC task by feeding more accurate elemental analysis and using a complete minerals 

chemistry list that have to be measured by SEM-EDS or other beam-based tools like EPMA. 

Moreover, by using the mentioned source of information for element-to-mineral conversion 

it is also recommended to run the EMC with Monte-Carlo simulation as well. 

Despite the mentioned errors that propagated and affected the results from element-to-

mineral conversion calculations, valuable information has been obtained about the 

mineralogical composition of the bulk samples and their distribution in size fractions. 

Scheelite, chalcopyrite, helvite, bismite and pyrrhotite variations in vertical profile and in size 

fractions are similar to their main elements as tungsten, copper, beryllium, bismuth and 

sulfur. It was found that apatite appeared with an average grade of 0.05 percent, fluorite and 

calcite together about 16 percent and hedenbergite about 7 percent. All these minerals were 

depleted in the sample from the bottom of the tailings deposit. Instead, albite showed a 

constant grade of about 10 percent versus vertical profile and reached to about 40 percent at 

the bottom of the tailings. Based on the chemistry of converted mineral assemblage, the fluor 

grade was estimated to be maximum 8 percent, which is obviously lower than the grade of 

the elements that were not measured (i.e. 100 minus total measured grades). In size fractions, 

the grade of albite and apatite increased with size range to values of about 15 and 0.1 percent, 

respectively. 

Based on an extensive literature study, three main method have been identified for 

processing of such mineral assemblages, including gravity separation, magnetic separation 

and flotation. Scheelite has a high specific gravity between 5 to 6 t/m3. Therefore, it is a good 

candidate for gravity separation. However, due to the small particle sizes, conventional 

gravity methods cannot be recommended. Instead, newly developed gravity separators like 

multigravity and other enhanced gravity separators have been recommended widely in 

literature. Therefore, separation tests were conducted using a Knelson enhanced gravity 

separator. Although tests conditions were not perfect, satisfactory results were obtained. Since 

it has been recommended in literature to have a narrow size range, the fractions below 600 

μm for 4 samples were selected for the tests. Three samples were run two times giving two 

concentrates, and one sample three times to obtain a three-point grade-recovery curve. Just in 

the first cycle of all four samples, enrichment ratios of about 3 to 8 were acquired. The overall 

recovery of the tungsten in the tests were 50 percent in the worst case and up to the 80 percent 

just in 2 cycles. The result of element-to-mineral conversion for the Knelson products showed 

that, besides scheelite, also magnetite was widely recovered to the concentrate, due to the high 

specific gravity of the magnetite that is approximately the same as scheelite. Hence, removal 

of magnetite will be recommended before the enhanced gravity separation. Although it is 
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proved to be successful, it is highly recommended to perform more tests to optimize the 

process. 

Magnetic separation tests were done with two different field intensities for size fractions 

above 75 μm. Tests were done with the aim of removing magnetite and pyrrhotite in order 

to produce environmentally stable tailings, and for recovering paramagnetic particles a 

pre-concentration step. The results showed that by applying low intensity magnetic 

separation, about 70 percent of pyrrhotite and 100 percent of magnetite could be removed 

with less than 5 percent of the mass yield while the tungsten loss was even less than the 

loss in mass. However, magnetic separation needs to be optimized. The results from high 

intensity magnetic separation tests were not satisfactory since about 80 percent of the mass 

ended up in the magnetic product, thereby taking the same percentage of tungsten. Based 

on literature and according to the result of microscopy studies and SEM analysis, scheelite 

grains are mostly associated with dark silicates like for instance actinolite, which are weak 

paramagnetic and, therefore, end up in the magnetic product. 

No flotation tests have been done in this study. Nevertheless, it is highly recommended 

to perform flotation tests in the future, especially for the fine and ultrafine fraction that 

contain a considerable amount of liberated scheelite particles. Based on literature studies, 

new flotation reagent schemes and mixtures have been compiled that are able to selectively 

recover scheelite from other Ca-bearing gangue minerals. Beside reagent schemes, new 

flotation technologies as flocculation flotation and column flotation are available that have 

high potential for fine and ultrafine particle recovery. However, it has been recommended 

by other authors that in case of extensive metal recovery, first fluorite should be floated, 

then chalcopyrite, then helvite and at the end scheelite since reaching high selectivity for 

this mineral is more difficult. 

