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A B S T R A C T   

The complex mineralogy and low concentration of silver in polymetallic ores makes mineralogical character-
ization and extraction challenging. In this study, quantified mineralogical characterization of the flotation 
products from batch flotation tests was undertaken for a silver-rich zinc-lead ore using QEMSCAN® (Quantitative 
Evaluation of Minerals by Scanning Electron Microscope), scanning electron microscope with an energy 
dispersive spectrometer (SEM-EDS), and electron probe microanalysis (EPMA). Ten major silver minerals were 
identified and their behavior during flotation was discussed based on their different mineralogical and textural 
characteristics. Results from this study also showed the variability in the composition of some silver minerals (e. 
g., tetrahedrite and electrum), the presence of structurally bound silver in galena, and the formation of sulfur- 
based silver coating on chalcopyrite, galena, and tetrahedrite. A metallurgical balance generated using the 
QEMSCAN® data shows a very strong linear correlation (R2 = 0.99) against the chemical assay derived using 
inductively coupled plasma mass spectrometry (ICP-MS). This suggests that the quantification of mineralogical 
data produced using automated mineralogy is possible even for tracking trace minerals. The effectiveness of this 
methodology lies upon the creation of a robust mineral library based on a comprehensive mineralogical study, 
which can be used for tracking of by-product metals during the flotation of complex ores.   

1. Introduction 

The majority of mined silver (approx. 71% of the world’s total pro-
duction in 2019) is produced as a “by-product” in polymetallic ore de-
posits (see Fig. 1). In particular, lead–zinc mines are the biggest 
contributor of mined silver in 2019, producing 268.7 Moz (7,616 tons) 
silver, which is equivalent to 32.1% of the world’s total production 
(Newman et al., 2020). Silver often occurs as a trace or minor constit-
uent in these polymetallic ore deposits. This means that silver recovery 
in the mines is given less attention compared to the major metal con-
stituent, e.g., zinc and lead. In effect, silver recovery is dependent on the 
beneficiation process of the major metals (Nassar et al., 2015). Silver’s 
pivotal role in enabling the green energy sector is highlighted by the 
increasing demand for solar panels and hybrid/battery electric vehicles. 
In 2020, 10% (3,069 tons) of the total silver demand was accounted for 
photovoltaic cells production (Newman et al., 2020) whereas projected 
production of hybrid/battery electric vehicles by 2040 will require over 
2,200 tons silver per year (O’Connell, 2020). Thus, it is crucial to 
improve silver production and recovery as future demand increases. 

However, the complex mineralogical nature of lead–zinc ores makes 
the beneficiation process of silver difficult, presenting a challenge for 
recovery improvement. Silver is commonly recovered through a multi- 
stage flotation process designed for producing lead, zinc, and/or cop-
per concentrates. Silver recovery in lead and copper concentrates is 
more economically desirable than in the zinc concentrate. In a zinc 
concentrate, only 75% of the silver content above the base line of 
90–100 g/t Ag is commonly paid, which is equivalent to the normal 
recovery of silver during the smelting process (Sinclair, 2005). Silver 
recovery is generally dictated by the flotation properties of its host 
mineral (Gasparrini, 1984); however, there are >200 minerals that can 
host economically significant amount of silver. Most ore deposits typi-
cally contain five to ten types of these silver-bearing minerals with grain 
sizes varying from a couple to a hundred microns (Gasparrini, 1984). 
The complexity of the mineralogy and texture of silver makes quanti-
tative mineralogical characterization challenging. In addition, silver can 
also occur in trace amounts in sulfide minerals (e.g., pyrite (Quinteros 
et al., 2015) and galena (Amcoff, 1976)), making it difficult to analyze 
using normal analytical methods. Compared to gold, few studies have 
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been published on the mineralogical characterization and deportment of 
silver during the mineral processing of lead–zinc ores (Calderon-Rodarte 
et al., 2017; Chen and Xiao, 2017; Gottlieb et al., 1993; Petruk and 
Schnarr, 1981; Prisco et al., 2002; Quinteros et al., 2015; Wilkie and 
Bojcevski, 1997; Zhou, 2010; Zhou et al., 2005). The majority of the 
studies were conducted by mining companies, with the aim of under-
standing the variability in the silver grade and recovery (e.g., Boorman 
et al., 1982; Boychuk et al., 2012; Redmond et al., 2015). However, most 
of these studies rely greatly on the chemical assays and lack a quantified 
mineralogical characterization of silver in the flotation process. 

Quantitative mineralogical characterization is a crucial tool in 

understanding the flotation response of an ore. Nowadays, this is ob-
tained by using automated mineral analyzers, such as MLA (Mineral 
Liberation Analyzer), QEMSCAN® (Quantitative Evaluation of Minerals 
by Scanning Electron Microscope), Zeiss Mineralogic Mining, and TIMA 
(TESCAN Integrated Mineral Analyzer). Modal mineralogy, grain size, 
mineral association, and liberation of particles can be extracted using 
this technique. The chemical composition of the minerals can also be 
obtained using automated mineralogy but such analyses are generally 
semi-quantitative. Quantitative X-ray diffraction (QXRD) and electron 
probe microanalysis (EPMA), and scanning electron microscope with 
energy-dispersive spectroscopy (SEM-EDS) are commonly utilized to 
determine the major and minor composition of a mineral. A laser- 
ablation system with an inductively coupled plasma mass spectrom-
eter (LA-ICPMS) can be used for trace element analysis. Other more 
advanced microanalytical techniques for identifying trace element 
concentration of minerals include synchrotron X-ray fluorescence 
(SXRF), synchrotron X-ray diffraction (SXRD), sensitive high-resolution 
ion microprobe analysis (SHRIMP), and proton induced microprobe 
(µ-PIXE). These techniques are highly accurate but are costly and time- 
consuming if conducted for thousands of particles, making them 
impractical for a production environment. 

