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Abstract. Geometallurgy is a team-based approach to 
characterising ore body variability and is used to assess 
the impact of geological parameters on the mining value 
chain. The increased use of the approach has led to 
upgrading of methods and equipment used to collect 
data, for example, small- and bench-scale systems for 
chemical, mineralogical, geotechnical and comminution 
data. New methods of analyzing and interpreting data are 
also being developed to provide statistically valid data 
needed for spatial modelling, for example modal 
mineralogy estimation, machine learning to incorporate 
data into spatial models, and innovative mathematical 
approaches. The use of geometallurgy has expanded to 
non-metallic deposits such as industrial minerals. In 
future, it could be used in emerging areas such as 
recovery of metals from electronic waste and 
characterization of carbon sequestration potential. 
Developments to reduce energy usage in mining, 
particularly in size reduction circuits, have led to the 
emergence of several innovative technologies (e.g. 
CAHM, eHPCC, CanMicro) along with improved ore 
sorting and upgrading methodologies to reduce the 
amount of material requiring size reduction. If these 
technologies become widely adopted, methods to assess 
the impacts of geological variability will need to be 
developed and incorporated into geometallurgical 
programs. 
 
1 Introduction 
 
Geometallurgy is a team-based approach to 
characterising variability within an ore body. The intent is 
to quantify the impact of geological parameters on the 
mining value chain from mining through comminution, 
metallurgical response, recovery and processing plus 
waste and tailings disposal as well as, for example, 
energy usage, CO2 generation and social license to 
operate. The aim is to have 3D models that show the 
grade of valuable commodities plus other rock-related 
properties that may impact cost centers along the mining 
value chain (e.g. Hunt and Berry 2017). The models are 
intended to be used predictively to help mine planning 
and risk management – a ‘no surprises’ approach.  

For geometallurgical modelling the data used need to 
be spatially constrained as well as quantitative. The link 
between results and the location of samples is important 
in outlining geometallurgical domains that can be 
exploited at a mineable scale. In order to create 
statistically valid sample distributions for modelling, data 
need to be abundant and thus relatively inexpensive to 
obtain. Below are some examples of ‘what’s new’ in terms 
of data collection and interpretation for geometallurgy 
plus some examples of emerging technologies that show 
significant promise in terms of reducing energy and water 

use and are likely to be considered in future 
geometallurgy programs. Rock characteristics and 
properties related to the emerging technologies will need 
to be determined to incorporate them into 
geometallurgical modelling and domain definition. Small 
scale proxy-type tests may also be needed to define the 
geometallurgical domain model.   

 
2 What’s new  
 
Equipment and methods to collect data are continually 
being upgraded as well as ways to more rapidly and 
efficiently analyse and interpret large amounts of data. 
Some recent examples are described in the following 
sections.  

It is also evident that geometallurgy is now being used 
in areas outside metallic deposits, such as the bulk 
commodities exploited in the mining of industrial 
minerals. Key differences between the industrial mineral 
and metallic ore sectors are  discussed by Ellefmo et al. 
(2019) as they describe geometallurgical concepts used 
in industrial mineral production of marble and nepheline 
syenite.  

 
2.1 Data collection 

 
Development and improvement of hand held and bench 
scale equipment for collecting chemical assay or 
mineralogical data is continuing and routine use 
becoming more common. For example, McKinley et al. 
(2018) describe how near and shortwave infrared (NIR-
SWIR) data collected using a handheld device are 
incorporated into 3D models for the Kisladag gold 
porphyry deposit in Turkey. Johnson et al. (2019) discuss 
how hyperspectral data collected from blast hole samples 
using an automated system are used in predicting 
recovery and throughput at the Phoenix Au-Cu porphyry-
related skarn deposit, USA. Efforts are also being made 
to use data from the automated systems to provide 
information on geotechnical parameters of drill core. 
Harraden et al. (2019), for example, describe the use of 
surface models derived from laser profiling of oriented 
drill core to measure fracture orientations which can be 
used in determining rock quality designation (RQD) for 
incorporation in  geotechnical models at the Cadia East 
porphyry deposit, Australia. Rafai et al. (2018) 
demonstrate the use of laser-induced breakdown 
spectroscopy (LIBS) for real-time geochemical 
applications on samples with complex mineralogy and 
varying surface topography. 

Developments are continuing in scanning electron 
microscope-based automated mineralogy with 
‘Mineralogic Mining’ (Graham et al. 2015) and ‘TESCAN 
TIMA’ (Hrstka et al. 2018) as fairly recent alternatives to 
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established MLA (SEM-mineral liberation analysis) and 
QEMSCAN (quantitative evaluation of materials by SEM) 
systems. Graham et al. (2015) describe a key point of 
difference of the Mineralogic Mining system as 
classification of minerals using the weight percent 
contribution of elements and thus, the mineral 
stoichiometry. A capability to correlate light microscope, 
SEM and automated mineralogy mineral maps has also 
been developed. The TIMA system uses a unique X-ray 
spectrum clustering algorithm to lower the chemical 
detection limit and is optimized to deal with rapidly 
acquired low-count spectra (Hrstka et al. 2018). 

New comminution tests are also being developed. As 
mentioned, geometallurgy requires abundant data to 
create statistically valid spatial models. One way of 
obtaining such data is via small-scale proxy type tests 
which, by design, use small sample size and are less 
expensive to perform.  A recent example of a new 
development is this area is the ‘rediscovery’ of an old test 
as described by Heiskari et al. (2019). The testing follows 
from a review by Mwanga et al. (2015) and uses the 
results from a Mergan mill to predict Bond work index 
(BWI) values. 

 
2.2 Data analysis 

 
New methods of analyzing and interpreting data continue 
to be developed and improved. For example, methods to 
rapidly and inexpensively obtain bulk (modal) mineralogy 
continue to be tried. Escolme et al. (2019) describe using 
whole rock geochemical data to estimate bulk mineralogy 
using a combination of ternary diagrams and bivariate 
plots to classify alteration assemblages (i.e. alteration 
mapping) plus calculating mineralogy using linear 
programming for the Productora Cu-Au-Mo deposit, 
Chile. In an example from the industrial mineral sector, 
Silva et al. (2018) used X-ray fluorescence (XRF) and X-
ray diffraction (XRD) data to compare two element-to-
mineral conversion methods, one least squares-based 
and one regression-based. They demonstrate that the 
modal mineralogy of samples from the Nabbaren 
nepheline syenite deposit, Norway, was best estimated 
using a regression-based method. Also, in the bulk 
commodity sector, Parian et al. (2015) discuss a method 
to combine element-to-mineral conversion and 
quantitative XRD data to estimate bulk mineralogy for iron 
ore samples.  

A comparison of machine learning methods was 
carried out by Lishchuk et al. (2019) to determine if 
process data (mass pull, liberation, particle size, 
recovery) could be effectively incorporated into spatial 
models of geometallurgical parameters at the Leveäniemi 
iron ore mine in Sweden. They were able to build 
acceptable spatial models for recovery and iron oxide 
liberation that could be used for geometallurgical 
mapping; they were less successful with comminution 
properties (grain size, BWI).  The authors suggest tree 
methods tend to perform better than function methods in 
predicting non-additive variables such as recovery. 

El Haddad et al. (2019) describe new methodologies 
for analysis of laser-induced breakdown spectroscopy 
(LIBS) data. They used a multivariate curve resolution – 

alternating least squares (MCR-ALS) method for mineral 
identification and quantification and suggest the method 
could be scalable and used to gather automated 
mineralogy measurements in coarse rock streams. 
Recent developments in analysis of LIBS data in various 
fields, including mineralogy, are summarized in Jolivet et 
al. (2019). 

The recently released Handbook of Mathematical 
Geosciences contains a chapter on Predictive 
Geometallurgy that discusses the state of the art and the 
need for new mathematical and computational 
developments to tackle problems arising from 
geometallurgical studies (Van den Boogaart and 
Tolosana-Delgado 2018).  

 
3 What’s next  
 
There are continued efforts to reduce the quantity of 
energy used in size reduction circuits for mining; several 
examples of innovative technology are given in the 
following section. Ore sorting and upgrading is also being 
used to reduce energy consumption by decreasing the 
amount of material being processed. These new methods 
and devices have typically been tested at laboratory scale 
but if they become the disruptive technology that could 
revolutionise mining as suggested by their proponents 
then methods to assess the impact of geology, 
mineralogy and rock characteristics on these methods 
and technologies will need to be developed and 
incorporated into geometallurgical programs. 

A geometallurgical approach could also be used to 
characterize process parameters in new areas of mineral 
production such as recovery of metals from electronic 
waste (e.g. printed circuit boards) as they continue to be 
tested (e.g. Arinanda et al. 2019). Carbon sequestration 
shows promise to offset carbon emissions and make 
marginal mines potentially viable and a geometallurgical 
approach could be used to help in characterizing the 
carbon sequestration potential of mine waste as the value 
of this previously untapped resource is increasingly 
explored (e.g. Dipple et al. 2018; McCutcheon et al. 
2019).   

 
3.1 Energy reduction and improved efficiency 

 
Innovative approaches to reduce energy consumption 
and improved efficiency are being identified. These 
include the conjugate anvil hammer mill (CHAM), 
eccentric high pressure centrifugal comminution 
(eHPCCTM), and combined microwave- assisted 
comminution and sorting (CanMicro; e.g. Canada Mining 
Innovation Council 2019; Impact Canada 2019). 

The CHAM claims to have the potential to reduce 
energy consumption by up to 50%, and improve water 
and dust management (e.g. Nordell and Potapov 2015; 
Nordell et al. 2016). 

eHPCC combines the breakage mechanisms of high 
pressure and high intensity attrition into one machine that 
reduces the particle size of run of mine feed (Roper 2015; 
Roper and Daniel 2016). The device is intended to be 
used without water, grinding balls and classification 
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circuits and the resulting efficiencies, including reduction 
in: energy and water use, wear and maintenance, capital 
and maintenance costs, are expected to be significant 
(Borissenko et al. 2015; eHPCC 2019).  