In the last step of this work, a flowsheet is proposed for processing the Yxsjöberg 

historical tailings, based on the abovementioned facts and the result of characterization 

and separation test. The flowsheet is presented in Figure 112. According to the flowsheet, 

the feed will be first classified into two size fractions, below 75 μm and above 75 μm. This 

size threshold is chosen because it is proven that all scheelite particles present in this size 

fraction are liberated. Then, both fraction will pass through low intensity magnetic 

separators to reject iron contaminants, magnetite and pyrrhotite. After magnetic 

separation, the fraction below 75 μm will be classified into two fractions by using a hydro 

classifier.  Of course, particle density effects on the separation needs to be considered. The 

threshold here is chosen to be 10 μm as the line between fine and ultrafine particle size. 

The ultrafine fraction will be processed exclusively for fluorite, chalcopyrite, helvite and 

scheelite, respectively by column flotation or flocculation flotation. The fine fraction will 

be processed according to the same scheme as the ultrafine fraction, but by using 

conventional froth flotation cells. 

The fraction above 75 μm will be passed through magnetic separator same as the 

fraction below 75 μm. Particle size will be controlled by a screen and milling regrinding 

mill to reach less than 300 μm. The product will pass through an enhanced gravity 

separator to recover coarse scheelite particles. The reject fraction will be reduced in size to 
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below 150 μm and then will be passed through the conventional flotation cells with order of 

elements same as those below 75 μm for stepwise mineral recovery. Note that regrinding 

circuits have to be design in a way to produce fine as less as possible, however, production of 

fines are inevitable. It should be checked whether the produced ultrafines could proceed to 

the ultrafine flotation.  

 

 

Figure 112: Recommended flowsheet for extensive recovery of metals for processing of the Yxsjöberg historical tailings 
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6. Summary 
Historical tailings are secondary sources due to the presence of some amount of 

valuables minerals and metals. Metal content that has not been recovered earlier is now 

coming into the focus due to the improvements in technology; decreasing grades in 

primary deposits, increase of metal prices, and rising of environmental issues. In this thesis, 

historical tailings from the Yxsjöberg mine have been characterized by a number of 

methods including elemental analysis, XRD measurements, optical microscopy 

observations, quantitative liberation analysis and SEM-based analysis. Elemental analyses 

have been done in bulk and size fraction samples. XRD measurements were conducted on 

four main samples, optical microscopy on all samples and SEM-based measurements on 

two main samples. 

The results from characterization along with the information found in literature on the 

state of the tailings provided information about the society of minerals present in the 

tailings, grades of elements of concern and their corresponding distribution versus vertical 

profile and size fractions. Liberation condition of the scheelite phase and the accurate 

mineral chemistry of some important minerals were acquired. At the end of the 

characterization study, element-to-mineral conversion was used to quantify the presence 

of different minerals and their behavior in bulk and size fractions. 

By considering the current state of the tailings (based on characterization test works, 

literature study on the last improvements of the mineral processing technologies), feasible 

and promising reprocessing methods were selected for further investigation. This involved 

magnetic separation, enhanced gravity separation and flotation. 

Several separation tests using magnetic separators and the Knelson enhanced gravity 

separator were conducted in order to investigate the performance of the mentioned 

methods. The results showed that these methods are applicable to fulfill the corresponding 

separation tasks. Moreover, flotation method, which is nowadays used in processing of 

such mineral assemblages, has been recommended to test in future works. 

As a conclusion, a process flowsheet is proposed. As mentioned before, the main 

components of this process plant includes magnetic separation (low intensity) to reject iron 

contaminants, magnetite and pyrrhotite. The Knelson enhanced gravity method allows to 

recover scheelite particles within the size range between 150 to 300 μm. Conventional froth 

flotation method is suggested to be utilized for recovering fluorite, chalcopyrite, helvite, 

bismutite and scheelite within the size range between 75 and 150 μm in processing route 

and 10 to 75 μm in another. For particles below 10 μm, containing considerable amounts of 

liberated scheelite particles, newly developed flotation methods including column 

flotation and flocculation flotation are recommended, although tests and optimization 

remain to be done for final approval. 
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Appendix 1: Map of Tungsten occurrences in central Sweden (Hübner 1971) 
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Appendix 2: Whole rock analysis of granites related to the W skarns in Bergslagen, Sweden (Baker & Hellingwerf 1988) 

