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ABSTRACT
Geometallurgy is a team-based multidisciplinary approach aimed at integrating geological,
mineralogical and metallurgical information and yielding a spatial quantitative predictive model for
production management. Production management includes forecast, control and optimization of the
product quality (concentrates and tailings) and metallurgical performance (e.g. recoveries and
throughput); and minimization of the environmental impact. Favourable characteristics of an ore body
calling for geometallurgical model are high variability, low mineral grades, complex mineralogy and
several alternative processing routes or beneficiation methods.
Industrial application of geometallurgy is called a geometallurgical program. This study undertook a
critical review and evaluation of methods and techniques used in geometallurgical programs. This
evaluation aimed at defining how geometallurgical program should be carried out for different kinds
of ore bodies. Methods applied here were an industry survey (questionnaire) along with development
and use of a synthetic ore body build-up of geometallurgical modules. Survey on geometallurgical
programs included fifty two case studies from both industry professionals and comprehensive literature
studies. Focus in the survey was on answering why and how geometallurgical programs are built. This
resulted in a two-dimensional classification system where geometallurgical program depth of
application was presented in six levels. Geometallurgical methods and techniques were summarised
accordingly under three approaches: traditional, proxy and mineralogical. Through the classification it
was established that due to similar geometallurgical reasoning and methodologies the deposit and
process data could be organized in a common way. Thus, a uniform data structure (Papers I, II) was
proposed.
Traditionally the scientific development in geometallurgy takes place through case studies. This is slow
and results are often confidential. Therefore, an alternative way is needed; here a synthetic testing
framework for geometallurgy was established and used as such alternative. The synthetic testing
framework for geometallurgy consists of synthetic ore body and a mineral processing circuit. The
generated digital ore body of a kind is sampled through a synthetic sampling module, followed by
chemical and mineralogical analyses, and by geometallurgical and metallurgical testing conducted in a
synthetic laboratory. The synthetic testing framework aims at being so realistic that an expert could
not identify it from a true one while studying data it offers. Important and unique aspect here is that
the geological ore body model is based on minerals. This means that synthetic ore body has full
mineralogical composition and properties information at any point of the ore body. This makes it
possible to run different characterisation techniques in synthetic analysis laboratory.
The first framework built was based on Malmberget iron ore mine (LKAB). Two aspects were studied:
sampling density required for a geometallurgical program and difference in the prediction capabilities
between different geometallurgical approaches. As a result of applying synthetic testing framework, it
was confirmed that metallurgical approach presents clear advantage in product quality prediction for
production planning purposes. Another conclusion was that optimising the production based solely on
head grade without application of variability in the processing properties gives significantly less reliable
forecast and optimisation information for the mining value chain.
For the iron ore case study it was concluded that the number of samples required for a geometallurgical
program must vary based on the parameters to be forecasted. Reliable recovery model could be
established based on some tens of samples whereas the reliable concentrate quality prediction (e.g metal
i

grade, penalty elements) required more than 100 samples. In the latter the mineralogical approach
proved to be significantly better in the quality of prediction in comparison to the traditional approach
based on elemental grades. Model based on proxy approach could forecast well the response in
magnetic separation performance with the help of Davis tube test. But the lack of geometallurgical test
for flotation and gravity separation caused that in total the proxy approach forecast capability was worse
than in mineralogical approach.
This study is a part of a larger research program, PREP (Primary resource efficiency by enhanced
prediction), and the results will be applied to on-going industrial case studies.
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1 INTRODUCTION
Modern mining industry faces new challenges which were not common several decades ago. Lower
ore grades (Curry et al., 2013), increased variability within ore bodies and highly fluctuating
commodity prices have ever higher impact on the projects’ profitability and thus, demand more
accurate short and long-term production planning. The state of the art solution for this is application
of geometallurgy.
Geometallurgy is an instrument which allows connecting geological and mineral processing
information in a predictive model essential for short and medium-term planning. This model can be
applied to production planning, design and management; and it is expected to give benefits especially
in low grade ores which show high variability in their processing properties. Such ores have high
production risks which can manifest as low or negative profit margins if the operation is managed in a
traditional way (Dunham et al., 2011). This risk is often called geometallurgical risk (Glacken, 2011).
A geometallurgical model can provide an accurate and reliable prognosis (Dobby et al., 2004) of
product and by-product flows and their composition; it ergo, enhances primary resource utilization,
reduces waste fractions, and improves energy and water efficiency in mineral beneficiation. This type
of prognosis, i.e. the predictive calculation of material and energy consumption and balance, is dynamic
in its character. It follows time-dependent variations of the ore feed to the mineral processing plant
according to the mine plan, market fluctuations and discrete events such as the commissioning or the
decommissioning of equipment or the introduction of new processing technologies. To conduct this
type of combined discrete and continuous simulation using numerical models, a computational
planning system is required; represented here by a geometallurgical model.
Being relatively young approach, there are still open questions around the development of a
geometallurgical model. How many samples are required? How the samples should be assayed and
studied? What kind of geometallurgical tests should be used and how many samples are needed for
each test to give statistically significant and thus reliable results? How can and should the qualitative
information be used? Is mineralogical information needed at all and does it provide additional benefits?
Is geological domaining necessary and how does it contribute to the overall picture? How should the
modelling be done? To what detail level should the model go? How to estimate the prediction error
through the whole data processing chain? What kind of error is acceptable for different stages of
project?
There are no universal answers to the questions posed above and answers vary from case to case.
Studying different alternatives and finding feasible solutions through real case studies is slow and
tedious. Creation of a synthetic ore body and a corresponding geometallurgical system can save time
and resources, and provide an environment where different scenarios can be tested efficiently before
later confirmation on real case studies.

1.1 Aim
The aim of this study is to develop a new technique, a synthetic framework, for planning and setting
up a geometallurgical model. An efficient synthetic framework has to be based on a common data
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structure and common approaches to link geological information with metallurgical1 responses. Before
suggesting a common data structure, an intensive data mining and a classification of geometallurgical
programs is required. Therefore, developing such classification for benchmarking of geometallurgical
programs qualitatively and quantitatively is the first part of this thesis. Common data structure and
common approaches are the basis for the second part describing geometallurgical testing framework.
Overall, a geometallurgical testing framework (GTF) aims to provide prediction for more efficient
sampling program and to compensate for high geological and metallurgical variability of the ore. This
study touches the topic of geometallurgical testing framework only from the theoretical point of view
and scenarios presenting the framework application on real industrial cases will be described in full
detail in the second part of the study, i.e. in upcoming Doctoral Thesis.

1.2 Working hypothesis
Traditionally geological information is the first data available in a mining project, but is mostly
descriptive or qualitative. Since a geometallurgical program requires quantitative information to link
the models (Lamberg, 2011) the implementation cannot fully start at early stages of the mining project
(exploration or late exploration stage). Modern modelling and simulation tools coupled with latest
achievements in geometallurgy low cost testing (Lund and Lamberg, 2014; Mwanga, 2014), use of ore
textures (Lund, 2013) and hyperspectral image analysis (Lottermoser and Bradshaw, 2013) allow
creating the first evaluation of the processing behaviour of the ore at the very early stages of a mining
project (conceptual study stage) by utilizing the available qualitative information in combination with
the low-investment geometallurgical quantitative work (e.g. geometallurgical tests, mineralogical
characterisation). And this allows us to make the following hypothesis:
Benefits from the geometallurgical program can be preliminary assessed before the start-up of the actual mining
project. Selection of the geometallurgical approach, methods and sampling densities for the geometallurgical program
can be done beforehand and using of synthetic data will help significantly in that.

1.3 Objectives
The overall objective of the thesis (Figure 1) is to develop a modelling and simulation environment
for generating mining and processing synthetic data. This is done by fulfilling two objectives.
Objective 1
The first objective is to study what type of data is currently implemented in existing geometallurgical programs
and how is it structured and utilized.
The data structure is studied by developing a geometallurgical classification system. The classification
has to consider utilisation of the geological information for predicting ore behaviour in the process.
The classification also has to cover geometallurgical models and programs developed in Sweden and

1

Here the term metallurgy is used in broad sense covering mineral processing, leaching of the ore and
concentrate treatment (hydrometallurgy, pyrometallurgy).
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globally. This work should provide a deeper understanding on the information treatment in
geometallurgy and should increase knowledge on building predictive models.
Objective 2
The second objective is to establish a geometallurgical testing framework consisting of synthetic geological,
processing and production models.
Establishing geometallurgical testing framework means to create a framework able to reproduce the
full production chain synthetically. This includes modelling and simulation of geology, mining,
processing, product selling and waste treatment processes. This data has to imitate real geometallurgical
model enabling testing of the possible benefits of a geometallurgical program. Thus, following variables
has to be considered: available geological and mineralogical data, existing unit operation process
models, synthetic mine plan and production performance. Successful functioning of the
geometallurgical testing framework has to be assured by integrated software platform for data storage
and processing. Finally, completion of this objective has to allow a geometallurgical testing framework
for creation of a real geometallurgical model of an ore body assisted by reliable plans for additional
sampling and testing.
Project

Primary resource efficiency by enhanced prediction

Classification system of geometallurgical programs
(approaches and applications)

Synthetic geometallurgical
testing framework

Subject

Apatite iron ore, porphyry Cu, VMS (Zn-Pb-Cu-Ag),
apatite ore etc.

Apatite iron ore

Ore
types

Develop and test
application of SGTF

Objectives

52 case studies: 14 from
industry and 38 from literature;
example case studies, Kiruna
mine, Siilinjärvi, El Teniente

Malmberget

Case studies

Industrial survey and
literature review

Geostatistical, geological,
processing and
geometallurgical modelling
and simulation (in Matlab,
HSC Sim, SOB), element-tomineral conversion.

Methods

Classify geometallurgical
programs

Propose uniform
geometallurgical database
data structure

Survey result analysis,
literature review, database
normalization

Figure 1 Outline of the Licentiate thesis content (SGTF = Synthetic geometallurgical testing
framework, SOB = Synthetic ore body)
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1.4 Literature review
1.4.1 Geometallurgy
Geometallurgy has originally emerged as a team-based and multidisciplinary approach
(Bayraktar 2014). It aims at integrating geological, mineralogical and metallurgical information
(McQuiston and Bechaud, 1968; Vann et al., 2011) to build a spatial model for production
management (Lamberg 2011). Such model aims to provide quantitative prediction of: quality of
concentrates and tailings, metallurgical performance by means of metallurgical recoveries and
throughput, and environmental impact such as fresh water consumption for a treated ton of ore. While
the approach is not new, recent advances in automated mineralogy, data processing and comminution
testing have made it feasible in practice (Lamberg and Lund, 2012; Schouwstra et al., 2013).
Application of geometallurgy is usually justified by high variability within the ore body (e.g. Kojovic
et al. 2010; Williams 2013). Global decrease of mineral grades (Curry et al. 2013), tighter
environmental requirements and commodity price fluctuations contribute to the increasing demand
for geometallurgy.
The implementation of geometallurgy in a mining project relies on the development of
geometallurgical models followed by a geometallurgical program. The geometallurgical program is an
industrial application which consists of continuous actions to increase the knowledge on the ore body
variation (geological and processing properties), its effects on ore processing and its use in production
planning and management. The utilization of the ore body remains suboptimal if the variation for
parameters having effect in processing of the ore is not considered; properly applied geometallurgy
improves overall ore utilization and lowers operational risks (Lishchuk et al., 2015a, 2015b).
Modelling and simulation are already established tools in mineral process design and optimization, but
the key to an enhanced prediction of quantities and qualities lies in the more detailed and uniform
description of the ore resources, plant feed and process streams. The key connecting elements in this
description are minerals, their chemical composition, mass proportions and ore textures (e.g. Lund,
2013). For this reason models for different process unit operations have to use this mineralogical
information: on the highest level, i.e. mineral liberation or particle level, the geological model should
give enough information to forecast via mineralogy and textures, what kind of particles (fully liberated,
binaries, ternaries etc.) are generated in comminution and how these particles behave in processing
(Figure 2). This enables the simulation of the entire mineral production chain – starting from the
heterogeneous primary resource, via variable plant feed, to the mineral processing plant including
comminution, classification and concentration processes – all in one platform (VINNOVA, 2014).
Geometallurgical mapping

Mineralogy and
Texture

Geological
model

Particle
P
breakage
model

Continuous
improvement

Particles
behaviour

Unit process
model

Particles

Simulation

Management

Production
forecast

Figure 2 Particle-based geometallurgical approach based on Lamberg, (2011)
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A particle approach involves five consequent stages. 1) Geological modelling for different ore types
and geometallurgical domains/classes. This is usually done iteratively for a deposit at different
development stages. Creation of a geological model includes resource characterization, development
of geometallurgical models based on geological data, collection and deployment of geometallurgical
data. 2) Creation of particle breakage model for crushing and grinding. This model accounts for particle
size reduction mechanisms and understanding of mineral liberation in terms of energy and throughputs.
3) Unit process modelling or modelling of the concentration processes, including magnetic, gravity,
electrical separation or flotation and taking into account energy, water and chemical reagent
consumption. 4) Flowsheet simulation relying on process model, yielding a prognosis tool through
system integration and a database with interface towards simulation software (e.g. HSC Chemistry by
Outotec, 2012). 5) Geometallurgical program management which deals with establishing the possibility
for application of geometallurgy and ensuring result utilization in continuous improvement through
the constant collaboration of all involved players, quality monitoring of products, by-products and
waste fractions, model verification and validation.

1.4.2 Geometallurgical programs
The data structure and data modelling in geometallurgy depend on which geometallurgical approach
is used at a mine and the purpose for application of geometallurgy. Classification of geometallurgical
approaches is presented in more detail in Chapter 2. One of the key elements for applying
geometallurgy at a mine is the creation of a geometallurgical model with different levels of fidelity.
Geometallurgical model works as a predictive tool which links geological parameters with metallurgical
response. The process of creating, maintaining and utilising a geometallurgical model is called a
geometallurgical program (Figure 3). Within a geometallurgical program geometallurgical models
define the use of geological data, sampling strategy, testing methods and simulation outcome.
Geometallurgical programs can be one-off or continuous. One-off program aims at building a
geometallurgical model once and a continuous program aims at building and improving the model
iteratively over lifetime of a mine.
Geometallurgical mapping

Geologicall
data

Sampling
S
li

Testing
T
ti

Predictive
P
modelling
g

Simulation

Figure 3 Geometallurgical program structure

The geometallurgical program at a mine can include several sub-models to compensate for the
complexity of the mining value chain and beneficiation process. Geometallurgical model can be
oriented at solving problems as a black box (the whole processing plant in a single model), by processing
sections (e.g. comminution, concentration, leaching, dewatering, etc.) or with only one processing
unit (e.g. crusher, mill, flotation cell etc.).
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a. Geological data
Variability in geological and mineralogical parameters has an impact on the metallurgical response in
the beneficiation process. Sciortino et al., (2013) showed a correlation between the metallurgical
recovery of nickel and degree of ore serpentinisation. Stradling (2011) reported on effects of correlation
between alteration intensity and hardness in size reduction, Williams and Richardson (2004)
introduced an idea of geometallurgical matrix of crucial parameters that facilitates assessment of the
geological variability.

b. Sampling
One challenge that a geometallurgical program needs to solve initially is defining how many samples
are needed for different assays and techniques involved in development of a reliable geometallurgical
model. If the number of samples is too small, the model can be inaccurate or even defective. Larger
number of samples gives higher prediction accuracy but costs and time spent on additional sampling
and their assays have to be justified. Good sampling strategy must consider geological and metallurgical
variability along with errors in sampling (Gy, 1976; Minnitt et al., 2007) and errors in analysis and
modelling (Bulled and McInnes, 2005).
Adequate geometallurgical sampling requires good knowledge of the ore body. Geological database
and block model accompanied by internal company expertise on ore body and beneficiation process
often provide solid basis for planning and conducting sampling campaigns. Yet, a challenge exists in
the fact that geological information is mostly qualitative and its quality is difficult to estimate.
Therefore, primary sampling, mainly by drilling, secondary sampling from drill cores for assaying and
tertiary sampling for geometallurgical testing is often an iterative process. In present geometallurgical
approach geological information is used as initial information in classification and domaining and is
then critically evaluated against the results of the geometallurgical tests.
The number of required samples for different characterisation methods in geometallurgical programs
is a widely discussed topic, but lacks critical reasoning. David, (2014) recommended up to 30 variability
samples for metallurgical testing at different mine design stages. Williams and Richardson, (2004)
assumed several hundred of samples for metallurgical and geometallurgical testing, >1000 samples for
mineralogical study and >10000 of samples for traditional chemical assays.
Sufficient amount of material has to be provided for geometallurgical testing. Geometallurgical
sampling program must consider implications from the minimum mass of samples required for
metallurgical tests (Coward et al., 2009). Examples of sampling strategy include geometallurgical matrix
which is aimed to facilitate domaining by classifying samples by rock type, mineralisation and alteration
(Baumgartner et al., 2011); primary response framework linking directly measureable (e.g. mass,
density, grain size) rock attributes and rock attributes that describe the rock’s responses in the process
(e.g. throughput, recovery) (Coward et al., 2009); and geometallurgical domaining used in selecting
composite samples based on the process performance of the domains (Keeney and Walters, 2011).

c. Testing
The development of a geometallurgical model requires access to a large number of samples that define
the ore processing properties. The basic knowledge and sample material collected by drilling, drill core
logging and chemical assays is not sufficient. Additional characterisation techniques are needed.
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Geometallurgical tests - small tests which characterise the metallurgical properties and give quantitative
information on the variability - are commonly used. Geometallurgical tests need to be fast and
inexpensive, they should use only small amount of sample but still reliably characterise processability.
Quite a few geometallurgical tests are available for different areas of beneficiation and the most
commonly used are listed in Table 1.
Table 1 List of available geometallurgical tests
Process

Geometallurgical tests

Metallurgical tests

Corresponding
production scale
equipment

Grinding

Geometallurgical comminution
test (Mwanga et al., 2015, 2014),
GeM Comminution index
(GeMCi) (Kojovic et al., 2010),
MinnovEX SAG Power Index
Test (SPI) (Kosick et al., 2002),
SMC (Morrell, 2004).

Grindability test

AG, SAG, ball mill, crushers,
Isa mill, Vertimill etc.

Ore sorting

N/A

Sorting test

Ore sorter (XRT,
hyperspectral, laser, etc)

Halimond flotation tube (Dabias,
1981),
Contact angle measurement
Conventional self-aspirating
(Wark, 1932),
Conventional
and forced air flotation cells,
Flotation
Microflotation (Larsen et al.,
flotation test
pneumatic flotation cells etc.
2013), JKMSI (Hunt et al.,
2011),
“Shaker test” (Vos et al., 2014)
Davis tube (Finch and Leroux,
Laboratory high-tension
1982; Murariu and Svoboda,
Magnetic /
Dry and wet low and high
separator, Mörtsel
electrical
2003),
intensity magnetic and
separator, laboratory dry
Frantz separator (Oberteuffer,
electrical separators
separation
rare earth drum separator
1974)
Mozley laboratory separator
Triple-deck table, Knelson
Shaking table,
Gravity
(Cordingley et al., 1994),
separator, spiral concentrators,
jig, spiral
separation GRG test (Dominy, 2013; Zhou
Reichert cone concentrator,
concentrators
and Cabri, 2004)
jig, etc.
Column leaching test, tank
Small-scale hydrometallurgical
leach test, compacted
Leaching tests (Kuhar et al., 2011; Turner granular leach test, pH- Heap leaching, bioleaching etc.
et al., 2013)
dependence
leaching test

Methods and parameters for testing have to be selected carefully since geometallurgical test has to
correlate with selected processing technologies and also be comparable with conventional metallurgical
tests. Despite the great number of available tests there are still areas (e.g. flotation) where available
methods do not provide acceptable repeatability or decent correlation with the real process.
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d. Predictive model
Based on the test results a predictive model is created. The input parameters of the models come from
the properties provided by the geological model. Commonly used parameters are elemental grades
(e.g. Cu wt%, Au ppm), mineralisation type (e.g. massive ore, breccia, disseminated) and hosting
lithology. Model output represents production forecast: throughput (t/h), concentrate tons produced
from 100 tons of ore (mass pull), metal recoveries, concentrate quality parameters, tailing properties
and economic key figures.
Depending on whether the model input comes from elemental grades, mineralogical properties or
some other properties (such as geometallurgical testing), modelling approach can be classified as
traditional, mineralogical and proxy. Model selection is usually decided based on available techniques
and their costs. For example, quantitative results obtained by chemical assays like XRF or ICP will be
primarily used for traditional models; results from MLA, XRD, QXRD and element to mineral
conversion can be used for mineralogical models; and combination of analysis methods listed above
coupled with geometallurgical tests - in proxy models. It is worth mentioning that element to mineral
conversion is a technique for converting the bulk chemical composition of a sample to mineral grades
by applying a set of linear algebraic equations (Braun, 1986; Lamberg et al., 1997; Paktunc, 1998;
Parian, 2015; Whiten, 2007) and examples of its recent use can be found in Lund, (2013) and
Gustafsson, (2016).

e. Simulation
Simulation of the geological inputs or metallurgical responses is a common practice (Jupp et al., 2013)
for investigating alternative production scenarios and estimating production risks in mining industry.
Multiple solutions are available on the market and some more are being developed (Table 2).
A wide variety of approaches has been developed to simulate ore deposits. Some of these models can
be used for geometallurgical purposes. Chatterjee and Dimitrakopoulos, (2012); Mustapha and
Dimitrakopoulos, (2011) developed good simulation approaches for reproduction of complex
geological structures and characterization of the spatial architecture of geological data. Malmqvist,
(1979, 1973) and Malmqvist et al., (1980) developed an approach to synthesize geological and sampling
data for the purposes of exploration and feasibility study of a prospecting project for deep-seated
sulphide ore bodies. Synthetic model which covers the whole production chain has not been described
in literature.
Different flowsheet simulators are common in geometallurgy (Table 2). Separate simulators are often
used for comminution and beneficiation. Only few simulators are commercially available for simulating
the full mineral processing chain in one platform.

f. Geometallurgical mapping
Geometallurgical mapping stands for estimation of geological inputs and/or metallurgical response in
a spatial model; commonly the spatial presentation and result saved in separate blocks is called block
model. Each block may store geological, chemical compositional, geotechnical, geomechanical,
geophysical, metallurgical and other relevant information. Software packages that can be applied to
geometallurgical mapping are Vulcan (Maptek), Surpac (Geovia), Leapfrog ® (ARANZ Geo Limited),
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Micromine (MICROMINE). Mapping can be done by geometallurgical spatial units: classes and
domains. Geometallurgical class is characterised by homogeneity2 in the mineral processing responses.
Geometallurgical classes which show spatial continuity are called domains.
There is a large body of knowledge on spatial modelling of geometallurgical parameters, such as
hardness (Musafer et al., 2013; Preece, 2006), metal grades (Hosseini and Asghari, 2014), grindability
(work index), throughput and metal recovery (David, 2007; Deutsch, 2013; Keeney and Walters,
2009; Keeney, 2010). Earlier research has focussed on the development of different methods and
mathematical apparatus for connecting metallurgical parameters (geometallurgical indices) and spatially
distributed geological information. Obtaining non-biased modelling results requires use of appropriate
geostatistical tool, e.g. kriging, nearest neighbour method, inverse distance method and others. Linear
geostatistical methods perform poorly on nonlinear parameters typical to geological data. Nonlinearity
is also known as non-additivity and is widely discussed, e.g. by Dunham and Vann, (2007), Coward
et al., (2009), Walters, (2011).
Other relevant studies link geology with downstream processes. Journel, (1974) linked geostatistical
simulation of the ore bodies with characteristics of the ore recovered by mining. Although the
problems addressed by Journel, (1974) cannot be considered purely geometallurgical, the paper
describes the implications on the plant feed from variability in metal grades and overburden thickness,
which both create an important link for connecting the entire mine-to-metal value chain and thus are
also of interest to geometallurgy. Connecting grade variability with production planning was further
considered by (Jupp et al., 2013). Short-term grade variability was the main concern of his study.
Additionally, problem of non-linearity or non-additivity was raised in connection with block
modelling. Everett, (2011) contributed to the determination of the mining sequence through the
sequence simulation by analysis of marginal value of the ore block which covered production-related
costs. Iron grade was used as an input for defining block’s value. Higher iron content corresponded to
the higher block value. Contaminants or penalty materials would reduce block value (i.e. an
opportunity cost).

2

Homogeneity here means that metallurgical response varies only little or variability can be expressed
in acceptable manner with simple equations.
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Hydrometallurgy, Pyrometallurgy, Minerals processing, Mass and Energy Balance.

