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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. 
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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: 

 What type of data is used (approach)? 
 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 



Figure 1 Surveyed mines arranged in a classification matrix. 

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, 

feasibility study, mine commissioning. Often the 
development of geometallurgical program starts from 
traditional approach. 

Proxies approach uses geometallurgical tests to 
characterize the metallurgical behaviour of ore in 
processing stages. Examples of geometallurgical tests 
are Davis tube (Niiranen & Böhm 2012) and Minnovex 
crusher index test (Kosick et al. 2002). 
Geometallurgical tests need to be applied early in the 
ore characterization 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 they do not 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). 

Mineralogical approach refers to program where 
geometallurgical model (i.e. deposit and process model) 
is built largely based on mineralogy. Often this 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 geological model and process model 
can be linked using mineralogical information. 

Referring to the approach as traditional, proxies or 
mineralogical depends on the traceable element (e.g., 
chemical element, mineral, grain, particle). And thus 
affects the sampling and analysis methods. Sampling 
frequency and types of tests used for defining 
metallurgical responses also vary between identified 
geometallurgical approaches. 

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 - 
geometallurgical data is 
used to define the feed 

quality constraints and production limitations for the 
process. 

4. Forecasting production – geometallurgical data is 
used to forecast production.  

5. Making changes in process based on feed quality – 
geometallurgy is used to plan changes to the process 
based on future variations in the feed. 

6. Production planning – an accurate production plan 
is based on geometallurgical data. 

7. Applying different production scenarios – 
decisions regarding investments, selection of alternative 
technologies, production interruptions (or production 
speeding up) are made based on application of 
geometallurgical data. 

Levels from “zero” to “three” are considered to be 
passive and do not involve any production related 
actions. On the other hand, levels “four” to “seven” are 
considered to be active and may involve e.g., ore 
blending, selective mining, changing production 
flowsheet etc.  

 
4. Selected Examples 

 
To clarify the classification few selected examples are 
described: Mikheevskoye (Russia), Kiirunavara 
(Sweden) and Kemi (Finland) (Fig. 1). 
 
4.1. Traditional approach: Mikheevskoye 
porphyry copper mine 

 
Miheevskoye is a copper mine with reserves of 

approximately 400.0 million tonnes at 0.4% copper. The 
main ore mineral is chalcopyrite, but bornite is also 
present. Planned production is about 18.0 million tons 
of ore annually. 



Table 1 The minimum requirements for each application depth level 

Depth of application Requirements 
Data collected and used 

mainly by 
Collecting data Geological data structure exists  

Geologists 
Visualization  

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

Visualization / Defining 
production constraints 

Ore responses defined in a lab 

Geologists, processing 
engineers 

Defining production constraints  
Processing model in a lab scale
Ore properties stored in a block model (possibility of 
domaining) 

Defining production constraints / 
Forecasting production 

Processing model exists for separate units/Liberation model 
known 

Make changes in process based on 
feed quality  

Processing model exists for the whole processing chain 
Processing data stored in a block model 

Production planning  
Production model exists 

Geologists, processing 
engineers, mining and 
maintenance engineers 

Production data stored in a block model 

Applying different production 
scenarios  

Geometallurgical model is used as a part of real-time mining 
system 
Financial data stored in a block model Geologists, processing 

engineers, mining and 
maintenance engineers, 
financial specialist

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 

(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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