Sample 

Region 

Tallåsberg Granite Adamsgård 

Pegmatite 

V. Gråshöjden 

Granite 
Pingstaberg 

Foliated Massive Albitized 

Sample 

No. 
1 1 1 2 1 1 1 2 

% 

SiO2 74.420 73.970 76.400 75.600 75.760 78.720 63.750 63.190 

TiO2 0.113 0.111 0.208 0.189 0.036 0.056 0.024 0.098 

Al2O3 13.420 13.550 13.150 12.500 13.790 10.760 18.250 16.610 

Fe2O3 1.570 1.600 0.560 1.900 0.560 1.170 0.440 1.410 

MnO 0.036 0.034 - 0.004 0.006 - - 0.003 

MgO 0.170 0.170 0.320 0.150 - - 0.070 0.160 

CaO 0.790 0.800 2.020 1.110 1.050 0.360 1.360 2.710 

Na2O 3.630 3.630 6.270 4.320 5.380 2.770 3.500 2.280 

K2O 4.830 4.910 0.180 3.200 2.490 5.000 10.290 10.650 

P2O5 0.032 0.028 0.029 0.028 0.005 0.005 0.035 0.023 

Total 99.011 98.803 99.137 99.001 99.077 98.841 97.719 97.134 

ppm 

Sc 4.895 4.658 5.930 5.040 3.930 3.650 0.941 4.020 

Co 1.050 1.240 0.610 1.750 2.190 2.410 - 1.610 

Ni 3.600 3.300 2.100 1.800 2.500 2.600 3.500 3.900 

Cu 4.500 4.900 4.400 4.500 5.800 16.700 6.700 13.300 

Zn 26.800 31.900 6.800 9.000 12.600 16.900 10.500 11.300 

Ga 20.300 20.400 15.300 15.200 27.500 13.800 23.800 21.100 

As - - 1.590 - - - - - 

Rb 297.000 293.000 117.000 73.700 154.000 236.000 532.000 553.000 

Sr 37.600 37.600 147.000 76.600 14.200 6.700 66.400 54.700 

Y 95.300 79.500 46.400 39.500 51.500 70.900 151.000 176.000 

Zr 112.000 121.000 194.000 178.000 17.000 96.800 70.700 146.000 

Mo - - 15.700 - - 425.900 3035.000 607.200 

Nb 22.900 14.500 - - 17.800 9.600 20.800 18.900 

Sb - 3.670 - - - - - - 

Cs 2.970 3.440 - 0.550 1.050 1.300 3.220 3.420 

Ba 207.000 227.000 147.000 762.000 42.600 81.900 518.000 647.000 

La 58.020 57.480 50.920 33.380 9.230 16.920 59.190 39.000 

Ce 110.800 112.800 91.970 61.480 19.980 37.480 109.190 75.990 

Sm 12.700 12.500 8.300 6.880 3.690 5.230 12.390 8.660 

Eu 0.634 0.655 1.450 1.240 0.327 0.411 0.624 0.604 

Tb 2.130 2.090 1.175 1.018 1.010 1.151 2.600 2.058 

Yb 11.120 8.990 4.430 4.120 8.240 8.670 16.770 13.900 

Lu 1.979 1.675 0.896 0.800 1.653 1.800 3.210 2.820 

Hf 5.410 4.890 7.440 6.950 2.680 5.330 3.750 6.500 

Ta 6.160 4.090 1.020 0.930 17.540 4.150 10.500 8.460 

W - - - - - 6.500 - - 

Au - - - 0.134 - - - 0.0211 

Pb 59.800 59.700 8.200 9.800 37.700 40.800 29.700 31.500 

Th 41.700 40.250 11.510 11.900 11.700 33.100 40.820 68.350 

U 19.280 37.880 2.890 3.210 7.840 13.400 21.530 47.470 

F 1180.000 850.000 245.000 555.000 nd 1270.000 5380.000 15100.000 
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Appendix 3: List of machines and equipment of Yxsjöberg old processing plant (Rothelius 1957) 
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Appendix 4: Yxsjöberg original processing plant, gravity separation division (Rothelius 1957) 
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Appendix 5: Yxsjöberg original processing plant, magnetic separation division (Rothelius 1957) 
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Appendix 6: Yxsjöberg original processing plant, flotation division (Rothelius 1957) 
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Appendix 7: Yxsjöberg later processing plant, detailed scheelite flotation line- data based on the sampling dated to 1978-01-17 (Gräsberg & Mattson 1979) 
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Appendix 8: Sample-splitting instruments, (A): Medium size, (B): Small size 

