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Abstract 
 
Sustainable mining, including the utilisation of an ore body to its full potential, is becoming increasingly 
important for human society as the demand for metals increases. In order to maximise the recovery of 
useful metals, detailed characterisation of the ore prior to processing is vital. Characterisation should 
include major and minor ore minerals, gangue minerals, and also trace metals. Trace metals despite their 
low abundance are often particularly important, either due to their high economic value and criticality for 
society, or their negative impact on the quality of the main commodity recovered and/or the environment. 
To properly characterise trace metals in an ore deposit the use of micro-analytical techniques is necessary. 
Nowadays, a plethora of techniques exist, each with their own strengths and weaknesses. In the mining 
industry, automated scanning electron microscopy systems are widely used. These systems allow for 
rapid mineralogical characterisation and quantification of a sample and are commonly used to quantify 
the mineralogy of the ore feed and subsequent products. Operators of these systems benefit from prior 
knowledge of the mineralogy of a sample/deposit to fine-tune their processing software to deliver data of 
highest quality. In this study, a method to improve trace metal characterisation in ore deposits with 
automated scanning electron microscopy systems is presented. It is implemented as a case study on the 
Liikavaara Cu-(W-Au) deposit in northern Sweden. The deposit is enriched in several trace metals 
including Au, Ag, Bi and Sn, and is planned for production in 2023. The mine will produce Cu as the 
main product and Au and Ag as by-products, and the processing of the ore will be performed in the 
nearby Aitik plant. For this study, a detailed geological and mineralogical investigation of the deposit was 
performed prior to analysis with the automated scanning electron microscopy system. A good 
understanding of the mineralogy is necessary to be able to select a representative sample for the 
subsequent automated analysis and to guarantee optimal data quality produced by the automated system, 
and to judge the performance of the automated system, to improve the method of analysis.  
Manuscript 1 deals with the geological description and genetic aspects of the Liikavaara ore deposit. 
Results indicate that Liikavaara is an intrusion-related vein-style deposit. Mineralisation is hosted by 
quartz-tourmaline and calcite veins in a metadiabase that is partly metamorphosed to biotite schist. A 1.87 
Ga granodiorite intrudes the footwall. Aplite dikes, genetically related to the intrusion, crosscut the 
metadiabase host rock. Mineralised veins are concentrated in and around these dikes.  
Manuscript 2 deals with method development of automated mineralogical analysis. A sample from a 
mineralised quartz-tourmaline vein at Liikavaara was analysed in great detail with the QEMSCAN® 
system. Apart from ore minerals in major and minor abundance the sample also contains ore minerals in 
trace quantities, e.g. Au and Ag minerals. The sample was analysed using two different analytical 
settings, at two different laboratories, one typical of a production-focused industrial approach and one 
quality-focused scientific approach. A first analysis using the industrial system was unable to detect any 
Au and Ag minerals in the sample. By modification of the QEMSCAN® mineral reference library, 
through iterative use of the data from both the industrial- and the scientific systems, detection and 
quantification of Au and Ag minerals was successful. This method can be implemented as an add-on for 
routine industrial analysis by automated scanning electron microscopy systems to gain information on 
trace mineral occurrence and distribution. This information can then be used for targeted sample selection 
for further in-depth analysis of the trace metal content and occurrence in the deposit.    
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1. Introduction 
 
Metals are crucial for human society and today’s 
standard of living could not have been attained 
without them. Just as society is continuously 
growing so is its need for metals. Unfortunately, 
with more and more metal deposits being exploited, 
exploration for new deposits becomes increasingly 
difficult. While new technological advancements 
aid in finding and producing formerly inaccessible 
or uneconomic deposits, efforts also have to be 
made to mine sustainably and to maximise metal 
recovery in all current and future mines. 

A key requisite for maximising recovery of the 
mined metal is to have good control on the ore feed 
and a processing set-up adapted to it. This requires 
detailed ore characterisation prior, during, and past 
processing. Only with information on modal 
mineralogy, mineral association and distribution, 
grain sizes, textures, structures, metal deportment, 
degree of liberation etc. is it possible to develop an 
optimised processing workflow. Nowadays, mining 
of ore deposits with sub-percent metal grades and 
micron-sized ore minerals is technically possible 
and for some metals (e.g. Au) also economically 
feasible. This type of mining is likely to increase in 
the future, especially for precious metals like Au. 
In 2011 the European Commission published a list 
of raw materials of high economic importance for 
the EU but with a high risk associated with their 
supply. This list has been updated every three years 
since, lastly in 2017 (European Commission 2017). 
Many of these ‘Critical Raw Materials’ (CRM) 
occur as trace metals in European mines. Thus, 
their production as by-products could potentially be 
profitable and should be kept in mind when 
planning procedures for dealing with waste rock 
and tailings.  

In order to characterise ore where economic and 
potentially economic minerals are more or less in 
the micron scale advanced micro-analytical 
techniques are necessary. Many techniques have 
been developed during the last few decades and 
range in their application from imaging to chemical 
analysis to spatial analysis. Particularly strong are 
electron beam techniques like Scanning Electron 
Microscopy (SEM), Electron Probe Micro-
Analyzer (EPMA), and automated systems, e.g. 
QEMSCAN® (Quantitative Evaluation of Minerals 
by SCANning electron microscopy) and Mineral 
Liberation Analyser (MLA). These systems 
provide both spatial and chemical data and are 
therefore well-suited to resolve mineralogical, 
textural and structural parameters of an ore. Other 

notable techniques include laser-based techniques 
like Laser Ablation Inductively Coupled Plasma 
Mass Spectrometry (LA-ICP-MS) which provides 
accurate chemical compositions down to the low-
ppm level and reveals chemical zoning in minerals, 
and 3-dimensional techniques like Micro 
Computed Tomography (micro-CT) which creates 
a transparent 3-D image of a sample based on the 
X-ray attenuation between different phases. A 
comprehensive compilation of techniques and their 
strengths and weaknesses particularly for 
determination of Au mineralogy is provided by 
Goodall and Scales (2007), and the scientific 
journal Ore Geology Reviews 81 (2017) contains a 
special issue dedicated to the use of micro-
analytical techniques for the study of trace element 
geochemistry of ore minerals and accessory phases.  

In the mining industry, especially the Automated 
Scanning Electron Microscopy (ASEM) systems 
find application as they allow for rapid 
mineralogical characterisation and quantification of 
the ore feed and products, but also for early-stage 
exploration samples. However, trace mineral 
characterisation is often neglected, particularly for 
currently non-profitable metals and deposits where 
the main product is enriched far above trace 
amounts. However, for sustainable mining, 
knowledge on trace metal mineralogy and 
occurrence is important. Many trace metals are 
critical to society or deleterious to the main ore 
products and/or the environment. Hence, there is a 
need for improved application of ASEM systems in 
the mining industry for comprehensive ore 
characterisation including trace minerals. This is 
the focus of this study.  

This study concludes the first half of a PhD 
project titled ‘Linking advanced micro-analytical 
techniques to develop ore characterisation 
methodology’. The project is designed as a case 
study on the Liikavaara Cu-(W-Au) deposit. The 
deposit is situated approximately 50 km north of 
the Arctic circle and 4 km east of the Aitik Cu-Au 
deposit in the Gällivare area, northern Sweden (Fig. 
1A). The area is dominated by Svecofennian rocks, 
where volcaniclastic rocks of the Muorjevaara 
Group dominate towards the east, whereas the 
western part constitutes intermediate to felsic 
volcanic rocks of the Kiirunavaara Group 
(Martinsson and Wanhainen 2004). Plutonic 
intrusions occur throughout the Gällivare area and 
a major shear zone, the Nautanen Deformation 
Zone, runs north-northwest through it (Martinsson 
and Wanhainen 2004, Wanhainen et al. 2005, 
Sarlus et al. 2018). The area is rich in iron and 
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sulphide ore deposits and especially the sulphide 
ore deposits are spatially related to the shear zone 
(Bergman et al. 2001, Martinsson and Wanhainen 
2004, Sammelin et al. 2011, Wanhainen et al. 
2012). The Liikavaara Cu-(W-Au) deposit is hosted 
by rocks of the Muorjevaara Group (Zweifel 1976, 
Martinsson and Wanhainen 2004). The deposit lies 
in the eastern limb of a south-southeast dipping 
syncline. The ore zone dips 80°W, is around 1 km 
long, 100 m wide and is known to a depth of at 
least 400 m (Zweifel 1976) (Fig. 1B). The deposit 
is enriched in Cu, W (a CRM) and Au, and also 
contains Zn, Pb, Mo, Bi (a CRM), Ag and Sn 
(Zweifel 1976). It is owned by the mining company 
Boliden AB with an aim for production to start in 
2023. The ore will be processed in the nearby Aitik 
plant. As with the Aitik ore, Cu will be the main 
product and Au and Ag will be extracted as by-
products. Despite production of the same 
commodities the Liikavaara ore and the Aitik ore 
are genetically different and this might affect metal 
recovery. 

The results of the study are presented in two 
papers. Paper I covers a broad geological, 
mineralogical and genetic investigation of the 
deposit. Scanning Electron Microscopy is used to 
explore trace metal mineralogy, occurrence and 
distribution. This knowledge aids in interpreting 
and optimising the performance of industry- 
adapted QEMSCAN® analysis for ore 
characterisation with emphasis on trace mineral 
identification. The results of the QEMSCAN® 
analysis are described in paper II. Future work will 
investigate the performance of synchrotron X-ray 
fluorescence analysis in mapping of micron-sized 
gold grains at nano-scale resolution. Additionally, 
the added value of a third dimension in spatial 
information generated by micro-CT analysis will be 
explored. This will result in two more papers. 
Together, all four papers will be compiled into a 
PhD thesis. The overall goal of the PhD project is 
to highlight possibilities for improved application 
and development of advanced micro-analytical 
techniques for trace metal characterisation in the 

 

 
Figure 1. A. Location of the Liikavaara deposit in Sweden. B. Geological map of the Liikavaara Cu-(W-Au) deposit. C. Immobile element 
classification diagram by Hallberg (1984) with whole rock geochemical data of the various rock types at Liikavaara. Data comes from 
different sources (see bottom of figure). D. 207Pb–206Pb weighted average age for zircons from the footwall intrusion (modified from Paper I).   
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mining industry and the benefits this may bring to a 
mining company to fully utilise the potential of 
their ore and to mine sustainably.    

 
2. Methods 
 
In paper I, drill core logging and petrographic 
analysis by optical microscopy of uncovered 
polished thin sections was performed for a broad 
geological and mineralogical description of the 
wall rocks, host rock and intrusions in the 
Liikavaara Cu-(W-Au) deposit. This was 
complemented by whole rock geochemistry of 
selected samples for each rock type. To study 
veining and mineralisation in the deposit optical 
microscopy and SEM-EDS analysis were 
performed on thin sections from a number of 
mineralised drill cores, partly enriched in specific 
trace metals. For an interpretation related to the 
genesis of the deposit, zircons were extracted from 
the footwall intrusion and dated by U-Pb isotopic 
analysis with MC-LA-ICP-MS at the Vegacenter 
micro-analytical facility at the Swedish Museum of 
Natural History in Stockholm, Sweden.  

In paper II, a fieldscan by QEMSCAN® was 
performed on one polished thin section, prepared 
from a mineralised quartz-tourmaline vein enriched 
in Au, at Camborne School of Mines (CSM) and at 
Boliden AB. CSM scanned the sample at a 10 µm 
resolution. For mineral classification a modified 
version of the standard LCU5 Species 
Identification Protocol (SIP) was used, following 
the guidance in section 7 of Rollinson et al. (2011). 
Boliden AB scanned the sample at a 5 µm 
resolution and created a new SIP tailored to the 
mineralogy of the Liikavaara deposit, based on 
their custom-made Aitik SIP. The goal was to test 
and optimise the capabilities of trace mineral 
quantification with an industry-adapted 
QEMSCAN® system (Boliden AB). The scan at 
CSM was performed to compare the industry 
system of Boliden AB with a scientific system 
where there are less time constraints for analysis 
and processing. Pixels identified as trace minerals 
by QEMSCAN® were verified by subsequent SEM-
EDS analysis. Based on the QEMSCAN® data from 
CSM and SEM-EDS data, the data-processing 
protocol at Boliden AB was optimised to detect as 
many trace mineral grains as possible. Optimisation 
was performed experimentally in an iterative 
process with Au as a proxy for all trace minerals. 
Details of the applied methods are described in the 
respective papers. 
 

3. Summary of results 
 
3.1 Geology and mineralogy of the Liikavaara Cu-
(W-Au) deposit 
 
Results of paper I show the wall rocks of the 
Liikavaara Cu-(W-Au) deposit to be 
metavolcaniclastic rocks of andesitic (hanging 
wall) and basaltic-andesitic (footwall) composition 
(Figs. 1C and 2A, E). A metadiabase intrusion 
forms a sill between the wall rocks (Figs. 1C and 
2B). It is partly metamorphosed to biotite schist 
and host to the mineralisation (Fig. 2C). A 1.87 Ga 
granodiorite intrusion occurs in the footwall (Figs. 
1B-D and 2F). It is considered genetically related 
to the aplite dikes that crosscut the host rocks (Figs. 
1B, C, 2D and 3A). Mineralisation occurs in quartz 
and calcite veins. Veins and mineralisation are 
concentrated around and within the aplite dikes 
(Fig. 3). Quartz veins are most abundant (Fig. 3B-
D). They are commonly mineralised and show 
enrichment in tourmaline and/or calcite and small 
amounts of other gangue minerals like biotite, 
chlorite, sericite, microcline, plagioclase, and 
epidote (Fig. 3B). Grain sizes vary between veins 
and minerals but are mostly 0.1–1 mm. Similarly, 
the width of the veins varies from submillimetre to 
metre scale, but millimetre- to centimetre-wide 
veins are most common. The veins are typically 
parallel to the foliation of the host rocks (Fig. 3C), 
though crosscutting and plastically deformed veins 
occur too (Fig. 3D). Some veins show selvages of 
biotite. Calcite veinlets of submillimetre to 
millimetre width are also frequently observed. 
They are partly mineralised and usually crosscut 
host rocks, aplite dikes, quartz veins and 
mineralisation. 