CanMicro integrates microwave-assisted comminution 
and sorting to provide energy saving of up to 70% 
compared to conventional comminution circuits 
(CanMicro 2019). A short blast of high power microwaves 
is used to selectively break particles as differential 
heating of different minerals causes cracking along grain 
boundaries. The heating effect on ore minerals is used to 
sort particles and allow waste rock to be rejected.   
 
4 Summary 
 
The use of a geometallurgical approach to characterising 
variability within an ore body and its impacts on the 
mining value chain now has significant uptake and the 
increased use of the approach has led to advances in 
methodology and equipment used to collect and analyze 
data. At the macro scale (e.g. drill core samples), this 
includes increasing use of NIR-SWIR data in models 
used to predict recovery (e.g. McKinley et al. 2018; 
Johnson et al. 2019), the use of automated systems to 
obtain geotechnical information (e.g. Harraden et al. 
2019), and the use of LIBS in samples with complex 
mineralogy (e.g. Rafai et al. 2018). At the micro scale, 
advances are continuing in SEM-based automated 
mineralogy with new developments presented by 
TESCAN TIMA and Mineralogic Mining (e.g. Hrstka et al. 
2018; Graham et al. 2015).  

New methods of data analysis and interpretation 
include, for example, developments in estimation of 
modal mineralogy in base and precious metal (e.g. 
Escolme et al. 2019), industrial mineral (e.g. Silva et al. 
2018) and iron ore (Parian et al. 2015) deposits. The use 
of machine learning methods has been examined by 
Lishchuk et al. (2019) to assess the incorporation of 
process data into spatial models of geometallurgical 
parameters. El Haddad et al. (2019) discuss 
methodologies for the use of LIBS data. Significantly, the 
new Handbook of Mathematical Geosciences discusses 
the need for mathematical and computational 
developments to tackle problems arising from 
geometallurgical studies (Van den Boogaart and 
Tolosana-Delgado 2018).  

There are continual efforts to streamline and increase 
efficiency throughout the mining value chain, particularly 
in terms of energy consumption in size reduction circuits. 
New proxy-type tests that use small sample size continue 
to be developed, such as the one described by Heiskari 
et al. (2019) that uses a Mergan mill to predict BWI. In 
addition, several innovative size reduction technologies 
(e.g. CAHM, eHPCC, CanMicro) are emerging along with 
improved ore sorting and upgrading methodologies 
(Nordell and Potapov 2015; Nordell et al. 2016; Roper 
2015; Roper and Daniel 2016; Borissenko et al. 2015; 
eHPCC 2019; CanMicro 2019). 

The use of geometallurgy is expanding and now 
includes non-metallic deposits such as industrial minerals 
and in future, it could be used in emerging areas such as 

recovery of metals from electronic waste and 
characterization of carbon sequestration potential. 
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Abstract. Automated mineralogy has been variably 
utilized by mining companies for two decades, with 
numerous case studies demonstrating their value to the 
evaluation of an ore-body. Along with the original 
QEMSCAN® system there are now several automated 
mineralogy systems capable of providing comprehensive 
quantitative measurements of metrics relevant to process 
mineralogy. However, the current challenge is their 
application in operational contexts, with long turnarounds, 
the analysis of complex ore-bodies and single point data 
sets of dynamic systems. Operational mineralogy is an 
exciting new key branch of automated mineralogy that 
has been made possible by the development of 
ruggedised and versatile SEM systems, rapid sample 
preparation techniques and data visualisation tools. 
These advances enable mineralogy to be at the heart of 
short term operational decision making. This paper 
reviews some of these advances and current best 
practise, particularly in sample analysis options, sample 
preparation and particle statistics that are enabling rapid 
turnarounds. All work has been developed on the ZEISS 
Mineralogic platform, and the final presentation includes 
case studies of the implementation of operational 
mineralogy at different scales with examples from 
monthly auditing through to daily on-site support. 

 
1 Introduction 
 
Mineral processing operations are undergoing a shift in 
expectations of what can be achieved with process 
monitoring data, with much being drawn from the 
chemical, pharmaceutical and manufacturing industries. 
The key difference with mining and mineral processing 
and one reason for the lag in up take is that the ore feed 
material has significantly more variability than inputs in 
those industries. Therefore, alongside advances in 
automation and process control, there is a requirement to 
have a clear understanding of the impact of feed 
variability on the process. 

The understanding of feed variability has typically 
been undertaken through process mineralogy 
assessments with a focus on representative sampling, 
understanding geometallurgical domains and 
characterizing likely process performance (e.g. Lotter et 
al 2011, Baum 2014), with consequential improvements 
on project cash flow (Lotter et al 2018a). As valuable as 
these assessments are, they usually represent single 
point datasets of dynamic systems and the current 
opportunity is to use mineralogy assessments in a 
continuous monitoring framework (Graham 2017, 
Kalichini et al. 2017). Understanding the routine impact of 
feed variability requires linking mineralogy, geochemical 

assay data, and process performance together with a 
focus on trending datasets. This linkage is called 
“Operational Mineralogy” and ideally these trending 
datasets operate on a routine basis from monthly or 
weekly audits (on off-site or near-site automated 
systems) to preferably a daily or shift-by-shift resolution 
(through on-site automated systems). The 
implementation of these operational mineralogy systems 
is relatively new and very infrequent. To date examples 
have been observed from Cerro Verde (Fennel et al. 
2005) and the Kansanshi mine (Kalichini et al 2017). This 
paper briefly reviews the advances that have made 
operational mineralogy possible together with key 
practices that are necessary for its implementation. 
 
2 Operational Mineralogy 
 
Operational mineralogy has developed as a branch of 
process mineralogy, which itself has been an integral part 
of mineral processing for the last half-century. Its 
development has been made possible by three specific 
advances, namely; 

i.  Technological development of ruggedised fit-for-
purpose and versatile site-based automated SEMs. 

ii.  Developments in rapid sample preparation of 
mineralogy blocks. 

iii. Development of data visualisation tools to 
summarise large datasets into relevant metrics. 

These changes allow routine mineralogy to be at the 
heart of operational decision making, and as such 
operational mineralogy marks a shift from traditional 
project focused mineralogy to dynamic mineralogy data 
deeply integrated with daily, weekly or monthly decision 
making. The first two of these advances are discussed 
below, along with the key consideration of particle 
statistics. 

 
2.1 Ruggedised Versatile Automated SEMs  

 
The first major step to automation in the process 
mineralogy field was the development of quantitative 
automated mineralogical systems, such as QEMSCAN® 
(Originally QEM*SEM) (Miller et al. 1982) and MLA (Gu 
and Napier-Munn 1997). These have driven 
improvements in ore characterisation, deportment 
studies and circuit surveys, becoming a critical part of 
project development and assessment. In recent years 
several new providers have continued the development 
of automated mineralogy systems including TIMA, INCA 
Mineral and ZEISS Mineralogic. Altogether these 
systems have made significant improvements in both 
throughput and repeatability. Critically, all these 
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automated systems provide quantitative measurements 
of grain and particle size distributions, liberation and also 
association data on a particle by particle basis. These 
advances have allowed automated mineralogy to 
become an integral component of process mineralogy. 

At the core of all these automated mineralogy systems 
is a scanning electron microscope (SEM), a highly 
sensitive, analytical instrument and very much at home in 
a clean laboratory environment. Therefore, in the past 
simply transporting, installing and then servicing these 
instruments on a mine site was not practical other than 
on a few very large operations with dedicated or 
centralised labs. The development of mobile ruggedised 
systems for military applications, then the oil and gas 
industry, along with continued innovation of table top 
systems, means that the logistics of moving an 
instrument and installing on site have been greatly 
reduced.  

MinSCAN, developed by Zeiss and using Mineralogic, 
is one such on-site ruggedised system and it benefits 
from recent advances in functionality and versatility 
(Graham et al 2015, Graham 2017). This system offers 
five analysis modes, all of which are user configurable 
(Figure 1 and see Graham et al. 2015). Deciding between 
the different analyses modes depends on the 
mineralogical complexity of the sample, what level of 
information needs to be obtained and how much time is 
available. For the mine site application, the routines must 
be consistent and robust. 

    

 
Figure 1. The five analysis modes on Zeiss Mineralogic. 

 
Pixel mapping mode is the longest but most common 

analysis mode and produces the full suite of liberation 
and grainsize data. Textural information and throughput 
are determined by the pixel spacing, which is chiefly 
dictated by the mineralogical complexity of the sample 
(Figure 2). Line scan can provide rapid bulk mineralogy 
datasets and will incorporate much larger particle 

populations than pixel mapping. However, grainsize data 
and liberation datasets are not available and on finer 
fractions the chance of acquiring poor edge spectra are 
greatly increased. BSE only is extremely fast and works 
very well for samples where the thresholds of target 
phases are distinct from one another and the gangue. For 
BSE only analysis all deportment information will be 
based on stoichiometric assumptions. Spot Centroid 
“MLA” mode and Feature Scan are also very fast and 
reduce edge and boundary effects, although as with BSE 
only they are heavily dependent on the distinct 
thresholding of the phases. 

 

 
Figure 2. Trade off of speed against textural clarity at the same 
magnification but larger pixel spacing. (a) 2 µm (~28mins) and (b) 4 
µm (~7mins) pixel spacing retaining the textures within the samples. 
(c) 8 µm (~3mins) pixel spacing retains the magnetite texture around 
the gold (right hand side) but loses the texture elsewhere. (d) 16 µm 
(46seconds) pixel spacing which is not suitable for analysis of this 
sample. No textures are preserved and the gold is not detected. 