Cement process simulators.
Flowsheet simulation, Mineral processing simulation (crushing, grinding, classification,
flotation, gravity separation, magnetic separation, solid liquid separation), Mineralogical
calculations, Numerical data fitting, Mass balancing, Heat and material balances, etc.
Flowsheet simulation, Mineral processing simulation (crushing, grinding, classification,
flotation, gravity separation, magnetic separation, solid liquid separation), Automation.

Cycad Process

ECS/CEMulator

SimSci DYNSIM

SGEMS

MODSIM

MinOOcad

Microsoft Excel based
simulator

Metsmart

JKTech’s JKSimBlast,
JKSimMet and
JKSimFloat

Integrated
Geometallurgical
Simulator (IGS)

IDEAS

SGS, (SGS, 2016)

Andritz, (ANDRITZ - official
website, 2016)

Outotec, (Outotec 2012)

MinnovEX Technologies Inc.,
(Mcinnes et al., 2002)
(Cycad Process - official website,
2016)
(FLSmidth - official website, 2015)

Reference
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Anglo Platinum
Geology and mining (Block modelling, mining production, drilling and blasting, loading
W. H. Bryan Mining and Geology
and hauling, stockpiling management) Mineral processing (crushing, grinding and milling,
research centre and JKTech,
flotation)
(Ziemski et al., 2010)
Flowsheet simulation, Mineral processing simulation (crushing, grinding, flotation,
Minerality, (Minerality - official
classification, solid liquid separation).
website, 2016)
Flowsheet simulation, Mineral processing simulation (classification, magnetic separation,
(Suthers et al., 2004)
flotation).
Flowsheet simulation, Mineral processing simulation (crushing, grinding, classification, ore
Metso, (Herbst and Pate, 2016)
transportation).
Flowsheet simulation, Mineral processing simulation (crushing, grinding, classification, Mineral Technologies, Inc., MTI,
flotation, gravity separation, magnetic separation, solid liquid separation).
(Schneider, 1995)
(Remy et al., 2009; Stanford
Geological simulation. Works with block models.
Geostatistical Modeling Software,
2009)
Schneider electrics, (Mielli, 2014;
Platform that mimics or emulates the real mineral processing plant.
Schneider electric, 2016)

Flowsheet simulation, Mineral processing simulation (grinding and flotation)

Mineral processing (grinding and flotation). Works with block models.

CEET,
FLEET

HSC Chemistry

Main functions

Simulator

Table 2 Examples of simulators used in geometallurgy

g. Benefits of geometallurgical program
Actively used geometallurgical models can be applied for identifying and correcting current processing
issues, preventing future problems, or in more holistic approach to optimize the full production chain
based on ore variability. While correcting can be contained within a single processing unit, e.g. mine,
comminution, concentration or dewatering, preventing has to always involve several processing units
or processing unit parts experiencing the issue together with upstream processes connected to it.
Geometallurgical program offers here an invaluable benefit by providing relevant information and
connecting terminology for all relevant parties.
Another benefit lays in providing continuous production forecast. Mineralogical and processing
characterisation of the samples typically gives one-dimensional or point information. The forecasting
capabilities of such information are low without connecting variability information to time-related
production information. This means the concentrator plant is operating half-blind by processing what
they get instead of planning ahead for future ore type variations, consumable requirements and possible
product quality and economic return. By applying geometallurgy and bringing ore characterisation
and metallurgical response information to a block model one can improve data visibility by a more
comprehensive to human eye three-dimensional or 3D visualization and thus allow for significant
improvement in production planning quality. This can account for smoother production forecast in
four dimensions (time being the fourth dimension) by feeding ore to process in order of its spatial
location, ore block value, costs of consumables or combination of the properties mentioned above.
Geometallurgy is claimed to help in optimisation of mineral resource utilisation (Philander and
Rozendaal, 2013). According to Dunham and Vann, (2007) geometallurgy can give increased total
metal recovery and improved asset utilisation. In addition, Lamberg, (2011) listed in his review that
geometallurgy has potential to bring benefits like better controlled ore deposit utilization, higher
flexibility in introduction of new technological solutions, lower operational risks, and wider access to
economical optimisation of the full operation. In literature reviewed there are currently only a few
case studies which would state and demonstrate quantitatively the added value of geometallurgical
programs. A serious game called “Challenge Geometallurgy!” developed for educational purposes at
Luleå University of Technology, Sweden, has demonstrated that geometallurgical program can give
up to 25% shorter payback time compared to cases when no geometallurgical information is available.
The value of geometallurgy for mining companies can also lie in shortened permitting times. Pure
economical investigation would be still important to carry out in order to fully expose, how much
additional profit a geometallurgical program could allow during the mine lifetime. During mineral
resource estimate development the information on the ore processability and variability is collected at
quite a late stage. Scoping studies deal almost exclusively with geological data; and processing together
with mining information is considered only in pre-feasibility and feasibility study stages (The
Australasian Institute of Mining and Metallurgy, 2012). Introduction of geometallurgy at early stages
of the project can decrease level of uncertainty in the future project stages and consequently in
production (Baumgartner et al., 2011).
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2 CLASSIFICATION OF GEOMETALLURGICAL PROGRAMS
This chapter reviews current and former geometallurgical programs from European and global mining
industry, their aims and approaches, and introduces a two-dimensional classification system based on
qualitative and quantitative benchmarking of geometallurgical programs. This chapter also discusses
about structuring the data within a geometallurgical framework (Figure 4).
The classification system developed here can be used for identification of different ways to link
geological information with metallurgical responses. Aim of such classification is to help identify gaps
in the methods applied in geometallurgy and thus show areas where development is needed. The
classification system has two dimensions: first dimension is the type of geometallurgical approach and
the second dimension is the depth of application of geometallurgy.
Level of technological advance (approach)

Traditional

Proxy

Mineralogical

Depth of geometallurgical
program (application)

Passive use:
x
x
x
x

None
Data collecting
Visualization
Forecasting

Semi-active use:
x Changing process
Active use:
x
x
x

Constraining
Production planning
Managing production scenarios

Figure 4 Classification matrix of the geometallurgical programs

Three geometallurgical approaches were systematized in this work: traditional, proxy and
mineralogical. The traditional approach is based on elemental grades, the proxy approach is based on
some indirect information about metallurgical response (e.g. geometallurgical testing) and the
mineralogical approach is based on minerals. In classification system presented here each
geometallurgical approach is divided into two sub-approaches: domained and global, where domaining
or classification implies more advanced use of a block model, and global sub-approach does not require
block model at all. In other words, mines that follow the domained geometallurgical approach have
generally more capabilities towards developing a more advanced geometallurgical program.
Depth of application of geometallurgy shows the level of geometallurgy involvement in production
management decisions and is divided into passive, semi-active and active level of use. The practical
use of this classification system becomes obvious when there is a need to either change a
geometallurgical approach (e.g. from traditional to proxies or from proxies to mineralogical) or to go
to a deeper level of the geometallurgy application.
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In Section 2.4 three case studies are presented: Kiirunavaara, Siilinjärvi and El Teniente. They all
represent different geometallurgical approaches on the same application level. This collection of case
studies tries to present in a more detailed way the differences in approach classification in this work.
The data collected from different geometallurgical programs is limited, but still allows for some
preliminary observations. The general trend (Figure 5) is that deeper level geometallurgical programs
(active) tend to use mineralogical approach. Traditional approach (passive) is used in shallow level
geometallurgical programs and the proxy approach is applied in between. There is a logical explanation
for these observations: development of geometallurgical program usually starts with systematic
collection of numerical data - chemical assays from the drill core samples - with high data collection
frequency. This information is often defective for the purposes of metallurgical model development,
because metallurgical response is related to mineralogy and not to chemical composition of ore. Thus,
once geometallurgical program goes to a higher level, the use of mineralogical information increases.

Continents
Europe
Southern America
Northern America
Africa
Australia and Oceania

LEGEND

Commodities
Commoditie
Precious metals (e.g. Au, Ag, PGM)
Base metals (e.g. Cu, Ni, Zn)
Ferrous (Fe)
Polymetallic (e.g. Au and Cu; Ag, U and Fe)
Non-metals (e.g. diamonds, coal, phosphates)

Figure 5 Selected mines arranged in classification matrix
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The classification system aims to answer two important questions regarding geometallurgical program
in a mine:
x

What type of geometallurgical data is used for the modelling (approach)?

x

How geometallurgical data is used in production (application)?

In Section 2.5 data structures obtained through classification system are used as the basis for
construction of a unified database serving needs of any future geometallurgical program. The synthesis
shows detailed data structures for geological and processing software in order to support
geometallurgical program undertaking within traditional, proxy or mineralogical approach. Database
structure from Section 2.5 is put to practice in Chapter 3 with application to a synthetic ore body and
the synthetic geometallurgical approach utilized for rapid testing the validity of the suggested database
and data structures.

2.1 Collecting information on industrial practices of geometallurgy
Information for building up a classification system of geometallurgical programs was collected by
contacting industry experts and through an extensive literature review. An online questionnaire form
linked to the database was developed in Google Drive.
The questionnaire form was grouped by seven chapters:
-

Respondent information (Appendix 1.1).
General information (Appendix 1.2).
Production information (Appendix 1.3).
Deposit model (Appendix 1.4).
Geometallurgy level (Appendix 1.5).
Implementation of geometallurgical information (Appendix 1.6).
Application of geometallurgical approach. Self-evaluation (Appendix 1.7).

Information about the person who was filling the form, general information on the mine project and
the most common production parameters (i.e. ore type, main product etc.) were collected in the first
three questionnaire chapters. Availability and potential for application of the geological and
geotechnical data for geometallurgical modelling was collected in chapter four of the questionnaire.
The fifth chapter of questionnaire was dedicated to the information existing for the geometallurgical
purposes. Chapter six was collecting answers on the depth of application of geometallurgy. The
purpose of the last chapter was to double check results by asking questions in a graphical way.
The full list of the reviewed case studies is given in Appendix 2.

2.2 Approaches
The type of approach was defined by the type of data used in the geometallurgical program
(Figure 6). Based on survey three different geometallurgical approaches could be distinguished:
traditional, proxies, mineralogical. Referring to the approach as traditional, proxies or mineralogical
depended on the traceable component (e.g. chemical composition, metallurgical response, mineralogy)
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and thus affected the sampling and analysis methods. Sampling frequency and types of tests used for
defining metallurgical responses also varied between identified geometallurgical approaches.

2.2.1 Traditional approach
In the traditional approach chemical assays and chemical composition of the ore form the basis of the
program. Metallurgical response is calculated from the chemical composition of the ore collected by
chemical assays of samples. Simple recovery functions are used for this purpose, i.e. elemental recovery
is a function of the elemental content in the ore. The functions are developed by using metallurgical
testing and statistical analysis to define the correlation between the metallurgical response and feed
properties (i.e. chemical composition). Traditional approach is common for commodity types where
ore grades are high. It is also a common method for the early stages of the mining projects, i.e.
conceptual study stage and pre-feasibility study. Often the development of geometallurgical program
starts from traditional approach.

Geometallurgical approaches

Ore body
Traditional

Process
Concentrate
grades &
recoveries

Elemental
grades

Proxy

Elemental
grades
& proxies

Mineralogical

Mineral
grades
& textures

Production
planning and
management

Tail quality

Figure 6 Linkage between geology and process via geometallurgical approaches

2.2.2 Proxy approach
Proxy approach uses geometallurgical tests or other indirect measurements of metallurgical response to
characterise the metallurgical behaviour of ore for large number of samples in different processing
stages. The geometallurgical test is a small-scale test which indirectly measures the metallurgical
response (Table 1). Normally, the geometallurgical test results must be converted with certain
correction factors (often called scale up factors) to give estimate of the metallurgical results at the plant.
Examples of geometallurgical tests are Davis tube (Niiranen and Böhm, 2012) and MinnovEX SAG
power index test (SPI) (Kosick et al., 2002). Geometallurgical tests need to be applied early in the ore
characterisation in order to collect information on the ore variability (Mwanga et al., 2015). Such tests
are cheap and rapid, in comparison to laboratory scale metallurgical tests, and usually do require special
equipment. They can be performed on samples of a small size and should reasonably well correlate
with conventional tests and metallurgical results of the plant (Chauhan et al., 2013). It is the application
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of geometallurgical tests in connection with elemental grades and without connection to mineralrelated behaviour of the ore, which distinguishes proxy approach from the mineralogical one.

2.2.3 Mineralogical approach
Mineralogical approach refers to geometallurgical programs where a geometallurgical model (i.e.
deposit and process model) is built based primarily on quantitative mineralogical information. This
often means that accurate information on modal mineralogy is needed for the whole ore body
(Lamberg et al. 2013). Thus, mineralogical data has to be quantitative and collection of information
has to be continuous and systematic. Lund (2013) and Lamberg (2011) have demonstrated how a
geological model and a process model can be linked using mineralogical information.

2.3 Applications
Created geometallurgical model has to be used in production to become a geometallurgical program.
Depth of program application is defined by how geometallurgical data is used in production
management. This depends on the sophistication of the model, depth of its use, main involved players
at the site, complexity of managerial tasks involved, and if corrective or preventive approach is used
to solve production issues.
Eight levels of application were identified (Table 3) in the order of increasing involvement in
production management: (0) none, (1) data collecting, (2) visualization, (3) forecasting, (4) changing
process, (5) constraining, (6) production planning and (7) managing production scenarios. The
characteristics of different levels is described in the following sub-chapters. Normally higher level
includes all the features of the lower levels.
The number of participants involved in the geometallurgical program changes with the depth of the
program. Deeper level of geometallurgy corresponds to the deeper integration and cooperation
between involved parts of the mineral production chain: i.e. geology (exploration and production),
mining, production maintenance, sales etc. Towards advanced level of application, speed of reaction
to the sudden changes in the process also increases. Therefore, more automation is required on the
higher levels. Additionally, a created geometallurgical block model should carry all the information
relevant to all of the involved players so that each can benefit from the outcomes of a geometallurgical
program.

2.3.1 Level 0 - None
Level 0 - None means that no geometallurgical data is collected and neither a geometallurgical program
nor a geometallurgical model exist. This is the starting level of every geometallurgical program.

2.3.2 Level 1 - Data collecting
At the level 1 geometallurgical data is collected systematically but is not used for any production
planning purposes or visualization of the information. Collecting geometallurgical data requires
collaboration between geologist and processing engineer. At this level ore has to be tested for either a
feed-forward effect on the variability in metallurgical response in laboratory conditions, or for feedback
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connection between variability in metallurgical response at the plant that can be consciously linked to
the geological variability. The latter can be optionally achieved by thorough empirical plant
observations in operating mines. The basis for the future geometallurgical model is created at this level.
The existence of geometallurgy at this stage does not lead to any noticeable actions.

0
1
2
3
4
5
6

None
Data
collecting
Visualization
Forecasting
Changing
process
Constraining
Production
planning

Managing
7 production
scenarios
1
2

Players

X

None

X

X

X
X

X
X

\1
X

X

X

X

X

X

X

X

X

X \1

None
geologist and mineral processing
engineers

X

No

No

Corrective

Preventive
X

Continuity

Actions

Mapping

Simulation

Name

Geological
database
Metallurgi
cal testing
Model

Level

Table 3 Application levels of geometallurgical program

X X

and mining engineer
and economist, maintenance,
automation engineers
and QEHS2 engineer,
environmentalists, sellers of
concentrate, product buyers,
metallurgists, shareholders

Yes

Yes

“\”- is not obligatory
QEHS - Quality, Environmental, Health and Safety

2.3.3 Level 2 - Visualization
At the level 2 the variability within the ore body is visualized based on the collected geometallurgical
data. Data is stored in numerical form, thus special software has to be used. Data is used by visualizing
the variability in presentations, meetings and discussions. At this level, people outside processing and
geology should also have access to it. A geometallurgical model may exist at this stage, but it is not
used for any production-related purposes. Besides that, geometallurgical program at this stage inherits
all the features of the level 1 “Data collecting”.

2.3.4 Level 3 - Forecasting
The level 3 uses geometallurgical data to forecast production. The information is used to raise
awareness amongst other players without any active actions for production. Information may be used
in tailings management and concentrate marketing and shipping, i.e. information is taken but no
actions exist to change mining, ore blending or processing. Commonly, geologist and processing
engineer remain the only active participants of the geometallurgical program.
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2.3.5 Level 4 - Changing process
At the level 4 information on the variability in feed quality is used to make changes to the process. At
this stage only corrective but no preventive actions are taken. Corrections may be planned beforehand;
however, they impact only a limited part of the process (a section) and involve a limited number of
people. The level 4 is a transitional stage between passive and active application of geometallurgy.

2.3.6 Level 5 - Constraining
At the level 5 data is used to define feed quality constraints and production limitations of the process.
This is the lowest level of active use of geometallurgy including typically some preventive actions. It
is also the first level on which geometallurgical program has to be continuous and is often also
constantly improved. Typically this level includes limitations on the feed properties, e.g. titanium grade
must be below 0.9 wt% in the feed; the mass proportion of talc bearing country rock must be lower
than 4% of the feed. Therefore, changes are typically made on mining side or in feed blending to
mitigate the negative impact of the problematic components in the downstream process. Changes
include such actions as ore blending, selective mining, and small changes in production flowsheet.
Level 5 requires a larger group of participants with obligatory involvement of mining engineers and
production planners, besides geologist and metallurgist.

2.3.7 Level 6 - Production planning
At the level 6 the production plan is based on geometallurgical data. Wide range of players, including
(besides geologist, metallurgist and mining engineer) maintenance and automation engineers, and
economists benefit from geometallurgical results and actively contribute to the utilisation and
development of the geometallurgical program. At this level often both geological variables and
geometallurgical indices are included in block model (3D). Therefore, a block model is continuously
maintained and updated. In some cases simulations of the alternative scenarios are done, however,
these are not done on a regular basis. Effective application of geometallurgy at this level requires
advanced online measurement tools (e.g. measurement while drilling system) and real-time update of
the geometallurgical model, block model and mine production plan. Both geological and processing
simulations are utilized. Involvement of economists and finance specialists allows production benefit
estimation in terms of cash flow and projected cash flows, including both discounted cash flow and net
present value (NPV).

2.3.8 Level 7 - Managing production scenarios
At the highest level 7 managing production and geometallurgical data forms a vital basis of the decision
making, e.g. investments, selection of alternative technologies, production interruptions (or
production speed-ups), merging of companies, expansion and investments. Such flexibility is achieved
through active use of simulation and active involvement of wide range of stakeholders. Both upstream
and downstream processes are affected by geometallurgy. Effective application of geometallurgy at this
level requires advanced online measurement tools and real-time update of geometallurgical model,
block model and mine production plan.
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2.4 Case studies from literature
Three case studies of the geometallurgical programs are described here to demonstrate differences
between approaches, to show their influences on geometallurgical modelling and to give a good
example for some depths of application. El Teniente was selected to represent the traditional approach,
Kiirunavaara – to represent the proxy approach and Siilinjärvi – to represent the mineralogical
approach. All of three case studies represent the 4th level - changing process.

2.4.1 El Teniente
El Teniente is a Cu-Mo porphyry mine (Sillitoe, 2010) located in central Chile 80 km south of
Santiago de Chile. It is owned and operated by the Chilean state-owned copper company CODELCO
(Kelm et al., 2009). According to Cannell, (2004) the deposit was discovered in 1700’s, first officially
recorded production dates back to 1800’s and modern-style mining commenced only in 1904
(CODELCO, 2016). Despite being the world’s largest known Cu-Mo deposit (Maksaev et al., 1975;
Skewes et al., 2005; Stern et al., 2010) El Teniente is also the largest underground mine since 1950’s
(Cannell, 2004; Kelm et al., 2009) with an expected mine lifetime over 50 years. The main ore minerals
are chalcopyrite with lesser presence of bornite, molybdenite. Other common sulphides include galena,
tennantite, chalcocite and covellite (Kelm et al., 2009). Most of the Cu mineralization occurs as
primary hypogene ore (Stern et al., 2010). The average grades are above 0.67% Cu corresponding to
75 Mt of Cu and above 0.019% Mo corresponding to 1.4 Mt of Mo (Skewes et al., 2005). The
produced concentrate is sent to nearby smelter. In 2012 the mine produced 417 kt of fine copper as
fire refined ingots (RAF) and copper cathodes, and 5.6 kt of Mo.
The establishment of geometallurgical program (Beniscelli, 2011; Oyarzún and Arévalo, 2011) at El
Teniente included sampling, mineralogical study with optical microscopy and metallurgical test work.
In total, 731 samples were used and later grouped into 247 composites. The test work included Bond
work index determination and primary flotation tests. However, the flotation results were not
described in the literature. Linkage between geology and metallurgical response in grindability was
made through the petrographic (lithological) texture. Nine main petrographic textures were
encountered: gabbros (Bond work index (BWi) 15-17 kWh/st), diabase (BWi 16-18 kWh/st), basalt
porphyry (BWi >17 kWh/st), basalt porphyry with contact metamorphism (BWi 12-16 kWh/st),
Sewell diorite (BWi 14-16 kWh/st), porphyritic part of the Sewell diorite (BWi 15-17 kWh/st),
porphyritic tonalite apophyses (BWi 12-13 kWh/st), dacite porphyry (BWi 10-13 kWh/st), latite
porphyry (BWi 16-18 kWh/st). Petrographic texture was linked to the grindability through the
contact surfaces. Thus, greater BWi values associated with rock types with a relatively greater quantity
of high-energy contact surfaces and lithologies with lower BWi values (e.g. Sewell diorite) were
associated with the presence of crystals with low interfacial energy edges.(Oyarzún and Arévalo, 2011)
The purpose of the geometallurgical program at El Teniente is to predict grindability of different
geological units in medium and long-term (Oyarzún and Arévalo, 2011). A relationships between rock
texture and BWi was established, which meant that only corrective actions (applied to the grinding
circuit) could be taken. Applying preventive actions and thus changing upstream processes would
require involvement of larger group of players. At the moment only geologists and processing engineers
are involved. This geometallurgical program uses traditional approach in modelling since no
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geometallurgical tests (required by proxy approach), nor mineralogical information (required by
mineralogical approach) are used. It was clearly stated by Oyarzún and Arévalo, (2011) that the
mineralogical composition has no correlation with grindability. Reasonable explanation for the low
depth of geometallurgy application could be a relatively high grade ore coupled with large production
scale. The absence of geometallurgical mapping and separate domains puts El Teniente deposit to the
“global” traditional approach and its geometallurgical program on the fourth level or “Changing
process” and “global traditional approach” – Table 4.
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Table 4 Applications of geometallurgical program at El Teniente

No No

2.4.2 Kiruna mine
Kiruna iron ore deposit (Kiirunavaara) operated by LKAB is the world’s largest and most modern
underground iron mine (McNab et al., 2009; Poveromo, 2000). Mining in Kiruna started in 1902
shortly after ore railway was launched between Kiruna and Narvik (LKAB, 2015). The apatite iron
ore was named after the Kiruna deposit as the “Kiruna-type deposits” (Geijer, 1930; Hou et al., 2011;
Romer et al., 1994). Ore reserves are about 666.0 Mt of ore (Kari Niiranen and Böhm, 2012). The
main ore mineral is magnetite with average grades of 60% Fe and 0.05-5.0% P; apatite is the phosphorus
mineral. The annual ore production at Kiruna mine was 28.4 Mt in 2014 (Niiranen, 2015). The Kiruna
operations deliver two types of products: iron ore pellets and iron ore fines. Previously, ore in Kiruna
was divided into two types for production: low and high P. Low P ore was further subdivided into
high and low SiO2 and high P ore was subdivided into three subtypes based on P content (Kari
Niiranen and Böhm, 2012; Niiranen and Fredriksson, 2012).
Kiruna mine is a subject of several geometallurgical studies. Niiranen, (2015) developed a
geometallurgical program aimed at mitigating negative impact of SiO2 on production. Parian, (2015)
developed a particle-based process model for magnetic separation units. Despite the high Fe grade, the
Kiruna mine required implementation of a geometallurgical program due to quality challenges as the
production started to experience fluctuations of SiO2 in 2007. The exploration drilling predicted
increasing SiO2 grade with increasing depth and it was forecasted to cause higher SiO2 grade in the Fe
concentrate. Therefore, a laboratory-scale empirical method was developed by Niiranen & Böhm
(2012) for predicting SiO2 content in the Fe concentrate. The method was applied to drill core samples
and it included chemical assays, grindability and Davis tube tests. Consequently, a predictive model
was developed from the collected data. The model gives an estimate for the total energy demand in
comminution and SiO2 grade prediction in the Fe concentrate for a given ore, based on its chemical
composition (Kari Niiranen and Böhm, 2012; Niiranen and Böhm, 2013).
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Parian, (2015) used different approach aiming to establish geometallurgical model based almost solely
on mineralogy. This included development of technique enabling high quality modal analysis based
on chemical assays and X-ray diffraction. On the process side Parian, (2015) developed a unit process
model for wet low-intensity magnetic separation (WLIMS). The model works on mineral liberation
level; thus can forecast the metallurgical performance once the mineral liberation information is
available for the feed to the WLIMS unit. Although the model requires further validation, it has shown
good results in estimating recovery and product quality. In the next phase Parian, (2015) is extending
this approach to the whole plant and tries to link mineral textures in intact ore samples with mineral
liberation.
In conclusion, Kiruna deposit is one of the few cases in geometallurgical practice with a
geometallurgical program and an alternative modelling approach (Table 5). According to the first
model, the Kiruna mine currently applies a proxy approach by relying on Davis tube and grindability
tests and geometallurgy is applied to a changing process (SiO2 grade). The approach in Kiruna mine is
considered to be “domained”, since the mine applied geometallurgical mapping (Niiranen and
Fredriksson, 2012). According to the second geometallurgical model, Kiruna mine uses the
mineralogical approach and geometallurgy is used to visualize results.
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Table 5 Applications of geometallurgical programs in Kiruna