Although the metallurgical balance of a flotation process is tradi-
tionally calculated based on chemical assays of flotation products, the 
development of automated mineralogy has led to more studies being 
conducted using particle data (i.e., including quantitative mineralogy 
and microtexture). This particle-based approach is arguably more ac-
curate than using traditional chemical data as flotation behavior is 
defined by the surface chemistry of the different minerals present in a 
particle, not the elements themselves (Lamberg, 2011; Wills and Finch, 
2016). By incorporating quantitative mineralogical and textural infor-
mation in the particle data, a geometallurgical model can be designed to 
forecast production performance. 

This study utilizes a particle-based geometallurgical approach to 

Fig. 1. Silver production by main metal source in 2019 from Newman 
et al. (2020). 

Fig. 2. Experimental procedure.  
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understand the deportment of silver minerals in a Zn-Pb-Cu multi-stage 
flotation process. This was performed through comprehensive and 
quantified characterization of the silver-bearing minerals present in the 
ore using automated mineralogy (QEMSCAN®), augmented by data 
obtained from microanalytical tools, i.e. SEM-EDS and EPMA. The result 
from this study can help identify and track the silver route during the 
flotation of the Lappberget ore. A quantifiable mineralogical charac-
terization procedure is proposed, which can be utilized for tracking trace 
minerals in complex polymetallic ores. 

2. Material and methods 

The experimental setup illustrated in Fig. 2 outlines the workflow 
utilized in this study. Each stage is described in detail in the following 
sections. 

2.1. Sample locality and geology 

The Lappberget Zn-Pb-Ag-(Cu-Au) deposit is located approximately 
180 km northwest of Stockholm within the Bergslagen mining district. 
The deposit is part of Boliden Mineral AB’s Garpenberg mine, Sweden’s 

oldest still-operating mine (i.e., since 375 BCE, Bindler et al. (2017)). 
The Lappberget deposit is mined and processed to produce four different 
concentrates: zinc, lead, copper and a gravimetric concentrate targeted 
for gold and silver. Although zinc and lead are the primary resources in 
the mine, silver accounts to approximately 30% of the revenue, next to 
zinc (ca. 40%), followed by lead (20%) then copper and gold (10%) 
(Boliden Mineral AB, 2020). Several Zn-Pb-Ag sulfide deposits are pre-
sent within the Garpenberg area and are explored and mined by Boliden 
Mineral AB (Fig. 3). The Lappberget deposit is currently the largest 
sulfide deposit in the mine with a combined mineral resource and ore 
reserve of 58 Mt at 3.42% Zn, 1.68% Pb, 0.06% Cu, 70 g/t Ag and 0.41 
g/t Au (Högnäs, 2019). 

The identified silver-bearing minerals by Tiu et al. (submitted) at the 
Lappberget deposit were native silver, dyscrasite (Ag3Sb), allargentum 
(Ag1-xSbx), tetrahedrite group of minerals ((Ag,Cu,Fe)12(Sb,As)4S13), 
electrum (Au,Ag), acanthite (Ag2S), stephanite (Ag5SbS4) and pyrargy-
rite (Ag3SbS3). Tiu et al. (submitted) provide a detailed mineralogical 
characterization of the major sulfides in the deposit. Silver character-
ization of nearby deposits was conducted by Berggren (2005) within the 
Garpenberg area and by Sandecki and Amcoff (1981) and Sandecki 
(1983a) on Garpenberg Norra. 

Fig. 3. Regional geological map of the Lappberget deposit with inset showing the location of the Bergslagen (B) region where the Garpenberg area (red box) is 
located (Modified from Jansson and Allen, 2011). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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2.2. Sample selection and preparation 

Drill core logging and sampling were conducted at Lappberget to 
understand the geological context and sulfide distribution in the deposit. 
Mineralogical samples (i.e., thin sections) were prepared from selected 
drill core samples of varying lengths (5–100 cm) from various miner-
alized sections to target specific zones of the ore body (i.e., different 
lithologies, alteration styles, and mineralogy). These mineralogical 

samples were plotted in Fig. 4 and examined through different analytical 
tools described in Table 1. Twenty-one thin sections were analyzed by 
EPMA analysis (Supplementary Material Table A). Sputter coating with 
carbon was undertaken prior the EPMA analysis. 

From the mineralogical study, a silver-rich zone was identified in the 
upper part of the deposit (Fig. 4). Drill core samples were handpicked 
from the two drill holes (GARPN3617 at 81.0–94.5 m and GARPN3618 
64.5–94.7 m) that transect the silver-rich zone. The drill core samples 

Fig. 4. Sample location plotted in the 3D mineralogical modelling of the Lappberget deposit (Modified from Tiu et al. (submitted)).  
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were quartered and crushed using a jaw crusher and sieved to <3.15 
mm. The samples were homogenized and split into 1-kg samples using a 
rotary sample splitter. The 1-kg samples were combined to create two 5- 
kg feed for the flotation test. The 5-kg feed was ground in a rod mill (Sala 
mill) together with 2.7 L of water and 49 kg stainless steel rod mill 
charge with diameters between 5 and 25 mm. The mill was rotated at 54 

Table 1 
Different mineralogical characterization tools employed in this study.  

