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ABSTRACT 

Ore characterization studies are of great importance to the mining industry, especially when dealing 

with precious metals by-products. It is a way towards increasing mining efficiency. The Swedish 

Boliden’s Zn–Pb–Ag–(Cu–Au) Lappberget Deposit is the main ore body at the Garpenberg Mine 

producing concentrates of zinc, lead, copper, and a gravity concentrate of silver and gold, which 

accounts for a significant revenue for the mine. Garpenberg Mine is an ancient and traditional mining 

site in Sweden, nonetheless the Lappberget deposit is a relatively recent discovery and there are still on-

going studies on this ore body. More recently detailed ore investigations have been carried out on the 

sulfides and silver mineralization in different geological domains within the Lappberget deposit. In this 

context, the present work is focused on investigating the gold mineralization of the deposit, aiming to 

study the occurrence and distribution of gold minerals, characterize the gold in the ore and how its 

characteristics affect gold recoveries during its processing. To achieve these goals, different 

investigative methods were applied on drill core samples of the footwall disseminated to semi-massive 

mineralization (FWD), and on samples from the gravity concentrator at Boliden’s processing plant. The 

techniques applied were optical microscopy, scanning electron microscopy, energy dispersive x-ray 

spectrometry, electron probe microanalysis, laser ablation inductively couple plasma mass spectrometry, 

and bulk chemical analysis. The main findings pointed electrum as the main gold mineral, occurring 

with a strong sulfide association, in a variety of textures and grain sizes. The study also identified the 

occurrence of Au-Bi alloy, not previously described in literature of the Garpenberg region. The potential 

of invisible gold in the sulfide carriers was also a subject of investigation, as well as the evaluation of 

the characteristics of the samples from the gravity concentrator. 

Key Words: Gold characterization, gold as by-product, Lappberget ore, Garpenberg Mine. 
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CHAPTER 1 

1 INTRODUCTION 

The Lappberget Zn–Pb–Ag–(Cu–Au) deposit is one of the main ore bodies of Boliden Mineral’s 

Garpenberg mine. Four different concentrates that are produced from the mining and processing of 

Lappberget deposit are Zn, Pb, Cu and, a gravimetric concentrate aiming for Au and Ag, gold being a 

mine by-product. The geology of the Garpenberg area is well known, however, there are limited studies 

about the ore mineralogy and distribution in the Lappberget deposit. More recently, a detailed 

mineralogical characterization has been carried out by Tiu et al. (2019, 2021a, 2021b) focusing on 

sulfides and silver. Currently, there is a lack of understanding on the occurrence and distribution of gold 

in the deposit and its deportment in the mineral processing plant. Thus, this study aims to investigate 

the occurrence and distribution of gold in the deposit, characterize the gold mineralization and 

investigate gold deportment in the beneficiation process, going towards a better understanding of this 

deposit.  

To achieve the objectives of this work, different analytical tools for gold characterization were 

applied to study the samples: drill core thin sections from the Lappberget deposit and polished epoxy 

mounts collected from a Knelson gravimetric concentrator at Boliden’s processing plant. Optical 

microscopy (OM), automated microscopy (AM), and SEM-EDS (Scanning electron microscopy - 

energy dispersive X-ray Spectroscopy) were used to determine the mineralogy, grain sizes, textures, 

associations, and main grain composition. EPMA (electron probe microanalysis) was applied to obtain 

mineral chemistry, LA-ICP-MS (laser ablation inductively coupled plasma mass spectrometry) for trace 

element assessment. Bulk chemical analysis was applied for samples from the processing plant.  

The main contribution of this thesis is the detailed look into the gold mineralization at this deposit. 

Gold was predominantly observed as electrum, closely associated with sulfides. The mineralogical 

features observed corroborate previous inferences of a key importance of metamorphic processes and 

remobilization in redistributing gold in the Lappberget ore. Electrum occurrences were categorized 

according to its texture, grain size and mineral association, relevant aspects to mineral processing. 

1.1 Nature of the work 

The present work is a master thesis project within the framework of the Erasmus Mundus Emerald 

Master Program in Resources Engineering. Emerald is an EIT-labelled master program designed to 

bridge the right balance among resources knowledge and process-engineering techniques, regarding a 

sustainable supply of raw materials, with the approach of geometallurgy, towards a more circular 

economy. The master program is part of the European Institute of Innovation and Technology (EIT Raw 

Materials) education; it is organized by four Universities, University of Liège (ULiège) in Belgium, 

University of Lorraine (UL) in France, Luleå University of Technology (LTU) in Sweden and 

Technische Universität Bergakademie Freiberg (TUBAF) in Germany. 

This master thesis project was realized at Luleå University of Technology (LTU), Department 

of Civil, Environmental and Natural Resources Engineering, Minerals and Metallurgical Engineering, 

under the supervision of Yousef Ghorbani, Christina Wanhainen, Nils Jansson, Glacialle Tiu, and Lena 

Lilja from Boliden’s Garpenberg Mine. This work is part of a larger project conducted by the supervisors 

of this thesis that has been successfully investigating the ore at the Lappberget deposit in detail. In this 

context, this master thesis is carried out under the umbrella of geometallurgy, within a scope of a gold 

deportment study. The present project does not intend to exhaust the actual subject, instead, it is focused 

on the characterization of gold minerals from Lappberget deposit, aiming to recognize, describe and 
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characterize its occurrence and distribution, as an initial stage of investigation that can sustain further 

studies. 

1.2 Purpose and objectives 

With the purpose to move towards a better understanding of the gold mineralization in Lappberget 

deposits, based on the aims introduced above the following objectives are formulated. The 

simplified workplan is illustrated in figure 1.1. 

 

• Investigate the occurrence and distribution of gold in the deposit;  

• Characterize the mineralogy, composition, grain size range, textures, mineral association; and 

• Evaluate their effect on gold recoveries during the exploitation of the Lappberget deposit. 

 

 

Figure 1.1: Simplified graphic diagram with the work plan and experimental approach, for detailed information 

see chapter 3 – Materials and Methods. 

 

1.3 Thesis structure 

This study is presented in seven chapters (Fig. 1.2) following the workflow applied in the gold 

characterization. The introduction chapter provides a general idea about the project including the 

objectives, the techniques applied and main results. In the literature review, firstly, background 

information about the Garpenberg mine and Lappberget deposit are presented. Further on, 

geometallurgy and gold deportment overview are mentioned as this project is based on these approaches. 

The role of by-products in the mining districted is also discussed as gold, the mineral in focus in this 

thesis, is a by-product at Lappberget. Subsequently, the different gold minerals are presented, followed 

by a review over the analytical techniques applied in this study. Later in this chapter, gold ore processing 

is reviewed, focusing on gravity methods and the Knelson concentrator. Lastly, the regional and local 

geology and ore mineralogy are presented. Material and methods chapter presents the samples in 

which the investigation was carried over, and details about the experimental approach for this thesis. 

The fourth chapter are the results obtained by applying the methods over the samples and its outcomes. 

The subsequent chapter are the discussions provided by the results and the confrontation with 

information available in the literature. The EIT chapter intend to provide an innovative view and 

possible implications of the study. Last section of the thesis is the conclusion.  
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Figure 1.2: Schematic thesis structure. 
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CHAPTER 2 

2 LITERATURE REVIEW 

This chapter presents a literature review of the main aspects that involve the current 

investigation. It goes through general information about Garpenberg mine and Lappberget deposit, the 

geometallurgical approach, the gold deportment study, and the analytical methods involved in the 

investigation. The importance of by-products in the mining industry is described. The most common 

gold minerals occurrences and a brief overview on gold ore processing are discussed. Lastly, the 

geological context in which the samples of the present master thesis are placed from a regional 

geological aspect before the local geology of the Garpenberg Mine and the Lappberget Deposit are 

presented. Tiu et al. (2019, 2021a, 2021b) are the most recent and detailed work performed on the 

mineralogy of the Lappberget deposit in Garpenberg Mine, therefore the main references on which this 

work is based. 

2.1 Location of the Lappberget deposit 

Located in the Bergslagen district, south-central Sweden, in the Hedemora municipality, about 

180 Km distance northwest to Stockholm the Lappberget deposit is part of the Garpenberg Mine, the 

oldest Swedish mine still in operation (Bindler et al., 2017), owned and operated by Boliden AB. 

Garpenberg mine are at the coordinates: latitude 60°19’27”N and longitude 16°13’38”E (Figure 2.1). 

 

 

Figure 2.1: Garpenberg mine location map. 

 

2.2  About Garpenberg mine and Lappberget deposit 

2.2.1 Historical figures 

The Bergslagen region is a historical mining district with many historic mine sites. Garpenberg 

mine (Zn-Pb-Cu-Ag-Au) is still in operation, whereas Norberg (iron mining) and Falun (copper mining) 

are two examples of historical mines in Bergslagen metallic mineral province that closed its operation a 

few decades ago. The historical data about significant mining and metallurgical activities in Sweden is 

well documented from the late 12th and 13th century, although it is known that metal ores exploitation 

was very important to Sweden’s economy since the before those times (Berglund, 2015). 



 

Barbosa, L. H. C., 2021 Analysis of the gold mineralization in the metamorphosed Lappberget Deposit... 

6 

The first document indicating mining in Garpenberg dates back to 1402 CE (Berg Nilsson and 

Nilsson, 2009). Studies conducted by Bindler et al. (2017) showed strong evidence of activities 

associated with ore extraction back to the pre-Roman Iron Age. These evidences of human disturbance 

in the local landscape was attested by analyzing sediment profile record from Gruvsjön Lake. The 

investigation was based on high-resolution isotope analysis, geochemical changes on ore-related 

elements concentration, charcoal particles content variations and the presence of pollen assemblages. 

The earliest ore exploration and land use at Garpenberg with mining activity signs was dated at 375 

BCE. This early mining was focused on copper and most probably from the Odalfältet ore body. 

2.2.2 Boliden AB’s Garpenberg Mine and Lappberget deposit outline 

The Zn-Pb-Ag-(Cu-Au) Garpenberg mine is owned and operated by Boliden AB since 1957, 

when the company acquired the mine from AB Zinkgruvor (Derrien, 2020). At that time around three 

million tonnes of Zn, Pb, Cu, Ag and Au ore had already been produced. Garpenberg is the oldest mine 

in Sweden still in operation (Bindler et al., 2017). It is the most productive zinc underground mine, and 

it is known worldwide by its high technological standards applied. It exploits several polymetallic ore 

bodies in its vicinity, with the Lappberget deposit being the main ore body in the mine. Boliden AB 

have produced 57.8 Mt of ore from 1957 until 2020 in Garpenberg. Zinc is the most valuable commodity 

in the mine accounting for 40% of its revenue, silver is the second most valuable commodity and 

accounts for 30% of the revenue, followed by lead at 20%, and copper-gold at 10% (Derrien, 2020).  

Mineral reserves and resources are described below highlighting the gold content and with more 

detail in table 2.1. Total mineral resources are at 36.6 Mt (Au 0.35 g/t), divided into measured at 3.9 Mt 

(Au 0.33 g/t) and indicated at 32.6 Mt (Au 0.35 g/t). Inferred mineral resources are at 25.5 Mt (Au 0.42 

g/t) and total mineral reserves at 89.5 Mt (Au 0.3 g/t), divided into proved 23.5 Mt (Au 0.23 g/t) and 

probable at 66.0 Mt (Au 0.35 g/t). 

 

Table 2.1: Minerals reserves and mineral resources in Garpenberg mine in 2020 (Derrien, 2020). 

Classification 

2020 

K ton Au Ag Cu Zn Pb 

  (g/t) (g/t) (%) (%) (%) 

Mineral Reserves       

Proved 23500 0.23 97 0.03 3.1 1.2 

Probable 66000 0.35 93 0.05 2.7 1.3 

Total 89500 0.3 94 0.04 2.8 1.3 

Mineral Resources       

Measured 3900 0.33 94 0.06 3.4 1.7 

Indicated 32600 0.35 89 0.05 2.7 1.3 

Total  36600 0.35 90 0.06 2.8 1.4 

Inferred 25500 0.42 57 0.07 2.5 1.4 

 

Boliden’s grade variation in annual ore production (Derrien, 2020) since 1957 from zinc, lead, 

silver, and gold commodities are summarized in the graph below (Figure 2.2), Zn and Pb are given in 

percentage (%) while Ag and Au in grams per ton (g/t). 

Lappberget deposit is the major ore body in Garpenberg mine, and it was discovered in the late 

1990’s and due to that, Garpenberg's life of mine (LOM) was increased, avoiding its closure. 

Subsequently, Boliden was able to invest in an expansion project for the production plant in Garpenberg 
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wich started operating in 2014, increasing its annual production from 1.5 Mt to 2.5 Mt (boliden.com; 

Derrien, 2020). There was also a considerable investment in automated technologies that made 

Garpenberg a high tech mine. 

The main mining method applied in the Garpenberg mine and the one used in the Lappberget 

deposit is sublevel stopping, where two drifts distancing vertically 25 meters from each other limits the 

ore layers that are active mined. Most commonly, the ore is exploited with the mine development and 

stope axis transversally to the ore body strike, the exception occurs in narrow areas where a longitudinal 

approach is preferred. Stope dimensions are 25 meters high and 10 meters wide for primary stopes and 

15 meters wide for secondary stopes, the stopes are mined in a planned order from a pyramid shape 

sequence, the stopes are grouped in levels that form mining blocks. The mining plan in block divisions 

at Lappberget allows various production front simultaneously (Derrien, 2020). 

 

Figure 2.2: Grade variation in annual mine production in the period of 1957-2019 for Garpenberg mine plant 

(production data from Derrien, 2020). 

 

The ore processing starts in the underground where the mine has two crushing stations, the 

crushers are fed by trucks hauling the material from the active mining front and is later hoisted to the 

surface to the downstream processing in a shaft and then with conveyor belts, there are intermediate ore 

storage to assure continuous production. The grinding station operates with two stages, first with an 

autogenous mill and second with pebble mill grinding. In the sequence, the ore goes through screening 

returning the coarse fraction to the grinding station and the fine fraction are directed to gravimetric 

separation by Knelson concentrator aiming for gold and silver minerals. Following the processing flow 

sheet, the material undergoes hydrocyclone classification with the overflow feeding the flotation 

process, underflow is directed to flash flotation, where its concentrate goes to flotation and its tailings 

is recirculated back to the milling (Derrien, 2020). 

Flotation is performed in three stages, the first process is CuPb flotation, followed by CuPb 

separation with Cu flotation and lastly Zn flotation, producing three concentrates Zn, Pb and Cu. The 

flotation circuits are coupled with classification and regrind units. The concentrates undergo dewatering 

by thickeners and pressure filters. Flotation tailings are used as backfilling material for the mine, around 

1/3, and about 2/3 goes to the tailings management facility. The processing products are transported to 

Boliden’s smelters (Derrien, 2020). 
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2.3 Geometallurgy overview 

Geometallurgy have been defined by many in the literature through different visions and 

approaches (e.g. Hoal, 2008; Morales et al., 2019; Lishchuk et al., 2020; Dominy et al., 2018) and its 

concept expanded during time towards a holistic approach to mining, beyond geology and mineral 

processing or the mine-to-mill approach (Lang et al., 2018; Lishchuk et al., 2020). The term was 

introduced in the 1950’s and 1960’s and it is in common usage since the 2000’s (Hoal et al., 2008) 

Geometallurgy is an inter/multidisciplinary concept that combines different areas of the mining 

value chain, including geology, mining, metallurgy, economics, social and environmental aspects. It 

aims to maximize a project economic value, towards risks reduction, increased resilience, an optimal 

ore body knowledge and resource management. Geometallurgy integrates information to build reliable 

spatially based predictive models of rock and mineral properties, seeking to characterize and model the 

spatial variability features of an ore deposit and correlate it to metallurgical features and process 

performance. It allows a realistic assessment of the project, in terms of mineral resources, mine planning 

support and processing design (Lamberg, 2011; Lamberg et al., 2013; Morales et al., 2019; Dominy et 

al., 2018; Lishchuk et al., 2020). 

The major goal of a geometallurgical approach is a continuous communication, creating a 

common language, between disciplines (geology, mining, metallurgy, and others) (Hoal et al., 2008; 

Lang et al., 2018; Lishchuk et al., 2020). It is a method of integration to transfer geological information 

into further or downstream activities in the mining chain, from the beginning until the end of a project 

(Hoal et al., 2008). Geometallurgy addresses challenges such as lowered head grades, increased 

variability, and fluctuating commodity prices, under the umbrella of sustainable development by an 

optimal performance from a technical, environmental, and social perspective (Dominy et al., 2018). 

A geometallurgical program usually comprises sampling, data collection, mineral and 

metallurgical characterization, material test work, modelling and simulation, generating multivariate 

data over key aspects (chemical, physical, mineralogical etc.) regarding the nature of the samples 

(Lishchuk et al., 2015; Lamberg et al., 2013).  

A validated geometallurgical model (e.g. Fig. 2.3) is the final product of the geometallurgical 

program. The model encompasses the gathering of geological, mineralogical and metallurgical 

information. The data is transformed into a spatial and predictive method, with geostatistical distribution 

of the geometallurgical parameters along the ore body. It is then to be applied in production and mine 

planning, mine management and process design (Lamberg, 2011; Lamber et al., 2013; Williams and 

Richardson, 2004). The geometallurgical program and model varies according to the complexity of the 

project and the aimed outcomes (Lishchuk et al., 2020). 

 

Figure 2.3: Particle base geometallurgical model approach proposed by Lamberg (2011) (modified after Guiral 

Vega, 2018). 
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Geometallurgy plays a significant role for supplying future mineral demand as new discoveries 

and metal recycling are unlikely to meet these needs. Due to that mining is placing its focus each time 

more over complex and refractory ores and more effective exploitation of the actual mined ore bodies 

(Lund and Lamberg, 2014). The development and improvement of technologies and methods should 

overcome the challenges of undeveloped and subeconomic deposits, surpassing as well not only 

technical but also environmental, political, and social challenges (Hunt et al., 2019; Dominy et al., 

2018). 

The geometallurgical characterization of gold ores for processing and metallurgical predictions 

is challenging and important, in contrast to base metal ores, gold ores are usually beneficiated through 

a combination of mineral processes, like gravity separation, flotation, and cyanidation. Gold ores are 

commonly refractory, as submicroscopic gold in sulfide minerals or with carbonaceous matter 

association, which implicates pretreatment, in addition to that, the mineralogical and textural variability 

in the distribution of gold forms and carriers usually diversifies within an ore deposit (Zhou and Gu, 

2016). This complexity justifies a detailed geometallurgical and gold deportment approach. 

2.4 Gold deportment overview 

The actual gold mining context frequently involves low grade and refractory ores, which are 

challenging for processing. These circumstances require detailed modern gold deportment investigations 

that encompass physical, chemical and mineralogical evaluations. The aim is to encompass a complete 

quantitative characterization of the gold nature and variability within a deposit. That can be achieved by 

understanding the gold-bearing minerals distribution, speciation, grain size ranges and mode of 

occurrence (e.g. mineral association, liberation and exposure) through a variety of combined 

mineralogical and metallurgical techniques over representative gold ore samples. The final objective is 

to provide information to optimize decisions concerning the ore deposit, resource evaluation, mining 

method, extraction process and final gold recovery, advising a cost-effective processing route (Coetzee 

et al., 2011). 

The mineralogical characterization techniques involve several methods that are not only applied 

for the characterization of the gold bearing minerals and precious metal phases but also to identify the 

gangue components, and deleterious elements that can influence mineral processing. Examples of 

common techniques are automated SEM, EDS or EDX, laser induced breakdown spectroscopy (LIBS), 

LA-ICP-MS, EPMA, secondary-ion mass spectrometry (SIMS), high-resolution transmission electron 

microscopy (HR-TEM), particle -induced X-ray emission (Micro-PIXE), X-ray photoelectron 

spectroscopy (XPS), X-ray absorption near-edge structure spectroscopy (XANES), time-of-flight laser-

ionization mass spectrometry (TOF-LIMS) and many others (Coetzee et al., 2011; Chryssoulis and 

McMullen, 2016). Metallurgical test-work techniques comprise grading analysis, gravity separation, 

direct cyanidation, diagnostic/sequential leach test etc. (Coetzee et al., 2011). 

2.5 The role of by-products in the mining industry 

Mining operations are influenced by the presence of valuable materials apart from its primary 

product; they are called co-products and by-products. Usually, they occur in a lesser volume, and it 

would not justify the mining activity by itself; still, these secondary products can affect the economics 

of mining. By-products are the minerals or metals with less economic influence in the mine operations 

and that can be recovered from the processing plant or processing waste if favorable in terms of costs 

for its metallurgical extraction. In some cases, the economic value of a by-product is such that its 

extraction can ensure the viability of a mine operation, adding extra income to the mining activities 
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beyond its primary exploited commodity. In such cases, it becomes a co-product that are defined as 

additional minerals or metals that have a considerable economic feasibility control of mining activity 

(Rankin, 2011; Ayuk et al., 2020; SGU, 2021). 

The role of by-products addresses the objective of geometallurgy itself, it goes directly to the 

question of how to make mining more efficient, how to deal with resource depletion, lower grade ores, 

supply risk, challenging processing ores, less environmental impact operational footprint, and still be 

profitable. Dealing with by-products requires a careful geometallurgical investigation, as many mineral 

deposits frequently hold valuable by-products. It is better to consider them in the model of the mine 

from the beginning of the mining project (Hartwick et al., 1986). Processing plants design should be 

based on a well-characterized ore, incorporating by- and co-products, therefore increasing mineral 

recovery, company profit, also decreasing material disposal that goes to tailing dams, allowing the 

miners to better enjoy the potential of the deposit as a whole. In a studied and planned way, it can reduce 

the overall mining footprint and increase profit. However, it is known that even if many by-products are 

labeled as critical metals with potential to yield considerable additional revenue, companies commonly 

not consider them. More recently, a necessary effort from researchers is being done to shift this approach 

to integrate by-products metals in early geometallurgical models, therefore generating well founded 

information over composition and spatial distribution of these metals within the ore deposit (Frenzel et 

al., 2019; Tiu et al. 2021b).  

2.6 Types of gold occurrences 

Gold is a rare element and its average content in the lithosphere is less than five parts per billion 

(ppb). It is the most noble and rarest precious metal in terms of crustal abundance, followed by platinum 

and silver (Boyle, 1987). Low concentrations of gold of only a few tens of ppb may already be potential 

indications of ore-forming processes and mineralization (Crocket, 1993). This exemplifies how 

infrequent gold is, and one of the reasons is its chemical inert nature, therefore limiting its natural 

occurrence. 

Despite its rarity, gold is found in nature in a variety of forms (table 2.2). Gold bearing minerals 

are recognized by its particular characteristics such as high specific gravity, brightness/high reflectance, 

color, hardness, average atomic number etc. (Chryssoulis and McMullen, 2005; Macdonald, 2007). Its 

main occurrence is as native gold metal and is frequently alloyed with silver in different proportions 

(Boyle, 1979), as the mineral called electrum. There are also other rare gold alloys containing palladium, 

such as the mineral porpezite (Au with 5-10% Pd) found in PGE deposits (platinum group elements) 

and, copper gold alloys as auricuprite (Cu3Au) and tetra-auricupride (AuCu) occurring specifically in 

porphyry copper deposits with high gold grade (Chryssoulis and McMullen, 2005; Habashi, 2016).  

Telluride minerals as calaverite (AuTe2) and sylvanite ((Au, Au)Te2) contain gold and attest its 

affinity for the element tellurium. Tellurides is the third most usual gold mineral after native gold and 

electrum, followed by the antimonide aurostibite (AuSb2). Also present in few auriferous ores are 

different gold sulfides, selenides, rhodite and bismuthite, the latter more commonly encountered in high 

temperature mesothermal gold deposits as maldonite (Au2Bi) (Boyle, 1987; Chryssoulis and McMullen, 

2005; Habashi 2016). 

Gold occurrence commonly associated with sulfide minerals: pyrite (FeS2), galena (PbS), zinc 

(ZnS), arsenopyrite (FeAsS), stibnite (Sb2S3), pyrrhotite (Fe(1-x)S) and chalcopyrite (CuFeS2) are the 

most relevant examples (Habashi, 2016). Another type of gold occurrence also associated with sulfide 

minerals, but in a very fine divided state is known as refractory gold ores. As an important carrier, 

magnetite (Fe3O4) commonly occurs together with gold (Habashi, 2016). There are cases where the gold 

ore is associated with uraninite (UO2), as in the classical South African deposit of Witwatersrand, where 
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uranium became an important by-product of the gold processing; there the gold was mined over 

Archaean paleoplacer deposits from tiny particles to large gold nuggets (Minter, 1993; Habashi, 2016). 

 

Table 2.2: Gold minerals, modified after Chryssoulis and McMullen (2005); aKucha and Plimer (2001), bBoyle 

(1987). 

Native elements, alloys and metallic compounds Formula 

Native gold (<20mol% Ag) Au 

Electrum (20–80mol% Ag)  (Au,Ag) 

Palladian gold (porpezite)  (Au,Pd) 

Rhodian gold/resinrhodite (rhodite)  (Au,Rh) 

Iridic gold  (Au,Ir) 

Platinum gold  (Au,Pt) 

Goldamalgam  (Au,Ag)Hg 

Weishanite  (Au,Ag)3Hg2 

Maldonite (bismuthide) Au2Bi 

Auricupride  Cu3Au 

Tetra-auricupride  AuCu 

Hunchinite  Au2Pb 

Bogdanovite  Au5(Cu,Fe)3(Te,Pb)2 

Bezsmertnovite  Au4Cu(Te,Pb) 

Sulfide/selenite 
 

Uytenbogaardite  Ag3AuS2 

Fischesserite  Ag3AuSe2 

Petrovskaite  AuAg(S,Se) 

Tellurides  

Calaverite  AuTe2 

Krennerite  (Au,Ag)Te2 

Muthmannite  (Au,Ag)Te 

Petzite Ag3AuTe2 

Sylvanite  (Au,Ag)2Te4 

Kostovite  CuAuTe4 

Montbrayite  (AuSb)2Te3 

Nagyagite  [Pb(Pb,Sb)S2] [Au,Te] 

Silicates/Other 
 

Arsenic chlorite a (Mg,Al,Fe)12[Si,Al)8O20]OH)16 

Auroantimonate  AuSbO3 

Aurostibite (antimonide) b AuSb2 

 

In addition to the gold occurrence, abovementioned submicroscopic gold is also important, 

especially in the matter of gold ore processing. They can be divided in invisible gold (Bürg, 1930) 

comprising gold solid-solution and colloidal size particulate gold, and surface-bound gold. Invisible 

gold is the term used for undetectable gold over optical microscope and usual SEM; its investigation 

became possible with the advent of techniques like secondary-ion mass spectrometry (SIMS) and high-

resolution transmission electron microscopy (HR-TEM) (Chryssoulis et al., 1987; Bakken et al., 1989). 
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Novgodora (1993) attest the continuity among the forms of gold, from solid-solution gold to colloidal 

gold and then reaching the visible size scale for optical microscope of gold inclusions. 

In mineral processing, the terms form and carrier of gold (Fig. 2.4) are commonly used from the 

gold deportment point of view to describe how gold-bearing minerals are responding to the processing 

in relation to its recovery. The term gold form refers to the chemical state and locus of the gold itself, as 

minerals, surface-bound gold, colloidal and solid-solution. Gold carriers refer to minerals or particles 

that host the gold in one or more forms of gold, which would affect the flotation process for instance 

and cause losses to flotation tails (Chryssoulis and McMullen, 2005). 

 

 

Figure 2.4: Forms and carriers of gold (Modified from Zhou and Gu, 2016; Vaughan, 2004). 

 

Solid-solution gold allude to sulfide minerals such as pyrite, arsenopyrite, chalcopyrite and 

others that may incorporate gold in its atomic crystalline structure during crystal growth and along 

healed fractures (Chryssoulis and McMullen, 2005). Studies have shown that the arsenopyrite structure 

is favorable for incorporating solid-solution gold, however, pyrite is commonly the main carrier of solid-

solution gold. Since pyrite can also integrate relevant concentrations of gold in its crystal lattice and it 

is generally the most abundant sulfide mineral in sulfide ores (Cook and Chryssoulis, 1990). Chryssoulis 

and Cabri (1990) states that there is a positive correlation between gold and arsenic incorporation in 

pyrite, apparently, both reach an atomic charge balance in the pyrite structure. 

Colloidal gold is the other gold form known as invisible gold and refers to inclusions of gold in 

sulfide minerals at a submicron scale, ranging from 5 to 500 nm (Chryssoulis and McMullen, 2005). It 

commonly comprises spherical particles in the sulfide matrix and in the surroundings of clay minerals 

(Baken et al., 1989). Due to its fine grain size, colloidal gold can be highly reactive when compared to 

relative coarser gold (Chryssoulis and McMullen, 2005). Different processes have been described to 

explain the formation of colloidal size particulate gold such as: 

• Exsolution of solid-solution gold (Simon et al., 1999); 



Master Thesis. 2021. 

13 

• Nucleation of adsorbed surface gold (Simon et al., 1999); 

• By reaction during replacement of sulfides carrying solid-solution gold by a gold-

barren sulfide (Chryssoulis and Weisener, 1994; Mumin et al., 1994); 

• It may also form by coagulation through pyrite oxidation yielding magnetite, 

maghemite and hematite during the roasting process (Stephens et al., 1990); and 

• Bioleaching and pressure oxidation can as well generate colloidal gold.  

In opposition to solid-solution gold, the presence of colloidal form of invisible gold hosted in 

pyrite does not have a direct correlation with its arsenic content. The pyrite, whether arsenic-rich or not, 

is the main carrier of colloidal gold, followed by arsenopyrite. 

Surface gold is a term used to describe the occurrence of gold in the surface of minerals, it 

happens due to precipitation, plating (reductive deposition), sorption and deposition from ion-exchange 

in gold-bearing solutions. The mechanism that originates this form of gold is observed naturally and 

during mineral processing. It is commonly detected in the surface of carbonaceous particles, pyrite and 

copper minerals (Chryssoulis and McMullen, 2005). 

Gold production is obtained mainly from the mining of placer and lode deposits, however, there 

are many others relevant types of gold deposits, they are generally very complex, and many models were 

produced by researchers and are available in the literature. However, there is also an important source 

of gold from the geometallurgical perspective, the gold that are recovered as by-products. 

Gold is obtained from deposits where the primary resource being mined is the metal or gold is 

attained as a byproduct of the mining and processing of zinc, lead, silver, copper, and nickel ores (Boyle, 

1987). There are several types of ore deposits which are the focus for gold exploitation, however lode 

(vein), quartz-pebble conglomerate and quartzite type, and placer/paleoplacer deposits are recognized 

as the main ones in terms of historical gold production. Several other deposits supply gold as a by-

product, such as polymetallic veins, massive sulfide bodies and stockwork ores (Boyle, 1987). 

2.7 Analytical techniques for gold characterization 

A diversity of instrumental analytical methods for gold characterization can be applied to evaluate 

its distribution, modus of occurrence, mineralogy, composition, grain size and shape, mineral 

association, texture, liberation, and exposure. Table 2.3 summarize information about the methods 

applied in this master thesis. In terms of ore characterization, automated mineralogy plays a central role 

(Sutherland et al., 1988; Sutherland and Gottlieb, 1991; Sutherland et al., 1999). The development of 

analytical systems based on scanning electron microscopy (SEM) coupled with electron-dispersive 

spectroscopy (EDS or EDX) had a significant impact in the advanced mining and mineral processing 

industry (Zhou & Gu, 2016). The method has specific functions for automated gold mineralogy analysis 

like B/RPS (bright/rare phase search). Gold minerals are commonly recognized by reflected light 

microscopy, whereas EPMA defines its main composition and, LA-ICP-MS assess trace elements. 

Conventional light optical microscopy is a popular and useful technique for describing the 

samples, using visible light with a range of objectives for different magnification, the equipment allows 

the study of translucent minerals in transmitted light and opaque minerals in reflected light. The method 

is relatively cheap and easy with regards to sample preparation but requires a skilled operator with 

geological knowledge. It can be time consuming, with magnification limitations and do not analyze 

elemental composition.  

Automated image analysis (AIA) such as SEM-EDS and electron-probe microanalyzer (EPMA) 

are advantageous methods for mineral characterization, identification, distribution and composition. The 

techniques use x-ray dot maps or back-scattered electron images with high augmentation and resolution. 
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The disadvantages of the techniques rely on submicroscopic gold in low-grade refractory ores; with a 

detection limited for gold grains around 1 µm (Chryssoulis and McMullen, 2005). When compared to 

optical microscopy, SEM/EDS deliver higher resolution and better information on grain and sub grain 

boundary, textures, microstructures, twins, surface morphology and, when coupled to an EDX, on 

mineral chemistry (Zhou et al. 2004). SEM principle is based on hitting a specimen sample with 

accelerated electrons from a thermionic cathode, by a voltage difference between anode and cathode as 

low as 0.1 KeV to as high as 50 KeV. Electrons are scattered after hitting the samples and detectors 

collect the signals. Information about the sample’s morphology, chemical composition, crystalline 

structures, and mineral orientation can be obtained and displayed through two-dimensional images with 

the variation of these properties. The images produced in the SEM are from secondary electrons (SE), 

backscattered electrons (BSE), diffracted backscattered electrons (EBSD), x-rays (EDS), and 

cathodoluminescence (CL). It is possible to analyze areas or point locations in the samples, for 

quantitative or semi-quantitative analysis (Sutherland and Gottlieb, 1991). 

Electron microprobe is an important and standard quantitative analytical tool to define the main 

element composition of mineral grains over carbon-coated samples that reduces charging by the electron 

beam used in the method. The technique works with a high-energy focused electron beam over a sample 

to generate element characteristic x-ray, which are diffracted and counted in detectors. The intensity of 

the x-rays is compared to standards to establish the composition. The technique can analyze the 

distribution of Au, Ag and other elements in a single gold particle, which is compositionally zoned 

(Zhou et al., 2004). 

 

Table 2.3: Techniques used in the present project for gold deportment study; modified after Zhou et al. (2004). 

*MDL-minimum detection limit. 

Category Technique Abbreviation Application *MDL 

Qualitative/ 

semiquantitative 

Optical microscopy OM 
Mineral ID and 

qualitative/semiquantiative mineral 

analysis of bulk material 

High (%) 

Semiquantitative Automated digital image 

system/Automated optical 

microscopy 

ADIS/AOM 
Mineral ID and 

qualitative/semiquantitative mineral 

analysis of bulk material 

High (%) 

Semiquantitative Scanning electron microscopy SEM 
Mineral ID and 

qualitative/semiquantitative elemental 

analysis of individual particle 

High (%) 

Quantitative 
Quantitative evaluation of 

materials by scanning 

electron microscopy 

QanTmin 
Quantitative mineral analysis of bulk 

samples and individual particle 

Low (%) 

Quantitative Electron probe microanalysis EPMA 
Quantitative elemental analysis of 

individual particle 

Low 

(ppm) 

Quantitative 
Laser ablation microprobe 

-inductively coupled plasma  

-mass spectrometry 

LAM-ICP-

MS 

Quantitative elemental analysis of 

individual particle 

Low 

(ppm e 

ppb) 

 

LA-ICP-MS (laser ablation inductively coupled plasma mass spectrometry) works by applying a 

high-temperature laser beam over a sample, ablating it, creating a plasma that dislodges molecules and 

ionizes atoms. The ablated material is transported in Argon to the ICPMS chamber and are then analyzed 

by a mass spectrometer. The technique has an interesting minimum detection limit to measure trace 

elements and for gold analysis, in the order of ppm-ppb to quantify gold content in sulfides, silicates 

and oxides (Zhou et al., 2004). The technique can differentiate gold inclusions from gold within the 
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crystal structure. However, it requires a relatively large microanalytical volume, therefore restraining its 

capability to differentiate gold forms as solid-solution gold and colloidal gold (Chryssoulis and 

McMullen, 2005). 

There are other important analytical tools for gold minerals that were not in focus in the present 

work, therefore not described. Some of those methods are the secondary ion mass spectrometry (SIMS), 

proton-induced X-ray emission (PIXE), time-of-flight laser ion mass spectrometry (TOF-LIMS), 

transmitted electron microscopy (TEM), auger emission spectrometry (AES), x-ray photoelectron 

spectrometry (XPS) etc. (Zhou et al., 2004; Goodall and Scales, 2007). 

2.8 Gold ore processing 

The development and assessment of metallurgical projects for the processing of gold ores 

involves a variety of process configurations and unit operations. However, the processing design in 

every case should base on a detailed mineralogical characterization of the ore types and a careful 

metallurgical investigation, whether gold is the primary metal in focus, a secondary product or obtained 

as a by-product (Adams, 2016a). Most of the world produced gold comes from primary resources, with 

gold being the main value metal. Nevertheless, the recovery of gold as a by-product from the base metal 

production accounts for a considerable amount, mainly from the copper industry, but also from nickel 

and lead production, as well as zinc and cobalt industry (Ferron, 2016). Gold ores are usually treated 

using the different processes in combination, such as gravity separation, flotation, and cyanidation, for 

refractory ores pretreatment is required prior to leaching and other hydrometallurgical methods (Zhou 

and Gu, 2016). 

Gold ore production, from a metallurgical perspective, is commonly segmented in the literature 

in different types, free-milling and refractory (Vaughan, 2004), but there are other segmentations 

proposed by different authors. These differentiations consider the processing route, the mineralogy, the 

deposit grade, and the presence of other valuable metals. In Adams (2016b), the proposed classification 

is in four types: free-milling gold, heap leachable, concentrate sale and refractory gold. 

Free-milling gold are easier to treat and to recover gold, commonly regarded to direct cyanidation, 

carbon in pulp (CIP)/carbon in leach (CIL) or Merrill-Crowe. Heap-leachable are economic by heap-

leaching process but not tank cyanidation. The concentrate sale are considered the ones with the presence 

of co-products, yielding a smeltable concentrate. The refractory gold ore are difficult to treat and give 

low recoveries, not receptive to direct cyanidation or concentrate sale, pre-processing techniques are 

necessary before leaching and recovery of the gold. Refractory ores are commonly addressed as 

submicroscopic gold locked in the sulfide fraction (Vaughan, 2004; Adams, 2016b). The processing 

involving refractory ores are mainly producing gold by roasting, pressure oxidation (POX), ultra-fine 

grinding (UFG), and by bacterial oxidation (Adams, 2016b). Refractory gold ores in small sizes or 

locked in sulfide crystal lattice commonly requires two or more processing techniques to concentrate it, 

for instance, concentration can be carried by flotation followed by roasting, bacterial leaching, or 

pressure leaching to liberate the gold prior to cyanidation (Dunne, 2016). 

Classification of gold ore types based on mineralogical features and mineral processing methods 

are illustrated in the figure 2.5, which points out and order the main gold deposit types according to it 

refractoriness. 
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Figure 2.5: Classification of gold ore types according to its level of refractoriness (in Zhou and Gu, 2016, adapted 

from Zhou et al., 2004 and Marsden and House, 2006). 

 

2.8.1 Gravity concentration  

Gravity concentration methods are a very ancient form of mineral processing. It aims to separate 

materials basing on the specific gravity contrast between the particles immersed in a fluid medium and 

in motion due to gravitational force and other forces, such as centrifugal or motion resistance offered by 

a fluid like slurry, water, or air (Burt, 1999). The use of density as the physical principle to concentrate 

gold has been utilized for centuries, such as panning, a simple and ancient technique. The advent of froth 

flotation in the twentieth century caused a decline in the relevance of density-based separation 

techniques. However, gravity concentration remains a key method for some types of ores, such as gold, 

tin, coal, beach sands and industrial minerals (Wills and Finch, 2015).  

Relative simplicity, low cost and being more environmentally friendly are advantages of gravity 

process, justifying why it never got out of use by the mining industry. Gravity separation system works 

effectively in preconcentration circuits, commonly placed in the milling circuit as a primary recovery 

unit, reducing cost, reagents use and energy consumption, in the downstream process (Wills and Finch, 

2015). For gold recovery it is also usually applied for primary recovery of free milling of gold before 

cyanidation circuits, for concentrate clean-up, on the leach tails as a scavenging device, and for recovery 

of by-products over waste materials before its disposal (Burt, 1999; Ryan et al., 2016). Gold recovered 

by gravity (GRG) commonly goes downstream to a direct cyanidation, flotation circuit, or leach work 

(Fullam et al., 2016). 

A known drawback of gravitational methods is related to the presence of slimes. The particle 

motion is influenced by the specific gravity of the material and its particle size, the gravity process 

efficiency has a direct relationship with the grain size, larger the grain better the process. Industrial 

devices normally incorporate a close size control of the material feeding the gravity concentrator 

reducing the small particle size effect. Ultrafine particles increase the slurry viscosity thus affecting the 

quality of separation, particles below 10 µm are commonly removed from the gravity circuit, by 

hydrocyclones or hydraulic classifiers for instance, however, this practice can incur losses of valuable 

material (Burt, 1999; Wills and Finch, 2015).  

Over the past decades, developments brought modern gravity techniques coupled with pumping 

systems and advanced instrumentations that allows efficient mineral concentration even for particle size 

range down to 50 µm, incorporating these modern systems in high-capacity processing plants (Holland-

Batt, 1998). The fine particle issue has been addressed with the inclusion of centrifugal acceleration to 
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enhance gravity concentration; devices such as Kelsey Centrifugal Jig, Falcon Concentrator, Knelson 

Concentrator and Multi-Gravity Separator (MGS) are examples of centrifugal concentrators (Wills and 

Finch, 2015). 

