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ABSTRACT 

The northern Norrbotten ore province is an intensely mineralised area and has traditionally been a very im-

portant mining district. It contains Fe, Cu-Au, Au, and Ag deposits ranging from world-class ore deposits to 

small and uneconomic ones (Martinsson 2004). The most important are the Kiruna and Malmberget iron ores 

and the Aitik Cu-Au deposit.

The cross-discipline approach called geometallurgy connects two different but closely related areas in the 

mining industry, namely geology and mineral processing. It involves understanding and measurements of the 

ore properties significant for its successful processing. Geometallurgy takes both the geological and mineral 

processing information to create a spatially-based (3D) predictive model for product management in mining 

operations (Lamberg, 2011). 

This case study investigates how to establish a geometallurgical model using the Malmberget iron ore deposit 

as a case study. A mineralogical approach (Lamberg 2011) was selected meaning that the focus is on mineralogy, 

and therefore parameters like modal mineralogy, mineral textures, mineral associations, mineral grain sizes and 

their relation to liberation characteristics are important. The main effort is to deliver a geological model which 

gives quantitative rather than descriptive information to be used in a process submodel. 

The ore characterisation (Papers I and II) gives new information on the chemical composition of minerals, 

mineralogical composition of both ore and host rocks, as well as the variation within the individual ore bodies. 

This sets a firm basis for the quantitative methods developed for routine analysis of modal mineralogy (Paper 

III) and mineral textures (Paper IV). Also, this increases the understanding regarding the primary origin and 

metamorphic evolution of the deposit, which is important since the origin of the apatite iron ore of the Kiruna 

type is still controversial.

Based on the modal composition, preliminary geometallurgical (GEM) ore types were established for the 

Malmberget ore body. Each of these GEM-types describes quantitatively: the minerals present, their chemical 

composition, rules how to calculate the modal composition from routine chemical assays (element to mineral 

conversion, EMC rules) and a textural archetype in a library of archetypes. Using these GEM-types it is possible 

to calculate the modal mineralogy and the liberation distribution for every geological unit from the sample 

level to GEM-types to be further used in building a GEM block model of the ore.  

The applicability of the geological model was tested by developing a liberation based process model of simple 

one stage dry magnetic separation for the GEM-types. The model returns the metallurgical response, in terms 

of grade and recovery, of each of the developed GEM-types. The model was validated with another ore sample 

representing the same archetype from a different ore body and with a different grade. The model forecasted the 

recovery and concentrate grade within 2%-unit accuracy. 

This is the first published study where a full predictive geometallurgical model is entirely based on the min-

eralogy. The approach is a generic approach and valid not only for iron ores but also for other metallic mines. 
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PREFACE

This part of my life has been a long living journey from the beginning of 2002 until today, summer 2013. It 

started in February 2002 when I was employed by LKAB, Research and Development division in Malmber-

get. The first acquaintance to the mining industry of iron ore was formed. I was educated about their mineral 

processes and got the knowledge about the important influence as the mineral properties (modal composition, 

mineral associations and mineral textures) forms in the process. In 2003 I changed position and started as a 

mine geologist at the mining department in Malmberget. This gave me the opportunity to get familiar with the 

mining process and especially get a deeper understanding of the varying geological composition (mineralogy, 

chemistry and textures) of the different ore bodies. During this time I participated at work shops, conferences 

and excursions and got to know people from the Luleå University of Technology who were working with ore 

geology research in the Norrbotten and the Skellefte district.

I ended my employment in the second half of 2005 to work in another mining company, at the same time a 

research project had been approved with financial support from the Foundation of Hjalmar Lundbohm Re-

search Centre (HLRC), collaboration between LKAB and Luleå University of Technology. The aim of the 

project was mainly the same questions and objectivities as I had worked within the LKAB. I thought that this 

opportunity of being part of an interesting project combining the best of two disciplines would give me the 

chance to understand the close connection between the mineral properties of an ore and its behaviour in the 

process treatment.

In spring 2006 I started as a PhD student in Luleå. The project has been challenging in many ways. Since this 

research area did not follow a tested approach, the pleasure of exploring something new has been the true 

motivation but the moments of difficulties has also been present in many ways. 

The close collaboration with Therese Lindberg, LKAB has been invaluable for the project. On short notice I 

have had access to material, analyses, data and maybe the most important, always the opportunity for frequent 

discussions. During this time, this project has also results in two master thesis, one in ore geology (Debras, 2010) 

and one in geometallurgy (Koch, 2013).

Through the years, I have met people of a wonderful ability to share their time, knowledge and interesting in 

the project. I am very pleased to all these people and grateful to get the occasion to finally share the results of 

their contribution in this doctoral thesis.

This PhD project has occupied my thought days and periodically even nights. I am truly satisfied that it is now 

finally ending but my journey continues with new adventures... 

Cecilia Lund

June, 2013

Luleå, Sweden
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A GENERAL ABBREVIATION 

Type of deposits

BIF Banded Iron Formation

AIO Apatite iron ore

IOCG Iron Oxide Copper Gold

Ore bodies/deposits

Fa Fabian ore body

Vr ViRi (Vitåfors-Riddarstolpe) ore body

Pz Printzsköld ore body

Hn Hens ore body

Vä Välkomma ore body

Grb Gruvberget ore deposit

Ekb Ekströmsberg ore deposit

KUJ Kiirunavaara ore body

PG Per Geijer iron ores

Minerals

Mgt Magnetite

Hem Hematite

Ilm Ilmenite

Fsp Feldspar

Amph Amphibole

Px Pyroxene

Qtz Quartz

Bt Biotite

Py Pyrite

Ap Apatite

EMC Element to mineral conversion

GEM-type Geometallurgical ore type

AI Association Index

LKAB Luossavaara-Kiirunavaara AB
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1. INTRODUCTION

The northern Norrbotten ore province, located in the northern part of Sweden, is an important mining 

area with several different economic deposits. These include i) epigenetic Cu-Au ores (e.g. Pahtohavare, 

Aitik), ii) stratiform Cu-Fe deposits (e.g. Viscaria), and iii) iron deposits; BIF (e.g. Tornefors), skarn iron ore 

(e.g. Sahavaara) and apatite iron ores of the Kiruna type (e.g. Kiirunavaara, Malmberget, Gruvberget) (Fig 1). 

Some of them are in production, while others either have been mined out or mothballed, pending an econom-

ic viability to be mined, which also is the case for the sub economic mineralisations.  

The two large underground mines in Kiruna and Malmberget and the open pit mine at Gruvberget are 

operated by the LKAB (Luossavaara-Kiirunavaara AB), which is the most important producer of iron ore in 

Europe. Over 2000 million tons (Mt) of ore has been mined in these deposits and they still have reserves of 

1010 Mt @ ~ 46 % Fe (LKAB, 2011; Martinsson et al., 2012). 

Large and high grade deposit like the Kiirunavaara with rather simple mineralogy, e.g. magnetite-apatite 

(Nordstrand, 2012), is generally favourable for the production of high quality iron products and therefore 

there is no acute need for increasing the understanding of geology and mineralogy for processing of the ore. 

However, there are a number of iron deposits in the Norrbotten area which show lower grades, large geo- 

logical variations within the ore and have much more challenging mineralogy for the production of saleable 

iron concentrate. An example of such is Hannukainen containing, e.g. magnetite with associating chalcopy-

rite-pyrite±pyrrhotite (Hiltunen, 1982; Arvidson, 2013). 

Geometallurgy takes both the geological and metallurgical information to create a spatially-based (3D) 

predictive model for a mineral process (Lamberg, 2011). As the geometallurgical programs, which are the 

industrial application, are needed for better resource control and to lower the risk in the operation related to 

variation within the ore deposit, the geometallurgical concept spans the gap from ore characterisation to the 

economic optimisation as mining management (Dunham et al., 2011). 

Today, only few mines use geometallurgical programs in their production management, but this concept 

will become more common in the future due to requirements of a more effective utilisation of the existing 

ore resources such as mining larger volumes of lower grade ore, and development of  ore characterisation 

techniques. Similar conditions apply for new potential deposits as these also are most probably composed of 

more complex ores. 

This case study describes how to establish a geometallurgical model using the Malmberget iron ore deposit as a 

case study. The mineralogical approach (Lamberg, 2011) was selected meaning that the focus is on mineralogy, 

and therefore parameters like modal mineralogy, mineral textures, mineral associations, mineral grain sizes and 

their relations to liberation characteristics are important. The main effort is to deliver a geological model which 

gives quantitative rather than descriptive information to be used in a process sub-model. 

The aim is to develop a geological sub-model of the geometallurgical system using a generic approach valid 

not only for iron ores but also for other metallic mines.
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2. HYPOTHESIS AND OBJECTIVES OF THE STUDY

The cross-discipline approach called geometallurgy connects two different but closely related areas in the min-

ing industry, namely geology and mineral processing. It involves understanding and measurement of the ore 

properties significant for its successful processing. 

Traditional characterisation tools used by geologists are either descriptive or do not measure the metallurgical 

response. On the other hand most of the ore properties meaningful in minerals processing are directly related 

to mineralogy. Therefore, the hypothesis of the thesis is:

The geological information collected traditionally by geologists is not enough to establish a geological model in a geometallur-

gical context; however, this can be fully done based on a proper mineralogical characterisation.  

In order to answer the hypothesis, Malmberget was selected for the case study target and two main objectives 

were set:
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Fig. 1 Simplified geological map of the northern Norrbotten ore province with the economic deposits marked in red 
modified from (Martinsson et al., 2004) 1) Epigenetic Cu-Au 2) Stratiform Cu deposit 3) BIF 4) Skarn iron ore 5) 
Apatite iron ores.
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Objective 1

Identify and characterise the mineralogical, chemical and textural properties of the Malmberget iron ore deposit impor-

tant for a geometallurgical model.

The first objective is ore deposit characterisation. The most known geological descriptions of this deposit are 

from Geijer (1930); more recent published papers are rather rare. The necessity of correct and complete ge-

ological knowledge is always crucial since it has a strong impact on both the mining production and mineral 

processes. In this thesis modern and updated geological descriptions are given on the ore and the host rock. It 

expresses the varying characteristics of lithology, mineral composition, as well as mineral chemical and textural 

properties. 

This work will increase the understanding on the nature and important characteristics of the ore bodies. Fur-

thermore, it will give new information to understand the origin and evolution, both primary and metamor-

phic, especially since the origin of the apatite iron ore of the Kiruna type is still controversial.

Objective 2

Establish a geological model consisting of modal mineralogy and mineral textures of the Malmberget iron ore deposit.

The second objective is to develop a geometallurgical model based on a mineralogical approach. Initially when 

this project started, this was an undeveloped area, and the process mineralogical knowledge of the Malmberget 

ore was rather limited. Since then, the understanding on what the varying geological characteristics within the 

ores can influence in the mineral processes has increased. As a geometallurgical model is based on a proper ore 

characterisation, the results from objective 1 have set the directive to formulate objective 2. A preliminary study 

was outlined to test what parameters were feasible to measure and which of those to be representative for the 

ore deposit (see section 4.1). In this thesis the geological model is based on the mineral information such as 

mineral grades and textures instead of the traditionally elemental grades. 

Objectives 1 and 2 give the conditions to reach the main aim, to develop a framework for a mineralogy-based 

geometallurgical program in the Malmberget iron ore deposit. The geometallurgical model must predict the 

metallurgical response; otherwise, it cannot be used as a management tool in the production.
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3. LITERATURE SURVEY

3.1. The geology and metallogeny of the northern Norrbotten area with an emphasis 
of the occurrence of apatite iron ore

The apatite iron ore type exists in a few different places around the world (Fig. 3). They were first described in 

Kiirunavaara by Geijer (1910), and later he declared that other deposits with similar geological features would 

be named the Kiruna type of ore. They have the following characteristic features (Table 1):

Fig. 2 A flow chart showing the outline of this doctoral thesis as the objectivities, ores, experiment and methods. 
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The age of the deposits of this kind ranges between Paleoproterozoic (e.g. Kiirunavaara) and Pliocene (e.g. 

El Laco), and these are located in intracratonic settings or subduction zones (Frietsch and Perdahl, 1995). The 

host rocks are calc-alkaline to alkaline volcanics with an andesitic to rhyolitic composition (Edfelt, 2007 and 

references therein), and the ore mineralogy is dominated by magnetite-hematite with apatite and minor gangue 

silicate minerals like actinolite and diopside. The alteration is comprised of albitisation, silicification, seritisation, 

epidotisation, and minor alteration minerals are actinolite, scapolite, tourmaline, biotite and carbonates (Edfelt, 

2007 and references therein).

Main features Apatite iron ore (Kiruna type)

Tectonic setting Regional fault zones of intracratonic settings or subduction zones 

Age Paleoproterozoic to Pliocene-Pleistocene 

Host rock Calc-alkaline to alkaline volcanic rocks (intermediate to felsic)

Mineralogy Magnetite-hematite and apatite-actinolite-diopside

Alteration Albitisation, silicification, seritisation, epidotisation and minor carbonate

Ore genesis Magmatic intrusive-extrusive and/or hydrothermal replacement

Table 1 General descriptions of apatite-iron deposits (Edfelt, 2007 and references therein).

The apatite-iron ores have been the focus of genetic discussions for over 100 years. The magmatic model has 

been suggested by Geijer (1910), Park (1961), Frietsch (1984), Nyström and Henríques (1994) and Henríques 

et al. (2003). The hydrothermal model is favoured by Paràk (1973), Hildebrand (1986), Hitzman et al. (1992) 

and Sillitoe and Burrows (2002). As it is difficult to explain all of the features of the apatite iron ores with a 

single genetic model, a combination of these two models, a magmatic-hydrothermal process, was suggested by 

Martinsson (2004) regarding the formation of the Kiruna and Malmberget deposits at 1.89-1.88 Ga (Cliff et 

al., 1990; Romer et al., 1994). However, there are major differences between these two deposits, due to later 

overprinting by metamorphism, deformation and granitic intrusions (Bergman et al., 2001).

The geology of the ore province northern Norrbotten is characterised by bedrock sequences from Archean to 

Proterozoic. The Archaean granitoid-gneiss basement is the lowest unit with an age of 2.8 Ga. Unconformable 

overlaying sequences are supracrustal successions of Palaeoproterozoic age 2.5-2.0 Ga, followed by Svecofen-

nian volcanic and sedimentary units dated c. 1.9 Ga. Forty apatite-iron deposits are known from the northern 

Norrbotten ore province, and they are hosted by and probably also genetically related to the volcanic rocks in 

the Svecofennian succession (Martinsson, 2004). The early orogenic Haparanda Suite predates the 1.86-1.88 

Ga Perthite Monzonite Suite and was affected by deformation and metamorphism at 1.88 Ga. At 1.81-1.78 

Ga a second deformation and metamorphic event occurred by the intrusion of the Lina granite-pegmatite 

association close to the Malmberget apatite iron ore (Martinsson, 2004).

In the Malmberget ore field, more than 20 different tabular to stock shaped ore bodies are known occupying 

an area of 2.5 x 5 km2 (Fig 4). The Malmberget deposit was originally probably a more or less continuous ore 

lens which experienced at least two phases of folding and metamorphism. By strong ductile deformation it was 

torn into several lenses that today occupy a large-scale fold structure where the individual ore bodies stretch 

parallel to the fold axis, which plunge 40º-50º toward the SSW (Bergman et al., 2001). The apatite-iron ore was 

affected by metamorphism under high temperature conditions during the emplacement of a large Lina granite 

intrusion to the north at c. 1.8 Ga (Bergman et al., 2001) causing post ore alteration and recrystallisation at a 

temperature of 650-700º C and a pressure of 2-4 kbar (Annersten, 1968). Stilbite-bearing mineral assemblages 

indicate that the area was not heated above 150º C after 1.62-1.60 Ga (Romer, 1996). 
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The ore bodies are recrystallised, coarse grained and elongated in the direction of the lineation of the rocks 

(Martinsson and Virkkunen, 2004). The host rocks to the ore consist of felsic to mafic, metavolcanic rocks that 

locally contain sillimanite (Geijer, 1930). Especially in the footwall of the western part of the deposit, there ex-

ists gneiss with sillimanite, muscovite and quartz, while corundum and andalusite occasionally are found in the 

ore (Geijer, 1930). Mafic rocks are typically rich in biotite and can be found close to the ore as conformable to 

discordant lenses. Some of them are probably metamorphosed dikes, while others seem to have formed as sills 

or extrusions (Geijer, 1930). These metavolcanic rocks are traditionally called leptites and gneisses (Geijer, 1930; 

Martinsson and Virkkunen, 2004) and are mainly distinguished from each other by the grade of metamorphism 

and a coarser feldspar grain size of the latter (Geijer, 1930). These rocks may have an origin similar to those of 

trachyandesitic to rhyodacitic composition hosting the Kiirunavaara deposit (Martinsson and Hansson, 2004).

The Malmberget deposit is divided into an eastern and a western part which include more than twenty known 

ore bodies ranging in size and grade. Some of them are in production; others have been mined out or are in an 

exploration stage. The individual ore bodies are described based on the location in the eastern or the western 

part of the deposit (Fig. 5).

The Fabian (Fa) and ViRi (Vr) ore bodies are a part of the eastern field of the Malmberget deposit and include 

a number of more or less individual magnetite ore bodies characterised by a high magnetite grade and a low 

apatite grade (Martinsson and Virkkunen, 2004). The Fabian ore body is a large irregularly shaped magnetite ore 

lens, striking NE-SW and dipping from 75°, SSE to almost vertical; an average content of the ore is 55.6% Fe 

and 0.35% P. ViRi is a large tabular shaped magnetite ore body, striking E-W and dipping 60° to the SW with an 

average content of 61.5% Fe and 0.15% P. The ore contacts shift from sharp to graded, generating in the latter case 

a breccia style mineralisation where the wall rock also occurs as irregular infill in the massive ore. 

Fig. 4 Simplified geological map over the Malmberget iron ore deposit; the western field is an almost continuous ore 
horizon (Välkomma to Tingvallskulle) and the eastern field as individual ores (Kapten to Alliansen), modified from 
(Bergman et al., 2001).
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The Hens (Hn) and Välkomma (Vä) ore bodies are located in the western part of the deposit and form part of 

an almost continuous ore horizon, 5 km in length and consisting of both hematite and magnetite ore (Bergman 

et al., 2001). The Hens ore has a tabular shape, striking ENE and dips 70° towards the SSE and is composed of 

separate magnetite and hematite ore lenses with an average grade of 53.5 % Fe and 0.80 % P. The Välkomma ore 

body strikes SE and dips 55° towards the SW. A typical feature is coarse grained apatite, occurring as a regular 

banding or disseminated. The Välkomma ore body shows an almost similar mineralogical character as the Hens 

ore body, but magnetite and hematite occur mostly together, often with porphyroblasts of one of the minerals 

in a matrix of the other (Geijer, 1930).  

The Printzsköld (Pz) ore body is situated between the eastern and western parts of the Malmberget deposit. 

This magnetite ore body has a lenticular shape, strikes ENE and dips 70° to the SSE and is partly rich in apa-

tite and biotite giving the ore a banded structure. The grade is 50.5% Fe and 0.75% P. Smaller hematite bodies 

occur close to the magnetite body, and minor amounts of hematite are also present in the magnetite ore. 

In the Svappavaara ore field, the Gruvberget (Grb) apatite iron ore is located; it strikes in the N-S direction, 

dipping 50° to 75° to the E and follows the western limb of a syncline (Frietsch, 1966) (Fig. 1). The ore body 

is disc shaped and is generally wider in the northern part. It is approximately 1300 m long in the N-S direction 

and has an average width of 30 m in the E-W direction, being partly fractionated by faults. Four ore types 

were recognised and distinguished by Frietsch (1966) including magnetite ore, hematite ore, hematite breccia 

and weathered hematite. Hematite ore is the main part of the ore body, and the magnetite ore is located at the 

northern part of the ore deposit. The proven ore reserve is estimated at being 7 Mt of magnetite ore at 53.1% Fe 

(LKAB, 2013). The magnetite ore is enriched in calcium and phosphorous, with a mean value of 1.58% P2O5 

and 5.75% CaO (Adolfsson and Fredriksson, 2011). The mineralogy reveals an irregular distribution of apatite 

veins together with calcite, epidote and amphibole (Frietsch, 1966; Lindskog, 2001). 

Fig. 5 A schematic 3D-picture illustrating the ore bodies in the Malmberget iron ore deposit (LKAB).
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3.2. Malmberget iron operations 

Ten deposits of apatite-iron ore have been mined in northern Sweden and the largest ones, Kiirunavaara and 

Malmberget, are still mined by LKAB contributing about 90% of the iron ore production in Europe. The an-

nual production in Malmberget is about 14 Mt of ore at 43.1% Fe and in Kiirunavaara 22.7 Mt at 42.8% Fe 

(LKAB, 2011). 

The Malmberget concentrator has two different lines, one for magnetite dominated ore and the other for 

hematite dominated ore. The magnetite line in Malmberget consists of dry and wet concentration sections. 

The dry process stage uses screens, cone crushers, autogeneous crushers (VSI) and low-intensity magnetic 

drum separators producing two different pre-concentrates: a Sinter Feed (FAR) with a higher iron grade and 

a slightly lower graded Pellet Feed (PAR) , both having a particle size of  <10 mm . In the wet concentration 

section, the Sinter Feed is processed further by screening to <2 mm followed by wet low intensity magnetic 

separation (WLIMS).  The Pellet Feed is further upgraded in three steps of ball mill grinding and WLIMS. In 

the final grinding step, the concentrate, i.e. Pellet Feed, is ground to approx. 68% <45 μm to reach the optimum 

size distribution for downstream processing (Kvarnström and Oghazi, 2008). The final concentrates have high 

requirements for purity, e.g. the Sinter Feed (MAF) has maximum limits of 0.8% for SiO2, 0.45% for TiO2 and 

0.025% for P (LKAB, 2011).

3.3. Why Geometallurgy

The northern Norrbotten ore province is an intensely mineralised area and has traditionally been a very im-

portant mining district. It contains different types of mineral deposits (e.g. Fe, Cu, Au and Ag) ranging from 

small and uneconomic up to world-class ore deposits (Martinsson, 2004). The increasing demand of raw ma-

terial has resulted in iron ore being one of the most important commodities in the global market. The area is 

actively exploited and explored by large and junior mine companies.

Different types of the Fe-oxide mineralisation occur in the Norrbotten area showing a quite large variation in 

its composition. They can be classified by mineralisation type (massive, breccia, disseminates or veins), the main 

mineralogy (e.g. magnetite±hematite-apatite, magnetite-chalcopyrite-pyrite±pyrrhotite) or by genesis. Even 

within a single ore type, (e.g. apatite iron ore) the character of the ore and its properties (mineralogy, grain 

morphology, associating host rock) show a large variation (Table 2.)

Economically the most important deposits in the area have been the iron ores of Kiirunavaara and Malmber-

get. The global production of crude steel (1550 Mt) and the export of iron ores (1000 Mt) have almost been 

doubled since the beginning of the 21st century (LKAB, 2013 and references therein) giving a competitive 

market. LKAB plans to increase the production by the opening of new open pit mines in Gruvberget (already 

in production), Mertainen, and Leveäniemi, located in the Svappavaara ore field (LKAB, 2013). By 2015 LKAB 

aims for 37 Mt of finished iron ore products (LKAB, 2013). The strategy of LKAB is to provide high quality 

products for the customers’ needs. As the ore quality varies both between and within the deposits, there is a 

need to have good control over the plant feed and the refinement.

Comparing the grades and tonnages between the different deposits in the Norrbotten area, it is apparent that 

the future mines will be smaller and/or lower in the head grade (Fig. 6). 
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Table 2. Summary of the characteristic properties of different types of iron ores in the Norrbotten area.

Ore field
Ore 
Type

Deposit
Charac-
ter

Grade & Size
Ore & gangue 
minerals

Host rock Alteration

Pajala BIF Tornefors Lens, 
banded

8 Mt 25 % Fe, 
1-2 % S 

Mag Amph+Px+ 
Grt Mafic tuff-tuffite Bt

Pajala
Skarn 
rich 
IO

Stora Saha-
vaara

Lens, 
banded 

82Mt 41 % Fe, 
2.5 % S 0.08%Cu

Mag+C-
cp+Py+Po

Black schist 
mafic tuffite Bt

Kolari 
(Finland)

Skarn 
rich 
IO

Hannuka-
inen Lenses

203Mt 33% 
Fe, 0.16%Cu, 
0.06%Au

Mag+C-
cp+Py+Po±Au 
Di+Ab+Bt+Hbl

Diopside skarn Amph, Px

Kiruna AIO Kiiruna-
vaara

Massive 
(Breccia)

>2000 Mt>60% 
Fe, 0.02-2% P Mag Ap+Amph Trachyandesite, 

Rhyodacite
Amph, Ab, 
Bt

Kiruna AIO Luossavaara Massive 
(Breccia)

20 Mt >60% Fe, 
0.05-1.6% P Mag Ap+Amph Trachyandesite, 

Rhyodacite
Amph, Ab, 
Bt

Kiruna      
(Per Geijer) AIO Rektorn Massive 20 Mt 33% Fe, 

3.5% P
Hem+Mag 
Ap+Qtz+Carb

Rhyodacite, 
Ryolite

Kfs, Qtz, Ser, 
Chl, Bt

Kiruna      
(Per Geijer) AIO Lappmal-

men Massive ~100 Mt 40-45% 
Fe, 4-5% P Hem+Mag Ap Rhyodacite, 

Ryolite
Kfs, Qtz, Ser, 
Chl, Bt

Kiruna      
(Per Geijer) AIO Haukivaara Massive 8 Mt 50% Fe, 

2.5% P Hem Ap Rhyodacite Kfs, Qtz, Ser, 
Chl, Bt

Kiruna AIO Ekströms-
berg Massive 37 Mt 55-60% 

Fe, 1.3% P

Mag+Hem 
Ap+Amph 
Qtz+Ser

Rhyodacite Mar, Ser, 
Amph

Svappavaara AIO Gruvberget Massive 
(Breccia)

64 Mt 50-67% 
Fe, 1% P Mag+Hem Ap Metaandesite

Ab, Kfs, Scp, 
Ep, Amph, 
Grt, Px

Svappavaara AIO Mertainen Breccia 166 Mt 35% Fe, 
0.05% P

Mag Amph+-
Cal+Scp Trachyandesite Ab, Amph, 

Scp

Svappavaara AIO Leveäniemi Massive, 
Breccia

204 Mt 64% Fe, 
104 Mt 26% Fe 
0.05-0.8% P

Mag+Hem 
Ap+Amph+Cal Metaandesite Ab, Bt, Ms 

Scp, Amph

Malm- 
berget AIO Malmberget Massive 

(Breccia)
>900 Mt 51-61% 
Fe <0.8% P

Mag+Hem 
Ap+Amph+Bt

Andesite-Basalt, 
Dacite-Andesite, 
Rhyodacite

Ab, Kfs, 
Amph, Bt, 
Scp

Ore Reserve; Kiirunavaara 682 Mt 47.5 %Fe, Malmberget 271 Mt 41.8 %Fe, Gruvberget 7 Mt 53.1% Fe (LKAB 2013) References; 
Grip and Frietsch (1973); Frietsch (1966, 1974); Lundborg and Smellie (1979); Lindskog (2001); Bergman et al. (2001)

Fig. 6 A grade and tonnage relationship of iron ore deposits in the Norrbotten area. Lines show equal metal content (Fe 
vs. Mt).
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A brief review of the mining history shows the development in mining techniques and the iron ore products 

during the years of production. The Malmberget deposit has been known since 1735, and there were many 

mining pioneers during history that attempted to make the utilisation of the deposit profitable. A problem that 

was faced often was the transportation of ore across the Norrbotten wilderness. The invention of the Thom-

as process to produce good quality steel from high phosphorous ore in 1878 made the giant ore reserves in 

Kiruna and Malmberget very attractive, and LKAB (Luossavaara-Kiirunavaara AB) was established at 1890 to 

exploit these deposits. In order to obtain profitability, a railway was discussed for a lengthy time, and in 1888, 

after a period of four years, a railway was completed between Malmberget and Luleå. Initially, the Malmberget 

ore was pit-mined, but since the mid-1920s, all production has been underground using large scale sub-level 

caving (LKAB, 2006). In the beginning the high phosphorus ore was sold as a lump ore, but to manage the 

competition on the market LKAB was forced to start qualitative work on upgraded products and to specialise 

on the pellets products. The first pelletising plant began to operate in Malmberget in 1955 (LKAB, 2006). In 

the 1970’s a new direct reduction (DR) steelmaking process was developed (e.g. MIDREX and HYL), which 

gave the opportunity for LKAB to differentiate the products of pellets (LKAB, 2013). Since then the focus has 

been on the concentration properties of the ore and pelletisation of the concentrate. Today, this is classified as 

a high technology area (Forsmo, 2007), and the blast furnace pellets with the DR pellets comprise 84% of the 

total iron ore products (tot 26.3 Mt; LKAB, 2013).  

Since a couple of decades back, a cross discipline approach called geometallurgy has been under development. 

It combines geology and mineral processing to create spatially-based predictive models for mineral processing 

plants (Lamberg, 2011). Some claim that it is a young analytical field, while others think that it is a sub-disci-

pline included in traditional mineral processing (Dunham et al., 2011). The term geometallurgy appeared in 

literature approximately 40 years ago and has received a wide range of definitions and perspectives since then. 

Much of the variation can be attributed to the background of the person and the purposes of the perspective 

(Jackson et al., 2011). 

Geologists have a long tradition of describing the ore to enable a production quality as high as possible. They 

have been focusing on ore properties which help in defining the ore boundaries and locating the extensions 

of the mineralisation. For the plant they have provided information on coming mill feed in terms of grades, 

tonnages and main ore types or lithologies. Metallurgists, or mineral processing engineers, normally have good 

understanding of what the feed grade will mean for the processing properties. In general, high grades mean 

easier processing properties and higher recoveries, while low grades mean the opposite. Lithology or ore type 

information provided by geologists is often linked with metallurgical response, but it is common to find that 

variation within a lithology or ore type is reasonably large. The idea of geometallurgy was to improve the char-

acterisation of ore and improve methods to measure important parameters. This information was to be used to 

design mineral processes, as well as manage and optimise the production (Batterham et al., 1992; Lorenzen and 

van Deventer, 1994; Petruk, 2000; Sutherland et al., 2000). 

The last decade has had a rather fast evolution in the field of geometallurgy, and one of the large contributors 

is the development and increased availability of advanced measurements and analytical techniques (Gottlieb et 

al., 2000; Petruk, 2000; Gu, 2003; Moen, 2006; Liipo, 2012). Another main reason is the increased demand of 

raw materials and that high-grade, surface-near mineralisations are depleting. Instead, there is an opportunity 

for more multifaceted mining, as deep-mining, recycling of previously uneconomic waste load or use selective 

mining of low grade ore (Dunham et al., 2011). Increased environmental restrictions, such as special tailing 
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areas for sulphur bearing tails, increase the processing costs and increase the needs to know more about the 

sulphide gangue minerals. The economic pressure on the mining companies is always high and they will always 

face key questions of keeping a reasonable mine valuation and significant ore variability (Bye, 2011). 

Three different levels of the modern geometallurgical definition can be outlined. A rather narrow vision that 

solely has a focus on the ore instead of the mineral characterisation (Schouwstra et al., 2010) and where the 

spatial characterisation is restricted to an ore type or a representative sampling (Helle et al., 2005). Under this 

context also follows the definition of the process mineralogy that seldom has a spatial characterisation but in-

stead focuses on solving process mineralogical problems (Jackson et al., 2011).

A more open and probably the most common view considers the use of geometallurgical modelling or map-

ping which is a spatial characterisation (Jackson et al., 2011). The perspective is limited to the impact of the 

ore body and its primary extraction factors. It includes the process parameters, such as valuable minerals and 

metals for process design, mine design and scheduling to be implanted within the block model (Dobby et al., 

2004; Jackson et al., 2011). 

The broadest view uses the term geometallurgical sustainability performance (Jackson et al. 2011). In 2011, a 

discussion started in order to enlarge the established geometallurgical field and incorporate more externalfac-

tors that influence the context of geometallurgy in a global market perspective, such as the business dimension 

(interpretation, analysis, evaluation and validation of all technical aspects), mine planning, risk management, sus-

tainability (water, energy consumption and CO2 emission levels) and the geotechnical approach, e.g. identifi-

cation of variable rock mass conditions (Vann et al., 2011; Dunham et al., 2011; Bye, 2011; Jackson et al., 2011). 

Developing a valid industrial application, called a geometallurgical program, requires a number of important 

and crucial steps which generally sums up the above mentioned criteria (modified after Dobby et al., 2004; 

Bulled and McInnes, 2005; David, 2007; Lamberg, 2011). This means the following: 1) Collection of geological 

data through drilling, drill core logging, measurements, chemical analyses and other analyses. 2) An ore sam-

pling program for metallurgical testing where geological data is used in the identification of preferred locations 

for the samples. 3) Laboratory testing of these samples in order to extract process model parameters (sometimes 

called ore variability testing). 4) Checking the metallurgical validity of the geological ore-type definitions and, 

where necessary, developing new ore-type definitions called geometallurgical domains. 5) Developing mathe-

matical relationships for the estimation of important metallurgical parameters across the geological database. 6) 

Developing a metallurgical model of the process. The model consists of unit operations which use the metal-

lurgical parameters defined above. 7) Plant simulation using the metallurgical process model and the distributed 

metallurgical parameters as the data set. 8) Calibration of the models via benchmarking for existing operations.

Basically two different approaches exist for linking the steps listed above. The first one relies on geometallur-

gical testing, and the other approach is based on mineralogy (Lamberg, 2011). Geometallurgical tests are small 

scale laboratory tests which aim to directly measure the metallurgical response of the samples. Examples of such 

are the GeM Comminution Index test (JKTech, 2010), the JK Mineral Separability Indicator test (Bradshaw, 

2010) and the Davis tube test (Niiranen and Böhm, 2012). The other approach relies on mineralogy (Lamberg, 

2011). This means that both the ore and the process are quantitatively described on a mineralogical basis. 

A common practice is to describe different geometallurgical domains. The domain is borrowed from geostatis-

tics where it is defined as a closed volume where grades follow the same rule, i.e. show similar spatial continuity. 

The establishing of a geostatistical domain is an iterative process where original geological information is used 
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to divide the ore body into several domains, and then their differences are compared through geostatistics. The 

same is true for a geometallurgical domain; it is a closed area showing similar rules for the geometallurgical 

properties, and domain definition is an iterative process (Lotter et al., 2011). To divide an ore body and use 

geometallurgical units basically relies on a proper review of the geological data including the host rock, 

alteration, grain size, texture, structural geology and grade (Lotter et al., 2011). 

Estimation of the metal grade of the ore deposit and its variation goes through geostatistics and commonly this 

is done by block modelling. This means that the ore body is divided into equal sized blocks, for example 40 m 

x 40 m x 40 m and geostatistics is used to estimate the average grade and density of the block. Before the same 

concept can be used for geometallurgical parameters, one needs to check that each parameter is additive, i.e. it is 

possible to calculate an average for a group of samples. Elemental grades and mineral grades are additive, but for 

example lithology is not. Elemental recoveries (e.g. copper recovery) sound like additives, but if two materials 

with different recoveries are blended the resulting recovery is not necessarily a weighted average of these two. 

The same is true for comminution properties. Comminution parameters are not necessarily additive or linear 

in a correct statistical approach, e.g. textural variables (Dunham and Vann, 2007; Bye, 2011).

Geometallurgical programs of iron ores are very rare based on literature, but few examples can be found 

(Niiranen and Böhm, 2012; Paine et al., 2012). A technique that is frequently used in evaluating the metallurgi-

cal variation in magnetite bearing iron ores is Davis tube testing (Farrell et al., 2011; Niiranen and Böhm, 2012). 

It is a small scale physical separator that divides small samples into a magnetic concentrate and a non-magnetic 

tail by using a strong magnetic field. These products are chemically analysed, and the distribution of elements 

is then calculated. The iron distribution (recovery) and the concentrate quality are used in predicting the 

metallurgical response in a full scale operation.

3.4. The mineralogical approach

The mineral information forms a vital basis for designing, diagnosis and optimising the mineral process circuits 

(Lamberg et al., 2013) but also when evaluating the ore, mapping the variation in the ore body and designing 

the sampling for metallurgical testing. This requires a proper quantitative mineral characterisation of the ore. 

Mineralogical information can be divided into different levels depending on the increasing complexity and 

details (Lamberg et al., 2013). The lowest level is qualitative information. This is a traditional way of using 

mineralogical information for identifying lithology and ore types. Quantitative information can be divided 

into three dimensions. The one dimensional (1D) level gives the phases, their chemical composition and modal 

composition. The 2D level gives the same information but on particle size class basis. The highest 3D level 

describes mineralogical information on particles, i.e. liberation distribution basis. A necessary aspect to consider 

when gathering the data (from samples of ore or process) is the selection and use of a technique that preferably 

can handle a large amount of samples and data which should be fast, inexpensive and preferably at least partly 

automated (Table 3).

Lithology or ore types have traditionally been determined by using optical microscopy and X-ray diffraction. 

Often this involves optical microscopical study where proper lithological names are defined, and afterwards 

identification in drill core logging goes through macroscopical identification with the help of chemical assays 

and sometimes geophysical measurements. Examples of this are the ore types of Kiruna where identification is 

based on chemical assays and geological logging.
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Modal mineralogy, i.e. mineral grades, has traditionally been determined by optical microscopy with point 

counting. It is time consuming (Petruk, 2000), and the quality is dependent on the skill of the mineralogist 

(Henley, 1992). Image analysis with optical microscopy makes the method faster, but positive identification of 

minerals is not always easy especially if a process sample is comprised of very fine grained particles. Recent 

advances have improved the quality of quantitative X-ray diffraction (XRD), but the technique (Rietveld) 

remains sensitive to preferred orientation, crystal size, crystallinity and variation in the chemical composition 

of the several phases present in the mixture (Rietveld, 1969). Automated mineralogy, i.e. scanning electron 

microscopy based image analysis, (QEMSCAN, MLA, PTA, IncaMineral) provides more rapid quantitative 

analysis of mineral grades and textures (Jones and Gravilovic, 1970; Sutherland and Gottlieb, 1991; Gu, 2003; 

Moen, 2006; Liipo et al., 2012). 

Although automated mineralogy has not only largely replaced optical microscopy and quantitative XRD and 

also greatly expanded the use of quantitative mineralogy, it still has some drawbacks which limit its usage. Firstly, 

it is basically a standardless analysis method. Secondly, for accurate analysis from particulate materials, the sample 

should have a narrow size distribution to avoid classification in sample preparation and to eliminate the need 

for changing magnification during image collection (Kwitko-Ribeiro, 2011). This means that samples need 

to be sized by sieving which is time consuming and also will multiply the number of samples to be analysed. 

Thirdly, there are some limitations on the particle size. For sound statistics one needs to analyse thousands of 

particles and, in coarse size fractions, multiple resin mounts will be required to contain the necessary numbers 

of such relatively large particles. In very fine particle and mineral grain sizes (<5 microns), the resolution starts 

to be a problem in mineral identification as the electron beam diameter approaches the size of individual grains. 

Finally, minerals with very similar chemical compositions are difficult to identify in SEM based image analysis. 

An example of such mineral pairs is magnetite and hematite (Fandrich et al., 2007; Gomes et al., 2012). 

The use of multicomponent chemical mass balancing in solving mineral quantities from chemical analysis 

(e.g. XRF) has been successfully used for decades by a number of researchers and laboratories (Braun, 1986; 

Paktunc, 1998; Whiten, 2008; Lamberg et al., 1997; Lamberg, 2011). Normative calculations used by geologists 

for classification purposes, for example CIPW (Cross, Iddings, Pirsson and Washington) (Cross et al., 1902), 

differ from the mass balancing method by calculating hypothetical and not actual mineral composition for 

samples, using stoichiometric compositions for minerals (e.g. CIPW uses volatile free minerals) and reporting 

mineral grades as normative per cent, not as weight proportions. Therefore, for quantitative geometallurgical 

purposes this method is not suitable. 

Table 3 A compilations of existing methods to determine the modal mineralogy in geological and process samples.

Technique Advantage Disadvantage Methods References

Optical miner-
alogy Inexpensive, reliable Tedious, small amount 

samples, expertise
Optical micros-

copy Henley 1992

Automated 
mineralogy

Reliable, all types of ore, 
complete mineralogical 

information

Time consuming, sized 
samples, expensive

QEMSCAN, 
MLA, Inca Min-

erals, PTA

Sutherland and Gottlieb, 
1991; Gu, 2003; Moen, 
2006; Liipo et al., 2012

Quantitative 
X-ray diffrac-

tion
Fast, inexpensive

High detection limits, not 
for non-crystalline phases, 

expertise
Rietveld

Rietveld, 1969, Paine 
et al. 2011, Hestnes and 

Sørensen, 2012

Chemical mass 
balancing

Fast, inexpensive, large 
amount of samples, low 

detection limits

Requires an extra analyses 
method in complex ores

Element to min-
eral conversion

Braun, 1986; Paktunc, 
1998; Whiten, 2008; Lam-

berg et al., 1997
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Another mass balancing method, “element-to-mineral conversion” (EMC), is a mathematical mass balancing 

where the bulk elemental composition of a sample is transformed to mineral quantities using information 

on the chemical composition of the actual observed minerals, and the mineral quantities are reported as 

weight percentages enabling study of even the trace elemental distribution between the minerals. Even if the 

“element-to-mineral conversion” technique has been known for decades, it is an underused technique; 

according to the literature it is systematically applied in mining operations very rarely (e.g. Kemi chromite 

mine, Lamberg, 2011). 

The chemical composition of minerals is needed not only for element to mineral conversion but also in 

evaluating the distribution of elements between minerals and for evaluating the chemical composition of 

concentrate. In nickel sulphide ore, for example, nickel is distributed between several minerals, and for accurate 

estimations one needs to know the chemical composition of each nickel carrying mineral. In zinc ores, on the 

other hand, the chemical composition of sphalerite, the zinc mineral, can vary widely, and in some deposits it 

is easy to produce a zinc concentrate grading 55% Zn, whereas in other deposits this is not possible at all due 

to low Zn content of sphalerite. The chemical composition of minerals is currently determined by electron 

microprobe (Wave Length Dispersive, WDS, spectrometer). The detection limit for an electron microprobe 

is commonly 0.1 wt%, but using special conditions it is possible to extend down to 10 ppm (Kojonen and 

Johansson, 1998). For gold and palladium even lower grades in minerals can be significant, and LA-ICPMS is 

then commonly used (Johansson and Wanhainen, 2010). The chemical composition of the ore minerals within 

the ore bodies does not often vary widely; therefore, it is generally enough to run a mineralogical study for 

representative samples in the early stage of the evaluation of the ore body. The information on the chemical 

compositions is then used throughout the utilisation of the ore body. Sometimes it is possible to identify the 

variation in chemical composition of minerals from bulk chemical analysis.

The modal mineralogy is not sufficient to solely answer the ore behaviour when processing the ore. The 

mineral textures play a significant role and need to be considered when a geometallurgical model is developed. 

The texture characterisations are usually very subjective (Bonnici et al., 2008) and traditionally more related to 

ore characterisation than process mineralogy (Perez-Barnuevo et al., 2012). 

In a mineral process, the mineral textures and the liberation are closely associated. The texture determines 

the limitation in an upgrading process (Butcher, 2010). The purpose of the comminution stage is to liberate 

ore minerals appropriately for the concentration process to enable reaching the required concentrate quality 

with an adequate recovery. Therefore, it is important that textural attributes such as grain size, grain shape and 

mineral associations could be quantified (Bonnici et al., 2008) for modelling and simulating the processes.

There is a need to include the degree of liberation and the mineral associations in the geometallurgical model. 

However, the degree of liberation is not enough to forecast the behaviour of a mineral in the process as differ-

ent types of mixed particles are present and behave in a unique way in the process (Lamberg and Vienna, 2007). 

Therefore, it is also crucial to understand how particles are generated. By using liberation models, the aim is to 

forecast what kinds of particles are produced from an ore in the comminution (Gay, 2004). The comminution 

models are well-known and commonly used (Wills, 1988) and it is possible to predict product size distribution 

due to changes in feed size distribution, particle hardness, feed rate and design of mill (Gay, 2004). When an 

appropriate liberation model is selected, consideration needs to be taken to the purposes of the fragmentation 

of the unbroken ore since each one of the liberation models has limitations.  
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The random liberation model generally uses an image of rock and applies grids on the image to produce 

particles of different sizes based on the grain structure and fracture pattern (Gaudin, 1939). The model fails since 

the natural breaking is generally preferential (Fandrich et al., 1997; King 1979; Stamboliadis 2008; Gay 2004). 

The Kernel model uses the kernel function which represents the frequency of the progeny particles (particular 

in size and composition) which are produced when the particle (particular in composition and size) is broken 

in comminution. This model has the limitation of the assumption of a binary system that can be too simplified, 

but in a multiphase case the mathematical solutions become very complicated (Andrews and Mika, 1975; King 

and Schneider, 1998; Gay, 2004).

The third type of liberation model uses empirical liberation measurements. Hunt et al. (2009, 2011) and 

Bonnici et al. (2008, 2009) simulated the fragmentation of particles by applying chessboard segmentation on 

the particle map of one size fraction (0.6-1.18 mm). By using the random breakage for naturally broken parti-

cles, it gives more realistic estimates than the pure random breakage models.

The particle breakage model consists of a general rule or collections of rules which quantitatively describe 

which types of particles are generated from the ore in comminution. These particles are possible to measure and 

also use for simulation. The model generates a liberation distribution based on geological information from the 

actual particles and not from statistic predictions (Lamberg, 2011).

New innovations and the development of characterisation technology have created new tools to measure 

textures quantitatively. Previously, this was both time-consuming and expensive; additionally, the handling of 

large amounts of image data was not practical. Today, optical image analysis offers tools to identify minerals and 

measure semi-quantitatively mineralogical information (Bonifazi et al., 1990; Neumann and Schneider, 2001; 

Donskoi et al., 2007). It has become more common and is necessary to link the quantitative mineral identifica-

tion to the metallurgical outcome (Lane et al., 2008; Schouwstra et al., 2010; Philander and Rozendaal, 2011; 

Bushell, 2012). Others have developed new methods to produce the mineralogical and textural data, rapidly 

and inexpensively. Hunt et al., (2009, 2011) and Bonnici et al., (2008, 2009) describe a method to extract the 

required mineralogical information to generate mineral maps and then rank the samples with respect to the 

metallurgical response. Another methodology characterises the different textural features within the mineral 

particles by automated identification. A classification system is then developed based on the mineralurgical 

indices on each textural type (Perez-Barnuevo et al., 2012).

The most common geometallurgical models rely on the metallurgical response from geometallurgical testing 

without the mineralogical information (Alruiz et al., 2009; Suazo et al., 2010; Niiranen and Böhm, 2012). Hunt 

et al. (2012) developed a method to estimate the potential copper recovery by systematic rules for represent-

atively ore types. The modelling is based on archetypes. The gangue mineralogy associated with the sulphides 

was expected to have specific liberation and recovery properties. A subset of samples that has unique mineral-

ogical-textural information was then classified as an archetype. Each archetype representing a distinct signature 

that expects to have a different metallurgical response.

3.5. The geometallurgical approach at LTU

The geometallurgy research group of Luleå University of Technology was formed in 2011, under the leader-

ship of Professor Pertti Lamberg. This group includes both geologists and metallurgists, and the research is in 

close relation to the mining industry. The literature review reveals that there are rather few similar groups in 
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the world, and the long term effort is to define and bridge each area in the geometallurgical approach to create 

a definition of the geometallurgical concept, illustrated in a figurative pyramid (Fig. 7). The research is mostly 

within the ore deposits in the Norrbotten and the Skellefte area, Sweden (Johansson and Wanhainen, 2010; 

Minz et al., 2013; Lamberg et al., 2013; Lund et al., 2013), and the main focus is to develop mineralogical tools 

and methods for geometallurgy. In the building of a geometallurgical model, we define the two lower levels 

(Fig. 7) as internal factors, where it is the ore and process parameters from the actual deposits that influence 

the outcome. 

(Geometallurgical domains) 

Business dimension  
Mining management 

Metallurgical  constrains 

Sustainability, resource efficiency 
Geotechnical approach  

Geometallurgical process 
description 
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Fig. 7 A figurative schematic pyramid, which shows the model building using the geometallurgical approach.

