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Abstract 
 
The variety and amount of metals consumed by human society is ever increasing. Meeting the 
demand requires exploration for new ore deposits, efficient production of active mines, and 
improved efficiency in metal recycling. A key element in mining-related enterprises is the 
improvement of ore characterisation. The study of the geology and mineralogy of ore deposits 
allows us to infer the processes behind ore genesis. This knowledge guides important 
exploration and processing decisions. Over the last few decades, technological advancements 
have enabled ore characterisation at increasing levels of detail. This has brought the trace metal 
mineralogy of ore deposits into focus. In many cases, trace metals occur as extremely fine-
grained minerals or as lattice-bound impurities in the more common minerals in ore deposits. 
Hence, their study requires the use of micro-analytical techniques. Trace metals and their 
minerals can carry crucial information on the conditions of ore formation. They can be of 
economic value, harmful to the environment, or of strategic economic and geopolitical interest 
(e.g. Critical Raw Materials). Trace metal characterisation is therefore highly relevant to 
research, industry, and society.  

In this project, micro-analysis was performed on the Liikavaara Östra Cu-(W-Au) deposit 
in northern Sweden to research the trace metal mineralogy of Au, Ag, Bi, Mo, Re, and W. The 
main goal of the project was the development, optimisation, and integration of various micro-
analytical techniques for ore characterisation. The project was subdivided into four studies 
(scientific contributions): 

 (1) Drill core logging, whole-rock geochemistry, and light microscopy were applied to 
identify lithology, alteration, and mineralisation of the deposit. An intrusion in the footwall, 
potentially related to ore genesis, was dated with LA-ICP-MS. Scanning electron microscopy 
with energy dispersive spectrometry was used to gain insight into the trace metal mineralogy 
of the deposit. This study provided an overview of the geology and mineralogy of the deposit 
and served as a basis for sample selection and data interpretation of subsequent studies. 

(2) A polished thin section of the ore containing trace metal minerals was scanned by 
automated mineralogy (QEMSCAN) at Boliden AB to assess the potential of trace metal 
mineral quantification in a production-focused environment. To delineate instrument 
limitations from operator input the same sample was also scanned at Camborne School of 
Mines, UK. Detection of trace metal minerals was generally difficult due to their fine-grained 
nature. Yet, quantification could be improved by optimisation of the mineral classification 
library. 

(3) Four polished epoxy-mounted drill core pieces of ore were analysed by automated 
mineralogy (Mineralogic) and x-ray computed tomography (XCT). In two samples, a smaller 
region of interest was drilled and re-analysed at higher resolution. Results from automated 
mineralogy were used to segment and interpret the XCT data. Vice versa, XCT data provided 
3D spatial context for the 2D scans. 

(4) Three polished thin section pieces with grains of molybdenite, pyrite, and native Bi, all 
with Au-inclusions, were analysed by synchrotron radiation x-ray fluorescence mapping at the 
NanoMAX beamline of the MAX IV synchrotron facility in Lund, Sweden. Element 
fluorescence maps down to 50 nm pixel size revealed the distribution of micro- and nano-
inclusions and lattice-bound impurities in the mineral grains. 

The studies demonstrated benefits and challenges of the various micro-analytical 
techniques, and how and what they may contribute to ore characterisation. Results allowed 
linking and integrating the techniques into a smart analytical flow to optimise the 
characterisation of trace metal minerals in ore deposits. This is useful for both ore geology 
research and the mining industry. 
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Introduction 
 
For thousands of years metals have shaped the evolution of human society and enabled the rise 
of civilizations. Epochs are named after specific metals for that reason. Since the advent of the 
industrial revolution, worldwide consumption of metals has sharply increased (Schmitz 1979, 
Mitchel 1998). A rapidly growing global economy and population are the major driving forces 
behind this development (Rogich & Matos 2008). Even with enhanced recycling rates, the 
demand of metals will hardly be satisfied (Elshkaki et al. 2018, Priester et al. 2019). In addition, 
the range of metals relevant to society continuously expands, as applications for the unique 
properties of the metals are being discovered (Brown et al. 2018). Most recently, the drive 
towards decarbonisation has placed demand on metals (e.g., rare earth elements), which were 
of little interest only a hundred years ago. Now, these metals are used in the production of 
batteries, solar panels, water and wind turbines, and other low-carbon technologies (Watari et 
al. 2020). Moreover, many metals are critical, i.e. their availability to society is at risk (Graedel 
et al. 2015, Watari et al. 2020). 

The criticality of a metal depends on many factors such as geological abundance, potential 
for substitution, and mining technology, where one significant factor being the geopolitical 
concentration of metals (Graedel et al. 2015). The market for metals has drastically changed 
over the last few decades, and supply is now in many cases almost entirely controlled by China 
(Rogich & Matos 2008, European Commission 2020) due to its high resource endowment and 
state policies (Mancheri et al. 2019, Shen et al. 2020, USGS 2021). This creates an undesired 
import-dependency in the western world, particularly the EU. In fact, market prices for rare 
earth elements increased manifold when China drastically restricted its export in 2010 (Shen et 
al. 2020). Thus, since 2011 the European Commission triennially assesses and identifies critical 
raw materials (CRMs) – material (mostly metals) of high economic importance to the EU but 
with high risk associated with their supply (European Commission 2011, 2014, 2017, 2020). 
Currently 30 CRMs are identified (European Commission 2020). The goal of this assessment 
is to aid with the strategic planning of securing supply of CRMs. Main measures are global 
market diplomacy (e.g., trade agreements), fostering supply within the EU (e.g., new mining) 
and boosting resource efficiency (e.g., enhanced recycling activities; European Commission 
2011). However, many years may pass from exploration to production of a mine. Albeit 
necessary long-term, new mine production in the EU hardly is a solution to a sudden supply 
shortage (European Commission 2020). Yet help may come from existing mines.  

Commonly ore deposits contain a few metals of economic grade, which are subsequently 
mined as main- and by-products. Yet the deposits are enriched in several more metals of sub-
economic grade, often including CRM (Lauri et al. 2018). What constitutes as economic grade 
is subject to change, however, and affected by shifts in market prices and production costs. A 
sudden supply shortage would drive up market prices for the affected metals. This could allow 
profitable production from existing mines. Although, an adequate and timely supply would still 
be unlikely (European Commission 2020), production would be faster than starting at the 
exploration stage. 

There are more reasons mining companies may be incentivised to expand the number of 
products of their ore deposits. Reduced production costs through technological advancements 
or increased demand of some metals, e.g. for low-carbon technology (Watari et al. 2020), could 
also positively influence the economic grade of metals in an ore deposit. Further, considering 
the debate on climate change, environmental activism, and the NIMBY attitude (‘not in my 
backyard’), the mining industry, as a major producer of greenhouse gases, has to convince the 
public and its political representatives of the necessity of mining in Europe (Badera 2014, Lauri 
et al. 2018, Brown et al. 2018). Improving sustainability through a more holistic ore production 
may help to gain social acceptance.  
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Efficient mining requires detailed characterisation of an ore deposit (Baum 2014). Ore 
characterisation is the chemical, mineralogical, textural, and structural qualitative and 
quantitative description of rocks, which are economically enriched in one or several elements, 
mostly metals. This knowledge is necessary to guide exploration, production, and mineral 
processing. (i) Where, (ii) what, and (iii) how to mine, and (iv) how to extract the metals from 
the ore is strongly dependent on the geology and mineralogy of an ore deposit. Some brief 
examples: 

(i) Through the study of thousands of ore deposits worldwide, research has delineated 
different types and characteristics of ore deposits and the favoured geological environments for 
ore genesis. Understanding the conditions of ore formation on a local scale may then point to 
the discovery of additional deposits in the region. In fact, the case subject of this thesis, the 
Liikavaara Östra Cu-(W-Au) deposit, lies in a deformation zone, which hosts several other 
economic ore deposits including Aitik, Europe’s largest open-pit Cu-Au mine (Martinsson & 
Wanhainen 2004). Further, in zoned deposits, tracer minerals may act as pathfinders towards 
the ore.  

(ii) Identifying the ore-bearing rocks and the minerals of the economic metals is crucial to 
separate ore from gangue during processing. 

(iii) The distribution of the ore in a deposit, e.g. if the ore is dispersed across a rock unit 
(disseminated) or concentrated in veins, may decide whether underground or open pit mining 
is more suitable.  

(iv) The mineralogy of the ore determines the extraction techniques for the economic 
metals. Hard rocks require higher energy to crush; small mineral grains have to be ground finely 
to liberate them. More than one economic mineral may require several paths of extraction 
(processing steps), and the occurrence of penalty elements may necessitate purification, etc. 
 
Typical activities to characterise ore include geological and structural mapping of outcrops, and 
logging of drill cores, manually and machine-assisted. This is usually complemented by lab-
based chemical analysis of homogenised rock samples (e.g., whole-rock analysis). Features 
down to the centimetre/millimetre scale may be resolved. The reason CRM and other metals 
are sub-economic in many ore deposits is their concentration. They typically occur in higher 
concentration than in the surrounding bedrock but still often only in trace amounts (Lauri et al. 
2018, Brown et al 2018). Characterization is therefore difficult and often requires succession 
of macro-analysis with micro-analysis. Common sample types for micro-analysis include 
polished rock thin sections and epoxy-mounted rock chips. Further downstream, crushed rock 
samples and concentrates of various particle size fractions are prominent. 

Ideally, ore characterisation is done from the start of a mining/exploration project. Mining 
companies may dread the extra cost to analyse trace metal mineralogy if they see no short-term 
profitability but proactivity may payoff. Mine waste sorted based on its trace metal content 
could more likely result in profitable re-mining than mixed waste (Shaw et al. 2013). 
 
Over the last few decades development and improvement of novel and existing micro-analytical 
techniques has been rapid (Johnson 2013). Nowadays, a plethora of techniques is available for 
the micro-analysis of rocks using light- (e.g., LM), electron- (e.g., SEM, TEM, AM, EPMA, 
CL), proton- (e.g., PIXE), ion- (e.g., SIMS), x-ray- (e.g., XRF, XRD, XCT), and laser-beams 
(e.g., LIBS, LA-ICP-MS, RAMAN). Analysis is based on the optical, physical, and chemical 
properties of the rock-constituting minerals. Analysis may be qualitative or quantitative. Some 
techniques provide purely statistical data whereas others are capable of imaging the mineral 
properties. Most analytical systems operate in 2D, but a few 3D-based techniques exist. Often 
sample preparation is required prior to analysis. Analysis may be destructive or non-destructive 
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to the sample. Spatial resolution down to the nano-scale and ppb-level detection limits may be 
achieved (Reich et al. 2017). 

Despite this multiplicity, most micro-analytical techniques are still limited to research and 
hardly, if at all, traditionally applied in the mining industry. Yet they may provide useful 
insights for exploration and metallurgy on the characteristics of ore and its trace metal content. 
Making better use of what these techniques have to offer may ultimately aid to increase 
production efficiency, profitability, and sustainability of a mining operation.  
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Aim and scope of the thesis 
 
The goal of this PhD thesis was to investigate the potential of better ore characterisation, 
particularly concerning trace metal mineralogy, using micro-analytical techniques. This was 
approached in three different ways:  

(1) Optimising techniques already routinely applied in the mining industry  
(2) Investigating the potential of ore characterisation techniques traditionally not applied in 

the mining industry  
(3) Linking and integrating techniques in a complementary, smart, and meaningful way to 

achieve superior characterisation 
 
The project was designed as a case study on the Liikavaara Östra Cu-(W-Au) deposit in 
northern Sweden. The deposit is located approximately 50 km above the Arctic Circle in 
northern Norrbotten, Sweden (Fig. 1A). It lies 4 km east of the renowned world-class Aitik Cu-
Au deposit. It is also within the Nautanen Deformation Zone, which controls many sulphide 
and iron ore deposits in the area (Fig. 2B, Lynch et al. 2018). The deposit is currently in the 
mine planning stage and Boliden AB has production scheduled for 2023. The ore will be 
blended into the feed of the Aitik processing plant. This means, Cu will be the main product 
and Au and Ag will be recovered as by-products from Cu flotation. Liikavaara Östra has an 
average grade of 0.26 % Cu, 0.06 ppm Au, and 2.2 ppm Ag (Agmalm 2018). It also contains 
31 ppm Mo, a potential future by-product (personal communications Nils-Johan Bolin, Boliden 
AB). In addition, the deposit is enriched in several CRMs, most notably W (264 ppm) and Bi 
(10.7 ppm), but production is currently not deemed feasible (Agmalm 2018). Still, trace metal 
mineral characterisation is of interest and potential future benefit for Boliden AB. 
 
The thesis is comprised of four individual studies published in, or submitted to, scientific 
journals. Partial results were also published in the form of extended abstracts at four scientific 
conferences. A general mineralogical characterisation of the Liikavaara Östra Cu-(W-Au) 
deposit formed the basis for three studies focused on trace metal mineral characterisation and 
method development. 

(1) A deposit-scale study was conducted to get a good understanding on the geological 
character of the deposit locally and in a regional context. The last comprehensive geological 
description of Liikavaara Östra dated back more than 30 years (by Zweifel in 1976). At this 
time, the number of drill cores and available analytical techniques was comparably limited. 
Hence, an updated description was required. In this study, results from a master thesis (Warlo 
2016) were further developed and complemented with new data. The study covers a 
comprehensive mineralogical and geochemical description of the ore, host rock, and wall rocks, 
as well as U-Pb dating of a key intrusion, potentially related to the ore genesis. The results aided 
in selecting representative samples for the subsequent studies. This deposit-scale improved 
description is also important from a mining perspective, e.g. to assist exploration in the area. 

 (2) Automated mineralogy (AM) is routinely applied in the mining industry but commonly 
only concerned with quantification of economic base metal minerals. Trace metal minerals, 
despite their potential economic value, often remain undetected due to their small grain sizes. 
Dedicated trace metal mineral analysis is possible but costly (time consuming). Through 
collaboration with the AM labs at Boliden AB and Camborne School of Mines (UK), a method 
was developed to include trace metal mineral quantification in routine industry analysis. 

 (3) A major drawback of most micro-analytical techniques is their limitation to 2D analysis 
of 3D objects. This introduces a stereological error to the quantitative data. X-ray computed 
tomography (XCT) offers 3D imaging but lacks mineral identification capabilities. Integrating 
the 3D spatial data of XCT with the 2D quantitative mineral data of AM may offer a solution 
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to these problems and result in superior ore characterisation. This study compares analyses of 
several ore samples at multiple scales between the two techniques. Possibilities and challenges 
of their integration are discussed.  

(4) Synchrotron radiation-based techniques are at the forefront of micro-analytic 
excellence. Yet the techniques are absent from the analytical portfolio of the mining industry, 
partly due to the difficulty of accessing a synchrotron facility. Nevertheless, the combination 
of sub-ppm detection limits and spatial resolution down to the nano-scale hold serious potential 
to advance ore characterisation to the next level. This study presents potential applications of 
synchrotron-radiation x-ray fluorescence mapping (SR-XFM) for industry-relevant ore 
characterisation. Discussion is based on analyses performed at the NanoMAX beamline of the 
MAX IV synchrotron facility in Lund, Sweden. 
 

 
Figure 1. A. Location of the Liikavaara Östra Cu-(W-Au) deposit within Sweden. B. Locations of sulphide and 
iron ore deposits in the Nautanen Deformation Zone, Gällivare area (modified from Martinsson & Wanhainen 
2004). C. Geological map of the Liikavaara Östra deposit. The whole-rock data of the various rock units are plotted 
in the immobile element classification diagram by Hallberg (1984). D. Profile across the Liikavaara Östra deposit. 
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Methods 
 
The methods and micro-analytical techniques applied in the four studies comprising this thesis 
are here presented. In addition, a brief description of the basic principles of the various micro-
analytical techniques and their common use in ore characterisation is provided. For analytical 
settings and sample details, the reader is referred to the respective papers included in this 
doctoral thesis.  
 
Logging and sampling 
 
To study the petrology and mineralogy of the various rocks composing the Liikavaara Östra 
Cu-(W-Au) deposit, three drill cores were fully and nine partially logged. Logging was done 
with assistance of a magnifying lens, hydrochloric acid, a knife, a ruler and a UV lamp. 
Chemical data (assays) from the drill cores were also used. Based on the logging, 22 samples 
were collected for whole-rock geochemical analysis from the host rock, wall rocks, and a 
footwall intrusion. From another 65 samples, Vancouver Petrographics Ltd produced 30 μm 
polished rock thin sections for micro-analysis. Of these, 11 focused on the lithology, 20 on 
mineralisation, veining, and alteration, and 34 on trace metal minerals. In addition, four drill 
core rock chips (30 mm diameter, 10 mm height) of different mineralisation styles were epoxy 
mounted and polished by Vancouver Petrographics Ltd for XCT and AM analysis. For U-Pb 
dating on zircons of the footwall intrusion, several kilogram of rocks were collected from an 
outcrop near the deposit. To extract the zircons, the rocks were crushed by a jaw-mill and a 
chromium swing mill. A particle size fraction of 40–500 μm was sieved. The dense minerals 
were separated from the light minerals using a Wilfley table. To separate magnetic minerals 
from the zircons, a hand magnet and a Frantz Isodynamic magnetic separator were used. This 
was followed by a second density separation using Methylene Iodide (CH2I2 3.2g cm-3). From 
the remaining grains, the zircons were hand-picked with tweezers using a stereo microscope.   
 
Whole-rock geochemistry 
 
ALS Scandinavia AB performed the whole-rock geochemistry (details are provided in the 
appendix of Paper I). The chemical data were plotted in rock classification diagrams within the 
software ioGas to aid the logging and light microscopy with the lithology of the deposit. 
 
Light microscopy 
 
Initial micro-analysis in ore geology research and the mining industry commonly includes light 
microscopy (LM), also referred to as optical microscopy. The common optical microscopes 
used for ore and rock characterisation are a transmitted polarised light and a reflected light 
microscope.  

In both techniques, light interacting with the sample induces optical effects, which are 
diagnostic for the various minerals. These effects are observed through a lens at commonly 5-
124x magnification. Additional optical properties of the minerals are observed through 
manipulation of the light passing from the sample to the lens. Polarised light microscopy is used 
to study translucent minerals while reflected light microscopy is applied to opaque minerals. 

Both techniques allow rapid characterisation of rock samples at the millimetre- to micron-
scale concerning their mineral composition, texture, and structure. They often complement 
macro and whole-rock chemical analysis to describe the general geology and mineralogy of a 
deposit. They also serve to guide sample selection for higher resolution analysis, e.g. 
concerning the trace metal mineralogy. 
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In this thesis, a Nikon ECLIPSE E600 POL, enabling both transmitted polarised light and 
reflected light microscopy was used to study the polished thin sections for the reasons stated 
above. 
 
Scanning electron microscopy 
 
Scanning electron microscopy (SEM) allows rapid analysis of the mineralogy, mineral 
chemistry, textures and structures of rock samples at resolutions far below LM. It is therefore 
ideally suited to follow up on LM analysis to provide more insight on e.g. the trace metal 
mineralogy.  

In scanning electron microscopy, a high voltage electron beam is focused on a sample, 
which causes beam/sample interactions that result in electrons, x-rays, and photons leaving the 
sample. These particles are collected and processed by detectors, and the information displayed 
in tables, graphs, and images. Two-dimensional information is obtained by scanning the beam 
in a raster across the sample. Decreasing the size of the raster achieves magnification. 
Increasing the number of pixels in the raster increases resolution. However, maximal spatial 
resolution is limited by the interaction volume of the electron beam with the sample and varies 
for the different interactions. 

The most relevant beam/sample interactions for ore characterisation are: (1) primary 
electrons are elastically scattered within the sample with some electrons leaving it again 
(backscattered electrons). The intensity of backscattered electrons (BSE) is recorded by a 
detector and displayed as a distinct grey scale value in an output image. Scattering increases 
with atomic number of the element hit by the electron beam. Hence, heavy elements produce a 
stronger backscattered electron signal than light elements and are consequently displayed as a 
brighter grey value in the output image. This allows discrimination of minerals based on their 
element composition. (2) Primary and backscattered electrons displace electrons from the shells 
in the atoms of the sample (secondary electrons). Secondary electrons (SE) can only leave the 
sample if they are created close to the sample surface. Hence, topography in a sample, e.g. grain 
boundaries, allows more SE to escape. As SE production is partly related to BSE, SE intensity 
reflects both topographic and composition information. It is mainly used to study textures and 
structures of a rock sample. Spatial resolution of SE and BSE imaging is possible down to the 
nano-scale (Goldstein et al. 2003). (3) Primary and backscattered electrons ionize the inner 
shells of atoms in the sample. Outer shell electrons transition to the inner shells, which causes 
emission of x-ray photons. The energies of the x-ray photons are characteristic for each shell 
transition and element. A detector records intensity and energy of the x-rays emitted from the 
sample. This allows quantification of the chemical composition of the minerals in the sample.  

Two types of x-ray detectors exist: an energy dispersive x-ray spectrometry (EDS) detector 
and a wavelength dispersive x-ray spectrometry (WDS) detector. EDS is fast (typically minutes 
per analysis) and allows simultaneous routine analysis of all elements from Na down, whereas 
WDS is slow (tens of minutes per analysis) and can only analyse one element at a time, but up 
to B. Further, EDS has worse energy resolution (~<130 eV) and limit of detection (~0.1 %) 
compared to WDS (~5 eV, ~<0.01 %; Goldstein et al. 2003). EDS is therefore mainly applied 
to identify minerals and their general chemical composition. WDS is used when precise 
quantification of major and trace elements in a mineral is required. For faster analysis, an 
electron probe micro analyser (EPMA) may be used. It functions similar to a SEM but is 
optimised for quantitative analysis and utilizes several WDS detectors. Spatial resolution of 
electron beam-based EDS and WDS analysis is worse than for SE and BSE imaging and at the 
(sub)-micron scale (Goldstein et al. 2003). 
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In this thesis, a Zeiss Merlin FEG-SEM with an Oxford X-Max 50 mm2 silicon drift EDS 
detector and the Oxford AZtec software was used to image and identify trace metal minerals, 
their occurrence and their character in the Liikavaara Östra deposit. This included SE, BSE and 
EDS analysis. The SEM was also used to confirm the quality of the zircons of the footwall 
intrusion (e.g., cracks, impurities, and zonation) prior to U-Pb dating. Post LA-ICP-MS analysis 
location of the laser ablation pits in the zircons were inspected and correlated with the age data. 
The study of zircons was performed with BSE imaging. The SEM also found application in 
sample selection for AM and SR-XFM analysis. This included detailed analysis of minerals, 
textures and structures. Post AM and SR-XFM analysis, the SEM was used to confirm 
observations made by the other techniques. All three modes, SE and BSE imaging, and EDS 
analysis were routinely utilised. 

 
Automated mineralogy 
 
In the mining industry, automated SEM-based analysis is more widely applied over traditional 
SEM-EDS. Collectively referred to as automated mineralogy (AM), a number of systems exist 
(QEMSCAN, MLA, Mineralogic, TIMA, AMICS, INCA-mineral), although they work 
similarly. They usually comprise a SEM fitted with one or multiple EDS detectors. A dedicated 
software allows automated acquisition of BSE and EDS data across an area in the sample. The 
user specifies pixel-size and area. Further, the BSE data may be used discriminatory to steer 
EDS analysis, e.g. to exclude the matrix in a crushed rock sample, to limit analysis to a specific 
grain size fraction, or to focus on a specific mineral phase (e.g., Au search). Each pixel in a 
scan is classified as a mineral based on its BSE and EDS values. Classification is done 
automatically through comparison against a user-customisable mineral library. The output 
includes fully quantified mineral maps of the selected areas as well as quantitative information 
on mineral processing-relevant parameters, e.g. grain size distribution, degree of liberation, 
metal deportment, mineral association, etc. Since the focus of analysis is on quantitative 
mineralogy not mineral chemistry, EDS analysis can be done rapidly at a few thousand counts 
per pixel compared with >50 000 counts per peak of importance in SEM-EDS. AM is mainly 
used in mineral processing to trace the pathways of the metals of interest. The pixel-size is 
commonly adapted to the grain size fraction analysed but usually >10 μm is used for whole-
rock scans. Yet a pixel-size down to 0.2 μm is possible (Pirrie & Rollinson 2011, Graham & 
Keulen 2019). 
 
In this thesis, automated mineralogy was applied in two studies. In the first study, a sample 
from a sulphide-rich quartz-(tourmaline-calcite) vein containing some scheelite and fine-
grained Au, Ag, and Bi was analysed by QEMSCAN at the AM laboratories in Boliden AB and 
Camborne School of Mines (CSM). The intent was to detect a possible influence of the 
difference in utilisation (production- vs. research-focused) on the quality of the output data, 
particularly in regard to trace metal mineral quantification. Further, how this knowledge may 
be used to improve routine analysis. At both laboratories, the field-mapping mode (no exclusion 
of phases) was used to cover more or less the entire thin section (Pirrie & Rollinson 2011). At 
Boliden AB, analysis was performed with a QEMSCAN 650 (FEI with two EDS detectors) at 
5 μm pixel-size, a trade-off between maximising resolution and keeping analytical run time 
acceptable. At CSM, a QEMSCAN 4300 (Zeiss EVO 50 SEM with four EDS detectors) and a 
10 μm pixel-size was used, the standard resolution for whole section scans at this lab (Pirrie & 
Rollinson 2011). An x-ray count per spectrum of 1000 was applied at both labs. At each lab, 
the mineral classification library was modified from existing protocols. At Boliden AB, a 
custom protocol for classification of the Aitik ore was expanded to include minerals found at 
Liikavaara Östra (e.g., scheelite). In addition, the protocol was adjusted post-analysis to include 
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minerals that were not classified during the scanning. At CSM, a modified version of a standard 
protocol was used and iteratively adjusted post-analysis based on the results. The analyses were 
compared and evaluated regarding their quality of mineral identification and quantification of 
trace metal minerals. Based on the results a methodology was developed to optimize the mineral 
library at Boliden AB for Au detection. Admittedly, quantitative analysis of the bulk 
mineralogy of a thin section is hardly representative of a rock (Gy 1998). For that reason, 
particulate and homogenised ore is the common sample type in the industry. The benefit of a 
thin section is the preservation of texture and structure of the ore, which is often relevant to the 
distribution of the economic metals. In the end, key observations of this methodological study 
were irrespective of sample type and generally applicable.  

In the second study, four epoxy-mounted rock chips were scanned by Zeiss Mineralogic at 
Luleå University of Technology. Analysis was performed on a Zeiss Sigma 300 VP with two 
EDS detectors at 30 μm pixel-size across the entire sample surface. This was succeeded by 
analysis at 1 μm pixel-size over a circular area of ~4 mm diameter (region of interest) in two of 
the samples. The mineral classification protocol was custom-made for each analysis and 
iteratively adjusted based on the results. Results were correlated with corresponding scans by 
x-ray computed tomography. 
 
Laser ablation inductively coupled plasma mass spectrometry 
 
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is widely applied 
in research but less common in the mining industry. Yet it offers a wide range of applications 
for ore characterisation including quantitative sub-ppm trace element analysis, element 
mapping, and isotope age dating (e.g., Jackson et al. 1992, Košler 2007, Ulrich et al. 2009).  

In this technique, a laser is used to ablate a small amount of material from the surface of a 
sample. Because material is removed and a crater remains, this technique is destructive to the 
sample. The size of the ablation spot, commonly not smaller than a few microns across, 
constrains the spatial resolution of the analysis. The particles freed by the laser ablation 
(aerosol) are collected by a carrier gas and ionised in a plasma chamber. The ions are 
subsequently accelerated towards a mass spectrometer. On their way, they are deflected by 
electromagnets, the amount of which is relative to the mass-to-charge ratio of the ions. This 
causes the ions to hit the mass spectrometer in different fields, which is used to resolve the 
sample composition. A large mass range can be detected, which unlike SEM-EDS/WDS 
includes light elements up to Li. Since isotopes of the same element vary in mass, they are 
deflected differently and can be resolved individually. This allows isotope measurements, 
which form the basis of age dating. For quantitative analysis, calibration against a reference 
material is required. By combining parallel adjacent line-scans across an area, element maps 
are generated. 
 
In this thesis, LA-ICP-MS was used for U-Pb dating of the zircons from the footwall intrusion. 
Analysis was performed at the Vegacenter micro-analytical facility at the Swedish Museum of 
Natural History in Stockholm, Sweden. An ESU NWR193 ArF eximer-based laser ablation 
system was used in combination with a Nu plasma (II) MC-ICP mass spectrometer. Data were 
normalized to the 91 500 Zircon bracketing standard (Wiedenbeck et al. 1995), with GJI, 
Plesovice, and Temora serving as secondary standards. Common Pb correction was applied for 
206Pb/204Pb ratios <7000 (Petrus & Kamber 2012). Data were evaluated for concordance and 
for the concordant data, crystallization ages of the zircons were calculated based on the inverse 
concordia (Tera-Wasserburg) diagram and the 207Pb-206Pb weighted average. 
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X-ray computed tomography 
 
X-ray computed tomography (XCT) is mainly known for its medical application to the non-
invasive 3D visualisation of internal features in human bodies. Yet it also finds use in other 
fields. The oil industry especially makes widespread use of XCT, e.g. to quantify the amount 
and connectivity of pore space within a reservoir rock (Butcher 2020). This provides important 
data on the extractability of the oil. For ore characterisation, XCT is a rather novel technique 
and in the mining industry it is still uncommon (Butcher 2020). Yet research interest has 
increased significantly over the last two decades (Guntoro et al. 2019a and references therein). 
The reason is the potential of XCT to analyse and quantify mineral parameters in 3D. This 
offers a big advantage over other micro-analytical techniques.  

A review of XCT and its potential applications in the geosciences is provided by several 
authors (e.g., Ketcham & Carlson 2001, Cnudde & Boone 2013, Godel 2013, Kyle & Ketcham 
2015, Hanna & Ketcham 2017, Guntoro et al. 2019a, and Wang & Miller 2020). In XCT, 
typically a conical x-ray beam is focused onto a sample. The x-ray beam passes through the 
sample and hits a detector. Due to interaction of the x-rays with the sample, the transmitted 
energy of the x-rays is decreased. The decrease in energy is dependent on the x-ray linear 
attenuation coefficients of the phases in the sample along the beam path. The x-ray linear 
attenuation coefficient of a phase is determined by its element composition and density but also 
the energy of the x-ray beam. The detector records the transmitted x-ray intensities. This allows 
a 2D projection of the sample, reflective of the sum of the x-ray linear attenuation coefficients 
along different paths from the x-ray source to the detector. By rotating the sample relative to 
the x-ray source and the detector around 360º, typically projections for 600–3600 different 
angles are recorded. This allows the local x-ray attenuation coefficient of each voxel (3D pixel) 
within the sample to be calculated. A grey scale is applied to the range in local x-ray attenuation 
coefficients, where higher coefficients are reflected by a brighter grey. The data are analysed 
by dedicated software as a stack of 2D images and/or a 3D rendered volume. 

While the local x-ray attenuation coefficients correlate to different phases in a sample, e.g. 
minerals, they do not allow unique identification without other sources of information. Further, 
the data is purely qualitative. For quantitative analysis, the data has to be segmented, i.e. 
separated into different phases. Unfortunately, it is mostly not sufficient to base this 
segmentation purely on the grey values. Noise, the partial volume effect, i.e. several phases 
intersecting and thus contributing to the coefficient of a voxel, and various imaging artefacts 
cause overlap of the grey values between different phases. As a result, other data like the 
intensity of the spatial variation of the grey values (edge intensity) have to be considered. The 
commonly occurring complex mineralogy and texture of ore samples cause severe grey value 
overlap in XCT analysis. Segmentation is therefore the main challenge in the application of 
XCT for ore characterisation (Godel 2013, Guntoro et al. 2019b, Wang & Miller 2020). 

XCT instruments exist for various sample scales from meters to microns. In ore geology, 
μXCT is most common. With μXCT it is still possible to scan several tens of centimetres of a 
drill core, but also millimetre-sized rock chips (Kyle & Ketcham 2015). 
 
In this thesis, the four epoxy-mounted rock chips of different mineralisation styles of the 
Liikavaara Östra deposit were analysed by XCT using a Zeiss Xradia 510 Versa at Luleå 
University of Technology. The samples focused on the mineralisation of Au- and Ag-minerals, 
Bi-minerals, molybdenite, and scheelite. A voxel size of 30 μm was used. Two 4 mm diameter 
mini cores were extracted (manually drilled) from two rock chip samples. These mini cores 
correlated to the 4 mm diameter areas (regions of interest) previously scanned by AM. The mini 
cores were scanned by XCT at a voxel size of 4 μm. In both higher-resolution scans, a 
cylindrical volume of interest (1x1 mm) was scanned at 1 μm voxel size. Prior to the rock chip 
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scans, a half-drill core piece of ~20 cm length was scanned at a 45 μm voxel size with a GE 
phoenix v|tome|x s at the Geological Survey of Finland in Espoo. One of the rock chip samples 
was subsequently extracted from this drill core piece.  

The XCT data were viewed and analysed using Dragonfly ORS 2021.1. Mineral 
segmentation was performed using the histographic segmentation tool. This tool combines grey 
scale thresholding with a 3D edge intensity filter and the watershed algorithm. Plotting edge 
intensity against grey value helps to separate grain boundaries from the centre of grains. This 
reduces the blurring effect of grain boundaries on the grey scale range, which makes 
thresholding of phases easier. The thresholding marks the centres of grains as different phases. 
The watershed algorithm extends these markings outwards based on the edge intensity filter 
until they touch another phase. This segments the data into separated grains of different phases. 
The AM data were used to classify the segmented phases as one or a range of minerals. 

The main goal of analysis was to investigate the multi-scale capabilities of XCT and the 
integration with AM.  
 
X-ray fluorescence 
 
Similar to the x-ray production in a sample through atom ionization via an electron beam (SEM-
EDS/WDS), it is also possible to use high energy x-rays for excitation. This technique, referred 
to as x-ray fluorescence (XRF), is common in both research and the industry. Like SEM, XRF 
can be combined with an EDS or WDS detector. In ore geology research and the mining 
industry, ED-XRF is more common. In SEM-EDS analysis, bremsstrahlung (electromagnetic 
radiation produced by the deceleration of the incident electrons by atom nuclei of the sample) 
constitutes the main background radiation. Bremsstrahlung is responsible for the relatively poor 
detection limit of SEM-EDS (Rackwitz et al. 2013). X-rays do, however, not generate 
bremsstrahlung, which allows ED-XRF to achieve (sub)-ppm detection limits (Rackwitz et al. 
2013). Hence, trace element analysis with full spectral data is possible. 

In the industry, XRF mainly finds application for quantitative chemical analysis of 
pulverised and homogenised rock samples, e.g. for whole-rock geochemistry and metal assays. 
In this study, it was used for the major elements in the whole-rock chemical analysis by ALS 
Scandinavia AB. Another common use of XRF is in hand-held systems. These allow point 
chemical analysis of rocks, e.g. in drill cores, at millimetre scale. For micro-analysis, μXRF-
systems are needed. These systems reduce the spot size of the x-ray beam through special lenses 
down to tens of microns (Flude et al. 2017). Similar to electron beam techniques, element maps 
may be produced by sequential spot analysis over an area. This enables trace element mapping 
faster than SEM-WDS/EPMA and unlike LA-ICP-MS is non-destructive. Yet, excitation 
efficiency of light elements and spatial resolution are below SEM-EDS/WDS. The latter is 
partly because x-rays, as they do not generate bremsstrahlung, penetrate deeper into the sample. 
The x-ray beam thus has a larger interaction volume with the sample than an electron beam 
(Flude et al. 2017).  

One way to improve the spatial resolution of XRF is using synchrotron radiation (SR). 
Synchrotron radiation is a type of bremsstrahlung with wavelengths from microwaves to hard 
x-rays. It is emitted when charged particles are accelerated perpendicular to their velocity. In a 
synchrotron facility this is achieved by magnets that bend a high-energy electron beam radially 
along a storage ring. The emitted synchrotron radiation is focused into a beam and onto a sample 
at beamline end-stations. The beam is highly customisable. This allows a large variety of x-ray 
based applications. The key characteristic of a synchrotron radiation beam is its brightness, i.e. 
the number of photons emitted per unit source area over a unit angle of emission and per unit 
energy (Kim 1989, Adams 2010). State-of-the-art third and fourth generation synchrotron light 
sources provide a brilliance of more than 1012 times that of conventional lab-based x-ray sources 
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(Kunz 2001, Ice et al. 2011). This enables analysis at much faster acquisition times and superior 
spatial resolution compared with conventional x-ray analysis. At the MAX IV synchrotron 
facility in Lund, Sweden – the first fourth-generation synchrotron light source in the world – a 
focal spot size of 50 nm can be achieved (Johansson et al. 2013). 

 
In this study, synchrotron radiation x-ray fluorescence mapping (SR-XFM) was performed on 
ore samples at the diffraction end-station of the NanoMAX beamline of the MAX IV 
synchrotron facility. The goal was to study the occurrence and distribution of both lattice-bound 
and micro- to nanometre inclusions in various ore minerals. This included grains of 
molybdenite, pyrite, and native Bi, all with Au inclusions, in quartz veins. The samples were 
three 1x1 cm pieces cut from two polished thin sections. In these samples, six areas between 
5x4 μm and 180x270 μm in size were scanned by SR-XFM at focal spot sizes of 1000 to 50 
nm. The photon energy of the incident beam ranged from 10 to 17 keV. Analysis targeted the 
detection of heavy elements in the samples. The PyMCA software was used to analyse the 
spectral data and produce fluorescence maps of the various elements detected in each scan. 
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Summary of results and discussion 
 
In the following section, the key findings of the four individual studies are presented and 
discussed in context of the aim of the thesis. For details, the reader is referred to the four 
publications/manuscripts attached.  
 
Mineralogy and genetic aspects of the Liikavaara Östra Cu-(W-Au) deposit 
 
The bedrock of the Liikavaara Östra Cu-(W-Au) deposit belongs to the Muorjevaara Group and 
is of Paleoproterozoic age (Martinsson & Wanhainen 2004). Basaltic-andesitic 
metavolcaniclastic rocks form the wall rocks to a unit of biotite-amphibole schist and gneiss, 
which hosts the ore zone (Fig. 1C and D). Host and wall rocks are characterised by a pervasive 
biotitisation partly replaced by chlorite and sericite. Epidote and calcite are locally observed. 
The ore zone extends around 1.2 km along a N15ºW strike, is 200 m wide, dips 80ºW, and 
estimated to a depth of about 580 m (Agmalm 2018). Mineralisation is zoned in that the metal 
enrichment decreases towards the wall rocks. Mineralisation occurs mainly within quartz-
(tourmaline-calcite) veins within and in proximity to aplite dykes. The veins vary in width from 
a few microns to several metres. Many are parallel to the foliation in the schist and gneiss but 
some crosscut it or show ductile deformation or emplacement. Less frequent are calcite veins. 
These range in width from a few microns to millimetres and crosscut all other units, including 
the quartz veins and the mineralisation. In places, the calcite veins are mineralised with 
chalcopyrite, sphalerite, and galena or replaced by chlorite. The aplite dykes span up to several 
tens of metres (Fig. 1C and D). They vary in style from porphyritic to granoblastic but typically 
have a fine-grained matrix of <0.2 mm grain size. Some dykes show biotitisation or 
muscovitisation with lepidoblastic texture. 