Major ore minerals are chalcopyrite, pyrite, and 
pyrrhotite. Sphalerite, galena, scheelite, 
molybdenite, magnetite, and marcasite are minor. 
The major sulphides range in size from a few 
microns to several millimetres and are frequently 
intergrown with each other (Fig. 4A, B). 
Chalcopyrite and pyrrhotite are anhedral and often 
associated with sphalerite and galena (Fig. 4B). 
Chalcopyrite, pyrrhotite, and sphalerite partly fill 
interstices in tourmaline aggregates and 
chalcopyrite, sphalerite, and galena are also found 
in calcite veinlets. Pyrite forms both anhedral 
grains and euhedral grains with skeletal growth 
texture (Fig. 4C). The proportion between pyrite 
and pyrrhotite varies across the deposit. Pyrite 
typically dominates distal and pyrrhotite proximal 
to the ore zone.  
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The minor ore minerals are generally <0.5 mm 
in grain size with the exception of scheelite, which 
can form several millimetre large an- to subhedral 
grains (Fig. 4A). Scheelite is often rimmed by 
calcite and sulphides that also fill fractures and 
holes in the scheelite (Fig. 4A). Molybdenite forms 
bent laths showing an association with pyrrhotite, 

chalcopyrite, and scheelite. Marcasite replaces 
pyrrhotite and displays a ‘zebra-like’ texture (Fig. 
4C). Marcasite itself is partly replaced by galena. 
Sphalerite and galena commonly occur together 
(Fig. 4B). Magnetite mostly forms subhedral 
fractured grains disseminated in the host rocks (Fig. 
4D). In places, it can be observed in veins 

 

Figure 2. Cross-polarised light images of the different rock types at Liikavaara. A. Andesitic metavolcaniclastic rock (hanging wall). B. 
Metadiabase (host rock). C. Biotite schist (host rock). D. Aplite (dike). E. Basaltic-andesitic metavolcaniclastic rock (footwall). F. 
Granodiorite (footwall intrusion). 
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Figure 3. Drill core from the ore zone of the Liikavaara Cu-(W-Au) deposit. A. Aplite dike crosscutting biotite schist. B. Mineralised quartz 
vein in aplite. C. Quartz vein parallel to foliation in biotite schist. D. Deformed quartz vein crosscutting foliation in biotite schist. 
 
associated with chalcopyrite and pyrite.   

Significant trace metals are Bi, Au, Ag, and Sn. 
Their minerals are found in quartz veins and aplite 
dikes. Bismuth mineralogy is diverse, with main 
phases being native Bi, pilsenite (Bi4Te3), 
bismuthinite (Bi2S3), and tetradymite (Bi2Te2S). 
Gold and Ag are found in native Au and electrum. 
Silver is also found in hessite (Ag2Te) and 
acanthite (Ag2S). Cassiterite is the only Sn mineral 
found in the samples.  

Pilsenite is mostly observed intergrown with 
hessite in grains <100 µm and often <20 µm in size 
(Fig. 4E). These minerals fill cracks and interstices 
between grains and form inclusions at grain 
boundaries within major and minor sulphides (Fig. 
4E). Native Bi and bismuthinite occur mainly as 
<10 µm-sized inclusions in the major sulphides and 
quartz, and are partly intergrown with each other 
(Fig. 4F). Native Bi also forms <5 µm droplet-
shaped grains, partly with partitioning of Au at the 
grain boundary, within quartz. Tetradymite is less 
prominent but a few grains up to 500 µm are 
observed. Occasionally <10 µm grains are found 
with pilsenite in molybdenite and with hessite in 
sphalerite. Native Au and electrum grains are 
generally <10 µm and mostly found as inclusions 
and crack-fillings in quartz, sphalerite, pyrite, and 
molybdenite (Fig. 4F). Association with native Bi, 
pilsenite, and chalcopyrite exist (Fig. 4F). Hessite 
is the dominant Ag-mineral and typically occurs 
associated with pilsenite (Fig. 4E). Acanthite is 
found at grain boundaries between sulphides (pyrite 
and chalcopyrite), silicates and carbonates. Grains 
are <30 µm. Cassiterite occurs as <10 µm-sized 

inclusions in chalcopyrite and along grain 
boundaries between sulphides and gangue minerals. 
 
From a mineral processing point of view, the key 
mineralogical results of paper I are: 
(1) chalcopyrite is often associated with other 

sulphides, quartz, tourmaline, and calcite 
(2) chalcopyrite varies in grain size from a view 

microns to several millimetres 
(3) Au and Ag are found as native Au, electrum, 

hessite, and acanthite 
(4) Au minerals are typically <10 µm and found in 

quartz and sulphides, but not chalcopyrite 
(5) hessite and acanthite are mainly <30 µm and 

associated with sulphides, including 
chalcopyrite 

(6) both Au and Ag minerals show spatial 
proximity and direct association with Bi-
minerals 

(7) scheelite occurs only in quartz veins and is 
associated with sulphides and calcite 

(8) scheelite grains are also variable in grain size, 
from microns to millimetres 

(9) Bi-mineralogy is diverse and includes native 
Bi, Bi-tellurides, and Bi-sulphides 

(10) mineralisation is predominantly hosted by 
quartz veins and aplite dikes 
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Figure 4. Reflected light (A–D), backscattered electron (E) and secondary electron (F) images of mineralisation of the Liikavaara Cu-(W-
Au) deposit. A. Chalcopyrite and pyrrhotite cutting scheelite in a quartz vein. B. Intergrowth of chalcopyrite, pyrrhotite, sphalerite, and 
galena in a quartz-calcite vein. C. Euhedral pyrite with skeletal growth, marcasite, and pyrrhotite in a quartz vein. D. Intergrowth of 
magnetite, pyrite, chalcopyrite, and pyrrhotite in biotite schist. E. Intergrowth of pilsenite and hessite at the border between chalcopyrite and 
calcite. F. Native Bi associated with electrum (false coloured) in quartz. Abbreviations: Bi – native Bi, Bt – biotite, Cal – calcite, Ccp – 
chalcopyrite, Ele – electrum, Feld – feldspar, Gn – galena, Hes – hessite, Mgt – magnetite, Mcs – marcasite, Pil – pilsenite, Po – pyrrhotite, 
Qz – quartz, Sch – scheelite, Sp – sphalerite  
 
3.2 Automated electron microscopy analysis 
 
With processing of the Liikavaara ore, it would be 
advantageous for Boliden AB to perform routine 
QEMSCAN® analysis of the ore feed and products 
to keep control of the metal deportment for main- 
and by-products. QEMSCAN® analysis could 

provide quantitative mineralogical data on the 
majority of ore and gangue phases, e.g. 
chalcopyrite and quartz, but there could be a risk of 
not detecting trace minerals due to their size often 
being below or at the limit of the resolution of the 
analysis. However, some trace metals such as Au 
and Ag are valuable and targeted as by-products, so 
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quantification and understanding of their 
distribution is important. For example, paper I 
shows that Au and Ag occur together with a variety 
of minerals that could influence their chance for 
recovery. Additionally, if the ore is mined to its full 
potential for instance Bi (a CRM) and Sn could 
also be potential by-products. Bismuth might be 
recovered in the lead smelter, if it was more 
enriched and of higher metal value, but it might 
also lower the quality of the Cu product. Tin might 
be recovered in the Cu smelter from the dust or 
maybe from the Zn-oxide product from the slag 
fuming plant. Trace mineral characterisation of the 
Liikavaara ore is therefore important and could 
provide useful information to maximise metal 
recovery and also to investigate a potential 
environmental impact. Quantification is best 
achieved by performing QEMSCAN® analysis in 
trace mineral search (TMS) mode, however, the 
reward does not justify the costs to implement this 
as a routine analysis for Boliden AB due to the 
extra time each sample would require for analysis. 
Hence, in paper II a methodology is described to 
improve trace mineral quantification in 
conventional QEMSCAN® analysis performed 
routinely by Boliden AB. A summary of the results 
is presented below.  
 
In a first step the general performance of an 
industry-adapted QEMSCAN® analysis at Boliden 
AB was compared with a QEMSCAN® analysis at 
CSM (scientific system) (Fig. 5). The QEMSCAN® 
analysis performed at Boliden AB had a shorter 
mineral list (13 phases) than the analysis of CSM 
(23 phases) (Fig. 5A, B). Mostly oxides and 
carbonates were not properly distinguished by 
Boliden AB. Bulk mineralogy was similar and only 
chalcopyrite and some silicates (e.g. chlorite and 
tourmaline) showed larger differences. Weight 
mass of chalcopyrite was almost twice as high for 
Boliden AB. This was likely caused by a false 
pixel-thin coating of chalcopyrite on grains of 
pyrite in the mineral map of Boliden AB, which 
was not observed in optical microscopy. Also, 
despite a higher scan resolution, chalcopyrite-filled 
micro-cracks in pyrite and quartz were less 
resolved in the Boliden AB analysis compared to 
CSM. Furthermore, no Au and Ag minerals were 
found in the Boliden AB analysis while five Au 
grains (six pixels) and more than ten Ag grains 
were identified at CSM. 

In a second step the data-processing method of 
Boliden AB was optimised in an attempt to achieve 
data of similar quality to CSM (Fig. 5C). Through 

modification of the mineral list used by Boliden 
AB it was possible to extend the list to 20 phases 
by breaking apart larger mineral groups (e.g. ‘Other 
Sulphides’, ‘Fe-Ox/Carbonates’). Two Fe-oxides, 
ankerite and jacobsite, that were detected in the 
fieldscan at CSM could not be analysed at Boliden 
AB due to a lack of appropriate reference spectra 
for entries to the mineral library list. The weight 
mass of chalcopyrite was reduced by 50% by 
application of the ‘boundary phase processor’. This 
method reassigns apparently falsely classified 
pixels, caused by beam deflections and/or mixed 
spectra, to a pre-defined phase or to the phase of 
the surrounding pixels. The result from iteration of 
the data was removal of the apparent chalcopyrite 
coatings on pyrite grains (reclassified as pyrite) but 
also the removal of some chalcopyrite-filled micro-
cracks. In addition, Au grains were detected by 
addition of a single-element entry for Au to the top 
of the mineral list. Due to grain sizes at and below 
scan resolution, pixels intersecting Au grains 
commonly produced mixed X-ray spectra. These 
mixed spectra did not pass the criteria of Au-
mineral entries in the mineral list and consequently 
no Au grains were originally identified. In contrast, 
the single-element entry allowed all spectra with a 
Au signal to be classified as Au regardless of the 
other X-ray peaks. The placement of the single-
element entry at the top of the mineral list allowed 
all pixels to be filtered for Au before they were 
matched to a mineral. However, also pixels with a 
false Au signal caused by deflection of the electron 
beam from topography in the sample were 
classified as Au. In order to exclude these errors, a 
threshold value for the signal intensity of the Au 
spectra was assigned in the mineral list. The lowest 
possible threshold value to exclude errors was 
experimentally determined to be 25 %. 
Unfortunately, implementation of a threshold value 
also excluded real Au pixels. Nevertheless, this 
method resulted in 39 pixels identified as Au in the 
Boliden AB mineral map, which is significantly 
more than both the initial zero pixels at Boliden AB 
and the six pixels at CSM. Due to the nature of this 
method, relying on single-element entries to the 
mineral list, it can be applied to any element of 
choice, but it comes with the downside of not being 
able to resolve the mineralogy of the specific 
element. It is therefore particularly suited for 
micron-sized trace minerals, where mixed spectra 
make their identification difficult. 
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Figure 5. QEMSCAN® mineral maps of a thin section from the ore zone of the Liikavaara Cu-(W-Au) deposit. A. Mineral map of Camborne 
School of Mines (10 µm resolution). It includes all phases in the legend. B. Original mineral map of Boliden AB (5 µm resolution). It does 
not include indented phases and ‘silicates’ replaces ‘biotite’.  C. Optimised mineral map of Boliden AB (5 µm resolution). It includes all 
phases, only the group ‘Au, Ag minerals’ is not further distinguished and ‘ankerite’ and ‘jacobsite’ are not analysed. 
 
4. Conclusion 
 
Paper I describes the geology and mineralogy of 
the Liikavaara Cu-(W-Au) deposit, particularly in 
regards to mineralogy, occurrence, and distribution 
of the mineralisation. Emphasis is also placed on 
trace mineral characterisation. A genetic link 
between the mineralisation and the 1.87 Ga 
footwall granodiorite is proposed. The study 
highlights several trace metals that can potentially 
be worthwhile to produce or that could have an 
effect on the processing of the ore. In paper II an 
industry-adapted QEMSCAN® analysis at Boliden 
AB failed to properly quantify significant trace 
minerals. This showcased the need for 
improvement. Hence, a method that allowed 
quantification of trace minerals in routine analysis 
was presented albeit without being able to 
distinguishing between minerals of the same 
element composition (e.g. native Au and electrum). 
The method can be implemented as an add-on to 
current analytical routines with a minimum amount 
of work compared to the benefits gained. For the 
Liikavaara Cu-(W-Au) deposit single-element 

entries for the trace metals described in paper I 
(Au, Ag, Bi, and Sn) could for example be 
worthwhile to implement in the mineral list of 
routine QEMSCAN® analyses of the Liikavaara ore 
and products. This would require the addition of 
single-element entries for each trace metal of 
interest to the top of the mineral list, and a 
sophisticated choice on the threshold value for each 
element. Ideally, optimisation of the threshold 
value should be performed through evaluation by 
e.g. SEM-EDS, however, decent results can already 
be obtained by using conservative threshold values. 
The quantitative information on different trace 
minerals, their distribution and mineral association 
gained from this add-on would be useful to monitor 
trace metal deportment during ore processing and 
for targeted sample selection for more detailed 
follow-up studies on trace metal mineralogy. 
 
5. Future work 
 
Ideally, automated scanning electron microscopy 
analysis should be complemented by other micro-
analytical techniques and/or chemical analyses. 
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This is emphasised in several papers, e.g. Goodall 
and Scales (2007) (and references therein), Cook et 
al. (2013), and Reich et al. (2017). Common 
techniques complementary applied in the mining 
industry are X-ray fluorescence (XRF), X-ray 
diffraction (XRD), EPMA and LA-ICP-MS. These 
techniques are mainly used for mineral 
identification and determination of the chemical 
composition of minerals. In upcoming papers we 
will investigate the potential of two other methods 
though. One is synchrotron-XRF, the other micro-
CT.  
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Abstract 
The Liikavaara Cu-(W-Au) deposit is situated proximal to the Aitik Cu-Au deposit in northern Sweden. It 
shows occurrence of scheelite and enrichment in trace metals including Au, Ag and Bi. In this study, 
petrological, mineralogical and geochemical investigations of the host rocks and ore, and 
geochronological analysis of a footwall intrusion were carried out. The ore is hosted by a metadiabase 
partly metamorphosed to biotite schist. The wall rocks are composed of metavolcaniclastic rocks of 
andesitic to basaltic composition. A granodiorite intrusion occurs in the footwall and related aplite dikes 
cut the deposit. Veins of quartz (±tourmaline) and calcite are numerous. Mineralisation is bound to these 
veins and their distribution is controlled by the aplite dikes. Chalcopyrite, pyrrhotite and pyrite are major 
in abundance. Sphalerite, galena, scheelite, molybdenite and magnetite are minor. Gold occurs native and 
as electrum and Ag is mostly bound in hessite and acanthite. The bismuth mineralogy is diverse but 
native Bi, pilsenite, bismuthinite, and tetradymite are common. A single grain of Sb (breithauptite) was 
observed. The major and minor minerals show intergrowth and replacement textures. The trace minerals 
are found as inclusions, along the borders and in cracks in the major sulphides, sphalerite, molybdenite 
and quartz. The footwall intrusion is dated at 1.87 Ga and suggested to be the source for ore genesis. The 
dikes may have acted as pathways for the magmatic hydrothermal fluids that carried the ore from the 
intrusion to the host rock.   
 