Methods Information Obtained Model Parameters Place of Analysis 

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

Nikon ECLIPSE E600 POL  Luleå University of 
Technology 

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

Mineralogy and semi-quantitative 
mineral chemistry 

Zeiss Merlin FEG-SEM Emission current: 
1nA 
Accelerating 
voltage : 20 kV 

Luleå University of 
Technology 

Electron probe microanalysis (EPMA) Quantitative mineral chemistry CAMECA SX100 (1 EDS and 5 wavelength 
spectrometers: TAP, 2 LLIF, PET and LPET) 

Emission current: 
40nA 
Accelerating 
voltage : 20 kV 

Geological Survey 
of Finland 

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

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

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

Boliden Mineral AB  

Fig. 5. Laboratory flotation test scheme. Analyzed flotation products are underlined whereas numbers inside boxes indicate the flotation streams characterized in 
this study. 

Table 2 
Flotation products.  

Flotation Products Description 

Cu-Pb-CTails2 Tailing from the 2nd Cu-Pb Cleaner unit 
Cu-Pb-CTails3 Tailing from the 3rd Cu-Pb Cleaner unit 
Cu-Pb-Conc Concentrate from the 3rd Cu-Pb Cleaner unit 
Zn-CTails1 Tailing from the 1st Zn Cleaner unit 
Zn-CTails2 Tailing from the 2nd Zn Cleaner unit 
Zn-CTails3 Tailing from the 3rd Zn Cleaner unit 
Zn-Conc Concentrate from the 3rd Zn Cleaner unit 
Zn-Tails Tailing from the Zn Rougher units  

Table 3 
Flotation streams.  

No. Flotation Stream Composition Calculation 

1 Feed Sum of all flotation products 
2 Cu-Pb Cleaner 1 

Conc 
Cu-Pb-CTails2 + Cu-Pb-CTails3 + Cu-Pb-Conc 

3 Cu-Pb Cleaner 2 
Conc 

Cu-Pb-CTails3 + Cu-Pb-Conc 

4 Cu-Pb Final Conc Cu-Pb Conc 
5 Cu-Pb Tails Zn-CTails1 + Zn-CTails2 + Zn-CTails3 + Zn-Conc +

Zn-Tails 
6 Zn Rougher Conc Zn-CTails1 + Zn-CTails2 + Zn-CTails3 + Zn-Conc 
7 Zn Cleaner 1 Conc Zn-CTails2 + Zn-CTails3 + Zn-Conc 
8 Zn Cleaner 2 Conc Zn-CTails3 + Zn-Conc 
9 Zn Final Conc Zn-Conc 
10 Final Tails Zn-Tails  
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rpm for 45 min. 

2.3. Flotation test 

The schematics for the flotation test was designed based on the 
configuration commonly used by Boliden Mineral AB (see Fig. 5). 

Table 2 shows the eight flotation products collected for each test 
wherein sampling points are marked in Fig. 5. Since only the flotation 
products were sampled and analyzed, the characteristics of the flotation 
streams (e.g., feed) were derived based on the results of the flotation 
products. The derivation formulas for the ten streams identified in Fig. 5 
were listed in Table 3. 

Two flotation tests were conducted to duplicate the experiment. The 
flotation tests were done with Outotec 8-L and Wemco 2.7-L cells for 
rougher and cleaner flotation stages, respectively. In the Cu-Pb rougher 
flotation stage, zinc sulfate (ZnSO4) and dextrin (Dextrin Gul) were used 
as depressants whereas copper (II) sulfate (CuSO4) was used as activator 
during the zinc rougher flotation stage. Potassium amyl xanthate (KAX) 
and isobutyl xanthate (IBX) were used as collectors, and triethylene 
glycol monobutyl ether (Nasfroth 240) was used as frother reagent. 
Slaked lime (Ca(OH)2) was used as pH regulator. 

2.4. Characterization 

The flotation products were dried, weighed, and split into two sets. 
The first set of samples was submitted to Intertek Genalysis Laboratory 
in Australia for chemical analyses following the methodologies 
described in Intertek (2020). The reference codes of procedure used 
were: FA25/OE04 (Au), 4A/MS48 (48 elements), 4AH/OE (samples 
with grade exceeding the upper detection limits for Cu, Zn, Pb and S in 
the MS48 procedure), 4A-ICPMS (Hg), FP6/OM (high-grade Ag and Pb). 
The second set of samples taken from the second flotation test was sized 
into three fractions using sieves 45 and 63 µm. Polished resin mounts of 
30 mm diameter were prepared for the different size fractions. These 
samples were utilized for optical microscopy and QEMSCAN® analysis. 
Sputter coating with carbon was done prior the QEMSCAN® analysis. 
The quantitative modal analyses were performed at Boliden’s TMP 
laboratory using QEMSCAN® 650. Data collection and processing was 
done using FEI™ iMeasure version 5.4 and iDiscover 5.4 software, 
respectively. The species identification protocol (SIP) or mineral library 
used during the analysis was modified based on the mineralogical 
characterization and composition from the SEM-EDS and EPMA anal-
ysis. Grain size distribution and mineral association is based on the 
equivalent spherical diameter (ESD) and pixel associations (Smythe 
et al., 2013) calculations computed using the iDiscover software. The 
elemental assay from the QEMSCAN® analysis was also extracted using 
the iDiscover software, based on the mineralogical composition from the 
EPMA and EDS analysis and the density of minerals listed in 

QEMSCAN® Mineral Database v.50.1.1.1. Detailed description of the 
parameters for the QEMSCAN® analysis is shown in Table 1. Table 4 
shows the modal mineralogy of the flotation feed based from QEMS-
CAN® analysis. 