The first level is the fundamental ore characterisation in an ore deposit (e.g. mineralogy, chemistry and 

textures). The responsibility and reliability rests on the geologists/geology department whose aim is to make 

a correct and in-depth picture of the geology. Earlier identified uneconomic mineralisation could with 

application of the geometallurgical principals shift to “new” ore bodies (Dunham et al., 2011). This assessment 

also requires a fundamental understanding of the complete mineral distribution preferable as a 3D model of 

the ore body (Minz et al., 2013), which cannot be neglected. Another limitation includes the great confidence 

in the metallurgical response which only relies on a small number of samples that are tested in the laboratory 

(Lamberg, 2011) representing large volumes of ore. A challenge is to transfer the knowledge into the second 

level, both regarding the actual data, using quantitative rather than descriptive information, and it is crucial for 

geologists and metallurgists to discuss their definitions to the various terms used, since they are often different. 

This needs to be taken into consideration as the geologists and the metallurgists use the same words but differ-

ent meanings, causing misunderstanding. 

The second level includes the mineral/metallurgical processes, often as laboratory-scale test work but also as 

pilot-scale tests. These processes involve more or less different kinds of geometallurgical tests, such as rapid 

tests, measuring the metallurgical response directly or small scale tests using a chosen sharply defined process 

cell. In this step there is frequently a problem of the representativeness generated by a small number of samples 

that should forecast the entire ore deposit (Lamberg, 2011). The goal here is to create a process model based 

on particles, as similar particles behave in the same manner regardless of the spatial location, and then create a 

simulations platform that will overcome the restrictions caused by including parameters. 
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A geometallurgical model should be capable of forecasting the behaviour of the ore in comminution. Industrial 

comminution circuits are commonly operated to produce a given fixed particle size distribution, measured for 

example with 80% passing, and this is regulated mainly by changing the throughput. Therefore, the commi-

nution characteristic of the ore, i.e. grindability, controls the production volume. The challenge in the particle 

based models and simulation is to develop a working grinding model.

The three top levels in the illustrated pyramid are external factors which influence the geometallurgical out-

come. The lowest of these levels includes the geostatistic modelling, sustainability and resource efficiency, and 

the level above encompasses mining management and the metallurgical constrain in the process. All of these 

aspects are in close relation to the prevailing financial fluctuations in the global market and the world econo-

my. The uppermost level is the geometallurgical domaining, and there is a reason for the brackets. This model 

building is based on geological and process samples that are given a quantitative number. As almost every 

parameter in the model is additive, we do not know yet if this domaining really is important and necessary for 

the model building.

This literature review demonstrates that there has been a remarkable method development in modern geome-

tallurgy, from a rather narrow vision which includes the traditional geological, mineral process and metallur-

gical subjects to a much broader view that includes sustainability, production management and an expanded 

scientific publication in the 21st century. To create a geometallurgical model of the Malmberget iron ore 

deposit, consideration needs to be taken about all of the characteristics of the deposit regarding the geological 

properties as well as the technical aspects and criteria. This was the reason why a preliminary study was 

performed. One exiting question is how far this PhD study could take the mineralogical approach in the 

geometallurgical modelling.

4. SAMPLING, EXPERIMENT AND METHODS

4.1. Preliminary study

The literature studies showed two geometallurgical approaches, one based on geometallurgical tests and the 

other relying on mineralogy. A Ph.D. study using the first approach was already in progress on the Kiruna 

deposit (Niiranen and Böhm, 2012), and therefore it seemed to be appropriate to use the second one in the 

Malmberget study since the mineralogy is characterised by coarse grained magnetite with considerable varia-

tion within the ore bodies. With this in consideration, the hypothesis and the objectives were framed. 

When this project started in 2006, it was an open field to establish and improve the knowledge about 

process mineralogy in the Malmberget iron ore deposit. As has been described above, the new semi-automated 

quantitative analysis methods had become available, and this enabled the running of a larger dataset and the 

measurement of a large number of different mineralogical properties. The main questions were still remaining: 

What can be done? How should it be done? What will be important to measure and exactly why would this be 

representative for this deposit? Malmberget iron ore was selected for the case study because it is a large deposit 

containing several ore bodies of different characters, and the knowledge level on their mineralogy was limited.

The preliminary study had the primary objective to characterise the ore bodies using traditional methods of 

applied mineralogy. The important questions were if the QEMSCAN instrument could be applicable on the 

iron ore and how. This study was planned and performed in a small scale using few samples, including only 

a crushing stage and three particle size fractions. When following objective was framed and the aims were 
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formulated, it was particular the original ore textures preservation and their effect in terms of process response 

that have pin point this thesis. 

In this study different ore bodies and the associated host rock in the Malmberget ore deposit are sampled and 

analysed, some in more detail (Fig. 4). The Fabian and Printzsköld ore bodies are the main focus; the Fabian ore 

body was selected as the calculated ore production in the ore body is expected to increase in the near future, 

and the Printzsköld ore body was considered to validate the results of Fabian but also to identify differences of 

the ore bodies in the deposit. Together with Välkomma, Hens and ViRi, this constitutes part of the first objec-

tive, the ore characterisation, in order to understand the petrochemical and metamorphic influence on a local 

scale as the geometry and the alteration features are individual for each ore body. 

In addition to these ore bodies, another apatite iron ore (AIO) Gruvberget is sampled and studied, located in 

the Svappavaara ore field (Fig. 1). This dataset is mainly represented as a reference object to the Malmberget 

ore, both as an AIO and also as an ore deposit on a regional scale since Gruvberget represents a lower degree 

of metamorphic degree compared to the Malmberget deposit. Therefore, we have an opportunity to verify the 

data and results from the Malmberget deposit and evaluate these developed methods and their application to 

other deposits elsewhere.

4.2. Field work, drill core logging and sampling

For the host rock characterisation, 193 samples were collected from 22 drill cores and 4 out crops of the ViRi, 

Fabian, Dennewitz, Printzsköld, Välkomma, Baron, Marta and Josefina ore bodies. The sampling was done in 

three different campaigns. For the mineralogical study, 116 polished thin sections were prepared. 

The ore mineral characterisation consists of two data sets, a mineralogical and a metallurgical. The mineral-

ogical samples were taken from seven drill cores and hand specimens from the underground ore, representing 

the ore bodies ViRi, Fabian Printzsköld, Hens and Välkomma. Over 100 mineralogical samples were selected 

for polished thin sections to characterise the mineralogy and the textural properties of the ore, of which 46 of 

them where selected for mineral chemistry analyses (EPMA). 95 samples were collected for major and trace 

element analyses. 

The metallurgical samples were sampled from five drill cores of Fabian and Printzsköld. The drill cores were 

carefully logged, and three dominate ore types were identified, generating a total of >100 kg in five sample 

batches.

The Gruvberget dataset is represented by 30 samples from nine drill cores. 32 polished thin sections were 

prepared for optical microscopy and electron microprobe analyses, which were carried out at the Finnish 

Geological Survey (GTK).

4.3. Sala Mörtsell separation 

At the mineral technical laboratory at LKAB in Malmberget, Sweden, the metallurgical samples were processed 

in order to simulate a dry sorting process in a bench scale test. Two steps of crushing were used, a primary 

crushing by a laboratory jaw crusher and a secondary crushing using a cone crusher in a closed circuit with 

a 3 mm screen. A dry, low-intensity magnetic separator (Sala Mörtsell) was used to separate the ore feed into 

concentrate and tailings. The feed rate was 125 ton/h with a drum speed of 2 m/s ø 270 mm.
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4.4. Sample preparation 

At the mineral technical laboratory at LKAB in Malmberget, Sweden, the concentrate and tail from the 

Mörtsell separation test was split by a Jones splitter and sieved with a Ro-Tap shaker to fractions <38, 38, 75, 

150, 300, 425, 600, 1190, 1680 and 3000 micron. 

At the metallurgical laboratory, Malmberget, polished resin blocks of powder were prepared from five of the 

sized fractions between 38 and 600 μm. First, the samples were split by microriffling to obtain representa-

tive subsamples, then subsamples were mixed with graphite to avoid differential settling (Pascoe et al., 2007), 

aggregation and also to create a random mix of particles. Finally, the subsamples were mounted into 30 mm 

round moulds and filled with epoxy resin to a height of approximately 6-7 mm. After hardening, the blocks 

were labelled and backfilled with resin to obtain a size/height of approximately 20 mm. All of the blocks were 

polished to a high quality 1 μm finish, carbon coated and analysed utilising QEMSCAN. A total of 35 polished 

blocks were prepared.

4.5. Optical microscopy

Optical microscopy was used to identify minerals and determine properties like mineral assemblages, alterations, 

grain sizes and the textural relations. Rough estimates on the modal composition were done. The petrographic 

studies were carried out using polished thin sections on the mineralogical samples and the polished blocks on 

the metallurgical samples using a standard petrographic microscopy (Nikon Eclipse E600 POL).

4.6. Geochemistry

For the chemical analyses the ore and host rock (mineralogical) samples were prepared by the laboratory of 

ALS, Chemex in Piteå, Sweden. The whole-rock chemical analysis was carried out at Activation Laboratories 

Ltd, Canada for major (ICP-OES) and trace elements (ICP-MS).

The chemical analyses on the metallurgical samples were all performed at LKAB’s chemical laboratory at 

Malmberget, using their standardised method for X-ray fluorescence (XRF). Bulk samples and size fractions 

were analysed with XRF for Fe, Al, Ti, Si, K, Ca, Mg, Mn, V, Na, S and P. The amount of divalent iron was 

analysed with wet chemical titration (ISO 9035), and the amount of magnetic material was determined with a 

SATMAGAN magnetic balance model 135 (Stradling, 1991).

 

4.7. Electron microprobe (EPMA)

The chemical composition of minerals was determined by electron microprobe at the Camborne School 

of Mines, University of Exeter, Cornwall Campus, UK on a JEOL JXA-8200 superprobe with a technique 

described by Potts et al. (1995). An accelerating voltage of 15 kV and a beam current of 30 nA were used for 

the oxides and the silicates. The probe beam diameter was set to 1 μm for the oxides and the phosphates and 

5 micron for the silicates. The FeO and Fe2O3 ratio was calculated on the basis of stoichiometry and charge 

balance (Droop, 1987). Based on the mineral chemistry and the whole rock analyses, an additional 16 samples 

were selected for detailed mineralogical study by electron microprobe of Fe-Ti mineral pairs at the Finnish 

Geological Survey (GTK) using a CAMECA SX 100. The accelerating voltage was 20 kV, and a beam current 

was of 60 nA. The probe beam diameter was set to 10 μm for the oxides. Standards for the different elements 

and analyses in the two methods were used of natural silicates oxides and metals.
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4.8. QEMSCAN (Quantitative Evaluation of Minerals by Scanning Electron Microscopy)

QEMSCAN was developed by CSIRO in Australia for the global mining industry to analyse ore and mill 

products in respect to mineral processing to provide rapid, statistically reliable, repeatable mineralogical and 

quantitative mineral analyses (Sutherland and Gottlieb, 1991; Petruk, 2001). The system can be operated in 

different measurement modes: field images scan, bulk mineral analysis (BMA), particle mineral analysis (PMA) 

and trace mineral search (TMS) (Pirrie et al., 2004). The principle of this technology is to use a combination 

of signals from the backscatter electron detector (BSE) and the energy dispersive X-ray detectors. The backs-

cattered electrons will recognise particles based on density contrast, and the compositional differences from the 

X-ray spectra will create digital mineral images of a sample based on chemical composition (Gottlieb et al., 

2000; Sutherland et al., 2000; Goodall et al., 2005). All of the analytical data are processed offline by an integrat-

ed software application (iDiscover 4.2) to the QEMSCAN system. In order to be able to identify the minerals 

and phases in the sample, every analysed pixel and obtained X-ray spectra is compared to a known database of 

mineral composition (SIP - Species Identification Protocol), which is the basis of obtaining an accurate and 

complete mineral identification (Gottlieb et al., 2000). 

In this study the SIP-file had to be developed and specified for each ore body and ore type. The characteri-

sation was made from the ore and the gangue minerals present in the samples. The important mineral in this 

study is magnetite, but the gangue minerals also needed to be identified. Special attention was paid during the 

data processing and SIP development to ensure the correct identification of the iron ore species. Specifically, 

magnetite, hematite and goethite are distinguished based on BSE thresholds due to their chemistry being too 

similar for x-ray analysis to separate at the standard 1000 x-ray count rate that QEMSCAN uses (Andersen et 

al., 2009). 

Generally, more than 5000 particles were measured for each sample by QEMSCAN. The exception was coarse 

grained fractions where the scanning of the whole sample resulted in a minimum of 390 particles.

4.9. HSC 7.1 

In this study an element assay to mineral grades conversion and the Particle tracking was done with HSC 

Chemistry software 7.1 developed by Outotec® (Lamberg et al., 1997).

Element to mineral conversion is based on a set of linear algebraic equations where the bulk chemical compo-

sition of a sample is converted to mineral grades using a set of least-squares equations (Paktunc, 1998; Whiten, 

2008; Lamberg et al., 1997). This can be expressed as an equation 

A*x=b           (1)

where A is a table giving the weight fractions of elements in the minerals (e.g. electron microprobe analyses, 

known), the x vector is the weight fractions of the minerals in a sample (unknown) and the b vector is the 

weight fraction of elements in the sample (known). For a simple magnetite – albite binary with Fe and Si anal-

yses the equation would be (chemical composition of minerals from Table 8):

 

0.73 0.00 x(Mgt) 0.60
  x  =  

0.00 0.33 x(Ab) 0.06
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There are two constraints for the solution. Mineral grades (x) cannot be negative and the sum of minerals must 

to be smaller than or equal to 100%. The solution can be found by searching for the minimum value for the 

residual vector (R) (equation 2).

R=|b-A*x|         (2)

If there are more elements than minerals, the case is over-determined, and there is more than one solution. 

If the number of minerals is higher than elements, the case is under-determined and there is no unique solution 

(Paktunc, 1998; Whiten, 2008). The multiple solutions can be solved, e.g. by Gaussian elimination and multiple 

regression techniques to minimise the sum of the square of the deviations. 

As minerals in nature are seldom stoichiometric, the actual elemental composition of minerals analysed by 

electron microprobe should be used (A matrix). Quite often simple bulk chemical assays of a sample do not 

provide enough information for estimating mineral grades. For example, in porphyry copper deposits there 

may be several copper sulphide minerals present in the sample, and simple Cu, Fe and S assays do not enable 

all of them to be quantified. For metallic mineral deposits a number of selective analysis techniques have been 

developed. Most of them are traditional wet chemical methods. For gold they have been known for decades 

(Lorenzen and Van Deventer, 1993). Also, for copper they are widely used (Lamberg et al., 1997), but they are 

quite practical as well for nickel (Penttinen et al., 1977), molybdenum and zinc (Young, 1974). In this study 

two different techniques were used to independently determine the magnetite and hematite ratio: titrimetric 

divalent iron analysis and SATMAGAN magnetic balance. For each mineral’s paragenesis one should evaluate 

whether diagnostic methods are available and could be used since they will improve the accuracy of the ele-

ment to mineral conversion.

The HSC software includes a reference table in its mineral database for the dissolution of minerals in several 

selective analysis techniques listed above. In solving equations (1) and (2), HSC includes several mathematical 

options and here the Least Square and the Non-negative Least Squares solutions were used (Lawson and Han-

son, 1974). For further information on mathematical methods, the reader is referred to Braun (1986), Paktunc 

(1998) and Whiten (2008) and the HSC manual (Lamberg and Tommiska, 2009). 

The purpose of the processing of the mineral liberation data was to quantitatively track how different kinds 

of multiphase particles deriving from different textural types behave in processing. For that purpose a parti-

cle tracking technique by Lamberg and Vianna (2007) was used. The Particle tracking was done with HSC 

Chemistry software developed by Outotec. The algorithms of the Particle Tracking were also used in textural 

classification of the progeny particles, as described below.
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The full particle tracking algorithm solves liberation mass balance in a given mineral processing flow sheet 

through the following steps:

1 Conversion of elemental assays to mineral quantities 

2 Unsized mineral mass balance (1D)

3 Size-by-mineral mass balance (2D)

4 Reading liberation data and combining minerals

5 Adjusting particle grades to match the size-by-mineral mass balance

6 Particle classification and binning (basic and advanced)

7 Interpolating/extrapolating particle classes in missing size fractions

8 Smoothing liberation data

9 Mass balance of multiphase mineral particle classes (bins)

10 Error analysis of the Multiphase Mineral Particle Mass Balance

Particle tracking uses mass balanced mineral by size data. Instead of using mineral grades by QEMSCAN, the 

modal analysis was done with the element to mineral conversion technique (step 1) and calculation proce-

dure developed by Lund et al. (2013). Using HSC the raw mineral grades with solids flow rate data was first 

balanced on an unsized basis (1D) and then for size by a mineral basis (2D) with an additional constraint that 

the 1D mass balance is conserved (Steps 2 and 3). The experimental data showed good quality and adjustments 

in steps 2-3 were small.

The QEMSCAN analysis gave a total of 16 minerals, but to make this match with the mineralogy of element 

to mineral conversion some of the trace minerals were combined to more abundant phases (see section 5.3.2) 

(Step 4). This gave a total of six most important minerals to be used in textural classification and tracking. After 

combining the minerals, the next step of the Particle Tracking is to adjust the mass proportions of the particles 

to meet the mass balanced 2D modal composition (Step 5). This stage adjusts the mass proportion of measured 

particles but does not change their composition. The adjustment for the liberation data is very little but is 

important by making the particle data fully consistent with the 2D chemical mass balance. This means that if 

the chemical composition of the size fractions and streams is back calculated from the adjusted particles, the 

result is exactly the same as received from the 2D mass balance.

To mass balance particles they must be grouped somehow and in the particle tracking this is done by their 

composition. The basic binning stage groups particles for different binary and ternary combinations (Step 6a). 

In the system of six minerals and five size fractions after this step, the total number of particles in each stream 

was 2166. Some of the particle groups may have very few particles if any. Therefore, the advanced binning is a 

stage which combines established groups to ensure that each group has enough particles for sound mass balanc-

ing of particle groups (Step 6b). The liberation measurement is challenging in very fine (<10 micron) particle 

sizes, and in coarse size ranges the number of measured particles will be very small. Therefore, the Particle 

Tracking includes a step to extrapolate the liberation information (i.e. particles) for size fractions which have 

not been measured (Step 7). In this study liberation was measured in five size fractions, and the remaining two 

size fractions were extrapolated.

After the previously described stages, each process stream will be composed of similar particles classes, but 

they are not in balance. The last step reconciles and mass balances the whole circuit for given particle classes 
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(Step 9). This is done by keeping the total solids flow rate of the stream fixed and by minimising the weighed 

sum of squares between measured and reconciled mass proportion of the particle classes. The particle tracing 

has an option for smoothing the data (Step 8), but this step was not used in this study. The error analysis was 

done with Monte Carlo simulation which means that based on given standard deviations HSC drew a new 

dataset and solved the particle mass balance (Step 10). This was done 100 times, and finally the standard 

deviation for the particle grades and recoveries was calculated. 

In the textural classification there is only an ore sample and its liberation analysis; therefore, there is no process 

to mass balance. However, it was found that classification of liberation data in a uniform way is very useful for 

establishing the textural archetype library. Therefore, the treating of the liberation analysis of ore samples used 

steps 1: element to mineral conversion; 4: reading the liberation data and combining the minerals; 5: adjust-

ing particle grades to match the size-by-mineral mass balance; 6: particle classification and binning (basic and 

advanced) and 7: interpolating/extrapolating particle classes in missing size fractions. This procedure gave, for 

each ore sample, exactly the same number of particles, and a given particle type was compositionally similar in 

each ore sample. The only difference was that the particle grade was different in each stream. For example, each 

stream contained a binary particle composed of magnetite and albite in the ratio of 40-50:50-60 wt% of size 

75-106 microns. The mass proportion of this particle was different in each ore sample, and it would be possible 

that the grade is zero in some samples (e.g. in an ore sample poor in albite).

5. RESULTS 

This thesis describes the development of a geological submodel within the geometallurgical model for the 

Malmberget iron ore deposit. Applied methodology is a so-called particle-based approach consisting of three 

steps, developed and modified from a concept by Lamberg (2011). The first step is the establishment of a 

geological model relying on a proper ore characterisation to which Paper I and Paper II have contributed. The 

conclusion is that a geological model requires at least two types of quantitative information: modal composition 

and mineral texture. Paper III shows how to construct the modal mineralogy by using an element to mineral 

conversion technique, and Paper IV develops a technique to measure and describe mineral textures through 

textural archetypes. 

In the second step of the building of a geometallurgical model, the reliability of the established geological 

model is tested by a simulated mineral process to forecast the metallurgical response of each of the developed 

textural archetypes. The particle brakeage model gives the liberation distribution of each textural archetype. 

The model enables numerical prediction of the liberation spectrum with varying modal mineralogy. The third 

step includes the process model generating quantitatively data of how the particle behaves in each unit pro-

cess stage and therefore returns the metallurgical response (grade and recovery) for any given geological unit 

(sample, block, domain). The developed geometallurgical model is the first one for the Malmberget iron ore; 

see section 6.2, for the summarised outcome and the state of originality.

5.1. Ore characterisation 

The ore characterisation includes traditional geological description of the ores and the host rock of the 

Malmberget iron ore deposit. Information on different characteristics of lithology, mineral composition, 

mineral chemistry and textural properties is important and forms the basis in a geometallurgical modelling. 
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The iron ores of Norrbotten are characterised by high Fe grade 30-70 % and a varying P grade up to 5 %, 

often of large tonnage (Bergman et al., 2001). The main minerals are magnetite and hematite, and the gangue 

minerals are apatite and amphibole. The accessory mineral includes pyrite, chalcopyrite and titanite. The apatite 

is often present in significant amounts and is generally strongly enriched in LREE (Martinsson, 2004).

The Malmberget deposit consists of several ore bodies of massive magnetite and hematite. Compared to the 

Kiirunavaara ore body, Malmberget is lower in tonnages, slightly lower in Fe grade and has a moderate but 

varying P content (Fig. 6). Mineralogically, the iron ores are rather simple. Magnetite and hematite are the 

main ore minerals, and typical gangue minerals are apatite and amphibole-pyroxene. In the massive ore a broad 

variation of mineral-texture relations can be identified. The magnetite ore has both a fine and a coarse grain 

texture where the latter is more common (Fig. 8). In the apatite rich ore, the apatite exists either as single grain 

interstitial to magnetite or aligned in the direction of the host rock lineation. The amphibole (-pyroxene) rich 

ore shows two typical textures, a coarse grained and a fine grained amphibole (-pyroxene) where the propor-

tion of the amphibole (-pyroxene) increases gradually to the skarn (amphibole-pyroxene) alterations. 

Fig. 8 Different types of massive ore; A) fine grain magnetite, B) coarse grain magnetite, C) apatite-rich ore, D) coarse 
grained amphibole rich ore and E) fine grained amphibole rich ore.

A B C D E

In the Malmberget deposit the extensive regional metamorphism and deformation have left very few primary 

features. The chemical composition of the ore bodies has not changed much, but the magnetite and hematite 

ores are otherwise fully metamorphically overprinted. These are seen as metamorphic textures, different oxida-

tion textures and a redistribution of elements between the magnetite and hematite, which need to be consid-

ered even in a mineral processing perspective.

The massive magnetite has textural variations mainly in the magnetite grain size, grain shape and association. 

Based on grain size magnetite can be classified into three types: fine grained (100-400 μm), medium grained 

(400-800 μm) and coarse grained (800-1400 μm) (Fig. 9). The magnetite grains are generally euhedral to 

subhedral varying 0.4-1.4mm in size. The texture is mostly granoblastic with distinct triple junctions at the 

grain boundaries. Coarse grained magnetite occurs as porphyroblasts or as veins in a finer grained matrix of 

magnetite. Larger magnetite grains can have an elongated shape following the mineral lineation in the host 

rock. In the western part of the deposit, hematite is the main mineral together with magnetite, occurring as 

euhedral to anhedral grains 0.2-2mm in size within the hematite ore or as larger porphyroblasts (5-20mm) in 

the magnetite ore.
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 The Fe-Ti oxide minerals (ilmenite, magnetite and hematite) show certain oxidation textures which are only 

present in the massive ore. Texturally there is variation between the individual ore bodies. Homogeneous mag-

netite, magnetite with intergrowths of ilmenite, rutile and spinel and also oxidation assemblages of hematite 

and rutile occur. Magnetite may contain oriented ilmenite lamellas (trellis and sandwich) with a thickness of 

about 2 μm or exsolved spinel patches 50-200 μm in size (Fig. 9). Rutile can be associated with magnetite that 

has largely been altered to hematite. Single ilmenite grains occurring interstitially to magnetite contain, in their 

central part, exsolved hematite lenses, ranging between 4.5-270 μm in size. Euhedral grains of hematite have 

inclusions of 20-100 μm thick ilmenite lamellas, or they can contain 10-50 μm large rutile needles exsolved at 

the rim of the grain.

Fig. 9 Photomicrographs showing the grain morphology (size and shape) of magnetite and the oxidation textures 
of magnetite, ilmenite and hematite at the Malmberget iron ore deposit (reflected light). A) A coarse grain magnetite 
porphyroblastic texture, B) A fine grain magnetite granoblastic texture, C) Exsolution lamellae of  hematite in magnetite 
grain, associated to ilmenite grains (Vr, Fa and Pz) and D) Magnetite with intergrowths of spinel and rutile (Pz and Hn). 

A B

C D

Even if the iron grade generally is high regarding the production grade and recovery relation, the presence of 

penalty elements and the locking relation of associated minerals requires a classification based on the mineral 

processing aspects.

5.1.1. Classification of the Malmberget iron bodies

From the production point of view, the most important mineralogical and chemical differences between the ore 

bodies are related to hematite/magnetite ratio, presence of apatite and the chemical composition of magnetite. 

When the ore bodies are classified according to these features, they show a certain distribution geographically:
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 High V & Ti – low P – magnetite bodies: ViRi

 Low V & Ti – low P – magnetite bodies: Fabian

 Low V & Ti – high P – magnetite bodies: Printzsköld

 Low V & Ti – high P – magnetite bodies with hematite: Hens and Välkomma

 Low V/High Ti – low P – hematite bodies: Välkomma

A varying V and Ti content in magnetite and hematite, and the presences of P in different ore bodies are prom-

inent features that can be distinguished by the mineralogy, mineral chemistry and the textures. V is carried by 

magnetite and ilmenite, but in the ore the ilmenite is subordinate to the magnetite (e.g. approximate content 

is 1% ilmenite) (Table 4). The Ti is carried by magnetite, ilmenite, hematite and titanite. Simple mass balance 

calculations indicate that about 80% of titanium is carried by ilmenite. However, direct correlation can be seen 

between the TiO
2
 content of the ore and the TiO

2
 content in magnetite. The whole rock chemistry of the 

magnetite ore shows the primary signature of V and Ti which is also reflected in the chemical composition of 

magnetite (Fig. 10).

Table 4 The average chemical composition (wt. %) of the Malmberget oxide minerals is analysed by electron micro-
probe in 16 samples, giving the elemental variation in the ore bodies.

Magnetite (Fe
3
O

4
) Ilmenite (FeTiO

3
) Hematite (Fe

2
O

3
)

Ore body Vr Fa Pz Hn Vä Vr Fa Pz Pz Hn Vä

# analyses 30 36 97 18 23 30 40 30 16 31 22

FeO 94.0 93.4 93.8 93.6 94.2 47.0 45.0 47.6 89.6 89.6 90.3

TiO
2 0.17 0.24 0.03 0.01 0.00 50.4 49.8 49.3 0.04 1.10 0.38

V
2
O

3 0.28 0.24 0.18 0.10 0.10 0.31 0.28 0.28 0.13 0.16 0.18

Al
2
O

3 0.17 0.17 0.08 0.12 0.09 0.00 0.00 0.00 0.04 0.03 0.19

MgO 0.06 0.12 0.04 0.16 0.05 0.47 2.04 0.92 0.00 0.06 0.00

MnO 0.00 0.02 0.02 0.05 0.08 1.71 2.92 2.05 0.00 0.01 0.00

Total 94.7 94.5 94.3 94.1 94.5 100.3 99.5 99.9 91.7 90.9 91.1

Fe
2
O

3
 (calc) 69.3 68.9 69.4 69.5 69.8 4.8 7.5 7.7 99.6 98.7 100.0

FeO (calc) 31.6 31.4 31.3 31.1 31.3 42.7 38.2 40.6 0.02 0.87 0.34

Recalc.sum 101.6 101.1 101.1 101.0 101.5 100.3 100.8 100.9 99.8 100.9 101.1

Phosphorous in the ore bodies is carried totally by the apatite. The iron and the phosphorous in general do 

not have any good correlation; therefore the Fe vs. P figure (Fig. 10) shows the average level for phosphorous 

in the ores.

The first group (1) is magnetite ore that is rich in V - Ti and low in P. This type is represented by the ViRi ore 

body. The second group (2), a magnetite ore low in both V - Ti and low in P, is typical for the Fabian ore body. 

These two groups are located in the eastern part of the deposit. Both the vanadium and the titanium are in the 

ore exclusively carried by magnetite; the ilmenite is rare and scarce. The chemical composition of magnetite 

analysed by an electron microprobe reproduces the Ti-V graph of the different ores, and this confirms that the 

observed trend in the rapidly lowering V with a steady decrease in Ti derives from the chemical composition 

of the magnetite (Fig. 11). 

The whole-rock analyses of the ore were used to identify the variations on the macro scale of the different 

ores. Most of the ore bodies show quite monotonous T, V and P levels, but the Fabian ore body is an exception. 

Based on the elemental distribution and the mineralogical composition, three subgroups could be differenti-
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Fig. 10 Chemical plots show the average (median) elemental distribution of different apatite iron deposits in the Nor-
rbotten area. Top left: the whole rock analyses of V

2
O

3
 vs. TiO

2
 (wt. %), Top right: Box and Whisker diagram illustrating 

the V
2
O

3
 (wt. %) variation of the whole rock content in different ore bodies with a Fe grade >50%. Bottom left: the 

mineral chemistry of magnetite V
2
O

3
 vs. TiO

2
 (wt. %) from Malmberget ores and each classification number. Bottom 

right: the whole rock analyses Fe vs. P (wt. %) of different ore bodies. Viri (Vr), Fabian (Fa), Printzsköld (Pz), Hens (Hn), 
Välkomma (Vä) and Ekströmsberg (Ekb), Gruvberget (Grb) and Kiirunavaara (KUJ B-ore), LKAB unpublished data and 
Per Geijer (PG) ore (Paràk, 1973)
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Fig. 11 A discrimination diagram for the classification of different ore bodies where the average compositions of the 
analyses should be used. The extension of each group is based on the chemical average from the 25th to the 75th per-
centile of the samples with an Fe grade >50%.  1 – Viri, 2 – Fabian, 3 – Printzsköld, 4 – Hens
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ated in the Fabian ore body. One subgroup contains higher amounts of Ti, V and Ga, and another is rich in P. 

The third subgroup is more heterogeneous in character but is generally low in Ti, V, P and Ga. These chemically 

different ore sections can be correlated between the drill holes at the Fabian ore body (Fig. 12) and are inter-

preted to reflect primary variation within the ore. The mineralogy such as the associated pyrite, chalcopyrite 

and anhydrite occur locally in small amounts disseminated and as veinlets in the ore, and are mainly restricted 

to the ore sections rich in Ti-V-Ga. In the ViRi ore body, the average chemical composition of the ore is rather 
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uniform corresponding to the high Ti-V ore section found in the Fabian ore body with a similar mineralogy. 

The whole rock analyses of the ore mimics the mineral chemistry, and in the Fabian ore the differentiated 

mineral chemistry of both the V and Ti in magnetite are explained by these chemically different ore sections. 

Fabian is therefore interpreted to be a key ore body that reflects the large chemical variations within the ore 

body.

Fig. 12 Schematic drill core logs from the Fabian and Printzsköld ore bodies show the ore sections enriched in Ti, V, P 
and Ga as colour shaded areas in the geochemical logs. Based on these variations, geochemical subtypes of massive ore in 
Fabian ore occur as several rather regular bodies, up to 40 m wide that can be traced between the drill cores. 
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The third group (3), the magnetite ore low in V-Ti but high in P, is typical for the Printzsköld ore body but also 

for the magnetite ores bodies in the western part of the deposit. The magnetite is associated with apatite. The 

ore bodies are lenticular in shape and varying in the apatite grade giving a banded appearance of the ore. Apatite 

occurs interstitially to magnetite or as elongated grains often aligned in the direction of host rock lineation and 

are similar morphologically and correlated to the coexisting magnetite.

The occurrence of hematite is more complicated. Firstly, the ore bodies composed exclusively of hematite 

are classified as a separate group (5). The magnetite ore bodies with a minor amount of hematite are classified 

as group (4). Hematite in these two existences shows completely different chemical composition. Group (4), 

a magnetite ore low in V-Ti and high in P, shows similar characteristics as group (3), but it contains minor 

amounts of hematite. The ore bodies of group 4 are spatially closely associated with massive hematite ore (Hens, 

Välkomma) of type (5). The low grades of V and Ti reflect the composition of the original ore with magnetite. 

The metamorphic recrystallisation has only redistribution elements between magnetite and hematite.

The effect of metamorphic overprinting and deformation within the Malmberget deposit is seen as differences 

in the morphologic features (grain size, shape and textures), modal composition, as well as the chemical com-

position of the magnetite and hematite. These are results of an increased progressed oxidation which is slightly 

higher in the western part compared to the eastern part of the deposit as also interpreted by Romer (1996) 

and Annersten (1968). Some large scale deformation can be found in the western part of the deposit giving a 

banded and stretched appearance for the ore (Geijer, 1930; Bergman et al., 2001).

In ore bodies where the magnetite to hematite ratio varies, these two minerals show variation in mineral tex-

tures and mineral chemistry. These features all point toward an alteration of magnetite to hematite. Different 
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textural relations with an increasing intensity of replacement indicate that the local oxidation conditions of 

the ore bodies also have controlled the redistribution of trace elements between magnetite and hematite. The 

oxide mineral assemblage changes from magnetite-ilmenite to hematite-magnetite, and several generations of 

hematite occur in the ores. Hematite is found along the edges of magnetite grains and along fractures. A devel-

oped martitisation is seen as oxidation surfaces on magnetite but also as single grains or larger porphyroblasts 

(>20mm) interstitial to magnetite. 

The chemical composition of hematite shows much larger variation than magnetite. The Ti content can be up 

to 12% TiO
2
 in the porphyroblasts where magnetite is the dominant Fe oxide and the hematite grade is low. 

The co-existing magnetite is clearly poorer in Ti, and the Ti content in the whole rock is still comparable to 

the corresponding original magnetite ores. This indicates that the system has been closed for Ti and V, and these 

elements have been redistributed between hematite and magnetite favouring hematite (e.g. Printzsköld and 

Hens). When the hematite content increases in the magnetite ore, the TiO
2
 content lowers approaching to the 

values of the original magnetite (e.g. Välkomma, Fig. 13).

Fig. 13 The chemical composition of magnetite and hematite from ViRi (Vr), Fabian (Fa), Printzsköld (Pz), Hens (Hn) 
and Välkomma (Vä) ore bodies analysed by electron microprobe. A) The V

2
O

3
/MgO variation in magnetite from Vr, Fa, 

Pz, Hn and Vä B)The V
2
O

3
/TiO

2
 variation in hematite shows two subgroups from Pz, Hn and Vä.
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The predominating Fe-Ti oxide mineral pair in the ViRi and Fabian ore bodies is magnetite-ilmenite,  and the 

Ti and V content in magnetite is rather high (Fig. 13 and 14). Magnetite and ilmenite can coexist in a wide 

T-fO
2
 range, but their chemical composition reflects the stabilisation conditions in terms of temperature and 

oxygen fugacity (Lindsley, 1991). As temperature decreases magnetite begins to exsolve TiO
2
 due to intensive 

diffusion (Ramdohr, 1980), which ultimately results in trellis and sandwich textures (Mücke, 2003). A similar 

process is seen and also explained for the coexistent magnetite and hematite in the Printzsköld and Hens ore 

bodies where the magnetite grains that have a higher content of Mg show exsolved spinel texture. A progress 

in the oxidation state westwards is revealed by the transition to an almost pure end member magnetite and the 

presence of hematite. This is typically seen in the Printzsköld ore body where the original coexisting ilmen-

ite-magnetite is gradually changing to a magnetite-hematite mineral pair, and the Ti is redistributed between 

magnetite and hematite with a favour to the latter. The hematite in Printzsköld and Hens ore occurs as Ti-rich 

porphyroblasts and Ti-poor oxidation surfaces of the magnetite. According to Lindsley (1962), high Ti-content 

in hematite gives an increased stability for the hematite at lower oxygen pressures because of the solubility of 

ilmenite in hematite. In the Välkomma ore body, hematite is a dominant Fe mineral, and the Ti content in 

hematite corresponds to the whole rock Ti of the ore which is equally high as in the corresponding magnetite 

ores. 
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Fig. 14 The elemental redistribution of V and Ti in magnetite and hematite during increased metamorphic conditions 
in the Malmberget iron deposit.
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In Malmberget a similar pattern is seen for the V distribution between magnetite and hematite, and this is 

explained by the high prevailing oxygen fugacity and temperature (Fig. 14a). Magnetite in ViRi and Fabian 

coexists with ilmenite, and both minerals are rich in V
2
O

3
 (Fig 14b). Schuiling and Feenstra (1980) have shown 

that ilmenite in magnetite-ilmenite pairs close to the magnetite-hematite buffer will contain more vanadium 

than magnetite because V in this state is more commonly V4+ and will substitute for Ti4+. However, the amount 

of ilmenite is small, and the magnetite has a rather high V content. In the magnetite-hematite pairs the hematite 

always concentrates more V since the number of available sites for Fe3+ to be substituted by V4+ is only 2/3 of 

what exists in the coexisting magnetite. This is clearly seen in high V and Ti contents in the hematite porphy-

roblasts in Printzsköld and Hens. The low content of V
2
O

3
 in magnetite in Hens and Välkomma ore compared 

to ViRi and Fabian ore is therefore a result of the redistribution of vanadium during extensive formation of 

hematite porphyroblasts (Fig. 14c&f). Finally, when the hematite content increases, the titanium and vanadium 

content in hematite sets to a level of magnetite, and this is true in massive hematite ores, too.

Norrbotten is a low to intermediate pressure province, metamorphosed under variable conditions; the few 

temperature-pressure determinations which have been made indicate ranges of 500-800° C, and 2-6kbar 
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(Bergman et al., 2001). Previous work at the Malmberget deposit has indicated the metamorphic temperature 

of 500-550° C using the coexisting iron oxide and Mg-Fe silicates but also co-existing magnetite and hema-

tite (Annersten, 1968). Measurements given in Paper II based on the magnetite-ilmenite pair give very similar 

results for both the temperature and the oxygen fugacity.

The hematite ores of group five (5) have low V but high Ti grades compared to magnetite ores with similar Fe 

grades (Fig. 10). The hematite ores are out of the scope of this study, and readers are referred to Geijer (1930) 

for more information regarding these ores. However, the chemical and mineralogical characteristics are differ-

entiated from the magnetite and magnetite-hematite ores studied here (types 1-4) indicating that the hematite 

ores of type (5) have another origin.

5.1.2.  Massive and semi-massive ore

Besides the iron mineralogy and the presence of apatite, the ore bodies have a significant variation in their iron 

grades and the abundance of silicate minerals.

 

The massive ore bodies, high in Fe and low in SiO
2
, are in the eastern part of the Malmberget deposit sur-

rounded by a semi-massive mineralisation that can be several tens of meters thick with a decreasing iron grade. 

This low grade Fe ore type has traditionally been called ore breccia. In the Kiirunavaara deposit Geijer (1910) 

has described that the massive ore has intruded into felsic volcanic rocks and brecciated it. A similar descrip-

tion has also been given concerning the Malmberget (Geijer, 1930). However, for the Malmberget deposit the 

breccia ore and cross-cutting relationships are more complicated as both deformations and the intrusion by 

several types of dykes have generated different kinds of semi-massive ores. Besides existing at the rims of the 

massive ore body, the semi-massive parts can be found as inclusions in the massive ore. Because of the compli-

cated conditions and the absence of detailed petrological studies, these ore types here are called semi-massive 

ore when the geometallurgical approach is considered (non-genetic term) and ore breccia in the ore geological 

approach (Paper II).

 

The definition for the semi-massive ore is as follows: iron (magnetite and/or hematite) ore with iron grade less 

than 55% Fe, and the main non-iron minerals are the silicates, i.e. amphibole, feldspars (albite and K-feldspar), 

quartz and biotite, not the apatite (Fig. 15). 
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Fig. 15 The whole rock chemistry reflects the mass proportion of magnetite content in the massive ore and in 
semi-massive ore.
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The silicate mineralogy varies both within and between the different ore bodies. In a geometallurgical context 

the semi-massive ores need to be studied in a more detailed way to find out whether there exists a large varia-

tion in the processing properties within the ore type and if there is a need for subdivision.

In many places the massive ore gradually changes into a semi-massive ore. Massive ore changes to veins of 

magnetite, apatite and amphibole-pyroxene developing into networks in the paler host rock rich in leucocratic 

silicate minerals. That generates a semi-massive ore with a mineral composition and structures which are more 

complex and comprise different mineral assemblages (Table 5). Ilmenite, pyrite, chalcopyrite, titanite and anhy-

drite are mainly found as accessory constituents in the semi-massive ore.

No. Mineral assemblages in the ore 

1 Magnetite+apatite+amphibole+pyroxene±biotite 

2 Magnetite+amphibole+pyroxene+biotite+chalcopyrite+pyrite+feldspar±apatite

3a Magnetite+plagioclase+quartz+amphibole+chalcopyrite+pyrite±biotit 

3b Magnetite+plagioclase+quartz+amphibole+biotite±chalcopyrite±pyrite±titanite  

4 Magnetite+amphibole+anhydrite+chalcopyrite+pyrite±calcite±plagioclase 

5 Magnetite+biotite+chlorite+feldspar±amphibole±pyroxene

6 Magnetite+plagioclase+quartz+amphibole±chalcopyrite±ilmenite±titanite±pyrite. 

Table 5 The mineral assemblages that vary in the massive ore.

The main element chemistry reflects the mass proportion of magnetite against the leucocratic-felsic material 

resulting in a high content of Fe, V, Ti and P in the magnetite rich end and a high content of Si, Ca, Mg, Na, K 

and S in the leucocratic-felsic material rich end (Fig. 15). The magnetite in the semi-massive ore is, in addition, 

very low in titanium and vanadium compared to the massive ore.

The distinct chemical discrepancies of massive ore and the semi massive ore are important to consider.  The ore 

resource estimation uses traditional 3D block models which solely are based on the chemical analyses of the 

ore samples. The amounts of semi-massive ore that are present in the process are consequently very significant 

and will not only influence the ore reserve estimation but also contribute to elemental variations in the min-

eral process. Therefore, a classification between the massive ore and the semi-massive ore can clarify the true 

distribution of the chemical elements from the valuable and the gangue minerals and thus improve the grade 

and recovery. 

5.2.  Lithology of the Malmberget host rocks

Knowing the character of the host rock of the ore is important for several reasons in mining and geometallurgy. 

Firstly, the mechanical properties and stability of the host rock determines the mining method, size of the tun-

nels and support needed. Secondly, a small part of the host rock will end up in the plant feed due to wall rock 

dilution in mining. Thirdly, it is common that the ore characteristics change with the host rock.

 

The iron ore in the Malmberget deposits are hosted by strongly metamorphosed and deformed volcanic rocks. 

Due to this strong recrystallisation and extensive alterations, the character and local stratigraphy of the host 

rocks has not previously been comprehensively reconstructed. The chemical changes during alteration make 

the use of mobile elements for the rock characterisation difficult, but also the use of elements that normally are 

considered to be immobile may be unreliable. However, a few elements including Al, Ti and Zr have proved 

to be useful for the identification of different primary lithologies (Fig. 16). A lithologic classification of the 
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host rock has been done based on the chemical and petrographical analyses of the host rock from several ore 

bodies in the Malmberget deposit. These are metavolcanic rocks (basalt-andesite, dacite-rhyodacite-rhyolite), 

felsic intrusions (deformed and undeformed aplite, granite), mafic intrusions (metadiabase) and skarn (Table 6) 

(Paper I). 

Table 6 The petrographic description of the host rock lithology which characterises the Malmberget deposit.

Rock type Colour
Grain 
size 
mm

SiO2 
%

Qtz 
(%)

Amph 
%

Bt 
%

Fe-Ti 
oxides 
%

Textures

Meta 
volcanic 
rocks

Basalt-andesite Greyish 0.1-0.4 52-66 - 5-25 0-25 3-10

Generally these rocks exhibit a 
well-developed foliation or min-
eral lineation and have a texture 
that is grano-porphyroblastic to 
slightly lepidoblastic.

Dacite – rhyo-
dacite - rhyolite

Pale red 
to greyish 
red

0.05-
0.4

61-72
10-
20

0-3 0-5 0-3

Mostly a grano-porphyroblastic 
texture with 1-5 mm fsp phe-
nocrysts and in more  felsic types 
small amounts of qtz phenocrysts

Felsic 
intrusions

Deformed aplite
Pale red 
to red

0.2-1  
(1-2)

69-73
15-
20

1-6 0-5 0.5-2

Mostly weak to moderate foli-
ation or mineral lineation. May 
have porphyric texture with 1-5 
mm large feldspar phenocrysts

Undeformed 
aplite

Pale red 
to reddish

0.2-2 72-76
20-
25

0-2 1-3 0.5-2 More or less undeformed aplite.

Granite
Pale red 
to reddish

5-15 72-76
25-
35

0-1 2-5 0.5-1

The rock has mostly a weak to 
moderate foliation or mineral 
lineation but may also be unde-
formed. Contain phenocrysts of 
microcline (5-15) and plagioclase 
(7-10 mm)

Mafic 
intrusions 
and dykes

Metadiabase 
1+2

Dark grey
to greyish 
brown
and grey-
ish green

0.1-0.7 
(2mm)

48-51 - 0-40 0-45 1-10
Generally no preserved primary 
textures. Typically it has a grano-
blastic texture and a more or less 
well-developed foliation or min-
eral lineation. Better preserved 
dykes may show chilled contacts.

Metadiabase 3 48-57 - 0-35 0-30 1-7

Altered 
rocks

Skarn
Green 
to dark 
green

0.3-15 50-60 - 5-65 0-5 0-15
Amphibole often retrogrades 
after pyroxene. Granoblastic to 
granoporphyroblastic

Fig. 16 The primary character of host rock, distinguished by its geochemical signature, expressed as 100*TiO
2
/Al

2
O

5
 

vs.1000* TiO
2
/Zr.
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Metavolcanic rocks

The ore-hosting metavolcanic rocks in Malmberget are similar to the intermediate to felsic volcanic host rock 

to the Kiirunavaara deposit (Martinsson, 2004). The metavolcanic host rocks of Malmberget vary from more 

a felsic composition in the western part to a mainly mafic to intermediate composition in the eastern part. 

The felsic rocks are also the dominant rock type in the central part of the area within the core of the syncline 

structure.

Based on the SiO
2
 content, the mafic to intermediate metavolcanic rocks are basaltic andesites and ande-

site-dacite. The felsic volcanic rocks consist of dacite and rhyodacite to a less common member of rhyolite.

Felsic intrusions

Both the metavolcanic rocks and the ores are intruded by several types of dykes. These include aplitic dykes 

comagmatic with the volcanic rocks and a younger generation of aplite, pegmatite and granite of Lina type. 

Deformed aplitic dykes are common in the host rocks but also occur in the ore. The undeformed aplite dykes 

are less common in the mine but occur locally as dykes in the ore and in the host rock. Larger bodies of granite 

are rare in the ore but occupy a large area to the north of the deposit.

Mafic intrusions and dykes

Altered mafic dykes with scapolite, amphibole and biotite have intruded the ore and the metavolcanic rocks. 

They most likely represent several generations of intrusions. The metadiabase is common as up to more than 

10 m wide dykes cutting the ore and the host rock. In the wider dykes the grain size often decreases toward 

the contacts reflecting chilled contacts. Often no primary textures are preserved, but the more coarse grained 

dykes may have partly preserved magmatic textures. Based on the chemistry three different types may be distin-

guished based on the content of SiO
2
, TiO

2
, Zr and Th. Two types are high in TiO

2
 and with 48 to 51% SiO

2
. 