Yes No
No No

2.4.3 Siilinjärvi mine
Siilinjärvi apatite deposit located 20 km north of the city of Kuopio in Eastern Finland and owned by
Yara is the only economically important deposit of phosphates in Europe apart from Russian deposits
(Kogel et al., 2009). The deposit was discovered in 1950 during railroad construction and open pit
mining started in 1980. The annual production at Siilinjärvi mine is approximately 10 Mt; the ore
resources include 200 Mt of ore (Remes, 2012). Siilinjärvi is a large deposit with apatite as the main
commodity; it contains a low grade apatite (10%) ore with gangue minerals represented by phlogopite
mica (65%), carbonates (20%) (mainly calcite with some dolomite) and amphibole (5%). Calcite and
biotite are recovered as by-products (Stén et al., 2003). The annual production is around 0.8 Mt of
apatite concentrate with 36.5% P2O5 and 0.1 Mt of calcite concentrate. The final concentrate is
processed at Siilinjärvi to phosphoric acid (European Commission, 2009).
The low apatite grade, large size of the deposit and the varying mica and carbonate content create a
demand for geometallurgy at the Siilinjärvi mine. Two major problems have been detected at
Siilinjärvi, namely ore grindability and dewatering of apatite concentrate. It has been reported that
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grindability depends on carbonates to mica ratio (Remes et al., 2010). The average ratio is around 0.3,
but it can vary between 0.15 and 0.7. In the case of Siilinjärvi, differences in grindability affect both
the throughput and recovery. The geometallurgical solution for this problem has been simple
classification of ore into three different classes (class 1, class 2 and class 3) based on ore behaviour in
grinding. The metallurgical response in grinding was linked to the geology through empirical
observations of mill’s performance in connection with the lithology description of the run-of-mine
(ROM) ore. The approach was effective enough and no further elaboration on the geometallurgical
model was required.
The second issue at Siilinjärvi mine was a constant sticking of amphibole in the pipes and filter units.
This consequently affected maintenance and production efficiency. The geometallurgical solution for
this was found through empirical observations of the content thresholds for the crushed ore feed:
<10 wt% amphibole, <10 wt% waste rock and <10 wt% fractured ore. Additionally, calcium
concentration had to be monitored in process water. More information on the process water in
Siilinjärvi can be found in (Stén et al., 2003).
Siilinjärvi mine is an example of two co-existing geometallurgical models, which are, however, part
of the same geometallurgical program. It is because the same geologist and processing engineer are
involved in creating and using both models. Even though this mine produces industrial mineral and
not a pure metal or metal concentrate, the geometallurgical approach is still applicable to this case.
Producing industrial minerals means that Siilinjärvi mine follows minerals in the ore, plant feed and
products; and thus places Siilinjärvi geometallurgical program under the mineralogical approach. Both
of the models at Siilinjärvi fall under category of the “changes in the process”, since there is a limited
group of players involved and there is no continuity to the geometallurgical program. Metallurgical
testing was substituted by thorough empirical observations of the process behaviour, so the criteria of
having metallurgical testing has been fulfilled in this case (see Section 2.3.2 Data collection). There is
no clear information on whether a geometallurgical mapping of ore was done or not, that is why
mapping was marked as “No” in both cases (Table 6). As a result, Siilinjärvi falls under “Changing
process” and Mineralogical approach in the classification (Table 6). Additionally, geometallurgical
program benefits from the recently installed automated online measurements system, which includes
XRF, carbon analyser, XRD and loss on ignition (LOI) analysis. Utilisation of these will improve the
quality of mineralogical information from the ore and the process. Lack of geometallurgical domains
means that the approach used at Siilinjärvi is “global”.
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Table 6 Application of geometallurgical program with two separate models at Siilinjärvi

No No
No No

2.5 Deposit database structure for geometallurgical programs
Geometallurgical approach classification from Sections 2.1 – 2.3 in its core had the intention to create
a unified geometallurgical data structure applicable to any future geometallurgical program. Such
database would support establishing of geometallurgical programs on any level (traditional, proxy or
mineralogical) and specify the core elements required for different approaches and application levels.
This section describes the proposed geometallurgical data structure with deposit geological and
processing database structure attached to it.
Geometallurgical data structure is represented as an arrangement, relationships and contents of data in
a database. The relational database covered three different levels: traditional, proxy and mineralogical.
This approach was consistent with the classification presented earlier. Additionally, data sets required
for the successful performance of the geometallurgical program in accordance with one of the three
approaches (traditional, proxy, mineralogical) are also different. Thus, data sets for different approaches
do not overlap. Each data set represents a database relation (further referred to as table). Separate data
is structured under a table and is called table attributes. Tables are connected with each other by
relationships and through the key attributes. The key attributes are not always the same for different
relations.
In mineral processing it is common to present all available data in one table for the sake of preserving
visual connection between all the information available. However, such procedure is not practical in
terms of data use in a database. Thus, normalization is applied. Normalization allows eliminating
redundancy by means of table decomposition. In addition, reduced size of normalized database
accelerates running queries and reduces risk of errors. There are up to five normalization steps which
can be taken. However, more normalization steps can increase complexity of data structure and create
plenty of redundant relationships between excessive tables, as a result. Therefore, it is important to
remain at second or third normalization level.
Database structure (Table 7) needs to have capability to handle information for different approaches
and application levels. Solution proposed here is one out of many possible. More detailed description
and analysis of database structure can be found in the PREP project report (Lishchuk et al., 2015c).
The geometallurgical data was structured under the following modules:
-

the geological module with the core geology sub-module;
the traditional approach module;
the proxy approach module;
the mineralogical approach module;
the simulation module.

2.5.1 The geological module
The geological module comprises of three database tables which can be found in any ore database
already at the exploration stage: {Collar}, {Survey} and {Sample}. The first one gives the coordinates
for drill holes, the second gives the path and the third one samples taken for assays. {Collar} and
{Survey} belongs to the core geological sub-module, which means that these two tables are the
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obligatory minimum in order to be able to visualize drill holes and to start modelling in any geological
software. {Sample} is placed outside of the core geological sub-module, however, it is still part of the
geological module since it identifies the minimum size for the geometallurgical unit – a sample.
Simulation module

Traditional app.

Geological module

Proxies app.

Mineralogical app.

Block model module

The core geological
sub-module

Figure 7 The database structure

2.5.2 The traditional approach module
The traditional approach contains tables which characterise the ore body in general and/or samples in
terms of metal grade, density or in parameters of geology and geomechanics. {Geotechnical}, {MWD}
(MWD - measurement while drilling) and {Log-Geology} are linked to the {Collar} by relating
through the drill hole id [DDH]. [DDH] and the depth attributes [from] [to] were the key attributes
which uniquely identified the location of the piece of drill core described by {Geotechnical}, {MWD}
and {Log-Geology}. {Chemical assays} and {Density} are connected to the {Sample} through the
[SampleNo] key attribute. The table names describe the content of the tables.

2.5.3 The proxies approach module
The proxies approach contains tables characterising samples in terms of geometallurgical test outputs,
proxies. In the current form the database has tables from Davis tube testing (DT) and grindability but
in an analogous way other methods could be included as well. The tables: {Proxy_DT} (DT – Davis
Tube), {Proxy_Grindability} and {Proxy_Crushability} are linked to the {Sample} table through the
[SampleNo] attribute. Thus, all the analyses are made on samples registered in the {Sample} table.
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2.5.4 The mineralogical approach module
The data structure of the mineralogical approach is based on how Luleå University of Technology
(LTU), Sweden, defines the requirement for the data. Two pieces of information are needed: modal
composition and texture. {Texture} and {Modal} tables are linked to the {Sample} table through the
attribute [SampleNo]. Table {Archetype} is linked to the table {Texture} through the [ArchetypeID]
attribute; table {ArchetypeMinerals} is linked to the {Archetype} table through the attribute
[ArchetypeID]; and {Mineral chemistry} table is linked to the {ArchetypeMinerals} table through the
[MineralID] key attribute. The structure means that for each archetype full mineralogical information
with chemical composition of minerals and liberation distribution in one specific particle size
(distribution) is given.

2.5.5 The simulation module
The simulation module gives simulated performance of samples in the beneficiation process. Thus,
table {Process} is connected to the {Sample} table through [SampleNo] attribute. Since simulation
data is received from the external software, additional table named {Simulation} is required for the
data export to simulation file. {Simulation} table is connected to the {Process} table through the
[SimID] attribute. The {Process} table gives the process forecast based on simulation, thus includes
up-scaling for example.

2.5.6 The block model module
The block model module is a separately standing table which describes parameters of the block model.
Dimensions of separate blocks of the block model depend on their purpose. For preserving geological
accuracy of the block model the size (width and length) of individual block can not be much smaller
than distance between drill holes. Blocks with dimensions much smaller than the average distance
between drill holes contain less accurate values, especially when variability of key processing/geological
parameters is high.
Information collected to the database and related to samples (i.e. {Samples} table) is transferred to the
block model by the means of geostatistics. Here the additive nature of each data must be considered.
As the number of properties taken into block model increases when geometallurgy is introduced in a
mine, one needs to ask what part of the data will be used in forecasting. This will define if it is enough
that block model holds the final forecast figures (for example throughput, concentrate grades and
recovery) and if these parameters are additive in nature. If modal composition is derived through
element-to-mineral conversion and the result is fully compatible with chemical assays, one could also
ask if it is necessary to carry the chemical composition in the blocks or should it be back calculated
from modal composition; this can reduce the number of components to be kriged.
For the mining it is more convenient to have a block size as close as possible to the dimensions of the
benches in open pit or to the stope dimensions in underground excavations. Optimal block dimensions
in the metallurgical block model correspond to the volume which could be processed during one
production shift. According to David, (2007), this is an equivalent of ten to thirty hours of production.
This information is presented here for reference only. Further reconciliation of the block size suitable
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to the need and possibilities of mining, processing and modelling would need to be revisited in the
future research.

2.5.7 Domained and global sub-approaches
Domain table includes geological solid models or solids representative of different domains. When
running spatial location of the samples and blocks against solids (i.e. finding in which solid the sample
or block was located) each of them receives attribute with domain ID [GeM Domain]. In case of global
sub-approach, each sample and block will receive the same domain ID [GeM Domain].
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3 GEOMETALLURGICAL TESTING FRAMEWORK
3.1 Methodology - Geometallurgical testing framework
Geometallurgy aims to create a predictive model for a mine-to-metal production chain through the
combination of geological, processing and economic models (Figure 2). This is done in a
geometallurgical program. During the development of a geometallurgical program a geometallurgical
predictive model needs to be established (Lamberg, 2011). Establishment of the model requires
involvement of various professionals from different disciplines (Table 3) and availability of harmonized
modelling and simulation tools. In a high fidelity geometallurgical program, the critical decision like
sampling design, components included in the block model and their assaying methods, and
geostatistical solutions should be based on scientific principles (Powell, 2013). The program design
varies from case to case and thus no single deterministic approach can be developed. In real cases
comprehensive study of different alternatives is difficult. The use of a synthetic ore body model
combined with process simulation and production scheduling, backed by validated case studies, can
offer an approach to improve design and cost-efficiency of geometallurgical programs.
A synthetic geometallurgical testing framework (SGTF) (Figure 8) was developed for this study and its
structure and content are described in this part of the thesis as a solution for answering different
geometallurgical problems at the early production stages listed in the aims of this study. The framework
comprises of a synthetic ore body (SOB) together with processing and economic models to represent
the major part of the mine-to-metal value chain. The aim here is to describe a new technique for
planning geometallurgical sampling, testing and model building by application of the synthetic
framework. This should allow describing the effect of geological and metallurgical variability on
sampling strategy. Malmberget iron ore deposit in Sweden (Lund, 2013) was selected to be mimicked
by the synthetic ore body.
GEOMETALLURGICAL TESTING FRAMEWORK
Eco
Economic
module

Economy

Concentration model

Mineral processing
Min
ssing
module

Size reduction model

Mine OPEX

Production

Sampling

Geology

Geologicall module
(Synthetic ore body)

Figure 8 Structure of geometallurgical testing framework

In all previous studies modelling of the ore body has been restricted to lithology, rock density and
elemental grades. The processing properties have been almost completely excluded and therefore these
27

studies as such are not suitable for a test bed to study different geometallurgical questions listed in the
aims of this thesis. It was set that a simulated synthetic ore body for geometallurgy has to satisfy three
conditions: it must include processing properties (e.g. grindability, flotation recovery, leaching
recovery, etc.); it must show realistic variability within synthesised data (e.g. trend, distribution, nugget
effect, etc.) and there must be spatial cohesion between data. Additional parameters, such as constraints
of a mining method, processing performance, and economic response can produce more realistic
output.
Previously the sampling problem has been studied with synthetic geological data by Malmqvist et al.,
(1980). The focus was in mineral exploration and sampling for mineral resource estimation of deep
seated sulphide ore bodies. More recent examples of simulation for reproduction of complex geological
structures and behaviour of the spatial geological data can be found in Chatterjee and Dimitrakopoulos,
(2012); Mustapha and Dimitrakopoulos, (2011). Modelling by simulation is a well-documented
practice commonly used in the mining industry to evaluate alternative process designs [see Everett and
Howard, (2011); Everett, (2011, 1997); Jupp et al., (2013)]. Such modelling is typically undertaken as
an optimisation study to improve the efficiency and productivity of operating mines where actual
short-term grade variability data is available from production records. In these cases the real data can
be utilized as an input into the simulation of different scenarios. Jupp et al., (2013) created a synthetic
ore body model and used it for geometallurgy to study the most effective way to reduce the variability
in daily scheduling system.
Based on literature survey, a systematic approach has not been used before to integrate distinct
geometallurgical parameters into a universal geometallurgical model. A universal geometallurgical
model means “a statistical model developed empirically so that it can be reliably applied over an entire
deposit” (Vatandoost, 2010). A tool to support a comprehensive approach would ease further
evaluation of geometallurgy as it could be used to demonstrate the full impact of geometallurgy in the
mine-to-metal value chain.

3.1.1 Synthetic ore body
Here a synthetic ore body was created in order to evaluate the economic impact of a geometallurgical
program. In the following “synthetic ore body” refers to 3 dimensional voxel based spatial model of
the ore which includes geological information and may include geometallurgical indices. And
“geometallurgical testing framework” describes the whole mine-to-metal value chain in a single
system. A geometallurgical system is a complex value chain comprised of geology, mining, mineral
processing and possible other metallurgical downstream processes. The simulation environment
developed here for studying geometallurgical questions is called synthetic geometallurgical testing
framework. This study was conducted within the developed framework and included the following
phases: geological ore model, sampling; geometallurgical testing; sample re-classification and
metallurgical testing (see Figure 9).
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Metallurgical tests
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Figure 9 Experimental setup and part of the synthetic geometallurgical testing framework

The synthetic ore was developed in Matlab. It allowed generating a geological model of an ore body
using the mineralogical approach (Hoal et al., 2013; Lamberg et al., 2013). The geological description
was a spatial model represented by the cloud of evenly distributed points within a defined volume.
The smallest units, points, are called voxels and their size has to be smaller or equal to smallest possible
sample to be collected by drilling and sampling from the synthetic ore body. Description of the
geological properties is given for each voxel including information on lithology, mineralogy, chemical
composition, mineral textures (textural archetype) and specific gravity.
The developed synthetic ore body consists of several sub-modules: geological, sampling, mining
(production) and mining economic model. Structure of the synthetic ore body is shown in Figure 10.
Sub-module A:
Geology

Sub-module B:
Sampling

Sub-module C:
Production

Sub-module D:
Mine OPEX

1. Lithology/texture
2. Mineralogy
3. Chemical composition
4. Specific gravity

1. Drill hole positions
2. Drill hole orientation
and deviations
3. Assays

1. Simplified open pit
mine plan

1. Mining operating cost
(OPEX)

Figure 10 Structure of the synthetic ore body module for evaluation of geometallurgical
programs

a. Geology sub-module
i.

Lithology

The base of geological information is presented in a geological map which shows the distribution of
different lithologies. In the same way the synthetic ore body starts from lithology description (Figure
11). For simplicity the geometry of a lithology was defined by combination of simple geometric shapes:
here ellipsoid was used for simplicity. Position of each ellipsoid was described by coordinates of its
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centre (X0, Y0, Z0), Euler rotation angles (α, β, γ) and semi-principal axes of length (a, b, c). Lithology
is assigned to a voxel in synthetic ore body as a numeric code. Lithology is basis for modelling the
mineralogy and the latter forms basis for chemical composition and specific gravity.
Lithology N

Lithology 1

Mineralogy based on lithology
ithology
Deterministic
minerals

Common
n mineralogy
mi

Stochastic
minerals

Deterministic
minerals

Specif
Specific
gravity

Elemental
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composition
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Mineralogy based on lithology
Mineralo

Stochastic
minerals

Deterministic
minerals

Specif
Specific
gravity

Stochastic
minerals

Elemental
emental
composition

Specif
Specific
gravity

Figure 11 Structure of the geological module A of the synthetic ore body

ii.

Mineralogy

The second level of geological description is mineralogy. When generating information for modal
mineralogy for each voxel three separate sub-levels are used (Figure 12). One of the central parts of
mineralogy modelling is a closure problem (Pawlowsky-Glahn and Egozcue, 2011) for values forced
to a constant sum. Closure was done by normalizing the minerals to 100 % in voxels having mineral
sum greater than 100% (see later). The potential danger of such approach was underestimating some
minerals and disturbing grade continuity for adjacent voxels. Each lithology consists of certain minerals,
which are organized to two groups: commodity minerals and other minerals.
1. Define main
commodity minerals M
described by f(x,y,z)

2. Reduce all minerals
proportionally

No

Yes

3. Define remaining minerals:
ͳͲͲΨ െ   ܯΨ ൌ ݒΨ

ܯ

Define the rest of
the minerals as fraction of v%

Figure 12 Generating mineralogy for the voxel by sub-modules
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Commodity minerals.
The first sub-level of available minerals is called commodity minerals. Commodity minerals include
ore minerals, e.g. magnetite, chalcopyrite, electrum, sphalerite. The grade of each commodity mineral
at any given point is defined based on spatial grade model (1):
ܲ ൌ ݂ ሺݔǡ ݕǡ ݖሻǡ  ܲ ൌ ܽ ǡ  ܲ ൌ ܾ 
  ൌ ܲ  ܵ  ܶ ՜ ቐ ܵመ ൌ ݂ௌ ሺݔǡ ݕǡ ݖሻǡ  ܵ ൌ ܽௌ ǡ   ܥൌ ܾௌ 
ܯ
ܶ ൌ ்݂ ሺݔǡ ݕǡ ݖሻǡ  ܶ ൌ ܽ ் ǡ  ܶ ൌ ்ܾ 

(1)

  is mineral grade in a given voxel scaled to the interval of minimum and maximum values
where, ܯ
defined for the mineral, P is a primary component, S is secondary component, T is a tertiary
component. P, S and T are functions of coordinates (x, y, z) of the point, a and b are the minimum
and the maximum values of the each component,  means that parameter is not scaled to the defined
interval and ݂ ሺݔǡ ݕǡ ݖሻ, ݂ௌ ሺݔǡ ݕǡ ݖሻ, ்݂ ሺݔǡ ݕǡ ݖሻ are the functions describing P, S and T. The reason for
generating commodity minerals separately is to have capability to describe the grade distribution of
important minerals accurately. Each of the݂ ሺݔǡ ݕǡ ݖሻ, ݂ௌ ሺݔǡ ݕǡ ݖሻ, ்݂ ሺݔǡ ݕǡ ݖሻ can be described by one
of the functions described in (2).
Spatially each component of grade (P, S, T) can be described by linear, trigonometric, exponential,
logarithmic function or function of random numbers. This technique is a naïve approach to describe
geological variability. In contrast to autoregressive models described by Sen, (1990), or kriging models
(Krige, 1999), parameters of the current approach were suggested by the experienced geologist instead
of being estimated numerically. This meant that mathematically each commodity mineral was
described as the sum of trend and randomness. After defining the components, each of them was scaled
to the defined interval ሾܽǡ ܾሿ. Thus, P, S, T vary between the defined minimum (a) and maximum (b).
The interval (min-max) is defined as separate for each component.
The commodity mineral grade function parameters can be shared between different lithologies or can
be individual for different lithologies. Also two or more different minerals can have similar grade
function parameters. In other words: mineralisation can be generated so that it is an intrinsic part of a
lithology, or else cut across several lithologies. Commodity mineral grades are propagated inside a shell
comprising of multiple ellipsoids (the same way as lithology). This gives a capability to generate natural
positive relationships between different minerals. For example, in a breccia lithology, breccia
components (minerals) have positive correlation with each other and negative correlation with matrix
components (minerals). Another example is sulphide stock work and dissemination where sulphide
minerals have positive correlation with each other and negative to silicate minerals.
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Table 7 Inputs for designing Mgt and Hem distribution

Mineral
Mgt 1
Mgt 2
Mgt 3
Hem 1
Hem 2


ࡼ
normal random value
ሺߤǡ ߪሻ
normal random value
ሺߤǡ ߪሻ
normal random value
ሺߤǡ ߪሻ
normal random value
ሺߤǡ ߪሻ
normal random value
ሺߤǡ ߪሻ


ࡿ
ଶ

ଶ

േ݊݅ݏሺ ݔ  ݕ ݖ

ଶሻ

േ݊݅ݏሺ ݔଶ   ݕଶ   ݖଶ ሻ
േ݊݅ݏሺ ݔଶ   ݕଶ   ݖଶ ሻ
േݖ
േݖ


ࢀ
normal random value
ሺߤǡ ߪሻ
normal random value
ሺߤǡ ߪሻ
േ݊݅ݏሺ ݔଶ   ݕଶ ሻ
normal random value
ሺߤǡ ߪሻ
normal random value
ሺߤǡ ߪሻ

min max
29

90

48

94

83

98

5

20

1

7

Other minerals
Second sub-level of available minerals is the other minerals (stochastic minerals) of the lithology, which
are described in steps a) and b). The step a) aims to fit all the values into the condition limiting the
amount of all minerals at a point (3):
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σୀଵ ܯ ǡ Ψ  ͳͲͲǡ Ψ

(3)

where, n is a number of defined remaining minerals.
Step b) aims to define the grade of other minerals (4):
ͳͲͲǡ Ψ െ σୀଵ ܯ ǡ Ψ ൌ ݒǡ Ψ ൌ σୀଵ ܯௌ ǡ Ψ

(4)

where v is the difference from 100%,  ܯௌ is the grade of a stochastic mineral.
The third sub-level defines minerals occupying unfilled part v, %. The other (stochastic) minerals are
defined by a function of random normally distributed numbers with pre-determined average value and
standard deviation. When all the minerals are defined, they are scaled to fit the unfilled part of the
voxel v, % (5):
ௌ Ȁ σ ܯ
ௌ
ܯௌ ൌ ݒǡ Ψ ή ܯ
ୀଵ ఫ


(5)

ௌ is a stochastic mineral k defined on a scale of 100%.
where ܯ


iii.

Chemical composition

Each mineral within a lithology has fixed chemical composition. If the chemical composition of a
mineral varies, it has to be modelled as multiple minerals (e.g. sphalerite 1, sphalerite 2,
sphalerite 3). The chemical composition (Figure 13) of a voxel is calculated from modal composition
and chemical composition of minerals (6):
ܾ ൌܣήݔ

(6)

where b is chemical composition of a voxel (vector), A chemical composition of minerals (matrix,
sometimes called mineral matrix) and x mass proportions of all minerals in a voxel (vector).

iv.