 
(A) 

 
(B) 

 

Appendix 9: Mettler PC 2000 scale used for weighting of the samples 
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Appendix 10: RC-TAP model shaker instrument with digital timer used for sieving of the samples 

 

 

Appendix 11: Disk mill used for pulverizing sample for elemental analysis sample preparation 
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Appendix 12: Shaker (A) and the corresponding timer (B) used for pulverizing samples by disk mill 

 
(A) 

 
(B) 

 

Appendix 13: Optical microscope (A) and the on-board camera (B) used for optical microscopy studies 

 
(A) 

 
(B) 
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Appendix 14: Selected elements for phase search in XRD measurements interpretation 
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Appendix 15: List of minerals presented in the deposit (based on literature) and their corresponding stoichiometric chemical formula, elemental composition and possible impurities extracted from www.webmineral.com 

Group Mineral Formula Common impurities Elemental Composition 

Pyroxene Diopside CaMgSi2O6 Fe,V,Cr,Mn,Zn,Al,Ti,Na,K Ca 18.51 Mg 11.22 Si 25.94 O 44.33                         

Hedenbergite CaFe2+Si2O6 Mn,Zn,Ti,Al,Mg,Na,K Ca 16.15 Fe 22.51 Si 22.64 O 38.69                         

Feldspar 

 

albite Na(AlSi3O8) Ca,K,Mg Na 8.3 Ca 0.76 Al 10.77 Si 31.5 O 48.66                     

Oligoclase NaSi4O8   Na 6.93 Ca 3.02 Al 12.2 Si 29.63 O 48.22                     

Anorthite Ca(Al2Si2O8)                                           

Microcline K(AlSi3O8) Fe,Ca,Na,Li,Cs,Rb,H2O,Pb K 14.05 Al 9.69 Si 30.27 O 45.99                         

Amphibole hornblende {Ca2}{Fe2+
4Al}(AlSi7O22)(OH)2 Ti,Mn,Na,K Ca 8.46 Al 4.98 Fe 25.05 Si 20.45 H 0.21 O 40.53                 

actinolite {Ca2}{Mg5}(Si8O22)(OH)2 Mn,Al,Na,K,Ti Na 0.59 Ca 8.6 Mg 9.71 Ti 0.11 Mn 0.13 Al 1.39 Fe 8.58 Si 25.64 H 0.24 O 45.01 

Garnet Andradite Ca3Fe3+
2(SiO4)3 Ti,Cr,Al,Mg Ca 21.01 Fe 19.52 Si 14.73 O 44.74                         

Grossular Ca3Al2(SiO4)3 Fe,Cr Ca 26.69 Al 11.98 Si 18.71 O 42.62                         

Calcium-

Eisenspessartin 

(Mn,Ca,Fe)3Al2Si3O12 Mg,Ti                                         

Helvine Helvite Be3Mn2+
4(SiO4)3S Al,Fe,Zn,Ca Mg 39.59 Be 4.87 Si 15.18 S 5.78 O 34.59                     

Mica Biotite K(Mg)3(AlSi3O10)(OH,F)2   K 9.02 Mg 14.02 Al 6.22 Fe 6.44 Si 19.44 H 0.41 O 43.36 F 1.1         

Muscovite KAl2(AlSi3O10)(OH)2 Cr,Li,Fe,V,Mn,Na,Cs,Rb,Ca,Mg,H2O K 9.81 Al 20.3 Si 21.13 H 0.46 O 47.35 F 0.95                 

Chlorite Clinochlore Mg5Al(AlSi3O10)(OH)8 Cr,Ca Mg 15.31 Al 9.07 Fe 11.73 Si 14.16 H 1.35 O 48.38                 

Quartz Quartz SiO2   Si 46.76 O 53.26                                 

Stibnite Bismuthinite Bi2S3 Pb,Cu,Fe,As,Sb,Se,Te Bi 81.29 S 18.71                                 

Arsenic Bismuth Bi Fe,Te,As,S,Sb Bi 100                                     

Calcite Calcite CaCO3 Mn,Fe,Zn,Co,Ba,Sr,Pb,Mg,Cu,Al,Ni,V,Cr,Mo Ca 40.04 C 12 O 47.96                             

