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Abstract 
 

 

It is possible to have traceability in the mining 

industry, by parameters and signatures like particle 

mineralogy, mineral association, texture and mineral 

liberation. The study is on an apatite-iron ore deposit 

at Malmberget, Sweden, and characterises an ore 

body both mineralogically and texturally in a 

quantitative manner by using analytical methods like 

optical microscopy, microprobe (EMPA) and an 

automatic SEM based system, Particle Texture 

Analysis (PTA). The mineralogy was evaluated by 

PTA and characterized by modal mineralogy, mineral 

liberation and mineral associations. Magnetite has a 

simple outline and straight grain boundaries and the 

gangue minerals have a finer particle size with a more 

complicated texture. The PTA analysis also shows 

that apatite is associated to magnetite as mixed 

particles, while smaller grains of magnetite are 

inclusions in feldspar. Result from particle texture 

analysis shows that there is a connection which link 

to the mine-to-mill context, and it may be used to 

create traceability. This link is not the associations of 

the main ore mineral magnetite, nor the modal 

mineralogy. Instead, it is the mineral associations of 

contaminating minerals (apatite and feldspar) that 

appear to be most promising since they survive from 

mine to mill.  

The modal mineralogy may be used to 

understand how contaminating minerals break into or 

out of particle size fraction during grinding. 

 

 

Introduction 

 

 

General 

The present paper is divided into two steps. The 

first step is to characterise magnetite ore bodies at 

Malmberget mine by identifying significant 

mineralogical and textural signatures. In the second 

step the focus is to investigate the raw material that 

comes from the mine and continues to the 

concentrator. The main goal is to identify common 

signatures from different analytical tools used to 

examine liberation, texture and mineral associations, 

but also to find a method to connect signatures from 

mine to mill and possibly products to see if there are 

any systematic relations in the value chain.  

The key factor of having a good and an even 

production is to have a good control over the process 

and the raw material. As a result traceability has 

become important in any process, since it offers the 

opportunity to tie process data throughout the process 

to a certain product/batch. Therefore, traceability 

offers the possibility to understand how the origin of 

variation and learn how to adjust the process to avoid 

production of low quality products. However, in 

mineral processing the raw material consist of ores 

from one or several bodies with varying properties 

among and within the bodies. 
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Customers expect products (pellets) with good 

quality, and this requires a detailed knowledge of the 

processes from mine to customer. To achieve this it is 

important to have traceability of ore fed to the plants 

and control over the production process but it also 

demands a good knowledge of the raw material. 

Production at Malmberget comes from several ore 

bodies (Martinsson and Virkkunen, 2004) that are 

mixed in the mine and this means there will be plant 

feeds having different Fe-content and levels of 

contaminants. The most undesirable contaminants are 

phosphorous and potassium. They are found in the 

gangue minerals apatite and feldspar respectively. To 

achieve a good feed to the pellet plants the 

contaminants must be forced down to very low levels, 

< 0,020% P and < 0,1% K. Therefore, the ability to 

trace contaminating mineral phases throughout the 

value chain is of out most importance.  

Traceability can be explained in several ways 

(Töyrylä, 1999) and also traceability can be achieved 

by different methods (Kvarnström and Oghazi, 2008). 

Traceability is much easier to apply in batch 

processes than in continues processes. In food and 

pharmacy industries it is very common to use 

different traceability tools (Mousavi et al., 2002) but 

in the mining industry, which is mostly a continuous 

process, traceability is a difficult task. In continuous 

processes there are several factors that makes the 

traceability complicated, there are reflux flows and 

mixing of streams that makes it problematic to 

achieve a high level of traceability (Kvarnström, 

2008) 

 

Geological setting 

In the province of Norrbotten, Sweden, LKAB is 

producing 90 % of Europe's iron ore from two large 

underground mines, Kiruna and Malmberget (Fig.1). 

These two apatite-iron ore deposits have a similar 

origin and were formed by magmatic-hydrothermal 

processes at 1.89-1.88 Ga (Bergman et al., 2001). 

However, there are major differences in character 

between them, due to later overprinting by 

metamorphosis, deformation and granitic intrusions, 

which are stronger for the Malmberget deposit 

(Martinsson and Virkkunen, 2004). 