3. Results 

3.1. Mineral sources of silver 

3.1.1. Major silver-bearing minerals 
There were at least ten major silver-bearing minerals present at 

Lappberget. The distribution of silver-bearing minerals present in the 
flotation feed sample based on QEMSCAN® analysis was listed in 
Table 5. The majority of the silver occurred as antimonides (i.e., allar-
gentum and dyscrasite), sulfosalts (i.e., tetrahedrite group of minerals 
and pyrargyrite), and native silver. The silver content in the tetrahedrite 
group of minerals analyzed with EPMA varied between 18.8 and 33.8 wt 
% (Table 6), majority of which were of freibergite composition (i.e., 
moles Ag/(Ag + Cu) > 0.5 (Torró et al., 2019) equivalent to > 29 wt% 
Ag). The size of freibergite grains analyzed in QEMSCAN® were 
generally coarser-grained than their relatively silver-poor tetrahedrite 
variety. Tennantite, the arsenic-rich member of the tetrahedrite group, 
was the least common variety and occurred in trace amounts. Electrum, 
proustite (Ag3AsS3) and diaphorite (Ag3Pb2Sb3S8) were rarely present. 
All of the analyzed electrum in QEMSCAN® was silver-rich (also known 
as küstelite). Gold-rich electrum was only observed in the mineralogical 
samples albeit rare. 

3.1.2. ‘Invisible’ silver 
Minor to trace amounts of silver was detected in some sulfides at 

Lappberget as summarized in Table 6. Based on analyzed grains using 
EPMA analysis, galena had a median silver content of 0.08 wt%. A study 
from Tiu et al. (submitted) showed that galena at Lappberget may 
contain up to 1204 ppm Ag in its crystal structure. Analyzed bournonite 
grains can contain up to 3 wt% Ag. Silver in galena accounted to 
approximately 2% of the total silver content of the feed, assuming that 
all galena contained 0.08% silver. 

3.2. Silver coating 

Sulfur-based silver coating was observed on chalcopyrite, galena, 
and tetrahedrite within mineralogical and flotation samples, examples 
of which were shown in Fig. 6D-F. Within intact samples, this phe-
nomenon was only observed for chalcopyrite, galena, and tetrahedrite 

Table 4 
Modal mineralogy of the flotation feed in wt% based on the 
sum of all flotation products obtained from the QEMSCAN® 
analysis.  

Phase Distribution 

Quartz 63.24 
Amphibole/Pyroxene 19.62 
Iron Sulfide 8.60 
Garnet 2.74 
Carbonate 1.55 
Sphalerite 1.53 
Galena 0.87 
Mica 0.59 
Oxide 0.29 
Feldspar 0.25 
Silver phase 0.02 
Chalcopyrite 0.01 
Others 0.69  

Table 5 
Distribution of Ag phases in the flotation feed in wt% for the different size 
fractions.  

Mineral Bulk 63–1000 µm 45–63 µm 10–45 µm 

Allargentum 29.0 34.8 21.1 28.8 
Native Silver 24.3 32.1 26.8 20.8 
Freibergite 19.9 13.3 22.7 21.7 
Acanthite 5.3 4.6 7.2 5.0 
Galena (Ag)* 5.1 3.9 3.6 6.0 
Chalcopyrite (Ag)* 4.9 2.8 5.7 5.6 
Dyscrasite 4.9 5.1 7.3 4.2 
Tetrahedrite 4.1 1.3 3.5 5.3 
Pyrargyrite 2.4 2.0 2.1 2.6 
Diaphorite** 1.1 0.7 0.5 1.4 
Electrum 0.1 0.1 0.1 0.1 
Proustite <0.1 <0.1 <0.1 <0.1 
Tennantite <0.1 <0.1 <0.1 <0.1  

* Galena (Ag) and chalcopyrite (Ag) were minerals detected by QEMSCAN® to 
contain silver, possibly caused by mixed signals produced by the presence of 
surficial silver sulfide films explained in the next section. 

** Majority of the identified diaphorite was a mixed galena and Ag-Sb phases. 
Identified diaphorite grains in SEM-EDS occur in trace amounts (<0.01%). 
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that were adjacent to dyscrasite and/or allargentum grains. Coated 
grains displayed a reddish brown to bluish white color depending on the 
thickness of the coating (Selwyn, 2004). The peculiar, greenish silver- 
rich chalcopyrite described by Sandecki (1983b) in a nearby sulfide 
deposit, Garpenberg Norra, was possibly caused by the presence of the 
silver coating. The formation of silver coating was concentrated within 
the boundary of the sulfide and silver-bearing mineral. Within micron- 
scale, the silver coating was composed of crystals with size ranging 
from a hundred nanometer to a micron. The exact composition of the 
silver-rich crystals was not determined in this study due to its small grain 
size. The formation of the silver sulfide in the epoxy-mounted samples 
(e.g., Fig. 6E) suggested that some of these films might have developed 
after the sample preparation; however, the exact timing of the devel-
opment of all silver coating present in the sample was not established in 
this study. Chen et al. (1980) suggested that the silver sulfide coating 
formed in ambient conditions was a result of diffusion from the adjacent 
less stable silver-bearing minerals that could be produced during 
grinding and polishing of the sample. Silver coating could also have 
formed during the flotation process, especially during the addition of 
copper sulfate as a sulfide activator (e.g., Zhou et al., 2005). The pres-
ence of this silver coating produced a ‘false’ silver-rich variety for galena 
and chalcopyrite during the QEMSCAN® analysis (e.g., Fig. 6E). These 
were categorized separately as galena (Ag) and chalcopyrite (Ag). The 
sulfur-based silver coating was similar to those described in several 
leaching studies (e.g., Gómez et al., 1999; Miller et al., 1981; Price and 
Warren, 1986; Yuehua et al., 2002). 

3.3. Flotation results 

Fig. 7 plots the grade and recovery results for the two flotations tests 
conducted. Detailed flotation results are attached as supplementary 

material (Table B). Majority of the silver content in the sample was 
recovered in the Cu-Pb flotation circuit. The zinc flotation circuit 
accounted for 21–25% of total recovered silver. Approximately 10% of 
the silver was lost to the final tails with grades of 30 g/t and 36 g/t Ag for 
flotation tests 1 and 2, respectively. 