Siderite FeCO3 Mn,Mg,Ca,Zn,Co Fe 48.2 C 10.37 O 41.43                             

Rutile Cassiterite SnO2 Fe,Ta,Nb,Zn,W,Mn,Sc,Ge,In,Ga Sn 78.77 O 21.23                                 

Chalcopyrite Chalcopyrite CuFeS2 Ag,Au,In,Tl,Se,Te Cu 34.63 Fe 30.43 S 34.94                             

Fluorite Fluorite CaF2 Y,Ce,Si,Al,Fe,Mg,Eu,Sm,O,ORG,Cl,TR Ca 51.33 F 48.67                                 

Spinel Magnetite Fe2+Fe3+
2O4 Mg,Zn,Mn,Ni,Cr,Ti,V,Al Fe 72.36 O 27.64                                 

Pyrite Pyrite FeS2 Ni,Co,As,Cu,Zn,Ag,Au,Tl,Se,V Fe 46.55 S 53.45                                 

Pyrrhotite Pyrrhotite Fe7S8 Ni,Co,Cu Fe 62.33 S 37.67                                 

Scheelite Scheelite Ca(WO4) Mo,Nb,Ta Ca 13.92 W 63.85 O 22.23                             

Molybdenite molybdenite MoS2   Mo 59.94 S 40.06                                 

Wolframite mainly ferberite (Fe2+)WO4 Nb,Ta,Sc,Sn Fe 18.39 W 60.54 O 21.07                             

Sphalerite sphalerite ZnS Mn,Cd,Hg,In,Tl,Ga,Ge,Sb,Sn,Pb,Ag Zn 64.06 Fe 2.88 S 33.06                             

apatite apatite Ca5(PO4)3(F,OH) Cl Ca 39.36 P 18.25 H 0.07 Cl 2.32 O 38.76 F 1.24                 

titanite titanite CaTi(SiO4)O Fe,Y,Mn,Al,Ce,Sr,Na,Nb,Ta,Al,Mg,V,F,Zr,Sn Ca 19.25 REE 3.64 Ti 18.16 Al 2.73 Fe 1.41 Si 14.2 O 39.64 F 0.96         

Clinozoisite epidote {Ca2}{Fe3
3+}(SiO4)3(OH) Al,Mg,Mn Ca 15.44 Al 3.9 Fe 24.2 Si 16.22 H 0.19 O 40.05                 

zircon zircon Zr(SiO4) Hf,Th,U,REE,O,H,H2O,Fe,Al,P REE's 3.78 Hf 4.69 Zr 43.14 Si 14.76 O 33.63                     

ilmenite ilmenite Fe2+TiO3 Mn,Mg,V Ti 31.56 Fe 36.81 O 31.63                             

allophane  hisingerite Fe3+
2(Si2O5)(OH)4 · 2H2O Al,Mg,Ca Fe 31.74 Si 15.96 H 2.29 O 50.01                         
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Appendix 16: Other minor gangue minerals distribution vs depth including sphalerite (A), titanite (B) biotite (C) 
and clinochlore (D) 
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Appendix 17: Gangue minerals distribution do not show any considerable differentiation versus size fractions including 
chalcopyrite (A) biotite (B), hedenbergite (C), fluorite + calcite (D), actinolite (E) and quartz (F) 
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Appendix 18: Comparison between estimated fluor content and total grade of other elements not measured by 
elemental analysis in size fraction samples 
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Appendix 19: Some of the observation of the sample S2103 under the microscope including fine locked scheelite grains 

(A,F) big liberated scheelite particles (B, D), big locked scheelite grains (C, E) 
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Appendix 20: Some of the observation of the sample S2107 under the microscope including fine locked scheelite grains 

(A) and big liberated scheelite particles (B) 

 
(A) 

 
(B) 

 

Appendix 21: Some of the observation of the sample S2108 under the microscope including big liberated scheelite 

particles (A, B), fine locked scheelite grains (C) and big locked scheelite grains (D) 

 
(A) 

 
(B) 

 
(C) 

 
(D) 
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Appendix 22: Some of the observation of the sample S2110 under the microscope including big locked scheelite grains (A, 

D) and big liberated scheelite particles (B, C) 
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Appendix 23: Quantitative results of liberation analysis for six main samples from the point of mass distribution for 
S2105 (A), S2106 (B), S2107 (C), S2110 (D) and S2111 (E) 

 
(A) 

 
(B) 

 
(C) 

 
(D) 

 
(E) 

 