 
Along with analysis modes the image processing 

toolkits of modern automated systems, and particularly 
the Zeiss Mineralogic system are powerful, allowing for 
versatile options in the segmentation and targeted 
analysis of particular phases. One such developed image 
processing routine is the bright phase search plus context 
(BPSC) that allows the analysis of bright phases (e.g. ore 
phases), along with a dilation zone into the surrounding 
particle (Figure 3 and see Brough et al. 2017). The image 
processing recipe works by defining two thresholds, one 
for the resin which is excluded and one for the target 
phase which is included. A dilation field is then applied to 
the target phase of a pre-determined width which spreads 
the analysis out in a border from the target phase into the 
surrounding host. If the host is a mineral phase then the 
border region is included in the analysis, but if the host is 
resin (i.e. the target phase is liberated), then there is no 
analysis of the border region. From this analysis the 
grain-size distribution and partial perimeter liberation of 
the target phase can be calculated, without the necessity 
to analyse the whole of the hosting particle. It is 
particularly useful in coarser size fractions where the 
target grain may be fine-grained even if the host particle 
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is coarse-grained, and allows the analysis to keep a fine 
step-size (i.e. fine resolution) to correctly resolve the ore 
textures. Furthermore, this BPSC analysis, coupled with 
a line scan analysis allows for the rapid assessment of 
bulk modal, deportment and basic liberation data 
increasing the throughput capacity of the automated 
analysis. 
 

 
Figure 3. Image of a targeted BPSC routine (cf. Brough et al. 2017). 
Light green is the targeted phase. Dark green is the dilation zone of 
interest into the mineral host and the greys are remaining host 
phases unanalyzed. Black is the resin. 
 
2.2 Sample preparation 
 
Any operational mineralogy program requires quality 
samples on a rapid turnaround. Bad sampling (i.e. the 
collection of “specimens” rather than “samples”) equals 
bad data, and no amount of analysis can remove bias 
from a sample (Lotter et al. 2018b, Gy 1979). The 
sampling program should follow the assaying procedures 
for the targeted stream and ideally the mineralogy sample 
should be derived from assay reject. This allows a 
balance to be made between the elemental assays 
derived from mineralogical data to be compared against 
chemical assay. There needs to be a clear understanding 
of the potential error limits of the sampling method and 
analysis procedures. With operational mineralogy the 
focus is on trends, but equally it would be impossible to 
make an accurate mineralogical balance on a sample that 
is not suitable for metallurgical accounting.  

Once collected the preparation of the samples into 
polished blocks requires a rapid turnaround. Whilst 
sample preparation techniques are usually subject to 
confidential in-house protocols there are several key 
principles that can be summarised. Particulate matter is 
generally denser than the resin it is being set in and 
subject to internal density differences as well (i.e. 
between ore and gangue phases). As such the differential 
density settling of particles, and therefore the incorrect 
estimation of modal mineralogy is a key potential problem 
(e.g. Sutherland and Gottlieb 1991, Kwitko-Ribeiro 2011). 
Sample preparation must therefore allow for the mixing of 
a suitably viscous resin and particulate matter in a thick 

paste, with enough liquid to coat and fix the particles, but 
not so much that particles easily slide through the resin 
to the polishing surface. Included in the particulate matter 
will be a filler (e.g. graphite) to aid particle separation. 
Bubbles may form during preparation either from mixing, 
or from volatile release from the resin blend. These can 
be problematic due to the collection of fine dust within 
exposed bubbles on the polished surface and the 
potential for charging during analysis. As such 
preparation is undertaken under vacuum to remove 
excessive bubbles. Longitudinal sections (Figure 4) are 
an excellent tool for determining optimal preparation 
requirements and can be used in their own right if density 
settling is considered unavoidable (e.g. Coetzee et al. 
2011).   
 

 
Figure 4. Longitudinal sections to study the effects of density 
settling under different conditions. From trials runs like this it’s 
possible to determine optimal ratios of resin to particulate matter. 

 
2.3 Particle statistics 

 
All analysis techniques involve the collection of data from 
a subset of the total particle population. The number of 
particles to be analysed from each size fraction can be 
calculated using some of the general theory applied to the 
analysis of point-counting in petrographic studies but 
taking account of some more recent statistical studies. 
The published literature on the techniques of point-
counting thin sections or polished blocks evolved from 
work in the early 19th and 20th century with some papers 
showing a particular focus on ore-minerals and ore 
concentrates (e.g. Chayes 1946, 1949). General rules for 
the estimation of error in point counting were provided in 
Barringer (1953) and were further elucidated in 1965 with 
the then seminal work of van der Plas and Tobi. Since 
1965, their estimation became the benchmark for 
measuring point-count error and has been widely used by 
earth scientists. However, recent statistical studies 
(Howarth 1998 and references therein) have concluded 
that some of the assumptions built in to the 1965 paper 
were inaccurate, particularly as the required confidence 
interval around that estimation of error increases.  

As such, using the Howarth (1998) paper as a blueprint 
and, in particular, equation (11) from that paper (itself 
derived from Blyth 1986), the measure of error can be 
used to calculate the number of particles that need to be 
analysed to reduce that error to an acceptable margin. It 
is noted that similar proposals have been put forward for 
a statistical approach based on the bootstrap method 
(Evans and Napier-Munn, 2013; Mariano and Evans, 
2015). For operational mineralogy terms it is proposed 
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that the acceptable error for the relative error of a target 
phase present at an abundance of 10%, should itself be 
10% (i.e. the measured value is 10% ± 1%). This is 
equivalent to an absolute error of <0.5% for a target 
phase present at an abundance of 1%.  

The formula from Blyth (1986) estimated the error for 
the upper bound and lower bound corresponding to 
counts in the range; 

𝑝𝑝(𝑛𝑛) = 100 �1
𝑁𝑁
� to 𝑝𝑝(𝑛𝑛) = 100 �𝑁𝑁−2

𝑁𝑁
� 

Within this range the upper and lower bounds on the 
estimate are given by; 

𝑝𝑝(𝑛𝑛)𝑢𝑢 = 100BETA(1 − 𝛼𝛼, 𝑛𝑛 + 1,𝑁𝑁 − 𝑛𝑛) 
𝑝𝑝(𝑛𝑛)𝑙𝑙 = 100[1 − BETA(1 − 𝛼𝛼,𝑛𝑛 + 1,𝑁𝑁 − 𝑛𝑛)] 

Where, N = number of grains analysed, n = number of 
target phases, α = confidence limit around that estimation 
and BETA is a statistical function. 

Using their formulae, it is possible to calculate a 
solution for any given error margins. For example, if the 
acceptable error was deemed to be a 10% relative error 
around a target phase present at proportions of 10% 
(10% ± 1%) with 95% confidence, then the solution 
comes as 2500 grains. This is equivalent to an absolute 
error of <0.5% for a target phase present at an 
abundance of 1%. 2500 grains would be sufficient for 
most operational contexts, and it should be noted that 
particle statistics can be improved for specific phases 
through targeted analysis (e.g. BPSC; Figure 3). 

 
3 Conclusions 
Operational mineralogy brings the tools for mineralogical 
characterisation into a continuous monitoring framework 
in order to build on-going trends in process response on 
a mine-site. Whilst optimal on a day-to-day or shift-to-shift 
basis these operational mineralogy techniques can be 
applied to weekly or monthly audits with the aim on 
integrating mineralogical information on feed variability 
with on-site decision making. Operational mineralogy has 
been made possible by key advances in ruggedised 
automated SEMs, the development of more powerful and 
versatile analytical software and best practice in rapid 
sample preparation and optimal particle statistics. These 
advances allow for rapid turnarounds and the 
presentation of key metrics to on-site and off-site 
stakeholders. Weekly and monthly audits represent a 
form of reactive control and are vital for understanding 
how the ore-body and processing conditions are 
changing. However, with day-to-day or shift-to-shift 
implementation there is the opportunity to move to 
predictive control of the processing operation, being able 
to adapt the processing operation to the incoming ore. 
This potential for day-to-day automated mineralogy is a 
key opportunity for mine-sites going forward. 
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Abstract: Geometallurgical models are constructed to 
quantitatively predict how ores will behave during 
extraction and beneficiation. Depending on data 
availability, complexity of data and operational stage 
different classes of geometallurgical models can be 
distinguished: 1) resource potential, 2) recoverable 
resources, 3) first order predictive models, 4) predictive 
models, and 5) real-time mining models. Here, two case 
studies are presented where modal mineralogy and 
microstructural data obtained from SEM-based image 
analysis are combined with complementary analytical 
data and statistically assessed in order to predict raw 
material behaviour during mineral processing. For both 
case studies, the necessary steps to develop existing 
models into truly predictive geometallurgical models are 
outlined. The first case study concerns the recovery of Sn 
from a historic flotation tailings storage facility. The 
second case study centres on the recovery of PGE as by-
products from a chromite ore deposit as a first order 
predictive geometallurgical model.  
 
Introduction  
 
Geometallurgy aims at increasing resource and energy 
efficiency during mineral exploitation and beneficiation by 
connecting disciplines along the raw material value chain 
(geosciences, mining engineering, minerals processing, 
extractive metallurgy, environmental engineering) with 
economics and appropriate mathematical modeling tools. 
By doing so, we expect to also reduce environmental 
impact and technical project risk. For this purpose all 
tangible data needed to understand the beneficiation 
characteristics of an orebody need to be obtained, 
aggregated and communicated.  

The availability of quantitative data for the 
mineralogical and microstructural properties of ores from 
scanning electron microscope (SEM)-based image 
analysis (aka ‘automated mineralogy’) has provided an 
important key for the success of geometallurgy in the 
mining industry for the last 15 years (e.g., Hoal et al., 
2009, Gregory et al., 2013). More recently, automated 
mineralogy has been also used to assess the presence 
and distribution of possible by-product or even penalty 
constituents (e.g. Minz et al., 2013, Frenzel et al., 2018).  

Building upon this, predictive geometallurgy (van den 
Boogaart and Tolosana-Delgado, 2018) optimizes the 
mineral value chain based on a spatially resolved, precise 
and quantitative understanding of the geology and 
mineralogy of the ores, forecasting models of the 

behavior of ores through beneficiation, and taking into 
account the mineral and operational economics. Thus, 
geometallurgical models can have different levels of 
complexity, which will depend on data availability and on 
the operational stage (Fig. 1):  
 

 
 

Figure 1: Classes of geometallurgical models. Complexity and 
resulting predictive power is strongly depending on the available 
amount of data, and hence on the current state of the operation. The 
two cases studies presented here are indicated. (GeoMet= 
geometallurgical).  
 