2.8.2 Knelson concentrator 

Knelson concentrator (Fig. 2.6) is a centrifugal separator that creates a fluidized bed to recover 

heavy minerals (Knelson, 1992; Knelson and Jones, 1994). It is considered one of the most 

technologically advanced gravity recovery equipment available nowadays; it replaces conventional 

gravity separation systems such as sluices, jigs, cones and spirals. The concentrator is usually employed 

as a primary recovery device for precious metals liberated after milling circuits (Fullam et al., 2016), 

see table 2.4 for other forms of applications. It operates on two basic principles: enhanced gravitational 

force with additional centrifugal acceleration to the particles and a material fluidization process (Wills 

and Finch, 2015). The concentrator capacity varies from laboratory scale to industrial units handling 

150 t/h for particles sizes from 10 µm to 6 mm. The equipment is suitable for recovering a very small 

fraction of dense target ore over the total material, around 0.05% by weight.  

The centrifugal force applied over the particles in a Knelson concentrator is up to 200 times the 

gravity force (GCA, 2021), capturing dense particles in riffles rings distributed in the internal conical 

body of the Knelson, the low-dense particles are flushed out in this process. The key metallurgical 

element is the concentrator design (Knelson, 1992); it has an internal rotating conical bowl (or bowel) 

in the center of the machine that rotates to generate the elevated g-force applied for the separation. The 

conical bowl has inclined walls in a constant angle with rigs, or riffles, distributed from the bottom to 

the top. In the back of these rings, there are inlet fluidizing holes that inject water (McLeavy et al., 

2001; Wills and Finch, 2015).  

 

Figure 2.6: (a) Knelson concentrator illustration; (b) detail to the inner cone with the tangential delivery of 

fluidization water to the slurry; (c) Zoom to the concentrate rings. Modified after CGA (2021). 

 

The Knelson machine has a central feed pipe at the top of the cone bowl that feeds the slurry 

into the concentrator. The slurry reaches the baffle plate near to the bowl bottom which deflects the 

material to the cone wall. Thus, it is forced outward and upward by the rotation motion and the slurry 
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builds up until the bowl upper border, forming a natural angle onto the bowl wall. The slurry face angle 

is based on the coarseness of the particle size distribution of the solids in the feed and the percent solids 

to the slurry density. The angle contrast of the Knelson bowel wall and the slurry angle (slightly steeper) 

causes the slurry to climb up the riffles rings and the heavy particles are captured into the riffles creating 

a concentrating bed. To prevent compaction of the concentrating bed, fluidization water is injected from 

the back of the ring riffles. This mechanism also helps to expel low-dense particles that are eventually 

trapped together with the dense material. The controlled flow is important to achieve optimal fluidization 

of the concentration bed, thereby obtaining maximum recovery (Knelson, 1992; Poulter et al., 1994; 

McLeavy et al., 2001; Wills and Finch, 2015). Once the concentration cycle is completed, the feed 

stream is briefly interrupted, and the concentrate is flushed from the cone bowl into the concentrate 

lauder. Improvements on the discharged device had been developed over time from batch to continuous 

systems called continuous variable discharge (CVD), both are still widely used for recovering free and 

gravity recoverable gold (GRG). CVD are better suitable for greater plant throughput yielding higher 

concentrate mass (Knelson and Jones, 1994; McLeavy et al., 2001; GCA, 2021). 

 

Table 2.4: Knelson units used for gold recovery (Fullam et al., 2016). 

Unit Application 

Knelson concentrator 

XD, QS models 

Recovery of GRG from cyclone feed, ball mill discharge, cyclone underflow, flash flotation 

concentrates, rougher and final concentrates, flotation regrind circuits, table tailings and alluvials 

Knelson CVD* 

concentrator 

Preconcentration of leach feed, scavenging of leach and flotation tailings, recovery of heavy 

minerals 

 

2.9 Geological context 

This subchapter intends to give an overview of the geological settings of the studied region. The 

Lappberget deposit is part of the Garpenberg Mine, one of the oldest and most important mines in 

Sweden. Garpenberg is located within the Bergslagen ore district, which is an intensely mineralized 

region in the Svecofennian Province, Fennoscandian Shield, a Paleoproterozoic felsic magmatic 

province (Lahtinen, 2012; Allen et al., 2013). 

2.9.1 Fennoscandian Shield 

The Fennoscandian Shield (Bogdanova, 1993; Gorbatschev and Bogdanova, 1993; Koistinen et 

al., 2001) is characterized by a complex tectonic evolution and architecture with several accretionary 

orogens, rifting stages, cyclic magmatic activities, sedimentation periods, deformational and 

metamorphic events that affected northern Europe over more than one 1 Ga (Stephens et al., 1997, 

Stephens et al., 2009; Lahtinen et al., 2008; Allen et al., 2013). The Shield is known to host many 

economic ore deposits in its Paleoproterozoic rocks. 

Tectonically speaking, the Fennoscandian shield is located in the East European Craton, in its 

north-western portion, being an important region in Europe where Precambrian rocks outcrops 

(Lahtinen, 2012). The Fennoscandian Shield is limited southeast by the other two crustal segments that 

form the East European Craton, the Sarmatian in the south and Volgo-Uralian in the east; in its west, 

northwest and north portions it is limited by the Caledonides. Geographically, the Shield covers the 

territories of Norway, Sweden, Finland and northwest of Russia (Gorbatschev and Bogdanova, 1993).  

The Shield (Fig. 2.7) is divided into geological provinces (Koistinen et al., 2001): the Kola 

province, the Belomorian province, the Karelian province, the Norrbotten province, the Svecofennian 
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province and Småland area. The Fennoscandian Shield is characterized by the predominance of 

Archaean rocks in its north and northeast region, this part of the shield is understood to be formed by 

Archaean craton collage. At its central and south portions Paleoproterozoic rocks prevails, formed 

predominantly by accretion of magmatic terrains and basinal material. In the southwest, 

Mesoproterozoic rocks, also characterized by magmatic and sedimentation cycles (Gáal and 

Gorbatschev, 1987; Lahtinen et al., 2005; Lahtinen, 2012). 

 

Figure 2.7: Simplified geological map of Fennoscandia in the East European Craton. Map extracted from Lahtinen 

(2012) based after Koistinen et al. (2001) and on Gorbatschev and Bogdanova (1993). Subareas: CS – Central 

Svecofennia; SS – Southern Svecofennia. Areas and localities: BA – Bergslagen area; G – Gothian terranes; J – 

Jormua; K – Kittilä; Ki – Kiruna; O – Outokumpu; OR – Oslo rift; SA – Skellefte Area; SB – Savo Belt; T – 

Telemarkian terranes; WGC – Western Gneiss Complex. 
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The northern and eastern regions, comprised by the Kola, Belomorian and Karelian provinces, 

were formed by the amalgamation of Archaean nuclei from 2.9 Ga to 2.7 Ga (Lahtinen, 2012; Allen et 

al., 2013; Gáal and Gorbatschev, 1987; Daly et al., 2006) and are covered by Paleoproterozoic 

sedimentary and volcanic rocks. Paleoproterozoic plutonic domains are also present, especially to the 

southwestern of the Karelian province in the Kittilä subarea (Koistinen et al., 2001). The Karelian 

province also host rocks older than 3.0 Ga, the oldest rocks in the Shield (Kröner et al. 1981, Jahn et al. 

1984). The Kola province is separated apart from the other Archaean provinces by the Lapland Granulite 

Belt (LGB) a mobile belt formed when these crust segments collided (Gaál and Gorbatschev, 1987). 

The Paleoproterozoic cover rocks that overlie the Archaean continental nucleus are related to 

successive rifting events and the emplacement of plutonic and volcanic rocks with different intrusion 

types, dyke swarms and bimodal magmatism (Iljina and Hanski, 2005; Laajoki, 2005; Melezhik, 2006; 

Hanski et al., 2005). Sedimentary sequences were deposited due to the lithospheric breakage, erosion, 

weathering and glacial events, resulting in the formation of fluvial to shallow water sedimentary rocks 

with local deposition of carbonates and deep water turbiditic sediments (Laajoki, 2005; Vuollo & 

Huhma, 2005; Karhu, 2005; Hanski & Huhma, 2005; Peltonen, 2005; Lahtinen, 2012). 

The Norrbotten and Svecofennian provinces and the Småland region are dominated by 

Paleoproterozoic rocks, however Archaean and Mesoproterozoic rocks are locally found. The Archaean 

rocks in the northern part of the Norrbotten province are mainly covered by other rocks; 

Mesoproterozoic granites occur in relevant volumes to the east of Southern Svecofennian. The 

Paleoproterozoic in the Fennoscandia Shield is described with important orogenic events highlighted by 

the Lapland-Kola orogen 1.94-1.86 Ga (Daly et al., 2006) with the restricted formation of 

Paleoproterozoic crust; and Svecofennian orogen (1.92-1.79 Ga; Lahtinen et al., 2005, 2008). It is a 

composite orogeny and can be divided into the Lapland-Savo, Fennian, Svecobaltic and Nordic orogens, 

and distinguished by the formation of a large volume of new crust (Gaál and Gorbatschev, 1987). 

The Lapland-Kola orogen repertoire of Paleoproterozoic rocks are composed of juvenile island 

arc-type rocks aging 1.96-1.91 Ga and in greater amount felsic granuliltes (Daly et al., 2006; Huhma et 

al. 2011; Lahtinen 2012). Svecofennian province presents supracrustal rocks and Granitoids aging 1.95 

Ga and island arc rocks of 1.93-1.92 Ga in its central region, metapsammmites intercalated with black 

schist and tholeiitic lava are the main occurrence of sedimentary rocks. Southern Svecofennia is 

composed of arc-type volcanic rocks (1.90-1.88 Ga) and plutonic rocks that are partially coeval (1.89-

1.87 and 1.83-1.80 Ga). The region also presents sedimentary sequences with metacarbonates, 

quartzites, meta-arkoses and lateritic palaeosols (Lahtinen, 2012; Lahtinen and Nironen, 2010; Bergman 

et al., 2008). Also with representative occurrence are younger granites, 1.85-1.79 Ga, syn- to pos-

tectonic. 

Småland area, located in the south of the Fennoscandia Shield, is characterized by volcanic and 

plutonic rocks related to subduction, aging 1.83-1.82 Ga. These rocks were later deformed and 

metamorphosed previously to the volcanic and plutonic rocks (Mansfeld et al., 2005) emplaced in a 

WNW trending named by Lahtinen et al. (2005) as the core of the Nordic orogeny, around 1.81-1.77 

Ga. 

The Meso and Neoproterozoic of the Fennoscandian Shield were marked by important orogenic 

events. The Sveconorwegian orogenic belt (1.14-0.97 Ga), located in the SW of Fennoscandia is 

composed mainly of the rework of older rocks due to the orogenetic activities of the Gothian (1.64-1.52 

Ga) and the Telemarkian events (1.52-1.48 Ga) and also the Western Gneiss Complex in the west of 

Norway (1.81-1.77 Ga) (Bingen et al., 2008; Lahtinen, 2012). Post collisional magmatism (0.96-0.90 

Ga) is also associated with the Sveconorwegian orogeny due to terrane accretion events (Bingen et al., 
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2008). Another important tectonic component of the Neoproterozoic is the Timanide orogen, a NW-

trending belt located at the northeast of the Fennoscandia Shield (Lahtinen, 2012). The Phanerozoic 

marked the Fennoscandian Shield with the opening of the Iapetus Ocean (600 Ma), with the Scandian 

orogeny (430-390 Ma), also with the Caledonian orogeny (500-430 Ma) and the Oslo rift (Lahtinen, 

2012).  

In the Swedish territory, the tectonic architecture of the Fennoscandian Shield is framed mainly 

by the three following orogens: in the eastern regions of the country the accretionary Svecokarelian 

orogen (2.0-1.8 Ga), in the south-easternmost parts the Blekinge-Bornholm orogen (1.5-1.4 Ga) and in 

the south-western parts the 1.1-0.9 Ga accretionary to terminal collisional Sveconorwegian orogen 

(Allen et al., 2013). The major ore deposits known, in Sweden, have been discovered in the 

Paleoproterozoic domain such as in Bergslagen, Bothnia-Skellefteå and Norrbotten, in the 

Svecokarelian orogen (Allen et al., 2013). 

2.9.2 Svecofennian province 

Svecoffennian province (or domain) is subdivided in central Svecofennia and southern 

Svecofennia (Koistinen et al., 2001; Lahtinen, 2012). It is characterized by Paleoproterozoic continental 

crust created between ~1.90 and 1.86 Ga (Gorbatschev and Bogdanova, 1993), and different types of 

sedimentary rocks that evidence marine environments (Gaál and Gorbatschev, 1987). The domain was 

subject to metamorphism around 1.85 and 1.80 Ga, with important granite intrusions and formation of 

new continental crust (Gaál and Gorbatschev, 1987; Gorbatschev and Bogdanova, 1993). The 

Svecofennian orogeny is understood to be formed by the closure of a passive continental margin with 

two main volcanic belts marking its northeast and southern limits. Between them, large areas of 

metasedimentary rocks and granitoid bodies in its central province, traditionally known as Bothnian 

Basin (Gaál and Gorbatschev, 1987; Gorbatschev and Bogdanova, 1993).   

The southern Svecofennia hosts the Bergslagen area and the Uusimaa belt, partially formed in 

an intra-arc basin of a mature continental arc (Kähkönen et al., 1994; Allen et al., 1996) and the Häme 

belt, a less-evolved island arc. Southern Svecofennia is also petrographically characterized by 

Paleoproterozoic metamorphosed sedimentary rocks such as metapelites, quartzites and carbonate rocks. 

The western portion of southern Svecofennia is dominated by a N-S trending granitoids of the 

Transscandinavian igneous belt (Patchett et al., 1987) with volcanic and plutonic rocks aging 1.81-1.77 

Ga, ~1.7 Ga and 1.68-1.65 Ga (Larson and Berglund, 1992; Åhäll and Larson, 2000). Towards the west, 

the Fennoscandian Shield presents granitoids with younger ages, with the Sveconorwegian orogeny, 

~1.2-0.9 Ga, being the youngest (Gaál and Gorbatschev, 1987; Gorbaschev and Bogdanova, 1993). 

2.9.3 Bergslagen  

Bergslagen region (Fig. 2.8) is situated in southern Svecofennia (Koistinen et al., 2001; Lahtinen 

2012), central Sweden. It is a major igneous province that underwent deformation and metamorphism 

around 1.9-1.8 Ga (Early Proterozoic) in the course of the Svecokarelian orogeny. The western part of 

Bergslagen was tectonically affected by the Sveconorwegian orogen in the Neoproterozoic (1.0-0.9 Ga) 

and underwent metamorphism at greenschist facies and is structurally characterized by ductile shear 

zones. The area in the north and west of the Bergslagen region is considered a Swedish classical mining 

district, also called Bergslagen ore district, with important mineralization of Fe +/- Mn oxide and Zn-

Pb-Ag-(Cu-Au) among other elements, that has been mined for centuries (Stephens et al., 2009; Jansson 

2011). 

Felsic metavolcanic rocks are abundant in Bergslagen together with metasedimentary rocks 

(siliciclastic and carbonates) and different generations of intrusive rocks are the main lithologies of the 
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region (Jansson, 2011). Its geological evolution is described by Allen et al. (1996) in a mainly a shallow 

marine paleoenvironment. There are geological evidences of intense volcanic activity (pyroclastic 

caldera volcanoes), however, the tectonic settings is understood differently in the literature. A volcanic 

arc setting from a subduction system (Loberg, 1980); an intra-continental rift (Oen et al., 1982; Oen, 

1987); a back-arc extension basin (Allen et al., 1996) or; an extensional or transtensional tectonic regime 

linked to a retreating subduction setting with continental plate overriding it.  

 

Figure 2.8: Major geological units map for the Fennoscandian Shield, the black square highlights the location of 

Bergslagen region (Stephens et al., 2009). 

 

These tectonic settings provided a stratigraphy formed by volcanic and sedimentation cycles. 

Bergslagen is lithologically dominated by felsic metavolcanic succession underlain and overlain by 

metasedimentary siliciclastic rocks. Commonly limestones are interbed in the upper part of the volcanic 

succession, which host many of the ore deposits. Various suites of intrusive rocks are also part of the 

lithological framework. They are distributed along the geological time, from 1.91 to 1.87 Ga. They 

distinguish in composition, such as volcanic and subvolcanic rocks, granitoid-dioritoid-grabroid (GDG) 

suits with subordinate (granite-syenitoid-dioritoid-grabroid (GSDG) rocks, GSDG suites and 

subordinate GDG rocks, granite-pegmatite (GP) suites rocks, dolerite, granite, quart sienite and 

porphyry. Several types of hydrothermal alterations affected these rocks preceding the ductile 

deformation (Allen et al., 1996; Stephens et al., 2009), and posteriorly the region underwent extensive 

deformation and metamorphism in upper greenschist to upper amphibolite facies (Allen et al., 2013). 

Bergslagen is the home of various ore deposits, such as banded iron formations, different Skarn 

and carbonate host iron ore, magnetite-skarn, manganiferous skarn- and limestone-hosted iron ore, W 

skarn, apatite-magnetite iron ore, stratiform and stratabound polymetallic base metal sulfide ores and 

rare earth elements (REE) deposits. The region is also an important producer of industrial minerals 

(Stephens et al., 2009; Allen et al., 2013).  
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The mineralization is understood to be formed singenetically with the deposition of the volcanic 

supracrustal rocks. Nevertheless, hydrothermalism metamorphism and polyphase deformation shaped 

Bergslagen and acted for re-mobilization and re-concentration of metal-bearing minerals. The ore 

deposits are frequently related to skarn, crystalline carbonate rocks and metavolcanic rocks that have 

experienced hydrothermal alteration (Allen et al., 2003).  

Nowadays, there are three deposits being mined in Bergslagen lithotectonic domain, which are 

Garpenberg Zn-Pb-Ag-(Cu-Au) sulfide deposits, Zinkgruvan Zn-Pb-Ag sulfide ore with subordinate Cu 

resources, and the Lovisagruvan Zn-Pb deposit (Allen et al., 2013). A spatial association between 

polymetallic base metal sulfide deposits and iron oxide skarn deposits has been identified (Jansson, 

2011; Jansson and Allen, 2011a; Jansson and Allen, 2011b). 

The sulfide base metal deposits in Bergslagen district are categorized in two main occurrences:  

• Stratiform ash-siltstone hosted (SAS-type) deposits, also referred to as the Åmmeberg 

type, e.g. Zinkgruvan, showing features like sheet-like, stratiform, Zn-Pb-Ag-rich and 

Fe-Cu-poor deposits; and 

• Subseafloor volcanogenic carbonate replacement (SVALS-type) deposits, with the 

following characteristics, irregular, multi-lens and podiform, stratabound, massive to 

disseminated Zn-Pb-Ag-(Cu-Au) sulfide and Fe oxide deposits, such as in Garpenberg 

mine (Allen et al., 1996). 

Among Bergslagen’s sulfide base metal deposits, those that stands out in terms of tonnage are 

Falun, Zinkgruvan, Garpenberg, Garpenberg Norra, Sala and Saxberget (Allen et al., 2013). They are 

marked by a considerable amount of zinc, on average 4.5%, lead 2.5% and copper 0.5%. The most 

common ore minerals are pyrite, pyrrhotite, sphalerite, galena with argentiferous content and 

chalcopyrite. Silver is present varying its content, from 30 to c. 1500 ppm, being a significant commodity 

from a relevant by-product. Some of the main mines that historically produced silver are Falun, Sala and 

Hällefors. Gold in Bergslagen never had the status of an important commodity; however, it has been an 

important by-product at Falun, Garpenberg and Saxberget. Gold occurs typically in contents below 1 

ppm, in Falun quartz veins associate with sulfides host higher gold grades, about 2-3 ppm (Åberg and 

Fallick, 1993). 

2.9.4 Garpenberg area deposit 

Garpenberg mine is a Zinc-Lead-Copper-Silver-Gold (Zn-Pb-Cu-Ag-Au) deposit located in 

central Sweden, in the Bergslagen ore district. There are several polymetallic sulfide orebodies in the 

vicinity that are part of the mine: Garpenberg, Dammsjön, Garpenberg Norra, Ryllshyttan, and the more 

relatively recent discoveries of Gransjön, Kaspersbo, Lappberget and Kvarnberget.  

Vivallo (1984a) described the sequence of early Proterozoic supracrustal rocks in Garpenberg 

district with a predominance of quartz-feldspar gneiss, and minor occurrences of amphibolites, quartz 

gneiss, mica schists, skarns and marbles, the mineralization of stratabound iron and sulfides are 

intercalated in the mentioned sequence (e.g. Sundius, 1923; Geijer and Magnusson, 1944; Loberg, 

1980). The interpretation given is that these supracrustal sequences are the product of metamorphism: 

quartz-feldspar gneiss and amphibolites had as protoliths acid and basic volcanic rocks, quartz gneiss 

and mica schists were formerly felsic volcanic and sedimentary rocks. The intrusive rocks occurring in 

the region are granites intruding the supracrustal rocks and amphibolite dykes intruding both the 

supracrustal sequence and the granitoids, minor granite porphyries are also described with local 

occurrence. The author also described the geological evolution of Garpenberg district with a dominance 

of extensive submarine to shallow water felsic and calc-alkaline volcanism with periods of interruptions 
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with intense hydrothermal activity, ore mineralization and sedimentation. The deformation and 

metamorphic framework of the region was shaped in the Svecokarelian orogeny 1.8-1.75 Ga (Moorman 

et al., 1982) together with syn-orogenic granitoids intrusions.  

The predominant rocks in Garpenberg region are felsic metavolcanic with subordinate marble 

horizons surrounded by orogenic granites. More recent and detailed stratigraphic description of the 

Garpenberg supra crustal inlier (GSI) is given by Allen et al. (2003), using pre-metamorphic rock names 

to emphasize primary features the author stacks the stratigraphy from top to bottom:  

1. Upper hanging-wall rhyolitic pumice breccia 

2. Lower hanging-wall limestone-volcanic breccia-conglomerate sequence 

2a. Matrix-supported, polymictic limestone volcanic breccia with dacitic tuffaceous matrix 

2b. Lenses of rhyolitic and dacitic pumice breccia and ash-siltstone 

2c. Basaltic to andesitic volcanic breccia, sandstone and siltstone 

2d. Clast-supported, polymictic limestone-volcanic breccia, crystal-rich sandstone, siltstone 

2e. Clast-supported, limestone breccia-conglomerate 

3. Limestone (including calcitic limestone, dolomite, skarn, ore) 

4. Upper footwall felsic volcaniclastic succession 

4a. Rhyolitic ash-siltstone 

4b. Rhyolitic pumice breccia-sandstone 

4c. Dacitic pumice breccia-sandstone 

4d. Rhyolitic pumice breccia-sandstone, ash-siltstone 

5. Basalt lava and volcaniclastic rocks 

6. Lower footwall rhyolitic ash-siltstone and minor coarse volcaniclastic units 

Garpenberg deposit is classified as SVALS-type, or stratabound, volcanic associated, limestone-

skarn-hosted Zn-Pb-Ag-Cu-Au sulfide deposit (Allen et al., 1996, 2003). Its formation is associated to 

a major caldera-forming rhyolite-dacite volcanic event in a shallow marine environment with 

synvolcanic hydrothermal sub-seafloor replacement of limestone and adjacent volcanic rocks forming 

sulfide ores. The later metamorphic and deformation events post ore formation act in reshaping the ore 

occurrence and distribution.  

Garpenberg records a complex structural framework defined by polyphase deformation. The 

Garpenberg syncline (Du Rietz, 1968; Allen et al., 2003) is the main structural feature in the area, it 

typifies a tight to isocline fold with the supracrustal rocks dipping sub vertically, the fold axis trends 

NE-SW plunging preferably to NE, yet also to SW, its axial fold plane dips steeply to SE. The mentioned 

double plunging fold axis is due to parasitic folds that causes undulations in the fold axes forming domes 

and basin shapes, these elements yields a complex structural geometry. The southeastern limb of the 

Garpenberg syncline is cross-cut by the Stora Jelken shear zone (Ambros, 1988; Allen et al., 2003), a 

major reverse dip-slip structure striking NE-SW. These structures are related to the D2 tectonic event. 

Earlier structures related to the D1 tectonic event are mainly overprinted by the subsequent 

deformations; D3 is associated to the D2 Stora Jelken shear zone reactivation (Allen et al., 2013). The 

metamorphism in the area is described in the lower amphibolite facies (Vivallo, 1984b; Vivallo, 1985). 

Most of the sulfide ore bodies are distributed along the northwestern limb of the Garpenberg 

syncline, locally hosted by upright structural domes, occurring as irregular, stratabound, massive and 
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disseminated. Jansson and Allen (2011) argued that the mineralization formed around 1.89 Ga, during 

the Svecokarelian orogeny event but prior to the overprint caused by deformation and metamorphism of 

the orogeny. The mineralized system can be traced for 7 Km along strike and 1.5 km down dip, with 

most ore bodies occurring in a folded and altered marble interbed with a thickness of 10 to 80 m (Allen 

et al., 2003, 2013). According to Vivallo (1985) and Allen et al. (2003) subordinately to the main marble 

host to the ores, polymetallic sulfide mineralization also occurs in the metavolcanic rocks in the upper 

stratigraphic footwall, which commonly display strong proximal alteration (K-Mg- Fe+/-Si, K-Si) and 

silicification. 

The ore bodies at Garpenberg deposits displays different styles, including massive to semi-

massive sulfides, vein networks and disseminations. They are irregular, stratabound, multi-lens and pod-

like concentrations of sulfides such as sphalerite, galena, pyrite, pyrrhotite, chalcopyrite, tetrahedrite, 

acanthite and alabandite (Allen et al., 2013). These styles and mineral abundance vary along the 

stratigraphic succession. 

Different genetic models of the ore mineralization in Garpenberg have been proposed along the 

years, Jansson (2011) and Allen et al. (2013) discuss these models and the chronology of the 

development of the geological knowledge of Garpenberg ore genesis. Geijer (1917) and Magnusson 

(1970) regarded the genetic processes that generated the sulfide polymetallic ores, and the adjacent Mg-

alteration, as metasomatic; caused by magmatic fluids originating from granitoid intrusions reacting 

with the carbonate horizons. Nowadays, these intrusions are recognized as GDG-granitoid syn-volcanic 

and co-magmatic to dacite intrusions. Vivallo (1984, 1985) suggested volcanogenic exhalative ore 

formation; the author also stated the sulfide ore formation prior to the granitoid intrusions, and 

skarnification process occurred later during regional metamorphism. Zetterqvist & Christoffersson 

(1996), by studying the skarn mineralogy, favored the idea of the ore was simultaneously formed with 

the skarn in a metasomatic process with carbonate-fluid interaction. 

The interpretation given by Allen et al. (2003) to the Garpenberg’s polymetallic ores is of a syn-

volcanic, stratabound subsea-floor replacement process, carried out by replacement of carbonate in the 

vent of a large rhyolite-dacite marine volcano. The author also concluded that the mineralization and 

the strong stratigraphic footwall alteration are associated in space and time. The alteration asymmetry 

observed in the stratigraphic footwall and hanging wall suggest a significant stratigraphic control in the 

mineralization by the limestone unit that acted as physical and chemical barrier or trap for reacting and 

allowing sulfide precipitation. Structural analysis over the planar and linear structures generated in 

different time suggested that the ore was formed pre-tectonically or early syn-tectonically with regards 

to Svecokarelian ductile deformation. The identification of these structures of different generations also 

led to the conclusion that the mineralization was syn-tectonically remobilized and are controlled by 

structures described in the D2 geological event.  

2.9.5 Lappberget deposit 

The Lappberget polymetallic base metal sulfide deposit Zn-Pb-Ag-(Cu-Au) is the main orebody 

of the Garpenberg Mine, amounting to about 57.4 Mt of combined mineral resources and reserves at 

3.087% Zn, 1.51% Pb, 0.05% Cu, 70 g/t Ag and 0.40 g/t Au (Derrien 2020, Boliden internal data). 

Currently, around 80% of all the mined ore of Garpenberg Mine comes from Lappberget deposit 

(Högnäs, 2019; Derrien, 2020). 

The Lappberget deposit (Fig. 2.9) is structurally located in Garpenberg syncline, in a structural 

dome on its northwestern limb. The host rocks of the Zn-Pb-Ag-(Cu-Au) mineralization are 

metamorphosed and highly altered felsic metavolcanic rocks and limestone, both covered by 

metasedimentary and metavolcanic rocks showing less alteration (Allen et al., 2003). In terms of 
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stratigraphy, highly silicified and/or micaceous rocks are located under the mineralized body in the 

stratigraphic footwall, and the succession is intruded by subvolcanic dacitic rocks exhibiting less 

alteration. A unit of skarn and calcitic to dolomitic marble, with a protolith interpreted as a stromatolitic 

limestone, host the major mineralization and is overlain by rhyolitic to basaltic volcanic breccia, 

conglomerates and sandstones, comprising the stratigraphic hanging wall. The stratigraphy is described 

with similar characteristics as the neighboring Garpenberg Norra deposit (Allen et al., 2003). 

 

Figure 2.9: Garpenberg area geological map, the red star points to the location of the Lappberget deposit, insert 

map with the location of Bergslagen (BR) region, where Garpenberg mine is located; Swedish National Grid RT90 

(by Allen et al., 2003, latter modified by Jansson and Allen (2011b) and Tiu et al. (2019)). 

 

The mineralization consists of sulfide-rich zones with massive sulfides veins and breccias 

containing sphalerite, galena and pyrite as major sulfide minerals and in a minor occurrence pyrrhotite 

and chalcopyrite. The mineralization occurs controlled by the abovementioned upright structural dome, 

the ore is found from its crest and limbs at around 350 meters below the surface, whereas its limit at 

depth has yet to be defined (Tiu et al., 2021a). According to Jansson and Allen (2011), the mineralization 

formed at 1.89 Ga, predating the metamorphism and ductile deformation of the Svecokarelian orogeny. 

Vivallo (1985) estimated the metamorphic grade that affected the area at lower amphibolite facies with 

a peak temperature of 550 °C with pressures lower than 3.5 Kbar. 

Tiu et al. (2019, 2021a) conducted a detailed mineralogical characterization of the Lappberget 

deposit, revealing the complexity of the ore in terms of mineral composition and association, textural 

and chemical varieties of sphalerite, galena, chalcopyrite, pyrite and others. The authors also described 
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the processes of recrystallization, remobilization, redistribution and reconcentration of sulfide 

mineralizations with ductile and brittle deformation evidence. 

The mining and processing of the Lappberget ores yield four different concentrates with the 

main production of zinc, lead and copper and as by-products; silver and gold are recovered by 

gravimetric methods (Högnäs, 2019). 

2.9.6 Ore mineralogy of Lappberget deposit 

A detailed mineralogical and textural study was carried out by Tiu et al. (2019, 2021a) over 

different sulfide minerals, mainly sphalerite, pyrite, galena, and chalcopyrite, with an especial focus on 

sphalerite and pyrite occurrences in the Lappberget deposit. The study described in detail the sulfide 

occurrences in terms of mineralogy, textures, phases, assemblages, trace elements, tectono-metamorphic 

modifications of the ore and possible pre-metamorphic features still preserved.  

Tiu et al. (2021a) classified seven different mineralization styles in the Lappberget deposit: A) 

Massive sphalerite-pyrite-galena mineralization (MSPG); B) Massive sphalerite-galena-pyrite-

chalcopyrite-pyrrhotite ± Au mineralization (MSGC); C) Footwall disseminated to semi-massive 

mineralization (FwD); D) Skarn-hosted sulfide mineralization (SKN); E) Magnetite mineralization 

(MT); F) Mineralized shear zones (MSZ); and G) Carbonate-hosted Ag-rich sulfide-sulfosalt veinlets 

(AgD). Texturally, mineralizations styles at Lappberget displays vein networks, breccia infills, massive, 

semi-massive, disseminated, micro-veins and veinlets. The styles are also differentiated by the mineral 

assemblage (Table 2.5). Electrum (Au, Ag 10–87 wt.% Ag) was identified in MSGC, FwD, MT and 

AgD as rare or sporadic trace mineral. The different styles are summarized below.  

Effects of deformation and metamorphism include, 1) annealing textures in pyrite and 

sphalerite, 2) blebs of chalcopyrite and pyrrhotite included in sphalerite, 3) “ball ore texture” or 

“durchbewegung” microstructure in sphalerite, galena and pyrite with wall rock rounded clasts, 4) 

replacement textures, 5) intergrowths, mineral zoning, 6) brittle structures, 7) recrystallization, 8) 

cavities in recrystallized pyrite, 9) deformation twins and 10) bent cleavages (Tiu et al., 2019, 2021a).  

The MSPG is composed mainly of sphalerite, pyrite and galena. Chalcopyrite and pyrrhotite are 

found in exsolutions in sphalerite. The mineralization is observed in vein networks, replacement bodies 

and breccia infills. Annealing textures are common in sphalerite and pyrite. The massive mineralization 

commonly occurs at the lithological contact between dolomitic marble and highly silicified footwall 

rhyolite (Tiu et al., 2021a).  

The MSGC exhibit similar textural features as previously mentioned mineralization type, but 

with a higher content of chalcopyrite, pyrrhotite, Au and Ag. The MSGC is richer in Cu and is observed 

at the lower parts of the MSPG mineralization, adjacent to the FWD style mineralization (Tiu et al., 

2021a). 

The FWD domain occurs at greater depths in the deposit and also bordering the main massive 

sulfide body. It is characterized by disseminated pyrite and sphalerite mainly, but veins with relatively 

higher mineralization grade in the footwall is observed, hosted by altered metavolcanic rocks composed 

majorly by mica (biotite and muscovite) and quartz. Chalcopyrite and pyrrhotite in relatively high 

contents occur as disseminations, veins and as a groundmass of semi-massive sulfides. Chalcopyrite 

disease is common in sphalerite. FWD style is also characterized by a considerable gold associated to 

the sulfides occurring as Ag-rich electrum (Tiu et al., 2021a). 

The SKN is found in the interface between marble and silicified rocks, adjacent to the massive 

sulfide (MSPG and MSGC).  The skarn is composed by tremolite-actinolite and manganoan diopside, 
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coarse-grained commonly observed with interstitial sphalerite and galena. Alteration zoning in quartz 

sulfide veinlets are also observed (Tiu et al., 2021a). 

 

Table 2.5: Mineralization styles at Lappberget deposit and its minerals abundance (sulfides, sulfosalts, 

antimonides and oxides). Modal mineralogy estimated from QEMSCAN data and thin sections analysis, mineral 

formulas obtained by EPMA data (Tiu et al. 2021a). *** major mineral phase (>5 area%), ** minor (1–5 area%), 

* trace (<1 area%), ° rare (sporadic trace mineral phase). 

Mineral phase 

(abbreviation) 

Mineral Formula MSPG MSGC FwD SKN QDM AgD MSZ 

Metal sulfides 

Sphalerite (Sp) Zn0.8-1.08Fe0-0.2Mn0-0.1S *** *** *** *** *** *** *** 

Galena (Gn) PbS *** *** ** ** ** ** *** 

Pyrite (Py) FeS2 *** *** *** *** *** *** *** 

Chalcopyrite (Cp) CuFeS2 * ** ** * * * * 

Pyrrhotite (Po) Fe0.9-1S * ** ** * ** ° * 

Arsenopyrite (Apy) Fe1.02-1.03As0.9-1S ° ° ° * * ° ° 

Gudmundite (Gdm) FeSb0.9-1S 
  

° ° 
   

Alabandite (Alb) MnS 
       

Cubanite (Cbn) CuFe2S3 
 

° ° 
   

° 

Bournonite (Bour) PbCuSbS3 
 

° 
   

° 
 

Boulangerite (Boul) Pb5Sb4S11 ° ° ° 
 

° ° ° 

Freibergite (Frb) (Cu4.3-10.6Ag0.1-6.2Zn0-1.1Fe0.1-2Mn0-

1.9)(Sb0.2-4.2As0-3.8)S12.2-13.6 

° ° ° * * 
 

* 

Tetrahedrite (Ttr) 
 

° 
 

* 
 

° 
 

Tennantite (Tnt) 
   

° ° ° 
 

Silver-Allargentum 

(Ag,All) 

Ag0.81-0.98Sb0.01-0.15 
   

° * ° ° 

Dyscrasite (Dys) Ag3.1-3.2Sb0.8 
   

° ° 
  

Acanthite (Ac) Ag2S 
   

° ° 
  

Electrum (El) (Au,Ag) 10–87 wt.% Ag 
 

° ° 
 

° ° 
 

Jordanite (Jor) Pb13.8-13.9(As4.6-5Sb1.1-1.3)S23-23.1 ° ° ° ° 
  

° 

Stephanite (Stp) Ag5.3-7.4Sb1.4-3.4S0.7-1.1 
  

° 
 

° ° 
 

Pyrargyrite (Pyr) Ag3SbS3 
    

° ° 
 

Diaphorite (Dia) Pb2Ag3Sb3S8 
    

° ° 
 

Native antimony (Sb) Sb 
 

° 
   

° 
 

Native arsenic (As) As 
     

° 
 

Oxides 
        

Magnetite (Mag) Fe3O4 (MnO = 2.20–2.26 wt%) 
    

** ° 
 

Ilmenite (Ilm) FeTiO3 
    

° 
  

Pyrophanite (Pph) MnTiO3 
   

° ° 
 

 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sulphide
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sulfosalt-group
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/antimonides
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/electron-probe-analysis


Master Thesis. 2021. 

29 

The MT occurs as veins, semi-massive to massive and are located stratigraphically above the 

main sulfide massive ore. Sphalerite, galena, pyrite, and pyrrhotite are the sulfides present and are 

associated with manganoan diopside and actinolite. The sulfides associated to magnetite, occur in lower 

amounts when compared to the mineralization styles. Silver can also be found in galena veinlets. Tiu et 

al. (2021a) describe different mineralizations of magnetite according to its mineral association. 

The MSZ intersect the Lappberget upright structural dome that host the ore (Jansson, 2011), 

being mineralized with sphalerite-galena-pyrite. This style exhibits interesting structures such as ball 

ore texture or durchbewegung structure in sulfide matrix of fine-grained sphalerite and galena with wall 

rock and pyrite rounded clasts. Bulging recrystallization texture in rounded quartz is also observed (Tiu 

et al., 2021a). 

The argentiferous sulfide-sulfosalt veinlets hosted in dolomitic marble type of mineralization is 

referred to, in Tiu et al. (2021a), as the AgD. It is characterized by a complex mineral assemblage with 

a variety of sulfides, sulfosalts, Ag-, As-, Sb-bearing minerals, such as allargentum, dyscrasite, 

freibergite, tetrahedrite-tennantite, gudmundite, arsenopyrite, galena, sphalerite, pyrite, pyrrhotite, etc. 

These late-stage veins record distinct textures, e.g. symplectite and complex intergrowths.  

As part of the sulfide occurrence investigation over textures and mineral chemistry multi-stage 

mineral growth was identified and analyzed attesting micro scale complexity, with different generations 

of sphalerite, pyrite and chalcopyrite, observed in zoned minerals with varying trace element chemistry 

between phases.   

Tiu et al. (2021a) observed three types of sphalerites in the Lappberget deposit, the types differ 

in textures, trace element chemistry and abundance in different mineralization styles (Table 2.6 and Fig. 

2.10). For instance, the type-1 (sp-1) is found predominantly in MSPG, MSGC and FWD, showing 

relatively high concentrations of Fe, Co, Ge, Cu, Sn, and Au. The author states that the concentration of 

Au is influenced by the type of sphalerite, however not significantly by the mineralization style where 

it is found. The same cannot be said for all elements, Mn, Ni and Tl concentration showed a considerable 

effect of the mineralization style. This result was obtained by linear mixed effect modelling of the trace 

element chemistry for these sphalerite types. Sp-1 is commonly found with annealing textures and 

recrystallization features, chalcopyrite disease and watermelon texture are also common, as well as 

deformation and annealing twins. Sp-2 is generally associated with manganoan skarn and dolomitic 

marble, commonly included in co-(re)crystallized garnet, rarely displaying deformation twins or thick 

growth zonation. Sp-3 is mainly found in the AgD mineralization type as well-rounded grains and with 

oscillatory growth zonation. 

Pyrite was identified in four different morphologies (Table 2.7): py-1 is observed as anhedral, 

rounded fine grains or included in younger pyrite types. It is abundant in FWD, MSGC and AgD 

mineralization styles mainly. Py-2 was identified in all mineralization styles. It is commonly found as 

fine to coarse pitted pyrite, anhedral to subhedral grains and as core crystals in recrystallized pyrite. 

Minerals as arsenopyrite, galena, tetrahedrite, sphalerite, chalcopyrite and silver-bearing mineral fill in 

py-2 pits. Py-3 is present in all mineralized styles at Lappberget, it is commonly occurring in round, 

subhedral and coarse grains, intergrowth, recrystallization, and annealing textures are characteristics of 

this type. Ductile and brittle deformation can be found in py-3, as well as other different features 

depending on the mineralization style. Type 3 pyrite displays a relatively low distribution of trace 

elements such as Mn, Co, Ag, Sb, Au and Pb. Py-4 is mainly present in the AgD late veins in complex 

intergrowth with other sulfides and sulfosalts, but it is also found in other styles such as in SKN. Arsenic 

content in py-4 is anomalously high, trace elements distribution, Sb, Cu, Pb, Zn, Tl, Ag and Au, as well, 



 

Barbosa, L. H. C., 2021 Analysis of the gold mineralization in the metamorphosed Lappberget Deposit... 

30 

but low Ni and Co concentrations. The gold content analyzed in py-4 showed a median value of 24.4 

ppm (Tiu et al., 2021a). 

 

Table 2.6: Trace element concentrations (ppm) of Au, Ag and Bi in sphalerite (adapted from Tiu et al., 2021a). 

LDL = Lower detection limit, ADL (%) = Percentage of analyses above the lower detection limit. 