The grade recovery curves for silver closely approximates the trend 
for antimony (Fig. 7). The strong agreement between these two elements 
reflects the composition of the major silver minerals in the ore, namely 
antimonides and Sb-bearing sulfosalts. Lead, copper, and gold show 
similar trends as silver whereas a different pattern is observed for zinc, 
iron, sulfur, and arsenic as compared to silver. 

Analysis of the chemical assays of the flotation products (Fig. 8) 
shows a strong positive linear correlation for silver and the following 
elements: antimony (R2 = 0.99), thallium (R2 = 0.96), lead (R2 = 0.95), 
gold (R2 = 0.95), and bismuth (R2 = 0.92). Thallium and bismuth ap-
proximates the trend of lead since galena is the preferred host for these 
elements (Tiu et al., submitted). Majority of the gold observed in the 
sample occurs as silver-rich electrum. Silver and mercury are positively 
correlated only in the Cu-Pb flotation products (R2 = 0.89). The bimodal 
distribution of mercury (Fig. 8) reflects the two types of mercury- 
bearing minerals present at Lappberget: (1) Ag-bearing mineral and 
(2) sphalerite (Tiu et al., submitted). It should be noted that antimony 
and thallium are elements that are ‘near completely digested’ using the 
four-acid digestion utilized in the analysis (Intertek, 2020). 

3.4. Silver deportment 

3.4.1. Mineralogy 
Allargentum and native silver accounted to >70% of the contained 

silver in the flotation feed followed by freibergite (10%), acanthite (7%), 
dyscrasite (5%), pyrargyrite (2%), and tetrahedrite (1%) as shown in 

Table 6 
Summary statistics of the chemical composition of Ag-bearing minerals at Lappberget in wt% based on EPMA data (Data not included for Bi, Cd, Mn, Se, Au and Te. 
Complete list of results is attached as supplementary material Table A).  

Mineral  S % Cu % Pb % Sb % As % Ag % Fe % Zn % Hg % 
Chemical Formula LDL 0.01 0.03 0.10 0.02 0.30 0.03 0.03 0.02 0.05 
No. of Analysis           

Silver-Allargentum (Ag,All) Min 0.02 <0.05 <0.10 0.80 <0.30 97.21 0.03  <0.05 
Ag0.96–0.98Sb0.01–0.02 Max 0.26 0.31 <0.10 1.76 1.33 98.42 1.70  <0.05 

Median 0.17 0.20  0.97 0.88 97.85 0.09   
n = 14 ADL (%) 100 100 0 100 71 100 100  0 
Dyscrasite (Dys) Min 0.02 <0.03 <0.10 20.95 0.33 63.03 <0.03 <0.02 <0.05 
Ag3.1–3.2Sb0.8 Max 2.89 0.62 0.48 32.34 0.87 79.72 0.38 <0.02 0.46 

Median 0.10 0.28 0.42 22.69 0.67 76.55 0.10  0.17 
n = 14 ADL (%) 93 64 21 100 43 100 64 0 79 
Diaphorite Min 17.55 0.44 28.41 26.68 <0.30 24.23 0.17 <0.02 <0.05 
Pb1.9-2Ag3.2Sb3.1S7.6–7.7 Max 17.59 0.45 28.84 26.80 <0.30 24.79 0.27 <0.02 0.1455 

Median 17.57 0.45 28.62 26.74  24.51 0.22  0.1455 
n = 2 ADL (%) 100 100 100 100 0 100 100 0 50 
Bournonite (Bour) Min 18.96 12.02 39.14 14.83 <0.30 <0.03 <0.03 <0.02 <0.05 
Pb0.9-1Cu0.9–1(Sb0.6-1As0.2–0.4)S2.9–3 Max 20.57 13.79 43.69 25.70 6.69 3.06 0.06 0.08 0.0504 

Median 19.98 13.31 42.33 21.72 4.73 0.11 0.06 0.06 0.0504 
n = 9 ADL (%) 100 100 100 100 56 56 22 44 11  

LDL 0.02 0.04 0.09 0.04 0.25 0.06 0.03 0.04 0.08 
Freibergite-Tetrahedrite Min 18.96 12.02 0.09 15.07 0.64 0.89 0.06 0.04 0.1089 
(Cu4.3–10.6Ag0.1–6.2Zn0-1.1Fe0.1-2Mn0-1.9) 

(Sb2.1–5.1As0-1.64)S12.2–13.6 

Max 25.49 39.13 5.06 28.56 7.14 33.78 6.27 2.07 0.1462 
Median 22.32 24.43 0.13 25.65 2.36 18.77 5.20 1.05 0.1159 

n = 43 ADL (%) 100 100 60 100 28 100 100 91 7  
LDL 0.02 0.02  0.02 0.17 0.03 0.03 0.02  

Tennantite Min 27.60 42.27  1.58 17.91 0.56 3.24 4.23  
(Cu10Ag0.1–0.2Zn1Fe0.9Mn0.1) 

(Sb0.2As3.6–3.8)S12.9–13 

Max 27.88 42.74  1.68 18.93 1.42 3.32 4.65  
Median 27.77 42.59  1.64 18.69 0.98 3.28 4.50  

n = 11 ADL (%) 100 100  100 100 100 100 100   
LDL 0.02 0.02 0.24 0.02 0.04 0.03 0.02 0.02  

Galena Min 12.92 <0.02 77.63 <0.02 <0.17 <0.03 <0.02 <0.02  
PbS Max 13.71 0.99 86.81 2.29* 1.75* 4.11* 0.72 1.29*  

Median 13.40 0.08 85.81 0.10 0.44 0.08 0.04 0.06  
n = 72 ADL (%) 100 28 100 99 18 94 60 38  

LDL = Minimum detection limit, ADL (%) = Percentage of analyses above the lower detection limit, *presence of inclusion noted in the sample. 
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Fig. 9. The remaining minerals accounted to <1% of the silver present in 
the sample. 