Keywords: trace metals, scheelite, gold, bismuth, mineralogy, U-Pb geochronology, Northern Norrbotten 
ore district 
 
 
1. Introduction 
 
The Liikavaara Cu-(W-Au) deposit is located in the 
ore district of Northern Norrbotten in Sweden. It is 
situated about 3.5 km east of the renowned Aitik 
Cu-Au deposit, 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 rated 
sub-economic. Technical advances in production 
and processing of the ore allowed Boliden AB to 
extend the lifetime of Aitik several times and 
increase production considerably. Likewise, these 
advances lead Boliden AB to resume exploration 

activity on the Liikavaara Cu-(W-Au) deposit and 
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 its long state as a sub-economic deposit 
and due to the focus on the Aitik deposit, scientific 
geological studies on the Liikavaara Cu-(W-Au) 
deposit are limited. To date the most 
comprehensive study is the PhD thesis of Zweifel 
from 1976, which covered geological investigations 
on both the Aitik and Liikavaara deposits. Other 
publications include Malmqvist & Parasnis (1972), 
Martinsson & Wanhainen (2004), Sammelin (2011) 
and Estholm (2014). Aside from the bachelor thesis 
of Estholm (2014), none of the above mentioned 
studies have Liikavaara as a focus but to provide a 
regional context for their data sets. Additionally, all 
studies refer to Zweifel’s work when discussing 
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geological characteristics of the deposit. However, 
Zweifel had access to a very limited number of drill 
cores as not much exploration work was done on 
Liikavaara at that time. Furthermore, some of his 
interpretations on the local geology are being 
controversially discussed, such as a sedimentary 
(Zweifel 1976) versus an igneous (Estholm 2014) 
classification of the host rocks of the deposit. 
Consequently, more investigations are needed for a 
more profound understanding of the genesis and 
mineralisation of the Liikavaara Cu-(W-Au) 
deposit.  

More detailed knowledge is of interest due to 
the enrichment in especially tungsten but also gold, 
silver, bismuth and to small extent antimony. 
Tungsten, bismuth and antimony are included in 
the list of ‘Critical Raw Materials’ (CRMs) first 
published by the European Commission in 2011 
and updated in 2014 and 2017 (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). CRMs occur mainly in traces 
in European ore deposits and are commonly treated 
as waste. This is also the case for the Liikavaara 
Cu-(W-Au) deposit. The ore will be processed in 
the Aitik plant and thus gold and silver will be 
produced as by-products next to copper while 
bismuth and antimony are treated as penalty 
elements. Production of tungsten was considered 
but deemed economically non-feasible as it would 
require an additional ore processing set-up. 

This study is the first publication with several 
more to follow in a PhD project focused on ore 
characterisation of trace metals for use in mineral 
processing and metallurgy. The Liikavaara Cu-(W-
Au) deposit is treated as a case study. Gold, 
tungsten, bismuth and antimony are the trace 
metals in focus of ore characterisation. 

Detailed ore characterisation is crucial in 
optimising recovery efficiency for metals produced 
in a mine. Variations in recovery efficiency are 
commonly caused by variations in the ore. 
Knowing these variations and what causes them 
allows the metallurgist to adjust processing 
parameters accordingly to maximise recovery. Ore 
characterisation of trace metals is important due to 
trace metals often being penalty elements and/or 
CRMs. They affect behaviour of the ore during 
processing and lower the quality of the primary 
product, but they themselves could also be 
profitable to extract in the future. 

The goal of this study is a refined geological and 
mineralogical description of the Liikavaara Cu-(W-
Au) deposit to provide a base for subsequent 
studies focused in detail on ore characterisation of 
trace metals using advanced micro-analytical 
techniques.  Interpretations are based on drill core 
logging, chemical assays, petrography, and dating 
of a key rock unit. Thus, the results of this study 
will also aid exploration for similar deposits in the 
area. 
 
Table 1. Official resource estimates for the Liikavaara Cu-(W-Au) 
deposit (date: 2018.12.31).   

Classification Quantity Au g/t Ag g/t Cu % 
Proved 0    
Probable 57 500 0.06 2.2 0.26 
Total 57 500 0.06 2.2 0.26 
Measured 2 600 0.04 1.2 0.14 
Indicated 29 300 0.06 2.2 0.25 
Inferred 1 000 0.05 1.6 0.21 
Total 32 900 0.06 2.1 0.24 

 
2. Regional geology 
 
The Liikavaara Cu-(W-Au) deposit is situated in 
the Gällivare area in the ore district of Northern 
Norrbotten in Sweden (Fig. 1). The district is one 
of the largest mining regions in Europe and famous 
for its world-class Kiirunavaara apatite-iron deposit 
and the Aitik Cu-Au deposit. 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 
Paleoproterozoic 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). 

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 unconformally overlain by 
supracrustal successions of Paleoproterozoic age 
(Bergman et al. 2001). Stratigraphically lowest are 
rift-related Karelian rocks (2.4–1.96 Ga), which in 
the Kiruna area are represented by the Kovo Group 
and the overlying Kiruna Greenstone Group 
(Martinsson 1997, Bergman et al. 2001). Terrestrial 
to shallow water Svecofennian successions of 
metasedimentary and metavolcanic rocks are 
mostly conformally overlying the Karelian units. 
They comprise the Porphyrite Group, the 
Kurravaara Conglomerate, the Kiirunavaara Group 
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and the Hauki Quartzite in the Kiruna area 
(Martinsson 2004, Bergman 2018).  
Metasedimentary sequences are often regionally 
confined (Martinsson et al. 2016). In the Gällivare 
area the Muorjevaara Group, a lower Svecofennian 
unit, comprises both calc-alkaline andesitic 
volcanic and clastic sedimentary rocks (Fig. 1). 
Different proportions between these rocks and 
variations in grain size and composition 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 Paleoproterozoic rocks are intruded by 
several plutonic suites. The 1.89–1.87 Ga 
Haparanda and Perthite Monzonite Suite are calc- 
alkaline to alkali-calcic in character and considered 
co-magmatic with the Svecofennian volcanic rocks

 

Figure 1. Geology of the Gällivare area (modified from Martinsson & Wanhainen (2004)). 
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(Witschard 1984, Martinsson 2004). Minimum 
melt granites and pegmatites are characteristic for 
the 1.79 Ga Lina Suite (Bergman et al. 2001) and 
they are temporally related to TIB 1 
(Transcandinavian Igneous Belt) intrusions in the 
Kiruna-Narvik area (Romer et al. 1992, 1994).  TIB 
2 granitoids near the Swedish-Norwegian border 
mark the youngest plutonic rocks at ca. 1.71 Ga 
(Romer et al. 1992). At least two events of 
orogenic deformation and metamorphism occurred 
during the Paleoproterozoic. The first affected the 
Haparanda Suite but seemingly pre-dates the 
Perthite Monzonite Suite. The second event was at 
least locally developed and took place 
contemporarily to the emplacement of the Lina 
Suite rocks (Bergman et al. 2001). 

In the Gällivare area the eastern part is 
dominated by volcaniclastic rocks belonging to the 
Muorjevaara Group while the western part is 
occupied by intermediate to felsic volcanic rocks of 
the Kiirunavaara Group (Martinsson & Wanhainen 
2004) (Fig. 1). The supracrustal rocks are intruded 
by plutonic rocks of ultramafic to felsic 
composition. 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 Gällivare 
area (Sarlus et al. 2018). Lina Suite granites with 
an age of 1.78 Ga cover large areas and related 
pegmatites 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 
are metamorphosed at amphibolite facies condition 
(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).    
 
3. Deposit geology 
 
The Liikavaara Cu-(W-Au) deposit is located 
approximately 50 km above the polar circle in the 
Gällivare area; 3.5 km east of the Aitik deposit and 
within the Nautanen Deformation Zone (Fig. 2). 
The deposit is enriched in Cu and somewhat in Au 
and W. Compared to the nearby Aitik deposit 

Liikavaara is enriched in Zn, As, Mo, Sn, Sb, Pb 
and Bi but these are far below economic grade 
(Zweifel, 1976). The mineralised zone extends for 
about 1 km along strike, is 100 m wide and dips 
80°W to a depth of roughly 400 m (Zweifel 1976) 
(Fig. 2). The deposit has been described to be 
hosted in 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 
metaarenites. The footwall includes feldspar 
quartzites, phyllitic feldspar quartzites and 
conglomerates. The hanging wall is occupied by 
metaarenites intercalated with amphibolitic rocks. 
Zweifel bases the epiclastic classification on 
observations such as cross- and graded bedding, 
and conglomerates. Contrary, Estholm (2014) 
argues for a volcaniclastic origin of the wall rocks 
based on petrological and geochemical studies and 
classifies the rocks as metaandesites and 
metaandesitic tuffites (Fig. 2).  

The rocks hosting the ore are described by 
Zweifel (1976) as biotite schist with variations to 
biotite gneiss and biotite quartzite (Fig. 2). 
Malmqvist & Parasnis (1972) describe 
mineralisation at Liikavaara to be dominantly of a 
vein type in contrast to the disseminated Aitik 
deposit. They characterise mineralisation to be 
associated with an irregular pattern of small 
fissures and veins mostly 1–20 cm in width. Most 
common gangue minerals in the ore are quartz and 
calcite; other minerals include tourmaline and 
fluorite (Malmqvist & Parasnis 1972, Zweifel 
1976).  

Zweifel (1976) notes chalcopyrite as the only 
mineral of economic importance. Together with 
pyrrhotite and pyrite it is of major abundance. He 
emphasizes the higher abundance of pyrrhotite at 
Liikavaara compared to Aitik, but less common 
occurrence of magnetite. Galena and sphalerite are 
common but minor. Scheelite is dominantly 
associated with quartz veinlets and sometimes 
calcite or tourmaline-calcite veinlets (Zweifel, 
1976). Sammelin et al. (2011) describe the 
occurrence of gold in quartz veins alongside 
chalcopyrite, pyrrhotite, tourmaline and calcite. 

The Liikavaara deposit is cut by several partly 
mineralised dikes (Fig. 2). An intrusion in the 
footwall 100 to 200 m northeast of the Liikavaara 
mineralisation has been attributed by Zweifel 
(1976) to granite of the Lina Suite, common in the 
area (Fig. 2).  
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Figure 2. Geological map and profile of the Liikavaara Cu-(W-Au) deposit. A. Location of the deposit in the Gällivare area in northern 
Norrbotten, Sweden. B. Geology legend. Lithology is based on the findings of this study. C. Plan view of the Liikavaara Cu-(W-Au) deposit 
at 100 m below surface. Numbered drill holes marked in white were studied and sampled during this study. D. Cross section from A to B 
through the deposit. The deepest drill hole reaches a depth of approximately 500 m below surface. 
 
4. Methods 
 
This study includes three parts: drill core logging 
and geochemical analysis of the host rocks of the 
Liikavaara Cu-(W-Au) deposit, mineralogical 
studies of the host rocks and mineralisation with 
the polarization microscope and scanning electron 
microscope, and geochronological analysis of 
zircons from the footwall intrusion. These parts are 
described in detail below. 
 
4.1. Geochemical analysis 
 
Three drill cores representative of the deposit were 
logged in detail. Their relative locations are shown 
in Fig. 2. AITIK370 and AITIK372 are located 
centrally in the ore zone. AITIK370 cut through the 
hanging wall into the ore zone while AITIK372 

begins in the ore zone and ends in the footwall. For 
comparison AITIK322 located outside the ore zone 
was logged as well. 

Based on mineralogical and textural variations 
in the rocks, samples were collected for whole rock 
analysis (Fig. 3). From drill core AITIK370 16 
samples were taken and four samples from 
AITIK372. Two additional samples were picked 
from drill core AITIK413 that intersected the 
footwall intrusion. Whole rock analysis was 
performed by ALS Scandinavia AB. Method of 
sample preparation and analysis for each element is 
listed in Appendix. Several replicates, lab standards 
and blanks were analysed for quality control. The 
data were plotted in immobile elements scatter 
plots and classification diagrams. 

For comparison whole rock data from the 
bachelor thesis of Estholm (2014) was included in 
the plots. This data set comprised 17 analyses from 
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the hanging wall, three from the mineralisation 
zone of AITIK370 and three analyses from the 
footwall of AITIK367. Additionally, data of 50 
duplicate samples from 44 drill cores and 66 
environmental samples from 20 drill cores from 
Boliden AB were used as well. The data from the 
duplicates could not be used in all diagrams due to 
missing analysis of Si. The samples from Estholm 
(2014) and the duplicate samples from Boliden AB 
were analysed by AcmeLabs while the 
environmental samples were analysed by ALS 
Scandinavia AB. Methods of sample preparation 
and analysis are listed in Appendix. 

Grades of S, Cu, Zn, Mo, Ag, Sn, W, Au, Pb, Bi, 
Sb, Th and U that Boliden AB routinely checks for 

in drill cores were used to assess metal distribution 
downhole and in the deposit. 
 
4.2. Mineralogical studies 
 

Samples for micro-analytical analysis were 
selected in two sessions. The first focused on the 
various vein- and mineralisation styles observed 
during logging as well as major and minor ore 
minerals. It was carried out in autumn 2015 and 
covered the three drill cores AITIK370, 372 and 
322 (Fig. 3). The second sampling session took 
place in winter 2016 and emphasised trace metal 
mineralogy (W, Au, Mo, Bi and Sb). Samples were 
collected from drill cores known to be enriched in 
various trace metals based on chemical assays 

 

 
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 collected during the second sampling session targeted at trace metal mineralogy (metals of 
interest are listed above each drill core). The remaining samples were collected during the first session to study vein- and mineralisation 
mineralogy
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Figure 4. Drill cores sampled for mineralogical studies. Depth of each sample is shown. Samples were collected during the second sampling 
session targeted at trace metal mineralogy (metals of interest are listed above each drill core).  

routinely run for every drill core by Boliden AB. 
Sections with higher contents were chosen to 
ensure sufficient amounts of trace metals in the 
samples for future analysis with micro-analytical 
techniques. To catch potential mineralogical 
variation across the deposit a total of nine drill 
cores were sampled (Figs. 3 and 4). 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). Location of all sampled drill 
cores is marked in Fig. 2. 

Polished thin sections were prepared from 
samples and analysed with the petrographic 
microscope (Nikon ECLIPSE E600 POL) in 
transmitted and reflected light and with the 
scanning electron microscope (Zeiss Merlin FEG-
SEM). Mineralogy, texture and structure of each 

section were studied with emphasis on the 
occurrence and association of ore minerals. 
 
4.3. Geochronology 
 
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. 

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 
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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 imaging in a scanning 
electron microscope (Zeiss Merlin FEG-SEM).  

Isotope ratios were normalised to the 91500 
Zircon bracketing 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 
correction was applied for samples with 
206Pb/204Pb<7000 according to Petrus & Kamber 
(2012). 