Sphalerite/ 

Mineralization 

Type 

No. of 

Analysis 

Median LDL of Au 0.004 Median LDL of Ag 0.02 Median LDL of Bi 0.01 

Min Max Median 

ADL 

(%) Min Max Median 

ADL 

(%) Min Max Median 

ADL 

(%) 

sp-1 n = 90 <0.004 0.21 0.03 86 0.38 90.53 4.18 100 <0.011 1.92 0.01 21 

sp-2 n = 54 <0.004 0.09 0.02 54 <0.02 79.13 3.29 100 <0.01 0.08 0.01 24 

FWD n = 29 <0.004 0.11 0.04 79 0.38 90.53 1.86 100 <0.01 0.01 0.01 7 

MSGC n = 11 0.04 0.10 0.07 100 5.52 69.49 13.08 100 <0.01 1.92 0.01 45 

MSPG n = 11 <0.004 0.03 0.01 91 1.72 29.88 6.08 100 <0.01 0.02 0.01 18 

MSZ n = 14 <0.004 0.21 0.02 93 1.13 78.5 4.26 100 <0.01 0.12 0.02 36 

SKN n = 35 <0.004 0.05 0.01 51 0.84 79.13 2.39 100 <0.001 <0.001 <0.001 0 

MT n = 22 <0.004 0.06 0.03 68 2.14 37.41 9.22 100 <0.001 0.08 0.01 50 

AgD n = 22 <0.004 0.09 0.03 73 0.5 8.44 2.67 100 <0.001 0.05 0 32 

 

 

Figure 2.10: Tukey box plots for Au over LA-ICPMS data for sphalerite from different mineralization styles (Tiu 

et al. (2021a). 

 

Table 2.7: Trace element concentrations (ppm) of Au, Ag and Bi in pyrite (adapted from Tiu et al., 2021a). LDL 

= Lower detection limit, ADL (%) = Percentage of analyses above the lower detection limit. 

Pyrite 
Type 

No. of 
Analysis 

Median of Au LDL 0.01 Median of Ag LDL 0.02 Median of Bi LDL 0.01 

Min Max Median 
ADL 
(%) 

Min Max Median 
ADL 
(%) 

Min Max Median 
ADL 
(%) 

py-1 n = 7 <0.01 0.1 0.05 57 <0.02 1.41 0.18 57 <0.01 <0.01 <0.01 0 

py-2 n = 14 <0.01 1.9 0.08 43 <0.02 218.9 28.47 50 <0.01 0.59 0.11 36 

py-3 n = 18 <0.01 0.1 0.01 22 <0.02 22.87 0.34 56 <0.01 0.27 0.01 22 

py-4 n = 3 20.7 25 24.4 100 173.9 241.5 218.1 100 0.08 0.09 0.09 100 

 

Galena is described mostly in anhedral grains with a size range from fine to coarse, the mineral 

is found as a massive matrix to other sulfides, or in veinlets cross-cutting massive sphalerite in MSPG 

and MSGC. In MT and SKN, exsolutions of tetrahedrite in galena is common observed, as well as other 

sulfosalts. In AgD galena is recorded as a massive matrix component, also as a decomposition product 
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of Pb-bearing sulfosalts in AgD veins. The highest median content of Ag (13.1 ppm), Au (0.1 ppm) and 

Sb (31.3 ppm) were measured in galena from MSGC style (Table 2.8). Galena is commonly associated 

with silver-bearing minerals, it is also the preferred host for elements as Ag, Sb, Tl and Bi, when 

compared to the other sulfides analyzed by Tiu et al. (2021a). 

 

Table 2.8: Trace element concentrations (ppm) of Ag and Bi in galena (Tiu et al. 2021a). LDL = Lower detection 

limit, ADL (%) = Percentage of analyses above the lower detection limit, N/A = Not analyzed. 

Mineralization type No. of Analysis 
Median of Ag LDL 0.07 Median of Bi LDL 0.00 

Min Max Median ADL (%) Min Max Median ADL (%) 

FWD n = 8 733.8 1055.6 894.96 100 2.2 8.6 3.86 100 

MSGC n = 2 502.8 646.8 574.81 100 N/A N/A N/A 0 

MSZ n = 3 413.2 884.74 591.5 100 0.8 1.3 0.9 100 

SKN n = 2 936.7 1207.6 1072.2 100 0.9 0.9 0.89 100 

 

Chalcopyrite occurrences were described in two generations (Table 2.9), type 1, or ccp-1, is 

dominant in MSGC and FWD, mainly in the lower parts of the Lappberget deposit, occurring within 

sulfide mineralization, and associated with Fe-rich silicates such as biotite. Chalcopyrite is commonly 

fine-grained, coarser grains are observed typically in sulfide veinlets and also in interstitial phases in 

fractured pyrite. Chalcopyrite disease is a common feature, mostly in Fe-rich sphalerite. In the FWD 

cubanite and pyrrhotite exsolution is chalcopyrite is commonly recorded. The second type, ccp-2 were 

formed by the decomposition of Cu-sulfosalts and is mainly found in AgD. It is commonly observed to 

be intergrown with arsenopyrite, dyscrasite, sp-3 and tetrahedrite, and other minerals. High gold values 

found in logged drill core samples showed a significant association to chalcopyrite, however, the gold 

content from LA-ICP-MS analysis within chalcopyrite crystals showed low values, below 0.22 ppm. 

The highest median of gold content in chalcopyrite were registered in the FWD and MSGC 

mineralizations styles, together with In and Sn elements (Tiu et al., 2021a). 

 

Table 2.9: Trace element concentrations (ppm) of Au, Ag and Bi in chalcopyrite (Tiu et al., 2021a). 

Sample Au Ag Bi 

LPB1634-692.4–1 0.22 37.25 <0.06 

LPB1634-692.4–2 <0.03 23.72 <0.03 

 

Tiu et al. (2021a, 2021b) detected a variety of silver-bearing minerals, the most common being 

antimonides of the dyscrasite (Ag3Sb) group, and allargentum (Ag1-xSbx), followed by minerals of the 

tetrahedrite group ((Ag,Cu,Fe)12(Sb,As)4S13) such as freibergite. Electrum is the third most abundant 

and then native silver. Tennantite, proustite (Ag3AsS3), diaphorite (Ag3Pb2Sb3S8), acanthite (Ag2S), 

stephanite (Ag5SbS4) and pyrargyrite (Ag3SbS3) are present but are rarely observed. Galena is an Ag 

carrier, containing around 0.08 wt% in median within its crystal structure. 

The electrum observed in Lappberget is predominantly Ag-rich based on SEM-EDS and 

QEMSCAN analysis (Tiu et al., 2021b). Although rare, electrum occurs in MSGC, FwD, MT and AgD. 

Electrum found FWD associated with pyrrhotite, and chalcopyrite is characterized, in general, by a 

higher content of silver in comparison to gold, with Ag:Au wt.% ratio of 7:3. Au-rich electrum occur in 
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a lesser amount, but the Ag:Au wt.% ratio can be up to 2:8. In MT style, Ag-rich electrum prevails with 

an Ag:Au wt.% ratio of 9:1.  

According to the data from Tiu et al. (2021a), the best sulfide candidates for being gold carriers 

are sp-1and py-4. Sp-2, py-1, py-2 and chalcopyrite also carry some amount of gold in their crystal 

structures. Py-3 can be significant due to its ubiquitous presence in Lappberget (Tables 2.6, 2.7, 2.8, and 

2.9).  

Tiu et al. (2021a) discuss the role of polyphase deformation and metamorphism at Garpenberg 

and, consequently, at Lappberget, in the course of the Svecokarelian orogeny. Effects of the orogeny 

included remobilization, redistribution, reconcentration and recrystallization of sulfides and fluid-

mobile elements (e.g. As, Cu, Zn, Pb, Ag, and Au). Analogous processes have previously been described 

for other similar deposits in the region, the SVALS-type Falun deposit (Kampmann et al., 2018) and 

Hornkullen (Andersson et al. 2016), including alike trace element signatures in sulfides. 

Tiu et al. (2021a) suggests that post-ore modifications obliterated many of the mineral original 

features during metamorphism. For instance, py-3 is assumed to be formed by recrystallization process 

of earlier pyrite, as it occurs in growth zonations and rims over py-2 or in homogeneous grains with no 

pre-metamorphic textures. The chemical contrasts between different generations of pyrite led to the 

conclusion that the recrystallization caused depletion of Co, Ni, As, Cu, Zn, Pb, Ag, and Au, the expelled 

elements can be later incorporated into in other minerals. For py-4 the anomalous increase in trace 

elements, such as, Cu, Zn, Pb, Ag, Au, Mn and Tl. This might also be due to the remobilization of these 

elements, that were expelled from earlier sulfides and assimilated in py-4 structure. Similar processes 

also acted in other sulfide minerals such as sphalerite and chalcopyrite, forming different generations of 

these minerals, evidenced by textures and trace element signatures. 

Despite the fact that deformation and metamorphism have overprinted most of the primary ore 

textures (Sandecki, 1982; Vivallo, 1984; Allen et al., 2003; Jansson, 2011), Tiu et al. (2021a) suggests 

that the large-scale metal zonation at the Lappberget deposit is intact. This involves a zonation from the 

FWD footwall disseminated Cu- and Au-rich mineralization to MSPG Zn-Pb-rich massive sulfide 

mineralization across the contact of the footwall rhyolite and the overlying marble unit. This transition 

between mineralization styles is similarly observed in other SVALS-type deposits in Bergslagen, like 

the Falun deposit (Kampmann et al., 2018). At microscopic scale, relict primary textures may be 

represented by micro-inclusions of sphalerite, galena and other sulfides in porous pyrite (py-2).  

The SVALS-type model (Allen et al., 1996; Allen et al., 2003; Jansson and Allen, 2015; Kampmann 

et al., 2018) propose a syn-volcanic hydrothermal related sulfide deposition of pyrite, pyrrhotite, 

chalcopyrite, cubanite, and perhaps gold penecontemporaneously with the main ore minerals sphalerite 

and galena. 
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CHAPTER 3 

3 MATERIALS AND METHODS 

This chapter intends to specify the materials and methods involved in the core of the master 

thesis investigation. Initially, a description of the samples is given, which were the objects in focus 

during the development of this project and the base of the presented work. Further, the analytical 

techniques applied are presented. The methods were chosen based on the availability and access to the 

techniques, master thesis schedule and project body, purpose, and objectives of the project. In addition, 

the intended skills to be solidified by the student and develop during the master program have been also 

considered. 

3.1 Samples description 

3.1.1 Drill Core Samples 

The present work was conducted and developed focusing on six thin sections from five different 

drill core samples, collected at different depths of the Lappberget deposit (Garpenberg Mine). The 

samples were provided by Boliden AB (Fig. 3.1, Table 3.1). The thin sections were pre-selected due to 

their potential for containing gold occurrences as are known from assays of FWD mineralization style 

described by Tiu et al. (2021a). 

 

 

Figure 3.1: Selected thin sections for the present work. The samples belong to the FWD mineralization 

style at Lappberget, they are metamorphic rocks, quartzites, with varying content of mica minerals, and 

represent the main host rock lithology of the FWD. (a) DBH2561e229.10m; (b) DBH2561e256.05m; (c) 
DBH2658e279.50m; (d) DBH3370e285.70m; (e) DBH1632e.538m; and (f) LPB1634-692.4. 
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Table 3.1: Thin sections information. Labeled from a to f matching to labeling in the figure 3.1. 

 Thin Sections 

 Hole ID Sample name Hole n° Depth (m) Rock Type 

a GARPN2561 DBH2561e229.10m 2561 285.70 Mica Quartzite 

b GARPN2561 DBH2561e256.05m 2561 538.00 Mica Quartzite 

c GARPN2658 DBH2658e279.50m 2658 692.40 Mica Quartzite 

d GARPN3370 DBH3370e285.70m 3370 285.70 Quartzite 

e GARPN1632 DBH1632e.538m 1632 538.00 Mica Quartzite 

f GARPN1634 LPB1634-692.4 1634 692.40 Phlogopite-Sericite Quartzite 

 

3.1.2 Processing samples 

Knelson concentrator samples made available by Boliden’s processing plant were also target in 

the present project analysis. Around 2 Kg of material from three streams of the Knelson concentrator: 

the feed, the middlings product (MP) or Knelson tailings, and the concentrate, were the initial material 

provided (Table 3.2). The initial amount was splitted to obtain representative samples for chemical 

analysis, for sieving aiming at determining the particle size distribution of each stream and to produce 

polished sections of different size ranges of the material.  

Some observations about these samples must come into account and have to be considered 

before further analytical steps and conclusions. Due to the configuration of Boliden’s processing plant, 

the Knelson feed and Knelson tailings cannot be directly and safely sampled and have limited 

representativeness. In the Boliden’s processing plant the run of mine (ROM) is milled and screened 

before the Knelson concentrator unit. There is a feeder box that split the material in two: the feeder 

underflow that settles down in the box feeds the Knelson concentrator, while the feeder overflow goes 

to the cyclone, mixed with the Knelson tailings. The underflow of the cyclones is in a closed circuit with 

the comminution and screening stages, and consequently to the Knelson, meaning that the sampled feed 

and tailings are actually a mix of material. The feed was sampled in the feeder box which is a mixture 

of material coming from the comminution and screening stage (ROM + recirculating load-cyclone 

underflow). The tailings was sampled before the cyclone unit (cyclone feed) being a mix of Knelson 

tails (MP) + feeder box overflow. Knelson feed and tails can provide a qualitative view of the material 

but not a quantitative characterization. 

 

Table 3.2: Knelson samples information. 

Knelson concentrator Samples 

Sampled Stream Sample Weight (g) 

Ingående Feed 2019.20 

MP Middlings Product 1611.69 

Koncentrat Concentrate 1844.06 

 

3.1.2.1 Processing samples preparation 

The preparation of the processing samples was done in the Mineral Processing Laboratory at 

the LTU. The work started with splitting of the three samples of each stream using Jones Riffle splitter, 

aiming to reach representative fractions for the next step, which was sieving. Sub-samples from this 
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splitting stage were selected for chemical analysis, two sub-samples (duplicates) from each stream. 

Flowcharts of the performed steps are illustrated in Appendix II. 

A third representative sample obtained by this first splitting round was chosen from each sample 

stream for sieving and the weighting of each fraction. Firstly, dry sieving was conducted with sieve sizes 

classes (µm) of 1190, 841, 595, 425, 300, 212, 149, 106 and 75. Afterwards wet sieving was performed 

over the passing material below 75 µm with sieve size classes (µm) of 53 and 38, also generating a 

below 38 µm fraction. Samples were dried in the oven heated at 60°C, then weighted and properly 

stored. 

Once the sieving process was done, the particle size distribution (PSD) curves from each sample 

(feed, MP and concentrate) were structured. By the analysis of the PSD, four particle size ranges were 

selected in order to produce polished sections. The criteria observed were the grain sizes and the weight 

(%) of each size fraction. Particle size ranges were selected for the production of the polished sections 

considering four particle size fraction ranges >300 µm, 300-106 µm, 160-38 µm and <38 µm, four for 

each stream sample totalizing twelve. After choosing the size ranges the material had to be mixed and 

splitted once more, taking the particle sizes intervals selected, in order to obtain representative amounts 

for the mounted epoxy resins.  

The polished sections were manufactured in the sample preparation laboratory at the LTU using 

cold-setting epoxy resin or cold mounting technique. The two finer fractions were mixed with graphite 

powder with the objective to minimize fine particle agglomeration and allow a better particle boundary 

visualization in the further analytical techniques applied. The material was then set in resin and hardener. 

They were later sawn to produce a flat counter surface, then ground in three steps and finally polished 

in a number of stages using diamond impregnated solutions over a rotating polishing device. The product 

of this process was twelve mounted epoxy resins of 25 mm diameter blocks, sized in four fractions for 

each of the three streams, feed, tailings and concentrate (Fig. 3.2). The polished sections were analyzed 

in the optical and automated microscope, then carbon coated for SEM analysis.  

 

 

Figure 3.2: Image of the epoxy mounts produced for each stream in four particle size ranges. 
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3.2 Analytical techniques 

Mineralogical and textural studies was carried out on the samples at LTU, using optical light 

microscopy Nikon Eclipse LV100 POL equipped with Nikon DS-Fi1 camera and NIS-Elements D3.2 

software to take images on the optical microscope. Automated optical microscopy Axioscope 7 equipped 

with Axiocam 305 color ZEISS was convenient for imaging the whole thin sections and epoxy resin 

blocks, and the software ZEN Core v3.1 to process the images. The scanning electron microscope (SEM) 

equipped with energy dispersive X-ray spectroscopy (EDS) Zeiss Sigma 300 VP in QanTmin laboratory 

(quantitative target mineralogy) based at the LTU, was used for automated semi-quantitative 

mineralogy. It is equipped with Zeiss Mineralogic Mining software to process the data. Mineral 

chemistry was obtained by electron probe microanalysis (EPMA) Microprobe Jeol SuperProbe JXA-

8230, realized in Laboratory of Critical Elements at AGH University of Science and Technology in 

Krakóv, Poland. Trace element composition was investigated through laser ablation inductively coupled 

plasma mass spectrometry (LA-ICP-MS) performed at LTU. Bulk chemical analysis for the Knelson 

samples was performed by ALS Geochemistry laboratory (summary description of the methods applied 

in this work in table 3.3, figure 3.3 illustrates the techniques flowchart used). 

 

Table 3.3: Mineral characterization techniques employed in the present study. 

Methods 
Information 

Obtained 
Model Parameters 

Place of 

Analysis 

Optical microscope Petrographic data 
(mineralogy, texture, 

mineral association, 

grain size) 

Nikon ECLIPSE LV100 POL   LTU 

Automated optical 

microscope 

Petrographic data 

(mineralogy, texture, 

mineral association, 
grain size) 

Zeiss Axioscope 7 
 

LTU 

SEM - EDS Mineralogy and semi-

quantitative mineral 

chemistry 

Zeiss Sigma 300 VP  Accelerating 

voltage: 20 kV; 

25 kV  

LTU 

Emission 

current: 1nA 

Aperture size: 

60 µm 

Electron probe 

microanalysis (EPMA) 

Quantitative mineral 

chemistry 

Microprobe Jeol SuperProbe JXA-8230 Accelerating 

voltage: 20 kV 

AGH University 

of Science and 
Technology Emission 

current: 20 nA; 

15 nA 

Beam: 1 µm; <1 
µm 

Laser ablation 

inductively coupled 

plasma mass 

spectrometry (LA-ICP-
MS) 

Quantitative trace 

element chemistry 

New Wave Research (NWR193) laser-

ablation system coupled with an iCAP-

Q quadrupole inductively coupled 

plasma mass spectrometer 

Spot size 

spacing (5-20 

µm) 

LTU 

Laser repetition 
rate 5 Hz; 10 Hz  

Laser fluence 
~2.5 J/cm² 

 

The mineralogical description of the samples were done with optical and automated microscopy 

as well as for gold minerals identification, adding also the bright/rare phase search on SEM targeting 

gold. Microscope techniques were used also to identify and select the minerals for the further advanced 

analytical techniques. The SEM set up from the samples were: For the drill core thin sections to assess 

the composition of gold minerals, spot analysis with EDS with an acceleration voltage of 20 keV, 
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emission current of 1.0 nA and aperture size 60 µm was used. For the processing Knelson samples 3 

µm, 6 µm, 10 µm and 20 µm mapping analysis step size was used for the different fractions 0-38 µm, 

38-106 µm, 106-300 µm, and >300 µm respectively. with an acceleration voltage of 25 KeV and 60 µm 

aperture size were used. The polished sections were sputter carbon coated for the SEM analysis. The 

analysis over the polished sections were constrained to 10000 particles for each of the twelve samples. 

 

 

Figure 3.3: Analytical tools flowchart for investigation of samples, drill core thin sections and Knelson 

concentrator processing samples that went through different paths of analysis. 

 

EPMA aimed to determine the mineral chemistry composition of gold minerals and sulfides 

over the drill core thin section samples (Table 3.4, Appendix III). Pyrite and pyrrhotite were group 

together due to similar analysis recipe, similarly for chalcopyrite and cubanite. 

 

Table 3.4: Minerals, elements, and parameters of the EPMA analysis. 

Mineral Elements analyzed 

Accelerating 

voltage 

Emission 

current Beam 

Galena S, Pb, Ag, Sb, Bi, Hg, Se, Te 20 kV 20 nA 1 µm 

Sphalerite Zn, Fe, S, Cd, Cu, Mn, In, Ge, Ag 20 kV 20 nA <1 µm 

Pyrite/ Pyrrhotite Fe, S, Cu, Co, Ni, As, Au, Ag, Mn 20 kV 20 nA 1 µm 

Chalcopyrite/ Cubanite Cu, Fe, S, Ag, Zn, Au, Mn 20 kV 20 nA 1 µm 

Gudmundite S, Fe, Ni, Sb, As, Mn, Zn, Ag, Sn, Cd, Cu, Pb 20 kV 15 nA 1 µm 

Gold minerals Au, Ag, Cu, Sb, Hg, Bi, Te, As, Se, S 20 kV 15 nA <1 µm 

 

Multielement LA-ICP-MS spot analysis of sulfides was performed at the LTU with a New Wave 

Research (NWR193) laser-ablation system with an iCAP-Q quadrupole inductively coupled plasma 

mass spectrometer (LA-ICP-MS, Thermo Scientific). At the start of each experiment, calibration of the 

ICP-MS was carried out to adjust isotope sensitivity and reduce the creation or doubly charged ions and 

molecular oxide species. The carrier gas to transport the ablated material was helium (He).  

The analyzed isotopes were 34S, 49Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 69Ga, 72Ge, 
74Ge, 75As, 77Se, 95Mo, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 197Au, 202Hg, 205Tl, 208Pb, and 209Bi. Analytes 

dwell time was defined individually. IOLITE software package was used for data reduction (Paton et 

al., 2021). The internal standards and data reduction setting (Table 3.5) used for the instrumental drift 

correction and concentration calculation the sulfide reference materials were UQAC-FeS and MUL-ZnS 

(Ge, Tl) for pyrite, pyrrhotite and chalcopyrite; MUL-ZnS, MASS-1 (Au, Hg) and UQCA-FeS (Ti) was 

used for sphalerite and MASS-1, MUL-ZnS (ge) and UQCA-FeS (Ti) for galena. Internal standard 

elements concentration was set over mineral chemistry average data for each sulfide type and sample, 



 

Barbosa, L. H. C., 2021 Analysis of the gold mineralization in the metamorphosed Lappberget Deposit... 

38 

for sphalerite internal standard 66Zn was used, for galena 208Pb, and for other sulfides 57Fe. Calculation 

of the detection limits (LOD) was made based on the formula in the Longerich et al. (1996) method. 

The generation of LA-ICP-MS data was done with spot size of 35 µm, the laser repetition rate of 5 Hz, 

with laser fluence of ~2.5J/cm², 20 seconds (s) background, 30s laser on, 30s washout. 

 

Table 3.5: Data reduction settings for LA-ICP-MS. 

Internal standard    

Mineral Element Value Units Standard used 

cpy Fe 30.2 wt % UQAC-FeS, MUL-ZnS (Ge, Tl) 

py Fe 46.42 wt % UQAC-FeS, MUL-ZnS (Ge, Tl) 

sp Zn 60.23 wt % MUL-ZnS, MASS-1 (Au,Hg), UQAC-FeS (Ti) 

gn Pb 86.63 wt % MASS-1, MUL-ZnS (Ge), UQAC-FeS (Ti) 

po Fe 60.38 wt % UQAC-FeS, MUL-ZnS (Ge, Tl) 

 

Chemical analysis over the samples from the processing plant focusing in determine the presence 

of a variety of elements that could be in the ore composition was carried out and described below, some 

of the elements are considered deleterious. The procedures were realized by the ALS Geochemistry 

laboratory. 

• Inorganic carbon (C, CO2) 

• Au and Ag by fire assay and gravimetric finish (Ag, Au) 

• Oxidizing digestion-ICP-AES finish (Ag, As, Bi, Ca, Cd, Co, Cu, Fe, Hg, Mg, Mn, Mo, Ni, P, 

Pb, S, Sb, Ti, Zn) 

• Various elements in ores by fusion XRF (Al2O3, CaO, K2O, MgO, SiO2, TiO2) 

• Specific gravity-displacement (S.G.). 

 



 

39 

CHAPTER 4 

4 RESULTS 

The main results obtained by applying the chosen methods are presented below. The results 

were obtained by analyzing the drill core thin section samples under optical microscope, automated 

optical microscope, SEM-EDS, EPMA, and LA-ICP-MS. The results of the processing plant samples 

include its particle size distribution, analysis over optical microscope, SEM-EDS and chemical analysis. 

 

4.1 Mineralogy 

The list of minerals identified through observations over the optical and automated microscope is 

summarized below in table 4.1 and in more detail in Appendix I. Firstly, a general overview of the 

sample’s description is given below and then the description is focused on the gold minerals occurrence. 

 

Table 4.1: Minerals described in the thin sections with visual estimation content in percent of each mineral. 

Thin Sections Translucent Minerals (%) Opaque Minerals (%) 

n° Code Qz Mc Plg Bt Ms Ser Chl Zr Ap Py Cp Gn Sp Po Cub Au 

1 DBH2561e229.10m 10 40   15 4 15   <1   <1 8 2 3 1 <1 <1 

2 DBH2561e256.05m 70   <1 8 4 2 <1 <1 <1 7 4 <1 1 <1 <1 <1 

3 DBH2658e279.50m 65     1 3   <1 <1   2 1 2.5 24 0.5     

4 DBH3370e285.70m 73       2         3 <1   14 <1     

5 DBH1632e538m 80 <1   8 4 2   <1   3 <1   <1 1     

6 LPB1634-692.4 55     13 8 4 <1 <1   <1 12 1 5 1.5 <1 <1 

 

In general, the thin sections exhibit similar mineralogy, main differences being mineral 

abundances. However, not all minerals identified are present in all of the thin sections. The minerals 

observed were quartz, microcline (mc), plagioclase (plg), biotite (bt), muscovite (ms), sericite (ser), 

chlorite (chl), zircon (zr), apatite (ap). The opaque minerals identified were sphalerite (sp), galena (gn), 

chalcopyrite (cp), pyrite (py), pyrrhotite (po), cubanite (cub) and gold minerals (au). Sulfides are often 

disseminated or occurring as a groundmass. Gangue minerals are mainly quartz and biotite. In one of 

the samples, there is a considerable amount of microcline. Sphalerite is the sulfide of higher occurrence 

followed by chalcopyrite and pyrite. The mineralogic assemblage observed match with the FWD 

mineralization style described by Tiu et al. (2021a), and previously presented in section 2.9.6. 

In terms of microstructures, minerals are mainly inequigranular, granoblastic and lepidoblastic 

(mica), fine to very fine, sometimes medium-grained. Grains are predominantly anhedral to subhedral. 

Pyrite is observed sporadically as euhedral crystals. Commonly, minerals have a preferred direction of 

orientation (foliation), especially quartz and biotite. The samples exhibit also other signs of deformation 

and metamorphism in its microstructures, such as core mantle structure with sub-grains formation, 

undulose extinction, partial recrystallization, bent biotite grains, and galena with bent cleavage plains 

(Appendix I).  

The thin section DBH2561e229.10m (Fig. 4.1) have microcline as the main mineral present 

together with biotite, both minerals being strongly sericite altered. Chalcopyrite and sphalerite are the 

main sulfides present. The sample is inequigranular, grano-lepidoblastic mainly medium to very fine, 
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gangue minerals can show sizes over 1 mm to 2 mm, chalcopyrite grains occur in coarser size up to 4 

mm and is the most abundant sulfide present. Biotite is concentrated in portions of the thin section and 

shows a preferential direction of orientation, although the main orientation is not always respected.  

Together with galena, chalcopyrite is the main mineral associated to gold minerals. Gold 

minerals occurs mainly in contact, with galena, chalcopyrite, sphalerite, pyrrhotite and also occurring 

surrounded by this altered mass of sericite and some grains of biotite. Its occurrence with chalcopyrite 

was observed included in chalcopyrite, also enclosing it, but most often intergrown texture. Inclusions 

in sphalerite was also identified as well as formation of rims. Deformed gold minerals grains are often 

seen in a stirred prolate shape, especially in association with mica minerals and also included in them. 

Gold minerals are inequigranular, with grains of ~1-150μm size, and mostly anhedral/irregularly shaped. 

Rounded grains were also observed, as well as tiny gold grains and also in ribs/stirred shape. 

Sample DBH2561e229.10m was classified as a mica quartzite, its paragenesis indicates 

metamorphism in the amphibolite facies. High sericitization indicates an influence of either 

hydrothermal processes, retrograde metamorphism, metasomatic-hydrothermal processes, or phyllic 

alteration. 

 

 

Figure 4.1: Sample DBH2561e229.10m of a mica-quartzite image from automated optical microscope. (a) 

transmitted light and crossed nicols; (b) reflected light and parallel nicols. Sulfide dissemination among the gangue 

matrix. 

 

In sample DBH2561e256.05m (Fig. 4.2), quartz and biotite are the main minerals present and 

they show a pervasive grain orientation. Many of the sulfide minerals respect this direction. In general, 

the sample is inequigranular, grano-lepidoblastic fine to very fine, quartz and biotite rarely are bigger 

than 1 mm, sulfides can be typically bigger than the matrix. Pyrite is the main sulfide occurrence in the 

sample followed by chalcopyrite. 

Gold minerals occur in irregular patches associated mainly to chalcopyrite and also pyrite; other 

sulfides as galena, sphalerite and pyrrhotite also occur together where gold minerals are present but not 

in direct contact to it. Few grains occur among gangue minerals (quartz and mica). Gold grain size varies 

from tiny (<5 μm) up to 300 μm, mostly < 100 μm. The gold minerals are often found associated to 

other sulfides. Gold is found as inclusions in chalcopyrite, trapped between pyrite grains and among 

quartz and biotite in elongated grains or tiny rounded ones. 

The minerals show clear signs of deformation, quartz texture and microstructures are evidence 

for that, e.g.: sub grain formation, undulose extinction, mantle and core microstructure, irregular grain 

boundaries, grain contact as well as the preferential orientation of the minerals (schistosity) implies 
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plastic deformation. Opaque minerals, like galena, can appear esqueletiform, in anhedral grains, 

sometimes filling fractures in other minerals. Sulfides, especially py and cp looks roughly disseminated 

in the thin section. The metamorphic rock is classified as a micaceous quartzite. 

 

Figure 4.2: Sample DBH2561e256.05m, mica quartzite, image from automated optical microscope. (a) 

transmitted light and crossed nicols; (b) reflected light and parallel nicols. It is possible to observe grain size 

variation in the samples, also the strong mineral orientation of gangue and opaque minerals. 

 

Sample DBH2658e279.50m (Fig. 4.3) has a remarkable occurrence of an irregular ground mass 

of sphalerite that curiously divide the thin section into two grain size domains, one domain with a 

predominance of coarser gangue minerals than the other domain. The finer portion is well oriented in a 

preferred direction, defined mostly by quartz and biotite but also by sulfides. Curved and bent cleavage 

pits in galena are observed, indicating deformation. The sample is inequigranular, grano-lepidoblastic 

medium to very fine, particles sizes in a relative broad range varying in series from few microns to larger 

than 3000 μm. No visible gold minerals were observed. 

This metamorphic rock, mica quartzite, shows metamorphism and deformation evidences in the 

quartz grains (sub grains, partial dynamic recrystallization, core and mantle microstructure, fractures). 

Galena cleavages appears bended inferring post-deposition ductile deformation. Quartz grains are often 

slightly fractured, sphalerite as well, empty fractured and fractures filled with galena, pyrrhotite and 

chalcopyrite. 

 

 

Figure 4.3: Sample DBH2658e279.50m, a mica quartzite, image from automated microscope. (a) transmitted light 

and crossed nicols; (b) reflected light and parallel nicols. Sphalerite is the main opaque mineral occurrence.  
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Thin section DBH3370e285.70m (Fig. 4.4) has quartz as the main mineral present and sphalerite 

is the main opaque mineral. Quartz shows clear signs of ductile deformation with partial dynamic 

crystallization and core and mantle microstructure. There is also evidence of brittle deformation, such 

as fractured quartz and sphalerite Sulfides occur also filling space between quartz grains. In general the 

sample shows granoblastic texture with equigranular grains. Quartz occurs in millimetric grains mainly 

between 3-5 mm, up to 7 mm. Grains are anhedral. Sphalerite is observed as an irregular groundmass. 

No gold minerals were observed. This sample was classified as a quartzite. 

 

 

Figure 4.4: Sample DBH3370e285.70m, a quartzite, image from automated optical microscope. (a) transmitted 

light and crossed nicols; (b) reflected light and parallel nicols. 

 

DBH1632e538m thin section sample (Fig. 4.5) showed quartz and biotite as the main minerals 

and pyrite and pyrrhotite as the main sulfides present. In terms of grain size, this sample shows 

something close to an equigranularity, with a narrower grain size range, still fine to very fine, even 

though it presents a band of coarser quartz and pyrite grains. Quartz grains can be coarser, around 3 mm, 

and pyrite grains can reach 1 mm in size. Minerals in general shows a clear preferential direction of 

orientation (foliation) with other deformation microstructures, recrystallization, undulose extinction and 

internal fractures of several grains. There is a small veinlet of chalcopyrite crosscutting this main mineral 

direction. The rock was classified as a mica quartzite. No gold minerals were observed. 

 

 

Figure 4.5: Sample DBH1632e538m, a mica quartzite, image from automated optical microscope. (a) transmitted 

light and crossed nicols; (b) reflected light and parallel nicols. It is possible to see the grain size variation as well 

as the strong mineral orientation of gangue and sulfides. 
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The thin section LPB1634-692.4 (Fig. 4.6) presents quartz and micaceous minerals as the main 

components of the sample, and chalcopyrite and sphalerite as the main sulfides. Deformation evidences 

are observed by sigmoidal geometry of minerals, recrystallization and folding in biotite grains. The 

sample is grano-lepidoblastic and inequigranular. Sulfides occur in irregular shapes, inequigranular, 

frequently intergrown with each other. Gold minerals were identified in very fine sizes, occurring with 

pyrrhotite, chalcopyrite, fluorite, biotite and quartz. The sample was classified as a metamorphic rock, 

a phlogopite-sericite-biotite quartzite. 

 

 

Figure 4.6: Sample LPB1634-692.4, image from automated optical microscope. (a) transmitted light and crossed 

nicols; (b) reflected light and parallel nicols. 

 

4.2 Gold characterization 

The occurrence of gold was identified with reflected light optical microscopy and B/RPS on the 

SEM. Gold was not identified in all thin sections. EDS analysis showed that the visible gold is mainly 

present as electrum, where gold is alloyed with silver in different proportions (20–80mol% Ag). Native 

gold was identified with spot analysis, but not in a considerable amount, only a few small particles, and 

probably reflects grain internal chemical variation. EPMA data were used to assess the chemical 

composition of gold bearing minerals  

Electrum is observed in a variety of grain sizes, ranging from tiny particles <5 µm to 300 µm 

grains, but grain sizes are mostly below 100 µm. Larger grains exhibit anhedral textures whereas finer 

grains (~10 µm) appear somehow rounded. Electrum is associated predominantly with the disseminated 

sulfide mineralization. Electrum occur mainly with chalcopyrite and pyrite, and subordinately with 

galena, sphalerite and pyrrhotite. The electrum grains are commonly observed intergrowing sulfides, 

also to border sulfides, as electrum inclusions, occupying space and fractures between minerals. 

Electrum also form rims along sulfide grain boundaries, it was observed enclosing chalcopyrite. Finer 

grains are observed disseminated and in stirred grains among gangue minerals, mainly quartz and biotite, 

inclusions in biotite are also observed. Figures 4.7, 4.8, 4.9 and 4.10 illustrate the different occurrences 

of electrum and the main mineralogy associated to it. Electrum was identified in three of the thin section 

samples (LPB1634-692, DBH2561e229.10m and DBH2561e256.05m), with a general chemical 

formula of Au0.11-0.43Ag0.13-0.70.  

A summary of the EPMA data statistics combining all samples containing the gold minerals 

analyzed are presented in table 4.2 and 4.3. Further this data is separated and analyzed by sample and 

gold mineral type. 
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Figure 4.7: Plain reflected light photomicrographs of (a) Electrum (El) enclosing chalcopyrite (Cp), elongate 

electrum grains included in biotite (Bt), arrows pointing at electrum occurrences; (b) Electrum attached to 

chalcopyrite. 

 

 

Figure 4.8: SEM backscattered image (a) Variety of electrum (El) occurrences in direct contact to chalcopyrite 

(Cp), sphalerite (Sp) and pyrite (Py), intergrowth and inclusions of electrum; (b) Detail zoom to the pyrite grain in 

the center of the image with several electrum inclusions. 
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Figure 4.9: (a)  Plain reflected light photomicrograph of electrum, of about 100 µm length in its longer axis, in 

the center of the image occupying space between pyrite (Py), chalcopyrite (Cp), biotite (Bt) and quartz (Qz), other 

electrum occurrences pointed by the arrows; (b) SEM backscattered image highlighting electrum rims in cp. 

 

 

Figure 4.10: Plain reflected light photomicrographs of (a) Electrum associated to chalcopyrite (Cp) and sphalerite 

(Sp), arrow points electrum rims in sp; (b) Electrum attached to pyrrhotite (Po); (c) Intergrowth of galena and 

electrum; (d) Electrum inclusion in cp and in contact with sp; (e) Stirred electrum grains included in biotite. 

 

Table 4.2: Gold minerals EPMA data summary statistics for samples LPB1634-692, DBH2561e229.10m and 

DBH2561e256.05m, element content in weight percent, n=141. 

 Wt.% Au (%) Ag (%) Bi (%) Cu (%) Te (%) Hg (%) Sb (%) S (%) As (%) Se (%) 

Min. 21.290 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Max. 85.100 75.270 39.035 0.992 0.686 1.153 2.599 3.213 0.088 0.124 

Median 61.920 36.410 0.066 0.000 0.061 0.086 0.070 0.076 0.000 0.000 

Mean 58.820 35.850 4.208 0.039 0.168 0.114 0.269 0.177 0.003 0.010 
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Table 4.3: Gold minerals EPMA data summary statistics for samples LPB1634-692, DBH2561e229.10m and 

DBH2561e256.05m, element content in atomic ratio, n=141. 

Atomic Ratio Au (%) Ag (%) Bi (%) Cu (%) Te (%) Hg (%) Sb (%) S (%) As (%) Se (%) 

Min. 11.800 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Max. 75.290 81.820 53.423 2.269 0.644 0.891 2.495 10.939 0.177 0.241 

Median 47.400 50.490 0.046 0.000 0.070 0.063 0.087 0.366 0.000 0.000 

Mean 44.890 47.850 5.847 0.087 0.191 0.087 0.288 0.737 0.005 0.019 

   

The sample LPB1634-692 had n=13 EPMA spot analysis over electrum and showed a 

predominance in weight percentage (wt.%) of silver rich electrum (n=10/13, Ag>Au; n=3/13, Au>Ag) 

expressed by the formula Au0.11-0.34Ag0.31-0.70. In the DBH2561e229.10m thin section n=82 EPMA spot 

analysis over gold bearing minerals were done (n=66 electrum, n=16 Au-Bi alloy). Electrum showed a 

prevalence in wt.% of gold-rich electrum (n=51/66, Au>Ag; 15/66, Ag>Au) with chemical formula 

Au0.21-0.43Ag0.13-0.54. Sample DBH2561e256.05m is from the same bore hole of the last mentioned, but at 

a deeper part of it, and it showed a total predominance in wt.% of gold-rich electrum for all the analysis 

(n=46), and its chemical formula is expressed by Au0.26-0.36Ag0.28-0.45.  

Table 4.4, 4.5 and 4.6 present the summary statistics for the gold bearing minerals per sample, 

for the thin section DBH2561e229.10m the data was also split between the two gold minerals identified. 

 

Table 4.4: Summary statistics of EPMA data for sample LPB1634-692, element concentrations (wt.%) in 

electrum. 

Sample/Au 

mineral/N° of 

analysis 

Element Au (%) Ag (%) Bi (%) Cu (%) Te (%) Hg (%) Sb (%) S (%) As (%) Se (%) 

Median LDL 0.116 0.046 0.071 0.066 0.025 0.072 0.038 0.017 0.102 0.174 

LPB1634-692 Min. 21.290 32.950 0.000 0.000 0.002 0.046 0.000 0.039 0.000 0.000 

Au-Ag alloy Max. 66.710 75.270 0.000 0.215 0.686 0.376 2.599 3.213 0.081 0.076 

n=13 Median 25.490 70.300 0.000 0.029 0.088 0.254 1.772 0.406 0.000 0.000 

  Mean 33.680 63.520 0.000 0.068 0.175 0.230 1.479 0.779 0.006 0.006 

 

Table 4.5: Summary statistics of EPMA data for sample DBH2561e229.10m, element concentrations (wt.%) in 

gold bearing minerals (Au-Ag and Au-Bi alloys). 