A granodiorite intrusion occurs in the footwall (Fig. 1C and D). The U-Pb dating of its 
zircons suggests an age of 1.87 Ga, which overlaps with the Haparanda and the Perthite 
Monzonite suites of intrusions (~1.89–1.86 Ga; Bergman 2018) which are widespread in the 
region.  The footwall intrusion shares similarities with the aplite dykes in chemistry, 
mineralogy, and texture (Fig. 1C). This permits interpretation of a common origin, i.e. the dykes 
represent slightly fractionated magma that ascended from the granodiorite and intruded the 
biotite-amphibole schist and gneiss. 

The mineralization is rich in sulphides but only chalcopyrite is of primary economic 
interest. Chalcopyrite, pyrite, and pyrrhotite are the most abundant sulphides (Fig. 2A and B). 
Individual grains commonly range in size from <50 μm to a few centimetres. Other common 
sulphides are sphalerite, galena, and somewhat less abundant molybdenite and marcasite, but 
these are usually <0.5 mm in grain size (Fig. 2C and E). The sulphides are often associated and 
intergrown with each other. In larger veins, they can form massive accumulations over several 
tens of centimetres, as seen in drill core but they also fill sub-millimetre veins. The sulphides 
largely occur in the quartz-dominated parts of veins, but particularly chalcopyrite also fills 
interstitial space in brecciated tourmaline (Fig. 2A and B). Pyrite occurs both anhedral and 
euhedral, indicating different generations. Sphalerite and galena mainly occur together (Fig. 
2C). Molybdenite is often observed along the margins of quartz veins (Fig. 2E). The main W-
mineral is scheelite. It is found in quartz veins, partly associated with the sulphides (Fig. 2B). 
Scheelite grains are often several millimetres in size and considerably larger than associated 
grains of other minerals. Gold is found in its native form and as alloy with silver (electrum). 
The Au-mineral grains are <10 μm and form inclusions in quartz, the major sulphides, 
molybdenite, and Bi-minerals (Fig. 2F). Association with tourmaline is also observed. Silver is 
most common in hessite, but native Ag, and Ag-sulphides occur as well (Fig. 2D). The Ag-
mineral grains are <30 μm. Especially, hessite is commonly associated with Bi-tellurides and 
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found in quartz, and at the margins of sulphides and calcite (Fig. 2D). Bi-minerals include native 
Bi, Bi-tellurides, and Bi-sulphides. The element composition of the tellurides and sulphides 
varies and can include Ag, Se, and Pb. Bismuth grains vary in size but are mainly <50 μm. 
Native Bi partly forms accumulations of a few micron large droplet-like inclusions in quartz 
(Fig. 2F). Some of these Bi grains contain Au inclusions. 
 
Flotation tests on the Liikavaara Östra ore by Boliden AB (Arvidsson 2013) showed good 
recovery of Cu (80–90 %) and Ag (70–80 %). Considering the diverse mineralogy of Ag 
observed in this study, it seems unlikely the Ag-minerals are responsible for the high recovery 
of Ag. Instead, the similar behaviour of Ag and Cu may suggest chalcopyrite to contain low 
concentrations of Ag, which has been observed at other ore deposits (e.g., Harris et al. 1984, 
Reich et al. 2013) but was not analysed in this study.  

Recovery of Ag and Cu was worse in samples rich in Pb and Zn. The negative influence of 
galena and sphalerite on Cu flotation is expected (Senior & Trahar 1991), yet so far has not 
caused issues for the Aitik ore due to too low Pb and Zn concentrations. At Liikavaara Östra, 
Pb and Zn are also generally low in concentration, but locally enriched. Furthermore, in contrast 
to the more disseminated style of the Aitik ore (Wanhainen et al. 2003) the ore at Liikavaara 
Östra is mainly of vein-style. This study shows sphalerite and galena to often be intergrown 
with chalcopyrite, which may limit liberation (Fig. 2C). Hence, the two minerals may be more 
problematic for processing of the Liikavaara Östra ore than the Aitik ore.  

Generally, recovery of metals increased with grinding time and was higher for a smaller 
particle size. This is likely related to particle liberation. The often sub-millimetre size of 
sulphide grains and complex mineral associations observed in this thesis may explain why 
liberation improved with longer and finer grinding (Fig. 2A). 

Molybdenum recovery varied considerably (30–80 %) and was seemingly positively 
related to Mo concentration (Arvidsson 2013). In this study, molybdenite in Mo-rich sections 
of the Liikavaara Östra deposit occurs in clusters along vein margins (Fig. 2E). In comparison, 
molybdenite in Mo-poor sections shows a more sporadic dissemination in veins. The larger size 
and higher aspect ratio of the molybdenite clusters compared with the disseminated elongated 
grains may result in a better floatability (Castro et al. 2016). This could explain the higher 
recovery of Mo from Mo-rich samples.  

Boliden AB also tested the recovery of W from the tailings from Cu flotation (Bolin 2010). 
Results showed scheelite to occur as free grains in the tailings and W recovery to be possible. 
The larger grain size of scheelite compared with the economic chalcopyrite may explain the 
effective scheelite liberation (Will & Napier-Munn 2006). However, Boliden AB concluded the 
average W grade in the deposit to be too low to warrant the costs of production.  

Gold recovery from Cu flotation was not assessed in the flotation tests by Boliden AB. 
Nevertheless, based on the observations of this study on Au mineralogy at Liikavaara Östra 
speculations are possible. Gold is rather diverse in its mineral association but often forms 
inclusions in pyrite and quartz (Figs. 2F, 5B). This Au will likely remain locked in gangue after 
comminution and consequently is not recovered (Will & Napier-Munn 2006). Problematic is 
also the generally small grain size of below 10 µm.  It is possible that a significant portion of 
liberated Au will get lost during processing due to the slow kinetics of small particles and their 
adverse effects on floatability (Jameson et al. 2007, Woodcock et al. 2007). A better Au 
recovery may be achieved by leaching of pyrite, which has been considered for the Aitik ore 
(Sammelin et al. 2011) though not yet implemented. 
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Figure 2. Mineralisation of the Liikavaara Östra Cu-(W-Au) deposit. A. Chalcopyrite and pyrite mineralisation 
within a quartz-(tourmaline-calcite) vein (reflected light). B. Sulphides and scheelite within a quartz vein. Several 
Bi-mineral grains occur in the pyrrhotite (reflected light). C. Intergrowth of chalcopyrite, pyrrhotite, galena, and 
sphalerite (reflected light). D. Associated hessite and Bi-telluride at the margin of chalcopyrite and pyrrhotite 
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(reflected light). E. Molybdenite along the margin of a quartz vein within an aplite dyke (SE). F. Au- and Bi-
mineral inclusions in quartz (BSE).   
 
Quantifying trace metal minerals in routine automated mineralogy analysis 
 
To quantify the mineralogy of the ore and monitor the pathways of the metals during processing, 
Boliden AB and the mining industry at large use automated mineralogy. Despite being 
automatic, AM requires expertise and dedicated time to produce high quality data (Pirrie & 
Rollinson 2011). This mainly concerns the design of the mineral classification library. In a 
production-focused environment sample throughput is high. As a result, time for adjusting the 
mineral database is limited and batch-processing common. However, the same mineral may 
vary compositionally within and between samples, and different minerals may be 
compositionally similar. This is particularly true for many silicate groups, Fe-oxides, and 
carbonates. Silicates, carbonates, and oxides commonly constitute gangue and therefore are of 
less interest to mining companies. The AM scan at CSM reveals fine-grained complex 
intergrowths of calcite, ankerite, and Fe-oxides/carbonates (Fig. 3A and B). In contrast, in the 
original scan at Boliden AB, oxides and carbonates are grouped together. Subsequent re-
classifications allows differentiation between calcite and Fe-oxides/carbonates but not ankerite. 
The Boliden AB scan also shows less accurate differentiation between chlorite and tourmaline 
compared with the scan at CSM as no emphasis was placed on proper calibration of these 
gangue phases (Fig. 3B). Yet, gangue mineralogy affects e.g., the grindability of a rock and 
effectivity of flotation reagents. Alumino-silicates in particular may form surface coatings on 
valuable minerals and reduce metal recovery (Triffet et al. 2008, Cropp et al. 2013). Thus, 
proper classification is desirable. To optimize the use of AM in a production-focused 
environment, mining companies should therefore consider the time spent on analysis in 
relationship to the achievable data quality. The more production relies on the rate of recovery 
to be profitable the more important proper quantification of also gangue mineralogy may be. 

Further, mixed EDS spectra caused by intersection of the beam/sample interaction volume 
with two or more phases, e.g. at grain boundaries, need to be accounted for by the mineral data 
base, or mineral classification will be faulty (Pirrie et al. 2004, Barton 2020). For larger mineral 
grains, this error may show as a spurious coating along the grain margin. To account for mixed 
EDS spectra, the mineral database entries of the affected phases must be adjusted or new entries 
tailored to the boundary phases created (Kern et al. 2018, Barton 2020). This is common in 
research but laborious if mineral associations are complex, and unrealistic in a production-
focused environment. In the scan at Boliden AB, a thin chalcopyrite layer covers many pyrite 
grains (Fig. 3A). This is not observed by SEM-EDS. The scan at CSM does not suffer the 
boundary problem due to adjusted element tolerances in the classification entries for 
chalcopyrite and pyrite in the mineral library. QEMSCAN offers a tool to help users with this 
grain boundary issue without needing to fine-tune the mineral library. This is especially useful 
for a high throughput environment, where time for adjustments is constrained. ‘Boundary phase 
processing’ reclassifies these coatings to one of the phases that share the boundary, commonly 
the dominant one. Applied to the Boliden AB scan, the coatings on pyrite grains are largely 
gone (Fig. 3A).  

However, another issue persists. Especially for grains close to or below pixel-size, mixed 
EDS spectra and in consequence misidentification are likely due to the high boundary to area 
ratio (Barton 2020). In the case of only a few pixel large grains, the ‘boundary phase processor’ 
is likely to reclassify the entire grain to the surrounding phase (Fig. 3C). This is problematic 
concerning trace metal mineral quantification, as these minerals often have grain sizes at or 
below scan resolution. The SEM studies on the mineralogy of the Liikavaara Östra Cu-(W-Au) 
deposit show a large portion of the Au and Ag mineral grains to be almost the same size (5–10 
μm) as the pixel-size used in the scans at Boliden AB and CSM, respectively. This indicates a 
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likelihood for routine AM analysis to miss Au- and Ag-mineral grains if they are unfavourably 
oriented and/or to record mixed EDS spectra. In fact, despite the higher scan resolution the scan 
at Boliden AB detects no Au grains, the scan at CSM at least five (Fig. 3C). Considering Au 
and Ag are by-products, this is not ideal. Although, a sub-10 μm grain size may hardly be 
recoverable via flotation, monitoring the pathways of Au and Ag during processing may still 
be of interest.  
 
One solution to the quantification of trace metal minerals is to apply element filters to a 
database. Rather than mineral entries that reflect the compositional variability of a mineral, an 
entry for an element of interest is created and placed at the top of the classification library. This 
could for example be an entry that classifies any recorded Au signal as Au. The low x-ray count 
per pixel of AM carries a risk of mislabelling elemental peaks and fitting to background 
radiation (Newbury 2009, Newbury & Ritchie 2015). Additionally, topography in a sample 
modifies the measured relative elemental intensities irrespective of the sample composition 
(Newbury & Ritchie 2015). Single element filters are particularly sensitive to these erroneous 
classifications. In case of heavy elements of interest, an easy fix is to apply a grey-scale 
threshold for the BSE signal as they are brighter than most other phases and topographic 
features. It is possible to combine this with an x-ray intensity threshold since most spurious x-
ray intensities are low. If specific minerals of the elements of interest are known, a very loose 
mineral filter can precede an element filter. For example, a mineral filter for electrum (Au and 
Ag) with no or very low x-ray intensity threshold could precede a Au filter with grey-scale 
and/or higher x-ray intensity threshold. The benefit of the electrum filter is the lower likelihood 
of both the Au and Ag signal to be spurious compared with only Au. Creating and fine-tuning 
of filters for elements of interest is quick and potentially possible in high throughput 
environments. Furthermore, they are adaptive to all elements detectable by EDS. This allows 
monitoring and quantification of fine-grained trace metal minerals of interest in routine analysis 
in whole-rock and particulate samples. A simple Au filter with an x-ray intensity threshold of 
25 % of the reference pure element intensity applied to the data collected at Boliden AB results 
in 39 pixels (30 grains) identified as Au compared to previously zero (Fig. 3C). 

 Obviously, the approach of element-filters also suffers drawbacks. Trace metal minerals 
occurring as sub-micron inclusions or lattice-bound impurities in sub-percent concentrations in 
other mineral grains will not be measured by AM. For some metals, this could account for a 
substantial portion of the metal volume in an ore deposit, e.g. invisible Au in pyrite (Cook & 
Chryssoulis 1990). Further, grains of one or two pixels are insufficient to provide information 
on the shape and size of the grains, and the relevant statistics associated with these parameters. 
For these reasons, a multi-modal approach to ore characterisation is recommended. A technique 
with low detection limits like EPMA or LA-ICP-MS may support AM with quantification of 
the relative amount of refractory Au in an ore deposit.  
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Figure 3. SE/BSE images and corresponding QEMSCAN mineral maps for the scans at Boliden AB and CSM. 
For the scan at Boliden AB, both the original and the adjusted maps are shown. A. The original Boliden AB map 
shows a spurious coating of pyrite with chalcopyrite because of mixed x-ray signals at grain boundaries. The 
coating is neither present in the SE image nor the CSM scan and after boundary phase processing also removed 
from the Boliden AB map. The SE image and CSM map show a complex intergrowth of carbonates and oxides, 
which are unresolved in the original Boliden AB map but partly resolved by the adjusted map. B. Tourmaline and 
chlorite, visibly different in the SE image, are correctly identified in the CSM mineral map but not in the Boliden 
AB maps. As a side effect of boundary phase processing the adjusted Boliden AB map shows fewer chalcopyrite 
crack fillings in pyrite than in the original mineral map. C. The BSE image shows Au- and Bi-mineral inclusions 
in quartz with grain sizes close to the spatial resolution of the QEMSCAN analyses at Boliden AB and CSM. No 
Au is detected in the original Boliden AB map and few grains in the CSM map. After addition of a Au filter to the 
mineral classification library, the Boliden AB map identifies several Au grains.  
 
Overcoming the limitations of 2D analysis with x-ray computed tomography 
 
Most micro-analytical techniques (e.g., LM, SEM-EDS/WDS, and AM) are limited to 2D 
surface analysis. This creates several issues for the qualitative and quantitative characterisation 
of ore:  

(1) The cutting surface of a mineral grain varies in shape and size depending on the place 
and angle of the cut in relation to the mineral grain. This introduces a stereological error. For a 
large number of grains of relatively regular shape, the measured particle size distribution can 
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be converted to the true distribution of particle sizes (King 1984). However, this is complex for 
heterogeneous grain sizes and shapes (Sutherland 2007). In addition, in highly oriented rocks, 
the measured grain sizes of a mineral may be precise but not necessarily accurate. Texture-
based correction exist (King & Schneider 1998), but is inconvenient for rocks of variable 
texture (Wang & Miller 2020). 

(2) Interpretation of veins, faults, foliation and other structures in regards to the local and 
regional geologic framework is impossible without awareness of the original orientation of the 
sample within its source rock. Even then, connecting observations across dimensions requires 
high skill and expertise. Furthermore, structures also suffer a stereological error (e.g., vein 
thickness). 

(3) For a cutting surface to intersect trace metal minerals of very fine grain size is largely 
based on luck (Godel 2013). It is even more challenging to achieve statistic relevance (Goodall 
& Scales 2007). 

A multi-modal approach of combining 2D analysis with XCT may provide solutions to 
these issues and improve overall ore characterisation.  
 
(1) Comparison of the AM mineral maps of the drill core and rock chip samples with the 
corresponding segmented data from XCT shows a much superior resolution of mineral phases 
by AM (Fig. 4B). This is due to several factors: (1) The diverse mineralogy of the ore samples, 
including silicates, carbonates, oxides, and sulphides, corresponds to a large range of x-ray 
linear attenuation coefficients. Filters and corrections are optimised for separating heavy phases 
(high coefficients) in the XCT data. This limits separation of light phases (low coefficients; 
Cnudde & Boone 2013). (2) The coefficients of minerals like chalcopyrite and pyrite are better 
separated in the 80 keV XCT scans, than the 160 keV scans due to their energy dependent x-
ray attenuation (Berger et al. 2010, Reyes et al. 2017). In the 80 keV XCT scans, a 
differentiation is somewhat possible but not in the 160 keV scans (Fig. 4C). (3) The x-ray beam 
energy is constrained by the intensity sufficiency of the transmitted x-ray energies (Kyle & 
Ketcham 2015). In practice this means not all scans are possible with an 80 keV beam. As a 
result, overlap of the x-ray linear attenuation coefficients of some mineral grains cannot be 
prevented. (4) The heterogeneous and partly very fine grain sizes in all samples cause a 
pronounced partial volume effect (mixed x-ray linear attenuation coefficients) in many voxels 
(Ketcham & Carlson 2001). Also these fine-grained areas are affected by blurring, i.e. 
contributions from surrounding voxels, due to instrument-related signal resolution limitations 
(Hanna & Ketcham 2017). (5) Scheelite and Bi-mineral grains with very high x-ray linear 
attenuation coefficients cause beam hardening, which shows as bright and dark streak artefacts 
in the surrounding phases (Fig. 4I; De Man et al. 1998).  

In consequence, minerals range in grey values and overlap with other minerals. This 
constrains the segmentation. Well-separated minerals in the AM maps are grouped together in 
the XCT data (Fig. 4B). Compared to over 30 different minerals in the AM maps, not more than 
five phases are possible to segment in the XCT data. The AM data can be used to classify the 
segmented phases; however, grain analysis is hardly possible. Even for mono-mineral phases, 
like molybdenite and scheelite, touching grains are often merged in the XCT data (Fig. 4F). 
Separation through the user is possible, but extremely time intensive (Godel 2013).  

Nevertheless, modal concentration of these mono-mineral phases varies across slices (one 
voxel thick) of the segmented volume. This carries some information on the stereological error. 
The phases have zigzag lines in plots of modal concentration against depth (Fig. 4G). Peaks 
and valleys on the lines reflect maxima and minima of a grain/group of grains. The height, 
width, shape, and steepness of the peaks depends on shape, orientation, size, and concentration 
of the grains. Different grains/groups of grains may have overlapping peaks. Hence, 
quantification is difficult. Still, a rough estimate on the severity of the stereological error is 
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possible. In one sample, both scheelite and molybdenite vary ~0.3 vol. % over a depth of <500 
μm (Fig. 4G). This is significant considering the average concentration across this depth to be 
~0.22 vol. % for scheelite and 0.38 vol. % for molybdenite. Aside these plots, inspecting the 
3D data also allows a rough estimate of the stereological error. In fact, the largest Bi-minerals 
observed by AM only grace the surface and grow considerably larger with depth (Fig. 4J). 

The constraints on segmentation of the XCT data carry over to the mineral quantification. 
Bulk mineralogy between AM and the corresponding XCT slice differs. Variations are largest 
in fine-grained samples with phases of diverse x-ray linear attenuation coefficients (pronounced 
partial volume effect) and in phases surrounding scheelite (streak artefacts). A better 
segmentation through trainable algorithms (e.g., Reyes et al. 2017, Guntoro et al. 2019b) and 
adjusting of the analytical parameters (e.g., smaller voxel size) may improve quantification to 
some extent. Yet the stereological error and sample heterogeneity will remain significant for 
quantification. Without homogenisation, a large volume of rock would need to be analysed for 
quantitative data to be representative (Gy 1998). This suggests mineral quantification perhaps 
not to be the most relevant use of XCT for this type of whole-rock samples.  

The results and literature indicate a potentially much better performance of quantitative 
XCT on particulate samples, though not analysed in this study (e.g., Cnudde & Boone 2013, 
Wang & Miller 2020). Segmentation within particles will still suffer the same issues as whole-
rock samples. However, the particles themselves are easily segmented from the epoxy matrix. 
This allows proper grain analysis. Further, even if segmentation within particles is difficult, it 
may suffice to quantify the degree of liberation of the phases of interest (Wang & Miller 2020 
and references therein). Concerning whole-rock samples, the focus may instead be qualitative 
analysis of structures and textures in a rock.      

 
(2) The XCT data supports AM mineral maps with spatial information on especially faults and 
veins (e.g., dip and dip direction, extent with depth, contact with host rock, etc.) and the 
distribution and orientation of mineral grains. In one sample, a molybdenite-filled quartz veins 
seems to displace another quartz vein within an aplite dyke (Fig. 4E). To one side, the displaced 
vein is filled with scheelite, to the other with sulphides. The 3D data shows all veins to dip at 
an angle similar to the foliation in the aplite (Fig. 4E). No additional features are observed that 
would support a possible shearing. Crack-sealing after fracturing of the rock due to compression 
seems a more likely explanation. This could possibly be related to the 1.80 Ga compressional 
event recorded in the region (Bergman et al. 2001, Wanhainen et al. 2012, Martinsson et al. 
2016, Lynch et al. 2018). The mineralisation extends with depth in the sample but is more 
homogeneous for molybdenite than scheelite. The scheelite grains are rounded and anhedral. 
The molybdenite grains are flaky and aligned with the vein. For that reason, the molybdenite 
grains appear thin and elongated in the AM maps. In another sample, the seemingly straight 
border between a quartz vein and biotite schist is shown to be rugged and uneven with depth 
(Fig. 4H). Likewise, molybdenite mineralisation along the margin is heterogeneous. Yet 
orientation of the various phases is again similar to the foliation in the schist. This suggests syn-
tectonic vein emplacement.  

Further, the XCT software allows alignment of different data sets. The scans of the mini 
cores, the even smaller volumes of interest, the rock chips, and the drill core sample are all 
spatially integrated (Fig. 4A). Even the AM mineral maps are aligned with the XCT data. 
Textures and structures observed in small volume scans can therefore easily be interpreted in a 
larger context. 
 
(3) Another key benefit of XCT is to aid in sample selection especially for heavy trace metal 
mineral analysis. Heavy trace metal minerals are easily segmented from the rest of a rock due 
to their high x-ray linear attenuation coefficients. Grey scale thresholding is often sufficient. In 
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one sample, comparison of the XCT data with the AM mineral maps shows multiple XCT slices 
more highly concentrated in trace metal minerals than the AM maps. Yet many XCT slices are 
also void of trace metal minerals. This demonstrates how sample selection without 3D 
information is mostly a roll of dice and how XCT could help to improve the sampling (e.g., 
Godel 2013).  

Nevertheless, if grains of interest are below scan resolution they obviously will not be 
detected by either XCT or AM. The data is therefore of limited use to guide higher resolution 
scans. One AM mineral map of 1 μm pixel-size shows Au- and Bi-mineral grains in pyrite. A 
4 μm voxel-size scan of a mini core across the same area detects the heavy mineral grains within 
pyrite at the surface but none at depth. Thus, the XCT data does not give reason for further 
analysis of the pyrite. Yet geological knowledge on the common occurrence of Au inclusions 
in pyrite may still motivate higher resolution analysis (Harris 1990). In fact, a 1 μm voxel-size 
scan over a 1x1 mm cylinder volume in pyrite reveals numerous heavy mineral grains (Fig. 
4D). Heavy trace metal inclusions in pyrite may therefore be more common than expected, but 
often undetected due to the small grain sizes of the inclusions and unfavourable cuts of the 
samples.  
 
In conclusion, proper segmentation of XCT data and consequently quantitative analysis of the 
mineralogy of a rock is challenging especially for compact rocks of diverse mineralogy and 
grain size distribution. Nevertheless, XCT can support AM analysis with sample selection and 
more importantly spatial context on the mineralogy and texture and structure of a rock across a 
large range of scales. Vice versa, the mineral information from AM benefits the interpretation 
of XCT data. This multi-modal analysis is a powerful tool for ore characterisation, although 
quality of output depends on the mineralogical and analytical expertise of the user. 
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Figure 4. XCT images and AM mineral maps of various ore samples. A. Spatially aligned 3D XCT images of 
scans of various sample sizes and scan resolutions. From large to small: half drill core piece at 45 μm voxel size, 
rock chip at 30 μm voxel size, mini core at 4 μm voxel size, and volume of interest (yellow) at 1 μm voxel size. 
B. AM mineral map of the polished surface of a rock chip sample (see A; left) and corresponding segmented XCT 
slice (right). Only four phases are segmented in the XCT scan compared with over 30 minerals classified in the 
AM mineral map. C. AM mineral map of the polished surface of a mini core (see A and small circle in B; left). 
Corresponding XCT slice of the mini core scan (middle) and the rock chip scan (right). The high-resolution XCT 
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scan (at 80 keV) allows some differentiation between chalcopyrite (orange in AM map) and pyrite (yellow in AM 
map) but not the lower-resolution XCT scan (at 160 keV). D. 3D XCT image of a volume of interest in a mini core 
(see A, small circle in C). The sulphides are rendered transparent. The bright spots are heavy mineral grains. E. 
AM mineral map of the polished surface of a rock chip showing three mineralised quartz veins in an aplite dyke 
(left). Corresponding 3D-rendered XCT image of the segmented scheelite (purple), molybdenite (green), and 
sulphides (yellow; right). All veins dip to the right, and mineralisation extends with depth in the sample. F. 3D-
rendered XCT image of segmented molybdenite (green) and scheelite (purple) at 1 μm voxel size. A cluster of 
flaky molybdenite grains is visible but merged in the XCT data. G. Variation in the modal abundance of the 
segmented scheelite (purple) and molybdenite (green) with depth in a rock chip sample (see E). The dots at depth 
0 reflect the modal abundance in the corresponding AM mineral map (see E). The zigzag shape of the lines is a 
result of the change in cross-sectional area of a grain/group with depth and indicative of the stereological error of 
2D analysis. H. AM mineral map of the polished surface of a rock chip showing the contact between a quartz vein 
(peach colour) and biotite schist (dark green and pink; left). Corresponding 3D-rendered XCT image of the 
segmented scheelite (purple), molybdenite (green), and sulphides (yellow; right). The seemingly straight contact 
appears more rugged with depth. I. XCT slice of a rock chip containing scheelite and Bi-minerals. These heavy 
minerals cause streak artefacts in the XCT data seen as dark shadows and bright rays emanating from the grains. 
J. 3D-rendered XCT image of segmented Bi-minerals (red) and scheelite (purple) in a rock chip (see I). A Bi-
mineral with a cross-sectional size of 0.5 mm on the polished sample surface elongates with 2.5 mm with depth. 
 
Resolving mineral impurities at the nano-scale through synchrotron-radiation x-ray 
fluorescence 
 
In this study, SEM-EDS analysis of the mineralogy of the Liikavaara Östra Cu-(W-Au) deposit 
revealed Au to form impurities in a variety of minerals including molybdenite, pyrite, and native 
Bi. Yet, limitations of both spatial resolution and detection limit did not allow proper 
investigation on their distribution and chemistry. The same applied to the study of other trace 
element impurities. Trace element analysis is relevant to improving production efficiency. 
Boliden AB considers leaching of Co and refractory Au from pyrite (Sammelin et al. 2011; 
personal communications Nils-Johan Bolin, Boliden AB), yet no information on their 
occurrence and distribution at Liikavaara Östra is available. Wanhainen et al. (2014) determined 
trace but potentially economic quantities of Re in molybdenite of the Aitik deposit by dilution 
ICP-MS. Yet, if molybdenite at Liikavaara Östra also contains Re is unknown. Considering Au 
in Bi, the Liquid Bismuth Collector Model (Douglas et al. 2000) suggests Bi-melt to scavenge 
and crystallise Au from aqueous fluids even if the fluids are undersaturated in Au. This may be 
significant for the Au budget of a deposit (Ciobanu et al. 2009). Nevertheless, so far, Au 
inclusions in Bi have only been inferred from irregular LA-ICP-MS profiles (Ciobanu et al. 
2009). 

In consequence, studies at both higher spatial resolution and detection range are necessary; 
to further enhance our understanding of ore formation and the behaviour of ore during 
processing. Cutting-edge SR-XFM allows the chemical analysis of minerals down to the nano-
scale over tens to hundreds of µm2 in just a few hours. Paired with detection capabilities in the 
order of ppb this is ideal for the study of lattice-bound and nano-inclusions of trace metals in 
ore and gangue minerals. Yet, research utilising SR-XFM for ore characterisation and 
application in the mining industry is extremely limited. This is partly due to the novelty of the 
technique and partly due to difficulties of accessing a synchrotron radiation facility. Therefore, 
this study investigated potential applications of SR-XFM for research and industry-relevant ore 
characterisation. 
 
SR-XFM analysis of molybdenite from the Liikavaara Östra deposit reveals a heterogeneous 
distribution of lattice-bound Re, Se, and W across the lamellar texture of molybdenite at a 200 
nm spot size (Fig. 5A). Rhenium and W are largely inversely distributed, i.e. areas relatively 
strongly fluorescent in Re are weakly fluorescent in W and vice versa. This is in accordance 
with the literature (e.g., Ciobanu et al. 2013, Grabezhev & Voudouris 2014), although it has to 
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our knowledge never been imaged at such a high spatial resolution. In addition, Se shows 
relatively strong fluorescence partly spatially between W and Re and partly overlapping with 
W. The analysis also reveals various micro- to nanometre-sized mineral inclusions in 
molybdenite (Fig. 5A). These include minerals of Fe-(Mn), Bi-(Pb-Se), Au-(Ag), Ag-Te, Si, 
Ca, Ni, Ti, Cu, Zn, and Cr. Despite the small spot size, the thickness of the sample (30 micron) 
allowed the x-rays to penetrate deep into sample and cause large beam interaction volumes. As 
a result, also subsurface mineral grains were excited and the fluorescence recorded by the 
detector. This is best seen in the distribution of mineral inclusions (Fig. 5A). Strong 
fluorescence of some elements mainly corresponds to surface inclusions also visible in SEM-
SE/BSE images. Yet, many more, likely subsurface, inclusions, not visible in the SE and BSE 
images, are identified. These inclusions are weakly fluorescent and only visible at a logarithmic 
scale. 

Analysis at 1000 nm spot size across two pyrite grains (180x270 μm) reveals the grains to 
be zoned concerning As and Co (Fig. 5B). Strong As fluorescence in the core of one pyrite 
grain but not the other suggests the grains to be of different generations. The scan also shows 
several micro-inclusions of chalcopyrite, native Au, and Bi-minerals. Two Au inclusions 
associated with chalcopyrite and native Bi, respectively were analysed with a 100 nm spot size 
(Fig. 5B). Several nanometre-sized grains of Cu, Bi, Pb, and Zn are revealed proximal to the 
Au grains. Similar to the molybdenite scan, a subsurface Au inclusion is inferred from the 
relatively weaker florescence of the inclusion and its absence in SE and BSE images (Fig. 5B).  

Finally, two 50 nm spot size scans of a few micron large Bi-grain reveal numerous nano- 
to micrometre-sized impurities of a variety of elements, including Au, Ca, Cu, Fe-Mn, Ni-Cr-
Fe, and Zn (Fig. 5C). The Ca, and Fe-Mn impurities may be attributed to silicate inclusions. 
The two scans were performed at incident photon energies of 17 keV and 10 keV, respectively. 
This allowed proper excitation of elements across a larger range. For elements with excitation 
energies below 10 keV peak resolution is vastly superior in the 10 keV scan compared to the 
17 keV scan. Yet, the higher energy scan was necessary to allow excitation of the L-lines of 
heavy elements like Bi and Au.  
 
The results demonstrate the complexity of ore minerals at the low micron- and nano-scale and 
the ability of SR-XFM to resolve this. Although, analysis is purely qualitative, observations 
like Re in molybdenite and Co in pyrite could be followed up by lab-based quantitative analysis 
to evaluate the profitability of production. The scan of the Bi grain confirms the possible 
occurrence of Au inclusion in Bi and highlights the powerful spatial resolution of synchrotron 
light sources. An estimate on the significance of these Au inclusions in Bi on the overall Au 
budget could then be achieved by e.g. EPMA, μXRF, or LA-ICP-MS. The difficulty of access 
makes SR-XFM unsuitable for routine quantitative analysis in the mining industry. Yet it is an 
excellent tool for qualitative research where lab-based methods are insufficient, e.g. nano-
analysis. As this study shows, it may for example reveal nano-impurities of ore minerals in 
gangue or vice versa, which in some cases could explain unexpected metal deportment during 
processing. Triffet et al. (2008) suggest a potential impact of silicate inclusions in molybdenite 
on Mo flotation. In our case, the numerous micro- and nano-inclusions revealed by SR-XFM 
in the molybdenite of the Liikavaara Östra deposit could possibly be responsible for some of 
the Mo loss observed in the flotation tests by Boliden AB (Arvidsson 2013). 
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Figure 5. Synchrotron x-ray fluorescence (three colour) maps of various ore minerals. A. Distribution of Re-L, 
Se-K, and W-L (left) and Fe-K, Au-L, and Bi-L (right) within molybdenite. Rhenium, Se, and W appear to mainly 
be lattice-bound various Fe, Au, and Bi occur as crack-fillings. B. Distribution of Fe-K, As-K, and Co-K in pyrite 
(top left). The pyrite grains are zoned concerning As and Co. Two areas within pyrite with mineral inclusions are 
mapped at higher detail. Distribution Cu-K, Au-L, and Bi-K in one area (top right). The Au grain in the lower right 
corner is not visible in SE and BSE images. Distribution of Cu-K, Au-L, and As-K (bottom left) and Pb-L, Zn-K, 
and Bi-L (bottom right) in the other area. C. Distribution of Fe-K, Au-L, and Bi-L (top), Mn-K, Ni-K, and Cr-K 
(middle), and Cu-K, Zn-K, and Ca-K (bottom) in a Bi-grain in quartz.      
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Concluding remarks 
 
The results of this thesis show several examples of how ore characterisation may be improved 
using advanced micro-analytical techniques and how this could ultimately contribute to more 
efficient, sustainable, and holistic mining. Yet the results also make clear that despite the 
plethora of sophisticated techniques, traditional methods still have their place in any ore 
characterisation campaign and automation cannot yet replace a sound education in the 
geosciences. 

It is shown how the output quality of an AM analysis is strongly dependent on the mineral 
classification library. Many of the minerals that AM struggles to properly classify are easily 
identified by LM and depending on the grain size even macro-analysis. This study mentions 
tourmaline and chlorite as an example where LM is superior. Other common mistakes are 
magnetite and hematite and occasionally even pyrite and pyrrhotite. Hence, understanding the 
mineralogy of a rock sample prior to AM analysis is important to properly design the mineral 
classification library and achieve high-quality results.  

This study presents a method to semi-quantify fine-grained trace metal minerals in routine 
bulk mineralogy AM analysis. The simplicity of trace element filters and the benefit this adds 
to existing AM analytical routines advocate their usage. Nevertheless, this method only 
concerns quantity and distribution of trace metal minerals. It does not provide information on 
their actual mineralogy and chemical composition. For this, AM analysis should be followed-
up by standard SEM-EDS/WDS analysis. Ultimately, LM and SEM-EDS are the bread and 
butter for ore characterisation at the micro scale. They form the basis for all other techniques to 
follow. 

In this regard, XCT is bound to become another major component for ore characterisation 
in both research and the mining industry. It is already established in the oil-industry for the 
characterisation of reservoir rocks. Admittedly, the segmentation of a rock into air and liquid-
filled pores and minerals is much easier than segmentation of intergrown ore and gangue. The 
difficulties to properly segment phases over a large spectrum of overlapping x-ray linear 
attenuation coefficients and with heterogeneous grain sizes are made abundantly clear in this 
thesis and in the literature (e.g., Guntoro et al. 2019b). This issue carries over to the integration 
of AM and XCT data for quantitative analysis. Yet on a qualitative level, the benefits of 3D ore 
characterisation are apparent. With further development of segmentation methods, particularly 
trainable neural-networks, and the integration of XCT with other x-ray techniques like XRF 
and XRD, quantitative ore characterisation in 3D, especially of particulate rock samples, may 
eventually be routine.  

Moreover, the results of SR-XFM analysis show the extremes of what is possible 
concerning ore characterisation. Yet synchrotron radiation-based techniques are far from 
widespread application in the mining industry. Nevertheless, modern lab-based μXRF already 
enable analysis at a few micron spatial resolution with (sub)-ppm detection limits (e.g., Bruker 
Tornado, CSIRO Maia Mapper, Sigray AttoMap). With time and development, these lab-based 
systems will surely also reach nanometre resolution capabilities. Then, at the latest, will the 
knowledge from SR-XFM be useful and perhaps incentive for a larger audience to utilise these 
systems for ore characterisation. 

Ultimately, no single technique is sufficient to characterise the many aspects of an ore. 
Proper micro-analysis requires a multi-modal, multi-scale, and multi-dimensional approach.   
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ABSTRACT
The Liikavaara Östra Cu-(W-Au) deposit is situated close to the operating Aitik Cu-Au mine in northern
Sweden. It is scheduled for production in 2023. Modern geological descriptions of the deposit are lacking
though knowledge of geological and mineralogical details prior to operation is beneficial to avoid
surprises. In this study, petrological, mineralogical and geochemical investigations of the wall rocks,
host rock and mineralisation, and zircon U-Pb analysis of a footwall granodioritic intrusion were carried
out. The mineralisation is hosted by quartz±tourmaline-calcite veins, calcite veins and aplite dykes that
cross-cut biotite-amphibole schists and gneisses. The wall rocks to the ore are metavolcaniclastic rocks of
basaltic to andesitic composition. A granodiorite intrusion occurs in the footwall. The mineralisation is
mainly chalcopyrite, pyrrhotite and pyrite with some sphalerite, galena, scheelite, molybdenite and
magnetite. It shows slight enrichments in Au, Ag and Bi. Gold and Ag occur as electrum and Ag also in
hessite and an Ag-sulphide. The Bi mineralogy includes native Bi, Bi-tellurides and Bi-sulphides. These
minerals are found as inclusions, along the borders of and in cracks in chalcopyrite, pyrite, pyrrhotite,
sphalerite, molybdenite and quartz. The footwall granodiorite intrusion was dated at 1.87 Ga. It is
suggested here to be the source for ore genesis based on its spatial relation to the mineralisation, as
well as on high-salinity fluids and metal composition of the ore. The aplite dykes may have acted as
pathways for the magmatic hydrothermal fluids that carried the metals from the intrusion to the host
rock.
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Introduction

The Liikavaara Östra Cu-(W-Au) deposit is located in the ore
district of northern Norrbotten in Sweden (Fig. 1). It is situated
about 3.5 km east of the renowned Aitik Cu-Au deposit
(Wanhainen et al. 2012), one of the largest Cu mines in
Europe. Both deposits were discovered in the 1930s by Boliden
AB. Findings of glacial boulders with disseminated chalcopyrite
lead to geological investigations and follow-up electromagnetic
surveying that indicated two zones of interest – Aitik and
Liikavaara (Zweifel 1976). Aitik went into production in 1968
while Liikavaara was considered sub-economic. Technical
advances in production and processing of the ore have allowed
Boliden AB to extend the lifetime of Aitik several times and to
increase production considerably. Likewise, these advances lead
Boliden AB to resume exploration activities on the Liikavaara
Östra Cu-(W-Au) deposit and to re-evaluate it as economic.
Boliden AB is now preparing for production of the deposit in
2023. A resource estimate is shown in Table 1.