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

 
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 intrusion in the footwall of the Liikavaara 
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 

5. Results 
 
5.1. Logging and petrography 
 
Observations made during logging and microscopy 
regarding mineralogy, texture and paragenesis of 
the deposit are mainly consistent with the findings 
of Zweifel (1976) although the authors deviate in 
the classification of the various rock types. 
Observations made in this study support a 
volcaniclastic classification of the wall rocks as 
first suggested by Estholm (2014). The authors also 
suggest the biotite schist to be the altered and 
metamorphic product of a diabase that can still be 
observed in various stages of 
alteration/metamorphism. Furthermore, 
petrological and geochemical data point towards a 

granodioritic rather than a granitic composition of 
the footwall intrusion. 
 
5.1.1. The hanging wall 
 
The rocks forming the hanging wall are 
metavolcaniclastic rocks of andesitic composition 
(Fig. 5A, B). They are (green)-(brown)-greyish in 
colour and porphyritic with a very fine-grained 
(<100 µm) matrix of mainly feldspar and quartz 
with lesser biotite, sericite, epidote, calcite, chlorite 
and disseminated magnetite. Biotite laths define a 
weak to strong lepidoblastic texture. Phenocrysts of 
plagioclase and K-feldspar vary in concentration 
from ~1–5% 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 
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occasionally epidotisation. Variation in abundancy 
of biotite and phenocrysts creates an apparent 
grading structure throughout the hanging wall. 

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. 
They show preferred alignment similar to the 

biotite. Most clasts resemble the surrounding rock 
in texture and composition except for a lack of 
distinct biotite alignment. Colour differences are 
caused by varying amounts of biotite and epidote. 
Highly flattened dark clasts of biotite-rich rock are 
occasionally observed.  
 

 

Figure 5. Transmitted light photographs of the various rocks in the Liikavaara deposit. A. Euhedral plagioclase phenocrysts in a 
metavolcaniclastic rock of the hanging wall. B. Altered feldspar phenocrysts in a metavolcaniclastic rock of the footwall. C. Metadiabase. D. 
Biotite-altered metadiabase. E. Biotite schist. F. Granodiorite. Note: 5C is taken with parallel polarisers, the rest with crossed polarisers. 
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Figure 6. Transmitted light (crossed polarisers) photographs of dikes in the Liikavaara deposit. A. Aplite. B. Biotite-altered aplite. C. Quartz-
dominated aplite. D. Muscovite-altered quartz-dominated aplite. 
 
5.1.2. The mineralised zone 
 

The ore is hosted by a biotite-altered 
metadiabase partly transformed to biotite schist 
(Fig. 5C–E). Biotitisation varies considerably 
within the rock with strong effects on composition 
and texture. Three common textures are observed:  

(1) The least altered areas comprise a matrix of 
partly euhedral plagioclase laths (0.2–0.5 mm) and 
fine-grained (<200 µm) K-feldspar, quartz and 
biotite with minor calcite, sericite, epidote and 
chlorite and some disseminated magnetite and 
sulphides. Green subhedral amphibole phenocrysts 
(mostly ~0.5 mm) are homogeneously distributed 
and make up 20–30% of the rock (Fig. 5C). Biotite 
laths are poorly aligned and partly replace 
amphibole. Zweifel (1976) describes these 
amphibole-rich parts as biotite-amphibole schists 
and gneisses. (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 to form biotite schist (Fig. 5E). 
At this stage no more amphiboles are observed. 

Biotitisation is especially pronounced in contact to 
veins and fissures where it forms a selvage on both 
sides (Fig. 7C).  
 
5.1.3. The footwall 
 
The footwall is a more mafic metavolcaniclastic 
rock compared to the hanging wall. The rock is 
green-greyish in colour and porphyritic. The matrix 
is formed by fine-grained (<200 µm) feldspar, 
quartz, biotite, amphibole and epidote with minor 
magnetite and sulphides. Biotite laths and 
amphibole form a lepidoblastic texture and are in 
parts altered by chlorite. Phenocrysts (0.2–1.5 mm) 
include altered and partly poikilitic plagioclase and 
K-feldspar (Fig. 5B). Some relict phenocrysts are 
recrystallized by smaller grains of feldspar. Clasts, 
several centimetre in size, rounded and elongated, 
occur throughout the footwall. They are aligned 
with the foliation. Their mineralogy is similar to 
the surrounding rock but more fine-grained 
(<100 µm) and with less biotite and no 
lepidoblastic texture. Also, phenocrysts are of 
higher abundancy and more euhedral. Calcite can 
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be found disseminated in the clasts and along their 
borders. 
 
5.1.4. The intrusion 
 
A granodiorite intrusion occurs in the footwall to 
the mineralisation (Fig. 5F). Its matrix is comprised 
of fine- to medium-grained (0.5–1.2 mm) quartz, 
microcline, plagioclase, biotite and chlorite. Pyrite, 
chalcopyrite, sphalerite, and magnetite are 
disseminated. Phenocrysts of subhedral plagioclase 
range in size from about 1–8 mm and are affected 
by sericitisation. There is no preferred alignment 
among the minerals composing the intrusive rock. 
 
5.1.5. The dikes 
 
Light grey aplite dikes ranging from a few 
centimetres up to 30 m in width are frequently 
observed in the ore zone (Fig. 6). Variations in 
texture and composition exist within and between 
dikes but two common types can be observed.  

The first type is porphyritic in character. Its 
matrix is fine-grained (<200 µm) and comprised of 
quartz and microcline and minor biotite, muscovite, 
calcite and tourmaline (Fig. 6A). Scheelite occurs 
occasionally and sulphides are sporadically 
disseminated. Sericite alteration is partly 
developed. Phenocrysts include 0.5–7 mm K-
feldspars, often altered by sericite or muscovite, 
and 1–2 mm sized quartz phenocrysts. Matrix and 
phenocrysts are weakly oriented.  

The second type is more fine-grained (<100 μm) 
and dominated by granoblastic quartz grains with 
varying amounts of microcline (Fig. 6C). 
Phenocrysts are less abundant.  

Both types are affected by biotitisation and 
muscovitisation (Fig. 6B, D). The micas are 
strongly aligned. Mineralised veins of 
predominantly quartz and tourmaline are common 
in the dikes, ranging from a few millimetres to 
several metres in width. 
 
5.1.6. Veins 
 
Veins are common in the Liikavaara Cu-(W-Au) 
deposit. They are found in host rocks and aplite 
dikes and vary in sizes from few microns to several 
metres in width but millimetre- to centimetre-wide 
veins are most abundant. Likewise, vein density 
fluctuates with one vein every few centimetres at 
highest density. Most veins are parallel to the 
foliation in the host rocks, but some cut it and 

others show plastic deformation. Selvages of biotite 
on both sides of the veins are frequent in the host 
rocks (Fig. 7C). Similarly, an increase in 
tourmaline towards the walls of the veins is 
occasionally observed.  
Quartz-dominated veins are most abundant. They 
are often enriched in tourmaline and/or calcite (Fig. 
7A). Tourmaline forms accumulations of euhedral 
grains of blue-green pleochroitic colour. Clusters 
and thin bands of calcite penetrate many veins (Fig. 
7D). Disseminated to almost massive sulphide 
mineralisation is mainly associated with the 
tourmaline and calcite (Fig. 7A, D). Scheelite 
occurs as individual grains in sometimes almost 
pure quartz veins (Fig. 7A). Minor gangue minerals 
include microcline, plagioclase, biotite, chlorite, 
epidote and sericite. Microcline and plagioclase 
occur associated with quartz as very fine-grained 
(<100 µm) assemblages in many, especially 
tourmaline-free, veins. These assemblages are 
mostly developed with calcite or sulphide 
mineralisation. Microcline is especially common in 
quartz veins within aplite dikes. Some veins are 
strongly affected by biotitisation, chloritisation 
and/or sericitisation. 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 are coarsest followed by 
tourmaline and calcite with the remaining minerals 
at the lower end of the size range.  

Also, veinlets of calcite ranging in width and 
grain size from a few microns to millimetres are 
frequently observed in the deposit (Fig. 7B). They 
are equigranular and mono-mineralic with the 
occasional exception of chalcopyrite, sphalerite and 
galena. Calcite veinlets cut host rocks, aplite dikes, 
quartz veins and mineralisation (Fig. 7B). 
 
5.1.7. Alteration 
 

The rocks of the Liikavaara Cu-(W-Au) deposit 
are altered and metamorphosed. Most abundant is 
biotitisation that affects the ore zone and the wall 
rocks (Figs. 5A–F and 7C, D). It is also observed in 
dikes together with muscovitisation (Fig. 6B, D). 
The micas mostly form a lepidoblastic texture. 
Biotite is partly replaced by chlorite which also 
forms thin veinlets that cut the foliation. Pleochroic 
halos in biotite indicate the presence of zircons, 
also observed with the scanning electron 
microscope. Calcite and epidote are frequent but 
less abundant alteration minerals dispersed in the 
various rocks and similar in grain size to the matrix



12 

 
Figure 7. Transmitted light images of veins in the Liikavaara 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: 4a taken with parallel polarisers, rest crossed 
polarisers. 
 
minerals. Epidote forms both anhedral and euhedral 
grains. Sericite replaces plagioclase phenocrysts 
and lepidoblastic biotite (Fig. 5B, F). Especially in 
the hanging wall and footwall sericitisation can 
affect areas up to tenths of centimetres. 
Tourmalinisation and silicification are common, 
especially in dikes and in the ore zone. Clusters of 
green/blue pleochroitic euhedral tourmaline and 
quartz replace areas up to several centimetres in 
width and form veins of similar size (Fig. 7A). 
Tourmaline also occurs disseminated and 
associated with biotite. Here, aside green/blue 
pleochroitic euhedral grains, anhedral brown/red 
pleochroitic grains are developed as well. Red K-
feldspars occasionally stain the rocks.  
 
5.1.8. Ore mineralisation 
 
The Liikavaara Cu-(W-Au) deposit is zoned with 
respect to metals. This is indicated by chemical 
assays of drill cores intersecting the deposit (Fig. 
8). The assays cover a limited suite of elements 

routinely analysed for by Boliden AB. Zonation of 
the various metals is similar – enriched in the 
centre and outwards decreasing. Some elements 
like S and Sn extend further south than the majority 
of metals. For sulphur this is reflected in an 
increase in abundancy of pyrite over chalcopyrite. 
Generally, pyrite is abundant where chalcopyrite is 
scarce but with high chalcopyrite content pyrrhotite 
becomes the dominant Fe-sulphide. 

Spatial distribution of mineralisation in the 
Liikavaara Cu-(W-Au) deposit is largely controlled 
by the aplite dikes, i.e. abundancy of ore minerals 
is often highest within or in the proximity of these 
dikes (Fig. 9). The mineralisation is hosted by veins 
although some dissemination of aligned pyrite, 
pyrrhotite, chalcopyrite and magnetite is present in 
the host rocks as well (Fig. 11C). In the veins the 
ore minerals form aggregates and disseminations. 
Quantities vary from a few small grains to larger 
amounts in veins. The ore minerals are commonly 
complexly intergrown. 



13 

Figure 8. Relative concentration of various metals over a large number of drill cores intersecting the Liikavaara Cu-(W-Au) deposit. 
Concentration is indicated by colour, increasing in order: blue, green, yellow, orange, red, magenta. Each dot represents a value measured for 
a section in a drill core. The deposit shows a clear zonation. Overall, distribution between metals is similar – enriched in the centre and 
outwards decreasing. Some elements such as S and Sn extend further south compared to the rest. For sulphur this is observed in an increase 
in pyrite over chalcopyrite. Analysis of older drill cores covered a smaller suit of metals which is why some elemental maps (e.g. Bi, Sb etc.) 
are represented by fewer dots than others. 
  
5.1.8.1. Major and minor ore minerals  
 
Chalcopyrite is the dominant Cu-phase and most 
abundant sulphide in the ore zone. It shows 
anhedral growth and ranges in grain size from a 
few microns to several millimetres. Chalcopyrite is 
frequently intergrown with pyrrhotite and 
replacement and exsolution between the two phases 
are observed (Figs. 10A, D and 11B). Association 
with and replacement of pyrite is also common 
(Figs. 10C and 11A). Sphalerite and galena often 
rim chalcopyrite and pyrrhotite grains while vice 
versa they could form inclusions in sphalerite 
(chalcopyrite/pyrrhotite disease). Other 
associations of chalcopyrite include scheelite, 
molybdenite and marcasite as well as the gangue 
phases quartz, calcite and tourmaline (Figs. 10A, C 
and 11A, B). Chalcopyrite is the dominant ore 
mineral in tourmaline aggregates, filling interstices 
and replacing tourmaline. Chalcopyrite is also 
found in late stage calcite veinlets (Fig. 7B).  

Pyrite is the dominant sulphide outside the ore 
zone but also a major sulphide within the ore zone. 
It is commonly developed in the quartz-dominated 
parts of a vein. Similar to chalcopyrite its grains 
range from micron to millimetre size. Pyrite grains 
belong to at least two generations. Older and larger 
anhedral grains often show partial replacement by 

chalcopyrite and pyrrhotite (Figs. 10B and 11A). 
Some are thinly rimmed by chlorite. Younger and 
smaller sub- to euhedral grains occur isolated, as 
inclusions in pyrrhotite, or intergrown with 
marcasite, chalcopyrite and pyrrhotite. Skeletal 
growth texture is frequently observed (Fig. 10C).  
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 associated with 
most ore minerals although its occurrence together 
with chalcopyrite and pyrite, as described above, is 
most common (Figs. 10A, B, D and 11B). Many 
grains display exsolution-textures of slightly 
different pyrrhotite phases.  

Sphalerite and galena are minor sulphide phases 
in Liikavaara. Sphalerite is generally more 
abundant than galena. Both sulphides are mostly 
anhedral although euhedral grains are occasionally 
observed. Grains are smaller than the major 
sulphide grains and usually do not exceed half a 
millimetre in size. Sphalerite and galena 
predominantly occur together, especially when 
rimming chalcopyrite-pyrrhotite grains, but are 
found separately as well (Fig. 10A, B, D). 
Sphalerite is often associated with scheelite as rims, 
crack infillings and in small veinlets together with 
chalcopyrite. It also fills interstices in tourmaline
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Figure 9. Downhole grades of metals in drill core AIA394 in the Liikavaara Cu-(W-Au) deposit. Lithology is indicated by the coloured strip 
along the y-axis (see Fig. 2 for colour coding). Metals are enriched in the metadiabase/biotite schist and especially within and in proximity to 
aplite dikes. Cu, Au, Bi, and W show a similar distribution pattern. Mo also shares their major peak. Zn and Pb go together but show a 
different distribution than the other metals. S is somewhat a mixture of the two groups. 
 
aggregates together with chalcopyrite and 
pyrrhotite. Galena shows replacement of other 
sulphide phases such as marcasite. Both minerals 
are found in late stage calcite veinlets along with 
chalcopyrite. 