More than 20 different tabular to stock shaped 

ore bodies are known in the Malmberget ore deposit, 

occupying an area of 2.5 x 5km. The Malmberget 

deposit was probably from the beginning a more or 

less continuous tabular ore lens which was exposed to 

at least two phases of folding and metamorphism. 

Today they occupy a large-scale fold structure where 

the individual ore bodies stretch parallel to the fold 

axis, which plunge 40º-50º towards SSW (Bergman et 

al., 2001). 



 3 

 
Figure 1. A simplified geological map, Northern Norbotten ore province, the apatite iron deposits marked in red. 

 

Mineralogy 

The iron ore minerals are both magnetite 

(Fe3O4) and hematite (Fe2O3) but the magnetite is 

more common of the two. Due to the strong 

metamorphic recrystallization of the area, the 

minerals are recrystallised, coarse grained, and 

elongated in the direction of the lineation of the rocks.  

Two types of ore were identified and used in this 

study, called ore breccia and ore. The ore breccia is 

bordering the massive ore, but occurs also partly as 

inclusions in the massive ore. The ore breccia is 

largely consisting of magnetite but do have gangue 

minerals like quartz, amphibole, pyroxene, apatite, 

biotite and feldspars in different proportion occurring 

as breccia infill in the wall rocks. The ore is more 

massive magnetite that contains gangue minerals like 

amphiboles and apatite in lesser amounts.  

 

 

Concentrator 

After blasting and underground primary 

crushing, the ore is hoisted to the cobbing plant where 

dry magnetic separators make the first separation and 

send the magnetic product to the concentrator, where 

wet grinding mills and wet low-intensity magnetic 

separators are used. There are several sections in the 

Malmberget concentrator, in this study only section 6 

is reported on. In section 6 the coarse material at 10-

15 mm in size enters a primary ball mill, and after the 

first grinding mill the product (pulp) is fed to a 

magnetic separator. Its magnetic concentrate then 

flows to a secondary ball mill and from there to 

another magnetic separation unit, for more 

information about the flow sheet see (Tano et al., 

2006). 

In other older sections, ball mill grinding is also 

in three consecutive steps with wet low intensity 

magnetic separators in between, but with a primary 

wet magnetic cobbing separator before the first mill. 

The particle size distribution of ore feed from 

Malmberget (Fig.2) shows a characteristic hump 

around 1 mm where there also is a noticeable drop in 

the Fe content for coarser grain sizes.  
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Figure 2. Particle size distribution for section 6. The “hump” is marked with red circle in the figure. 

 

Process mineralogy as a tool  

Optical microscopy has traditionally been the 

instrument used for the identification and 

quantification for both mineralogical and textural 

properties, but this is a time consuming process 

(Petruk, 2000). A number of different techniques 

using image analyses system based on SEM 

techniques have been developed during the last 

decades for a more rapid quantitative estimation and 

description of mineralogy and particle textures (Jones 

and Gravilovic, 1970; Gottlieb et al., 2000; Petruk, 

2000; Gu, 2003). QEMSCAN® and MLA both 

developed in Australia, are the better known 

instruments. SEM-PTA (particle texture analyses) 

used in this study is a similar technique developed at 

NTNU, Trondheim, Norway (Moen, 2006). 

In mining it is the mineralogy and the properties 

of an ore that determines the conditions for the further 

processing. Moen (2006) defines process mineralogy 

as the mineralogy which is applied to the product in 

specific industrial process such as the mineralogy in 

concentrator, pelletization or in other process stages. 

An automated system produces the quantitative 

information of the mineralogy in three general forms; 

modal information, textural information and 

liberation information (Sutherland and Gottlieb, 

1991). 

Process mineralogy in the present case is used as 

a tool that gives detailed information of the 

mineralogy from different ore bodies to be linked to 

the mineralogy in the concentrator for improving the 

mineral processing performance. These mineralogical 

data are specific in such a way it will be possible to 

express mineralogy as individual signatures. 

 

 

Experimental 
 

 

Sampling and preparation 

The ore samples are from both drill cores and 

pulp streams. The mine is represented by samples 

from drill cores taken from various parts of the 

Fabian ore body (see Table 1). Samples from section 

5 and 6 in the concentrator were taken before and 

after each grinding mill.  