153 
 

Appendix 24: S2104 XRD peaks interpretations and default Rietveld results 
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Appendix 25: S2108 XRD peaks interpretations and default Rietveld results 
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Appendix 26: S2109 XRD peaks interpretations and default Rietveld results 
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Appendix 27: BSE image 1 comprising spectrum 1 to 9 taken from sample S2109 
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Appendix 28: BSE image 3 comprising data line 1 taken from sample S2109 
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Appendix 29: BSE image 5 comprising spectrum 21 to 30 taken from sample S2109 
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Appendix 30: BSE images 6 (A), 7 (B), 8 (C), 9 (D) and 10 (E) taken from sample S2104 and EDS layered image 1 (F) 

taken from sample S2109 
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Appendix 31: Elemental descriptive images of layered BSE image 1 for carbon (A), oxygen (B), sodium (C), aluminum 

(D), silicon (E), calcium (F), manganese (G), iron (H), molybdenum (I) and bismuth (J) 
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Appendix 32: Elemental descriptive images of layered BSE 1 (continue) 
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Appendix 33: Magnetite chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum Stoichiometric 12 13 14 Mean STD 

Element Wt % Wt % Wt % Wt % Wt % Wt % 

O 27.64 22.16 21.66 21.84 21.89 0.25 

Ca 0.00 0.90 0.38 0.26 0.51 0.34 

Fe 72.36 76.94 77.96 77.90 77.60 0.57 

Total 100.00 100.00 100.00 100.00 100.00 0.00 

 

Appendix 34: Pyrite chemical composition obtained by SEM-EDS and corresponding spectrum number 

Spectrum Stoichiometric 31 

Element Wt % Wt % 

O 0.00 2.14 

Al 0.00 0.05 

Si 0.00 0.17 

S 53.45 51.03 

Ca 0.00 0.03 

Fe 46.55 46.58 

Total 100.00 100.00 

 

Appendix 35: Sphaleritechemical composition obtained by SEM-EDS and corresponding spectrum number 

Spectrum Stoichiometric 42 

Element Wt % Wt % 

O 0.00 1.01 

Na 0.00 5.18 

Al 0.00 0.03 

Si 0.00 0.14 

S 33.06 30.17 

Ca 0.00 0.14 

Fe 2.88 7.28 

Zn 64.06 56.05 

Total 100.00 100.00 
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Appendix 36: Pyrrhotite chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum Stoichiometric 41 43 Mean STD 

Element Wt % Wt % Wt % Wt % Wt % 

O 0.00 0.64 0.60 0.62 0.03 

Al 0.00 0.04 0.00 0.02 0.03 

Si 0.00 0.10 0.10 0.10 0.00 

S 37.67 38.35 38.60 38.48 0.18 

Ca 0.00 0.08 0.01 0.05 0.05 

Fe 62.33 60.79 60.69 60.74 0.07 

Total 100.00 100.00 100.00 100.00 0.00 

 

Appendix 37: Albite chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum Stoichiometric 29 33 45 Mean STD 

Element Wt % Wt % Wt % Wt % Wt % Wt % 

O 48.66 43.95 44.87 44.69 44.50 0.49 

Na 8.30 7.91 8.43 7.64 7.99 0.40 

Al 10.77 12.14 11.41 12.26 11.94 0.46 

Si 31.50 34.71 34.99 33.70 34.47 0.68 

Ca 0.76 1.30 0.30 1.71 1.10 0.73 

Total 100.00 100.00 100.00 100.00 100.00 0.00 
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Appendix 38: Hornblende chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum Stoichiometric 11 40 Mean STD 

Element Wt % Wt % Wt % Wt % Wt % 

O 40.53 33.45 34.22 33.84 0.54 

Na 0.00 0.80 1.06 0.93 0.18 

Mg 0.00 0.00 0.80 0.40 0.57 

Al 4.98 4.80 6.53 5.67 1.22 

Si 20.45 20.07 19.01 19.54 0.75 

Cl 0.00 0.44 0.34 0.39 0.07 

K 0.00 1.23 1.42 1.33 0.13 

Ca 8.46 8.66 8.55 8.61 0.08 

Mn 0.00 1.57 1.21 1.39 0.25 

Fe 25.05 28.98 26.86 27.92 1.50 

H 0.21 0.00 0.00 0.00 0.00 

Total 99.68 100.00 100.00 100.00 0.00 

 

Appendix 39: Actinolite chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum Stoichiometric 35 36 Mean STD 