1) Exploration stage: resource potential models 
and recoverable resource models provide information on 
geological, geochemical and mineralogical properties. 
Ideally, these properties may be interpolated at every 
locality, with their uncertainty; sometimes, these models 
include as well a first assessment on the behaviour during 
mineral processing. 

 
2) Extraction stage: The extraction stage includes 
mining and beneficiation. Models in the extraction stage 
need to be predictive, as they provide information about: 
a) the strategy to sample the mining and beneficiation 
process at several scales; b) the prediction of behaviour 
of ores in the further process, and c) how to optimize of 
the operation. An economic assessment should always 
be part of such models. 

 
Case studies 
 
This contribution exemplifies the first steps of predictive 
geometallurgy with two different case studies (1) a 
resource potential model of Sn from a historic flotation 
tailings storage facility; and (2) a first order predictive 
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geometallurgical model for recovery of PGE as a by-
product from a chromite ore deposit (Fig. 1).  
 
2.1 Case study I: Resource potential model for tin 

recovery of a flotation tailings storage facility  
 
A resource potential model of a tailings storage facility 
(TSF) at Tiefenbachhalde in the Erzgebirge (Germany) 
was created based the assessment and weighting of 
grade, modal mineralogy, liberation, grain size and 
flotation behaviour of tailings intersected by a series of 
drill cores (Büttner et al., 2018). The tailings originate 
from ores of the Altenberg Sn deposit, a world class 
greisen-type Sn deposit (Weinhold 2002). The TSF was 
in active use from 1952 to 1966 for flotation residues 
(Weinhold 2002). The dimensions of the TSF are ca. 350 
m by 600 m with a maximum thickness of the TSF 

deposits of ca. 30 m.  
All available historic data was compiled, 

complemented by 10 drill cores produced from across the 
TSF area. The cores were logged; as the material 
appeared uniform on a macroscopic scale, 2 meters of 
drill core material was combined into one sample, 
generating 92 samples for analyses. After drying and de-
agglomeration polished grain mounts were prepared for 
mineral liberation analysis (MLA) and electron 
microprobe analysis, further material was wet sieved for 
laser granulometry and chemical assaying. 

The current topography was obtained by a drone-
borne survey (ground resolution1.55 cm/px). For the 3 D 
reconstruction of the TSF the digital digital surface model 
of tailing body was combined with a digitalized 
topographic map from 1912 (1:25 000) as pre mining 
reference (Fig. 2)

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cassiterite turned out to be the only significant Sn 

bearing mineral, which contributes up to 0.2 wt% Sn in 
the tailings. Cassiterite is typically fine grained and well 
liberated (>80% by surface), implying that the liberation 
process during comminution was successful, whereas 
the concentration by flotation was insufficient. For 
developing a resource potential model illustrating the 
cassiterite content recoverable by flotation, relevant 
material parameters for beneficiation had to be defined. 
In absence of actual flotation testwork, a weighting 
strategy was proposed for the penalization of chemical 
Sn assays by the following parameters: particle size and 
liberation. This data was used to construct a 3D model; 
point data was interpolated by planar stratigraphic 
correlation. Fig. 3 shows a) the index concentration (IC) 
of SnO2 (represented by elemental grade or cassiterite 

grade), b) index of liberation (IL) the liberation of 
cassiterite grains (red > 89% by surface), c) index of 
particle size (IP) of cassiterite-bearing particles. D) 
Liberation- Concentration-Flotation value LCF: (red: 
LCF>0.07) illustrating the amount of cassiterite–bound tin 
that can realistically be recovered from the tailing by 
flotation. The output shows e.g. that considering only the 
grade would be misleading as the grade shows high 
values at the surface where liberation is low and particle 
sizes are large. Results of this study illustrate the 
importance of combining chemical grade data with 
quantitative mineralogical and microstructural information 
in any effort to objectivity assess the residual value 
contained in industrial tailings or any other residue 
considering re-processing. Yet, this is 

 

Figure 2: DSM acquired by air-
borne photogrammetric survey 
showing drill hole (here borehole) 
locations within topographic map 
of 1912 (1:25000, in Gauss-
Krüger, Germany, Zone 4) as 
pre- filling reference. The red line 
shows the representative cross 
sections used in Fig. 2. 
Geographic coordinate system 
and Datum WGS84 UTM33N, 
Büttner et al. (2018) 
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still not a truly predictive geometallurgical model. The 
latter will require knoweldge of the actual behaviour of the 
tailings particles, i.e. lab based test work, ideally 
combined with particle tracking (Lamberg & Vianna 
2007). A way of integrating such test work data with 
existing assay data into a coherent 3D geometallurgical 
model is discussed in the next case study. 

Figure 3: Spatial distribution of index figures along a representative 
N-S cross section through the Tiefenbachhalde: (a): IC (index 
concentration): cassiterite concentration (red 0.4 wt% Sn), (b): Index 
Liberation: Mineral liberation (red 80% liberation by free surface), 
(c): Index particle size: Mean particle size (red 30 μm equal circle 
diameter), (d): LCF: Liberation- Concentration- Flotation value (red: 
LCF>0.07), Büttner et al. (2018). 
 
2.2 Case study II: First order predictive 

geometallurgical model for PGE recovery 
from a chromite ore deposit 

 
A first order predictive geometallurgical model was 
created for an ore body comprising several chromitite 
seams at the Thaba mine, Western Bushveld Complex of 
South Africa. The focus of this study was the assessment 
of the potential for PGE recovery as a by-product. Here, 
a data-driven approach is presented using the whole 
available data set of primary (intrinsic) ore properties, 
such as bulk rock chemistry, mineral assemblage, 
mineral association and mineral grain sizes, to predict the 
PGE beneficiation potential in terms of probabilities (and 
therefore keeping track of uncertainty). A general 
geometallurgical framework for the development of the 
model is presented in Fig 4. 

First, the geological architecture of the mine was 
evaluated and geochemical domains were defined 
(Bachmann et al. 2019 a, b). A rather pristine (least 
altered orthomagmatic) domain, a domain affected by 
hydrothermal alteration (e.g. along faults) and an oxidized 
zone affected by supergene alteration were 
distinguished.  

Figure 4: Flow sheet to develop a data-driven, first order predictive 
geometallurgical model. Bachmann et al. (2019 c) 

 
Sample suites representing the different chromitite 

seams in drill cores and open pit exposures were 
characterized for modal mineralogy, including PGE 
mineralogy, mineral association and liberation as well as 
bulk rock chemistry. Pristine ore as well as 
hydrothermally altered ore samples were randomly 
collected from a series of drill core intersections of the 
LG-6, LG-6A, MG-1 and MG-2 chromitite seams. More 
than 100 individual drill core intersections were studied in 
detail using SEM-based automated image analysis. 
Samples were statistically clustered based on the mineral 
assemblage of platinum group minerals (PGM), base 
metal sulphides (BMS) and rock-forming minerals, such 
as chromite and silicates. Appropriate composite 
samples were created and used for beneficiation test 
work, including density separation and froth flotation. 
Results of output streams were evaluated by chemical 
assays and clusters were re-assessed and eventually 
merged according to the results achieved in terms of 
grade, recovery and yield of PGE. To define 
geometallurgical domains, these composited clusters 
were related back to well-known geological features by 
integration into a 3D model of the Thaba mine. 

A spatially resolved geometallurgical model was 
subsequently developed for different chromitite seams by 
performing the following steps: i) Building a logistic 
regression model to relate the processability of the ore to 
chemical proxies, (ii) performing a geostatistical 
interpolation of a comprehensive geochemical dataset, 
and (iii) combining step (i) and (ii) to generate a space-
resolved processability model. In this way, it was possible 
to define three final domains, one showing high and the 
other two with low potential for future PGE beneficiation 
(Fig.5). The result can be seen as a low budget, first order 
predictive geometallurgical model: a maximum of 
information was extracted from a minimum of data, by 
allowing lab work and data analysis to work iteratively. 
However, predictability is still limited, as we can only 
assess the probability that PGE recovery from a specific 
area would be  more or less efficient. In the next step, 
costs should be taken into account, to be able to assess 
whether constructing a sub-circuit for PGE would be 
economically sound. 
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Figure 5: Geometallurgical model for beneficiation of PGMs as a 
by-product in Thaba mine, South Africa. Bachmann et al. (2019 c). 
 
3 Conclusions 

 
The approach outlined here is of general applicability to 
other metals and ore deposit types. It clearly illustrates the 
value of conducting predictive geometallurgical models 
already during the latter stages of exploration in a process 
that will benefit from regular follow-up and model updates 
during the phase of active exploitation. The two case studies 
serve to illustrate that predictive geometallurgical models 
can be constructed by a combination of geological insight 
and routine assay data with a limited amount of quantitative 
mineralogical and microfabric data through sound 
mathematical data treatment .To obtain fully fledged 
predictive geometallurgical models and real time mining, 
process optimization and hence economic assessment will 
be indispensable.  
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Abstract. The maiden resource estimate for the Bolcana 
gold-copper porphyry defines 381 Mt at 0.53 g/t gold and 
0.18% copper. The early stage of exploration provides 
the perfect opportunity for the application of 
geometallurgical studies, to enable optimisation of future 
mine and plant operations. Quantitative mineralogy and 
microfabric characterisation of crushed material and thin 
sections from seven 40 m drill core intervals were 
accomplished by Scanning Electron Microscopy based 
Mineral Liberation Analysis, complemented by X-ray 
Powder Diffraction. The mineralogy of the studied 
samples is highly variable, depending on lithology, 
mineralisation and alteration. The main Cu-bearing 
mineral is chalcopyrite, predominantly occurring in B and 
C veins. At shallow depths, secondary bornite and 
covellite form rims around chalcopyrite. Primary bornite 
occurs at greater depths in the system. Native gold grains 
are typically <10 μm and hosted by chalcopyrite or, to a 
lesser extent, pyrite. Electron Probe Microanalysis on 
four samples determined that gold concentrations in solid 
solution in selected sulphide minerals are <100 ppm. 
Copper and associated gold should be recoverable by 
flotation of chalcopyrite. The recovery of free gold and 
gold associated with pyrite may require additional 
processing steps. 