The third type has lower TiO
2
 but higher Zr and a silica content of 48 to 57% SiO

2
 (Fig. 16).

5.3. Developing a framework and tools for a geological model

The geological information is highly important in the ore projects from the exploration stage through resource 

delineation, the feasibility study and mining to closure of the operation. In the traditional approach much of 

the geological data produced in the early stage of the project is left unused in the mining stage. The elemental 

grades are the most important information in the mineral resource estimation, and frequently they are the only 

one. However, a constant chemical composition can include variation in the modal mineralogy and mineral 

textures which in turn cause variation in the processing properties. Descriptive mineralogical information, such 

as lithology, mineral assemblages, grain sizes and textures, could be gathered relatively easy, but the data itself 

has certain limitations. Descriptive mineralogical (or any other) information is difficult to include in the block 

model as the properties are non-additive, and average value for a given block cannot be estimated by geostatis-

tics. Therefore, it is more appropriate to use quantitative mineralogy for building the geometallurgical model. 

The requirements for the ore characterisation techniques to be used in geometallurgy are high. They should be 

capable of measuring and analysis of the different ore properties and in particular the mineralogical parameters. 

The methods should be fast, inexpensive and above all practical, capable of being implemented routinely as 

on–line tools.
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5.3.1. Components of the geological model

A pure mineralogical approach in geometallurgy means that the geometallurgical model is fully based on the 

mineralogy. The model uses mineral parameters, such as modal mineralogy, mineral textures, mineral associa-

tion, mineral grain sizes and their relation to the liberation characteristics. Based on a particle approach mod-

ified after Lamberg (2011), a geometallurgical model of the Malmberget deposit can be established in three 

sub-models (Fig. 17): a geological model, a process model and a production model. 

Fig. 17 The particle-based geometallurgical concept, modified from Lamberg (2011). Modal mineralogy and textures 
link the geological model and the process model. In the process model minerals are treated as particles. From the geo-
logical information, the particle population is generated through the particle breakage model.

In a mineralogical approach the geological model relies on a proper ore characterisation and provides quan-

titative mineralogical data in such a way that elemental grades or lithology are not needed. The modal com-

position (mineral composition by weight percent) and the texture information (mineral association and grain 

sizes) define the geological model. A geological model is linked with the process model through particles. The 

combination of a developed geological model and a process model gives a production model that is capable of 

handling different process scenarios based on the included parameters from the two models. 

The accurate modal mineralogy is the first requirement for the geological model. Besides mass proportion it 

also gives the chemical composition of each existing mineral in a geological unit (sample, block, domain). 

The ore textures form the second part of the geological model. The traditional geological description of tex-

tures is mostly qualitative and includes parameters like grain size (coarse, moderate, fine), grain shape (euhedral, 

prismatic, anhedral) and associated minerals. Descriptions such as these are insufficient in a geometallurgical 

perspective, and there is a need to develop a textural analysis which gives a numeric description of the textural 

properties by using additive parameters. Only then the textural information can be used both in modelling and 

geostatistics.

Mineral textures and the liberation characteristics are closely associated. Therefore, an effort is made to link the 

textural description and the mineral liberation distribution. This information is essential and must be included 

in the geological model. This defines the 3D level that uses the mineral liberation in the process model which 

allows forecasting the metallurgical functions. 

The directions outlined above are the requirements for the geological model of the Malmberget deposit. The 

ore characterisation showed that significant mineralogical variation exists between and within the ore bodies.
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From a production perspective the systematic elemental redistribution between magnetite and hematite is an 

advantage. Magnetite in the western part of the deposit is very pure and poorer, not only in V and Ti but also 

in other trace elements than those that are normally in the apatite iron ore. On the other hand, associating 

hematite is rich in Ti. This magnetite-hematite association can be seen as a naturally concentration process, and 

there is a possibility of using this information in production planning to produce an iron ore concentrate of 

different qualities in terms of trace elements. 

Texturally, the magnetite and the gangue minerals in Malmberget are relatively coarse, and the liberation size is 

reasonably large. The elemental deportment of intergrowth in magnetite which is especially rich in Ti is hard 

to treat and is instead a disadvantage. If Malmberget is compared to the less metamorphic and deformed iron 

ore deposits in the Kiruna area, the former shows a granoblastic texture, whereas magnetite in Kiirunavaara is 

columnar and skeletal. Due to this difference Kiirunavaara ore requires finer grinding and apatite floatation. 

5.3.2. Developing a routine method for modal analysis

The mineralogical approach requires a quick and inexpensive modal analysis method considering the need of 

producing that information in a large number (>10 000) of samples. The element to mineral conversion is a 

technique where the mineral grades are calculated from chemical assay using the information on the chemical 

composition of the minerals. Mathematically, the problem is a system of linear equations, and generally it is 

solved with a non-negative least squares technique (Paktunc, 1998; Whiten, 2008; Lamberg et al., 1997).

To develop this method, drill core samples from Printzsköld and Fabian were selected. The sample selection 

was based on the specific mineralogy of each ore, and three representative sub-ore types were selected. A total 

of five predominate sub-ore types were collected: namely feldspar rich ore, apatite rich ore and amphibole rich 

ore, the last one found only in Fabian ore. The biotite rich ore, typical for group 3, was not sampled.

Actual and reliable mineral lists were established for both ore bodies. The optical microscopy was used to 

identify minerals (Table 7), and their elemental composition was analysed by electron microprobe (EPMA) 

(Table 8). The mineralogy and the average chemical composition of each phase were found to be significantly 

different in Fabian and Printzsköld (see section 5.1.1); therefore, two different mineral lists were used.

The samples were analysed for Fe, Al, Ti, Si, K, Ca, Mg, Mn, V, Na, S and P by routine X-ray fluorescence 

(XRF). In addition, two diagnostic analysis methods were used, a chemical titrimetric method (Fe2+) and the 

Satmagan (Fe2+) magnetic balance method to determine the amount of divalent iron and the amount of mag-

netic material. At LKAB both of these analyses are routinely done when hematite is expected to be present in 

the ore.

By knowing the chemical composition of the minerals and the chemical composition of samples, a set of linear 

equations can be written. In matrix format this is A*x=b.

Where A is a matrix for the chemical composition of minerals, x is the mass proportion of minerals in the sam-

ple, and b is the chemical composition of the sample. The maximum number of minerals to be solved is limited 

by the number of independent chemical assays. Therefore, some simplifications were required.
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Table 7 Typical (average) modal composition of feldspar rich ore, concentrate and tailing from a Mörtsell dry 
magnetic separation laboratory test.

Mineral Formula Orea Concentrate Tail

AVG 
wt %

STD AVG wt % STD 
AVG 
wt %

STD 

Magnetite (Mgt) Fe
3
O

4
54.00 1.04 90.90 1.35 2.87 0.23

Ilmenite (Ilm) FeTiO
3

0.89 0.13 0.88 0.13 0.99 0.13

Rutile (Rt) TiO
2

0.39 0.09 0.44 0.09 0.33 0.08

Quartz (Qtz) SiO
2

1.14 0.15 0.33 0.08 2.22 0.20

Calcite (Cal) CaCO
3

0.09 0.04 0.01 0.01 0.23 0.06

Albite (Ab) NaAlSi
3
O

8
19.07 0.61 2.83 0.22 42.54 0.90

Orthoclase (Or) KAlSi
3
O

8
4.77 0.29 0.96 0.12 9.54 0.42

Biotite (Bt) K(Mg,Fe)
3
(AlSi

3
O

10
)(OH)

2
4.49 0.25 0.66 0.10 9.11 0.36

Diopside (Di) CaMgSi
2
O

6
1.89 0.19 0.29 0.07 4.28 0.29

Actinolite (Act) Ca
2
(Mg,Fe)5Si

8
O

22
(OH)

2
7.04 0.37 1.03 0.13 15.72 0.56

Chlorite (Chl) (Mg,Fe)
5
Al(Si

3
Al)O

10
(OH)

8
0.46 0.09 0.27 0.07 0.75 0.12

Titanite (Tit) CaTiSiO
5

0.27 0.07 0.12 0.05 0.44 0.09

Zircon (Zr) ZrSiO
4

0.06 0.03 0.00 0.01 0.12 0.04

Apatite (Ap) Ca
5
(PO

4
)
3
(F,Cl,OH) 3.97 0.24 0.28 0.07 8.72 0.36

Sulphates (anhydrite, gypsum) (Py) CaSO
4
, CaSO

4
*2H

2
O 0.25 0.06 0.02 0.02 0.59 0.10

Sulphides (pyrite, chalcopyrite) (Py) FeS
2
, CuFeS

2
0.26 0.07 0.07 0.03 0.56 0.09

a Ore sample back calculated from concentrate and tailing. 

Table 8 The average chemical composition (wt. %) of Malmberget minerals (Fabian ore) analysed by electron micro-
probe in 25 samples, giving the variation in the ore body. For the A-matrix the oxides converted to elements.

Pyrite and orthoclase stoichiometric

Mgt Ilm Qtz Ab Bt Di Act Ap Hem

# analyses 590 40 7 60 12 36 43 59 14

SiO
2 100.4 72.7 41.92 54.7 55.4

TiO
2 0.08 49.8 4.00 0.02 0.03 0.35

Al
2
O

3 0.10 20.36 13.06 0.23 1.88 0.05

Cr
2
O

3 0.02

V
2
O

3 0.08 0.29 0.12

FeO 93.7 44.6 0.06 0.01 13.85 9.61 10.3 0.21 90.2

MnO 0.01 2.90 0.01 0.05 0.14 0.05 0.01

MgO 0.01 1.90 17.01 13.0 17.6 0.12

CaO 0.01 0.01 0.01 21.8 11.5 56.5

Na
2
O 6.89 0.03 1.51 1.06

K
2
O 0.01 0.01 7.90 0.13

P
2
O

5 0.19 36.8

NiO 0.04 0.01

F 0.01 1.36 0.18 6.58

Cl 0.28

Sum 94.2 99.5 100.5 99.9 99.2 101.0 98.2 100.4 90.7

Fe
2
O

3
 (calc) 69.4 6.87 99.9

FeO (calc) 31.2 38.5 0.31

Recalc. sum 101.2 100.2 100.8
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Zr and C are missing in the chemical assays, so the mass proportion of neither zircon nor calcite can be 

estimated. These minerals are not relevant in the concentration process as they are trace minerals. To further 

reduce the number of minerals, the titanium minerals (ilmenite, rutile and titanite) were combined, and the 

most voluminous one, ilmenite, represents all of the titanium minerals. The same was done for sulphur bearing 

minerals: pyrite represents sulphides (pyrite, chalcopyrite) and sulphates (anhydrite, scapolite). Finally, as chlorite 

is a minor mineral occurring as an alteration product of biotite, it was left out as well and is reported together 

with biotite.

Two of the analysed elements by XRF, namely V and Mn, occur only as minor constituents in minerals and are 

not a very good choice for mineral quantification; they are therefore not used in our calculation. All together 

it gives in the end a total of eleven independent assays enabling a maximum number of eleven minerals to be 

quantified.

Having eleven elements and eleven minerals, it would be possible to calculate all of the minerals simultaneously. 

To avoid negative solutions and good control for some trace minerals, it was found that the best solution is 

to divide the calculation into several rounds. After testing different alternatives, a plausible mineral conversion 

solution for the two ore bodies was found by using a total of three calculation rounds and both LS- and NNLS 

algorithms (Table 9). In the first round the minerals which carry solely one element are solved with the LS 

technique. This means that the apatite and pyrite grades are solved using phosphorous and sulphur. The second 

round takes silicate minerals: albite, orthoclase, biotite, diopside, actinolite and quartz, using residual Na, Mg, 

Al, Si, K and Ca, and the NNLS solution is used. Since ilmenite and magnetite contain most of Ti-Fe and Fe, 

the third round uses the residual Ti and Fe (XRF). Diagnostic assay methods, SATMAGAN and Fe2+ offer a 

possibility to calculate both hematite and magnetite, if present. For this alternative hematite and SATMAGAN 

or Fe2+ are also included in the third calculation round. Both of the ores have individual adjustments of the 

calculation rounds (Table 9). The calculated modal composition (wt.%) of the ore samples from the predomi-

nate subore types for 1D level in a process model is shown in Table 10.

Table 9 The calculation routines that are used in the modal calculation. Two alternative calculation routines; left: all 
minerals calculated in one step, right: calculation divided into three rounds. The latter that gave a better result was used 
(see text). The elements showed as oxides.

General Fabian Printzsköld

Round Mineral Components Methods Round Mineral Mineral Components Methods

1 Apatite (Ap) P
2
O

5
NNLS 1 Apatite (Ap) Apatite (Ap) P

2
O

5
LS

Pyrite (Py) S Pyrite (Py) Pyrite (Py) S

Quartz (Qtz) SiO
2

2 Quartz (Qtz) Quartz (Qtz) SiO
2

NNLS

Albite (Ab) Na
2
O Albite (Ab) Albite (Ab) Na

2
O

Orthoclase (Or) MgO Orthoclase (Or) Orthoclase (Or) MgO

Biotite (Bt) K
2
O Biotite (Bt) Biotite (Bt) K

2
O

Diopside (Di) Al
2
O

3
Diopside (Di) - Al

2
O

3

Actinolite (Act) CaO Actinolite (Act) Actinolite (Act) CaO

Magnetite (Mgt) Satmagan 3 Magnetite (Mgt) Magnetite (Mgt) Satmagan NNLS

Ilmenite (Ilm) TiO
2

Ilmenite (Ilm) Ilmenite (Ilm) TiO
2

Hematite (Hem) FeO(tot) Hematite (Hem) Hematite (Hem) FeO(tot)
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Comparison of element to mineral conversion to QEMSCAN analyses

The element to mineral conversion technique described above is developed with emphasis to calculate the 

modal mineralogy directly for ore samples. But when the accuracy and the reliability of the mineral quantifica-

tion are tested, it also includes the products from the Mörtsell separation test, concentrate and tail. QEMSCAN 

analyses (modal mineralogy) were produced of each size fraction of concentrate and tail (10 samples) and com-

pared against the calculated mineralogy. The standard deviation between the methods in the mineral grades is 

on average 2.4 wt. % (Fig. 18). The corresponding relative standard deviation for the individual minerals varies 

being 6.5 for magnetite and higher than 15 wt. % for the gangue minerals.

Table 10 Calculated modal composition (wt.%) of ore samples from the predominate subore types of the classified 
iron ore 2 (Fabian) and 3 (Printzsköld) information for a 1D level in a process model.

Sub ore 
type

Stream Mgt % Ilm % Ab % Or % Amph% Bt % Qtz % Ap % Py % Total

Fa Fsp Ore 51.38 1.06 32.69 2.7 7.1 1.65 0 0.37 0.28 97.24

Fa Ap Ore 84.78 0.37 0.14 0 3.19 2.78 0.49 6.96 0.08 98.79

Fa Amph Ore 64.29 1.01 2.83 0 22.31 6.23 0 1.22 0.15 98.05

Pz Fsp Ore 42.11 1.65 20.23 13.46 7.81 6.36 0 6.06 0.22 97.9

Pz Ap Ore 79.42 0.69 0.44 0 0 4.23 1.02 12.63 0.18 98.61

Fig. 18 The average mineral grades of different minerals whose grade is estimated by two methods (x-axis) against 
standard deviation between the methods. 
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Since the minerals (variables) are correlated, a multivariate analysis of variance (MANOVA) was used to test 

the statistical agreement (significance) of the element to mineral conversion technique and the QEMSCAN, 

compared in parity plots (Fig. 19). It uses the vectors of the mean of the included minerals in the two data sets 

of the correlated variables involved. 

The MANOVA method initially tests if there is a significant difference between the two mean vectors. If 

significance is detected, an analysis of variance (ANOVA) for each mineral pair will identify the mineral/

group of minerals that causes the significant difference between the methods (Johnson and Wichern, 1998). 

Simultaneous confidence intervals (Bonferroni) are calculated in the single variable ANOVA for each mineral. 

The Bonferroni correction is used in order to keep the p-value correct due to the correlation between the 

variables/minerals. 
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The statistical evaluation - What is the accuracy of the method

Before new quantitative methods are introduced, their reliability must be evaluated, and the highest accep- 

ted error defined. According to Pitard (1989), the highest accepted error is for commercial purposes, 0.5 % 

(Table 11). For resource estimate the error must be below 5%. The lowest level, the exploration and environ-

mental estimation require an accuracy of ±16 wt. % (Pitard, 1989). To meet this 5% request, it sets high require-

ments for the sampling, sample preparation and the analysis to avoid the sampling error being raised so high 

that it limits the usefulness of the collected data (Gy, 1982; Pitard, 1989). 

Both the relative standard deviation (6.5; >15 wt. %) and the MANOVA-ANOVA (p-value 0.10) comparison 

of the mineral grades show a significant difference and a lower accuracy than required for the resource esti-

mation. 

Table 11 The relative standard deviation (RSD) in the modal analysis with the element to mineral conversion tech-
nique for the Malmberget iron ore samples. Maximum accepted errors marked with an asterisk from Pitard (1989), 
others modified after Lamberg et al., 2013.

Purpose of the analysis Max accepted relative 
error for Iron oxides

Max accepted relative 
error for gangue 
minerals

Magnetite
Malmberget

Gangue minerals
Malmberget

Exploration and environmental* 16* 16* OK OK

Lithology identification 15 15 OK OK (15)

Ore type identification 10 10 OK Not OK

Geometallurgy domain classifica-
tion

7.5 10 OK (6.5) Not OK

Geometallurgical model 5 7.5 Not OK Not OK

Technical sampling, process control 
and resource estimate*

5* 5* Not OK Not OK

Process mineralogy 3 5 Not OK Not OK

Commercial* 0.5* 0.5* Not OK Not OK

Fig. 19 A comparison of the modal mineralogy (wt. %) of iron ore determined by the QEMSCAN (x-axis) and the 
element to mineral conversion (y-axis).

0

20

40

60

80

100

0 20 40 60 80 100

El
em

en
t t

o 
M

in
er

al
 c

on
ve

rs
io

n
El

em
en

t t
o 

M
in

er
al

 c
on

ve
rs

io
n

El
em

en
t t

o 
M

in
er

al
 c

on
ve

rs
io

n
El

em
en

t t
o 

M
in

er
al

 c
on

ve
rs

io
n

El
em

en
t t

o 
M

in
er

al
 c

on
ve

rs
io

n
El

em
en

t t
o 

M
in

er
al

 c
on

ve
rs

io
n

QEMSCAN
0

20

40

60

80

100
Magnetite
R square=0.979

0

10

20

30

40

50

60

70

0 10 20 30 40 50 60 70
QEMSCAN

0

10

20

30

40

50

60

70
Albite
R square=0.955

0

5

10

15

20

0 2 4 6 8 10 12 14 16 18
QEMSCAN

0

5

10

15

20
Orthoclase
R square=0.904

0

2

4

6

8

10

12

14

16

0 2 4 6 8 10 1214 16 1820 2224 26
QEMSCAN

0

2

4

6

8

10

12

14

16
Apatite

R square=0.858

0

5

10

15

20

25

0 2 4 6 8 10121416182022242628
QEMSCAN

0

5

10

15

20

25
Biotite

R square=0.917

0

5

10

15

20

0 10 20 30
QEMSCAN

0

5

10

15

20
Amphibole

R square=0.871



Mineralogical, chemical and textural characterisation of the Malmberget iron ore deposit for a geometallurgical model

57

5.3.3. Geometallurgical ore type classification

As shown above the element to mineral conversion introduces error in the mineral grades too large to be used 

directly and simultaneously alone in the resource estimation. The error in the magnetite grade approaches the 

level for the geometallurgical domain classification, but for the gangue minerals the error is too high. However, 

this information can be used to develop a classification system which is more reliable than the lithological name 

given in the logging. A modal classification can, for example, differentiate hard and soft ore and point out the 

location of weak ore (Ghosh, 2012). The mineralogical variation can be used to create 3D mineralogical maps 

over the ore body, for instance revealing the magnetite and hematite ratio, and since the classification uses the 

included mineralogy, it is a generic system that also can be applied for other Fe ores.

The calculated mineral grades were used to develop preliminary geometallurgical ore types (GEM-type) 

(Fig. 20). The GEM type definition aims to capture all of the important mineralogical features related to ore 

processing (e.g. metallurgical meaning): 1) Fe mineral grade, 2) Fe-mineralogy, 3) gangue mineralogy and the 

4) presence of sulphides (e.g. H/Mgt/Ap(Amph)).

Fig. 20 A geometallurgical ore type (GEM-type) classification scheme of the gangue mineralogy of Malmberget iron 
ore. For the classification the gangue mineral grades are recalculated to 100%.

Gangue
Mineralogy

Fsp

2a) Py bearing Amph- (Ap-Bt)

2b) Amph-(Ap-Bt)

2c) Ap-(Amph)

2d) Bt-(Amph-Ap)

2e) Amph+Ap+Bt

Qtz bearing Fsp+Amph
4) Unclassified

1) Fsp

Py

Amph

Ap

Bt

>80%

>35%

>35%

>45%

>5%>60%

>32%

>10%

2) Amph+Ap+Bt+Py

3) Qtz

As the iron grade is overall quite high, normalised gangue mineral grades were used as a basis to distinguish and 

characterise the different GEM types with special reference to the silicate mineralogy (cf. silicate problem). The 

Feldspar rich GEM- type (Fsp) is common in low grade ores of magnetite, and the hematite ore, in particular, 

is totally hosted by the feldspar GEM-type. The amphibole GEM-type is quite widespread in the magnetite ore 

and is taken as a subclass of its own because it is a harder rock type than the feldspar GEM-type. The amphibole 

GEM-type is further divided into five subtypes. Iron concentrate has restrictions to sulphur and phosphorous; 

therefore, it is important to identify the variation in terms of sulphides and apatite. Thus, pyrite GEM-type (Py 

bearing (Amph-(Ap-Bt)) and apatite bearing GEM-type (Ap-(Amph)) classes were established. Locally biotite 

rich zones can be found, and they cause some problems in rock stability. Additionally, in comminution, biotite 

tends to enrich in fine size fractions, and this is partially the reason for elevated silica content in the concentrate. 
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Consequently, it is important to identify areas rich in biotite, and a subgroup was created accordingly, GEM-

type (Bt-(Amph-Ap)). Quartz is not a typical ore gangue mineral in the ore but exists in the wall rock. The 

presence of quartz in the modal composition indicates a presence of harder wall rock which may be important 

to identify deserving a subclass of its own, GEM-type (Qtz bearing Fsp+Amph). 

From producing the model mineralogy solely to use the grades in the geometallurgical ore type classification, 

Fabian and Printzsköld truly show a distinct mineral grade discrepancy within the ore in between the ore 

bodies. The accuracy and reliability of this GEM-type classification system was estimated against optical mi-

croscopy. In 95% of the cases, both methods gave the same result. Preliminarily, seven different GEM-types are 

defined, and these are most probably both too many and detailed (Fig. 21).

Fig. 21 A graphic log showing the modal composition of two drill cores DDH-6533 from Fabian (left), DDH-6716 
from Printzsköld (right). Pictures below show the gangue mineral grades normalised to 100%.

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%
0%

10%

20%

30%

40%

50%

M
in

er
al

 g
ra

de
M

in
er

al
 g

ra
de

Fe-mineralogy

Fe-grade

Gangue mineralogy

60%

70%

80%

90%

100%

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%
0%

10%

20%

30%

40%

50%

M
in

er
al

 g
ra

de
M

in
er

al
 g

ra
de

60%

70%

80%

90%

100%

100 200 400 500 600 700 800

DDH 6533 DDH 6716

300 350 400 450 500

Py %
Ap %
Qtz %
Bt %
Amph %
Fsp %
Ilm %
Hem %
Mgt %

Mgt

(m) (m)

MgtHem

High HighMedium MediumLow Low

5.3.4. Developing a method to quantify mineral textures

In geology, the ore and rock are traditionally described in terms of structures, which refer to large scale pro- 

perties such as banding, bedding, and layering. Texture, on the other hand, refers to small scale properties such 

as grain size, grain shape, crystallinity and mineral associations, which are generally described, while the spatial 

interrelationships are often described in qualitative terms. There are also several terms used to describe grain 

shapes and mutual relationships, as well as arrangements of mineral in samples. Mineralogists use the term 

fabric for this, and the term texture is reserved for orientation of the minerals in a sample. However, among the 

economic geologists and process mineralogists, the term texture is generally and widely used instead of fabric. 

Therefore, in this study the terms “mineral texture” and “texture” are used instead of fabric.  

Using drill core logging (i.e. macroscopical observations) and optical microscopy, mineral textures of the mas-

sive and the semi-massive ore were classified. Textures were described and classified according to magnetite 

grain size and shape, generic grain size and the main associating mineral. The magnetite grain sizes were 

measured (Table 12). The following types, arranged in the order of increasing magnetite grade, were identified: 

disseminated, veiny, patchy, banded, granules, speckled and massive.



Mineralogical, chemical and textural characterisation of the Malmberget iron ore deposit for a geometallurgical model

59

Table 12 A classification scheme outlined for the massive and semi-massive ore from the Malmberget deposit based on 
the mineralogical and textural relation.

Ore 
type

GEM-
type

Fe-
mineral

Fe 
grade 
*

Texture 
type

Sub 
type

Grain 
shape

Grain 
size, 
mean 
(μm)

Texture description 

Main 
associating 
mineral to 
magnetite

Semi 
mas-
sive 
ore

Fsp Mag
<10 % 
(L)

Dissemi-
nated

Fine
Euhedral to 
anhedral

44
Fine grain magnetite occur 
as disseminated in the 
silicate matrix

Fsp-Qtz

Fsp,
Bt-(Amph-
Ap),
Qtz 
bearing 
Fsp+Amph

Mag
10-80 
%
(L-H)

Veiny, 
patchy, 
banded, 
granules

Fine
Euhedral to 
anhedral

59-74

Mag grains, irregular 
distribution in the grain 
boundaries of fine grain 
silica matrix or as smaller 
inclusions in fsp grain

Fsp-Qtz-Bt-
Amph

Coarse
Euhedral to 
anhedral

90-129

Mag grain occur as single 
grains in grain bounda-
ries or as aggregate often 
outline in veins or patches 
in the matrix

Qtz 
bearing 
Fsp+Amph

Mag
>80 % 
(H)

Speckled Coarse
Sub- to 
anhedral

133
Larger magnetite grain 
giving a semi-massive 
appearance

Fsp-
Qtz±Amph

Mas-
sive 
ore

Amph-
(Ap-Bt) Mag

90-100 
%
(L-H)

Massive

Fine

Sub- to 
anhedral

100-200
Mag grain in a massive 
appearance as a compact 
equigranular matrix with 
coarser grains occurring as 
vein like structure

Amph
Euhedral 200-400

Amph-
(Ap-Bt),
Ap-
(Amph)

Mag

90-100 
%
(L-H)

Medi-
um

Subhedral 400-600
Mag grain occurs as 
granoblastic texture with 
distinct triple junctions 
at grain boundaries or as 
porphyroblasts (outline in 
linear direction)

Bt+Am-
ph+Ap

Euhedral
600-
2400

Porphyro-
blasts

2000-
3200

Ap-
(Amph)

Mag

90-100 
%
(L-H)

Coarse
Euhedral

800-
1400

Mag grain occurs as 
granoblastic texture with 
distinct triple junctions 
at grain boundaries. 
Elongated grains outline 
in a linear direction or 
as porphyroblasts gives a 
brittle appearance 

Ap

Clear dependence between the magnetite grain size and magnetite (i.e. Fe) grade was found (Table 12). In the 

disseminated texture magnetite is an average of about 40 microns, and grain size increases to about 140 microns 

in the semi-massive ore up to 1400 microns in the massive ore (Fig. 22, Table 13).  

Even though the textural classification was not based on modal mineralogy, textural classes follow and are 

somewhat unique for different GEM types.

The Fsp GEM-type in the semi-massive ore consists of two different materials identified by their colour. 

Melanocratic magnetite rich material brecciates the leucocratic albite-orthoclase-rich magnetite-poor matrix. 

The melanocratic parts consist of magnetite, apatite and amphibole veins, bands or patches that may develop 

into networks in the leucocratic rock. The mineralogy of the leucocratic brecciating rocks consists of a varying 

proportion of albite, orthoclase, quartz and biotite with minor magnetite. 
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Texture type Sub-type

Picture
(Macro scale) (4 cm)

Fine grain texture 
(Mgt-Fsp) 
(Micro scale) (500 μm)

Coarse grain texture 
(Mgt-Fsp) 
(Micro scale) (500 μm)

(#) An increasing Fe-grade in the 
geochemistry analysis

Disseminated (1) Non existing texture

Banded (2)

Veiny

a)Waving veins 
(3)

b)Small veins (7) 
typical in Pz ore

Patchy(4)

Granules (5)

Table 13 Eight representative and different identified macrotextures of the classified Fsp GEM-type for different 
ore bodies in Fabian and Printzsköld ore bodies.

Fig. 22 Magnetite grain size – magnetite grade (Fe) shows a positive correlation in the Fsp GEM-type of Fabian ore. 
Fine grained and coarse grained form a bimodal system with two end members. The absence of texture type 7 is identi-
fied for Printzsköld ore body.
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Based on the mutual relationships of the leucocratic and melanocratic parts, seven textural types were identi-

fied (Table 13). With an increasing melanocratic content (and magnetite grade), they are: 1) disseminated, 2) 

banded, 3) veiny, 4) patchy, 5) granules, 6) clustered and 8) speckled. The magnetite grains in the leucocratic 

parts are smaller in all textural variants than in the melanocratic parts. This is shown in Fig. 22 where the grain 

size of magnetite of seven different textural variants is shown. The average grain sizes of magnetite are shown 

both for fine grain leucocratic and melanocratic coarser grain material. The magnetite grains are 40-60 microns 

larger in the coarser melanocratic parts which are also richer in magnetite. In both parts the magnetite grain 

size increases with magnetite grade, and in addition the overall magnetite grain size increases from type 1 to 7 

(Fig. 22). The texture type 2 is deviating from the linear correlation and thus shows an uncertainty when the 

Fe-grade is low.

Besides the mutual relationship of the leucocratic and melanocratic in the Fsp GEM-type, it can also be di-

vided based on the grain size. The melanocratic parts do have a coarse grain Fsp GEM-type variant, where 

the magnetite occurs as single grains (90-133 μm) or as larger aggregates interstitially in grain boundaries of a 

granoblastic silicate matrix. The grain shape of the magnetite varies strongly; elongated and somewhat rounded 

grains occur. The grain size increases as the Fe-grade increases. In the leucocratic parts the fine grained variant 

of the Fsp GEM-type magnetite varies from 44 to 75 μm. Anhedral magnetite grains occur both at the grain 

boundaries of a granoblastic to grano-porphyroblastic silicate matrix and as inclusions in albite and orthoclase 

grains. The grain size of the magnetite grains increases as the Fe–grade is increasing between the different tex-

tural types. It means that the leucocratic part is decreasing in the samples as the melanocratic parts increase due 

a higher Fe-grade.

The Bt-(Amph-Ap) GEM-type is structurally controlled and is located in the footwall of the massive ore. 

Texturally, the Bt-(Amph-Ap) GEM-type is unique showing a schistose appearance due to the orientation of 

biotite. Tabular biotite grains, mainly (10-400 μm), sometimes as larger grains up to 2000 μm occur, dissemi-

nated or as a cluster that follows the lineation in the host rock either interstitially to a magnetite- or a silicate 

granoblastic matrix (Table 14).

The Py bearing Amph-(Ap-Bt) GEM-type contains a significant amount of sulphides. Single euhedral grains of 

pyrite and chalcopyrite (5-200 μm), occasionally (up to 4800 μm), occur as dissemination in veins, at the grain 

boundaries or interstitially to magnetite, and this texture occurs both in the massive ore but more commonly 

in the semi-massive ore. The composition of this GEM-type regarding the mineral texture and the modal min-

eralogy is mostly overprinting the Amph-(Ap-Bt) GEM-type.

Clustered (6)

Speckled(8) Non existing texture

Table 13 cont.
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Fine grain clustered (9)

          

500 μm

Mag

Amph-Px
Subhedral to anhedral magnetite grains 

(56-260 μm) occur in a granoblastic ma-

trix with amphibole-pyroxene

Anhedral fine grain amphibole (25-

180  μm) occurs interstitially to magnetite 

grains, either with or without the inclu-

sion of magnetite grains (22-70 μm)

The grain size of the matrix is medium 

to coarse

Coarse grain clustered (10)

          500 μm

Mag

Amph-Px

Single subhedral to anhedral magnetite 

grains (10-200 μm) occur interstitially in 

grain boundaries and as several inclusions 

in coarse or fine grained amphibole-py-

roxene

The coarse amphibole grains exist as a 

cluster (800-3200 μm) or as fine single 

grains (80-100 μm) interstitially to mag-

netite

The grain size of the matrix is medium 

to coarse

Schistose (11)

          

500 μm

Mag

Bt
Fsp

Tabular single biotite grains (10-400 μm) 

occur as larger grains (up to 2000 μm), 

even a cluster or aligned in lineation inter-

stitially to magnetite

The matrix is either a granoblastic mag-

netite or a silicate matrix

The grain size of the matrix is medium 

to coarse

Granoblastic texture (12)

         
0.5 mm

Mag

Anhedral to subhedral magnetite grains 

occur either as a fine grained matrix 

(100-400 μm) or as a medium grained 

(400-800 μm) matrix

The magnetite matrix forms a dense tex-

ture sometimes giving a complex appear-

ance of complicated grain boundaries

Other mineral associations are identified 

to have a porphyroblastic texture, such as 

magnetite-apatite, magnetite-ilmenite

Table 14 Different ore textures that are identified and defined in massive and semi-massive ore. This table can also be 
used as a mini atlas during texture classification.

Two different GEM-types exist in the massive ore: Amph-(Ap-Bt) and Ap-(Amph). The Amph-(Ap-Bt) type 

shows wide variation in the amphibole (-pyroxene) grain sizes and grain shapes, and two end members can be 

identified. The coarser grained variant consists of large recrystallised amphibole (-pyroxene) grains occurring 

as a cluster (0.8-3.2 mm) enclosing smaller magnetite grains (Table 14). In the finer grain variant, amphibole 

grains (0.2-1 mm) occur interstitially to magnetite grains, either with or without the inclusion of small mag-

netite grains. In both types the magnetite grains are similar in size; the largest difference between them is that 
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Porphyroblastic texture (13)

         

0.5 mm

Mag

Euhedral to subhedral magnetite grains 

(800-1400 μm) can have an elongat-

ed shape outlining a mineral lineation 

parallel to the general fabric of the rocks 

or occurring either as porphyroblasts 

(up to 4600 μm) or outlined in veinlike 

structures in the finer anhedral magnetite 

matrix

The grain boundaries are simple and 

straight with clear triple junctions causing 

the rock to be brittle

         
0.5 mm

Mag

Hem

Euhedral to anhedral (200-2000 μm) 

single hematite grains or as larger por-

phyroblasts (up to 20 mm) interstitial to 

magnetite grains

Other mineral associations are identified as 

having  a porphyroblastic texture such as 

magnetite-apatite, magnetite-ilmenite

Exsolution texture (14)

       
0.5 mm

Mag

Hem

Magnetite grains show oriented exsolved 

spinel patches (50-200 μm)

Oxidation surfaces of hematite in magnet-

ite grains or along the grain boundaries in 

the magnetite matrix

Lamella texture (15)

       
25 mm

Mag Ilm

Magnetite grains show intergrowth of 

ilmenite as oriented lamellas (trellis and 

sandwich) approx. (2 μm)

Homogenous hematite grains have inclu-

sions of (20-100 μm) Fe-Ti lamellas or as 

(10-50 μm) rutile needles at the rim of 

the grain

Table 14 cont.

in the coarse grained variant the magnetite grains also occur as inclusions in amphibole, whereas in the finer 

grained variant, the magnetite occurs in the grain boundaries. These two textures can easily be identified dur-

ing the drill core logging due to the significant difference in amphibole grain size (Table 14). The Ap-(Amph) 

type is texturally homogeneous. Equally sized apatite and magnetite are closely associated (Table 15).

0.5 mm
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Table 15 Some specific textures of selected minerals in the Malmberget deposit.

Dissemination of sulphides in magnetite

      500 μm

Mag

Py

Ccp

Single euhedral grains of pyrite and chal-
copyrite (5-200 μm), occasionally (up to 
4800 μm) occur as dissemination in veins, 
at the grain boundaries or interstitially to 
magnetite
The pyrite is more common than the 
chalcopyrite and is a texture that occurs 
in the massive ore but more common in 
the semi-massive ore
The grain size of the matrix is medium 
to coarse

Porphyroblastic texture of apatite and magnetite

      
500 μm

Mag

Ap

Apatite exists as single euhedral grains 
(100-800 μm) interstitially to magnetite 
or as elongated (800-4600 μm) grains 
aligned in a linear direction
The grain size and shape of apatite is 
always correlated to the size and shape of 
the coexisting magnetite
Simple and straight grain boundaries in 
the magnetite matrix
The grain size of the matrix is medium 
to coarse

Fine grain texture of magnetite and feldspar

     
500 μm

Mag

Fsp

The fine grained magnetite grain size 
varies between 44 to 75 μm
Anhedral magnetite grains occur both at 
grain boundaries of a granoblastic to gra-
no-porphyroblastic silicate matrix and as 
inclusions in albite and orthoclase grains
The grain size of the matrix is fine to 
medium

Coarse grain texture of magnetite and feldspar

      

500 μm

Mag

Fsp

Coarse grain magnetite occurs as single 
grains (90-133 μm) or as larger aggregates 
interstitially in grain boundaries of a 
granoblastic silicate matrix
The grain shape of the magnetite varies 
strongly, from elongated to rounded grains 
occur
The grain size of the matrix is medium

The combinations of the different mineral/ore textures are unique for almost each GEM-type, but what is 

common that each of them has both a fine and a coarse grained variant (Table 16).
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The textural study shows that when the mineral textures are considered the modal GEM-types divide into 

numerous types, and the closer one looks the more complicated and numerous the classes become (Table 16). 

In a geometallurgical context the use of classes is problematic since the treating of non-numeric data in block 

modelling is challenging. Therefore, to change the geological model from descriptive to practical mineral tex-

tures must be changed from qualitative to quantitative. Therefore, the mineral textures are now considered from 

the mineral processing viewpoint. 

In mineral processing, ore is comminuted to liberate the minerals and to make the particle size suitable for 

downstream processes. Comminution is an energy intensive stage, and therefore a good balance is aimed be-

tween mineral liberation and throughput (i.e. used energy/feed tons). Full liberation is not a feasible target 

since separation efficiency of downstream processes tends to decrease toward very fine particle sizes (<20 

microns). Therefore, after the comminution stage the targeted degree of liberation for the ore minerals is typi-

cally 90-95% and different kinds of composite particles are present. A term liberation distribution is used here 

to summarise the information on mineral deportment; thus, it describes the distribution of particles by their 

composition (cf. particle size distribution). 

In comminution, the ore is broken into particles using multiple stages of reduction, such as blasting, crushing 

and grinding, and it is also classified, with, for example, screening and hydrocycloning. The behaviour of an ore 

in the comminution is dependent on machine parameters, such as nature and magnitude of the applied commi-

nution energy (unit operation properties and operational parameters), and on the material’s physical properties, 

such as elasticity, hardness and strength. These together will define in a given process the relationship between 

specific energy (energy/mass) and overall size distribution of the material. The term grindability describes this, 

and it is the measure of the specific energy consumption required to reduce a certain mass of material from a 

given fresh and initial size down to a defined product size by grinding. Similarly, the term crushability is used 

for crushing.

Comminution circuits are designed and operated to provide targeted product fineness, and almost without 

exception this figure is fixed or changed very seldom. However, it is common that the grain size and association 

of the ore minerals vary within the ore body and therefore in plant feed on a daily basis. A good geometal-

lurgical model should therefore not only forecast the metallurgical response but also give the best operational 

parameters, i.e. the target liberation degree and accordingly the target grinding fineness for any given rock unit 

or plant feed (blend). 

Table 16 The iron ore is classified into several classes and subtypes until unique categories of the mineral information 
is distinguished to be used in a geological model. The Fsp GEM-type is used for detailed mineral texture analysis.

Classified iron ore             
(see section 1.1.1)

Ore type                  
(see section 5.1.2)

Sub-ore type                  
(see section 5.3.1)

GEM-type              
(see section 5.3.3)

Textures
(see table 14-15)

(2) Fabian

Semi-massive ore Feldspar rich Fsp 1-8, 11

Massive ore
Amphibole rich Amph-(Ap-Bt) 9-10, 12-15

Apatite rich Ap-(Amph) 12-15

(3) Printzsköld

Semi-massive ore
Feldspar rich Fsp 1-8, 11

Biotite rich* Bt-(Amph-Ap) 11-13

Massive ore
Apatite rich Ap-(Amph) 12-15

*This sub-ore type not sampled
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The liberation distribution of a comminuted ore is dependent not only on (1) nature and magnitude of applied 

comminution specific energy and (2) crushability and grindability, but also on (3) modal mineralogy and (4) 

mineral textures. The first factor is independent of material. The three other factors cannot be separated fully 

from each other since the physical properties controlling the comminution behaviour are highly dependent 

on modal mineralogy and mineral texture. Since there are established techniques to experimentally determine 

the crushability and grindability and to use them in process simulations, the third factor is taken as an isolated 

parameter, and it gives together with the first parameter the overall particle size distribution of the material 

after comminution. 

How does one decouple the effect of the modal mineralogy and texture into the liberation distribution? 

Firstly, the mineral grain size is basically a pure textural property, but as shown above the magnetite grain size 

has a positive correlation with the magnetite grade (Fig. 22). The associating mineral is controlled both by the 

modal mineralogy and the texture. In the Fsp GEM-type the association of magnetite in the melanocratic and 

leucocratic parts is different (Table 12). These examples show that the modal mineralogy and the mineral 

textures are intimately mingled with each other, and their separation using a traditional textural definition is 

practically impossible. Therefore, a new definition for mineral textures is given (Paper IV):

“Two samples are texturally different if the liberation distribution by size (compensated against modal mineralogy) 

is different after comminuted in similar conditions.” 

This separates the comminution properties and the modal mineralogy from the textural properties as well as 

states that for the textural classification, the liberation distribution must be compensated against modal miner-

alogy and studied by size.

Textural archetypes

The liberation distribution of three different GEM-types from the two different ore bodies was studied: The 

Fsp GEM-type and the Ap GEM-type from both the Fabian and Printzsköld ore body and the Amph GEM-

type from the Fabian ore body. Each of these samples included different textural types (Table 16). 

All of these samples show a variation in the modal mineralogy by size fraction as illustrated by the magnetite 

grade by size in Fig. 23. This shows that the breakage is selective, and an attempt to forecast the liberation dis-

tribution from uncrushed samples by applying the random breakage model will fail. Also, the grade distribution 

varies by ore type. The Fsp GEM-types show an increase in the magnetite content by particle size. A similar 

pattern is found in the Ap GEM-types with an exception that the finest size fraction has the highest magnet-

ite grade. The Amph GEM-type shows the highest magnetite content in the middle size fractions, i.e. 75-150 

and 150-300 microns. The variation in the mineral grade by size gives the first challenge when comparing the 

liberation distribution (Fig 23).

The degree of liberation of magnetite decreases in all samples by particle size (Fig. 23), which is logical and 

found almost always in ore samples. However, the overall liberation degree (of magnetite) can be different in 

the bulk sample even if the liberation degree by size is similar, if the overall particle size distribution if dif-

ferent. Therefore, the degree of liberation from the textural point of view should be studied by size. The Fsp 

GEM-types from Fabian and Printzsköld show that clearly (Fig. 23). They have identical liberation degrees for 

magnetite in four size fractions, but in the size fraction 425-600 microns, the Fabian samples show much better 

liberation. This causes the overall liberation degree to be different. 
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Fig. 23 The magnetite grade plotted against the particle size in five different GEM samples from Fabian (Fa) and 
Printzsköld (Pz) (left). The degree of liberation for magnetite by size fraction in the Fa_Fsp and Pz_Fsp samples.
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In order to compare the liberation distribution of five different samples, a characteristic size fraction, 150-300 

microns, was selected. The magnetite grade in 150-300 microns size fraction is close to the bulk sample; the 

mass proportion in crushed sample was high enough and the number of particles measured gives sound statis-

tics. The degree of liberation of magnetite has a positive correlation with the magnetite grade, but the Fsp-type 

differs significantly from the Amph- and Ap-types. The magnetite liberation is better than the grade would 

suggest (Fig. 24A).

Fig. 24 A) The degree of liberation for magnetite versus the magnetite grade of three different GEM-type textures (Fsp, 
Amph and Ap) representing the size fraction, 150-300 microns (top left). B) The association index (AI) for magnetite 
in size fraction 150-300 microns in the same GEM-type texture (top right). C) The association index of magnetite in 
sample by size from Fa_Fsp fractions. D) The deportment of magnetite in sample by size fractions from the Fabian Fsp 
GEM-type. 
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The comparison of mineral association for non-liberated particles is challenging. If just comparing the mass 

proportion of magnetite with for example albite, the figure is affected by the magnetite liberation and the albite 

grade. If the liberation degree is high, the association of magnetite with albite must be low, and similarly if the 

albite grade is low the mass proportion of the binary magnetite-albite grains will also be low. Therefore, a new 

“Association Index” (AI) was developed. It aims to describe how common it is to find the target mineral locked 

with the other minerals regardless of the liberation degree and the modal composition. The association index 

is calculated for each mineral pair using the following formula:

Mineral A deportment with mineral B (when fully liberated grains are excluded) [wt%]

Mineral B grade (in a phase excluding mineral A) [wt%]
AI

A–B 
=
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If the association index is 1, then the association of mineral A with B is as common as the modal composition 

would suggest. If the association index is greater than 1, then the association is more common than expected, 

and if it is lower than 1 then it is rarer than expected. Index value zero shows that there is no association be-

tween minerals A and B.

Examples of the calculations of the associate index are given in Table 17. The three first factious samples show 

a similar association index with different modal compositions. Sample 4 shows that even if the deportment 

percentages are equally high for phase A with B and C, the association index shows that A can be found rela-

tively more often with phase C than with B. Sample 5 shows that the association index cannot be calculated 

for binary systems (C=0).

Table 17 Calculation examples for the association index. For the calculation modal [(1)-(3)] and deportment [(4)-(7)], 
the analysis result is needed. 

Sample 1 2 3 4 5 (Row) Formula

Modal composition (wt. %)

A 50 40 50 50 50 (1)

B 25 30 40 40 50 (2)

C 25 30 10 10 0 (3)

Deportment of the target mineral A, mass proportion (wt. %) of A in different particle classes

Liberated A 90 80 90 90 90 (4)

In binary A-B 3 10 8 3 10 (5)

In binary A-C 3 10 2 3 0 (6)

In ternary A-B-C 2 0 0 2 0 (7)

Mass proportion of minerals in a fraction (phase) excluding the target mineral A (wt. %)

B 50 50 80 80 100 (8) 100*(2)/[(2)+(3)]

C 50 50 20 20 0 (9) 100*(3)/[(2)+(3)]

Deportment of A excluding the liberated class (wt. %)

with B 50 50 80 50 100 (10) 100*[(5)+(7)]/[100-(4)]

with C 50 50 20 50 0 (11) 100*[(6)+(7)]/[100-(4)]

Association index for A

with B 1.000 1.000 1.000 0.625 1.000 (12) (10)/(8)

with C 1.000 1.000 1.000 2.500 - (13) (11)/(9)

The association indexes of magnetite with feldspars (albite+orthoclase), biotite, amphibole and apatite are 

shown for the selected size fractions of five different textural types from the Malmberget iron ore in Fig. 24b. 

The Fsp GEM-types of Fa and Pz show quite similar association indexes. The association index of magnetite 

with feldspar (AI
Mgt-Fsp

) is smaller than 1, which means that magnetite is locked with feldspar less often than 

the modal mineralogy would suggest. On the other hand the association index of magnetite with amphibole 

(AI
Mgt-Amph

) is higher than 1 showing that the magnetite is met more often locked with amphibole than the 

modal mineralogy would suggest. The association index of magnetite with apatite shows a significant difference 

between the Fsp and Amph (and Ap) GEM-types. In the Fsp GEM-types the magnetite is rarely occurring 

with apatite, but in the Amph and Ap GEM-types association is more common than the modal composition 

would suggest.