Silver grade was upgraded in the Cu-Pb flotation circuit; however, 
silver recovery decreased significantly from 62% to 36% during the 

cleaning stages. Up to 72% of allargentum were recovered in the Cu-Pb 
flotation units with minimal lost during the cleaning stages; on the other 
hand, significant amount of native silver, freibergite, and acanthite were 
lost during the Cu-Pb cleaning stages (Fig. 10). Higher mineral recovery 

Fig. 6. Silver occurrences in Lappberget. (A) SEM-BSE image of pitted pyrite associated with native silver and tetrahedrite (LPB2918-472), (B) SEM-BSE image of 
locked Ag-electrum inside a galena-rimmed pyrite grain (Cu-PbConc), (C) SEM-BSE image of interlocked grains of pyrargyrite, freibergite, galena and sphalerite 
(ZnConc), (D) Photomicrograph in reflected light of a sulphur-based silver coating on chalcopyrite (bluish white tarnishing) in between dyscrasite and an untarnished 
grain of chalcopyrite (LPB3458-165.5), (E) SEM-BSE image of chalcopyrite and dyscrasite grains surrounded by less than a micron-thick silver coating in an epoxy 
mounted sample (16266–79340), and (F) SEM-secondary electron image of galena and dyscrasite with silver sulfide grains formed in the surface (LPB2577-154). 

Fig. 7. Grade and recovery curves for selected elements (FTX: Flotation Test No.).  
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Fig. 8. Correlation plots of silver and selected elements based from chemical assay analysis of flotation products.  
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was observed for freibergite in the Cu-Pb circuit as compared to its less 
silver-rich tetrahedrite variety. The mineral recovery of silver-bearing 
galena and chalcopyrite were similar to its counterparts. In the Cu-Pb 
concentrate, galena (Ag) and chalcopyrite (Ag) had a mineral recovery 
of 28% and 21% whereas plain galena and chalcopyrite had a mineral 
recovery of 28% and 20%, respectively. 

The Cu-Pb tails (zinc rougher flotation feed) on average contained 
100 g/t Ag (approx. 34% of the contained silver in the feed grade). 
Approximately 42% of the lost silver occurred as native silver and 27% 
occurred as allargentum. Majority of the silver in the Cu-Pb tails were 
recovered in the Zn rougher flotation but subsequently lost during the 
cleaning stages. Only 4% of the contained silver in the feed was recov-
ered in the final zinc concentrate. The final tails had an average grade of 
33 g/t Ag (approx. 10% of the contained silver in the feed). Native silver 
accounted for almost half of the silver present in the final tails followed 
by freibergite (17%) and acanthite (14%). 

3.4.2. Liberation and grain size 
Fig. 11 plots the distribution of major silver-bearing minerals in the 

different flotation streams based on the degree of liberation. Analysis of 
the feed showed that majority of native silver, acanthite, and dyscrasite 
were poorly liberated, i.e., </= 20% liberated surface (Fig. 11). Allar-
gentum and freibergite had more liberated particles, however, only the 
latter had a significant amount of fully liberated particles. Most of the 
fully liberated allargentum, freibergite, and pyrargyrite reported in the 
Cu-Pb concentrate. Majority of the poorly liberated particles were lost 
during the cleaning stages in the Cu-Pb flotation circuit and reported to 
the zinc flotation circuit. These poorly liberated particles were removed 
during the subsequent zinc flotation cleaning stages. The final tails were 
mainly composed of poorly liberated particles. Fully liberated silver 
minerals that reported in the final tails were ultra fine-grained (ESD size 
< 5 µm). 

The grain size distribution of the major silver-bearing minerals was 
plotted in Fig. 12 to determine the relative size of target minerals 
required to achieve a full liberation. All of the analysed minerals had a 
grain size (ESD) of <32 µm. Maximum recovery for native silver and 
allargentum in the Cu-Pb concentrate was observed at size range from 
10 to 15 µm (Fig. 13). Finer-grained native silver and allargentum 
generally reported to tails whereas coarser-grained minerals showed a 
slight decrease in recovery for the Cu-Pb concentrate. Some of the 
coarse-grained minerals were recovered during the zinc rougher flota-
tion but were subsequently removed during the cleaning stages. 

Sulfosalts, i.e., freibergite and tetrahedrite, showed a different 
pattern in terms of flotation behaviour. Tetrahedrite grains containing 
higher silver content had better mineral recovery in the Cu-Pb flotation 
circuits (Fig. 14). Better recovery could also be attributed to the coarser 
grain size of freibergite as compared to its less silver-rich variety. Similar 
results were reported by Petruk and Schnarr (1981) in the Zn-Pb-(Cu- 
Ag) New Brunswick ore wherein better recovery on tetrahedrite was 
correlated with silver content and grain size. 

3.4.3. Mineral association 
Majority of the silver minerals co-occurred with each other (e.g., 

native silver-allargentum-dyscrasite). Based from the study from Tiu 
et al. (submitted), the different silver phases could have formed from the 
breakdown of a silver-bearing sulfosalt at different physico-chemical 
conditions. This resulted to complex mineral associations between the 
different silver phases. 