 
1 Introduction 
 
The Bolcana porphyry Au-Cu system, associated with 
Pb–Zn±Cu±Au±Ag intermediate-sulphidation epithermal 
veins, is located in the "Gold Quadrilateral" of the South 
Apuseni, Romania (Fig. 1; e.g. Cardon et al. 2008). 
Porphyry mineralisation comprises an early stage Cu-Au 
granodioritic porphyry overprinted by late-stage gold-rich 
microdiorite porphyry dykes, with variable quartz-
magnetite-pyrite-chalcopyrite-bornite stockworks and 
disseminations of chalcopyrite and subordinate bornite 
hosted by dykes and coeval breccias (Dénes et al. 2015; 
Eldorado Gold 2018a; Ivăşcanu et al. 2018; Milu et al. 
2003). A maiden Inferred Resource of 381 million tonnes 
at 0.53 g/t gold and 0.18% copper, containing 6.5 million 
ounces of gold and 686,000 tonnes of copper, has been 
defined by Eldorado Gold (2018b).  

A suite of samples from the Bolcana porphyry system 
was selected for metallurgical testing, with preliminary 

rougher flotation tests achieving recoveries of up to 90% 
for Cu and 86% for Au (Eldorado Gold 2018b). This study 
aimed to quantitatively characterise the mineralogy and 
microstructures of samples selected for metallurgical 
testing, including both hand specimens and crushed 
samples, and assess the implications for mineral 
processing. Mineralogy and microfabric relationships 
play a significant role in the extraction of copper and gold 
from porphyry ores, and must therefore be considered 
during geometallurgical studies, for effective ore body 
management, optimisation and sustainable development 
of future mine and plant operations (e.g. Birtel et al. 2013; 
Cropp et al. 2013). 

 

 
Figure 1. Simplified geological map of the “Gold Quadrilateral”, 
South Apuseni Mountains. Epithermal Au-Ag and porphyry Cu-Au 
systems are highlighted. Modified after Ivăşcanu et al. 2018. 
 
2 Sampling and methods 
 
Seven 40 m drill core intervals from two drill holes were 
selected for metallurgical testing: TRSD017 240-280 m, 
346-386 m and 386-426 m; TRSD013 64-104 m, 152-192 
m, 356-396 m and 758-798 m. The intervals were chosen 
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to represent alteration and mineralogical variability in the 
deposit (Eldorado Gold 2018b).  

The drill holes were logged for lithology, alteration 
style, mesoscopic mineralisation and vein type. A suite of 
samples was selected to represent a range of sulphide 
mineralisation styles, vein types and alteration types, 
from which fourteen thin sections were prepared. A grain 
mount for each of the studied drill core intervals was 
prepared from crushed material (<600 μm). 

Mineralogy, microstructure, mineral associations and 
deportment of the valuable elements were investigated in 
both sample types. Mineralogical studies were performed 
using Scanning Electron Microscopy (SEM) based 
Mineral Liberation Analyser (MLA) and X-ray Powder 
Diffraction (XRD). Bulk rock chemical assay data for 49 
elements, provided by Eldorado Gold, was used to 
validate the mineralogical studies. Electron Probe 
Microanalysis (EPMA) was carried out on four samples 
with the purpose of studying gold deportment. 

 
3 Results 
 
3.1 Ore variability 
 
Core logging identified eight lithologies and five alteration 
types within the studied intervals. These are 
characteristic of porphyry deposits, as well summarised 
by Sillitoe (2010). The lithologies include host porphyry, 
intermineral porphyries, late intermineral porphyry, late-
mineral porphyry, magmatic breccia, phreatomagmatic 
breccia and magmatic hydrothermal breccia.   

Argillic alteration is associated with fracture zones and 
late epithermal event(s). Phyllic alteration occurs in the 
shallow parts of the system, with a pyrite-white mica-clay 
assemblage. Potassic (biotite-feldspar-magnetite) 
alteration and sodic alteration occur at greater depths of 
the system. Sodic alteration is transitional between sodic-
calcic and potassic alteration, with albite and labradorite 
contents exceeding the orthoclase content (Fig. 2). 
Magnetite-albite-chlorite-epidote (Mace) alteration, 
transitional between phyllic and sodic alteration 
assemblages, was also defined (Eldorado Gold 2018b). 

Quantitative modal mineralogy was calculated from 
classified and processed MLA data, as seen in Figure 2.  

 

 
Figure 2. Modal mineralogy of crushed material samples, given by 
MLA results. 
 

The rock-forming minerals include quartz, feldspars, 
and amphibole. Quartz content varies from ~15-35 wt%, 

while feldspars tend to increase in content towards the 
centre of the system, from 10 wt% in the near-surface up 
to around 50 wt% at high depth. Amphiboles are typically 
a minor constituent throughout the intervals. 

The main alteration minerals are micas, chlorite and 
clay minerals. Clay and white micas are dominant in the 
near-surface, related to phyllic alteration, and decrease 
with depth. Biotite content is linked to sodic and potassic 
alteration, occurring variably in the deeper intervals. 
Chlorite content is particularly associated with Mace 
alteration, remaining fairly constant at higher depths. Fe-
oxide content, assumed to mainly comprise magnetite, 
according to XRD, increases with depth in relation to 
Mace and sodic alteration. Epidote, carbonates, gypsum, 
anhydrite, are typically minor and variable, but can reach 
up to ~3 wt% each, while some barite and fluorite may 
appear in relation with the distal polymetallic epithermal 
veins. 

Pyrite content is most significant in phyllic alteration 
zones, at ~5 wt%, where it occurs as disseminations. 
Chalcopyrite varies from ~0.3-2 wt%, while ‘other 
sulphide minerals’ bornite, covellite, chalcocite, 
sulphosalts (tetrahedrite and freibergite), sphalerite and 
galena are typically minor, at <0.1 wt%.  

 
3.2 Vein types 
 
The vein types most significant for controlling copper and 
gold distribution are seen in Figure 3. 

In near-surface zones, phyllic-altered host porphyry is 
the dominant lithology, typically cut by quartz and quartz-
magnetite veins, and with pyrite as the principal sulphide. 
Figure 3.A shows a high density of quartz stringers and 
pyrite-dominated sulphide stringers (D veins) cutting 
phyllic-altered host porphyry.  

Early-forming A veins (e.g. Sillitoe 2010) are common 
throughout the porphyry system (Fig. 3.B). They are 
irregular, discontinuous and typically comprise quartz 
with low sulphide contents. In many cases, A veins were 
reopened and overprinted by later veins, resulting in 
chalcopyrite and/or pyrite precipitation. An example of 
this can be seen in Figure 3.B, where an A vein is partially 
overprinted by a younger, cross-cutting B vein. 

B veins, quartz veins with a sulphide centre-line (e.g. 
Sillitoe 2010), are the dominant vein type in many of the 
intervals, being particularly associated with intermineral 
porphyries. In Figure 3.B, the vein centre-line comprises 
intergrown pyrite and chalcopyrite, with rims of bornite, 
chalcocite and covellite surrounding chalcopyrite grains. 
In Figure 3.C, B vein (1) has a variable centre-line of 
pyrite, chalcopyrite, magnetite and chlorite, whereas B 
vein (2) has a well-defined centre-line which transitions 
from pyrite- to chalcopyrite-dominated. In Figures 3.B, 
3.C and 3.D, the B veins have alteration haloes of 
muscovite and/or albite, which host disseminated pyrite 
and chalcopyrite. The variability of the vein centre-lines 
and the presence of alteration haloes, which are 
characteristically absent for B veins, could imply that the 
veins have been overprinted at some stage. 

C and D veins are sulphide-dominated veins typical of 
porphyry systems (e.g. Sillitoe 2010). D veins (Fig. 3.A) 
are typically pyrite-dominated, with an illite or sericite 
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selvage, whereas C veins (Figure 3.D) are chalcopyrite-
dominated with no significant selvage.  

 

 
Figure 3. MLA false colour images of selected thin sections, with 
colour key. (A) TRSD013 83.7 m, phyllic-altered host porphyry with 
quartz and sulphide stringers;  (B) TRSD017 360.8 m, magnetite-
albite-chlorite-epidote-altered magmatic breccia with A and B veins; 
(C) TRSD017 410.9 m, sodic-altered fine intermineral porphyry with 
B veins; (D) TRSD017 398.2 m, phyllic- to magnetite-albite-chlorite-
epidote-altered fine intermineral porphyry with B and C veins. 
 
3.3 Copper deportment and variability 
 
Copper is distributed between chalcopyrite, bornite, 
chalcocite, covellite and tetrahedrite. Chalcopyrite, which 
is typically hosted by A, B and C veins or found as 
disseminations, is the dominant Cu-bearing mineral, 
contributing 72-98% of Cu grade in the crushed material 
samples. The remaining Cu usually comes from bornite, 
which contributes ~10-15%. Chalcocite, covellite and 
sulphosalts are typically minor contributors to Cu grade.  

Preferential associations of chalcopyrite with minerals 
other than the main rock-forming minerals are seen to 

occur with pyrite and the other Cu-bearing minerals. 
Figures 4.A and 4.B represent the common occurrence 
of intergrown chalcopyrite and pyrite, which is seen to 
occur in B and C veins (Figs. 3.A, 3.B, 3.C and 3.D).  

At shallow depths in the system, rims of secondary 
bornite and covellite form around chalcopyrite (e.g. Figs. 
4.A-D), seen both in the crushed material samples and in 
B vein centre-lines in thin sections (Figs. 3.B and 3.E). 
Primary bornite (Figs. 4.E and 4.F) occurs at greater 
depths in the system. The replacement of chalcopyrite by 
secondary bornite tends to decrease with depth, as rims 
of chalcocite and covellite form around both chalcopyrite 
and primary bornite. Figure 4.G and 4.H show growths of 
minerals on bornite grain surfaces, identified as covellite 
and chalcocite by MLA. 