Sample/Au 

mineral/N° of 

analysis 

Element Au (%) Ag (%) Bi (%) Cu (%) Te (%) Hg (%) Sb (%) S (%) As (%) Se (%) 

Median LDL 0.116 0.046 0.071 0.066 0.025 0.072 0.038 0.017 0.102 0.174 

DBH2561e229.10m Min. 41.220 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 

Total for Au-Ag 

and Au-Bi alloys 

Max. 85.100 57.840 39.035 0.560 0.525 1.153 0.994 2.148 0.068 0.107 

Median 61.110 37.030 0.082 0.000 0.061 0.132 0.101 0.085 0.000 0.000 

n=82 Mean 59.500 31.900 7.196 0.017 0.181 0.151 0.199 0.137 0.002 0.006 

            

DBH2561e229.10m Min. 41.220 13.990 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 

Au-Ag alloy Max. 85.100 57.840 0.315 0.560 0.525 1.153 0.994 2.148 0.068 0.107 

n=66 Median 59.890 38.470 0.065 0.000 0.061 0.154 0.122 0.085 0.000 0.000 

 Mean 58.780 39.620 0.072 0.021 0.180 0.177 0.225 0.145 0.002 0.006 

            

DBH2561e229.10m Min. 59.140 0.000 35.280 0.000 0.019 0.000 0.000 0.043 0.000 0.000 

For Au-Bi alloy Max. 64.550 0.180 39.030 0.005 0.363 0.112 0.228 0.235 0.000 0.101 

n=16 Median 62.990 0.064 36.440 0.000 0.174 0.050 0.069 0.087 0.000 0.000 

  Mean 62.470 0.074 36.580 0.000 0.187 0.046 0.090 0.103 0.000 0.007 
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Table 4.6: Summary statistics of EPMA data for sample DBH2561e256.05m, element concentrations (wt.%) in 

electrum. 

Sample/Au 
mineral/N° of 

analysis 

Element Au (%) Ag (%) Bi (%) Cu (%) Te (%) Hg (%) Sb (%) S (%) As (%) Se (%) 

Median LDL 0.116 0.046 0.071 0.066 0.025 0.072 0.038 0.017 0.102 0.174 

DBH2561e256.05m Min. 52.070 30.430 0.000 0.000 0.014 0.000 0.000 0.000 0.000 0.000 

Au-Ag alloy Max. 70.290 48.400 0.172 0.992 0.377 0.158 0.317 0.771 0.088 0.124 

n=46 Median 65.740 33.600 0.062 0.000 0.050 0.000 0.035 0.059 0.000 0.000 

  Mean 64.710 35.050 0.070 0.072 0.143 0.015 0.051 0.077 0.003 0.018 

 

EPMA data confirmed the predominance of electrum as the main gold mineral and quantified the 

Au and Ag proportion (Table 4.2, 4.3, 4.4, 4.5 and 4.6, Fig. 4.12 and 4.13). It also showed that some 

gold is present as an Au-Bi alloy (Fig. 4.11, Table 4.7) in one of the thin sections (DBH2561e229.10m). 

Few grains with this composition (n=16) were observed in sizes from 10 µm to 150 µm. It was found 

associated with sphalerite and chalcopyrite, directly bordering these sulfides, and also occurring as 

inclusions in sphalerite. Smaller inclusions in the biotite that surrounds bigger Au-Bi alloy grains were 

too small to be analyzed, but they are most likely of similar composition. 

 

 

Figure 4.11: SEM backscattered image of Au-Bi alloy represented by the brighter phase, occurring included and 

attached to sphalerite (sp) and among gangue minerals (quartz and mica). 

 

Au-Bi alloys show a higher Au than Bi in weight percent (52-65 wt.% Au, 35-40 wt.% Bi) but a 

higher atomic content of Bi over Au (45-49% Au atomic ratio, 50-54% atomic ratio Bi). Au-Bi alloy 

stoichiometry variation of Au0.30-0.33Bi0.17-0.19. Table 4.7 shows the results of elemental quantification by 

EPMA for every Au-Bi alloy analyzed. 

The gold bearing minerals are characterized by a homogeneous internal structure, however, in 

terms of chemical composition they can be divided into three groups:  

1) Au-rich electrum with higher Au content in comparison to Ag (50-85 wt.% Au > 50-13 

wt.% Ag); 

2) Silver-rich electrum showing higher Ag content over Au (50-75 wt.% Ag > 20-50 wt.% 

Au); and 

3)  Au-Bi alloy (60-65 wt.% Au > 40-35 wt.% Bi).  
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Table 4.7: EPMA data in wt.% for the Au-Bi alloy analyzed. 

Point Point label Au Ag Bi Cu Te Hg Sb S As Se Total Formula Mineral 

1 LPP2_A2-1_p1  61.17 0.11 38.88 0 0.03 0.07 0.09 0.06 0 0 100.41 Au1.67Bi Au-Bi alloy 

2 LPP2_A2-2_p1  61.92 0.14 39.04 0.01 0.02 0 0 0.24 0 0 101.35 Au1.68Bi Au-Bi alloy 

3 LPP2_A2-3_p1  59.87 0.12 37.25 0 0.04 0.02 0.05 0.08 0 0 97.43 Au1.71Bi Au-Bi alloy 

4 LPP2_A2-3_p2  59.14 0.06 36.79 0 0.36 0.07 0.06 0.13 0 0 96.62 Au1.71Bi Au-Bi alloy 

5 LPP2_A2-3_p3  61.88 0.07 36.81 0 0.07 0 0.14 0.20 0 0 99.17 Au1.78Bi Au-Bi alloy 

6 LPP2_A3_p1  62.27 0 35.62 0 0.04 0.05 0 0.06 0 0 98.05 Au1.85Bi Au-Bi alloy 

7 LPP2_A3_p2  63.26 0.18 36.41 0 0.36 0.00 0.05 0.04 0 0 100.31 Au1.84Bi Au-Bi alloy 

8 LPP2_A4_p1  61.71 0 37.17 0 0.04 0.01 0.03 0.08 0 0 99.03 Au1.76Bi Au-Bi alloy 

9 LPP2_A4_p3  63.47 0.01 35.93 0 0.33 0 0.09 0.13 0 0 99.95 Au1.87Bi Au-Bi alloy 

10 LPP2_A4_p4  62.91 0.03 35.43 0 0.36 0.11 0.07 0.13 0 0 99.03 Au1.88Bi Au-Bi alloy 

11 LPP2_A4_p5  63.07 0.07 35.87 0 0.30 0.07 0.20 0.12 0 0 99.70 Au1.87Bi Au-Bi alloy 

12 LPP2_A4_p6  63.08 0.18 35.67 0 0.35 0.09 0.23 0.08 0 0.01 99.69 Au1.88Bi Au-Bi alloy 

13 LPP2_A4_p7  63.47 0.03 35.28 0 0.03 0.05 0.17 0.07 0 0 99.11 Au1.91Bi Au-Bi alloy 

14 LPP2_A5_p1  64.20 0.01 36.11 0 0.06 0.03 0.04 0.05 0 0 100.49 Au1.89Bi Au-Bi alloy 

15 LPP2_A5_p2  63.54 0.12 36.48 0 0.28 0.09 0.07 0.10 0 0 100.68 Au1.85Bi Au-Bi alloy 

17 LPP2_A5_p4  64.55 0.06 36.57 0 0.33 0.07 0.17 0.09 0 0.10 101.93 Au1.87Bi Au-Bi alloy 

 

The gold minerals locally show chemical internal variation within the same grain, defined by 

variations in the Au and Ag content. There is no clear correlation between the other elements analyzed 

in gold minerals with the content of Au, Ag or Bi, yet the highest Cu contents analyzed (0.5 -0.99 wt.%) 

were found in samples with Au 59-63 wt.% and Ag 40-37 wt.%, Au-rich electrum. Figures 4.12 and 

4.13 illustrates the chemical variation of the main components Au, Ag and Bi in the gold alloys analyzed. 

 

Figure 4.12: Au-Ag-Bi ternary diagram of EPMA data from gold grains. 
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Figure 4.13: Gold minerals weight percent content of Au, Ag and Bi over n=141 EPMA spot analysis from 

samples LPB1634-692 (n=13), DBH2561e229.10m (n=82) and DBH2561e256.05m (n=46). 

 

EPMA was also applied to sulfide minerals in order to assess their chemical composition and 

possible relations to the gold minerals. Summary statistics of the main sulfides associated to gold are 

expressed in the tables 4.8, 4.9, 4.10, and 4.11. In total 46 chalcopyrite grains were analyzed (Table 4.8), 

47 pyrite and pyrrhotite grains (Table 4.9), 20 galena grains (Table 4.10), and 28 sphalerite grains (Table 

4.11). Additionally, a few analyses were conducted on gudmundite and sulfosalts (Appendix IV).  

It is important to observe that the elemental concentrations in sulfides are presented with the 

results from all the EPMA analysis by mineral and not divided by sample, as samples are from the same 

mineralization style. 

The chalcopyrite analyzed showed 0.288 wt.% maximum value of Au concentration in its 

composition and a median of 0.012. Silver showed a maximum of 0.061 wt.%. Pyrite and pyrrhotite 

grains showed a maximum value for Au of 0.088 wt.% and 0.14 wt.% for Ag. The 44.68 wt.% maximum 

for arsenic shows that some of the analyzed grains are arsenopyrite. Figure 4.14 helps to visualize the 

distribution of Au content within chalcopyrite and pyrite/pyrrhotite. Both graphs have a right-skewed 

distribution, with the median value lower than the mean, which means that most of the minerals have 

low concentrations of gold and only a few outliers have higher amounts. 

Table 4.8: Chalcopyrite summary stats from EPMA data from the six thin sections, element content in weight 

percent, n=46. 

Wt.% Au (%) Ag (%) Cu (%) S (%) Mn (%) Fe (%) Zn (%) 

Min. 0.000 0.000 0.060 32.170 0.000 25.800 0.000 

1st Qu. 0.000 0.009 33.110 34.530 0.000 29.620 0.028 

Median 0.012 0.037 33.360 34.800 0.000 30.240 0.051 

Mean 0.023 0.139 32.080 34.870 0.003 30.990 0.200 

3rd Qu. 0.030 0.156 33.760 35.200 0.003 30.630 0.074 

Max. 0.288 1.061 34.150 38.800 0.024 59.530 6.535 



 

Barbosa, L. H. C., 2021 Analysis of the gold mineralization in the metamorphosed Lappberget Deposit... 

50 

Table 4.9: Pyrite and pyrrhotite EPMA data summary statistics from the six thin sections, element content in 

weight percent, n=47. 

wt.% Au (%) Ag (%) Cu (%) S (%) As (%) Mn (%) Fe (%) Co (%) Ni (%) 

Min. 0.000 0.000 0.000 19.690 0.000 0.000 34.320 0.018 0.000 

1st Qu. 0.000 0.000 0.002 38.060 0.000 0.000 46.570 0.069 0.000 

Median 0.010 0.000 0.019 39.140 0.000 0.000 47.000 0.082 0.001 

Mean 0.013 0.006 0.132 43.590 4.710 0.003 51.160 0.123 0.006 

3rd Qu. 0.020 0.002 0.062 53.260 0.000 0.005 60.680 0.111 0.008 

Max. 0.088 0.140 2.310 54.450 44.680 0.032 62.060 0.801 0.063 

 

 

Figure 4.14: Histograms for gold concentration (wt.%) in chalcopyrite (Cp) left-side, and in pyrite/pyrrhotite 

(Py/Po) in the right-side. 

The tables below present the summary statistics of EPMA data for galena (Table 4.10) n=20 

minerals analyzed, and sphalerite (table 4.11) n=28.The present EPMA bismuth data from sulfides were 

only obtained from galena, with a maximum value of 0.882 wt.%. Silver and antimony in galena showed 

a maximum value of 0.097 wt.% and 0.121 wt.%, respectively.  

Table 4.10: Galena EPMA summary statistics from the six thin sections, element content in weight percent, n=20. 

Wt.% Ag (%) Bi (%) Te (%) Hg (%) Sb (%) S (%) Se (%) Pb (%) 

Min. 0.000 0.000 0.000 0.000 0.000 13.130 0.000 83.350 

1st Qu. 0.000 0.000 0.017 0.000 0.000 13.360 0.000 86.430 

Median 0.000 0.098 0.026 0.000 0.043 13.400 0.000 86.690 

Mean 0.010 0.269 0.026 0.003 0.044 13.480 0.001 86.500 

3rd Qu. 0.000 0.518 0.033 0.000 0.078 13.640 0.000 87.060 

Max. 0.097 0.882 0.058 0.025 0.121 14.030 0.021 88.140 

Table 4.11: Sphalerite EPMA data summary statistics, element content in weight percent, n=28. 

wt.% Cu (%) S (%) Mn (%) Fe (%) Zn (%) Cd (%) In(%) Ge(%) 

Min. 0.000 31.850 0.037 3.519 56.710 0.210 0.000 0.000 

1st Qu. 0.000 33.080 0.059 4.561 58.380 0.242 0.000 0.000 

Median 0.011 33.260 0.082 6.127 59.040 0.293 0.000 0.000 

Mean 0.102 33.410 0.151 5.965 59.300 0.294 0.000 0.006 

3rd Qu. 0.105 33.790 0.233 7.060 60.320 0.344 0.000 0.003 

Max. 0.836 34.950 0.543 8.674 61.760 0.405 0.000 0.045 
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LA-ICPMS data from sulfides, pyrite, chalcopyrite, sphalerite, galena, and pyrrhotite, were 

carried out on minerals of the thin section sample DBH2561e256.05m. This sample was chosen due to 

its relative high electrum occurrence. Summary statistics of the data are presented in table 4.12 by 

mineral. Table 4.13 shows the elements analyzed per mineral that had all values below the lower 

detection limit. 

The gold content in the sulfides is relatively low, yet chalcopyrite showed a few pronounced 

highs due to the presence of electrum inclusions that could not be removed, making these outliers poorly 

representative. Pyrite and pyrrhotite - considered important gold carriers - also showed low Au contents. 

Other elements composing the gold alloys observed, such as Ag and Bi, are also present in low amounts. 

Galena showed the highest amounts of Bi. The other trace elements analyzed were relatively evenly 

distributed and in low concentrations.  

The results obtained for pyrite (n=9) indicate low and quite even distributed concentrations of 

Mn, Ag, Sb, Au, As, Ni, and Bi, that means their concentration values are in general similar for each 

grain, although few outliers may occur. Conversely, Co and As, showed some variation between the 

grains analyzed. Highest Co value was observed at 1134.32 ppm. The maximum value for Arsenic was 

638.21 ppm, which means that some of the pyrite analyzed are arsenic-rich pyrite. Gold content analyzed 

varies from below detection limit up to 11.83 ppm, with a median value of 0.01 ppm. 

Chalcopyrite data (n=10) showed, in general, low values in trace element concentrations 

without. The elevated values of Zn and Pb are due to micro inclusions of sphalerite and galena that could 

not be avoided during analysis. Similarly, the highest value of Au and Ag are also due to electrum 

inclusions, showing a maximum of Au of 18098.81 ppm and Ag of 39315.92 ppm, well above the 

median values of 0.09 ppm and 3.56, respectively. The majority of the grains analyzed for Bi had values 

below the lower detection limit. The chalcopyrite although found commonly associated with electrum 

it showed no significant amounts of Au as trace elements in its crystalline structure in the analyzed 

grains. 

LA-ICP-MS data from sphalerite (n=2) had maximum values of 0.03 ppm for Au, 7.62 ppm for 

Ag, and relatively high amounts of Mn, Cu (Cp inclusions), Cd and Pb. In general, trace element 

chemistry showed a narrow distribution in sphalerite. 

Galena (n=4) trace element chemistry did not show any significant deviation from its ideal 

stoichiometry, except Fe-sulfide, chalcopyrite and sphalerite inclusions which caused a higher Fe, Cu 

and Zn content. Sb, Sn and Se are relatively high, when compared to the other sulfides analyzed, with a 

maximum/median value of 1169.15/923.81 ppm, 33.44/18.06 ppm, and 34.46/30.22 ppm respectively. 

Gold values were low, maximum of 0.03 and median of 0.02 ppm. Silver data were found with relatively 

higher amounts, Ag with a maximum 913.71 ppm and a median value of 818.78 ppm. Bismuth had a 

maximum value of 38.41 ppm and a median as 25.34 ppm, being the highest values among the analyzed 

sulfides. The mineral is the preferable carrier for Ag, Sb Sn and Bi.  

Pyrrhotite (n=2) in general showed low trace element distribution. Although it is considered as 

an important gold carrier when occurring in abundant amounts, the mineral had no significant gold 

content. Silver and bismuth in pyrrhotite were the lowest amounts observed among the sulfides analyzed. 
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Table 4.12: Sample DBH2561e256.05m summary statistics of LA-ICP-MS spot analyses data for pyrite, chalcopyrite, sphalerite, galena and pyrrhotite. 

LA-ICP-MS spot analyses in ppm for pyrite                           

Mineral Element Mn Co Ni Cu Zn As Ag Cd Sn Sb Au Tl Pb Bi Ti 

(No. of Analysis) Median LDL 0.19 0.08 0.11 0.27 1.67 1.27 0.01 0.26 0.09 0.03 0.00 0.00 0.03 0.01 1.58 

Py Min 0.21 2.19 2.66 0.34 2.75 1.52 0.02 0.35 0.24 0.04 0.00 0.09 0.04 0.05 4.00 

n = 9 Max 520.09 1134.32 210.63 3.29 7.61 638.21 13.02* 0.99 0.46 20.63 11.83* 0.09 15889.72* 1.05 5.48 

  Median 260.15 270.40 4.44 0.61 5.86 94.38 0.89 0.56 0.35 8.45 0.01 0.09 0.36 0.55 5.12 

  ADL (%) 22.22 100.00 100.00 88.89 44.44 100.00 55.56 55.56 22.22 44.44 88.89 11.11 88.89 22.22 100.00 

LDL = Lower detection limit, ADL (%) = Percentage of analyses above the lower detection limit, *=presence of inclusion only partially removed 

 

LA-ICP-MS spot analyses in ppm for chalcopyrite 

Mineral Element Mn Co Ni Cu Zn Ga Ge As Ag Cd In Sn Sb Au Hg Tl Pb Bi V Ti 

(No. of 

Analysis) 

Median 

LDL 
0.42 0.18 0.25 0.59 3.90 0.14 0.27 2.77 0.03 0.62 0.01 0.20 0.09 0.00 0.42 0.01 0.08 0.02 0.20 3.52 

Cp Min 5.42 0.33 0.25 273659.46 125.52 0.15 1.31 384.45 1.02 1.33 0.50 7.98 0.66 0.01 0.37 0.01 1.64 0.09 0.44 4.07 

n = 10 Max 624.38 10.92 2.86 352649.63 458.85* 7.45 1.31 384.45 39315.92 5.26 1.62 97.46 387.24 18098.81* 82.64 1.25 5493.45* 0.09 3.25 98.41 

  Median 9.13 2.36 0.39 322773.20 194.05 0.78 1.31 384.45 3.56 2.75 0.86 21.13 6.30 0.09 41.51 0.18 9.11 0.09 0.72 5.30 

  ADL (%) 100.00 40.00 60.00 100.00 100.00 80.00 10.00 10.00 100.00 100.00 100.00 100.00 100.00 80.00 10.00 80.00 100.00 10.00 30.00 60.00 

LDL = Lower detection limit, ADL (%) = Percentage of analyses above the lower detection limit, *=presence of inclusion only partially removed 

 

LA-ICPMS spot analyses in ppm for sphalerite. 

Mineral Element Mn Fe Co Cu Ga Ag Cd In Sn Sb Au Hg Tl Pb Ti 

(No. of Analysis) Median LDL 0.29 11.46 0.12 0.40 0.11 0.01 0.30 0.01 0.12 0.06 0.00 0.10 0.01 0.14 1.72 

Sp Min 917.72 30503.13 2.22 22.59 0.46 3.19 1997.16 3.12 0.17 11.19 0.01 10.99 0.01 6.57 2.49 

n = 2 Max 982.66 32199.87 12.15 445.54 0.58 7.62 2303.11 3.94 0.71 29.02 0.03 12.24 0.04 356.89 3.00 

  Median 950.19 31351.50 7.18 234.06 0.52 5.40 2150.13 3.53 0.44 20.10 0.02 11.62 0.02 181.73 2.74 

  ADL (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

LDL = Lower detection limit, ADL (%) = Percentage of analyses above the lower detection limit 
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LA-ICP-MS spot analyses in ppm for pyrrhotite. 

Mineral Element Mn Co Ni Cu Ag Sb Au Pb Bi 

(No. of Analysis) Median LDL 0.38 0.15 0.21 0.50 0.02 0.10 0.00 0.37 0.01 

Po Min 2.05 67.56 25.86 1.04 0.52 0.13 < 0.00 1.99 < 0.01 

n = 2 Max 13.75 214.21 25.86 1.04 1.75 0.14 < 0.00 8.43 < 0.01 

  Median 7.90 140.88 25.86 1.04 1.14 0.13 < 0.00 5.21 < 0.01 

  ADL (%) 100.00 100.00 50.00 50.00 100.00 100.00 0.00 100.00 0.00 

LDL = Lower detection limit, ADL (%) = Percentage of analyses above the lower detection limit 

 

LA-ICP-MS spot analyses in ppm for galena. 

Mineral Element Mn Fe Ni Cu Zn Ga Ge Se Ag Cd In Sn Sb Au Hg Tl Bi Mo Cr V 

(No. of Analysis) Median LDL 0.39 12.65 0.18 0.45 2.95 0.14 0.64 4.31 0.02 0.72 0.01 0.15 0.07 0.00 0.15 0.01 0.01 0.08 1.35 0.17 

Sp Min 0.31 23.66 1.98 0.48 143.94 0.11 1.75 25.51 571.01 14.19 0.02 1.80 781.82 0.00 2.14 3.14 11.20 0.19 2.17 0.66 

n = 4 Max 15.29 1281.86* 3.07 63.51* 151.54* 1.74 1.75 34.46 913.71 21.48 0.11 33.44 1169.15 0.03 3.78 4.69 38.41 0.19 4.23 0.85 

  Median 6.18 1086.03 2.52 4.06 147.74 1.09 1.75 30.22 818.78 17.68 0.05 18.06 923.81 0.02 2.96 3.70 25.34 0.19 3.20 0.76 

  ADL (%) 75.00 75.00 50.00 100.00 50.00 50.00 25.00 100.00 100.00 100.00 100.00 100.00 100.00 75.00 50.00 100.00 100.00 25.00 50.00 50.00 

LDL = Lower detection limit, ADL (%) = Percentage of analyses above the lower detection limit, *=presence of inclusion only partially removed 

 

Table 4.13: Elements that had all analyzes below the lower detection limit per mineral, sample DBH2561e256.05m s. 

Mineral Elements analyzed below the lower detection limit 

Pyrite Ga, Ge, Se, In, Hg, Mo, Cr, V 

Chalcopyrite Se, Mo, Cr 

Sphalerite Ni, Ge, As, Se, Mo, Cr, V 

Pyrrhotite Zn, Ga, Ge, As, Se, Cd, In, Sn, Hg, Tl Mo, Cr, V, Ti 

Galena Co, As 
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4.3 Knelson samples  

This section presents the results obtained by the methods applied over the samples from the 

Knelson Concentrator at Boliden’s processing plant. 

4.3.1 Particle Size Distribution 

The results obtained by the sieving process determined the PSD for the three streams of the 

Knelson Concentrator and are expressed in table 4.14 and in graph of figure 4.15 (supplementary 

information can be found in Appendix II). 

 

Table 4.14: Particle size distribution table per stream. In different colors, the four size ranges are chosen for the 

production of the polished section. 

RAW DATA Feed Concentrate Tailings 

Sub-sample B2.2 B1.1 B1.1 

Sieve size classes (µm) Weight (g) 

1190 0.4 8.3 0.4 

841 0.5 8.2 0.6 

595 1.1 12.0 1.3 

425 2.3 14.6 13.1 

300 6.3 16.3 5.5 

212 10.5 15.8 11.1 

149 26.6 20.2 29.6 

106 34.3 22.4 41.9 

75 34.6 21.6 33.6 

53 23.4 19.8 23.6 

38 18.5 11.7 16.6 

<38 64.5 22.1 63.0 

Material in 225.5 192.4 244.3 

∑ material out 223.0 193.0 240.3 

Loss 2.5 -0.6 4.0 

 

There is a high similarity of the feed and tailings curve, this is due to sampling limitations 

previous mentioned (see section 3.1.2), concentrate has good sampling representativeness and shows a 

higher d80 than the other two streams (Table 4.15). The shape of the curve itself shows its coarser nature, 

which is due to the Knelson concentrator that considers not only the weight but also the size of the 

particles.  

 

Table 4.15: Experimental d80 for each stream, calculated from the PSD curves. Appendix II presents experimental 

d80 calculated by different methods and estimated d80 by the Rosin-Rammler method. 

Experimental d80 (µm) 

Feed 156.34 Tailings 177.82 Concentrate 477.40 
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Figure 4.15: Particle size distribution curves for the streams of the Knelson concentrator samples. 

 

4.3.2 Chemical Assays 

Sample splits of each stream were collected for chemical analysis (Table 4.16). The summary 

results from the chemical assays are presented in table 4.17 (for complete results see Appendix VI). 

Tailings and feed displayed low Au values, as expected considering that gold is a by-product. 

Concentrate showed a relative higher Au content when comparing to the other two streams, Ag as well 

occur in interesting amounts in the concentrate fraction. The Au and Ag concentration contrast from 

concentrate to the other streams express the efficiency of the method. Elements such as Zn, Pb, Fe and 

S dominate the sample in abundance, as shown before these elements are highly present in the Knelson 

concentrate, as they are the main components of the ore minerals at the Lappberget deposit. Other 

observable elemental concentrations are As occurring in low amounts (< 0.06 ppm), and Sb in relatively 

low content (<0.2 ppm), both has higher values in the concentrate samples. 

 

Table 4.16: Samples and duplicate samples from feed, tailings and concentrate sent to chemical analysis. 

Concentrate samples had sub millimetric metal wires that went through magnetic separation, reducing the final 

sample weight sent for chemical analysis. 

Feed Tailings Concentrate 

Samples Weight (g) Samples Weight (g) Samples Weight (g) After mag.sep. (g) 

Feed B1.2 248.95 MP B2.1 206.65 Conc B1.2 256.8 185.9 

Feed B2.1 248.8 MP B2.2 183.06 Conc B2.1 248.47 179.1 
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Table 4.17: Chemical analysis summary results for sample, duplicate and standard of Knelson concentrator feed, 

tailings and concentrate streams. 

    

OA-

GRA08c ME-GRA21 ME-GRA21 

ME-

ICPORE 

ME-

ICPORE 

ME-

ICPORE 

SAMPLE DESCRIPTION S.G. Au Ag Ag As Cu 

  Unity ppm ppm ppm % % 

LPB001 KnelsonTails1 3.18 0.61 187 176 0.024 0.035 

LPB002 KnelsonTails2 3.17 0.24 191 181 0.021 0.036 

LPB003 Standard  2.83 0.07 13 11 0.005 0.022 

LPB004 KnelsonFeed1 3.17 0.42 187 178 0.024 0.036 

LPB005 KnelsonFeed2 3.16 0.24 187 178 0.018 0.035 

LPB006 Standard   5.62 <5 3 0.057 0.965 

LPB007 KnelsonConcentrate1 4.21 584 15950 >1500 0.053 0.229 

LPB008 KnelsonConcentrate2 4.24 431 14250 >1500 0.053 0.582 

LPB009 Standard 5.67 16.2 1405 >1500 0.013 4.85 

        

    

ME-

ICPORE 

ME-

ICPORE 

ME-

ICPORE 

ME-

ICPORE 

ME-

ICPORE 

ME-

ICPORE 

SAMPLE DESCRIPTION Mn Pb S Sb Zn Fe 

  % % % % % % 

LPB001 KnelsonTails1 0.964 2.13 10.3 0.034 4.69 7.58 

LPB002 KnelsonTails2 0.973 2.12 10.25 0.036 4.66 7.58 

LPB003 Standard  0.124 0.214 2.28 <0.005 0.281 3.9 

LPB004 KnelsonFeed1 0.987 2.07 9.86 0.035 4.69 7.11 

LPB005 KnelsonFeed2 0.987 2.06 9.87 0.033 4.6 7.26 

LPB006 Standard  0.149 0.032 6.33 <0.005 0.022 7.86 

LPB007 KnelsonConcentrate1 0.378 13.25 27 0.18 3.84 22.1 

LPB008 KnelsonConcentrate2 0.423 13.1 26.8 0.179 3.8 22.5 

LPB009 Standard 0.062 >30.0 22.7 0.136 10.75 9.02 

 

4.3.3 SEM-EDS Analysis and Bulk Mineralogy 

The SEM-EDS analysis performed on the polished sections of the Knelson concentrator 

samples, as previously mentioned in the materials and methods section, is presented below. The analysis 

was constrained to 10000 particles per sample. The coarser fraction (Fig. 4.16) of the concentrate (> 300 

µm) identified 98/10000 gold mineral grains with a predominance of Ag-rich electrum Au20-30Ag70-80 

and one grain of native gold Au90-100. Concentrate fraction 106–300 µm identified 132/10000 gold 

mineral grains, also with the predominance of Ag-rich electrum Au40Ag60, but with an occurrence range 

at Au20-50Ag50-80, and 15 grains of native gold Au90-100. The fraction 38-106 µm of the concentrate had 

45/10000 particles identified mostly as native gold (39 grains) with the assigned composition of Au90-

100, and secondarily Au-rich electrum Au50-60Ag40-50. In the finer concentrate fraction (< 38µm) only 

6/10000 particles were identified as native gold with Au90-100 of assigned composition, and one of Au-

rich electrum Au50-60Ag40-50 (Table 4.18 and 4.19). 

The two coarser fractions had a predominance of Ag-rich electrum and showed a higher amount 

of electrum particles present when comparing to the finer fractions. The two finer fractions showed less 

electrum particles identified and had a predominance of Au-rich electrum and even native gold was 

identified by the SEM-EDS. 
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Table 4.18: PSD data for the concentrate, divided into the four fraction size ranges used to produce the polished 

sections. 

 RAW DATA Concentrate 
 

  Sub-sample B1.1 
 

Epoxy 

sample code 

Sieve size 

classes (µm) 
Weight (g) 

Sum per 

fraction (g) 

12 

1190 8.3 

59.40 

841 8.2 

595 12.0 

425 14.6 

300 16.3 

11 

212 15.8 

58.40 149 20.2 

106 22.4 

10 

75 21.6 

53.10 53 19.8 

38 11.7 

9 <38 22.1 22.10 

 Material in 192.4  

 ∑ material out 193.0  

 Loss -0.6  

 

Table 4.19: Bulk mineralogy calculation for the concentrate. 

Concentrate Samples - Bulk Mineralogy Calculation 

 12 11 10 9 Sum per mineral* 

Minerals wt.% g wt.% G wt.% g wt.% g wt.% g 

Gold mineral 1.04 0.62 0.33 0.19 0.04 0.02 0.02 0.00 1.44 0.84 

Silver minerals 4.77 2.83 5.49 3.21 3.66 1.94 1.25 0.28 15.17 8.26 

Sphalerite 2.10 1.25 3.75 2.19 6.78 3.60 10.90 2.41 23.53 9.45 

Galena 21.43 12.73 33.82 19.75 35.13 18.65 32.57 7.20 122.95 58.33 

Chalcopyrite 0.13 0.08 0.08 0.05 0.07 0.04 0.15 0.03 0.44 0.20 

Pyrite 62.54 37.15 44.93 26.24 31.82 16.90 14.91 3.29 154.19 83.57 

Pyrrhotite 0.68 0.40 0.80 0.47 0.77 0.41 0.92 0.20 3.17 1.48 

Others 7.30 4.34 10.80 6.31 21.73 11.54 39.28 8.68 79.11 30.86 

Total 100.00 59.40 100.00 58.40 100.00 53.10 100.00 22.10 400.00 193.00 

*Estimation for the sample amount that went through sieving.        

 

 

Figure 4.16: Plain reflected light of concentrate sample images from the fraction > 300 µm. (a) Galena inclusions 

in electrum; (b) Electrum grain fully liberated. 
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As expected, the tailings and feed samples showed a much lesser content of gold minerals, 

especially for gold being a by-product and not the main commodity in the Garpenberg Mine. In the 

coarser fraction of the tailings samples, (> 300 µm) only 3/10000 particles of native gold were identified, 

with the assigned composition of Au100. Tailings fraction 106-300 µm showed 19/10000 gold mineral 

grains of which 17 were native gold Au100 and 2 grains were Au-rich electrum Au70Ag30. In the 38-106 

fraction, 27/10000 gold mineral grains were identified, of which 22 were native gold Au90-100 and 4 were 

Au-rich electrum Au70Ag30. One particle of Au-Bi alloy with the assigned composition of Au43.38Bi56.62 

was identified. In the finer fraction (< 38 µm) only 2/10000 Au90-100 native gold grains were identified 

(Table 4.20 and 4.21). 

 

Table 4.20: PSD data for the tailings, divided into the four fraction size ranges used to produce the polished 

sections. 

 RAW DATA Tailings 
 

  Sub-sample B1.1 
 

Epoxy 

sample code 

Sieve size 

classes (µm) 
Weight (g) 

Sum per 

fraction (g) 

8 

1190 0.4 

20.90 

841 0.6 

595 1.3 

425 13.1 

300 5.5 

7 

212 11.1 

82.60 149 29.6 

106 41.9 

6 

75 33.6 

73.80 53 23.6 

38 16.6 

5 <38 63.0 63.00 

 Material in 244.3  

 ∑ material out 240.3  

 Loss 4.0  

 

Table 4.21: Bulk mineralogy calculation for the tailings. 

Tailings Samples - Bulk Mineralogy Calculation 

 8 7 6 5 Sum per mineral* 

Minerals wt.% G wt.% g wt.% g wt.% g wt.% g 

Gold mineral 0.02 0.00 0.02 0.02 0.04 0.03 0.01 0.01 0.10 0.06 

Silver minerals 0.03 0.01 0.02 0.02 0.05 0.04 0.02 0.01 0.11 0.07 

Sphalerite 6.47 1.35 7.80 6.44 12.85 9.48 11.27 7.10 38.38 24.37 

Galena 2.09 0.44 3.96 3.27 9.76 7.20 5.12 3.23 20.93 14.13 

Chalcopyrite 0.04 0.01 0.05 0.04 0.20 0.15 0.13 0.08 0.42 0.28 

Pyrite 25.39 5.31 36.57 30.21 24.18 17.84 8.95 5.64 95.09 59.00 

Pyrrhotite 0.27 0.06 0.51 0.42 0.60 0.44 0.44 0.28 1.82 1.20 

Others 65.69 13.73 51.07 42.19 52.33 38.62 74.06 46.66 243.15 141.19 

Total 100.00 20.90 100.00 82.60 100.00 73.80 100.00 63.00 400.00 240.30 

*Estimation for the sample amount that went through sieving.        

 

The feed samples also had a low gold mineral content (Table 4.22 and 4.23). The coarser fraction 

(> 300 µm) had 5/10000 Au90-100 native gold grains. In sample fraction 106-300 µm 16/10000 gold 

mineral grains were identified as Au90-100, one particle as electrum Au43Ag57. Feed sample 38-106 µm 
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had 15/10000 gold mineral grains Au90-100. The finer fraction (< 38 µm) showed only one Au90-100 gold 

grain over all particles analyzed by the SEM-EDS (1/10000). 

The native gold accused by the SEM-EDS in the Knelson concentrator samples are most 

probably a high gold particle within an electrum grain. Similarly, this was also observed in the SEM-

EDS analysis over the thin sections that later were proved, by EPMA, to be actual internal Au/Ag silver 

variations within an electrum grain. In this sense it is most likely that these native gold grains identified 

in the polished sections of the processing samples are in fact electrum grains, where the analysis done 

were in an internal region of the mineral with a higher gold content. As seen before, the Au/Ag content 

varies internally to an electrum grain. 

 

Table 4.22: PSD data for the feed, divided into the four fraction size ranges used to produce the polished sections. 

 RAW DATA Feed 
 

  Sub-sample B2.2 
 

Epoxy 

sample code 

Sieve size 

classes (µm) 
Weight (g) 

Sum per 

fraction (g) 

4 

1190 0.4 

10.60 

841 0.5 

595 1.1 

425 2.3 

300 6.3 

3 

212 10.5 

71.40 149 26.6 

106 34.3 

2 

75 34.6 

76.50 53 23.4 

38 18.5 

1 <38 64.5 64.50 

 Material in 225.5  

 ∑ material out 223.0  

 Loss 2.5  

 

Table 4.23: Bulk mineralogy calculation for the feed. 

Feed Samples - Bulk Mineralogy Calculation 

 4 3 2 1 Sum per mineral* 

Minerals wt.% g wt.% g wt.% g wt.% g wt.% g 

Gold mineral 0.03 0.00 0.02 0.01 0.02 0.02 0.01 0.01 0.07 0.04 

Silver minerals 0.03 0.00 0.02 0.02 0.03 0.03 0.03 0.02 0.12 0.07 

Sphalerite 4.79 0.51 7.99 5.70 11.51 8.80 11.92 7.69 36.20 22.70 

Galena 1.78 0.19 4.12 2.94 6.09 4.66 4.90 3.16 16.89 10.95 

Chalcopyrite 0.04 0.00 0.04 0.03 0.05 0.04 0.11 0.07 0.23 0.14 

Pyrite 21.39 2.27 40.32 28.79 23.21 17.75 7.43 4.79 92.35 53.60 

Pyrrhotite 0.36 0.04 0.84 0.60 0.44 0.33 0.47 0.30 2.11 1.28 

Others 71.59 7.59 46.66 33.31 58.65 44.87 75.13 48.46 252.02 134.23 

Total 100.00 10.60 100.00 71.40 100.00 76.50 100.00 64.50 400.00 223.00 

*Estimation for the sample amount that went through sieving.        
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CHAPTER 5 

5 DISCUSSION 

According to the results obtained in this study, its implications are discussed here considering 

different aspects of the work carried out. An attempt to reconcile the data with previous studies in the 

region, and other information in the literature is made. 

5.1 Gold mineralogy 

The analyses performed on the drill core samples showed two types of gold mineral occurrences:  

1) Au-Ag alloys (electrum) and 2) Au-Bi alloys, with a predominance of the first type. The analyzed 

electrum is mostly Au-rich; out of the 141 grains analyzed by EPMA technique, 100 are Au-rich 

electrum, 25 are Ag-rich electrum, and 16 are Au-Bi alloys. Two samples from the same drill core but 

at different depths (DBH2561e229.10m and DBH2561e256.05m) showed an increase in the gold 

content in the electrum composition with depth. However, due to the limited data and the heterogeneity, 

it is uncertain whether this reflect a metal zonation at the deposit scale. Nevertheless, there are a 

significant concentration of Ag in electrum composition, and no occurrences of end-member native gold. 

The thin section samples obtained from drill core are all derived from the footwall disseminated 

to semi-massive mineralization (FWD) as described by Tiu et al. (2021a,b). These authors analyzed 

electrum grains from different mineralization styles of the Lappberget deposit using SEM-EDS and 

QEMSCAN and concluded that the majority of the electrum in Lappberget is Ag-rich. For the FWD 

domain, however, the same authors stated that the Ag:Au wt.% ratio is generally of 7:3 but that it could 

reach as high as 2:8, which seems to be the case for higher Au content in electrum in deeper parts of the 

FWD mineralization style. 

The optical microscopy and the SEM-EDS were crucial to identify and select the gold minerals 

and sulfides for further analysis. However, the mineral composition assessed by the EPMA revealed the 

occurrence of Au-Bi alloy within the gold minerals identified. This gold mineral has never been 

described in the Lappberget deposit or in Garpenberg mine before, and there is no literature reference 

of its occurrence on the site. The Au-Bi alloy could either represent a rare gold mineral occurrence 

within the Garpenberg mining region, or one that previous studies have failed to detect. Au-Bi alloys 

have been described in other localities within the Svecofennian domains, such as in the gold-copper 

Pirunkoukku in the central Finland Complex, where maldonite Au2Bi and a Au0.53Bi0.47 phase were 

observed together with other gold bearing minerals such as electrum, auroan silver and aurostibinite 

AuSb2 (Novoselov et al., 2015). 

5.2 Textural aspects 

A variety of textural relationships were observed in the gold-bearing occurrences. Sulfide 

intergrowths are the most common, with gold minerals commonly in direct contact with mainly 

chalcopyrite, pyrite but also galena and sphalerite and to a lesser extent pyrrhotite. Commonly, the gold 

minerals are included in the sulfides. Rims of electrum in sulfides and electrum enclosing sulfides are 

less common. All these textures suggest that paragenetically, gold is intimately associated with the 

sulfides that dominate the Lappberget deposit. It was possible to observe a range of textural relationships 

between gold minerals and sulfides; the former occurring as mineral inclusions in sulfides, but also as 

rims around sulfides or intergrown with them. The gold minerals thus does not have a simple temporal, 

paragenetic relationship with the sulfides. 

In hydrothermal conditions, gold minerals tend to be one of the last components to crystallize 

and have a propensity to fill spaces between other previous recrystallized minerals in which it comes 
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into contact (Macdonald 2007). This feature is also observed in the samples analyzed (Fig. 4.9a,b). Gold 

mineral inclusions in sulfides could in this respect possibly reflect the subsequent metamorphic 

overprint, during which metamorphically recrystallizing sulfides overgrew earlier gold mineral grains. 

Regardless, the complex paragenetic relationship may reflect the complex metamorphic overprint of the 

deposit.  

The gold minerals occurrences are also associated with gangue minerals, mainly mica (biotite, 

sericite and muscovite) and quartz. Most of the mica minerals seems to be of secondary origin; they are 

commonly well-orientated and forming a tectonic foliation. It is possible to observe gold grains which 

are intergrown with gangue mica and quartz matrix, and commonly included in mica crystals, most 

commonly biotite (Fig. 4.10e). This type of mica-hosted mineralization in FWD was described by Tiu 

et al. (2021a) to be hosted by biotite-quartz and muscovite-quartz-altered metavolcanic rocks and were 

observed in the deeper parts of the FWD domain in the Lappberget deposit. 

5.3 The role of deformation and metamorphism 

According to Vivallo (1984, 1985) low-pressure amphibolite facies affected the Garpenberg 

region in conjunction with polyphase deformation and blastesis of the Svecokarelian event. Prior to the 

mentioned geological event, the volcanic rocks have been subjected different types of hydrothermal 

alteration (Stephens et al., 2009).  