Due to the focus on the Aitik deposit, geological studies on
the Liikavaara Östra Cu-(W-Au) deposit are limited. To date,
the most comprehensive study is the PhD thesis by Zweifel
(1976), which covered geological investigations on both Aitik
and Liikavaara deposits. Other publications include Malmqvist
& Parasnis (1972), Monro (1988), Martinsson & Wanhainen

(2004), Sammelin et al. (2011) and Estholm (2014). Beside the
bachelor thesis of Estholm (2014), none of the above mentioned
studies have Liikavaara as a focus but is included to provide
a regional context for their data sets. Additionally, all studies
refer to Zweifel’s (1976) work when discussing geological char-
acteristics of the deposit. Consequently, more investigations are
needed to better constrain the genesis, mineralisation and char-
acter of the Liikavaara Östra Cu-(W-Au) deposit.

Chemical analyses by Boliden AB of drill cores have
indicated enrichments in Cu, W, Au, Ag and Bi. Among
these elements, W and Bi are included in the list of
‘Critical Raw Materials’ (CRMs) first published by the
European Commission in 2011 and updated in 2014 and
2017, respectively, (European Commission 2017). The
European Commission defines CRMs to be raw materials
of high economic importance to the EU but with a high
risk associated with their supply (European Commission
2017). Currently, Boliden AB plans to feed the Liikavaara
ore to the Aitik plant and thus Au and Ag will be produced
as by-products next to Cu, the main commodity. However,
in spite of their criticality, W and Bi are deemed economic-
ally non-feasible to produce and will consequently be trea-
ted as waste. Nevertheless, characterisation of W and Bi is
important to predict their behaviour during processing
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(e.g., Bi can lower the quality of Cu-metal) and to investi-
gate possibilities for future extraction. Likewise, variability
of Cu, Au and Ag mineralisation between Liikavaara and
Aitik could affect recovery efficiency and thus detailed
characterisation is crucial.

The goal of this study is a refined geological and miner-
alogical description of the Liikavaara Östra Cu-(W-Au)
deposit to provide a base for subsequent studies focused
on ore characterisation of trace minerals using advanced
micro-analytical techniques. Interpretations are based on
drill core logging, chemical assays, petrography, and dating
of a key rock unit. The results of this study should also
support processing of the ore and exploration for similar
deposits in the area.

Regional geology

The Liikavaara Östra Cu-(W-Au) deposit is situated in the
Gällivare area in the ore district of northern Norrbotten in
Sweden (Fig. 1). The district is famous for its world-class
Kiirunavaara and Malmberget apatite-iron deposits and the
Aitik and Nautanen Cu-Au deposits. The bedrock in northern
Norrbotten is part of the Fennoscandian Shield which spans
across parts of Norway, Sweden, Finland and Russia. It is
constituted of mostly Archean and Palaeoproterozoic rocks
and is the product of a complex series of geological events
including plume activity, rifting, subduction, accretion and
collision (Nironen 1997; Lahtinen et al. 2005; Weihed et al.
2005; Lahtinen et al. 2009; Melezhik & Hanski 2012; Stephens
& Bergman Weihed 2020).

Deformed 2.8–2.6 Ga metagranitoids and gneiss form the
Archean basement in northern Norrbotten (Bergman et al.
2001). The basement is only exposed in the northern parts of
the region. Elsewhere it is unconformably overlain by supra-
crustal successions of Palaeoproterozoic age (Bergman et al.
2001). Stratigraphically lowest of these supracrustals are rift-
related Karelian rocks (2.4–1.96 Ga), which in the Kiruna area

Figure 1. Location of the Liikavaara Östra Cu-(W-Au) deposit and geology of the Gällivare area (modified from Martinsson & Wanhainen 2004). The SWEREF99 TM
coordinate system is used. Note, all rocks are metamorphosed, the prefix “meta-” is left out to keep rock names short.

Table 1. Official resource estimates (complying with the PERC Code) for the
Liikavaara Östra Cu-(W-Au) deposit (date: 2018.12.31). Tungsten and Mo are
currently not considered for production but Mo might be produced in the future.

Classification Quantity kiloton Au g/t Ag g/t Cu % Mo g/t W g/t

Proved 0
Probable 57 500 0.06 2.2 0.26 31.00 264
Measured 2 600 0.05 1.7 0.19 7.00
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are represented by the Kovo Group (2.8–2.3 Ga) and the over-
lying Kiruna Greenstone Group (2.3–2.0 Ga; Martinsson 1997;
Bergman et al. 2001). Terrestrial to shallow water-deposited
Svecofennian successions of metasedimentary and metavolca-
nic rocks are conformably to disconformably overlying the
Karelian units. They comprise the Porphyrite Group, the
Kurravaara Conglomerate, the Kiirunavaara Group and the
Hauki Quartzite in the Kiruna area (Martinsson 2004;
Bergman 2018). Metasedimentary sequences have limited
extents (Martinsson et al. 2016). In the Gällivare area, the
Muorjevaara Group, a lower Svecofennian unit (1.89–1.88 Ga),
comprises both calc-alkaline andesitic metavolcanic and clastic
metasedimentary rocks (Fig. 1). Different proportions between
these rocks and variations in grain sizes and compositions of
the sedimentary rocks record rapid facies changes (Martinsson
&Wanhainen 2004). The volcanic rocks were likely formed by
an early Svecofennian continental arc magmatism during
north-east directed subduction at the margin of the Archean
craton (Martinsson & Perdahl 1995; Martinsson 2004).

The Palaeoproterozoic metasupracrustal rocks were
intruded by several plutonic suites. The 1.89–1.87 Ga
Haparanda and Perthite Monzonite Suites are calc-alkaline to
alkali-calcic in character and considered co-magmatic with the
Svecofennian volcanic rocks (Witschard 1984; Martinsson
2004). Minimum melt granites and pegmatites are character-
istic of the 1.81–1.78 Ga Lina Suite (Bergman 2018) and they
are temporally related to TIB 1 (Transscandinavian Igneous
Belt) monzonitic to granitic intrusions in the Kiruna-Narvik
area (Romer & Wright 1992; Romer et al. 1994; Martinsson &
Wanhainen 2004). Transscandinavian Igneous Belt 2 grani-
toids near the Swedish-Norwegian border are the youngest
plutonic rocks at ca. 1.71 Ga (Romer & Wright 1992;
Martinsson & Wanhainen 2004). At least two events of oro-
genic deformation and metamorphism occurred during the
Palaeoproterozoic (Bergman et al. 2001). The first affected
the Haparanda Suite but seemingly pre-dates the Perthite
Monzonite Suite. The second event, at 1.8 Ga, was at least
locally developed and took place contemporaneously with the
emplacement of the Lina Suite rocks.

In the Gällivare area, rocks in the eastern part are domi-
nated by volcaniclastic rocks belonging to the Muorjevaara
Group while those in the western part are intermediate to
felsic volcanic rocks of the Kiirunavaara Group (Martinsson
& Wanhainen 2004; Fig. 1). The supracrustal rocks were
intruded by plutonic rocks of ultramafic to felsic compositions.
Diorites and granodiorites representing the Haparanda Suite
are common as minor intrusions in the Muorjevaara Group
while monzonites of the Perthite Monzonite Suite are
restricted to the west. Several 1.88 Ga and 1.80 Ga gabbroic
to troctolitic intrusions, such as the Dundret intrusion, occur
throughout the bedrock of the Gällivare area (Sarlus et al.
2018). Lina Suite granites cover large areas and related pegma-
tites are mainly found within the Muorjevaara Group
(Martinsson & Wanhainen 2004; Wanhainen et al. 2005;
Sarlus et al. 2018; Fig. 1). The supracrustal rocks and older
intrusions were metamorphosed under amphibolite facies con-
ditions (Zweifel 1976; Wanhainen et al. 2006; Tollefsen 2014).
A major shear zone, the Nautanen Deformation Zone, runs
north-northwest through the area and many of the Cu-Au

occurrences in the area are spatially related to it (Bergman
et al. 2001; Martinsson & Wanhainen 2004; Sammelin et al.
2011; Wanhainen et al. 2012).

Deposit geology

The Liikavaara Östra Cu-(W-Au) deposit is mainly enriched in
Cu and somewhat in Au, Ag and W (Fig. 1; Table 1). It also
shows some enrichments in Zn, Mo, Sn, Sb, Pb and Bi, but
their production is currently economically unfeasible. The
mineralised zone extends for about 1 km along a N15°W strike,
is 100 m wide and dips 80°W to a depth of roughly 500 m
(indicated by drilling; Zweifel 1976; Fig. 2). The deposit has
been interpreted to be hosted by the eastern limb of a south-
southeast dipping syncline (Zweifel 1976; Lynch et al. 2015).

According to Zweifel (1976), the wall rocks can be divided
into a lower and upper formation of meta-arenites. The foot-
wall includes feldspar quartzites, phyllitic feldspar quartzites
and conglomerates. The hanging wall consists of meta-arenites
intercalated with amphibolitic rocks. Zweifel (1976) discusses
a volcanic origin of these rocks based on the geochemical
signatures but chooses an epiclastic classification based on
observations of cross- and graded bedding and of conglomer-
ates. In contrast, Estholm (2014) classifies the rocks as meta-
andesites and meta-andesitic tuffites based on petrological and
geochemical studies (Fig. 2).

The rocks hosting the ore are described by Zweifel (1976) as
biotite schist which grades to biotite gneiss and biotite quart-
zite, and by Monro (1988) as quartz-biotite gneiss (Fig. 2).

Malmqvist & Parasnis (1972) describe mineralisation at
Liikavaara to be dominantly of a vein type. They characterise
the mineralisation as being associated with an irregular pattern
of small fissures and veins, mostly 1–20 cm in width. The main
gangue minerals are quartz and calcite; other minerals include
tourmaline and fluorite (Malmqvist & Parasnis 1972; Zweifel
1976).

Zweifel (1976) identifies chalcopyrite as the only mineral
of economic importance, but also notes the occurrence of
pyrrhotite, pyrite, galena, sphalerite, scheelite, magnetite
and molybdenite. Zweifel (1976) mentions scheelite as
dominantly associated with quartz veinlets and locally cal-
cite veinlets. He also noted scheelite connected with quartz
veinlets containing chalcopyrite in a granite 1 km north of
Liikavaara. Sammelin et al. (2011) describe the occurrence
of gold in quartz veins alongside chalcopyrite, pyrrhotite,
tourmaline and calcite.

The Liikavaara Östra deposit is cut by several partly miner-
alised aplite dykes (Fig. 2). A granite intrusion in the footwall
100 to 200 m northeast of the Liikavaara mineralisation has
been described by Zweifel (1976) as of Lina Suite type (Fig. 2).

Methods

This study includes three parts: (1) drill core logging and
geochemical analysis of the wall and host rocks, (2) mineralo-
gical studies of the wall and host rocks and mineralisation, (3)
and U-Pb isotopic analysis of zircons from the footwall
intrusion.
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Drill core logging, sampling and geochemical analysis

Three drill cores (370, 372 and 322; Fig. 2) were fully logged at
metre scale for a total of 890 m for sampling of the various rock
types, and nine cores were partially logged at centimetre scale
for ~60 m for targeted sampling of the mineralisation. Cores
370 and 372 were chosen based on their location centrally in
the ore zone. Core 370 cuts through the hanging wall into the
ore zone while core 372 begins in the ore zone and ends in the
footwall. The drill core of hole 322, located outside the ore
zone, was logged for comparison.

Based on mineralogical and textural variations in the rocks,
22 samples were collected for whole rock analysis (Fig. 3).
Sixteen samples were taken from drill core 370 and four samples
from core 372. Two additional samples were taken from the drill
core of hole 413 that intersects the footwall intrusion.

Whole rock analysis was performed by ALS Scandinavia
AB. Method of sample preparation and analysis for each ele-
ment are listed in the Table A1. Several replicates, lab stan-
dards and blanks were analysed for quality control. The data
were plotted in several volcanic and plutonic rock classification
diagrams. Data of one sample from core 370 (331 m) had to be
omitted due to intersection of a quartz vein.

For comparison, whole rock data from the bachelor thesis
of Estholm (2014) was included in the plots. This data set

comprises 17 analyses from the hanging wall, three analyses
from the mineralisation zone of core 370, and three analyses
from the footwall of core 367. Additionally, data from Boliden
AB of 63 environmental samples (whole-rock analyses for
mine environment monitoring) from 20 drill cores were used
as well. The samples from Estholm (2014) were analysed by
AcmeLabs while the environmental samples were also ana-
lysed by ALS Scandinavia AB. Methods of sample preparation
and analysis are listed in the Table A1.

Grades of S, Cu, Zn, Mo, Ag, Sn, W, Au, Pb, Bi, Sb, Th
and U, routinely checked for in drill cores by Boliden AB,
were used to assess metal distribution downhole and in the
deposit.

Mineralogical studies

Twenty samples were selected from drill cores 370, 372 and
322 for micro-analytical analysis of the various vein- and
mineralisation styles observed during logging (Fig. 3).
Another 34 samples were collected from drill cores known to
be enriched in various metals (based on the chemical assays by
Boliden AB) to ensure sufficient amounts of metals in the
samples for future analysis with micro-analytical techniques.
To constrain potential mineralogical variation across the

Figure 2. Geological map and profile A-B of the Liikavaara Östra Cu-(W-Au) deposit. The SWEREF99 TM coordinate system is used. A. Plan view of the Liikavaara Östra
Cu-(W-Au) deposit at 100 m below surface. Numbered drill holes marked in white were studied and sampled during this study. B. Cross section from A to B through the
deposit. The deepest drill hole reaches a depth of approximately 500 m below surface.
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deposit a total of nine drill cores were sampled (Fig. 3).
Additionally, for petrographic characterisation of the various
rock types at Liikavaara and for comparison with the whole
rock data another eleven samples were collected (Fig. 3). The
locations of all sampled drill cores are marked in Fig. 2.

Polished thin sections were prepared from samples and
analysed with a petrographic microscope (Nikon ECLIPSE
E600 POL) in transmitted and reflected light and with
scanning electron microscope (Zeiss Merlin FEG-SEM).
Mineralogy, texture and structure of each thin section
were studied with emphasis on the occurrence and associa-
tion of ore minerals. For SEM analysis, the thin sections
were coated with carbon. The SEM was operated at an
acceleration voltage of 20 kV and a probe current of 1

nA. For SEM-EDS analysis the Oxford AZtec software
and the included element standards were used. Prior to
every session the beam energy was calibrated against Cu-
tape. Mineral identification was performed by spot analysis
at a total count rate of 250 000 counts per spot.

U-Pb isotopic analysis

Several kilograms of sample were collected from the intrusion
in the footwall northeast of the mineralisation. From this
sample zircons were extracted for age dating. The extraction
procedure included grain size reduction, density and magnetic
separation and hand-picking.

Figure 3. Drill cores sampled for whole rock analysis and mineralogical studies. Depth of each sample is shown. Whole rock samples are to the left of each drill core,
mineralogical samples to the right. Samples in italic letters were collected to support the whole rock data with petrographic observations. Samples in bold were
targeted at mineralogy of specific metals (metals of interest are listed above each drill core). The remaining samples were collected to study vein and mineralisation
mineralogy.
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The rocks were crushed with a jaw mill and further reduced
in size with a chromium swing mill. The crushed rocks were
sieved for a size fraction of 40–500 µm. Density separation
with a Wilfley table was followed by magnetic separation
using a hand magnet and a Frantz Isodynamic magnetic
separator before a second density separation with Methylene
Iodide (CH2I2 3.2 g cm−3). Lastly, zircons were hand-picked
using an optical microscope/stereoscope.

The zircons were mounted and polished by staff at the
Vegacenter micro-analytical facility at the Swedish Museum
of Natural History in Stockholm, Sweden. Here, U–Pb isotopic
analysis was carried out with Laser Ablation Multi Collector
Inductively Coupled Plasma Mass Spectrometry (LA-MC-ICP
-MS). The instrument settings are summarised in Table 2.
Prior to and post analysis the internal structure of the crystals
was examined with backscattered electron (BSE) imaging in
a scanning electron microscope (Zeiss Merlin FEG-SEM).

Isotope ratios were normalised to the 91 500 Zircon brack-
eting standard (drift and accuracy correction) with age 1065
Ma (Wiedenbeck et al. 1995). GJI, Plesovice and Temora were
used as secondary standards. Conventional common Pb cor-
rection was applied for samples with 206Pb/204Pb <7000
according to Petrus & Kamber (2012).

Inverse concordia (Tera–Wasserburg) diagrams were con-
structed and a 207Pb–206Pb weighted average age was calculated
using the Isoplot plugin (ver. 4.15) of Ludwig (2003) in Excel.

Results

Logging and petrography of wall and host rocks

The rocks forming the hanging wall are (green)-(brown)-
greyish in colour and porphyritic with a very fine-grained
(<0.1 mm) matrix of mainly feldspar and quartz with lesser
biotite, sericite, epidote, calcite, chlorite and disseminated
hematite (Fig. 4A, B). Biotite laths define a weak to strong
lepidoblastic texture. Phenocrysts of plagioclase and
K-feldspar vary in abundance from 1 to 5 % and range in
shape from an- to euhedral and in size from 0.2–2.5 mm

(Fig. 5A). Many phenocrysts are affected by sericitisation and
locally saussuritisation.

Up to several centimetres large, rounded and elongated
clasts of light to dark grey and green colour occur in the
hanging wall in some places (Fig. 4B). They are elongated
parallel to the main biotite-defined foliation. Most clasts
resemble the surrounding rock in texture and mineralogy
except for a lack of distinct biotite alignment. Colour differ-
ences are caused by varying amounts of biotite and epidote.
Highly flattened dark clasts of biotite-rich rock are locally
observed.

Based on the above observations the hanging wall rocks are
interpreted as metavolcaniclastic

Mineralisation at Liikavaara is hosted by biotite-amphibole
schists and gneisses (Zweifel 1976; Figs. 4C, E and 5C–E). The
degree of biotitisation is considerably variable within the rock
with strong effects on composition and texture. Three com-
mon textures are observed: (1) the least altered areas comprise
a matrix of partly euhedral plagioclase laths (0.2–0.5 mm) and
fine-grained (<0.2 mm) K-feldspar, quartz and biotite with
minor calcite, sericite, epidote and chlorite and some dissemi-
nated magnetite and sulphides. Green, subhedral amphibole
phenocrysts (mostly ~0.5 mm) are homogeneously distributed
and make up 20–30 % of the rock (Figs. 4E and 5C). Biotite
laths are poorly aligned and partly replace amphibole. (2) With
increasing biotitisation the amphiboles are almost entirely
replaced and biotite is organised in aligned bands (Fig. 5D).
(3) Eventually, the biotite bands get more numerous and
interconnected turning the rock into a biotite schist (Figs. 4C
and 5E). Here, the biotite is finer-grained than in texture (2)
(Fig. 5D, E). At this stage no more amphiboles are observed.

The footwall rock is green-greyish in colour and porphyritic
(Fig. 4F). The matrix is formed by fine-grained (<0.2 mm)
feldspar, quartz, biotite, amphibole and epidote with minor
disseminated magnetite, hematite, pyrite and chalcopyrite.
Biotite laths and amphibole form a lepidoblastic texture and
are in parts altered to chlorite. Phenocrysts (0.2–1.5 mm)
include altered plagioclase, K-feldspar and occasionally
amphibole (Fig. 5B). Some relict phenocrysts are recrystallized
to smaller grains of feldspar. Clasts, several centimetres in size,
rounded and elongated, occur throughout the footwall unit.
They are elongated parallel to the main foliation. Their miner-
alogy is similar to that of the surrounding rock, but is more
fine-grained (<0.1 mm), has less biotite and granular texture.
Also, phenocrysts are more abundant and more euhedral.
Calcite can be found disseminated in the clasts and along
their borders.

Like the hanging wall rocks, the footwall rocks are inter-
preted as metavolcaniclastic

The porphyritic granitoid in the footwall to the mineralisa-
tion (Figs. 2 and 4G) has a matrix comprised of fine- to
medium-grained (0.5–1.2 mm) quartz, microcline, plagioclase,
biotite and chlorite (Fig. 5F). Pyrite, chalcopyrite, sphalerite,
and magnetite are disseminated. Phenocrysts of subhedral
plagioclase make up ~5 vol. % of the intrusion. They range in
size from 1 to 8 mm and are affected by sericitisation. The rock
is massive in character with no clear oriented fabric.

Light grey aplite dykes, ranging from a few centimetres up
to 30 m in width, are frequent in the ore zone (Figs. 4D, H,

Table 2. The instrument settings of the LA-MC-ICP-MS used for U/Pb-analysis on
zircons at the Vegacenter micro-analytical facility at the Swedish Museum of
Natural History in Stockholm, Sweden. The zircons were sampled from an intru-
sion in the footwall of the Liikavaara Östra Cu-(W-Au) deposit suggested to be
associated with its formation.

Mass spectrometer Nu plasma (II) MC-ICP-MS

Cooling gas flow rate 13 L/min
Aux gas flow rate 0.93 L/min
Mass resolution Low
Cones common Ni cones
Torch Glass

Laser ablation ESI NWR193 ArF eximer-based laser ablation system

Ar flow rate (Mix Gas) 0.72 L/min
He flow rate 0.32 L/min
Ablation
Frequency 8 Hz
Spotsize 15 µm
Fluence 2.3 J/cm2

Data collection
Washout time 25 s
Ablation time 35 s
Integration time 0.4 s
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I and 5G–J). They appear to be subparallel to the mineralised
zone and display partly distinct and partly diffuse contacts to
the surrounding rocks. Variations in texture and mineralogy
exist within and between dykes but two common types can be
observed.

The first type is porphyritic. Its matrix is fine-grained (<0.2
mm), comprised of quartz and microcline and slightly over-
grown by biotite, muscovite, calcite and tourmaline (Fig. 5G).
Sericite alteration of feldspar is partly developed. Pyrite, chalco-
pyrite, pyrrhotite, sphalerite and galena are locally disseminated.
Phenocrysts include 0.5–7mm K-feldspars, often altered to
sericite or muscovite, and 1–2mm sized quartz phenocrysts.
Matrix and phenocrysts are weakly oriented following foliation.

The second type is more fine-grained (<0.1 mm) and domi-
nated by granoblastic quartz grains with varying amounts of
microcline (Fig. 5I). Phenocrysts are less abundant.

Both types are partly affected by biotitisation and muscov-
itisation (Fig. 5H, J). The micas form a lepidoblastic texture.

Lithogeochemistry

For chemical classification of the different rock types identified
by logging and petrographic analysis, whole-rock chemical
data were plotted in various volcanic and plutonic classifica-
tion diagrams (Fig. 6).

The TAS diagram by LeMaitre et al. (1989) shows a systematic
shift of a large fraction of the data, compared to immobile element
classification diagrams, towards trachytic composition (Fig. 6A).
This may suggest sodium and/or potassium alteration of the
rocks. However, the wall rocks and the footwall intrusion lie
within the igneous spectrum defined by Hughes (1973; Fig. 6B),

Figure 4. Drill core images of the different rock types at Liikavaara (A–G) and vein-, alteration- and mineralisation-styles (H–M). A. Hanging wall (metavolcaniclastic
rock). B. Hanging wall (clast-rich metavolcaniclastic rock). C. Host rock (biotite schist). D. Aplite dyke. E. Host rock (amphibole gneiss). F. Footwall (metavolcaniclastic
rock). G. Footwall intrusion (granodiorite). H. Porphyritic aplite dyke. I. Foliated aplite dyke with thin quartz-tourmaline-sulphide veins parallel to foliation. J. Quartz-
calcite veins in biotite schist, parallel to foliation. Some sulphides occur in the veins, especially molybdenite at the borders. A dark selvage of biotite, tourmaline and
epidote is developed at the contact of the largest quartz vein within the biotite schist (see black rectangle). K. Cross-cutting quartz-calcite vein in biotite schist. The
biotite schist transitions to amphibole gneiss towards the bottom. L. Deformed quartz-calcite-sulphide vein in biotite-amphibole schist. M. Quartz-tourmaline-calcite-
sulphide vein. Chalcopyrite fills interstices between tourmaline grains and more massive chalcopyrite and pyrrhotite extend into quartz. Several scheelite grains occur
in the quartz-rich part of the vein (within the black rectangle).
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only a few hanging wall samples show slight Na-metasomatic
alteration. In contrast, dykes and most host rock data are affected
by K-metasomatic alteration (Fig. 6B). K-enrichment is most
prominent in host rock samples of type (3).

Consequently, the immobile element ratio plot by
Pearce (1996; modified after Winchester & Floyd (1977))
and the immobile element classification diagram for dee-
ply weathered rocks by Hallberg (1984) provide more
reliable results (Fig. 6C, D). Most data from the hanging
wall show an andesitic composition while data from the
host rock are basaltic (Fig. 6C, D). The footwall data lie
chemically in between. Data from aplite dykes and the
footwall intrusion are chemically similar and show
a felsic composition (Fig. 6A, C, D). In the AFM diagram

after Kuno (1968) and Irvine & Baragar (1971) the data of
all rocks follow a calc-alkaline trend (Fig. 6E).

Using the limited amount of chemical data from this
study, the variation diagram R1-R2 by De La Roche et al.
(1980) show that the footwall intrusion and aplite dykes are
mostly granitic (Fig. 6F). In contrast, the QAP plutonic
rock classification diagram separates the footwall intrusion
(granodiorite) from the aplite dykes (monzogranite) (Fig.
6G). Normative mineral calculation for the QAP diagram
was achieved via the CIPW Norm calculation program by
Hollocher (2004). Data of the host rock of the mineralised
zone, although potentially intrusive, was not plotted in the
plutonic rock diagrams due to its strongly altered
character.

Figure 5. Transmitted light photomicrographs of the various rocks in the Liikavaara Östra Cu-(W-Au) deposit. A. Euhedral plagioclase phenocrysts in the matrix of
a metavolcaniclastic rock of the hanging wall. B. Altered feldspar phenocrysts in the matrix of a metavolcaniclastic rock of the footwall. C. Amphibole gneiss. D. Biotite-
amphibole gneiss. E. Biotite schist. F. Granodiorite. G. Aplite. H. Biotite-altered aplite. I. Quartz-dominated aplite. J. Muscovite-altered quartz-dominated aplite. Note:
5 C is taken with plane polarised light, the rest with crossed polarised light. Abbreviations: Amph – amphibole, Bt – biotite, Cal – calcite, Ep – epidote, Feld – feldspar,
Mc – microcline, Ms – muscovite, Pl – plagioclase, Qz – quartz, Seri – sericite.
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Overall, the chemical classifications are in support of the petro-
graphic observations. There are no notable variations between
data of different drill cores and only minor discrepancies between
different data-sets.

Mineralisation

Metal distribution
Chemical assays of drill cores intersecting the Liikavaara Östra
Cu-(W-Au) deposit (Fig. 7A) show that the mineralised zone is
mostly confined to the host rock and that metal enrichment

decreases towards the wall rocks. The assays cover a limited
suite of elements routinely analysed for by Boliden AB.
However, fewer elements were analysed in older drill cores
and thus interpretation of potential variations in distribution
for some metals (e.g. Zn, Pb, Bi, Sb, U) is limited. Nevertheless,
lateral element distributions appear largely to be similar,
although S enrichment, mainly in the form of pyrite and
pyrrhotite mineralisation, extends further south than Cu
enrichment.

The spatial distribution of mineralisation in the Liikavaara
Östra Cu-(W-Au) deposit is largely controlled by the aplite

Figure 6. Classification of rock types in Liikavaara based on three sets of whole rock chemical data. One set was analysed in this study, one set is from Estholm (2014)
and one set is from Boliden AB (environmental samples). A. Volcanic TAS diagram by Le Maitre et al. (1989). Data are shifted towards more trachytic composition
compared to C and D. B. Igneous Spectrum plot by Hughes (1973). Data of the wall rocks and footwall intrusion plot mainly within the igneous spectrum, only a few
hanging wall samples show Na-metasomatic alteration. In contrast, most data of the host rock and dykes show K-metasomatic alteration. C. Modified immobile
element ratio plot by Pearce (1996). Composition is variable between basaltic (host rock) and andesitic (hanging wall) with the footwall in between. Dykes and the
intrusion are more felsic. D. Immobile element classification diagram for deeply weathered rocks by Hallberg (1984). Although not deeply weathered, strong
hydrothermal alteration of the host and wall rocks make this diagram interesting. The results are consistent with the classification after Pearce (1996). E. AFM diagram
after Kuno (1968) and Irvine & Baragar (1971). Most data lie in the calc-alkaline field. F. R1-R2 plutonic chemical variation diagram by De La Roche et al. (1980). Only
data of intrusive rocks (dykes and footwall intrusion) are plotted excluding the strongly altered host rock. Most data plots in the granite field. G. IUGS QAP plutonic rock
classification diagram. Normative calculation was performed on data used in F. Dyke data lie in the monzogranite field, footwall intrusion data on the alkali side of the
granodiorite field.
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dykes, i.e. most mineralisation occurs within or in the proxi-
mity of these dykes (Fig. 7B). The mineralisation is hosted by
veins although some dissemination of aligned pyrite, pyrrho-
tite, chalcopyrite and magnetite is present in the host rocks as
well (Fig. 9G). In the veins, the ore minerals form aggregates
and disseminations and are commonly complexly intergrown.

Veins
Veins are found in host and wall rocks and aplite dykes but are
more voluminous in the mineralised zone.

Quartz-dominated veins are the most abundant. They are
variable in sizes from a few microns to several metres in width
but millimetre- to centimetre-wide veins dominate (Fig. 4I–M).

Likewise, vein density is variable and is highest in the miner-
alised zone with a vein every few centimetres. The veins are
mostly parallel to the foliation in the host rocks (Fig. 4J), but in
places cross-cut it, while others show ductile deformation or
emplacement style (Fig. 4K, L). Both sharp and diffuse contacts
to the surrounding rocks are observed. Especially wider (>1 cm)
veins are enriched in black tourmaline, calcite and sulphides
(Figs. 4M and 8A) and metre-wide quartz-tourmaline-(calcite)
veins are the main carrier of the ore. Tourmaline commonly
forms accumulations of euhedral grains of blue-green pleo-
chroic colour and may in some veins be more abundant than
quartz. However, it is rarely observed in veins outside the
mineralised zone. Calcite occurs as aggregates and thin bands

Figure 7. A. Relative concentration of various metals over 124 drill cores intersecting the Liikavaara Östra Cu-(W-Au) deposit. Each dot represents a value measured for
a section in a drill core. Note that sections vary in length and values are not normalised, consequently concentrations are not actual metal grades. Analysis of older drill
cores covered a smaller suit of elements which is why some elemental maps (e.g. Bi, Sb etc.) are represented by fewer dots than others. The approximate 0.26 % Cu ore
shell is shown as a black line in each map as visual reference. The SWEREF99 TM coordinate system is used. B. Downhole grades of metals in drill core 394 in the
Liikavaara Östra Cu-(W-Au) deposit. Metals are enriched in the host rock and especially within and in proximity to aplite dykes and veins. Copper, W, Au, Ag and Bi show
a similar distribution pattern. Molybdenum also shares their major peak. Zink and Pb are similar to each other but show a different distribution than the other metals.
S shows, as expected, a mixture of the two groups.
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(Fig. 8D). Sulphide mineralisation is mainly associated with
tourmaline and calcite in the quartz veins (Figs. 4L, M and 8A,
D). Scheelite is locally observed associated with quartz (Figs. 4M
and 8A). Minor gangue minerals include microcline and plagi-
oclase, and some veins are overprinted by biotite, chlorite,
epidote and sericite. Average grain size of the vein minerals
ranges between 0.1 and 1 mm and varies between veins.
Generally, quartz, scheelite and the major sulphides (chalcopyr-
ite, pyrite and pyrrhotite) are coarsest, followed by tourmaline
and calcite with the remaining minerals at the lower end of the
size range.

Veinlets of calcite, ranging in width and grain size from
a few microns to millimetres, locally occur in the deposit
(Fig. 8B). They are equigranular and largely mono-mineralic
with the occasional occurrence of chalcopyrite, sphalerite and
galena. The veinlets are planar, mostly sharp and cross-cut
host and wall rocks, aplite dykes, quartz veins and mineralisa-
tion (Fig. 8B).

Alteration
The rocks of the Liikavaara Östra Cu-(W-Au) deposit are
altered and metamorphosed. Most abundant is pervasive bio-
titisation where biotite replaces amphibole in the host and wall
rocks (Figs. 5A–F and 8 C, D). Vein-related biotitisation, in
places accompanied by tourmalinisation and epidotisation,
form selvages in the host rock at the contacts to veins and
fissures (Figs. 4J, K and 8 C). Biotitisation is also observed in
the aplite dykes together with muscovitisation replacing feld-
spar (Fig. 5H, J). The micas mainly form a lepidoblastic

texture. Secondary biotite is partly replaced by chlorite which
also forms thin veinlets that cut the foliation. Calcite and
epidote are frequent but less abundant alteration minerals
dispersed in the rocks and similar in grain size to the matrix
minerals. Epidote forms both anhedral and euhedral grains
and commonly replaces feldspar phenocrysts. Sericite also
replaces plagioclase phenocrysts and lepidoblastic secondary
biotite but is more pervasive than epidote (Fig. 5B, F).
Especially in the hanging wall and footwall, sericitisation can
affect areas up to tens of centimetres (Fig. 4F). Red K-feldspars
locally stain the rocks.

Ore minerals at Liikavaara Östra
Chalcopyrite is the dominant Cu-rich mineral and most abun-
dant sulphide in the ore zone. It shows anhedral growth and
ranges in grain size from a few microns to several centimetres.
Chalcopyrite is often intergrown with pyrrhotite (Fig. 9A, D,
F). Association with and replacement of pyrite is also common
(Fig. 9C, E). Sphalerite and galena often rim chalcopyrite and
pyrrhotite grains while the latter also form inclusions in spha-
lerite (chalcopyrite/pyrrhotite disease). Other associations of
chalcopyrite in veins include scheelite, molybdenite and mar-
casite as well as the gangue phases quartz, calcite and tourma-
line (Fig. 9A, C, E, F). Chalcopyrite often fills interstices in
tourmaline aggregates in veins (Fig. 4M). Remobilised or
a second generation of chalcopyrite is also found in late stage
calcite veinlets (Fig. 8B).

Pyrite is another major sulphide within the ore zone. It is
commonly developed in the quartz-dominated parts of quartz-

Figure 8. Transmitted light microphotograph images of veins in the Liikavaara Östra Cu-(W-Au) deposit. A. Quartz-tourmaline-calcite vein with mineralisation of
scheelite and sulphides; scheelite occurs with quartz, sulphides with tourmaline. B. Calcite-sulphide vein crosscutting a quartz vein in biotite schist. C. Biotite selvage
around a quartz vein. D. Quartz-calcite-sulphide vein in biotite schist. Note: 9a taken with parallel polarisers, rest crossed polarisers. Abbreviations: Bt – biotite, Cal –
calcite, Qz – quartz, Sch – scheelite, Sulp – sulphide, Tour – tourmaline.
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(±tourmaline-calcite) veins. Similarly to chalcopyrite, pyrite
crystals range from micron to centimetre size (<50 µm–
15 mm). Pyrite grains form at least two generations. Older
and larger an- to subhedral grains often show partial replace-
ment by chalcopyrite and pyrrhotite (Fig. 9B, E). Some are
thinly rimmed by chlorite. Younger and smaller sub- to euhe-
dral grains occur isolated, as inclusions in pyrrhotite, or inter-
grown with marcasite, chalcopyrite and pyrrhotite. Skeletal
growth texture is common (Fig. 9C).

Pyrrhotite is the third major sulphide. It is similar in form,
size and distribution to chalcopyrite. However, it does not
occur in late stage calcite veinlets. Pyrrhotite is generally asso-
ciated with most ore minerals although its occurrence together
with chalcopyrite and pyrite, as described above, is most com-
mon (Fig. 12A, B, D, F).

Sphalerite and even more so galena are less abundant sul-
phide phases. Both are mainly anhedral although euhedral
grains are locally observed. Their grain size is smaller than
that of the major sulphides and do usually not exceed half
a millimetre. Sphalerite and galena predominantly occur
together and often rim chalcopyrite-pyrrhotite grains
(Fig. 9A, B, D). Sphalerite is often associated with scheelite as
rims, crack infillings and in small veinlets together with chal-
copyrite. It also fills interstices in tourmaline aggregates
together with chalcopyrite and pyrrhotite. Galena shows repla-
cement of other sulphide phases such as marcasite. Sphalerite
and galena are found in the late-stage calcite veinlets along
with chalcopyrite.

Marcasite is only locally observed. It commonly replaces
and fills cracks in pyrrhotite and is intergrown with

Figure 9. Reflected light (G–H) and backscattered electron (I, J) images of the mineralisation at the Liikavaara Östra Cu-(W-Au) deposit. A. Chalcopyrite and pyrrhotite
surrounded by calcite in a quartz vein. B. Pyrite and pyrrhotite with quartz in aplite. C. Skeletal pyrite and marcasite replacing chalcopyrite associated with pyrrhotite
and scheelite in a quartz vein. D. Assemblage of chalcopyrite, pyrrhotite, sphalerite and galena in a quartz-tourmaline-calcite vein. E. Molybdenite associated with
chalcopyrite, pyrite and pyrrhotite in a quartz vein. F. Scheelite grains partly associated with chalcopyrite and pyrrhotite in a quartz vein within aplite. G. Disseminated
chalcopyrite, pyrite, pyrrhotite and magnetite in biotite schist. H. Intergrowth of a Bi-telluride and a Bi-Te-sulphide next to sphalerite in a quartz vein. I. Cassiterite
inclusions at the edge of pyrite next to biotite. J. Euhedral uraninite with calcite and galena in a chalcopyrite-filled crack within scheelite. Abbreviations: Cal – calcite,
Ccp – chalcopyrite, Cst – cassiterite, Gn – galena, Mcs – marcasite, Mgt –magnetite, Mol – molybdenite, Po – pyrrhotite, Py – pyrite, Qz – quartz, Sch – scheelite, Sp –
sphalerite, Urn – uraninite.
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chalcopyrite and pyrite. It is partly replaced by galena.
Marcasite is developed in a characteristic ‘zebra-like’ texture
(Fig. 9C).

Scheelite is the onlyW-mineral found and aminor oremineral
in the deposit. It has not been observed disseminated in the major
host rocks but seems to be confined to the quartz-(±tourmaline-
calcite) veins, commonly in the quartz-dominated part of veins
both within the host rock and intrusive dykes (Fig. 8A). Scheelite
mainly forms large (several millimetres in width) an- to subhedral
single grains (Fig. 9F), aggregates of small (tenths of micrometres)
rounded grains and locally disseminated fine (<0.2mm) anhedral
grains. Undulose extinction is common. It is associated with
quartz, calcite and sulphides (especially chalcopyrite, sphalerite
and pyrrhotite; Fig. 9F). These minerals rim the scheelite grains
and fill fractures and holes. Cross-cutting veinlets of calcite, chal-
copyrite and sphalerite as well as chlorite are locally observed.

Molybdenite is the only Mo-phase and rather rare. It forms
characteristic bended laths, and grains are commonly ~0.2 mm
and smaller (Fig. 9E). Intergrowths with other sulphides are
not so common, although some association with pyrrhotite,
chalcopyrite and scheelite is observed (Fig. 9E). Few grains and
small aggregates are disseminated in quartz-(±tourmaline-
calcite) veins or developed along their rims, generally in the
quartz-dominated parts (Fig. 4J).

Magnetite is only locally observed. It occurs predominantly
disseminated in the host rocks as subhedral, partly fractured
grains, 0.2–0.4mm in size (Fig. 9G). In places, it is enriched as
a second generation in quartz veins togetherwith chalcopyrite and
pyrite. Grains are generally isolated or associated with pyrite and
chalcopyrite, commonly being replaced by these (Fig. 9G).

Anhedral and irregular-shaped grains of ilmenite are scar-
cely observed in the quartz veins. They are elongated, oriented
and up to a few millimetres in length. Titanite replaces ilme-
nite forming rims.