 

 
Figure 4. BSE images (A,C,E) and MLA false colour images (B,D,F) 
showing the association of chalcopyrite with other Cu-bearing 
minerals (A-D) and primary bornite (E,F), from crushed material 
samples TRSD013 164-168 m (A,B), TRSD013 152-192 m (C,D), 
TRSD017 386-426 m; SEM-EPMA images (G,H) of crystal growths 
on mineral surfaces, from crushed material sample TRSD013 758-
798 m. See Figure 3 for key. 
 
3.4 Gold deportment and variability 
 
In the Bolcana porphyry system, gold has been found to 
occur as native gold grains. In total, 175 gold grains were 
identified. The grain size ranges up to 40 μm, but 80% of 
the gold grains are <10 μm (Fig. 5). 

 

 
Figure 5. Gold grain size distribution for crushed material samples. 
The equivalent ellipse major axis of each grain as calculated in MLA 
Image Processing. 
 

The Cu and Au grades are correlated, but there is no 
clear link between higher Au grades and higher bornite 
content, which is typical of porphyry deposits and 
therefore could be expected (e.g. Kesler et al. 2002). 
Instead, native gold grains are predominantly hosted by 
chalcopyrite (Figs. 6.A-B,E-H), variably in B vein centre-
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lines, C veins and quartz veins. Over 60% of gold grains 
in the crushed material samples are associated with 
chalcopyrite. In the near-surface zones, where 
disseminated pyrite from phyllic alteration is significant, 
gold grains are commonly hosted by pyrite.  

 

 
Figure 6. BSE images (A,C,E,G) and MLA false colour images 
(B,D,F,H) showing gold grains occurring in crushed material 
samples C-TRSD013 758-798 m (A,B), TRSD017 386-426 m (E,F) 
and thin sections TRSD013 160.0 m (C,D), TRSD013 764.8 m 
(G,H). See Figure 3 for key. 
 

Around 30% of the gold grains in the crushed material 
samples are not associated with either chalcopyrite or 
pyrite. They occur as free gold at the boundaries of 
gangue and alteration minerals such as quartz, albite, 
muscovite, magnetite (Figs. 6.A-6.D). Typically, this 
occurs when gold is proximal to, but not hosted by, 
chalcopyrite grains, in veins or disseminated in the 
alteration haloes around veins (Figs. 6.C, 6.D).  

The calculated gold assays from MLA are highly 
variable and do not fit the chemical assays, either 
exceeding or not reaching the assay values. This 
observation is attributed to a nugget effect, but may also 
imply that considerable amounts of gold are present in 
solid solution in sulphide minerals in some cases. EPMA 
on selected pyrite, chalcopyrite, bornite, covellite and 
chalcocite grains from the crushed material samples 
TRSD013 64-104 m, 184-188 m and 758-798 m, and 
TRSD017 386-426 m indicate that gold is absent in 
concentrations close to, or above, the detection limit of 
100 ppm. However, gold could occur in solid solution in 
sulphide minerals at <100 ppm. 
 
4 Summary and conclusions 
 
The variability of copper and gold throughout the deposit 
are controlled by key factors including lithology, vein 
types, alteration, and how these factors vary with depth.  

Copper is mainly distributed in chalcopyrite, with minor 
contributions from bornite, chalcocite, covellite and 
sulphosalts. Chalcopyrite predominantly occurs in B and 
C veins, hosted by sodic-potassic or Mace altered 
intermineral porphyries. At shallow depths, secondary 
bornite, chalcocite and covellite occur as rims around 
chalcopyrite grains, as a result of supergene and/or 

epithermal processes. At greater depths, primary bornite 
occurs, with both chalcopyrite and primary bornite grains 
commonly having rims of chalcocite and covellite. Copper 
should be recovered by flotation of Cu-sulphides, 
assuming that their grain sizes would require a grinding 
size reasonable for milling and flotation. 

Gold typically occurs as <10 μm grains, hosted by 
chalcopyrite or, to a lesser extent, pyrite. Therefore, gold 
is also typically found in B, C and D veins, or 
disseminated in the groundmass. Presumably, gold 
should be well recovered in a copper concentrate when 
associated with sulphides. Additionally, gold which may 
be in solid solution in sulphide minerals (<100 ppm) would 
also be recoverable by flotation. However, free gold 
associated with gangue in veins, or not attached to 
chalcopyrite grains in the groundmass, may be lost during 
processing, depending on grinding size and grinding 
behaviour. 

Pyrite-hosted gold is common in the near-surface 
zones, related to phyllic alteration. Thus, depression of 
pyrite during flotation could cause gold to report to the 
tailings. More investigation is required to determine if a 
second stage of flotation will be required to recover pyrite, 
and how gold could be subsequently recovered. 
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Abstract. Alkaline granites can host notable reserves of 
rare metals (Zr, Y, Nb, REE). Mineralisation is commonly 
observed to be caused by post-magmatic alteration 
leading to fine and intricate intergrowth of ore minerals 
and associated gangue. Consequently, liberation of ore 
minerals requires intensive comminution, which is one 
aspect hampering the economic use of this deposit type. 
However, this study (part of r4-OptiWiM, Optimization of 
the value chain for polymineralic ores of economic 
strategic metals) shows that post-magmatic 
mineralisation also leads to textural heterogeneity, which 
is recognised to be the basis for improved mineral 
processing. Pseudomorph-like aggregates of ore 
minerals, often formed in a replacement reaction with 
precursor mafic magmatic minerals, permit efficient pre-
concentration at coarser particle size fraction, requiring 
less energy consuming comminution. Process efficiency 
can be further enhanced due to presence of hematite 
associated with clustered ore minerals, which allows 
efficient magnetic separation. Thus, in addition to grade 
and a spectrum of ore minerals, other mineralogical and 
textural parameters are identified as significant for the 
economic exploitation. A geometallurgical approach links 
primary ore attributes to metallurgical processing and 
mine economics. It allows for definition of spatial deposit 
domains for improved mineral exploitation and prediction 
of mineral processing performance in the subsequent 
beneficiation chain.  
 
1 Introduction  
 
A geometallurgical evaluation of a mining operation 
considers all geological and mineralogical parameters of 
a deposit that are relevant for optimization of the entire 
process chain comprising mining, mineral processing, 
metallurgical procedures as well as final rehabilitation of 
mine sites (Dominy et al. 2018, Gutzmer 2014, Lund and 
Lamberg 2014). In addition to optimization of metal 
recovery other targets, such as waste reduction and 
minimisation of water-, chemicals- and energy 
consumption must be taken into account in order to 
achieve both, the most economic and the most 
environmental-friendly mining operation, respectively. 
Therefore, modern geometallurgy is based on integration 
of a multidisciplinary data set. In practice, integrating 
sound geological, mineralogical as well as processing or 

metallurgical information is a crucial step and always a 
starting point to assess response of the ore to processing 
(e.g. Dominy et al. 2018). 

Geometallurgy is particularly important for rare metal 
deposits and prospects in alkaline granites, many of 
which are not successfully exploited despite of numerous 
exploration attempts in the last years. Enrichment of rare 
metals (Zr, Y, Nb, Ta) and REE to enhanced grades in 
alkaline intrusions is the result of multi-stage and partially 
superimposing magmatic to hydrothermal processes 
leading to a remarkable spatial variability and 
heterogeneity in terms of mineral composition, grain size, 
mineral association, and texture (Gysi et al. 2016, Salvi 
and Williams-Jones 2005, Richardson and Birkett 1996). 
As a consequence of small grain sizes and intricate 
intergrowth, liberation sizes of ore minerals can be small. 
Mining operators have to apply intensive and energy-
consuming grinding, as well as processing of fine 
fractions, to produce marketable concentrates with 
acceptable recoveries. In addition to causing high energy 
costs, the processing of fine fractions of polymineralic 
ores, comprising phases with different physical properties 
(e.g. density, magnetic susceptibility), is likely to be 
inefficient. Such impediments for efficient, economic and 
sustained mining are obstacles to the development of 
prospects associated with alkaline granites.  

The importance of geometallurgy is demonstrated for 
alkaline Zr-REE-Y-Nb deposits (e.g. Khalzan Buregtei, 
Mongolia), in which liberation sizes for dominant ore 
minerals (zircon, Zr-silicates, REE-carbonates, 
pyrochlore) are mainly < 100 µm and can be as low as 10 
µm (Katzmarzyk et al. 2018, Satur et al. 2014, Yang et al. 
2015). Such properties primarily leave flotation as only 
suitable processing technique following energy and 
material consuming comminution. While flotation turns 
out to be effective for REE-carbonates, it cannot 
concentrate ore minerals with distinctly different physical 
properties, such as zircon and pyrochlore in the same 
step (Yang et al. 2015). Owing to the prices for Zr, Nb as 
well as for the HREE the latter ore minerals, which remain 
in the flotation tailings together with a large mass of 
gangue minerals, would represent a higher commodity 
value than the LREE predominantly recovered from 
carbonates. High process costs on one hand, and limited 
concentration efficiency on the other hand, would 
represent an obstacle to mining alkaline granite-hosted 
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ore bodies. 
 

  
Figure 1. QEMSCAN© phase map showing zircon-quartz clusters 
associated with fluorite in alkaline granite.  

 
2 The OptiWiM project 
 
This contribution describes results from the OptiWiM 
project (Optimization of the value chain for polymineralic 
ores of economic strategic metals), funded within the r4 
r&d programme “Raw materials of strategic economic 
importance for high-tech made in Germany” (Federal 
Ministry of Education and Research, Germany) which 
focusses on new approaches to improve the efficiency of 
rare metal mining in alkaline granites using the Khalzan 
Buregtei massif as a case study (www.fona.de).  