Because the association index is calculated for particulate material, it carries information on both the mineral 

textures (grain size, shape, associating mineral) and the ore breakage. This is clearly illustrated in Fig. 24c which 

shows the variation of the association index by size. If the texture is fully homogenous and the breakage fully 

random, the association indexes should be 1 for all minerals in all sizes. Deviation from 1 can be due to hete- 
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rogeneous textural or non-random breakage. The association indexes approach 1 as the particle size gets 

coarser, as shown in Fig. 24d for the Fsp GEM-type. This is because in coarse particle sizes the particles start to 

be identical in their modal composition and liberation distribution. This point is not reached yet at the 425-

600 microns particle size for Fsp GEM-type sample of Fabian because the liberation degree of magnetite is as 

high as 74% (Fig. 23). 

It is not possible to decouple the contribution of the texture and breakage for the association index. Some 

more information is needed, and therefore the association index values are compared to the textural description 

of original uncrushed ore samples. The Fsp GEM-type consists of lecocratic and melanocratic parts, and the 

magnetite and amphibole content is higher in the latter and feldspar grade is higher in the former. Association 

index values for magnetite with feldspar (AIMgt-Fsp) lower than 1 and higher values with amphibole (AIMgt-

Amph) can therefore be explained based on the texture. Addititionally, the variation in the association index 

of magnetite with apatite between the GEM-types can be explained from textural differences. In the Amph 

GEM-type, apatite preferentially occurs in contact with magnetite, but this is not the case in the Fsp GEM-

type. The association index of magnetite with biotite shows strong variation by particle size: in fine particle 

sizes the value is very high and decreases by size. Since biotite does not show a preferential association with 

magnetite in the original uncrushed ore samples, this must be a breakage feature. Thus, it is significantly more 

common to find magnetite locked with biotite in fine particle sizes than in coarse sizes, and this is not because 

biotite is more common in fine size fractions. Therefore, it indicates rather that magnetite-biotite particles do 

not break preferentially through grain boundaries rather the opposite.

Coming to the definition of texture, the Fsp GEM-types of Fabian and Printzsköld can represent similar 

textures since the liberation degree of magnetite and association indexes do not differ from each other strongly. 

The Fabian Amph and Ap GEM-types are also potentially similar in texture, and the Printzsköld Ap GEM-

type is a textural type of its own. The question remains how small or big the difference between the liberation 

distributions and the related key figures used here (degree of liberation and association index) should be to 

justify saying that two samples are similar or different in their textures. In addition, another question to be 

answered is how this information will be gathered and used in a geometallurgical context?

To extend the modal compensation also into liberation degree, the calculation algorithms of the particle track-

ing technique were applied (Lamberg and Vianna, 2007). The particle tracking technique is for mass balancing 

the liberation data, but for doing that it includes steps where the particles are classified in a systematic way (basic 

binning and advanced binning), and the modal composition of the liberation measurement is refined to match 

with the modal composition calculated by the element to mineral conversion. Therefore, the liberation data of 

five samples was classified (basic binning) producing an identical particle population in each sample. After this, 

the liberation distribution of each sample was forecasted using the textural information from another sample. 

For this an algorithm given in Table 18 was used (Lamberg and Lund, 2012). For example, to forecast the 

liberation distribution of sample A from sample B (called archetype), the liberation spectrum of the archetype 

(sample B) was taken, and it was refined by using the modal composition of sample A.

The results of the magnetite deportment of one pair Fa_Fsp and Pz_Fsp is given in Table 19. The algorithm 

forecasts the liberation distribution well in all other size fractions except in the coarsest 425-650 microns. This 

is most probably due to the small number of particles measured (about 400).
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The particle population for a given sample is calculated by taking the particle population of the corresponding 
archetype. This is now iteratively adjusted, and for the adjustment, a correction factor, k, is calculated for each 
mineral (i) in a size fraction before each iteration round:

Basically the formula above is a ratio of mineral grade from the geological model (M(i)) and the mineral grade 
back calculated from the liberation data of the archetype (denominator). p refers to mass proportion of particle in 
a size class and x(i) is the mass proportion of mineral in a particle.
The mass proportion of particle j (pj) is recalculated on each iteration round using the correction factor and an 
equation:

Using equations given above, the particle mass proportion is iteratively adjusted until the difference between min-
eral grades of the geological model and archetype has reached the required tolerance.

Table 18 Adjusting the modal composition in generating the particle population based on archetype for 
given ore sample or block (Lamberg and Lund, 2012).

Table 19 The magnetite deportment measured and estimated using the Pz_Fsp and the difference between the 
estimated and measured.

Bulk 38-75 μm 75-150 μm 150-300 μm 300-425 μm 425-600 μm

Measured Mgt Lib 89.4 96.4 95.2 92.5 85.6 74.3

Mgt-Fsp 6.6 1.4 2.9 4.7 10.8 14.2

Mgt-Bt 1.1 1.4 1.2 0.8 0.8 1.7

Mgt-Amph 2.0 0.6 0.5 1.5 1.8 5.9

Mgt-Ap 0.4 0.0 0.0 0.1 0.3 2.1

Estimated using 
Pz_Fsp

Mgt Lib 90.7 96.2 95.9 91.5 87.3 86.7

Mgt-Fsp 7.0 2.1 2.4 5.7 10.8 10.6

Mgt-Bt 0.9 0.6 1.0 1.7 0.1 0.5

Mgt-Amph 0.8 0.8 0.4 0.6 1.1 1.2

Mgt-Ap 0.1 0.1 0.2 0.1 0.0 0.0

Difference Liberation 1.3 -0.2 0.8 -1.0 1.7 12.4

Average 0.4 0.2 0.2 0.4 0.4 2.8

Fig. 25 The average error showing the magnetite deportment in the samples.
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Fig. 25 shows the error in forecasting the liberation distribution with all of the combinations of the five sam-

ples. Putting a limit that the average error must be lower than 1%, then the five samples can be simplified into 

two textural archetypes: Fsp and Amph/Ap. One sample from both groups is selected to represent the group, 

and this sample is called a textural archetype.
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5.4. Framework for a metallurgical model

The process model takes the information of the geological model and transfers it to information on the metal-

lurgical performance. When developing a metallurgical model, one needs to answer questions, such as: (1) what 

is the purpose of the model? (2) What is the level of the complexity of how material (ore) is described? (3) 

And how detailed is the information that the model can provide on a metallurgical performance? In a geome-

tallurgical context the purpose of the model is to return important metallurgical parameters in the resource 

(block) model. Typically in the processing plants this would include: throughput, concentrate quality, recovery 

of the commodities and the tailing quality. In the case of Malmberget, the metallurgical parameters considered 

by the process model are (1): throughput, recovery of iron and concentrate grade in terms of iron, phosphorous 

and silica. The tailing quality is not a limiting factor in Malmberget, and there is no need to include that in the 

model.

In this study the geological model describes the resource on a mineralogical basis, and the process model 

logically uses the same approach. Three different levels can be used (2). The unsized, 1D, level uses minerals on 

an unsized basis, which means that there is no information on the particle sizes available. The sized, 2D, level 

uses the mineral by size for the material description and for the process models. This enables including particle 

size and the metallurgical functions can be size dependent. The liberation, 3D, level uses liberation information. 

Therefore, the process must describe the behaviour of particles by their composition and size.

(3) The level of processing details means how detailed the process is described in terms of unit operations and 

operational parameters. In the lowest level, one black box represents the whole process and no operational 

parameters are included. In the other end of the complexity lies a model where all unit operations are described 

and all effective operational parameters are included.

In this study the feasibility of the mineralogical approach is tested using a simple process: the one stage dry 

magnetic separation (cobbing) test for the Fsp GEM-type of Fa and Pz ore (Fa_Fsp and Pz_Fsp). The process 

model is developed for all three levels, namely 1D, 2D and 3D.

To reach the 2D level of the modal mineralogical, a mass balancing needs to be done on a size fraction level. 

The calculation rules are as given in section 5.3.2, and the detailed results can be found in Paper III. The 3D 

level was reach by the liberation analysis of the concentrate and tail and was then mass balanced using the 

Particle Tracking technique, details in Paper IV.

5.4.1. Comminution - particle breakage model

The particle brakeage model gives the liberation distribution of a sample when the information on corre-

sponding textural archetype and modal composition is given (Fig. 26 and 27). The model converts 1D, i.e. 

unsized modal composition, to 3D (liberation distribution) using a textural archetype as a basis and a simple 

algorithm in adjusting the liberation data of the archetype to match with the given modal mineralogy. The 

textural archetype also includes the information on how the modal composition varies by size. The overall size 

distribution model developed in a M.Sc. thesis work by Koch was used. 
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5.4.2. Concentration model – dry magnetic separation

The process model describes quantitatively the particle behaviour in each unit process stage and therefore 

returns the metallurgical response (grades for Fe, Si and P and recovery for Fe) for any given geological unit 

(sample, block, domain). In the minerals processing the behaviour of particles is dictated by the particle prop-

erties; therefore, the unit models have to include the particle properties, such as size, composition and density. 

The structure of the simulator binding up the unit models must be based on particles (Lamberg, 2011).

The unit operations models used in minerals processing can be divided into four types: 1) Comminution 

models where particle size distribution changes. 2) Separation models where particles are distributed between 

two or more output streams based on their physical properties. 3) Leaching and precipitation models where 

the liquid phase is an active component and minerals dissolve and new phases are formed through chemical 

reactions. 4) Simple mixers and mass distributors where material is mixed and distributed between the outputs.  

In the comminution unit models (grinding mills, crushers), it is possible to use the particle breakage model 

described above. Therefore, in the model the forecasting of the liberation distribution and the total size distri-

bution can be decoupled. In the latter the traditional populations balance breakage models can be used (Weller 

et al., 1996: Alruiz et al., 2009; Vogel and Peukert, 2003).

Most of the separation and leaching models used in industry are semi-empirical. In minerals processing the 

fundamental process model based entirely on physics, chemistry and particle properties are still quite far away 

from being practical and accurate enough for everyday use. The development of property based models in 

minerals processing requires that particle properties can be measured in different parts of the process. For this 

Fig. 26 The mass proportion of fully liberated magnetite in different size fractions as the magnetite grade in the ore 
varies between 30 and 80 wt%. The bulk refers to combined size fractions. 
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Fig. 27 The mass proportion of magnetite is shown in a magnetite-feldspar binary (left) and a magnetite-(amphi-
bole+pyroxene) binary (right), as the ratio of feldspar to (feldspar+amphibole+pyroxene) varies between 10% and 
90%. The bulk refers to combined size fractions. The magnetite grade is 50 wt%. 
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the liberation analysis is a state-of-the-art technique (Sutherland and Gottlieb, 1991; Gu, 2003; Fandrich et al., 

2007), and X-ray tomography is an emerging method (Miller et al., 2003).

The liberation measurement gives the quantitative information on the particles in a process stream, but for 

modelling purposes liberation data must be mass balanced. This is done by the Particle Tracking Technique 

(Lamberg and Vianna, 2007), a quantitative description of how different particle types (liberation classes) behave 

in single process units and in a full process (see section 4.9).

For the Malmberget concentration process, the first unit model was developed for the dry magnetic separation 

stage, i.e. cobbing. Fig. 28 shows the distribution of minerals on an unsized basis between the concentrate and 

tailing for the Fsp GEM-type from Fabian. In a particle size of P80 = 1 mm, about 30% of the material is re-

jected into the tail (MagTail) with about 6% magnetite losses, i.e. the recovery of magnetite into the magnetic 

concentrate is 94% (Fig. 28).

Fig. 28 The processed mineral grade and recoveries in a Mörtsell dry magnetic separation (cobbing) test from for the 
Fsp GEM-type of the Fabian ore type.

Studying the behaviour of the minerals by particle size shows that for magnetite the recovery is quite con-

stantly between 92 to 96% in particle size range from <38 microns to >1.68 mm (Fig. 29). All of the gangue 

minerals show a similar pattern having the recovery minimum between 38 and 106 microns (Fig. 29). Note-

worthy is that the biotite shows higher recoveries than the other gangue minerals, especially in the finest 

particle size fraction <38 microns. Also, minerals show a significant difference in particle sizes coarser than 500 

microns; albite shows clearly the lowest recovery, whereas apatite and biotite the highest. Excluding the finest 

size fraction, the mineral recoveries can be explained by their association with magnetite (Fig. 29). Therefore, 

the different patterns found for each mineral in their recovery by size are due to their liberation distribution 

and the association with magnetite.  
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Fig. 29 The cobbing test with a sample from the Fsp GEM-type of Fabian shows the recovery of minerals by (left). 
The mass proportion of minerals associated with magnetite vs. mineral recovery where five size fractions between 38 
and 600 microns are shown. The fully liberated grains are shown for magnetite (right).

Entering into the liberation level, it is obvious that magnetite rich particles enter into the magnetic concentrate, 

whereas particles rich in gangue minerals are found in the tailing (Fig. 20). The particle tracking technique, 

however, gives quantitative information on the behaviour of the particles. 

Table 20 QEMSCAN pictures of typical particles from the magnetic concentrate and tail, Fabian Fsp GEM-type sam-
ples. Brown is magnetite, orange is feldspar.

Ore type
Size fraction 
(microns)

Concentrate Tail

Fsp GEM-type, 
Fabian ore body

425-600    

300-425    

150-300    

75-150    

38-75    

Fig. 30 shows the recovery of magnetite-feldspar binaries into the magnetic concentrate by size and as a 

function of the magnetite grade. Interestingly, the recovery curve is upward convex in fine particle sizes and 

straightens toward the coarse particles.

The recovery curves are deviating only little from the linear; therefore, for simplicity a linear model was 

used. For the simulation of the magnetite separation the split values for each liberated minerals were given 

(Table 21). The basic assumption behind the model is that particles with a similar composition and size will 

behave in the process in a similar way regardless of from which part of the ore they are derived. The simulation 

was done using HSC Sim, and for multiphase particles the software uses the weighted average of the split values 

given for the liberated minerals. 
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Three cases were simulated (Table 22). In the first one Fa-Fa, the material was from Fabian, and the Fabian pro-

cess model (split values in Table 21) were used. In the second one called Pz-Fa, the material is the Printzsköld, 

and the Fabian model is used. In the third simulation, the Fabian sample was used as a textural archetype, and 

the Printzsköld modal composition was used to generate modelled Printzsköld feed. Also in this simulation the 

Fabian model was used (Pz(Fa)-Fa). The linear model (Fa-Fa) introduces a small error, the standard deviation 

of the difference for grade is only 0.29% and for recovery 1.3% (Fa-Fa). The Fa model succeeds to forecast the 
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Fig. 30 The recovery of the magnetite-feldspar binary particles into the magnetic concentrate by size fraction as a func-
tion of magnetite grade in the particle.

Table 21 A model for the dry magnetic separation. Split values for minerals by size when occurring fully liberated.

Fraction Magnetite Feldspar Biotite Amphibole Apatite Others

38-75 um 0.961 0.030 0.109 0.035 0.031 0.331

75-150 um 0.965 0.033 0.048 0.064 0.012 0.651

150-300 um 0.971 0.054 0.088 0.090 0.104 0.554

300-425 um 0.971 0.042 0.000 0.148 0.000 0.410

425-600 um 0.987 0.112 0.000 0.371 0.047 0.856

Table 22 The observed grades and recoveries in the magnetic concentrate in the cobbing test. The results are the 
sum of the size fractions from 38 to 600 size fractions. Diff: Difference (Sim-Meas), R.Diff: relative difference = 
100*(Sim-Meas)/Meas.
Sample-
Model

Fa-Fa Pz-Fa Pz from Fa archetype - Fa

Case Meas Sim Diff R.Diff% Meas Sim Diff R.Diff% Meas Sim Diff R.Diff%

Mgt wt% 89.7 90.2 0.6 0.6 87.6 88.9 1.3 1.4 87.6 87.2 -0.4 -0.5

Fsp wt% 5.63 5.28 -0.35 -6.24 7.11 5.33 -1.78 -24.99 7.11 5.59 -1.52 -21.34

Bt wt% 0.85 0.76 -0.08 -9.57 1.24 1.71 0.47 38.14 1.24 2.95 1.71 138.21

Amp wt% 2.14 2.12 -0.02 -0.95 1.83 2.06 0.23 12.70 1.83 2.54 0.71 38.71

Ap wt% 0.09 0.10 0.01 5.60 0.58 0.85 0.28 47.73 0.58 0.79 0.21 36.33

Fe wt% 65.4 65.8 0.4 0.6 63.9 64.8 1.0 1.5 63.9 63.7 -0.2 -0.3

Si wt% 2.58 2.44 -0.14 -5.33 3.06 2.64 -0.43 -13.90 3.06 3.10 0.04 1.27

P % 0.01 0.02 0.00 7.66 0.09 0.14 0.04 48.08 0.09 0.13 0.03 36.69

Mgt Rec% 94.9 93.0 -1.8 -1.9 91.6 92.6 1.0 1.1 91.6 90.9 -0.8 -0.8

Fsp Rec% 13.0 11.9 -1.1 -8.6 17.0 12.7 -4.3 -25.2 17.0 13.3 -3.7 -21.6

Bt Rec% 30.5 26.9 -3.6 -11.8 8.6 11.9 3.2 37.7 8.6 20.5 11.9 137.5

Amp Rec% 20.0 19.3 -0.7 -3.5 16.9 19.0 2.1 12.4 16.9 23.4 6.5 38.3

Ap Rec% 13.4 13.8 0.4 3.2 4.9 7.2 2.3 47.2 4.9 6.6 1.8 35.9

Std grade 0.29 0.93 0.92

Std Rec 1.3 2.7 5.5
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metallurgical performance for Pz when the liberation information is readily available: the standard deviation 

of the difference for grades is 0.93% and for recovery 2.7% (Pz-Fa). When the liberation information is not 

available and the feed sample is generated from the textural archetype, the forecast is still reasonably good; the 

standard deviation of the difference in grades is 0.92% and the recovery 5.5%. These error levels clearly fulfil 

the need that the relative error should be below 5% for technical sampling and estimations. Therefore, the con-

clusion based on the limited testing is that the approach could be used for producing metallurgical parameters 

into the block model. 

As the process model is based on the particle properties, the model can be used more widely than traditional 

unit models which need to be calibrated if there is a change in size distribution, modal mineralogy or liberation. 

5.5. Proof of concept

The two methods that are developed give the modal mineralogy and the mineral textures quantitatively for any 

given sample if the chemical analysis and textural class is available. These two pieces of data are the minimum 

requirement for the geological model. To derive the parameters that describe the metallurgical performance, a 

metallurgical model is required. 

To test and demonstrate the feasibility of the geometallurgical framework that was created in this thesis, a small 

scale test was carried out using a section from the western part of the Fabian ore body. The routine XRF anal-

yses were collected from the drill holes (see sections 5.1.1 and 5.3.2). 

Firstly, the chemical analyses were converted to modal composition using the developed element to mineral 

conversion technique. The calculated modal mineralogy is then classified into the geometallurgical ore types 

(see section 5.3.3). The distribution of the GEM-types in the selected section correlates well with previ-

ously defined geochemical subtypes (see section 5.1.1) (Fig. 31a). The Fsp, Amph-(Ap-Bt), Ap-(Amph) and 

Bt-(Amph-Ap) are the main GEM-types, and the Qtz bearing Fsp+Amph GEM-type is subordinate as this 

represents inclusions of quartz bearing country rock which generally is rare in the massive ore but may be 

important to know due to its hardness. The untested Bt-(Amph-Ap) is still a probable GEM-type as the biotite 

has been shown to have its own mineral properties. One preliminary GEM-type Py bearing (Amph-(Ap-Bt) is 

referred to as a sub GEM-type. This one is mainly overprinting the Amph-(Ap-Bt) GEM-type, and the model 

could therefore be simplified only with the extra information of sulphide rich sections. The Amph+Ap+Bt 

GEM-type is probably a mix of the other GEM-types. This GEM-type is located close to the host rock contact 

and is most likely responsible for a varying metallurgical response. The GEM-types units show dense variation 

close to the contact to the host rock, but they seem to form more voluminous units in the inner part of the 

ore section (Fig. 31b). 

From the Fabian ore body, three different GEM-types have been tested. It means that a mineral composition 

of all the included minerals, element to mineral conversion (EMC) rules and a textural archetype library are 

available for each GEM-type. To be able to simulate the metallurgical response some of the GEM-types need 

to be combined. At this point the Amph-(Ap-Bt), Py bearing (Amph-(Ap-Bt) and Amph+Ap+Bt are merged 

into one GEM-type, namely Fa_Amph. The Fsp and Qtz bearing Fsp+Amph are merged into Fa_Fsp, and the 

Ap-(Amph) and Bt-(Amph-Ap) are merged into a Fa_Ap GEM-type. The revised GEM-type model is shown 

in Fig. 31c. 
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A process simulation of GEM-types for the block model

In the process simulation of the revised GEM-types, the liberation distribution of each sample is calculat-

ed using the corresponding textural archetype and the modal mineralogy of the sample. The simulation of 

the mineral process is then performed on each sample giving the metallurgical response (see section 5.4). 

The simulation shows that the metallurgical response is dependent on the modal mineralogy but also on the 

texture. The iron recovery has a positive correlation with the head grade (iron and magnetite), but the slope 

differs between the textural types (Fig. 32a). As already discussed the Amph and Ap are quite similar texturally, 

and this can also be seen in their metallurgical performance (Fig. 32a). Projected silica and phosphorous con-

tents of the concentrate show similar spread between the textural types (Fig. 32b-c). The distribution of silica 

in the concentrate is more dependent on the texture than the mineralogy of the feed (Fig. 32d).

The proof of concept shows that the developed geometallurgical model is feasible, and the information pro-

vided by the geological model can be used without difficulties in the process model. The test also shows that 

if the metallurgical function is developed without textural information using only modal mineralogy the error 

will be significant.

In the proof of concept, some simplification was used; therefore, the received metallurgical responses are sim-

plified and in reality the trends that are shown in Fig. 32 would be more spread and not so well defined. The 

simplifications are: the mineral list is reduced to include only five minerals instead of the established eleven 

and the number of textural archetypes is three. The calculation of the liberation uses only five size fractions, 

between 38 and 600 micron. The process simulations are done without the comminution model, and therefore 

the model does not give any information on comminution throughput. As the process model only includes one 

concentration step, the metallurgical response of the full circuit would be rather different than what the single 

dry magnetic separation (cobbing) stage shows (Table 23).

Fig. 31 A cross-section model of the western part of the Fabian ore body which shows the chemical, mineralogical and 
metallurgical properties of the ore. A) The chemical variation (Ti, V, P) of different subtypes in the ore. B) A preliminary 
GEM-type model is developed based on the model mineralogy. C) A revised GEM-type model now includes the modal 
mineralogy, element to mineral conversion (EMC) rules and a textural archetype library for each GEM-type.
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5.6. A guideline on how to gather geological data for geometallurgical modelling 

To ensure that the geometallurgical model is available in the feasibility stage, the systematic collection of the 

geological data should be started already in the exploration stage. The guidelines presented here give a recipe 

that is valid for any type of ore deposit. The results of the process modelling indicate that it is possible to devel-

op a metallurgical model which takes into account the mineral liberation (Fig. 33). Once these two models are 

established, the production model can be used to simulate different production scenarios.
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Fig. 32 The metallurgical response plotted against feed properties. A) The recovery of iron is dependent on the head 
grade but different textural types show clearly different slope. B) Silica content of the concentrate vs. silica in the feed. 
C) Concentrate phosphorous vs. feed phosphorous. D) Silica of the concentrate carried by amphibole vs. amphibole 
head grade.

Table 23 The demonstration geometallurgical model includes some simplifications and some restrictions 
that should be considered.

Steps in the modelling of a GEM block model Restrictions
Element to mineral conversion The mineral list is simplified to five minerals
Textural archetypes Three textural archetypes tested and available in a library

Size fractions Five size fractions, the fine (<38 microns) and the coarse (> 
600 microns) particle sizes are excluded

Comminution model No account to the variation in hardness, throughput etc

Concentration model Includes only one separation step, coarse magnetic separation 
(cobbing / Mörtsell separation)
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Drill core logging

Drill core logging is always the fundamental basis for proper ore characterisation. The challenge in new deposits 

is to get an overview of the geological variation within the deposit rather early in the feasibility study stage. 

Already at this stage it requires collaboration of geologists as well as mining- and mineral engineers, as the 

traditional logging focuses only in building a geological picture of the ore body; within the geometallurgical 

context more information needs to be gathered, and this information should be quantitative. This study shows 

that the necessary geological information to be collected in logging is: lithology, mineralogy and mineral 

textures.

In a geometallurgical context, the geological information needs to be quantitative, and it is a challenge how to 

make this systematically, fast, with reasonable costs and with required accuracy (SMIFU, 2011). Preferably, the 

methods applied to collect the geological data would be at least partly automated. The techniques available for 

drill core scanning include optical imaging, hyperspectral imaging, micro-XRF, microcomputer tomography, 

SEM-imaging and laser induced breakdown spectroscopy (Pirard et al., 2007; da Costa et al., 2009; Haavisto 

and Kaartinen, 2009; SMIFU 2011). Which one of these techniques that will be applied depends on the min-

eralogy of the ore body and must be evaluated case by case. 

Ore Types

1. Each of the defined and sampled ore types is only preliminary until the metallurgical tests and process mod-

elling confirm its metallurgical meaning (Fig. 33).

Mineralogical study

2. After the logging, the next stage is to establish a sampling scheme for the mineralogical study and the 

metallurgical testing. It is important that all significant ore types are sampled. The sampling set should include 

Fig. 33 A guideline for gathering and processing the geological data that are used in geometallurgical modelling. The 
shadow blocks define the development of the geological model.
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duplicates and replicates to determine the sampling and analysis errors (Lotter et al., 2011). The included 

mineral assemblages need to be analysed by their mineral chemistry to create a reliable mineral matrix of all 

phases and their chemical composition. The selected methods depend on the mineralogy, but WDS analysis 

is needed for minerals carrying the main commodities. For gold, LA-ICPMS analyses are required due to 

the low contents. The mineralogical study must include a part which gives the routine technique to get the 

modal composition. The element to mineral conversion technique is a cost effective method, but it needs to 

be considered early enough to include all necessary elements in the routine analysis scheme. If the mineralogy 

is complex, an additional technique may be used, e.g. Satmagan or quantitative X-ray diffraction. Frequently, 

the element to mineral conversion requires some more elements to be analysed than traditional ore resource 

estimates which often lack some important elements. For developing the textural archetype library, the textural 

classification must be developed, and the samples need to be taken to cover a reasonable modal compositional 

range in all texture types. The samples are crushed/ground, sized and the liberation is measured by size fractions. 

The textural archetypes are established by comparing which of the textures are unique and on how widely they 

can be applied in a modal composition range. Each textural archetype can produce a realistic liberation distri-

bution with a wide range of mineralogy and thus be linked with the metallurgical model. A textural archetype 

defines the link between the geological texture and the mineral processing model based on particles. 

Geometallurgical ore types

3. The quantitative mineralogical information has been collected, and each ore type can now be named: the 

geometallurgical type which includes information on the mineral composition, the chemical composition of 

minerals, element to mineral conversion (EMC) rules and a textural archetype library. The liberation distribu-

tion of any sample or ore block is now able to be calculated, (arrow 6 in Fig. 33). The number of the geome-

tallurgical types and their properties will be continuously updated as the metallurgical tests generate updated 

information. 

Metallurgical tests

5. The metallurgical tests are performed on every valid ore type to develop a process model. Instead of running 

a large number of variability tests, it is more beneficial to maximise the information from a smaller number 

of samples and carefully designed tests. The laboratory tests are often simplified, but they lay the basis for the 

model and test the theorem that similar particles behave in the process identically irrespective of where they 

come from within the ore body. The particle tracking technique is used to track multiphase particles by their 

liberation classes and to develop the property based unit process models. The validity of the geometallurgical 

types should be estimated throughout the metallurgical tests. Normally the feasibility study requires some pilot 

testing, and a geometallurgical model will help a great deal in selecting representative samples; this also saves 

costs in the piloting. Similarly, the particle tracking should be used to validate the laboratory scale models and 

to find out scale-up rules.

Process model

7. The unit process models describe quantitatively how the particles behave in each process state. In the com-

minution models it is possible to decouple energy consumption/throughput, size distribution and liberation 

distribution. Conventional crushing and grinding models will give the former mentioned, whereas the textural 

archetypes and the breakage model produce liberation distribution. Instead of targeting a fixed particle size, 

the developed model structure enables making optimisation between throughput, particle size distribution and 

degree of liberation. In concentration processes a similar approach is possible. Depending on the modal miner-

alogy and the liberation distribution, it is possible to create different strategies for different ore types. 
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Geometallurgical block model

4. The geometallurgical block model includes geological data and block wise information on the metallurgical 

key figures. The geological model gives the elemental composition, modal composition, density, textural type, 

(arrow 10 in Fig. 33). The metallurgical model provides parameters, such as concentrate composition, recovery 

of the main commodities, tailing quality and plant throughput. Some of these parameters might not be additive 

(e.g. throughput), and simple geostatistics may not be valid tools to generate the block values from sample data. 

This is an area outside of the scope of the study and further development is needed.

Plant Survey

8. The model needs refinement, and after starting the operation the process should be surveyed. This basically 

includes sampling, particle tracking and refining of the model parameters, (arrow 9 in Fig. 33). The survey 

results can be used in optimising and widening possible bottlenecks in the circuits.

Production model

11. The production model is a tool to be used to manage the production for the best possible result. It includes 

the production schedule and economic model with product value and productions costs. 12. It is possible that 

these economic parameters are returned block wise into the resource model. The other and probably more 

feasible option is to build the production to seamlessly communicate with geological and process models as 

well as to run continuously different production alternatives and scenarios.

6. DISCUSSION

This is the first developed geometallurgical model of the Malmberget iron ore deposit. A comprehensive 

characterisation of the host rock and the ore was done to identify the mineralogical features important for the 

model.

A framework and two different methods have been developed to handle the mineralogical information in such 

way that it is possible to make quantitative mineralogical assumptions and build models based on the metallur-

gical functions of different geological units that are suitable to be used in the mineral processing circuits.

What does it really mean to develop a geometallurgical model, both to be generic and designed for the Malm-

berget deposit? Does it change anything, on a long term or a daily basis in mineral processing? Does it con-

tribute with knowledge to other related activities in the mining process and is it even practical to use. These 

questions are discussed in the following three headings.

6.1. The advantage of a strategic method for geometallurgical modelling in the Malm-
berget deposit

The potential benefits of establishing a geometallurgical model for an ore deposit are several: it lowers the risk 

in operation, optimises the use of the ore resource and creates the possibility to plan the production in the long 

run (Lamberg, 2010). These benefits can be fully utilised only if the geometallurgical model is already available 

in the feasibility study stage.

In existing mines such as Malmberget, the benefit expectations are more limited. Production scheduling might 

be difficult or even impossible to change. Similarly, to run the process in campaigns, i.e. one ore type for cer-

tain periods, might not be possible or as a whole not feasible. The benefits can therefore come from knowing 



Mineralogical, chemical and textural characterisation of the Malmberget iron ore deposit for a geometallurgical model

82

what the limitations are of the material coming in different times. Alruiz et al. (2009) and Suazo et al. (2010) 

developed a predictive geometallurgical model for the Collahuasi copper. The models are able to forecast the 

throughput and copper recovery on a daily basis. Knowing the realistic daily targets can improve the perfor-

mance in the long run. If the personnel do not know the variation of the plant feed in times when the feed 

is difficult, they may attempt everything to obtain an average result and introduce unnecessary continuous 

unbalance in the process. On the other hand when the plant feed is of good quality, they may be satisfied with 

an average result. 

In the Malmberget deposit, the mineralogical information and a geometallurgical program could, besides the 

daily targets, give solutions to the so-called silica problem (Adolfsson and Fredriksson, 2011). The silica content 

of the concentrate varies widely and has no direct correlation with the silica content of the feed. This study 

indicates that there is a mineralogical control for the silica content of the concentrate. The control is partly due 

to the modal mineralogy and partly due to the mineral textures. Unrevealing this could potentially give better 

control of the silica content of the iron concentrate.

Another benefit which is often overlooked is that it pushes different professionals, such as mine geologists, min-

ing engineers and plant metallurgists to work together. By increasing the understanding of the resource, mining 

and processing in the whole production chain has the potential to increase the resource efficiency. 

6.2. The geometallurgical model based on a mineralogical approach

The stepwise development of the geological model for Malmberget iron ore (Table 24) relies on the qualita-

tive data provided from drill cores and ore samples. The model is based on the two developed techniques that 

produce the mineral grades and mineral textures in such way that a metallurgical prediction can be made. The 

requirements for this model to be useful are the capacity to handle large amounts of data fast, be inexpensive 

and be of a practical applicability. 

Table 24 The stepwise progress for the development of a geological model using the mineralogical approach in geometallurgy

*Preliminary GEM-type only including the modal mineralogy

Material 
(Sample)

Data pro-
vided Developed method Limitations Developed classification Geologi-

cal model
Metallurgical 
validation

Drill 
core,
Ore

Qualita-
tive,
chemical 
elements

EMC Mineral 
grades

Accuracy, 
complex min-
eralogy

GEM-
type*

Fsp

GEM-
type

Fa_Fsp

Qtz bearing 
Fsp+Amph

Bt-(Amph-Ap)

Py bearing 
(Amph-(Ap-Bt)

Amph-(Ap-Bt)

Fa_Ap

Ap-(Amph)

Developed classifica-
tion Limitations Developed method

Mineral 
textures

Fe-grade

Descriptive,   
semi-quanti-
tative

Textural 
arche-
type

Fa_Fsp

Texture 
type Fa_Ap

Fa_Amph
Grain size Fa_Amph

Grain shape Pz_Fsp

Mineral 
association Pz_Ap
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The developed element to mineral conversion technique was shown to be both useful and practical when 

the mineral grades were calculated either from the ore samples but also directly from the drill cores. 

However, when this method was tested as a general applicable technique and verified against other iron ores, 

the Gruvberget and the Leveäniemi ore bodies, situated in the Svappavaara ore field, some drawbacks were 

identified. The ore mineralogy in Gruvberget is rather diverse and includes more minerals, such as calcite and 

garnet (Frietsch, 1966; Lindskog, 2001). The routine chemical assays did not include analysis of carbon, causing 

the number of minerals to be higher than the elements; the case is being underdetermined (Paktunc, 1998; 

White, 2008). A combination of the XRF and the quantitative X-ray diffraction (Rietveld) analyses was used 

to test a calculation solution for more complex ore (e.g. Leveäniemi ore body) (Lamberg et al., 2013). Also, for 

the Gruvberget ore mineralogy, quantitative XRD can give the required additional information for successful 

element to mineral conversion. 

The use of modal mineralogy to forecast the mineral grades has shown to be a key parameter especially in 

geometallurgy classification for some weathered iron ores previously (Paine et al., 2011; Neumann and Avelar, 

2012), but a question still remains about how accurate the analysis needs to be in a geometallurgical context. 

The error in the element to mineral conversion for Malmberget is too high to be used directly in resource 

estimation (Pitard, 1989), but is it enough for geometallurgical modelling? Recent M.Sc. study by Koch (2013) 

on Malmberget samples shows better accuracy; the relative standard deviation for magnetite grade estimate is 

4-5%. However, for the gangue minerals the error is higher. How good the estimate needs to be for gangue 

minerals is difficult to answer directly. One way to find this out would be Monte Carlo simulations and 

studying how much the error of the modal analysis effects the estimate for metallurgical performance, such as 

iron recovery and silica grade in the magnetite concentrate. This is outside of the scope of this study, and instead 

an approach where the modal mineralogy was used for GEM-type classification where the analysis error does 

not play such a significant role. However, as the metallurgical model uses the modal mineralogy, the question 

on analysis accuracy could not be taken away and this remains as future work.

Mineral textures play a vital role in geometallurgy, and this area is studied very little. Hunt (2009), Bonnici 

(2009) and Perez-Barnuevo et al. (2012) have developed a method based on optical microscoping, and Hunt 

(2012) has used the textural information also in modelling. Using optical microscopy is more cost effective than 

using a scanning electron microscope, but still the cost is expected to be per sample higher than for chemical 

analysis. The method developed here to establish a library of textural archetypes relies on the assumption that 

textures can be classified in drill core logging without the need of optical or electron microscopy for a large 

number of samples. Whether this can be done, and how, remains in future work. 

Another question which remains unsolved is how to recognise whether two samples are texturally different and 

if a new item in the archetype library should be added. Here, the comparison and identification was based on 

the degree of liberation by size and the association index (AI). This needs further development. A third question 

for textural archetypes is how large the variation in the modal mineralogy one textural archetype can cover 

and whether each magnetite ore body in Norrbotten needs textural archetypes of its own. Optical microscopy 

indicates that mineral textures are unique for each ore deposit as it reveals, for the Gruvberget iron ore, a fine 

grain magnetite texture that is closer to the Kiirunavaara iron ore, but still these two have significant modal 

differences which point toward the need of separate textural archetypes.
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For the Malmberget iron deposit, the systematic and methods of establishing a geological model for geometal-

lurgical purposes is presented in this thesis. Further development is needed in several areas before it really can 

apply as a production tool. The proof of concept showed that the developed mineralogical approach basically 

works, but several simplifications were done in this demonstration. 

6.3. Contribution to the genetic interpretation of the Malmberget iron ore deposit

The main objective of this PhD study, the ore characterisation, did reveal some new and important geological 

features that were not used further in the geometallurgical model. 

The Fabian ore body shows primary features, and it is regarded as a key ore body for unravelling the metamor-

phic and deformational history of the area. The eastern ore bodies of the deposit (e.g. Fabian) show similarities 

to other apatite iron ores. Does this study bring some new information for the debate whether the origin of the 

iron ore bodies of Malmberget is magmatic or hydrothermal or a combination of the two? Some key chemical 

components like P, V, Ti, Ga are regarded to show primary characters of the ore body and not to have been 

mobile in metamorphic events. The similar and strong correlation of the V and Ti content was also found in the 

ViRi ore body and suggests a magmatic origin (Hildebrand, 1986; Loberg and Horndahl, 1983; Nyström and 

Henrìques, 1994; Naslund et al., 2000; Martinsson 2003). The Ga that follows the patterns of V and Ti might 

have a potential to be an indicator element as the Ga is found preferential in titaniferous magnetite in layered 

intrusions (Vincent and Nightingale, 1974). The Koskullskulle ore body (Fig. 4), not mentioned earlier, is 

geographically closely situated to the ViRi ore body and was described by Geijer (1930). This ore body shows a 

similar host rock character, a developed ore breccia around the massive ore and is one of the most P poorest in 

the deposit. According to its character and position it could possibly represent the lowest part or a feeder dyke 

to the stratigraphically higher situated ore bodies at Malmberget. 

The occurrence of the apatite could definitely be a significant marker to distinguish the source of the minerali- 

sation as many previous studies have shown (Paràk, 1973; Fritsch and Perdahl, 1995; Rhodes, 1999; Harlov et 

al., 2002). The apatite shows an apparent uneven distribution, less common in the eastern part and sometimes 

of a pronounced banded appearance in the western part of the deposit (Geijer, 1930). The F dominated content 

is similar to the one found in the Kiirunavaara deposit (Paràk, 1973; Fritsch and Perdahl, 1995; Edfelt, 2007) 

which reveals some indications of a magmatic origin (Treloar and Colley, 1996). 

The ore breccia that encloses the massive ore bodies is different from the massive ore both in respect to the 

textural and mineralogical character but also in the magnetite chemistry. The lower content of trace elements 

(Ti, V) in magnetite from ore breccia suggests a hydrothermal origin, which also is supported by the pres-

ence of sulphides and anhydrite. This transition from magmatic to hydrothermal conditions producing ore of 

different character has been described in the Pilot Knob magnetite deposit (Nold et al., 2013), the Gushan 

magnetite-apatite deposit (Hou et al., 2011) and the deposits in Kiruna area (Martinsson, 2004; Billström et al., 

2010). Particularly in the structural hanging wall of the Fabian ore body, an ore breccia containing sulphides 

with abundant anhydrite in close association with an amphibole-pyroxene skarn is observed. The association of 

sulphides to apatite iron ores is seen also in other ore deposits in Norrbotten (Martinsson, 2003; Edfelt, 2007; 

Billström et al., 2010), and globally (Hou et al., 2011; Nold et al., 2013). 

Considering the textural and chemical composition of the coexisting magnetite and hematite, the hematite at 

Malmberget was interpreted to be of several generations similar to what has been found at El Laco (Henrìques 
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and Martin, 1978). The observed chemical differences between different types of hematite at Malmberget are 

partly a result of an elemental redistribution between the magnetite and hematite during metamorphic reac-

tions including oxidation (Annersten, 1968). To study the massive hematite ores was beyond the scope of this 

thesis, but it is obvious that some of the massive hematite ores show a significantly high amount of Ti compared 

to the magnetite ores. It is therefore suggested that the hematite ore could be of a different origin. Among 

other hematite ore bodies in Norrbotten it seems to exist two chemically different variants, a high Ti hematite 

(Per Geijer, Ekströmsberg) and a low Ti hematite (Lappmalmen, Gruvberget). The latter is suggested to be an 

oxidation product from magnetite ore as typical oxidation textures is observed between the magnetite and 

hematite ore (Frietsch, 1970; Paràk, 1975), while the former might represent primary hematite ores.

Geological evolution of the Malmberget deposit

Finally to summarise the results and interpretation from the host rock and the ore characterisation, there 

is a potential to draw some large scale interpretation of a possible model of the evolution of the deposit in 

comparison to the iron ore deposits in Kiruna area (Paper II).

The Malmberget deposit shares many features with the apatite iron deposits in the Kiruna area but there are 

also important differences. Some of these might be related to primary differences but most of them are probably 

the result of deformation (mineral orientation, internal structure, geometry of ore bodies) and metamorphic 

recrystallization (grain size, texture, Fe-Ti oxide paragenesis) of the ore bodies at Malmberget, which have a 

higher metamorphic grade. 

Primary features may include large scale differences of character, mineralogical and chemical compositions and, 

to some extent, differences in the average mineral chemistry of magnetite for the ore bodies at Malmberget. 

The massive magnetite ore bodies that are characteristic of the eastern part of Malmberget have mineral assem-

blages (low to moderate amounts of apatite and amphibole as the main gangue minerals), whole rock chemical 

composition (high Fe, Ti, V) and magnetite composition (high Ti, V) that are very similar to the B-type of ore 

at Kiirunavaara (Paràk, 1973; Nyström & Henriques, 1994; Martinsson, 2003). There are high phosphorous ores 

occurring as distinct units within the massive ore at both the Fabian and the Kiirunavaara. In addition Fabian 

also exhibits high Ti-V-Ga ore which is low in apatite in several well defined subunits; these indicate that the 

massive ore originated from several chemically different injections of magma. These high Ti-V-Ga ore units 

occur as several rather regular bodies up to 40 m wide that can be traced between the drill holes at Fabian 

(Fig. 31a). At ViRi most of the ore also has this composition. In both deposits minor anhydrite and sulphides 

are associated with the high Ti-V-Ga ore indicating a high volatile content of the magma.

In the eastern part of Malmberget, ore breccia typically surrounds the massive ore, although the extent and 

mineralogical composition varies slightly between the different ore bodies in this area and also as compared 

with similar ore breccia associated with the Kiirunavaara deposit. At Kiirunavaara the occurrence of massive 

ore surrounded by ore breccia has been suggested to represent the transition from magmatic to hydrothermal 

ore forming processes (Martinsson, 2004) and a similar interpretation is also suggested here for Malmberget, 

where magnetite from breccia ore is chemically different from the massive ore at Fabian. The lower content 

of trace elements in magnetite and the occurrence of abundant anhydrite together with amphibole-pyroxene 

and minor amounts of pyrite-chalcopyrite in ore breccia is a strong indication for a hydrothermal origin. This 

is further supported by the IOCG characteristic of the magnetite from the ore breccia in contrast to the AIO 

character in the massive ore.
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The ore bodies in the western part of the Malmberget deposit are rather different in character, mineralogical 

composition and magnetite chemistry as compared to those in the eastern part. The ore bodies in the western 

part are similar to the Per-Geijer ores at Kiruna, particularly regarding their banded character, the occurrence 

of hematite, and the high apatite content (Paràk, 1973). A common feature of these ores is also the minor 

occurrence of ore breccia related to the massive ore.  

At the Kiruna area the Per-Geijer ores are situated stratigraphically above the Kiirunavaara ore body within the 

Kiirunavaara Group in association with felsic volcanic rocks, while the Kiirunavaara ore body itself occurs at 

the border of the felsic unit and underlying intermediate rocks (Geijer, 1910; Martinsson, 2004). In Malmberget 

the local stratigraphy of the ore host rocks is not well constrained. However, according to preliminary results, 

the host rock of the deposits in the western part of Malmberget seems to have a more felsic composition than 

does the host rock of the deposits in the eastern part, which has a more intermediate to mafic composition. 

This might indicate a different, and most likely a higher stratigraphic position, for the Välkomma and Hens ore 

bodies compared to Fabian and ViRi. This is also supported by the decreasing trend of the average V and Ti 

content in ores from east to west at Malmberget, which mimics the decreasing content of these elements from 

Kiirunavaara to the stratigraphically higher Per-Geijer ores in Kiruna (Fig. 34). This pattern is also shown by the 

Ekströmsberg ore, which is situated within the felsic and upper part of the Kiirunavaara Group and has similar 

low Ti-V contents and includes a significant amount of hematite (Frietsch 1974). 

The Printzsköld ore body is spatially situated in the middle of the Malmberget deposit and has characteristics 

which fall between those of the ore bodies in the eastern and western parts with respect to its mineral composi-

tion and to the chemistry of its magnetite. This ore body has a lenticular form, often a strongly banded structure, 

contains boudinaged pegmatites parallel to banding and a strong schistosity is developed in the biotite-rich 

rocks in the tectonic footwall. This might reflect a position of this ore body within or close to a shear zone that 

also could have caused a displacement of the ore body from its original position.  

The structural and metamorphic evolution during the Svecokarelian Orogeny includes at least two major 

events in northern Sweden at 1.9 and 1.8 Ga, but the conditions prevailing during metamorphic recrystalli-

zation for each of them is not known (Bergman et al., 2001, 2006). However, in areas like Malmberget that 

includes large volumes of 1.8 Ga S-type Lina granites the younger metamorphic event is suggested to represent 

peak metamorphic conditions (Bergman et al., 2001) at a temperature of 650-700° C and a pressure of 2-4 kbar 

(Annersten, 1968). Stilbite-bearing mineral assemblage at Malmberget indicates that during post metamorphic 

cooling the temperature did not exceed 150° C after 1.62-1.60 Ga. (Romer, 1996). 

The present character of the Malmberget ore bodies is the result of deformation and strong metamorphic 

recrystallization during the 1.9 and 1.8 Ga events that have modified and partly obliterated the primary charac-

ters including ore geometry, internal structure, mineral composition, textures and mineral chemistry. The most 

obvious change is the increase in grain size and the change in oxidation conditions from the eastern (ViRi, 

Fabian) to the western part (Hens, Välkomma) of the deposit. These variations within the deposit are probably 

due to more abundant granitic intrusions and a position closer to the large Lina granite intrusion to the north 

for the western part. The interaction between Lina granite and the ore is also reflected by the common occur-

rence of magnetite, hematite and apatite in Lina pegmatites within the ore deposit (Geijer, 1930).
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7. CONCLUSION 

The work presented in this thesis focuses on the solutions of how to develop a geometallurgical model of the 

Malmberget iron ore deposit. The development requires an important characterisation stage where the basic 

information on geological and mineralogical variation is collected to be used in a geological model. Finally, it 

was demonstrated how the developed geological model can be linked with a process model and used in process 

management.

The study gives a positive answer to the hypothesis: The geological information collected traditionally by geologists is 

not enough to establish a geological model in a geometallurgical context; however, this can be fully done based on a proper 

mineralogical characterisation.  

Other conclusions of different stages of the study are as follows:

The ore characterisation

Establishing a geometallurgical model requires a proper and correct ore characterisation that gives detailed mineralogical 

information and lays the basis for parameters to be included in the model and analysis techniques to be applied. Under-

standing of the origin and the evolution of the deposit will help to understand, estimate and forecast geological features 

in a better way. 