Specific gravity

Specific gravity of a voxel is based on specific gravity of separate minerals as a weighted harmonic
mean (7):
ܵ ܩ ൌ

σ
సభ ௪௧ ǡΨ
ೢ ǡΨ
ೄಸ

σ
సభ

(7)

where, SGB is specific gravity of the voxel, SGi is specific gravity of the mineral i in the voxel, ݐݓ ǡ Ψ
is the weight fraction of the mineral i. This formula assumes zero porosity.
Distribution of the specific gravity values for the case study is shown in Figure 14.
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Figure 13 Elemental distribution in the voxel data (or drill data) of the case study

Figure 14 Distribution of the specific gravity (SG) values of the synthetic ore body (host
rock SG is omitted)

v.

Textural information

The textural information for each voxel is provided by textural archetypes following the concept
developed by Lund et al. (2015). Complete mineral liberation information for certain particle size
(distribution) is stored in a global library for each archetype. Textural archetypes and their names can
be based on descriptions used in geology; i.e. “fine grained”, “coarse grained”, “porphyroblastic”,
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“hypidiomorphic” or be just non-descriptive classes like “A”, “B” or “C”. The liberation information
of an archetype is simply a liberation measurement result of a typical sample. Minerals in the archetype
need to match with the minerals in a lithology. A lithology can have one or several textural archetypes.
The way of storing the textural information sets a limit to the smallest point of the synthetic ore body:
it must have a volume greater than mineral grain size and therefore it is more appropriate to describe
it as a cube and call it a voxel. Typical size for a voxel can be a size of a sample or smallest mineable
unit depending on the case.
Therefore, each voxel of a synthetic ore body has following information: spatial coordinates (X
[double], Y [double], Z [double]), lithology [integer], modal composition (mass proportion of each
mineral [double]), density [double] and archetype [string]. The library contains the chemical
composition of minerals and liberation distribution of archetypes by size fractions.

b. Sampling sub-module – primary sampling
The sampling sub-module simulates sampling by drilling. This enabled investigation of different
drilling patterns, orientations and sampling densities. Within a drill core or reverse circulation (RC)
chips, the sample sizes (half core, quarter core) and sample preparation methods can be selected. This
allows studying different sampling strategies. Number of drill holes is limited by the number of voxels
covering the horizontal cross-section of the block model. A single sample can consist of one or several
voxels.
Geometallurgical sampling within the synthetic geometallurgical testing framework implies two
separate actions: primary sampling by drilling, secondary sampling for assaying and tertiary sampling
by selecting parts of the drill cores for assays or testing. Simulated drill cores are created in MATLAB
environment by giving the collar coordinates, final depth of the drill core, azimuth and dip of each
individual drill core. Each drill core retrieves information available from the crosscutting voxels of the
synthetic ore body (Figure 15).
Voxels belonging to the same geometallurgical ore type, adjacent to each other and showing spatial
continuity of metallurgical properties inside the ore body are referred to as domains (David, 2007;
Hunt et al., 2014). Assaying simulated drill cores for chemical composition is performed by applying
an error model for the known chemical composition. The error model is based on the precision and
accuracy information for chemical analyses, e.g. for XRF (8):
௧௨
ோி
ܩௌை
ൌ ܩௌை
േߝ
మΨ
మΨ

(8)

௧௨
ோி
where ܩௌை
is SiO2% grade analysed by XRF and ܩௌை
is a true SiO2% grade of the sample
మΨ
మΨ
calculated from mineral grades and chemical composition of minerals stored in mineral library. In the
equation, ߝ is the measurement error.

Standard deviation for each assay is computed as Hadamard product of elemental grades (G) and relative
standard deviation (RSD) matrices as shown in equation (9):
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Figure 15 Simulated drill core samples from (9×9) 81 drill cores of the synthetic ore body.
Thicker points represent higher magnetite grade and colorbar shows actinolite grade in %.

c. Sampling sub-module – tertiary sampling
Information on the assays from drill core samples is used in tertiary sampling, i.e. to select samples for
geometallurgical testing. Initially, it was suggested that metallurgical performance could be linked to
lithology, i.e. geometallurgical ore types. Thus, here geological parameters were isolated by clustering
technique and assays of the drill core samples were classified by k-mean clustering algorithm
(MacQueen, 1967). The grouping was done by minimizing the sum of squares of distances between
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data and the corresponding cluster centroid. Thus, the purpose of K-mean clustering is to classify the
data. The Euclidean distance between the multivariate means of the n=2..N clusters was used as an
indicator of the difference between the geological parameters. For instance, clustering for N=10
clusters is presented in Figure 16, where elemental and mineral-based approaches give almost identical
results in classification. Formed clusters thus include a number of tertiary samples which are
characterised by homogeneous geological properties within one cluster.

Figure 16 Case study: Classification of geometallurgical samples for mineralogical
approach in top row (classification by magnetite (Mgt), apatite (Ap) and silica (Si) content);
and for traditional head grade-approach in bottom row (classification by iron, phosphorous
and silica content). Crosses show centres of different classes.

Clustering was performed on normalised data by computing standard score for each input according
to equation (10):
ݖൌ

ିఓ
ఙ

(10)

where, ߤ is the arithmetic average, ߪ is standard deviation.

d. Production sub-module
For the production module the ore body has to be divided into blocks. The block size depends on the
mineralization type and mining method. The production module sent a specific block in certain order
to the mineral processing module. Currently, there are two mine models available in the mining
production sub-module: stock piling and open pit. Stock piling assumes that each mined block can be
processes at any time. The open pit mine is a method where processing sequence is limited by
extraction sequence and pit shell is approximated with a cone. Mine lifetime of the open pit is divided
into periods and each period of production is reflected in a cone including blocks to be mined during
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that period with their mining order shown in Figure 17. In Figure 17, the smallest cone corresponds
to the early production phase and the largest – to the final production phase. Each colour in Figure 17
corresponds to the mining at different depth. In this case depth increment is a constant value and is
equal to 1/8 of the full mine depth of 50 voxels or 250 m.

Figure 17 First approximation of the open pit mine by cone

e. Mine OPEX sub-module
Mine OPEX module aims at estimating mining costs. In open pit this is based on depth of extraction.
Assumed mining cost is scaled to the pre-defined minimum and maximum mining cost of one cubic
meter of ore. The mining cost increases with depth and specific gravity. Models for the OPEX are
shown in Figure 18 and equations are given below (11, 12). Distribution of the mining cost values is
shown in Figure 19. The OPEX module does not include processing costs at the plant.
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Figure 18 Mining cost models
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where ܣ and ܤௌீ are standard scores for depth Z and specific gravity respectively (SG).
Mining operating cost will be further defined as ݂ைா ൌ ܣ ଶ  ܤௌீ ଶ .
ቐ

ܣ ൌ
ܤௌீ ൌ

ೋ ିఓೋ
ఙೋ
ೄಸ ିఓೄಸ

(12)

ఙೄಸ

and, ߤ is the arithmetic average, ߪ is standard deviation.

Figure 19 Distribution of the mining cost values in the case study

40

3.1.2 Processing plant – HSC Sim model
The process model consists of process simulation implemented in HSC Sim 7.1 process simulator
(Outotec, 2012). The simulation is done on the particle level and the process simulator is capable of
handling liberation information and multiphase particles. The process model treats each voxel
separately. The voxel information is retrieved from the synthetic ore body model and time aspect is
controlled by the production model. The information of the plant feed gathered through the geological
information of each block enables the utilisation of particle-based models. As the material enters into
the plant, it is converted to particles by applying the liberation distribution of corresponding archetype.
Because the modal composition of a block and the archetype are different, the mass proportions of
particles in the particle population are adjusted using the formula given in Lund et al. (2015). Unit
process models have description of the behaviour of each particle based on one or several properties:
density, size, mineral composition, and shape (Lamberg, 2010). For each processed voxel or block, the
process model returns product quantities and qualities (elemental grades, mineral grades, particle size
distribution (PSD), mineral liberation information) with processing information: time spent on
processing the block, processing costs and consumables quantities required for processing the block.
The process model used for this case study (Figure 20) comprises of two main sections: dry process
and wet process. Dry process includes cobbing and crushing. Wet process includes three stages of
WLIMS, two stages of grinding and dewatering. Here, PAR stands for the feed to the pellets
production and ROM is the run-of-mine ore.

Figure 20 Processing model designed in HSC Sim 7.1
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Finally, generated synthetic ore body model by voxels in digital format is available through the link:
http://staff.www.ltu.se/~viklis/Licentiate%20thesis_appendices/Licentiate%20thesis_appendix_Synth
etic%20data/SOB_Big_data_base_Assays_SG_OPEX_HSC_5iter.csv

3.1.3 Economic module
The economic module uses the information from the geological, mining and processing modules and
offers bookkeeping. It also collects the time-cost information. The economic module can be used to
forecast performance based on the selected scenario. Thus, the main purpose of the economic model
is comparison between different production scenarios based on different sampling designs.

3.2 The case study - Malmberget
A synthetic iron ore body was created based on geological and mineralogical information from
Malmberget iron ore deposit in Northern Sweden (Lund, 2013). The deposit consists of several ore
bodies of massive magnetite and hematite, characterised by high Fe grade of 51-61 % and a varying P
grade of <0.8% (Lund, 2013). The main ore minerals are magnetite and hematite, and the gangue
minerals are apatite and actinolitic amphibole. The accessory minerals include pyrite, chalcopyrite and
titanite. In the massive ore a broad variation of mineral-texture relations can be identified where
magnetite has both fine- and coarse-grain texture with the latter being more common. Massive ore
consists of two main textural types, Amph-(Ap-Bt) and Ap-(Amph)3, (Lund, 2013). The massive ore,
high in Fe and low in SiO2, is surrounded in Malmberget by a semi-massive mineralisation that can be
several tens of meters thick, occurring as rims or as inclusions in the massive ore with a decreasing iron
grade. Mineralogically the semi-massive ore, texturally defined as Fsp-type, is magnetite and/or
hematite ore with an iron grade of less than 55% Fe, and the main non-iron minerals being silicates,
i.e. feldspars, amphibole, quartz and biotite in various proportions.
A synthetic apatite iron ore deposit was established based on the case study of Malmberget iron ore.
The synthetic ore body included alike variability in rock types, modal mineralogy, chemical
composition, density and mineral textures as its real life counterpart. The synthetic ore body was
virtually sampled by drill cores (primary sampling) and then with different sampling densities for
chemical assays (secondary sampling), Davis tube testing, a geometallurgical test characterising response
in magnetic separation (tertiary sampling). Based on test results and composition of the ore (chemical
in traditional approach and mineralogical in mineralogical approach) a forecast for the processing of
the whole ore body was created. The forecasted parameters included concentrate tonnages, iron
recovery and concentrate quality in terms of iron, phosphorous and silica content.
For the purpose of synthetic ore body three lithologies were modelled: Fsp, Amph-(Ap-Bt) and Ap(Amph). A total of one commodity mineral and four main gangue minerals were included: magnetite,
albite, actinolite, apatite and biotite. Mineral distribution was different for each mineral in each texture

3

Amph-(Ap-Bt) refers to amphibole-dominated gangue mineralogy with minor apatite and biotite;
Ap-(Amph) refers to apatite-dominated gangue mineralogy with minor amphibole
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and thus each of them required unique model parameters. The chemical composition of each mineral
was taken from Lund (2013) and was identical in all simulated lithologies and textural types.

3.3 Results of the synthetic ore body simulation
Practical application of geometallurgy requires a number of specific tools to design effective
geometallurgical programs and to quantify the impact of geometallurgy on the project value. Such
tools have to be holistic and incorporate geological, processing and economic data. Example benefits
of different aspects of availability of geometallurgical data at different stages of a mining project are
presented in Table 8. The main benefits in author’s opinion include possibility to lower the risks of
the mining projects at an earlier stage (scoping and pre-feasibility) by providing more reliable estimates
and forecasts for ore body behaviour and to have more flexible production and consumable forecast
for the later stages of the mining project. Synthetic ore body model plays a vital role at the scoping
and pre-feasibility stages by visualizing and quantifying geological information in a form suitable for
more reliable (than current element-based approach) quantitative forecast.
In this study, such data was brought together under a synthetic ore body model for Malmberget
deposit. Based on the synthetic ore body model eight different scenarios together with four base case
studies were evaluated under the geometallurgical scope. Aim of this investigation was to test the
versatility of the synthetic ore body as a tool and to show its possible applications. In order to better
test the synthetic ore body, scenarios differed by production approaches (open pit mining and
stockpiling management), application of geometallurgy (traditional and mineralogical) and prediction
model method (nearest neighbour and statistical). Two different approaches were used to build a
geometallurgical predictive model: mineralogical – based on mineral grades; and elemental – based on
elemental grades. Predictive model was based on Fe, P, Si, Al and Ca grades for the elemental approach
and magnetite, apatite, biotite, actinolite and albite grades for the mineralogical approach (Figure 21).
The geological component of the geometallurgical model was based on a synthetic ore body. The
developed framework was unique, since the geological information was brought to the mineralogy
level. Both modal mineralogy and texture was described for the entire deposit with reasonably high
spatial resolution of one point per 125 m3 (5 × 5 × 5 m3). The synthesised geological data was used in
the process simulation, evaluation of the metallurgical outcome and supported economic calculations
and comparison of the production scenarios. The synthetic ore body was also used to simulate
simplified mining case, where feed optimisation was constrained by the mining plan (“Stockpiling
method”).
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Reliable
information for
procurement of
initial funding

More precise
and lower risk
exploration
sampling
planning

Availability of a
geometallurgical model
(processing ore types,
variability in
metallurgical response)

Construction, project
commissioning and ramp-up

Fact-based prioritization for plant
construction phases

More reliable mine
infrastructure planning and
mining equipment selection
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Better exploration sampling
planning; reliable information for
stockpiling and blending; earlier
maintenance planning; reducing
ramp-up time by pre-calibration of
process automation for different
ore type and throughput scenarios

Fact-based information for
attracting additional funding; solid
information for decision making in
regard to construction project
scheduling

Fact-based prioritization for plant
construction phases

Better plant equipment
selection

More reliable reserve estimate Better background information
and mine infrastructure
and plan for mine infrastructure
planning
construction and blasting work
planning

Feasibility

Factual information for
procurement of equipment
funding; earlier establishment
of the production chain,
preparation of the logistic and
smelter contract; more reliable
infrastructure scoping and
contracting
Better exploration
Better exploration sampling
sampling planning;
planning; better equipment
smarter mine and plant
selection; more fact-based
design; better information phasing of the mine and plant
for environmental design construction; environmental
(acid mine drainage;
planning (preventing acid mine
tailings utilization)
drainage; tailings and water
utilization)

Reliable information for
procurement of project
funding and infrastructure
scoping

Earlier selection More reliable plant design
of processing
method and
project risk
evaluation
Earlier and more More reliable reserve
reliable mining estimate and mine design
method selection

Availability of processing
behaviour information
(throughput, recovery,
maximum product
quality, impurities)
Availability of mining
information
(transportation and
excavation cost, mining
method)
Availability of
economical information
(commodity prices and
amounts in the ore body)

Benefit
Scoping
Pre-feasibility
from
geometallurgical
ore body information
Availability of geological Earlier and more More reliable reserve
(rock mechanics,
reliable resource estimate and mine
lithology and textures) estimate
planning
information

Mining project
stage

Processing

Better exploration and
production sampling planning;
more reliable blasting work
planning; earlier application of
stockpiling and blending; more
time to prepare for waste rock
management, preventive
maintenance planning

More fact-based, predictive and
flexible mine and plant
production optimization; easier
re-iteration of short, medium
and long-term production
planning

Better exploration and
production sampling
planning; smarter
application of stockpiling
and blending; better
consumable consumption
planning; smarter
maintenance and shutdown
planning

More flexible mine and
plant production
optimization; easier reiteration of short, medium
and long-term production
planning

Better and ahead of time mine Better optimization of
production planning and
production planning and
additional mining equipment shutdown scheduling
investments

More fact-based blasting work
planning (consumables,
resources, time); time to plan
and arrange blending; factbased information for
infrastructure re-iteration
Earlier application of blending Flexible production
and ore sequencing practices
planning; easier blending
and stockpile management

Mining

Production

Table 8 Benefits of geometallurgical ore body information availability at different stages of a mining project and areas of their application

1. Synthetic ore body:
125,000 voxels

2. Primary sampling by drill
cores: 12,233 primary
samples

3a. Assaying 2,780 primary
samples representing the
ore body

5. Selecting one – the most
representative – tertiary
sample from each cluster

4. Clustering the data set 3a
(traditional approach) and
3b (mineralogical approach)

3b. Element to mineral
conversion (only in
mineralogical approach)

6. Geometallurgical testing

7. Building mathematical
model for predicting
processing response

8. Populating the block
model with the forecast:
21,710 voxels (the whole
ore body)

Figure 21 Building a geometallurgical predictive model

3.3.1 Sampling approaches
Following the work routine presented in Figure 21, the synthetic ore body information processing
starts by primary sampling (2), which after sampling assaying (3a), element to mineral conversion (3b)
(used only in mineralogical approach) and clustering (4) yields the tertiary sampling. Traditionally
tertiary sampling is done after a drilling campaign. Based on the collected information geological model
is revised. For a successful tertiary sampling one aims to collect diverse samples to cover the relevant
variability within the ore. The most significant variability can be traced to mineralogical variability.
Some minerals are more important than the others. Commodity minerals are always important and in
the case of iron ore it is vital to know, how much iron is present in magnetite and in hematite form.
Some of the gangue minerals are significant for grindability, as discussed in Siilinjärvi case presented in
chapter 2.4.3. Some gangue minerals may be more problematic in processing than others (e.g. biotite).
Therefore, for metallurgical testing it is important to cover the full variability in the ore mineralogy.
The ore is often divided into ore types or domains. The difference between these two is in their spatial
distribution. Domains are defined as closed volumes whereas ore types are only based on chemical or
mineralogical description and can be irregular in spatial distribution or their geometry may be
unknown (thus in ore types spatial distribution has not been considered at all).
In this work the sampling was based on ore types and subpopulations within ore types. Ore separation
into types and extracting subpopulations within the ore types was done by clustering technique.
(Applied technique was described in section 3.1.1.c sampling sub-module – tertiary sampling.) Each
cluster presents the subpopulation within the ore type, which is expected to behave homogenously in
the process. Only one tertiary sample was selected for geometallurgical testing from each cluster. It is
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worth noting that the cluster centroid is the mathematical and spatial representation of the desired
tertiary sample that should be collected for the synthetic geometallurgical testing.
First the clustering was performed on primary samples without considering their spatial distribution.
This means that clustering allows only classification of the ore, but does not necessarily lead to the
spatial geological or metallurgical domains. Domain, on the other hand is a spatially continuous zone
within the ore with homogeneous properties, e.g. elemental and mineralogical grades for geological
domains, and recovery and throughput for (geo-)metallurgical domains.
Only one tertiary sample is taken from each subpopulation of each ore type for further geometallurgical
testing, in the other words - one sample per cluster. Such tertiary sample has to be the most
representative for the subpopulation of the ore type. One possible solution is to take sample which is
the nearest to the centroid of the cluster. Centroid is the mean position of all the secondary samples’
properties in all of the coordinate directions. Euclidian distance was used as the measure of closeness:
ଶ Ǥହ

݀ ൌ ቀσୀଵ൫ݔǡ െ ݔ ൯ ቁ
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where ݀ is a distance from centroid to the secondary sample j, ݔǡ is an i property of the secondary
sample j (e.g. iron grade, apatite grade, etc.), ݔ is an i property of the cluster’s centroid (e.g. iron

grade, apatite grade, etc.), ݊ is a total number of considered properties (n=Գ={1,2,3..n}), ݀
is the
smallest distance between secondary samples and centroid of the cluster,  is a population of secondary
samples which belongs to the same cluster.
Two approaches were used in the tertiary sampling: traditional and mineralogical. Five components
(assays) were used for clustering within the traditional approach: Al, Si, P, Ca, Fe (Figure 22). Textural
difference (marked as “rock type”) was also taken into account in clustering.
In both approaches number of tertiary samples selected for the metallurgical testing could not be too
large. Increased number of tertiary samples and thus number of clusters leads to decreased difference
between samples in terms of elemental and mineralogical composition. Hence, errors in modal
mineralogy or chemical assays may cause misclassification of the sample. The quality of clustering was
estimated with a Davies-Bouldin criterion (Davies and Bouldin, 1979). Davies-Bouldin criterion uses
a ratio of within-cluster and between-cluster distances for optimisation. Lower Davies-Bouldin value
corresponds to better quality of clustering. In other words, the lower Davies-Bouldin value is, the
easier it is to classify new secondary samples into existing clusters. Davies-Bouldin values suggested
that mineralogical approach required larger number of clusters for achieving the same quality of
clustering and thus higher number of tertiary samples may be required to achieve the same DaviesBouldin value (Figure 24). For instance, Davis-Bouldin value of 0.8 can be achieved with 190 clusters
based on the mineralogical approach and with 140 clusters based on the traditional approach.
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Figure 22 Clustering based on elements by ten clusters

Five components (minerals) were used for clustering in mineralogical approach: magnetite, apatite,
biotite, albite, actinolite (Figure 23).

Figure 23 Clustering based on mineralogy by ten clusters

However, Davis-Bouldin does not answer the question of “How many samples is required for a given
geometallurgical program?”. Therefore, several sampling campaign cases based on different number of
selected tertiary samples (clusters) were simulated; and results described in this work in section 3.3.2 c.
Prediction quality.
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Figure 24 Davis-Bouldin values for the traditional (Fe, P, Si, Al, Ca) and mineralogical
(Mgt, Ap, Ab, Bt, Act) approach

3.3.2 Production forecast
a. Production scenarios
Next step was to compare mineralogical and traditional approaches. This was investigated by looking
at whether mineralogical or traditional approach gives more accurate forecast compared to virtual truth.
Proceeding with the work routine described in Figure 21 after geometallurgical testing (6) the
production forecast (7) can be made. Here ten different scenarios for production forecast were
investigated and presented in Figure 25. Two scenarios represent “virtual truth” and the remaining
eight represent “studied scenarios”. Only for the “virtual truth” recoveries and concentrate tonnages
were known for the whole ore body produced by the process simulation in HSC Sim. All other
scenarios did not contain any information on concentrate quality and process performance and thus,
needed to be forecast with help of data collected by geometallurgical testing conducted from tertiary
samples. Tertiary samples and geometallurgical tests provided point predictions which were used for
interpolation of the missing in-between values. Then the predicted values for the “studied scenarios”
were compared against “virtual truth” scenarios. Nearest neighbour method (NN), presented in
equation (14), and statistical calculation methods given in equation (15, 16), were used for predicting
concentrate quality (grade and penalties) and production performance (throughput and recovery).
Predictions were made based on elemental and mineralogical information. Additionally, two mining
scenarios were compared: open pit and stockpiling. The aim was to define whether a mining method
had an impact on application of traditional and mineralogical approach in geometallurgy. And whether
stockpiling would be more feasible way of operating than the open pit.
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For making a production prediction (concentrate quality, process recovery and throughput), the
forecast for the “studied scenarios” was also repeated with 10, 30, 50, 75 and 100 tertiary samples. This
was performed in order to find out the optimal number of samples supporting a good enough forecast
prediction for a geometallurgical program.