Cassiterite is the only Sn-bearing mineral observed. It
occurs in groups of very fine (<10 µm), rounded anhedral
grains at grain boundaries between pyrite and biotite and
within chalcopyrite (Fig. 9I).

One sample of a quartz vein in biotite schist (Fig. 3, drill
core 370, 253.3 m) contains traces of uraninite. Uraninite
forms sub- to euhedral grains, 10–30 µm in size and occurs
associated with chalcopyrite, scheelite, and quartz (Fig. 9J).

Minerals of Au, Ag, Bi and Te at Liikavaara Östra
The following description of the mineralogy of Au, Ag, Bi and
Te (~10 ppm and less on average) is based on SEM-EDS
analysis (see the method section). Since no proper quantitative
analysis and complimentary crystallographic analysis were
done, exact identification was partly not possible.

Based on geochemical data of drill cores fromBolidenAB, Bi is
a common tracemetal in the deposit. Itsmineralogy is diverse and
includes native Bi, Bi-tellurides and Bi-sulphides (Fig. 10A, B, C).
Their compositions are variable and partly include other elements
such as Ag, Pb and Se (Fig. 10B, D). The Bi-minerals are found in
quartz-(±tourmaline-calcite) veins and aplite dykes.

Bi-tellurides are commonly intergrown with hessite (Ag2Te)
and in places with an additional Bi-Ag-telluride (Fig. 10B), and
occur as an- to subhedral inclusions, within cracks and along the
border of pyrrhotite, pyrite, chalcopyrite, sphalerite and

molybdenite (Fig. 10A, B). At grain boundaries they are associated
with calcite, tourmaline, sphalerite, and magnetite. Grains are
generally <50 µm and most even <20 µm.

In a section of quartz veins in aplite, where Bi is high
according to analyses, 0.2–0.5 mm grains of a Bi-Te-sulphide
rimmed by a Bi-telluride are found (Fig. 9H). The Bi-Te-
sulphide can also be found alongside Bi-tellurides in molybde-
nite and with hessite in sphalerite.

Native Bi and Bi-sulphides are often intergrown with each
other but also occur individually (Fig. 10C). Grains are inter-
spersed in chalcopyrite, pyrite, pyrrhotite, biotite and quartz
and associated with chlorite, feldspar, sphalerite and magne-
tite. Native Bi is also observed together with hessite, electrum
and Bi-tellurides (Fig. 10D). Grains of native Bi and Bi-
sulphides are anhedral and mainly <10 µm. One sample con-
tains <5 µm droplet-shaped grains of native Bi with Au in
quartz (Fig. 10E).

Hessite is the most commonly observed Ag-mineral. It is
mostly intergrown with Bi-(Ag)-tellurides but also occurs with
native Bi and singularly (Fig. 10A, B). Hessite is also found
associated with scarce arsenopyrite (Fig. 10F). Hessite grains
are mostly <20 µm. Ag-sulphide occurs as <30 µm grains at the
border of chalcopyrite (Fig. 10G)

Silver is also found in electrum, the main Au-mineral
observed. Electrum occurs as very fine (<10 µm) and often
elongated grains in quartz veins and aplite dykes. The grains
are commonly found as inclusions in quartz and in cracks or
holes in pyrite, pyrrhotite, molybdenite and chalcopyrite, often
with native Bi (Fig. 10E, H). Electrum is also observed asso-
ciated with chlorite, tourmaline and sphalerite next to Bi-
tellurides.

Geochronology

The granodiorite intrusion in the footwall northeast of the
Liikavaara Östra Cu-(W-Au) deposit was dated as it is sug-
gested in this study to be linked to the genesis of the deposit.
The mineralogy of the intrusion is described in the logging and
petrography section and chemical data is presented in Fig. 6.
The zircon grains extracted from the intrusion are 50–200 µm
in size, stubby to elongated in shape and partly rounded and
broken (Fig. 11A). Fractures, holes and oscillatory zoning are
common features and many fractured grains show a partially
dark core (in BSE images) occasionally with inclusions of
nanometre-sized Pb-phases.

In total, analysis covered 79 spots in 68 zircons. This com-
prises 56 crystals analysed with single spot analyses, 10 crystals
with two-spot analyses, and one crystal with three-spot analy-
sis to study the core-rim relationship in zoned crystals.
Thirteen measurements in cores with Pb-phase inclusions
caused IC tripping and consequently erroneous data that
were discarded. Common Pb correction was necessary for 27
spots. Plotting of the data (66 non-erroneous analyses) in an
inverse concordia (Tera–Wasserburg) diagram outlines
a discordia with an upper intercept age of 1887 ± 22Ma and
a lower intercept age of 387 ± 20Ma with a MSWD of 20
(Fig. 11B).

Of the 66 non-erroneous analyses only 20 are concordant.
These give 207Pb–206Pb ages between 1895–1864Ma and are
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measured in bright cores (in BSE images) or the bright part of
partially dark cores (Fig. 11A). Spots intersecting fractures
exhibit near-concordant to discordant ages both younger and
older than the concordant data. Stronger discordancy is dis-
played by spots intersecting oscillatory zoning and analyses of
dark cores, both commonly younger than the concordant ages
(Fig. 11A). For the latter, discordant 207Pb–206Pb ages range
between 424–1729Ma.

A crystallisation age was calculated from the 20 concordant
analyses from the bright cores. A concordia age yields
1873.7 ± 5.2Ma with a MSWD (of concordance and equiva-
lence) of 1.6 (Fig. 11C). A 207Pb–206Pb weighted average age of
the same analyses yields 1874.6 ± 1.8 Ma with a MSWD of 1.5
(Fig. 11D).

Discussion

Host and wall rock origins

The character and origin of the wall rocks at the Liikavaara
Östra Cu-(W-Au) deposit have previously been discussed.
Zweifel (1976) suggested a volcanic origin and classified the
rocks as epiclastic based on the observations of sedimentary
structures like cross- and graded bedding and conglomerates.
Estholm (2014) agreed on a volcanic origin but suggested the
wall rocks to instead be volcaniclastic. She based this on con-
sistent chemical classification into andesite and basalt, on

remnants of euhedral plagioclase phenocrysts, and on the
occurrence of epidote, plagioclase and amphibole as common
minerals in metabasalts.

Findings of this study support an igneous origin of the wall
rocks suggested by both Zweifel (1976) and Estholm (2014).
Geochemical data clearly show an andesitic-basaltic composi-
tion of the footwall rocks and an andesitic composition of the
hanging wall rocks (Fig. 6A, C, D). A volcaniclastic character
of the wall rocks is favoured based on the dominant porphyri-
tic texture with partly euhedral phenocrysts and varying abun-
dance of several centimetre large clasts with mineralogy similar
to that of the surrounding rock. Apparent sedimentary features
like graded bedding could be caused by a variation in the
intensity of eruption and pyroclastic flow but may also be the
result of sub-aqueous re-working.

The host rock to the mineralisation is geochemically iden-
tified to be of basaltic composition (Fig. 6A, C, D). Its original
texture is obscured by hydrothermal alteration and meta-
morphism which has turned it into biotite-amphibole schists
and gneisses. However, more pristine areas show fine-grained
(<1 mm) euhedral plagioclase laths and amphibole pheno-
crysts. Due to its thickness in drill cores (~200 m), we hypothe-
size that the protolith was a dolerite sill, though an argument
for an extrusive volcanic product could also be made. Zweifel
(1976) interpreted the amphibolitic rocks as metamorphosed
dolomitic sediments. This is not supported by the chemistry in

Figure 10. Backscattered electron images of various Bi, Ag and Au minerals in the Liikavaara Östra Cu-(W-Au) deposit. A. Intergrowth of a Bi-telluride and hessite at the
edge of chalcopyrite and associated with calcite. B. Intergrowth of hessite, a Bi-telluride and a Bi-Ag-telluride in chalcopyrite next to native Bi. C. Inclusion of native Bi
and a Bi-sulphide associated with chalcopyrite in pyrite. D. Disseminated native Bi and Bi-Te-Se associated with chalcopyrite and magnetite. E. Droplet-shaped grains of
native Bi with some gold in quartz. F. Hessite at the edges of arsenopyrite intergrown with sphalerite. G. An Ag-sulphide at the border of chalcopyrite and associated
with calcite and chlorite. H. Electrum in a crack in pyrite and inclusion of native Bi with chalcopyrite. Abbreviations: Apy – arsenopyrite, Cal – calcite, Ccp – chalcopyrite,
Chl – chlorite, Ele – electrum, Hes – hessite, Mgt – magnetite, Po – pyrrhotite, Py – pyrite, Qz – quartz, Sp – sphalerite, Tour – tourmaline.
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this study. Additionally, if it was an alteration product of
a dolomite it should have turned into skarn, but no calc-
silicate minerals have been recorded.

Granodiorite intrusion in footwall and aplite dykes

The footwall intrusion has previously been described as granite
(Zweifel 1976). Petrographic observations from this study
favour a classification as granodiorite based on the normative
plagioclase to K-feldspar ratio. However, the geochemical and
the normative data are not unequivocal and range between
a classification as granite and granodiorite (Fig. 6F, G). The
dykes are termed aplite due to their granitic composition in
both chemistry and mineralogy but much finer grain size. The
stratigraphically higher emplacement of the dykes and their
chemical, mineralogical and textural similarity to the footwall
intrusion, albeit being slightly more felsic and fine-grained,
permit that they are related to the footwall intrusion. In this
scenario, slightly more fractionated magma intruded from the

footwall intrusion into the overlying rocks and crystallised as
dykes. Later, they were deformed which is displayed by varying
intensity of biotite/muscovite foliation.

Hydrothermal alteration

The wall and host rock in Liikavaara are strongly altered by
biotitisation, sericitisation, and chloritisation. This can partly
be explained by mineral alteration of e.g. primary pyroxene,
amphibole, feldspar, and biotite. However, chemical data sug-
gests an additional influx of potassium to the host rock and
dykes (Fig. 6B). Also, the occurrences of veins rich in quartz,
calcite, tourmaline and sulphides need an external source to
explain the high contents of Si, Ca, B and metals. Sammelin
et al. (2011) interpreted the Cu-mineralisation to be related to
saline and CO2-bearing fluids. This and a weak dissemination
of sulphides in the aplite dykes and the footwall intrusion
possibly suggest magmatic-hydrothermal fluids (Roedder
1971; Nash 1976; Richards 2011) derived from the degassing

5.6. A. Backscattered electron images of zircons. Ages marked with “**” are corrected for common Pb. The crystals are sub- to euhedral, stubby to elongated in shape
and roughly 50–200 µm in size. Crystals 1–5 and 7 show oscillatory zoning. In crystals 2, 3 and 5 spots intersect several zones close to the rim of the crystals and give
mixed discordant 207Pb–206Pb ages younger than the crystallisation age of the unit. In crystals 1, 2, 4, and 5 spots in the bright part of the core provide concordant
207Pb–206Pb ages close to the crystallisation age of the unit. For Crystals 4–8 the BSE images show a dark area in the central part of the core with cracks originating from
it. Spots in these areas give discordant 207Pb–206Pb ages younger than the crystallisation age of the unit and often younger than the zoned rims. Crystal 8 has a spot in
the bright part of the core of discordant age. This is due to overlap with a fracture. The same crystal shows inclusion of white Pb-phases in the dark part of the core.
These Pb-phases when intersected by an analysis cause erroneous data due to IC tripping. B. Reverse concordia (Tera-Wasserburg) diagram with intercept ages for the
discordia covering 66 analyses from various areas within 58 zircons. C. Concordia age calculation based on 20 concordant analyses from spots in the bright area in the
cores of the zircons. D. Calculated 207Pb–206Pb weighted average age of the same 20 analyses as in C.
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granodiorite intrusion and aplite dykes. The high density of
mineralised veins, especially in proximity to the dykes, sup-
ports an idea of the fracture system related to the dyke empla-
cement to have acted also as major pathways for these
magmatic-hydrothermal fluids to ascend and penetrate the
surrounding rocks.

Ore mineral paragenesis

A paragenetic sequence for ore mineralisation based on our
petrographic studies is presented below and summarised in
Fig. 12. Magnetite and hematite appear to be the oldest ore
minerals due to their predominantly disseminated character in
the wall and host rocks rather than occurring in veins.
Magnetite also shows replacement by sulphides. However,
some occurrences of sub- to euhedral magnetite in the quartz
veins suggest a second generation too.

Ilmenite is scarce in the deposit; it is largely replaced by
titanite and only shows some association with scheelite. Since
there are no signs of it being younger than other ore minerals,
it is grouped with the secondary vein magnetite.

The major sulphides (chalcopyrite, pyrrhotite and pyrite)
are tightly intergrown and likely of similar age, although pyrite
and chalcopyrite appear to have formed in two generations.
The first generation of pyrite crystallised together with chalco-
pyrite and pyrrhotite, the second came somewhat later form-
ing skeletal, often sub- to euhedral grains also in quartz-
(±tourmaline-calcite) veins. Chalcopyrite occurs in the host
rock, in quartz-tourmaline veins but also in crosscutting calcite
veinlets and thus appears in most phases of ore genesis.

Scheelite grains are large and partly subhedral. They only
occur in quartz-(±tourmaline-calcite) veins and are often rimmed
by other sulphides and cut by calcite, chalcopyrite, sphalerite, and

chlorite. Scheelites crystallisation probably started later than that
of the major sulphides but ended before the introduction of
sphalerite, the second generation of chalcopyrite and calcite veins.

The mineralisation of molybdenite is similar to that of
scheelite. It is not as abundant but intergrowths with other
sulphides exist. There are no particular signs of either
a relatively early or late crystallisation.

Marcasite likely formed from pyrrhotite and was observed
intergrown with skeletal pyrite

Sphalerite and galena often occur together. They rim and
replace other ore minerals and fill cross-cutting calcite veins.
Consequently, it appears that sphalerite and galena formed late
in the paragenetic sequence. This is also true for other trace
metals.

Uraninite forms euhedral grains and occurs as inclusions in
chalcopyrite and in cracks of scheelite. Cassiterite and the Bi-,
Au- and Ag-bearing minerals occur dominantly as inclusions
and crack fillings in the major and minor sulphides.

Overall, the paragenetic sequence at Liikavaara is consistent
with the sequence proposed for the nearby Aitik deposit
(Wanhainen et al. 2005) – early magnetite followed by the
major sulphides and later the minor phases.

Regarding the mineralogy of the trace metals, the occur-
rence and association of Au-Ag-Bi-tellurides/selenides is not
uncommon in ore deposits and has been reported for numer-
ous deposits of various types including epithermal Au-Te
systems, deposits of the porphyry-epithermal continuum,
intrusion-related Au deposits, gold skarns, and Archaean oro-
genic gold deposits (Cook & Ciobanu 2005; Cook et al. 2009).
Observations from ore deposits (Cook et al. 2009 and refer-
ences therein), experimental work (Douglas et al. 2000; Tooth
et al. 2011) and thermodynamic modelling (Wagner 2007;
Tooth et al. 2008) have shown Bi-melt to be a powerful

Figure 12. Paragenetic sequence of mineralisation at the Liikavaara Östra Cu-(W-Au) deposit. Approximate timing of quartz-tourmaline-calcite veins and calcite veins is
indicated. Mineralisation earlier than veins is found disseminated in the host rock.
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scavenger for Au in ore-forming systems and its capability to
form economic Au deposits from Au-undersaturated aqueous
fluids. An overlap of the formation conditions of particularly
skarn, intrusion-related and orogenic Au deposits with the
temperature range (234–475 °C) of the 10 eutectics in the Au-
Bi-Te system was discussed by Ciobanu et al. (2005), and
Ciobanu et al. (2006) observed that generation of Bi-melt is
initiated at conditions as low as upper greenschist facies. The
occurrence of Au together with Bi-tellurides, in many cases as
droplets or droplet-derived patches hosted within common ore
minerals, was described by Ciobanu & Cook (2002) for various
telluride-enriched Au deposits.

The Liikavaara Östra Cu-(W-Au) deposit is suggested to be
genetically related to its footwall intrusion and affected by the
1.8 Ga metamorphism. Hence, conditions at Liikavaara may
have been suitable for Bi-melt generation. Gold and Bi-
minerals in Liikavaara are not always directly associated, but
the twometals andAg show similar enrichment patterns and are
found proximal to each other. Furthermore, droplet-shaped
grains of native Bi with partition of Au were observed (see Fig.
10E). It is therefore possible that a Bi-melt played some role in
Au scavenging and distribution in the Liikavaara Östra deposit.

A tectonic foliation is prevalent in wall and host rocks at
Liikavaara but not in the footwall intrusion. Although clasts in
the wall rocks are aligned with the foliation their inner texture
seems unaffected by deformation. Foliation is especially pro-
nounced by biotite schistosity in the host rock (Figs. 4C and
5E). To some extent it also affects the aplite dykes. Several aplite
dykes contain lepidoblastic muscovite oriented parallel to the
metamorphic foliation in the wall and host rocks (Fig. 5J).
Veins are parallel to foliation in the biotite schist or have
a ductile character and some veins have selvages of biotite (Fig.
4J–M). Cross-cutting veins of especially calcite occur too, which
indicates different generations of veins (Fig. 8B). Disseminated
sulphides and magnetite in the host rock are aligned in direction
of foliation (Fig. 9G). In contrast, ore minerals in veins are partly
elongated along the vein but no strict orientation is observed.
Regionally, a tectonic foliation is observed in other deposits, like
Aitik and Nautanen (Martinsson &Wanhainen 2004), within the
Nautanen Deformation zone, and is probably related to the
Svecofennian orogeny. At least two compressional events at
1.88 Ga and 1.80 Ga have been recorded (Bergman et al. 2001;
Wanhainen et al. 2012; Martinsson et al. 2016; Lynch et al. 2018).

The granodiorite intrusion at Liikavaara has a U-Pb zircon
age of c. 1.88–1.87 Ga and thus does not support Zweifel’s
(1976) interpretation as of Lina type. Instead, its age overlaps
with those of the Haparanda and the Perthite Monzonite suites
of intrusions (c. 1.89–1.86 Ga; Bergman 2018). This means that
ore formation at Liikavaara Östra occurred after the 1.88 Ga
compressional event. It also demonstrates that intrusion,
alteration, veining and mineralisation are pretectonic to the
1.80 Ga compressional event which subsequently caused reac-
tivation and redistribution of veins and mineralisations.

Timing of mineralisation with respect to regional
tectonothermal events

The 1.87 Ga granodiorite is slightly younger than the 1.89 Ga
quartz monzodiorite responsible for formation of the Aitik

Cu-Au deposit (Wanhainen et al. 2006). Compared to Aitik,
the mineralised zone in Liikavaara is enriched in Zn, Pb, Bi,
Mo, Sn and most notably W (Zweifel 1976; this study).
Additionally, the abundance of calcite and different minerali-
sation style distinguish it from Aitik. Metals such as W, Mo
and Sn are usually derived from crustal rocks (Candela &
Piccoli 2005; Seedorf et al. 2005) and porphyry deposits con-
taining these metals are commonly associated with high-silica
(72–77 wt.% SiO2), and strongly differentiated granitic plutons
(Mutschler et al. 1981; White et al. 1981; Kooiman et al. 1986;
Xunfan et al. 1988). The more evolved composition of the
granodiorite intrusion at Liikavaara compared to the quartz
monzodiorite at Aitik may therefore be an explanation to this
difference in metal association of the mineralisation.

Conclusions

The Liikavaara Östra Cu-(W-Au) deposit is suggested to be an
intrusion-related vein-style deposit. At this stage of research
we hypothesize that the formation of the deposit can be con-
nected to the emplacement of the 1.87 Ga granodiorite intru-
sion occurring in the footwall of the deposit. However, this
model should be better constrained by further age and other
geochemical data (e.g., stable and radiogenic isotopes) for the
hydrothermal mineralisation. Metre-wide aplite dykes, poten-
tially related to the footwall intrusion, cross-cut biotite-
amphibole schists and gneisses. The schists and gneisses
occur between metavolcaniclastic rocks of andesitic (hanging
wall) to basaltic (footwall) composition. The rocks are altered
by biotite, muscovite, calcite, epidote, tourmaline, sericite and
K-feldspar. The mineralisation is hosted by quartz-tourmaline
-calcite veins and younger calcite veins that cross-cut the aplite
dykes and the host and wall rocks. Minor dissemination of
some minerals (chalcopyrite, pyrite, pyrrhotite and magnetite)
is also observed in the host rock and the aplite dykes.

Spatial distribution of the mineralisation is controlled by
the aplite dykes and the veins. Chalcopyrite, pyrite and pyr-
rhotite are the main ore minerals followed by sphalerite,
galena, magnetite, marcasite, scheelite and molybdenite.
Ilmenite is locally observed. A number of trace metals exist
including Bi, Ag, Au and Sn. They are most commonly bound
in Bi-phases, hessite, electrum and cassiterite, respectively.
Intergrowths, inclusions and replacements between ore miner-
als are common, especially for the major and minor sulphides.
Minerals of Au, Ag and Bi are mainly <20 µm and occur as
inclusions, along the borders, in cracks and in holes within the
major sulphides, sphalerite, molybdenite and quartz.
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Abstract: Automated Scanning Electron Microscopy (ASEM) systems are applied in the mining
industry to quantify the mineralogy of the ore feed and products. With society pushing towards
sustainable mining, this quantification should be comprehensive and include trace minerals since
they are often either deleterious or potential by-products. Systems like QEMSCAN® offer a mode for
trace mineral analysis (TMS mode); However, it is unsuitable when all phases require analysis. Here,
we investigate the potential of detecting micron-sized trace minerals in fieldscan mode using the
QEMSCAN® system with analytical settings in line with the mining industry. For quality comparison,
analysis was performed at a mining company and a research institution. This novel approach was
done in full collaboration with both parties. Results show that the resolution of trace minerals at or
below the scan resolution is difficult and not always reliable due to mixed X-ray signals. However,
by modification of the species identification protocol (SIP), quantification is achievable, although
verification by SEM-EDS is recommended. As an add-on to routine quantitative analysis focused
on major ore minerals, this method can produce quantitative data and information on mineral
association for trace minerals of precious and critical metals which may be potential by-products in a
mining operation.

Keywords: automated scanning electron microscopy; QEMSCAN®; trace minerals; gold

1. Introduction

As the need for sustainability in mining is becoming increasingly important amongst the public,
decision makers and the industry itself, detailed investigations into what ore deposits actually contain
in terms of various minerals, potential by-products and industrial minerals are needed. By making use
of a larger proportion of the mined ore (recovering also the trace metals) mining operations can be
more sustainable and this will potentially also be beneficial in gaining public acceptance for mining
(social license to operate). Precious metals such as Au and Ag are already readily produced as main-
or by-products in many mining ventures even if they occur only in trace amounts and numerous
metals could potentially follow the precious metals as by-products in a number of mining operations
worldwide. Many European ore deposits contain various amounts of trace metals classified as “Critical
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Raw Material” (CRM) by the European Commission, i.e., they are of high economic importance for the
EU but with a high risk associated with their supply [1].

While trace metal production may not be economically profitable at the moment this could change
in the future as metal prices increase and the pressure is increasing for more sustainable mining. Hence,
for sustainability as well as economic reasons, the trace mineral and metal characterization of an ore
deposit should be considered when planning for a mining operation, and also in operating mines.

In order to predict trace metal deportment during processing of the ore, a good understanding
of their mineralogical and textural characterization is necessary. Due to their low abundance in ore
deposits and often fine-grained (<50 µm) nature, identification and quantification of trace minerals
is difficult and requires the use of advanced micro-analytical techniques. Many capable techniques
were developed over the last few decades, each with its own advantages and disadvantages [2], but
especially, Automated Scanning Electron Microscopy (ASEM) systems found wide-spread acceptance
and application in the mining industry. These systems provide fast and reliable quantification of the
mineralogy and textures in a sample. Most prominent are the Quantitative Evaluation of Mineralogy
by a SCANning electron microscope (QEMSCAN®) system and the Mineral Liberation Analyzer
(MLA) system [3,4].

The QEMSCAN® system is the third generation of automated mineral analysis systems based on
the then-named QEM*SEM® system. QEM*SEM®, was developed at the request of the mining industry
by the Commonwealth Scientific and Industrial Research Organization (CSIRO) in Australia in the
1970s and marked the first automated mineral analyzer [5,6]. The MLA system is based on the concepts
of Hall [7] and became commercially available in 2000 through FEI Company and JKTech, whilst
QEMSCAN® was marketed by Intellection Pty Ltd. Both systems, QEMSCAN® and MLA, utilize
backscattered electrons (BSE) and energy dispersive X-ray spectra (EDS) to create digital mineral images.
In the QEMSCAN® system, low-count X-ray mapping is preferentially used for mineral classification.
This is done by comparison of the X-ray element-spectra to existing mineral databases. BSE brightness
is used to distinguish particles from the mounting media. A summary of the QEMSCAN® system
and its various application modes is provided by Gottlieb et al. [3], Goodall et al. [8], and Pirrie and
Rollinson [9]. By contrast, in the MLA system, particles are often defined through the BSE brightness
and subsequently classified by one X-ray spectrum per particle. For particles of similar BSE brightness,
X-ray mapping is used. The MLA system is described in detail by Gu [4]. While both systems are still
widely applied in the industry and by research institutions, their commercial production has currently
been terminated. This has given rise to new ASEM systems, most prominently the ZEISS Mineralogic
Mining system and the TESCAN Integrated Mineral Analyzer (TIMA) [10]. These systems come with
some improvements, such as faster speed of analysis. An introduction to the ZEISS Mineralogic Mining
system is provided by Graham et al. [11] and references therein, and the principles and applications of
the TIMA system are described by Hrstka et al. [10].

In the mining industry, ASEM systems are mostly applied for routine scans of particulate samples
of ore and tailings concentrate to identify and quantify the mineralogy of the ore feed and products.
Instruments are typically calibrated for fast acquisition rates to enable a high sample throughput.
This comes at the expense of precision and resolution. As a consequence, trace minerals are often
undetected due to their grain size being at or below the scan resolution. Most ASEM systems provide an
analytical mode targeted towards the analysis of trace minerals (such as TMS mode for QEMSCAN®)
and its usefulness for characterization of, e.g., Au has been demonstrated [8,12–14]. However, this
analytical mode hardly finds application for deposits where trace minerals are only by-products, or of
no current economic interest. Furthermore, since the TMS mode utilizes a BSE brightness threshold to
filter for trace minerals, it is hardly applicable if the sample is enriched in Pb- and Bi-minerals due to
their similar BSE brightness compared to Au-minerals. This forces the system to analyze many more
particles than necessary (so-called false particles) and is thus more time-consuming. Hence, there is a
need to improve detection of trace phases in general analyses.
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Here, we compare results of analysis of a polished thin section from a Cu-(W-Au) ore between two
QEMSCAN® systems; one is an industry-system (Boliden AB), the other a research-system (Camborne
School of Mines). For the research-oriented scan, the setup of the analysis was thoroughly planned
and much time was spent on the post-processing of the raw data, so this scan is assumed to be of the
highest quality and used as a measure for the relative quality of the routine industrial scan. The goal
was to determine the overall quality of general routine industrial scans and the possibility of detecting
and quantifying trace phases at or below the scan resolution. Ideally, a scan should provide a basic
idea of trace mineral mineralization in a sample and help the operator/decision maker decide if more
detailed analysis is worth pursuing. In this case, the trace mineral Au was used to find an optimum
methodology for detecting and quantifying trace minerals but the methodology presented applies to
all trace minerals in an ore body. A guide towards analysis is provided. This analysis is novel in its
collaborative inter-lab comparison between the industry and a scientific institution.

2. Materials and Methods

To promote analysis of uncrushed rock samples by ASEM systems prior to processing, a thin
section sample of a drill core was chosen instead of a particulate sample for this analysis, despite
the more common usage of particulate samples in the mining industry. Uncrushed samples have a
higher uncertainty of representativeness, but they allow the study of original features like mineral
distribution, structures and textures which carry important information for processing of the ore but
are partly lost during crushing. Hence, for comprehensive ore characterization to aid in early mine
planning, uncrushed rock samples are most suitable. To limit uncertainties, appropriate sampling
and sufficient volume are necessary [15], in fact, possibilities to routinely scan drill core pieces are
currently tested at Boliden AB. Furthermore, ideally, analysis should be performed on both crushed
and uncrushed rock samples.

The sample selected was from the Liikavaara Cu-(W-Au) deposit, an intrusion-related vein-style
deposit in Northern Sweden (Figure 1a,b), located close to the world-class Aitik Cu-Au deposit where
the Liikavaara ore will be processed. Chalcopyrite, pyrite and pyrrhotite constitute the major ore
minerals. Sphalerite, galena, scheelite, molybdenite, marcasite and magnetite are minor. The deposit
also hosts several trace metals including Au, Ag, Bi and Sn which commonly occur in fine-grained
minerals (<20 µm) [16]. The trace metal mineralogy is presented in Table 1, and a detailed description
of the geology and mineralogy of the deposit is given by Zweifel [17] and Warlo et al. [16].

The deposit is currently in the pre-production stage, and production is estimated to start in 2023.
Copper will be the primary commodity and Au and Ag will be by-products. Production of W, despite
its enrichment and classification as a CRM, would require an additional processing step and is thus
unprofitable at present. Bismuth is known for its potential to contaminate and lower the quality of the
Cu concentrate, thus having good control over its mineralogy and distribution is beneficial.

The pre-production stage of the Liikavaara deposit, its enrichment in several trace metals of
interest, a diverse fine-grained mineralogy, and previous studies, make the Liikavaara Cu-(W-Au)
deposit an ideal candidate for this type of study.

Table 1. Trace metal mineralogy of the Liikavaara Cu-(W-Au) deposit.

Trace Metal Mineralogy

Au native Au, electrum (Au-Ag-alloy, Ag > 20%)
Ag hessite (Ag2Te), acanthite (Ag2S), native Au, electrum
Bi native Bi, pilsenite (Bi4Te3), tetradymite (Bi2Te2S), bismuthinite (Bi2S3)
Sn cassiterite (SnO2)



Minerals 2019, 9, 440 4 of 19
Minerals 2019, 9, x FOR PEER REVIEW 4 of 19 

 

 
Figure 1. (a) Location of the Liikavaara Cu-(W-Au) deposit in Northern Sweden; (b) geological map 
of the Liikavaara deposit at 100 m below surface. Location of the drill hole for the sample analyzed in 
this study is shown; (c) thin section prepared from a drill core intersecting a mineralized quartz vein 
within an aplite dike. Modified from Warlo et al. [16]. 

The selected core sample (mineralized quartz vein from the proximal ore zone) was prepared 
into a polished thin section of 27 × 46 mm with a sample size of 23 × 37 mm (Figure 1c). In the 
corresponding other half of the drill core, an Au-grade of ca. 6 ppm was measured over a 1.3 m 
section. 

The sampled vein is composed of quartz with minor tourmaline and scattered patches altered 
by fine-grained (<20 µm) calcite and chlorite (Figure 2a,e). It is strongly mineralized by pyrite and 
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grain sizes from a few microns to several centimeters in width. Grains are often fractured but pyrite 
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Figure 1. (a) Location of the Liikavaara Cu-(W-Au) deposit in Northern Sweden; (b) geological map of
the Liikavaara deposit at 100 m below surface. Location of the drill hole for the sample analyzed in this
study is shown; (c) thin section prepared from a drill core intersecting a mineralized quartz vein within
an aplite dike. Modified from Warlo et al. [16].

The selected core sample (mineralized quartz vein from the proximal ore zone) was prepared
into a polished thin section of 27 × 46 mm with a sample size of 23 × 37 mm (Figure 1c). In the
corresponding other half of the drill core, an Au-grade of ca. 6 ppm was measured over a 1.3 m section.

The sampled vein is composed of quartz with minor tourmaline and scattered patches altered
by fine-grained (<20 µm) calcite and chlorite (Figure 2a,e). It is strongly mineralized by pyrite and
pyrrhotite, and by minor chalcopyrite and sphalerite (Figure 2b,f). Pyrite and pyrrhotite vary in grain
sizes from a few microns to several centimeters in width. Grains are often fractured but pyrite retains a
subhedral shape (Figure 2b,f). Chalcopyrite and sphalerite exist mostly as crack fillings and along grain
boundaries in pyrite and quartz, but are also associated with tourmaline and disseminated (<50 µm) in
areas altered by calcite and chlorite (Figure 2b,f). Several grains of scheelite (>1 cm), and one 400 µm
grain of pilsenite, are observed (Figure 2c–e). SEM-BSE imaging coupled with EDS analysis revealed
the occurrence of native bismuth, hessite, bismuthinite and electrum. Grains were mostly below 10 µm
in size (Figure 3a–d).
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Cal—calcite, Ccp—chalcopyrite, Pil—pilsenite, Po—pyrrhotite, Py—pyrite, Qz—quartz, 
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Figure 2. Petrographic images of the thin section analyzed by QEMSCAN® in this study. (a,e) are
plane polarized light images, (b–d,f) are reflected light images; (a) grains of quartz surrounded
by patches of calcite, and pyrrhotite and pyrite; (b) massive pyrrhotite and subhedral pyrite.
Sphalerite and chalcopyrite occur along the edges and in cracks of pyrite; (c) scheelite grain
within pyrite; (d) grain of pilsenite with patches of pyrrhotite surrounded by calcite; (e) and (f)
assemblage of sphalerite, pyrite, calcite and tourmaline surrounded by quartz. Abbreviations:
Cal—calcite, Ccp—chalcopyrite, Pil—pilsenite, Po—pyrrhotite, Py—pyrite, Qz—quartz, Sch—scheelite,
Sp—sphalerite, Tour—tourmaline.
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fieldscan measurement mode was performed at an X-ray resolution of 10 µm using a horizontal field 
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count per pixel used the default of 1000 counts. For mineral identification, a modified version of the 
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Rollinson et al. [18]. During data processing, particular emphasis was placed on the trace metal 
minerals to enable identification of these and take into account their small size (some were at the 
single pixel scale), which results in mixed spectra. This included electrum, bismuth minerals, 
molybdenite and the silver minerals. However, the SIP (mineral database) was customized to the 
entire sample, to ensure all the minerals in the sample were identified as accurately as possible, 
which involved checking all the minerals present and developing the database entries as required. 

Figure 3. Backscattered (a–c) and secondary (d) electron images of the thin section prior to QEMSCAN®

analysis; (a) intergrowth of native Bi and hessite in a crack between grains of pyrite and sphalerite;
(b) droplet-shaped grains of native bismuth with Au in quartz; (c) grains of electrum at the border
of sphalerite and tourmaline, respectively; (d) magnified image of (c). Abbreviations: Au—gold,
Bi—native bismuth, Cal—calcite, Ccp—chalcopyrite, Chl—chlorite, Ele—electrum, Hes—hessite,
Pil—pilsenite, Py—Pyrite, Qz—quartz, Sp—sphalerite, Tour—tourmaline.

Petrography of the sample prior to QEMSCAN® analysis was carried out with a petrographic
microscope (Nikon ECLIPSE E600 POL) in transmitted and reflected light, and with a scanning electron
microscope (Zeiss Merlin FEG-SEM) at Luleå University of Technology. The same SEM was used for
verification of the trace minerals detected by the QEMSCAN® analyses.

The polished thin section was first analyzed with the QEMSCAN® system at Camborne School of
Mines (CSM), University of Exeter, Penryn, UK, to comprehensively characterize the mineralogy of
the sample with emphasis on the detection and identification of trace metal minerals. This consists
of a QEMSCAN® 4300 (Zeiss EVO®50 SEM with W-filament, four EDS, and an electron backscatter
detector) using iMeasure version 4.2 SR1 software for data collection, and iDiscover 4.2SR1 and 4.3
software for data processing. The sample was carbon coated to 25 nm at CSM prior to analysis. The
fieldscan measurement mode was performed at an X-ray resolution of 10 µm using a horizontal field
width of 1500 µm (150 × 150 analysis points per field), with a measurement area of approximately
19 mm × 35.5 mm (Figure 4), resulting in ~7 million analysis points and a scan time of 10:20 h. The
X-ray count per pixel used the default of 1000 counts. For mineral identification, a modified version of
the standard LCU5 Species Identification Protocol (SIP) was used, following the guidance in Section 7
of Rollinson et al. [18]. During data processing, particular emphasis was placed on the trace metal
minerals to enable identification of these and take into account their small size (some were at the single
pixel scale), which results in mixed spectra. This included electrum, bismuth minerals, molybdenite
and the silver minerals. However, the SIP (mineral database) was customized to the entire sample, to
ensure all the minerals in the sample were identified as accurately as possible, which involved checking
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all the minerals present and developing the database entries as required. This, for example, involved
improving existing entries, adding boundary categories for existing minerals caused by mixed spectra,
and adding new entries for the trace metal minerals to ensure they were as accurately captured as
possible given their small size.

 

QEMSCAN® 650 (FEI with W-filament, two EDS, and an electron backscatter detector) was used 
with iMeasure version 5.4 software for data collection and iDiscover 5.4 software for data 
processing. The fieldscan measurement mode was performed at an X-ray resolution of 5 µm using a 
horizontal field width of 1500 µm (300 × 300 analysis points per field), with a measurement area of 
approximately 21.5 mm × 32 mm (Figure 4), resulting in ~24.6 million analysis points and a scan time 
of 23:50 h. The X-ray count per pixel used the default of 1000 counts. For mineral identification, a 
custom SIP for the Aitik deposit, based on several scientific and in-house mineralogical studies, was 
modified and adapted to the mineralogy of the Liikavaara Cu-(W-Au) deposit. After the 
measurement, an initial search for unknown phases was performed and corresponding minerals 
added to the SIP. This was followed by a data processing routine. Comparison of the results with the 
analysis at CSM led to application of the “boundary phase processor” and to several more additions 
to the mineral list (especially for Au-phases) to improve data quality (see Section 3). 

 

Figure 4. Optical scan of the sample and corresponding QEMSCAN® images (backscattered electrons 
(BSE) and mineral map) from Camborne School of Mines (CSM) and Boliden AB. 

3. Results 

3.1. Results Prior to Optimisation 

Results from both QEMSCAN® analyses, at CSM and Boliden AB, respectively, showed, overall, 
a good agreement with earlier detailed petrographic and SEM studies; however, there were some 
key differences between the data sets. 

3.1.1. Measured Area 

The areas scanned by QEMSCAN® differed in size between CSM and Boliden AB and did not 
cover the entire sample (Figure 4). Limitations were set by the design of the sample holders. 
Furthermore, it was not possible to match the produced BSE and mineral maps of Boliden AB and 
CSM through image manipulation such as cutting, rotating, and stretching. The reason for this is not 
certain, but could be an issue with magnification calibration during stitching of the individual fields 
to a unified image for either operator. These issues prevented full quantitative comparison of the 
modal mineralogy and mineral association between the two datasets. 

  

Figure 4. Optical scan of the sample and corresponding QEMSCAN® images (backscattered electrons
(BSE) and mineral map) from Camborne School of Mines (CSM) and Boliden AB.

The same thin section was then measured at Boliden AB, Boliden, Sweden with a similar objective.
However, settings were chosen to reflect a routine industrial application. At Boliden AB, a QEMSCAN®

650 (FEI with W-filament, two EDS, and an electron backscatter detector) was used with iMeasure
version 5.4 software for data collection and iDiscover 5.4 software for data processing. The fieldscan
measurement mode was performed at an X-ray resolution of 5 µm using a horizontal field width of
1500 µm (300 × 300 analysis points per field), with a measurement area of approximately 21.5 mm
× 32 mm (Figure 4), resulting in ~24.6 million analysis points and a scan time of 23:50 h. The X-ray
count per pixel used the default of 1000 counts. For mineral identification, a custom SIP for the Aitik
deposit, based on several scientific and in-house mineralogical studies, was modified and adapted
to the mineralogy of the Liikavaara Cu-(W-Au) deposit. After the measurement, an initial search for
unknown phases was performed and corresponding minerals added to the SIP. This was followed
by a data processing routine. Comparison of the results with the analysis at CSM led to application
of the “boundary phase processor” and to several more additions to the mineral list (especially for
Au-phases) to improve data quality (see Section 3).