Fig. 34 A geological model illustrates how the different iron ore bodies’ interrelations and their stratigraphically dis-
placement could have been in the volcanic pile. The reconstructed Malmberget iron ore deposit (right) is compared to 
Kiirunavaara iron ore deposit (left). 
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1) In the Malmberget iron ore deposit, the nature and local stratigraphy of the host rocks to the ore bodies is now 

being constructed based on its chemical and petrographic characteristics. Despite a strong metamorphic recrys-

tallisation and an extensive alteration that obliterates most of the primary features, the ore bodies are hosted by 

metavolcanic rocks of primarily a similar character as the host rock to the Kiirunavaara deposit. These are meta-

volcanic rocks (basalt-andesite, dacite-rhyodacite-rhyolite), felsic intrusions (deformed and undeformed aplite, 

granite), mafic intrusions (metadiabase) and skarn. 

2) Viri, Fabian, Printzsköld, Hens and Välkomma ore bodies show apparent chemical, mineralogical and textural 

differences which are specific to each ore body. The variation in whole rock chemistry of the magnetite ore and 

the chemical composition of magnetite reflect primary signatures especially for V and Ti. In the Fabian ore body, 

different chemical subtypes of massive ore are identified based on their varying content of P, Ti, V and Ga. These 

chemical subtypes are characterised by a specific mineralogy of apatite, amphibole, sulphides and anhydrite, 

which is interpreted to be of a magmatic origin.

3) The massive ore bodies are, in the eastern part of the deposit, surrounded by a breccia style mineralisation. It is 

distinguished from the massive ore by a trace element depleted magnetite that also lacks the intergrowth of the 

FeTi-oxide textures. This is particularly seen in the structural hanging wall of the Fabian ore body where there 

is an extensive alteration zone of amphibole-pyroxene skarn and an ore breccia, which also contains a varying 

amount of pyrite-chalcopyrite and anhydrite. These observations and the data gathered in this study indicate a 

formation at a lower temperature.

4) The Malmberget deposit has been affected by metamorphic recrystallisation and oxidation at temperatures of 

at least 550° C and an oxygen fugacity close to the magnetite-hematite buffer. This has caused an elemental re-

distribution to various extents between the coexisting Fe-Ti oxide minerals. Most significant is the preferential 

partition of Ti into porphyroblasts of hematite. Texturally, the metamorphic overprint/feature is visible as an 

increased grain size, developed into a granoblastic texture with distinct triple junctions and simple grain bound-

aries for magnetite and the presence of different Fe-Ti oxide mineral associations. This indicates a progressive 

oxidation from east to west in the deposit with hematite occurring as an important mineral in the western part.

The technical development of quantitative methods

The ore characterisation defined the mineralogical composition of the ore and chemical composition of the 

minerals, which is the basic requirement for developing methods to generate quantitative mineralogical infor-

mation into a geological model.

5) The mineralogical approach that was selected in this study was relevant as the ore characterisation revealed spe-

cific mineralogical features of the magnetite ore. In a geometallurgical context it is necessary to consider these 

aspects since silica and phosphorous which are having tight requirements in the final products are carried by min-

erals. Magnetite and hematite dominant ores require different treatment in the Malmberget minerals processes. 

6) The developed element to mineral conversion technique provides a practical, fast and inexpensive method to 

quantify minerals from routine chemical assays. The mineralogical variation in the Fabian and Printzsköld ore 

bodies requires an individual mineral list to calculate the modal mineralogy. In addition to the XRF analyses, 

SATMAGAN magnetic balance was used to differentiate magnetite and hematite. 

7) The geometallurgical ore type (GEM-type) classification system was developed to overcome the problem that 

the accuracy of the modal mineralogy by element to mineral conversions showed, as it was not good enough to 

use the mineral grades directly in ore resource estimates. 
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8) A classification scheme was developed to identify the mineral textures that are present in the ore and it was used 

to verify the accurateness of the developed textural archetypes. 

9) Two different textural archetypes are defined in terms of the degree of liberation by size and the association index 

(AI). This developed technique describes and distinguishes quantitatively different mineral textures by processing 

the liberation data of the included particles without the influence of the modal mineralogy. 

10) Based on the modal composition and the mineral textures, three different geometallurgical ore types (GEM-

type) were established for the Malmberget ore body. Each of these GEM-types describes quantitatively: the pres-

ent mineral and its chemical composition, rules how to calculate the modal composition from routine chemical 

assays (element to mineral conversion, EMC, rules) and a textural archetype in a library of archetypes.

The proof of concept 

Finally, in order to test the accuracy of the geological model, a metallurgical model was developed and used to 

forecast the metallurgical response in terms of grade and recovery.

11) The particle tracking technique using the liberation data from QEMSCAN was shown to be a crucial tool both 

when the textural archetypes were developed and when the developed GEM-types were verified and tested for 

a metallurgical meaning to the development of a geometallurgical model. 

12) The proof of concept showed that it was possible to use the established GEM-types to calculate the modal min-

eralogy and liberation distribution for a geological unit/sample and receive the metallurgical response from a 

process model to develop a block model of the ore.  

13) A general valid guideline was developed to give necessary direction on how to gather the geological data for 

a geometallurgical model. The process of sampling, testing and modelling the ore (geological model) and the 

mineral process circuits (process model) is an iterative process which relies on continuously updated ore and 

process parameters. The model can be used to find the best production options among different scenarios. 

8. RECOMMENDATION FOR FUTURE WORK

The following are the recommendations for future work: 

1. Regarding answering the remaining question on the genesis of Malmberget iron ore, more informa-

tion is needed encompassing a deeper study of the ore characterisation, including more ore bodies in 

the deposit and using several different analytical methods. LA- ICPMS analyses of the FeTi-oxides can 

reveal a wider pattern of the trace element redistribution and fluid inclusion of the apatite and stable 

isotopes of the sulphide minerals are other significant geological features that would contribute to the 

genetic discussion of the ore forming processes.

2. There should be studies including more geochronological analyses on the host rocks for verifying 

the stratigraphy and geological development of the Malmberget area. U-Pb dating of zircons can, in 

particular, be useful.

3. In order to solve the stratigraphy, a structural study in the area including the ore deposit is needed 

which includes:  
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a. A detailed structural mapping of the ore bodies and the host rock.

b. Large scale geophysical characterisation of the structural features of the host rocks and the ore 

deposit, e.g. by reflection seismic profiling and 3D modelling of gravimetric and magnetic 

data. 

c. Analysis of the petrophysical and rock-mechanical properties of the ore body and the host 

rock.

4. The possibility of improving the accuracy of the modal analysis by the combining of XRF analysis 

with quantitative X-ray diffraction (Rietveld) should be studied in detail. This kind of work has already 

started (Lamberg et al., 2013).

5. Methods how to identify textures already in the drill core logging need to be developed. New drill 

core logging techniques like hyperspectral imaging should be tested.

6. To develop the geological model, other GEM-types (e.g. biotite rich ore) require testing and being 

verified for metallurgical purposes. As the process model only includes one concentration step, the 

metallurgical response of the full circuit is necessary to study as well as the contribution of a grinding 

model to the process model; this is an ongoing PhD project.

7. A crucial question for each analysis is how good the analysis needs to be and how goodwith current 

techniques it is. This study was able to describe the error of different methods, but more work is need-

ed in defining the level of accuracy needed for different analyses. 

8. One important parameter of the geometallurgical model is to forecast the comminution energy and 

plant throughput. More work is needed in this area since it was outside the scope of this study.
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ABSTRACT

Apatite iron ores are important sources for iron in Sweden and some other countries with the Malmberget de-

posit as the second largest one in Sweden. The ore bodies at the Malmberget are hosted by strongly metamor-

phosed and deformed rocks of felsic to mafic composition. These rocks are traditionally called leptites in the 

Malmberget area. The purpose with this study is to define the primary character of the host rocks to the Malm-

berget deposit and compare them with other similar rocks units in northern Norrbotten. This makes it possible 

to get a better understanding of the local geology at Malmberget and also for the genetic aspects of the of the 

Malmberget deposit. The results from this study clearly demonstrate that the metavolcanic rocks at Malmberget 

belongs to the Kiirunavaara Group and are composed of basalt, andesite-trachyandesite, trachyte-dacite and 

rhyodacite. In the metavolcanic rocks and the ores occur intrusions of slightly deformed aplite and metadiabas-

es-monzonite that corresponds to the Perthite Monzonite Suite and are co-magmatic to the extrusive rocks. 

Dykes of aplite-pegmatite-granite of the Lina Suite are also common in both the ores and the metavolcaic 

rocks and these are generally less deformed and lack evidence of alteration and metamorphic recrystallization 

in contrast to the Perthite Monzonite Suite intrusions. The host rocks and the ore bodies might occupy a syn-

cline structure with dominantly mafic to intermediate metavolcanic rocks occurring in the outer part of the 

structure and hosting the deposits in the eastern part of Malmberget, while more felsic metavolcanic rocks are 

found in the core of the structure representing a stratigraphically higher position and hosting the deposits in the 

western part of the Malmberget deposit. An alteration of the host rocks is dominated by albite alteration and 

amphibole-pyroxene alteration. The latter is extensively developed close to the ore bodies and may at least be 

related to aplitic intrusions of the Perthite Monzonite Suite. K-feldspar alteration is less frequently developed 

close to the ores and is then mainly formed as a later overprinting related to the Lina Suite intrusions.
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1. INTRODUCTION

Apatite iron ores are important sources for iron in Sweden and some other countries. Besides magnetite and 

hematite, most of these iron ores contain significant amounts of apatite and they are generally strongly enriched 

in LREE (Martinsson, 2004). This class of deposits has been named “apatite iron ores” or iron ores of “Kiruna 

type” with the Kiirunavaara deposit being the largest and best-known example. It contains more than 2000 Mt 

of high-grade ore and was first described by Geijer (1910) and interpreted by him to have formed from an iron 

oxide melt. The most important deposits are Kiirunavaara and Malmberget that have been in production for 

more than 100 years and accounts for more than 90 % of the total iron ore production in EU.

The ores at Malmberget are hosted by strongly metamorphosed and deformed rocks of felsic to mafic com-

position. These rocks are traditionally called leptites in the Malmberget area (Geijer, 1930). However, by petro-

graphic and geochemical methods the precursor to these highly recrystallized and partly strongly altered rocks 

have been identified at the Printzsköld ore body (Debras, 2010). The purpose with this study is to define the 

primary character of the host rocks to the Malmberget deposit and compare them with other similar rocks 

units in northern Norrbotten. This makes it possible to get a better understanding of the local geology at 

Malmberget and also for the genetic aspects of the of the Malmberget deposit.

2. GEOLOGICAL SETTING

The Precambrian bedrock in the northern Norrbotten region include a c. 2.8 Ga Archean granitoid-gneiss 

basement, which is unconformally overlaid by greenstone, porphyry and sedimentary successions of Paleop-

roterozoic age. Stratigraphically lowest are rift related 2.5-2.0 Ga Karelian units, which in the Kiruna area are 

represented by the Kovo Group and the overlying Kiruna Greenstone Group (Martinsson, 1997). The overlying 

c. 1.9 Ga Svecofennian successions comprise the Porphyrite Group, the Kurravaara Conglomerate, the Kiruna 

Porphyries and the Hauki Quartzite. Most of these Paleoproterozoic units extend outside the Kiruna area, thus 

they are regionally developed in northern Norrbotten. The calcalkaline and andesite dominated Porphyrite 

Group is suggested to be subduction related, while the Kiruna Porphyries have a bimodal character and a geo-

chemical signature resembling within plate volcanics (Martinsson and Perdahl, 1995). The c. 10 km thick pile of 

Paleoproterozoic volcanic and sedimentary rocks was deformed and metamorphosed during the Svecofennian 

orogeny (1.9-1.8 Ga), contemporaneous with intrusion of the 1.89-1.87 Ga Haparanda and Perthite-mon-

zonite suites. These plutonic rocks have a calc-alkaline to alkali-calcic character and are comagmatic to the 

Svecofennian volcanic rocks (Witschard, 1984). The Lina Suite comprises c. 1.79 Ga minimum melt granites 

and pegmatites (Skiöld et al., 1988) that are temporally related to TIB 1 intrusions in the Kiruna-Narvik area 

(Romer et al., 1992, 1994). A second event of metamorphism and deformation is at least locally developed at 

this time (Bergman et al., 2001). The youngest plutonic rocks are represented by c. 1.71 Ga TIB 2 granitoids at 

the Swedish-Norwegian border (Romer et al., 1992).

2.1. Local geology

Two major units of supracrustal rock occur in the Gällivare area. Rocks of a mainly volcaniclastic origin 

occur in the eastern part, while intermediate to felsic volcanic rocks dominate towards west (Fig. 1). In the 

south-western part these volcanic rocks are overlain by arenitic sediments. Minor occurrences of biotite gneiss-

es and graphitic sediments that are found in the south-eastern part may represent the oldest rocks in the area. 

The supracrustal rocks are intruded by plutonic rocks varying from peridotite to granite. The volcaniclastic 

rocks have been given various stratigraphic names in different areas and in different papers. The subdivision has 

partly been based on petrographical differences that have been superimposed by deformation and alteration on 
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originally similar rock units. In this paper the Muorjevaara Group (Zweifel, 1976; Ros, 1980) is extended to 

include also the stratigraphically upper parts of these rocks (i.e. Liikavaara Group) and the Aitik and Nautanen 

Groups (Zweifel, 1976). The internal stratigraphy of the Muorjevaara Group is poorly known and the upper 

and lower contacts are not exposed. Pelites and lithic arenites occur in the stratigraphically lower part as some 

hundred meters thick and alternating units. Cross bedding and minor intercalations of gravel conglomerate 

occur within the arenites. The arenites are mainly of volcaniclastic origin and have an andesitic composition. 

Locally they contain significant amounts of clastic quartz grains. Andalusite porphyroblasts are common in the 

pelites. The upper part of the volcaosedimentary pile is dominated by volcaniclastic rocks of andesitic compo-

sition. Amygdaloidal andesite lava and volcanogenic conglomerates are minor constituents (Ros, 1980). 

Fig. 1 The geology of the Gällivare area from Martinsson and Wanhainen (2004).
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Metavolcanic rocks belonging to the Kiirunavaara Group are restricted to the western part and constitute the 

host rock to the Malmberget apatite iron ores. The composition varies from trachyandesite to rhyolite with 

possible minor basaltic intercalations. Primary textures and structures are rarely preserved but amygdaloidal and 

porphyritic rock has been identified at Malmberget (Geijer, 1930). In the southern part these rocks are overlain 

by feldspathic quartzites comparable with the Hauki Quartzite in the Kiruna area (Ödman, 1940). 
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Minor intrusions of dioritic to granodioritic composition are common within the Muorjevaara Group. They 

belong to the Haparanda Suite and have at Aitik the character of a porphyritic high level intrusion (Wanhainen 

and Martinsson, 2001). Monzonitic rocks of the Perthite Monzonite Suite are restricted to the western part. 

Several gabbroic to troctolitic intrusions occur in the Gällivare area. Largest is the Dundret intrusion that forms 

a bowl-like structure with a steep to gentle dip towards the center of the intrusion. It belongs to a complex of 

alkaline to tholeiitic mafic-ultramafic intrusions in the Gällivare area (Martinsson, 1994). The youngest intru-

sive phase is represented by large areas of the Lina Suite granites. 

The Nautanen Deformation Zone (NDZ) is the most prominent tectonic structure in the area running in a 

NNW direction. Strongly schistose or mylonitic rocs occur in several parallel branches of high strain within an 

up to 3 km wide zone (Bergman et al., 2001). Minor shear zones with a similar direction occur also outside 

the NDZ.

2.2. The Malmberget deposit

The precise age of discovery for the Malmberget deposit is not known but most likely it was found at the end 

of the 17th century. Mining started in small scale in the 18th century with the main production coming from the 

Kapten ore body. When the railway was built from Luleå to Gällivare in 1888 ore production rapidly increased 

and open pits were developed on most outcropping ore bodies. The Malmberget deposit (Fig. 2) consists of 

several ore lenses with 51–61 % Fe and varying contents of phosphorus (Grip and Frietsch, 1973). At the end 

of 2012, approximately 640 Mt of crude ore have been produced in open pits and underground workings and 

the reserves were estimated to 271 Mt with 42 % Fe (LKAB, 2012).

Fig. 2 Simplified geological map over the Malmberget iron ore deposit modified from (Bergman et al., 2001).
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In the western and northern parts of the deposit the ore forms an almost continuous horizon with a length 

of about 5 km (Fig. 2). Apatite banding is a common feature of these ores, which contain both magnetite and 

hematite. The eastern part includes several more or less isolated bodies of magnetite ore, which generally is 

less rich in apatite. The main gangue minerals are apatite, amphibole, pyroxene and biotite. Pyrite, chalcopyrite, 

bornite and molybdenite are more rarely found. The grain size is mostly 0.5 to 2 mm for the ore minerals, but 

larger porphyroblasts of magnetite may occur in hematite ore.

Various scales of brecciation are developed in the wall rocks to the ores. Especially ore bodies in the eastern 

part are surrounded by extensive brecciation. Magnetite, apatite, amphibole are the main constituents of mm 

to m-wide veins that develop networks and breccias. Albite occurs in some amphibole breccia and scapolite 

is locally found in druses. Breccias with a high Fe-content are mainly found adjacent to the iron ores, while 

breccias dominated by amphibole are developed also at distance from them. The breccias are often strongly 

flattened by ductile deformation and they may transform into banded ore (Geijer, 1930). 

3. METHODS

193 samples were collected from 22 drill cores and 4 out crops of the ViRi, Fabian, Dennewitz, Printzsköld, 

Välkomma, Baron, Marta and Josefina ore bodies for the petrographic characterisation of the rocks. 116  

polished thin sections of representative rock types were prepared and investigated by microscopy in transmitted 

light with focus on textural and mineralogical properties but also degree of deformation. Samples for charac-

terisation of rocks were mainly selected from drill cores and consist of 20-30 cm long pieces of structurally and 

mineralogically homogenous rock types. The samples were prepared and analysed at ALS laboratories for main 

and trace elements using lithium metaborate fusion and ICP-AES and ICP-MS. Three set of samples were used, 

two of them based on relogging of cores and selecting of samples identified as metavolcanic, mafic dykes and 

aplites. The third set of samples was selected from drill cores based on the traditional nomenclature used for 

rocks in the mine (pegmatite, granite, red leptite, red-grey leptite, grey-red leptite and grey leptite).

4. RESULTS

4.1. Petrography of the Malmberget host rocks

The ores are hosted by strongly metamorphosed and deformed rocks of felsic to mafic composition. These 

rocks are traditionally called leptites in the Malmberget area. A porphyritic texture is locally preserved in 

the felsic rocks. Amygdules are occasionally encountered, suggesting a mainly extrusive origin and a primary 

character similar to that of the Kiruna Porphyries. Mafic rocks are mainly found adjacent to the ores as 

conformable to discordant lenses. Occasionally they contain remnants of plagioclase phenocrysts and amyg-

dules. Some of the mafic rocks are probably dykes, but most of them are suggested to have formed as sills or 

extrusions (Geijer, 1930). A large intrusion of Lina granite exists northwest of the deposit and the recrystal-

lization of the host rocks increases in that direction. Dykes of granite and pegmatite are frequently found in 

the ores and their host rocks. Some of the pegmatites are rich in coarse-grained hematite, apatite and titanite.

Metavolcanic rocks

The metavolcanic rocks mostly lack primary textures and is characterised by a metamorphic fabric best 

described as grano-porphyroblastic (Fig. 3) expressed by rather irregular grain boundaries and slightly porphy-

roblastic character of some of the feldspar grains that might be relicts of altered scapolite porphyroblasts. This 

is in contrast to other rocks with a granoblastic to lepodoblastic texture for metadiabase and a partly preserved 

magmatic texture for the deformed aplites (Fig. 4).
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Fig. 3 Photomicrographs showing a grano-porphyroblastic texture of the metavolcanic rocks.

Fig. 4 Photomicrographs showing the major rock types A) metaandesite, B) metadacite, C) metadiabase granoblas-
tic texture, D) metadiabase lepidoblastic texture, E) perthitaplite, F) Lina aplite, G) feldspar altered andesite, H) skarn 
altered andesite.Transmitted light and crossed nicholls. Same scale of all photos.
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Basalt–andesite

Metaandesitic rocks occur as the dominating host rock to the iron ores at Malmberget. They are greyish in 

colour with a grain size of 0.1 to 0.4 mm and CI varying from 35 to 15 which at least partly seem to reflect 

a variation from basaltic andesite to andesite-dacite expressed by a silica content of 52 to 60 % SiO2. The 

proportions of mafic minerals show large variations with mostly 5-25 % amphibole, 0-25% biotite and 3-10 

% Fe-Ti oxides occurring as a fine grained dissemination. In some cases clinopyroxene may occur in amounts 

up to 10 %. Locally the amount of Fe-Ti oxides is larger (up to 20%) and in those cases the amount of bio-

tite and amphibole is small. The Fe-Ti oxides are often dominated by ilmenite containing various amounts of 

hematite lamella (Fig. 5a) and in addition magnetite occur in small to larger amounts. Titanite is common as an 

accessory mineral and often forms a coating or occurs adjacent to magnetite and ilmenite (Fig. 5b), while small 

amounts of disseminated pyrite and chalcopyrite are rare. Generally the rock exhibits a well-developed foliation 

or mineral lineation and the texture is grano-porphyroblastic to slightly lepidoblastic. Rarely amygdules could 

be seen indicating an origin as lava flows.

Fig 5. Photomicrographs showing Fe-Ti minerals in metaandesite A) ilmenite with lamellas of hematite, B) magnetite 
(left) and ilmenite (right) overgrowth by titanite (medium gray rim).

A B

Dacite–rhyodacite–rhyolite

Felsic volcanic rocks occur more rarely in the mine and then mainly in the western part (Välkomma), but seem 

to be a dominant rock type in the central part of the area within the syncline structure. The rocks are mostly 

pale red to greyish red and rather often they are porphyritic with feldspar phenocrysts and for the more felsic 

ones also small amounts of quartz phenocrysts. The silica content varies from 61 to 72 % SiO2. The texture is 

mostly grano-pophyroblastic. The rocks are generally lacking structures giving information about their origin 

and they may have a well-developed mineral lineation. 

Mafic intrusions

Metadiabase is common as up to more than 10 m wide dykes cutting the ore and the host rock. The grain size 

is generally 0.2 to 0.7 mm although locally up to 2 mm. For wider dykes the grain size may decrease towards 

their borders reflecting chilled contacts. The amount of mafic minerals is mostly 40 to 50 % with 0 to 40 % 

hornblende, 0 to 45 % biotite, 1 to 5 % of disseminated magnetite and less common 0-20 % clinopyroxene. The 

color is varying from dark grey to greyish brown and greyish green. The plagioclase may be partly or totally 

replaced by scapolite in some cases. Based on the content of SiO2, TiO2 and Zr three different types may be 

distinguished. Two types are high in TiO2 and contain 48 to 51 % SiO2 but differ in their Zr content. The 

third type has lower TiO2 but higher Zr and a silica content of 48 to 57 % SiO2, thus varying from diabase to 

monzonite in composition. Often no primary textures are preserved and generally the rock has a granoblastic 

texture and a more or less well developed foliation or mineral lineation. However, more coarse grained dykes 

may have partly a preserved magmatic texture.
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Felsic intrusions

Deformed aplite

Aplitic rocks with a mostly weak to moderate foliation or mineral lineation is common as dykes in the wall 

rocks but also in the ores. They are pale red to red in colour and have a grain size of 0.2 to 1 mm. They may 

exhibit a porphyritic texture a few mm large feldspar phenocrysts. The amount of mafic minerals is 4 to 7 

% and consists of 1 to 6 % amphibole, 0-5 % biotite, 0.5 to 2 % of disseminated magnetite, while the quartz 

content is 15 to 20%. The content of SiO2 varies between 69 and 73 %. A few per cent of anhydrite may exist 

as irregularly disseminated grains or small patches and pyrite and chalcopyrite is locally occurring as a weak 

dissemination. Within the mine the rock is sometimes more coarse grained (1-2 mm) changing character to 

fine grained granite that might exhibit two directions of foliation. The grain boundaries for the feldspars may 

be rather complex but especially for more granitic types a more typical magmatic texture is shown. Titanite 

might occur as a magmatic mineral with euhedral shape (Fig. 6).

Fig. 6 Photomicrographs showing deformed aplite with euhedral titanite crystals.

A B

Undeformed aplite

Dykes of more or less undeformed aplite are less common in the mine but occur locally as dykes in the ore and 

the host rock. The colour is pale red to reddish and the grain size is 0.2 to 2mm. The amount of dark minerals 

is mostly low (2 to 4 %) and they consist of biotite, small amounts of magnetite-hematite and locally amphibole. 

Titanite may occur as an accessory mineral. The aplite may show transitions to granite and pegmatite.

Granite

Larger bodies of granite are rare in the mine but occur as large intrusions to the north. The colour is pale red to 

reddish and the quartz content is mostly 25 to 30 but may be up to 35%. The amount of dark minerals is rather 

low with 2 to 5 % biotite and small amounts of disseminated magnetite or hematite. The rock may contain 

phenocrysts of microcline (5 to 15 mm) and sometimes also plagioclase (7 to 10 mm). The rock has generally 

a weak to moderate foliation or mineral lineation but may also be rather undeformed.

Alterations

Several types of alteration affects the volcanic rocks and the deformed mafic and felsic intrusions, while the 

undeformed felsic intrusions mostly show little evidences of alteration. Feldspar alteration is extensively devel-

oped and comprises either albite or K-feldspar and is mostly pervasive but K-feldspar alteration may also occur 

as veinlets and patches. Amphibole and pyroxene may occur together and may occur disseminated, in veinlets, 

stockworks or as massive patches and larger volumes defined as skarn. Scapolite is also a characteristic alteration 

mineral but may have been largely been replaced by feldspar or other secondary components.



9

The metavolcanic host rocks to the ores at the Malmberget are mostly albite rich and the pervasive character of 

the alteration is generally accompanied by disseminated magnetite, hematite or biotite as the dominant mafic 

mineral. K-feldspar alteration may also be pervasive but is generally less common close to the ores. Scapolite is 

may be a dominating felsic mineral in mafic rocks occurring evenly distributed in the matrix or as porphyro-

blasts or patches. 

Skarn alteration is extensively developed close to many of the ores but may also be of a more regional 

occurrence at Malmberget. Pyroxene and amphibole are characteristic minerals and are usually accompanied 

by varying amounts of magnetite, titanite and more rarely pyrite or chalcopyrite. The skarn minerals occur 

disseminated but more commonly as schlieren, veinlets or patches in the metavolcanic rocks. Also the deformed 

aplites may contain amphibole or pyroxene as an irregular dissemination or as schliren-patches. A characteristic 

alteration is the occurrence of feldspar-pyroxene-amphibole in zones more than 20 m wide. The feldspar is 

reddish albite and pyroxene-amphibole occurs in patches. Veins and schlieren in structures sometimes showing 

similarities to magmatic-hydrothermal mixing products described from Cloncurry (Mark and Forster, 2000). 

Close to the ores, massive and often coarse grained amphibole-pyroxene skarn may occur in up to more than 

10 m wide zones and at the Fabian ore body these skarn zones often contains abundant anhydrite and smaller 

amounts of chalcopyrite and titanite. Amphibole is at least partly formed by alteration of pyroxene.

4.2. Structures

The structure of the Malmberget area has not been studied in more detail but is suggested to represent a rather 

complex synform structure formed by at least two phases of folding (Bergman et al., 2001). The Malmberget 

deposit is strongly affected by ductile deformation and the present shape of individual ore bodies may partly 

be controlled by stretching 40 to 50° towards SSW (Martinsson and Virkkunen, 2004). Many ore lenses are 

boudinaged in the plunging direction and some of the granite-pegmatite dykes exhibit a similar style of defor-

mation (Geijer, 1930). The area is situated between the Karesuando-Arjeplog Deformation Zone (KADZ) 

and the Nautanen Deformation Zone (NDZ) and may have been squeezed towards south due to east-west 

compression (Fig. 7) at around 1.8 Ga (Wanhainen et al., 2005).

Fig. 7 Block diagram of the Gällivare area (from Wanhainen et al., 2005).

W E
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4.3. Geochemistry of wall rocks

Based on the petrographic investigations of the different rock types, these have been analysed and classified into 

mafic to intermediate metavolcanic rocks, felsic metavolcanic rocks, deformed aplites, undeformed aplites, peg-

matites and granites, metadiabase including monzonitic dykes and skarn altered rocks including massive skarn 

and pyroxene-amphibole rich assemblages in metavolcanic rocks. 

Primary character of rocks

Using the Igneous spectra by Hughes (1973) as a first control of chemical changes the metavolcanic rocks 

exhibit a large variation in the K
2
O/K

2
O+Na

2
O ratio with many samples having a sodic character (Fig. 8). 

This combined with a rather limited variation in total alkali (8-11 % Na
2
O+K

2
O) suggest significant alkali 

alterations. This is in contrast to the deformed aplites that have an alkali composition typical for magmatic rocks. 

Fig. 8 Metavolcanic rocks, skarn altered rocks, deformed aplites and metadiabase plotted in Hughes igneous spectrum 
(Hughes, 1973).

This makes the TAS diagram less useful for classification of primary compositions of the metavolcanic rocks, 

giving them a strongly alkaline character for the more mafic rocks and a trend crossing that of typical mag-

matic rocks. In the TiO
2
/Zr versus SiO

2
 diagram by Winchester & Floyd (1977) the use of more immobile 

elements gives a more reliable classification and the composition varies from basalt to andesite-trachyandesite and 

trachyte-dacite-rhyodacite to rhyolite. In general this chemical classification is in accordance with the petro-

graphic classification of less altered rocks (Fig. 9). The skarn altered rocks plot mainly in the alkaline fields 

which is due to a low silica content caused by dilution by Ca and Mg during skarn formation.
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Geochemical groups and tectonic setting

By using ratios of immobile elements the precursors to altered rocks might be possible to identify as mass 

changes caused by chemical changes are eliminated and the ratios of the immobile elements are not affected 

by alteration. By testing different combinations of elements generally suggested to be immobile only Ti, Al and 

Zr seem to be useful, while REE, Y, Nb and in a few cases Th in various degree show evidences of mobility. 

When using the ratios TiO
2
/Zr versus TiO

2
/Al

2
O

3
 most rock types defines rather distinct groups (Fig. 10) 

including also strongly altered samples in which primary lithologies are not possible to identify by petrologic 

methods.

Fig. 9 A chemical plot showing the metavolcanic rocks in the classification diagram of Winchester & Floyd (1977).
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Fig. 11 A chemical plot showing the metavolcanic and skarn altered rocks in the classification diagram of Pearce (1982) 
for tectonic setting.

Fig. 12 (left) A chemical plot showing the metavolcanic rocks from the Malmberget deposit compared to the Kiirun-
avaara Group and the Porphyrite Group (Martinsson unpublished data). Fig. 13 (right) A chemical plot showing the 
intrusive rocks from the Malmberget deposit compared to the Haparanda, Perthite Monzonite and Lina Suites (Martins-
son unpublished data).

In the Zr-TiO
2
 diagram for classification of tectonic setting (Pearce, 1982) the metavolcanic rocks largely plot 

in the within plate field (Fig. 11). Compared to metavolcanic units in Norrbotten this is similar to the Kiirun-

avaara Group, while the Porphyrite Group mainly plots in the Arc field (Martinsson, 2004).

Also in the TiO
2
/Al

2
O

3
 versus TiO

2
/Zr diagram the metavolcanic rocks at Malmberget gives the same trend 

as the Kiirunavaara Group, while the Porphyrite Group is distinctly different (Fig. 12). Using the same TiO
2
/

Al
2
O

3
 versus TiO

2
/Zr diagram for the intrusive rocks it is evident that the deformed aplites and most of the 

metadiabases are part of the Perthite Monzonite Suite, while the undeformed aplites and pegmatites belong to 

the Lina Suite (Fig. 13).
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The metavolcanic rocks define a trend controlled by the compositional variation from basalt to rhyolite. The 

deformed aplites and most of the metadiabases plot on the same trend suggesting a common magmatic origin, 

while the undeformed aplites and granites plot slightly different and is also characterised by high Th contents. 

This shows the altered rocks to have precursor rocks of similar character as the less altered rocks and mainly to 

be of felsic composition. An exception is the massive pyroxene-amphibole skarn that plot different and most 

likely have another origin (Fig. 10).

5. DISCUSSION

On the geological map sheet Gällivare SV the volcanic rocks and most of the metasedimentary rocks are 

classified as Porphyry Group (Witschard, 1996) without any distinction between Malmberget area and the 

Nautanen area to the east. However, the volcanic rocks of the Muorjevaara Group have an arc signature (Wan-

hainen and Martinsson, 1999) and in more recent publications these two domains have been separated into 

Kiirunavaara Group rocks and Porphyrite Group rocks, respectively (Bergman et al., 2001). The results from 

this study clearly demonstrate that the metavolcanic rocks at Malmberget belongs to the Kiirunavaara Group 

and are composed of basalt, andesite-trachyandesite, trachyte-dacite and rhyodacite. 

The host rock to ore bodies in the eastern part of Malmberget (ViRi, Fabian, Dennewitz, Printzsköld) seem 

to be mainly mafic to intermediate in composition (basalt, andesite-trachyandesite), while the host rocks in the 

western part of Malmberget (Välkomma, Baron, Hens) partly have a more felsic composition (dacite-rhyodac-

ite). No internal stratigraphy of the metavolcanic rocks have been documented at Malmberget but based on 

analogies with the stratigraphy of the Kiirunavaara Group at Kiruna some suggestions can be made. At Kiruna, 

the Kiirunavaara Group mainly consist of trachyandesitic lava in the lower part while pyroclastic rhyodacite 

dominate the upper part and with the Kiirunavaara deposit situated at the border of these units (Martinsson, 

2004). 

In the possible synform structure at Malmberget the mafic-intermediate metavolcanic rocks mainly occupy 

the margin of the structure and locally exhibit amygdule structures indicating an origin as lava flows, while the 

more felsic metavolcanic rocks seem to be more common in the core of the syncline and more likely are of 

pyroclastic origin. Thus, the metavolcanic rocks at Malmberget may show the same changes as at Kiruna from 

more mafic-intermediate composition to felsic stratigraphically upwards in the volcanic pile and the ores might 

also have a position at a similar stratigraphic position as the Kiirunavaara deposit.

The metavolcanic rocks constitutes the host rock to the ores at Malmberget and both the ores and the host 

rocks are intruded by metadiabase and aplite dykes belonging to the Perthite Monzonite Suite and aplite-peg-

matite-granite dykes of the Lina Suite. This demonstrates that ore emplacement must have taken place short 

after deposition of the metavolcanic rocks but before the co-magmatic intrusions of aplite and diabase. The 

connection between Perthite Suite magmatism and ore formation is further demonstrated by the extensive 

feldspar-pyroxene-amphibole alteration which seem to be closely related to the aplites of the Perthite Mon-

zonite Suite and partly exhibit structures resembling magmatic-hydrothermal transitions similar to what is 

described from Cloncurry in Australia (Mark and Forster, 2000). However, some types of K-feldspar alteration 

are more likely related to Lina Suite intrusions. 
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Extensive mobilization of ore components during metamorphic recrystallization and Lina magmatism is indi-

cated by the occurrence of magnetite, hematite, apatite, titanite, pyroxene and amphibole in pegmatites within 

the Malmberget deposit. Another example of mobilized ore components is the spectacular occurrence of large 

cavities and druses containing excellent crystals of calcite, desmine, apatite, hornblende, scapolite, pyrite and 

magnetite. Ages for minerals in these druses vary from 1613 to 1737 Ma and after that no major magmatic or 

metamorphic event have affected the bedrock (Romer, 1996).

6. CONCLUSIONS

The host rock to the Malmberget deposit constitutes of metavolcanic rocks belonging to the Kiirunavaara 

Group and varies in composition from basalt-andesite-trachyandesite to trachyte-dacite-rhyodacite-rhyolite. 

Both the host rock and the ore are intruded by altered and deformed dykes of diabase-monzonite and aplitic 

rocks of the Perthite Monzonite Suite. Youngest are dykes of granite-aplite-pegmatite of the Lina Suite that 

might be moderately deformed expressed as mineral lineation and by boudinaged dykes. The host rocks and 

the ore bodies might occupy a syncline structure with dominantly mafic to intermediate metavolcanic rocks 

occurring in the outer part of the structure and hosting the deposits in the eastern part of Malmberget, while 

more felsic metavolcanic rocks are found in the core of the structure representing a stratigraphically higher 

position and hosting the deposits in the western part of the Malmberget deposit. An alteration of the host rocks 

is dominated by albite alteration and amphibole-pyroxene alteration. The latter is extensively developed close 

to the ore bodies and may at least be related to aplitic intrusions of the Perthite Monzonite Suite. K-feldspar 

alteration is less frequently developed close to the ores and is then mainly formed as a later overprinting related 

to the Lina Suite intrusions.
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ABSTRACT  

The strong metamorphosed and deformed Malmberget apatite iron ore deposit, northern Sweden is one of 

the larger Kiruna-type deposits in the world. Magnetite and hematite from several ore bodies have been char-

acterised by their geochemical- and mineral composition, Fe-Ti oxide mineral textures and chemistry of the 

ore minerals to get a better understanding of the primary character of the ore. Optical microscopy, whole rock 

geochemistry and electron microprobe analyses (EPMA) were used. Variations in the whole rock chemistry 

mainly mimic the mineral chemistry of the magnetite ores and suggest indicating a primary origin, with differ-

ent signatures for the massive ore and the ore breccia. Different chemical subtypes of massive ore are identified 

based on their discrepancy in levels of P, Ti, V and Ga and the mineral chemistry of the magnetite is explained 

by this chemically different sub types. These subtypes are associated to a specific mineralogy of apatite, amphi-

bole, sulphides and anhydrite. However, the chemistry of magnetite is also controlled by the local oxide mineral 

assemblages, as a redistribution of V and Ti into the coexisting hematite. The textural and paragenetic relation 

of Fe-Ti oxides indicates a progressive oxidation from east to west in the deposit which also is expressed by 

hematite that becomes an important ore mineral in the western part of the deposit. A multiphase origin is sug-

gested where massive ore is formed by several injections of iron oxide magma while the ore breccia may have 

been formed by hydrothermal processes. 

Key words
Apatite iron ore, magnetite, mineral chemistry, Fe-Ti oxide textures, metamorphic recrystallisation
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1. INTRODUCTION

Sweden is the most important producer of iron ore in Europe with two large underground mines in Kiruna 

and Malmberget and an open pit mine at Gruvberget operated by LKAB. These deposits have produced over 

2000 million tons (Mt) of ore and have a total iron ore reserve of 1010 Mt @ ~ 46 % Fe (LKAB, 2011). Both 

deposits are apatite-iron ores, an ore type that is common in northern part of Sweden but quite rare in other 

parts of the world. The apatite-iron ores have been the focus of genetic discussions over 100 years. Two genetic 

models have been suggested: many authors favour  a magmatic model (Geijer, 1910; Park, 1961; Frietsch, 1984; 

Nyström and Henríques, 1994; Henríques et al., 2003) but a hydrothermal model has also supporters (Paràk, 

1973; Hildebrand, 1986; Hitzman et al., 1992; Rhodes et al., 1999; Sillitoe and Burrows, 2002). As not all fea-

tures of the apatite iron ores are easily explained with a single genetic model a combination of these two mod-

els, a magmatic origin with a hydrothermal overprint (Martinsson, 2004) has been suggested for the formation 

of the Kiruna and Malmberget deposits at 1.89-1.88 Ga (Cliff et al., 1990; Romer, 1996). The characteristic 

features of the Kiruna type deposits is that they occur in intermediate to felsic volcanic rocks, are tabular and 

concordant with their host rock, or have a breccia style and include a dominating mineralogy of magnetite, 

hematite, apatite, and actinolite. Apatite gives a high phosphorus content which is typical of most ore deposits 

(Martinsson, 2004). Typically the vanadium content of magnetite is high and similar to orthomagmatic mag-

netite accumulations in mafic rocks but the titanium content is intermediate to magmatic and sedimentary 

iron deposits (Frietsch, 1970; Loberg and Horndahl, 1983). The two world class deposits of apatite iron ore 

in Kiruna and Malmberget are suggested to have a similar origin (Geijer, 1930; Loberg and Horndahl, 1983). 

However, the Malmberget iron ore deposit is more strongly affected by later metamorphism, deformation and 

intrusion of granitic rocks (Bergman et al., 2001). 

Two major types of apatite iron ores can be distinguished in the Kiruna area, a breccia type and a more massive 

stratiform-stratabound type (Bergman et al., 2001). Ore breccia is an irregular network of ore veins which, to a 

varying extent, accompany the massive ore (Geijer, 1910; Geijer, 1931; Frietsch, 1982). In the Malmberget de-

posit the ore bodies situated in the eastern part have cores of massive ore surrounded by extensive breccia type 

of ore (Geijer, 1930). Mineralogically the ore breccia is distinguished from the massive ore by the presence of 

silicates and more complex textures with irregular grain boundaries and intergrowths of magnetite and silicates 

(Lund and Martinsson, 2008).

In this study we have used geochemical data and carried out electron microprobe analyses of several different 

ore bodies in the Malmberget apatite iron deposit. The purpose of this study is to define the chemical and 

mineralogical differences of the ore bodies in the deposit such as the geochemical- and mineral composition, 

oxide mineral textures, the mineral chemistry of the Fe-Ti oxide minerals and the included gangue minerals to 

get a better understanding of the primary character of the ore and the significance of later overprinting events. 

This information is of importance for the mineral processing of the ore and the quality of ore concentrate but 

has also genetic implications.
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2. GEOLOGICAL SETTING AND METALLOGENY

2.1. Regional geology

The geology of the northern Norrbotten ore province includes bedrock sequences of different ages. The oldest 

unit is a 2.8 Ga Archaean granitoid-gneiss basement unconformable overlain by 2.5-2.0 Ga Karelian succes-

sions followed by 1.9 Ga Svecofennian volcanic and sedimentary units. Forty apatite-iron deposits are known 

from the northern Norrbotten ore province and they are hosted by and probably also genetically related to, the 

volcanic rocks in the Svecofennian succession (Martinsson, 2004). The early orogenic Haparanda Suite predates 

the 1.86-1.88 Ga Perthite Monzonite Suite and was affected by deformation and metamorphism at 1.88 Ga. 

At 1.81-1.78 Ga a second deformation and metamorphic event occurred and was associated with intrusion of 

the Lina granite-pegmatite suite (Martinsson, 2004).

2.2. Deposit geology 

More than 20 different tabular to stock shaped iron ore bodies are known in the Malmberget deposit within an 

area of 2.5 x 5 km (Fig 1). They have undergone at least two phases of folding and metamorphism and occupy 

a large-scale fold structure where the individual ore bodies are stretched parallel to the fold axis, which plunge 

40°-50° towards SSW (Bergman et al., 2001). The ore bodies are recrystallized, coarse grained, and intruded by 

granite, aplite and pegmatite of the Lina Suite (Martinsson and Virkkunen, 2004; Martinsson, 2004). The host 

rocks to the ore consist of felsic to mafic, metavolcanic rocks that are strongly recrystallized and mostly lack 

primary features. Especially in the footwall of the western part of the deposit, there exists gneiss with sillimanite, 

muscovite and quartz while corundum and andalusite occasionally are found in the ore (Geijer, 1930). Mafic 

rocks are typically rich in biotite and can be found close to the ore as conformable to discordant lenses. Some 

of them are probably metamorphosed dikes while others seem to have formed as sills or extrusions (Geijer, 

1930). These metavolcanic rocks are traditionally called leptites and gneisses and are mainly distinguished by the 

grade of metamorphism and the grain size (Geijer, 1930). These rocks may have an origin similar to those of 

trachyandesite to rhyodacite composition that hosts the Kiirunavaara deposit (Martinsson and Hansson, 2004).

The Hens (Hn) and Välkomma (Vä) ore bodies are located in the western part of the deposit and form part of 

an almost continuous ore horizon, 5 km in length consisting of both hematite and magnetite ore (Bergman et 

al., 2001). The Hens ore body has a tabular shape, composed of separate magnetite and hematite ore lenses with 

an average grade of 53.5 % Fe and 0.80 % P. A typical feature is coarse grained apatite, occurring as a regular 

banding or more disseminated. The Välkomma ore body shows almost the same mineralogical character as 

Hens but magnetite and hematite occur mostly together, often with porphyroblasts of one of the minerals in a 

matrix of the other (Geijer, 1930). 

The Fabian (Fa) and ViRi (Vr) ore bodies occur in the eastern part of the Malmberget deposit and include a 

number of more or less individual magnetite ore bodies of a massive magnetite ore  which is generally poorer 

in apatite (Martinsson and Virkkunen, 2004) with grades of 55.6 – 61.5% Fe and 0.15-0.35 % P. A characteristic 

feature of these ore bodies is that the massive ores are surrounded by breccia style mineralisation that extends 

up to several tens of meters into the wall rock and gradually decreases in intensity away from the ore.  

The Printzsköld (Pz) ore body is situated between the eastern and western part of the Malmberget deposit. 

This magnetite ore body has a lenticular shape and is partly rich in apatite and biotite giving the ore a banded 

structure. The grade is 50.5 % Fe and 0.75 % P. Smaller hematite bodies occur close to the magnetite and minor 

amounts of hematite is also present in the magnetite ore. 
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3. SAMPLING AND ANALYTICAL METHODS

Representative drill cores were selected from the ore bodies. The drill cores were logged, sampled and analysed, 

each to a different extent. The focus of the project is the Fabian and Printzsköld ore bodies, which are repre-

sented by five drill cores intersecting the ore from the hanging wall to the foot wall (Fig 2). The Välkomma ore 

body is represented by four drill cores and Hens and ViRi by hand specimens from the underground mine. Ma-

jor and trace element chemical analyses were carried out on 95 drill core samples from Fabian and Printzsköld 

at the Activation Laboratories LTD in Canada. The major elements were analysed using the inductively cou-

pled plasma mass spectrometry (ICP-OES) and for trace elements (ICP-MS). Approximately 100 polished thin 

sections were examined and 30 of them were selected for electron microprobe analyses (EPMA) based on their 

mineralogy. The analyses were performed at the Camborne School of Mines, university of Exeter, Cornwall 

Campus, UK on a JEOL JXA-8200 superprobe with a technique described by Potts et al. (1995). An acceler-

ating voltage of 15 kV and a beam current of 30 nA were used for the oxides. The probe beam diameter was 

set to 1 μm for the oxides and the phosphates and 5 micron for the silicates. The FeO and Fe2O3 ratio was 

calculated on the basis of stoichiometry and charge balance (Droop, 1987). First, the cations other than iron 

were allocated to their specific site occupancies according to their charges. After this, the Fe was proportioned 

into Fe2+ or Fe3+ to balance the stoichiometry and charge. Finally oxygen was allocated accordingly to produce 

FeO and Fe
2
O

3
. The recalculation of the magnetite and hematite data was prepared by the method of Jens C. 

Ø. Andersen (pers. comm.). Based on the mineral chemistry and the whole rock analyses, additional 16 samples 

were selected for detailed mineralogical study by electron microprobe of Fe-Ti mineral pairs at the Finnish 

Geological Survey (GTK) using a CAMECA SX 100. The accelerating voltage was 20 kV and a beam current 

of 60 nA. The probe beam diameter was set to 10 μm for the oxides. Standards for the different elements and 

analyses in the two methods were used of natural silicates oxides and metals.

4. RESULTS

4.1. Geochemical features in the deposit 

In order to trace and explain the element variation in magnetite, geochemical analyses of the magnetite ore is 

used to identify variations on the macro scale. The average chemical compositions of the ores at Malmberget 

demonstrate a distinct difference between massive ore and ore breccia and that there are significant subgroups 

of the massive ore. To compensate for the varying amounts of iron oxides in the ores the contents of Ti, V, P 

and Ga are normalised against the Fe content (wt. %). The massive ore in Fabian could be divided into three 

subgroups based on these elements. One subgroup contains higher amounts of Ti, V and Ga and another is 

rich in P. The third subgroup is more heterogeneous in character but is generally low in P, Ti, V and Ga (Fig 2). 

Similar subgroups could not be identified in the Printzsköld ore body. 
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The average V and Ti (wt. %) contents for the ore bodies in the Malmberget deposit exhibit systematic chang-

es with decreasing contents from east to west. Compared to other apatite iron ores in Norrbotten, ViRi and 

Fabian are similar to Kiirunavaara in that they have the high amounts of Ti and V, while Printzsköld and Hens 

are similar to the Per Geijer, Gruvberget, and Ekströmsberg ores, which have lower contents of Ti and V (Fig 

3). 