Geometallurgical
approach
Virtual truth

Statistical

Nearest neighbour

Statistical

Mining method

Traditional

Mineralogical

Virtual truth

Statistical

Nearest neighbour

Nearest neighbour

Traditional

Mineralogical

Statistical

Open pit

Nearest neighbour

Stock piling

Deployment
method

Figure 25 Investigated scenarios

b. Prediction methods
The work routine described in Figure 21 concludes with step 8 – populating prediction information
back to the block model. Two methods were selected to predict the concentrate quality, recovery and
throughput and to populate this information into the synthetic ore body: the nearest neighbour and
statistical. The nearest neighbour method is an interpolation method, where values of the tertiary
samples are assigned based on the similarity between minable block and tertiary sample. Similarity is
defined as Euclidian distance (14):
ଶ Ǥହ

ቐ

݀ǡ ൌ ቀσୀଵ൫ݔǡ െ ݔǡ ൯ ቁ
݀ǡ ൌ  ݀ǡ

(14)

where ݀ǡ is a distance from block k to the tertiary sample j, ݔǡ is an i property of the tertiary sample
j (e.g. iron grade, apatite grade, etc), ݔǡ is an i property of the block k (e.g. iron grade, apatite grade,
etc), ݊ is a total number of considered properties (n=Գ={1,2,3..n}), ݀ǡ is the smallest distance
between tertiary samples and block k.
Another approach is statistical approach or linear regression (14, 15):
ܻ ൌ ܺߚ  ߝ (15)
Or in other words:
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ߚ ڭଵ
ߝ
ݔ

where X is an n×2 matrix with [x1, x2,…,xn] elements as predictors (Table 9); Y is an n×1 column
vector where [y1, y2,…,yn] are predicted values (recovery, throughput, etc); ߚ is a l×1 vector of the
unknown coefficients; and ߝ is an n×1 column vector representing noise.
Table 9 Elements used as predictors in a statistical method

Mineralogical
approach

Traditional
approach

Used as a predictor for the
Fsp lithology
Predicted
parameter
Recovery
Tonnage
Fe
Si
Al
Ca
P1
Predicted
parameter
Recovery
Tonnage
Mgt
Ab
Bt
Act

Fe

Si

Al

Ca

X
X
X
X
X
X
X
Mgt
X

Ab

Bt

X
X
X
X

X

P

Used as a predictor for
the Amph-(Ap-Bt)
lithology
Fe

Si

Al

Ca

Used as a predictor for
the Ap-(Amph) lithology

P

Fe

Si

Al

X
X
X
X

X
X

X
X

Ap

Mgt

Ab
X
X
X

X

Bt

Act

Ap
X

X
X

X
X
X

X
X

X

X

X
X
X

X
X
Act

P

X
X
X

X

Ca

Mgt

X

X

Ab

Bt

Act

Ap

X
X

X

X
X
X
X
X
X signifies elements/minerals which were used as predictors

X
X
X
X

X

c. Prediction quality
Quality of the prediction was assessed with the relative error compared to the virtual truth (17). The
results of the quality assessment are presented in Appendix 3 and Appendix 4. According to the
sampling density investigation optimal number of samples lays between 30 and 50 for the mineralogical
approach and between 75 and 100 for the traditional approach. This conclusion was drawn by looking
at accuracy of concentrate tonnage prediction, which has to be below 10% (de la Vergne, 2008).
ߝ ൌ

௦ሺ௫ ି௫ೡ ሻ
௫ೡ

(17)

where, ߝ is a relative error, ݔ predicted value for the i block (e.g. Fe grade, Fe recovery, etc), ݔ௩௧ is
a virtual truth value.
Low average, median, maximum and standard deviation values of the calculated error (17) correspond
to better results in prediction. Since both mineralogical and elemental approach should show good

50

results at prediction based on 75 samples, more detailed information on the error estimate is given for
this particular case in Table 10 and Table 11.
Table 10 Error for 75 tertiary samples (traditional approach)
Studied cases
Stock piling, elemental,
statistical
Stock piling, elemental, nearest
neighbour
Open pit, elemental, statistical
Open pit, elemental, nearest
neighbour
Stock piling, elemental,
statistical
Stock piling, elemental, nearest
neighbour
Open pit, elemental, statistical
Open pit, elemental, nearest
neighbour
Stock piling, elemental,
statistical
Stock piling, elemental, nearest
neighbour
Open pit, elemental, statistical
Open pit, elemental, nearest
neighbour
Stock piling, elemental,
statistical
Stock piling, elemental, nearest
neighbour
Open pit, elemental, statistical
Open pit, elemental, nearest
neighbour

Parameter

Average

Median

Maximum

Standard
deviation

Errors, %
Concentrate tonnage

Fe

Si

P

Fe recovery

9.12

0.22

35.65

80.52

2.79

13.08

0.27

25.45

59.56

3.27

8.89

0.26

40.54

87.20

3.09

12.12

0.28

27.15

68.00

3.38

4.74

0.15

30.25

49.04

2.11

8.40

0.18

19.60

34.13

2.18

4.54

0.16

32.94

50.59

2.19

7.39

0.18

18.90

35.68

1.97

161.59

7.01

341.41

850.29

91.38

160.23

6.46

288.63

1,019.98

84.74

161.59

7.01

341.41

850.29

91.38

160.23

6.46

288.63

1,019.98

84.74

11.46

0.29

38.79

99.92

3.43

13.20

0.32

31.49

111.85

4.34

12.12

0.37

48.14

113.12

4.16

13.28

0.38

39.27

140.05

5.02

Mineralogical approach shows lower errors than elemental approach in predicting all the studied
parameters: concentrate tonnage, P (Ap)-, Fe- and Si- grade in concentrate, and Fe recovery. Especially
significantly better prediction was observed in predicting Si grade in concentrate and Fe recovery.
Mining method did not have any significant impact on the quality of prediction. However,
effectiveness of the prediction method was different for different prediction methods. Statistic approach
performed better in forecasting tonnages of concentrate and recoveries. Si and P grades were better
forecasted by nearest neighbour method. Iron grade was well predicted by both methods.
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Table 11 Error for 75 tertiary samples (mineralogical approach)
Studied cases
Stock piling, mineralogical,
statistical
Stock piling, mineralogical,
nearest neighbour
Open pit, mineralogical,
statistical
Open pit, mineralogical,
nearest neighbour
Stock piling, mineralogical,
statistical
Stock piling, mineralogical,
nearest neighbour
Open pit, mineralogical,
statistical
Open pit, mineralogical,
nearest neighbour
Stock piling, mineralogical,
statistical
Stock piling, mineralogical,
nearest neighbour
Open pit, mineralogical,
statistical
Open pit, mineralogical,
nearest neighbour
Stock piling, mineralogical,
statistical
Stock piling, mineralogical,
nearest neighbour
Open pit, mineralogical,
statistical
Open pit, mineralogical,
nearest neighbour

Parameter

Errors, %
Concentrate tonnage

Ap

Fe

Si

Fe recovery

13.31

49.54

0.25

17.31

0.25

9.29

50.01

0.20

17.66

0.20

12.35

55.34

0.28

19.63

0.28

8.85

54.84

0.22

19.65

0.22

3.16

32.77

0.16

13.81

0.16

5.58

31.86

0.15

12.10

0.15

3.13

36.11

0.17

14.42

0.17

5.38

32.52

0.16

11.74

0.16

172.72

1,072.14

6.89

185.96

6.89

117.71

1,040.82

6.58

343.79

6.58

172.72

1,010.80

6.89

185.96

6.89

117.71

1,040.82

6.58

343.79

6.58

18.41

65.70

0.33

20.88

0.33

10.00

78.13

0.27

27.67

0.27

17.43

73.11

0.38

26.29

0.38

10.09

95.96

0.33

35.14

0.33

Average

Median

Maximum

Standard
deviation

d. Practical outcome
The practical outcome of the achieved synthetic ore body is a possibility to predict amounts of different
types of industrial products, i.e. amount of premium concentrate and amount of penalty concentrate.
Quality limitations used for discriminating two types of products were taken from the LKAB product
specifications and are listed in Table 12. Si, Fe, P concentrate grades were used as constraints. Other
elements, e.g. Ti, V were below the product quality restriction limits, therefore, they were ignored
(Table 13).
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Table 12 Product quality limitations, based on (LKAB, 2014)

Components Penalty, % Premium, %
Fe
<70.6
>70.6
P
>0.025
<0.025
Si
>0.37
<0.37
SiO2
>0.80
<0.8
Mgt
<97.47
>99.41
Ap
>0.16
<0.16
Table 13 Chemical and modal composition of the iron concentrate

Ti, %
V, % Si, %
Maximum 0.01197 0.02684 0.708
Minimum 0.01138 0.02479 0.035
Average 0.01189 0.02658 0.191

Fe,% P, % Mgt,% Ap, % Amph, %
72.30 0.5892 99.41
3.67
1.85
66.92 0.0019 91.80
0.01
0.02
71.63 0.0525 98.45
0.33
0.32

Prediction of the penalty and premium concentrates was done separately by each element (Table 14).
Difference in mineralogical and traditional approach was in treating Fe grades of the predicted
concentrate. The total Fe grade was used in traditional approach and only Fe in Mgt were used in the
mineralogical approach.
Table 14 Number of premium and penalty blocks by element when 75 tertiary samples are
used, [number of blocks]
Cases

Virtual truth: stock piling, elemental
Virtual truth: stock piling,
mineralogical
Virtual truth: open pit, elemental
Virtual truth: open pit, mineralogical
Studied case: stock piling, elemental,
statistical
Studied case: stock piling,
mineralogical, statistical
Studied case: stock piling, elemental,
nearest neighbour
Studied case: stock piling,
mineralogical, nearest neighbour
Studied case: open pit, elemental,
statistical
Studied case: open pit,
mineralogical, statistical
Studied case: open pit, elemental,
nearest neighbour
Studied case: open pit,
mineralogical, nearest neighbour

Fe
premium
21238

Si
premium
20898

P
premium
9427

Fe
penalty
472

Si
penalty
812

P
penalty
12283

21707

21021

9423

3

689

12287

12021
12373

11812
11895

4933
4930

355
3

564
481

7443
7446

21462

21438

10311

248

272

11399

21710

21709

10506

0

1

11204

21710

21699

11197

0

11

10513

21710

20909

10366

0

801

11344

12217

12218

5490

159

158

6886

12376

12375

5599

0

1

6777

12376

12366

5899

0

10

6477

12376

11873

5527

0

503

6849
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For the quality control, number of misclassified blocks was evaluated (Table 15). All the studied cases
were compared against the relevant virtual truth cases in terms of premium and normal grade blocks.
In all the cases mineralogical approach shows better results in classification, except for the P prediction
for the open pit mining method when statistical method was utilised. Higher percentage of blocks was
classified correctly within a mineralogical approach. There was no significant difference observed
between mining methods, except for the P prediction for the stock piling mining method, which was
much worse, almost two times, than for the open pit mining when statistical method. On the other
hand, nearest neighbour method performed slightly better for P prediction for the open pit mining
method than for the stock piling. Both statistical and nearest neighbour method performed well in the
prediction and no significant difference (within <1.5%) was observed here, except for the previously
mentioned difference in P prediction.

Table 15 Misclassified blocks when 75 tertiary samples are used, [%]
Models
Studied case: stock piling,
mineralogical, statistical
Studied case: stock piling,
elemental, statistical
Studied case: stock piling,
mineralogical, nearest neighbour
Studied case: stock piling,
elemental, nearest neighbour
Studied case: open pit,
mineralogical, statistical
Studied case: open pit, elemental,
statistical
Studied case: open pit,
mineralogical, nearest neighbour
Studied case: open pit, elemental,
nearest neighbour

Fe
premium

Si
premium

P
premium

Fe
penalty

Si
penalty

P
penalty

99.9

96.8

51.8

99.9

96.8

51.8

96.7

95.1

51.7

96.7

95.1

51.7

99.9

97.7

90.1

99.9

97.7

90.1

97.8

96.3

82.6

97.8

96.3

82.6

99.9

96.1

90.9

99.9

96.1

90.9

98.2

96.1

95.2

98.2

96.1

95.2

99.9

97.3

87.9

99.9

97.3

87.9

97.1

95.5

79.9

97.1

95.5

79.9
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4 DISCUSSION
There are several open questions in geometallurgy and in this study some of them were investigated:
sufficient sampling for a successful geometallurgical program, types of geometallurgical tests to be
utilized, possible applications of qualitative information, importance of mineralogical information over
elemental assays, ways to model an ore body for geometallurgical purposes and level of details required
for different depths of a geometallurgical program. In the future work error estimation through the
whole data processing chain and the acceptable levels of errors throughout that chain should be
revisited for a more holistic overview. This is needed also to answer whether observed differences are
significant or not.
Sufficient sampling question is one of the most important for any survey around an ore body due to
its high impact on the economy of the early stages of exploration and project feasibility estimation. As
mentioned in section 1.4.2 Geometallurgical programs, previous recommendations and estimates for
the sufficient number of samples in a geometallurgical test campaign varies from 30 to more than
10 000 samples. Such a wide range for number of samples is due to the lack of systematic studies around
this topic as well as the fact that two existing ore bodies are never the same in their mineralogy and
geological structure. One of the questions which has to be answered in the future, does the complexity
of the ore body have significant impact on amount of samples required in order to give a reliable
production planning estimate? In this study it was stipulated that a reliable process behaviour prediction
for purposes of pre-feasibility or feasibility study (10-15% (de la Vergne, 2008)) can be achieved with
modelling based on 30 to 50 samples in case of mineralogical approach and 50-75 samples in case of
traditional approach. In future it may be possible to lower this number by using different deployment
algorithm like multivariate statistic or principle component analysis (e.g. Keeney, 2010). It has to be
noted, that the number of samples suggested by this study is already much smaller than the previous
studies suggest. This is partly due to relatively small size and homogeneous nature of the synthetic ore
body used. Overall lower prediction error of a mineralogical approach leads to conclusion that there
is a significant potential to increase the quality of geometallurgical forecast by collecting quantitative
information on ore and mineral textures.
Essentially, every ore body requires own synthetic ore body model and prediction of sample amount
based on ore body size, geological and mineralogical variability. The synthetic ore body is a relatively
cheap method for reducing the investment and plant design risks usually associated with suboptimal
sampling densities. Therefore, there is a room to further develop the methodology presented here to
be used more generally at different stages of ore project (conceptual, pre-feasibility, feasibility study).
Availability of cheap and accurate enough geometallurgical tests for quantification of different ore
properties (physical and process behaviour) is yet another cornerstone of a successful geometallurgical
program. This is because geometallurgical program aims to achieve the same effect as printing press
once did for the availability of written information: instead of few selected very precise measurements
of the ore properties extrapolated over an entire ore body, it is looking for many not so precise ore
property measurements for a more continuous representation of the ore body. Benefits of use of
geometallurgical tests for reinforcing a geometallurgical program have been previously described in
e.g. Mwanga, (2014). In the study at hand existing geometallurgical tests were collected and classified
in Table 1. It remains for the future work to study how fast, inexpensive and precise they should be
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in comparison to traditional ore characterization techniques in order to sustain the financial and time
pressures of the different stages of mining projects.
Qualitative lithology information is an attractive source of information for an early establishment of a
geometallurgical program due to its widespread availability at the early stages of a mining project. In
previous publications it has been shown that solely based on the rock type information, e.g. ore
grindability (Oyarzún and Arévalo, 2011) can be reliably forecasted. In addition, in this study it was
found that a predictive model that does not take geology (lithology or textural archetypes) into account
provides a 35% poorer production performance prediction. This is mainly due to the fact that nearest
neighbour method applied over the elemental assays of the tertiary samples yields a wrong process
behaviour prediction for samples with relatively close elemental composition but different geological
attributes, e.g. lithology. In future studies the emphasis should be put on quantifying existing geological
information, especially ore textures (Lund, 2013), in order to simplify their inclusion into
computational models and analysis. Currently available techniques for quantification of ore information
and studying mineral textures are either poor in quality (drill core scanning) or expensive to use
(automated mineralogy). This is clearly an area for further development.
Traditionally inclusion of mineralogical information into ore body models has been kept to a minimum
due to high cost and poor local resource availability for mineralogy analysis from drill cores or polished
sections. Thus, historically elemental assays have become the prevalent source of information for a
cheap and fast reserve and resource estimation. With advent of more user friendly calculation and
simulation software (HSC Sim, element-to-mineral conversion modules), better availability of
scanning electron microscopes (SEM) and quantitative X-ray diffraction (QXRD) and introduction of
automated optical microscopy, also cost of mineralogical information is getting lower. This gives a
possibility to move to mineralogical approach without incurring too much of additional costs over the
more traditional elemental approach. In this study it was shown that even a low variability ore body
yields better production forecast through mineralogical approach in comparison to the elemental
approach. In previous study (Lishchuk et al., 2016) it was additionally shown that mineralogical
approach (process feed blending based on ore type) gives a shorter payback time for a greenfield project
compared to an elemental approach (process feed blending based on Cu grade). In future studies it is
imperative to investigate relation between ore body mineralogical complexity and the application of
the mineralogical approach. As applying mineralogical approach to relatively uniform or low cost
commodity ore bodies might also negatively impact the project financials.
There are two ways to model an ore body for geometallurgical purposes: domaining and classification,
both based on a set of analysed samples available earliest in the pre-feasibility study (see Table 8). Apart
from this, blocks in the ore body model may include different sets of information relevant to the entire
mine-to-metal value chain such as mining, processing and refining costs and properties. Section 3.1
describes the differences in the information included traditionally and geometallurgy-wise into blocks
of an ore body model. Table 8 presents relevance of different sets of geometallurgical information at
different stages of a mining project. In this study I introduce a new way to model an ore body for
geometallurgical purposes by constructing a synthetic ore body based on qualitative geological
description and limited quantitative information for mineralogy and elemental composition. Benefits
of such approach are i) availability of an ore body model that includes both geological, mining and
processing information already at the scoping stage; ii) better selection of method for deployment of
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geometallurgical indices into the ore body iii) reduction of project risks by better prediction of ore
mining and processing behaviour; iv) better planning of sampling density and selection of test samples
and for v) earlier selection of geometallurgical approach with resulting vi) smarter design in laboratory
work design and implementation. Construction of a synthetic ore body requires typically a team
consisting of geologist, economist, mining and processing engineers with at least one of them skilled
in deposit and beneficiation process modelling. Investment costs for synthetic ore body construction
are mainly due to software costs and resource utilization. Construction of the synthetic ore body takes
around 6-18 months depending on the deposit complexity and availability of the geological and
mineralogical information. In case a processing model needs to be constructed, it would additionally
require availability of information on textural archetypes, which describe the metallurgical response of
the ore in the process.
The case study described in this work showed the strength of the developed synthetic ore model. This
study differs in couple of ways from previously used geometallurgical synthetic data sets (Jupp et al.,
2013) and integrated approaches (Tungpalan et al., 2015). First, the ore body modelling was taken to
mineral level and the quantitative information such as modal composition and mineral texture was
assigned to each voxel. Second, the mineral processing was modelled and simulated on the mineral
liberation level. This gives access to the ore variability level which is very significant for the
metallurgical response, but very challenging to map in the ore body. Therefore, it is concluded that
synthetic ore body gives realistic environment to test different important questions in geometallurgy
and should be further developed.
It is important to note that utilization of a synthetic ore body is practical only between scoping and
pre-feasibility stages of a mining project. In more complex mineralogies, e.g. copper ore deposit, the
number of valuable minerals will increase and thus make the use of a synthetic ore body more relevant.
This will most probably manifest in the need to reduce amount of samples required for mineralogical
approach through a smarter sampling campaign planning.
In this study resolution of the generated synthetic ore body was 50×50×50 voxels which is relatively
low in comparison to existing real ore body models (block models). However, the resolution is high
enough to study segments of the ore body, and might be insufficient to study large ore bodies. Large
ore body studies would require modelling to be transposed to more powerful calculation software such
as Vulcan or Surpac dedicated specifically to managing the long calculation sequences involved in
interpolation work typical to the ore body modelling. Current synthetic ore body infrastructure allows
generating only single output at the time and in the future a more steady simulation environment
would allow running several simulation scenarios in parallel. This would require an increase in available
computational power or utilization of for example cloud-based virtual machine farms.
In this study I have studied the level of details required for different depths of a geometallurgical
program and summarized my findings under section 2.3. There have been some attempts to create
sound classification for geometallurgical programs (e.g. Jackson et al., 2011). Previous geometallurgical
program classifications were not utilized in this study as they could not help in creating the structure
of a geometallurgical database presented here under section 2.5. Main difference between previous
classification systems and the one presented in this study lays in classification under traditional,
mineralogical and proxy approaches. Such classification allows investigating more the practical issues
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related to the geometallurgical programs: which tools have to be used (e.g. XRF or XRD), what
accuracy can be expected from selected approach, how many samples are required for good production
prediction, etc. Even though the synthesized classification system covers many of the existing
geometallurgical programs, it is still not fully representative. Reason for this is that geometallurgy
continues to be a relatively young and multidisciplinary field which keeps evolving. Additionally,
reports on geometallurgical programs available in the public domain are few, highly technical and do
not cover organizational, financial and environmental aspects of geometallurgical programs. Moreover,
results of the same geometallurgical programs are often split between several documents, which often
gives a fragmented view of the programs themselves and their benefits to the production.
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5 CONCLUSIONS
In this work a two-dimensional classification system of geometallurgical approaches and applications
was developed based on expert interviews and literature study as part of objective 1. The classification
was based on the geometallurgical approach and depth of application of geometallurgy. The
geometallurgical approach was defined by the type of data used in the geometallurgical program
(Figure 6): traditional – elemental grades, proxies – abstract properties of the material, mineralogical –
modal composition. Depth of application was defined by the purpose of the geometallurgy in a
particular project. This classification system described in Chapter 2 was used to analyse typical
geometallurgical data structure and applied over studied cases. This classification was the key element
of the holistic vision of the geometallurgical program and it could be used to benchmark
geometallurgical projects. The practical use of this classification system will manifest when there is a
need to either change geometallurgical approach (i.e. traditional, proxy, mineralogical) or go to a
deeper level in the geometallurgy application.
Established geometallurgical testing framework allowed studying effects of geometallurgy on mine
performance. Entire mine-to-metal value chain could be simulated with emphasis on geological and
processing variability factors. Objective 2 was thus fulfilled in the form of simulated Malmberget case
study described in Chapter 3.
Working hypothesis was confirmed on the basis that benefits from the geometallurgical program could
be preliminary assessed before the start-up of the actual mining project as described in Section 3.3. It
was shown that selection of the geometallurgical approach, methods and sampling densities for the
geometallurgical program can be done beforehand by means of synthetic data. Optimal number of
samples and extent of the test work could be evaluated from the generated synthetic data.
Application and confirmation of the achieved results over the real case studies will be addressed in the
future work lined out in Chapter 6.
In summary, synthetic geometallurgical testing framework is a viable and easily approachable tool for
testing geometallurgical approach ahead of establishing geometallurgical program at a plant. Quality of
the synthetic geometallurgical testing framework will always be limited by the access to computational
power on one hand and availability, quality and extent of the available ore body information on the
other hand. Additional challenges for synthetic geometallurgical testing framework creation may arise
from access to the software or extent of the software skills in the research organization.
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6 FUTURE WORK
The following research is planned (Figure 26) to be included in the further studies:
1. Setting up predictive geometallurgical models for different industrial case studies.
2. Developing framework and procedure for the geometallurgical mapping, i.e. developing technique for
deployment of geometallurgical indices into the real block model with geometallurgical models for production
management.
3. Systematic integration of the geometallurgical model components into a single framework.
4. Verification and validation of the created model.

Deployment of the
geometallurgical indices
into a block model

Ore
types

Apatite iron ore, porphyry Cu, VMS (Zn-Pb-Cu-Ag)

Subject

Predictive model
(traditional, proxy and mineralogical approaches)

Project

Primary resource efficiency by enhanced prediction

Mineral processing and
mineralogical
characterisation

Geometallurgical
characterisation

Geometallurgical indices and
additivity issue

Objectives

Mineral processing tests: sample
preparation, WLIMS test,
Bond test, flotation test.

Geometallurgical tests: sample
preparation, geometallurgical
magnetic separation test, Davis
tube test, geometallurgical
comminution test.