At the deposit scale at Lappberget, this deformation is expressed by the dome structures that 

host the mineralization. The mineralization mechanism described by Tiu et al. (2021a) occurred by 

remobilization, redistribution and recrystallization of the sulfide ore while it was subjected to intense 

ductile deformation. Evidence of the deformation are now found in the elongated ore body with vertical 

lenses subparallel to schistosity (Sandecki, 1982) and a sub-vertical stretching lineation (Allen et al., 

2003). Deformation textures within the ore mineralogy also reflect the intense deformation and 

metamorphism characteristic of the region (Tiu et al., 2019, 2021a, 2021b). 

Novoselov et al. (2015) studied the ore mineralogy of the Pirunkoukku gold occurrence in 

Finland, and identified among other gold-bearing minerals, Au-Bi alloys: maldonite Au2Bi and 

Au0.53Bi0.47 phase. The authors suggested the formation of the Au-Bi alloys linked to hydrothermalism. 

The temperatures achieved during metamorphism would have generated the remobilization of 

syngenetic accessory bismuth minerals and sulfosalts present in the source rocks and, succeeded by 

bismuth melt drops isolation in hydrothermal solution. The mechanism of concentration and transfer of 

gold in bismuth melts in hydrothermal solution has been studied and debated in the recent past years 

(e.g. Douglas et al. 2000 Ciobanu et al. 2005, 2010). Douglas et al. (2000), in a theory called Liquid 

Bismuth Collector Model (LBCM), suggested that bismuth can form a liquid phase once reaching 

oversaturation in hydrothermal solutions at temperatures higher than 271 °C. The Bi-rich liquid has a 

higher capacity to assimilate gold when comparing to aqueous fluids, and it acts by extracting gold from 

under-saturated hydrothermal fluids, with remobilization of gold and later recrystallization in the form 

of bismuth droplets. According to Okamoto and Masaalski (1983) the lowest temperature phase in the 

binary Au-Bi system diagram is the mineral maldonite Au2Bi, crystallizing at 371 °C. 

 

5.4 Sulfide gold content  

According to the literature (e.g. Zhou and Gu 2016, Vaughan 2004), minerals such as pyrite, 

pyrrhotite and chalcopyrite can be important gold carriers, not as much for the gold content it can host 

in its structure, but by the high amount these minerals are frequently found (see section 2.4, and figure 
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2.2). Chalcopyrite can host gold within its crystalline structure in the order of 0.01-20 ppm (1.0x10-6-

2.0x10-3%), pyrite 0.25-800 ppm (2.5x10-5-0.08%), and pyrrhotite 0.06-1.8 ppm (6.0x10-7-1.8x10-4%).  

Tiu et al. (2021a) described and classified different types of sulfides; from those it is interesting 

to highlight the ones containing relatively high amounts of gold within the FWD mineralization. They 

are sphalerite type-1 (Sp-1) and pyrite type-3 (py-3). Chalcopyrite although showed low gold content, 

the highest values were in the FWD.  

The trace element data in Tiu et al. (2021a) showed that galena is frequently associated with 

silver-bearing minerals and that is also the main host for elements such as Ag and Bi (See section 2.9.6). 

The authors also presented concentrations of Au, Ag and Bi in chalcopyrite, pyrite and sphalerite.  

The results from sulfide mineral chemistry studied by EPMA and LA-ICPMS techniques 

showed mainly low amounts of Au, Ag and Bi within the sulfides. Assuming that the sulfides originally 

carried gold and that deformation and metamorphism caused remobilization of gold from the sulfide 

carriers (e.g. Tiu  et al., 2021a; Kampmann et al., 2018; Wagner et al., 2007; Dubosq et al., 2018; 

Andersson et al., 2016), these results suggests that these elements were already sourced from these 

sulfides to generate the visible gold alloys during deformation and metamorphism. This could also mean 

a low potential of invisible gold within the analyzed sulfides. However, these lower Au, Ag and Bi 

values in the sulfides can become significant due to the high amount of these sulfides throughout the 

deposit. 

In the thin section DBH2561e229.10m, the only sample to show Au-Bi alloy occurrence, has a 

considerable amount of galena, commonly intergrowing with electrum. In addition, this could indicate 

galena as the preferable candidate to source Bi for the Au-Bi alloy, and of Ag for the Au-Ag alloy. 

Besides galena, Ag content was also analyzed and found in chalcopyrite, and pyrite. 

5.5 Categories of gold occurrence and its relation to processing 

The examination of gold mineralization in the drill core thin section samples led to a 

classification of different types of gold occurrences. The gold mineralization was categorized in this 

work in different styles based on its textures and mineral association of gold within sulfides and siliceous 

gangue phases. The gold minerals, mainly electrum and in a lesser extent Au-Bi alloy, are observed 

mostly in association with the sulfide dissemination, they occur attached to sulfides, intergrown with 

sulfides, enclosing sulfides, as electrum rims and inclusions, three categories are listed below: 

• Disseminated electrum 

• Electrum in direct contact to sulfides: 

o Attached to sulfides 

o Intergrown with sulfides 

o Enclosing sulfides 

o Rims of electrum 

• Electrum inclusions 

However, the gold minerals are also associated with gangue minerals (mainly quartz, biotite, 

muscovite and sericite). This relationship most likely resulted from deformation and metamorphism, 

when the gold minerals expelled from the sulfides and incorporated into the foliation defined by the 

siliceous matrix or included in micas. Electrum recovery is constrained by its mode of occurrence and 

textures but also by its grain size, Knelson concentrator decrease its performance when dealing with fine 

particles (< 10 µm). 
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Considering these mineralogical aspects and processing constraints, the gold occurrences can 

be reclassified into two main categories; 1) recoverable gold and 2) non-recoverable gold, with the 

following sub-categories: 

• Recoverable gold 

o Fine-grained (> 10 µm), disseminated, gangue-associated gold  

o Fine-grained (> 10 µm), disseminated, sulfide-associated gold (intergrowth, 

rims and attached gold grains) 

• Non-recoverable gold 

o Very fine-grained (< 10 µm), disseminated, gangue associated gold 

o Gold inclusions, gangue association 

o Sulfide-associated gold inclusions  

o Very fine-grained (<10µm), disseminated, sulfide associated gold (intergrowth, 

rims and attached gold grains). 

 

5.5.1 Comments on the Knelson concentrator processing samples 

There are uncertainties in the feed and tailings samples from the processing plant due to 

limitations on Knelson concentrator sampling, although the concentrate is consistent. About the 

sample’s uncertainties, there are three important aspects to be considered. Firstly, there is a general 

problem in processing plants, design issues of the plant, and restriction for sampling, commonly a 

communication problem between processing engineers and those who design the plant. A second aspect 

is related to by-products that commonly are not considered in plant design, and in many cases, 

byproducts have a considerable high value and can account for a relevant revenue of the mine. To 

integrate and input by-products, mineral characterization studies need to be done prior to plant design, 

this is a global challenge related to byproduct. The third aspect is related to the objectives of the present 

study, which does not intend to optimize or advise the plant operation, but to add light and clarify the 

gold occurrence, by tracking it, in the sense of a feasibility study to understand the type of gold and the 

host minerals. In that sense, the uncertainty in the samples is not a problem.  

The Knelson samples was chosen because there was gold in the concentrate, and it would 

provide enough material to evaluate it. The high concentration in the concentrate was expected as well 

as the low concentration in the feed and tailings as it is a by-product. To optimize the process it would 

need a different study, with a clear and systematic sampling campaign. The goal of the present work is 

to expand the understanding of the gold mineralization type and mineral host to first clarify its nature, 

it is a pre study that can be a base for a future study to advise the gold mineral processing. 

Nonetheless, an observation can be presented in this context. It is a common practice in mineral 

processing to have the final gravity concentrate cleaned by other methods, for instance magnetic 

separation or leaching (Wills and Finch 2015), aiming the removal of certain mineral contaminants that 

may report to the concentrate. It was observed in the Knelson concentrate samples a great amount of 

metal wires, which according to the information provided by Boliden it comes from mine shotcrete. 

When working with the samples in the Mineral Processing Laboratory at LTU, magnetic separation was 

performed over the concentrate samples prior to sieving and cold mount epoxy preparation. Therefore, 

It could be advised to the processing plant to perform a magnetic separation over the Knelson final 

concentrate to remove these metal shotcrete wires, unless the presence of this material have no influence 

once the concentrate is sent to Boliden’s smelter to recover the precious metals from the gravity 

concentrate. 
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CHAPTER 6 

6 EIT CHAPTER 

There are world challenges and opportunities regarding sustainable development and raw materials 

supply and consumption. Some of these challenges are addressed by the United Nations 2030 agenda 

for Sustainable Development Goals (UN SDGs) with 17 global societal challenges. Within this 

perspective there are key aspects for the development of a circular economy: bring into and keep for as 

long as possible materials to the sustainable loop and reduce waste through raw materials chain. The 

opportunities rise on how to achieve these objectives: developments must be made for sustainable 

mineral extraction, processing and recycling of primary and secondary raw materials (EIT, 2021). 

This chapter intends to analyze how the present thesis fits into a broader perspective of the raw 

materials value chain. In the context of the present study, some of the above-mentioned aspects are 

discussed below. Firstly, a brief overview of the gold mining context in Sweden and in European Union 

(EU) is presented. Subsequently, the crucial aspects pointed by the European Commission (EC) 

regarding raw materials are addressed; the EC pointed fundamental subjects regarding raw materials: 

A- Robust value chain for EU industry, B- Reduced dependence on primary raw materials through 

enhanced circular economy, C- Increased production and processing of raw materials within EU, D- 

Diversified supply through sustainable international trade (EU, 2020). Later, a discussion about the 

relevance of this work is made considering social, economic and environmental aspects, which are the 

three dimensions of a sustainable perspective for raw materials. 

Sweden is a mining country and has been historically mining for over a thousand years (SGU, 

2020a). The relevance of mining in the country is still present today. Sweden is the largest producer of 

iron ore in the EU and an important base and precious metals producer. In addition, Sweden is the home 

of world leading companies in mining equipment and mining technology (SGU, 2020a). 

In Sweden, three mining regions stand out, they are Norrbotten, the Skellefteå field and Bergslagen, 

these regions host most of the old and actual mines in the country (SGU, 2020b). At present, twelve 

metal mines are in production in Sweden, in which six produce gold (SGU, 2021b). Sweden is the second 

main gold producer in EU with 24% (6.48 t/y) of EU annual production (27 t/y); that corresponds to 

0.8% of total world gold production; EU gold consumption is around 73 t/y (Blengini et al., 2020). The 

Swedish mining company Boliden AB is a major gold producer in Sweden, mining gold from 

polymetallic ores, e.g. Aitik and Garpenberg (Table 6.1; SGU, 2021b). Boliden produces 18000 kg/y of 

gold in total, 13000 kg coming from mine production and 5000 kg from the recovery of electronic scrap 

(Boliden group, 2021b). 

Table 6.1: Swedish mines that produce gold nowadays (SGU, 2021b).  

Mine County Municipality Owner Mineral Established 

Aitik Norrbotten Gällivare Boliden Mineral AB Gold, copper, silver 1968 

Kristineberg Västerbotten Lycksele Boliden Mineral AB Lead, gold, copper, silver, zinc 1940 

Kankbergsgruvan Västerbotten Skellefteå Boliden Mineral AB Lead, gold, copper, silver, zinc 2012 

Renström Västerbotten Skellefteå Boliden Mineral AB Lead, gold, copper, silver, zinc 1948 

Björkdalsgruvan Västerbotten Skellefteå Björkdalsgruvan AB Gold, copper, silver 1989 

Garpenberg Dalarna Hedemora Boliden Mineral AB Lead, gold, copper, silver, zinc 1200s 
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Although EU has important gold deposits, the potential is not fully appreciated, as a result, EU 

depends on gold imports from other countries. Nonetheless, gold refining is relevant in Europe. The 

European supply chain for gold is complex and are derived from primary and secondary resources 

(Blengini et al., 2020).  

Primary deposits are still the main source of gold, where the mineral concentration can vary from 

1-10 g/t (ppm), but the gold produced as co-product or by-product from other metals can be mined in 

grades lower than 1 ppm and are also an important supply source for EU (Blengini et al., 2020).  

Secondary resources supply of gold comes mainly from the recycling of jewelry, gold bars and 

coins. Another relevant source is waste from electrical and electronic equipment (WEE), such as printed 

circuit boards, computer CPUs and mobile phones. The potential for gold recycling is unlimited as 

metals are highly recyclable because of the technology to do it is available and is environmentally 

friendly. However, the bottle neck for the circular economy of gold are the end-of-life material collection 

and perform extraction in an economical way; gold is often alloyed with other precious metals which 

makes it challenging. In addition, the fluctuation of gold price in the marked can affect the amount of 

recycled gold produced (Blengini et al., 2020; SveMin, 2021). 

Gold do not fit the criteria from the EC to be classified as a critical raw material. Gold is of 

economic importance for the European industry, but there is no risk of gold supply disturbance. Gold is 

produced all over the world, and no country dominates the gold global market; that ensures and secures 

a continuous trading (Blengini et al., 2020; EU, 2020). 

 

6.1 Relevance of the work 

Resource scarcity, lower grade ores, environmental and social issues are real challenges faced by 

the mining industry. These challenges have guided developments in different areas of the mining value 

chain and in this context a geometallurgical approach is essential to make mining and processing more 

efficient, profitable and with a less significant footprint. As a result of this trend, mineralogical 

investigation come in handy for a better understanding of the ore body and its characteristics, providing 

information to improve the mining activities. It is not rare that ore bodies also have valuable secondary 

or additional products besides its focused exploitation target minerals. These can be by-products and 

their recovery can generate valuable additional revenues. In Garpenberg mine for instance, zinc accounts 

for 40% of the mine’s revenue, being its most valuable commodity, silver even though occurring in 

traces in the ore, has a higher value relatively to zinc and lead, it accounts for 30% of the mine’s revenue 

and is the second most valuable commodity in Garpenberg, followed by lead at 20% and copper-gold at 

10%, being gold a by-product (Tiu et al., 2021b). 

Gold as a by-product nowadays is a significant source of the precious metal, more low-grade and 

refractory gold are being mined and processed. Microscopic, submicroscopic, and refractory gold in 

sulfides minerals are challenging for mineral processing. Gold ores mineralogy has a large impact on 

processing and extractive metallurgy, gold occurrences quite commonly occur in different forms in an 

ore deposit and characterizing this variation implies a better knowledge of the ore. Thus, it can improve 

the existing process or assisting a new flowsheet development. Some of the mineralogical factors that 

influence gold extraction are liberation, grain size and shape, mineral association, gangue mineralogy, 

among other aspects, that must be characterized in a geometallurgical program (Zhou and Gu et al., 

2016). 

One of the goals of geometallurgy is to improve mining and processing activities but also aiming 

to decrease the impact of these activities. When addressing by-products, from a geometallurgical point 
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of view, there are possible economic and environmental benefits. There is an opportunity to increase the 

revenue by adding another product other than the main commodities. In addition, it leads to taking 

advantage of all the benefits the ore body can yield, reducing the amount of valuable materials in the 

tailings, moving toward zero waste. 
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CHAPTER 7 

7 CONCLUSIONS AND RECOMMENDATIONS 

The present study focused on the gold-bearing minerals of the footwall disseminated to semi-

massive mineralization style, or FWD, as described by Tiu et al. (2021a), at the Lappberget deposit in 

the Garpenberg Mine, Sweden. The main findings of this work are: 

(i) Gold minerals occur mainly as electrum, Au-Ag alloys (20-80% Ag), with a general chemical 

formula of Au0.11-0.43Ag0.13-0.70, with weight percent values varying from 21.30-85.10 wt.% for 

Au, and 13.99-75.27 wt.% for Ag. 

(ii) A second, subordinate type of gold occurrence was identified and described for the first time in 

the Garpenberg region, consisting of an Au-Bi alloy, with a general chemical formula of Au0.30-

0.33Bi0.17-0.19, with weight percent values from 59-65 wt.% of Au, and 35-40 wt.% of Bi.  

(iii) The gold-bearing minerals are observed in a variety of textures, mostly associated with 

disseminated sulfides, with 1) gold minerals and sulfide intergrown, 2) inclusions of gold 

minerals in sulfides, 3) rims of gold minerals around sulfides, 4) gold minerals enclosing 

sulfides, and 5) gold minerals filling space in between sulfides and gangue, often in direct 

content with the sulfides. Gold minerals also occur disseminated among gangue minerals and as 

inclusions in biotite and muscovite. 

(iv) The most commonly observed sulfides associated with gold was – in decreasing order - 

chalcopyrite, pyrite, galena, sphalerite and pyrrhotite. 

(v) Gold mineral grain sizes are predominantly <100 µm, ranging from <5 µm up to 300 µm. 

(vi) Gold content within electrum appears to be increasing with depth in the current sample set, 

albeit the few samples preclude determining if this reflects a deposit scale metal zonation. 

(vii) Gold minerals - mainly electrum - were categorized according to its characteristics (mineralogy, 

texture, grain size, association). These characteristics have implications to mineral processing 

and these aspects were discussed. The mineralogical aspects affecting electrum recovery are 

texture and grain size which determines its liberation in grinding and its recovery by the gravity 

separator Knelson concentrator.  

(viii) Gold mineral occurrences in the feed and tailings were relatively low, as expected from a mine 

by-product. Lappberget concentrate showed relatively abundant electrum grains; pyrite and 

galena are the sulfides most commonly observed. Chalcopyrite, sphalerite, pyrrhotite also occur 

along with gangue minerals in the processing samples. 

(ix) Many electrum grains in the processing samples are completely liberated. Some are attached to 

mainly pyrite and galena. Fine sulfide particles are sometimes included in electrum. 

(x) There are uncertainties in the representativeness of the feed and tailings of the processing 

samples, due to limited safely access to the Knelson concentrator during sampling, although the 

concentrate is consistent. It would be necessary to overcome this sampling limitation for feed 

and tailings for further detailed studies of the gold deportment at Lappberget. 

(xi) Hydrothermalism, polyphase deformation and metamorphism had an important role in electrum 

and Au-Bi alloy remobilization, redistribution, recrystallization and reconcentration of gold 

minerals within the FWD, and the features observed supports these aspects as recognized in 

previous research. Sulfides are possibly the main carriers and source of the elements forming 

the gold alloys; however, trace element investigation showed a low potential for invisible gold 

in the actual sulfides. 

(xii) The methods used in this study, although not strictly automated mineralogy techniques, were 

crucial to achieve a comprehensive gold characterization. As stated by Goodall and Scales 

(2007), the appliance of complementary analytical techniques is fundamental in any gold 
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analysis investigation as no single method can provide statistically precise and accurate results 

when defining the present gold minerals population. With the development of the 

geometallurgical and gold deportment approach, it is expected that automated mineralogical 

methods will become common practice for ore characterization, mining planning and processing 

plant optimization. 

7.1 Recommendations for further research  

Based on the results from the present work the following subjects are recommended 

a. Extend the investigation to other mineralization styles at Lappberget deposit, as 

described by Tiu et al. (2021a). 

b. A more detailed study of geological and geochemical aspects involved in the formation 

of the Au-Bi alloys. 

c. Analyses of sulfide flotation (Zn, Cu, and Gn) tailings and concentrate from products 

streams to assess gold minerals content on it, to verify the possibility to get a greater 

gold recovery in other parts of the processing plant. 

d. By-product is as a key feature for investigation in geometallurgical programs, ideally it 

should be considered in an early stage of the processing plant design in other to 

facilitated studies and improvements on the recovery of by-products. Improving the 

sampling procedures for the Knelson concentrate at Boliden’s processing plant would 

allow more detailed investigation on the deportment of gold. 
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9 APPENDICES 

The following six appendices are provided: 

Appendix I – Thin section samples description based on optical microscopy. Appendix II - 

Splitting and sieving of the processing samples: work flow and particle size distribution calculations 

Appendix III – EPMA analysis recipe 

Appendix IV – EPMA raw data tables 

Appendix V – LA-ICP-MS data tables 

Appendix VI – Chemical assay data table 

 

Appendix I – thin sections description 

Six thin sections from drill core from the FWD mineralization style were provided by Boliden 

AB to perform the present study. Their description by optical microscope is presented below.  

 

Thin section DBH2561e229.10M 

Description  

Heterogranular/inequigranular, grano-lepidoblastic, mainly medium to very fine-grained. Gangue minerals sizes 

can be over 1 mm, chalcopyrite grains occur in coarser size up to 4 mm. Microcline, mica and quartz are the main 

gangue minerals present in the matrix. Biotite is concentrated in portions of the thin section and shows a 

preferential direction of orientation, although the main orientation is not always respected. 

The thin section is manly composed of microcline, sericite, biotite and quartz. This rock sample is highly altered 

specially the microcline and the biotite, probably an alteration process of. Opaque minerals in order of abundance 

are Cp > Sp > Gn > Po > Py > Cub > Au.  

 

Figure 9.1: Automated optical microscope images of the sample DBH2561e229.10m. Left-side transmitted light and parallel 

nicols; (b) transmitted light and crossed nicols. These images allow to visualize the gangue minerals and opaque minerals 

proportions and distribution in an overall view. Scale bar in white at the left-hand upper corner of the images are of 5000 µm. 

Mineralogy 

Microcline > Sericite > Biotite > Quartz > Muscovite > others 

Microcline 

Most abundant mineral in this thin section. Granoblastic, colorless, low relief, mesh twin pattern, tartan twinning 

or cross-hatched twinning. Commonly the mineral is very altered with sericitization process, unclear interference 

figure. Although very altered it is possible to identify grains > 1000 μm, but they are mainly around 500 μm. 
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Quartz 

Granoblastic, colorless, low relief, uniaxial (+), no cleavage, undulose extinction, grey interference color, surface 

less altered than feldspar, anhedral, rarely subhedral, mainly sutured contact between grains, sometimes sharp 

contact. In general, grain sizes range from ~600 µm to ~100 µm mainly. 

Biotite 

Habitus tabular, lepidoblastic texture, is exhibiting a two preferential planar orientation. Moderate relief, clear 

cleavage, extinction angle 0°, incomplete extinctions (bird’s eye structure), secondary and tertiary interference 

colors, strong brown pleochroism, moderate birefringence, pleochroic halos around small zircon inclusions in 

biotite. Grain sizes varies, commonly ~500 µm, most commonly from 200-400 µm, few grains >1.0 mm. Some 

minerals waving around quartz crystals register deformation. The relation between the two main directions of 

biotite orientation is close to the perpendicularity, in one of these directions some biotite grains are slightly folded, 

with its fold axis coinciding with the second direction of biotite. The contact relationship between biotite and 

microcline grains makes possible to infer that the microcline was already crystalize when biotite entered the 

system. 

Mica (muscovite) 

Colorless, tabular habitus, lepidoblastic texture, moderate relief, one direction cleavage, incomplete extinction 

(bird’s eye structure), moderate birefringence. Accumulate commonly around opaque minerals. Grain sizes are in 

general finer than biotite, grains are <1.0 mm, few >500 µm, most commonly around 300-200 µm. 

Sericite 

Very fine mica. Secondary mineral product of alteration process, sericitization of mica, biotite and feldspar 

(microcline). 

Zircon 

Prismatic small crystals, lived color of interference, parallel extinction, high relief, pleochroic halo when included 

in biotite. Amorfic metamitic variation occurs as well as well-formed grains. Grain sizes can go up to 300 µm, 

most commonly <100 µm. 

 

 

Figure 9.2: Microcline with diagnostic twinning surrounded by 

sericite (alteration), mica and quartz. 

 

Figure 9.3: Metamitic zircon in regular and grains, included in 

biotite. 

 

Opaque Minerals 

The occurrence of opaque minerals is of sulfides and gold in the following abundance: Cp > Sp > Gn > Po > Py > 

Cub > Au.  
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Figure 9.4: Automated optical microscope images of the sample DBH2561e229.10m. Left-side reflected light and parallel 

nicols; (b) reflected light and crossed nicols. These images allow to visualize the opaque minerals and their relation to the 

gangue in an overall view. Scale bar in white at the bottom of the images are of 5000 µm. 

Chalcopyrite 

Chalcopyrite is the most abundant opaque mineral in this thin section. High reflectance, color is brass yellow, 

weak to non-observable anisotropy, weak birreflectance, tarnish in bluish to purplish tints are seen. Cp occur in a 

large range of particle size, as a spread irregular groundmass, smaller grains appear dispersed in the gangue 

minerals although not through the whole thin section. Inequigranular grains ranging from >1.0 mm to <100 µm. 

Grains are anhedral, also appears as chalcopyrite disease in sphalerite and grains in direct contact with pyrite, 

pyrrhotite and sphalerite, also was observed included in quartz grains. Intergrowth of Cp to other sulfides. 

Chalcopyrite is observed in distinctly yellow color when in contact with a white or gray phase, next to gold 

particles it tends to have a greenish yellow tint. Together with galena, chalcopyrite is the main mineral associated 

with gold. 

Sphalerite 

Sphalerite is the second most abundant opaque mineral in this thin section.  It is isotropic, gray color, low 

reflectance, reddish-brown internal reflection, anhedral grains, bleb-like mainly but also lamellae of chalcopyrite 

disease texture occurring in within sphalerite. Sphalerite also occurs as inclusions in chalcopyrite, as sparse grains 

in the biotitic matrix and grains in direct contact with chalcopyrite. (Overgrowth?). Inequigranular occurrence in 

irregular shapes, few grains >2.0 mm, some grains ~500 µm, very fine grains <100 µm are common. 

Galena  

Galena is observed as anhedral grains, white to greyish as reflection color, moderately high reflectance, isotropic, 

positive relief, presence of triangular pits. Associated to sphalerite, chalcopyrite and gold, generally in direct 

contact to these minerals. In this thin section galena occurs associated with gold, in direct contact to gold. Grain 

size ranges from above 600 µm to very fine <100 µm, mainly ~200 µm. 

Pyrrhotite 

Creamy to pinkish color, in tints of brown, bireflectance brown/grey, anisotropy cream/brown, anhedral grains. 

Occurs associated mostly to chalcopyrite, included in and with intergrowth to chalcopyrite, and locally, in contact 

to pyrite and sphalerite. Inequigranular, grain size mainly ~200-300 µm, largest grain observed ~600 µm 

Pyrite 

Yellowish to white reflection color, isotropic, metallic luster, high reflectance, sometimes euhedral to sub euhedral 

or anhedral grains. Grain sizes ~25 μm, but occur in different sizes (10μm, 5μm), some grains are found in the 

matrix and also associated with other sulfides, such as chalcopyrite, sphalerite, locally to pyrrhotite. Pyrite does 

not occur in significant amount in this thin section. 

Cubanite 

Creamy grey to yellowish brown, moderate to high reflectance, it is observed as elongated tabular crystals in 

chalcopyrite as exsolution lamellae. It occurs in the largest grains of chalcopyrite, in the smaller ones it was not 

observed. 
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Gold minerals 

Gold is identified with golden-yellow reflection color, high reflectance, isotropic, incomplete extinction, anhedral, 

irregular grains. Gold occurs together, mainly attached, with galena, chalcopyrite, sphalerite, pyrrhotite and also 

occurring surrounded by this altered mass of sericite and some grains of biotite. Its occurrence with chalcopyrite 

was observed included in chalcopyrite, also enclosing it, intergrowth, but most commonly in direct contact to it. 

Inequigranular grains from ~150μm to 1μm, mostly anhedral/irregular shapes, rounded grains was also observed 

(Fig.), occurring in tiny grains and also in ribs/stirred form. 

 

 

Figure 9.5: Electrum, galena and pyrite. 

 

Figure 9.6: Electrum grains at different grains sizes disseminated in 

the gangue matrix (dark grey background). 

 

Modal Composition (% volumetric) 

85% translucid minerals 

 40% Microcline  

 15% Sericite 

 15% Biotite  

 10% Quartz 

 4% Mica 

 >1% zircon, others 

15% of opaque minerals  

 8% Chalcopyrite 

 3% Sphalerite 

 2% Galena 

 1% Pyrrhotite 

 <1% Pyrite 

 <<1% Cub 

 <<1% Au 

Petrogenetic Interpretation 

The provided data base about the samples classified this rock as a mica quartzite. Microcline is a typical mineral 

of the amphibolite facies, this rock was probably metamorphosed in the amphibolite facies in accordance with the 

typical parageneses microcline+plagioclase+quartz+biotite, although plagioclase was not clearly visualized due to 

the lack of its common twinning and not clear interference figures, some grains with altered surfaces can be 

plagioclase minerals. The highly altered sericitization of microcline and biotite can indicate a phyllic alteration 

zone Sericitization of alkali feldspar happens during metasomatic-hydrothermal and auto-hydrothermal process, 

also during retrograde metamorphic processes.   

 

Thin section DBH2561E256.05M 

 

Microstructures 

Heterogranular/inequigranular, grano-lepidoblastic fine to very fine, quartz and biotite rarely are bigger than 1 

mm. Quartz and biotite shows a preferential direction of orientation as well as some opaque minerals (GSPO – 

grain shape preferred orientation), there is a veinlet crosscutting this direction of main mineral orientation. 
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Figure 9.7: Automated optical microscope images of the sample DBH2561e256.05m. Left-side transmitted light and parallel 

nicols; (b) transmitted light and crossed nicols. These images allow to visualize the gangue minerals and opaque minerals 

proportions and distribution in an overall view. Scale bar in white at the righthand bottom side of the images are of 5000 µm. 

It is possible to observe the grains size variation and the main mineral orientation, as well as the opaques dissemination. 

Mineralogy 

Qz > Bt > Ms > Ser > Plag > Chl > Zr > Apa  

Quartz 

Granoblastic crystals, colorless, low relief, low birefringence, uniaxial (+), interference colors are grey and white, 

inequigranular, anhedral, undulose/undulatory extinction, sub grains formation, sometimes partial dynamic 

recrystallization in finer grains, core and mantle microstructure is observed, grain boundaries are irregular (grain 

boundary migration) contact between grains mainly sutured, rarely polygonal, deformation lamellae are present in 

some quartz grains. This are evidences of deformation and metamorphism. Quartz grains in varied sizes, mainly 

<1 mm, rarely below 100 µm, some grains are greater than 1 mm. Frequently inclusions of biotite is observed in 

quartz grains. 

Biotite 

Tabular lepidoblastic crystals, pleochroic (shades of brown to pale), typical (001) cleavage, moderate relief, 

moderate birefringence, bird’s eye maple extinction, extinction angle 0°. Biotite lamellar plates exhibit preferential 

planar orientation. Inclusion of zircons in biotite creates pleochroic halos around small zircon grains. Generally 

grains are fine, <1.0 mm, commonly grains ~200-300 µm, some <100 µm but rarer. 

Muscovite 

Colorless, tabular lepidoblastic crystals, moderate relief, moderate birefringence, bird’s eye maple extinction, 

differs from biotite for being non-pleochroic. Fine grained, occurs in a lower content when compared with biotite. 

Chlorite (Mg-chlorite) 

Colorless, tabular habit, perfect 001 cleavage, very weak pleochroism, sub parallel extinction, first order 

interference color grey to pale yellow, positive elongation sign, low to moderate relief. It occurs altering biotite in 

very local and limited occurrence. 

Sericite 

Very fine mica, secondary mineral product of alteration process, sericitization of mica and feldspar. 

Plagioclase 

Colorless, gray interference color, polysynthetic twins, more altered surface when comparing to quartz, 

sericitization, biaxial (+). Plagioclase is not abundant in the thin section, only two grains showing the polysynthetic 

twins, other grains were assumed to be due to the higher altered “turbid” mineral surface. Its occurrence is rare, 

and the grains are <1.0 mm. 

Zircon 

Small and prismatic crystals, very high relief, colorless to brownish, zoned, parallel extinction, when included in 

biotite can be seen pleochroic halos (form around radioactive minerals). 
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Grain sizes ranging from few micrometers ~3 μm to ~90.0 μm, mainly bellow ~20 μm. Largest grain size of 87.41 

μm. 

Apatite 

Apatite appears in round grains and with low interference colors, up to 1st order gray, colorless, moderate relief, 

prismatic crystals, basal sections are close to hexagons, parallel extinction, uniaxial(-). Not abundant occurrence. 

 

 

Figure 9.8: Quartz and biotite showing a preferential direction of 

orientation. 

 

Figure 9.9: Quartz grains larger than 1.00 mm surrounded by 
smaller ones, core and mantle microstructure and saturated contact 

between grains. 

 

Opaque Minerals 

Opaque mineral occurrences are mainly of sulfides, which are commonly associated with each other or dispersed 

in the gangue matrix. Grain sizes vary although, above all, it is fine to very fine grains. Opaque minerals order of 

abundance Py > Cp > Sp > Gn > Po > Au > Cub. 

 

Figure 9.10: Automated optical microscope images of the sample DBH2561e256.05m. Left-side reflected light and parallel 

nicols; (b) reflected light and crossed nicols. These images allow to visualize the opaque minerals and their relation to the 

gangue in an overall view. Scale bar in white at the bottom of the images are of 5000 µm. 

Pyrite 

Pyrite is the main sulfide occurrence in this thin section. Reflection color is white to cream, sometimes light 

yellowish, high reflectance, no bireflectance, isotropic, grains are anhedral to subhedral mainly, some euhedral 

grains are observed, pyrite is found dispersed through the thin section in different grain sizes. Occur associated to 

other sulfides, mainly chalcopyrite, also sphalerite, galena and pyrrhotite, commonly it is observed dispersed in 

the gangue matrix (disseminated?). The largest grains of pyrite in the thin section are frequently bordered by the 

other sulfides, sometimes with sulfide inclusions and also included in other sulfides (e.g. galena). Pyrite grains can 

be fractured. Occur in contact to gold. The mineral appears inequigranular with grains varying in sizes from 2700 

µm to 50 µm, commonly around 300-400 µm, rarely >1.0 mm. 
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Chalcopyrite 

Chalcopyrite is the second most significant sulfide occurrence in the thin section. Gold is observed mainly in 

association to chalcopyrite. Color yellow, high reflectance, metallic luster, anhedral, very weak anisotropy to non-

observable, weak birreflectance, bluish tarnish is seen on weathered surfaces. It occurs associated to other sulfides: 

galena, pyrite, pyrrhotite and sphalerite, and also with gold. It is inequigranular, mainly very fine < 100 μm, some 

grains ~ 200-300 μm, some grains >500 µm, very few grains >1.0 mm. It occurs frequently bordering other grains, 

dispersed grains in the sample and also as chalcopyrite disease (crystallographically controlled by sphalerite). 

Chalcopyrite appears distinctly yellow in contact with a white or gray phase but tends to have a greenish yellow 

when seen next to gold. 

Sphalerite 

Reflection color is medium gray, isotropic, reddish internal reflections are diagnostic, inequigranular, anhedral, 

commonly with chalcopyrite disease texture. It occurs in association with other sulfides: chalcopyrite, pyrite, 

galena and pyrrhotite. Particle size ranges from 700 µm to 60 µm, only few grains below 50 µm, more commonly 

~100-200 µm. 

Galena 

White to greyish as reflection color, moderately high reflectance, isotropic, anhedral, inequigranular, positive 

relief, presence of triangular pits, poor polish. It occurs dispersed in the gangue matrix in very irregular shape and 

also associated to pyrite, sphalerite, chalcopyrite and pyrrhotite. Grains sizes varies from 600 µm to around 50 

µm, most commonly ~100 µm. 

Pyrrhotite 

Reflection color is in tints of brown, weak pleochroism, diagnostic anisotropy is strong in dark to pale brawn to 

pale greyish (sometimes to bluish grey), anhedral grains. It is observed in association to other sulfides as 

chalcopyrite and also in contact to sphalerite, pyrite and galena. It occurs included in chalcopyrite. Grain size 

ranges from 500 µm to ~50 µm, mostly around 100 µm. 

Cubanite 

Exsolution intergrowths of cubanite in chalcopyrite, local occurrence, only one grain of chalcopyrite was identified 

with cubanite. Creamy grey to yellowish brown, it is observed as elongated tabular crystals in chalcopyrite as 

exsolution lamellae. Moderate to high reflectance. 

Gold minerals 

Reflection color is golden-yellow, very high reflectance, occurs as irregular grains, isotropic, incomplete extinction 

due to mineral hardness and polishment. Occur in irregular patches associated mainly to chalcopyrite and also 

pyrite; other sulfides as galena, sphalerite and pyrrhotite also occur together where gold is present but not in direct 

contact to it, few grains occur among gangue minerals (quartz and mica). Gold grain size varies from tiny (<5 μm) 

to up to 300 μm, mostly < 100 μm. The tiny gold were identified due to the high reflectance although it is not 

possible to affirm if it is actually gold with the optical microscope. 

The gold commonly occurs attached to other sulfides, especially in the veinlet observed in the thin section. Gold 

is found as inclusions in chalcopyrite, trapped between pyrite grains and among quartz and biotite in stirred grains 

or tine rounded ones. Gold minerals could be related to two different mineralizations in time, there are gold 

minerals associated to sulfides that are concordant to the main fabric of the sample (defined especially by the 

quartz and mica orientation), the veinlet that cuts this main mineral orientation also carries gold mineral. 

Modal Composition (% volumetric) – visual estimation 

85% translucent minerals 

 70% Quartz 

 8% Biotite 

 4% Muscovite 

 2% Sericite 

 1% other minerals  

15% of opaque minerals  

 7% Pyrite 

 4% Chalcopyrite 

 1% Sphalerite 

 <1% Galena 

 <1% Pyrrhotite 

 <<1% Gold 

 <<<1% Cubanite 
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The Petrogenetic Interpretation 

The minerals show clear signs of deformation, quartz texture and microstructures are evidence for that: sub grain 

formation, undulose extinction, mantle and core microstructure, irregular grain boundaries, grain contact as well 

as the preferential orientation of the minerals (schistosity) implies plastic deformation, there is a veinlet cutting 

this main direction of mineral orientation with a relevant gold occurrence, with grains up to 300 µm. This could 

imply that there were two sulfide mineralizations, one concordant with the main mineral fabric and the second 

crosscutting it in the form of the veinlet. Some grains, like quartz and pyrite are fractured, could the fractures in 

Pyrite grains, for instance, indicate brittle deformation? Some of these fractures in the grains are sub-parallel to 

the veinlet direction and they could be related, however there are not enough evidence to support this idea. Opaque 

minerals, like galena, can appear esqueletiform, in anhedral grains, sometimes filling fractures in other minerals. 

Sulfides, especially Py and Cp looks roughly disseminated in the thin section. The metamorphic rock is classified 

as a micaceous quartzite. 

 

 

Figure 9.11: Electrum, galena and pyrite. 

 

Figure 9.12: Electrum grains in direct contact with galena and 

chalcopyrite. 

 

 

 

Figure 9.13: Electrum grains intergrowing with chalcopyrite and 

pyrite. Inclusions of electrum in chalcopyrite and pyrite. 
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Figure 9.14: Stirred electrum grains among gangue minerals (dark 

grey background). 

 

Figure 9.15: Electrum grain included in between chalcopyrite and 

pyrite. 

 

Thin section DBH2651e279.50M 

 

Microstructures 

Heterogranular/inequigranular, grano-lepidoblastic medium to very fine, particles sizes in a relative broad range 

varying in series from few microns to larger than 3000 μm. Quartz and biotite shows a preferential direction of 

orientation especially in one side of the thin section where finer quartz grains are concentrated. Coarser quartz 

grains occupy the center and one of the sides of the thin section (granoblastic), the other side quartz grains are 

relatively smaller and well oriented (nematoblastic), the ground mass of sphalerite separates these areas of different 

predominant grain sizes. 

  

 

Figure 9.16: Automated optical microscope images of the sample DBH2568e279.50m. Left-side transmitted light and parallel 

nicols; (b) transmitted light and crossed nicols. These images allow to visualize the gangue minerals and opaque minerals 

proportions and distribution in an overall view. Scale bar in white at the righthand bottom side of the images are of 1000 µm. 

It is possible to observe the grains size variation and the main mineral orientation, as well as the opaques distribution. 

 

Mineralogy 

Qz > Ms > Bt > Chl > Zr 

Quartz 

Quartz is the most abundant mineral in the thin section. It is observed in a granoblastic texture, grains are colorless, 

low relief, low birefringence, interference colors are grey and white, inequigranular seriated millimetric grains to 

very fine (<100μm), anhedral to subhedral grains, uniaxial (+), sharp to sutured contact between grains, undulose 
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extinction, poikiloblastic with mica inclusions, quartz grains are partially altered in contact with sphalerite. Quartz 

grains are commonly slightly fractured. It is observed sub grains, sometimes partial dynamic recrystallization in 

fine grains, core and mantle microstructure. This are evidences of deformation and metamorphism.  

Biotite 

Habitus tabular, lepidoblastic texture, is exhibiting a preferential planar orientation. Moderate relief, clear 

cleavage, extinction angle 0°, incomplete extinctions (bird’s eye structure), secondary and tertiary interference 

colors, strong brown pleochroism, moderate birefringence, pleochroic halos around small zircon inclusions in 

biotite. Biotite is fined grained, few grains above 500 µm, mainly ~200 µm. Low occurrence of this mineral in this 

thin section. 

Muscovite 

Colorless, tabular habitus, lepidoblastic texture, moderate relief, one direction cleavage, incomplete extinction 

(bird’s eye structure), moderate birefringence. Pleochroic in fade colors. Inclusions of zircons. Greater occurrence 

in relation to biotite, although occurs in a low percentage in this thin section. Grain sizes ranging from >500 µm 

to <100 µm.  

Chlorite 

Colorless, tabular habit, perfect 001 cleavage, very weak pleochroism, sub parallel extinction, first order 

interference color grey to pale yellow, positive elongation sign, low to moderate relief. It occur altering mica in 

very local and limited occurrence. 