Fig. 2 Schematic drill core logs and geochemical data from Fabian and Printzsköld ore bodies. The shadowed areas in 
the geochemical logs are the ore sections enriched in Ti, V, P and Ga
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4.2. Mineralogy 

The massive ore is mineralogically simple, consisting mainly of iron oxides, amphibole-pyroxene and apatite in 

different proportions and with varying textures (grain size, shape and interrelationship). Ore breccia has more 

complex mineral compositions and structures and comprises different mineral assemblages (Table 1). Similar 

assemblages occur locally within the massive ore as veins, but typically ore breccia is mainly developed in the 

wall rocks surrounding the massive ore (Fig 4). 

Table 1. The different mineral assemblages occurring in the ore.

No. Different mineral assemblages 

1 Magnetite+apatite+amphibole+pyroxene±biotite 

2 Magnetite+amphibole+pyroxene+biotite+chalcopyrite+pyrite+feldspar±apatite

3a Magnetite+plagioclase+quartz+amphibole+chalcopyrite+pyrite±biotit 

3b Magnetite+plagioclase+quartz+amphibole+biotite±chalcopyrite±pyrite±titanite  

4 Magnetite+amphibole+anhydrite+chalcopyrite+pyrite±calcite±plagioclase 

5 Magnetite+biotite+chlorite+feldspar±amphibole±pyroxene

6 Magnetite+plagioclase+quartz+amphibole±chalcopyrite±ilmenite±titanite±pyrite. 

Fig. 4 Photomicrographs showing magnetite textures and mineral assemblages at the Malmberget deposit (reflected and 
transmitted light). A) Massive ore with coarse grain magnetite occurring in an equigranular matrix with triple junction 
configuration. B) Massive ore with a finer grain magnetite matrix with more complex grain boundaries. 
C) Ore breccia, small magnetite grains (black) existing as inclusions and along grain boundaries in the (granular) silicate 
matrix (albite and quartz) with a subgranular, complicated texture. D) Ore breccia, amphibole and pyroxene occurring 
as cluster together with aggregates or inclusions of magnetite (black). E) Biotite aligned in two directions and amphi-
bole outlined in a matrix of feldspar and quartz. F) Sulphides (pyrite and chalcopyrite) occurring as disse-
mination in veins and at grain boundaries of magnetite
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The magnetite ore can be classified into three textural types based on the magnetite grain size: fine grained 

(0.01-0.4 mm), medium grained (0.4-0.8 mm) and coarse grained (0.8-1.4 mm). Coarser grains often exist 

as porphyroblasts (up to 4.6 mm) and this is a characteristic texture in Hens and Välkomma ore bodies. The 

magnetite grains are euhedral to subhedral. They tend to have a granoblastic texture, or a porphyroblastic tex-

ture with gently curved grain boundaries with increasing grain size. In the latter case the grain boundaries are 

simple with distinct triple junctions. Larger magnetite grains can have an elongated shape outlining a mineral 

lineation parallel to the general fabric of the rocks. Small (0.01-0.2 mm) single anhedral magnetite grains occur 

at grain boundaries and as inclusions in the silicate matrix, a common texture in the ore breccia. The samples 

of fine grained magnetite ore typically contain coarser magnetite grains, which occur in vein-like structures. 

In the ore breccia the magnetite also occurs as aggregates of larger grains (0.16-2 mm). The grain shape varies 

from euhedral to anhedral and angular, although elongated and somewhat rounded grains may occur. The grain 

boundaries vary from simple and straight to a more complex shape. 

Hematite occurs as a minor constituent in the Fabian, Viri and Printzsköld ore bodies, as single grains, exsolu-

tion lamellas or as oxidation surfaces together with rutile along the grain boundaries of magnetite. In the Hens 

and Välkomma ore bodies, hematite is instead a primary mineral together with magnetite and occur as euhedral 

to anhedral (0.2-2mm) single grains or as larger porphyroblasts (>20mm). Some of the grains show a folded 

and partly crenulated foliation (Fig 5).

Table 2. The gangue and associated minerals to the magnetite and hematite in the ore bodies

Mineral Grain size Grain shape Texture

Ilmenite 0.1-0.2 mm, 
(>1 mm)

Euhedral to sub-
hedral, porphy-
roblast, lamellae

Ilm exists as single grains interstitial to magnetite both in grain boundaries and 
as intergrowths in magnetite (0.1-0.2 mm).

Pyrite 0.005-0.2 mm 
(>4.8 mm)

Anhedral to 
euhedral Py and Ccp occur as dissemination in veins, at grain boundaries and as large 

single euhedral grains. Together with Anh these sulphides occur primarily in the 
ore breccia otherwise as minor minerals

Chalcopyrite

Anhydrite
0.4-0.8 mm 
(clusters 
> 4mm)

Anhedral

Apatite 0.1-0.8 mm Euhedral, elon-
gated

Ap exists interstitial to magnetite or as elongated grains aligned in the direction 
of the host rock lineation

Actinolite 0.2-1 mm 
(cluster 0.8-
3.2 mm)

Anhedral
Amphibole varies from Act to Tr and pyroxene, with a diopsidic composition 
(Wo37-41En46-48Fs13-17) which occurs as clusters but also as single grains 
interstitial to magnetite.

Tremolite

Diopside

Albite 0.04-1.2 mm 
(< 5.4 mm)

Euhedral to 
anhedral

The silicates varies from an equigranular matrix of euhedral grains of plagi-
oclase and K-feldspar to subgranular matrix of inequigranular anhedral grains 
of plagioclase, K-feldspar, quartz and sometimes amphiboles, all with complex 
grain boundaries. Plagioclase and K-feldspar occur as single grains interstitial 
to magnetite or as aggregates and are sometimes stretched in a linear direction. 
The composition of plagioclase varies from albite to oligoclase (1-11 % An) and 
K-feldspar is almost a pure orthoclase (97% Or).

Orthoclase

Quartz 0.01-0.12 mm 
0.2-0.8 mm

Subhedral to an-
hedral, rounded

Biotite 0.1-0.4 mm (up 
to 2 mm) Tabular

Both a Fe-rich and a Mg-rich biotite (annite, phlogopite) occur as yellow-green 
to brownish grain often interstitial to magnetite or aligned in lineation or as 
clusters, sometimes partly replaced by chlorite.

Titanite 0.1-0.2 mm Anhedral Large grains often interstitial to magnetite and diopside in samples of coarser 
grains size.

Zircon 0.01 mm Anhedral A rare mineral that occur interstitial to magnetite

Mineral abbreviation (Kretz 1983)
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The associated minerals to magnetite and hematite exhibit variations both within and between the different 

ore bodies (Table 2). The main gangue mineral is apatite, existing interstitial to magnetite or as elongated 

grains aligned in the direction of the host rock lineation. The apatite grain size is correlated to the grain size of 

coexisting magnetite and hematite. Amphibole and pyroxene occur partly disseminated but more commonly 

as patches and schlieren. The amount of these minerals together with anhydrite is gradually increasing to the 

skarn (amphibole-pyroxene) alterations located at the host rock contact. The biotite occurs as dissemination or 

in schlieren in the massive ore and is also common close to the host rock contacts. In the Printzsköld ore body 

the biotite is an abundant constituent particularly towards the footwall contact. Accessory to minor constituent 

are mainly pyrite, chalcopyrite anhydrite, ilmenite and titanite. The pyrite and chalcopyrite occur locally in 

small amounts disseminated and as veinlets in the massive ore in the eastern part of the deposit. These minerals 

are more abundantly in ore breccia together with the anhydrite and the amphibole-pyroxene. The typical ore 

breccia minerals are otherwise the feldspar and quartz occurring mainly as a matrix close to the host rock.

A B

Mag

Hem

Hem

Hem

Ilm

Rt-Ilm
phase

Ilm

Mag

Mag

Ilm

Hem

Mag

Spl

C D

E F

Fig. 5 Photomicrographs showing the oxidation textures of magnetite, ilmenite and hematite at the Malmberget iron 
ore deposit (reflected light). A) Exsolution lamellae of ilmenite in magnetite (Vr, Fa and Pz), (C2-C3). B) Magnetite 
showing oxidation an assemblage of rutile-ilmenite phases and ilmenite with hematite lamellas (Vr, Fa and Pz), (C4-C5). 
C) Hematite with exsolved ilmenite lamellas (Vr, Fa and Pz). D) Magnetite with intergrowths of spinel and rutile (Pz 
and Hn). E) Magnetite and oxide hematite porphyroblasts (Hn and Vä). F) Hematite grains showing folded foliation, 
partly crenulated (Vä).
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4.3. Fe-Ti oxide mineral textures

The Fe-Ti oxide minerals show oxidation textures with various characteristics in the different ore bodies 

(Table 3), (Fig 5). Homogeneous magnetite, magnetite with intergrowths of Fe-Ti oxides (ilmenite, rutile and 

spinel) and oxidation assemblages of hematite and rutile occur. Magnetite with Fe-Ti oxides contains oriented 

ilmenite lamellas (trellis and sandwich) with a thickness of approximately 2 μm or has oriented exsolved spinel 

patches 50-200 μm in size. Hematite can have remnants of magnetite and/or contain lamellas of rutile, espe-

cially at the rims of the grain or in contact with silicates. Some of the ilmenite grains contain exsolved hematite 

lenses, ranging between 4.5-270 μm. These lenses occur in centre of the grain. Homogenous hematite grains 

have inclusions of 20-100 μm Fe-Ti lamellas or have 10-50 μm rutile needles exsolved at the rim of the grain.

Table 3 Representative electron microprobe analyses of the silicates, phosphate and mica

Mineral Actinolite Tremolite Diopside Diopside Albite Albite Albite Albite Apatite Apatite Biotite Biotite

Sample 
No.

V35-2 272 V13-1 623 V20-3 311 V17-2 493 AP1-11 
772 

V29-2 
175

AP1-8 
738

V35-2 
270 12-2 864 8-2 536 9-2 596 AP3-14-

216

SiO
2

55.4 57.7 54.7 54.5 71.3 69.1 69.4 71.4 - - 44.2 38.3

Al
2
O

3
1.88 0.94 0.23 0.64 20.6 20.4 20.4 19.6 - 0.02 12.8 14.0

TiO
2

0.03 0.02 0.02 - - 0.01 - - - - 0.96 2.61

FeO (tot) 10.3 4.00 9.61 8.22 0.05 0.08 - 0.07 0.21 0.06 4.34 19.0

MnO 0.05 0.03 0.14 0.09 - - 0.02 - 0.01 0.03 0.01 0.11

MgO 17.6 22.1 13.0 13.3 - - - - 0.12 0.02 25.0 14.9

Na
2
O 1.06 0.97 1.51 1.38 7.65 9.60 9.12 8.12 - - 0.16 0.05

K
2
O 0.13 0.01 - - - 0.02 - - - - 7.19 5.76

CaO 11.5 12.6 21.8 22.3 0.02 0.09 0.03 0.03 56.5 57.2 0.03 0.05

P
2
O

5
- - - - 0.03  - - 36.8 42.0 - -

F 0.18 - - - -  - - 6.58 3.57 - -

Cl - - - - -  - - 0.28 - - -

Total 98.2 98.4 101.0 100.4 99.6 99.2 98.9 99.3 101.4 102.9 94.6 94.7

Wo   38.2 39.2         

En   45.8 47.1         

Fs   15.8 13.6         

Ab     99.8 99.4 99.8 99.8     

Or     0.00 0.10 0.00 0.00     

An     0.17 0.50 0.18 0.22     

No. of 
oxygens

23 23 6 6 32 32 32 32 26 26 22 22

Structural formulae

Si 7.79 7.89 2.02 2.02 12.2 12.0 12.1 12.3 - - 6.15 5.72

Al   0.01 0.03 4.16 4.18 4.18 3.98 - - 2.09 2.47

Al iv 0.21 0.11           

Al vi 0.10 0.04           

Ti - - - - - - - - - - 0.10 0.29

Fe3+ 0.32 0.10 - - - -  - - - -  

Fe2+ 0.89 0.36 0.30 0.25 0.01 0.01 - 0.01 0.03 0.01 0.50 2.37

Mn 0.01 - - - - - - - - - 0.00 0.01

Mg 3.68 4.50 0.72 0.73 - - - - 0.03 0.01 5.19 3.32

Na 0.29 0.26 0.11 0.10 2.54 3.24 3.08 2.72 - - 0.04 0.01

K 0.02 - - - - - - - - - 1.28 1.10

Ca 1.74 1.85 0.86 0.88 - 0.02 0.01 0.01 11.3 10.6 - 0.01

P - - - - - - - - 5.84 6.15 - -

F 0.08 - - - - - - - 1.04 0.52 - -

Cl - - - - - - - - 0.18 - - -

Amphiboles recalc. from (Leake et. al 1997)
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4.4. Mineral chemistry of magnetite 

The magnetite average element composition ratios for Ni/(Cr+Mn) and Ca+Al+Mn vs. Ti+V (wt. %) (Du-

puis and Beaudoin, 2011) show significant differences within and between different ore bodies (Table 4), 

(Fig 6).  The massive magnetite ore bodies in the eastern part (Vr, Fa and Pz) plots in the field of Porphyry-Cu 

or AIO-field while ore breccia from Fabian and magnetite ore from the western part of the deposit plots in 

the IOCG-field. 

Table 4 The main Fe-Ti oxide mineral association and their oxidation textures show an increasing oxidation from 
the eastern to the western part of the deposit exhibiting the exsolution sequence of textures C1 to C7 according to 
Haggerty (1991)

Main min-
eral 

Magnetite/Il-
menite

Magnetite/Ilmenite Magnetite/Hematite Magnetite/Hematite

Ore body C1 C2-C3 C4-C5

ViRi (East) Homogenous mag-
netite and ilmenite

Magnetite with intergrowths 
of FeTi-phase. Ilmenite with 
intergrowth of hematite 
lamellas

Hematite porphyroblasts 
contain FeTi-phases, as 
oxidation surface together 
with rutile. 

-

Fabian (East) Homogenous mag-
netite and ilmenite

Magnetite with intergrowths 
of FeTi-phase. Magnetite 
with exsolved spinel. Ilmenite 
with intergrowth of hematite 
lamellas

Hematite porphyroblasts 
contain FeTi-phases, as 
oxidation surface together 
with rutile 

-

Printzsköld Homogenous mag-
netite and ilmenite

Magnetite with intergrowths 
of FeTi-phase, Ilmenite with 
intergrowth of hematite 
lamellas

Homogenous magnetite 
and hematite -

Hens (West) - - Homogenous magnetite 
and hematite

Magnetite with intergrowth of 
spinel and rutile. Hematite occurs 
as oxidation surface along grain 
boundaries or porphyroblasts with 
exsolved rutile needles. 

Välkomma 
(West) - - Homogenous magnetite 

and hematite

Hematite occurs as oxidation 
surface along grain boundaries 
or porphyroblasts. Foliated and 
partly crenulated magnetite and 
hematite

Fig. 6 Plot of average element composition ratios for 
Ni/(Cr+Mn) and Ca+Al+Mn vs. Ti+V (wt. %) of 
magnetite from Malmberget deposit according to the 
classification by Dupuis and Beaudoin (2011) 
A = IOCG, B = porphyry-Cu and C = AIO
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Samples of magnetite from Fabian exhibit a large chemical variation that partly is related to the character 

of the ore. In the massive ore magnetite contains rather high amounts of trace elements, especially MgO  

<0.93 wt. %) and Al
2
O

3
 (<0.75 wt. %) and TiO

2
 (< 1.03wt. %), while magnetite from ore breccia has lower 

trace element contents (Fig 7a and b).

Table 5 Representative electron microprobe analyses of magnetite, hematite, ilmenite, spinel and rutile

Ore Vr Fa Pz Pz Hn Vä Hn Pz Pz Vä Fa Fa Pz Hn

Mineral Det.Lim Mag Mag Mag Mag Mag Mag Hem Hem Hem Hem Ilm Ilm Spl Rt

Sample 
No.

ppm 834 
2:1 V40 1 S10 2 S23 1 495 

10:1 TV8 1 495 
10:1 S28 1 495 

8:2 TV8 3 BC6 1 AP 
8 1 S23 2 495 

8:1

FeO 960 94.5 93.1 93.5 94.4 93.9 94.3 84.2 84.0 90.2 90.5 47.5 44.5 13.1 1.59

TiO
2

88 0.21 0.47 0.33 0.01 0.01 0.00 7.87 8.39 0.35 0.31 48.32 50.5 6.16 97.7

V
2
O

3
165 0.29 0.28 0.25 0.12 0.12 0.10 0.24 0.31 0.12 0.20 0.28 0.30 0.04 0.57

Al
2
O

3
159 0.07 0.49 0.13 0.07 0.18 0.07 - - 0.05 0.24 - - 61.6 -

MgO 200 0.13 0.27 0.07 0.13 0.24 0.04 0.10 - - - 2.03 0.10 17.3 -

MnO 205 0.01 0.04 0.03 0.02 0.05 0.09 0.04 - - - 1.67 4.26 0.14 0.01

Cr
2
O

3
180 - - - - 0.01 - - 0.01 - - - - - -

ZnO 209 0.01 0.01 - - - - 0.03 0.01 - 0.01 0.02 0.50 -

NiO 156 0.02 0.01 - 0.02 - - 0.02 0.01 - - - 0.02 0.02

SiO
2

- - - - - - - - - - - - 0.03 0.02

CaO 107 - - - - - - - - - - - 0.01 0.02 -

Nb
2
O

3
239 0.01 0.01 - - 0.04 - 0.01 - - 0.01 - 0.01 - -

SO
2

69 - 0.01 - 0.01 - - - - 0.01 - - - -

CoO 150 - - - - - - - 0.06 - - 0.01 0.01 0.09 -

CuO 210 - - - 0.01 - 0.01 0.01 0.02 - - 0.01 0.01 0.01 -

Total 95.2 94.7 94.3 94.8 94.6 94.7 92.5 92.8 90.8 91.3 99.8 99.7 99.1 99.9

Fe
2
O

3
 

(calc)
69.8 68.4 68.8 70.1 69.8 70.0 86.0 85.0 99.9 100.3 10.4 3.92 - -

FeO 
(calc)

31.7 31.5 31.6 31.4 31.1 31.4 6.84 7.51 0.31 0.26 38.1 40.9 - -

Mineral abbreviation (Kretz, 1983)

4.5. Mineral chemistry in relation to oxidation of the Fe-Ti oxides

The chemistry of magnetite shows rather systematic variation in V
2
O

3
, MgO, TiO

2
 and Al

2
O

3
 depending on 

local mineral paragenesis and oxidation of the Fe-Ti oxides. The V
2
O

3
 content of magnetite is used to define 

two subgroups (Fig. 7d). Magnetite that coexists with ilmenite contains higher amounts of V
2
O

3
 (0.19-0.42 

wt. %); this is the case for the ViRi, Fabian and Printzsköld ore bodies. Magnetite that coexists with hematite, 

on the other hand, shows lower V
2
O

3
 (0.09-0.19 wt. %) content; this is the case for the Printzsköld, Hens 

and Välkomma ore bodies. The MgO content in magnetite shows some variation (0.00-0.31 wt. %) but the 

average amount for individual ore bodies displays no significant differences. The TiO2 content in magnetite 

displays no distinct patterns (Fig. 7c). However, in ViRi, Fabian and Printzsköld the magnetite coexists with 

ilmenite and has generally higher amounts of TiO
2
 (0.05-0.80 wt. %) than does the magnetite coexists with 

hematite, as occurs in Printzsköld, Hens and Välkomma (0.00-0.05 wt. %). For hematite the TiO
2
 content can 

be used to clearly define two subgroups (Fig. 7e). The hematite which occurs as porphyroblasts in magnetite 

ore contains high amounts of TiO
2
 (6-12 wt. %) and slightly higher amounts of V

2
O

3
 (0.18-0.35 wt. %) (Pz1 

& Hn1) compared to hematite from the hematite dominated ore and hematite occurring as a late oxidation of 
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magnetite (0.02-1.26 wt. % TiO
2
 and 0.08-0.22 % V

2
O

3
) (Pz2 & Hn2). Hematite from hematite dominated ore 

shows instead higher amounts of Al
2
O

3
 (0.05-0.24 wt. %) (Fig 7f), which is comparable to the Al

2
O

3
 content 

in magnetite (0.00-0.55 wt. %). 

Fig. 7  The chemical composition of magnetite and hematite analysed by electron microprobe of ViRi, Fabian, 
Printzsköld, Hens and Välkomma ores A) The Al

2
O

3
/TiO

2
 variation in magnetite from massive ore and ore breccia of 

Fa, expressed as log TiO
2
 B) The Al

2
O3/MgO variation in magnetite from massive ore and ore breccia of Fa, expressed 

as log MgO C) The V
2
O

3
/MgO variation in magnetite from Vr, Fa, Pz, Hn and Vä D) The Al

2
O

3
/TiO

2
 variation in 

magnetite from Vr, Fa, Pz, Hn and Vä. E) The V
2
O

3
/TiO

2
 variation in hematite shows two subgroups from Pz, Hn and 

Vä. F) The V
2
O

3
/Al

2
O

3
 variation in hematite shows two subgroups from Pz, Hn and Vä
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4.6. Thermometry and oxygen barometry 

The temperature and oxygen fugacity prevailing during mineral equilibrium in the Malmberget deposit is 

estimated using the magnetite-ilmenite geothermobarometry program ILMAT120 (Lepage, 2003) which is 

based on the geothermometer of Andersen and Lindsley (1985). The calculated temperature (°C) and oxygen 

fugacity, expressed as –log10fO
2
 are based on coexisting magnetite and ilmenite either as mineral pair or as 

magnetite with intergrowths of ilmenite (Fig 8) in the For the ViRi, Fabian and Printzsköld ore bodies.  The 

average temperature for the different ores shows approx. 500°C and the average oxygen fugacity is between 20 

and 21 –log10fO
2
 which is close to the border of the magnetite-hematite stability fields. 



14

5. DISCUSSION

5.1. Apatite iron ore – general aspects

The apatite iron ore in the Malmberget deposit has been exposed to extensive regional metamorphism in up-

per amphibolites facies, intrusion of granites, pegmatites and aplites, strong ductile deformation and alteration 

events. As a result few primary structures and textures have been preserved in the ore and the surrounding host 

rocks. This is in contrast to the apatite iron ores in the Kiruna area, which do retain such features (Martinsson 

and Virkkunen, 2004; Bergman et al., 2001; Geijer, 1930). Therefore a primary goal of  study is to identify 

chemical-textural characteristics related to primary ore forming conditions and to compare these with the 

more well preserved apatite iron deposits in northern Norrbotten (e.g. Kiirunavaara, Luossavaara, Per Geijer 

ores (Geijer, 1910; Nyström and Henríques, 1994; Frietsch, 1970; Frietsch, 1982; Paràk, 1975), Gruvberget 

(Lindskog, 2001), Tjårrojokka (Edfelt, 2007). 

Many different parameters control the substitution of trace elements in ore forming minerals, including com-

position of the magma/ore fluid, host rock composition, pressure, temperature, cooling rate, oxygen fugacity, 

the local depositional environment and postdepositional recrystallization (Buddington and Lindsley, 1964, An-

nersten 1968, McQueen and Cross, 1998, Singoyi, 2006). In general the trace element chemistry of magnetite 

from Malmberget show similarities to other apatite iron ores and matches the published data from locations 

such as Kiirunavaara (Nyström and Henríques, 1994; Frietsch, 1970; Paràk, 1975; Loberg and Horndahl, 1983; 

Müller et al., 2003). The characteristic chemical signature for apatite iron ores is a high content of V
2
O

3
 and 

TiO2 and low contents of CoO, Cr
2
O

3
, NiO and MnO (Frietsch, 1970; Helvaci, 1984; Nyström and Hen-

ríques, 1994). The origin of an ore deposit is important; iron oxides will have different element concentrations 

depending on if the deposit has formed from an iron oxide magma or from hydrothermal fluids e.g. magmatic 

deposits usually have higher contents of TiO2 than do deposits formed from iron oxide magma  (Hildebrand, 

1986; Naslund et al., 2000).

Fig. 8 The calculated temperature and oxygen fugacity based on the coexisting magnetite and ilmenite from ViRi, 
Fabian and Printzsköld ore together with the theoretical stability fields, modified from Annersten, 1968
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5.2. Chemical and mineralogical features of primary character 

The trace element composition of Fe-oxides is mainly controlled by fractionation during crystallisation; chang-

es related to subsolidus processes appear to be minimal, with only local redistribution of the trace elements 

during exsolutions and oxidation processes (Buddington and Lindsley, 1964; Dare et al., 2012) (see section 5.4). 

Whole rock analyses of ore may, therefore, reflect primary features of the Malmberget deposit. The Fabian ore 

body shows rather distinct differences between the massive ore and ore breccia but also significant differences 

within the massive ore that is also partly reflected by the gangue mineral composition. The most obvious dif-

ference is the variation in P, Ti, V and Ga, which is lower in the ore breccia but also shows varying contents in 

different part of the massive ore with sequences of massive ore up to 40 m thickness that have different chem-

ical and mineralogical compositions. Sections enriched in Ti, V and Ga are separated by sections of P-rich ore 

and Fe-rich sections with low content of P, Ti, V and Ga. These chemically different ore sections could be cor-

related between the drill holes at Fabian (Fig 9) and are suggested to reflect primary variation within the ore.  

Fig. 9 A cross-section through the western part of the Fabian ore body divided into geochemical subtypes of massive 
ore based on variations in Ti, V, P and Ga contents
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There is an extensive alteration zone of amphibole-pyroxene skarn and ore breccia in the structural hanging 

wall of the Fabian ore body, which contains varying amount of sulphides and anhydrite. These minerals are also 

present in the massive ore, where they occur mainly as disseminate grains or as smaller veins and patches and are 

also mainly restricted to sections of ore rich in Ti-V-Ga. Similar skarn alteration zones and ore breccia related 

to massive ore are also described at Kiirunavaara (Martinsson and Hansson, 2004) and at the Tjårrojokka apatite 

iron deposit (Edfelt, 2007) although these generally lack anhydrite.

Magnetite has been shown to have variations in chemical compositions that are related to its origin. In partic-

ular the average element composition of magnetite from different types of ore deposits has been demonstrated 

(Dupuis and Beaudoin, 2011). Magnetite from Malmberget plot in both the IOCG and the AIO fields using 

the diagram with Ni/(Cr+Mn) or Ca+Al+Mn vs. Ti+V (wt.%). Massive ore from ViRi and Fabian plot in 

the AIO field, while the Hens and Välkomma ore bodies and ore breccia from Fabian plot in the IOCG field 

(Fig. 6). The chemical variations in magnetite can partly be explained by the presence of ilmenite and Fe-

Ti-oxide phases due to the exsolutions and oxidation processes (see section 5.4) but are largely reflecting the 

geochemically trends of the ores. Generally the mineral chemistry of magnetite in the Fabian ore body shows 

variations mainly related to the type of ore (massive vs. ore breccia). Magnetite from ore breccia is very low in 

trace elements and magnetite from massive ore is richer in TiO
2
 and MgO with the highest content of TiO

2
 

and V
2
O

3
 in ore sections enriched in Ti-V-Ga. The low Ti content of magnetite is also reflected by the lack of 

exsolved ilmenite lamellas.

5.3. Magnetite texture and grain size related to metamorphic recrystallization 

The textural characteristic of the ore minerals in Malmberget is rather different compare to other apatite iron 

ores e.g. Kiirunavaara (Nyström and Henríques, 1994), Avnik (Helvaci, 1984) and Bafq (Bonyadi et al., 2011). 

This probably is an expression of metamorphic recrystallization at different stages and conditions, and this fea-

ture is also displayed by the metavolcanic host rock that has been transformed into gneiss and a metamorphic 

recrystallization of dykes cutting the ore. Within the Malmberget deposit small differences such, as the mor-

phologic character of magnetite and hematite (grain size, shape, and textures), mineral composition, the chem-

ical composition of the oxide minerals indicate slightly higher metamorphic conditions in the western part 

compared to the eastern part. This is in agreement with Romer (1996), who drew his conclusions based on the 

silicate mineralogy of the host rocks. The metamorphic recrystallization is expressed through varying grain size 

of the ore minerals, where the common coarse grained texture is characterised by straight grain boundaries and 

distinct triple junction configurations. Another common texture is large magnetite porphyroblasts occurring 

as series of grains in vein-like textures. This selective growth of grains is typical for diffusive controlled met-

amorphic growth where the surrounding minerals will provide elements to those grains, acting as nucleating 

agents (Vernon, 2004 references therein). A coarse grained character and occurrences of both magnetite and 

hematite porphyroblasts are especially typical for the Hens and Välkomma ore bodies. Another feature related 

to recrystallization and deformation is the foliated and folded magnetite and hematite grains in the Välkomma 

ore body. This is interpreted to be caused by a late and rather brittle local deformation. Small magnetite grains 

occur as inclusions in larger porphyroblasts of plagioclase and amphibole generated by the prograde metamor-

phism where the small grains could have been engulfed by porphyroblasts during their growth (Vernon, 2004 

and references therein).
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5.4. Textures and chemistry of Fe-Ti oxides related to oxidation of magnetite

Iron and titanium oxide minerals reveal a lot of paragenetic information about the rocks containing them and 

their microtextures provide important knowledge of the prevailing oxygen pressure and temperature (Bud-

dington and Lindsley, 1964). Magnetite and ilmenite can coexist in most parts of the stability field for magnetite 

but will change their composition in response to changes of temperature and oxygen fugacity (Lindsley, 1991). 

This mineral pair represents the lowest degree of oxidation in the Malmberget deposit (Annersten, 1968). 

The magnetite from ViRi, Fabian and Printzsköld shows textures and mineral assemblages representing pro-

gressive oxidation from homogeneous magnetite, to exsolution lamellae of ilmenite to an intense oxidation 

assemblage of hematite and rutile. Magnetite with exsolved ilmenite as trellis and sandwich lamellae indicates 

an oxidation at low to moderate pressure and above 600° C (Buddington and Lindsley, 1964). Trellis texture is 

defined as thin lamellae along the {111} planes in magnetite and sandwich texture is defined as thicker lamellae 

along one of the {111} plane (Lindsley, 1991). These lamellae are concentrated in the centre of the magnetite 

grains. Similar exolution textures in magnetite have also been described from El Laco and are interpreted to 

be the result of post magmatic cooling and oxidation (Alva-Valdivia et al., 2003). Magnetite exposed to more 

intense oxidation exhibit an alteration to hematite and lamelleas of rutile and could result in a complete pseu-

domorphic replacement by hematite (Mücke and Cabral, 2005). In the Printzsköld ore body, the increasing 

oxidation is expressed by the changes from magnetite-ilmenite to magnetite-hematite as the main oxide miner-

al assemblage. Hematite in association with magnetite contains ilmenite lamella which indicates high titanium 

content in hematite at the time of original crystallisation at a high temperature (Annersten, 1968). Haggerty 

(1991) describe a general exsolution sequence of textures in seven steps due to increased oxidation. Trellis and 

sandwich textures correspond to step C2-C3, and magnetite as host will be replaced by hematite and rutile 

(C6-C7) in areas of former ilmenite step C4-C5. Magnetite from Hens and Välkomma ore bodies both show 

an extensive martitisation of magnetite and porphyroblastic growth of hematite. The abundant occurrence of 

hematite in association to iron poor silicates indicates a higher degree of oxidation (Annersten, 1968). Besides 

a complete alteration of magnetite to hematite, there are different martite textures shown as incomplete mar-

titization along grain boundaries, fractures and crystal faces which is assumed to be a late alteration product 

(Annersten, 1968). 

The magnetite and hematite from the different ore bodies (ViRi, Fabian, Printzsköld, Hens and Välkomma) 

display some systematic chemical variations for the trace elements V
2
O

3
, TiO

2
, Al

2
O

3
 and MgO. The oxide min-

eral assemblages and their textures are expressions of the local oxidation conditions of the ore bodies, which has 

controlled the redistribution of elements among magnetite and hematite during metamorphic recrystallization. 

In ViRi, Fabian and part of the Printzsköld ore body magnetite-ilmenite is the dominating mineral pair while 

in Hens, Välkomma and the part of Printzsköld the dominated oxide mineral pair is magnetite-hematite. 

In ViRi, Fabian and part of the Printzsköld ore body, where magnetite-ilmenite is the predominate mineral 

pair, the magnetite shows a varying but higher content of TiO
2
 compare to magnetite in Hens, Välkomma and 

the part of Printzsköld were the predominate oxide mineral pair is magnetite-hematite. This is interpreted to 

be related to the increased oxidation westwards expressed by the oxidation textures, which causes the magnet-

ite to begin to exsolve TiO
2
 due to intensive diffusion and a decreasing temperature (Ramdohr, 1980), which 

ultimately results in trellis and sandwich textures (Mücke, 2003). Magnetite is nearly the pure end member 

in the Hens and Välkomma ore bodies, and also in the part of Printzsköld ore body which contains hematite; 
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this is also illustrated by the absence in these locations of the earlier described Fe-Ti lamellas. In the Hens and 

Printzsköld ores the coexisting hematite occurs as porphyroblasts with a high TiO
2
 content, which is in marked 

contrast with the TiO
2
 poor hematite formed by martitisation. The high Ti-content of hematite increases its 

stability at a lower oxygen pressure (Lindsley, 1962) than would characterise ore with coexisting magnet-

ite-hematite. At Välkomma hematite has a rather low TiO
2
 content and this might be the result of insufficient 

supply of TiO
2
 during the oxidation of magnetite to hematite since most of the magnetite has been replaced 

by hematite. 

Magnetite grains that coexist with ilmenite will be depleted in MgO compared to magnetite grains surround-

ed only by magnetite as a result of chemical redistribution during sub-solidus exsolution lamellae/oxidation 

processes (Dupuies and Beaudoin, 2011). In the Printzsköld and Hens ore bodies, where the coexistent mineral 

pair is magnetite and hematite, those magnetite grains which are MgO enriched contain exsolved spinel tex-

tures. This is probably due to the same redistribution mechanism as for the TiO
2
 by intensive diffusion and a 

decreasing temperature (Ramdohr, 1980). There is also some variation in the Al
2
O

3
 content of magnetite and 

hematite, with slightly higher contents in magnetite from ViRi and Fabian compared to Välkomma, and hema-

tite from Välkomma has higher contents compared to the porphyroblastic hematite at Hens.

The vanadium content in magnetite coexisting with ilmenite or hematite at equilibrium is dependent on the 

prevailing oxygen fugacity and temperature (Schuiling and Feenstra, 1980). The ilmenite coexisting with mag-

netite in the ViRi and Fabian ore bodies is enriched in V
2
O

3
. Schuiling and Feenstra (1980) have shown that 

ilmenite in magnetite-ilmenite pairs which forms fairly close to the magnetite-hematite buffer will contain 

more V
2
O

3
 than magnetite because at these conditions V is more common as V4+ and will thus substitute for 

Ti4+. However, in the Fabian and ViRi the amount of ilmenite is small and the magnetite has a rather high V
2
O

3
 

content. In magnetite-hematite pairs, when the hematite-magnetite boundary is approaching, the hematite will 

concentrate more V, since there are only 2/3 as many available sites in the coexisting magnetite where the V4+ 

can substitute for Fe3+. Therefore, low content of V
2
O

3
 in magnetite in Hens and Välkomma ore compared to 

ViRi and Fabian ore is probably an expression of the redistribution of vanadium during extensive formation of 

hematite as porphyroblasts; this feature is particularly obvious in the Printzsköld ore, where both mineral pairs 

are present (fig 7d&f).

5.5. Thermometry and oxygen barometry 

Norrbotten is a low to intermediate pressure province, metamorphosed under variable conditions; the few 

temperature-pressure determinations which have been made indicate ranges of 500-800° C, and 2-6kbar 

(Bergman et al., 2001). At the Malmberget deposit the metamorphic temperature is estimated to 500-550° C 

using the coexisting iron oxide and Mg-Fe silicates. Temperature and oxygen pressure have been calculated for 

the last mineral equilibrium that was close to the stability field of co-existing magnetite and hematite (An-

nersten, 1968).  Our data using the magnetite-ilmenite pair give very similar results for both temperature and 

oxygen fugacity. Although Sauerzapf et al. (2008) showed from experimental work that there are some uncer-

tainties in using this thermo-oxybarometer for temperatures below 600° C; the metamorphic conditions at the 

Malmberget deposit have, most probably, reached at least 550° C. Likewise, the oxygen fugacity has likely been 

close to the magnetite-hematite buffer, as illustrated by the occurrence of several generations of magnetite and 

hematite growth.
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5.6. Evolution of the Malmberget deposit 

The Malmberget deposit shares many features with the apatite iron deposits in the Kiruna area but there are 

also important differences. Some of these might be related to primary differences but most of them are probably 

the result of deformation (mineral orientation, internal structure, geometry of ore bodies) and metamorphic 

recrystallization (grain size, texture, Fe-Ti oxide paragenesis) of the ore bodies at Malmberget, which have a 

higher metamorphic grade. 

Primary features may include large scale differences of character, mineralogical and chemical compositions and, 

to some extent, differences in the average mineral chemistry of magnetite for the ore bodies at Malmberget. 

The massive magnetite ore bodies that are characteristic of the eastern part of Malmberget have mineral assem-

blages (low to moderate amounts of apatite and amphibole as the main gangue minerals), whole rock chemical 

composition (high Fe, Ti, V) and magnetite composition (high Ti, V) that are very similar to the B-type of ore 

at Kiirunavaara (Paràk, 1973; Nyström & Henriques, 1994; Martinsson, 2003). There are high phosphorous ores 

occurring as distinct units within the massive ore at both the Fabian and the Kiirunavaara. In addition Fabian 

also exhibits high Ti-V-Ga ore which is low in apatite in several well defined subunits; these indicate that the 

massive ore originated from several chemically different injections of magma. These high Ti-V-Ga ore units 

occur as several rather regular bodies up to 40 m wide that can be traced between the drill holes at Fabian 

(Fig. 9). At ViRi most of the ore also has this composition. In both deposits minor anhydrite and sulphides are 

associated with the high Ti-V-Ga ore indicating a high volatile content of the magma.

In the eastern part of Malmberget, ore breccia typically surrounds the massive ore, although the extent and 

mineralogical composition varies slightly between the different ore bodies in this area and also as compared 

with similar ore breccia associated with the Kiirunavaara deposit. At Kiirunavaara the occurrence of massive 

ore surrounded by ore breccia has been suggested to represent the transition from magmatic to hydrothermal 

ore forming processes (Martinsson, 2004) and a similar interpretation is also suggested here for Malmberget, 

where magnetite from breccia ore is chemically different from the massive ore at Fabian. The lower content 

of trace elements in magnetite and the occurrence of abundant anhydrite together with amphibole-pyroxene 

and minor amounts of pyrite-chalcopyrite in ore breccia is a strong indication for a hydrothermal origin. This 

is further supported by the IOCG characteristic of the magnetite from the ore breccia in contrast to the AIO 

character the massive ore.

The ore bodies in the western part of the Malmberget deposit are rather different in character, mineralogical 

composition and magnetite chemistry as compared to those in the eastern part. The ore bodies in the western 

part are similar to the Per-Geijer ores at Kiruna, particularly regarding their banded character, the occurrence 

of hematite, and the high apatite content (Paràk, 1973). A common feature of these ores is also the minor oc-

currence of ore breccia related to the massive ore.

At the Kiruna area the Per-Geijer ores are situated stratigraphically above the Kiirunavaara ore body within the 

Kiirunavaara Group in association with felsic volcanic rocks, while the Kiirunavaara ore body itself occurs at 

the border of the felsic unit and underlying intermediate rocks (Geijer, 1910; Martinsson, 2004). In Malmberget 

the local stratigraphy of the ore host rocks is not well constrained. However, according to preliminary results, 

the host rock of the deposits in the western part of Malmberget seems to have a more felsic composition than 

does the host rock of the deposits in the eastern part, which has a more intermediate to mafic composition. 

This might indicate a different, and most likely a higher stratigraphic position, for the Välkomma and Hens ore 



20

bodies compared to Fabian and ViRi. This is also supported by the decreasing trend of the average V and Ti 

content in ores from east to west at Malmberget, which mimics the decreasing content of these elements from 

Kiirunavaara to the stratigraphically higher Per-Geijer ores in Kiruna (Fig. 3). This pattern is also shown by the 

Ekströmsberg ore, which is situated within the felsic and upper part of the Kiirunavaara Group and has similar 

low Ti-V contents and includes a significant amount of hematite (Frietsch, 1974). 

The Printzsköld ore body is spatially situated in the middle of the Malmberget deposit and has characteristics 

which fall between those of the ore bodies in the eastern and western parts with respect to its mineral composi-

tion and to the chemistry of its magnetite. This ore body has a lenticular form, often a strongly banded structure, 

contains boudinaged pegmatites parallel to banding and a strong schistosity is developed in the biotite-rich 

rocks in the tectonic footwall. This might reflect a position of this ore body within or close to a shear zone that 

also could have caused a displacement of the ore body from its original position.  

The structural and metamorphic evolution during the Svecokarelian Orogeny includes at least two major 

events in northern Sweden at 1.9 and 1.8 Ga, but the conditions prevailing during metamorphic recrystalli-

zation for each of them is not known (Bergman et al., 2001, 2006). However, in areas like Malmberget that 

includes large volumes of 1.8 Ga S-type Lina granites the younger metamorphic event is suggested to represent 

peak metamorphic conditions (Bergman et al., 2001) at a temperature of 650-700° C and a pressure of 2-4 kbar 

(Annersten, 1968). Stilbite-bearing mineral assemblage at Malmberget indicates that during post metamorphic 

cooling the temperature did not exceed 150° C after 1.62-1.60 Ga. (Romer, 1996). 

The present character of the Malmberget ore bodies is the result of deformation and strong metamorphic 

recrystallization during the 1.9 and 1.8 Ga events that have modified and partly obliterated the primary charac-

ters including ore geometry, internal structure, mineral composition, textures and mineral chemistry. The most 

obvious change is the increase in grain size and the change in oxidation conditions from the eastern (ViRi, 

Fabian) to the western part (Hens, Välkomma) of the deposit. These variations within the deposit are probably 

due to more abundant granitic intrusions and a position closer to the large Lina granite intrusion to the north 

for the western part. The interaction between Lina granite and the ore is also reflected by the common occur-

rence of magnetite, hematite and apatite in Lina pegmatites within the ore deposit (Geijer, 1930).

6. CONCLUSION

At the Malmberget apatite iron deposit the Viri, Fabian, Printzsköld, Hens and Välkomma ore bodies show 

chemical, mineralogical and textural characteristics that are specific to each ore body. Variations in the whole 

rock chemistry of the ores are primarily due to primary features of the ores, with different signatures for the 

massive ore and the ore breccia. However, there are also indications of different subtypes of massive ore by their 

variations in levels of P, Ti, V and Ga. These ore sections are also characterised by the specific gangue mineralogy 

of apatite, amphibole, sulphides and anhydrite. Magnetite from the ore breccia has a low content of trace ele-

ments similar to magnetite from IOCG type deposits and may have formed by hydrothermal processes, while 

magnetite in the massive ore generally has a higher trace element content and shows chemical characteristics 

typical for apatite iron ores. The massive ore may have a magmatic origin and, based on the occurrence of 

chemical subtypes; it may have formed by multiphase injections of iron oxide magma. 

Interpreted primary features at Malmberget (whole rock chemistry of the ore, magnetite chemistry, mineral 

composition and large scale characteristics of the ores) show many similarities to the apatite iron ores in the 
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Kiruna area (Kiirunavaara and Per Geijer ores). Based on analogies with the Kiruna area, and the possible dif-

ferences in host rock composition from the eastern and western part of the Malmberget deposit, it cannot be 

excluded that the Malmberget ore bodies occur at different stratigraphic positions.

The Malmberget deposit has been affected by metamorphic recrystallization and oxidation at temperatures of 

at least 550° C and an oxygen fugacity close to the magnetite-hematite buffer. This has caused an increase in 

grain size, changes in textures, and Fe-Ti oxide assemblages. As a result the chemistry of magnetite has, to var-

ious extents, been modified due to the elemental redistribution between the coexisting Fe-Ti oxide minerals. 

Most significant is the preferential partition of Ti, and to some extent V, into porphyroblasts of hematite. Also 

the formation of ilmenite and rutile during oxidation has affected the chemistry of magnetite and resulted in a 

signature resembling magnetite from IOCG type deposit, while the more primary magnetite has a composition 

typical for apatite iron ores. The increased grain size caused by metamorphic recrystallization has developed a 

granoblastic texture of the ore with distinct triple junctions and simple grain boundaries for magnetite and the 

Fe-Ti oxide associations indicates a progress oxidation from east to west in the deposit with hematite occurring 

as a main mineral in the western part. As a result the textures of ores and the chemistry of magnetite are, in 

part, very different from the Kiirunavaara deposit; this has importance for mineral processing and metallurgical 

aspects of the deposit.
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a b s t r a c t

This is the first step in establishing a geometallurgical program for the Malmberget iron ore deposit,
northern Sweden. Geometallurgy captures geological and metallurgical (processing) information into a
spatially-based predictive model of mineral processing characteristics. This paper describes the develop-
ment of a practical, fast and inexpensive technique to quantify minerals from routine chemical assays.
Ore samples and process samples from two different orebodies were used in the process of developing
this element to mineral conversion technique that involved electron microprobe (EPMA), X-ray fluores-
cence (XRF) and SATMAGAN analyses. The method was validated against QEMSCAN analyses. From the
calculated modal mineralogy an ore classification system was established based on the iron mineralogy,
iron mineral grades and gangue mineralogy to create a preliminary geological/geometallurgical model of
the ore. However, in a geometallurgical context the modal composition is not sufficient and the geological
model requires information on mineral textures, too.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Geometallurgy combines geological and metallurgical informa-
tion to create a spatially-based predictive model for a mineral pro-
cessing plant to be used in production management (Lamberg,
2011). Industrial application is called a geometallurgical program
and its development normally goes through the following steps
(Bulled and McInnes, 2005; David, 2007): (1) Collection of geolog-
ical data. (2) An ore sampling program for metallurgical testing. (3)
Laboratory testing of these samples. (4) Developing new ore-type
definitions called geometallurgical domains. (5) Developing math-
ematical relationships for the estimation of important metallurgi-
cal parameters across the geological database. (6) Developing a
metallurgical model of the process. (7) Plant simulation using the
metallurgical process model and the distributed metallurgical
parameters as the data set. (8) Calibration of the models via bench-
marking for existing operations.

There exist basically two different approaches for linking the
steps listed above. The first one relies on geometallurgical testing
and the other approach is based on mineralogy (Lamberg, 2011).
The mineralogy approach requires proper quantitative mineral
characterisation of the ore, but also defining the process model
based on minerals.

This paper focuses on developing a practical technique to calcu-
late the modal mineralogy by using chemical analyses of iron ores.
This is the first step in establishing a geometallurgical model in the
Malmberget deposit, a particle-based approach consisting of three
sub-models, proposed by Lamberg (2011) (Fig. 1). The geological
model is defined by the modal mineralogy and mineral textures
which include mineral associations and grain sizes. In our case a
quick and inexpensive modal analysis method is a necessity con-
sidering the need of producing modal composition in a big amount
(>10 000) of ore samples.

Modal mineralogy, i.e. mineral grades, has traditionally been
determined by optical microscopy with point counting. It is time
consuming (Petruk, 2000) and the quality is dependent on the skill
of the mineralogist (Henley, 1992). Image analysis with optical
microscopy makes the method faster but positive identification
of minerals is not always easy especially if a process sample com-
prised of very fine grained particles. Recent advances have im-
proved the quality of quantitative of X-ray diffraction (XRD) but
still the technique (Rietveld) is sensitive to preferred orientation,
crystal size, crystallinity and variation in the chemical composition
of the several phases present in the mixture (Rietveld, 1969). Auto-
mated mineralogy, i.e. scanning electron microscopy based image
analysis (QEMSCAN�, MLA, PTA, IncaMineral) provides more rapid
quantitative analysis of mineral grades and textures (Jones and
Gravilovic, 1970; Sutherland and Gottlieb, 1991; Gu, 2003; Moen,
2006; Liipo et al., 2012). Although this technique has not only
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largely replaced optical microscopy and quantitative XRD and also
greatly expanded the use of quantitative mineralogy, it still has
some drawbacks which limit its usage. Firstly, it is basically a stan-
dardless analysis method. Secondly, for accurate analysis from par-
ticulate materials, the sample should have a narrow size
distribution to avoid classification in sample preparation and to
eliminate the need for changing magnification during image collec-
tion (Kwitko-Ribeiro, 2011). This means that samples need to be
sized by sieving which is time consuming and also will multiply
the number of samples to be analysed. Thirdly, there are some lim-
itations on the particle size. For sound statistics one needs to ana-
lyse thousands of particles and, in coarse size fractions, multiple
resin mounts will be required to contain the necessary numbers
of such relatively large particles. In very fine particle and mineral
grain sizes (<5 lm) the resolution starts to be a problem in mineral
identification as the electron beam diameter approaches the size of
individual grains. Finally, minerals with very similar chemical
composition are difficult to identify in SEM based image analysis.
Magnetite and hematite are an example of such a mineral pair
(Fandrich et al., 2007; Gomes et al., 2012).