Based from the QEMSCAN® data, silver minerals were mainly 
associated with sulfides and sulfosalts as shown in Fig. 15. As expected, 
majority of the silver minerals associated with chalcopyrite and galena 
was recovered in the Cu-Pb concentrate whereas sphalerite-associated 
minerals reported to the zinc concentrate. In the case of complex 
intergrowth, an example of which is shown in Fig. 6C, the silver minerals 

Fig. 9. Silver deportment for the different flotation streams. The color legend is 
arranged based on increasing abundance (top to bottom). The ‘Other Ag-min-
erals’ includes electrum, diaphorite, proustite and tennantite. ‘Silver recovery’ 
in the tails account for the silver losses. 

Fig. 10. Overall mineral recovery/losses in wt% for the different flota-
tion streams. 
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tend to follow the behavior of the minerals with the largest liberated 
surface. 

Native silver was mostly associated with pyrite, typically occurring 

as microscopic inclusions or within rims (e.g., Fig. 6A). The strong as-
sociation of native silver with pyrite explained the high amount of losses 
in the final tails. Allargentum and freibergite showed similar mineral 
association. Tetrahedrite was strongly associated with sphalerite, ma-
jority of which reported to the zinc final concentrate. A significant 
portion of acanthite was associated with arsenopyrite whereas dyscra-
site and pyrargyrite was strongly associated with gudmundite and native 
antimony. Silver minerals that were mostly intergrown with iron sul-
fides and silicates reported to the final tails. 

4. Discussion 

4.1. Process optimization 

Based on this study, silver mainly occured as native silver and 
allargentum in the silver-rich upper zone of the Lappberget deposit. 
Allargentum showed the best recovery in the Cu-Pb flotation circuit 
(Fig. 10) due to its coarser grain size, thus had a higher number of 
moderately to fully liberated grains. In addition, allargentum was 
commonly associated with galena. On the other hand, native silver, 
which accounts to half of the lost silver in the final tails, was generally 
finer-grained and in effect poorly liberated. Its strong association with 
pyrite also accounted for majority of the losses to the tails. 

Since majority of the silver analyzed were fine-grained, optimizing 
silver recovery in Lappberget is challenging. Based on the flotation re-
sults, the optimal grain size for native silver and allargentum is at 10–15 
µm. Ultra fine grinding is necessary to improve the liberation for silver; 
however, this can also be counterproductive. Fine particles generally 
have poorer flotation performance (i.e., especially for sphalerite, galena, 
chalcopyrite) and require higher energy cost for grinding (Pease et al., 
2010). This dilemma can be addressed if fine-grained particles are 
treated separately, i.e., during the cleaning stages. For example, 

Fig. 11. Liberation analysis for selected silver-bearing minerals for each flotation stream. Legend: FD = Feed, CPC1C = Cu-Pb Cleaner 1 Concentrate, CPC2C = Cu-Pb 
Cleaner 2 Concentrate, CPFC = Cu-Pb Final Concentrate, CPT = Cu-Pb Tails, ZRC = Zn Rougher Concentrate, ZC1C = Zn Cleaner 1 Concentrate, ZC2C = Zn Cleaner 2 
Concentrate, ZFC = Zinc Final Concentrate, and FT = Final Tails. 

Fig. 12. Cumulative grain size distribution of major silver-bearing minerals in 
the feed based on equivalent spherical diameter (ESD) calculated from 
QEMSCAN® analysis. Minimum size is 3 µm due to the pixel size limitation 
during the analysis. 

G. Tiu et al.                                                                                                                                                                                                                                      



Minerals Engineering 167 (2021) 106889

12

increased grade and recovery is observed in the Mount Isa lead–zinc 
concentrator using ultra-fine grinding in the re-grind /float stages with a 
P80 of 12 µm in the rougher concentrate and up to 7 µm in the cleaning 
stages (Pease et al., 2010). The fine-grained materials were treated 
separately during the flotation process and produced better recovery. 
Celep et al. (2015) and Olyaei et al. (2016) also showed that ultra-fine 
grinding is beneficial in silver extraction using cyanide leaching and 
Knelson concentrator. 

The silver coating on sulfides and sulfosalts, although being a 
‘classic’ issue, is still poorly understood in terms of its effect on flotation 
(Zhou et al., 2005). Although the results of the study showed no sig-
nificant difference between the silver-coated sulfides in terms of mineral 
recovery, this finding was inconclusive since it was not established when 
the silver coating developed (i.e., during grinding, flotation, or sample 
preparation). Economically, the formation of silver coating in chalco-
pyrite and galena during mineral processing, if proven not detrimental, 
can help upgrade the profit for the copper and lead concentrates. 

The strong association of silver and antimony (i.e., occurring as 
allargentum and freibergite) should also be taken into account for the 
smelting process. Antimony is detrimental in the electrorefining of 
copper, hence more manageable if recovered during the lead alloy 
production (Schlesinger et al., 2011; Swinbourne et al., 2010). Pre- 
treatment of copper concentrate (e.g., selective roasting and leaching) 
is necessary to make the copper product amenable to conventional 

smelting (Barbery, 1986). Extension of this silver deportment study into 
the separation of copper and lead concentrates can be beneficial in 
improving the silver output. 

4.2. Comparison of results from QEMSCAN® and chemical assay 

The analyzed silver content for each flotation product (Supplemen-
tary Material Table B) was compared against the calculated silver grade 
from the QEMSCAN® analysis in Fig. 16. The calculated silver content 
from the QEMSCAN® analysis is highly underestimated as compared 
with the assay results acquired using ICP-MS. Although the QEMSCAN® 
and ICP-MS samples were split from the same homogeneous material, 
the former was only imaged at the surface whereas the latter was 
completely digested to produce the chemical assay results. Nonetheless, 
a strong positive linear correlation (R2 = 0.99) suggests a good agree-
ment between the two analysis methods, despite the ‘semi-quantitative’ 
nature of QEMSCAN® in terms of mineral chemistry. This verifies that 
the mineral library or SIP protocol defined in QEMSCAN® using the 
mineralogical analysis using EPMA and SEM-EDS were reliable. 