Element Wt % Wt % Wt % Wt % Wt % 

O 45.01 40.19 35.57 37.88 3.27 

Mg 9.71 9.36 9.01 9.19 0.25 

Al 1.39 0.54 0.68 0.61 0.10 

Si 25.64 27.54 28.90 28.22 0.96 

Ca 8.60 9.65 10.83 10.24 0.83 

Mn 0.13 0.26 0.00 0.13 0.18 

Fe 8.58 12.46 14.53 13.50 1.46 

S 0.00 0.00 0.48 0.24 0.34 

Na 0.59 0.00 0.00 0.00 0.00 

Ti 0.11 0.00 0.00 0.00 0.00 

H 0.24 0.00 0.00 0.00 0.00 

Total 100.00 100.00 100.00 100.00 0.00 
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Appendix 40: Andradite chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum Stoichiometric 6 26 27 32 34 Mean STD 

Element Wt % Wt % Wt % Wt % Wt % Wt % Wt % Wt % 

O 44.74 33.52 33.57 33.78 34.46 34.43 33.95 0.46 

Mg 0.00 0.63 0.61 0.60 0.63 0.49 0.59 0.06 

Al 0.00 0.38 0.16 0.00 0.27 0.29 0.22 0.15 

Si 14.73 23.94 24.18 23.97 23.78 23.81 23.94 0.16 

Ca 21.01 17.40 17.37 17.43 16.99 17.03 17.24 0.22 

Mn 0.00 2.23 2.73 2.21 2.96 2.33 2.49 0.34 

Fe 19.52 21.90 21.38 22.01 20.91 21.62 21.56 0.44 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 0.00 

 

Appendix 41: Hedenbergite chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum Stoichiometric 15 19 Mean STD 

Element Wt % Wt % Wt % Wt % Wt % 

O 38.69 30.55 30.81 30.68 0.18 

Al 0.00 2.20 2.13 2.17 0.05 

Si 22.64 15.41 14.86 15.14 0.39 

Ca 16.15 9.23 10.07 9.65 0.59 

Mn 0.00 1.24 1.03 1.14 0.15 

Fe 22.51 40.32 39.90 40.11 0.30 

Sn 0.00 0.69 0.94 0.82 0.18 

Ti 0.00 0.36 0.26 0.31 0.07 

Total 99.99 100.00 100.00 100.00 0.00 

 

Appendix 42: Quartz chemical composition obtained by SEM-EDS and corresponding spectrum numbers 

Spectrum Stoichiometric 8 16 Mean STD 

Element Wt % Wt % Wt % Wt % Wt % 

O 53.26 48.02 47.52 47.77 0.35 

Si 46.76 51.77 51.89 51.83 0.08 

Ca 0.00 0.21 0.59 0.40 0.27 

Total 100.02 100.00 100.00 100.00 0.00 
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Appendix 43: Grade of different elements in the products of magnetic separation test for sample S2104 

S2104 Grade 

ELEMENT 

Feed (+75) Back 

Calculate from 

Products 

LIMS-

Magnetic 

Product 

HIMS-Non 

Magnetic 

Product 

HIMS-

Magnetic 

Product 

Mass (gr) 194 8 17 170 

Fe2O3 (%) 24 70 2 24 

Co (ppm) 21 171 3 16 

S (ppm) 11429 144000 2270 5920 

W (ppm) 867 872 1550 800 

 

Appendix 44: Recovery of different elements in the products of magnetic separation test for sample S2104 

S2104 Recovery (%) 

ELEMENT 

Feed (+75) Back 

Calculate from 

Products 

LIMS-

Magnetic 

Product 

HIMS-Non 

Magnetic 

Product 

HIMS-

Magnetic 

Product 

Mass 100 4.21 8.49 87.30 

Fe2O3 100 12.14 0.53 87.33 

Co 100 33.95 1.06 64.99 

S 100 53.10 1.69 45.22 

W 100 4.24 15.18 80.58 

 

Appendix 45: Grade of different elements in the products of magnetic separation test for sample S2108 

S2108 Grade 

ELEMENT 

Feed (+75) Back 

Calculate from 

Products 

LIMS-

Magnetic 

Product 

HIMS-Non 

Magnetic 

Product 

HIMS-

Magnetic 

Product 

Mass (gr) 174 9 16 149 

Fe2O3 (%) 24 66 2 24 

Co (ppm) 28 253 2 17 

S (ppm) 17389 222000 1930 7180 

W (ppm) 701 685 877 683 
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Appendix 46: Recovery of different elements in the products of magnetic separation test for sample S2104 