The use of multicomponent chemical mass balancing in solving
mineral quantities from chemical analysis (e.g. XRF) has been suc-
cessfully used for decades by a number of researchers and labora-
tories (Braun, 1986; Paktunc, 1998; Whiten, 2008; Lamberg et al.,
1997; Lamberg, 2011). Normative calculations used by geologists
for classification purposes, for example CIPW (Cross, Iddings, Pirs-
son and Washington) (Cross et al., 1902), differ from mass balanc-
ing method by calculating hypothetical and not actual mineral
composition for samples, using stoichiometric compositions for
minerals (e.g. CIPW uses volatile free minerals) and reporting min-
eral grades as normative per cent, not as weight proportions.
Therefore, for quantitative geometallurgical purposes they are
not suitable. Instead, the mass balancing method, described here
as ‘‘element-to-mineral conversion’’, is a mathematical mass bal-
ancing where the bulk elemental composition of a sample is trans-
formed to mineral quantities using information on the chemical
composition of the actual observed minerals and the mineral quan-
tity are reported as weight percentages enabling study of even the
trace elemental distribution between the minerals. Even if the
‘‘element-to-mineral conversion’’ technique has been known for
decades it is an underused technique and according to the litera-
ture it is systematically applied in mining operations very rarely
(e.g. Kemi chromite mine, Lamberg, 2011).

The purpose of this study is to develop a practical modal anal-
ysis technique for the iron ore and process samples of the Malmb-
erget deposit and processing plant. The developed element to
mineral conversion technique uses, in addition to the chemical
assays, the mineral diagnostic method, i.e. Satmagan analysis.
Three data sets are used. The first and the second data sets are used
for developing and validating the technique. Reliability is esti-
mated with Monte Carlo simulation and the developed method is

validated against the mineralogical information analysed by QEM-
SCAN. The third, and the largest data set, has been used to show
how modal mineralogy can be used in developing a mineralogical
classification system for a geometallurgical program.

2. Malmberget iron operations

The Kiirunavaara and Malmberget iron ores mined by LKAB
contribute about 90% of the iron ore production in Europe. The an-
nual production in Malmberget is about 14 Mt of ore at 43.1% Fe
and in Kiirunavaara 22.7 Mt at 42.8% Fe (LKAB, 2011). In the
Malmberget ore field, more than 20 different tabular to stock
shaped ore bodies of both magnetite and hematite are spread over
an area of 2.5 � 5 km2 situated in a Svecofennian succession of vol-
canic rocks (Martinsson and Virkkunen, 2004).

The two ore bodies of Malmberget considered in this study, Fa-
bian and Printzsköld are irregularly shaped magnetite ore lenses.
Fabian is larger and more compact in shape. The ore contacts shift
from sharp to graded, generating in the latter case a low grade Fe-
ore type, traditionally called ore breccia in this deposit (Bergman
et al., 2001). Besides existing in the rims of the ore body, the ore
breccia can also be found as inclusions in the massive ore. A com-
mon skarn breccia, with distinct modal mineralogy (i.e. amphibole/
diopside present), occurs in the host rock near the ore contact. The
Printzsköld ore body shows similar features but the ore body is
longer and narrower and has a banded appearance. A strong alter-
ation of the host rock has contributed to a larger amount of biotite
at the footwall and in the ore. Small bodies of hematite are present
in the footwall and hematite occurs also as an accessory mineral in
the ore. The main gangue minerals in the both the breccia andmas-
sive ore are albite, K-feldspar, apatite, quartz, amphiboles (actino-
lite–tremolite), clinopyroxene, biotite, sulphides (pyrite and
chalcopyrite) and anhydrite. During mining both the ore breccia
and the massive ore are being mined together.

The Malmberget concentrator has two different lines, one for
magnetite dominated ore and the other for hematite dominated
ore. The magnetite line in Malmberget consists of dry and wet con-
centration sections (Fig. 2). The dry process stage uses screens,
cone crushers, autogeneous crushers (VSI) and low-intensity mag-
netic drum separators producing two different pre-concentrates: a
Sinter Feed (FAR) with higher iron grade and a slightly lower grade
Pellet Feed (PAR), both approximately <10 mm. In the wet concen-
tration plant the Sinter Feed is processed further by screening to
<2 mm followed by wet low intensity magnetic separation
(WLIMS). The Pellet Feed is further upgraded in three steps of ball
mill grinding and WLIMS. In the final grinding step the Pellet Feed
is ground to approx. 68% < 45 lm to reach the optimum size distri-
bution for downstream processing (Kvarnström and Oghazi, 2008).

The final concentrates have high requirements for purity, e.g.
the Sinter Feed (MAF) has maximum limits of 0.8% SiO2, 0.45%

Fig. 1. The particle-based geometallurgical concept, modified from Lamberg (2011). Modal mineralogy and textures links the geological model and the process model. In the
process model minerals are treated as particles. From the geological information, the particle population is generated through the particle breakage model.
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TiO2 and 0.025% P (LKAB, 2011). If requirements are not met, the
undesired impurities from gangue minerals (Si, P) or elevated trace
element contents in the magnetite (Ti) cause problems in down-
stream processing e.g. pelletization process or in the blast furnace
(Adolfsson and Fredriksson, 2011).

Currently Malmberget does not have an integrated geometal-
lurgical program to be used in production. Based on iron mineral-
ogy (magnetite versus hematite) ore bodies are mined selectively
and fed to two different lines. It is known that the ore bodies vary
in their iron mineral chemistry and, at times, for the production of
some special products (e.g. low/high vanadium or titanium), min-
ing is done selectively from certain places. Otherwise, the modal
mineralogy and variation in the grain size of magnetite is not used
in production planning.

3. Samples and applied methods

The samples for the first data set were collected from five drill
cores representing two ore bodies, Fabian and Printzsköld. Over
100 mineralogical samples were selected for characterising the
mineralogy, mineral chemistry and the texture of the ore. Polished
thin sections were prepared for the analyses of mineral chemistry
by electron microprobe (EPMA), at the Camborne School of Mines,
University of Exeter, Cornwall Campus, UK, using a JEOL JXA-8200
superprobe with a technique described by Potts et al. (1995). An
accelerating voltage of 15 kV and a beam current of 30 nA were
used for the oxides. The probe beam diameter was set to 1 lm
for the oxides and the phosphates and 5 lm for the silicates.

The second dataset includes metallurgical samples that were
collected from several drill cores. The drill cores were carefully
logged and three dominant ore types were identified and accord-
ingly three composite samples were created (Lund et al., 2010).
The mineral processing tests were all done at the LKAB’s mineral
technical laboratory, Malmberget. The ore types were crushed to
�3 mm so that in situ textures and mineral grain sizes were pre-
served. Dry magnetic separation tests were done with Sala Mörtsell
magnetic separation using a standard test procedure by LKAB
(Lund et al., 2010; Mattsby, 2010). Concentrate and tail from the
tests were weighed and sized into ten size fractions using sieves
of 38, 75, 150, 300, 425, 600, 1190, 1680 and 3000 lm. The chem-
ical analyses were all performed at LKAB’s chemical laboratory at
Malmberget, using their standardised methods for X-ray fluores-
cence (XRF), Titrimetric method (ISO 9035) and SAturation MAg-
netic Analyser model 135. Bulk samples and size fractions were
analysed with XRF for Fe, Al, Ti, Si, K, Ca, Mg, Mn, V, Na, S and P.

The amount of divalent iron was analysed with wet chemical titra-
tion and the amount of magnetic material was determined with a
SATMAGAN magnetic balance (Stradling, 1991). Polished resin
mounts were prepared from size fractions for optical microscopy
and QEMSCAN� analysis.

The quantitative modal analyses were performed at the LKAB,
Luleå with QEMSCAN E430 Pro for sized samples. The system is
based upon a Carl Zeiss scanning electron microscope with four en-
ergy dispersive X-ray detectors (EDS). The measurement mode
used was PMA (particle mineral analysis). To obtain quantitative
analysis of the material, a Species Identification Protocol (SIP-file)
was developed to be able to discriminate the different minerals
at this particular deposit (Gottlieb et al., 2000; Pirrie et al., 2004).
In the analyses a total of 16 minerals were identified and quanti-
fied (Table 1). From each sample about 5000 particles were ana-
lysed and modal mineralogy was reported. In this study this data
set was used to verify the element to mineral conversion against
the QEMSCAN modal mineralogy.

The third data set includes only chemical analyses from eleven
drill cores. Modal mineralogy of the samples was calculated using
the methodology developed for the previous data sets. The third
data set was used to demonstrate how the method can be used
in a geometallurgical context.

4. Element to mineral conversion

4.1. Theory

Element to mineral conversion is based on a set of linear alge-
braic equations where the bulk chemical composition of a sample
is converted to mineral grades using a set of least-squares equa-
tions (Paktunc, 1998; Whiten, 2008; Lamberg et al., 1997). This
can be expressed as an equation

A � x ¼ b ð1Þ
where A is a table giving the weight fractions of elements in the
minerals (e.g. electron microprobe analyses, known), the x vector
is the weight fractions of the minerals in a sample (unknown) and
the b vector is the weight fraction of elements in the sample
(known). For a simple magnetite – albite binary with Fe and Si anal-
yses the equation would be (chemical composition of minerals from
Table 2):
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Fig. 2. Simplified flow sheet of Malmberget concentrator showing separate lines for magnetite and hematite dominated ores, modified from Öberg and Pålsson (2008).
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There are two constraints for the solution. Mineral grades (x)
cannot be negative and the sum of minerals must to be smaller
than or equal to 100%. The solution can be found by searching
for the minimum value for the residual vector (R).

R ¼ jb� A � xj ð2Þ
If there are more elements than minerals the case is over-deter-
mined and there is more than one solution. If the number of miner-
als is higher than elements the case is under-determined and there
is no unique solution (Paktunc, 1998; Whiten, 2008). The multiple
solutions can be solved e.g. by Gaussian elimination and multiple
regression techniques to minimize the sum of square of the
deviations.

As minerals in nature are seldom stoichiometric the actual ele-
mental composition of minerals analysed by electron microprobe
should be used (A matrix). Quite often simple bulk chemical assays
of a sample do not provide enough information for estimating
mineral grades. For example in porphyry copper deposits there
may be several copper sulphide minerals present in the sample
and simple Cu, Fe and S assays do not enable all of them to be
quantified. For metallic mineral deposits a number of selective

analysis techniques have been developed. Most of them are tradi-
tional wet chemical methods. For gold they have been known for
decades (Lorenzen and Van Deventer, 1993). Also for copper they
are widely used (Lamberg et al., 1997), but they are quite practical
also for nickel (Penttinen et al., 1977), molybdenum and zinc
(Young, 1974). In this study two different techniques were used
to independently determine the magnetite and hematite grades:
titrimetric divalent iron analysis and SATMAGAN magnetic bal-
ance. For each mineral’s paragenesis one should evaluate whether
diagnostic methods are available and could be used since they will
improve the accuracy of the element to mineral conversion.

Here the element to mineral conversion was done with HSC
Chemistry software version 7.1 (Lamberg et al., 1997). The soft-
ware includes a reference table in its mineral database for the dis-
solution of minerals in several selective analysis techniques listed
above. In solving Eqs. (1) and (2) HSC includes several mathemat-
ical options and here the Least Square and the Non-negative Least
Squares solutions were used (Lawson and Hanson, 1974). For fur-
ther information on mathematical methods the reader is referred
to Braun (1986), Paktunc (1998) and Whiten (2008) and the HSC
manual (Lamberg and Tommiska, 2009).

Table 1
Typical (average) modal composition of Malmberget; ore, concentrate and tailing from a Mörtsell dry magnetic separation laboratory test.

Mineral Formula Orea Concentrate Tail

Avg. (wt.%) STD ± Avg. (wt.%) STD ± Avg. (wt.%) STD ±

Magnetite (Mgt) Fe3O4 54.00 1.04 90.90 1.35 2.87 0.23
Ilmenite (Ilm) FeTiO3 0.89 0.13 0.88 0.13 0.99 0.13
Rutile (Rt) TiO2 0.39 0.09 0.44 0.09 0.33 0.08
Quartz (Qtz) SiO2 1.14 0.15 0.33 0.08 2.22 0.20
Calcite (Cal) CaCO3 0.09 0.04 0.01 0.01 0.23 0.06
Albite (Ab) NaAlSi3O8 19.07 0.61 2.83 0.22 42.54 0.90
Orthoclase (Or) KAlSi3O8 4.77 0.29 0.96 0.12 9.54 0.42
Biotite (Bt) K(Mg,Fe)3(AlSi3O10)(OH)2 4.49 0.25 0.66 0.10 9.11 0.36
Diopside (Di) CaMgSi2O6 1.89 0.19 0.29 0.07 4.28 0.29
Actinolite (Act) Ca2(Mg,Fe)5Si8O22(OH)2 7.04 0.37 1.03 0.13 15.72 0.56
Chlorite (Chl) (Mg,Fe)5Al(Si3Al)O10(OH)8 0.46 0.09 0.27 0.07 0.75 0.12
Titanite (Tit) CaTiSiO5 0.27 0.07 0.12 0.05 0.44 0.09
Zircon (Zr) ZrSiO4 0.06 0.03 0.00 0.01 0.12 0.04
Apatite (Ap) Ca5(PO4)3(F,Cl,OH) 3.97 0.24 0.28 0.07 8.72 0.36
Sulphates (anhydrite, gypsum) (Py) CaSO4, CaSO4�2H2O 0.25 0.06 0.02 0.02 0.59 0.10
Sulphides (pyrite, chalcopyrite) (Py) FeS2, CuFeS2 0.26 0.07 0.07 0.03 0.56 0.09

a Ore sample back calculated from concentrate and tailing.

Table 2
The average chemical composition (wt.%) of Malmberget minerals (Fabian ore) analysed by electron microprobe in 25 samples, giving the variation in the ore body. For the A-
matrix the oxides converted to elements. Mineral abbreviations as in Table 1.

Mgt Ilm Qtz Ab Bt Di Act Ap Hem

# analyses 590 40 7 60 12 36 43 59 14
SiO2 100.4 72.7 41.92 54.7 55.4
TiO2 0.08 49.8 4.00 0.02 0.03 0.35
Al2O3 0.10 20.36 13.06 0.23 1.88 0.05
Cr2O3 0.02
V2O3 0.08 0.29 0.12
FeO 93.7 44.6 0.06 0.01 13.85 9.61 10.3 0.21 90.2
MnO 0.01 2.90 0.01 0.05 0.14 0.05 0.01
MgO 0.01 1.90 17.01 13.0 17.6 0.12
CaO 0.01 0.01 0.01 21.8 11.5 56.5
Na2O 6.89 0.03 1.51 1.06
K2O 0.01 0.01 7.90 0.13
P2O5 0.19 36.8
NiO 0.04 0.01
F 0.01 1.36 0.18 6.58
Cl 0.28
Sum 94.2 99.5 100.5 99.9 99.2 101.0 98.2 100.4 90.7
Fe2O3 (calc) 69.4 6.87 99.9
FeO (calc) 31.2 38.5 0.31
Recalc. sum 101.2 100.2 100.8

Pyrite and orthoclase stoichiometric.
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4.2. Method for the Malmberget iron ore

The optical microscopy revealed that in the metallurgical sam-
ples (the second data set) magnetite is the only iron ore mineral,
i.e. no hematite was observed. The main gangue minerals are pla-
gioclase (albite), K-feldspar (orthoclase) and amphiboles (actino-
lite–tremolite) together with apatite, biotite, chlorite, diopside,
and quartz. A small amount of anhydrite, calcite, chalcopyrite,
ilmenite, pyrite, rutile, scapolite, titanite and occasionally zircon
was found. The main difference between the two ore bodies is that
biotite and apatite grades are higher in the Printzsköld ore. The
average chemical composition of the minerals analysed in 25 sam-
ples from Fabian used to generate the A-matrix is given in Table 2.

Twelve elements are routinely analysed by XRF at the LKAB
chemical laboratory. In addition, two diagnostic analysis methods,
titrimetric method (Fe2+) and Satmagan (Fe2+) are used in the
Malmberget laboratories when it is anticipated that both magne-
tite and hematite are present in the ore or process sample, giving
one additional element. The titrimetric method gives the weight
percentage of divalent iron which in Malmberget ores is found in
magnetite (24%), and in mafic minerals (amphibole, biotite). The
Satmagan is a magnetic balance which basically gives the mass
proportion of magnetic material. At LKAB Satmagan has been cali-
brated against the Fe2+ assay, i.e. if the sample is 100% magnetite
both Fe2+ content and the Satmagan should report 24%.

Two of the analysed elements by XRF, namely V and Mn, occur
only as minor constituents in minerals, and are not a very good
choice for mineral quantification and are therefore not used in
our calculation. All together it gives in the end a total of eleven
independent assays enabling a maximum number of eleven miner-
als to be quantified. Due to the lack of Zr and C analyses the mass
proportion of neither zircon nor calcite can be estimated. They are
trace minerals, don’t have any big relevance for the concentration
process and therefore this simplification is justified. To further re-
duce the number of minerals, titanium minerals (ilmenite, rutile
and titanite) were combined and the most voluminous one, ilmen-
ite represents all the titaniumminerals. The same was done for sul-
phur bearing minerals: pyrite represents sulphides (pyrite,
chalcopyrite) and sulphates (anhydrite, scapolite). Finally as chlo-
rite is a minor mineral occurring as an alteration product of biotite,
it was dropped out as well and is reported together with biotite.

Having eleven elements and eleven minerals, it would be pos-
sible to calculate all the minerals simultaneously. However, with
this way, the Least Squares solution (LS) for some samples gave a
negative value for some of the minerals. When using a Non-Neg-
ative Least Squares solution (NNLS without weighting) the algo-
rithm put very little notice on some of the trace elements and
the corresponding minerals, resulting in zero grades e.g. for pyrite
and ilmenite and even the residual for titanium and sulphur was
positive (Table 3). Therefore, the best solution found was to

divide the calculation into several rounds. After testing different
alternatives a plausible mineral conversion solution for the two
ore bodies was found by using a total of three calculation rounds
and both LS- and NNLS-algorithms (Table 3). In the first round the
minerals which carry solely one element are solved with the LS
technique. This means that the apatite and pyrite grades are
solved using phosphorous and sulphur. The second round takes
silicate minerals: albite, orthoclase, biotite, diopside, actinolite
and quartz, using residual Na, Mg, Al, Si, K and Ca; and the NNLS
solution is used. Since ilmenite and magnetite contain most of Ti–
Fe and Fe, the third round uses the residual Ti and Fe (XRF). Diag-
nostic assay methods, SATMAGAN and Fe2+ give a possibility to
calculate both hematite and magnetite, if present. For this alter-
native also hematite and SATMAGAN or Fe2+ are included in the
third calculation round.

Mathematically the method seems to give a good result as the
calculation gives low final residuals and the sum of the minerals
is close to 100%. However, to have some reliable estimate on the
precision an error analysis was carried out using Monte Carlo sim-
ulation. The standard deviation of the chemical analyses was re-
ceived from the LKAB chemical laboratory and for the minerals it
was calculated from the electron microprobe analyses. For the
XRF analysis the relative standard deviation (RSD) of iron is very
low, 0.1% and for the other main elements the RSD is between 1%
and 2%. For magnetite the relative standard deviation of the iron
assay by electron microprobe within the ore body (i.e. in the sam-
ple set) is close to 5%, i.e. 72.9 ± 3.6. For silicates the relative stan-
dard deviation of the main elements is quite high, about 10% (RSD).
Table 4 shows the standard deviation for the mineral grades result-
ing from the Monte Carlo simulation. Although the standard devi-
ations of the mineral grades are quite high, one must remember
that there is still a good chemical mass balance since mineral
grades from back calculations give a similar chemical composition
for the samples as the chemical assays.

Hematite is reported to be zero as there is no detected content
in the samples (Table 5). Both the ores have individual adjustments
of the rounds of calculations. In Printzsköld ore the calculation
gave that the diopside content is higher than that of actinolite,
which according to optical microscopy is not true. Therefore diop-
side was excluded and the second round used five minerals and six
elements (over-determined). In calculating magnetite from Fe2+ or
SATMAGAN in some samples little iron was left over for allocation
to hematite, showing the uncertainty of the calculation.

4.3. Comparison of element to mineral conversion with QEMSCAN
analyses

The accuracy and reliability of mineral quantification was esti-
mated by comparing the modal mineralogy by the element to min-
eral conversion method with the QEMSCAN analyses for 20 process

Table 3
Calculation routines used in modal calculation. Two alternative calculation routines; left: all minerals calculated in one step, right: calculation divided into three rounds. The
latter that gave a better result was used (see text). The elements showed as oxides.

Round Mineral Components Methods Round Mineral Components Methods

1 Apatite (Ap) P2O5 NNLS 1 Apatite (Ap) P2O5 LS
Pyrite (Py) S Pyrite (Py) S

Quartz (Qtz) SiO2 2 Quartz (Qtz) SiO2 NNLS
Albite (Ab) Na2O Albite (Ab) Na2O
Orthoclase (Or) MgO Orthoclase (Or) MgO
Biotite (Bt) K2O Biotite (Bt) K2O
Diopside (Di) Al2O3 Diopside (Di) Al2O3

Actinolite (Act) CaO Actinolite (Act) CaO

Magnetite (Mgt) Satmagan 3 Magnetite (Mgt) Satmagan NNLS
Ilmenite (Ilm) TiO2 Ilmenite (Ilm) TiO2

Hematite (Hem) FeO(tot) Hematite (Hem) FeO(tot)
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samples. The accuracy requirement in the geometallurgical context
is different from process mineralogy. In a process mineralogical
study, the aim typically would be to identify differences in mineral
recovery of 0.5% absolute, corresponding to about ±1 wt.% accuracy
(1r) in mineral grades. However, to establish geometallurgical do-
mains and identify significant geometallurgical ore types, an accu-
racy of ±5 wt.% is adequate (1r) (Pitard, 1989).

The mineral grades calculated by element to mineral conversion
versus QEMSCAN are compared in parity plots (Fig. 3). To test the
statistical agreement (significance) of the twomethods, a multivar-
iate analysis of variance (MANOVA) was used due to the fact that
the minerals (variables) are correlated. It uses the vectors of the
mean of the included minerals in the two data sets of the corre-
lated variables involved. The MANOVA method initially tests if
there is a significant difference between the two mean vectors. If
significance is detected, an analysis of variance (ANOVA) for each
mineral pair will identify the mineral/group of minerals that

causes the significant difference between the methods (Johnson
and Wichern, 1998). Simultaneous confidence intervals (Bonfer-
roni) are calculated in the single variable ANOVA for each mineral.
The Bonferroni correction is used in order to keep the p-value cor-
rect due to the correlation between the variables/minerals. The
comparison shows that the element to mineral conversion can be
used in a geometallurgical context to classify the ore types (p-value
0.10) but in process mineralogy some more development is needed
to improve the accuracy (precision). This is true especially for apa-
tite and amphibole for which the two methods show a significant
difference.

5. Geometallurgical ore type classification

To develop a system for ore type classification the third data
set was collected from eleven drill cores of both Printzsköld and

Table 4
Modal composition of ore, concentrate and tailing of Mörtsell dry magnetic separation laboratory test calculated according to element to mineral conversion.

Mineral Orea Concentrate Tail

Avg. (wt.%) STD ± Avg. (wt.%) STD ± Avg. (wt.%) STD ±

Magnetite (Mgt) 57.96 1.07 87.00 1.32 6.97 0.37
Ilmenite (Ilm) 1.29 0.16 1.01 0.14 1.62 0.18
Quartz (Qtz) – – – – – –
Albite (Ab) 19.42 0.62 5.34 0.31 47.30 0.95
Orthoclase (Or) 5.46 0.30 1.67 0.17 10.78 0.44
Biotite (Bt) 4.55 0.28 1.09 0.15 9.71 0.41
Diopside (Di) 3.18 – 1.17 – 8.03 –
Actinolite (Act) 3.03 – 0.85 – 5.89 –
Apatite (Ap) 3.54 0.23 0.34 0.08 7.86 0.34
Sulphides (pyrite, chalcopyrite) (Py) 0.21 0.06 0.06 0.03 0.51 0.10
Hematite (Hem) – – – – – –

a Ore sample back calculated from concentrate and tailing. Standard deviation from Monte Carlo simulation, compare with Table 1.

Table 5
Calculated modal composition (wt.%) of the ore and Mörtsell dry magnetic separation laboratory test products calculated with element to mineral conversion. Mineral
abbreviations as in Table 1.

Ore Fraction Stream Mgt (%) Ilm (%) Qtz (%) Ab (%) Or (%) Bt (%) Di (%) Act (%) Ap (%) Py (%) Hem (%) Total SG

Pz 38–75 lm Ore 47.29 1.90 – 18.70 11.51 4.65 – 6.81 7.70 0.22 – 98.79 3.60
Pz 38–75 lm Concentrate 92.10 1.02 – 1.56 1.59 0.79 – 1.08 0.60 0.04 – 98.77 4.91
Pz 38–75 lm Tail 5.87 2.73 – 34.55 20.70 8.18 – 12.13 14.24 0.38 – 98.78 2.89
Pz 75–150 lm Ore 48.47 1.50 – 18.67 10.06 7.60 – 5.07 7.48 0.17 – 99.01 3.63
Pz 75–150 lm Concentrate 90.84 0.92 – 2.86 1.66 1.05 – 0.88 0.52 0.04 – 98.77 4.85
Pz 75–150 lm Tail 5.68 2.08 – 34.62 18.57 14.19 – 9.31 14.51 0.29 – 99.24 2.90
Pz 150–300 lm Ore 51.26 1.42 – 15.98 8.71 9.07 – 5.63 6.67 0.15 – 98.87 3.71
Pz 150–300 lm Concentrate 86.93 0.94 – 4.46 2.85 1.19 – 1.47 0.50 0.05 – 98.38 4.70
Pz 150–300 lm Tail 7.87 2.00 – 29.98 15.81 18.67 – 10.71 14.16 0.27 – 99.47 2.96
Pz 300–425 lm Ore 54.71 1.50 – 12.41 8.03 8.78 – 6.85 6.45 0.17 – 98.89 3.81
Pz 300–425 lm Concentrate 85.40 1.06 – 4.35 3.39 1.43 – 2.16 0.55 0.05 – 98.40 4.65
Pz 300–425 lm Tail 8.42 2.16 – 24.54 15.06 19.90 – 13.86 15.37 0.33 – 99.65 3.00
Pz 425–600 lm Ore 60.11 1.43 – 11.41 8.17 6.35 – 5.96 5.09 0.15 – 98.67 3.92
Pz 425–600 lm Concentrate 82.81 1.18 – 5.07 4.07 1.54 – 2.87 0.73 0.06 – 98.34 4.57
Pz 425–600 lm Tail 9.86 1.98 – 25.39 17.28 16.91 – 12.93 14.70 0.34 – 99.39 3.00
Fa 38–75 lm Ore 60.26 1.17 – 24.79 2.21 1.74 7.67 – 0.52 0.34 – 98.69 3.90
Fa 38–75 lm Concentrate 92.34 0.92 – 2.95 0.35 0.79 1.25 - 0.07 0.08 – 98.75 4.93
Fa 38–75 lm Tail 4.52 1.59 – 62.72 5.45 3.40 18.82 – 1.30 0.79 – 98.59 2.86
Fa 75–150 lm Ore 64.92 0.85 – 22.65 1.26 1.96 6.47 – 0.45 0.22 – 98.78 4.01
Fa 75–150 lm Concentrate 90.95 0.80 – 4.61 0.18 0.78 1.29 – 0.06 0.06 – 98.73 4.86
Fa 75–150 lm Tail 4.81 0.97 – 64.29 3.78 4.68 18.41 – 1.35 0.59 – 98.89 2.86
Fa 150–300 lm Ore 65.66 0.82 – 23.14 1.11 1.67 5.45 – 0.43 0.19 – 98.46 4.02
Fa 150–300 lm Concentrate 88.00 0.84 – 6.26 0.63 0.76 1.84 – 0.09 0.05 – 98.58 4.75
Fa 150–300 lm Tail 5.61 0.75 – 68.34 2.31 4.17 14.99 – 1.35 0.56 – 98.07 2.84
Fa 300–425 lm Ore 62.44 1.05 – 24.72 1.52 1.87 6.14 – 0.36 0.23 – 98.33 3.94
Fa 300–425 lm Concentrate 82.89 1.10 – 9.34 0.87 1.12 3.08 – 0.12 0.07 – 98.64 4.57
Fa 300–425 lm Tail 7.84 0.91 – 65.66 3.21 3.90 14.25 – 0.98 0.66 – 97.43 2.87
Fa 425–600 lm Ore 64.51 1.22 – 21.76 2.00 1.80 6.09 – 0.26 0.24 – 97.88 4.02
Fa 425–600 um Concentrate 77.77 1.28 – 11.91 1.12 1.48 4.23 – 0.18 0.09 – 98.06 4.43
Fa 425–600 lm Tail 9.19 0.97 – 62.89 5.68 3.14 13.83 – 0.62 0.84 – 97.15 2.89
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Fabian. The routine chemical assays (XRF) were done for the sam-
ples collected in logging; supplementary Fe2+ analyses were only
acquired when hematite was identified mesoscopically during
logging. Over 300 XRF analyses were converted to mineral grades
and an ore type classification was developed based on modal
mineralogy. A preliminary geometallurgical ore type (GEM-type)
definition aims to capture all the important mineralogical fea-
tures related to ore processing (see Section 2): (1) Fe mineral
grade, (2) Fe-mineralogy, (3) gangue mineralogy and (4) the pres-
ence of sulphides.

As the iron grade is overall quite high, normalised gangue min-
eral grades were used as a basis to distinguish and characterise the
different GEM-types with special reference to the silicate mineral-
ogy (cf. silicate problem). When developing the system for geomet-
allurgical purposes it is important to keep the classification simple
and at the same time connect the metallurgical meaning to all the
GEM-types. Originally seven different GEM-types were defined
shown in the flow sheet in Figs. 4 and 5. The preliminary types
were most probably too many and the classification was too de-
tailed and needed revision. Firstly, a simplification was done by
the combination of K-feldspar and albite to feldspar since they
are similar in their metallurgical behaviour. Thereafter the main
gangue minerals of the ores are feldspar and amphibole.

The feldspar rich GEM- type (Fsp) is common in hematite and
low grade ores of magnetite (Fig. 6). The amphibole GEM-type is
quite widespread in the magnetite ore and is taken as a class of
its own because it is a harder rock type than the feldspar GEM-type
(Fig. 4). The amphibole GEM-type is further divided into five sub-
types. Iron concentrate has restrictions to sulphur and phospho-
rous, therefore it is important to identify the variation in terms
of sulphides and apatite, and therefore a pyrite GEM-type (Py bear-
ing (Amph-(Ap–Bt)) and an apatite bearing GEM-type (Ap-(Amph))
were established. Locally biotite rich zones can be found and they
cause some problems in rock stability. Also in comminution biotite
tends to enrich in fine size fraction and this is partially the reason

for elevated silica content in the concentrate. Consequently it is
important to identify areas rich in biotite and a subgroup was cre-
ated, GEM-type (Bt-(Amph-Ap)).

Quartz is not a typical gangue mineral in the ore but exists in
the wall rock. The presence of quartz in the modal composition
indicates a presence of harder wall rock which may be important
to identify and therefore deserves a subclass of its own, GEM-type
(Qtz bearing Fsp + Amph). This developed classification scheme is a
preliminary one and needs to be revised in practice.
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Fig. 3. A comparison of the modal composition (wt.%) of iron ore determined by QEMSCAN analyses (x-axis) and the element to mineral conversion (y-axis). Line shows the
regression with R squared values and samples as in Table 5.

Fig. 4. A geometallurgical ore type (GEM-type) classification scheme of the gangue
mineralogy of Malmberget iron ore. For the classification the gangue mineral grades
are recalculated to 100%.

C. Lund et al. /Minerals Engineering 49 (2013) 7–16 13



The accuracy and reliability of this GEM-type classification sys-
tem was estimated against optical microscopy. In 95% of the cases
both methods gave the same result.

Examinations of selected samples by optical microscopy show
that texture varies within the GEM-types. For example the feld-
spar-type includes both fine and coarse grained magnetite. This
indicates that modal mineralogy is not sufficient for comprehen-
sive geometallurgical classification and additional information on
mineral textures is required.

6. Discussion

This study is the first step in developing a geometallurgical
model for the Malmberget iron ore deposit. There are principally
two different approaches to create spatially-based predictive mod-
els for a geometallurgical program, geometallurgical testing and
mineralogy.

Geometallurgical tests are small scale laboratory tests which
aim to measure directly metallurgical response of the samples

but require also lot of efforts to get reliability. Examples of such
are GeM Comminution Index test (JKTech, 2010), JK Mineral Sepa-
rability Indicator test (Bradshaw, 2010) and Davis tube test (Niira-
nen and Böhm, 2012). These tests are commonly done without the
mineralogical information and the metallurgical response is re-
ported on an elemental basis, therefore the geometallurgical vari-
ations in the ore body and domains are based on elemental grades.

The mineralogical approach relies on a complete quantitative
mineral characterisation and the established process models based
on minerals can then be used in three different levels. The first le-
vel takes mineral quantities and describes the behaviour of each
mineral in each process stage quantitatively (unsized by mineral).
The second level is sized by mineral; this level allows consideration
of variation in mineral size distribution, arising from variation in
particle size distribution. The third level uses the liberation infor-
mation and each unit process model must be capable to use it.

Modal mineralogy (mineral grades) was shown to be the key
parameter in the geometallurgical classification in some weath-
ered iron ores (Paine et al., 2011; Neumann and Avelar, 2012). Be-
sides, the lithology, i.e. modal mineralogy, can be a direct link to
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Fig. 5. Box and Whisker diagram illustrating the variation of mineral grades (wt.%) in different GEM-types of Malmberget, classified according to Fig 4.
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grindability, as shown by Casali et al. (2001). However, modal com-
position is seldom used as a basis of a geometallurgical model and
most probably is not sufficient since also the mineral textures
(grain size, associations) play a significant role in the processing
of the ore.

The use of modal mineralogy as a systematic predictive tool in
industrial mineral processes is rather rare even if it is frequently
used in the flowsheet development and problem solving (Lotter,
2007; Benedictus et al., 2008; Schouwstra et al., 2010; Bowell
et al., 2011). In the development of the process models based on
modal mineralogy the modal analyses have been made mainly by
automated mineralogy (Lotter, 2007) and X-ray diffraction (Riet-
veld) (Hestnes and Sørensen, 2012). However, the element to min-
eral conversion method is a practical, fast and inexpensive
technique to calculate the modal mineralogy from the routine
chemical assays. It does not suffer from low detection limits, and
doesn’t have limitation on particle size and the crystallinity of
phases. Additionally the chemical composition of the minerals is
taken from the ore, i.e. not using stoichiometric compositions
and the method is easy to automate to become a routine tool. In
complex ores additional selective analysis techniques can be used,
as the use of Satmagan here demonstrates.

Element to mineral conversion gives modal composition for any
ore types and one could question whether there is any need for
establishing any additional geometallurgical ore types or domains.
The established geological model based on modal mineralogy has
the potential to illustrate geometallurgical variation better than
the modal mineralogy alone. For example it differentiates hard
and soft ore, points out the location of weak ore (Ghosh, 2012),
and reveals the magnetite and hematite ratio. Furthermore it is a
method that can be applied in other Fe-ores of the area.

The purpose of the comminution stage is to liberate ore miner-
als and the operation of the comminution circuit is measured by
the degree of liberation. Generally, in Malmberget the degree of
liberation of a mineral (in a given size) is directly related to its
grain size which in turns commonly correlates with the mineral

grade. However, the degree of liberation is not enough to forecast
the behaviour of a mineral in the process since different types of
mixed particles have behaviour of their own. For example it has
been shown that in lead flotation galena–sphalerite binaries be-
have in a quite different way than galena–quartz binaries (Lamberg
and Vianna, 2007). Therefore, besides liberation the association of
the mineral is important and besides modal mineralogy at least
mineral textures should be included in the geometallurgical model.
Consequently the modal composition and preliminary modal clas-
sification is most likely not enough for an accurate geometallurgi-
cal model.

7. Conclusions

In this study an important and useful tool for a mineral based
geometallurgical program at the Malmberget iron ore deposit
was developed. Geometallurgy requires a practical, fast, inexpen-
sive modal analysis method and this study shows that this can
be reached by the element to mineral conversion method. Even if
element to mineral conversion cannot provide the accuracy of
automated mineralogy, in a geometallurgical context the quality
is adequate for identifying geometallurgical ore types and domains
as well as to develop process models. The use of an additional
selective analysis technique (Satmagan) increases the number of
minerals that can be estimated and this is often needed in complex
ores. The established geometallurgical ore type (GEM-type) illus-
trates the mineralogical variation in an ore but does not fully ex-
plain the metallurgical response in a mineral process. Additional
information on mineral textures is needed. This topic will be ad-
dressed in a coming paper.
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ABSTRACT

A geometallurgical model was developed in three steps using the Malmberget iron ore deposit, northern 

Sweden as a case study. It is based on a mineralogical-particle approach which means that the mineral infor-

mation is in the focus. Firstly, the geological model describes quantitatively the variation within the ore body 

in modal composition and mineral textures. Traditional geological textural descriptions are qualitative and too 

vague and therefore a method that describes and distinguishes quantitatively different mineral textures and 

creates different types called textural archetypes was developed. 

The second part of the geometallurgical model is a sub-model which forecasts how ore will break and which 

kind of particles will be generated. A simple algorithm was developed to estimate the liberation distribution for 

the progenies of each textural archetype. The model enables numerical prediction of the liberation spectrum 

with varying modal mineralogy. The third step includes a process model describing quantitatively how different 

particles behave in each unit process stage. As a whole the geometallurgical model takes the spatial informa-

tion of the geological model in terms of modal composition and textural type. The particle breakage model 

forecasts the liberation distribution of the corresponding feed to the concentration process and the process 

model returns the metallurgical response in terms of product quality (grade) and effectively (recovery).  

Key words
Geometallurgical model, iron ore, mineral textures, Particle Tracking, textural archetypes
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1. INTRODUCTION

The geometallurgy embraces geological and metallurgical information to create spatially-based predictive 

model (3D) for mineral processes (Lamberg, 2011). The industrial application is called geometallurgical pro-

gram which is a structured effort to bridge all the adherent knowledge of the resource for production planning 

and management. 

Geometallurgical programs are needed for better resource management and to lower the risk in the process 

operation related to geological variations within the ore body. It is a vital part of the profitability of the oper-

ation. The mine needs to be capable to adjust the concentration process and the product qualities to meet the 

requirements of a changeable global marked e.g. by a more effective utilisation of the ore resources or handle 

larger volumes of lower grade ore. Today there exist different kinds of geometallurgical models depending on 

the ore, its quality and the mineral processing circuit (Alruiz et al., 2009; Suazo et al., 2010; Hunt et al., 2012). 

Most of the geometallurgical programs are established by using certain steps and relies on metallurgical and 

geometallurgical testing (Dobby et al., 2004; Bulled and McInnes, 2005; David, 2007; Lamberg, 2011). A series 

of representative ore samples are collected and are then tested to measure the metallurgical response directly 

with a standard methodology (e.g. standard flotation test). There are high expectations on the representativeness 

of the samples and tests since they link the ore and metallurgical response. As the sample set should include 

all variability in the ore this is often called a variability test. Based on the test results, a mathematical model is 

created to explain the metallurgical response based on the sample characteristics. The model parameters are 

almost always chemical components not minerals.

Iron mines are big volume operations and the production is driven by throughput. Lots of the mining compa-

nies produce high volumes of relatively low grade iron ore products with a Fe grade between 62% and 64%. 

Examples of such production are direct shipping of hematite ores in Australia and Brazil. The LKAB, Swedish 

iron ore producer, represents totally another end of production strategy. They produce customer tailored high 

grade iron ore pellets (>67% Fe) and fines for blast furnaces and direct reduction (LKAB, 2011).

Good understanding on the raw material and its variability are essential in both the strategies. In the direct 

shipping ores the production chain is very short; normally it includes only crushing and screening, and there-

fore if the ore is not suitable for the product requirements the tools in mineral processing are very few. In the 

high grade products; where the tolerable grade of impurities like silica, aluminium, phosphorous and sulphur, 

are very low; the success of processing is very dependent on the ore quality and its identification before it 

comes to the plant.

In the literature there is very little information on the existing geometallurgical programs of iron ores, but a 

few can be found, i.e. from Kiruna, Sweden (Niiranen and Böhm, 2012) and NW Australia (Paine et al., 2011). 

Technique that is frequently used in evaluating the metallurgical variation in magnetite bearing iron ores is 

Davis tube (Farrell et al., 2011; Niiranen and Böhm, 2012). It is a small scale magnetic separation test and the 

ore samples are normally ground to the liberation size before testing. The corresponding concentrate and tail 

are chemically analysed and the distribution of elements is then calculated. The iron distribution (recovery) and 

the concentrate quality are used in predicting the metallurgical response in full scale operation.   

The problem with using only the chemical components is that they are not the primary neither the direct 

reason for the metallurgical response. As chemical components are bond in minerals it is more appropri-
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ate to use mineralogy for building the metallurgical functions and the geometallurgical domains. However, 

minerals do not occur independently in the processes they occur in particles which is varying in size, shape and 

composition.

 

Lund et al. (2013) developed a practical, fast and inexpensive method to derive modal composition from 

routine chemical assays using an element to mineral conversion technique which formed the first part of a 

geometallurgical model of the Malmberget deposit. However, the modal mineralogy is not sufficient to solely 

answer the ore behaviour when processing the ore. The mineral textures play a significant role and need to be 

considered when a geometallurgical model is developed. 

The texture characterisations are usually very subjective (Bonnici et al., 2008) and traditionally more 

related to ore characterisation than process mineralogy (Perez-Barnuevo et al., 2012). In a mineral process, the 

mineral textures and the liberation are closely associated. The included textures are one important parameter 

that determines the limitation in an upgrading process (Butcher, 2010). The purpose of the comminution stage 

is to liberate ore minerals appropriately for the concentration process to enable reaching required concentrate 

quality with adequate recovery. 

Geometallurgical models referred earlier generally almost solely ignore liberation information and the use of 

textural information is quite undeveloped. 

In mineral processing the relationship between the mineral (micro) textures and liberation has been a separate 

research subject for a long time. Basically the aim has been to forecast the liberation distribution from a two- 

dimensional picture of an ore. This is generally called the liberation model. The principle was presented already 

in early 1900 by Gaudin (1939). Andrews and Mika (1975) developed a graphical presentation and this was 

further developed by King (1975) and King and Schneider (1998). These models assume random breakage 

which is unfortunately very rare especially in grinding. King and Schneider (1998) developed the model 

further and included a kernel function which overcomes the problem of random breakage. Gay (2004) used 

slightly different approach. Hunt et al. (2011a and 2011b) used chess-board pattern for crushed samples and 

reduced the effect of the random breakage assumption.  All these methods require two dimensional micro-

photograph of an ore sample. In a geometallurgical context this means a preparation of thin sections, their 

photographing and image processing for a large number of samples. This is not very practical and an alternative 

way is needed.

 

This case study aims to find a solution how to incorporate mineral texture information into a particle 

based approach (Fig. 1) modified from a concept by (Lamberg, 2011). This is done through a case study of 

Malmberget iron ore deposit, in Northern Sweden. It focuses on mineral parameters, such as modal 

mineralogy, mineral textures, mineral association, mineral grain sizes and their relation to the liberation 

characteristics.

The final purpose is to deliver a geological model which can offer quantitative rather than descriptive data 

to be used in a process model. Firstly, the geological model is complemented with textural information. 

Secondly, it is demonstrated how such geological model can be linked with a process model capable to forecast the 

metallurgical response like grade and recovery for any given geological unit (sample, block, or domain). 
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2. SAMPLING, EXPERIMENT AND ANALYTICAL WORK

The samples in this study were collected from five drill cores representing two ore bodies, Fabian (Fa) and 

Printzsköld (Pz) in the Malmberget deposit. Sampling, sample preparation and analytical methods used for the 

mineral analyses and the element to mineral conversion are in detailed described by Lund et al. (2013).

Three dominate ore types were identified during logging, namely  i) Feldspar (albite and orthoclase) rich ore 

(Fsp) of Fa and Pz,  ii) Apatite rich or of Fa and Pz and iii) Amphibole rich ore of Fa, generating a total of >100 

kg in five different composite samples.

The composite samples were processed and analysed at the LKAB, Malmberget laboratories. They were first 

crushed to a particle size below 3 mm. This was followed by a dry magnetic separation tests with Sala Mörtsell 

magnetic separation using standard test procedure by LKAB producing two outputs: concentrate and tailings 

(Lund et al., 2010). The test products were weighed and sized into ten size fractions using sieves of 38, 75, 150, 

300, 425, 600, 1190, 1680 and 3000 microns. The size fractions were analysed for their chemical composition 

by X-ray fluorescence and SATMAGAN magnetic balance (Lund et al., 2013). Polished resin mounts were 

prepared for five finest size fractions (excluding 0-38 microns fraction) and analysed with QEMSCAN E430 

Pro at LKAB, Luleå. The QEMSCAN data was exported into Excel files and read into HSC Chemistry for 

data processing.

The mineral textures were comprehensively characterised by optical microscopy with an attempt to develop 

a quantitative systematic besides the modal mineralogy, i.e. GEM-types. For that purposes the grain size of 

magnetite and the associating minerals were quantified in each texture.

 

The purpose of the processing of the mineral liberation data was to quantitatively track how different 

kind of multiphase particles deriving from different textural type behave in processing. For that purpose a 

particle tracking technique by Lamberg and Vianna (2007) was used. The Particle Tracking was done with 

Fig 1. The particle-based geometallurgical concept modified from Lamberg (2011). Modal mineralogy and texture 
links the geological model and process model. In the process model minerals are treated as particles. From the geological 
information the particle population is generated through the particle breakage model.

Particles

Particle
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model

Mineralogy
Textures

Particles
behaviour

Production
forecast

Geological
model

Unit process
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HSC Chemistry software developed by Outotec (Lamberg et al., 1997). The algorithms of the Particle Tracking 

were also used in textural classification of the progeny particles, as described below.

Particle tracking uses mass balanced mineral by size data. Instead of using mineral grades by QEMSCAN, the 

modal analysis was done with element to mineral conversion technique and calculation procedure developed 

by Lund et al. (2013).  Using HSC the raw mineral grades with solids flow rates data was first balanced on 

unsized basis (1D) and then for size by mineral basis (2D) with additional constraint that the 1D mass balance 

is conserved.

The QEMSCAN analysis gave a total of 16 minerals but to make this match with the mineralogy of element 

to mineral conversion some of the trace minerals were combined to more abundant phases (Lund et al., 2013). 

This gave a total of five most important minerals to be used in textural classification and in the particle tracking. 

After combining the minerals, the next step of the Particle Tracking is to adjust the mass proportions of the 

particles to meet the mass balanced 2D modal composition. This stage adjusts the mass proportion of meas-

ured particles but does not change their composition. The adjustment for the liberation data is very small but 

is needed to make the particle data fully consistent with the 2D chemical mass balance. This means that if the 

modal and chemical composition of the size fractions and streams is back calculated from the adjusted particles 

the result is exactly the same as received from the 2D mass balance.