Geometallurgical domaining,
classification and direct
calculation

Experiments

Optical microscopy, XRD,
XRF, element-to-mineral
conversion, statistical modelling

Element-to-mineral
conversion, geostatistical
geological, processing and
geometallurgical modelling and
simulation (in Vulcan, HSC
Sim,
synthetic ore body)

Methods

Optical microscopy,
QEMSCAN, XRD, XRF,
element-to-mineral conversion,
EPMA, statistical modelling

Figure 26 Outline of the future thesis content
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APPENDICES
Appendix 1 Survey questionnaire

Appendix 1.1 “1. Respondent's information”
Questions in Section 1
1.1 Name
1.2 Reference contact information (not
obligatory)

Example 1
Cecilia Lund
-

Example 2
Viktor Lishchuk
-

Appendix 1.2 “2. General Information”
Questions in Section 2
2.1 Name of the mine

Example 1
Malmberget

2.2 Country
2.3 Company

Sweden
LKAB

2.4 Operation started, year
2.5 Expected mine life, final year

1890
>100 year

Example 2
Collahuasi - Rosario
deposit
Chile
Compañía Minera
Doña Inés de
Collahuasi SCM
(Collahuasi)
2002
2030

Appendix 1.3 “3. Production information”
Questions in Section 3
3.1 Operation type
3.2 Ore type
3.3 Main minerals
3.4 Commodities and their grades, Me - % or
g/t
3.5 Products (main)
3.6 Products (by-products)
3.7 Production capacity (main product,
concentrate), tpa

Example 1
Underground
Iron ore
magnetite and hematite
(two production lines
for each)
1010Mt@46% Fe

Example 2
Open pit
porphyry
chalcopyrite, bornite,
chalcocite,
molybdenite
Cu-0,82%, Mo

Fe pellets (80%)
Fe sinter fines (20%)
21 Mt/y 2013 conc

Cu metal
488.6 kt/a of copper in
concentrate, plus 68.6
kt/a of cathode copper
in 2005

Appendix 1.4 “4. Deposit model”
Questions in Section 4
4.1. What and how geological, mineralogical and
geometallurgical data is collected? [Geology:
Lithology]

Example 1
3 Data is not collected
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Example 2
2 Data is collected and
used in a Block model

Questions in Section 4
4.1. What and how geological, mineralogical and
geometallurgical data is collected? [Geology:
Rock type]
4.1. What and how geological, mineralogical and
geometallurgical data is collected? [Geology: Ore
type]
4.1. What and how geological, mineralogical and
geometallurgical data is collected? [Geology:
Alteration]
4.1. What and how geological, mineralogical and
geometallurgical data is collected? [Geology:
Elemental grades (e.g. XRF)]
4.1. What and how geological, mineralogical and
geometallurgical data is collected? [Geology:
Hardness]
4.1. What and how geological, mineralogical and
geometallurgical data is collected? [Geology:
Density]
4.1. What and how geological, mineralogical and
geometallurgical data is collected? [Mineralogy:
Minerals]
4.1. What and how geological, mineralogical and
geometallurgical data is collected? [Mineralogy:
Textures]
4.1. What and how geological, mineralogical and
geometallurgical data is collected? [Mineralogy:
Mineral grades]
4.1. What and how geological, mineralogical and
geometallurgical data is collected?
[Geometallurgy: measurements on behaviour in
minerals processing]
4.1. What and how geological, mineralogical and
geometallurgical data is collected? [Other]
4.2 If other geological information is collected,
could you list the most important ones?
4.3 Where is geological data used If it is collected
but NOT used in a block model?
4.4 What and how rock mechanical data is
collected? [RQD (Rock quality designation)]
4.4 What and how rock mechanical data is
collected? [RMR (Rock mass rating)]
4.4 What and how rock mechanical data is
collected? [Q (Quality index)]
4.4 What and how rock mechanical data is
collected? [GSI (Geological strength index)]
4.4 What and how rock mechanical data is
collected? [Modified version of any of above
given]

Example 1
1 Data is collected, but
not used in a Block
model
1 Data is collected, but
not used in a Block
model
3 Data is not collected

Example 2
4 No information
4 No information
2 Data is collected and
used in a Block model

2 Data is collected and
used in a Block model

4 No information

3 Data is not collected

1 Data is collected, but
not used in a Block
model
4 No information

1 Data is collected, but
not used in a Block
model
3 Data is not collected

4 No information

3 Data is not collected

4 No information

3 Data is not collected

4 No information

3 Data is not collected

4 No information

-

4 No information

Structures

-

Only stored in the
database
1 Data is collected, but
not used in a Block
model
1 Data is collected, but
not used in a Block
model
1 Data is collected, but
not used in a Block
model
1 Data is collected, but
not used in a Block
model
4 No information

-
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4 No information
4 No information
4 No information
4 No information
4 No information

Questions in Section 4
4.4 What and how rock mechanical data is
collected? [Geotechnics: Fractures]
4.4 What and how rock mechanical data is
collected? [Geotechnics: Joints]
4.4 What and how rock mechanical data is
collected? [Geomechanical properties (e.g. Bulk
Modulus, Shear Modulus, Poisson’s Ratio etc)]
4.4 What and how rock mechanical data is
collected? [Other]
4.5 If other rock mechanical data is collected,
could you list the most important ones?
4.6 Where is rock mechanical data used If it is
collected but NOT used in a block model?

Example 1
1 Data is collected, but
not used in a Block
model
1 Data is collected, but
not used in a Block
model
1 Data is collected, but
not used in a Block
model
-

Example 2
4 No information

Sharing
Seismic parameters
Stored in database

-

4 No information
4 No information
4 No information

-

Appendix 1.5 “5. Geometallurgy level”
Questions in Section 5
5.1 At which level your geometallurgical model
is currently used?

5.2 What GEOLOGICAL/GEOTECHNICAL
information is used in geometallurgy?

5.3 What COMMINUTION information is
used in geometallurgy?

5.4 What CONCENTRATION information is
used in geometallurgy?

Example 1
Geometallurgical
model exits (at earlier
stage (maybe feasibility
study stage)
geometallurgical model
was developed but it is
not actively updated
and used)
Geology: Ore type,
Mineralogy: Minerals
(grades), Mineralogy:
Textures
BWI - Bond work
index, Ci - crusher
index, F80 (80%
passing of
comminution feed),
P80 (80% passing of
comminution
product), Throughput,
Mineral liberation
(Degree of liberation
of comminution
product)
Concentrate grade,
Elemental recovery
into concentrate,
Response in magnetic
separation
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Example 2
Used actively in
production planning
(data is used in
production planning,
e.g. in designing
mining, blending or
processing
conditions/parameters)
Geology: Lithology,
Geology: Ore type,
Geology: Alteration,
Geotechnics: Fractures,
veining
P80 (80% passing of
comminution
product), Throughput

P80 (80% passing of
comminution product)
Agitation, rpm
superficial gas velocity
(Jg)
Sauter mean bubble
size (db)
Ns - the peripheral

Questions in Section 5

Example 1

5.5 Which level of CONCENTRATION
PROPERTIES is used?
5.6 What environmental information is included
in geometallurgy?
5.7 What production properties and other
information do you use in geometallurgy?
5.8 What is the shortest planning period (where
geometallurgy is used in production planning)?
5.9 What are the challenges of usage
geometallurgical information?

Mineral liberation

Example 2
impeller velocity in
(m/s);
Mineral by particle size

None

None

Concentrate tonnages

Concentrate tonnages

-

1 week

Linking geological
information to
processing information,
Practical technique for
mapping variations of
the ore body
Surpac, HSC

-

-

-

5.10 Which software do you use in geological
modelling?
5.11 Which software do you use in production
planning?

-

Appendix 1.6 “6. Implementation of geometallurgical information”
Questions in Section 6
6.1 How geometallurgical information is used?

Example 1
0 - None

6.2 How the geometallurgical data is linked to
other data sets?
6.3 What is a frequency of geometallurgical
model updates (Comminution)?
6.4 What is a frequency of geometallurgical
model updates (Concentration)?

Implemented as a
separate model/data
Never

Example 2
6 - Production
planning
Implemented in block
model
5-years

-

-

Appendix 1.7 “7. Usage of Geometallurgical approach. Self-evaluation.”
Questions in Section 7

Example 1

Example 2

7.1 Please evaluate the place of your plant in the
matrix below. ONLY ONE POSITION! [0 None]
7.1 Please evaluate the place of your plant in the
matrix below. ONLY ONE POSITION! [1 Collect data]
7.1 Please evaluate the place of your plant in the
matrix below. ONLY ONE POSITION! [2 Visualization]
7.1 Please evaluate the place of your plant in the
matrix below. ONLY ONE POSITION! [3 Defining Cut-off grades by domain (or other
production constraints)]

-

-

-

-

-

-

-

-
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Questions in Section 7

Example 1

Example 2

7.1 Please evaluate the place of your plant in the
matrix below. ONLY ONE POSITION! [4 Forecasting production]
7.1 Please evaluate the place of your plant in the
matrix below. ONLY ONE POSITION! [5 Make changes in process based on feed quality]
7.1 Please evaluate the place of your plant in the
matrix below. ONLY ONE POSITION! [6 Production planning]
7.1 Please evaluate the place of your plant in the
matrix below. ONLY ONE POSITION! [7 Applying different production scenarios]
7.2 Please, confirm your selection
7.3 References

E - Mineralogical –
global

-

-

-

-

D - Proxy – domained

-

-

E4
http://www.LKAB.co
m (Lund, 2013)Lund
2013, (Mwanga,
2014)personel
knowledge

D6
(Alruiz et al., 2009;
Suazo et al., 2010),
http://www.infomine.
com
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Appendix 2 Results of mapping of the geometallurgical programs

Appendix 2.1 List of case studies of mapping of the geometallurgical programs

Interviews with experts (Expert names are confidential)
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

Mine-1 (Newmont, USA)
Mine-2 (Vale, Canada)
Mine-3 (Vale, Africa)
Mine-4 (Vale, Brazil)
Zinkgruvan (Lundin mining, Sweden)
Gruvberget (LKAB. Sweden)
Malmberget (LKAB, Sweden) (Lund, 2013)
KWB Belchatow (Polish Energy Group, Poland)
Southern Coastal Mine (NAMDEB, Namibia)
Kiirunavaara (LKAB, Sweden) (Niiranen and Böhm, 2013, 2012; Niiranen and Fredriksson,
2012; Niiranen, 2015)
Leveäniemi (LKAB, Sweden) (Bremer, 2010; LKAB, 2015)
Kemi (Outokumpu, Finland)
Mikheevskoye (Russian Copper Company, Russia)
Siilinjärvi (Yara) (Kogel et al., 2009; Remes et al., 2010; Stén et al., 2003)

Literature reviews
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

Collahuasi (Chile) (Suazo et al., 2010)
Collahuasi (Chile) (Alruiz et al., 2009)
Carol lake (Canada) (Bulled et al., 2009)
DeGrussa (Condon et al., 2013)
Gamsberg (Schouwstra et al., 2010)
Ernest Henry (Vatandoost, 2009)
Nkout (Anderson et al., 2013)
Putu (Anderson et al., 2013)
Ruby Creek (Bulled, 2007)
Olympic Dam (Boisvert et al., 2013; Ehrig, 2011; Liebezeit et al., 2011; Macmillan et al., 2011;
Turner et al., 2013)
Tapuli (Srk, 2010)
Radomiro Tomic (Beniscelli, 2011; Http://www.mining-technology.com, 2016; Riquelme
et al., 2009)
Ministro Hales (Beniscelli, 2011; CODELCE, 2016)
El Teniente (Kelm et al., 2009; Oyarzún and Arévalo, 2011; Sillitoe, 2010; Skewes et al., 2002,
2005; Stern et al., 2010)
Cavanacaw (Birtel et al., 2013, 2011)
Canahuire (Baumgartner et al., 2013)
Hannukainen (Lascelles et al., 2008)
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18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

Stora Sahavaara (Stora) (Antonsson, 2011; Srk, 2010)
Northam (Brough et al., 2010; Dzvinamurungu et al., 2013)
West Australian Iron Ore (WAIO) (Wright et al., 2013)
Kings deposit (Vatandoost et al., 2013)
Finney’s Hill (Tungpalan et al., 2015)
Dumont deposit (Sciortino et al., 2013)
Mogalakwena Platinum Mine (Schouwstra et al., 2013)
Riviera W-Mo (Santana and Rozendaal, 2012)
Bingham Canyon (Kennecott) (Ross et al., 2009)
La Colosa (Montoya et al., 2011)
Yeelirrie (Lower et al., 2011)
Ngamiland (Karin O Hoal et al., 2009)
Premier mines (K. O. Hoal et al., 2009)
Letšeng Satellite Pipe (K. O. Hoal et al., 2009)
Cadia East (Keeney et al., 2011)
Morro do Ouro (Esper et al., 2013)
Dutwa (Elkington et al., 2013)
Trilogy deposit (Armstrong et al., 2011)
Namakwa (Philander and Rozendaal, 2013, 2011, 2007; Rozendaal et al., 2009)
Aitik (Johansson and Wanhainen, n.d.; C Wanhainen et al., 2003; Christina Wanhainen et al.,
2003; Wanhainen, 2005; Wanhainen et al., 2006, 2005)
Rockliden (Minz, 2013)

76

Appendix 2.2 References to the mapping of the geometallurgical programs
Alruiz, O.M., Morrell, S., Suazo, C.J., Naranjo, A., 2009. A novel approach to the geometallurgical
modelling of the Collahuasi grinding circuit. Miner. Eng. 22, 1060–1067.
doi:10.1016/j.mineng.2009.03.017
Anderson, K.F.E., Rollinson, G.K., Wall, F., Moon, C.J., 2013. A comparative automated
mineralogical analysis of the Nkout (Cameroon) and Putu (Liberia) iron ore deposits. 12th SGA Bienn.
Meet. 2013. Proc. 1, 294–297.
Antonsson, A., 2011. Northland Corporate Presentation, in: 8th Fennoscandian Exploration and
Mining - FEM 2011. pp. 1–33.
Armstrong, B., Czerw, A., Glen, J., Johnson, N.W., Munro, P.D., 2011. Realisation of value through
identifi cation of various oxidation fronts and mineralisation styles at trilogy Cu-Au-Ag-Pb-Zn deposit,
in: The First AUSIMM International Geometallurgy Conference/ Brisbane, QLD. Brisbane, pp. 47–
51.
Baumgartner, R., Dusci, M., Trueman, A., Brittan, M., Poos, S., 2013. Building a Geometallurgical
Model for the Canahuire Epithermal Au-Cu-Ag Deposit, Southern Peru – Past, Present and Future,
in: The Second AusIMM International Geometallurgy Conference, Brisbane, QLD, 30 September 2 October, 2013. Brisbane, pp. 51–57.
Beniscelli, J., 2011. Geometallurgy – Fifteen Years of Developments in Codelco: Pedro Carrasco
Contributions, in: The First AUSIMM International Geometallurgy Conference/ Brisbane, QLD, 57- September, 2011. Brisbane, pp. 3–7.
Birtel, S., Wunderlich, I., Gutzmer, J., 2013. Tracking ore mineral characteristics from mine to
concentrate: the fate of electrum at the Cavanacaw gold deposit, Northern, in: 12th SGA Biennial
Meeting 2013. Proceedings. pp. 306–309.
Birtel, S., Wunderlich, I., Gutzmer, J., 2011. From ore to concentrate - A systematic geometallurgical
sutyd on the Cavanacaw Au deposit, Northern Ireland, in: 11th SGA Biennial Meeting, At
Antofagasta, Chile. Chile.
Boisvert, J.B., Rossi, M.E., Ehrig, K., Deutsch, C. V., 2013. Geometallurgical Modeling at Olympic
Dam Mine, South Australia. Math. Geosci. 45, 901–925. doi:10.1007/s11004-013-9462-5
Bremer, O., 2010. 3D-modeling with Model Vision Pro 9.0: Leveäniemi iron ore. Bachelor thesis 22.
Brough, C.P., Bradshaw, D.J., Becker, M., 2010. A comparison of the flotation behaviour and the
effect of copper activation on three reef types from the Merensky reef at Northam. Miner. Eng. 23,
846–854. doi:10.1016/j.mineng.2010.03.023
Bulled, D., 2007. Grinding Circuit Design for Adanac Moly Corp using a Geometallurgical Approach,
in: The 39th Annual Meeting of the Canadian Mineral Processors. pp. 101–122.

77

Bulled, D., Leriche, T., Blake, M., Thompson, J., Wilkie, T., 2009. Improved Production Forecasting
through Geometallurgical Modeling at Iron Ore Company of Canada. 41st Annu. Meet. Can. Miner.
Process. 279–295.
CODELCO,
2016.
Projects:
Ministro
Hales
[WWW
Document].
URL
https://www.codelco.com/ministro-hales/prontus_codelco/2011-07-06/113544.html
(accessed
4.4.16).
Condon, J., Butler, C., Hooper, B., Vass, P., 2013. DeGrussa Copper Mine , Western Australia –
Feasibility to First Production: A Case Study in Developing a Working Geometallurgy Model from
First Principles, in: The Second AUSIMM International Geometallurgy Conference / Brisbane, QLD,
30 September - 2 October 2013 37. Brisbane.
Dzvinamurungu, T., Viljoen, K.S., Knoper, M.W., Mulaba-Bafubiandi, A., 2013. Geometallurgical
characterisation of Merensky Reef and UG2 at the Marikana Mine, Bushveld Complex, South Africa.
Miner. Eng. 52, 74–81. doi:10.1016/j.mineng.2013.04.010
Ehrig, K., 2011. Quantitative Mineral Mapping – A Building Block for Geometallurgy at Olympic
Dam, in: The First AUSIMM International Geometallurgy Conference/ Brisbane, QLD, 5-7September, 2011. Brisbane, p. 31.
Elkington, T., Lorenzen, L., Czerny, C., 2013. The use of Geometallurgical Relationships in Process
Route Selection and Mine Plan Optimisation for the Dutwa Nickel Project, in: The First AUSIMM
International Geometallurgy Conference/ Brisbane, QLD, 5-7- September, 2011. Brisbane, pp. 207–
216.
Esper, E., Rugolo, R., Moller, J., Akiti, Y., Pains, A., 2013. Morro do Ouro Geological Model with
a Metallurgical View, in: The Second AUSIMM International Geometallurgy Conference / Brisbane,
QLD, 30 September - 2 October 2013. pp. 67–74.
Hoal, K.O., Appleby, S.K., Stammer, J.G., Palmer, C., 2009. SEM-based quantitative mineralogical
analysis
of
peridotite,
kimberlite,
and
concentrate.
Lithos
112,
41–46.
doi:10.1016/j.lithos.2009.06.009
Hoal, K.O., Stammer, J.G., Appleby, S.K., Botha, J., Ross, J., Botha, P.W., 2009. Research in
quantitative mineralogy: Examples from diverse applications. Miner. Eng. 22, 402–408.
doi:10.1016/j.mineng.2008.11.003
Http://www.mining-technology.com, 2016. Radomiro Tomic Copper Mine, Chile [WWW
Document]. URL http://www.mining-technology.com/projects/radomiro/ (accessed 4.4.16).
Johansson, B., Wanhainen, C., 2010. Flotation and leach tests performed within a geo-metallurgical
project on gold in the Aitik Cu-Au-Ag-(Mo) deposit, in: Conference in Minerals Engineering: Luleå,
2 -3 Februari 2010. Luleå, pp. 73–84.
Keeney, L., Walters, S.G., Kojovic, T., 2011. Geometallurgical mapping and modelling of
comminution performance at the Cadia East porphyry deposit, in: The First AUSIMM International
Geometallurgy Conference/ Brisbane, QLD. pp. 73–83.
78

Kelm, U., Helle, S., Matthies, R., Morales, A., 2009. Distribution of trace elements in soils
surrounding the El Teniente porphyry copper deposit, Chile: the influence of smelter emissions and a
tailings deposit. Environ. Geol. 57, 365–376. doi:10.1007/s00254-008-1305-1
Kogel, J.E., Trivedi, N.M., Barker, J.M., Krukowski, S.T., 2009. Industrial Minerals & Rocks :
Commodities, Markets, and Uses., 7th editio. ed. Society for mining, metallurgy and exploration, Inc.
Lascelles, D., Mcken, A., Chiasson, G., Marsden, P., Hooey, L., Dixon, A., Houseley, K., 2008. The
recovery of metals from the stora sahavaara and hannukainen iron oxide copper gold (IOCG)
resources, in: SGS Minerals. Technical Bulletin 2008-50. p. 8.
Liebezeit, V., Smith, M., Ehrig, K., Kittler, P., Macmillan, E., Lower, C., 2011. Geometallurgy Data
Management – A Significant Consideration, in: The First AUSIMM International Geometallurgy
Conference/ Brisbane, QLD, 5-7 September 2011. Brisbane, pp. 237–246.
LKAB, 2015. LKAB official website [WWW Document]. URL https://www.lkab.com/ (accessed
2.29.16).
Lower, C., Ehrig, K., Macmillan, E., Kittler, P., Liebezeit, V., Yang, K., 2011. Quantitative Clay
Mineralogy for a Calcrete-Hosted Uranium Deposit – Innovative Application of Existing Technology
on an Unprecedented Scale, in: The 7th International Heavy Minerals Conference “What Next.” pp.
173–180.
Lund, C., 2013. Mineralogical, Chemical and Textural Characterisation of the Malmberget Iron Ore
Deposit for a Geometallurgical Model. Dr. Thesis 97.
Macmillan, E., Ehrig, K., Liebezeit, V., Kittler, P., Lower, C., 2011. Use of Geometallurgy to Predict
Tailings Leach Acid Consumption at Olympic Dam, in: The First AUSIMM International
Geometallurgy Conference/ Brisbane, QLD, 5-7- September, 2011. Brisbane, pp. 93–102.
Minz, F.E., 2013. Mineralogical Characterisation of the Rockliden Antimony-Bearing VolcanicHosted Massive Sulphide Deposit, Sweden. Licent. Thesis.
Montoya, P.A., Keeney, L., Jahoda, R., Hunt, J., Berry, R., Drews, U., Chamberlain, V., Leichliter,
S., 2011. Geometallurgical modelling techniques applicable to prefeasibility projects – La Colosa case
study, in: The First AUSIMM International Geometallurgy Conference/ Brisbane, QLD. Brisbane,
pp. 103–111.
Niiranen, K., 2015. Characterisation of the Kiirunavaara iron ore deposit for mineral processing with
a focus on the high silica ore type B2. Dr. Thesis 133.
Niiranen, K., Böhm, A., 2013. Geometallurgical characterization of ore type B2 (high silica ore) at the
Kiirunavaara iron ore deposit, northern Sweden, in: 12th SGA Biennial Meeting 2013. pp. 352–355.
Niiranen, K., Böhm, A., 2012. A systematic characterization of the orebody for mineral processing at
Kirunavaara iron ore mine operated by LKAB in Kiruna, Northern Sweden. IMPC 2012 3855–3864.
Niiranen, K., Fredriksson, A., 2012. A Systematic Approach of Geometallurgical Mapping of the
Kiirunavaara Iron Ore, in: Conference in Minerals Engineering. Luleå, pp. 81–90.
79

Oyarzún, M., Arévalo, A., 2011. Rock Texture and BWi Relationships, El Teniente Ore Deposit,
Chile, in: The First AUSIMM International Geometallurgy Conference/ Brisbane, QLD, 5-7September, 2011. pp. 181–185.
Philander, C., Rozendaal, A., 2013. The application of a novel geometallurgical template model to
characterise the Namakwa Sands heavy mineral deposit, West Coast of South Africa. Miner. Eng. 52,
82–94. doi:10.1016/j.mineng.2013.04.011
Philander, C., Rozendaal, A., 2011. The contributions of geometallurgy to the recovery of lithified
heavy mineral resources at the Namakwa Sands mine, West Coast of South Africa. Miner. Eng. 24,
1357–1364. doi:10.1016/j.mineng.2011.07.011
Philander, C., Rozendaal, A., 2010. The Hards Liberation Project of Namakwa Sands Chronicles of
a geometallurgical success, in: Chronicles of a Geometallurgical Success. Process Mineralogy ’10. pp.
1–8.
Remes, A., Aaltonen, J., Koivo, H., 2010. Grinding circuit modeling and simulation of particle size
control
at
Siilinjärvi
concentrator.
Int.
J.
Miner.
Process.
96,
70–78.
doi:10.1016/j.minpro.2010.05.001
Riquelme, R., Cisterna, C., Diaz, J., Boric, R., 2009. Application of cokriging for geometallurgical
models of leaching in sulphide Radomiro Tomic project. [WWW Document]. geoinnova web site.
URL http://geoinnova.cl/publicaciones/?lang=en (accessed 2.1.16).
Ross, J., Appleby, S., Hoal, K., Botha, P., 2009. Quantitative mineralogical study of ore domains at
Bingham Canyon, Utah, USA, in: Preprint, SME Annual Meeting. Denver, pp. 1–5.
Rozendaal, A., Philander, C., Carelse, C., 2009. Characteristics, recovery and provenance of rutile
from the Namakwa Sands heavy mineral deposit, South Africa, in: The 7th International Heavy
Minerals Conference “What Next”, The Southern African Institute of Mining and Metallurgy. pp. 9–
16.
Santana, M., Rozendaal, A., 2012. Distribution and textures of REE-minerals associated with the
world class Riviera polymetallic deposit, South Africa, in: Process Mineralogy ‘12, Cape Town, South
Africa. pp. 864–872.
Schouwstra, R., De Vaux, D., Hey, P., Malysiak, V., Shackleton, N., Bramdeo, S., 2010.
Understanding Gamsberg - A geometallurgical study of a large stratiform zinc deposit. Miner. Eng. 23,
960–967. doi:10.1016/j.mineng.2010.03.013
Schouwstra, R., Vaux, D. De, Muzondo, T., Prins, C., 2013. A Geometallurgical Approach at Anglo
American Platinum ’ s Mogalakwena Operation, in: The Second AusIMM International
Geometallurgy Conference, Brisbane, QLD, 30 September - 2 October, 2013. Brisbane, pp. 85–92.
Sciortino, M., Muinonen, J., Korczak, J., St-Jean, A., 2013. Geometallurgical Modelling of the
Dumont Deposit. Second AUSIMM Int. geometallurgy Conf. / Brisbane, QLD, 30 Sept. - 2 Oct.
2013 93–100.
Sillitoe, R.H., 2010. Porphyry Copper Systems. Econ. Geol. 105, 3–41.
80