Marcasite is only minor in abundance. It 
commonly replaces and fills cracks in pyrrhotite 
and is intergrown with chalcopyrite and pyrite. It is 
partly replaced by galena. Marcasite is developed 
in a characteristic ‘zebra-like’ texture (Fig. 10C). 

Scheelite is the only W-mineral found and a 
minor ore mineral in the deposit. Scheelite is not 
observed disseminated in the major host rocks but 
confined to veins. Common is its development in 

the quartz-dominated part of veins both within the 
host rocks and intrusive dikes (Fig. 7A). Scheelite 
mostly forms large (several millimetres in width) 
an- to subhedral single grains (Fig. 11B), 
aggregates of small (tenths of micrometres) 
rounded grains and sporadically disseminated fine 
(<200 μm) anhedral grains. Undulose extinction is 
common. Scheelite is associated with quartz, 
calcite or sulphides (especially chalcopyrite, 
sphalerite and pyrrhotite) (Fig. 11B). Calcite and 
sulphides rim the scheelite grains and fill fractures 
and holes. Crosscutting veinlets of calcite, 
chalcopyrite and sphalerite as well as chlorite are 
occasionally observed. Molybdenite is the only 
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Figure 10. Reflected light images of the mineralisation at Liikavaara. A. Chalcopyrite and pyrrhotite mineralisation surrounded by calcite in 
a quartz vein. B. Pyrite and pyrrhotite mineralisation with quartz in aplite. C. Skeletal pyrite and marcasite associated with chalcopyrite, 
pyrrhotite and scheelite in a quartz vein. D. Assemblage of chalcopyrite, pyrrhotite, sphalerite and galena in a quartz-tourmaline-calcite vein. 
 
Mo-phase in Liikavaara and minor in abundance. 
Molybdenite forms characteristic bended laths, and 
grains are commonly ~200 μm and smaller (Fig. 
11A). Intergrowths with other sulphides are not so 
common, although some association with 
pyrrhotite, chalcopyrite and scheelite is observed 
(Fig. 11A). Few grains and small aggregates are 
disseminated in veins or developed along their 
rims, generally in the quartz-dominated parts. 

Magnetite is a minor constituent in Liikavaara. 
It is present throughout the whole deposit. 
Magnetite occurs predominantly disseminated in 
the host rocks as subhedral, partly fractured grains, 
200–400 μm in size (Fig. 11C). Seldom, it is 
enriched in quartz veins together with chalcopyrite 
and pyrite. Grains are generally isolated or 
associated with pyrite and chalcopyrite, often being 
replaced by these (Fig. 11C).        

Anhedral and irregular-shaped grains of ilmenite 
are scarcely observed in quartz veins. They are 
elongated and oriented and up to a few millimetres 
in length. Titanite replaces ilmenite forming rims. 
 

5.1.8.2. Trace ore minerals 
 
Description of the trace metal mineralogy is based 
on SEM analysis. Minerals were identified by 
SEM-EDS, and since no complimentary 
crystallographic analysis was performed results 
from very fine (<5 µm) mineral grains of low 
abundance should be interpreted with caution.  

Bismuth is a common trace metal in the deposit. 
Mineralisation is diverse and includes native 
bismuth, pilsenite (Bi4Te3), bismuthinite (Bi2S3), 
tetradymite (Bi2Te2S) and to a minor extent 
volynskite (AgBiTe2) and sulphotsumoite 
(Bi3Te2S). Locally, other Bi-phases are observed 
including Bi-O-Cl, Ag-Bi-S, Pb-Bi-Se-Te-S, Bi-
Te-Se and Bi-Pb-Ag-S. The Bi-minerals are found 
in quartz veins and aplite dikes.  
Pilsenite is commonly intergrown with hessite 
(Ag2Te) and occurs as an- to subhedral inclusions, 
within cracks and along the border of pyrrhotite, 
pyrite, chalcopyrite, sphalerite and molybdenite 
(Fig. 12A, B). At grain boundaries it is associated
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Figure 11. Reflected light images of the mineralisation at Liikavaara. A. Molybdenite associated with chalcopyrite, pyrite and pyrrhotite in a 
quartz vein. B. Scheelite grains partly associated with chalcopyrite and pyrrhotite in a quartz vein within aplite. C. Disseminated 
chalcopyrite, pyrite, pyrrhotite and magnetite in biotite schist. D. Intergrowth of pilsenite, sulphotsumoite and tetradymite next to sphalerite 
in a quartz vein. 
 
with calcite, tourmaline, sphalerite, and magnetite. 
Volynskite is occasionally intergrown with 
pilsenite and hessite (Fig. 12B). Grains are 
generally <50 µm and often <20 µm. 

Tetradymite is observed in a high-grade section 
of Bi as 200–500 µm grains and rimmed by 
sulphotsumoite and pilsenite in quartz veins in 
aplite (Fig. 11D). It can also be found alongside 
pilsenite in molybdenite and with hessite in 
sphalerite. 

Native bismuth and bismuthinite are often 
intergrown with each other but also occur 
individually (Fig. 12C). Grains are interspersed in 
chalcopyrite, pyrite, pyrrhotite, biotite and quartz 
and associated with chlorite, feldspar, sphalerite 
and magnetite. Native bismuth is also observed 
together with hessite, Bi-O-Cl, electrum and Bi-Te-
Se (Fig. 12D). Grains of native bismuth and 
bismuthinite are anhedral and mostly <10 µm. One 
sample contains <5 µm droplet-shaped grains of 
native bismuth with gold in quartz (Fig. 12E).  

The minor Bi-phases are intergrown with native 
bismuth in pyrite (Bi-O-Cl), filling a crack in pyrite 
(Ag-Bi-S), and occur in quartz (Pb-Bi-Se-Te-S) 
and in chalcopyrite (Bi-Pb-Ag-S). Several grains of 
the Bi-Te-Se-phase are observed (in one sample) 
intergrown with native bismuth. These intergrowths 
are up to 150 µm in size. They are associated with 
chalcopyrite and surrounded by magnetite filled 
with disseminated native bismuth of micrometre 
size (Fig. 12D). 

Hessite is the major source for silver in 
Liikavaara. It is mostly intergrown with pilsenite 
and volynskite but also occurs with native bismuth 
and singularly (Fig. 12A, B). Hessite is also found 
associated with scarce arsenopyrite (Fig. 12F). 
Hessite grains are similar in size to pilsenite, i.e. 
mostly <20 µm. 

Another Ag-bearing mineral is acanthite (Ag2S) 
which occurs as <30 µm grains at the border of 
chalcopyrite (Fig. 13A). 

Silver is also found in native gold and electrum, 
the main gold-bearing minerals observed. 
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Figure 12. Backscattered electron images of various Bi, Ag and Au minerals in the Liikavaara deposit. A. Intergrowth of pilsenite and hessite 
at the edge of chalcopyrite and associated with calcite. B. Intergrowth of hessite, pilsenite and volynskite in chalcopyrite next to native 
bismuth. C. Inclusion of native bismuth and bismuthinite associated with chalcopyrite in pyrite. D. Disseminated native bismuth and Bi-Te-
Se associated with chalcopyrite and magnetite. E. Droplet-shaped grains of native bismuth with some gold in quartz. F. Arsenopyrite 
intergrown with sphalerite. 

 
Ratio of gold to silver ranges from ~0.8 to ~15 
between grains but most common is a ratio of 
around 1.4–2.0. Native gold and electrum occur as 
very fine (<10 µm) and often elongated grains in 
quartz veins and aplite dikes. They are commonly 
found as inclusions in quartz and in cracks or holes 
in pyrite, pyrrhotite, molybdenite and chalcopyrite, 
often with native bismuth (Figs. 12E and 13B). 
Electrum is also observed associated with chlorite, 
tourmaline and sphalerite next to pilsenite. Other 
singular occurrences include association with 
biotite and with a 5 µm anhedral grain of 

breithauptite (NiSb) in pyrrhotite (Fig. 13C). This 
breithauptite grain is the only observed occurrence 
of an antimony-bearing mineral. The same sample 
also exhibits the occurrence of a few 3–20 µm, 
subhedral grains of thorite associated with K-
feldspar and quartz (Fig. 13E).  

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. 13D).  

One sample of a quartz vein in biotite schist
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Figure 13. Backscattered electron images of various trace ore minerals in the Liikavaara deposit. A. Acanthite at the border of chalcopyrite 
and associated with calcite and chlorite. B. Electrum in a crack in pyrite and inclusion of native bismuth with chalcopyrite. C. Inclusion of 
electrum and breithauptite in pyrrhotite. D. Cassiterite inclusions at the edge of pyrite next to biotite. E. Disseminated thorite and intergrowth 
of pyrite and pyrrhotite in a matrix of K-feldspar and quartz. F. Euhedral uraninite with calcite and galena in a chalcopyrite-filled crack 
within scheelite. 
 
contains traces of uraninite. Uraninite forms sub- to 
euhedral grains, 10–30 µm in size and occurs 
associated with chalcopyrite, scheelite, and quartz 
(Fig. 13F). 
 
5.2. Chemical analysis 
 
Samples for chemical data were collected and 
analysed to check and support petrographic 
observations. To separate the whole rock chemical 
data of the four data-sets described in section 4.1 

based on rock type, scatter plots of immobile 
elements were used. This is due to immobile 
elements being less affected by alteration 
processes. Figure 14 shows four exemplary plots of 
Al2O3, MgO, Zr and Ni versus TiO2, respectively. 
Data is colour-coded after stratigraphy (based on 
petrographic observations). Data of the hanging 
wall is clearly separated from the rest and the 
footwall intrusion and dikes are grouped together 
(Fig. 14A–D). The mineralised zone and footwall 
show some overlap, least in their MgO : TiO2 ratio 
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(Fig. 14B). TiO2, MgO and Ni contents increase 
when going from felsic to mafic rocks while it is 
the opposite for Zr (Fig. 14A–D). Al2O3 is highest 
in the intermediate rocks. Some spread between 
data-sets due to differences in the method of 
analysis exists. This is especially visible in the 
generally lower contents of Al2O3 and Zr for the 
duplicate samples from Boliden AB caused by only 
partial digestion of the oxides of Al and Zr (Fig. 
14A, C). Five data points are identified as outliers. 
Their deviation stems from the samples intersecting 
two rock types and/or being strongly silicified 
(Figs. 14A–D and 15A–D). Despite some overlap 
between the footwall and mineralised zone, the 
scatter plots fit well with petrographic 
observations.    

For chemical classification of the different rock 
types, data was plotted in volcanic and plutonic 
classification diagrams. Due to missing analysis of 
Si in the duplicate samples from Boliden AB it was 
not possible to use this data-set in all plots. 
Volcanic classification diagrams include the 
volcanic TAS diagram by Le Maitre et al. (1989), 
the immobile element ratio plot by Pearce (1996) 

(modified after Winchester & Floyd (1977)) and 
the immobile element classification diagram for 
deeply weathered rocks by Hallberg (1984). The 
latter two were chosen due to the metamorphic 
character and alteration of the host rocks as they 
are based on immobile elements. The AFM 
diagram was used to classify the rocks into calc-
alkaline or tholeiitic. The R1-R2 plutonic chemical 
variation diagram by De La Roche, 1980 and the 
IUGS QAP plutonic rock classification diagram 
were used for classification of the footwall 
intrusion and dikes. 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 intrusive, was not plotted here due to its 
strongly altered character. 

In the TAS diagram a systematic shift of a large 
fraction of the data, compared to other 
classification diagrams, towards trachytic 
composition is observed (Fig. 15A). This is due to 
introduction of sodium and/or potassium to the 
rocks via alteration reactions such as biotitisation. 
Consequently, due to metamorphism and alteration 

 
Figure 14. Scatter plots of various immobile elements against TiO2. Data covers whole rock chemical data collected during this study, 
unpublished data from Estholm (2014) and duplicate and environmental samples from Boliden AB. Outliers are caused by samples 
intersecting two rock types and strong silicification. A. Al2O3 versus TiO2. The various rock types are clearly separated with exception for 
dikes and the footwall intrusion and some overlap between the footwall and the mineralised zone. Data of duplicate samples from Boliden 
AB are lower in Al2O3 than the other data due to a different method of analysis. B. MgO versus TiO2. The footwall is more clearly separated 
from the mineralised zone compared to A. C. Zr versus TiO2. Similar to A, Zr content of the duplicates is lower than the rest. D. Ni versus 
TiO2. Similar to B, but data for the mineralised zone is more stretched out. Abbreviations: FW – Footwall, HW – Hanging Wall, MZ – 
Mineralisation Zone  
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Figure 15. Classification of rock types in Liikavaara based on four sets of whole rock chemical data. One set was analysed in this study, one 
set is from Estholm (2014) and two one sets are from Boliden AB (duplicate and environmental samples). The duplicate samples were not 
analysed for Si and therefore could not be used in all diagrams. A. Volcanic TAS diagram by Le Maitre et al., 1989. Data is shifted towards 
more trachytic composition compared to B and C due to alteration of the host rocks. B. Modified immobile element ratio plot by Pearce, 
1996. Composition varies between basaltic (mineralised zone) to andesitic (hanging wall) with the footwall in between. Dikes and the 
intrusion are more felsic. C. Immobile element classification diagram for deeply weathered rocks by Hallberg, 1984. Although not deeply 
weathered, strong hydrothermal alteration of the host rocks make this diagram interesting. The results are consistent with the classification 
after Pearce, 1996. D. AFM diagram using total FeO. Most data lies in the calc-alkaline field with a clear separation between the different 
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units. E. R1-R2 plutonic chemical variation diagram by De La Roche, 1980. Only data of intrusive rocks (dikes and footwall intrusion) are 
plotted excluding the strongly altered host rock. Most data plots in the granite field. Data from environmental samples plot outside the 
classification field. F. IUGS QAP plutonic rock classification diagram. Same data as in E is plotted. Dike data lies in the monzo granite field, 
footwall intrusion data on the alkali side of the granodiorite field (this study) and in the monzo granite field (environmental samples). 
Abbreviations: FW – Footwall, HW – Hanging Wall, MZ – Mineralisation Zone   
 
of the various rock types at Liikavaara the 
immobile element plots provide more reliable 
results (Fig. 15B, C). The hanging wall and 
mineralisation zone are chemically clearly 
separated in all diagrams (Fig. 15A–D). Most data 
from the hanging wall show an andesitic 
composition while data from the mineralisation 
zone are basaltic (Fig. 15B, C). The footwall data 
lie chemically in between. Data from aplite dikes 
and the footwall intrusion are chemically similar 
and show a more felsic composition (Fig. 15A–C). 
Similar to the immobile element scatter plots, data 
of duplicate samples from Boliden AB are shifted 
compared to the other samples in the classification 
diagrams by Pearce (1996) and Hallberg (1984) 
(Fig. 15B, C). This is due to lower Zr contents that 
are the result of a different method of analysis 
(only partial digestion for the oxide of Zr). 