3. Results

3.1. Results Prior to Optimisation

Results from both QEMSCAN® analyses, at CSM and Boliden AB, respectively, showed, overall,
a good agreement with earlier detailed petrographic and SEM studies; however, there were some key
differences between the data sets.

3.1.1. Measured Area

The areas scanned by QEMSCAN® differed in size between CSM and Boliden AB and did
not cover the entire sample (Figure 4). Limitations were set by the design of the sample holders.
Furthermore, it was not possible to match the produced BSE and mineral maps of Boliden AB and
CSM through image manipulation such as cutting, rotating, and stretching. The reason for this is not
certain, but could be an issue with magnification calibration during stitching of the individual fields to
a unified image for either operator. These issues prevented full quantitative comparison of the modal
mineralogy and mineral association between the two datasets.
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3.1.2. BSE Map

Several fields of the BSE map from Boliden AB showed a shift in brightness and contrast to the
surrounding fields which was not observed in the CSM map (Figure 5). This potentially indicates a
poor vacuum condition in the SEM chamber during measurement, or beam fluctuation; however, no
impact on the mineral map was observed.
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Figure 5. BSE image and corresponding mineral map of a part of the thin section analyzed in this
study for CSM (left) and Boliden AB (right). A grey-level shift in the BSE image of Boliden AB can
be observed (indicated by arrows). This shift was not observed for CSM and is not reflected in the
mineral map.

3.1.3. Mineralogy

The QEMSCAN® analysis by CSM agreed with the mineralogy described by light optical
microscopy and SEM of the selected sample (see Section 2). Major and minor sulfides and silicates
were confirmed. Electrum, hessite, and Bi-minerals were all detected (Figures 6 and 7d). Additionally,
traces of molybdenite, cassiterite, uraninite and Ag-minerals (other than hessite) were detected.
Many of these phases mark single pixels in the mineral map. The fine-grained clusters of calcite
observed during petrographic analysis were resolved to be complex intergrowths of calcite, ankerite
and Fe-Ox/CO3 (mostly goethite) (Figure 7d,e). Bi-minerals were categorized into Bi-tellurides and
native bismuth/bismuthinite. No differentiation was made between Bi-tellurides (e.g., pilsenite and
tetradymite). Similarly, native bismuth and bismuthinite were grouped together due to difficulties
in separating Bi and S at the scan resolution in QEMSCAN® analysis. A total of seven pixels were
identified as electrum (Figure 6). Follow-up work with the SEM-EDS confirmed these pixels correlated
with six different grains of native Au and electrum in the sample. The grains were typically associated
with quartz and often found within areas rich in Bi-minerals. The Au grains ranged in size from
6 × 12 µm to 2 × 3 µm (Figure 6). This means, despite their sub 10 µm grain sizes, a 10 µm resolution
scan was sufficient to detect them. Further SEM-EDS studies revealed several more native gold
and electrum grains (mostly <5 µm) in the immediate surrounding of the grains detected by the
QEMSCAN® scan. Additionally, sub 5 µm droplet-shaped grains of native bismuth with partitioning
of gold were frequently observed [19]. None of the pixels corresponding to these grains were identified
as Au-minerals by the QEMSCAN® analysis of CSM.

Mineralogy was less detailed for the Boliden AB data set. Only 13 phases were distinguished by
Boliden AB compared to 23 phases at CSM (which included all 13 phases from Boliden AB) (Figure 7).
Minor sulfides were compiled under “other sulfides”. Similarly, silicates were grouped together with
the exception of quartz, tourmaline and chlorite. For trace metals, only “Bi-minerals” and “Au, Ag
minerals” were distinguished but no pixels were identified for the latter. This means that the routine
industry scan did not detect any gold grains from the analysis.



Minerals 2019, 9, 440 9 of 19
Minerals 2019, 9, x FOR PEER REVIEW 9 of 19 

 

 

Figure 6. Areas of the QEMSCAN® mineral map by CSM (left) containing pixels identified as 
electrum (red) and corresponding backscattered electron images of the same areas by FEG-SEM 
(right). Gold grains detected by CSM and Boliden AB (after reprocessing) are false-colored in the BSE 
images. The Au grains detected by the CSM scan are also magnified. The magnified images are 
secondary electron images recorded by FEG-SEM. 

3.1.4. Textures 
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The scan resolution was higher for Boliden AB (5 µm pixel size compared to 10 µm for CSM) but in 
both maps shapes of grains, cracks, and inclusions were clearly visible (Figure 7). Only the 
fine-grained clusters of calcite, ankerite and goethite were not resolved but marked as a single phase 
for Boliden AB due to their less-detailed mineral list in which these minerals were simply 
categorized as Fe-Ox/Carbonates (Figure 7d,e). Micro cracks filled with chalcopyrite in pyrite and 
quartz were resolved for both data sets, but in higher detail in the CSM mineral map (Figure 7a,b). 

Figure 6. Areas of the QEMSCAN®mineral map by CSM (left) containing pixels identified as electrum
(red) and corresponding backscattered electron images of the same areas by FEG-SEM (right). Gold
grains detected by CSM and Boliden AB (after reprocessing) are false-colored in the BSE images. The
Au grains detected by the CSM scan are also magnified. The magnified images are secondary electron
images recorded by FEG-SEM.
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area to highlight differences in the micro fracture density between the optical images and the mineral 
maps. The CSM map includes all the minerals presented in the legend. The original Boliden AB map 
does not subdivide groups and uses “Silicates” instead of “Biotite”. The final version by Boliden AB 
uses the same mineral list as CSM but lacks “Ankerite”, “Jacobsite” and subdivision of “Au, Ag 
minerals”. It includes application of the “boundary phase processor” on chalcopyrite and a 
single-element entry to the SIP (database) with a 25% intensity threshold for Au. 

Figure 7. (a–e) Optical microscopy images and corresponding areas in the QEMSCAN® mineral maps
of CSM and Boliden AB. In (b), the smaller squares show a magnified image of the underlying area to
highlight differences in the micro fracture density between the optical images and the mineral maps.
The CSM map includes all the minerals presented in the legend. The original Boliden AB map does not
subdivide groups and uses “Silicates” instead of “Biotite”. The final version by Boliden AB uses the
same mineral list as CSM but lacks “Ankerite”, “Jacobsite” and subdivision of “Au, Ag minerals”. It
includes application of the “boundary phase processor” on chalcopyrite and a single-element entry to
the SIP (database) with a 25% intensity threshold for Au.

3.1.4. Textures

Texturally, mineral maps from both Boliden AB and CSM reflected the recorded BSE image.
The scan resolution was higher for Boliden AB (5 µm pixel size compared to 10 µm for CSM) but
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in both maps shapes of grains, cracks, and inclusions were clearly visible (Figure 7). Only the
fine-grained clusters of calcite, ankerite and goethite were not resolved but marked as a single phase
for Boliden AB due to their less-detailed mineral list in which these minerals were simply categorized
as Fe-Ox/Carbonates (Figure 7d,e). Micro cracks filled with chalcopyrite in pyrite and quartz were
resolved for both data sets, but in higher detail in the CSM mineral map (Figure 7a,b). However,
comparison to reflected light images showed that many fine cracks were lost in the BSE images and the
mineral maps, for both data sets (Figure 7a,b).

3.1.5. Modal Mineralogy

A qualitative comparison between modal mineralogy calculated for the data sets from CSM
and Boliden AB showed variation between the data sets (Table 2, columns “CSM” and “Boliden AB
(original)”). For the major and minor ore minerals, a ~4 % higher mineral mass of pyrrhotite for CSM
and half the mineral mass of chalcopyrite are notable. Other differences were the variations in silicates,
especially chlorite and tourmaline, and a higher mass of unidentified phases for Boliden AB (“Others”
0.45 % compared to <0.01% for CSM). Also, as mentioned above, no Au- or Ag-minerals were detected
for Boliden AB.

Table 2. Modal mineralogy based on mineral mass determined by QEMSCAN®. Data is normalized
and quoted to two decimal places only (100 ppm). The columns show the results of the analyses by
CSM and for Boliden AB before and after reprocessing. For the Boliden AB data, some minerals were
grouped together. The 1st update of the Boliden data includes an extension of the mineral list. The 2nd
and 3rd updates include the “boundary phase processor” and a specific SIP-entry for Au. Phases with
“N.A.” were not included in the Boliden AB SIP and hence, not analyzed.

Modal Mineralogy (Mineral Mass %) CSM Boliden AB
(Original)

Boliden AB
(1st Update)

Boliden AB (2nd +
3rd Update)

Chalcopyrite CuFeS2 0.72 1.58 1.58 0.80
Sphalerite (Zn,Fe)S 0.91 0.82 0.82 0.79

Pyrite FeS2 48.84 49.16 49.16 49.94
Pyrrhotite Fe1−xS 19.08 15.42 15.42 15.42

Other sulfides <0.01
Molybdenite MoS2 <0.01 <0.01 <0.01

Cassiterite SnO2 0.01 <0.01 <0.01

Bi-minerals 0.02
Tellurobismuthite Bi2Te3 0.02 0.02 0.02

Bismuth/Bismuthinite Bi/Bi2S3 <0.01 <0.01 <0.01

Au, Ag minerals 0 0 <0.01
Electrum Au-Ag alloy <0.01

Silver minerals <0.01
Hessite Ag2Te <0.01

Scheelite CaWO4 0.67 0.51 0.51 0.50
Quartz SiO2 18.02 18.43 18.43 18.56

Biotite K-Mg-Fe-Silicate 0.13 *0.04 <0.01 <0.01
Chlorite Mg-Fe-Silicate 0.62 <0.01 <0.01 <0.01

Tourmaline Ca-K-Na-Silicate 2.82 3.98 3.98 3.97

Fe-Ox/Carbonates 9.58
Uraninite UO2 <0.01 <0.01 <0.01

Rutile TiO2 0.01 <0.01 <0.01
Jacobsite MnFe2O4 0.14 N.A. N.A.

Fe-Ox/CO3 1.96 3.28 7.54
Calcite CaCO3 2.89 6.30 1.94

Ankerite Ca(Fe,Mg,Mn)(CO3)2 3.15 N.A. N.A.
Apatite Ca5(PO4)3(F,Cl,OH) 0.01 0.01 <0.01

Others <0.01 0.45 0.49 0.51

* the category “Silicates” was used instead of “Biotite”.
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For the silicates, the variations were likely caused by differences in pixel classification, e.g., grains
classified as chlorite by CSM were classified as tourmaline by Boliden AB (Figure 7d,e). This is a
common issue caused by overlapping spectra of chlorite and tourmaline. To achieve good separation,
calibration to a real tourmaline standard and cross-checking against real samples is required. Similar
peaks are also an issue for pyrite and pyrrhotite. But neither the mineral maps nor the quantitative
data suggested this to have been an issue in this study. Rather, the difference in the area analyzed was
likely responsible for the variation of pyrrhotite.

3.2. Results past Optimisation

Based on the supposedly better-quality data from CSM, results from the Boliden AB analysis were
reprocessed in several iterations in an attempt to achieve similar or higher quality data compared to
those of CSM.

3.2.1. Mineral List

An attempt was made to reproduce the mineral list used at CSM (Figure 7). Ankerite and jacobsite
could not be differentiated from the category “Fe-Ox/CO3” and also, gold and silver minerals remained
undifferentiated. The change of the phase of “silicates” to “biotite” resulted in a loss in mineral
mass. An equivalent mass was gained in the “others” category (Table 2 column “Boliden AB (1st
update)”). This shows, that most pixels initially classified as “silicates” did not meet the requirements
to be classified as “biotite” in the Boliden AB data. While the total mass of carbonates, oxides and
phosphates was similar between the data sets (9.58% for Boliden, 8.25% for CSM), separation showed a
large variation between individual phases (Table 2, column “Boliden AB (1st update)”). Regarding
the Bi-minerals, separation into “Tellurobismuthite” and “Bismuth/Bismuthinite” produced similar
quantitative results. However, this was somewhat deceiving due to masses only being quoted to
100 ppm because of a significant risk of misidentification of grains at or below the scan resolution. In
fact, for Boliden AB, hardly any “Bismuth/Bismuthinite” was found and most Bi-pixels were attributed
to “Tellurobismuthite”. Subsequent evaluation by SEM-EDS showed many of these pixels to actually be
native Bi rather than Bi-tellurides. But even for the CSM data, the classification was not always correct.

3.2.2. Boundary Phase Processor

The Boliden AB data was reprocessed using the “boundary phase processor”, which is a
post-analysis processing tool that aims to counter false pixel identification caused by mixed spectra at
grain boundaries and erroneous energy dispersive spectra. A spurious signal may be collected due
to the electron beam being deflected from topography in the sample, e.g., holes, or due to sudden
fluctuations in beam intensity. The method works by reclassifying individual pixels (to a mineral
defined by the person processing the data), if the surrounding pixels are homogeneous and not of
the same phase, e.g., a single pixel of chalcopyrite in a homogeneous pyrite grain. It also reclassifies
pixels if they sit between two or more otherwise homogeneous phases, such as grain boundaries. The
pixel is then either reclassified to the surrounding phase or to unknown. The method can be applied
to individual phases. It is not possible for the method to distinguish between true and erroneous
signals; therefore, there is a risk of wrongly reclassifying pixels. Thus, if and when the method is
applied, it must be carefully assessed by the operator. Boliden AB applies this method frequently on a
case by case basis if modification of the SIP is too time-intensive and/or yields little result. In their
experience, the ratio of erroneous to true signals for such single pixels is mostly in favor of the error,
hence warranting application of the “boundary phase processor” in most cases. While some errors
could be fixed by improving the SIP, using the “boundary phase processor” is faster and easier.

Here, this method was applied on the chalcopyrite and trace phases. For chalcopyrite, it resulted
in a drop in mineral mass from 1.58% to 0.80%, very close to the 0.72% from CSM (Table 2, column
“Boliden AB (2nd + 3rd update)”). This means that about every second pixel that was originally
identified as chalcopyrite was reclassified, mostly as pyrite and quartz. In the original mineral map,
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many pyrite grains appeared coated with a pixel-thick layer of chalcopyrite that was neither present in
the mineral map of CSM nor in optical images. The chalcopyrite pixels were consequently reclassified
as pyrite by the “boundary phase processor”. However, many chalcopyrite-filled micro cracks within
pyrite and quartz were also removed due to this method, despite them showing in the BSE and optical
images (Figure 7a,b). For the trace phases, the change in bulk mineralogy was not noticeable due to
most phases being <100 ppm. In the mineral map, the change was more apparent since many pixels of
trace phases were reclassified to a major phase.

At CSM, issues with spurious signals were resolved through manual evaluation of the data and
editing of the SIP. As a result, pyrite grains were uncoated and fine cracks filled with chalcopyrite were
resolved. This shows the advantage of having an experienced operator spend time processing the
data over relying on automated processing. Nevertheless, if either time or experience is lacking, the
“boundary phase processor” is a helpful tool to improve the quality of analysis.

3.2.3. Gold Minerals

Next, the undetected Au-minerals in the Boliden AB analysis were targeted. In a first attempt, an
entry in the SIP was created to identify any pixel with an Au-signal as Au. This entry was placed at the
top of the SIP to guarantee that all pixels were filtered for Au. However, still, no pixels of Au were
found. Manual inspection of some pixels that corresponded to Au-pixels in the CSM data revealed clear
Au-signals, thus they should have been identified as Au based on the SIP. The problem was caused
by the “boundary phase processor” used. Since Au-grains in the sample were dominantly below 5
µm in size, recorded Au-signals were mostly limited to single pixels. Consequently, processing of the
data with the “boundary phase processor” reclassified all pixels that had been filtered as Au to their
surrounding phase. Subsequent deactivation of the “boundary phase processor” for the Au-related
SIP entries delivered a number of Au-pixels. However, evaluation by SEM-EDS revealed that many
of the pixels were falsely classified, probably due to beam deflections. In order to exclude erroneous
signals from being identified as Au, different threshold values for the Au-signal in the SIP were tested.
Experimentally, the threshold was set to intensities of 20%, 30% and 40%, respectively, (compared
to the Au elemental reference spectrum) and the results were verified by subsequent manual SEM
analysis. The results are summarized in Table 3. At an intensity of 20%, 69 pixels were identified as
Au, of which 20 were false. At an intensity of 30%, 30 pixels of Au were identified, with no errors.
At an intensity of 40%, 20 pixels were identified as Au and no errors were found. Further tests with
thresholds between 20% and 30% revealed that a threshold of 25% was the lowest possible intensity to
avoid errors. At 25%, 39 pixels were classified as Au. A few pixels contained several <2 µm Au grains
while some grains, >10 µm, were covered by more than one pixel.

Table 3. A range of Au signal intensity (SI) thresholds, defined in the SIP to identify pixels as Au, and
their respective outcome after processing of the Boliden AB QEMSCAN® analysis. Pixels identified as
Au include the errors.

Au SI Threshold (%) Pixels Identified as Au Errors Missed Au Pixels (Compared to 20 % SI)

20 69 20 0
21 58 12 3
22 48 4 5
23 46 3 6
24 43 2 8

25 39 0 10
26 37 0 12
27 34 0 15
28 31 0 18
29 30 0 19
30 30 0 19
40 20 0 29
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Figure 8 shows the Au grains detected by the Boliden AB analysis using different Au intensity
threshold values (Table 3). As expected, there is a clear correlation between detectability and Au
grain size. Generally, decreasing the threshold value allows detection of smaller grains because their
excitation volume creates a weaker Au signal. However, it also increases the risk for errors. The
detection limit is, on average, approximately 5%–10% per analysis point at 1000 counts and depends
strongly on the element and the matrix [18,20]. At an optimal threshold value of 25% of the signal
intensity (Au), several grains below 2 µm were detected. Compared to the six Au grains detected by
CSM, four were detected even at a threshold of 40% in the Boliden AB data (Figure 7a,c,d), one at a
threshold of 21% (Figure 7b), and one was not detected at all despite a grain size of ~5 µm (Figure 7e).
It is possible that the undetected Au grain lay just between two beam spots and thus was not measured.
Another explanation could be its close spatial association with pilsenite and sphalerite, whose signals
may have overlaid the Au signal. In contrast, two grains detected by Boliden AB were large enough that
the 10 µm scan from CSM could have picked them up too, but missed them. Manual SEM inspection
of the CSM mineral map showed that one grain was classified as pyrite and the other as rutile, despite
none of these minerals being in the vicinity of the respective pixels.
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Figure 8. Secondary electron images of false-colored gold grains detected by the QEMSCAN® analysis
of Boliden AB for a range of signal intensity thresholds (20%–40%) of Au defined in the SIP-entry for
the identification of Au minerals. A clear correlation between detectability and size exists. For the
grains close to each other, they were marked by a single pixel in the mineral map and it was impossible
to discern which had been hit by the electron beam. The grains with an asterisk were also detected by
the QEMSCAN® analysis of CSM.

The experiments with the SIP-entry for Au showed that detection and correct differentiation
were largely controlled by the SIP and that the same procedure used for the detection of Au could
be applied to other trace metals. It could, therefore, be treated as a proxy for all trace metals. To test
this methodology, a quick test confirmed that the detection of Ag-minerals was indeed possible by
creating a SIP-entry specific for the detection Ag and placing it just below the entry for Au at the
top of the SIP. Several tens of Ag-minerals were identified, despite none having been detected in the
sample previously.

4. Discussion

Scans by both CSM and Boliden AB covered only about 75 % of the sample due to limitations
of their sample holders (Figure 4). Obtaining representative samples of the rock/ore is challenging
and samples have to be selected carefully. Structures, textures and mineral distribution are often
heterogeneous and some features may be observed only in a small area of a sample. Although the
edges are usually of poorer polish quality, a 75% scan can result in a significant loss of information
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and hence, an effort should be made to analyze the entire sample area (or as large an area as possible),
using for instance, properly designed sample holders.

For Boliden AB, the backscattered electron image of the sample area showed several fields with
shifts in grey-levels likely caused by poor vacuum conditions or a fluctuating beam current. However,
the shifts were not reflected in the mineral map; therefore, the X-ray yield was not significantly affected
and/or within the tolerance of the SIP. It is possible that this artefact would have been more problematic
in an MLA system, as it relies primarily on the BSE signal for particle distinction. There are a plethora
of possible interactions of components within and outside the instrument that can affect vacuum and
beam stability, such as vacuum pumps in need of repair and unexpected highs/lows in the power
supply or an old filament. Although the results of this analysis were not affected, future complications
are possible. Thus, troubleshooting to find the root of the problem is recommended, although it exceeds
the scope of this paper.

Regarding the spatial resolution of the scan, CSM opted for a pixel size of 10 µm compared to 5 µm
for Boliden AB. The 10 µm resolution was chosen based on the findings of unpublished work by one of
the authors (G.K.R.) and a study by Boni et al. [21], which showed the difference between a 10 µm and
a 1 µm scan to be marginal from a bulk mineralogical point of view for most samples. Furthermore,
this study did not show any significant differences in bulk mineralogy directly attributable to the
difference in resolution between Boliden AB and CSM. However, this is deceiving when it comes to the
identification and quantification of trace phases. Due to accuracy issues with quantities <100 ppm,
no more precise values were reported for many trace phases. In fact, two Au grains detected by
Boliden AB (after re-processing the data several times) were misidentified by CSM despite a grain
size at CSM scan resolution. Additionally, dependent on the Au signal threshold value in the SIP of
Boliden AB, many pixels were erroneously identified as Au. However, all Au grains detected by CSM
were confirmed by SEM-EDS. Furthermore, this study showed that with the right SIP, the 5 µm scan at
Boliden AB was able to exclude errors and resolve many more Au grains compared to the 10 µm scan
at CSM, although quantitatively, they both were below 100 ppm. This means, a scan resolution <10 µm
can improve quantification of trace phases if the SIP is of sufficient quality and the data is verified by
another method. In fact, for studies focused only on the quantification of Au, even higher resolutions
of 1–2 µm are used [8,12,22]. However, this is not realistic with the QEMSCAN® technology for
comprehensive routine analyses of uncrushed samples in the mining industry as the runtime would
drastically increase. In this study, the 5 µm scan required already more than twice the amount of time
compared to the 10 µm scan. Whether the benefit of a better trace mineral quantification outweighs the
downside of a longer scan time is up to the mining company to decide. There is also always the option
to follow up a fieldscan with a high-resolution scan in TMS mode or a high-resolution fieldscan of
smaller areas of interest.

Concerning mineralogy, the differences between the QEMSCAN® analyses at Boliden AB and at
CSM are apparent. Camborne School of Mines as a research institution has the ambition to achieve
the highest level of detail with as little unknowns (“Others”) as possible for every analysis. In this
study, 23 phases were distinguished with less than 100 ppm mineral mass that was left unidentified.
Most trace minerals were at or below the scan resolution in terms of grain size; however, they were
often possible to separate from the surrounding phases and are marked as single pixels in the mineral
map. While some single pixels were misclassified, all pixels of valuable trace minerals such as Au and
Ag were confirmed by manual SEM-EDS. This was achieved by detailed work with the SIP using the
SMART approach [23]. At CSM, the same SIP is used for every sample, regardless of type and origin
(geology, archaeology, agriculture, forensics, etc.). However, with every analysis, the SIP is edited
and adapted to account for natural compositional variations of minerals between samples. Unknown
pixels are individually reviewed to try to deduct the mineral phase (or phases) responsible for the EDS
signal and, if successful, a corresponding SIP-entry is added. With detailed mineralogical knowledge
of a sample prior to QEMSCAN® analysis, through thorough optical microscopy and SEM work, the
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output data will contain much fewer uncertainties. For this study, previous mineralogical studies by
Warlo et al. [16] were initially used to better constrain the SIP entries of some phases.

In contrast, for Boliden AB, a rough understanding of the mineralogy of a sample is often
considered sufficient. Gangue phases such as silicates, carbonates and oxides have no economic value
for the company and similarly, minor and trace ore minerals are often too low in abundance to be
economic. Boliden AB, therefore, does not prioritize a detailed characterization and separation of these
particular phases. Furthermore, due to the much higher required sample throughput compared to
CSM, thorough manual editing of the SIP for every analysis is too time consuming and, therefore,
economically unfeasible for Boliden AB. Instead, for each deposit or process-mineralogical type of
ore, an individual SIP is developed and consequently, used for the quantitative mineral analysis
of the whole deposit. The time it takes to develop a customized SIP is strongly dependent on the
mineralogical complexity of the deposit. These customized SIPs are commonly based on prior analysis
by optical microscopy. In this case, the SIP for the nearby Aitik Cu-Au deposit was used as a basis due
to its somewhat similar mineralogy to the Liikavaara deposit and the SIP being supported by several
mineralogical studies even though the two deposits are genetically different. The SIP was then slightly
adapted for this particular study, based on previous mineralogical studies by Warlo et al. [16]. The
SIP is then typically used for every sample from the same deposit with editing focused mostly on
adjusting for mineralogical variations between samples. This saves time (editing of ~14 samples per
day) and commonly delivers data of sufficient quality for the mining operation. Nevertheless, the
quality of analysis is dependent on how well mineralogy and chemical composition of the minerals in
the sample fit with their definitions in the SIP. Major ore minerals are usually well-constrained but
especially, mineralogy of gangue and minor and trace phases is not always fully studied/understood
and consequently, their SIP-entries are vague or missing.

Furthermore, fine textures with phases smaller than the excitation volume of the electron beam (e.g.,
trace minerals) commonly produce mixed X-ray signals and thus, are not identified by conventional
SIP entries. This explains the shorter mineral list of Boliden AB compared to CSM in this study and the
larger variations in modal mineralogy for gangue and trace phases compared to major ore phases. It is
also the reason for the amount of unidentified phases. However, although not of economic value, there
is definitely a benefit in distinguishing the various gangue phases and trace ore minerals in a sample.
The hardness of the gangue phases, for example, dictates crushing of the ore, sheet silicates affect the
flotation, and some trace metals are deleterious to primary metals (main commodity). The importance
of understanding the mineralogy of trace minerals and gangue minerals especially in Cu-Au ores is also
highlighted by Agorhom et al. [24] in their review on trace element recovery in copper flotation. Hence,
recognizing these potential problems should be of interest in a mining venture. Boliden AB showed
the potential of their QEMSCAN® system to separate between different gangue phases and minor ore
minerals by expanding the mineral list to match CSM. However, it also showcased their limitations
caused by a less-developed SIP. Ankerite and jacobsite, for example, could not be differentiated from
“Fe-Ox/CO3” since no SIP-entries existed for these phases and no reference material was available to
create new entries. To compensate for this less comprehensive SIP compared to CSM and its inability
to handle mixed signals and also to deal with signal errors caused by a deflected beam, Boliden AB
often applies the “boundary phase processor”. The results showed that it helped to increase similarity
in the bulk mineralogy for chalcopyrite between Boliden AB and CSM and to remove falsely classified
rims of chalcopyrite around pyrite grains, but at the expense of also removing previously resolved
micro-cracks of chalcopyrite. Hence, a comprehensive SIP is a key requirement to high quality and
meaningful data. This is, however, not limited to the QEMSCAN® system. Although the means of
mineral identification may differ between ASEM systems, all rely on a comparison of the recorded
signal with a database for classification. If minerals are defined by grey-scale values, X-ray intensities,
or stoichiometry is marginal. In fact, a study by Kern et al. [25], using the MLA system showed
improvements in calculating Sn deportment in a skarn deposit by including mixed phases in their
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mineral reference list in order to resolve mixed spectra at grain boundaries rather than relying on
so-called touchups (similar to a “boundary phase processor”).

Generally, the “scientific” and the “industrial” approach by CSM and Boliden AB, respectively, are
both justified for their respective purpose. However, with the rising economic importance of many trace
metals and their implications on ore processing and the environment, control over their occurrence
and distribution should be of interest to the mining industry and consequently, aimed for with the use
of some advanced automated quantitative mineralogical type of analysis. This study explored the
potential of routinely identifying economic trace minerals in rocks prior to processing with industrial
QEMSCAN® settings. It was shown that by including single-element SIP-entries as filters at the top of
the SIP detection, at best quantification of trace minerals is indeed possible, albeit without being able
to distinguish between minerals of similar element composition (e.g., native Au and electrum). One
challenge is erroneous signals that cause the misidentification of pixels. While for major ore minerals,
Boliden AB utilizes the “boundary phase processor” to correct for these errors, it cannot be applied to
trace minerals as they are themselves adversely affected by this method. Instead, a threshold value for
the X-ray signal intensity of the trace metal mineral must be added to the single-element SIP-entry.
The optimal threshold value to exclude all erroneous signals while including as many true signals as
possible may differ between trace metals. To determine the optimal threshold value, QEMSCAN®

data has to be reviewed by other analytical methods, e.g., SEM-EDS to separate true from erroneous
pixels. It is not plausible to fully implement this in an industrial routine. However, in this study, even
with a threshold value 60% higher than the ideal value (40% compared to 25%), around half of the
Au-pixels were captured (20 of 39 pixels). Thus, implementing SIP-entries with conservative threshold
values for all economic trace metals in a deposit would already be beneficial with a minimum amount
of work. While this, without follow-up analysis, will not provide reliable quantitative mineralogical
information and data on grain size and shape, it should provide a basic overview of trace mineral
association and distribution and allow for targeted follow-up studies.

5. Conclusions

This study investigated the potential of comprehensive routine quantitative mineralogical
characterization of uncrushed rock samples by QEMSCAN® (as an example of ASEM) in the mining
industry, with emphasis on trace mineral quantification. Analytical quality and methodology between
an industrial and a scientific application of the QEMSCAN® system were compared. It was shown
that in comparison to a scientific application, the quality of the industry data was largely reliant on the
quality of the species identification protocol (SIP) or mineral library used. Especially, the capability
to identify different gangue minerals and trace phases and to resolve mixed spectra was inferior for
the analysis with settings for an industrial application. The resolution of mixed spectra was achieved
through the “boundary phase processor” after modification of the SIP (the preferred method for the
scientific analysis) proved too time intensive. It was demonstrated that by modification of the SIP for the
analysis using industrial settings, gangue mineral differentiation could be improved. Additionally, the
identification and quantification of trace minerals (in this case, Au-minerals) was significantly improved
by the addition of single-element entries to the top of the SIP. Due to a potential of erroneous spectra
caused by, e.g., a deflected electron beam, a threshold value had to be added to the single-element
SIP. The lowest possible threshold value to avoid errors had to be determined experimentally (25%
signal intensity for Au) and by verification with another analytical method (SEM-EDS). For a routine
application, continuous verification is time consuming and thereby implausible, but a conservative
threshold value could be implemented at the expense of missing some pixels of trace minerals. With
this method, a 5 µm field scan was able to identify Au grains of less than 2 µm. It was also successfully
tested for Ag. However, no information on trace metal mineralogy, grain size, and shape was collected.
It thus cannot be compared to the data quality achievable with a 1 µm phase-specific search. However,
as an add-on to routine quantitative mineralogical analysis focused on major ore minerals this method
can also produce quantitative data and information on mineral association for trace minerals whose
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metals may be potential by-products in a mining operation. This method will then lay the foundation
for further targeted analysis of, for instance, precious- and critical trace metals.

While this study was performed on a single thin section sample only, the method developed to
quantify trace minerals should be reproducible for other samples as well. In general, the more complex
the mineralogy and textures of a sample and the finer the trace minerals, the more challenging an
analysis will be. Additionally, the quality of the analysis is dependent on the quality of polishing
(issues with beam deflections). Although this may impact the threshold value necessary to exclude
errors, it should not affect the usability of the method itself.
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Abstract 
 
Ore characterisation is crucial for efficient and profitable production of an ore deposit. Analysis 
is typically performed at various scales (metre to microns) in a sequential fashion, where sample 
volume is reduced with increasing spatial resolution due to the increasing costs and run times 
of analysis. Thus, at higher resolution sampling and data quality become increasingly important 
to represent the entire ore deposit. Particularly trace metal mineral characterisation requires 
high-resolution analysis, due to the typical very fine grain sizes (sub-millimetre) of trace metal 
minerals. Automated mineralogy (AM) is a key technique in the mining industry to quantify 
process-relevant mineral parameters in ore samples. Yet the limitation to two-dimensional 
analysis of flat sample surfaces introduces an undesired stereological error. X-ray computed 
tomography (XCT) allows three-dimensional imaging of rock samples based on the x-ray linear 
attenuation of the constituting minerals. Minerals are visually differentiated though not 
chemically classified. In this study, decimetre to millimetre large ore samples were analysed at 
resolutions from 45 to 1 μm by AM and XCT to investigate the potential of multi-scale 
correlative analysis between the two techniques. Results show that AM can aid segmentation 
of the XCT data, and vice versa, that XCT can guide (sub-)sampling for AM analysis and 
provide three-dimensional context to the two-dimensional quantitative AM data. Results also 
reveal challenges and limitations with the data integration of both techniques, particularly for 
quantitative analysis, due to their different functionalities. Nevertheless, the integration of AM 
with XCT improves the output of both techniques and thereby ore characterisation in general.  
 
Keywords: x-ray computed tomography, automated mineralogy, mineral segmentation, ore, 
trace metals 
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Introduction 
 
Mineralogical investigations are crucial in both the mining industry and ore geology research 
to understand the fundamental processes behind the formation of ore deposits. This type of 
investigation is necessary to optimize exploration for new deposits and production efficiency 
of existing mines. As knowledge on ore deposits increases, details become increasingly 
relevant. Over the last few decades, analytical techniques (including automated ones) have been 
continuously developed and improved to now enable study of ore deposits down to the 
nanoscale (Reich et al. 2017). Several automated scanning electron microscopy systems have 
been developed (QEMSCAN, MLA, Mineralogic, TIMA, AMICS, INCA Mineral), 
collectively referred to as automated mineralogy (AM), to rapidly scan and classify samples 
(e.g., polished thin sections, epoxy mounts) concerning their mineralogy based on backscattered 
electron (BSE) imaging and energy dispersive x-ray spectroscopy (EDS; Schulz et al. 2020). 
This allows quantification of geological and geometallurgical parameters such as mineral 
composition, mineral association, grain size distribution, degree of liberation, etc. Yet, AM has 
several drawbacks. (1) Cost and time of analysis increase with spatial resolution, thus generally 
only small sample areas (mm2-cm2) and a limited number of samples are analysed. A sample 
selection suitable for its purpose is therefore critical. (2) Sample preparation is destructive and 
requires cutting and grinding of a larger sample (e.g., drill core). This causes loss of material 
and subsequently information. (3) AM is limited to two-dimensional analysis, and thus requires 
that the geologist translates the two-dimensional observations into the third dimension (Baker 
et al. 2012). For rocks of complex mineralogy, textures, and structures, this can be challenging. 
In addition, quantitative data is subject to stereological error (Sutherland 2007), which is 
especially pronounced for preferably oriented mineral grains (low variability in the cutting 
plane relative to the crystal lattice) and trace minerals (nugget effect). Despite their low 
abundance, trace minerals can be significant to a mining venture if they contain metals of high 
economic value, either as main commodity or as by-products (e.g., Au, Ag), critical metals 
(e.g., Critical Raw Material; European Commission 2020), or penalty elements (e.g., As, Hg, 
U, Sb). In addition, detailed mineralogical knowledge of an ore deposit supports its ore genetic 
classification, which is an important input into any mineral exploration campaign. Hence, good 
control on trace metal mineral occurrence and distribution in an ore deposit is crucial. 

An excellent tool to address the mentioned drawbacks is x-ray computed tomography 
(XCT), which allows the visualisation of samples in 3D. A sample is placed between an x-ray 
source and a detector and rotated around a vertical axis for 360°. A typically conical x-ray beam 
penetrates and is attenuated by the sample. The detector collects the transmitted x-rays, which 
provide information on the x-ray linear attenuation of the sample. Based on the variation of the 
x-ray attenuation as the sample rotates an x-ray linear attenuation coefficient is calculated for 
each voxel (3D pixel) in the sample. This coefficient is displayed as a distinct grey scale value 
in the XCT dataset, which is a cubical matrix of grey scale values. The x-ray linear attenuation 
coefficient depends on the density and element composition of the material analysed and thus 
allows differentiation between minerals if their attenuation coefficients are sufficiently 
different. A detailed description of the XCT technique and its application in geoscience is 
provided in several reviews (e.g., Baker et al. 2012, Cnudde & Boone 2013, Godel 2013, Kyle 
& Ketcham 2015, Hanna & Ketcham 2017, Guntoro et al. 2019a, and Wang & Miller 2020).  
XCT is non-destructive and applicable over a wide range of scales (meter to nanometre; Wang 
& Miller 2020), enabling scanning of entire drill core sections and to preserve their 
mineralogical, textural, and structural information prior to subsample production (thin section, 
rock chip, etc.) for 2D micro-analysis. The XCT data can aid in selecting regions of interest for 
micro-analysis and in correlating surface features of subsamples with their original position in 
the drill core. Drill cores are ideally suited for XCT analysis, due to their cylindrical shape. This 
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allows consistent sample thickness between x-ray source and detector as the sample rotates 360° 
during analysis. Further, the cut-off-material of subsamples, the subsamples themselves, and 
smaller regions of interest therein can subsequently be re-scanned with higher resolution XCT 
for more detailed analysis, e.g. the study of individual mineral grains (Godel 2013). In the oil 
industry, XCT analysis of drill cores is performed routinely (Butcher 2020), e.g. to quantify the 
pore volume and its interconnectivity. Further, mini-cores are subsequently drilled from the 
larger cores for higher-resolution analysis (Butcher 2020). However, XCT analysis and mini-
coring are yet uncommon in the mining industry. This may partly be due to the typically more 
complex mineralogy and texture of ore-forming rocks compared to oil-bearing sandstones and 
shales. 

A major challenge with XCT is quantitative mineral analysis. This requires segmentation 
of the various minerals from the grey scale images. Difficulties arise since the grey scale value 
of a voxel, which represents an x-ray linear attenuation coefficient, is not only dependent on 
the x-ray attenuation of a mineral. Various artefacts influence x-ray attenuation across a sample, 
including but not limited to: (i) beam hardening, an increase in average beam energy along a 
ray path caused by the higher absorption of low-energetic (soft) x-rays compared to high-
energetic (hard) x-rays within a sample. Beam hardening results in a gradient of the 
reconstructed x-ray linear attenuation coefficient towards the centre of the sample (cupping 
effect, Cnudde & Boone 2013). (ii) Streak artefacts, bright and dark streaks emanating from a 
highly attenuating phase into the surrounding material due to beam hardening (De Man et al. 
1998, Kyle & Ketcham 2015). (iii) X-ray attenuation reconstruction errors vertically away from 
the centre of a sample due to the conical shape of the x-ray beam (cone-beam effect; Cnudde & 
Boone 2013). (iv) Ring artefacts caused by failures in the detector (Cnudde & Boone 2013, 
Kyle & Ketcham 2015). In addition, voxels may intersect multiple phases and represent mixed 
attenuation coefficients (Partial Volume Effect; Ketcham & Carlson 2001, Hanna & Ketcham 
2017). A voxel may contain contributions from surrounding voxels due to machine- and 
acquisition-dependent factors, an effect known as blurring (Hanna & Ketcham 2017). 
Moreover, minerals of solid solution series and chemically zoned mineral grains may exhibit a 
range of x-ray linear attenuation coefficients, dependent on the exact chemical composition 
(Kyle & Ketcham 2015). All this causes the voxels of a mineral grain to range in grey scale 
values and to overlap with the grey scale values of other mineral grains, particularly if their 
theoretic x-ray linear attenuation coefficients are similar. Visual inseparability in the XCT 
dataset may be a result. The x-ray linear attenuation coefficient of a mineral varies with x-ray 
energy (Berger et al. 2010, Godel 2013, Reyes et al. 2017). The variation is not the same for all 
minerals, thus visual separability of some minerals may be increased by altering the x-ray 
energy used for analysis. One solution to improve separability of all minerals is to combine 
multiple scans at different energies. Nevertheless, segmentation of XCT data in general is much 
more limited compared with e.g. AM.  