Zircon 

Zircons are mainly present in inclusions in mica showing pleochroic halos. They are identified also by its high 

relief small prismatic crystals, lived colors of interference, parallel extinction, grains <100 µm, ~50 µm. 

 

 

Figure 9.17: Quartz, muscovite and biotite showing a preferential 

direction of orientation. 

 

Figure 9.18: Quartz with core and mantle microstructure. 

 

Opaque Minerals 

The opaque minerals occurrences are of sulfides, they occur in the order of abundance: Sp > Gn > Py > Cp > Po. 

Grains are in general fine to very fine, sphalerite in the exception. No visible gold was observed in this thin section 

through the optical microscope. 
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Figure 9.19: Automated optical microscope images of the sample DBH2568e279.50m. Left-side reflected light and parallel 

nicols; (b) reflected light and crossed nicols. These images allow to visualize the opaque minerals and their relation to the 

gangue in an overall view. Scale bar in white at the bottom of the images are of 5000 µm. 

Sphalerite  

Sphalerite is the most abundant opaque mineral in this thin section. It appears as anhedral aggregates and mostly 

in an irregular ground mass. Isotropic, grey color, low reflectance, reddish-brown internal reflection, anhedral 

grains, inequigranular, both lamellae and bleb-like of chalcopyrite inclusions (chalcopyrite disease texture).  

Occur as inclusions in chalcopyrite, as sparse grains in the quartz matrix and also in contact with chalcopyrite. 

Sphalerite is observed mainly as a spread mass rather than in grains, it is surrounded by quartz and in general 

follows quartz direction of elongation. Commonly with fractures, some are filled with other sulfides, as galena, 

pyrrhotite and chalcopyrite. 

Galena 

Second most abundant opaque mineral in this thin section. Reflection color is white to greyish, high reflectance, 

isotropic, anhedral, inequigranular, positive relief, presence of triangular pits. Occur in grains in the quartz matrix, 

but mainly associated with sphalerite, present in its boarders or within it. Commonly in contact with pyrrhotite. 

Occur molding sphalerite. Galena is also observed included in sphalerite (intergrowth?). Galena shows signs of 

deformation with kinked cleavage. Grains commonly >500 µm, mostly ~100 µm, inequigranular occurrence. 

Pyrite 

Reflection color varies from white to creamish, high reflectance, grains are subhedral mainly, some euhedral, fewer 

anhedral, isotropic, inequigranular >500μm ranging to very fine 3-1 μm. Bigger grains have inclusions. 

Chalcopyrite 

Reflectance color is yellow to brassy yellow, moderate to high reflectance, weak birreflectance, weak 

anisotropism, anhedral, inequigranular. It is observed in included, molded or in intergrowth grains and in sphalerite 

as chalcopyrite disease. Occurs in a range of particle sizes from fine to very fine, some grains goes up to 300 μm 

but mainly are between 200 μm and 100 μm and even below 100 μm, the largest grain found is 530 μm. It is 

associated to sphalerite, pyrrhotite and galena, occurring in contact with minerals, intergrown, disseminated, also 

as chalcopyrite disease and included in galena. Iridescent bluish to purplish tarnish on weathered surfaces can be 

observed. 

Pyrrhotite 

Reflection color is pale creamy pinkish brown, bireflectance is very distinct in tints of creamy brown to reddish 

brown, strong anisotropy red to yellowish brown. Grains are anhedral, sometimes rounded grains and in blebs 

included (or exsolution?) in sphalerite. In general are very fine particles (<100μm), some are between 200μm and 

100μm, rarely >200μm. It occurs associated to chalcopyrite, galena and sphalerite. 
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Figure 9.20: Sphalerite with pyrrhotite inclusions and bleb like 

chalcopyrite disease. 

 

Figure 9.21: Galena, sphalerite and chalcopyrite intergrowth, bent 

cleavage pits on galena. 

 

 

Figure 9.22: Galena, Pyrrhotite, Chalcopyrite intergrowth. Gn, Po 

and Cp filling fracture in Sp. 

 

Figure 9.23: Galena, sphalerite intergrowth, bent cleavage pits on 

galena. 

 

Modal Composition (% volumetric) – visual estimation 

70% translucid minerals  

 65% Quartz 

 4% Mica 

  >1% zircon 

30% of opaque minerals 

 24% Sphalerite 

 2.5% Galena 

 2% Pyrite 

 1% Chalcopyrite 

 0.5% Pyrrhotite 

Petrogenetic Interpretation 

Metamorphic rock, mica Quartzite was the classification given by the provided database about the thin section. 

There are metamorphism deformation evidences in the quartz grains (sub grains, partial dynamic recrystallization, 

core and mantle microstructure, fractures). Galena cleavages appears bended inferring ductile deformation. Quartz 

grains are commonly slightly fractured, brittle deformation evidence. Sphalerite also appears fractured, empty 

fractured and fractures filled with galena, pyrrhotite and chalcopyrite.  
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Thin Section DBH33701e285.70M 

 

Microstructures 

In general granoblastic texture with equigranular grains. Quartz is the main mineral in the thin section with 

millimetric grains mainly between 3-5 mm, up to 7 mm. Grains are anhedral. Sphalerite is the main opaque mineral 

occurring as an irregular ground mass. 

 

Figure 9.24: Automated optical microscope images of the sample DBH3370e285.70m. Left-side transmitted light and parallel 

nicols; (b) transmitted light and crossed nicols. These images allow to visualize the gangue minerals and opaque minerals 

proportions and distribution in an overall view. Scale bar in white at the righthand bottom side of the images are of 5000 µm. 

It is possible to observe the grains equigranularity and the opaques concentration in the center of the image.. 

 

Mineralogy 

Qz > Ms 

Quartz 

Quartz is the most abundant mineral in the thin section. It is observed in a granoblastic texture, grains are colorless, 

low relief, low birefringence, interference colors are grey, white, yellowish and brownish, mostly equigranular, 

anhedral grains, very clear interference figure uniaxial (+), sutured contact between grains, undulose extinction, 

internal fractures. It is observed sub grains with partial dynamic recrystallization in grain boarders in finer grains 

in core and mantle microstructure. This are evidences of deformation and metamorphism. Suturated contact 

between grains, undulose extinction, internal fractures, anhedral, inequigranular, grains up to 7mm, commonly 

~2.0 mm, some grains <100 µm bordering the greater grains of quartz. Quartz grains are slightly fractured. 

Mica (muscovite) 

Colorless, tabular habitus, lepidoblastic texture, moderate relief, one direction cleavage, incomplete extinction 

(bird’s eye structure), moderate birefringence. Pleochroic in fade colors. Weak pleochroism in yellowish to fade 

greenish to fade brown. Low occurrence of mica in this thin section, occur locally. Equigranular 300-500 µm. 
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Figure 9.25: Quartz suturated contact, dynamic recrystallization, 

core mantle structure. 

 

Figure 9.26: Muscovite with only one local occurrence in the 

sample. 

 

Opaque Minerals 

Sulfides compose the opaque minerals in the thin section, sphalerite is by far the main occurrence followed by 

pyrite: Sp > Py > Chp > Po. 

 

Figure 9.27: Automated optical microscope images of the sample DBH3370e285.70m. Left-side reflected light and parallel 

nicols; (b) reflected light and crossed nicols. These images allow to visualize the opaque minerals and their relation to the 

gangue in an overall view. Scale bar in white at the bottom of the images are of 1000 µm. 

Sphalerite 

Most abundant opaque mineral in this thin section, frequently fractured. It appears as anhedral aggregates and 

mostly in an irregular ground mass. Isotropic, grey color, low reflectance, reddish-brown internal reflection, 

anhedral, inequigranular, both lamellae and bleb-like of chalcopyrite inclusions (chalcopyrite disease texture), 

similar texture occurs with pyrrhotite. Sphalerite is observed mainly as a spread mass rather than in grains, it is 

surrounded by quartz. Sphalerite grains can be fractured. 

Pyrite  

Anhedral and subhedral few fine are subhedral to euhedral, white color, high reflectance, no bireflectance, 

isotropic, grains up to 3 mm to very fine (few micrometers). Occur associated to sphalerite, also dispersed in the 

quartz matrix. Commonly fractured. 

Chalcopyrite 

High reflectance, brass yellow color, weak anisotropism, weak birreflectance, anhedral. Chalcopyrite disease 

occurs in sphalerite, anhedral grains associated to Po and Py and dispersed in the quartz matrix. Occurs filling 

space in between quartz grains. Grain sizes ~300 µm, mainly below that. 



Master Thesis. 2021. 

93 

 

Figure 9.28: Chalcopyrite, Sphalerite, Pyrrhoite filling space 

between quartz grains. 

 

Figure 9.29: Pyrite, Chalcopyrite and Sphalerite. 

 

Pyrrhotite 

Creamy pinkish brown, birreflectance creamy-brown, anisotropy brown to pale brown. Very fine grains included 

in sphalerite in blebs and lamellae shape. Grains ~200-400 µm, biggest grains observed 900 µm, few grains ~100 

µm. 

Modal Composition (% volumetric) – visual estimation 

75% translucent minerals  

 73% quartz 

 2% Mica 

15% Opaque minerals 

 14% Sphalerite 

 3% Pyrite  

 <1% Pyrrhotite 

  <1% Chalcopyrite 

Petrogenetic Interpretation 

This rock is a quartzite. Quartz grains shows clear evidence of metamorphism and deformation: sub grains with 

partial dynamic recrystallization in grain boarders in finer grains in core and mantle microstructure, suturated 

contact between grains, undulose extinction and internal fractures.  

 

Thin section DBH1632e538m 

 

Microstructures 

Grano-lepidobalstic, mostly equigranular, grain sizes vary from fine to very fine mainly, quartz and biotite are the 

main components in the matrix, quartz grains can be coarser around 3 mm (medium size), pyrite grains also reach 

1 mm size. Quartz and biotite show a preferential direction of orientation as well as the sulfides. There is a 

layer/band of coarser quartz and pyrite grains in the middle of the thin section (bedding? Vein?). 
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Figure 9.30: Automated optical microscope images of the sample DBH1632e538m. Left-side transmitted light and parallel 

nicols; (b) transmitted light and crossed nicols. These images allow to visualize the gangue minerals and opaque minerals 

proportions and distribution in an overall view. Scale bar in white at the righthand bottom side of the images are of 5000 µm. 

It is possible to observe the grains equigranularity pf the grains with this coarse band of quartz and opaques in the center of the 

image. 

 

Mineralogy 

Qz > Bt > Ms > Mc > Zr 

Quartz 

Granoblastic texture, colorless, low relief, low birefringence, interference colors are grey and white, anhedral 

grains, uniaxial (+) very blurb interference figures, sutured contact between grains and some are sharp indicating 

a certain level of recrystallization, undulose extinction, internal fractures in several grains. Mostly equigranular 

and fine, layer/band of coarser quartz grains occurs in the middle of the thin section slightly oblique to the biotite 

direction, mainly grains ~100 μm. 

Microcline 

Microcline appears granoblastic, colorless, low relief, mesh twin pattern, tartan twinning or cross-hatched 

twinning, very blurb and unclear interference figures not possible to visualize, altered mineral surfaces. Scarce 

occurrence of this mineral in the thin section. 

Biotite 

Tabular habit, lepidoblastic texture, strongly pleochroic (shades of brown to pale brown), typical (001) cleavage, 

moderate relief, moderate birefringence, bird’s eye maple extinction, extinction angle 0°. Some grains shows 

anomalous interference color. Biotite lamellar plates exhibit preferential planar orientation. Inclusions of zircons 

with pleochroic halos. Inequigranular, very fine <50 μm to fine 300 μm. 

Muscovite 

Lepidoblastic texture, colorless, tabular habitus, moderate relief, one direction cleavage, incomplete extinction 

(bird’s eye structure), moderate birefringence. Weak pleochroism in yellowish to fade brown. Grain size ~300µm 

or finer 

Sericite 

Very fine mica. Secondary mineral product of alteration process, sericitization of mica and feldspar. 

Zircon 

Zircons found included in mica showing pleochroic halos. They are observed with its high relief in small prismatic 

crystals, lived colors of interference, parallel extinction.  
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Figure 9.31: Preferential direction of mineral orientation. Coarser 

quartz and opaque grains concentrated in the center of the sample. 

Saturated contact between quartz grains. 

 

Figure 9.32: Biotite, recrystillized quartz and microcline with tartan 

twinning. 

 

Opaque Minerals 

Opaque minerals occurrence are sulfides, in the following order of abundance: Py > Po > Sp > Chp. No gold was 

observed in the thin section. 

 

 

Figure 9.33: Automated optical microscope images of the sample DBH1632e538m. Left-side reflected light and parallel nicols; 

(b) reflected light and crossed nicols. These images allow to visualize the disseminated opaque minerals and their relation to 

the gangue in an overall view. Scale bar in white at the bottom of the images are of 5000 µm. 

Pyrite 

Most abundant opaque mineral in this thin section. 

Few grains are Euhedral to subhedral, most grains are subhedral to anhedral, white color, high reflectance, no 

bireflectance, isotropic, disseminated, inequigranular < 20 μm till 1 mm grains. Some grains are fractured. Some 

grains are porphyroblast. 

Pyrrhotite 

Reflection color in tints of brown, weak pleochroism, diagnostic anisotropy in fade brown to pinkish brown, 

anhedral grains. It is associated to pyrite, chalcopyrite and sphalerite. Grain size ranges from 400 μm grain to < 

100 μm. 

Sphalerite 

Isotropic, grey color, low reflectance, reddish-brown internal reflection, anhedral, inequigranular, chalcopyrite 

disease texture. Occur among gangue minerals, associated to chalcopyrite mainly and also pyrite and pyrrhotite. 

Grain sizes from1.5 mm to 500µm. Limited occurrence in this thin section. 
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Chalcopyrite 

Brass yellow color, high reflectance, weak birreflectance, anhedral, fine grained, few grains dispersed in the 

matrix, most of them attached to pyrite and pyrrhotite, occurring in contact to pyrite and sphalerite, filling pyrite 

fractures. Few grains ~500 µm, mostly ~300-100 µm. 

 

 

Figure 9.34: Chalcopyrite and pyrrhotite. 

 

Figure 9.35: Euhedral pyrite, associated to pyrrothite and 

chalcopyrite. 

 

Modal Composition (% volumetric) – visual estimation 

95% Translucent minerals  

 80% Quartz 

 14% Mica (biotite, muscovite and  

  sericite) 

 1% others 

5% Opaque minerals 

 3% Pyrite 

 1% Pyrrhotite 

 1% chalcopyrite and sphalerite 

 

Petrogenetic Interpretation 

Grains showing a preferred orientation direction infer an incipient deformation, quartz grain texture also support 

it. There is a small veinlet of chalcopyrite crosscutting this main mineral direction. The rock was classified as a 

quartzite. Some grains are fractured, indicating a brittle reaction to the deformation. 

 

Thin section LPB1634-692.4 

Microstructures 

Grano-lepidoblastic, inequigranular, quartz and biotite are the main minerals in the thin section. Minerals occurs 

in the following abundance Qz > Bt > Ms > Ser > Chl > Zr. 
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Figure 9.36: Automated optical microscope images of the sample LPB1634-692-4. Left-side transmitted light and parallel 

nicols; (b) transmitted light and crossed nicols. These images allow to visualize the gangue minerals and opaque minerals 

proportions and distribution in an overall view. Scale bar in white at the righthand bottom side of the images are of 5000 µm. 

 

Mineralogy 

Qz > Bt > Ms > Ser > Chl > Zr 

Quartz 

Quartz is the main mineral of the thin section, it appears as granoblastic crystals, colorless, low relief, low 

birefringence, uniaxial (+), interference colors are grey and white, inequigranular seriated, anhedral, 

undulose/undulatory extinction, sub grains formation, partial dynamic recrystallization is observed, core and 

mantle microstructure, contact between grains mainly sutured, grains shows a preferential direction of orientation. 

This are evidences of deformation and metamorphism. Quartz grains in varied sizes, inequigranular, mainly <1 

mm, some grains are greater than 1 mm down to 100 μm and even finer. 

Biotite 

Biotite is the second most abundant mineral in this thin section. It is observed in tabular lepidoblastic crystals, 

pleochroic (shades of brown to pale brawn), typical (001) cleavage, moderate relief, moderate birefringence, bird’s 

eye maple extinction, extinction angle 0°. Biotite lamellar plates exhibit preferential planar orientation and are 

commonly folded specially when next to opaque minerals. Inclusions of zircons in biotite are quite common 

creating a pleochroic halos around small zircon grains. Biotite is inequigranular, grains can be up to 1000 μm, 

down to 100 μm. Its occurrence is concentrated in portions of the thin section, and it seems to be controlled by a 

shearing. 

Muscovite 

Muscovite occurs as colorless grains, tabular/lamellar habitus, lepidoblastic texture, moderate relief, one direction 

cleavage, incomplete extinction (bird’s eye structure), moderate birefringence. Grain sizes can be over 1000 μm, 

mainly bellow that size. 

Sericite 

Very fine mica. Secondary mineral product of alteration process, sericitization of mica minerals, occurring in 

between biotite grains. 

Chlorite 

Colorless, lamellar, first order interference colors in pale yellow to pale brownish and gray, l(-) elongation sign 

negative, probably Mg-chlorite and occurring locally, incipient alteration of biotite.  

Zircons 

Zircons are observed as prismatic small crystals, lived color of interference, parallel extinction, high relief, 

pleochroic halo when included in biotite.  
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Figure 9.37: Quartz with core mantle texture. 

 

Figure 9.38: Biotite, sericite and quartz. 

 

Figure 9.39: Sigmoidal shape of biotite and quartz in the center of 

the image. 

 

Figure 9.40: Bent biotite among sphalerite. 

Opaque Minerals 

Sulfides are the opaque minerals in the thin section, gold was not observed. Order of occurrence observed: Cp > 

Sp > Po > Gn > Py > Cub. Sulfides occurs in irregular shapes, inequigranular, frequently intergrowing with each 

other, inclusions are frequent in other sulfides or in quartz and biotite, also filling quartz fractures or in the contact 

between quartz and mica minerals. Fragmented sulfides among mica minerals (cataclistic microstructure in 

schistosity).  

 

 

Figure 9.41: Automated optical microscope images of the sample LPB1634-692-4. Left-side reflected light and parallel nicols; 

(b) reflected light and crossed nicols. These images allow to visualize the disseminated opaque minerals and their relation to 

the gangue in an overall view. Scale bar in white at the bottom of the images are of 5000 µm. 
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Chalcopyrite 

Most abundant opaque mineral in this thin section. Color yellow, high reflectance, metallic luster, anhedral, very 

weak anisotropy to non-observable, weak birreflectance. Occurs associated to galena, pyrite, pyrrhotite and 

sphalerite. It is inequigranular, grains > 3000 μm to very fine < 100 μm. The largest grains are observed as an 

irregular mass in contact with other sulfides, the smaller ones also appears disseminated in the quartz and mica 

matrix. Occurs attached, bordering or included in other sulfides (sphalerite, galena and pyrrhotite) and also as 

chalcopyrite disease (crystallographically controlled by sphalerite).  

Sphalerite 

Second most abundant opaque mineral in this thin section. Reflection color is medium grey, isotropic, low 

reflectance, reddish internal reflections are diagnostic, anhedral, commonly with chalcopyrite disease texture. It is 

observed in irregular anhedral masses with other sulfides. Brownish tints when observed in plane polarized 

transmitted light. Varied grain sizes > 3000 μm to < 100 μm. 

Pyrrhotite 

Third opaque mineral in abundance of this thin section. Reflection color is creamy to pinkish, weak pleochroism, 

diagnostic moderate anisotropy in dark to pale creamy color, anhedral grains, commonly in irregular masses 

molded to, or included in, other sulfides. Occurs in association, direct contact, to chalcopyrite and sphalerite. 

Grains sizes can be >1000 μm. 

Galena 

Reflection color is grey to whitish, moderately high reflectance, isotropic, anhedral, positive relief, presence of 

triangular pits, poor polishing. Associated with chalcopyrite (molded), sphalerite (molded or included), forming a 

ground irregular mass of sulfides. Galena also appears together along with other sulfides in irregular mass, in 

contact to sphalerite, galena, the range of grain size is from > 400 μm to < 100 μm, most of the grains are around 

100 μm. 

Pyrite 

Reflection color varies from white to creamish, high reflectance, grains are subhedral to anhedral, isotropic, 

occurring in contact with chalcopyrite, sphalerite, galena.  Fine grains > 50 μm are common, few grains are over 

>100 μm 

Cubanite 

Creamy grey to yellowish brown, it is observed as elongated tabular crystals in chalcopyrite as exsolution lamellae. 

Moderate to high reflectance, anisotropism and bireflectance. It occurs in the largest grains of chalcopyrite; in the 

smaller ones it was not observed. 

Gold minerals 

Grains ranging from a few micrometers up around 30 µm. Associated to pyrrhotite, chalcopyrite, fluorite, biotite 

and quartz. 



 

Barbosa, L. H. C., 2021 Analysis of the gold mineralization in the metamorphosed Lappberget Deposit... 

100 

 

Figure 9.42: Electrum grains associated to pyrrhotite, chalcopyrite 

and gangue minerals. 

 

Figure 9.43: Chalcopyrite, cubanite, galena and sphalerite. 

 

Modal Composition (% volumetric) – visual estimation 

80% Translucent minerals  

55% Quart 

13% Biotite 

8% Muscovite 

4% Sericite 

<1% Chlorite 

<1% Zircon 

20% opaque minerals  

12% Chalcopyrite 

5% Sphalerite 

1.5% Pyrrhotite 

1% Galena 

<1% Pyrite 

  <<1% Cubanite 

 

Petrogenetic Interpretation 

The thin section shows a sigmoid geometry occupying almost the whole are of the thin section, the quartz mineral 

in the sigmoid core are recrystallized, biotite boarders the sigmoid and also weaving around quartz minerals, 

meaning that the quartz minerals could be pre kinematic to the deformation that generated those micas. Opaque 

mineral accumulates in the strain shadow and biotite in the opposite region of the strain shadow. The sigmoid 

shape also repeats in the single mineral scale. This thin section might be perpendicular/sub perpendicular to the 

axis of a sharing structure. Biotite minerals are folded, inferring that its formation was previous to the deformation 

that affected it. The rock is a micaceous quartzite. 
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Appendix II – Splitting and sieving of the processing samples 

General work plan for processing sample preparation and the particle size distribution 

calculation for each of the three Knelson Concentrator’s streams. 

General workflow 
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Particle size distribution data from sieving 

 

 
 FEED          

 
Sub-sample B2.2          

PS range for 
epoxy 
sections 

Sieve size 
classes µm 

Weight (g) 
Weight 
(%) 

Cum. 
Retained 
(g) 

Cum. 
Retained 
(%) 

Cum. 
Passing 
(g) 

Cum. 
Passing 
(%) 

  d80  

1 

1190 0.4 0.18 0.4 0.18 222.6 99.82   linear 156.34 
 

841 0.5 0.22 0.9 0.40 222.1 99.60   forecast 156.34 
 

595 1.1 0.49 2.0 0.90 221.0 99.10   log 203.464 
 

425 2.3 1.03 4.3 1.93 218.7 98.07   f 0.12 8.58 

300 6.3 2.83 10.6 4.75 212.4 95.25   a 1.39 8.58 

2 

212 10.5 4.71 21.1 9.46 201.9 90.54   b 10.54   

149 26.6 11.93 47.7 21.39 175.3 78.61    
  

106 34.3 15.38 82.0 36.77 141.0 63.23    
  

3 

75 34.6 15.52 116.6 52.29 106.4 47.71    
  

53 23.4 10.49 140.0 62.78 83.0 37.22    
  

38 18.5 8.30 158.5 71.08 64.5 28.92    
  

4 <38 64.5 28.92 223.0 100.00 0.0 0.00    
  

 
Material in 225.46 100.00         

 
∑ material out 223.0        

  

 Loss 2.5        
  

 

 
 TAILINGS       

   

 
Sub-sample B1.1       

   

PS range for 
epoxy 
sections 

Sieve size 
classes µm 

Weight (g) 
Weight 
(%) 

Cum. 
Retained 
(g) 

Cum. 
Retained 
(%) 

Cum. 
Passing 
(g) 

Cum. 
Passing 
(%) 

  d80  

1 

1190 0.4 0.17 0.4 0.17 239.9 99.83   linear 177.82 
 

841 0.6 0.25 1.0 0.42 239.3 99.58   forecast 177.82 
 

595 1.3 0.54 2.3 0.96 238.0 99.04   log 127.509 
 

425 13.1 5.45 15.4 6.41 224.9 93.59   f 0.46 2.19 

300 5.5 2.29 20.9 8.70 219.4 91.30   a 5.63 2.19 

2 

212 11.1 4.62 32.0 13.32 208.3 86.68   b 6.68   

149 29.6 12.32 61.6 25.63 178.7 74.37      

106 41.9 17.44 103.5 43.07 136.8 56.93      

3 

75 33.6 13.98 137.1 57.05 103.2 42.95      

53 23.6 9.82 160.7 66.87 79.6 33.13      

38 16.6 6.91 177.3 73.78 63.0 26.22      

4 <38 63.0 26.22 240.3 100.00 0.0 0.00      

 
Material in 244.3 100.00         

 
∑ material out 240.3       

   

 Loss 4.0       
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 CONCENTRATE       

   

 
Sub-sample B1.1       

   

PS range 
for epoxy 
sections 

Sieve size 
classes µm 

Weight (g) 
Weight 
(%) 

Cum. 
Retained 
(g) 

Cum. 
Retained 
(%) 

Cum. 
Passing 
(g) 

Cum. 
Passing 
(%) 

  d80  

1 

1190 8.3 4.30 8.3 4.30 184.7 95.70   linear 477.40 
 

841 8.2 4.25 16.5 8.55 176.5 91.45   forecast 477.40 
 

595 12 6.22 28.5 14.77 164.5 85.23   log 536.3861 
 

425 14.6 7.56 43.1 22.33 149.9 77.67   f 0.31 3.24 

300 16.3 8.45 59.4 30.78 133.6 69.22   a 2.33 3.24 

2 

212 15.8 8.19 75.2 38.96 117.8 61.04   b 5.23   

149 20.2 10.47 95.4 49.43 97.6 50.57      

106 22.4 11.61 117.8 61.04 75.2 38.96      

3 

75 21.6 11.19 139.4 72.23 53.6 27.77      

53 19.8 10.26 159.2 82.49 33.8 17.51      

38 11.7 6.06 170.9 88.55 22.1 11.45      

4 <38 22.1 11.45 193.0 100.00 0.0 0.00     

 
Material in 192.4 100.00         

 
∑ material out 193.0       

   

 Loss -0.6       
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Appendix III – EPMA analysis recipe 

EPMA recipe for each mineral used for the analysis at AGH University of Science and 

Technology in Poland. 

Chalcopyrite, Cubanite 

20kV, 20 nA 
Beam:  1 µm 

Element X-Ray Crystal Peak [s] Background [s] Standard 

Ag Lα PETL 20 10 Ag 

S Kα PETL 20 10 chalcopyrite 

Cu Kα LIFH 20 10 Chalcopyrite 

Fe Kα LIFH 20 10 pyrite 

Zn Kα LIFH 20 10 Sphalerite 

Au Mα PETL 20 10 Native Gold 

Mn Kα LIFL 20 10 alabandite 

Galena 

20kV, 20 nA 
Beam:  1 µm 

Element X-Ray Crystal Peak [s] Background [s] Standard 

Ag Lα PETH 20 10 Ag 

S Kα PETL 20 10 chalcopyrite 

Bi Mα PETH 20 10 Bismuthynite 

Te Lα PETL 20 10 Sb2Te3 

Sb Lα PETL 20 10 Sb2Se3 

Se Lα TAPH 20 10 Sb2Se3 

Pb Mα PETL 20 10 Galena 

Hg Mα PETH 20 10 HgS 

Gudmundite 

20kV, 15 nA 

Beam:  1 µm 

Element X-Ray Crystal Peak [s] Background [s] Standard 

S Kα PETL 20 10 chalcopyrite 

Fe Kα LIFH 20 10 Pyrite 

Ni Kα LIFH 20 10 Ni 

Sb Lα PETL 20 10 Sb2Se3 

As Lα TAPH 20 10 GaAs 

Zn Kα LIFH 20 10 ZnS 

Cu Kα LIFH 20 10 Chalcopyrite 

Mn Kα LIFH 20 10 Alabandite 

Cd Lα PETL 20 10 CdS 

Pb Mα PETL 20 10 Galena 

Ag Lα PETL 20 10 Ag 

Sn Lα PETL 20 10 SnS 

Pyrite, pyrrhotite 

20kV, 20 nA 

Beam:  1 µm 

Element X-ray Crystal Peak [s] Background [s] Standard 

Ag Lα PETL 20 10 Ag 

S Kα PETL 20 10 pyrite 

Cu Kα LIFH 20 10 Chalcopyrite 

Fe Kα LIFH 20 10 pyrite 

Co Kα LIFH 20 10 Co 

Ni Kα LIFH 20 10 Ni 

As Lα TAPH 20 10 GaAs 

Au Mα PETL 20 10 Au 

Mn Kα LIFL 20 10 Alabandite 
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Sphalerite 

20kV, 20 nA 

Beam:  <1 µm 

Element X-ray Crystal Peak [s] Background [s] Standard 

Ag Lα PETL 20 10 Ag 

S Kα PETL 20 10 pyrite 

Cu Kα LIFL 20 10 Chalcopyrite 

Fe Kα LIFH 20 10 pyrite 

Zn Kα LIFH 20 10 sphalerite 

Cd Lα PETL 20 10 CdS 

In Lα PETL 40 20 In2Se3 

Mn Kα LIFH 20 10 alabandite 

Ge Lα TAPH 40 20 GeS 

Au  

20kV, 15 nA 

Beam:  <1 µm 

Element X-ray Crystal Peak [s] Background [s] Standard 

Ag Lα PETH 20 10 Ag 

S Kα PETJ 20 10 pyrite 

Cu Kα LIFH 20 10 Chalcopyrite 

Au Mα PETH 20 10 Au 

Bi Mα PETH 20 10 Bismuthynite 

Te Lα PETL 20 10 Sb2Te3 

Hg Mα PETL 20 10 HgS 

Sb Lα PETL 20 10 Sb2Se3 

Se Lα TAPH 20 10 Sb2Se3 

As Lα TAPH 20 10 GaAs 
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Appendix IV – EPMA raw data 

Results obtained from AGH University, raw results data with the elements analyzed and their contents in weight per centage per mineral. 

Galena  Weight percent Electron microprobe spot analyses for sulfides         

                   

Hole ID Depth Mineral Point label Point Ag (%) Bi (%) Te (%) Hg (%) Sb (%) S (%) Se (%) Pb (%) Total Chemical formula 

GARPN1634 692.40 Galena LPP6_A1_p1 1 0 0.522 0.008 0 0 13.39 0 87.719 101.639 Pb 0.42 S 0.42 

GARPN1634 692.40 Galena LPP6_E2_p1 2 0 0.516 0.052 0.025 0.005 13.132 0 86.579 100.309 Pb 0.42 S 0.41 

GARPN1634 692.40 Galena LPP6_E2_p3 3 0 0.784 0.046 0 0 13.276 0 86.574 100.68 Pb 0.42 S 0.41 

GARPN1634 692.40 Galena LPP6_F_p2 4 0 0.516 0.021 0 0.11 13.221 0 86.864 100.732 Pb 0.42 S 0.41 

GARPN2561 229.10 Galena LPP2_A7_p3  1 0.046 0.306 0.032 0 0 13.66 0 83.352 97.396 Pb 0.40 S 0.43 

GARPN2561 229.10 Galena LPP2_B_p2  2 0 0 0.013 0 0.074 13.627 0 84.721 98.435 Pb 0.41 S 0.42 

GARPN2561 229.10 Galena LPP2_D1_p3  3 0 0 0.03 0 0.02 13.565 0 86.958 100.573 Pb 0.42 S 0.42 

GARPN2561 229.10 Galena LPP2_D2_p3  4 0 0.315 0.023 0 0 13.383 0 86.388 100.109 Pb 0.42 S 0.42 

GARPN2561 229.10 Galena LPP2_E1_p3  5 0 0 0.058 0 0.027 13.255 0 88.142 101.482 Pb 0.43 S 0.41 

GARPN2561 229.10 Galena LPP2_E4_p1  6 0 0 0.007 0 0 13.667 0 87.053 100.727 Pb 0.42 S 0.43 

GARPN2561 256.05 Galena LPP1_A5_p4 1 0 0 0.029 0 0.072 14.032 0 87.266 101.399 Pb 0.42 S 0.44 

GARPN2561 256.05 Galena LPP1_B3-1-2_p8 2 0 0.195 0 0 0 13.409 0 84.696 98.3 Pb 0.41 S 0.42 

GARPN2561 256.05 Galena LPP1_B5.3_p8 3 0.097 0 0 0 0.001 13.75 0 86.135 99.983 Pb 0.42 S 0.43 

GARPN2561 256.05 Galena LPP1_B5.6_p9 4 0.047 0 0.027 0 0.059 13.426 0.021 86.648 100.228 Pb 0.42 S 0.42 

GARPN2561 256.05 Galena LPP1_C_p2 5 0.011 0 0.024 0 0.079 13.389 0 86.438 99.941 Pb 0.42 S 0.42 

GARPN2561 256.05 Galena LPP1_C_p3 6 0 0 0.018 0 0.081 13.742 0 86.45 100.291 Pb 0.42 S 0.43 

GARPN2561 256.05 Galena LPP1_D_p1 7 0 0 0.039 0 0.092 13.616 0 86.823 100.57 Pb 0.42 S 0.42 

GARPN2658 279.50 Galena LPP3_F_p1 1 0 0.791 0.036 0 0.062 13.372 0 87.101 101.362 Pb 0.42 S 0.42 

GARPN2658 279.50 Galena LPP3_J_p1 2 0 0.547 0.03 0.022 0.078 13.364 0 87.339 101.38 Pb 0.42 S 0.42 

GARPN2658 279.50 Galena LPP3_K_p1 3 0 0.882 0.024 0.016 0.121 13.341 0 86.728 101.112 Pb 0.42 S 0.42 

 

Gudmandite  Weight percent Electron microprobe spot analyses for sulfides          
                     

Hole ID Depth Mineral Analysis Group  Point Ag (%) Cu (%) Sb (%) S (%) As (%) Mn (%) Fe (%) Ni (%) Zn (%) Cd (%) Sn (%) Pb (%) Total Point label 

GARPN1634 692.40 Gudmandite Gudmandite 1 0.032 0 58.636 15.52 0 0.003 27.167 0.01 0.027 0.07 0.23 0.035 101.73 LPP6_E1_p1 

GARPN1634 692.40 Gudmandite Gudmandite 2 0.003 0 58.473 15.274 0 0.012 27.305 0.007 0 0.051 0.256 0.114 101.495 LPP6_E1_p2 
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Sphalerite  Weight percent Electron microprobe spot analyses for sulfides           

                           

Hole ID Depth Mineral Point label Point Cu (%) S (%) Mn (%) Fe (%) Zn (%) Cd (%) In(%) Ge(%) Total Chemical Formula 

GARPN1632 538 Sphalerite LPP5_E_p1 1 0 33.434 0.543 7.854 57.632 0.238 0 0 99.701 Zn 0.88 Fe 0.14 S 1.04 

GARPN1632 538 Sphalerite LPP5_I_p1 2 0.135 33.401 0.444 7.564 57.901 0.226 0 0 99.671 Zn 0.89 Fe 0.14 S 1.04 

GARPN1634 692.40 Sphalerite LPP6_A1_p2 1 0 33.514 0.234 6.924 58.407 0.265 0 0 99.344 Zn 0.89 Fe 0.12 S 1.05 

GARPN1634 692.40 Sphalerite LPP6_B_p3 2 0 33.217 0.224 6.99 58.973 0.243 0 0 99.647 Zn 0.90 Fe 0.13 S 1.04 

GARPN1634 692.40 Sphalerite LPP6_E2_p2 3 0.004 33.083 0.232 6.884 59.539 0.217 0 0.012 99.971 Zn 0.91 Fe 0.12 S 1.03 

GARPN2561 229.10 Sphalerite LPP2_F_p2  1 0.836 33.02 0.04 6.706 58.096 0.28 0 0 98.978 Zn 0.89 Fe 0.12 S 1.03 

GARPN2561 229.10 Sphalerite LPP2_G_p2  2 0.118 33.117 0.079 6.628 58.319 0.29 0 0.045 98.596 Zn 0.89 Fe 0.12 S 1.03 

GARPN2561 229.10 Sphalerite LPP2_H_p1  3 0.064 34.094 0.075 6.158 58.929 0.245 0 0 99.565 Zn 0.90 Fe 0.11 S 1.06 

GARPN2561 229.10 Sphalerite LPP2_I_p3  4 0.092 33.213 0.109 8.077 57.227 0.391 0 0.044 99.153 Zn 0.88 Fe 0.14 S 1.04 

GARPN2561 229.10 Sphalerite LPP2_J_p10  5 0.144 33.736 0.118 6.178 59.104 0.275 0 0 99.555 Zn 0.90 Fe 0.11 S 1.05 

GARPN2561 256.05 Sphalerite LPP1_B3-1_p4 1 0.741 33.196 0.037 4.447 59.286 0.405 0 0.019 98.131 Zn 0.91 Fe 0.08 S 1.04 

GARPN2561 256.05 Sphalerite LPP1_B5-1_p11 2 0.101 33.967 0.06 4.057 60.308 0.351 0 0.022 98.866 Zn 0.92 Fe 0.07 S 1.06 

GARPN2561 256.05 Sphalerite LPP1_B5-3a_p8 3 0.057 34.948 0.09 3.965 59.867 0.383 0 0 99.31 Zn 0.92 Fe 0.07 S 1.09 

GARPN2561 256.05 Sphalerite LPP1_B5-3.1_p7 4 0.015 34.061 0.057 4.669 59.855 0.368 0 0 99.025 Zn 0.92 Fe 0.08 S 1.06 

GARPN2561 256.05 Sphalerite LPP2_A2-2_p2 5 0 33.056 0.062 5.061 60.362 0.315 0 0 98.856 Zn 0.92 Fe 0.09 S 1.03 

GARPN2561 256.05 Sphalerite LPP1_B5-4_p2 6 0.222 34.129 0.049 4.3 61.05 0.379 0 0 100.129 Zn 0.93 Fe 0.08 S 1.06 

GARPN2561 256.05 Sphalerite LPP1_C_p4 7 0.006 34.274 0.057 3.528 61.764 0.298 0 0.011 99.938 Zn 0.94 Fe 0.06 S 1.07 

GARPN2561 256.05 Sphalerite LPP1_D_p5 8 0.042 34.028 0.067 6.096 58.812 0.342 0 0 99.387 Zn 0.90 Fe 0.11 S 1.06 

GARPN2561 256.05 Sphalerite LPP2_A4_p2 9 0 33.109 0.082 4.611 61.252 0.297 0 0 99.351 Zn 0.94 Fe 0.08 S 1.03 

GARPN2561 256.05 Sphalerite LPP1_B5-4_p2 10 0.221 32.836 0.049 4.289 60.973 0.378 0 0 98.746 Zn 0.93 Fe 0.08 S 1.02 

GARPN2561 256.05 Sphalerite LPP1_C_p4 11 0.006 32.976 0.057 3.519 61.686 0.297 0 0.011 98.552 Zn 0.94 Fe 0.06 S 1.03 

GARPN2561 256.05 Sphalerite LPP1_D_p5 12 0.042 32.738 0.067 6.081 58.739 0.341 0 0 98.008 Zn 0.90 Fe 0.11 S 1.02 

GARPN2561 256.05 Sphalerite LPP2_A4_p2 13 0 31.853 0.082 4.599 61.175 0.296 0 0 98.005 Zn 0.94 Fe 0.08 S 0.99 

GARPN2658 279.50 Sphalerite LPP3_E_p1 1 0 33.37 0.257 7.269 58.945 0.21 0 0 100.051 Zn 0.90 Fe 0.13 S 1.04 

GARPN2658 279.50 Sphalerite LPP3_H_p1 2 0 33.082 0.239 6.062 59.267 0.244 0 0 98.894 Zn 0.91 Fe 0.11 S 1.03 

GARPN2658 279.50 Sphalerite LPP3_I_p1 3 0 33.278 0.224 7.3 58.85 0.211 0 0 99.863 Zn 0.90 Fe 0.13 S 1.04 

GARPN3370 285.70 Sphalerite LPP4_E_p1 1 0 33.397 0.298 8.674 56.712 0.228 0 0 99.309 Zn 0.87 Fe 0.16 S 1.04 

GARPN3370 285.70 Sphalerite LPP4_F_p1 2 0 33.25 0.298 8.53 57.374 0.225 0 0 99.677 Zn 0.88 Fe 0.15 S 1.04 
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Au minerals  Weight percent Electron microprobe spot analyses for sulfides        

Hole ID Depth Mineral Analysis Group  Point Au (%) Ag (%) Bi (%) Cu (%) Te (%) Hg (%) Sb (%) S (%) As (%) Se (%) Total Point label 

GARPN1634 692.40 AgAu alloy Gold mineral 1 25.278 71.417 0 0.029 0.078 0.256 2.079 0.497 0 0 99.634 LPP6_E3_p1 

GARPN1634 692.40 AgAu alloy Gold mineral 2 28.096 68.452 0 0.042 0.055 0.252 1.702 0.3 0 0 98.899 LPP6_E3_p3 

GARPN1634 692.40 AgAu alloy Gold mineral 3 25.271 70.243 0 0.16 0.673 0.298 2.26 0.753 0 0 99.658 LPP6_E3_p4 

GARPN1634 692.40 AgAu alloy Gold mineral 4 27.396 70.295 0 0.015 0.088 0.193 1.729 0.302 0 0 100.018 LPP6_E3_p8 