Skewes, A., Arevalo, A., Floody, R., Zuniga, P., Stern, C., 2002. Chapter 14. The giant El Teniente
breccia deposit: hypogene copper distribution and emplacement. Soc. Econ. Geol. Spec. Publ.
Skewes, M.A., Arévalo, A., Floody, R., Zuñiga, P.H., Stern, C.R., 2005. The El Teniente
megabreccia deposit, the world’s largest copper deposit. Super Porphyry Copp. Gold Depos. Glob.
Perspect. 1, 83–114.
Srk, 2010. Technical Review of the Kaunisvaara Iron Project. October.
Stén, P., Parvinen, P., Miettinen, M., Luukkanen, S., Kaskiniemi, V., Aaltonen, J., 2003. On-line
analysis of flotation process waters at Siilinjärvi (Finland) apatite concentrating plant. Miner. Eng. 16,
229–236. doi:10.1016/S0892-6875(03)00013-X
Stern, C.R., Skewes, M.A., Arévalo, A., 2010. Magmatic evolution of the giant El Teniente Cu-Mo
deposit, central Chile. J. Petrol. 52, 1591–1617. doi:10.1093/petrology/egq029
Suazo, C.J., Kracht, W., Alruiz, O.M., 2010. Geometallurgical modelling of the Collahuasi flotation
circuit. Miner. Eng. 23, 137–142. doi:10.1016/j.mineng.2009.11.005
Tungpalan, K., Manlapig, E., Andrusiewicz, M., Keeney, L., Wightman, E., Edraki, M., 2015. An
integrated approach of predicting metallurgical performance relating to variability in deposit
characteristics. Miner. Eng. 71, 49–54. doi:10.1016/j.mineng.2014.10.004
Turner, N.L., Kuhar, L.L., Francis, N., Liebezeit, V., Ehrig, K., Robinson, D.J., 2013. Development
and Testing of a Small-Scale Uranium Leach for Geometallurgical Applications, in: The Second
AusIMM International Geometallurgy Conference, Brisbane, QLD, 30 September - 2 October, 2013.
Brisbane, pp. 345–350.
Vatandoost, A., 2009. Towards petrophysical characterization of comminution behaviour, in: 41st
Annual Meeting of the Canadian Mineral Processors. Ottawa, pp. 619–640.
Vatandoost, A., Beven, B.J., Campbell-Hardwick, S., Young, J., 2013. A Geometallurgical Approach
for Iron Ore Product Evaluation, in: The Second AUSIMM International Geometallurgy Conference
/ Brisbane, QLD, 30 September - 2 October 2013. pp. 259–266.
Wanhainen, C., 2005. On the origin and evolution of the Palaeoproterozoic Aitik Cu-Au-Ag deposit,
Northern Sweden. Dr. Thesis.
Wanhainen, C., Billström, K., Martinsson, O., 2006. Age, petrology and geochemistry of the
porphyritic Aitik intrusion, and its relation to the disseminated Aitik Cu-Au-Ag deposit, northern
Sweden. GFF -Journal Geol. Soc. Sweden 128, 273–286. doi:10.1080/11035890601284273
Wanhainen, C., Billström, K., Martinsson, O., Stein, H., Nordin, R., 2005. 160 Ma of
magmatic/hydrothermal and metamorphic activity in the Gällivare area: Re-Os dating of molybdenite
and U-Pb dating of titanite from the Aitik Cu-Au-Ag deposit, northern Sweden. Miner. Depos. 40,
435–447. doi:10.1007/s00126-005-0006-x
Wanhainen, C., Broman, C., Martinsson, O., 2003. The Aitik Cu-Au-Ag deposit in northern Sweden:
a product of high salinity fluids. Miner. Depos. 38, 715–726. doi:10.1007/s00126-003-0363-2
81

Wanhainen, C., Kontturi, M., Martinsson, O., 2003. Copper and gold distribution at the Aitik
Deposit, Gällivare Area , Northern Sweden 112, 260–267. doi:10.1179/0371745032250112
Wright, B., Carroll, T., Flanagan, M., Sua, T., Dijken, B. Van, 2013. BHP Billiton West Australian
Iron Ore Geometallurgy – Past, Present and Future, in: The Second AUSIMM International
Geometallurgy Conference / Brisbane, QLD, 30 September - 2 October 2013. pp. 105–110.

82

Appendix 2.3 Link to the full description of the map of the geometallurgical programs
The full version of the Appendix is placed as a web based document at:
http://staff.www.ltu.se/~viklis/Licentiate%20thesis_appendices/Licentiate%20thesis_appendix_Geo
metallurgical%20data%20base/Licentiate__text_appendix_v1.docx
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Appendix 3 Concentrate quality prediction – traditional approach

Four models are presented here:
2 - Mining method: Stock piling; deployment method: statistical;
4 - Mining method: Stock piling; deployment method: nearest neighbour;
6 - Mining method: Open pit; deployment method: statistical;
8 - Mining method: Open pit; deployment method: nearest neighbour;
Appendix 3.1 Error for 10 tertiary samples, [%]

mean
mean
mean
mean
median
median
median
median
max
max
max
max
std
std
std
std

Model
2
4
6
8
2
4
6
8
2
4
6
8
2
4
6
8

Concentrate tonnage
16.20
14.44
15.87
14.40
11.26
6.92
11.01
6.42
176.13
191.33
176.13
191.33
13.99
17.66
14.77
18.61

Fe
0.34
0.32
0.39
0.35
0.28
0.19
0.30
0.19
7.02
7.18
7.02
7.18
0.36
0.40
0.43
0.45

Si
43.20
25.81
46.18
27.11
40.84
21.05
42.17
21.29
261.08
233.76
261.08
233.76
33.96
22.88
39.75
25.33

Al
12.23
8.35
12.57
8.38
11.94
6.60
12.36
6.50
49.06
41.41
49.06
41.41
7.34
6.93
7.41
7.04

Ca
65.07
41.51
81.21
43.00
41.28
32.36
43.93
33.14
1,480.64
407.99
1,480.64
407.99
150.86
37.10
196.32
41.17

P
229.13
48.20
234.93
50.15
106.59
36.16
113.28
38.17
3,015.08
531.56
3,015.08
531.56
257.59
45.57
261.87
49.02

Fe recovery
5.00
4.59
5.43
4.88
3.64
2.72
3.80
2.66
101.32
97.24
101.32
97.24
5.32
6.20
6.14
6.85

P
146.12
58.98
170.52
63.41
66.86
46.30
73.83
46.16
2,331.74
661.38
2,331.74
661.38
262.31
71.56
327.07
88.95

Fe recovery
3.14
4.01
3.38
4.22
2.44
2.01
2.51
1.84
89.34
94.73
89.34
94.73
3.47
5.46
4.12
6.20
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mean
mean
mean
mean
median
median
median
median
max
max
max
max
std
std
std
std

Model
2
4
6
8
2
4
6
8
2
4
6
8
2
4
6
8

Concentrate tonnage
10.48
14.52
10.27
13.99
6.26
7.24
6.00
6.88
175.14
179.25
175.14
179.25
11.93
15.08
12.71
15.78

Fe
0.33
0.29
0.36
0.31
0.21
0.18
0.22
0.18
7.06
7.15
7.06
7.15
0.36
0.38
0.42
0.44

Si
39.80
22.77
40.74
24.41
33.12
17.23
33.63
16.75
426.85
216.61
256.83
216.61
34.28
25.87
35.87
31.64
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Al
9.21
7.73
9.29
7.47
7.74
5.50
7.86
5.23
48.19
44.42
48.19
42.64
6.69
6.87
6.74
6.76

Ca
54.12
48.63
70.22
53.34
27.18
38.18
28.23
37.80
1,595.18
645.57
1,595.18
645.57
161.98
66.29
211.82
84.27
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mean
mean
mean
mean
median
median
median
median
max
max
max
max
std
std
std
std
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2
4
6
8
2
4
6
8
2
4
6
8
2
4
6
8

Concentrate tonnage
12.43
13.87
12.39
12.77
9.76
7.19
9.25
6.42
161.30
213.99
161.30
213.99
11.66
14.56
12.39
14.68

Fe
0.26
0.27
0.30
0.29
0.21
0.21
0.22
0.20
7.18
7.32
7.18
7.32
0.32
0.33
0.39
0.40

Si
27.87
19.41
32.28
18.71
17.24
14.06
17.85
13.21
341.73
186.88
341.73
186.88
40.23
18.33
50.28
19.44

Al
8.41
8.45
8.73
7.78
7.05
6.21
7.26
5.71
49.41
48.80
49.41
47.72
6.20
7.30
6.53
6.91

Ca
56.60
43.82
72.87
41.75
27.98
38.04
28.56
36.49
1,654.77
256.92
1,654.77
256.92
168.02
32.85
219.77
32.72

P
64.87
61.99
74.23
57.31
36.54
44.93
38.34
43.11
851.59
780.42
688.51
780.42
94.07
63.14
112.71
58.80

Fe recovery
3.33
3.40
3.58
3.55
2.53
2.12
2.68
1.92
83.38
103.03
83.38
103.03
3.25
4.48
3.75
5.27
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mean
mean
mean
mean
median
median
median
median
max
max
max
max
std
std
std
std
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2
4
6
8
2
4
6
8
2
4
6
8
2
4
6
8

Concentrate tonnage
9.12
13.08
8.89
12.12
4.74
8.40
4.54
7.39
161.59
160.23
161.59
160.23
11.46
13.20
12.12
13.28

Fe
0.22
0.27
0.26
0.28
0.15
0.18
0.16
0.18
7.01
6.46
7.01
6.46
0.29
0.32
0.37
0.38

Si
35.65
25.45
40.54
27.15
30.25
19.60
32.94
18.90
341.41
288.63
341.41
288.63
38.79
31.49
48.14
39.27
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Al
8.76
8.74
9.11
8.25
7.37
6.03
7.57
5.68
47.78
49.09
47.78
47.25
6.53
7.74
6.90
7.46

Ca
68.84
45.97
91.12
54.44
33.67
28.09
36.69
29.20
2,085.74
973.17
2,085.74
973.17
211.70
98.81
276.79
127.51

P
80.52
59.56
87.20
68.00
49.04
34.13
50.59
35.68
850.29
1,019.98
850.29
1,019.98
99.92
111.85
113.12
140.05

Fe recovery
2.79
3.27
3.09
3.38
2.11
2.18
2.19
1.97
91.38
84.74
91.38
84.74
3.43
4.34
4.16
5.02
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mean
mean
mean
mean
median
median
median
median
max
max
max
max
std
std
std
std

Model
2
4
6
8
2
4
6
8
2
4
6
8
2
4
6
8

Concentrate tonnage
9.25
13.24
8.98
11.97
5.98
5.74
5.80
4.90
153.19
187.52
153.19
187.52
10.26
14.54
10.80
14.41

Fe
0.25
0.25
0.29
0.27
0.19
0.18
0.21
0.17
6.75
7.17
6.75
7.17
0.30
0.32
0.37
0.38

Si
23.77
17.32
26.86
16.03
15.81
12.44
16.49
11.41
242.42
110.06
242.42
110.06
29.35
15.79
36.10
15.18
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Al
8.05
7.72
8.26
6.96
6.70
5.40
6.79
4.90
48.02
48.80
48.02
47.72
6.18
7.17
6.41
6.67

Ca
66.95
43.40
88.30
40.57
33.35
37.13
35.49
35.25
2,062.40
261.00
2,062.40
261.00
209.04
33.67
273.55
31.47

P
81.09
62.59
90.26
57.12
53.85
45.25
56.76
42.93
824.19
431.89
795.95
431.89
100.53
60.70
117.64
54.79

Fe recovery
2.73
3.15
2.97
3.26
2.25
1.60
2.35
1.45
86.97
96.97
86.97
96.97
3.00
4.44
3.65
5.15

mean
mean
mean
mean
median
median
median
median
max
max
max
max
std
std
std
std

1
3
5
7
1
3
5
7
1
3
5
7
1
3
5
7

Model

Concentrate
tonnage
59.22
10.78
61.56
10.74
31.91
8.33
32.13
8.35
775.20
160.23
775.20
160.23
74.64
10.32
77.91
10.61
34.10
0.32
37.99
0.35
0.24
0.21
0.28
0.23
357.83
6.63
355.88
6.63
65.74
0.35
68.51
0.38

Mgt
112.17
42.06
131.69
50.46
76.15
24.93
84.88
26.49
1,717.45
924.57
1,683.27
924.57
168.19
77.59
200.71
93.02

Ab
27.95
21.14
31.11
23.05
20.09
14.54
23.05
15.27
136.40
157.43
136.40
157.43
25.13
22.59
27.64
24.42

Bt
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56.14
32.60
62.06
38.15
37.20
19.09
41.42
19.73
388.37
552.66
388.37
552.66
50.94
59.96
56.53
75.65

Amp
865.24
55.15
1,049.63
65.63
49.96
30.66
52.26
31.58
29,890.4
1,077.75
29,890.4
1,077.75
2,653.57
115.98
3,156.57
148.28

Ap

Mgt
recovery
36.97
3.17
41.04
3.47
2.24
1.93
2.53
2.07
512.53
82.05
512.53
82.05
69.19
3.90
72.27
4.37
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Fe calculated
34.06
0.31
37.94
0.34
0.25
0.20
0.29
0.22
357.03
6.40
354.94
6.40
65.64
0.34
68.41
0.37

Four models are presented here:
1 - Mining method: Stock piling; deployment method: statistical;
3 - Mining method: Stock piling; deployment method: nearest neighbour;
5 - Mining method: Open pit; deployment method: statistical;
7 - Mining method: Open pit; deployment method: nearest neighbour;

Appendix 4 Concentrate quality prediction – mineralogical approach

Si calculated
43.01
22.25
46.12
25.82
34.25
14.43
39.97
15.23
266.36
315.62
266.36
315.62
33.18
32.59
35.21
40.63

Fe calculated
recovery
34.06
0.31
37.94
0.34
0.25
0.20
0.29
0.22
357.03
6.40
354.94
6.40
65.64
0.34
68.41
0.37

mean
mean
mean
mean
median
median
median
median
max
max
max
max
std
std
std
std

Model Concentrate tonnage
1
8.89
3
10.08
5
9.58
7
9.65
1
3.11
3
6.14
5
3.39
7
5.53
1
179.86
3
131.09
5
179.86
7
131.09
1
12.14
3
10.95
5
13.42
7
11.40
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Mgt
Ab
Bt
Amp
Ap
Mgt recovery Fe - calculated Si - calculated Fe calculated recovery
0.32
48.25
25.60 26.44
57.67
4.78
0.32
13.35
0.32
0.24
42.91
31.16 22.02
52.31
2.44
0.23
23.38
0.23
0.35
60.19
26.61 29.22
68.02
5.36
0.35
15.06
0.35
0.27
45.70
30.99 23.42
55.45
2.68
0.26
23.96
0.26
0.19
23.80
21.06 26.81
30.29
1.91
0.19
9.34
0.19
0.16
26.72
29.49 13.98
34.74
1.59
0.16
19.81
0.16
0.22
26.05
22.38 27.61
33.03
2.05
0.22
9.60
0.22
0.16
27.02
29.66 14.25
35.60
1.57
0.15
19.39
0.15
6.43 1,025.41 226.79 305.35 751.65
103.56
6.19
152.95
6.19
6.54 1,061.40 144.13 629.31 1,133.19
77.24
6.34
371.91
6.34
6.43 942.89 226.79 305.35 751.65
103.56
6.19
152.95
6.19
6.54 1,061.40 144.13 629.31 1,133.19
77.24
6.34
371.91
6.34
0.36 107.38
22.26 26.38
97.31
7.35
0.36
15.96
0.36
0.32
69.77
21.25 29.08
64.93
3.65
0.31
18.94
0.31
0.41 132.55
22.34 32.10
117.59
8.10
0.41
19.54
0.41
0.38
75.46
21.86 32.31
73.88
4.39
0.37
20.81
0.37
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mean
mean
mean
mean
median
median
median
median
max
max
max
max
std
std
std
std

Model Concentrate tonnage
1
5.79
3
10.71
5
6.67
7
10.12
1
3.09
3
7.35
5
3.44
7
6.81
1
164.15
3
160.43
5
164.15
7
160.43
1
8.15
3
10.01
5
9.82
7
10.17
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Mgt
Ab
Bt
Amp
Ap
Mgt recovery Fe - calculated Si - calculated Fe calculated recovery
0.29
50.72
21.29 28.81 57.81
2.12
0.27
21.92
0.27
0.26
37.08
20.22 24.50 50.67
2.56
0.25
18.51
0.25
0.32
63.20
22.35 34.58 66.14
2.45
0.31
24.78
0.31
0.29
41.40
20.93 26.24 51.84
2.79
0.28
19.63
0.28
0.17
22.61
15.59 21.12 38.00
1.42
0.16
18.69
0.16
0.21
20.92
15.97 15.75 39.99
1.87
0.20
13.68
0.20
0.19
24.41
16.89 22.30 43.90
1.48
0.18
20.05
0.18
0.22
21.20
15.99 15.62 40.52
1.88
0.21
13.17
0.21
7.19 1,074.35 184.98 618.26 739.45
86.19
6.94
223.86
6.94
7.06 978.90 100.34 554.25 953.22
87.43
6.83
272.11
6.83
7.19 990.27 184.98 618.26 739.45
86.19
6.94
223.86
6.94
7.06 978.90
96.71 554.25 938.49
87.43
6.83
272.11
6.83
0.36 113.03
19.96 55.51 79.70
3.41
0.35
24.08
0.35
0.30
71.54
17.74 38.58 56.82
3.36
0.29
21.97
0.29
0.42 138.21
20.24 71.71 95.97
4.30
0.41
30.13
0.41
0.36
83.26
18.87 45.83 63.98
4.08
0.35
26.46
0.35
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mean
mean
mean
mean
median
median
median
median
max
max
max
max
std
std
std
std

Model Concentrate tonnage
1
13.31
3
9.29
5
12.35
7
8.85
1
3.16
3
5.58
5
3.13
7
5.38
1
172.72
3
117.71
5
172.72
7
117.71
1
18.41
3
10.00
5
17.43
7
10.09

Mgt
0.26
0.21
0.29
0.23
0.16
0.16
0.18
0.16
7.12
6.79
7.12
6.79
0.34
0.27
0.39
0.34

Ab
48.55
49.65
59.20
58.49
22.12
28.72
23.92
29.89
1,073.77
1,055.87
1,003.10
1,055.87
99.69
107.51
118.65
131.95

Bt
18.88
18.76
19.59
19.24
13.79
14.89
14.31
14.86
143.89
125.04
143.89
123.62
18.01
15.92
18.39
16.78

Amp
19.15
22.12
23.38
25.65
10.83
11.92
11.18
11.93
465.96
638.34
465.96
638.34
44.53
49.85
57.12
62.97
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Ap
Mgt recovery Fe - calculated Si - calculated Fe calculated recovery
49.54
1.78
0.25
17.31
0.25
50.01
2.03
0.20
17.66
0.20
55.34
2.03
0.28
19.63
0.28
54.84
2.26
0.22
19.65
0.22
32.77
1.09
0.16
13.81
0.16
31.86
1.31
0.15
12.10
0.15
36.11
1.08
0.17
14.42
0.17
32.52
1.30
0.16
11.74
0.16
1,072.14
84.69
6.89
185.96
6.89
1,040.82
78.18
6.58
343.79
6.58
1,010.80
84.69
6.89
185.96
6.89
1,040.82
78.18
6.58
343.79
6.58
65.70
3.24
0.33
20.88
0.33
78.13
3.16
0.27
27.67
0.27
73.11
4.11
0.38
26.29
0.38
95.96
3.91
0.33
35.14
0.33

Appendix 4.4 Error for 75 tertiary samples, [%]

mean
mean
mean
mean
median
median
median
median
max
max
max
max
std
std
std
std

Model
1
3
5
7
1
3
5
7
1
3
5
7
1
3
5
7

Concentrate tonnage
7.68
9.55
8.14
8.83
2.62
4.73
2.65
4.42
165.01
164.46
165.01
164.46
10.20
11.05
11.36
10.93

Mgt
0.24
0.24
0.27
0.25
0.15
0.16
0.16
0.16
6.92
7.20
6.92
7.20
0.32
0.31
0.38
0.36

Ab
40.44
44.61
42.89
51.98
28.87
23.74
32.22
23.36
611.62
1,055.87
611.62
1,055.87
40.97
99.57
43.64
122.67

Bt
22.79
22.85
23.48
22.63
18.34
18.48
19.02
18.02
189.74
132.86
189.74
124.84
20.18
18.36
20.34
18.79

Amp
19.19
26.92
23.00
28.31
12.48
11.87
13.14
11.37
435.31
696.87
435.31
696.87
40.30
53.43
51.48
63.34
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Ap
46.12
59.81
50.25
61.67
30.70
38.42
33.07
38.49
937.27
1,167.75
935.03
1,167.75
60.94
82.80
64.75
96.28

Mgt recovery
2.07
2.28
2.36
2.37
1.33
1.32
1.34
1.23
86.37
89.86
86.37
89.86
3.38
3.34
4.25
4.02

Fe - calculated
0.24
0.24
0.26
0.24
0.15
0.16
0.16
0.16
6.68
6.97
6.68
6.97
0.31
0.30
0.37
0.35

Appendix 4.5 Error for 100 tertiary samples, [%]
Si - calculated
16.07
19.11
17.51
20.19
14.89
11.73
15.32
11.20
168.27
309.00
168.27
309.00
12.58
27.86
15.19
34.35

Fe calculated recovery
0.24
0.24
0.26
0.24
0.15
0.16
0.16
0.16
6.68
6.97
6.68
6.97
0.31
0.30
0.37
0.35
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THE GEOMETALLURGICAL FRAMEWORK. MALMBERGET
AND MIKHEEVSKOYE CASE STUDIES
Viktor LISHCHUK*, Pierre-Henri KOCH, Cecilia LUND, Pertti LAMBERG
Luleå University of Technology, SE-971 87 Luleå, Sweden
Abstract: Geometallurgy is a growing area within a mineral processing industry. It brings together tasks
of geologists and mineral processing engineers to do short and medium term production planning. However, it is also striving to deal with long term tasks such as changes in either production flow sheet or
considering different scenarios.
This paper demonstrates capabilities of geometallurgy through two case studies from perspective of Minerals and Metallurgical Engineering division Lulea University of Technology. A classification system of
geometallurgical usages and approaches was developed in order to describe a working framework.
A practical meaning of classification system was proved in two case studies: Mikheevskoye (Russia) and
Malmberget (Sweden) projects. These case studies, where geometallurgy was applied in a rather systematic way, have shown the amount of work required for moving the project within the geometallurgical
framework, which corresponds to shift of the projects location within the geometallurgical classification
system.
Keywords: geometallurgy, classification, proxies, mineralogy, case study, Malmberget, Mikheevskoye

1. WHAT IS GEOMETALLURGY?
A classical approach to model a deposit is to derive metal grades from chemical
assays and build a 3D block model that includes geology and metal grades. However,
the complexity of ores and deposits is increasing over the years and a need for enhanced models has emerged. In recent years several authors have proposed different
definitions, all based on the close interaction between geology, mineral properties and
_________
* Corresponding author: Viktor Lishchuk, viktor.lishchuk@ltu.se
doi: 10.5277/ms150206
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behaviour of a feed in metallurgical operations (McQuiston and Bechaud, 1968; Vann
et al., 2011). While the approach in itself is not new, recent advances in automated
mineralogy, data processing and comminution testing have made it feasible in practice
(Lamberg and Lund, 2012; Schouwstra et al., 2013).
Geometallurgy is a multi-disciplinary science that aims at integrating geology,
mineralogy, mineral processing and metallurgy to build a spatially-based model for
production management that quantitatively predicts:
x quality of concentrates and tailings,
x metallurgical performance, like metallurgical recoveries and throughput,
x environmental impact such as fresh water usage for tons produced.
To achieve these goals, a unified framework is needed to guide the practical work
needed.
2. GEOMETALLURGICAL USAGE AND APPROACHES CLASSIFICATION
The data structuring and data modelling in geometallurgy heavily depend on geometallurgical approach used in the mine and final purpose of geometallurgy. When
developing a geometallurgical program, i.e. industrial application of geology, one
should have clear vision how this information will be used. To benchmark different
geometallurgical programs we have developed a two dimensional classification system. The first dimension of the classification system is the type of geometallurgical
approach and the second dimension is the depth of usage of geometallurgy (Fig. 1).

Fig. 1. Selected mines arranged in classification matrix
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2.1. GEOMETALLURGY APPROACHES

The geometallurgical programs are divided in three approaches: traditional, proxies, mineralogical.
In traditional approach the metallurgical response of an ore in the mineral processing plant is calculated from the normal (chemical) assays using mathematical
functions, which are often called as recovery functions. The functions are developed
using variability testing and statistical analysis to define the correlation between the
metallurgical response andfeed properties (i.e. chemical composition).
Proxies approach uses geometallurgical tests for large number of samples. The
geometallurgical test is a small scale test which indirectly measures the metallurgical
response. Normally the geometallurgical test results must be converted with certain
correction factors to give estimate on the metallurgical results of plant. Examples of
geometallurgical tests are Davis tube (Niiranen and Böhm 2012), Minnovex crusher
index test (Kosick et al., 2002).
Continuous and systematic collection of quantitative mineralogical information is
the main characteristic of the mineralogical approach in geometallurgy. An example
how mineralogy can bridge geological model to model of mineral processing plant
(Figs. 1, 2) is work done by Lamberg (2011) and Lund (2013).