For segmentation of XCT data several methods exist, varying in complexity and 
computational intensity (Godel 2013, Wang & Miller 2020). The simplest is grey scale 
thresholding based on peaks in the histogram. This method is fast but due to the above-
mentioned overlap between minerals prone to errors (Godel 2013, Wang & Miller 2020). It can 
be improved through combination with an edge intensity filter (e.g., Sobel) and the watershed 
algorithm (Godel 2013, Guntoro et al. 2019a, Wang & Miller 2020). This ‘histographic 
segmentation’ is also rapid and works well for samples with distinct grain boundaries but 
struggles with fine-grained and complex textures. Superior results are achieved by use of 
machine learning, yet these require sufficient training data, heavy computation power, and 
dedicated time spent on optimization (Godel 2013, Reyes et al. 2017, Guntoro et al. 2019b). In 
the end, the limitations of too similar x-ray linear attenuation coefficients apply to all 
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segmentation methods. Nevertheless, some quantification of mineral volumes, association, 
grain sizes, orientation, etc. is possible and may supplement 2D quantitative data. 

In this study, multi-scale (45, 30, 4, and 1 μm) XCT and AM analyses were performed on 
polished and epoxy mounted drill core rock chips of ore from the Liikavaara Östra Cu-(W-Au) 
deposit, northern Sweden. Correlation and integration of both techniques across the various 
scales were investigated. Focus was on the modal mineralogy, detection of heavy trace 
minerals, and textures. The benefits and challenges of multi-modal and multi-scale analysis for 
ore characterisation are discussed. 
 
 
Geological Background 
 
The samples investigated in this study are from the Liikavaara Östra Cu-(W-Au) deposit in 
northern Sweden. It is an intrusion-related vein-style deposit hosted by Paleoproterozoic meta-
volcanoclastic rocks (Warlo et al. 2020). Boliden AB has scheduled the deposit for production 
in the coming years. Copper, hosted in chalcopyrite, will be the main commodity and Au and 
Ag will be by-products. Molybdenum and the critical metals W and Bi are also enriched though 
only Mo is currently considered a potential future by-product. The ore minerals are mainly 
hosted by quartz-(tourmaline-calcite) veins often within or in proximity to aplite dykes (Warlo 
et al. 2020). The precious metals are of diverse mineralogy. Gold occurs natively and as a Au-
Ag-alloy, Ag also as tellurides and sulphides (Warlo et al. 2020). The Au and Ag minerals are 
fine-grained (mainly <10 μm for Au, and <50 μm for Ag). They are found as inclusions in and 
in contact with chalcopyrite and gangue (mainly quartz and other sulphides). Gold is also 
associated with micron-sized grains of native Bi (Warlo et al. 2020). The only Mo mineral is 
molybdenite. Grains of molybdenite are typically tens of microns to a few millimetre in size 
and associated with quartz, sulphides, scheelite, and calcite (Warlo et al. 2020). Previous 
analysis by scanning electron microscopy with energy dispersive spectrometry (SEM-EDS) and 
synchrotron radiation x-ray fluorescence mapping (SR-XFM) showed molybdenite to be rich 
in micron- to nano-inclusions (Warlo et al. submitted). The inclusions are trapped in cavities 
between striations in the molybdenite grains and are chemically diverse but mainly composed 
of Fe-oxides, Fe-silicates, and Bi-(Pb-Se), yet also Au-Ag, and Ag-Te. In addition, SR-XFM 
revealed the existence of lattice-bound impurities of Re, Se, and W in molybdenite (Warlo et 
al. submitted). Scheelite is the only major W-bearing mineral and commonly confined to the 
quartz-dominated part of quartz-(tourmaline-calcite) veins. Scheelite grains are mostly larger 
(several millimetres in width) than associated mineral grains and typically fractured (Warlo et 
al. 2020). 
 
 
Samples and Methods 
 
The samples were a ~20 cm long half drill core piece, four polished and epoxy-mounted 
cylindrical rock chips of ~30 mm diameter and 12 mm in height, and two mini cores of 4 mm 
diameter and 10 mm in height (Fig. 1). The samples were cut from three drill cores that intersect 
the ore zone of the Liikavaara Östra Cu-(W-Au) deposit. Drill core logging and routine 
chemical assays from Boliden AB on metals of economic, environmental, and metallurgical 
interest guided the sampling. The focus was on representative samples for the mineralisation of 
Au, Mo, and W. Four styles of mineralisation were sampled: 

(1) Scheelite-bearing aplite dyke.  
(2) Sulphide-rich quartz-(calcite-tourmaline) vein. The chemical assay measures a Au and 

Ag content of 6 ppm and 10.4 ppm, respectively, over a 1.3 m section.  
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(3) Aplite dyke that contains thin quartz veins rich in molybdenite and scheelite.  
(4) Contact between a quartz vein and biotite schist. Molybdenite mineralisation occurs 

along the contact within the quartz vein. 
For each mineralisation style, one epoxy-mounted rock chip was prepared. For sample 2, the 
rock chip was cut from the half drill core piece also analysed in this study. The two mini cores 
were drilled from the rock chips of samples 2 and 3, respectively (Fig. 1E). The drilling of mini 
cores was done to achieve a close distance set-up between the x-ray source and the samples, to 
allow high-resolution XCT analysis. 
 

 
Figure 1. Schematic drawings of the sampling and analysis methodology of this study. A. Overview of all a sample 
types in their relation to the original drill core. B. A drill core is cut in half. One half core is analysed by whole 
rock XRF and the other half is logged. C. The logged half core is subsampled. In this study, an XCT scan at 45 
μm voxel size was performed on one subsampled half core (2). D. A rock chip is cut from the half core sample, 
polished, and epoxy-mounted. In this study, XCT scans at 30 μm voxel size were performed on four rock chips 
and 30 μm pixel size AM scans on their polished surface (1–4). E. A mini core is drilled from the rock chip sample. 
In this study, XCT scans at 4 μm voxel size were performed on two mini cores and 1 μm pixel size AM scans on 
their polished surface prior to drilling (2, 3). F. A cylindrical volume of interest within the mini core is selected 
for XCT analysis. In this study, XCT scans at 1 μm voxel size were performed in volumes of interest in two mini 
cores (2, 3). 
 
Automated Mineralogy 
 
The polished surface of each of the four epoxy-mounted rock chips was scanned by AM using 
a Zeiss Sigma 300 VP with two EDS detectors and the Mineralogic software at Luleå University 
of Technology (Tab. 1). A pixel size of 30 μm was chosen; a trade-off between resolution and 
time spent on analysis. Two regions of interest (4 mm diameter) in the rock chips of samples 2 
and 3, subsequently drilled for extraction of the mini cores, were additionally scanned at 1 μm 
pixel size (Tab. 1). The same custom-made mineral library in the Mineralogic software was 
used for initial mineral classification in all scans. Element filters for Au, Ag, and Bi were placed 
at the top of the mineral library to identify sub-pixel sized grains of trace metal minerals 
recorded as mixed phase spectra (Warlo et al. 2019). Results were inspected in the Mineralogic 
Explorer software. Here, mineral maps were montaged and stitched and quantitative data on 
bulk mineralogy, mineral association, metal deportment, etc. collected. The performance of the 
mineral library was assessed by spot-checking the BSE image and respective EDS spectra of 
pixels of the identified minerals. For detected Au and Ag minerals, every pixel was reviewed. 
Based on this assessment, the mineral library was then fine-tuned for each scan and data 
reclassified.  

For comparison with XCT, the detailed mineral maps were subsequently simplified based 
on the limiting number of segmented classes in the XCT scans. The Mineral X-Ray Linear 
Attenuation Coefficient Tool (MXLAC) by Bam et al. (2020) was used to calculate the mineral 
x-ray linear attenuation coefficient of each mineral for the respective beam energy used in the 
XCT analysis. All minerals identified by AM where ranked accordingly. For mineral groups 
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(e.g., amphibole, epidote), the attenuation coefficient of only one mineral from the group was 
calculated to represent the whole group. For broad groups (e.g., silicates, Fe-oxides/carbonates), 
no values were calculated but the approximate position in the ranking estimated. The 
coefficients were then used in conjunction with visual comparison of AM and XCT images to 
assign the minerals to the classes segmented in the XCT scans (Tab. 3).  

Since Mineralogic Explorer does not offer an option for analysis of subregions within a 
scan, the simplified quantitative maps were converted into grey scale images, imported into 
ORS Dragonfly, and re-segmented based on their histograms. This allowed overlay of the AM 
data with the XCT data and quantitative analysis of the same region. For the epoxy-mounted 
rock chip scans a circular/cylindrical (AM/XCT) region was chosen, which maximised 
area/volume while excluding the border between rock and epoxy. For the high-resolution scans, 
an area/volume that maximised the overlap between the 1 μm pixel size mineral maps and the 
XCT scans of the mini cores was chosen. 

The AM data of the 1 μm pixel size scan of sample 2 became corrupt after reclassification 
with the updated mineral library. Results were still accessible but further reclassification was 
no longer possible. This caused issues with simplification of the mineralogy for comparison 
with XCT. Some minerals initially coloured the same could no longer be separated. This was 
the case for Fe-oxides (ilmenite, magnetite, hematite, FeO, Fe-oxides/carbonates) and tin 
minerals (cassiterite, tin minerals). They were therefore treated together according to the 
mineral of highest concentration (Fe-oxides/carbonates and tin minerals, respectively). 
Quantitatively, the miss-classified Fe-oxides covered ~0.2 area % and cassiterite <0.01 area % 
in the whole mineral map. Since no equivalent quantitative data could be inferred for the region 
compared with XCT, no correction was performed. Regardless, impact on the quantitative 
comparison was minimal. 
 
Table 1. Experimental conditions of AM. 

Sample S1 S2 S3 S4 S2 ROI S3 ROI 
Voltage 20 kV 20 kV 20 kV 20 kV 20 kV 20 kV 
Aperture 60 µm 60 µm 60 µm 60 µm 120 µm 120 µm 
BSE Pixel Size 1.87 µm 1.87 µm 1.87 µm 1.87 µm 250 nm 250 nm 
EDS Step Size 30 µm 30 µm 30 µm 30 µm 1 µm 1 µm 
No. of Scan Fields 294 306 305 301 305 299 
Scan Area ~570 mm2 ~570 mm2 ~570 mm2 ~570 mm2 ~13 mm2 ~13 mm2 
Run time 06:44:16 h 07:13:22 h 7:02:48 h 06:48:23 h 62:27:54 h 63:25:44 h 

 
X-ray computed tomography 
 
The half drill core piece was scanned by XCT at 45 μm voxel size using a GE phoenix v|tome|x 
s at the Geological Survey of Finland, Espoo (Tab. 2). The four epoxy-mounted rock chips were 
scanned at 30 μm voxel size using a Zeiss Xradia 510 Versa at Luleå University of Technology 
(Tab. 2). Two rock chips each (samples 1 and 2, and 3 and 4) were stacked with their polished 
surfaces face to face, fixed in place with tape, and analysed together. This was to minimize the 
cone-beam effect on the polished surfaces of the samples. The two mini drill cores were also 
analysed with the Zeiss Xradia 510 Versa at 4 μm voxel size. In addition, a cylindrical volume 
of interest of 1 mm in both diameter and height within each 4 mm drill core was scanned at 1 
μm voxel size.  

A beam hardening correction was applied post analysis where necessary. However, due to 
the complex mineralogy within samples (large range of x-ray linear attenuation coefficients) 
optimization for all minerals was not possible. Hence, corrections and filters commonly were 
applied in favour of the higher x-ray linear attenuation coefficients (denser minerals) as these 
were in focus in this study.  
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The XCT data were processed and analysed using the software ORS Dragonfly (version 
2021.1). Image processing was performed on each data set prior to mineral segmentation. The 
‘Unsharp’ filter was applied to increase edge contrast of grains, followed by the ‘Mean Shift’ 
filter to smoothen the noise introduced by the ‘Unsharp’ filter. Segmentation was performed on 
a cylindrical subvolume in each data set, so that: (i) the epoxy mount was excluded, (ii) depth-
related grey scale gradients (e.g., cone-beam effect) did not affect segmentation significantly, 
(iii) each horizontal slice was of equal area, and (iv) the top slice overlapped with the respective 
mineral map from AM. The only exception was the half drill core piece where segmentation 
was performed on a half cylinder partly including the contact with the surrounding air. The 
‘Histographic Segmentation’ plug-in in the ORS Dragonfly software was used for mineral 
segmentation. This plug-in includes a combination of grey scale thresholding and the sobel 
filter to define classes (groups of minerals of similar x-ray linear attenuation coefficient) and 
determine markers in the sobel image for the watershed algorithm (Guntoro et al. 2019a). 
Individual grains were determined based on a 6-point particle connection (shared voxel faces). 
Heavy trace minerals in the samples of mineralisation style 2 were of too low volume to be 
identified accurately by ‘Histographic Segmentation’. Hence, the trace minerals were 
segmented by manual grey scale thresholding. 

The segmented XCT data were used for quantitative analysis. The bulk volumes of the 
segmented mineral classes and their respective area percentage in each horizontal slice were 
calculated. The data of the slices overlapping with the mineral maps were used for quantitative 
comparison between XCT and AM. In addition, the grey scale and segmented XCT images 
were visually inspected concerning texture and structure of the ore samples.  
 
Table 2. Experimental conditions of XCT. The half drill core piece was analysed on a GE phoenix v|tome|x s at 
GTK, Espoo, Finland. All other samples were analysed on a Zeiss Xradia 510 Versa at LTU, Luleå, Sweden. 

Sample Half drill core 
(S2) 

Rock chip 
(S1 & S2) 

Rock chip 
(S3 & S4) 

Mini Core 
(S2 & S3) 

Mini Core ROI 
(S2) 

Mini Core ROI 
(S3) 

Voltage 175 kV 160 kV 160 kV 80 kV 160 kV 160 kV 
Current 250 μA 62.5 μA 62.5 μA 87.5 μA 62.5 μA 62.5 μA 
Power 43.75 W 10 W 10 W 7 W 10 W 10 W 
Exposure Time 3x333 ms 2x7 s 5 s 1.2 s 5 s 6 s 
Objective  0.4x 0.4x 4x 4x 4x 
Bin  2 2 2 2 2 
Filters 0.5 mm Cu Zeiss HE5  Zeiss HE2 Zeiss HE1 Zeiss LE5 - 
No. of projections 1600 1601 1601 1601 3201 3201 
Voxel size 45 µm 30 µm 30 µm 4 µm 1 µm 1 µm 
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Table 3. List of all minerals identified by AM in this study. The colours in the left column (Mineral) refer to the 
respective colours of the minerals in the AM mineral maps. The numbers in the columns are the x-ray linear 
attenuation coefficients of the minerals for the respective beam energy of each scan (160 and 80 kV). The 
coefficients were calculated using the MXLAC tool (Bam et al. 2020). [For mineral groups (e.g., amphiboles, 
epidote) one mineral was picked to represent the whole group. For broad groups (e.g., silicates, Fe-
oxides/carbonates) no values were calculated]. Colour coding of the cells with numbers represents the 
simplification of the AM quantitative maps for correlation with XCT. Each mineral was appointed to a class 
(mineral group) segmented in the XCT data based on its x-ray linear attenuation coefficient and visual comparison 
of the AM and XCT data. Uncoloured cells indicate that the minerals were not present in the respective AM maps. 

Mineral 

Sample 1 Sample 2 Sample 3 Sample 4 
Epoxy-

mounted 
rock chip 

1Half 
drill 

core  

Epoxy-
mounted 
rock chip 

2,3Mini 
core 

1Mini 
core 

(ROI) 

Epoxy-
mounted 
rock chip 

2Mini 
core 

1Mini 
core 

(ROI) 

Epoxy-
mounted 
rock chip 

Unclassified - - - - - - - - - 
Albite 0.57 0.57 0.57 0.83 0.57 0.57 0.83 0.57 0.57 
Quartz 0.58 0.58 0.58 0.84 0.58 0.58 0.84 0.58 0.58 
Tourmaline 0.63 0.63 0.63 0.87 0.63 0.63 0.87 0.63 0.63 
Plagioclase 0.64 0.64 0.64 0.98 0.64 0.64 0.98 0.64 0.64 
K-Feldspar 0.65 0.65 0.65 1.01 0.65 0.65 1.01 0.65 0.65 
Muscovite 0.68 0.68 0.68 1.02 0.68 0.68 1.02 0.68 0.68 
Anorthite 0.69 0.69 0.69 1.10 0.69 0.69 1.10 0.69 0.69 
Dolomite 0.72 0.72 0.72 1.15 0.72 0.72 1.15 0.72 0.72 
Chlorite 0.76 0.76 0.76 1.30 0.76 0.76 1.30 0.76 0.76 
Calcite 0.83 0.83 0.83 1.46 0.83 0.83 1.46 0.83 0.83 
Biotite 0.86 0.86 0.86 1.42 0.86 0.86 1.42 0.86 0.86 
Amphibole 0.92 0.92 0.92 1.56 0.92 0.92 1.56 0.92 0.92 
Silicates - - - - - - - - - 
Apatite 1.05 1.05 1.05 1.92 1.05 1.05 1.92 1.05 1.05 
Ankerite 1.13 1.13 1.13 2.15 1.13 1.13 2.15 1.13 1.13 
Fe-Oxides/ 
Carbonates 

- 
 

- - - - - - - - 

Epidote 1.43 1.43 1.43 2.81 1.43 1.43 2.81 1.43 1.43 
Rutile 1.76 1.76 1.76 3.50 1.76 1.76 3.50 1.76 1.76 
Ilmenite 2.64 2.64 2.64 35.61 2.64 2.64 5.61 2.64 2.64 
Pyrite 2.97 2.97 2.97 6.28 2.97 2.97 6.28 2.97 2.97 
Pyrrhotite 3.12 3.12 3.12 6.78 3.12 3.12 6.78 3.12 3.12 
Chalcopyrite 3.20 3.20 3.20 7.59 3.20 3.20 7.59 3.20 3.20 
Magnetite 3.52 3.52 3.52 37.72 3.52 3.52 7.72 3.52 3.52 
Hematite 3.53 3.53 3.53 37.72 3.53 3.53 7.72 3.53 3.53 
FeO - - - 2- - - - - - 
Sphalerite 3.98 3.98 3.98 8.98 3.98 3.98 8.98 3.98 3.98 
Arsenopyrite 7.05 7.05 7.05 15.75 7.05 7.05 15.75 7.05 7.05 
Zircon 9.94 9.94 9.94 18.15 9.94 9.94 18.15 9.94 9.94 
Tin-minerals - - - - - - - - - 
Scheelite 11.46 11.46 11.46 25.09 11.46 11.46 25.09 11.46 11.46 
Molybdenite 11.70 11.70 11.70 26.38 11.70 11.70 26.38 11.70 11.70 
Galena 25.13 25.13 25.13 54.43 25.13 25.13 54.43 25.13 25.13 
Cassiterite 27.14 27.14 27.14 353.66 27.14 27.14 53.66 27.14 27.14 
Hessite 35.71 35.71 35.71 80.79 35.71 35.71 80.79 35.71 35.71 
Bi-telluride 37.53 37.53 37.53 82.06 37.53 37.53 82.06 37.53 37.53 
Bismuth 39.48 39.48 39.48 84.80 39.48 39.48 84.80 39.48 39.48 
Silver 45.73 45.73 45.73 103.84 45.73 45.73 103.84 45.73 45.73 
Electrum - - - - - - - - - 
Gold 65.18 65.18 65.18 134.72 65.18 65.18 134.72 65.18 65.18 

1No AM was performed, hence no detailed information on mineralogy available. 
2XCT analysis at 80 kV. 
3The AM data of the mini core of sample 2 became corrupt post analysis, which caused issues with reclassification. 
The marked minerals are wrongly classified. However, impact on the quantitative data was minimal. 
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Results 
 
The AM scans provide detailed mineral maps of the surface of the rock chip samples, 
complemented with 3D-spatial data from XCT analysis. Below are the scans of the four 
samples: (1) ‘scheelite- and Bi-telluride-bearing aplite’, (2) ‘gold-bearing sulphide-rich quartz 
vein’, (3) ‘molybdenite- and scheelite-bearing quartz veins in aplite’, and (4) ‘molybdenite-rich 
contact between a quartz vein and biotite schist’, presented and illustrated in detail. 
 
Scheelite- and Bi-telluride-bearing aplite (sample 1) 
 
The AM scan shows the contact between biotite schist and an intruding aplite dyke (Fig. 2). 
The aplite dyke contains several up to ~4.5 millimetre sized scheelite grains together with 
chalcopyrite and pyrrhotite. Several sub-millimetre inclusions of Bi-tellurides occur in the 
pyrrhotite. Some ambiguity on pixel classification exists in very fine-grained regions, e.g., the 
biotite schist, due to mixed EDS spectra. Overall, mineral classification and resolution of 
textures agree with previous observations from reflected light microscopy and SEM-EDS. In 
the XCT scan only four classes (mineral groups) can be visually separated, (1) silicates and 
carbonates, (2) sulphides and oxides, (3) scheelite, and (4) heavy minerals (mostly Bi-tellurides; 
Fig. 2, Tab. 4). Comparison of the top slice of the segmented XCT data with the same area in 
the AM mineral map shows considerable quantitative differences (Tab. 4). Although total 
difference in area between the techniques are largest for the sulphides/oxides and the 
silicates/carbonates (~8 % each), the relative difference is largest for the heavy minerals 
(~105%) due to their overall low abundance (Tab. 4). The differences can be explained mainly 
by the effect of streak artefacts in the XCT data, caused by the scheelite and heavy mineral 
grains, on the histographic segmentation. This results in spurious aureoles of sulphides/oxides 
around scheelite and heavy mineral grains (Figs. 2 and 3). Additionally, some scheelite grains 
have brighter rims than cores, which causes segmentation of the rims into the class of heavy 
minerals (Figs. 2 and 3). Segmentation of regions without scheelite grains appear satisfactory. 
Texturally, the unaided eye and AM indicate a preferred planar orientation of scheelite and 
sulphides within the quartz vein (Fig. 2). XCT confirms this and shows continuity of the 
scheelite vein deep into the sample. Scheelite grains are relatively large (~7 mm) and elongated 
towards depth but strongly fractured (Fig. 3). Heavy minerals mainly form inclusions within 
the sulphides. The XCT images clearly display the dissemination of heavy mineral inclusions 
and the problem with grain size estimations based on 2D sections. The largest Bi-telluride grain 
observed on the polished surface by AM (~0.5 mm) is intersected at an edge and grows 
considerably larger with depth in the sample (~2.5 mm) (Fig. 3). This also exceeds previously 
reported maximal grain sizes of Bi-minerals (0.5 mm) at the Liikavaara Östra Cu-(W-Au) 
deposit (Warlo et al. 2020).  
 
Table 4. Comparison of the area fraction of the classes segmented in the rock chip of sample 1 between the AM 
mineral map and the corresponding XCT slice. Additionally, the maximal difference between the XCT slice used 
for comparison with AM and the following four slices is shown. Average and Max values refer to all slices within 
the segmented XCT volume. 

Rock Chip (Sample 1) Heavy Minerals 
(vol. %) 

Scheelite 
( vol. %) 

Sulphides/Oxides 
(vol. %) 

Silicates/Carbonates 
(vol. %) 

30 μm AM 0.09 5.14 14.64 79.86 

30 μm XCT 0.19 5.82 22.76 71.23 
Relative Difference in % (30 μm AM) 104.93 13.32 55.45 -10.81 
Max. Difference (5 Slices) +0.05 +0.08 +0.13 -0.39 +0.33 -0.19 
Average 0.40 3.64 15.40 80.56 
Max 0.84 7.13 22.88 91.55 
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Figure 2. AM and XCT images of a polished rock chip of a scheelite- and Bi-telluride-bearing aplite (sample 1). 
For colour coding of the minerals see table 3. A. 30 μm pixel size AM mineral map. B. 1.87 μm pixel size AM 
BSE image. C. 30 μm pixel size simplified AM mineral map. D. 30 μm voxel size XCT scan. E. 30 μm voxel size 
segmented XCT scan. Streak artefacts of scheelite and Bi-mineral grains in the XCT scan (D) cause segmentation 
of scheelite grain boundaries as heavy minerals, quartz as sulphides (bright streaks), and sulphides as quartz (dark 
streaks).  
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Figure 3. XCT images of the rock chip of sample 1. For colour coding of the minerals, see table 3. A. Grains of 
Bi-telluride (a, b) and scheelite (c) within pyrrhotite in the top slice of the sample (left). 3D segmented volumes 
of the same grains in 3D viewed at a close to 90º pitch (right). Especially grain ‘b’ has a much larger size than may 
be presumed from the 2D slice. B. Profile along the scheelite vein. Scheelite grains are partly elongated towards 
depth and fractured. Variation in the grey scale due to streak artefacts (top) results in the margins or entire grains 
of scheelite to be segmented as heavy minerals and parts of quartz as sulphides (bottom). C. 3D-rendered volumes 
of scheelite and heavy minerals (Bi-tellurides) based on the x-ray attenuation data (left) and segmentation (right). 
The yellow and pink dots in the segmented image (right) show the rough outline of the sulphides and quartz, 
respectively. The large heavy minerals in the scheelite vein are likely wrongly segmented scheelite grains (see B). 
 
Gold-bearing sulphide-rich quartz vein (sample 2) 
 
The XCT scan of the half drill core shows a complex intergrowth of sulphide and gangue 
minerals (Fig. 5). The undifferentiated sulphides mainly occur to one side of the core. The 
gangue can be differentiated into a dark grey fine-grained matrix replacing larger fractured 
grains of even darker grey. Very bright heavy mineral grains occur scattered within the gangue. 
These bright phases are likely galena and/or scheelite, based on the relatively large grain sizes 
compared with other heavy minerals in the Liikavaara Östra Cu-(W-Au) deposit (Warlo et al. 
2020). To target the Au mineralisation, the rock chip was taken from the sulphide-dominated 
part of the drill core. Although the XCT scan of the half core shows only few bright phases in 
this region (Fig. 5), this is to be expected considering the generally small grain size of Au 
minerals (Warlo et al. 2020).  

AM of the surface of the rock chip resolves the mineralogy in better detail compared with 
XCT (Fig. 4). A fine-grained matrix of mainly biotite, chlorite, ankerite, quartz, and Fe-
oxides/carbonates, with ubiquitous brecciated subhedral tourmaline, replaces large (>15 mm) 
quartz grains. Sub- to euhedral pyrite crystals grow within and replace massive chalcopyrite, 
which permeates the fine-grained silicate matrix. Thin calcite-filled cracks occur throughout 
the rock. Very fine mineral grains of <30 microns of precious metals Au and Ag, and Bi form 
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scattered inclusions mainly in pyrite and quartz. In the XCT data of the rock chip, four mineral 
classes (similarly to the half drill core scan) are segmented (Fig. 4, Tab. 5): (1) quartz and albite, 
(2) silicates and carbonates, (3) sulphides and oxides, and (4) heavy minerals. The high beam 
energy (160 kV) necessary to penetrate the sample sufficiently, does not allow visual separation 
of pyrite and chalcopyrite due to their overlapping x-ray attenuation coefficient at that energy 
(Fig. 4; Godel 2013, Kyle & Ketcham 2015, Reyes et al. 2017). Similarly, no differentiation 
between the dense minerals, including Au-, Ag- and Bi-minerals, is possible. The fine-grained 
character of large parts of the sample cause a pronounced partial volume effect and significant 
grey scale overlap between the classes. This lowers image resolution compared to AM (both 
have a 30 micron pixel/voxel size), and causes over-segmentation of particularly 
silicates/carbonates at the expense of quartz/albite and sulphides/oxides (Fig. 4, Tab. 6). 
Further, fine textures like carbonate-filled cracks are hardly resolved by the segmentation. 
Concerning detection of heavy trace metal minerals, both techniques are well suited. For AM, 
simple element filters enable effective detection and classification of trace metal mineral grains 
even below pixel size due to their unique element composition (Fig. 4, Tab. 5; Warlo et al. 
2019). For XCT, the much higher x-ray linear attenuation coefficient of the heavy trace metal 
minerals compared with the other minerals in the sample allow rapid segmentation via grey 
scale thresholding, although not between the different heavy trace metal minerals. In 
comparison, AM is more effective than XCT in the detection of heavy minerals. The area 
classified as heavy minerals is ~60 % less in the XCT slice compared to the corresponding AM 
mineral map (Tab. 5). Yet, due to the benefit of XCT to analyse volumes, the overall number 
of heavy mineral grains detected by XCT is much larger than for AM (Fig. 5). For example, the 
amount of heavy minerals in the top XCT slice is only 0.51 % of the segmented volume of 
heavy minerals across all slices. To study the effect of voxel size on quantification, the AM 
mineral map was also compared with the corresponding XCT slice of the half drill core scan 
(Tab. 5). The discrepancy of sulphides/oxides is larger than between AM and the 30 micron 
XCT scan, whereas it is lower for quartz/albite. Notably, no heavy minerals are classified for 
the half drill core XCT slice (Tab. 5). 

In a small area within the AM mineral map, two pixels are identified as Au: one in pyrite, 
the other in adjacent quartz. This region of interest was subsequently scanned by AM at 1 μm 
pixel size (Figs. 4 and 6). It reveals numerous <30 μm Au grains (and Ag, Bi) within the pyrite 
and quartz, but also tourmaline, ankerite, and chlorite (Fig. 6). Similarly, the XCT scan at 4 μm 
voxel size of the mini core, drilled through this region of interest, shows many more dense 
particles not seen in the coarser scans (Fig. 5). Yet, the Au grains identified by AM are not 
resolved. The smaller size of the mini core compared with the rock chip allows XCT analysis 
at lower beam energy (80 kV), which makes visual separation of chalcopyrite and pyrite 
possible (Fig. 6). Yet, grey levels are still too close for meaningful histographic segmentation. 
The change in beam energy also causes tourmaline to dominantly be classified together with 
quartz rather than the group of silicates/carbonates. Table 5 summarises the quantitative 
comparison of this region of interest between the 1 μm pixel size AM scan and all other scans. 
Expectedly but still noteworthy, detection of heavy minerals is higher for AM than XCT and 
increases with scan resolution for both techniques. Interestingly, the segmented share of the 
class of sulphides/oxides is closest between the 1 μm resolution AM scan and the equivalent 
area in the half drill core XCT scan. The detected amounts for silicates/carbonates and 
quartz/albite vary significantly, partly due to the change in beam energy (160 kV to 80 kV) for 
XCT analysis and in consequence ambiguous classification of some minerals (e.g., tourmaline). 
Yet again, overall detection of heavy minerals (all slices) is much higher for XCT than AM 
(Fig. 5). For the 4 μm voxel size XCT scan, the portion of the class of heavy minerals in the top 
XCT slice is only 0.01 % of the volume across all slices. 
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The 1 μm voxel size XCT scan of a cylindrical volume (1 mm height, 1 mm diameter) 
within the mini core was centred around the largest Au grain in pyrite (identified by AM). This 
scan resolves the Au grain and many more dense particles with depth, undetected by the 4 μm 
voxel size scan (Fig. 5). Conversely, visual separation between chalcopyrite and pyrite is not 
possible. The position of the cylinder within the mini core causes the mini core to act as a shield 
against the x-rays. Hence, a high beam energy (160 kV) is necessary for proper x-ray 
penetration. 

The study of this sample demonstrates how information on the occurrence and distribution 
of particularly fine-grained minerals, like heavy trace metal minerals, is highly reliant on the 
technique and resolution of analysis. 
 
Table 5. Comparison of the area percentage of the classes segmented in the rock chip and mini core of sample 2 
between the AM mineral maps and the corresponding slice of the different XCT scans. Additionally, the maximal 
difference between the XCT slice used for comparison with AM and the following four slices is shown. Average 
and Max values refer to all slices within a specific segmented volume (rock chip, mini core) of an XCT data set. 
A minimal error (<0.2 area %) may occur for the 1 μm AM data due to file corruption (see section Automated 
Mineralogy). 

Rock Chip (Sample 2) Heavy Minerals 
(vol. %) 

Sulphides/Oxides 
(vol. %) 

Silicates/Carbonates 
(vol. %) 

Quartz/Albite 
(vol. %) 

30 μm AM 0.01 48.57 30.83 20.37 

30 μm XCT  <0.01 44.53 40.17 15.30 
Relative Difference in % (30 μm AM) -57.41 -8.32 30.29 -24.89 
Max. Difference (5 Slices) +<0.01 +0.69 -0.59 -0.15 
Average <0.01 46.39 35.38 18.23 
Max 0.02 51.64 40.41 29.73 

45 μm XCT 0 41.55 39.89 18.56 
Relative Difference in % (30 μm AM) -100 -14.45 29.39 -8.90 
Max. Difference (5 Slices) 0 +1.18 -3.34 +2.16 
Average <0.01 47.44 37.22 15.34 
Max 0.01 52.90 42.76 20.78 

Mini Core (Sample 2)     
1 μm AM 0.06 69.91 *5.04 *24.92 

30 μm AM 0.04 70.55 8.33 20.99 
Relative Difference in % (1 μm AM) -22.30 0.92 65.13 -15.79 

4 μm XCT <0.01 65.03 *3.74 *31.23 
Relative Difference in % (1 μm AM) -99.30 -6.98 -25.85 25.31 
Max. Difference (5 Slices) ±<0.01 +0.51 -1.33 +0.82 
Average 0.00 15.66 40.12 44.22 
Max 0.03 65.54 68.44 70.64 

30 μm XCT 0 57.11 22.04 20.85 
Relative Difference in % (1 μm AM) -100 -18.30 336.94 -16.36 
Max. Difference (5 Slices) 0 +0.12 -3.85 +5.47 -2.11 
Average <0.01 11.18 60.75 28.07 
Max 0.03 57.23 87.26 52.44 

45 μm XCT 0 69.39 14.22 16.39 
Relative Difference in % (1 μm AM) -100 -0.74 181.93 -34.23 
Max. Difference (5 Slices) 0 -10.33 +2.46 -0.94 +7.87 
Average 0 12.47 54.67 32.87 
Max 0 69.39 80.69 51.73 

*tourmaline moved from silicates/carbonates to quartz/albite 
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Figure 4. AM and XCT images of a polished rock chip of a mineralised quartz-(tourmaline-calcite) vein (sample 
2). For colour coding of the minerals, see table 3. A. 30 μm pixel size AM mineral map. The white circle indicates 
the overlapping region between the 1 μm pixel size AM mineral map and the 4 μm voxel size XCT scan (see Fig. 
6). B. 1.87 μm AM BSE image. C. 30 μm voxel size XCT scan. The image displays some bright and dark spots, 
streak artefacts from scheelite in the rock chip of sample 1 because of stacking of the samples for XCT analysis. 
D. 45 μm voxel size XCT scan. E. Simplified 30 μm pixel size AM mineral map. F. 30 μm voxel size segmented 
XCT scan. G. 45 μm voxel size segmented XCT scan. 
 

 
Figure 5. XCT images of the drill core piece, rock chip, and mini core of sample 2. For colour coding of the 
minerals, see table 3. A. Segmented XCT images of the various scans (45, 30, 4, and 1 μm voxel size) along the 
three spatial axes. B. Opaque (top) and transparent (bottom) 3D-rendered XCT images of the drill core piece, rock 
chip, and mini core. The black and dark grey phases correspond mainly to silicates and carbonates, the medium 
grey phases to sulphides, and the bright phases to heavy minerals (e.g., scheelite, galena, Au- and Bi-minerals). C. 
3D-rendered XCT image of the rock chip (30 μm voxel size). The sulphides are rendered transparent to better 
reveal the heavy mineral inclusions (bright grains). D. 3D-rendered XCT image of the mini core (4 μm voxel size). 
The sulphides are rendered transparent to better reveal the heavy mineral inclusions (bright grains). E. 3D-rendered 
XCT image of the volume of interest within the mini core (1 μm voxel size). The sulphides are rendered transparent 
to better reveal the heavy mineral inclusions (bright grains). 
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Figure 6. AM and XCT images of a region of interest in the polished rock chip of sample 2. For colour coding of 
the minerals, see table 3. A. 1 μm pixel size AM mineral map. The circles show enlarged images of the small 
circles. Gold inclusions are found in a number of minerals but are very fine-grained. The marked grains represent 
only a portion of the Au grains detected in the map. B. 1.87 μm pixel size AM BSE image. C. 250 nm pixel size 
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AM BSE image. D. 4 μm voxel size XCT scan. E. 30 μm voxel size XCT scan. F. 45 μm voxel size XCT scan. G. 
1 μm pixel size simplified AM mineral map. The same gold grains as in A are detected but not visible in the map 
due to the small size of the image. H. 30 μm pixel size simplified AM mineral map. Three Au grains are detected. 
I. 4 μm voxel size segmented XCT scan. One Au grain is detected. J. 30 μm voxel size segmented XCT scan. K. 
45 μm voxel size segmented XCT scan. The loss in detail between the 4 μm XCT scan (D, I) and the 30 μm (E, J) 
and 45 μm (F, K) XCT scans is apparent. 
 
Molybdenite- and scheelite-bearing quartz veins in aplite (sample 3) 
 
The AM mineral map shows the aplite dyke to consist mainly of K-feldspar, plagioclase, and 
quartz with minor biotite and muscovite (Fig. 7). Sulphides (pyrite, pyrrhotite, and 
chalcopyrite), tourmaline, and calcite occur disseminated. In the sample, three quartz vein 
connect at an angle (Fig. 7). Molybdenite mineralisation occurs in one vein but not the others. 
Conversely, scheelite occurs in one of the other veins but not in the molybdenite-filled vein. 
Chalcopyrite, pyrite, and pyrrhotite are found in all three veins. In the XCT data, differentiation 
of the aplite dyke is hardly possible. Only the disseminated sulphides can be segmented from 
the silicates. Yet, comparison between the mineral map and the top slice of the XCT data show 
a considerable under-segmentation of sulphides and over-segmentation of silicates (Fig. 7, Tab. 
6). Nevertheless, the veins and their orientation in the sample are clearly visible. XCT data 
confirms the separation of scheelite and molybdenite into two veins and shows the extent of the 
mineralisation with depth in the sample (Fig. 9). XCT also shows that the veins are dipping in 
the same direction. In addition, individual segmentation of both scheelite and molybdenite is 
possible and the quantitative difference between AM and XCT is similar for both minerals (Tab. 
6). The main errors for scheelite come from streak artefacts and a pronounced partial volume 
effect at grain boundaries (despite the use of a Sobel filter) in the XCT data. For molybdenite, 
errors are especially miss-segmentation of fine grains as silicates and sulphides. This is because 
blurring is more pronounced in fine molybdenite grains (Hanna & Ketcham 2017), which 
therefore appear darker than larger molybdenite grains in the XCT images. 