The geology of this massif and the mineralogical and 
geochemical characteristics are described in detail by 
Kovalenko et al. (1995, 2009) and Kempe et al. (1999, 
2015). According to Kempe et al. (2015), the major 
orebody contains 2.4x106 t ZrO2, 3.5x105 t Nb2O5 and 
4.9x105 t REE2O3 + 1.3x105 t Y2O3. In line with these 
previous studies, the ores analysed in this investigation 

show average grades of 1.10 wt.% Zr, 0.14 wt.% Nb, 0.16 
wt.% LREE (La-Eu), 0.06 wt.% HREE (Gd-Lu) and 0.09 
wt.% Y (Katzmarzyk et al. 2018, Gronen et al. 2019). 
Mineralogical, geochemical and petrographic 
investigations were conducted on 100 samples taken 
from inspection lines cross cutting the outcropping part of 
the deposit.  

Quartz, K-feldspar and albite are the dominant rock 
forming minerals and account in total for more than 70 
vol.-% in all mineralized samples studied in this project. 
The mafic minerals arfvedsonite and aegirine are less 
abundant (< 5 vol. %) and can be observed only locally. 
All samples show variable proportions of HFSE ore 
minerals, such as Zr silicates, REE carbonates, 
pyrochlore, as well as of hematite, rutile, titanite, or 
fluorite.  
 

 
Figure 2. QEMSCAN@ phase map, detailed view of zircon-quartz-
hematite clusters.  

 
Petrographic inspection revealed that, except for the 

major Nb carrier pyrochlore, all ore minerals of Zr and 
REE (zircon, Zr-silicates, REE-carbonates) can occur in 
pseudomorph-like association mainly replacing precursor 
magmatic arfvedsonite (Fig. 1). This leads to a 
concentration of ore minerals in clusters characterized by 
liberation sizes (approx. 250 µm) significantly exceeding 
those of individual ore minerals (45 – 100 µm). 
Furthermore, optical microscope and QEMSCAN© image 
analysis indicated that hematite is a characteristic 
constituent of clustered ore mineral aggregates (Fig. 2).  
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Figure 3. Beneficiation process for rare metal ores in alkaline 
granites characterized by clustered occurrence of ore minerals.  
 

These textural properties allow pre-concentration of 
ore mineral clusters by magnetic separation which follows 
less energy consuming comminution to larger particle 
sizes of < 250 µm. Further comminution of the pre-
concentrate and processing steps to concentrate zircon, 
Zr-silicates, as well as REE-carbonates, then only have 
to be applied to a significantly reduced fraction of the 
initial mass of the ore. This also implies a notable 
reduction of energy consumption, which was quantified 
by Katzmarzyk et al. (2018). Mineral processing test work 
conducted on a representative high volume ore sample 
of app. 1.5 t mass taken from the mineralized center of 
the deposit showed that 7 kWh/t can be saved due to 
comminution of a pre-concentrate. The reduced mass 

flow further allows potential savings regarding decreased 
need and consumption of processing machinery, water 
supply and flotation chemicals for the further treatment of 
the pre-concentrate. 

Sufficient size reduction by comminution is not only a 
prerequisite for mineral separation but it is also the step 
within mineral processing that has the highest energy 
demand. An improved beneficiation scheme for 
mineralised alkaline granites is depicted in Fig. 3. 

Clustered occurrence of mafic minerals or Zr-silicates 
formed in a replacement reaction with magmatic or post-
magmatic precursor minerals is also discovered in other 
alkaline granites (e.g. Strange Lake, Salvi and Williams-
Jones 2005, Amis Complex, Brandberg, Schmitt et al. 
2002). Taking into account that such mineral cluster 
formation, as well as the associations of ore minerals with 
hematite, is observed in other rare metal deposits formed 
in alkaline granitoids the approaches developed for 
Khalzan Buregtei are considered to be of general 
importance as steps towards more efficient and 
sustainable extraction of rare metal ores from alkaline 
granite deposits.  

 
3 Implications for geometallurgical concepts 

 
The mineralogical investigation in combination with 
processing test work performed in the OptiWiM project 
shows that evaluation of mineralogical and textural 
properties of mineralized alkaline granites are crucial for 
efficient beneficiation and optimized recovery.  

Allowing efficient pre-concentration, the presence of 
ore mineral clusters and association of these minerals 
with hematite have a strong impact on energy and 
material consumption. This must be taken into account in 
an evaluation of design and costs of processing 
equipment. Furthermore, cluster size and ore mineral 
spectrum within clusters have an impact on initial grinding 
as well as on final beneficiation steps (Fig. 3).  

In addition to grade and spectrum of ore minerals, 
other mineralogical and textural parameters are identified 
as significant for the evaluation of the rare metal ores as 
raw material for a process chain. This allows 
development of a new evaluation scheme applicable for 
the rating of ores observed in the Khalzan Buregtei 
alkaline granite deposit. Such evaluation and 
identification of the relevant mineralogical and textural 
attributes also represents the basis for definition of spatial 
deposit domains in a predictive geometallurgical model 
for improved mineral processing. 
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Abstract. The 58 Mt Lappberget Zn-Pb-Ag-(Cu-Au) ore 
body represents one of the largest and most significant 
polymetallic base metal sulfide deposits in Sweden. The 
complex mineralogical characteristics of the ore body 
pose particularly tough challenges for successful 
production forecast because of the mixed Zn-Pb-Cu base 
metals, the complex association of the beneficial Ag and 
Au, and the presence of influential elements such as Sb, 
Mn and Mg. Thus, a detailed mineralogical 
characterization study was conducted, focusing on the 
deportment of trace and minor elements (including credit 
and penalty elements). Mineral chemistry data derived 
from electron microprobe and   laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) 
analyses reveal the complexity in the composition and 
associations of the ore minerals, consisting of textural 
and chemical varieties of sphalerite, galena, chalcopyrite, 
iron sulfides, antimonides and sulfosalts. 
Recrystallization, re-mobilization and re-concentration of 
sulfide minerals, compositional banding, and ductile and 
brittle deformation textures (i.e. deformation twins on 
sphalerite, brecciation, bent cleavage planes, etc.) are 
observed throughout the deposit. The mineralogical and 
textural complexity and heterogeneity of the sulfide ore 
are reflected in the variability in grades and recovery from 
the processing plant.  
 
1 Introduction 
 
Located approximately 180 km northwest of Stockholm, 
the Lappberget ore body is part of Boliden Mineral AB’s 
Garpenberg mine, Sweden’s oldest still-operating mine. 
Recent research has shown that mining operation started 
as far back as 375 BCE (Bindler et al. 2017) and it has 
developed into one of the country’s largest base metal 
mines. The mine targets several sulfide ore bodies 
distributed along the northwestern limb of the 
Garpenberg syncline (Figure 1). The ore bodies are 
commonly located in upright structural domes. 
Lappberget is the largest ore body in the mine with a 
combined mineral resource and ore reserve of 58 Mt at 
3.42% Zn, 1.68% Pb, 0.06% Cu, 70 g/t Ag and 0.41 g/t 
Au (Högnäs 2018). It is hosted by intensely altered and 
metamorphosed felsic volcanic rocks and former 
limestone that are overlain by less altered metavolcanic 
rocks. Mineralization formed at c.1.89 Ga, prior to ductile 
deformation and metamorphism during the 

Svecokarelian orogeny (Jansson and Allen 2011). Allen 
et al. (1996) suggested that the mineralization was 
formed as a subsea-floor stratabound replacement-type 
deposit (SVALS-type), associated with a major caldera-
forming volcanic event. The metamorphic grade is 
estimated at lower amphibolite facies with a peak 
metamorphic temperature of 550°C at pressures below 
3.5 kbar (Vivallo 1985). The metamorphic overprint has 
made it uncertain whether calc-silicates in the ores 
formed during metamorphism (cf.  metamorphosed VMS) 
or in conjunction with ore formation as in metasomatic 
skarn deposits (cf. Jansson and Allen 2011).  

 
Figure 1. Regional geological map of the Garpenberg area with 
inset showing the location of the Bergslagen (BR) region where 
Garpenberg (g) is located (Jansson and Allen 2011b). Ages refer to 
dated metavolcanic rocks intrusions presented in Jansson and Allen 
(2011a). Grid is Swedish National Grid RT90.  
 

The ore body is currently being mined and processed 
to produce four different concentrates: Zn, Pb, Cu and a 
gravimetric concentrate. . The complex mineralogical 
characteristics of the ore body pose particularly tough 
challenges for successful production forecast because of 
the mixed Zn-Pb-Cu base metals, the complex 
association of the beneficial Ag and Au, and the presence 
of influential elements such as Sb, Mn and Mg. There are 
few studies addressing the sulfide ores from Garpenberg, 
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and the existing accounts mainly focus on other aspects 
of the deposits (e.g. Allen et al. 1996; Vivallo 1985). 
Currently, there is no published literature on the 
metallurgical assessment of the Lappberget ore body. 
Thus, this study aims to provide a detailed mineralogical 
characterization of the Lappberget sulfide ore body, 
focusing on the deportment of trace and minor elements 
(including credit and penalty elements). The result will 
provide constraints in identifying the metallurgical 
behavior of the ore during flotation, which can help a) 
improve the grade and recovery of the processing plant 
and b) determine its possible environmental impact. 
 
2 Methodology 
 
Drill core samples were collected from various sections of 
the ore body. Petrographic investigations were carried 
out on thin sections, using optical light microscopy and 
scanning electron microscopy (SEM). Sputter-coating 
with carbon was undertaken for all SEM and electron 
probe microanalyses (EPMA). Mineral chemistry data 
were derived for twenty-five thin sections on a CAMECA 
SX100 electron microprobe at the Geological Survey of 
Finland equipped with five wavelength-dispersion 
spectrometers (TAP, 2 LLIF, PET and LPET). All the 
sulfide analyses were determined using an accelerating 
voltage of 20 kV with a probe current and beam diameter 
of 40 nA and 1 micrometer, respectively. Natural minerals 
and metals were used as reference standards.  