The plutonic diagrams R1-R2 and QAP show 
the footwall intrusion and aplite dikes to be mostly 
granitic (Fig. 15E, F). For chemical data from this 
study the QAP diagram separates the footwall 
intrusion (granodiorite) from the aplite dikes 
(monzo granite) while they lie together in the 
granite field in the R1-R2 diagram. Conversely, 
chemical data from the environmental samples 
from Boliden AB plot in the monzo granite field in 
the QAP diagram and outside the classification 
field in the R1-R2 diagram.  

Almost all data follow the calc-alkaline series in 
the AFM diagram (Fig. 15D). Similar to the other 
diagrams the hanging wall and mineralisation zone 
are separated with the footwall in between while 
aplite dikes and the footwall intrusion lie together. 

Overall, chemical classification is in support of 
petrographic observations. There are no notable 
variations between data of different drill cores and 
only minor discrepancies between different data-
sets. 
 
5.3. Geochronology 
 
The granodiorite intrusion in the footwall northeast 
of the Liikavaara Cu-(W-Au) deposit was dated as 
it is suggested to be linked to the genesis of the 
deposit. The mineralogy of the intrusion is 
described in section 5.1.4. and chemical data is 
presented in section 5.2. The zircon grains 
extracted from the intrusion are 50–200 µm in size, 
stubby to elongated in shape and partly rounded 

and broken (Fig. 16A). 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 comprises 56 crystals analysed with single 
spot analyses, 10 crystals with two-spot analyses, 
and one crystal with three-spot analysis 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 was 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±22 Ma and a lower 
intercept age of 387±20 Ma with a MSWD of 20 
(Fig. 16B). 

Of the 66 non-erroneous analyses only 20 are 
concordant. These give 207Pb–206Pb ages between 
1895–1864 Ma and are measured in bright cores (in 
BSE images) or the bright part of partially dark 
cores (Fig. 16A). Spots intersecting fractures 
exhibit near-concordant to discordant ages both 
younger and older than the concordant data. 
Stronger discordancy is displayed by spots 
intersecting oscillatory zoning and analyses of dark 
cores, both commonly younger than the concordant 
ages (Fig. 16A). For the latter, discordant 207Pb–
206Pb ages range between 424–1729 Ma.  
A crystallisation age was calculated from the 20 
concordant analyses from the bright cores. A 
concordia age yields 1873.7±5.2 Ma with a MSWD 
(of concordance and equivalence) of 1.6 (Fig. 16C). 
A 207Pb–206Pb weighted average age of the same 
analyses yields 1874.6±1.8 Ma with a MSWD of 
1.5 (Fig. 16D).  
 
6. Discussion 
 
The character and origin of the host rocks at the 
Liikavaara Cu-(W-Au) deposit have previously 
been discussed. Estholm (2014) challenged 
Zweifel’s (1976) description of metaarenites and 
suggested the host rocks to instead be 
metaandesites and tuffites. She based this on 
consistent chemical classification into andesite and 
basalt, on remnants of euhedral plagioclase 
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Figure 16. A. Backscattered electron (BSE) 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.  
   
phenocrysts, and on the occurrence of epidote, 
plagioclase and amphibole as common minerals in 
metabasalts. Contrary, Zweifel argued for an 
epiclastic origin based on the observations of 
sedimentary structures like cross- and graded 
bedding and conglomerates although he admitted to 
the possibility of a partly tuffitic origin.  

Findings of this study favour an igneous origin 
of the host rocks. Geochemical data clearly shows 
an andesitic-basaltic composition of the footwall 
rocks and an andesitic composition of the hanging 
wall rocks (Fig. 15A–C). A volcaniclastic character 
of the wall rocks is supported by the dominant 
porphyritic texture with partly euhedral 

phenocrysts and varying abundance of several 
centimetre large clasts with compositions similar to 
the surrounding rock. The occurrence of clasts 
suggests deposition in proximity to the volcanic 
eruption. Apparent sedimentary features like 
graded bedding are caused by a variation in the 
intensity of eruption and pyroclastic flow. The 
transition from a basaltic-andesitic to more 
andesitic composition from footwall to hanging 
wall is suggested to be the result of magmatic 
differentiation during extended volcanic activity. 

The host rock to the mineralisation is 
geochemically identified to be of basaltic 
composition (Fig. 15A–C). Its original texture is 
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obscured by hydrothermal alteration and 
metamorphism which has turned it into biotite 
schist. However, more pristine areas show euhedral 
plagioclase laths and amphibole phenocrysts. 
Together with the absence of clasts, this indicates 
an intrusive origin of this rock as a diabase. Due to 
the prominent metamorphism it is termed a 
metadiabase. As it is conform to stratigraphy it has 
the character of a sill. Zweifel (1976) interpreted 
the amphibolitic rocks to be metamorphosed 
dolomitic sediments. This is not supported by the 
chemistry in this study. Additionally, if it was an 
alteration product of a dolomite it should have 
turned into skarn, but no such has been recorded.  

The footwall intrusion has previously been 
described as granite (Zweifel 1976). The 
geochemical classification is not distinct but varies 
between granitic to granodioritic (Fig. 15E, F). 
Petrographic observations favour a classification as 
granodiorite based on the plagioclase to K-feldspar 
ratio. The dikes are termed aplite due to their 
granitic composition in both chemistry and 
mineralogy but much finer grain size. Texturally, 
the dikes and footwall intrusion are similar. The 
stratigraphically higher emplacement of the dikes 
and their chemical and mineralogical similarity to 
the footwall intrusion, albeit being slightly more 
felsic, suggests that they are related to the footwall 
intrusion. In this scenario, slightly fractionated 
magma intruded from the footwall intrusion into 
the overlying metadiabase/biotite schist and 
crystallised as dikes.  

The wall rocks and host rock in Liikavaara are 
strongly altered by biotitisation, sericitisation, and 
chloritisation. This can be partly explained by 
mineral alteration of e.g. pyroxene, amphibole, 
feldspar, and biotite. However, chemical data 
suggests an additional influx of sodium and/or 
potassium (Fig. 15A). Furthermore, the widespread 
occurrences of veins rich in quartz, calcite, and 
tourmaline need an external source to explain the 
high contents of Si, Ca, and B. This source is 
suggested to be magmatic-hydrothermal fluids 
derived from the granodiorite intrusion and aplite 
dikes. The high density of veins, especially in 
proximity to the dikes, supports the idea of the 
dikes acting as major pathways for magmatic 
hydrothermal fluids to ascend and penetrate the 
surrounding rocks. Additionally, it is likely that 
these fluids were carrying the metals that finally 
formed the Liikavaara ore. This is supported by a 
weak mineralisation in the aplite dikes and the 
granodiorite intrusion. Although minor pyrite, 
chalcopyrite, pyrrhotite and magnetite are 

disseminated in the metadiabase, the vast majority 
of sulphides and other ore minerals are found in 
veins as previously described by Malmqvist & 
Parasnis (1972). Furthermore, downhole logs 
indicate mineralisation to be controlled by the 
aplite dikes with highest metal grades often within, 
or in proximity to, these dikes (Fig. 9). 

 
A paragenetic sequence for ore mineralisation 
based on petrographic studies is presented below 
and summarised in figure 17.  Long timeframes and 
variable settings for some minerals, e.g. 
chalcopyrite, are caused by a presumed 
remobilisation of the primary mineralisation, as 
described by Wanhainen and Martinsson (2003) for 
the nearby Aitik deposit. Magnetite appears to be 
the oldest ore mineral due to its predominant 
disseminated character in the host rock rather than 
occurring in veins, and its replacement by 
sulphides. The major sulphides (chalcopyrite, 
pyrrhotite and pyrite) are tightly intergrown and 
likely of similar age, although pyrite appears to 
have formed in two generations. The first 
generation crystallised together with chalcopyrite 
and pyrrhotite, the second came somewhat later 
forming skeletal, often sub- to euhedral grains. 
Chalcopyrite occurs in the host rock, in quartz-
tourmaline veins and also crosscutting calcite 
veinlets and thus appears in most phases of ore 
genesis. Ilmenite is scarce in the deposit, largely 
replaced by titanite and only shows some 
association with scheelite. There are no signs for it 
to be younger than other ore minerals thus it is 
grouped with the major sulphides. Scheelite grains 
are large and partly subhedral. They only occur in 
veins and are often rimmed by other sulphides and 
cut by calcite, chalcopyrite, sphalerite, and chlorite. 
Crystallisation probably started later than for the 
major sulphides but at least for some time 
happened concurrently. 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 for 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 crosscutting calcite veins. Consequently, it 
appears that sphalerite and galena formed late in 
the paragenetic sequence. This is also true for other 
trace minerals. Uraninite and thorite form euhedral 
grains and occur as inclusions in chalcopyrite and 
in cracks of scheelite. Cassiterite and the Bi-, Au- 
and Ag-bearing minerals occur dominantly as  
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Figure 17. Paragenetic sequence of mineralisation at the Liikavaara Cu-(W-Au) deposit. 
 
inclusions and crack fillings in the major and minor 
sulphides. Overall, the paragenetic sequence at 
Liikavaara is consistent with the sequence proposed 
for Aitik (Wanhainen et al. 2005) – early magnetite  
followed by the major sulphides and later the minor 
phases. However, no IOCG overprint was recorded 
for Liikavaara. 
 
Regarding the mineralogy of the trace metals, the 
occurrence and association of Au-Ag-Bi-
tellurides/selenides is not uncommon in ore 
deposits and has been reported for a plethora of 
deposits of various types including epithermal Au-
Te systems, deposits of the porphyry-epithermal 
continuum, intrusion-related Au deposits, gold 
skarns, and Archaean orogenic gold deposits (Cook 
& Ciobanu 2005, Cook et al. 2009). Observations 
from ore deposits, 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 scavenger for Au 
in ore-forming systems and its capability to form 
economic gold deposits from 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 
generation of Bi-melt to be 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).  

The Liikavaara Cu-(W-Au) deposit is suggested 
to be genetically related to its footwall intrusion 
and also shows a metamorphic character fitting 
with greenschist facies. Hence, conditions at 
Liikavaara may have been suitable for Bi-melt 
generation. Gold and bismuth minerals in 
Liikavaara are not always directly associated, but 
the two metals and Ag 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. 12E). 
It is therefore probable that Bi-melt played some 
role in Au scavenging and distribution in the 
Liikavaara deposit. 
 
A tectonic foliation is prevalent in wall and host 
rocks at Liikavaara. Although clasts in the wall 
rocks are aligned with the foliation their inner 
texture seems unaffected by deformation. Foliation 
is especially pronounced by biotite schistosity in 
the metadiabase (Fig. 5E). To some extent it also 
affects dikes and veins. Several aplite dikes are 
altered by lepidoblastic muscovite (Fig. 6D). Veins 
are parallel to foliation in the biotite schist or 
plastically deformed and some veins have selvages 
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of biotite. Crosscutting veins of especially calcite 
occur too, which indicates different generations of 
veins (Fig. 7B). Disseminated sulphides and 
magnetite in the metadiabase are aligned in 
direction of foliation (Fig. 11C). 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 within the Nautanen Deformation zone, 
like Aitik and Nautanen (Martinsson & Wanhainen 
2004), and 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 an 
U-Pb zircon age of 1.87 Ga and thus cannot belong 
to the Lina Suite granites as suggested by Zweifel 
(1976). Its age overlaps with the Haparanda Suite 
and the Perthite Monzonite Suite of intrusions. This 
also means ore formation occurred after the 
1.88 Ga compressional event and demonstrates for 
intrusion, alteration, veining and mineralisation to 
be pretectonic to the 1.80 Ga compressional event 
with subsequent reactivation and redistribution of 
veins and mineralisation caused by it. 
Remobilisation of the Liikavaara ore may also have 
been caused by the 400 Ma Caledonian orogeny 
which affected whole northern Scandinavia. 
 
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, Liikavaara is 
enriched in Zn, Pb, As, Bi, Mo, Sn and most 
notably W (Zweifel, 1976). Additionally, the 
abundancy of calcite and the different 
mineralisation style distinguish Liikavaara 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 
containing these metals are commonly associated 
with felsic, 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 felsic 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.  

The Nautanen Cu-Au deposit, 10 km northwest 
of Liikavaara, shows a more similar mineralogy to 
Liikavaara with accessory amounts of sphalerite, 
galena, bismuthinite, molybdenite and scheelite 

(Hålenius 1983). It is also weakly enriched in Zn, 
Ag, Mo and W (and additionally Co) and shows 
good correlation between Cu and Au mineralisation 
(Martinsson & Wanhainen 2004). Occurrences of 
carbonate and quartz-tourmaline veins are 
mentioned but they are restricted to parts of the 
deposit and not the main carriers of the ore (Geijer 
1918, Danielsson 1985, Martinsson & Wanhainen 
2004). In contrast to Liikavaara, ore formation at 
Nautanen is shear-zone- rather than intrusion-
related (Martinsson & Wanhainen 2004, 
Martinsson et al. 2016). Also, the deposit shows 
distinct IOCG mineralisation with major magnetite 
next to chalcopyrite and pyrite (Martinsson & 
Wanhainen 2004).  

There are neither signs of a porphyry style 
mineralisation at Liikavaara nor a distinct IOCG 
overprint as described for Aitik and Nautanen 
(Martinsson & Wanhainen 2004, Wanhainen et al. 
2012). The Liikavaara Cu-(W-Au) deposit does not 
fit any traditional deposit type and therefore the 
generic category ‘intrusion-related’ is chosen. 
Although the category ‘vein-style’ is appropriate 
too, ‘intrusion-related’ is more descriptive to 
highlight the source of formation.  

Regionally, Pikkujärvi is another example of a 
deposit related to a felsic intrusion. It is a Cu 
deposit located in the Kiruna area, 75 km to the 
north of Liikavaara. Similar to Liikavaara 
Pikkujärvi occurs at the border of a felsic intrusion 
belonging to the Perthite Monzonite Suite and its 
host rocks are intruded by dikes including aplites 
(Bergman et al. 2001, Martinsson et al. 2016). The 
deposit shows enrichment in Cu, Mo, Co and Au 
but not W. Trace metals like Bi have never been 
studied. Major ore minerals are mostly concordant 
but include bornite and no significant amounts of 
pyrrhotite. Veins in Piikujärvi are of similar 
character as those in Liikavaara but lack 
mineralisation. Mineralisation instead occurs 
disseminated and as veinlets (Martinsson 1995, 
Bergman et al. 2001, Martinsson et al. 2016). It is 
likely that, compared to Liikavaara, Pikkujärvi was 
less affected by remobilisation of its ore. 

Lieteksavo is a vein-style Cu-Au-(Mo-W) 
deposit 90 km northwest of Liikavaara. Although 
no genetic relation to an intrusion has been 
described it shows similarities to the Liikavaara 
deposit. The bedrock comprises basaltic to 
andesitic lavas and mineralisation is hosted by 
quartz-tourmaline veins in a metadiabase (Bergman 
et al. 2001, Martinsson et al. 2016). The deposit is 
small but rich and aside the Cu-Au mineralisation 
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has significant contents of Mo and W and also 
some Bi (Martinsson et al. 2016). 