GARPN1634 692.40 AgAu alloy Gold mineral 5 25.486 71.945 0 0.082 0.111 0.376 1.858 0.426 0 0 100.284 LPP6_E3_p9 

GARPN1634 692.40 AgAu alloy Gold mineral 6 21.293 74.161 0 0.172 0.11 0.254 1.772 3.213 0 0.076 101.051 LPP6_E3_p10 

GARPN1634 692.40 AuAg alloy Gold mineral 7 52.616 44.72 0 0 0.029 0.203 0.642 0.342 0 0 98.552 LPP6_E3_p12 

GARPN1634 692.40 AgAu alloy Gold mineral 8 21.778 75.269 0 0.171 0.101 0.332 2.599 0.672 0 0 100.922 LPP6_E3_p16 

GARPN1634 692.40 AgAu alloy Gold mineral 9 23.465 71.401 0 0.215 0.054 0.297 2.232 2.703 0 0 100.367 LPP6_E3_p17 

GARPN1634 692.40 AgAu alloy Gold mineral 10 43.999 56.971 0 0 0.041 0.119 0.314 0.257 0 0 101.701 LPP6_E3_p20 

GARPN1634 692.40 AuAg alloy Gold mineral 11 53.618 44.14 0 0 0.002 0.091 0 0.22 0.081 0 98.152 LPP6_E3_p21 

GARPN1634 692.40 AuAg alloy Gold mineral 12 66.708 32.951 0 0 0.244 0.046 0 0.039 0 0 99.988 LPP6_E3_p22 

GARPN1634 692.40 AgAu alloy Gold mineral 13 22.804 73.741 0 0 0.686 0.275 2.04 0.406 0 0 99.952 LPP6_E3_p25 

GARPN2561 229.10 AuBi alloy Gold mineral 1 61.174 0.111 38.876 0 0.032 0.07 0.089 0.057 0 0 100.409 LPP2_A2-1_p1  

GARPN2561 229.10 AuBi alloy Gold mineral 2 61.918 0.137 39.035 0.005 0.019 0 0 0.235 0 0 101.349 LPP2_A2-2_p1  

GARPN2561 229.10 AuBi alloy Gold mineral 3 59.872 0.122 37.247 0 0.043 0.017 0.051 0.08 0 0 97.432 LPP2_A2-3_p1  

GARPN2561 229.10 AuBi alloy Gold mineral 4 59.139 0.062 36.788 0 0.361 0.072 0.062 0.131 0 0 96.615 LPP2_A2-3_p2  

GARPN2561 229.10 AuBi alloy Gold mineral 5 61.88 0.07 36.807 0 0.073 0 0.141 0.195 0 0 99.166 LPP2_A2-3_p3  

GARPN2561 229.10 AuBi alloy Gold mineral 6 62.274 0 35.62 0 0.04 0.049 0 0.062 0 0 98.045 LPP2_A3_p1  

GARPN2561 229.10 AuBi alloy Gold mineral 7 63.264 0.179 36.407 0 0.363 0 0.049 0.043 0 0 100.305 LPP2_A3_p2  

GARPN2561 229.10 AuBi alloy Gold mineral 8 61.705 0 37.17 0 0.036 0.012 0.032 0.078 0 0 99.033 LPP2_A4_p1  

GARPN2561 229.10 AuBi alloy Gold mineral 9 63.468 0.006 35.927 0 0.331 0 0.085 0.133 0 0 99.950 LPP2_A4_p3  

GARPN2561 229.10 AuBi alloy Gold mineral 10 62.909 0.031 35.429 0 0.358 0.112 0.066 0.129 0 0 99.034 LPP2_A4_p4  

GARPN2561 229.10 AuBi alloy Gold mineral 11 63.069 0.065 35.872 0 0.3 0.073 0.198 0.123 0 0 99.700 LPP2_A4_p5  

GARPN2561 229.10 AuBi alloy Gold mineral 12 63.081 0.18 35.673 0 0.349 0.093 0.228 0.076 0 0.008 99.688 LPP2_A4_p6  

GARPN2561 229.10 AuBi alloy Gold mineral 13 63.473 0.028 35.283 0 0.032 0.051 0.169 0.074 0 0 99.110 LPP2_A4_p7  

GARPN2561 229.10 AuBi alloy Gold mineral 14 64.199 0.012 36.106 0 0.056 0.029 0.039 0.048 0 0 100.489 LPP2_A5_p1  

GARPN2561 229.10 AuBi alloy Gold mineral 15 63.544 0.119 36.478 0 0.275 0.093 0.071 0.097 0 0 100.677 LPP2_A5_p2  
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Hole ID Depth Mineral Analysis Group  Point Au (%) Ag (%) Bi (%) Cu (%) Te (%) Hg (%) Sb (%) S (%) As (%) Se (%) Total Point label 

GARPN2561 229.10 AuAg alloy Gold mineral 16 62.275 35.156 0.087 0 0.286 0.104 0.088 0.043 0 0 98.039 LPP2_A5_p3  

GARPN2561 229.10 AuBi alloy Gold mineral 17 64.546 0.059 36.568 0 0.33 0.07 0.167 0.093 0 0.101 101.934 LPP2_A5_p4  

GARPN2561 229.10 AuAg alloy Gold mineral 18 64.614 36.356 0.062 0 0.043 0.155 0.104 0.098 0 0 101.432 LPP2_A5_p5  

GARPN2561 229.10 AuAg alloy Gold mineral 19 62.669 35.252 0 0 0.036 0.19 0.029 0.037 0 0.066 98.279 LPP2_A6_p1  

GARPN2561 229.10 AuAg alloy Gold mineral 20 63.251 35.826 0.095 0 0.051 0.205 0.016 0.024 0 0 99.468 LPP2_A6_p2  

GARPN2561 229.10 AuAg alloy Gold mineral 21 62.625 36.651 0.286 0.047 0.261 1.153 0.09 0.048 0 0 101.161 LPP2_A6_p3  

GARPN2561 229.10 AuAg alloy Gold mineral 22 62.292 36.93 0.088 0 0.056 0.204 0.076 0.036 0 0 99.682 LPP2_A6_p4  

GARPN2561 229.10 AuAg alloy Gold mineral 23 65.496 34.094 0.067 0 0.043 0.142 0.114 0.012 0 0 99.968 LPP2_A7_p2  

GARPN2561 229.10 AuAg alloy Gold mineral 24 62.054 35.02 0.116 0 0.043 0.04 0 1.062 0 0 98.335 LPP2_C1_p1  

GARPN2561 229.10 AuAg alloy Gold mineral 25 69.211 27.925 0 0 0.261 0.028 0.014 0.164 0 0 97.603 LPP2_C2_p1  

GARPN2561 229.10 AuAg alloy Gold mineral 26 58.928 37.03 0.145 0.075 0.321 0.164 0.043 0.048 0 0.042 96.796 LPP2_C3_p1  

GARPN2561 229.10 AuAg alloy Gold mineral 27 61.296 37.027 0.122 0.063 0.349 0.081 0.051 0.059 0 0 99.048 LPP2_C4_p1  

GARPN2561 229.10 AuAg alloy Gold mineral 28 62.955 37.91 0.054 0.202 0.304 0.071 0.076 0.058 0 0 101.630 LPP2_C4_p4  

GARPN2561 229.10 AuAg alloy Gold mineral 29 66.819 30.481 0 0 0.057 0 0.047 0.037 0 0 97.441 LPP2_C5_p1  

GARPN2561 229.10 AuAg alloy Gold mineral 30 78.628 18.453 0.024 0 0.03 0.057 0 0.034 0 0 97.226 LPP2_C5_p2  

GARPN2561 229.10 AuAg alloy Gold mineral 31 54.237 44.353 0.107 0 0.049 0.137 0.171 0.082 0 0 99.136 LPP2_D1_p1  

GARPN2561 229.10 AuAg alloy Gold mineral 32 57.711 40.817 0.315 0 0.348 0.149 0.218 0.111 0 0.071 99.740 LPP2_D1_p2  

GARPN2561 229.10 AuAg alloy Gold mineral 33 53.903 44.462 0.056 0 0.374 0.229 0.246 0.1 0 0.031 99.401 LPP2_D2_p1  

GARPN2561 229.10 AuAg alloy Gold mineral 34 55.956 44.169 0 0 0.372 0.063 0.245 0.077 0 0 100.882 LPP2_D2_p2  

GARPN2561 229.10 AuAg alloy Gold mineral 35 55.961 42.966 0.042 0 0.352 0.234 0.251 0.084 0.019 0 99.909 LPP2_D2_p6  

GARPN2561 229.10 AuAg alloy Gold mineral 36 58.792 39.27 0.113 0 0.028 0.111 0.203 0.073 0 0 98.590 LPP2_D3_p1  

GARPN2561 229.10 AuAg alloy Gold mineral 37 51.397 46.219 0.085 0 0.051 0.205 0.172 0.101 0 0 98.230 LPP2_D3_p2  

GARPN2561 229.10 AuAg alloy Gold mineral 38 51.603 46.506 0.012 0 0.384 0.153 0.198 0.053 0 0 98.909 LPP2_D3_p3  

GARPN2561 229.10 AuAg alloy Gold mineral 39 49.693 49.129 0.079 0 0.491 0.205 0.311 0.211 0 0 100.119 LPP2_E1_p1  

GARPN2561 229.10 AgAu alloy Gold mineral 40 43.568 54.826 0.068 0 0.038 0.22 0.994 0.091 0 0 99.805 LPP2_E1_p5  

GARPN2561 229.10 AgAu alloy Gold mineral 41 47.435 50.823 0.11 0 0.04 0.291 0.382 0.22 0 0 99.301 LPP2_E1_p9  

GARPN2561 229.10 AgAu alloy Gold mineral 42 42.947 53.643 0.112 0 0.505 0.204 0.393 2.148 0 0 99.952 LPP2_E2_p1  

GARPN2561 229.10 AuAg alloy Gold mineral 43 67.681 30.529 0.049 0 0.04 0.107 0 0.074 0 0 98.480 LPP2_E3_p1  

GARPN2561 229.10 AgAu alloy Gold mineral 44 45.524 49.253 0.103 0 0.072 0.255 0.695 0.23 0 0 96.132 LPP2_E3_p2  
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Hole ID Depth Mineral Analysis Group  Point Au (%) Ag (%) Bi (%) Cu (%) Te (%) Hg (%) Sb (%) S (%) As (%) Se (%) Total Point label 

GARPN2561 229.10 AgAu alloy Gold mineral 45 48.246 50.43 0.081 0 0.057 0.29 0.392 0.126 0 0 99.622 LPP2_E4_p2  

GARPN2561 229.10 AuAg alloy Gold mineral 46 79.209 13.988 0 0 0.019 0.143 0 0.047 0 0 93.406 LPP2_F_p3  

GARPN2561 229.10 AuAg alloy Gold mineral 47 83.478 14.705 0.08 0 0.042 0.192 0 0.076 0.06 0 98.633 LPP2_F_p4  

GARPN2561 229.10 AuAg alloy Gold mineral 48 82.056 14.984 0.082 0 0.026 0.033 0 0.07 0 0.038 97.289 LPP2_F_p7  

GARPN2561 229.10 AuAg alloy Gold mineral 49 81.59 15.357 0.118 0 0 0.056 0 0.073 0 0.107 97.301 LPP2_F_p8  

GARPN2561 229.10 AuAg alloy Gold mineral 50 85.104 16.388 0.114 0 0.036 0.074 0 0.056 0.068 0 101.840 LPP2_G_p8  

GARPN2561 229.10 AgAu alloy Gold mineral 51 41.223 56.952 0 0.123 0.525 0.185 0.535 0.102 0 0 99.645 LPP2_H_p2  

GARPN2561 229.10 AgAu alloy Gold mineral 52 43.526 57.843 0.048 0 0.092 0.092 0.875 0.11 0 0 102.586 LPP2_I_p1  

GARPN2561 229.10 AgAu alloy Gold mineral 53 43.588 52.326 0.07 0 0.065 0.308 0.847 0.227 0 0 97.431 LPP2_I_p5  

GARPN2561 229.10 AgAu alloy Gold mineral 54 45.895 49.084 0.062 0 0.054 0.394 0.627 0.159 0 0 96.275 LPP2_I_p7  

GARPN2561 229.10 AuAg alloy Gold mineral 55 49.916 49.737 0.164 0.074 0.48 0.348 0.438 0.124 0 0 101.281 LPP2_J_p2  

GARPN2561 229.10 AgAu alloy Gold mineral 56 44.565 51.323 0.013 0 0.489 0.236 0.414 0.155 0 0 97.195 LPP2_J_p4  

GARPN2561 229.10 AuAg alloy Gold mineral 57 50.694 49.392 0.119 0 0.519 0.135 0.397 0.112 0 0 101.368 LPP2_J_p6  

GARPN2561 229.10 AuAg alloy Gold mineral 58 58.506 36.498 0.177 0 0.266 0.237 0.256 0.074 0 0 96.014 LPP2_J_p8  

GARPN2561 229.10 AuAg alloy Gold mineral 59 59.002 37.119 0.046 0 0.356 0.199 0.267 0.067 0 0 97.056 LPP2_J_p9  

GARPN2561 229.10 AuAg alloy Gold mineral 60 51.767 50.179 0.044 0 0.457 0.168 0.351 0.084 0 0 103.050 LPP2_J_p11  

GARPN2561 229.10 AgAu alloy Gold mineral 61 47.35 52.591 0.045 0.113 0.061 0.288 0.551 0.095 0 0 101.094 LPP2_K_p1  

GARPN2561 229.10 AgAu alloy Gold mineral 62 45.985 51.324 0.05 0.082 0.058 0.301 0.563 0.236 0 0 98.599 LPP2_K_p3  

GARPN2561 229.10 AgAu alloy Gold mineral 63 43.733 55.584 0.073 0.007 0.5 0.259 0.534 0.071 0 0 100.761 LPP2_K_p4  

GARPN2561 229.10 AgAu alloy Gold mineral 64 47.221 51.799 0.128 0 0.481 0.281 0.632 0.123 0 0 100.665 LPP2_K_p5  

GARPN2561 229.10 AgAu alloy Gold mineral 65 47.259 51.374 0.011 0 0.456 0.201 0.622 0.24 0 0 100.163 LPP2_K_p6  

GARPN2561 229.10 AuAg alloy Gold mineral 66 61.099 37.807 0 0 0.302 0.131 0.015 0.056 0 0 99.410 LPP2_L1_p1  

GARPN2561 229.10 AuAg alloy Gold mineral 67 71.268 28.518 0.057 0 0.015 0.018 0.001 0.089 0.006 0 99.972 LPP2_L1_p2  

GARPN2561 229.10 AuAg alloy Gold mineral 68 59.984 40.425 0.057 0.56 0.041 0.084 0.143 0.06 0 0.001 101.355 LPP2_L1_p4  

GARPN2561 229.10 AuAg alloy Gold mineral 69 61.789 38.082 0.007 0.017 0.019 0.056 0.02 0.125 0 0 100.115 LPP2_L1_p5  

GARPN2561 229.10 AuAg alloy Gold mineral 70 71.98 29.345 0.015 0 0.034 0.13 0.038 0.051 0 0 101.593 LPP2_L2_p1  

GARPN2561 229.10 AuAg alloy Gold mineral 71 63.54 33.871 0.117 0 0.061 0.123 0.025 0.084 0 0 97.821 LPP2_L2_p3  

GARPN2561 229.10 AuAg alloy Gold mineral 72 60.377 38.388 0.13 0 0.042 0.19 0.163 0.208 0 0 99.498 LPP2_L3_p3  

GARPN2561 229.10 AuAg alloy Gold mineral 73 61.755 37.921 0.01 0 0.074 0.112 0.178 0.085 0 0.019 100.154 LPP2_L3_p5  

GARPN2561 229.10 AuAg alloy Gold mineral 74 57.899 38.573 0 0 0.05 0.232 0.041 0.225 0 0 97.020 LPP2_L3_p6  
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Hole ID Depth Mineral Analysis Group  Point Au (%) Ag (%) Bi (%) Cu (%) Te (%) Hg (%) Sb (%) S (%) As (%) Se (%) Total Point label 

GARPN2561 229.10 AuAg alloy Gold mineral 75 61.123 38.557 0.04 0 0.302 0.132 0.098 0.17 0 0 100.422 LPP2_L3_p7  

GARPN2561 229.10 AuAg alloy Gold mineral 76 59.8 39.811 0.099 0 0.049 0.104 0.088 0.1 0 0 100.051 LPP2_L3_p8  

GARPN2561 229.10 AuAg alloy Gold mineral 77 61.054 35.041 0.083 0 0.021 0.143 0.075 0.158 0 0 96.575 LPP2_L4_p1  

GARPN2561 229.10 AuAg alloy Gold mineral 78 60.937 38.617 0.039 0 0.307 0.092 0.068 0.088 0 0 100.148 LPP2_L4_p2  

GARPN2561 229.10 AuAg alloy Gold mineral 79 64.624 36.553 0.047 0 0.061 0.174 0.13 0.049 0 0 101.638 LPP2_L4_p4  

GARPN2561 229.10 AuAg alloy Gold mineral 80 62.251 36.571 0.076 0 0.049 0.155 0.084 0.064 0 0 99.250 LPP2_L5_p1  

GARPN2561 229.10 AuAg alloy Gold mineral 81 60.944 39.295 0.045 0 0.062 0.125 0.07 0.059 0 0 100.600 LPP2_L5_p2  

GARPN2561 229.10 AuAg alloy Gold mineral 82 59.475 37.595 0.03 0 0.046 0.095 0.104 0.085 0 0 97.430 LPP2_L5_p4  

GARPN2561 256.05 AuAg alloy Gold mineral 1 52.073 48.402 0.158 0 0.023 0.158 0.317 0.058 0 0 101.189 LPP1_A1_p7  

GARPN2561 256.05 AuAg alloy Gold mineral 2 61.867 37.192 0.057 0 0.035 0.075 0.042 0.033 0 0.017 99.318 LPP1_A1_p8  

GARPN2561 256.05 AuAg alloy Gold mineral 3 53.92 44.269 0.092 0 0.038 0.036 0.218 0.087 0 0 98.66 LPP1_A1_p9  

GARPN2561 256.05 AuAg alloy Gold mineral 4 56.399 42.387 0.021 0 0.041 0.086 0.147 0.068 0 0 99.149 LPP1_A1_p12  

GARPN2561 256.05 AuAg alloy Gold mineral 5 56.473 44.536 0.012 0.078 0.048 0 0.178 0.094 0 0 101.419 LPP1_A1-2_p14  

GARPN2561 256.05 AuAg alloy Gold mineral 6 63.054 37.462 0.066 0.992 0.038 0 0.201 0.072 0 0.039 101.924 LPP1_A4_p2  

GARPN2561 256.05 AuAg alloy Gold mineral 7 67.09 32.906 0.012 0.133 0.364 0 0 0.102 0 0 100.607 LPP1_B3-1_p5  

GARPN2561 256.05 AuAg alloy Gold mineral 8 60.276 39.986 0 0 0.037 0 0.022 0.032 0 0 100.353 LPP1_B3-1_p7  

GARPN2561 256.05 AuAg alloy Gold mineral 9 61.882 35.103 0 0 0.051 0 0.013 0.2 0 0 97.249 LPP1_B3-2_p4  

GARPN2561 256.05 AuAg alloy Gold mineral 10 62.861 35.212 0.105 0 0.358 0 0.048 0 0 0 98.584 LPP1_B3-2_p5  

GARPN2561 256.05 AuAg alloy Gold mineral 11 64.399 36.414 0.172 0.801 0.377 0 0.001 0.771 0 0.014 102.949 LPP1_B4_p5  

GARPN2561 256.05 AuAg alloy Gold mineral 12 64.735 34.279 0.024 0 0.055 0.056 0.014 0.034 0 0 99.197 LPP1_B5-1_p2  

GARPN2561 256.05 AuAg alloy Gold mineral 13 67.023 33.099 0.093 0 0.271 0 0.017 0.054 0 0.018 100.575 LPP1_B5-1_p5  

GARPN2561 256.05 AuAg alloy Gold mineral 14 63.08 35.38 0.12 0 0.343 0 0 0.007 0 0 98.93 LPP1_B5-1_p8  

GARPN2561 256.05 AuAg alloy Gold mineral 15 67.327 33.374 0.048 0 0.282 0.067 0.027 0.05 0 0 101.175 LPP1_B5-1_p10  

GARPN2561 256.05 AuAg alloy Gold mineral 16 60.077 39.018 0.138 0.697 0.038 0.014 0.094 0.026 0 0.124 100.226 LPP1_B5-2_p3  

GARPN2561 256.05 AuAg alloy Gold mineral 17 65.913 33.223 0.098 0.029 0.227 0.048 0.031 0.053 0 0 99.622 LPP1_B5-2_p4  

GARPN2561 256.05 AuAg alloy Gold mineral 18 65.605 33.237 0.07 0 0.313 0 0 0.052 0.019 0 99.296 LPP1_B5-2_p5  

GARPN2561 256.05 AuAg alloy Gold mineral 19 64.003 37.14 0.109 0 0.039 0 0.06 0.093 0 0 101.444 LPP1_B5-2_p7  

GARPN2561 256.05 AuAg alloy Gold mineral 20 61.634 37.171 0.089 0 0.056 0.042 0 0.069 0 0 99.061 LPP1_B5-2_p10  

GARPN2561 256.05 AuAg alloy Gold mineral 21 66.915 33.404 0.145 0 0.276 0 0.042 0.062 0 0.069 100.913 LPP1_B5-3_p1  
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Hole ID Depth Mineral Analysis Group  Point Au (%) Ag (%) Bi (%) Cu (%) Te (%) Hg (%) Sb (%) S (%) As (%) Se (%) Total Point label 

GARPN2561 256.05 AuAg alloy Gold mineral 22 65.879 32.773 0.061 0 0.039 0 0 0.062 0 0.002 98.816 LPP1_B5-3_p3  

GARPN2561 256.05 AuAg alloy Gold mineral 23 67.148 33.065 0.034 0 0.025 0 0.037 0.045 0 0.054 100.408 LPP1_B5-3_p4  

GARPN2561 256.05 AuAg alloy Gold mineral 24 67.878 32.741 0.123 0 0.043 0 0 0.084 0 0 100.869 LPP1_B5-3_p5  

GARPN2561 256.05 AuAg alloy Gold mineral 25 67.88 33.318 0.032 0 0.03 0 0.016 0.05 0.002 0.101 101.429 LPP1_B5-3_p6  

GARPN2561 256.05 AuAg alloy Gold mineral 26 67.772 33.928 0.161 0 0.046 0.013 0 0.041 0 0 101.961 LPP1_B5-3a_p9  

GARPN2561 256.05 AuAg alloy Gold mineral 27 65.098 33.638 0.005 0 0.038 0 0.044 0.071 0 0 98.894 LPP1_B5-3.1_p3  

GARPN2561 256.05 AuAg alloy Gold mineral 28 67.035 33.422 0.053 0 0.07 0 0 0.077 0.018 0 100.675 LPP1_B5-3.1_p5  

GARPN2561 256.05 AuAg alloy Gold mineral 29 64.543 35.329 0 0 0.037 0 0.066 0.071 0 0 100.046 LPP1_B5-4_p3  

GARPN2561 256.05 AuAg alloy Gold mineral 30 65.089 35.155 0.133 0 0.315 0 0.039 0.158 0 0.013 100.902 LPP1_B5-4_p6  

GARPN2561 256.05 AuAg alloy Gold mineral 31 65.342 35.495 0.13 0.225 0.076 0 0.025 0.053 0 0 101.346 LPP1_B5-5_p2  

GARPN2561 256.05 AuAg alloy Gold mineral 32 65.543 33.561 0.062 0.049 0.039 0 0.046 0.058 0 0.052 99.41 LPP1_B5-5_p4  

GARPN2561 256.05 AuAg alloy Gold mineral 33 67.158 33.974 0.02 0.263 0.286 0 0.032 0.025 0 0.066 101.824 LPP1_B5-5_p7  

GARPN2561 256.05 AuAg alloy Gold mineral 34 64.808 33.397 0.095 0 0.014 0 0.025 0.038 0 0.102 98.479 LPP1_B5-5_p8  

GARPN2561 256.05 AuAg alloy Gold mineral 35 61.906 36.595 0.044 0.032 0.317 0 0.038 0.06 0.088 0.012 99.092 LPP1_B5-5_p9  

GARPN2561 256.05 AuAg alloy Gold mineral 36 69.046 30.427 0.085 0 0.29 0 0.117 0.05 0 0 100.015 LPP1_B5-5_p10  

GARPN2561 256.05 AuAg alloy Gold mineral 37 70.291 31.904 0.119 0 0.036 0 0.029 0.088 0 0.084 102.551 LPP1_B5-5_p11  

GARPN2561 256.05 AuAg alloy Gold mineral 38 66.247 33.44 0 0 0.047 0 0.01 0.06 0 0 99.804 LPP1_B5-5_p12  

GARPN2561 256.05 AuAg alloy Gold mineral 39 66.215 31.823 0.03 0 0.315 0 0.016 0.06 0 0 98.459 LPP1_B5-5_p14  

GARPN2561 256.05 AuAg alloy Gold mineral 40 67.879 34.038 0.042 0 0.198 0 0.065 0.031 0 0.045 102.298 LPP1_B5-5_p15  

GARPN2561 256.05 AuAg alloy Gold mineral 41 67.476 33.184 0.147 0 0.024 0 0.021 0.065 0.001 0 100.918 LPP1_B5-6_p1  

GARPN2561 256.05 AuAg alloy Gold mineral 42 68.076 31.183 0.049 0 0.289 0.087 0.037 0.061 0 0 99.782 LPP1_B5-6_p4  

GARPN2561 256.05 AuAg alloy Gold mineral 43 67.964 30.642 0.034 0 0.045 0.028 0.045 0.056 0 0 98.814 LPP1_B5-6_p5  

GARPN2561 256.05 AuAg alloy Gold mineral 44 68.169 31.841 0 0 0.264 0 0.052 0.07 0 0 100.396 LPP1_B5-6_p6  

GARPN2561 256.05 AuAg alloy Gold mineral 45 68.495 31.31 0.091 0 0.027 0 0.037 0.058 0 0 100.018 LPP1_B5-6_p7  

GARPN2561 256.05 AuAg alloy Gold mineral 46 67.048 32.92 0.043 0 0.349 0 0.07 0.053 0.006 0 100.489 LPP1_B5-6_p11  
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Chalcopyrite  Weight percent Electron microprobe spot analyses for sulfides         

                   

Hole ID Depth Mineral Point label Point Au (%) Ag (%) Cu (%) S (%) Mn (%) Fe (%) Zn (%) Total Chemical Formula 

GARPN1632 538.00 Chalcopyrite LPP5_A_p1 1 0 0.026 33.785 34.634 0.001 30.509 0.059 99.014 Cu  0.53 Fe 0.55 S 1.08 

GARPN1632 538.00 Chalcopyrite LPP5_B_p1 2 0 0.01 33.92 34.718 0 30.728 0.022 99.398 Cu  0.53 Fe 0.55 S 1.08 

GARPN1632 538.00 Chalcopyrite LPP5_D_p2 3 0.01 0.013 34 34.742 0.005 30.607 0.036 99.413 Cu  0.54 Fe 0.55 S 1.08 

GARPN1632 538.00 Chalcopyrite LPP5_H_p2 4 0.018 0 34.152 34.814 0 30.863 0.018 99.865 Cu  0.54 Fe 0.55 S 1.09 

GARPN1634 692.40 Chalcopyrite LPP6_B_p2 1 0.041 0 33.922 34.85 0 30.576 0.053 99.442 Cu  0.53 Fe 0.55 S 1.09 

GARPN1634 692.40 Chalcopyrite LPP6_D_p1 2 0.018 0.038 25.207 35.242 0.007 38.848 0.032 99.392 Cu  0.40 Fe 0.70 S 1.10 

GARPN1634 692.40 Chalcopyrite LPP6_E3_p6 3 0.013 0.616 33.522 34.525 0 30.257 0.075 99.008 Cu  0.53 Fe 0.54 S 1.08 

GARPN2561 229.10 Chalcopyrite LPP2_A1_p1 1 0.024 0.013 33.945 35.112 0.003 30.491 0.037 99.625 Cu  0.53 Fe 0.55 S 1.10 

GARPN2561 229.10 Chalcopyrite LPP2_A7_p1 2 0.028 0.066 33.184 35.502 0 29.33 0.013 98.123 Cu  0.52 Fe 0.53 S 1.11 

GARPN2561 229.10 Chalcopyrite LPP2_B_p3 3 0 0.228 33.056 35.222 0 29.112 0.057 97.675 Cu  0.52 Fe 0.52 S 1.10 

GARPN2561 229.10 Chalcopyrite LPP2_C4_p4 4 0 0.125 33.431 35.393 0.011 29.701 0.027 98.688 Cu  0.53 Fe 0.53 S 1.10 

GARPN2561 229.10 Chalcopyrite LPP2_E1_p8 5 0.288 1.061 32.487 33.63 0.007 28.664 0.098 96.235 Cu  0.51 Fe 0.51 S 1.05 

GARPN2561 229.10 Chalcopyrite LPP2_F_p1 6 0 0.013 33.743 34.445 0 30.623 0.272 99.096 Cu  0.53 Fe 0.55 S 1.07 

GARPN2561 229.10 Chalcopyrite LPP2_F_p6 7 0.025 0.009 28.492 34.426 0.009 26.365 0.149 89.475 Cu  0.45 Fe 0.47 S 1.07 

GARPN2561 229.10 Chalcopyrite LPP2_G_p4 8 0.048 0.05 33.797 34.293 0.002 30.675 0.065 98.930 Cu  0.53 Fe 0.55 S 1.07 

GARPN2561 229.10 Chalcopyrite LPP2_H_p3 9 0.038 0.035 33.884 34.168 0 30.544 0.092 98.761 Cu  0.53 Fe 0.55 S 1.07 

GARPN2561 229.10 Chalcopyrite LPP2_H_p5 10 0 0.033 22.87 34.704 0 41.274 0.011 98.892 Cu  0.36 Fe 0.74 S 1.08 

GARPN2561 229.10 Chalcopyrite LPP2_I_p4 11 0 0.104 33.605 34.127 0 30.157 0.048 98.041 Cu  0.53 Fe 0.54 S 1.06 

GARPN2561 229.10 Chalcopyrite LPP2_J_p1 12 0.077 0.265 33.07 34.856 0.008 29.562 0.181 98.019 Cu  0.52 Fe 0.53 S 1.09 

GARPN2561 229.10 Chalcopyrite LPP2_K_p1 13 0.01 0.587 33.036 35.24 0.007 28.972 0.055 97.907 Cu  0.52 Fe 0.52 S 1.10 

GARPN2561 229.10 Chalcopyrite LPP2_L1_p3 14 0 0.012 33.578 34.599 0 30.665 0.08 98.934 Cu  0.53 Fe 0.55 S 1.08 

GARPN2561 229.10 Chalcopyrite LPP2_L2_p6 15 0.02 0.055 33.518 34.663 0 29.309 0.054 97.619 Cu  0.53 Fe 0.52 S 1.08 

GARPN2561 229.10 Chalcopyrite LPP2_L3_p1 16 0.005 0.159 33.657 35.402 0.001 29.921 0.031 99.176 Cu  0.53 Fe 0.54 S 1.10 

GARPN2561 229.10 Chalcopyrite LPP2_L3_p2 17 0.042 0.342 33.185 35.571 0 29.083 0.075 98.298 Cu  0.52 Fe 0.52 S 1.11 

GARPN2561 229.10 Chalcopyrite LPP2_L3_p4 18 0.036 0.053 0.06 38.803 0.009 59.528 0 98.489 Cu  0.00 Fe 1.07 S 1.21 

GARPN2561 229.10 Chalcopyrite LPP2_L4_p3 19 0.036 0.303 33.129 34.978 0 29.178 0 97.624 Cu  0.52 Fe 0.52 S 1.09 

GARPN2561 229.10 Chalcopyrite LPP2_L4_p5 20 0.05 0.268 33.121 34.968 0.003 29.525 0.057 97.992 Cu  0.52 Fe 0.53 S 1.09 

GARPN2561 256.05 Chalcopyrite LPP1_A1_p3  1 0.045 0.095 33.606 34.477 0 30.309 0.051 98.583 Cu  0.53 Fe 0.54 S 1.08 
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Hole ID Depth Mineral Point label Point Au (%) Ag (%) Cu (%) S (%) Mn (%) Fe (%) Zn (%) Total Chemical Formula 

GARPN2561 256.05 Chalcopyrite LPP1_A1_p6  2 0.021 0.481 33.243 35.25 0.004 29.892 0.031 98.922 Cu  0.52 Fe 0.54 S 1.10 

GARPN2561 256.05 Chalcopyrite LPP1_A3_p2  3 0.078 0 33.107 35.393 0 30.385 0.024 98.987 Cu  0.52 Fe 0.54 S 1.10 

GARPN2561 256.05 Chalcopyrite LPP1_A4_p3  4 0 0.032 33.77 34.467 0 30.633 0.039 98.941 Cu  0.53 Fe 0.55 S 1.07 

GARPN2561 256.05 Chalcopyrite LPP1_A5_p3  5 0.021 0.009 32.647 34.542 0 30.755 0.11 98.084 Cu  0.51 Fe 0.55 S 1.08 

GARPN2561 256.05 Chalcopyrite LPP1_A5_p5  6 0 0.009 27.227 32.168 0.024 25.799 6.535 91.762 Cu  0.43 Fe 0.46 S 1.00 

GARPN2561 256.05 Chalcopyrite LPP1_B3-1_p6  7 0.018 0.143 33.333 35.1 0.01 29.597 0.07 98.271 Cu  0.52 Fe 0.53 S 1.09 

GARPN2561 256.05 Chalcopyrite LPP1_B4_p4  8 0 0 33.337 34.802 0 30.218 0.022 98.379 Cu  0.52 Fe 0.54 S 1.09 

GARPN2561 256.05 Chalcopyrite LPP1_B5.1_p6  9 0.015 0 32.825 35.123 0 30.263 0.03 98.256 Cu  0.52 Fe 0.54 S 1.10 

GARPN2561 256.05 Chalcopyrite LPP1_B5.3-1_p1  10 0 0.075 33.302 35.956 0.003 29.946 0.226 99.508 Cu  0.52 Fe 0.54 S 1.12 

GARPN2561 256.05 Chalcopyrite LPP1_B5.3_p2  11 0 0.148 33.39 34.735 0.002 29.831 0.056 98.162 Cu  0.53 Fe 0.53 S 1.08 

GARPN2561 256.05 Chalcopyrite LPP1_B5.4_p8  12 0 0.252 33.441 34.963 0 30.108 0.02 98.784 Cu  0.53 Fe 0.54 S 1.09 

GARPN2561 256.05 Chalcopyrite LPP1_B5.5_p13  13 0 0.001 33.318 35.637 0.002 30.383 0.051 99.392 Cu  0.52 Fe 0.54 S 1.11 

GARPN2561 256.05 Chalcopyrite LPP1_B5.6_p3  14 0 0.643 33.303 34.062 0 29.704 0.006 97.718 Cu  0.52 Fe 0.53 S 1.06 

GARPN2561 256.05 Chalcopyrite LPP1_D_p4  15 0.03 0 33.79 34.991 0.003 30.144 0.036 98.994 Cu  0.53 Fe 0.54 S 1.09 

GARPN2658 279.50 Chalcopyrite LPP3_D_p1 1 0 0.008 33.854 34.799 0 30.801 0.063 99.525 Cu  0.53 Fe 0.55 S 1.09 

GARPN2658 279.50 Chalcopyrite LPP3_G_p1 2 0 0 33.719 34.729 0 29.99 0 98.438 Cu  0.53 Fe 0.54 S 1.08 

GARPN3370 285.70 Chalcopyrite LPP4_C_p1 1 0 0 33.263 34.238 0 30.892 0.084 98.477 Cu  0.52 Fe 0.55 S 1.07 

GARPN3370 285.70 Chalcopyrite LPP4_D_p1 2 0.001 0.008 33.963 34.757 0 30.919 0.03 99.678 Cu  0.53 Fe 0.55 S 1.08 

 

 

Sulfosalts  Weight percent Electron microprobe spot analyses for sulfides        
                  

Hole ID Depth Mineral 
Analysis 
Group 

Analysis 
Point Ag (%) 

Bi 
(%) 

Cu 
(%) 

Te 
(%) Sb (%) S (%) 

As 
(%) 

Se 
(%) Fe (%) 

Pb 
(%) Total Point label 

GARPN2561 229.10  Sulfosalts 1 0 0 13.326 0 25.152 19.428 0.078 0 0.033 43.56 101.577 LPP2_B_p1  

GARPN2561 229.10  Sulfosalts 2 11.638 0.061 29.697 0 28.653 24.452 0.052 0 5.23 0.062 99.845 LPP2_B_p4  

GARPN2561 229.10  Sulfosalts 3 0.048 0.023 0.056 0 57.393 15.462 0.158 0.117 25.737 0.403 99.397 LPP2_D3_p4  
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Pyrite/Pyrrhotite Weight percent Electron microprobe spot analyses for sulfides            
                      
Hole ID Depth Mineral Point label Point Au (%) Ag (%) Cu (%) S (%) As (%) Mn (%) Fe (%) Co (%) Ni (%) Total Chemical Formula 

GARPN1632 538 Pyrite/Pyrrhotite LPP5_C_p1 1 0 0 0 52.746 0 0 46.932 0.182 0 99.86 Fe 0.84 As 0.00 S 1.64 

GARPN1632 538 Pyrite/Pyrrhotite LPP5_C_p2 2 0.036 0 0 38.305 0 0 61.219 0.073 0 99.633 Fe 1.10 As 0.00 S 1.19 

GARPN1632 538 Pyrite/Pyrrhotite LPP5_D_p1 3 0.017 0 0.004 38.447 0 0.004 61.823 0.088 0 100.383 Fe 1.11 As 0.00 S 1.20 

GARPN1632 538 Pyrite/Pyrrhotite LPP5_D_p3 4 0.012 0 0.005 52.56 0 0 46.996 0.119 0 99.692 Fe 0.84 As 0.00 S 1.64 

GARPN1632 538 Pyrite/Pyrrhotite LPP5_F_p1 5 0 0 0 53.464 0 0.005 46.587 0.075 0 100.131 Fe 0.83 As 0.00 S 1.67 

GARPN1632 538 Pyrite/Pyrrhotite LPP5_G_p1 6 0.001 0 0 38.42 0 0 61.368 0.067 0.014 99.87 Fe 1.10 As 0.00 S 1.20 

GARPN1632 538 Pyrite/Pyrrhotite LPP5_H_p1 7 0.012 0.012 0.004 52.917 0 0.017 46.706 0.416 0.013 100.097 Fe 0.84 As 0.00 S 1.65 

GARPN1632 538 Pyrite/Pyrrhotite LPP5_H_p3 8 0 0 0.012 38.118 0 0.005 61.461 0.103 0 99.699 Fe 1.10 As 0.00 S 1.19 

GARPN1632 538 Pyrite/Pyrrhotite LPP5_J_p1 9 0.011 0 0.014 38.203 0 0 61.172 0.092 0.005 99.497 Fe 1.10 As 0.00 S 1.19 

GARPN1632 538 Pyrite/Pyrrhotite LPP5_J_p2 10 0.013 0 0.02 53.263 0 0 46.939 0.082 0.007 100.324 Fe 0.84 As 0.00 S 1.66 

GARPN1632 538 Pyrite/Pyrrhotite LPP5_K_p1 11 0.016 0.006 0 53.32 0 0 47.186 0.076 0 100.604 Fe 0.84 As 0.00 S 1.66 

GARPN1634 692.40 Pyrite/Pyrrhotite LPP6_A2_p1 1 0 0 0.036 38.486 0 0 61.205 0.102 0.004 99.833 Fe 1.10 As 0.00 S 1.20 

GARPN1634 692.40 Pyrite/Pyrrhotite LPP6_B_p1 2 0 0 0.002 38.399 0 0 61.098 0.082 0 99.581 Fe 1.09 As 0.00 S 1.20 

GARPN1634 692.40 Pyrite/Pyrrhotite LPP6_C_p1 3 0.003 0.001 0.041 52.687 0.09 0 46.578 0.078 0.007 99.485 Fe 0.83 As 0.00 S 1.64 

GARPN1634 692.40 Pyrite/Pyrrhotite LPP6_C_p2 4 0 0 0.015 53.301 0 0 46.566 0.056 0 99.938 Fe 0.83 As 0.00 S 1.66 

GARPN1634 692.40 Pyrite/Pyrrhotite LPP6_E3_p2 5 0.001 0.008 0.131 38.102 0 0.01 60.515 0.064 0 98.831 Fe 1.08 As 0.00 S 1.19 

GARPN1634 692.40 Pyrite/Pyrrhotite LPP6_F_p1 6 0.04 0 0 53.21 0 0.013 47.097 0.08 0.009 100.449 Fe 0.84 As 0.00 S 1.66 

GARPN1634 692.40 Pyrite/Pyrrhotite LPP6_F_p3 7 0.029 0 0.039 53.165 0 0.008 46.828 0.069 0 100.138 Fe 0.84 As 0.00 S 1.66 

GARPN2561 229.10 Pyrite/Pyrrhotite LPP2_B_p6  1 0 0.019 0.042 20.431 44.312 0.008 36.171 0.061 0.007 101.051 Fe 0.65 As 0.59 S 0.64 

GARPN2561 229.10 Pyrite/Pyrrhotite LPP2_G_p1  2 0 0.002 0.291 20.18 43.389 0.008 34.979 0.801 0.024 99.674 Fe 0.63 As 0.58 S 0.63 

GARPN2561 229.10 Pyrite/Pyrrhotite LPP2_G_p3  3 0.012 0.004 0.158 37.592 0 0 60.595 0.057 0.011 98.429 Fe 1.09 As 0.00 S 1.17 

GARPN2561 229.10 Pyrite/Pyrrhotite LPP2_H_p6  4 0.009 0 0.117 39.143 0 0 60.763 0.074 0 100.106 Fe 1.09 As 0.00 S 1.22 

GARPN2561 229.10 Pyrite/Pyrrhotite LPP2_I_p3  5 0.01 0 0.066 38.019 0 0 60.462 0.098 0 98.655 Fe 1.08 As 0.00 S 1.19 

GARPN2561 229.10 Pyrite/Pyrrhotite LPP2_J_p5  6 0.088 0.14 0.05 37.655 0 0 59.374 0.067 0.003 97.377 Fe 1.06 As 0.00 S 1.17 

GARPN2561 229.10 Pyrite/Pyrrhotite LPP2_K_p7  7 0.014 0.016 0.247 20.302 44.667 0.007 34.793 0.588 0.017 100.651 Fe 0.62 As 0.60 S 0.63 

GARPN2561 256.05 Pyrite/Pyrrhotite LPP1_A1_p13 1 0.01 0 0.045 54.183 0 0.001 46.576 0.107 0.01 100.932 Fe 0.83 As 0.00 S 1.69 

GARPN2561 256.05 Pyrite/Pyrrhotite LPP1_A2_p3 2 0.005 0 0.225 52.554 0 0 46.309 0.087 0.011 99.191 Fe 0.83 As 0.00 S 1.64 

GARPN2561 256.05 Pyrite/Pyrrhotite LPP1_A4_p1 3 0.04 0 0.209 53.069 0 0 46.208 0.048 0.004 99.578 Fe 0.83 As 0.00 S 1.66 

GARPN2561 256.05 Pyrite/Pyrrhotite LPP1_B4_p3 4 0.007 0 1.704 36.384 0 0 59.729 0.062 0 97.886 Fe 1.07 As 0.00 S 1.13 

GARPN2561 256.05 Pyrite/Pyrrhotite LPP1_B5-2_p6 5 0 0 2.31 36.342 0 0.005 59.365 0.093 0 98.115 Fe 1.06 As 0.00 S 1.13 

GARPN2561 256.05 Pyrite/Pyrrhotite LPP1_B3_p7 6 0.005 0 0.091 19.694 44.684 0.032 34.317 0.139 0.063 99.025 Fe 0.61 As 0.60 S 0.61 

GARPN2561 256.05 Pyrite/Pyrrhotite LPP1_B3.1_p4 7 0.035 0.011 0.058 54.293 0 0.002 46.412 0.054 0.002 100.867 Fe 0.83 As 0.00 S 1.69 

GARPN2561 256.05 Pyrite/Pyrrhotite LPP1_B4_p5 8 0.033 0.032 0.101 20.1 44.093 0 34.575 0.018 0 98.952 Fe 0.62 As 0.59 S 0.63 

GARPN2561 256.05 Pyrite/Pyrrhotite LPP1_C_p1 9 0 0 0.037 53.923 0 0 46.992 0.086 0.012 101.05 Fe 0.84 As 0.00 S 1.68 

GARPN2561 256.05 Pyrite/Pyrrhotite LPP1_D_p3 10 0.014 0 0.029 54.453 0 0 47.014 0.076 0.035 101.621 Fe 0.84 As 0.00 S 1.70 

GARPN2561 256.05 Pyrite/Pyrrhotite LPP1_D_p2 11 0 0 0 37.203 0 0 62.057 0.076 0 99.336 Fe 1.11 As 0.00 S 1.16 

GARPN2561 256.05 Pyrite/Pyrrhotite LPP1_A5_p1 12 0.003 0 0.008 53.847 0 0 46.039 0.244 0 100.141 Fe 0.82 As 0.00 S 1.68 

GARPN2561 256.05 Pyrite/Pyrrhotite LPP1_A5_p6 13 0.022 0.015 0.043 53.674 0 0.018 45.828 0.085 0 99.685 Fe 0.82 As 0.00 S 1.67 

GARPN2658 279.50 Pyrite/Pyrrhotite LPP3_A_p1 1 0.03 0 0 53.25 0 0.006 46.861 0.085 0.001 100.233 Fe 0.84 As 0.00 S 1.66 

GARPN2658 279.50 Pyrite/Pyrrhotite LPP3_B_p1  2 0.008 0 0.016 53.068 0.115 0 46.374 0.066 0.015 99.662 Fe 0.83 As 0.00 S 1.66 
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Hole ID Depth Mineral Point label Point Au (%) Ag (%) Cu (%) S (%) As (%) Mn (%) Fe (%) Co (%) Ni (%) Total Chemical Formula 

GARPN2658 279.50 Pyrite/Pyrrhotite LPP3_B_p2  3 0.022 0 0 53.309 0 0 46.73 0.08 0.001 100.142 Fe 0.84 As 0.00 S 1.66 

GARPN2658 279.50 Pyrite/Pyrrhotite LPP3_C_p1  4 0.018 0 0.001 37.973 0 0 61.118 0.115 0 99.225 Fe 1.09 As 0.00 S 1.18 

GARPN2658 279.50 Pyrite/Pyrrhotite LPP3_L_p1 5 0.009 0.014 0 38.167 0 0.005 60.924 0.126 0.002 99.247 Fe 1.09 As 0.00 S 1.19 

GARPN3370 285.70 Pyrite/Pyrrhotite LPP4_A_p1 1 0.023 0 0.005 53.192 0 0 47.029 0.127 0 100.376 Fe 0.84 As 0.00 S 1.66 

GARPN3370 285.70 Pyrite/Pyrrhotite LPP4_B_p1 2 0 0 0.019 38.194 0 0.005 60.977 0.069 0 99.264 Fe 1.09 As 0.00 S 1.19 

GARPN3370 285.70 Pyrite/Pyrrhotite LPP4_G_p1 3 0.023 0 0 38.175 0 0 60.511 0.123 0.004 98.836 Fe 1.08 As 0.00 S 1.19 

GARPN3370 285.70 Pyrite/Pyrrhotite LPP4_H_p1 4 0 0.001 0.008 53.366 0 0 46.998 0.182 0 100.555 Fe 0.84 As 0.00 S 1.66 

 

 

Summary Statistics for minerals that were not presented in the results section of this work. 