Quantitative trace element composition of sulfides was 
derived using a New Wave Research (NWR193) laser-
ablation system coupled to an iCAP-Q quadrupole 
inductively coupled plasma mass spectrometer (LA-
ICPMS, Thermo Scientific) at Luleå University of 
Technology. Spot sizes of 50 μm and 25 μm were used 
with a laser repetition rate of 5 Hz and a total acquisition 
time of 85 s (15 s background measurement, 30 s sample 
ablation and 40 s delay). The following isotope suites 
were analyzed: 34S, 49Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 
65Cu, 66Zn, 69Ga, 73Ge, 75As, 77Se, 95Mo, 107Ag, 111Cd, 115In, 
118Sn, 121Sb, 125Te, 182W, 193Ir, 197Au, 202Hg, 205Tl, 208Pb and 
209Bi, with a total sweep time of 0.840 s. 66Zn was used 
as the sphalerite internal standard, 208Pb for galena and 
57Fe for the other sulfides.  Data reduction was done 
using the IOLITE software package (Paton et al. 2011). 

 
3 Ore mineralogy and texture 
 
The Lappberget ore body contains sphalerite, galena,   
pyrite, pyrrhotite, chalcopyrite and magnetite as the main 
sulfide and oxide components. Trace amounts (generally 
<0.1 wt%)  of tetrahedrite-tennantite 
((Cu,Fe)12(Sb,As)4S13), bournonite (PbCuSbS3), 
freibergite ((Ag,Cu,Fe)12(Sb,As)4S13), boulangerite 
(Pb5Sb4S11), jamesonite (Pb4FeSb6S14), dyscrasite 
(Ag3Sb), gudmundite (FeSbS) and  arsenopyrite (FeAsS) 
are also present. Rarer minerals present are cubanite 
(CuFe2S3), troilite (FeS), native antimony, native silver, 
allargentum (Ag1-xSbx), nisbite (NiSb2), ilmenite (FeTiO3), 
gahnite (ZnAl2O4), and native arsenic. Sphalerite, pyrite 
and galena occur in all massive sulfide ores but in varying 

proportions. Magnetite is only abundant in the uppermost 
and easternmost portion of the ore body (Jansson 2011).  

The more plastic sulfide minerals (i.e. galena, 
chalcopyrite, sphalerite, pyrrhotite) display ductile 
deformation textures, interstitial overgrowth, annealing 
with triple junctions, and locally occur as inclusions in 
garnet and quartz. In contrast, the more rigid sulfide 
minerals (i.e. pyrite, arsenopyrite, tetrahedrite) exhibit 
cataclastic textures with gaps filled with plastic sulfide 
minerals, rounded grains, late euhedral open-space fill, 
and intergrowth and overgrowth textures (Figure 2). 
Tetrahedrite generally occurs as myrmekitic exsolutions 
in galena. Troilite only occurs as an exsolution in 
pyrrhotite, whereas cubanite is commonly present as 
exsolution lamellae in chalcopyrite but may also occur as 
individual grains. Silver minerals (i.e. dyscrasite, 
allargentum) are typically associated with the presence of 
tetrahedrite, Ag-rich chalcopyrite, cubanite, and 
alabandite.  

 

 
Figure 2. Photomicrographs of different sulfide textures. (A) 
annealed sphalerite grains showing triple junctions and pyrrhotite 
inclusions along boundaries (LPB1617-91.02, plain transmitted 
light), (B) tectonoclastic rotation and rounding of pyrite in sphalerite-
galena matrix (LPB1101-246.03, reflected light), (C) coarse flame 
texture resulting from low temperature exsolution of troilite in 
pyrrhotite, which has undergone brecciation; sample etched with 
NaClO (LPB1103-198.32, reflected light), and (D) deformation twins 
in sphalerite; sample etched with NaClO (LPB3458-178.06, 
reflected light). Abbreviations: gn–galena, po-pyrrhotite, py-pyrite, 
sp-sphalerite, and tro – troilite. 
 
3.1 Mineral chemistry of sulfide minerals 
 
Sphalerite is the main Zn mineral in the Lappberget ore 
body and occurs in massive sulfide lenses, veins and 
disseminations. It commonly contains pyrrhotite or 
chalcopyrite inclusions. Results from this study show 
varying concentration of Zn, Fe and Mn (Figure 3), 
allowing four sphalerite populations to be identified: 1) 
Zn-rich (Fe- and Mn-poor), 2) Fe-rich, 3) Mn-rich and 4) 
Fe- and Mn-bearing. Zn-rich sphalerite contains elevated 
amounts of Cd, In, Co and Sb but lower Ga and Ge as 
compared to the other sphalerite populations.  

Galena, the main Pb mineral in Lappberget, generally 
occurs with sphalerite. It exhibits a plastic behavior, 
typically occurring as an interstitial phase between 
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sphalerite and, less commonly, pyrrhotite and 
chalcopyrite. Mineral chemical analyses of galena reveal 
varying concentration of Ag, Sb and more rarely As in the 
crystal lattice. Galena may contain 0.01 – 0.24 wt% Sb, 
0.01-1 wt% As and 0.10-0.20 wt% Ag. The high Sb and 
As content coincide with the presence of neighboring 
gudmundite and arsenopyrite, respectively.  

 
Figure 3. Plotted mineral composition of sphalerite, galena and 
tetrahedrite based on EPMA data, showing distinct element clusters. 

 
Chalcopyrite is the most abundant Cu mineral in the 

deposit. It predominately occurs in the lower part of the 
deposit and is associated with Fe-rich silicates (e.g. 
biotite). Mineral chemistry of chalcopyrite from EPMA 
data shows an Ag-rich population of chalcopyrite. 
However, these results must be interpreted with caution 

since petrographic analysis shows the presence of 
tarnished chalcopyrite grains, which according to LA-
ICPMS analysis have a thin Ag2S coating. 

Tetrahedrite is the most abundant Ag-bearing mineral 
in Lappberget and serves as another Cu source. It 
typically occurs as exsolutions in galena, forming 
irregular grains 1-100 µm in size. Mineral composition 
varies considerably in Ag, Cu, Sb and As content (Error! 
Reference source not found.3). Silver shows a strong 
positive correlation with Cd and a negative correlation 
with Cu. The presence of As (>0.5 wt%) in tetrahedrite 
drastically lowers its silver content. Myrmekitic textures 
containing the assemblage tetrahedrite (secondary) + 
chalcopyrite + sphalerite + gudmundite + arsenopyrite + 
dyscrasite ± native antimony ± alabandite are possibly a 
result from the breakdown of earlier tetrahedrite grains. 

Pyrite typically occurs as porphyroblasts in the 
massive sulfide ore and as disseminations in micaceous 
and quartzose hydrothermally altered rocks. Grain size 
varies widely from 100 to 2000 µm and the grains seldom 
display brittle deformation. LA-ICPMS analysis of pyrite 
samples shows varying trace element distribution as 
shown in Figure 4. Generally, inclusion-free pyrite has a 
low and homogeneous trace element distribution, 
whereas inclusion-rich pyrite contains elevated Ag, As 
and Co values. 

 

 
Figure 4 LA-ICPMS trace element mapping of subhedral inclusion-
bearing pyrite, which reveals a Co-rich pyrite inclusion 
(distinguishable in the photomicrograph of the sample etched in 
NaClO) and an As-rich core (LPB1617-277). 

 
In samples where sphalerite, galena, chalcopyrite, and 

pyrite co-exist, sphalerite is the primary host for Mn, Cd, 
Ga and Hg. Bismuth is preferentially concentrated in 
galena whereas Co, Ni and As is preferentially hosted by 
pyrite. Silver and Sb is highest in chalcopyrite followed by 
galena. 
 

4 Implications for mineral processing 
 
This detailed mineralogical characterization of the 
Lappberget ore body reveals the complexity in the 
composition and associations of the ore minerals, 
including various types of textural and chemical varieties 
of sphalerite, galena, chalcopyrite, iron sulfides, 
antimonides and sulphosalts. Recrystallization, re-
mobilization and re-concentration of sulfide minerals, 
annealing of crystals, compositional banding, and ductile 
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and brittle deformation textures (i.e. sphalerite 
deformation twins on sphalerite, cataclasis, bent 
cleavage planes, etc.) are observed throughout the 
deposit.  

The genetic classification of the Lappberget deposit is 
still unclear since primary textures are highly masked by 
subsequent metamorphism and deformation. This 
investigation shows that the formation and modification of 
the Lappberget sulfide ores occurred at varying 
physiochemical conditions, giving rise to the 
heterogeneity of the sulfide minerals. By inference, the 
resulting sulfide ore varieties are expected to behave 
differently during flotation. For instance, it is known that 
varying iron content in sphalerite can have different 
flotation kinetics (Boulton et al. 2005; Harmer et al. 2008). 
High Mn and Co content in sphalerite and high Bi and Sb 
content in galena are deleterious in the pyrometallurgical 
process (Sinclair 2009, 2005). During the smelting 
process, high levels of Zn in the copper concentrate and 
of Cu in the lead concentrate significantly reduce the 
recovery of copper and lead, respectively (Fountain 
2013).  

Antimony and As-bearing sulfosalts (e.g., tetrahedrite-
tennantite, jamesonite, bournonite, boulangerite) are 
economically unattractive since Sb and As are highly 
volatile elements during thermal processes and require 
additional treatment to prevent hazardous emissions 
during smelting (Lane et al. 2016). Similarly, the presence 
of As-bearing minerals, such as arsenopyrite and native 
arsenic, which reports to the tailings, could pose 
environmental problems, if not properly managed. On the 
other hand, high Ag in tetrahedrite, galena and 
chalcopyrite are economically desirable as long as its 
effect on the beneficiation route is properly understood.  
 
5 Conclusion 
 
A detailed mineralogical and textural study of the 
Lappberget ore body highlights the complexity of the 
sulfide associations in the ore body reflecting a complex 
geological chain from the initial mineral formation to 
subsequent recrystallization, remobilization and 
deformation.  The heterogeneity in composition and grain 
size of the ore minerals can significantly affect flotation 
performance. For complex ore bodies such as 
Lappberget, deleterious elements (e.g. As, Sb, Cd, Mn 
and Hg) should be included in the routine chemical 
analysis of drill cores to help identify local concentrations.  
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