S2108 Recovery (%) 

ELEMENT 

Feed (+75)  Back 

Calculate from 

Products 

LIMS-

Magnetic 

Product 

HIMS-Non 

Magnetic 

Product 

HIMS-

Magnetic 

Product 

Mass 100 4.98 9.21 85.82 

Fe2O3 100 13.55 0.66 85.79 

Co 100 45.41 0.75 53.84 

S 100 63.54 1.02 35.43 

W 100 4.86 11.52 83.62 

 

Appendix 47: Result of Knelson enhanced gravity separation test for sample S2101 

ELEMENT 
Feed  

(-600 μm) 
Tail 

Concentrate 

1 

Concentrate 

2 

Recovery 

1 

Recovery 

2 

Total 

Recovery 

Mass (gr) 503 326 89 88 17.67 17.43 35.10 

Be (ppm) 245 243 256 241 18.46 17.15 35.62 

Bi (ppm) 425 407 407 510 16.92 20.92 37.84 

Cu (ppm) 984 935 992 1160 17.81 20.55 38.35 

S (ppm) 5840 5980 4810 6360 14.55 18.99 33.54 

W (ppm) 1205 449 4190 992 61.45 14.36 75.81 

 

Appendix 48: Result of Knelson enhanced gravity separation test for sample S2104 

ELEMENT 
Feed 

(-600 μm) 
Tail 

Concentrate 

1 

Concentrate 

2 

Recovery 

1 

Recovery 

2 

Total 

Recovery 

Mass (gr) 1340 1155 95 91 7.06 6.78 13.84 

Be (ppm) 237 238 228 231 6.80 6.61 13.41 

Bi (ppm) 395 387 472 413 8.44 7.09 15.53 

Cu (ppm) 952 958 909 924 6.74 6.58 13.32 

S (ppm) 11298 11000 13400 12900 8.37 7.74 16.11 

W (ppm) 1195 716 6030 2250 35.61 12.76 48.38 
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Appendix 49: Result of Knelson enhanced gravity separation test for sample S2108 

ELEMENT 
Feed 

(-600 um) 
Tail 

Concentrate 

1 

Concentrate 

2 

Recovery 

1 

Recovery 

2 

Total 

Recovery 

Mass (gr) 488 300 93 96 18.97 19.60 38.57 

Be (ppm) 234 238 237 218 19.23 18.27 37.50 

Bi (ppm) 489 480 545 462 21.16 18.53 39.68 

Cu (ppm) 1078 1060 1070 1140 18.84 20.74 39.58 

S (ppm) 15535 14400 14700 19900 17.95 25.11 43.06 

W (ppm) 776 402 1950 813 47.66 20.53 68.19 

 

Appendix 50: Result of Knelson enhanced gravity separation test for sample S2109 
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Mass (gr) 1093 911 94 88 91 8.62 8.09 8.36 25.07 

Be (ppm) 209 208 213 222 208 8.76 8.57 8.31 25.64 

Bi (ppm) 467 467 446 468 487 8.23 8.10 8.72 25.06 

Cu (ppm) 860 869 751 945 805 7.52 8.88 7.83 24.23 

S (ppm) 9422 8440 12200 13500 12400 11.16 11.59 11.01 33.75 

W (ppm) 589 358 2030 1270 741 29.72 17.45 10.53 57.70 

 

  



169 
 

Appendix 51: Comparison between reported errors of batch 1 and batch 2 elemental analysis for other oxides including 
P2O5 (A), TiO2 (B), Na2O (C) and K2O (D) 

 
(A) 
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(C) 

 
(D) 
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Appendix 52: Comparison between reported errors of batch 1 and batch 2 elemental analysis for rest of the elements 
including cadmium (A), zirconium (B), yttrium (C), vanadium (D), cobalt (E) and niobium (F) 
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Appendix 53: Total grade of predicted minerals in the second category of EMC including size fraction samples 

 

 

Appendix 54: Total grade of predicted minerals in the third category of EMC including separation tests outputs 
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Appendix 55: Residuals of oxides have been consumed in EMC for size fraction samples 

 

 

Appendix 56: Residuals of oxides have been consumed in EMC for separation tests outputs 
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Appendix 57: Residuals of elements have been consumed in EMC for size fraction samples 

 

 

Appendix 58: Residuals of elements have been consumed in EMC for separation tests outputs 

 