Unaccounted silver may also be due to the trace amounts of silver 
present in galena and unanalyzed grains due to pixel size limitation (<3 
µm). The silver content from the QEMSCAN analysis was recalculated to 
account for the trace element content in galena and missing fine frac-
tions (Fig. 16). A silver content of 0.08% was assumed for all galena 
based on the median silver content of analyzed galena using EPMA. To 
account for the missing fine-fractions, the distribution of particles <3 µm 
was assumed based on the distribution of the 3 µm-sized particles in the 
grain size distribution of silver minerals (Fig. 12). Relative difference 
between the recalculated QEMSCAN® analysis and chemical assay is at 
14% (median). 

4.3. Application to process mineralogy 

A procedure for quantitative mineralogical characterization of 
flotation samples using automated mineralogy (e.g., QEMSCAN®) is 
proposed based on the methods utilized in this study. Fig. 17 shows a 
proposed flowsheet for a silver study for complex ores; however, this can 
also be modified for tracking other trace elements (e.g., Sb, As, etc.), 
which have complex mineralogy and texture. This comprehensive 
characterization can be applied during the process design and/or pro-
cess optimization using routine production samples. 

The quality of the results is highly reliant on the robustness and 
accuracy of the mineral library. The mineral library should take into 
account the majority of the mineral phases present in the sample, 
especially when composition varies within each mineral group. Chem-
ical analysis can be used to validate the result in terms of grade and 
recovery. If discrepancies are observed, a more detailed characterization 
is required, which involves, for example, in the case of silver:  

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

(2) distinguishing the silver-bearing minerals occurring as fine- 
grained microinclusions, which maybe producing mixed sig-
nals, and  

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

The advantage of this workflow is that the mineral library of silver- 
bearing minerals can be constantly updated as more samples are ana-
lysed (i.e., during routine analysis). This makes the mineral identifica-
tion of silver minerals using automated mineralogy more robust and 
comprehensive. With the current set-up of QEMSCAN®, phases with 
different composition (e.g., freibergite-tetrahedrite) must be registered 
separately to have an accurate calculation of the assay of the sample. 

Fig. 13. Distribution of native silver and allargentum in the different flotation 
streams based on grain size (ESD). 
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Extracting the chemistry for each analyzed mineral from the individual 
EDS can also be utilized to calculate the assay of the sample for vali-
dation if EPMA data is not available. However, this method is time- 
consuming and requires high computational power. In addition, 

conservative estimate of the relative error from EDS analysis is at ±5% 
(Newbury and Ritchie, 2013) depending on the analyzed element, 
sample topography, and operating conditions (i.e., automated miner-
alogy commonly utilizes fast scan speed, contributing to lower accuracy 

Fig. 14. (Left) Mineral recovery for tetrahedrite group of minerals in the Cu-Pb flotation circuits based on the silver content and (right) grain size distribution in the 
Cu-Pb final concentrate. 
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for each analysis). 
One of the main caveat of using automated mineralogy for real-time 

process optimization is that this require time and cost for sample prep-
aration and analysis. Thus, this method is more suited for process design 

and development. With the advent of online automated mineral char-
acterization tools (e.g., Antal-Lundin et al., 2019; Miller and Lin, 2016), 
this workflow can be utilized for real-time silver tracking once limita-
tions in mineral identification and scale of analysis for these online tools 
have been resolved. 

5. Conclusion 

Based on this study, the following conclusions can be drawn:  

(1) The major silver-bearing minerals identified in the silver-rich 
upper portion of Lappberget were native silver, allargentum, 
and freibergite (i.e., accounting for >70% of silver-bearing min-
erals an  80% of the total Ag content of the feed).  

(2) The flotation performance of the silver minerals was driven by 
mineralogical and textural factors such as grain size, liberation, 
and mineral association. Optimal grain size for Cu-Pb flotation of 
native silver and allargentum was identified at 10–15 µm. Better 
recovery in the Cu-Pb circuit was observed for tetrahedrite vari-
ety with higher silver content (i.e., freibergite) and coarser grain 
size. Fine grain size and strong association of native silver with 
pyrite caused the major silver losses in the final tails. Freibergite 
in the final tails was associated with pyrite and silicate minerals. 

(3) Presence of sulfur-based silver coating was identified on chalco-
pyrite, galena, and tetrahedrite that were in contact with silver- 
rich minerals (e.g., allargentum and dyscrasite). No effect in 
flotation performance was observed.  

(4) Silver in galena accounted to approximately 2% of the total silver 
content in the feed, assuming a median value of 0.08% silver in 
galena. 

Fig. 15. Mineral association of the major silver-bearing minerals with non-silver-bearing minerals in the different flotation streams and the corresponding particle 
view of the final tails. 

Fig. 16. Comparison of the calculated silver grade from QEMSCAN® and ICP- 
MS analysis of the flotation products. 
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(5) Strong linear correlation (R2 = 0.99) was observed between the 
chemical assays derived using ICPMS and calculated silver con-
tent from QEMSCAN®. 

The combination of automated mineralogy (e.g., QEMSCAN®) with 
other microanalytical tools (e.g., EPMA and SEM-EDS) was shown to be 
an effective particle-based geometallurgical characterization tool for 
tracking trace minerals, in this case silver, in a multi-stage flotation 
process for complex ores. The methodology employed was utilized for 
process optimization; however, the quantified information acquired 
from the particle data can be more beneficial for simulating the process 
performance when designing a plant. Similar characterization technique 
can be applied for other trace elements (e.g., Sb, As, Bi, Tl) present in the 
ore that can affect the beneficiation process. 
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