The 1 μm pixel size scan by AM was focused on an area of molybdenite mineralisation at 
the intersection of the molybdenite-bearing quartz vein with the scheelite-bearing quartz vein. 
In several molybdenite grains, bright inclusions (a few micron large) are visible in the BSE 
image (Fig. 8). Some grains are identified as hessite associated with native Bi, others escape 
detection. The topography of many deformed and fractured molybdenite grains is particularly 
problematic. Uneven surfaces cause low and spurious x-ray counts in the EDS detector 
(Newbury & Ritchie 2015). To limit misidentification a cut-off value was set at 1000 x-ray 
counts per pixel. As a result, many molybdenite grains contain unclassified areas (Fig. 8). At 
the intersection between the quartz veins, three (~40–80 μm) large scheelite grains are detected, 
but well separated from the molybdenite grains. The XCT data reveal the contact between 
scheelite and molybdenite mineralisation at depth in the sample, but are unsuccessful in 
resolving heavy mineral inclusions in molybdenite (Fig. 9). Streak artefacts and blurring of the 
scheelite and molybdenite grains affect segmentation of the XCT data. Particularly, grain edges 
and space between grains in clusters of molybdenite grains are segmented as sulphides due to 
blurring of bright molybdenite with dark quartz. This causes a relative 883% over-segmentation 
of sulphides compared to AM and shows why e.g. AM is needed to correctly interpret XCT 
data (Tab. 6). 

The XCT scan (cylinder with 1 mm height and diameter) of 1 μm voxel size of a 
molybdenite cluster is still hardly of good enough quality to resolve heavy mineral inclusions. 
Yet their presence in molybdenite of the Liikavaara Östra Cu-(W-Au) deposit is known from 
AM and prior studies by synchrotron radiation x-ray fluorescence mapping (Warlo et al. 
submitted). The study of such small-scale features might be difficult to achieve in a lab and 
could require e.g., synchrotron-based XCT (Wang & Miller 2020). Nevertheless, the high-
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resolution XCT scan successfully visualises the flaky texture of molybdenite well (Fig. 9). All 
three XCT scans show molybdenite grains to be predominantly aligned with the vein (Fig. 9). 
For that reason, many molybdenite grains in the surface maps appear as thin elongated grains 
(cut more or less perpendicular to the crystallographic c-axis) rather than tabular flakes. 
 
Table 6. Comparison of the area percentage of the classes segmented in the rock chip and mini core of sample 3 
between the AM mineral maps and the corresponding slice of the different XCT scans. Additionally, the maximal 
difference between the XCT slice used for comparison with AM and the following four slices is shown. Average 
and Max values refer to all slices within a specific segmented volume (rock chip, mini core) of an XCT data set. 
All values are in percent. 

Rock Chip (Sample 3) Scheelite 
(vol. %) 

Molybdenite 
(vol. %) 

Sulphides/Oxides 
(vol. %) 

Silicates/Carbonates 
(vol. %) 

30 μm AM 0.26 0.37 0.88 98.08 

30 μm XCT  0.22 0.30 0.48 99.00 
Relative Difference in % (30 μm AM) -16.10 -17.16 -45.06 0.94 
Max. Difference (5 Slices) +0.02 -0.02 +0.07 +0.04 -0.12 
Average 0.08 0.35 0.55 99.01 
Max 0.38 0.54 0.77 99.29 

Mini Core (Sample 3)     
1 μm AM 0.06 4.69 0.04 94.50 

30 μm AM 0.07 4.48 0.08 94.52 
Relative Difference in % (1 μm AM) 10.04 -4.47 93.38 0.02 

4 μm XCT 0.03 3.29 0.38 96.30 
Relative Difference in % (1 μm AM) -53.29 -29.83 883.13 1.90 
Max. Difference (5 Slices) +0.02 +1.34 -0.22 -1.15 
Average 0.34 1.61 0.52 97.53 
Max 2.24 8.20 2.07 99.97 

30 μm XCT 0 6.98 0 93.02 
Relative Difference in % (1 μm AM) -100 49.03 -100 -1.57 
Max. Difference (5 Slices) 0 +1.42 -2.54 0 +2.54 -1.42 
Average 0.30 2.95 0 96.74 
Max 2.14 13.89 0 100 
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Figure 7. AM and XCT images of a polished rock chip of scheelite- and molybdenite-mineralised quartz veins in 
an aplite dyke (sample 3). For colour coding of the minerals, see table 3. A. 30 μm pixel size AM mineral map. 
The white circle indicates the overlapping region between the 1 μm pixel size AM mineral map and the 4 μm voxel 
size XCT scan (see Fig. 8). B. 1.87 μm pixel size AM BSE image. C. 30 μm pixel size simplified AM mineral 
map. D. 30 μm voxel size XCT scan. The scheelite grains cause some streak artefacts. E. 30 μm voxel size 
segmented XCT scan. Some of the silicates/carbonates in contact with scheelite are segmented as sulphides/oxides 
due to the streak artefacts but overall impact is minor.   
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Figure 8. AM and XCT images of a region of interest in the polished rock chip of sample 3. For colour coding of 
the minerals, see table 3. A. 1 μm pixel size AM mineral map. Uneven topography in some molybdenite grains 
caused issues with EDS analysis, rendering some areas in the molybdenite grains unclassified. B. 250 nm pixel 
size AM BSE image. C. 1.87 μm pixel size AM BSE image. D. 4 μm voxel size XCT scan. E. 30 μm voxel size 
XCT scan. F. 1 μm pixel size simplified AM mineral map. G. 30 μm pixel size simplified AM mineral map. H. 4 
μm voxel size segmented XCT scan. I. 30 μm voxel size segmented XCT scan. 
 

 
Figure 9. XCT images of the rock chip and mini core of sample 3. For colour coding of the minerals, see table 3. 
A. Top slice of the sample showing quartz veins with mineralisation of scheelite (x), molybdenite (y), and 
sulphides (z) in an aplite dyke. B. 3D-rendered XCT image (30 μm voxel size) of the rock chip. The white cylinders 
indicate the position of the mini core and the subvolume within. C. 3D segmented volumes of scheelite, 
molybdenite, and sulphides. All veins dip to the right and show mineralisation extending with depth in the sample. 
D. Different view of C without the sulphides. The control of the veins on mineralisation and the contact between 
the veins are clearly displayed. E. 3D-rendered XCT image (4 μm voxel size) of the mini core (stripped of 
silicates/carbonates). F. 3D segmented volumes of scheelite, molybdenite, and sulphides in the mini core. 
Sulphides in the upper, molybdenite-dominated part are mostly wrongly segmented molybdenite grains. G. 3D-
rendered XCT subvolume (1 μm voxel size) within the mini core. H. 3D segmented volumes of scheelite and 
molybdenite in the subvolume of the mini core. The molybdenite grains are flaky but aligned with the vein. Hence, 
grains appear as thin and elongated in the 2D sections. 
 
Molybdenite-rich contact between a quartz vein and biotite schist (sample 4) 
 
AM analysis shows gradually increasing biotitisation of the K-feldspar and plagioclase matrix 
of the biotite schist towards the contact with the quartz vein (Fig. 10). It also reveals ubiquitous 
epidote and tourmaline alteration within the biotite schist. The quartz vein contains 
disseminated calcite, which extends into the biotite schist. A thin straight calcite veinlet cuts 
through the quartz vein and continues as a zigzagging chlorite veinlet through the biotite schist. 
It also cuts disseminated pyrite associated with chalcopyrite (Fig. 10). Mineralisation of pyrite, 
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chalcopyrite, pyrrhotite, and sphalerite within the quartz vein is strongly associated with calcite, 
which appears to replace the sulphides. Molybdenite mainly occurs along the contact of the 
quartz vein with the biotite schist and shows association with calcite but no signs of replacement 
like the other sulphides. Finally, a single rounded 100 μm large grain of scheelite is found in 
the quartz vein. In the XCT data, low or missing contrast in the grey values between many 
minerals results in a very simplified segmentation of five mineral classes (Fig. 10, Tab. 7): (1) 
quartz and albite, (2) silicates and carbonates, (3) sulphides and oxides, (4) molybdenite, and 
(5) scheelite. This means that most of the features observed by AM concerning the biotite schist 
cannot be differentiated by XCT (Fig. 10). In addition, calcite dissemination within the quartz 
vein is poorly resolved. However, it is possible to follow the molybdenite mineralization 
towards depth in the sample along the contact between the quartz vein and biotite schist (Fig. 
11). Additionally, larger scheelite grains are revealed at depth in the sample (Fig. 11). 
Comparison of the top sample slice with AM shows a relatively good fit of segmented 
molybdenite, whereas sulphides/oxides are over-segmented (Tab. 7). Under-segmentation of 
silicates/carbonates appears to compensate mainly for this difference (Tab. 7). The scheelite 
grain observed by AM is too fine-grained for proper resolution and segmented as quartz/albite. 
 
Table 7. Comparison of the area percentage of the classes segmented in the rock chip of sample 4 between the 
AM mineral map and the corresponding XCT slice. Additionally, the maximal difference between the XCT slice 
used for comparison with AM and the following four slices is shown. Average and Max values refer to all slices 
within the segmented XCT volume. All values are in percent.  

Rock Chip (Sample 4) Scheelite 
(vol. %) 

Molybdenite 
(vol. %) 

Sulphides/Oxides 
(vol. %) 

Silicates/Carbonates 
(vol. %) 

Quartz/Albite 
(vol. %) 

30 μm AM <0.01 0.34 0.49 55.99 42.74 

30 μm XCT 0 0.33 0.80 52.16 46.70 
Relative Difference in % (30 μm 
AM) 

-100 
 

-2.83 
 

64.35 
 

-6.84 
 

9.27 

Max. Difference (5 Slices) 0 +0.03 -0.14 +1.00 -0.85 
Average 0.02 0.22 0.42 43.16 56.19 
Max 0.11 0.44 1.03 54.30 78.19 
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Figure 10. AM and XCT images of a polished rock chip of molybdenite mineralisation along the contact between 
a quartz vein and biotite schist (sample 4). For colour coding of the minerals, see table 3. A. 30 μm pixel size AM 
mineral map. B. 1.87 μm pixel size AM BSE image. C. 30 μm pixel size simplified AM mineral map. D. 30 μm 
voxel size XCT scan. E. 30 μm voxel size segmented XCT scan. 
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Figure 11. XCT images of the rock chip of sample 4. For colour coding of the minerals, see table 3. A. Top slice 
showing the position of two profiles seen in B and C. B. Profile along the contact between the quartz vein and 
biotite schist. X-ray attenuation image (top) and segmented image (bottom). C. Profile across the contact between 
the quartz vein and biotite schist. X-ray attenuation image (top) and segmented image (bottom). D. 3D segmented 
volumes of molybdenite and sulphides. Volumes of silicates/carbonates and quartz/albite are indicated by dots. 
 
 
Discussion 
 
The results reveal several challenges with the correlation and integration of AM and XCT data. 
Yet they also show how multi-scale analysis of AM and XCT may aid in ore characterisation. 
Below both aspects are discussed. 
 
Correlation and integration of AM and XCT data 
 
Linking AM and XCT has a strong potential in (ore) geology to improve quantitative and 
textural information on a rock sample (Butcher 2020). XCT is already applied in combination 
with x-ray diffraction microtomography (e.g., Artioli et al. 2010, Valentini et al. 2011, Muerer 
et al. 2018, Takahashi & Sugiyama 2019) and x-ray fluorescence microtomography (e.g., 
Laforce et al. 2017, Wildenschild & Sheppard 2013, Suuronen & Sayab 2018), although mainly 
constrained to synchrotron facilities and very small sample sizes. In contrast, the recently 
developed Oreexplore GeoCore X10 merges XCT with x-ray fluorescence analysis for drill 
core pieces up to 4 x 1 m but limited to a maximal voxel size of 200 μm (Bergqvist et al. 2019). 
The combination of these analytical techniques in a single system is possible since all 
techniques utilise an x-ray beam. In contrast, AM is an electron beam-based technique. Thus, a 
combination of XCT and AM in a single system is impossible with the current technological 
knowledge. Instead, research and development have to focus on software solutions to improve 
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cross-system integration. So far commercially available integration of XCT and AM only 
concerns geo-referencing of samples for easier visual correlation and presentation (e.g., Zeiss 
Atlas 5). This is mainly helpful for qualitative comparison, e.g. for the XCT data to aid in 3D 
interpretations of AM data. In this study, XCT scans of ore samples show the extent of 
mineralisation with depth in the samples, the angle and orientation of veins, and shapes and 
sizes of well-separated mineral grains of high contrast to the surrounding phases (e.g., 
molybdenite, scheelite, heavy minerals). Yet, the segmentation and study of gangue minerals 
like silicates and carbonates in XCT datasets is challenging, due to too low grey value contrast 
between the minerals. While in this study AM analysis was mainly performed prior to XCT 
analysis, results suggest XCT also to be useful for targeted sampling for 2D analysis. In none 
of the XCT analyses, the topmost slice (the polished surface, which was also analysed by AM) 
is the slice with the highest content of the minerals of interest (heavy minerals, molybdenite, 
and scheelite; tabs. 4–7). Hence, if the goal were to maximise the amount of these minerals in 
a sample for AM, the XCT scan data should be used to guide the sub-sampling of the sample. 
This would be especially helpful to better quantify trace metal minerals, as the required number 
of grains for statistical robustness could be achieved with fewer samples (Goodall and Scales 
2007, Godel 2013).  

On the other hand, integrating 2-dimensional AM data and 3-dimensional XCT data for 
quantitative analysis is not straightforward. The reliance on dedicated software to process 2-
dimensional AM data is a challenge when merging with 3-dimensional XCT data. The AM 
software used in this study (Mineralogic Explorer) calculates valuable mineral parameters like 
mineral association, grain size distribution, metal deportment, etc. but only for the entire AM 
scan. Obtaining this information for a region of interest in the scan, e.g. for better fitting with 
the XCT data, is not possible. Further, the software is limited to the processing of AM data. 
AM and XCT images are easily overlaid in a graphical software but at the cost of losing the 
functionalities of the AM software. In addition, success in overlaying the images can depend 
on the quality of the stitching of the montaged AM mineral map. In this study, multiple steps 
were required to integrate the AM mineral maps into the XCT processing software (ORS 
Dragonfly) for geo-referencing and quantitative analysis. Currently, the best way to address 
data integration between AM and XCT seems to be through programming of dedicated 
algorithms in e.g. MatLab (Reyes et al. 2017, Guntoro et al. 2019b). However, this requires 
proficiency in programming and is time consuming. It is therefore most suited for small sample 
batches. For larger sample batches, fast quantitative correlation is reduced to the purely image-
based analysis applied in this study. Furthermore, software is not the only challenge concerning 
quantitative correlation. 

In this study, one issue of XCT analysis was x-ray attenuation artefacts at the top of the 
samples (cone-beam effect; Cnudde & Boone 2013). To prevent these artefacts, the epoxy 
mounted rock samples were stacked with their surfaces facing each other during XCT analysis. 
However, instead dense minerals caused artefacts into adjacent samples. Thus, to resolve this 
issue the topmost slices were excluded from segmentation. Consequently, comparison with AM 
of the same exact surface was hardly possible. To assess the impact of a potential slight vertical 
offset between the AM mineral maps and topmost segmented XCT slices on quantitative 
comparison, the variation in bulk mineralogy across the five topmost segmented XCT slices 
was calculated in all scans (tabs. 4–7). Results indicate that the variation in bulk mineralogy is 
generally smaller between XCT slices than between AM and XCT. This is to say, segmentation 
plays a larger role in the quantitative differences between AM and XCT than a potential vertical 
offset. To improve correlation a better approach may be to cut and polish a rock sample after 
XCT analysis, to perform AM on a surface corresponding to an inner slice in the XCT data, 
unaffected by the cone-beam effect. An even better alternative may be to try to remove the 
cone-beam effect altogether. This is achieved with a helical scanning trajectory (De Witte 2010, 
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Cnudde & Boone 2013) or a multiscan with top and bottom scans centred on the edge of the 
sample.  

A 30 μm step size was chosen for both AM and XCT analysis for better modal comparison. 
Yet, effective resolution differed significantly. For AM, a 30 μm pixel size was sufficiently 
large not to cause overlap of the beam interaction volume with more than one pixel. In contrast, 
in XCT analysis the impact of mineral grains on the calculated x-ray linear attenuation exceeded 
their own voxels due to instrument-related resolution limitations (Kyle & Ketcham 2015, Hanna 
& Ketcham 2017). This blurring resulted in a relatively worse resolution of XCT than AM. To 
achieve similar resolution, a better XCT instrument would need to be used and/or the step size 
of XCT analysis reduced. Yet, the latter would entail a reduction in scanning volume also (Kyle 
& Ketcham 2015). Moreover, other artefacts like beam hardening, particularly for high-Z 
mineral grains, would persist (Kyle & Ketcham 2015). Hence, a perfect correlation of XCT data 
with AM data is hardly possible. 

The possibility to differentiate between individual minerals is much lower for XCT than 
AM due to the nature of the techniques (x-ray linear attenuation coefficients vs. energy 
dispersive x-ray spectra coupled with backscattered electron intensity). Thus, AM mineral maps 
require simplification for correlation with the segmented mineral classes of XCT. This 
simplification may be based on visual comparison of the data sets and calculations on the x-ray 
linear attenuation coefficients for the various minerals quantified by AM. The approach works 
well for coarse-grained minerals, easily identified in the data of both techniques, but is less 
reliable for fine-grained minerals, which are blurred and lack distinct grain boundaries in the 
XCT images. Furthermore, in this study, molybdenite grains are significantly darker than 
scheelite grains in all analyses of this study, regardless of size and shape, despite a higher 
calculated x-ray linear attenuation coefficient. This creates ambiguity regarding which 
segmented class some minerals belong to. 

Reliable mineral segmentation of XCT data, particularly of complex geological samples, 
is challenging, as described in literature (e.g., Godel 2013, Guntoro et al. 2019a, 2019b, Wang 
& Miller 2020) but also demonstrated by the results of this study. The challenge starts with the 
generation of high-quality images used for segmentation: (i) the co-occurrence of minerals with 
largely different x-ray linear attenuation coefficients makes choosing a beam energy optimised 
to separation of all minerals impossible. The same applies to selecting of filters and beam 
hardening corrections post analysis (Herman 1979, Kyle & Ketcham 2015, Hanna & Ketcham 
2017). Rocks abundant in heavy minerals require high beam energies for adequate x-ray 
penetration. This lowers the x-ray attenuation contrast between many minerals. In addition, 
analytical settings to minimise streak artefacts of highly attenuating minerals like scheelite 
lower overall beam intensity, thus requiring longer scan times (Gusenbauer et al. 2016). Post-
analysis metal artefact reduction methods exist but are not yet common in industrial XCT 
analysis (Gusenbauer et al. 2016). Combining the results from multiple scans at varied beam 
energies may help to alleviate some of the issue concerning the x-ray linear attenuation 
coefficient but comes with a cost of increased scan time. (ii) Choosing a voxel size to resolve 
features of interest adequately while minimising scan time (and thereby cost of analysis) is 
difficult in rocks of heterogeneous grain size. Fine intergrowths of minerals with small 
differences in attenuation coefficient easily become visually homogenised through blurring. A 
small voxel size is expensive due to long scan times, but a too large voxel size carries the risk 
of small grains to be unresolved. Additionally, scan volume limits the available scan resolution 
(Kyle & Ketcham 2015). (iii) The edge contrast between mineral grains, especially for minerals 
of similar x-ray attenuation coefficient (e.g. silicates), is less pronounced than between e.g. 
grain and air, which makes segmentation more difficult in low-porosity rocks. (iv) Minerals 
may exhibit a large range of grey scale values, even if chemical composition is uniform, based 
on grain size and associated minerals due to blurring (Kyle & Ketcham 2015). Other artificial 
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grey scale variations (e.g., gradients, partial volumes, streaks, shadows, and rings) cause 
overlap in the grey scale value ranges of minerals of similar x-ray linear attenuation coefficient, 
which again constrains segmentation. 

Recently, advancements have been made to improve segmentation of XCT data through 
matching of slices in the XCT data with corresponding AM quantitative maps via a MatLab 
algorithm, which are then used as training data for machine learning algorithms (Reyes et al. 
2017, Guntoro et al. 2019b, 2020). Results were shown to be superior to traditional 
segmentation techniques like grey scale thresholding or watershed segmentation (Reyes et al. 
2017, Guntoro et al. 2019b). This integration of XCT and AM is promising and will perhaps 
help to routinize the use of XCT in ore geology and the mining industry in the future. However, 
the complexity of the method, the necessity of proficient programming skills, and a relatively 
long post-processing time per sample are still an obstacle to broad application. In this study, 
especially the segmentation of chalcopyrite and pyrite in the XCT scan of the mini core of 
sample 2 and molybdenite in the rock chips of samples 3 and 4 could benefit from the use of 
machine learning. Concerning chalcopyrite and pyrite, they are clearly differentiable with the 
naked eye in the 80 kV scan, yet histographic segmentation is unsatisfactory (Fig. 6). The slight 
grey scale gradient from the centre to the sidewalls of the cylinder causes overlap of grey scale 
values between the minerals (cupping effect; Cnudde & Boone 2013). Additionally, the noise 
in the images prevents the sobel filter from properly resolving grain boundaries between pyrite 
and chalcopyrite despite sharpening and denoising of the XCT images. Matching of the 
characteristic cubic shaped pyrite grains between the XCT data and AM may however 
overcome these hurdles. Similarly, molybdenite grains have rather distinct elongated shapes, 
which may support discrimination against other sulphides of similar x-ray linear attenuation 
coefficient. In this study, especially the decrease in brightness of molybdenite with grain size 
leads to false segmentation of small molybdenite grains as sulphides/oxides and 
silicates/carbonates.  
 
Multi-scale analysis 
 
For every type of microanalysis duration, and thereby cost, has to be weighed against the 
resolution needed, and thereby against quantity and quality of information. In consequence, a 
common approach is sequential analysis where resolution is stepwise increased while the area 
of analysis is decreased. This approach of ‘zooming in’ on an area of interest was also used in 
this study.  

In the 30 μm pixel size AM mineral map of the rock chip of sample 2, several Au and Ag 
minerals are detected, but generally not in sizes larger than 1 or 2 pixels (Fig. 4). The subsequent 
1 μm pixel size scan on a much smaller area reveals numerous grains of Au, Ag, and Bi that are 
undetected in the 30 μm resolution scan (Fig. 6). Thus, the 1 μm resolution provides much better 
information on parameters like grain size distribution, mineral association, etc. Obviously, a 1 
μm pixel size scan of the entire polished surface of the rock chip would be ideal, yet it would 
consume an unreasonable amount of time (several days) to complete. In addition, if and to what 
extend identification of trace metal minerals could be expected would be purely based on 
observations of e.g. petrographic microscopy (often too low resolution) or manual SEM-EDS 
(mainly spot-checking, possibly time-consuming). Hence, the coarser but faster 30 μm scan 
serves as a good overview and allows targeted high-resolution analysis. Similar results are 
obtained by XCT, where with each scan at a smaller voxel size heavy mineral grains that the 
prior scans fail to resolve are detected (Figs. 5 and 6). Generally, coarser grains account for the 
majority of the bulk metal in an ore deposit and fine grains, even in high numbers, accumulate 
to only a small overall volume. In mining, loss of the finest-grained fractions is commonly 
accepted, partly due to missing tools and added costs for their recovery. However, for economic 
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trace metals like Au, the fine-grained fractions can be substantial and loss to tailings a 
significant loss in potential profit (Vaughan 2004). Hence, these high-resolution analyses are 
needed to provide the necessary knowledge to develop production strategies. 

Similarly, the study of molybdenite grains in the rock chip and mini core of sample 3 shows 
how high-resolution analyses are necessary to quantify micro- and nano-inclusions in 
molybdenite grains. Even the 1 μm resolution scans of AM and XCT only managed to resolve 
a small portion of the inclusions. Although the effect of these inclusions on processing of 
molybdenite requires more research, a study by Triffet et al. (2008) suggests foreign mineral 
grains trapped in molybdenite to potentially have negative implications on flotation.  
 
 
Conclusion 
 
XCT can aid AM in various ways. The technique is well suited to provide three-dimensional 
visualization of textures and structures at centimetre- to micron-scale. It can help assess the 
stereological error of 2D analysis, particularly for well-separated high-contrast grains. It can 
increase data volume on rare minerals to quickly achieve statistical robustness and guide (sub)-
sample selection. Vice versa, AM can also guide analysis of samples for high-resolution XCT 
(e.g., drilling of mini cores). Quantitative integration of XCT and AM data is still challenging 
and restricted by the quality of segmentation of XCT data. This is particularly true for low-
porosity rock samples of complex mineralogy. Yet, recent studies look promising for improving 
segmentation and thereby gaining more quantitative mineral analysis of XCT data. Overall, 
linking XCT and AM provides a better characterisation of an ore than applying only one 
technique or using them separately. 
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Abstract 
 
In order to maximise profit and sustainability of a mining operation, knowledge of the 
chemistry, mineralogy, texture, and structure of the ore is essential. Continuous advancements 
in analytical techniques enable studying these features with increasing detail. Synchrotron 
radiation X-ray fluorescence is unparalleled in its simultaneously high spatial resolution and 
detection range. Yet, its application in ore geology research and the mining industry is still in 
its infancy. This study investigated opportunities of extreme-resolution synchrotron X-ray 
fluorescence mapping of ore samples. Analysis was performed at the NanoMAX beamline at 
the MAX IV synchrotron facility in Lund, Sweden. The samples investigated are from the 
Liikavaara Östra Cu-(W-Au) deposit, northern Sweden. Analysis covered areas of several 
hundreds of μm2 in grains of molybdenite, pyrite, and native Bi. Key results included successful 
mapping of the lattice-bound distribution of Re, Se, and W in molybdenite at 200 nm spot/step 
size and detection of nanometre inclusions of Au in native Bi at 50 nm spot/step size. 
Challenges were encountered concerning data acquisition and processing. In order to achieve 
satisfactory resolution of both light and heavy elements and to limit mapping artefacts, repeated 
scans of the same area with varied experimental parameters and very thin (quasi-2d) samples 
are required. For complex geological samples, the software used for analysing spectral data 
(PyMCA) requires a considerable degree of human examination, which may be a source of 
error. Overall, synchrotron X-ray fluorescence mapping has a strong analytical potential for ore 
geology research, in analysing and imaging trace elements that would constitute potential by-
products in mining operations. Knowing in detail how these trace elements occur in the ores, 
appropriate metal extraction programs can be developed, and a larger part of the ore may then 
be utilized.  
 
Keywords: synchrotron, x-ray fluorescence mapping, nanoscale, trace metals, gold, rhenium, 
bismuth, molybdenite 
 

  



2 
 

Introduction 
 
Societal demand for metals and for their variety have strongly increased over the last few 
decades. This is due to the discovery of new applications, technological advancements, and a 
growing population amongst other factors (Krausmann et al. 2009, Graedel & Cao 2010). At 
the same time, sustainability in mining has become a growing public concern and environmental 
regulations for mining activities have become stricter in many countries (e.g., Eggert 1994, 
Acquah 1994, Löfstedt & Vogel 2001, Tole & Koop 2011). Moreover, governmental 
organisations have identified certain metals as critical for society (e.g., U.S. National Research 
Council 2008, European Commission 2020). Criticality in this context is defined by the two 
variables economic importance and supply risk. These factors encourage more in-depth study 
of the often complex elemental composition of ore deposits. Some metals may be or become 
profitable to produce as by-products (e.g., Au and Ag), are harmful to the environment (e.g., 
As, U, Sb), or impede recovery of the main commodity (e.g., Bi in Cu), even in low 
concentrations. Furthermore, the mineralogy, association, character, texture, distribution, etc. 
of metals affect their behaviour during mineral processing and ultimately their recovery or 
suppression efficiency. Hence, detailed mineralogical and chemical knowledge of an ore body 
is crucial to maximise both profitability and sustainability of a mining operation. 

For this task, the mining industry and ore geology research employ a number of micro-
analytical techniques, in conjunction with traditional macro-analytical techniques and chemical 
assays. The micro-analytical techniques include scanning electron microscopy (SEM) coupled 
with energy dispersive spectrometry (EDS) and wavelength dispersive spectrometry (WDS), 
automated SEM-based techniques (e.g., QEMSCAN, MLA, Mineralogic, TIMA, AMICS, 
Inca-Mineral), electron probe microanalyzer (EPMA), secondary ion mass spectrometry 
(SIMS), laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), X-ray 
fluorescence (XRF) based techniques (e.g., Bruker Tornado, CSIRO Maia Mapper, and Sigray 
AttoMap), laser induced breakdown spectroscopy (LIBS), and more (Fig.1). However, none of 
these techniques can achieve simultaneously as high a spatial resolution and detection range as 
synchrotron radiation X-ray fluorescence (SR-XRF; Stromberg et al. 2019, von der Heyden 
2020; Fig. 1). State-of-the-art synchrotron light sources provide spatial resolution down to 10 
nm (Johansson et al. 2013, Stromberg et al. 2019) and sub-ppm detection levels (Smith 1995, 
Adams et al. 2010, Stromberg et al. 2019, von der Heyden 2020). 

SR-XRF allows non-destructive chemical analysis of rock samples and can be combined 
with other synchrotron X-ray radiation techniques such as X-ray Absorption Fine Structure 
spectroscopy (XAFS) (e.g. Lintern et al. 2009, Majumdar et al. 2012). The use of synchrotron 
X-ray radiation has gained prominence in ore geology research over the last 10 to 15 years but 
is still largely under-utilized (von der Heyden 2020). In the mining industry it has yet to find 
routine applications. Stromberg et al. (2019) mention the reasons for this under-utilization to 
be low availability, perceived high cost, and long data collection times, though these are being 
mitigated through advances in X-ray fluorescence detector technologies and X-ray optics. 
Additionally, the advent of fourth generation synchrotron light sources and its enhanced 
brilliance will likely further improve the affordance to scientists (von der Heyden 2020). 
Several reviews on the application of synchrotron X-ray radiation in ore geology research have 
been published (e.g. Brugger et al. 2010, Cook et al. 2017, Stromberg et al. 2019, and von der 
Heyden 2020). Cook et al. (2017) and von der Heyden (2020) outline one prominent field of 
application to be synchrotron X-ray fluorescence mapping (SR-XFM) to understand ore 
textures and chemical relationships at high (µm) spatial resolutions. Particularly, the pairing of 
SR-XFM with the Maia detector, which allows large area mapping (thin section size, typically 
26 x 46 mm) at µm-resolution, has resulted in a number of publications (e.g. Ryan et al. 2013, 
Fisher et al. 2015, Li et al. 2016, Hu et al. 2016, Etschmann et al. 2017). In these publications, 



3 
 

the focus is primarily on the detection level capabilities of SR-XFM, e.g. cm2-scale trace 
element distribution mapping. In contrast, studies that test the potential of sub-µm spatial 
resolution, as this study does, are rare (e.g. Brugger et al. 2010).  

Here, we present extreme-resolution (down to 50 nm spot size) SR-XFM data from two 
ore samples of the Liikavaara Östra Cu-(W-Au) deposit, northern Sweden. Analysis was 
performed at the state-of-the-art NanoMAX beamline at the MAX IV synchrotron facility in 
Lund, Sweden, and was the first ever analysis of ore samples at this beamline. The aim of the 
study was to explore opportunities for a possible industrial application of SR-XFM to aid in 
achieving more efficient and sustainable mining through detailed understanding of the trace 
element distribution in the ore. Emphasis was placed on the cutting-edge ability of SR-XFM to 
combine nanoscale spatial resolution with sub-ppm detection levels over square micron areas. 
The technique was used to study the distribution of impurities, both lattice-bound and as 
inclusions, in ore minerals. Impurities may affect the behaviour of ore minerals during 
processing or be of economic interest themselves. Hence, knowledge on their character and 
distribution might help to improve recovery efficiency. Analysis was purely qualitative. The 
Liikavaara Östra Cu-(W-Au) deposit was chosen as a case study. Liikavaara Östra is a felsic 
intrusion-related vein-style deposit hosted by metamorphosed Paleoproterozoic volcaniclastic 
rocks. A detailed geological description of the deposit is presented by Zweifel (1976) and Warlo 
et al. (2020). 
 

   
Figure 1. Spatial resolution and detection limits of several analytical techniques commonly applied in ore geology 
research and the mining industry. SR-XFM exceeds the other methods in both aspect. The maximal spatial 
resolution aimed for in this study was 100 nm, corresponding to a spot/step size of 50nm. 
 
Mineralogical and metallurgical background of the study 
 
The Liikavaara Östra Cu-(W-Au) deposit is scheduled for production by Boliden AB starting 
2023. The ore contains 0.26 wt. % Cu with ppm-amounts of Au (0.06 g/t) and Ag (2.2 g/t). The 
Liikavaara ore will be blended into the production circuit of the nearby Aitik Cu-Au mine, 
where primarily Cu (0.4 wt. %) is produced with Au as a significant by-product. Due to the 
high economic value, Au (0.2 g/t) and Ag (4 g/t) are recovered from the Cu-flotation of the 
Aitik ore. The precious metals mainly find application as jewellery and in investments. At 
Liikavaara, Cu is hosted primarily in chalcopyrite within quartz veins and aplite dykes (Zweifel 
1976, Warlo et al. 2020). SEM-based analysis shows Au to occur natively, in Au-Ag-alloy and 
associated with native Bi, while Ag is observed in hessite (Ag2Te), Bi-Ag-tellurides, Ag-
sulphides and Au-Ag-alloy (Warlo et al. 2019, Warlo et al. 2020). The Au and Ag minerals are 
mainly hosted by quartz veins where they are found along grain boundaries of and as inclusions 
within sulphides (e.g. pyrite, pyrrhotite, chalcopyrite, sphalerite, and molybdenite) and as 
inclusions in quartz. Mineral grain sizes of Au are mainly below 10 µm and below 50 µm for 
the Ag-minerals (Warlo et al. 2020). This suggests at least some Au- and Ag-fraction of the ore 
to be refractory. Blending of ore in conjunction with the refractory nature of Au and Ag could 
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prove challenging for efficient recovery of Au and Ag (Vaughan 2004, Zhou & Cabri 2004, 
Woodcock et al. 2007). Hence, a better understanding of their texture and chemical relationship 
may be beneficial to optimise the mineral processing (Harris 1990, Coetzee et al. 2011). In this 
study, analysis of refractory Au by SR-XFM was tested as one possible field of application in 
the mining industry. 

The Liikavaara Östra ore is besides Cu and precious metals also enriched in Mo (31 g/t), 
which occurs as molybdenite. This concentration is similar to the Mo content in the Aitik ore 
(26 g/t). Wanhainen et al. (2014) suggest Mo as a potential future by-product of Cu-flotation 
based on a detailed study on the character and chemistry of molybdenite in the Aitik Cu-(Au) 
deposit and their implications for processing. The main use of Mo is in metallurgy and the 
production of alloys. Further, the mineral molybdenite finds application in lubricants and 
catalysts. However, Benavente et al. (2002) suggest potential new applications of molybdenite 
in electronics, rechargeable batteries, and energy storage through intercalation with e.g., Li. 
Hence, production of Mo from the Liikavaara ore may also be profitable in the future. 
Nevertheless, recovery of Mo from Cu-flotation is generally more complex than that of Cu and 
subject to various mineral properties of molybdenite (Chander & Fuerstenau 1972, Hoover 
1980, Dippenaar 1982, Raghavan & Hsu 1984, Ametov et al. 2008, Triffet et al. 2008, Zanin et 
al. 2008, Zanin et al. 2009, McClung 2016). At Liikavaara Östra, molybdenite forms 
characteristically bent laths of ~0.2 mm and smaller. It is mainly found as aggregates or 
disseminated, often along the margins of quartz veins. Intergrowths with scheelite and other 
sulphides are occasionally observed (Warlo et al. 2020). Previous SEM-EDS studies of 
molybdenite revealed common micro-inclusions of Bi, Au, Ag, and Te (Warlo et al. 2020). 
However, observations were mostly limited to inclusions with a high brightness contrast to the 
surrounding molybdenite in BSE (back-scattered electron) images. The suitability of SR-XFM 
to determine the variety and character of these micro- and nano-inclusions was tested in this 
study. Knowledge on the inclusions is necessary for understanding Mo recovery. 

Molybdenite is not only the major source of Mo but also Re (Fleischer 1959, Terada et al. 
1971). Rhenium substitutes for Mo in the crystal lattice of molybdenite similarly to W and Se. 
Rhenium is an extremely rare but valuable metal used for high-temperature alloys and as a 
catalyst in chemical processes, and is mainly produced as a by-product from porphyry deposits 
(Millensifer et al. 2014). The Re content in molybdenite can vary significantly even within a 
single deposit but it rarely exceeds 1 wt.% (Fleischer 1959, Terada et al. 1971, Golden et al. 
2013, Wanhainen et al. 2014, Millensifer et al. 2014, Pašava et al. 2016). For the Aitik ore an 
average of 211 ppm Re in molybdenite has been reported (Wanhainen et al. 2014). Despite 
these trace amounts, Wanhainen et al. (2014) suggest the possibility for profitable recovery of 
Re from the Aitik ore. This is largely attributed to the value Re adds to the recovery of Mo, 
which itself adds value to the primary Cu production. This exemplifies the idea of how a more 
holistic approach to mining may increase sustainability as well as profitability of a mining 
operation. The Re-content in the Liikavaara Östra ore is unknown. Yet, some substitution in 
molybdenite may be expected. A heterogeneous distribution of Re in single grains of 
molybdenite has been observed in some ore deposits (Aleinikoff et al. 2012, Ciobanu et al. 
2013). If such a heterogeneity could influence Re-processing is unknown. In this study, SR-
XFM was performed to detect a possible occurrence and distribution of Re in molybdenite. 
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Materials and Methods 
 
Two polished 30 µm-thin sections mounted on 1 mm-thick glass slides were prepared from two 
drill cores representative of the ore body of the Liikavaara Östra Cu-(W-Au) deposit. Three 
regions of interest (ROI) were selected based on petrographic microscopy (Nikon ECLIPSE 
E600 POL) and subsequent study by SEM-EDS (Zeiss Merlin FEG-SEM; Fig. 2):  

(ROI-1) A molybdenite grain in a quartz-vein. The molybdenite grain has a lamellar 
texture and features several micro- to nanometre-thick cracks parallel to the 
lamellae.  

(ROI-2) Micron-sized Au inclusions in subhedral pyrite grains in a quartz vein. 
(ROI-3) A micron-sized native Bi grain with Au partitioning in a quartz vein.  
After petrographic analysis (optical microscopy plus SEM-EDS), the thin sections were 

cut into 1x1 cm pieces with a manual glass cutter (scriber) to fit in the sample holder of the 
NanoMAX beamline at the MAX IV synchrotron facility in Lund, Sweden. Here, SR-XFM was 
performed. The beamline provides a hard X-ray monochromatic beam with a focal spot size of 
50–200 nm. It is routinely operated at energies between 8 and 15 keV (5–28 keV possible). It 
is equipped with a RaySpec single-element silicon drift detector (SDD) coupled with an Xspress 
3 (Quantum Detectors) pulse processor for XRF analysis. Analysis was performed at ambient 
conditions in the diffraction end-station, which allows a <300 nm spatial resolution. A 
configuration of a 90º incident photon beam and 15º outgoing XRF beam was used. The ROIs 
for analysis were located with an optical in-line microscope. Petrographic and SEM-images of 
the samples at various magnifications aided alignment in the X-ray beam. For each scan, 
incident beam energy, pixel size, scan area, and dwell time were selected. In addition, the 
opening of a secondary source aperture (SSA) was adjusted for each scan to regulate the photon 
flux and control the X-ray count rate in the detector (Björling et al. 2020). 