Cook et al. (2009) and references therein 
describe gold deposits containing tellurides and 
selenides in the Fennoscandian Shield. According 
to Ciobanu et al. (2004) at least 38 of roughly 100 
gold deposits contain Bi-tellurides (selenides). 
Liikavaara differs from the described gold deposits 
in that it is mainly a Cu deposit with traces of Au. 
Furthermore, many of these deposits are 
categorised as metamorphosed VHMS, epigenetic 
and orogenic gold deposits (Cook et al. 2009). 
Nevertheless, there are likely some similarities 
between the ore fluids responsible for Au-, Ag- and 
Bi-mineralisation at Liikavaara and other gold 
deposits in the Fennoscandian Shield. 

This leads to the conclusion, that formation of 
the Liikavaara Cu-(W-Au) deposit can be explained 
by magmatic-hydrothermal fluids, exsolved from a 
granodiorite that intruded basaltic-andesitic 
volcaniclastic rocks and aplite dikes that penetrated 
the overlying metadiabase/biotite schist, which 
caused extensive veining of quartz-tourmaline and 
calcite, and ore mineralisation therein. 
 
The Liikavaara ore will be processed in the Aitik 
plant by autogenous and pebble mill grinding 
followed by conventional flotation before a 
pressure filtered concentrate is sent for refining to 
the smelter in Rönnskär, Skelleftehamn. Therefore, 
aside the primary extraction of Cu, only Au and Ag 
will be produced as by-products. Production of W 
was considered but due to the necessity of an 
additional processing set-up not deemed profitable 
at present. Bi and Sb, despite their inclusion in the 
list of CRMs, are seen more as a nuisance as they 
have the potential to lower the quality of Cu-metal.  

The character of mineralisation at the Liikavaara 
deposit has several implications for processing of 
the ore. Mineralisation is hosted by veins rather 
than being disseminated in the host rock but due to 
size, abundance and distribution of the veins the 
rock will have to be crushed as a whole regardless. 
As most veins are of a quartz-tourmaline 
composition, rather high energy will be necessary 
during comminution in order to liberate the ore 
minerals.  

Chalcopyrite occurs in many shapes and sizes, 
complexly intergrown with other sulphides and 
filling interstices and forming networks, especially 
in tourmaline-rich areas. A complete liberation will 
be difficult in most cases (Will & Napier-Munn 
2006).  

Scheelite on the contrary would have a better 
chance of being liberated if tungsten were to be 
produced in the future. Care would need to be taken 
to not overgrind it because many scheelite grains 
are larger than the sulphides, fractured and 
surrounded by sulphides and/or calcite rather than 
quartz.  

Gold occurs as free grains of native gold and 
electrum, and bound in Bi-droplets. No analysis for 
gold in pyrite has been done in Liikavaara but gold 
as inclusions is common in the Aitik ore. Bismuth 
minerals can be used as a tracer for gold, although 
gold distribution is generally similar to that of 
chalcopyrite. Gold is rather diverse in its mineral 
association but mostly forms inclusions in 
sulphides and especially quartz. The association 
with quartz may result in gold being locked in 
gangue after comminution and consequently 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 gold 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).  

Silver occurs mainly in hessite, but is also found 
in electrum, native gold and acanthite. There may 
also be significant amounts of Ag in chalcopyrite 
but in low concentrations. To achieve optimal 
recovery efficiency this might require several 
flotation steps adapted to the varied Ag-mineralogy 
(Woodcock et al. 2007). Hessite is often tightly 
intergrown with pilsenite and forms inclusions in 
other sulphides. Thus full liberation will be 
unlikely. Similar to gold, the grain size of Ag-
minerals is also small (<30 µm) so achieving a high 
recovery will be difficult (Jameson et al. 2007, 
Woodcock et al. 2007).  

Antimony is likely to be unproblematic as only a 
single 3 µm Sb-bearing grain of breithauptite was 
observed. But, it was associated with electrum. 
This could theoretically cause an issue if this 
association were more frequent in Liikavaara and if 
antimony were to follow gold during processing. 
Other common penalty elements like As and U are 
also rather low in abundance and similarly unlikely 
to cause issues regarding quality of the ore or 
environmental regulations.  

Overall, recovery of Cu, Au and Ag should be 
possible in the Aitik processing plant. But, 
recovery of especially the trace metals may be 
lower than expected due to the set-up being 
optimised for the Aitik and not the Liikavaara ore 
and due to the varied mineralogy, occurrence in 
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gangue and small grain size of Au and Ag. Hence, 
to achieve ideal recovery efficiency adjustments of 
the processing parameters may be necessary, even 
when blending the Liikavaara ore with the Aitik 
ore. 
 
7. Conclusion 
 
The Liikavaara Cu-(W-Au) deposit was studied 
regarding its petrological, mineralogical and 
geochemical composition. In addition, 
geochronological analysis of the footwall intrusion 
was performed.  

The Liikavaara Cu-(W-Au) deposit is an 
intrusion-related vein-style deposit. Genesis is 
linked to a 1.87 Ga granodiorite intrusion in the 
footwall of the deposit. The ore is hosted by a 
metadiabase partly metamorphosed to biotite schist. 
The metadiabase occurs as a sill between 
metavolcaniclastic rocks of andesitic (hanging 
wall) to basaltic (footwall) composition. The host 
rocks are altered by biotite, muscovite, calcite, 
epidote, tourmaline, sericite and K-feldspar. Quartz 
(±tourmaline) and calcite veins of different 
orientations and generations span over the deposit. 
Additionally, meter-wide aplite dikes related to the 
granodiorite intrusion cut the host rocks.  

Mineralisation is confined to veins with minor 
dissemination in the metadiabase/biotite schist 
(chalcopyrite, pyrite, pyrrhotite and magnetite). 
Distribution of the mineralisation is controlled by 
aplite dikes. Chalcopyrite, pyrite and pyrrhotite are 
major in abundance. Sphalerite, galena, magnetite, 
marcasite, scheelite and molybdenite are minor. 
Ilmenite is sporadically observed. A number of 
trace metals exist including Bi, Ag, Au and Sn. 
They are, respectively, most commonly bound in 
Bi-phases (esp. native Bi, pilsenite, bismuthinite 
and tetradymite, and less volynskite and 
sulphotsumoite), hessite, electrum and cassiterite. 
The weakly enriched elements As, Sb and U are 
found in arsenopyrite, breithauptite (only one grain 
observed) and uraninite, respectively. Overall, their 
concentrations are low and unlikely to affect 
quality of the ore or to cause environmental 
problems. Intergrowths, inclusions and 
replacements between ore minerals are common, 
especially for the major and minor sulphides. Only 
molybdenite is often isolated from the other 
sulphides. Pyrrhotite is abundant when chalcopyrite 
is enriched, but otherwise pyrite is the dominant 
Fe-sulphide. Minerals with trace metals of interest 
like Au, Ag and Bi are often <20 µm and found as 
inclusions, along the borders, in cracks and in holes 

within the major sulphides, sphalerite, molybdenite 
and quartz.  

The ore was likely introduced to the deposit via 
the aplite dikes by magmatic-hydrothermal fluids 
generated by the granodiorite intrusion in the 
footwall. Bi-melt may have acted as a scavenger 
for Au. Chemical differences of the ore compared 
to the Aitik and Nautanen deposits are caused by 
the more felsic composition of the intrusion 
generating the ore fluids. Remobilisation of the ore 
in connection with the 1.80 Ga compressional event 
of the Svecofennian orogeny and the 400 Ma 
Caledonian orogeny has most probably taken place.    
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Appendix: Method of sample preparation and analysis for the various chemical data sets handled in this study. Abbreviations: AD – Acid 
Digestion, AR – Aqua Regia, ICP-(A)ES – Inductively Coupled Plasma (Atomic) Emission Spectroscopy, ICP-MS – Inductively Coupled 
Plasma Mass Spectrometry, FD – Fused Disc, LBF – Lithium borate fusion, MA – Multi Acid, XRF – X-ray fluorescence.  

  This study Estholm (2014) Duplicate Samples Boliden AB Environmental Samples Boliden AB 

Lab  ALS Scandinavia AB AcmeLabs AcmeLabs ALS Scandinavia AB 

Al2O3 % FD XRF LBF + ICP-ES  LBF + AD + ICP-AES 

BaO % FD XRF   LBF + AD + ICP-AES 

CaO % FD XRF LBF + ICP-ES  LBF + AD + ICP-AES 

Cr2O3 % FD XRF LBF + ICP-ES  LBF + AD + ICP-AES 

Fe2O3 % FD XRF LBF + ICP-ES  LBF + AD + ICP-AES 

K2O % FD XRF LBF + ICP-ES  LBF + AD + ICP-AES 

MgO % FD XRF LBF + ICP-ES  LBF + AD + ICP-AES 

MnO % FD XRF LBF + ICP-ES  LBF + AD + ICP-AES 

Na2O % FD XRF LBF + ICP-ES  LBF + AD + ICP-AES 

P2O5 % FD XRF LBF + ICP-ES  LBF + AD + ICP-AES 

SiO2 % FD XRF LBF + ICP-ES  LBF + AD + ICP-AES 

SrO % FD XRF   LBF + AD + ICP-AES 

TiO2 % FD XRF LBF + ICP-ES  LBF + AD + ICP-AES 

LOI  % Furnace LBF + ICP-ES  LBF + AD + ICP-AES 

Total % FD XRF LBF + ICP-ES  LBF + AD + ICP-AES 

Ag ppm 4AD + ICP-AES AR + ICP-ES/MS MA + ICP-ES/MS 4AD + ICP-AES 

Al %   MA + ICP-ES/MS  

As ppm LBF + AD + ICP-MS AR + ICP-ES/MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Au ppb  AR + ICP-ES/MS Fire Assay + ICP-ES  

B ppm   AR + ICP-ES/MS  

Ba ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Be ppm  LBF + ICP-MS MA + ICP-ES/MS  

Bi ppm LBF + AD + ICP-MS AR + ICP-ES/MS MA + ICP-ES/MS LBF + AD + ICP-MS 

C % Leco furnace Leco furnace  Leco furnace 

Ca %   MA + ICP-ES/MS  

Cd ppm 4AD + ICP-AES AR + ICP-ES/MS MA + ICP-ES/MS 4AD + ICP-AES 

Ce ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Co ppm 4AD + ICP-AES LBF + ICP-MS MA + ICP-ES/MS 4AD + ICP-AES 

Cr ppm LBF + AD + ICP-MS  MA + ICP-ES/MS LBF + AD + ICP-MS 

Cs ppm LBF + AD + ICP-MS LBF + ICP-MS  LBF + AD + ICP-MS 

Cu ppm 4AD + ICP-AES AR + ICP-ES/MS MA + ICP-ES/MS 4AD + ICP-AES 

Dy ppm LBF + AD + ICP-MS LBF + ICP-MS  LBF + AD + ICP-MS 

Er ppm LBF + AD + ICP-MS LBF + ICP-MS  LBF + AD + ICP-MS 

Eu ppm LBF + AD + ICP-MS LBF + ICP-MS  LBF + AD + ICP-MS 

Fe %   MA + ICP-ES/MS  

Ga ppm LBF + AD + ICP-MS LBF + ICP-MS AR + ICP-ES/MS LBF + AD + ICP-MS 

Gd ppm LBF + AD + ICP-MS LBF + ICP-MS  LBF + AD + ICP-MS 

Ge ppm LBF + AD + ICP-MS   LBF + AD + ICP-MS 

Hf ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Hg ppm LBF + AD + ICP-MS AR + ICP-ES/MS AR + ICP-ES/MS LBF + AD + ICP-MS 

Ho ppm LBF + AD + ICP-MS LBF + ICP-MS  LBF + AD + ICP-MS 

In ppm LBF + AD + ICP-MS   LBF + AD + ICP-MS 

K %   MA + ICP-ES/MS  

La ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Li ppm 4AD + ICP-AES  MA + ICP-ES/MS 4AD + ICP-AES 

Lu ppm LBF + AD + ICP-MS LBF + ICP-MS  LBF + AD + ICP-MS 
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Mg %   MA + ICP-ES/MS  

Mn ppm   MA + ICP-ES/MS  

Mo ppm 4AD + ICP-AES AR + ICP-ES/MS MA + ICP-ES/MS 4AD + ICP-AES 

Na %   MA + ICP-ES/MS  

Nb ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Nd ppm LBF + AD + ICP-MS LBF + ICP-MS  LBF + AD + ICP-MS 

Ni ppm 4AD + ICP-AES AR + ICP-ES/MS MA + ICP-ES/MS 4AD + ICP-AES 

P %   MA + ICP-ES/MS  

Pb ppm 4AD + ICP-AES AR + ICP-ES/MS MA + ICP-ES/MS 4AD + ICP-AES 

Pr ppm LBF + AD + ICP-MS LBF + ICP-MS  LBF + AD + ICP-MS 

Rb ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Re ppm LBF + AD + ICP-MS   LBF + AD + ICP-MS 

S % Leco furnace Leco furnace Leco furnace Leco furnace 

Sb ppm LBF + AD + ICP-MS AR + ICP-ES/MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Sc ppm 4AD + ICP-AES LBF + ICP-ES MA + ICP-ES/MS 4AD + ICP-AES 

Se ppm LBF + AD + ICP-MS AR + ICP-ES/MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Si %     

Sm ppm LBF + AD + ICP-MS LBF + ICP-MS  LBF + AD + ICP-MS 

Sn ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Sr ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Ta ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Tb ppm LBF + AD + ICP-MS LBF + ICP-MS  LBF + AD + ICP-MS 

Te ppm LBF + AD + ICP-MS  AR + ICP-ES/MS LBF + AD + ICP-MS 

Th ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Ti %   MA + ICP-ES/MS  

Tl ppm LBF + AD + ICP-MS AR + ICP-ES/MS AR + ICP-ES/MS LBF + AD + ICP-MS 

Tm ppm LBF + AD + ICP-MS LBF + ICP-MS  LBF + AD + ICP-MS 

U ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 

V ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 

W ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Y ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 

Yb ppm LBF + AD + ICP-MS LBF + ICP-MS  LBF + AD + ICP-MS 

Zn ppm 4AD + ICP-AES AR + ICP-ES/MS MA + ICP-ES/MS 4AD + ICP-AES 

Zr ppm LBF + AD + ICP-MS LBF + ICP-MS MA + ICP-ES/MS LBF + AD + ICP-MS 
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Abstract 
Automated Scanning Electron Microscopy (ASEM) systems are widely applied in the mining industry to 
quantify the mineralogy of the ore feed and subsequent products generated during processing. With 
society pushing more and more towards sustainable mining, this quantification should be as 
comprehensive as possible to serve as basis for a more complete utilization of the ore. The quantification 
of trace minerals is of particular interest since they are often either deleterious or potential by-products 
which would add revenue to the operation. Systems like QEMSCAN® offer a mode specifically designed 
towards trace mineral analysis (TMS mode); however, it comes with inherent drawbacks. It is not 
comprehensive and the presence of some heavy minerals like galena can drastically increase time of 
analysis. For a routine application in the mining industry where major ore minerals and gangue phases 
require analysis this mode is unsuitable. Here, we investigate the potential of detecting micron-sized trace 
minerals in a comprehensive analysis 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 the authors. Results show that the 
resolution of trace minerals at or below 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 for optimal results verification by another analytical method (SEM-EDS) is 
recommended. As an add-on to routine quantitative mineralogical 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 like 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 Raw Material’ (CRM) by the 
European Commission, i.e. they are of high 
economic importance for the EU but with a high 



2 

risk associated with their supply (European 
Commission, 2017). 
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 
characterisation of an ore deposit should be 
considered when planning for a mining operation, 
and also in operating mines. 