Fig. 2. Role of particles in proposed geometallurgical approach (Lamberg, 2011, modified)

2.2. GEOMETALLURGY USAGES

Depth of usage in geometallurgy means how the geometallurgical data is used in
the mine:
0. None (neither usage nor collection of geometallurgical data);
1. Collecting data (geometallurgical data is collected but not used);
2. Visualizing data (the variation within the ore body);
3. Defining production constraints (for example, cut-off grade);
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4. Forecast production;
5. Making changes in process based on feed quality (changes are made in the process beforehand with the knowledge of geometallurgy);
6. Production planning;
7. Applying different production scenarios (geometallurgical data is used to make
large scale decision of the future; e.g. when to invest, what alternative technologies is
selected etc.).
The deeper the level of geometallurgy is, the deeper integration and cooperation
between involved parts of the mineral production chain (geology exploration and production, mining, processing, sales etc.) are.
3. CASE STUDIES
3.1. MIKHEEVSKOYE

The Mikheevskoye geometallurgical model was developed by Lishchuk (2014).
The aim of the study was to find a way for improving performance of the mineral
processing plant through the better understanding of the variation in the ore body and
mine planning of Cu-porphyry deposits. The aim of the study was reached by including information on hydrothermal alteration zoning in geological block modelling and
geometallurgical zonality in estimates on operational costs.
The Mikheevskoye deposit is located in Chelyabinsk region, Russian Federation
on the territory of the Varna municipality on the border with Kartaly municipality.
The ore reserves of the Mikheyevsky deposit within the outlines of an initially
planned open pit mine were approved by the State Commission for Mineral Reserves
in July 2010 in an amount of 352 million tonnes (Mt) of categories A+B+C1+C2
(more about Russian resource and reserve categories could be found Henley, S., 2004)
with an average copper content of 0.41% (Beloshapkov, 2012). Mikheevskoye could
be considered as a greenfield project and commissioning was planned in 2013-2014.
The Mikheevskoye deposit demonstrates a typical alteration-mineralization zoning
pattern for porphyry Cu deposits (Sillitoe, 2010). Zoning pattern forms a shape of a
shell (Sillitoe, 1973). Alteration zones of Miheevskoye consist of the inner potassic
and outer propylitic alteration zones. The zones of phyllic and argillic (clay rock)
alteration are the part of the zonal pattern between the potassic and propylitic zones.
Copper mineralization occurs as chalcopyrite and bornite dissemination within the
host lithology. Ore zones of the Mikheevskoye deposit have locally outlined, sometimes not well defined vertical mineral zonality (ore stratification) from the top to the
bottom:
x The top layer consists of the shallow Cenozoic rocks (soil),
x Laterite zone (also known as supergene or oxidized zone Ǧ oxidized ore),
x Intermediate (oxidized/ cemented) zone Ǧ transitional (mouldy) ore,
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x Hypogene (fresh) zone Ǧ sulphide (rocky) ore.
Initially, Mikheevskoye project did not have any geometallurgical model and the
collected geological data had little use for mineral processing planning (level 0).
Therefore, a project to develop a geometallurgical model was the set for the Mikheevskoye project. Two scenarios were evaluated for the project: the head grade based and
geometallurgical based. The head grade scenario assumed that mine planning and feed
quality would be forecasted based on ore metal grade. The geometallurgical based
scenario assumed predictions based on geometallurgical domains. The geometallurgical domains were established for the ore zones which would behave homogeneously
in the beneficiation process. The following objectives (Table 1) were formulated for
the head grade scenario and geometallurgical program based on ideas developed in
Lamberg, (2011).
Table 1. Objectives of the head grade and geometallurgical program scenarios
Head grade scenario
Geometallurgical program scenario
Investigation of feed quality needs of concentrator process (comminution and flotation departments
usually have different needs)
Collect up-to-date geological information about the deposit
Conduct sampling campaign
Collect up-to-date topographic data from surveying
Model zonality of the ore body based on
Model zonality of the ore body based on process
commodity grade
behaviour of different ore types
Run open pit optimization
Develop optional open pit design based on
Develop optional open pit design based on ore
commodity grade
zonality
Develop mining plan and extraction schedule
Estimate cost efficiency of the proposed solution

Application of the geometallurgical approach requires to link metallurgical and
geological parameters. Williams and Richardson (2004) suggested using parameters
listed in Table 2.
Table 2. Linkage between geological and metallurgical factors after Williams and Richardson (2004)
Geological/mineralogical
factor

Ore property

Rock type
Ore assemblage

Hardness
Solubility, hardness

Alteration
Faulting
Metamorphism

Clays, hardness
Clays, oxidation
Clays, hardness

Grinding
X
X

Metallurgical output
Flotation
Dewatering
X

X

X
X

X
X
X

X
X
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Mineral processing flow sheet suggested that hardness, oxidation and presence of
magnetite were the most crucial parameters for the process performance. Some permutation of these parameters resulted in 13 geometallurgical domains and are presented in Table 3.
Table 3. Geometallurgical domains suggested for Mikheevskoye mine
Cut-off 0.2% Cu
Outside
Inside
Inside
Inside
Inside
Inside
Inside
Inside
Inside
Inside
Inside
Inside
Inside

Hardness
Hard
Hard
Hard
Hard
Very hard
Very hard
Very hard
Very hard
Extremely hard
Extremely hard
Extremely hard
Extremely hard

Magnetite
Not relevant

Oxidation

X
X
X

X
X

X
X

X
X

X
X

X

Code
1
2
3
4
5
6
7
8
9
10
11
12
13

Two mining scenarios were calculated based on the metal grade and geometallurgical domains. The metal grade scenario assumed that the ore would be extracted by
metal grade and the processing cost would be constant for each block. Geometallurgical domained approach assumed ore extraction by domains, which implies variable
processing cost for different domains. Discretization of the mining schedule was done
with one year frequency for the next five years.
Since the result of research was not used in production planning, this project was
classified as visualization usage of geometallurgy (level 2, Fig. 1) and approach as
traditional. It was also predicted that geometallurgical approach could potentially
decrease the payback period for the project by 1.5 years and significantly increase the
net present value.
3.2. CASE STUDY – MALMBERGET

Lund (2013) developed a geometallurgical framework established in three steps
using the Malmberget iron ore deposit, northern Sweden, as a case study.
Malmberget deposit is a major iron ore source operated by LKAB located close to
Gällivare in northern Norrbotten, Sweden. At the end of 2014, approximately 680 Mt
of crude ore have been produced in open pits and underground workings and the reserves were estimated to 288 Mt with 42.1% Fe (LKAB, 2013).
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The deposit consists of more than 20 sub-vertical ore bodies of hematite and
magnetite occurring as massive lenses surrounded by an extensive brecciation. The
origin is intensively debated and one of the prevailing theories is that the massive ore
is formed as magmatic intrusions with the iron-enriched magma or high temperature
hydro-thermal fluids circulation at 1.88-1.90 gigaannus (Geijer, 1930; Romer et al.,
1994). The breccia (semi-massive) ore is suggested to have been formed by lowtemperature hydro-thermal processes (Martinsson, 2004).
Lund (2013) showed that the reason behind the magnetite-hematite partition of the
deposit might be oxidation of magnetite into hematite following an easterly to westerly direction.
The initial work focused on building the geological model in a geometallurgical
context based on mineralogical characterization. This was done in several steps:
1. Ore characterization: gather chemical and mineralogical information on the
ore and host rocks, as well as study their variations within the ore bodies
2. Quantification of mineralogy and textural information:
a. Use chemical assays and element to mineral conversion (EMC) to
evaluate mineral grades.
b. Use optical microscopy and scanning electron microscopy (SEM) to
evaluate the grain size (not particle size) of minerals. The association
index (AI) and liberation data were used to build textural archetypes.
3. Definition of geometallurgical ore types (GEM-types): combine mineral
grades and textural information to build GEM-types
4. Study comminution related to textural information: perform simple rock
mechanics test and small-scale comminution tests to build a particle
breakage model (establish liberation degree by size fraction). The particle
breakage model follows the structure.
5. Test the applicability of the results using a metallurgical unit model: After
converting un-sized modal composition to liberation distribution using textural archetypes (particle tracking algorithm based on Lamberg and Vianna, (2007), a one-step dry magnetic separation (cobbing) was used.
Steps 1 to 3 yielded 6 different GEM-types for the Fabian and Prinzsköld ore bodies (Lund, 2013) and 5 textural archetypes. Step 4 gives an overall size distribution
model, several lab-scale models linking mineralogy, comminution and limited liberation data, and provided classification into several grindability-liberation classes
(Koch, 2013). Finally, Step 5 allowed validating the approach within a 2% error limit.
These results validate the mineralogical approach to geometallurgy and indicate that,
even with a limited number of samples and tests, it could be used to obtain geometallurgical parameters for the block model.
The approach in the Malmberget model is mineralogical and it enables production
forecasting (level 4, Fid. 1).

64

Viktor LISHCHUK, Pierre-Henri KOCH, Cecilia LUND, Pertti LAMBERG
3.3. DISCUSSION

Two case studies, Mikheevskoye and Malmberget, where geometallurgy was applied were reviewed in this paper. The purpose of these reviews was to show some
capabilities and practical use of geometallurgy. Both case studies were initially at a
low level of geometallurgy usage of. The low level of geometallurgy corresponded
also to low predictability of production in these case studies.
The case studies demonstrate:
x With the right characterization and tests, even with limited samples, we can
acquire quantitative information regarding the ore (hardness, modal mineralogy, grain size, degree of liberation and association index.
x Understanding on the behaviour of minerals and particles (of different sizes,
modal mineralogy and texturesin the beneficiation process is critical for
creating reliable process model.
x Linking the information above enables to build a geometallurgical block
model and use it as a production planning tool.
4. CONCLUSIONS
A modern mining industry faces new challenges which were not common several
decades ago. Decreased ore grades, increased variability within ore body and highly
fluctuating commodity prices have higher impact on the projects profitability and
thus, require more accurate short and long term planning. One of the possible solutions for this is implementation of geometallurgy. Geometallurgy is instrument which
allows connecting geological and mineral processing information for a predictive
model to be used in short and medium term planning.
Geometallurgy has to cover all parts of mining production chain and take into account connections which exist between all production stages. Thus, more detailed and
uniform descriptions of ore recourses, plant feed and process streams are required.
Therefore, a two dimensional classification system of the geometallurgical approaches and usages was developed. This classification system was used to analyse typical
geometallurgical data structure and applied over studied case studies. The practical
use of this classification system becomes obvious when there is a need to either
change geometallurgical approach (i.e., traditional, proxies, mineralogical) or go to
the deeper level of the usage of geometallurgy. Information shown in Fig. 1 can also
be used for benchmarking.
The potential impact of the geometallurgical program on production management
was shown in two case studies: Mikheevskoye (Russian Federation) and Malmberget
(Sweden). The result has proved to bring significant improvement in predictability of
the feed quality and processing performance. For example, successful implementation
of geometallurgical program in Mikheevskoye potentially decreases the payback peri-
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od by 1.5 years. Both of these case studies were developed under the strong impact of
research ideas and scientific approaches of the MiMeR (Mineral processing) division
of the Lulea University of Technology (Sweden).
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Classification of geometallurgical programs based
on approach and purpose
Lishchuk V., Lamberg P., Lund C.
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Luleå University of Technology, Sweden
Abstract. Geometallurgy is a rapidly developing holistic
approach for combining geological and metallurgical
information for production management purposes in
mining operations. The industrial application of
geometallurgy is called a geometallurgical program and
one of the largest challenges within geometallurgical
programs is to select appropriate methods for resource
characterization. Aim of such characterization is the
prediction of metallurgical performance of different ore
types and geometallurgical domains with the required
accuracy.
More than 25 geometallurgical programs from mining
operations around the world were reviewed and a
classification system developed with aim to clarify how
geometallurgy is used and what methods are applied.
The result is summarized as a two-dimensional
classification which illustrates what geometallurgical
approaches are used and how collected data is applied.
In addition the proposed classification system gives a
perspective of what are the minimum requirements for a
geometallurgical program at different levels of
application and who are the main participants that
should be engaged in a geometallurgical program. The
classification system can also be used as a reference
system for benchmarking of different geometallurgical
endeavours.
Keywords. Geometallurgy, data model, classification,
geometallurgical program, traditional approach, proxies
approach, mineralogical approach.

1. Introduction
Geometallurgy has primarily emerged as a team-based
approach (Bayraktar 2014) combining geological and
metallurgical information for production management
(Lamberg 2011). Application of geometallurgy is
usually justified by high variability within the ore body
(e.g., Kojovic et al. 2010; Williams 2013). Global
decrease of mineral grades (Curry et al. 2013) and
commodity price fluctuations contribute to the
increasing demand for geometallurgy.
The implementation of geometallurgy at a mining
project relies on the development of geometallurgical
models first and then conducting a geometallurgical
program. A geometallurgical program provides
comprehensive knowledge of the geological variation
within an ore body and how such variability affects the
processing properties of the ore. If metallurgical
variation is not considered, the utilization of the ore
body remains deficient, whereas properly applied
geometallurgy improves overall ore utilization results
and lowers operational risks.

This paper reviews the approaches and aims of
geometallurgical programs that are currently being
carried out by industry in Europe, Africa (Fig. 1) and
introduces a classification system. The classification
system was developed as basis for benchmarking
geometallurgical
programs
qualitatively
and
quantitatively. The aim for the classification system was
to analyse the data structure and identify different ways
to link geological information with metallurgical
responses. Such approach will help to identify gaps in
the methods applied in geometallurgy and thus show
areas where development is needed.

2. Survey
An on-line survey was developed in order to collect
information on geometallurgical programs and models
used in different mines. The survey was sent globally to
industry representatives and in addition data was
collected through literature survey.
In addition to basic information such as deposit type,
commodities and production volumes, survey was
asking about the level of geometallurgical program,
depth of implementation of the geometallurgical
information and application of the collected
geometallurgical data in details. A total of 27 cases were
collected and used to develop the classification system
described below.

3. Classification system
The classification system aims to answer two important
questions regarding geometallurgical program in a
mine:
x What type of data is used (approach)?
x How data is used (application)?
The two-dimensional classification system covering
approach and depth of application is visualized in the
table shown in Figure 1.
3.1. Geometallurgical Approaches
The type of approach is defined by the type of data used
in the geometallurgical program. Based on survey three
different geometallurgical approaches could be
distinguished: traditional, proxies, mineralogical.
In the traditional approach chemical assays form the
basis of the program. Metallurgical response is
calculated from the chemical composition of the ore
collected by chemical assays. Simple recovery functions

are used for this purpose, i.e. metal recovery is a
function of chemical composition of the ore. Traditional
approach is common for commodity types where grades
are high. It is also a common method for the early stages
of the mining projects, i.e. pre-feasibility study,

3.2. Depth of application of Geometallurgy

Depth of application is defined by how geometallurgical
data is used in production management. Based on the
survey eight levels were identified:
0. None
–
no
geometallurgical data is
collected
and
neither
geometallurgical program
nor geometallurgical model
exists.
1. Collecting data – the
geometallurgical data is
collected
systematically;
however, it is not used for
any production planning
purposes or visualization of
the information.
2. Visualization – the
variability within the ore
body is visualized based on
the
collected
geometallurgical data.
3. Defining production
constraints
Figure 1 Surveyed mines arranged in a classification matrix.
geometallurgical data is
used to define the feed
quality constraints and production limitations for the
feasibility study, mine commissioning. Often the
development of geometallurgical program starts from
process.
4. Forecasting production – geometallurgical data is
traditional approach.
used to forecast production.
Proxies approach uses geometallurgical tests to
5. Making changes in process based on feed quality –
characterize the metallurgical behaviour of ore in
geometallurgy is used to plan changes to the process
processing stages. Examples of geometallurgical tests
based on future variations in the feed.
are Davis tube (Niiranen & Böhm 2012) and Minnovex
6. Production planning – an accurate production plan
crusher index test (Kosick et al. 2002).
is based on geometallurgical data.
Geometallurgical tests need to be applied early in the
7. Applying different production scenarios –
ore characterization in order to collect information on
decisions regarding investments, selection of alternative
the ore variability (Mwanga et al. 2015). Such tests are
technologies, production interruptions (or production
cheap and rapid, in comparison to laboratory scale
speeding up) are made based on application of
metallurgical tests, and usually they do not require
geometallurgical data.
special equipment. They can be performed on samples
of a small size and should reasonably well correlate
Levels from “zero” to “three” are considered to be
with conventional tests and metallurgical results of the
passive and do not involve any production related
plant (Chauhan et al. 2013).
actions. On the other hand, levels “four” to “seven” are
Mineralogical approach refers to program where
considered to be active and may involve e.g., ore
geometallurgical model (i.e. deposit and process model)
blending, selective mining, changing production
is built largely based on mineralogy. Often this means
flowsheet etc.
that accurate information on modal mineralogy is
needed for the whole ore body (Lamberg et al. 2013).
4. Selected Examples
Thus, mineralogical data has to be quantitative and
collection of information has to be continuous and
To clarify the classification few selected examples are
described: Mikheevskoye (Russia), Kiirunavara
systematic. Lund (2013) and Lamberg (2011) have
(Sweden) and Kemi (Finland) (Fig. 1).
demonstrated how geological model and process model
can be linked using mineralogical information.
4.1. Traditional
approach:
Mikheevskoye
Referring to the approach as traditional, proxies or
porphyry copper mine
mineralogical depends on the traceable element (e.g.,
chemical element, mineral, grain, particle). And thus
Miheevskoye is a copper mine with reserves of
affects the sampling and analysis methods. Sampling
approximately 400.0 million tonnes at 0.4% copper. The
frequency and types of tests used for defining
main ore mineral is chalcopyrite, but bornite is also
metallurgical responses also vary between identified
present. Planned production is about 18.0 million tons
geometallurgical approaches.
of ore annually.

Table 1 The minimum requirements for each application depth level
Depth of application
Collecting data
Visualization
Visualization / Defining
production constraints
Defining production constraints
Defining production constraints /
Forecasting production
Make changes in process based on
feed quality
Production planning

Applying different production
scenarios

Requirements
Geological data structure exists
Geological data model exists
Ore properties stored in a numerical form (Software applied)

Data collected and used
mainly by
Geologists

Ore responses defined in a lab
Processing model in a lab scale
Ore properties stored in a block model (possibility of
domaining)
Processing model exists for separate units/Liberation model
known
Processing model exists for the whole processing chain
Processing data stored in a block model
Production model exists
Production data stored in a block model
Geometallurgical model is used as a part of real-time mining
system
Financial data stored in a block model
Financial model exists and uses geometallurgical data as
input

The mine applies traditional approach in their
preliminary geometallurgical program. The domained
geometallurgical model was established by Lishchuk
(2014) in order to demonstrate the opportunities which
exist within geometallurgy and create conditions for the
reliable feed quality forecast. The model was developed
during the ramp-up stage of the beneficiation plant.
Thirteen geometallurgical ore types were identified by
single copper cut-off of 0.2%, rock hardness, ore
oxidation and magnetite content. The geological block
model and assays of the samples collected from the
freshly blasted blocks were the main sources for
geometallurgical information.
Two alternative mining plan scenarios were
developed and compared for the first five years of
production. The first scenario was based solely on the
head grade and the second one included ore domains.
Scenario based on domains showed higher net present
value than the head grade-based one. This is due to
more accurate prediction of the production costs based
on domains than on head grade.
The developed geometallurgical model would enable
application even on scenario level, but at the moment
the information is used only for visualization purposes.
Although visualization level supports understanding of
the feed variability for processing engineers, but
additional laboratory tests would be required to define
the metallurgical responses before applying the model
on deeper application level. This will become both
feasible and crucial at Mikheevskoye once molybdenum
bearing ore is reached. This will bring up the question
whether the concentrator plant should invest in a new
production line for the production of molybdenum
concentrate. This is clearly a decision where
geometallurgy could lower the risk of unfeasible
solution.
4.2. Proxy approach: Kiirunavaara iron mine
Kiirunavaara is an iron mine with estimated reserve
of 666.0 million tons of ore and up to 69.0% iron grade

Geologists, processing
engineers

Geologists, processing
engineers, mining and
maintenance engineers
Geologists, processing
engineers, mining and
maintenance engineers,
financial specialist

(Niiranen & Böhm 2012). There are five ore types in
Kiirunavaara, which are distinguished by iron and
phosphorous content. Magnetite is practically the only
ore mineral (Niiranen & Fredriksson 2012; Niiranen &
Böhm 2012).
Kiirunavaara started to experience fluctuations of
SiO2 in the ore in 2007 and exploration drilling
predicted increasing SiO2 grade with the depth. This
was forecasted to cause higher SiO2 grade in the Fe
concentrate, too. Therefore, a laboratory scale empirical
method was developed by Niiranen & Böhm (2012) for
predicting SiO2 content of the Fe concentrate. The
method was performed on drill core samples and
included chemical assays, grindability and Davis tube
tests. A predictive model was developed from the
collected data. The model gives an estimate on the total
energy demand of comminution and SiO2 grade of the
Fe concentrate for given ore, based on its chemical
composition (Niiranen & Böhm 2012).
The Kiirunavaara mine currently applies a Proxies
approach by reliance on Davis tube and grindability test;
and geometallurgy is used for defining production
constraints (SiO2 grade).
4.3. Mineralogical approach: Kemi chromite
mine
Kemi chromite mine in Northern Finland started
production already in 1968 and current ore reserves
include 33.0 million tons at 29.0% Cr2O3. Annual mill
capacity is 2.7 million tons of ore. Kemi has two
products. Upgraded lumpy ore with 35.5% Cr2O3 is
produced by dense medium sink-float separation. Fine
concentrate with 45.0% Cr2O3 is produced with gravity
circuit applying spirals. Kemi sends both products to
Tornio steel works for ferrochrome and finally stainless
steel production. Mine and steel works production chain
is integrated and mine needs to fulfil the requirements
of the Tornio works both in product quality and
production amount of the two concentrates.
To answer the short and long term product

requirements of the steel work, Kemi mine developed a
geometallurgical program already in late 1990
(Leinonen 1998). The grain size of chromite varies in
the deposit significantly and that has a large effect on
processing. Therefore chromite grain size is measured in
a systematic way from the drill core samples. Polished
sections are prepared from drill core samples and the
grain size distribution of chromite is determined with
optical microscope image analysis. This information is
fed into the ore block model. The grain size distribution
of chromite is used to estimate how much lumpy ore
and fine concentrate can be produced from the block
and to forecast the expected recovery. Estimation is
based on findings that the particle size after grinding
follows the grain size of the original chromite in the ore.
And that the recovery losses in the gravity separation
are in the fine end (<80 microns) (Lamberg 2011).
In addition, an element to mineral conversion routine
is used to convert elemental analysis by XRF to modal
mineralogy. Modal mineralogy and texture information
are used to create suitable blend for the plant to balance
the production between two concentrates. Furthermore,
certain processing parameters like specific gravity of
dense medium used in the sink-float process get it
setpoint values based on geometallurgical information.
Kemi uses mineralogical approach on a level where
they adjust processing based on geometallurgical data
(level 5 in Fig. 1).

5. Results and discussion
The data collected so far from geometallurgical
programs is limited but some observations can be
preliminary listed. There is a general trend in Fig. 1 that
the deeper level geometallurgical programs use
mineralogical approach. Traditional approach is used in
shallow level and the proxy approach is applied in
between. There is natural explanation for the
observation. Development of geometallurgical program
usually starts by using numerical data which is
systematically collected with high data density; i.e.
chemical assays on the drill core samples. This
information in many cases is defective when developing
metallurgical models since metallurgical response is
related to mineralogy, not chemical composition of the
ore. Therefore when geometallurgical programs go to
higher level the use of mineralogical information
increases.
The number of participants involved in the
geometallurgical program would also change with the
depth of the program (Table 1). The deeper level of
geometallurgy corresponds to the deeper integration and
cooperation between involved parts of the mineral
production chain: i.e. processing plant, geology
(exploration and production), mining, sales etc.

6. Conclusions
The classification system was developed in order to
structure the data within a geometallurgical framework.

The classification was based on geometallurgical
approach and depth of application of the geometallurgy.
Geometallurgical approach was defined by commodity,
metallurgical tests and samples used. Depth of
application was defined by purpose of the
geometallurgy in a particular project.
This classification is a key element of the holistic
vision of the geometallurgical program. It can be used to
benchmark the geometallurgical projects.
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