Post SR-XFM, SEM-EDS analysis (Zeiss Merlin FEG-SEM with Oxford Aztec software) 
was performed on selected spots to confirm some of the results of SR-XFM. 
 

 
Figure 2. Regions of interest selected for SR-XFM. ROI-1. A molybdenite grain in a quartz vein. ROI-2. Gold 
inclusions in a pyrite grain. ROI-3. A droplet-shaped Bi grain in a quartz vein. Areas analysed by SR-XFM (white 
boxes) are shown at higher magnification to the right of each ROI. 
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Analytical settings for SR-XFM 
 

The experimental conditions were largely chosen to favour detection of heavy elements. 
Consequently, resolution of common mineral-forming light elements (e.g. Na, Mg, Al, and K) 
was not possible. Additionally, in the present setup Ar fluorescence from the air around the 
sample prevented adequate deconvolution of Ag emission lines. This was due to peak overlap 
between Ar-K and Ag-L emission lines. Incident beam energies used in this study ranged from 
10 keV to 17 keV. The pixel size varied between 1000 nm to 50 nm and was mostly used to 
control scan time, i.e. large area scans were scanned at lower resolution compared to small area 
scans. Scan areas ranged between 180x270 μm to 5x4 μm. Dwell time was kept at 0.1 s for all 
scans. The experimental settings for each scan are summarised in Table 1. 

At ROI-1 two elemental maps were collected (Fig. 2). The main goal was to detect and 
determine the element composition of inclusions and to image a potential distribution of lattice-
bound impurities (Re, W, and Se) in molybdenite. The first map, ROI-1A, was 90x90 µm in 
size and centred on a Au inclusion (Fig. 2). It was stitched together from nine 30x30 µm scans 
with incident beam energies of 16 keV, pixel sizes of 500 nm and dwell times per pixel of 0.1 
s. The photon energy of 16 keV was chosen above the absorption edge energies of some of the 
Bi-L lines. This was a trade-off between enabling Bi-excitation and managing photon flux and 
background fluorescence. The map was split into nine scans to mitigate time-waste in case of 
error. Completed scans could be processed and quality-checked so remaining scans could be 
halted and rerun if necessary. The second map, ROI-1B, was collected over a central part of the 
molybdenite grain (Fig. 2) in a single overnight scan of 90x90 µm with an incident beam energy 
of 15 keV, a pixel size of 200 nm and a dwell time per pixel of 0.1 s. The lower photon beam 
energy compared to ROI-1A was chosen to increase photon flux and the signal-to-noise ratio 
at the expense of excitation of the Bi-L lines.  

At ROI-2 three elemental maps were collected to study a potential elemental zonation in 
pyrite and the element distribution within and around Au inclusions (Fig. 2). ROI-2A, a large-
scale overview map of 180x270 µm over two pyrite grains, was stitched together from six scans 
of 90x90 µm. Incident beam energies of 16 keV, pixel sizes of 1 µm and dwell times per pixel 
of 0.1 s were used. Detector saturation occurred for the most intense Au and Bi inclusions but 
for all other areas the fluorescence signal was accurately acquired. ROI-2B covered a ~4 µm 
inclusion of Au, associated with chalcopyrite, in pyrite (Fig. 2). Another ~0.8 µm Au-grain in 
pyrite occurs next to this inclusion. Data were collected over an area of 12x10 µm with an 
incident beam energy of 17 keV (to excite all Bi L-lines), a pixel size of 100 nm and a dwell 
time of 0.1 s per pixel. ROI-2C covered a ~5 µm inclusion of Au, associated with native Bi and 
chalcopyrite, in pyrite (Fig. 2). It was collected over an area of 10x10 µm with settings equal 
to the previous scan.  

At ROI-3 two elemental maps were collected to show element distribution over a Au-rich 
Bi grain in quartz (Fig. 2). The maps covered the same area of 5x4 µm but were scanned with 
an incident beam energy of 10 keV and 17 keV, respectively. The 17 keV scan was performed 
to excite elements past the Bi-L lines. The 10 keV scan was performed to provide better signal-
to-noise ratio for the lighter elements. Pixel size (50 nm) and dwell time per pixel (0.1 s) were 
the same for both maps. But, actual resolution of the 10 keV scan was lower than of the 17 keV 
scan. This was due to the more open SSA, to the extent that it started broadening the focal spot 
(Björling et al. 2020), to increase the photon flux.  
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Table 1. Analytical settings for SR-XFM (SSA - secondary source aperture). 

Region of interest Scan area [μm] Pixel size [nm] Incident beam energy [keV] Dwell time [s] SSA opening [μm] 

1A (molybdenite) 90 x 90 500 16 0.1 26 x 15 

1B (molybdenite) 90 x 90 200 15 0.1 26 x 15 

2A (pyrite) 128 x 270 1000 16 0.1 26 x 15 

2B (Au inclusion) 12 x 10 100 17 0.1 6 x 6 

2C (Au inclusion) 10 x 10 100 17 0.1 6 x 6 

3 (Bi grain) 5 x 4 

5 x 4 

50 

50 

17 

10 

0.1 

0.1 

6 x 7 

25.8 x 15.32 

 
Processing of SR-XFM data 

 
The detectors collected full spectral data, which were subsequently analysed using the PyMca 
software (Solé et al. 2007). A sum spectrum of each scan was calibrated to the detector set-up 
and conditions of the experiment. Background treatment was done via the SNIP-algorithm 
(Ryan et al. 1988). Peak fitting was performed with the Hypermet function on X-ray emission 
lines that were chosen based on prior knowledge on the composition of the samples, peak 
positions in the spectrum, and relative intensities between emission lines. Fixed relative 
intensities of X-ray emission lines from each element were used, and only the energy range 
from 1.5 keV up to 1 keV below the excitation energy was fitted. Pseudo-concentrations of the 
elements were calculated based on calibration to the same but arbitrary standard. This allowed 
qualitative comparison between data sets.  From the fitted sum spectra software-generated 
fluorescence intensity maps of the individual element emission lines were produced. Based on 
these maps, spectral data of smaller regions within a map, e.g., from inclusions, were extracted 
and fitted. This was done to confirm occurrence of some elements and to search for other 
potentially occurring elements whose peaks may be ‘drowned’ in the sum spectrum of the whole 
scan. 

During processing, some challenges with determining X-ray emission lines from the 
spectral data were encountered: (i) peaks of several lines overlapped. Broad peaks or visible 
‘shoulders’ could indicate several emission lines, possibly of different elements, but certain 
identification was difficult. Additionally, peaks of elements with strong emission could entirely 
‘drown’ peaks of elements with low emission. (ii) Fluorescence of elements with absorption 
edges far from the photon energy of the incident beam could barely exceed background levels. 
This was particularly true for trace elements. (iii) Different combinations of element emission 
lines achieved a visually similar calculated fit. 

These challenges also had implications for the fluorescence maps: (i) fluorescence intensity 
distribution of comparably weak emissive lines spuriously mimicked that of overlapping, strong 
emissive lines. (ii) If emission was close to background levels, fluorescence intensity 
distribution could reflect the background rather than the emission line. (iii) Despite a visually 
similar fit of different combinations of element emission lines, the fluorescence map of the 
same emission line could vary between combinations. 

Consequently, some ambiguity concerning the element composition of and distribution 
within a sample exists, and then especially for weakly emissive trace elements. 
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Results 
 
Molybdenite (ROI-1) 
 
SR-XFM of ROI-1A revealed most of the micro- and nanometre-cracks in molybdenite to be 
filled with impurities (Fig. 3). These impurities constitute mainly Fe-(Mn), Bi-(Pb-Se), and 
minor Cu-(Fe) (Fig. 3). Follow-up SEM-EDS analysis indicated Fe-phases to be both in the 
form of silicates and oxides. Other inclusions detected by SR-XFM, some not larger than one 
pixel (0.5 μm), contain Si, Ca, Au, Ag-Te, W, Ni, and Ti. A ~5x1 µm Au-(Ag) inclusion occurs 
in a crack in the centre of the scanned area and is associated with Bi-(Pb-Se) on both sides along 
the crack (Fig. 3). Broad Au-L peaks could indicate contribution from the L-lines of Pt and Hg. 
However, certain identification was not possible from the available data. The occurrence of Ag 
was mainly known from prior SEM-EDS analysis. In the SR-XFM spectra, the Ag-L lines are 
mostly buried by Ar-K emission from the air in the beam path (Fig. 4). Nevertheless, Ag-L lines 
are observed in the spectral data of only the Au-(Ag) inclusion, indicating the occurrence of Ag 
together with Au, as is typically seen in ore mineralogy (electrum). Additionally, SEM-EDS 
spot analysis indicated several Ag-Te inclusions (signal mixed with molybdenite). In the SR-
XFM spectra, fluorescence of Te is barely above background levels and additionally partly 
buried by emission from Ca (Fig. 4). Proper resolution of Te fluorescence would require a scan 
with lower incident beam energy. Yet, all Ag-Te grains identified with SEM-EDS were also 
resolved by SR-XFM and Ag- and Te-emission lines distinct in the respective spectra of these 
grains. Furthermore, on a logarithmic scale the SR-XFM maps show a large number of 
relatively weakly fluorescent inclusions of the above elements, which are not seen in the SE 
(secondary electron) and BSE images (Figs. 2 and 3). These inclusions are expected below the 
sample surface and only revealed by SR-XFM due to the higher excitation depth of the SR-
XRF beam compared with the electron beam of a SEM.  

SR-XFM also revealed a smooth distribution of Se, W, and Re in molybdenite, which 
indicates these elements to be lattice-bound. The distribution of Re, Se, and W is heterogeneous 
throughout the molybdenite grain (Fig. 3). Some lamellae in molybdenite show strong and some 
weak fluorescence. Abrupt as well as gradual changes in fluorescence occur. Individual 
fluorescence ‘bands’ range from micron to tens of micron width. Distinct changes in 
fluorescence across and diagonal to the lamellar texture occur. Additionally, the distribution of 
Re is inverse to that of W and Se. The latter two are largely similar. Peak overlap between the 
L-lines of W and Au, and Re and Au, respectively, result in a spurious strong fluorescence of 
W and Re in the central Au-inclusion (Figs. 3 and 4). SEM-EDS analysis failed to detect Re, 
Se, and W in molybdenite.  
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Figure 3. Selected pseudo-quantitative SR-XFM element fluorescence maps of ROI-1. The scales are based on 
wt. % concentration but calibrated to an arbitrary set of values. This allows qualitative comparison between ROI-
1A and ROI-1B. A logarithmic scale was used to better resolve weakly fluorescent features. A cut-off 
concentration was applied to all maps to separate features from background. Strongly fluorescent features mostly 
correlate to features visible in the underlying SE image. Weakly fluorescent features probably correlate to features 
deeper in the sample. Some features, e.g. the Au grain in the centre of ROI-1A, appear in several element maps. 
This is due to insufficient deconvolution of peak overlaps in the spectral data. However, in other cases this is due 
to a chemical association of several elements in the same mineral, e.g. Bi-(Pb-Se).  
 
At ROI-1B the molybdenite grain contains fewer inclusions compared to ROI-1A. The 
inclusions are mainly Fe-(Mn), Si, Bi-(Pb-Se), Ni, some Cu, and few Zn, Cr, and Ti (Fig. 3). 
Especially the Fe-(Mn) inclusions seal elongated cracks. SEM-EDS spot analysis shows Fe 
inclusions to be silicates. Some inclusions of Bi-(Pb-Se) are of only one to two pixel thickness, 
i.e. 200–400 nm (Fig. 3). Furthermore, Ti, Cr, and Zn occur as only a few pixels large spot-like 
inclusions. Their emission lines are distinct in the spectral data, when looking at the data from 
individual inclusions, but get lost in the total sum spectrum (Fig. 4). Many inclusions are not 
visible in the SE and BSE images (Figs. 2 and 3). They probably lie beneath the surface of the 
molybdenite grain. 

Lattice-bound distribution of Re, Se, and W is generally similar to ROI-1A (Fig. 3). 
However, variation in fluorescence diagonal to the lamellar texture of molybdenite is almost 
absent. Also, spatial separation between Re and W, and Se is less pronounced (Fig. 3). 
 



10 
 

 
Figure 4. SR-XFM sum spectral data for ROI-1A and ROI-1B. The fitted spectrum is marked in red. Background 
uses the SNIP algorithm (Ryan et al. 1988). Locations of fluorescence lines of elements used for fitting are shown.  
 
Gold in pyrite (ROI-2) 
 
SR-XFM spectral data of ROI-2A suggests that pyrite contains As and possibly Co (Fig. 5). 
Confident identification of Co is difficult as the Co signal is dwarfed by the strong fluorescence 
of Fe in pyrite (Fig. 5). SEM-EDS spot analysis confirmed the occurrence of As, but not Co 
(possibly due to the EDS detection limits). However, the fitted fluorescence maps of Fe and Co 
are different, which supports an occurrence of Co. The pyrite grains are zoned with respect to 
Fe, As, and Co (Fig. 6). The distribution of As and Co is largely inverse to that of Fe, i.e. zones 
with strong As and Co fluorescence show weak Fe fluorescence and vice versa. In one pyrite 
grain, As fluorescence is strongest in the core, in another it surrounds a core of strong Fe 
fluorescence. This may suggest different pyrite generations.  

In some fluorescence maps (especially Fe), the grain boundaries of the pyrite grains show 
gradational decrease/increase in fluorescence towards the surrounding quartz (Fig. 6). This is 
caused by the beam excitation volume intersecting both pyrite and quartz at grain boundaries 
and is a result of the sample thickness (aspect ratio 1:60 compared with beam size) and the 
geometry of the experimental configuration (90º incident photon beam, 15º outgoing XRF 
beam). 

The mapped pyrite grains contain several inclusions of Au, Bi, Cu, Zn, and Ag, which were 
subsequently confirmed by SEM-EDS (Fig. 6). Two ~5 μm Au grains are observed with a few 
submicron Au grains nearby. In one pyrite grain, the Au inclusion is associated with Bi (ROI-
2C), and in another with Cu (ROI-2B). In the latter pyrite grain, Zn and Bi form an array of 
micron to sub-micron inclusions within the pyrite core. Copper forms several micron-sized 
inclusions in various pyrite grains and in quartz (Fig. 6). Optical microscopy and SEM-EDS 
analysis suggest these inclusions to be chalcopyrite. 
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Figure 5. SR-XFM sum spectral data for ROI-2. The fitted spectrum is marked in red. Background uses the SNIP 
algorithm (Ryan et al. 1988). Locations of fluorescence lines of elements used for fitting are shown.  
 

 
Figure 6. Selected pseudo-quantitative SR-XFM element fluorescence maps of ROI-2A. The scales are based on 
wt. % concentration but calibrated to an arbitrary set of values. This allows qualitative comparison between 
element maps. A logarithmic scale was used to better resolve weakly fluorescent features. A cut-off concentration 
was applied to all maps to separate features from background.  
 
At ROI-2B, the SR-XFM maps of Au and Cu show a gradual decrease in fluorescence from the 
core to the rims of the Au and chalcopyrite inclusions, respectively (Fig. 7). This spurious 
distribution pattern is again caused by the beam excitation volume intersecting adjacent 
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minerals as the sample is thick compared to the beam size, with an aspect ratio of 1:300. 
Similarly, Fe and S fluorescence from pyrite is much weaker on one side of the Au inclusion 
than anywhere else in the grain. This ‘shadow effect’ is a result of the beam path configuration 
(90º incident photon beam, 15º outgoing XRF beam).  

Other elements identified by SR-XFM are As, Bi, Pb, and Zn (Figs. 5 and 7). Arsenic 
fluorescence is strong in some areas within the pyrite grain. Bismuth, Pb, and Zn form 
nanometre inclusions within chalcopyrite and a 1 µm Bi-Pb grain is observed in pyrite close to 
chalcopyrite. Of these, only the Bi-inclusion in chalcopyrite is visible in the SE and BSE images 
(Figs. 2 and 7). 

Many fluorescence maps (e.g., Cu, As, Bi, Pb, Zn) to some extent mimic maps of other 
elements (especially Au) (Fig. 7). This is spurious and caused by peak overlaps of the respective 
emission lines (Fig. 5). Only for Cu it is plausible that Cu fluorescence within the larger Au 
grain comes from chalcopyrite below the Au grain in the sample. The spectral data of the Au 
inclusion shows a shoulder on the peak of the Fe-Kβ emission line that is not visible in the total 
sum spectrum. This could indicate presence of Ni, but the resolution is insufficient to provide 
any certainty. Likewise, broad Au-L peaks could indicate the presence of Pt and Hg, but 
uncertainty is even higher compared with Ni. SEM-EDS spot analysis of the Au inclusion 
detected small portions of Ag and Fe. The Fe-signal came from the surrounding pyrite. 
Resolution of Ag by SR-XFM was not possible due to the overlap between Ar-K and Ag-L 
emission lines (Fig. 5). While the fluorescence map of Ag shows distribution within the Au 
grain, this could be due to overlap of the Ag-L and Au-M lines (Fig. 7).  
 

 
Figure 7. Selected pseudo-quantitative SR-XFM element fluorescence maps of ROI-2B. The scales are based on 
wt. % concentration but calibrated to an arbitrary set of values. This allows qualitative comparison between 
element maps. A logarithmic scale was used to better resolve weakly fluorescent features. A cut-off concentration 
was applied to all maps to separate features from background. The Au grains appear in several element maps. This 
is mostly due to insufficient deconvolution of peak overlaps in the spectral data. 
 
SR-XFM of ROI-2C provided similar results as the SEM-EDS analysis had previously done. 
However, the Au fluorescence map indicates a Au grain in the corner of the analysed area, 
which is not visible in SE and BSE images (Figs. 2 and 8). It could possibly lie beneath the 
sample surface. This is supported by the weaker fluorescence of the Au grain in the corner 
compared to the Au grain in the centre of the map (Fig. 8). Similarly, the Bi and Cu fluorescence 
maps show a ~1 μm grain within the central Au grain and pyrite, respectively, which are not 
visible in the SE and BSE images (Figs. 2 and 8). Similar to ROI-2A and ROI-2B, intersections 
of multiple phases by the beam excitation volume and energy overlaps between emission peaks 
caused spurious patterns in most SR-XF maps (Fig. 8). The peaks of Fe-K, Au-L, and Bi-L are 
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broad, but resolution is insufficient to separate possibly ‘buried’ emission lines of other 
elements, e.g., Mn-K, Pt-L, and Hg-L (Fig. 5). 
 

 
Figure 8. Selected pseudo-quantitative SR-XFM element fluorescence maps of ROI-2C. The scales are based on 
wt. % concentration but calibrated to an arbitrary set of values. This allows qualitative comparison between 
element maps. A logarithmic scale was used to better resolve weakly fluorescent features. A cut-off concentration 
was applied to all maps to separate features from background. The Au and Bi grains appear in several element 
maps. This is mostly due to insufficient deconvolution of peak overlaps in the spectral data. 
 
Bismuth droplet in quartz (ROI-3) 
 
Two scans (at 10 and 17 keV, respectively) cover the same Bi-inclusion with Au partitioning 
within quartz (Fig. 2). Yet, their respective spectral data and corresponding fluorescence maps 
show important differences (Figs. 9 and 10). The energy range up to 10 keV is much better 
resolved in the 10 keV scan (Fig. 9). This is particularly true for V, Cr, and Ti, whose K-
emission lines hardly elevate from the background in the 17 keV scan (Fig. 9). Most 
fluorescence maps of the 10 keV scan show distinct nanometre inclusions of strong 
fluorescence within the Bi grain (Fig. 10). In contrast, 17 keV maps of the same elements 
largely fail to display these nanometre inclusions. Instead, their fluorescence patterns mimic 
that of Bi-L. However, the 17 keV scan allowed emission lines above 10 keV (Bi-L, Au-L, Pb-
L, and Se-K) to be recorded. While it was possible to record Bi-M, Au-M, and Pb-M with the 
10 keV scan, the corresponding fluorescence maps do not achieve the same level of detail as 
the L-emission line maps. Consequently, the results of the 10 keV scan are preferred for 
emission lines below 10 keV and the results of the 17 keV for emission lines above 10 keV. 

The Bi grain contains three Au inclusions of 0.5–1.5 µm size (Fig. 10). Two of the 
inclusions lie centrally within the Bi grain, and the third occurs at the grain boundary of the Bi 
grain. A ~800 nm Fe-Mn inclusion and several sub-500 nm inclusions of Ni-Cr-Fe are also 
observed along the grain boundary (Fig. 10). Zink, Ca, and Cu occur disseminated within the 
Bi-grain (Fig. 10). The Ca fluorescence may be caused by silicate inclusions in the Bi grain. 
Titanium and V are distinct in the spectral data, but their fluorescence maps mostly resemble 
the Bi-L emission pattern (Figs. 9 and 10). A 400 nm Ti-Ca grain sits next to the Bi-grain in the 
surrounding quartz (Fig. 10). The Bi-L peaks are broad and suggest possible contribution from 
Pb-L and Se-L emission lines (Fig. 9). Fluorescence maps of Bi, Pb, and Se are similar, though 
this may be expected given the common mineralogical association of these three elements 
(Ciobanu et al. 2009; Fig. 10). Hence, occurrence of Pb and Se is inconclusive. 
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Figure 9. SR-XFM sum spectral data for ROI-3. The fitted spectrum is marked in red. Background uses the SNIP 
algorithm (Ryan et al. 1988). Locations of fluorescence lines of elements used for fitting are shown.  
 

 
Figure 10. Selected pseudo-quantitative SR-XFM element fluorescence maps of ROI-3. The scales are based on 
wt. % concentration but calibrated to an arbitrary set of values. This allows qualitative comparison between 
element maps. A logarithmic scale was used to better resolve weakly fluorescent features. A cut-off concentration 
was applied to all maps to separate features from background. Element fluorescence maps Ca-K to Zn-K are from 
the 10 keV scan, maps Se-K to Bi-L from the 17 keV scan.   
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Discussion 
 
Molybdenite 
 
The layered texture of molybdenite allows substantial inclusion of foreign mineral grains in 
open spaces between layers (Ciobanu et al. 2013, Pašava et al. 2016, Ren et al. 2018). The 
results of this study imply widespread occurrence of micro- to nanometre-sized mineral 
inclusions of complex elemental composition in molybdenite also at Liikavaara Östra. Triffet 
et al. (2008) observed molybdenite layers to be pulled apart during processing and silica phases 
becoming trapped in these open spaces. They also discussed a potential effect of silica 
inclusions on flotation behaviour of molybdenite, though inconclusive. Nevertheless, coatings 
of molybdenite by Ca, Fe, Mg and K from gangue minerals of skarn ore were reported to 
significantly decrease floatability of molybdenite (Zanin et al. 2009). It seems plausible that 
comminution could also open up existing open spaces and expose mineral inclusions. Iron and 
Bi inclusions might then cause molybdenite to be depressed during Cu-flotation if depressants 
for Fe sulphides and Bi were used. This would then lower the molybdenite recovery. In contrast, 
if molybdenite was floated with its inclusions, further purification steps may be required should 
concentrations of e.g. Bi and Pb exceed penalty limitations set by the smelter. At the Aitik 
processing plant, Au is mainly recovered from the Cu-flotation. If Au and Ag inclusions 
remained trapped in molybdenite after the Cu-flotation they might not be recovered. 
Considering the small amount of Au and Ag in molybdenite at Liikavaara Östra, it is unlikely 
their loss would warrant the cost of additional steps to achieve recovery. Yet, it may be relevant 
for other deposits. Overall, flotation tests in combination with micro- to nanoscale analysis of 
educts and products may help to address these questions. 

SR-XFM revealed molybdenite at Liikavaara Östra to contain Re, W, and Se. This is 
relevant for a potential future production of Mo and Re from the blended ore of the Aitik and 
Liikavaara Östra deposits.  Failure of SEM-EDS to adequately detect Re, W, and Se suggests 
their concentrations likely to be well below 1 wt. %, which is common for these metals (Golden 
et al. 2013, Pašava et al. 2016). In comparison, Re in molybdenite of the Aitik deposit is on 
average 211 ppm, and still suggested to possibly be profitable (Wanhainen et al. 2014). If 
concentration at Liikavaara Östra was similar, this would further encourage production. The 
grain-wide distribution of Re, W, and Se suggests substitution of Mo in the crystal lattice of 
molybdenite. The three metals are heterogeneously distributed throughout the molybdenite 
grain (Fig. 3). In the literature, heterogeneity of Re in molybdenite has been observed as 
oscillatory zoning, e.g. in the Hilltop deposit, USA (Ciobanu et al. 2013) and the Vosnesensk 
deposit, Russia (Grabezhev & Voudouris 2014 and references therein). In addition, an inverse 
distribution of Re and W has been described for the Hilltop deposit, USA (Ciobanu et al. 2013). 
Furthermore, Terada et al. (1971) and Aleinikoff et al. (2012) described a core-rim relationship 
for Re in molybdenite grains from Japan and of the Hudson Highlands, southern New York, 
respectively. Results of this study confirm a largely inverse distribution of Re and W. However, 
the sub-micron spatial resolution (500 and 200 nm spot/step size, respectively) shows a much 
more complex pattern than simple oscillatory zoning (Fig. 3). A core-rim relationship cannot 
be inferred based on the obtained maps, although the scans did not cover an entire molybdenite 
grain. Comparison of SR-XFM with polarized light, SE, and BSE images fails to identify 
structures that may control the distribution of Re, W, and Se (Figs. 2 and 3).  
Dissolution/reprecipitation processes suggested by Aleinikoff et al. (2012) for molybdenite 
from the Hudson Highlands may have played a role also for the Liikavaara molybdenite, but 
further analysis is required. For processing of molybdenite and secondary Re recovery, the 
heterogeneous distribution of Re, W, and Se might mainly be relevant in regard to determining 
their content in molybdenite. Spot-analysis, by e.g. LA-ICP-MS, will likely over- or 



16 
 

underestimate the Re, W, and Se content, hence techniques analysing whole grains should be 
preferred when setting up a mineral processing scheme for the recovery of Re.  

Molybdenite is a suitable mineral for absolute age dating, by making use of the 187Re-187Os 
isotopic ratio (Stein et al. 2001). Considering the likely Paleoproterozoic age of the 
mineralization at Liikavaara Östra (Warlo et al. 2020) some amount of radiogenic 187Os should 
be expected (Stein et al. 2001). Yet, in this study, no Os was detected in the spectral data of the 
molybdenite scans.  The most likely explanation is that the Os concentration was still too low 
to create sufficient fluorescence above background levels or that the SR-XFM map was done 
in an Os-poor part of the molybdenite grain. There is a possibility for decoupling of Re and Os, 
a mechanism first postulated by Stein et al. (1998, 2001). In this case, 187Os is unlikely to be 
incorporated into the adjacent quartz (Stein et al. 2003) but should still be retained within other 
parts of the molybdenite grain. Stein et al. (2003) suggest radiogenic 187Os to be stored in crystal 
defects such as kink bands and delamination cracks.  
 
Gold in pyrite 
 
Gold recovery from the Aitik processing plant is currently only coming from the Cu-flotation 
and the recovery rate <50% (Sammelin et al. 2011). In a study on the Au mineralogy of the 
Aitik Cu-Au deposit, Sammelin et al. (2011) observed a significant amount of Au locked as 
fine inclusions in silicates and pyrite. They concluded this Au to be diverted to the tailings 
during Cu-flotation. Hence, in order to increase Au recovery other methods need to be 
employed. Cyanide leaching tested uneconomic due to low grade, low tonnage, and high cost 
of cyanide (Sammelin et al. 2011). Additionally, Sammelin et al. (2011) reported issues with 
cyanide consumption by sulphides and reduced cyanide effectivity on Au due to reaction with 
Ag. Nevertheless, leaching tests showed a 65% Au recovery through direct cyanide leaching 
and a 95% recovery by cyanide leaching on the residue (personal communications Nils-Johan 
Bolin, Boliden AB). 

At the Liikavaara Östra Cu-(W-Au) deposit a similar distribution of Au compared to the 
Aitik Cu-Au deposit was observed (Warlo et al. 2020). While some Au occurs with 
chalcopyrite, a substantial amount is locked as very fine-grained inclusions (<10 μm) in quartz, 
pyrite and other gangue minerals (Warlo et al. 2020). The increased tonnage from blending of 
the Aitik ore with the Liikavaara Östra ore may incentivise re-evaluation of cyanide leaching 
of the pyrite tailings. However, similar to Aitik (Sammelin et al. 2011), reduced cyanide 
effectivity on Au at Liikavaara Östra may be expected. Many Au grains in the Liikavaara Östra 
ore contain a significant amount of Ag (Warlo et al. 2020) that may react with the cyanide 
solution and thereby generate lower Au recovery (Zhou & Cabri 2004). The Au in pyrite is 
partly associated with other sulphides that may lead to high cyanide consumption (Harris 1990). 
Furthermore, this study suggested a possible relationship between Au in pyrite and As-
enrichment, though sample volume was insufficient to draw conclusions (Figs. 6 and 7). Yet, a 
link between refractory Au and As-enrichment has been described in many pyrite-bearing Au-
deposits (e.g. Wells & Mullen 1973, Fleet et al. 1989, 1993, Cook and Chryssoulis 1990, 
Arehart et al. 1993, Craig et al. 1998, Pals et al. 2003, Belcher et al. 2004, Wu et al. 2019). In 
a worst-case scenario, this would require additional steps to remediate for As during Au 
processing. Regardless of these uncertainties, further metallurgical tests to extract Au from 
pyrite in the Aitik processing plant may be motivated in the short or long term.  
 
Bismuth droplet in quartz 
 
The occurrence of Au together with Bi-chalcogenides is common in ore deposits (Cook & 
Ciobanu 2005, Cook et al. 2009). Experimental work (Douglas et al. 2000, Tooth et al. 2011), 
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thermodynamic modelling (Wagner 2007, Tooth et al. 2008), and observations from ore 
deposits (Cook et al. 2009 and references therein) suggest Bi-melt to be the driving factor 
behind this association. Bi-melt may scavenge Au from aqueous fluids and subsequently 
crystalize if conditions are favourable (Liquid Bismuth Collector Model, Douglas et al. 2000). 
Mineralisation is typically observed as droplets of Bi-chalcogenides together with Au, within 
common ore minerals (Ciobanu & Cook 2002). The occurrence of Au-containing Bi-droplets 
in quartz has been described for the Liikavaara Östra deposit (Warlo et al. 2020), and one such 
droplet was scanned by synchrotron XFM in this study (ROI-3), at a spot/step size of 50 nm. 

SEM-EDS had previously shown the 3.5x2.3 µm large droplet to be mainly Bi with some 
partitioning of Au to one side of the grain. SR-XFM confirmed the occurrence of Au and 
revealed three distinct Au inclusions of 0.5–1.5 µm size (Fig. 10). This type of observation, Au 
inclusions in the Bi droplet, fits well with observations by Ciobanu et al. (2009), who interpreted 
irregular (spiky) time-resolved LA-ICP-MS data plots of Au across grains of Bi-chalcogenides 
as indications for nanoscale gold particles. Several other inclusions (Fe-Mn, Ni-Cr-Fe, Cu, Zn, 
and Ca) were observed by SR-XFM (Figs. 9 and 10). While Ciobanu et al. (2009) measured 
contents of Fe and Zn in Bi-chalcogenides with LA-ICP-MS, there is no mentioning on how 
these elements occur in the Bi grains. Results from SR-XFM in this study also suggest an 
occurrence of lattice-bound Pb and Se in the Bi grain. Both elements are common in Bi-
tellurides (Ciobanu et al. 2009). In contrast, Cu, seen here disseminated across the grain with 
locally larger inclusions (Fig. 10), usually substitutes in Bi-sulfosalts (Ciobanu et al. 2009). 
Titanium and V, detected by SR-XFM, largely follow the Bi distribution (Fig. 10). It is unclear 
how these elements are related to the Bi grain. Some impurities like Ca, Fe, and Mn may point 
to minute silicate inclusions within the Bi grain. Overall, although only one Bi-droplet was 
scanned by SR-XFM, the results suggest the composition of these droplets to be more 
complicated than indicated by the available literature.  

With respect to the recovery of Au in the mineral processing, the Bi-droplets are 
troublesome. They are distributed in gangue (quartz), are only a few micrometre large, and 
carry Au, which additionally is partially locked within the grain. Gold in these Bi-droplets is 
therefore most likely lost to the tailings during processing, so the proportion of Bi/Au droplets 
in the ore needs to be investigated properly.  
 
Challenges of SR-XFM of ore samples 
 
While SR-XFM analysis provided highly detailed and interesting results, this study also 
revealed challenges concerning analysis and data processing of SR-XFM of ore samples. 

The unique construction of each synchrotron facility provides a large variety of analytical 
set-ups. While this is a key benefit over lab-based systems, it also means considerable time 
needs to be spent on the planning of an experiment in order to choose a suitable beamline and 
to maximise the output. Synchrotron radiation is highly customisable to individual needs. 
Various parameters like photon energy, photon flux, dwell time, pixel size, etc. have to be 
carefully selected to collect quality data and minimise image artefacts. Superior brilliance and 
extreme spatial resolution of synchrotron radiation allows collection of large amounts of data 
in a rather short time frame. However, for optimal results, several scans with variable 
experimental set-up and analytical settings are sometimes necessary.  

In this study, Ar fluorescence from the air in the beam path prevented adequate resolution 
of Ag fluorescence. High-energy scans necessary to excite L-emission of heavier metals like 
Au and Bi were much poorer in the resolution of lighter elements compared to low-energy 
scans. This was clearly shown by the analysis of a Bi grain at 17 keV and 10 keV, respectively 
(Fig. 9). The setup of a 90º incident beam produced a large beam interaction volume in the 
samples and consequently high flux. Particularly at grain boundaries, this caused the interaction 
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volume to intersect adjacent phases resulting in mixed fluorescence. This was seen as variations 
in fluorescence intensity in some fluorescence maps. For example, in the Au inclusions in 
pyrite, variations in Au fluorescence due to mixed fluorescence overlaid any potential chemical 
variations within the grains. Thus, the benefit of the 100 nm spot/step size was somewhat 
negated and information largely similar to that obtained by SEM-EDS.  

These issues may be addressed by: (i) use of a vacuum chamber or simpler He tent to 
remove Ar fluorescence, (ii) variable incident beam energies to properly resolve light and heavy 
elements, (iii) polishing the sample to quasi-2d (e.g., by focused ion beam milling) to reduce 
the beam interaction volume, or (iv) use of a 3d technique (x-ray fluorescence tomography) to 
adequately resolve the sample depth. However, these ‘fixes’ have to be weighed against the 
limited beam time.  

The software used for analysing SR-XFM (PyMCA) data can handle most varying 
experimental conditions and types of samples and therefore, it is complex and not trivial to use 
correctly. In ease-of-use and automation it trails behind counterparts for lab-based systems. 
However, when a first set of analysis parameters has been established, further analysis can be 
automated. It should be noted, though, that for accurate quantification of several elements, with 
widely spanning concentration levels, a human examination is often needed. With the complex 
geological samples, this is the case. Here, peak-overlaps, broad peaks, and near-background 
peaks made assessment of the presence or absence of specific elements difficult. In addition, 
overlap between emission peaks of several elements and near-background fluorescence led to 
inaccurate representation of element distribution in fluorescence maps, which complicated data 
interpretation. 
 
SR-XFM in the mining industry 
 
In the mining industry, analytical techniques are mainly applied for routine quantitative analysis 
with a high sample throughput to monitor the ore feed and products (e.g., whole rock XRF, 
automated SEM, LIBS). Dedicated analysis on a smaller, yet statistically significant, number 
of samples may be performed for better characterisation of some minerals (e.g., EPMA, SIMS, 
LA-ICP-MS, μXRF). Accessibility to synchrotron facilities is limited and beam time 
constrained, making routine investigations hardly possible. Further, the number of samples 
analysed at a synchrotron facility are typically less than at a lab and the issues of sample 
representativeness and scalability, common in micro-analysis, even more pronounced. 
Achieving statistical significance, crucial in mining operations, is thus clearly challenging. 
Synchrotron radiation-based analysis is therefore mainly a research tool, well-suited to study 
ore forming processes and to address issues concerning metal recovery. Nevertheless, 
synchrotron radiation based-analysis should always be preceded by a thorough lab-based micro-
analysis to guide sample selection and improve sample representativeness.  

Two possible applications of SR-XFM in the mining industry were tested in this study. 
They rely on the combination of high spatial resolution (nanometre) and high detection range 
(sub-ppm): (1) Analysis of nano-inclusions: Inclusions of gangue in ore minerals can cause 
unwanted elements in the mineral concentrate and subsequently potentially also in the metal 
end-product. Vice versa, ore mineral inclusions in gangue can cause loss of metals to the 
tailings. SR-XFM may help to prove the existence of and characterise such inclusions, where 
lab-based methods lack in spatial resolution. This is particularly the case for sub-micron 
inclusions, as very few techniques demonstrate nanometre spatial resolution (Fig. 1). (2) 
Mapping of impurities at ppm-level: The distribution of impurities in some minerals (e.g., 
zoning) may reflect ore genetic conditions and knowledge thereof aid in ore deposit exploration. 
Further, it may explain inconsistent metal deportation during processing, e.g. due to distribution 
in the core versus along the margin of a grain. While many techniques offer ppm-level element 
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mapping, the simultaneous nanometre spatial resolution and non-destructive nature is unique 
to SR-XFM (Fig. 1). If the superior resolution of SR-XFM to lab-based systems is of broader 
interest to the mining industry has yet to be assessed given the novelty of third- and fourth-
generation synchrotron light sources. The results of this study indicated potential implications 
for metal recovery, but further analyses in combination with flotation tests are needed to 
evaluate their significance. Considering the continuous advancements in mineral processing, 
SR-XFM surely will find more application in the future. At the latest, once lab-based systems 
achieve nanometre resolution will studies at the nanoscale be common. 
 
 
Conclusions 
 
Synchrotron XFM is a powerful technique and proved effective for mapping of micro- to 
nanometre inclusions in molybdenite and pyrite. It also showed convincing results for ppm-
element distribution mapping. Lattice-bound Re, W, and Se in molybdenite and zonation of As, 
Co, and Fe in pyrite were resolved. Mapping of a few-micrometre sized Bi grain highlighted 
the capabilities of extreme-resolution mapping. Nanometre-sized inclusions of several 
elements, including Au, within the Bi grain were resolved.  

However, SR-XFM requires more careful planning, execution, and processing of data 
compared to many lab-based XRF technologies. Difficulties in accessing a synchrotron make 
SR-XFM inappropriate for routine investigations in the mining industry. However, for specific 
problems at hand for the industry (e.g., trace metal deportment during processing), SR-XFM 
may be an excellent tool. Dependency of data quality on the expertise of the user may further 
demotivate application of the synchrotron technology in the mining industry, unless post-
processing of data can be supported and/or advised by the beamline scientists, which is typically 
the case.  Nevertheless, the high resolution and low detection limits in a SR-XFM system are 
hardly obtainable by lab-based XRF systems. Synchrotron technology is therefore best suited 
to address specific issues that more accessible techniques fail to solve, e.g. if metal deportment 
is impacted by nano-inclusions and the distribution pattern of impurities. With constant 
development in mineral processing and metallurgy, unravelling the complexity of ore minerals 
at the nanoscale may prove especially valuable to improving metal recovery. Synchrotron XFM 
is well suited for this task. Results of this study showed particular strength in the combination 
of nanometre resolution with ppm detection levels. Yet, they also showed that SR-XFM is best 
applied in conjunction with other techniques like SEM-EDS, EPMA, or LA-ICP-MS.  
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