 

Gudmundite EPMA data summary statistics, element content in weight percent, n=2. 

  Ag (%) Cu (%) Sb (%) S (%) As (%) Mn (%) Fe (%) Ni (%) Zn (%) Cd (%) Sn (%) Pb (%) 

Min. 0.003 0 58.47 15.27 0 0.003 27.17 0.007 0 0.051 0.23 0.035 

Max. 0.032 0 58.64 15.52 0 0.012 27.3 0.01 0.027 0.07 0.256 0.114 

Median 0.0175 0 58.55 15.4 0 0.0075 27.24 0.0085 0.0135 0.0605 0.243 0.0745 

Mean 0.0175 0 58.55 15.4 0 0.0075 27.24 0.0085 0.0135 0.0605 0.243 0.0745 

 

 

Sulfosalts EPMA data summary statistics, element content in weight percent, n=3. 

  Ag (%) Bi (%) Cu (%) Te (%) Sb (%) S (%) As (%) Se (%) Fe (%) Pb (%) 

Min. 0 0 0.056 0 25.15 15.46 0.052 0 0.033 0.062 

Max. 11.638 0.061 29.697 0 57.39 24.45 0.158 0.117 25.737 43.56 

Median 0.048 0.023 13.326 0 28.65 19.43 0.078 0 5.23 0.403 

Mean 3.895 0.028 14.36 0 37.07 19.78 0.096 0.039 10.333 14.675 
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Appendix V – LA-ICP-MS 

Complete data tables from LA-ICP-MS per mineral. The analysis were performed over the sample DBH2561e256.05m 

 

Table E.1  LA-ICPMS spot analyses for pyrite.

Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD

GARPN2561 256.05 FWD Pyrite LPP1_A1_py_3 DBH2561e256.05m BLOD 0.16 0.19 649.11 85.15 0.08 4.33 0.64 0.11 0.35 0.22 0.27 BLOD 0.03 0.06 BLOD 0.07 0.12 84.91 8.60 1.27 BLOD 1.79 2.34 0.89 0.84 0.01 0.56 0.19 0.26 BLOD 0.00 0.00 BLOD 0.06 0.09 BLOD 0.02 0.03

GARPN2561 256.05 FWD Pyrite LPP1_A1_py_4 DBH2561e256.05m 0.21 0.16 0.18 526.84 47.80 0.08 2.66 0.51 0.11 0.50 0.37 0.26 BLOD 0.04 0.06 BLOD 0.07 0.12 119.60 12.71 1.22 BLOD 1.28 2.25 0.17 0.12 0.01 0.35 0.17 0.25 BLOD 0.00 0.00 BLOD 0.05 0.09 13.14 8.11 0.03

GARPN2561 256.05 FWD Pyrite LPP1_A3_py_5 DBH2561e256.05m BLOD 0.14 0.19 363.05 30.73 0.08 4.79 0.50 0.11 BLOD 0.23 0.26 BLOD 0.07 0.06 BLOD 0.09 0.12 34.59 5.17 1.24 BLOD 1.33 2.29 BLOD 0.01 0.01 0.46 0.19 0.25 BLOD 0.00 0.00 BLOD 0.06 0.09 BLOD 0.02 0.03

GARPN2561 256.05 FWD Pyrite LPP1_A4_py_7 DBH2561e256.05m BLOD 0.14 0.18 1134.32 159.94 0.08 4.44 0.70 0.11 2.91 3.79 0.26 BLOD 0.04 0.06 BLOD 0.06 0.12 397.45 52.52 1.21 BLOD 1.28 2.25 BLOD 0.01 0.01 BLOD 0.22 0.25 BLOD 0.00 0.00 BLOD 0.06 0.09 0.04 0.03 0.03

GARPN2561 256.05 FWD Pyrite LPP1_A5_py_8 DBH2561e256.05m BLOD 0.16 0.19 270.40 26.99 0.08 4.07 0.65 0.11 0.40 0.55 0.27 BLOD 0.04 0.06 BLOD 0.08 0.12 79.76 9.42 1.23 BLOD 1.40 2.29 BLOD 0.01 0.01 BLOD 0.22 0.25 BLOD 0.00 0.00 BLOD 0.04 0.09 BLOD 0.02 0.03

GARPN2561 256.05 FWD Pyrite LPP1_B4_py_11 DBH2561e256.05m BLOD 0.18 0.21 2.19 0.41 0.09 4.49 1.18 0.13 0.34 0.35 0.30 BLOD 0.06 0.07 BLOD 0.09 0.14 1.52 0.85 1.41 BLOD 1.80 2.63 BLOD 0.02 0.01 BLOD 0.19 0.29 BLOD 0.00 0.01 BLOD 0.05 0.11 BLOD 0.02 0.04

GARPN2561 256.05 FWD Pyrite LPP1_C_py_16 DBH2561e256.05m BLOD 0.19 0.25 264.93 25.04 0.09 3.18 0.64 0.13 0.73 0.57 0.32 BLOD 0.03 0.08 BLOD 0.11 0.14 94.38 14.37 1.59 BLOD 1.89 3.06 0.02 0.02 0.02 0.99 0.35 0.38 BLOD 0.00 0.00 BLOD 0.06 0.10 BLOD 0.04 0.06

GARPN2561 256.05 FWD Pyrite LPP1_D_py_18 DBH2561e256.05m 520.09 124.85 0.31 110.08 19.00 0.12 113.23 18.17 0.17 1.52 0.48 0.40 BLOD 0.09 0.10 BLOD 0.08 0.17 638.21 95.90 2.03 BLOD 2.21 3.90 3.51 1.27 0.02 BLOD 0.32 0.49 BLOD 0.00 0.00 0.24 0.10 0.13 3.76 0.76 0.08

GARPN2561 256.05 FWD Pyrite LPP1_D_py_19 DBH2561e256.05m BLOD 0.30 0.22 42.87 10.25 0.08 210.63 23.87 0.12 3.29 1.25 0.28 BLOD 0.04 0.07 BLOD 0.10 0.12 487.54 51.90 1.42 BLOD 1.47 2.72 13.02 4.66 0.01 0.67 0.33 0.34 BLOD 0.00 0.00 0.46 0.19 0.09 20.63 6.69 0.06

Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD

GARPN2561 256.05 FWD Pyrite LPP1_A1_py_3 DBH2561e256.05m 11.83 8.75 0.00 BLOD 0.13 0.17 BLOD 0.00 0.00 BLOD 0.02 0.03 BLOD 0.00 0.01 BLOD 0.00 0.03 2.75 1.71 1.67 BLOD 0.55 0.89 BLOD 0.06 0.09 4.00 1.85 1.59 several gold microinclusions cannot be removed

GARPN2561 256.05 FWD Pyrite LPP1_A1_py_4 DBH2561e256.05m 2.83 3.42 0.00 BLOD 0.14 0.17 BLOD 0.00 0.00 38.82 19.95 0.03 BLOD 0.00 0.01 BLOD 0.00 0.03 BLOD 1.29 1.61 BLOD 0.41 0.86 BLOD 0.05 0.09 5.20 1.67 1.53 several gold microinclusions cannot be removed

GARPN2561 256.05 FWD Pyrite LPP1_A3_py_5 DBH2561e256.05m 0.01 0.00 0.00 BLOD 0.13 0.17 BLOD 0.00 0.00 0.25 0.18 0.03 BLOD 0.00 0.01 BLOD 0.00 0.03 BLOD 0.99 1.63 BLOD 0.51 0.88 BLOD 0.05 0.09 5.30 1.17 1.56

GARPN2561 256.05 FWD Pyrite LPP1_A4_py_7 DBH2561e256.05m 0.00 0.00 0.00 BLOD 0.14 0.17 BLOD 0.00 0.00 0.05 0.05 0.03 BLOD 0.00 0.01 BLOD 0.00 0.03 BLOD 1.45 1.61 BLOD 0.85 0.87 BLOD 0.06 0.09 4.82 1.35 1.55 electrum in surface removed, galena cannot be removed

GARPN2561 256.05 FWD Pyrite LPP1_A5_py_8 DBH2561e256.05m 0.00 0.00 0.00 BLOD 0.12 0.18 BLOD 0.00 0.00 0.14 0.08 0.03 BLOD 0.00 0.01 BLOD 0.00 0.03 BLOD 2.02 1.64 BLOD 0.69 0.89 BLOD 0.06 0.09 5.36 1.11 1.58

GARPN2561 256.05 FWD Pyrite LPP1_B4_py_11 DBH2561e256.05m 0.00 0.00 0.00 BLOD 0.15 0.21 BLOD 0.01 0.01 0.04 0.05 0.03 BLOD 0.00 0.01 BLOD 0.00 0.04 BLOD 0.58 1.89 BLOD 0.84 1.02 BLOD 0.07 0.10 5.48 2.06 1.83

GARPN2561 256.05 FWD Pyrite LPP1_C_py_16 DBH2561e256.05m BLOD 0.00 0.00 BLOD 0.17 0.26 BLOD 0.00 0.01 0.47 0.10 0.24 BLOD 0.00 0.01 BLOD 0.00 0.07 7.54 2.14 2.26 BLOD 0.59 1.04 BLOD 0.06 0.12 5.12 1.67 1.73

GARPN2561 256.05 FWD Pyrite LPP1_D_py_18 DBH2561e256.05m 0.01 0.00 0.00 BLOD 0.26 0.33 BLOD 0.01 0.01 658.29 90.01 0.30 0.05 0.02 0.01 BLOD 0.12 0.08 7.61 2.90 2.91 BLOD 0.49 1.30 BLOD 0.08 0.15 5.00 1.49 2.20 electrum partially removed, galena removed

GARPN2561 256.05 FWD Pyrite LPP1_D_py_19 DBH2561e256.05m 0.02 0.01 0.00 BLOD 0.16 0.23 0.09 0.04 0.00 15889.72 6626.21 0.21 1.05 0.44 0.01 BLOD 0.00 0.06 4.17 1.38 2.04 BLOD 0.65 0.90 BLOD 0.08 0.10 4.38 1.56 1.54 electrum partially removed,galena cannot be removed

Legend (B)LOD= (Below) Limit of detection calculated based on Longerich et al. (1996) formula

Notes
HoleID Depth

Mineralization 

Type Mineral Analysis code. Sample No

Mo95 (ppm) Bi209 (ppm) Pb208 (ppm)Tl205 (ppm) Hg202 (ppm) Au197 (ppm) Cr53 (ppm) V51 (ppm) Ti49 (ppm) Zn66 (ppm) 

Sb121 (ppm) As75 (ppm) Se77 (ppm) Ag107 (ppm) Cd111 (ppm) In115 (ppm) Sn118 (ppm) Mn55 (ppm) Co59 (ppm) Ni60  (ppm) Cu63 (ppm) Ga69 (ppm) Ge74 (ppm) 

HoleID Depth

Mineralization 

Type Mineral Analysis code. Sample No

Table E.2  LA-ICPMS spot analyses for chalcopyrite

Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD

GARPN2561 256.05 FWD Chalcopyrite LPP1_A1_cpy_1 DBH2561e256.05m 104.24 39.27 0.35 10.92 3.23 0.15 2.86 1.04 0.21 273659.46 23066.86 0.49 0.73 0.43 0.11 BLOD 0.13 0.22 384.45 89.92 2.33 BLOD 4.01 4.27 39315.92 11257.22 0.02 5.26 1.44 0.47 1.02 0.14 0.01 26.19 2.40 0.17 387.24 133.42 0.06 18098.81 6480.27 0.00

GARPN2561 256.05 FWD Chalcopyrite LPP1_A1_cpy_2 DBH2561e256.05m 10.33 3.05 0.41 BLOD 0.11 0.18 0.27 0.23 0.24 325716.56 36828.74 0.57 0.15 0.14 0.13 BLOD 0.15 0.26 BLOD 1.77 2.69 BLOD 2.70 4.93 1.03 0.15 0.02 3.26 0.50 0.54 0.88 0.15 0.01 50.05 6.76 0.20 1.06 0.20 0.07 0.09 0.01 0.00

GARPN2561 256.05 FWD Chalcopyrite LPP1_A4_cpy_6 DBH2561e256.05m 148.29 168.52 0.42 BLOD 0.14 0.18 BLOD 0.24 0.25 339395.49 31454.70 0.60 0.38 0.16 0.13 BLOD 0.23 0.27 BLOD 1.03 2.81 BLOD 2.86 5.20 1.92 0.17 0.03 2.25 0.43 0.57 1.62 0.15 0.01 50.05 6.92 0.21 6.69 1.15 0.08 0.03 0.00 0.00

GARPN2561 256.05 FWD Chalcopyrite LPP1_B3.1_cpy_9 DBH2561e256.05m 624.38 132.45 0.67 0.33 0.37 0.29 BLOD 0.35 0.40 303907.05 24670.49 0.95 7.45 1.91 0.21 1.31 0.66 0.43 BLOD 3.90 4.42 BLOD 5.91 8.22 2.80 0.58 0.04 3.54 1.95 0.91 0.84 0.16 0.02 16.07 2.80 0.33 17.01 3.54 0.12 0.10 0.01 0.00

GARPN2561 256.05 FWD Chalcopyrite LPP1_B3_cpy_10 DBH2561e256.05m 69.72 39.33 0.74 BLOD 0.15 0.32 1.88 2.23 0.44 312039.08 27251.35 1.06 0.89 0.58 0.24 BLOD 0.30 0.48 BLOD 3.84 4.91 BLOD 6.32 9.15 4.06 0.82 0.05 2.14 1.20 1.01 0.61 0.20 0.02 7.98 0.66 0.37 7.83 1.73 0.13 0.17 0.05 0.00

GARPN2561 256.05 FWD Chalcopyrite LPP1_B4_cpy_12 DBH2561e256.05m 7.93 1.07 0.76 BLOD 0.22 0.33 BLOD 0.33 0.46 319829.84 17760.08 1.09 0.29 0.23 0.24 BLOD 0.40 0.49 BLOD 2.47 5.06 BLOD 4.15 9.46 1.02 0.26 0.05 2.12 0.83 1.05 0.69 0.16 0.02 13.98 0.70 0.38 5.91 2.46 0.14 0.06 0.02 0.01

GARPN2561 256.05 FWD Chalcopyrite LPP1_B5_cpy_14 DBH2561e256.05m 6.84 0.83 0.40 BLOD 0.08 0.17 0.25 0.36 0.24 344147.53 29023.84 0.57 BLOD 0.15 0.13 BLOD 0.14 0.26 BLOD 1.57 2.64 BLOD 3.53 4.96 11.39 8.71 0.02 1.44 0.63 0.55 0.59 0.07 0.01 8.44 1.05 0.20 7.81 1.70 0.07 0.19 0.05 0.00

GARPN2561 256.05 FWD Chalcopyrite LPP1_B5_cpy_15 DBH2561e256.05m 6.38 0.82 0.44 BLOD 0.15 0.19 BLOD 0.24 0.27 319292.38 20948.14 0.64 BLOD 0.09 0.14 BLOD 0.14 0.29 BLOD 1.47 2.95 BLOD 2.84 5.53 5.62 3.55 0.03 1.33 0.53 0.62 0.50 0.08 0.01 10.91 1.52 0.22 1.62 0.55 0.08 0.01 0.01 0.00

GARPN2561 256.05 FWD Chalcopyrite LPP1_D_cpy_22 DBH2561e256.05m 6.03 1.11 0.40 2.54 0.26 0.15 0.26 0.24 0.22 339035.30 32415.82 0.52 0.90 0.23 0.13 BLOD 0.18 0.22 BLOD 1.53 2.65 BLOD 2.18 5.07 3.62 0.21 0.03 4.08 0.89 0.63 1.13 0.18 0.01 96.93 10.99 0.17 0.66 0.19 0.10 BLOD 0.00 0.00

GARPN2561 256.05 FWD Chalcopyrite LPP1_D_cpy_23 DBH2561e256.05m 5.42 0.48 0.41 2.19 0.38 0.16 0.50 0.35 0.22 352649.63 29420.17 0.54 0.84 0.25 0.14 BLOD 0.17 0.23 BLOD 1.09 2.73 BLOD 2.28 5.23 3.50 0.24 0.03 3.71 1.05 0.64 1.18 0.13 0.01 97.46 9.66 0.17 0.80 0.22 0.11 BLOD 0.00 0.00

Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD

GARPN2561 256.05 FWD Chalcopyrite LPP1_A1_cpy_1 DBH2561e256.05m 82.64 26.69 0.30 0.28 0.07 0.01 206.23 58.53 0.05 BLOD 0.01 0.02 BLOD 0.06 0.06 398.80 113.64 3.05 BLOD 0.83 1.63 0.44 0.26 0.16 4.07 2.09 2.89 electrum present impossible to remove, sphalerite segments removed, galena partially removed

GARPN2561 256.05 FWD Chalcopyrite LPP1_A1_cpy_2 DBH2561e256.05m 0.37 0.37 0.36 0.07 0.04 0.01 2.34 1.08 0.06 BLOD 0.01 0.02 BLOD 0.00 0.07 184.17 25.82 3.53 BLOD 1.09 1.88 BLOD 0.13 0.19 BLOD 2.76 3.35 electrum surface removed

GARPN2561 256.05 FWD Chalcopyrite LPP1_A4_cpy_6 DBH2561e256.05m BLOD 0.23 0.39 0.18 0.05 0.01 9.34 5.09 0.06 BLOD 0.01 0.02 BLOD 0.13 0.08 192.35 24.50 3.72 BLOD 1.19 2.00 BLOD 0.10 0.20 BLOD 3.36 3.57 galena partially removed

GARPN2561 256.05 FWD Chalcopyrite LPP1_B3.1_cpy_9 DBH2561e256.05m BLOD 0.55 0.64 1.25 0.37 0.02 5493.45 2284.83 0.10 0.09 0.05 0.03 BLOD 0.01 0.12 208.37 33.04 5.88 BLOD 2.26 3.18 3.25 1.51 0.32 98.41 65.22 5.69 electrum surface removed, sphalerite and galena inclusion not possible to remove

GARPN2561 256.05 FWD Chalcopyrite LPP1_B3_cpy_10 DBH2561e256.05m BLOD 1.61 0.72 0.62 0.18 0.02 564.04 170.58 0.11 BLOD 0.02 0.03 BLOD 0.01 0.14 195.76 76.59 6.55 BLOD 2.85 3.55 0.72 0.93 0.35 22.99 15.65 6.35 electrum in surface partially removed, galena inclusion only partially removed

GARPN2561 256.05 FWD Chalcopyrite LPP1_B4_cpy_12 DBH2561e256.05m BLOD 0.88 0.76 0.19 0.08 0.02 67.28 25.17 0.11 BLOD 0.01 0.04 BLOD 0.01 0.14 163.97 19.52 6.78 BLOD 3.18 3.68 BLOD 0.57 0.37 BLOD 3.96 6.60 electrum removed, galena inclusion only partially removed

GARPN2561 256.05 FWD Chalcopyrite LPP1_B5_cpy_14 DBH2561e256.05m BLOD 0.30 0.40 0.07 0.03 0.01 8.88 2.04 0.06 BLOD 0.01 0.02 0.09 0.14 0.07 152.26 8.89 3.56 BLOD 1.02 1.93 BLOD 0.11 0.19 4.09 2.79 3.48 electrum only partially removed, sphalerite and galena inclusion removed

GARPN2561 256.05 FWD Chalcopyrite LPP1_B5_cpy_15 DBH2561e256.05m BLOD 0.48 0.46 0.01 0.01 0.01 3.52 1.70 0.06 BLOD 0.01 0.02 BLOD 0.00 0.08 125.52 16.57 3.97 BLOD 1.49 2.16 BLOD 0.10 0.21 4.26 2.11 3.89 electrum in surface removed, galena partially removed

GARPN2561 256.05 FWD Chalcopyrite LPP1_D_cpy_22 DBH2561e256.05m BLOD 0.36 0.42 BLOD 0.01 0.01 1.64 1.42 0.39 BLOD 0.01 0.02 BLOD 0.00 0.11 458.85 96.08 3.83 BLOD 1.07 1.65 BLOD 0.11 0.19 BLOD 2.27 2.86 sphalerite partially removed

GARPN2561 256.05 FWD Chalcopyrite LPP1_D_cpy_23 DBH2561e256.05m BLOD 0.28 0.43 BLOD 0.00 0.01 3.47 0.51 0.40 BLOD 0.01 0.02 BLOD 0.00 0.11 458.62 90.78 3.97 BLOD 0.94 1.69 BLOD 0.09 0.20 6.34 3.14 2.95 electrum in surface removed, galena removed

Legend (B)LOD= (Below) Limit of detection calculated based on Longerich et al. (1996) formula

Sample No

Notes

Mo95 (ppm) Zn66 (ppm) Cr53 (ppm) V51 (ppm) Ti49 (ppm) 

HoleID Depth

Mineralization 

Type Mineral Analysis code.

Sb121 (ppm) Au197 (ppm) 

Hg202 (ppm) Tl205 (ppm) Pb208 (ppm) Bi209 (ppm) 

As75 (ppm) Se77 (ppm) Ag107 (ppm) Cd111 (ppm) In115 (ppm) Sn118 (ppm) Mn55 (ppm) Co59 (ppm) Ni60  (ppm) Cu63 (ppm) Ga69 (ppm) Ge74 (ppm) 

HoleID Depth

Mineralization 

Type Mineral Analysis code. Sample No
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Table E.3  LA-ICPMS spot analyses for sphalerite.

Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD

GARPN2561 256.05 FWD Sphalerite LPP1_B5_sp_13 final DBH2561e256.05m 917.72 70.32 0.29 30503.13 2241.83 12.23 2.22 0.24 0.12 BLOD 0.11 0.18 445.54 158.61 0.41 0.58 0.17 0.12 BLOD 0.11 0.13 BLOD 1.58 2.24 BLOD 1.89 2.96 7.62 0.92 0.01 2303.11 83.71 0.16 3.12 0.15 0.01

GARPN2561 256.05 FWD Sphalerite LPP1_C_sp_17 DBH2561e256.05m 982.66 131.74 0.29 32199.87 4390.32 10.69 12.15 1.59 0.11 BLOD 0.15 0.15 22.59 4.16 0.40 0.46 0.12 0.11 BLOD 0.11 0.16 BLOD 1.54 2.33 BLOD 1.82 3.34 3.19 0.57 0.01 1997.16 93.72 0.44 3.94 0.19 0.00

Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD

GARPN2561 256.05 FWD Sphalerite LPP1_B5_sp_13 final DBH2561e256.05m 0.71 0.18 0.12 29.02 2.42 0.04 0.03 0.01 0.00 12.24 1.43 0.10 0.04 0.02 0.00 356.89 81.99 0.05 BLOD 0.00 0.05 BLOD 0.58 1.00 BLOD 0.07 0.11 3.00 1.41 1.83 cpy inclusion removed by linking

GARPN2561 256.05 FWD Sphalerite LPP1_C_sp_17 DBH2561e256.05m 0.17 0.11 0.12 11.19 2.83 0.07 0.01 0.00 0.00 10.99 1.86 0.10 0.01 0.01 0.01 6.57 1.42 0.23 BLOD 0.00 0.06 BLOD 0.80 1.06 BLOD 0.05 0.11 2.49 1.14 1.60

Legend (B)LOD= (Below) Limit of detection calculated based on Longerich et al. (1996) formula

Notes
Mo95 (ppm) Cr53 (ppm) V51 (ppm) Ti49 (ppm) 

HoleID Depth

Mineralization 

Type Mineral Analysis code. Sample No

Sn118 (ppm) Sb121 (ppm) Au197 (ppm) Hg202 (ppm) Tl205 (ppm) Pb208 (ppm)

Ge74 (ppm) As75 (ppm) Se77 (ppm) Ag107 (ppm) Cd111 (ppm) In115 (ppm) Mn55 (ppm) Fe57 (ppm) Co59 (ppm) Ni60  (ppm) Cu63 (ppm) Ga69 (ppm) 

HoleID Depth

Mineralization 

Type Mineral Analysis code. Sample No

Table E.4  LA-ICPMS spot analyses for galena.

Ge74 (ppm) 

Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD

GARPN2561 256.05 FWD Galena LPP1_C_gn_26 DBH2561e256.05m 15.29 6.57 0.56 1281.86 688.64 18.32 BLOD 0.37 0.17 1.98 0.92 0.26 63.51 12.13 0.64 1.74 0.93 0.20 BLOD 1.75 1.82 0.91 BLOD 2.21 3.22 34.46 20.68 6.24 911.72 94.16 0.03 21.48 4.10 1.02 0.02 0.02 0.01

GARPN2561 256.05 FWD Galena LPP1_C_gn_27 DBH2561e256.05m 11.79 5.30 0.54 1086.03 451.51 17.53 BLOD 0.28 0.16 3.07 4.39 0.25 6.60 3.15 0.62 1.09 0.80 0.19 0.29 BLOD 1.44 0.87 BLOD 1.81 3.08 33.75 18.46 5.97 571.01 65.17 0.02 14.19 3.70 0.98 0.02 0.02 0.01

GARPN2561 256.05 FWD Galena LPP1_D_gn_24 DBH2561e256.05m 0.31 0.18 0.23 BLOD 3.21 7.48 BLOD 0.06 0.07 BLOD 0.04 0.11 0.48 0.27 0.27 BLOD 0.05 0.08 BLOD BLOD 0.25 0.39 BLOD 0.71 1.33 26.69 5.79 2.55 725.85 29.64 0.01 17.49 1.51 0.43 0.11 0.02 0.00

GARPN2561 256.05 FWD Galena LPP1_D_gn_25 DBH2561e256.05m 0.56 0.14 0.24 23.66 10.59 7.77 BLOD 0.03 0.07 BLOD 0.08 0.11 1.52 0.50 0.28 0.11 0.08 0.09 BLOD BLOD 0.24 0.40 BLOD 0.65 1.38 25.51 8.74 2.65 913.71 44.85 0.01 17.87 1.54 0.45 0.08 0.02 0.00

Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD

GARPN2561 256.05 FWD Galena LPP1_C_gn_26 DBH2561e256.05m 2.71 0.85 0.22 1169.15 158.28 0.11 0.03 0.01 0.00 3.78 1.69 0.21 4.07 0.40 0.01 11.20 0.76 0.02 BLOD 0.03 0.12 143.94 59.77 4.26 4.23 4.30 1.95 0.85 0.63 0.24 sulphide inclusions not possible to remove

GARPN2561 256.05 FWD Galena LPP1_C_gn_27 DBH2561e256.05m 1.80 1.02 0.21 781.82 112.60 0.10 0.03 0.02 0.00 2.14 0.91 0.20 4.69 0.28 0.01 12.73 0.42 0.02 0.19 0.47 0.11 151.54 196.60 4.07 2.17 4.09 1.87 0.66 0.35 0.23 sulphide inclusions not possible to remove

GARPN2561 256.05 FWD Galena LPP1_D_gn_24 DBH2561e256.05m 33.40 4.01 0.09 919.20 97.42 0.04 0.00 0.00 0.00 BLOD 0.05 0.09 3.33 0.18 0.00 38.41 2.27 0.01 BLOD 0.00 0.05 BLOD 1.48 1.75 BLOD 0.45 0.80 BLOD 0.06 0.10 fe-sulphides inclusion present, partially removed

GARPN2561 256.05 FWD Galena LPP1_D_gn_25 DBH2561e256.05m 33.44 3.86 0.10 928.43 102.74 0.05 0.01 0.00 0.00 BLOD 0.07 0.09 3.14 0.20 0.00 37.96 2.61 0.01 BLOD 0.00 0.05 BLOD 1.19 1.82 BLOD 0.70 0.83 BLOD 0.09 0.10 chalcopyrite inclusion removed

Legend (B)LOD= (Below) Limit of detection calculated based on Longerich et al. (1996) formula

Notes
Mo95 (ppm) Zn66 (ppm) Cr53 (ppm) V51 (ppm) 

HoleID Depth

Mineralization 

Type Mineral Analysis code. Sample No

Sn118 (ppm) Sb121 (ppm) Au197 (ppm) Hg202 (ppm) Tl205 (ppm) Bi209 (ppm) 

Ge72 (ppm) As75 (ppm) Se77 (ppm) Ag107 (ppm) Cd111 (ppm) In115 (ppm) Mn55 (ppm) Fe57 (ppm) Co59 (ppm) Ni60  (ppm) Cu63 (ppm) Ga69 (ppm) 

HoleID Depth

Mineralization 

Type Mineral Analysis code. Sample No

Table E.5  LA-ICPMS spot analyses for pyrrhotite.

Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD

GARPN2561 256.05 FWD Pyrrhotite LPP1_D_po_20 DBH2561e256.05m 2.05 0.37 0.35 67.56 4.46 0.13 BLOD 0.11 0.19 BLOD 0.30 0.46 BLOD 0.07 0.12 BLOD 0.14 0.20 BLOD 1.17 2.32 BLOD 1.60 4.45 1.75 0.20 0.02 BLOD 0.38 0.55 BLOD 0.00 0.01 BLOD 0.08 0.15

GARPN2561 256.05 FWD Pyrrhotite LPP1_D_po_21 DBH2561e256.05m 13.75 3.02 0.42 214.21 36.54 0.16 25.86 5.95 0.23 1.04 0.50 0.54 BLOD 0.09 0.14 BLOD 0.17 0.23 BLOD 1.03 2.75 BLOD 1.94 5.27 0.52 0.09 0.03 BLOD 0.54 0.65 BLOD 0.00 0.01 BLOD 0.10 0.17

Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD Mean 2SE LOD

GARPN2561 256.05 FWD Pyrrhotite LPP1_D_po_20 DBH2561e256.05m 0.14 0.08 0.09 BLOD 0.00 0.00 BLOD 0.25 0.37 BLOD 0.01 0.01 8.43 1.29 0.34 BLOD 0.01 0.01 BLOD 0.12 0.10 BLOD 1.91 3.34 BLOD 1.12 1.46 BLOD 0.11 0.17 BLOD 1.63 2.51

GARPN2561 256.05 FWD Pyrrhotite LPP1_D_po_21 DBH2561e256.05m 0.13 0.10 0.11 BLOD 0.00 0.00 BLOD 0.25 0.44 BLOD 0.00 0.01 1.99 0.39 0.40 BLOD 0.00 0.02 BLOD 0.00 0.11 BLOD 2.94 3.97 BLOD 0.93 1.72 BLOD 0.07 0.20 BLOD 2.57 2.97

Legend (B)LOD= (Below) Limit of detection calculated based on Longerich et al. (1996) formula

Sample No
Notes

Mo95 (ppm) Zn66 (ppm) Cr53 (ppm) V51 (ppm) Ti49 (ppm) 

HoleID Depth

Mineralization 

Type Mineral Analysis code.

Sb121 (ppm) Au197 (ppm) Hg202 (ppm) Tl205 (ppm) Pb208 (ppm) Bi209 (ppm) 

As75 (ppm) Se77 (ppm) Ag107 (ppm) Cd111 (ppm) In115 (ppm) Sn118 (ppm) Mn55 (ppm) Co59 (ppm) Ni60  (ppm) Cu63 (ppm) Ga69 (ppm) Ge74 (ppm) 

HoleID Depth

Mineralization 

Type Mineral Analysis code. Sample No
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Appendix VI – Chemical Assay Results 

Complete chemical result tables. 

 

Table. Checmical assays of the Knelson concentrator samples for feed, tailings and concentrate streams, performed by ALS Geochemistry.

LOG-QC PUL-QC OA-GRA08c ME-GRA21 ME-GRA21 ME-XRF15b ME-XRF15b ME-XRF15b ME-XRF15b ME-XRF15b ME-XRF15b C-GAS05 C-GAS05 Si-ICP81x ME-ICPORE ME-ICPORE ME-ICPORE

SAMPLE Pass75um Pass75um S.G. Au Ag Al2O3 CaO K2O MgO SiO2 TiO2 C CO2 Si Ag As Bi

DESCRIPTION % % Unity ppm ppm % % % % % % % % % ppm % %

LPB001 KnelsonTails1 54.9 89.3 3.18 0.61 187 3.33 10.15 1.14 6.97 39.3 0.07 2.86 10.5 176 0.024 <0.005

LPB002 KnelsonTails2 3.17 0.24 191 3.41 10.25 1.14 7.08 39.5 0.07 2.88 10.5 181 0.021 <0.005

LPB003 Standard (Internal) 2.83 0.07 13 7.43 1.26 2.61 4.77 72.3 0.16 <0.05 <0.2 11 0.005 <0.005

LPB004 KnelsonFeed1 3.17 0.42 187 3.43 10.2 1.15 7.05 39.4 0.07 2.95 10.8 178 0.024 <0.005

LPB005 KnelsonFeed2 3.16 0.24 187 3.44 10.2 1.17 7.04 39.3 0.07 2.94 10.8 178 0.018 <0.005

LPB006 Standard GBMS 304-4 5.62 <5 5.39 10.45 0.68 4.82 43.9 0.26 3 0.057 <0.005

LPB007 KnelsonConcentrate1 92 4.21 584 15950 1.54 3.13 0.41 2.05 18.45 0.04 0.77 2.8 >1500 0.053 <0.005

LPB008 KnelsonConcentrate2 4.24 431 14250 1.6 3.22 0.42 2.12 18.8 0.04 0.8 2.9 >1500 0.053 <0.005

LPB009 Standard (Internal) 5.67 16.2 1405 0.11 0.14 0.04 0.24 0.86 0.02 <0.05 <0.2 >1500 0.013 <0.005

ME-ICPORE ME-ICPORE ME-ICPORE ME-ICPORE ME-ICPORE ME-ICPORE ME-ICPORE ME-ICPORE ME-ICPORE ME-ICPORE ME-ICPORE ME-ICPORE ME-ICPORE ME-ICPORE ME-ICPORE ME-ICPORE Pb-AAORE

SAMPLE Ca Cd Co Cu Fe Hg Mg Mn Mo Ni P Pb S Sb Tl Zn Pb

DESCRIPTION % % % % % ppm % % % % % % % % % % %

LPB001 KnelsonTails1 5.79 0.013 0.001 0.035 7.58 <8 2.42 0.964 <0.001 <0.001 <0.01 2.13 10.3 0.034 <0.005 4.69

LPB002 KnelsonTails2 5.82 0.013 0.001 0.036 7.58 <8 2.48 0.973 <0.001 <0.001 0.01 2.12 10.25 0.036 <0.005 4.66

LPB003 Standard (Internal) 0.84 0.001 0.002 0.022 3.9 <8 2.7 0.124 0.009 0.039 0.02 0.214 2.28 <0.005 <0.005 0.281

LPB004 KnelsonFeed1 5.94 0.013 0.001 0.036 7.11 18 2.56 0.987 <0.001 <0.001 0.01 2.07 9.86 0.035 <0.005 4.69

LPB005 KnelsonFeed2 5.89 0.013 0.001 0.035 7.26 10 2.58 0.987 <0.001 <0.001 <0.01 2.06 9.87 0.033 <0.005 4.6

LPB006 Standard GBMS 304-4 7.57 <0.001 0.038 0.965 7.86 <8 2.93 0.149 <0.001 0.076 0.02 0.032 6.33 <0.005 <0.005 0.022

LPB007 KnelsonConcentrate1 1.75 0.011 0.006 0.229 22.1 38 0.76 0.378 0.001 0.001 0.01 13.25 27 0.18 <0.005 3.84

LPB008 KnelsonConcentrate2 1.73 0.011 0.003 0.582 22.5 35 0.75 0.423 0.001 0.002 0.01 13.1 26.8 0.179 <0.005 3.8

LPB009 Standard (Internal) 0.05 0.035 <0.001 4.85 9.02 <8 0.04 0.062 0.001 0.001 <0.01 >30.0 22.7 0.136 <0.005 10.75 49.5