To mass balance particles they must be grouped somehow and in the particle tracking this is done by their 

composition. The basic binning stage groups particles for different binary and ternary combinations.  In the 

system of five minerals plus others, i.e. six phases, and five size fractions after this step, the total number of 

particles in each stream was 2166. Some of the particle groups may have very few particles if any. Therefore, 

the advanced binning is a stage which combines established groups to ensure that each group has enough 

particles for sound mass balancing of particle groups. The liberation measurement is challenging in very fine 

(<10 micron) particle sizes, and in coarse size ranges the number of measured particles will be very small. 

Therefore, the Particle Tracking includes a step to extrapolate the liberation information (i.e. particles) for size 

fractions which have not been measured. In this study liberation was measured in five size fractions, and the 

remaining two size fractions were extrapolated.

After the previously described stages each process stream will be composed of similar particles classes but they 

are not in balance. The last step reconciles and mass balances the whole circuit for the given particle classes. 

This is done by keeping the total solids flow rate of the stream fixed and by minimizing the weighed sum of 

squares between measured and reconciled mass proportion of the particle classes. The particle tracking has an 

option for smoothing the data, but this step was not used in this study. The error analysis was done with Monte 

Carlo simulation which means that based on given standard deviations HSC drew a new dataset and solved the 

particle mass balance. This was done 100 times, and finally the standard deviation for the particle grades and 

recoveries was calculated. 

3. DESCRIPTION OF THE TEXTURES

Textures are critical mineralogical characters in governing the ore behaviour in mineral processes. This is 

commonly accepted and has been widely known since decades (Butcher, 2010). But unanswered question is 

remaining how to describe textures and how to use the textural information in utilising the ore deposit and 

managing the production, e.g. in geometallurgy (Bonnici, 2008).
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The geological definition for textures is: The relative size, shape, and spatial interrelationship between grains 

and internal features of grains in a rock (Spry, 1969; Fettes and Desmons, 2007). Textures, refers thus to a 

generally description on the small scale properties which mostly is in qualitative terms, e.g. pegmatitic texture, 

fined grained granoblastic texture. Descriptive mineralogical information, such this is insufficient in geome-

tallurgy as it only gives possibilities to use the texture information for classification of different ore types. In 

geometallurgy this may lead to a great number of domains and for each of them separate sample sets need 

to be collected for geometallurgical/metallurgical testing. If, on the other hand, texture could be described 

numerically, and even with additive parameters, this information could be processed with geostatistical 

methods and be used in a similar ways as the metal grades are currently used in resource estimation (Glacken 

and Snowden, 2001).

3.1. The Malmberget iron ore 

The Malmberget iron ore deposit consists of several ore bodies of massive magnetite and hematite 

(Geijer, 1930) which are exposed for an extensive regional metamorphism and deformation, intruded by several 

generations of felsic and mafic dykes (Martinsson and Virkkunen, 2004). The magnetite and hematite ores are 

fully metamorphically overprinted seen as recrystallized coarse grained ore minerals, metamorphic textures, 

different oxidation textures and a chemical redistribution of elements between the magnetite and hematite. 

Compared to the well-known Kiirunavaara ore body, the Malmberget deposit is lower in tonnages, slightly 

lower in Fe grade and has a moderate but varying P content (Bergman et al., 2001). Mineralogically the iron 

ores are rather simple. Magnetite and hematite are the main ore minerals, and typical gangue minerals are 

apatite and amphibole-pyroxene.

In the massive ore a broad variation of mineral-textures can be identified. The magnetite has textural variations 

mainly in the magnetite grain size, grain shape and association. The texture is mostly granoblastic with distinct 

triple junctions at the grain boundaries. Coarse grained magnetite occurs as porphyroblasts or as veins in a finer 

grained matrix of magnetite. Larger magnetite grains can have an elongated shape following the mineral linea-

tion in the host rock. In the western part of the deposit, hematite is the main mineral together with magnetite. 

Typical metamorphic textures are exsolutions patches of spinel in magnetite or oxidation surfaces of hematite. 

The magnetite grains show also intergrowth of ilmenite as lamellas or rutile needles.

In contrast to the massive ore semi-massive ore surrounds the ore bodies, particularly
 
seen in the eastern part 

of the Malmberget deposit. The semi-massive ore has traditionally been called ore breccia (Geijer 1930). It is 

lower in Fe and higher in SiO
2
 and can extend several tens of meters with a decreasing iron grade. The main 

non-iron minerals are the silicates i.e amphibole, feldspar (albite and orthoclase), quartz and biotite in various 

proportions that generate several different mineral assemblages with complicated textures.

The distinct chemical discrepancies of the massive ore and the semi massive ore are important to consider as 

the ore resource estimation uses traditional 3D block models which solely are based on the chemical analyses 

of the ore samples. The mass proportion amounts of semi-massive ore that is present in the process is conse-

quently very significant and will not only influence the ore reserve estimation but also contribute to elemental 

variations in the mineral process. Therefore, a classification between the massive ore and the semi-massive ore 

can clarify the true distribution of the chemical elements from the valuable and the gangue minerals and give 

more precise information for defining the ore boundaries.
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3.2. Textural classification

Using drill core logging (i.e. macroscopical observations) and optical microscopy an attempt was done to 

develop a classification based on the mineralogical and textural relation of the massive and the semi-massive 

ore. Textures were described and classified according to magnetite grain size and shape, generic mineral grain 

size and the main associating mineral with magnetite (Table 1). The following textural types, arranged in the 

order of increasing magnetite grade, were identified: disseminated, veiny, patchy, banded, granules, speckled and 

massive.

Table 1. A classification scheme outlined for the massive and semi-massive ore from the Malmberget deposit based on 
the mineralogical and textural relation.

Ore 
type

GEM-
type

Fe-
mineral

Fe 
grade 
*

Texture 
type

Sub 
type

Grain 
shape

Grain 
size, 
mean 
(μm)

Texture description 

Main 
associating 
mineral to 
magnetite

Semi 
mas-
sive 
ore

Fsp Mag
<10 % 
(L)

Dissemi-
nated

Fine
Euhedral to 
anhedral

44
Fine grain magnetite occur 
as disseminated in the 
silicate matrix

Fsp-Qtz

Fsp,
Bt-(Amph-
Ap),
Qtz 
bearing 
Fsp+Amph

Mag
10-80 
%
(L-H)

Veiny, 
patchy, 
banded, 
granules

Fine
Euhedral to 
anhedral

59-74

Mag grains, irregular 
distribution in the grain 
boundaries of fine grain 
silica matrix or as smaller 
inclusions in fsp grain

Fsp-Qtz-Bt-
Amph

Coarse
Euhedral to 
anhedral

90-129

Mag grain occur as single 
grains in grain bounda-
ries or as aggregate often 
outline in veins or patches 
in the matrix

Qtz 
bearing 
Fsp+Amph

Mag
>80 % 
(H)

Speckled Coarse
Sub- to 
anhedral

133
Larger magnetite grain 
giving a semi-massive 
appearance

Fsp-
Qtz±Amph

Mas-
sive 
ore

Amph-
(Ap-Bt) Mag

90-100 
%
(L-H)

Massive

Fine

Sub- to 
anhedral

100-200
Mag grain in a massive 
appearance as a compact 
equigranular matrix with 
coarser grains occurring as 
vein like structure

Amph
Euhedral 200-400

Amph-
(Ap-Bt),
Ap-
(Amph)

Mag

90-100 
%
(L-H)

Medi-
um

Subhedral 400-600
Mag grain occurs as 
granoblastic texture with 
distinct triple junctions 
at grain boundaries or as 
porphyroblasts (outline in 
linear direction)

Bt+Am-
ph+Ap

Euhedral
600-
2400

Porphyro-
blasts

2000-
3200

Ap-
(Amph)

Mag

90-100 
%
(L-H)

Coarse
Euhedral

800-
1400

Mag grain occurs as 
granoblastic texture with 
distinct triple junctions 
at grain boundaries. 
Elongated grains outline 
in a linear direction or 
as porphyroblasts gives a 
brittle appearance 

Ap

Clear dependence between the magnetite grain size and magnetite (i.e. Fe) grade was found (Table 1). In the 

low grade and disseminated texture ore the magnetite grain size is an average about 40 microns, and it increases 

through a semi-massive ore to 140 microns up to 1400 microns in the massive ore (Fig. 2, Table 1). Even this 
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can be regarded as a general rule the massive ore and some textural types of the semi-massive ore show also 

variation in the magnetite grain size and can be further classified as fine, medium and coarse grained.

The feldspar (Fsp) GEM-type in the semi-massive ore shows the biggest variation in textural features. It basically 

consists of two different materials identified by their colour. Melanocratic magnetite rich material brecciates the 

leucocratic feldspar -rich magnetite-poor matrix. The melanocratic parts consist of magnetite, apatite and amphibole veins, 

bands or patches that may develop into networks in the leucocratic rock. The mineralogy of the leucocratic brecciating 

rocks consists of a varying proportion of albite, orthoclase, quartz and biotite with minor magnetite (Table 2).

Table 2. Eight representative and different identified macrotextures of the classified Fsp GEM-type for different 
ore bodies in Fabian and Printzsköld ore bodies.

Texture type Sub-type

Picture
(Macro scale) (4 cm)

Fine grain texture 
(Mgt-Fsp) 
(Micro scale) (500 μm)

Coarse grain texture 
(Mgt-Fsp) 
(Micro scale) (500 μm)

(#) An increasing Fe-grade in the 
geochemistry analysis

Disseminated (1) Non existing texture

Banded (2)

Veiny

a)Waving veins 
(3)

b)Small veins (7) 
typical in Pz ore

Patchy(4)

Granules (5)
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The magnetite grains in the leucocratic parts are smaller in individual samples in all textural variants than in 

the melanocratic parts as shown in Fig. 2. The difference is about 40-60 microns larger. In both leucocratic 

and melanocratic parts the magnetite grain size increases with magnetite grade, and in addition the overall 

magnetite grain size increases from type 1 to 7 (Fig. 2). The texture type 2 (banded) is deviating from the linear 

correlation and thus shows an uncertainty when the Fe-grade is low.

Fig. 2 Magnetite grain size – magnetite grade (Fe) shows a positive correlation in the Fsp GEM-type of Fabian ore. 
Fine grained and coarse grained form a bimodal system with two end members. The absence of texture type 7 is identi-
fied for Printzsköld ore body.
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The Bt-(Amph-Ap) GEM-type is structurally controlled and is located in the footwall of the massive ore. 

Texturally, the Bt-(Amph-Ap) GEM-type is unique showing a schistose appearance due to the orientation of 

biotite. Tabular biotite grains, mainly (10-400 μm), sometimes as large as 2000 μm, occur disseminated or as a 

cluster that follows the lineation in the host rock either interstitially to a magnetite- or a silicate granoblastic 

matrix (Table 3).

The Py bearing Amph-(Ap-Bt) GEM-type contains a significant amount of sulphides. Single euhedral grains of 

pyrite and chalcopyrite are in general 5-200 μm in size, occasionally up to 4800 μm and occur as dissemination 

and in veinlets, at the grain boundaries or interstitially to magnetite. This texture occurs both in the massive 

ore but more commonly in the semi-massive ore. The composition of this GEM-type regarding the mineral 

texture and the modal mineralogy is closest to the the Amph-(Ap-Bt) GEM-type.

Two different GEM-types exist in the massive ore: Amph-(Ap-Bt) and Ap-(Amph). The Amph-(Ap-Bt) type 

shows wide variation in the amphibole (-pyroxene) grain sizes and grain shapes, and two end members can be 

identified. The coarser grained variant consists of large recrystallised amphibole (-pyroxene) grains occurring as 
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a cluster (0.8-3.2 mm) enclosing smaller magnetite grains (Table 3). In the finer grain variant, amphibole grains 

(0.2-1 mm) occur interstitially to magnetite grains, either with or without the inclusion of small magnetite 

grains. In both types the magnetite grains are similar in size; the biggest difference between them is that in the 

coarse grained variant the magnetite grains also occur as inclusions in amphibole, whereas in the finer grained 

variant, the magnetite occurs in the grain boundaries. These two textures can easily be identified during the 

drill core logging due to the significant difference in amphibole grain size (Table 3). The Ap-(Amph) type is 

texturally homogeneous and have an equally sized apatite and magnetite which are closely associated existing 

in a granoblastic or porphyroblastic texture (Table 3).

Table 3. Different ore textures that are identified and defined in massive and semi-massive ore. 
Fine grain clustered (9)

          

500 μm

Mag

Amph-Px
Subhedral to anhedral magnetite grains 

(56-260 μm) occur in a granoblastic ma-

trix with amphibole-pyroxene

Anhedral fine grain amphibole (25-

180  μm) occurs interstitially to magnetite 

grains, either with or without the inclu-

sion of magnetite grains (22-70 μm)

The grain size of the matrix is medium 

to coarse

Coarse grain clustered (10)

          500 μm

Mag

Amph-Px

Single subhedral to anhedral magnetite 

grains (10-200 μm) occur interstitially in 

grain boundaries and as several inclusions 

in coarse or fine grained amphibole-py-

roxene

The coarse amphibole grains exist as a 

cluster (800-3200 μm) or as fine single 

grains (80-100 μm) interstitially to mag-

netite

The grain size of the matrix is medium 

to coarse

Schistose (11)

          

500 μm

Mag

Bt
Fsp

Tabular single biotite grains (10-400 μm) 

occur as larger grains (up to 2000 μm), 

even a cluster or aligned in lineation inter-

stitially to magnetite

The matrix is either a granoblastic mag-

netite or a silicate matrix

The grain size of the matrix is medium 

to coarse

Granoblastic texture (12)

         
0.5 mm

Mag

Anhedral to subhedral magnetite grains 

occur either as a fine grained matrix 

(100-400 μm) or as a medium grained 

(400-800 μm) matrix

The magnetite matrix forms a dense tex-

ture sometimes giving a complex appear-

ance of complicated grain boundaries

Other mineral associations are identified 

to have a porphyroblastic texture, such as 

magnetite-apatite, magnetite-ilmenite
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The combinations of the different mineral textures are unique for almost each GEM-type, but what is common 

that each of them has both a fine and a coarse grained variant (Table 4). 

The textural study shows that when the mineral textures are considered the modal GEM-types divide into 

numerous types, and the closer one looks the more complicated and numerous the classes become (Table 4). 

In a geometallurgical context the use of classes is problematic since the treating of non-numeric data in block 

modelling is challenging. Therefore, to change the geological model from descriptive to practical mineral 

Porphyroblastic texture (13)

         

0.5 mm

Mag

Euhedral to subhedral magnetite grains 

(800-1400 μm) can have an elongat-

ed shape outlining a mineral lineation 

parallel to the general fabric of the rocks 

or occurring either as porphyroblasts 

(up to 4600 μm) or outlined in veinlike 

structures in the finer anhedral magnetite 

matrix

The grain boundaries are simple and 

straight with clear triple junctions causing 

the rock to be brittle

         
0.5 mm

Mag

Hem

Euhedral to anhedral (200-2000 μm) 

single hematite grains or as larger por-

phyroblasts (up to 20 mm) interstitial to 

magnetite grains

Other mineral associations are identified as 

having  a porphyroblastic texture such as 

magnetite-apatite, magnetite-ilmenite

Exsolution texture (14)

       
0.5 mm

Mag

Hem

Magnetite grains show oriented exsolved 

spinel patches (50-200 μm)

Oxidation surfaces of hematite in magnet-

ite grains or along the grain boundaries in 

the magnetite matrix

Lamella texture (15)

       
25 mm

Mag Ilm

Magnetite grains show intergrowth of 

ilmenite as oriented lamellas (trellis and 

sandwich) approx. (2 μm)

Homogenous hematite grains have inclu-

sions of (20-100 μm) Fe-Ti lamellas or as 

(10-50 μm) rutile needles at the rim of 

the grain

Table 14 cont.
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textures must be changed from qualitative to quantitative. Therefore, the mineral textures are now considered 

from the mineral processing viewpoint. 

In mineral processing, ore is comminuted to liberate the minerals and to make the particle size suitable for 

downstream processes. Comminution is an energy intensive stage, and therefore a good balance is aimed 

between mineral liberation and throughput (i.e. used energy/feed tons). Full liberation is not a feasible target 

since besides high energy required the separation efficiency of downstream processes tends to decrease toward 

very fine particle sizes (<20 microns). Therefore, after the comminution stage the targeted degree of liberation 

for the ore minerals is typically 90-95% and different kinds of composite particles are present. A term liberation 

distribution is used here to summarise the information on mineral deportment; thus, it describes the distribu-

tion of particles by their composition (cf. particle size distribution). 

In comminution, the ore is broken into particles using multiple stages of size reduction, such as blasting, 

crushing and grinding, and classification, like screening and hydrocycloning. The behaviour of an ore in the 

comminution is dependent on machine parameters, such as nature and magnitude of the applied comminution 

energy (unit operation properties and operational parameters), and on the material’s physical properties, such as 

elasticity, hardness and strength. These together will define in a given process the relationship between specific 

energy (energy/mass) and overall size distribution of the material. The term grindability describes this, and it is 

the measure of the specific energy consumption required to reduce a certain mass of material from a given fresh 

and initial size down to a defined product size by grinding. Similarly, the term crushability is used for crushing.

Comminution circuits are designed and operated to provide targeted product fineness, and almost without ex-

ception this figure is fixed or changed very seldom. However, it is common that the grain size and association 

of the ore minerals vary within the ore body and therefore in plant feed on a daily basis. A good geometal-

lurgical model should therefore not only forecast the metallurgical response but also give the best operational 

parameters, i.e. the target liberation degree and accordingly the target grinding fineness for any given rock unit 

or plant feed (blend). 

The liberation distribution of a comminuted ore is dependent not only on (1) nature and magnitude of applied 

comminution specific energy and (2) crushability and grindability, but also on (3) modal mineralogy and (4) 

mineral textures. The first factor is independent of material. The three other factors cannot be separated fully 

from each other since the physical properties controlling the comminution behaviour are highly dependent 

on modal mineralogy and mineral texture. Since there are established techniques to experimentally determine 

Table 4. The iron ore is classified into several classes and subtypes until unique categories of the mineral information 
is distinguished to be used in a geological model. The Fsp GEM-type is used for detailed mineral texture analysis.

Classified iron ore             Ore type                  Sub-ore type                  GEM-type              Textures

(2) Fabian

Semi-massive ore Feldspar rich Fsp 1-8, 11

Massive ore
Amphibole rich Amph-(Ap-Bt) 9-10, 12-15

Apatite rich Ap-(Amph) 12-15

(3) Printzsköld

Semi-massive ore
Feldspar rich Fsp 1-8, 11

Biotite rich* Bt-(Amph-Ap) 11-13

Massive ore
Apatite rich Ap-(Amph) 12-15

*This sub-ore type not sampled
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the crushability and grindability and to use them in process simulations, the third factor is taken as an isolated 

parameter, and it gives together with the first parameter the overall particle size distribution of the material 

after comminution.

 

How does one decouple the effect of the modal mineralogy and texture into the liberation distribution? 

Firstly, the mineral grain size is basically a pure textural property, but as shown above the magnetite grain size 

has a positive correlation with the magnetite grade (Fig. 2). The associating mineral is controlled both by the 

modal mineralogy and the texture. In the Fsp GEM-type the association of magnetite in the melanocratic and 

leucocratic parts is different (Table 2). These examples show that the modal mineralogy and the mineral 

textures are intimately mingled with each other, and their separation using a traditional textural definition is 

practically impossible. Therefore, a new definition for mineral textures is given:

“Two samples are texturally different if the liberation distribution by size (compensated against modal 

mineralogy) is different after comminuted in similar conditions.” 

This separates the comminution properties and the modal mineralogy from the textural properties as well 

as states that for the textural classification, the liberation distribution must be compensated against modal 

mineralogy and studied by size.

3.3. Textural archetypes

By using the liberation distribution of the different GEM-types an attempt to quantify the mineral textures was 

done using samples including different textural types (Table 4).

All of these samples show a variation in the modal mineralogy by size fraction as illustrated by the 

magnetite grade by size in Fig. 3. This shows that the breakage is selective, and an attempt to forecast the 

liberation distribution from uncrushed samples by applying the random breakage model will fail. Also, the grade 

distribution varies by ore type. The Fsp GEM-types show an increase in the magnetite content by particle size. 

A similar pattern is found in the Ap GEM-types with an exception that the finest size fraction has the highest 

magnetite grade. Differing from the previous the Amph GEM-type shows the highest magnetite content in the 

middle size fractions, i.e. 75-150 and 150-300 microns. The variation in the mineral grade by size gives the first 

challenge when comparing the liberation distribution (Fig 3).

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

38-75 m 75-150 m 150-300 m 300-425 m 425-600 m 

M
ag

ne
tit

e 
gr

ad
e 

(w
t.%

) 

Size fraction 

Fa_Fsp 
Pz_Fsp 
Fa_Amph 
Fa_Ap 
Pz_Ap 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

Bulk 38-75 um 75-150 um 150-300 um 300-425 um 425-600 um 

M
ag

ne
tit

e 
lib

er
at

io
n 

de
gr

ee
 (%

) 

Size fraction 

Fa_Fsp 
Pz_Fsp 

Fig. 3 The magnetite grade plotted against the particle size in five different GEM samples from Fabian (Fa) and 
Printzsköld (Pz) (left). The degree of liberation for magnetite by size fraction in the Fa_Fsp and Pz_Fsp samples.
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The degree of liberation of magnetite decreases in all samples by particle size (Fig. 3), which is logical and 

found almost always in ore samples. However, the overall liberation degree (of magnetite) can be different in 

the bulk sample even if the liberation degree by size is similar, if the overall particle size distribution if different. 

Therefore, the degree of liberation from the textural point of view must be studied by size. The Fsp GEM-types 

from Fabian and Printzsköld show that clearly (Fig. 3): they have identical liberation degrees for magnetite in 

four size fractions, but in the size fraction 425-600 microns, the Fabian sample shows much better liberation. 

This causes the overall liberation degree to be different (Fig. 3). 

In order to compare the liberation distribution of five different samples, a characteristic size fraction, 

150-300 microns, was selected. The magnetite grade in the 150-300 microns size fraction is close to the bulk 

sample; the mass proportion in crushed sample was high enough and the number of particles measured gives 

sound statistics. In the size fraction the degree of liberation of magnetite has a positive correlation with the 

magnetite grade, but the Fsp-type differs significantly from the Amph- and Ap-types. In the Fsp-type the 

magnetite liberation is better than the grade would suggest (Fig. 4A).
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The comparison of mineral association for non-liberated particles is challenging. If just comparing the mass 

proportion of magnetite with for example albite, the figure is affected by the magnetite liberation and the albite 

grade. If the liberation degree is high, the association of magnetite with albite must be low, and similarly if the 

albite grade is low the mass proportion of the binary magnetite-albite grains will also be low. Therefore, a new 

“Association Index” (AI) was developed. It aims to describe how common it is to find the target mineral locked 

with the other minerals regardless of the liberation degree and the modal composition. The association index 

is calculated for each mineral pair using the following formula:

Fig. 4 A) The degree of liberation for magnetite versus the magnetite grade of three different GEM-type textures (Fsp, 
Amph and Ap) representing the size fraction, 150-300 microns (top left). B) The association index (AI) for magnetite 
in size fraction 150-300 microns in the same GEM-type texture (top right). C) The association index of magnetite in 
sample by size from Fa_Fsp fractions. D) The deportment of magnetite in sample by size fractions from the Fabian Fsp 
GEM-type. 

Mineral A deportment with mineral B (when fully liberated grains are excluded) [wt%]

Mineral B grade (in a phase excluding mineral A) [wt%]
AI

A–B 
=
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If the association index of a mineral pair A-B is 1, then the association of mineral A with B is as common as 

the modal composition would suggest. If the association index is greater than 1, then the association is more 

common than expected, and if it is lower than 1 then it is rarer than expected. Index value zero shows that there 

is no association between minerals A and B.

Examples of the calculations of the associate index are given in Table 5. The three first factious samples show 

a similar association index with different modal compositions. Sample 4 shows that even if the deportment 

percentages are equally high for the pair A-B and A-C, the association index shows that A can be found 

relatively more often with phase C than with B. Sample 5 shows that the association index cannot be calculated 

for binary systems (C=0).

Table 5. Calculation examples for the association index. For the calculation modal [(1)-(3)] and deportment [(4)-(7)], 
the analysis result is needed. 

Sample 1 2 3 4 5 (Row) Formula

Modal composition (wt. %)

A 50 40 50 50 50 (1)

B 25 30 40 40 50 (2)

C 25 30 10 10 0 (3)

Deportment of the target mineral A, mass proportion (wt. %) of A in different particle classes

Liberated A 90 80 90 90 90 (4)

In binary A-B 3 10 8 3 10 (5)

In binary A-C 3 10 2 3 0 (6)

In ternary A-B-C 2 0 0 2 0 (7)

Mass proportion of minerals in a fraction (phase) excluding the target mineral A (wt. %)

B 50 50 80 80 100 (8) 100*(2)/[(2)+(3)]

C 50 50 20 20 0 (9) 100*(3)/[(2)+(3)]

Deportment of A excluding the liberated class (wt. %)

with B 50 50 80 50 100 (10) 100*[(5)+(7)]/[100-(4)]

with C 50 50 20 50 0 (11) 100*[(6)+(7)]/[100-(4)]

Association index for A

with B 1.000 1.000 1.000 0.625 1.000 (12) (10)/(8)

with C 1.000 1.000 1.000 2.500 - (13) (11)/(9)

The association indexes of magnetite with feldspars (albite+orthoclase), biotite, amphibole and apatite are 

shown for the selected size fractions of five different textural types from the Malmberget iron ore in Fig. 4b. 

The Fsp GEM-types of Fa and Pz show quite similar association indexes. The association index of magnetite 

with feldspar (AI
Mgt-Fsp

) is smaller than 1, which means that magnetite is locked with feldspar less often than 

the modal mineralogy would suggest. On the other hand the association index of magnetite with amphibole 

(AI
Mgt-Amph

) is higher than 1 showing that the magnetite is met more often locked with amphibole than the 

modal mineralogy would suggest. The association index of magnetite with apatite shows a significant difference 

between the Fsp and Amph (and Ap) GEM-types. In the Fsp GEM-types the magnetite is rarely occurring 

with apatite, but in the Amph and Ap GEM-types association is more common than the modal composition 

would suggest.

Because the association index is calculated for particulate material, it carries information on both the min-

eral textures (grain size, shape, associating mineral) and the ore breakage. This is clearly illustrated in Fig. 4c 

which shows the variation of the association index by size. If the texture is fully homogenous and the breakage 
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fully random, the association indexes should be 1 for all minerals in all sizes. Deviation from 1 can be due to 

heterogeneous textural or non-random breakage. The association indexes approach 1 as the particle size gets 

coarser, as shown in Fig. 4d for the Fsp GEM-type. This is because in coarse particle sizes the particles start 

to be identical in their modal composition and liberation distribution. This point is not reached yet at the 

425-600 microns particle size for Fsp GEM-type sample of Fabian because the liberation degree of magnetite 

is as high as 74% (Fig. 3). 

The decoupling of the texture and breakage is not possible with the association index. Some more 

information is needed, and therefore the association index values are compared to the textural description of original 

uncrushed ore samples. The Fsp GEM-type consists of leucocratic and melanocratic parts and the magnetite 

and amphibole content is higher in the latter and feldspar grade is higher in the former. Association index 

values for magnetite with feldspar (AI
Mgt-Fsp

) lower than 1 and higher values with amphibole (AI
Mgt-Amph

) can 

therefore be explained based on the texture. Additionally, the variation in the association index of magnetite 

with apatite between the GEM-types can be explained from textural differences. In the Amph GEM-type, 

apatite preferentially occurs in contact with magnetite, but this is not the case in the Fsp GEM-type. 

The association index of magnetite with biotite shows strong variation by particle size: in fine particle sizes the 

value is very high and decreases by size. Since biotite does not show a preferential association with magnetite 

in the original uncrushed ore samples, this must be a breakage feature. Thus, it is significantly more common 

to find magnetite locked with biotite in fine particle sizes than in coarse sizes, and this is not because biotite is 

more common in fine size fractions. Therefore, it indicates rather that magnetite-biotite particles don’t break 

preferentially through grain boundaries rather the opposite.

Coming to the definition of texture, the Fsp GEM-types of Fabian and Printzsköld can represent similar 

textures since the liberation degree of magnetite and association indexes do not differ from each other strongly. 

The Fabian Amph and Ap GEM-types are also potentially similar in texture, and the Printzsköld Ap GEM-

type is a textural type of its own. The question remains how small or big the difference between the liberation 

distributions and the related key figures used here (degree of liberation and association index) should be to 

justify saying that two samples are similar or different in their textures? In addition how this information will 

be gathered and used in a geometallurgical context?

To extend the modal compensation also into liberation degree, the calculation algorithms of the particle 

tracking technique were applied (Lamberg and Vianna, 2007). The particle tracking technique is for mass 

balancing the liberation data, but for doing that it includes steps where the particles are classified in a 

systematic way (basic binning and advanced binning), and the modal composition of the liberation measurement 

is refined to match with the modal composition calculated by the element to mineral conversion. Therefore, 

the liberation data of five samples was classified (basic binning) producing an identical particle population in 

each sample. After this, the liberation distribution of each sample was forecasted using the textural information 

from another sample. For this an algorithm given in Table 6 was used (Lamberg and Lund, 2012). For example, 

to forecast the liberation distribution of sample A from sample B (called archetype), the liberation spectrum of 

the archetype (sample B) was taken, and it was refined by using the modal composition of sample A.
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The results of the magnetite deportment of one pair Fa_Fsp and Pz_Fsp is given in Table 7. The algorithm 

forecasts the liberation distribution well in all other size fractions except in the coarsest 425-650 microns. This 

is most probably due to the small number of particles measured (about 400).

The particle population for a given sample is calculated by taking the particle population of the corresponding 
archetype. This is now iteratively adjusted, and for the adjustment, a correction factor, k, is calculated for each 
mineral (i) in a size fraction before each iteration round:

Basically the formula above is a ratio of mineral grade from the geological model (M(i)) and the mineral grade 
back calculated from the liberation data of the archetype (denominator). p refers to mass proportion of particle in 
a size class and x(i) is the mass proportion of mineral in a particle.
The mass proportion of particle j (pj) is recalculated on each iteration round using the correction factor and an 
equation:

Using equations given above, the particle mass proportion is iteratively adjusted until the difference between min-
eral grades of the geological model and archetype has reached the required tolerance.

M(i)
fraction

j=1
(p(j) x (i)

p 
)

k
i, fraction 

= n

p
j, fraction 

= p
j, fraction

 x ( (i)
p 
x k

i, fraction 
)

j = 1

L

Table 6. Adjusting the modal composition in generating the particle population based on archetype for 
given ore sample or block (Lamberg and Lund, 2012).

Bulk 38-75 um 75-150 um 150-300 um 300-425 um 425-600 um

Measured Mgt Lib 89.4 96.4 95.2 92.5 85.6 74.3

Mgt-Fsp 6.6 1.4 2.9 4.7 10.8 14.2

Mgt-Bt 1.1 1.4 1.2 0.8 0.8 1.7

Mgt-Amph 2.0 0.6 0.5 1.5 1.8 5.9

Mgt-Ap 0.4 0.0 0.0 0.1 0.3 2.1

Estimated using 
Pz_Fsp

Mgt Lib 90.7 96.2 95.9 91.5 87.3 86.7

Mgt-Fsp 7.0 2.1 2.4 5.7 10.8 10.6

Mgt-Bt 0.9 0.6 1.0 1.7 0.1 0.5

Mgt-Amph 0.8 0.8 0.4 0.6 1.1 1.2

Mgt-Ap 0.1 0.1 0.2 0.1 0.0 0.0

Difference Liberation 1.3 -0.2 0.8 -1.0 1.7 12.4

Average 0.4 0.2 0.2 0.4 0.4 2.8

Table 7. The magnetite deportment measured and estimated using the Pz_Fsp and the difference between the esti-
mated and measured.

Fig. 5 shows the error in forecasting the liberation distribution with all of the combinations of the five samples. 

Putting a limit that the average error must be lower than 1%, and then the five samples can be simplified into 

two textural archetypes: Fsp and Amph/Ap. One sample from both groups is selected to represent the group, 

and this sample is called a textural archetype.
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4. FRAMEWORK FOR A METALLURGICAL MODEL

The process model takes the information of the geological model and transfers it to forecast on the metallur-

gical performance. When developing a metallurgical model, one needs to answer questions, such as: (1) what is 

the purpose of the model? (2) What is the level of the complexity of how material (ore) is described? (3) And 

how detailed is the information that the model can provide on a metallurgical performance? 

In a geometallurgical context the purpose of the model is to return important metallurgical 

parameters in the resource (block) model. Typically in the processing plants this would include information like 

throughput, concentrate quality, recovery of the commodities and the tailing quality. In the case of Malmberget, the 

metallurgical parameters considered by the process model are (1): throughput, recovery of iron and concentrate 

grade in terms of iron, phosphorous and silica. The tailing quality is not a limiting factor in Malmberget, and 

there is no need to include that in the model.

In this study the geological model describes the resource on a mineralogical basis, and the process model 

logically uses the same approach. Three different levels can be used (2). The unsized, 1D, level uses minerals on 

an unsized basis, which means that there is no information on the particle sizes available. The sized, 2D, level 

uses the mineral by size for the material description and for the process models. This enables including particle 

size and the metallurgical functions can be size dependent. The liberation, 3D, level uses liberation information. 

Therefore, the process must describe the behaviour of particles by their composition and size.

(3) The level of processing details means how detailed the process is described in terms of unit operations and 

operational parameters. In the lowest level, one black box represents the whole process and no operational 

parameters are included. In the other end of the complexity lies a model where all unit operations are described 

and all effective operational parameters are included.

In this study the feasibility of the mineralogical approach is tested using a simple process: the one stage dry 

magnetic separation (cobbing) test for the Fsp GEM-type of Fa and Pz ore (Fa_Fsp and Pz_Fsp). The process 

model is developed for all three levels, namely 1D, 2D and 3D.
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Fig. 5 The average error showing the magnetite deportment in the samples.
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To reach the 2D level of the modal mineralogical, a mass balancing needs to be done on a size fraction level. 

The readers are referred to (Lund et al., 2013) for the calculation rules and detailed results. The 3D level was 

reach by the liberation analysis of the concentrate and tail and was then mass balanced using the Particle Track-

ing technique.

4.1.  Comminution - particle breakage model

The particle brakeage model gives the liberation distribution of a sample when the information on corre-

sponding textural archetype and modal composition is given (Fig. 6 and 7). The model converts 1D, i.e. unsized 

modal composition, to 3D (liberation distribution) using a textural archetype as a basis and a simple algorithm 

in adjusting the liberation data of the archetype to match with the given modal mineralogy. The texturalarche-

type also includes the information on how the modal composition varies by size. The overall size distribution 

model developed in a M.Sc. thesis by Koch (2013) was used.
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varies between 30 and 80 wt%. The bulk refers to combined size fractions. 

Fig. 7 The mass proportion of magnetite is shown in a magnetite-feldspar binary (left) and a magnetite-(amphibole+ 
pyroxene) binary (right), as the ratio of feldspar to (feldspar+amphibole+pyroxene) varies between 10% and 90%. The 
bulk refers to combined size fractions. The magnetite grade is 50 wt%. 
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4.2. Concentration model – dry magnetic separation

The process model describes quantitatively the particle behaviour in each unit process stage and therefore 

returns the metallurgical response (grades for Fe, Si and P and recovery for Fe) for any given geological 

unit (sample, block, domain). In the minerals processing the behaviour of particles is dictated by the particle 

properties; therefore, the unit models have to include the particle properties, such as size, composition and 

density. The structure of the simulator binding up the unit models must be based on particles (Lamberg, 2011).

The unit operations models used in minerals processing can be divided into four types: 1) Comminution 

models where particle size distribution changes. 2) Separation models where particles are distributed between 

two or more output streams based on their physical properties. 3) Leaching and precipitation models where 

the liquid phase is an active component and minerals dissolve and new phases are formed through chemical 

reactions. 4) Simple mixers and mass distributors where material is mixed and distributed between the outputs.  

In the comminution unit models (grinding mills, crushers), it is possible to use the particle breakage 

model described above. Therefore, in the model the forecasting of the liberation distribution and the total size 

distribution can be decoupled. In the latter the traditional populations balance breakage models can be used 

(Weller et al., 1996: Alruiz et al., 2009; Vogel and Peukert, 2003).

Most of the separation and leaching models used in industry are semi-empirical. In minerals processing the 

fundamental process model based entirely on physics, chemistry and particle properties are still quite far away 

from being practical and accurate enough for everyday use. The development of property based models in 

minerals processing requires that particle properties can be measured in different parts of the process. For this 

the liberation analysis is a state-of-the-art technique (Sutherland and Gottlieb, 1991; Gu, 2003; Fandrich et al., 

2007), and X-ray tomography is an emerging method (Miller et al., 2003).

The liberation measurement gives the quantitative information on the particles in a process stream, but for 

modelling purposes liberation data must be mass balanced. This is done by the Particle Tracking Technique 

(Lamberg and Vianna, 2007), a quantitative description of how different particle types (liberation classes) behave 

in single process units and in a full process.

For the Malmberget concentration process, the first unit model was developed for the dry magnetic 

separation stage, i.e. cobbing. Fig. 8 shows the distribution of minerals on an unsized basis between the 

concentrate and tailing for the Fsp GEM-type from Fabian. In a particle size of P80 = 1 mm, about 30% of the 

material is rejected into the tail (MagTail) with about 6% magnetite losses, i.e. the recovery of magnetite into 

the magnetic concentrate is 94% (Fig. 8).
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Studying the behaviour of the minerals by particle size it can be seen that for magnetite the recovery is quite 

constantly between 92 to 96% in particle size range from <38 microns to >1.68 mm (Fig. 9). All of the 

gangue minerals show a similar pattern having the recovery minimum between 38 and 106 microns (Fig. 9). 

Noteworthy is that the biotite shows higher recoveries than the other gangue minerals, especially in the finest 

particle size fraction <38 microns. Also, minerals show a significant difference in particle sizes coarser than 500 

microns; albite shows clearly the lowest recovery, whereas apatite and biotite the highest. Excluding the finest 

size fraction, the mineral recoveries can be explained by their association with magnetite (Fig. 9). Therefore, the 

different patterns found for each mineral in their recovery by size are due to their liberation distribution and 

the association with magnetite. 

Fig. 8 The processed mineral grade and recoveries in a Mörtsell dry magnetic separation (cobbing) test from for the 
Fsp GEM-type of the Fabian ore type.
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Fig. 9 The cobbing test with a sample from the Fsp GEM-type of Fabian shows the recovery of minerals by  size (left). 
The mass proportion of minerals associated with magnetite vs. mineral recovery where five size fractions between 38 
and 600 microns are shown. The fully liberated grains are shown for magnetite (right).
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Entering into the liberation level, it is obvious that magnetite rich particles enter into the magnetic concentrate, 

whereas particles rich in gangue minerals are found in the tailing (Fig. 10). The particle tracking technique, 

however, gives quantitative information on the behaviour of the particles. 

Table 8. QEMSCAN pictures of typical particles from the magnetic concentrate and tail, Fabian Fsp GEM-type sam-
ples. Brown is magnetite, orange is feldspar.

Ore type
Size fraction 
(microns)

Concentrate Tail

Fsp GEM-type, 
Fabian ore body

425-600    

300-425    

150-300    

75-150    

38-75    

Fig. 10 shows the recovery of magnetite-feldspar binaries into the magnetic concentrate by size and as a 

function of the magnetite grade. Interestingly, the recovery curve is upward convex in fine particle sizes and 

straightens toward the coarse particles.

Fig. 10 The recovery of the magnetite-feldspar binary particles into the magnetic concentrate by size fraction as a 
function of magnetite grade in the particle.
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The recovery curves are deviating only little from the linear; therefore, for simplicity a linear model was 

used. For the simulation of the magnetic separation the split values for each liberated minerals were given 

(Table 9). The basic assumption behind the model is that particles with a similar composition and size will 

behave in the process in a similar way regardless of from which part of the ore they are derived. The simulation 

was done using HSC Sim, and for multiphase particles the software uses the weighted average of the split values 

given for the liberated minerals. 

Table 9. A model for the dry magnetic separation. Split values for minerals by size when occurring fully liberated.

Fraction Magnetite Feldspar Biotite Amphibole Apatite Others

38-75 um 0.961 0.030 0.109 0.035 0.031 0.331

75-150 um 0.965 0.033 0.048 0.064 0.012 0.651

150-300 um 0.971 0.054 0.088 0.090 0.104 0.554

300-425 um 0.971 0.042 0.000 0.148 0.000 0.410

425-600 um 0.987 0.112 0.000 0.371 0.047 0.856

Three cases were simulated (Table 10). In the first one Fa-Fa, the feed material was from Fabian, and the Fabian 

process model (split values in Table 9) was used. In the second one called Pz-Fa, the feed material is from the 

Printzsköld, and the Fabian model is used. In the third simulation, the Fabian sample was used as a textural 

archetype, and the Printzsköld modal composition was used to generate modelled Printzsköld feed. Also in 

this simulation the Fabian model was used (Pz(Fa)-Fa). The linear model (Fa-Fa) introduces a small error, the 

standard deviation of the difference for grade is only 0.29% and for recovery 1.3% (Fa-Fa). The Fa model 

succeeds to forecast the metallurgical performance for Pz when the liberation information is readily available: 

the standard deviation of the difference for grades is 0.93% and for recovery 2.7% (Pz-Fa). When the liberation 

information is not available and the feed sample is generated from the textural archetype, the forecast is still 

reasonably good; the standard deviation of the difference in grades is 0.92% and the recovery 5.5%. These error 

levels clearly fulfil the need that the relative error should be below 5% for technical sampling and estimations. 

Therefore, the conclusion based on the limited testing is that the approach could be used for producing metal- 

lurgical parameters into the block model. 

Table 10. The observed grades and recoveries in the magnetic concentrate in the cobbing test. The results are the 
sum of the size fractions from 38 to 600 size fractions. Diff: Difference (Sim-Meas), R.Diff: relative difference = 
100*(Sim-Meas)/Meas.

Sample-
Model

Fa-Fa Pz-Fa Pz from Fa archetype - Fa

Case Meas Sim Diff R.Diff% Meas Sim Diff R.Diff% Meas Sim Diff R.Diff%

Mgt wt% 89.7 90.2 0.6 0.6 87.6 88.9 1.3 1.4 87.6 87.2 -0.4 -0.5

Fsp wt% 5.63 5.28 -0.35 -6.24 7.11 5.33 -1.78 -24.99 7.11 5.59 -1.52 -21.34

Bt wt% 0.85 0.76 -0.08 -9.57 1.24 1.71 0.47 38.14 1.24 2.95 1.71 138.21

Amp wt% 2.14 2.12 -0.02 -0.95 1.83 2.06 0.23 12.70 1.83 2.54 0.71 38.71

Ap wt% 0.09 0.10 0.01 5.60 0.58 0.85 0.28 47.73 0.58 0.79 0.21 36.33

Fe wt% 65.4 65.8 0.4 0.6 63.9 64.8 1.0 1.5 63.9 63.7 -0.2 -0.3

Si wt% 2.58 2.44 -0.14 -5.33 3.06 2.64 -0.43 -13.90 3.06 3.10 0.04 1.27

P % 0.01 0.02 0.00 7.66 0.09 0.14 0.04 48.08 0.09 0.13 0.03 36.69

Mgt Rec% 94.9 93.0 -1.8 -1.9 91.6 92.6 1.0 1.1 91.6 90.9 -0.8 -0.8

Fsp Rec% 13.0 11.9 -1.1 -8.6 17.0 12.7 -4.3 -25.2 17.0 13.3 -3.7 -21.6

Bt Rec% 30.5 26.9 -3.6 -11.8 8.6 11.9 3.2 37.7 8.6 20.5 11.9 137.5

Amp Rec% 20.0 19.3 -0.7 -3.5 16.9 19.0 2.1 12.4 16.9 23.4 6.5 38.3

Ap Rec% 13.4 13.8 0.4 3.2 4.9 7.2 2.3 47.2 4.9 6.6 1.8 35.9

Std grade 0.29 0.93 0.92

Std Rec 1.3 2.7 5.5
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As the process model is based on the particle properties, the model can be used more widely than traditional 

unit models which need to be calibrated if there is a change in size distribution, modal mineralogy or liberation.

5. DISCUSSION

This is the first geometallurgical model of the Malmberget iron ore deposit based on a mineralogical approach 

which is developed in three separate steps.

 

In contrast to the developed geometallurgical concept by Niiranen and Böhm (2012) which is based on 

geometallurgical and metallurgical testing using the Kiirunavaara deposit as a case study, the geometallurgical 

model developed here aims to be a complementary and partly an alternative way. As this study uses mineralog-

ical approach and generic tools the methodology can be applied directly in other ore types and commodities. 

It demonstrates that when the geological model relies on a proper ore characterisation and provides high- 

level quantitative mineralogical data the information is adequate (without elemental grades) to be used in the 

resource estimation and in the block model.

 

The benefit of a described geometallurgical model is that it enables to optimise and forecast the production on 

a long term basis (Lamberg, 2011). To get the full benefit the model should be established already in a feasibility 

stage. For deposits in production, like Malmberget, the geometallurgical model can instead be used to recog-

nise the process limitations and re-evaluate the mining plan. It facilitates also the possibility to make realistic 

process predictions which potentially improve the performance by giving on daily basis useful and achievable 

production targets.

 

To use modal mineralogy in geometallurgical classification for some weathered iron ores has shown to be useful 

before (Paine et al., 2011; Neumann and Avelar, 2012) but the quantification and usage of mineral textures is 

still a challenge and so far quite undeveloped. There are some new methods to produce the mineralogical and 

textural data, rapidly and inexpensively (Hunt et al., 2009, 2011; Bonnici et al., 2008, 2009; Perez-Barnuevo et 

al., 2012) and even use the textural information in modelling (Hunt et al., 2012). These methods are based on 

optical image system which also addresses a more inexpensive alternative than the use of automated mineralogy 

systems. The benefit of using the developed textural archetypes to distinguish different mineral textures would 

be an even more cost-effective analysis as it aims to identify the textural variants during drill core logging. 

This was outside the scope of this study and must be developed pointing that there is urgent need to develop 

better characterisation tools and analytical techniques to semi-automatically handle large amount of 

samples and routinely identify different textures directly on drill cores (Pirard et al., 2008; da Costa et al., 2009; 

Haavisto and Kaartinen, 2009).

The developed approach using textural archetypes needs still further development. How to identify if two 

samples are texturally different and how different they must be to justify calling them different textural 

archetypes? More testing is needed whether the particle breakage model can reliably forecast the liberation 

distribution. Also it is still largely unknown how good the estimate on metallurgical performance must be in 

order to be useful.

Using the modal mineralogy, a geometallurgical ore type (GEM-type) classification system was developed 

which capture the most important features like the iron mineral grade, iron mineralogy and the gangue 

mineralogy. This was to overcome the problem that the accuracy of the modal mineralogy by element to 
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mineral conversion was not as good as required (Lund et al., 2013). As the geometallurgical model uses mineral 

grades, the error in the modal mineralogy is currently too high to be used in resource estimation (Pitard, 1989) 

and this need to be further developed before to it can be applied as a process tool.

The developed metallurgical framework gave the opportunity to follow the particles and identify what types 

of texture that matters in the process. Even if this geometallurgical model is based on a limited mineral process 

(one separation step), an important questions to answer is if it still is possible to see some textural impact in 

the final concentrates? Parameters that is not included in the model and needs to be considered and further 

developed is, in addition to a concentration model, also a comminution model that handle the variation in 

hardness and throughput. More textural archetypes including more particle size fractions need to be tested. 

6. CONCLUSION

In this paper a geometallurgical model using the Malmberget iron ore deposit as a case study was developed. 

The main focus was the development of a method to quantify mineral textures which is one of the basic 

requirements to define the geological model. Firstly, this was solved by a descriptive classification scheme for 

identification of the mineral textures which also was used to verify the accurateness of the developed textural 

archetypes. Secondly, to quantify the mineral textures, a method was developed to describe and distinguish 

quantitatively different mineral textures. This was done by processing the liberation data and decoupling the 

mineral liberation and associations from the modal composition. In the recognition of unique textures two 

key figures were used, namely the degree of liberation and the association index (AI). Each unique texture is 

collected in a library and an individual member of it is called textural archetype.

Finally, the geometallurgical framework and the geological model were tested comparing the forecasted 

metallurgical key figures against the ones received by metallurgical test. The difference in terms of product 

quality (Fe, Si and P grade) and in iron recovery were reasonable small validating the developed methodology
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