In order to be able to predict trace metal 
deportment during processing of the ore, a good 
understanding of their mineralogical and textural 
characterisation 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 (Goodall and Scales, 2007), 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 SCANning electron 
microscope (QEMSCAN®) system and the Mineral 
Liberation Analyser (MLA) system (Gottlieb et al., 
2000; Gu, 2003).  

The QEMSCAN® system is the third generation 
of automated mineral analysis systems based on the 
then named QEM*SEM® system. QEM*SEM®, 
was developed on request of the mining industry by 
the Commonwealth Scientific and Industrial 
Research Organisation (CSIRO) in Australia in the 
1970’s and marked the first automated mineral 
analyser (Miller et al., 1982; Reid et al., 1984). The 
MLA system is based on the concepts of Hall 
(1977) and became commercially available in 2000 
through FEI Company and JKTech, whilst 
QEMSCAN® was marketed by Intellection Pty Ltd. 
Both systems, QEMSCAN® and MLA, utilise 
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. (2000), 
Goodall et al. (2005), and Pirrie and Rollinson 
(2011). 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 (2003). 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) (Hrstka et al., 
2018). 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. (2015) and 
references therein, and the principles and 
applications of the TIMA system are described by 
Hrstka et al. (2018).  

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. In consequence, trace minerals are 
often undetected due to their grain size being at or 
below scan resolution. Most ASEM systems 
provide an analytical mode targeted towards 
analysis of trace minerals (such as TMS mode for 
QEMSCAN®) and its usefulness for 
characterisation of e.g. Au has been demonstrated 
(Butcher et al., 2000; Goodall et al., 2005; Goodall, 
2008; Goodall and Butcher, 2012). However, this 
analytical mode hardly finds application for 
deposits where trace minerals are only by-products, 
or of no current economic interest. Furthermore, for 
the example of Au, the phase-specific mode is 
hardly applicable if the sample is enriched in Pb- 
and Bi-minerals due to similar BSE brightness. 
This forces the system to analyse 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. 

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 
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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 overall 
quality of general routine industrial scans and the 
possibility of detecting and quantifying trace 
phases at or below scan resolution. Ideally, a scan 
should provide a basic idea of trace mineral 
mineralisation 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 was done in full 
collaboration with the authors and is novel in its 
inter-lab comparison between the industry and a 
scientific institution. 
 
 
 

2. Sample Selection 
 
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. Original features like mineral 
distribution, structures and textures carry important 
information for processing of the ore but are partly 
lost during crushing. Hence, for comprehensive ore 
characterisation to aid in early mine planning, 
uncrushed rock samples are most suitable. In fact, 
possibilities to routinely scan drill core pieces are 
currently tested at Boliden AB. 

The sample selected was from the Liikavaara 
Cu-(W-Au) deposit, an intrusion-related vein-style 
deposit in northern Sweden (Fig. 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.

 

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 analysed in this study is shown. C. Thin section prepared from a drill core intersecting a 
mineralised quartz vein within an aplite dike. Modified after Warlo et al. (2019a). 
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The deposit also hosts several trace metals 
including fine-grained (<20 µm) Au, Ag, Bi and Sn 
(Warlo et al. 2019a). 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 (1976) and Warlo et al. (2019a).  

The deposit is currently in the pre-production 
stage, and the start of production is estimated to 
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 on 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) 
 
3. Petrography 
 
The selected core sample (mineralised quartz vein 
from the proximal ore zone) was prepared into a 
polished thin section of 27 x 46 mm with a sample 
size of 23 x 37 mm (Fig. 1C). In the corresponding 
other half of the drill core a 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 (Fig. 2A, 
E). It is strongly mineralised by pyrite and 
pyrrhotite, and by minor chalcopyrite and 
sphalerite (Fig. 2B, F). Pyrite and pyrrhotite vary in 
grain sizes from a few microns to several 
centimetres in width. Grains are often fractured but 
pyrite retains a subhedral shape (Fig. 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 (Fig. 2B, F). Several grains of scheelite 
(>1 cm), and one 400 µm grain of pilsenite, are 
observed (Fig. 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 (Fig. 3A–
D).  
 
4. Method 
 
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 analysed with 
the QEMSCAN® system at Camborne School of 
Mines (CSM), University of Exeter, Penryn, UK, to 
comprehensively characterise 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) 
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 (150x150 analysis points per field), 
with a measurement area of approximately 19 mm 
x 35.5 mm (Fig. 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. (2011). 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 customised to the entire 
sample, to ensure all the minerals in the sample 
were identified as well as possible, which involved 
checking all the minerals present and developing 
the database entries as required. This for example 
involved improving existing entries, adding 
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Figure 2. Petrographic images of the thin section analysed by QEMSCAN® in this study. A and E are plain polarised light images, B, C, D, 
and 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  
 
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.    

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) 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
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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  
 
width of 1500 µm (300x300 analysis points per 
field), with a measurement area of approximately 
21.5 mm x 32 mm (Fig. 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 a first 
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 5).   
 
5. Results 
 
Results from both QEMSCAN® analyses, at CSM 
and Boliden AB respectively, showed overall good 
agreement with earlier detailed petrographic and 

SEM studies, but there were some key differences 
between the data sets: 
(1) The areas scanned by QEMSCAN® differed in 
size between CSM and Boliden AB and did not 
cover the entire sample (Fig. 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 like 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.  
(2) 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 (Fig. 5). This indicates potentially a poor 
vacuum condition in the SEM chamber during 
measurement, or beam fluctuation, however no 
impact on the mineral map was observed.  
(3) The QEMSCAN® analysis by CSM agreed with   
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Figure 4. Optical scan of the sample and corresponding QEMSCAN® images (BSE and mineral map) from CSM and Boliden AB. 
 
the mineralogy described by light optical 
microscopy and SEM of the selected sample (see 3. 
Petrography). Major and minor sulphides and 
silicates were confirmed. 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) 
(Fig. 7D, E). Electrum, hessite, and Bi-minerals 
were all detected (Fig. 6, 7D). Bi-minerals were 
categorised into Bi-tellurides and native 
bismuth/bismuthinite. No differentiation was made 
between Bi-tellurides (e.g. pilsenite and 
tetradymite). Similarily native bismuth and 
bismuthinite were grouped together due to 
difficulties to separate bismuth and sulphur at the 
scan resolution in QEMSCAN® analysis. 
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. A total of seven pixels were 
identified as electrum (Fig. 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 6x12 µm to 2x3 µm (Fig. 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 
(Warlo et al. 2019b). 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) (Fig. 7). 
Minor sulphides were compiled under ‘other 
sulphides’, 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.  
(4) 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 in both 
maps were shapes of grains, cracks, and inclusions 
clearly visible (Fig. 7). Only the fine-grained 
clusters of calcite, ankerite and goethite were not

 

Figure 5. Grey-level shift in the BSE image recorded by Boliden AB (indicated by arrows). This shift was not observed for CSM and is not 
reflected in the mineral map. 
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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-coloured 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. 
 
resolved but marked as a single phase for Boliden 
AB due to their less-detailed mineral list where 
these minerals were simply categorized as Fe-
Ox/Carbonates (Fig. 7D, E). Micro cracks filled 
with chalcopyrite in pyrite and quartz were 
resolved for both data sets, but of higher detail in 
the CSM mineral map (Fig. 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 (Fig. 7A, B). 
(5) 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
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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 difference in micro fracture density between the optical images 
and the mineral maps. The CSM map includes all 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.  
 
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.  

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 (Fig. 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
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Table 2. Modal mineralogy based on mineral mass determined by QEMSCAN®. Data is normalised and quoted to 2 d.p. 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. In the original scan by Boliden AB, the category ‘Silicates’ was used instead of ‘Biotite’. 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 analysed. 
Modal Mineralogy 
(Mineral Mass %) 

CSM Boliden AB 
(original) 

Boliden AB  
(1st update) 

Boliden AB  
(2nd + 3rd update) 

Chalcopyrite 0.72 1.58 1.58 0.80 
Sphalerite 0.91 0.82 0.82 0.79 
Pyrite 48.84 49.16 49.16 49.94 
Pyrrhotite 19.08 15.42 15.42 15.42 
Other sulphides  <0.01   

Molybdenite <0.01  <0.01 <0.01 
Cassiterite 0.01  <0.01 <0.01 

Bi-minerals  0.02   
Tellurobismuthi

te 0.02  0.02 0.02 

Bismuth/Bismu
thinite <0.01  <0.01 <0.01 

Au, Ag minerals  0 0 <0.01 
Electrum <0.01    
Silver minerals <0.01    
Hessite <0.01    

Scheelite 0.67 0.51 0.51 0.50 
Quartz 18.02 18.43 18.43 18.56 
Biotite (*Silicates) 0.13 *0.04 <0.01 <0.01 
Chlorite 0.62 <0.01 <0.01 <0.01 
Tourmaline 2.82 3.98 3.98 3.97 
Fe-Ox/Carbonates  9.58   

Uraninite <0.01  <0.01 <0.01 
Rutile 0.01  <0.01 <0.01 
Jacobsite 0.14  N.A. N.A. 
Fe-Ox/CO3 1.96 3.28 7.54 
Calcite 2.89  6.30 1.94 
Ankerite 3.15  N.A. N.A. 
Apatite 0.01  0.01 <0.01 

Others <0.01 0.45 0.49 0.51 
 
pyrrhotite. But neither the mineral maps nor the 
quantitative data suggested this to have been an 
issue in this study. Rather, the difference in area 
analysed was likely responsible for the variation of 
pyrrhotite. 
 
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 compared to the 
data of CSM.  
(A) An attempt was made to reproduce the mineral 
list used at CSM (Fig. 7). Ankerite and jacobsite 
could not be differentiated from the category ‘Fe-
Ox/CO3’ and also gold and silver minerals 
remained undifferentiated. Change of the phase 

‘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 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 
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ppm because of a significant risk of 
misidentification of grains at or below 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, 
classification was not always correct.  
(B) 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, like grain boundaries. The 
pixel is than 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, 
so has a risk for wrongly reclassifying pixels. Thus, 
if and when the method is applied, 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 favour 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 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 originally identified as 
chalcopyrite was reclassified, mostly as pyrite and 
quartz. In the original mineral map, many pyrite 
grains appeared coated with a pixel-thick layer of 
chalcopyrite that were neither present in the 
mineral map of CSM nor in optical images. The 
chalcopyrite pixels consequently got 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 (Fig. 7 A, 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. 
(C) 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 a Au-signal as Au. This entry was 
placed at the top of the SIP to guarantee all pixels 
to be 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 many of the 
pixels to be 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 20, 30 and 
40 % intensity respectively (compared to the Au 
elemental reference spectrum) and the results were 
verified by subsequent manual SEM analysis. The 
results are summarised in Table 3. At an intensity 
of 20 %, 69 pixels were identified as Au of which 
20 were false. At an intensity of 30 % it was 30 
pixels of Au with no errors. At an intensity of 
40 %, 20 pixels were identified as Au and no errors. 
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.  

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
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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 

 
allows detection of smaller grains because their 
excitation volume creates a weaker Au signal. But 
it also increases the risk for errors. The detection 
limit is on average approximately 3 % per analysis  
point at 1000 counts (Andersen et al., 2009; 
Rollinson et al., 2011). At an optimal threshold 
value of 25 % 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 (Fig. 
7A, C, D), one at a threshold of 21 % (Fig. 7B), and 
one was not detected at all despite a grain size of 
~5 µm (Fig. 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. Contrary, 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, 
the other as rutile despite none of these minerals 
being in the vicinity of the respective pixels.  
 
6. Discussion 
 
Both scans by CSM and Boliden AB respectively 
covered only about 75 % of the sample due to 
limitations of their sample holders (Fig. 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

 

Figure 8. 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.  
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sample. Although the edges are usually of poorer 
polish quality, a 75 % scan can result in a 
significant loss of information and hence an effort 
should be made to analyse 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, so X-ray yield was not significantly 
affected and/or within 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 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 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. Rollinson) and a study by Boni et 
al. (2013), 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. Also 
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 (e.g. Butcher et al., 2000; Goodall et 
al., 2005;  Agorhom et al., 2012). However, this is 
not realistic for comprehensive routine analyses of 
uncrushed samples in the mining industry as 
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. If 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-resolutions 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 left unidentified. Most trace 
minerals were at or below scan resolution in grain 
size, yet often possible to be separated from the 
surrounding phases, and marked as single pixels in 
the mineral map. While some single pixels were 
misclassified, all pixels of valuable trace minerals 
like Au and Ag were confirmed by manual SEM-
EDS. This was achieved by detailed work with the 
SIP using the SMART approach (Haberlah et al., 
2012). 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 
accustom 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 
output data will have much fewer uncertainties. For 
this study, previous mineralogical studies by Warlo 
et al. 2019a 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 like 
silicates, carbonates and oxides have no economic 
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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 characterisation 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 economically unfeasible for 
Boliden AB. Instead, for each deposit or process-
mineralogical type of ore, an individual SIP is used 
for the quantitative mineral analysis of the deposit. 
These 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. 
2019a. 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, 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, trace phases at or below scan 
resolution (pixel size) commonly produce mixed X-
ray signals with the surrounding phases 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. 
(2015) in their review on trace element recovery in 

copper flotation. Hence, recognising 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 aided to 
increase similarity in 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 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. (2018) using the MLA system showed 
improvements in calculating Sn deportment in a 
skarn deposit by including mixed phases in their 
mineral reference list in order to resolve mixed 
spectra at grain boundaries rather than relying on 
so-called touchups (similar to ‘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 on their 
occurrence and distribution should be of interest to 
the mining industry and consequently aimed for 
with 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 and at best 
quantification of trace minerals is indeed possible 
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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 misidentification of 
pixels. While for major ore minerals Boliden AB 
utilises 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 has 
to 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.          
 
7. Conclusion 
 
This study investigated the potential of 
comprehensive routine quantitative mineralogical 
characterisation of uncrushed rock samples by 
QEMSCAN® (as an example for 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, 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. Resolution of mixed spectra 
was done 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 with industrial settings, 
gangue mineral differentiation could be improved. 
Additionally, identification and quantification of 
trace minerals (in this case Au-minerals) was 
significantly improved by 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 (to 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 catch 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 produce 
quantitative data and information on mineral 
association also for trace minerals whose 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.  
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