The drill core samples were crushed in a Retsch jaw 

crusher before they were analysed and the samples 

from the concentrator were weighted and then filtered 

at Malmberget. All the samples were then dried and 

cut by a Jones splitter into suitable proportions in the 

laboratory at Luleå University of Technology (LTU). 

The dry material was sieved with a Ro-tap shaker 

down to 75 µm and wet sieved further to 38 µm. For 

the ore studies, the fractions 75 and 150 µm were 

used, while the concentrator feed was investigated at 

38, 75, 150, 300 µm. Polished thin sections were 

made of all the samples. To be able to characterise 

original textures, samples of intact drill cores were 

also used in this study.  

 

Analyses methods  

Polished thin sections from the ore were 

optically examined in transmitted and reflected light 

on a standard petrographical microscopy (Nikon 

Eclipse E600). 
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Mineral analyses were performed on a JOEL 

JXA-8500F electron microprobe at NTNU, 

Trondheim, Norway. For the microprobe analyses an 

accelerating voltage at 15.0 kV, a probe current at 95 

μA and a < 1μm beam diameter were used. 

 

Particle texture analysis (PTA) 

The Particle Texture Analysis (PTA) system is 

developed at the Norwegian University of Science 

and Technology (NTNU) (Moen, 2006). The 

scanning electron microscopy produces Back Scatter 

Electron (BSE) images that can be analysed on the 

basis of grey levels and every grain of interest is also 

analysed by X-rays. All analysed particle size 

fractions were imported to the PTA software, where 

images analyses are done offline to process and 

evaluate if grains occur as liberated or in composite 

particles. 

Standard queries can be done on the output 

results in a new database that contains information on 

the mineral liberation of any mineral, mineral 

association of any mineral and miniature images of 

particles of a certain texture category. 

 

 

Results and discussion 

 
 

Ore 

The textures of the two ore types ore and ore 

breccia were identified by optical microscopy on drill 

cores (Table1). Ore breccia is characterised by 

magnetite grains with a simple euhedral outline and 

straight grain boundaries, either as single grains or as 

aggregates of particles in a matrix of quartz and 

feldspar (Fig.3). Smaller euhedral magnetite grains 

are locked as inclusions in and in between feldspar 

grains. This matrix has a subgranular texture and the 

grains shows anhedral granular outline with 

complicated grain boundaries.  

In the ore the texture of magnetite is dominated 

by grains having simple euhedral outlines with 

straight grain boundaries. The grains are of different 

size with coarser grains often elongated in the 

direction of lineation occurring in a finer grained 

matrix of both magnetite and smaller amount of 

apatite (Fig.3).  

 

 
Figure 3. Photomicrographs showing mineral textures and mineral associations from ore and ore breccia. A) Ore 

breccia, smaller euhedral magnetite grains are locked as inclusions in and in between gangue minerals.  B) Ore, 

coarser magnetite grains often elongated in a direction of lineation with apatite as interstitial grains.  
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The modal mineralogy shows the percentages of 

minerals found in the analysed fraction based on 

examination of a sample from PTA (Fig.4). For ore 

and ore breccia similar results between the 150 µm 

and 75 µm size fractions are found. Magnetite 

decreases in the finer fraction and instead different 

groups of gangue minerals increase. The two particle 

fractions in the ore samples have the same minerals 

represented but in different proportion. Note that 

feldspar is nearly absent in ore. In ore breccia more 

minerals are present and the amount of minerals like 

feldspar and amphibole/pyroxene increases 

pronouncedly in the finer fraction. The degree of 

liberation of magnetite is high for both ore types (80-

90%) and increases slightly for the finer fractions 

(Fig. 5). 

Magnetite was analysed with respect to its 

mineral associations with the finding that each ore 

type had one major mineral association with 

magnetite; apatite for the ore and feldspar for the ore 

breccia. In the ore the binary magnetite-apatite 

association occurs as typically mixed grain and the 

sizes of the two minerals are often a smaller grain of 

apatite which is attached to a larger grain of 

magnetite in an equal proportion.  

 

 

 
Figure 4. The modal mineralogy of ore and ore breccia. The mineral classes follow the same order as the graph. 

‘

 

 
Figure 5. The diagram shows liberation of magnetite for ore breccia and ore at different fractions. 
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Figure 6. Magnetite from ore and ore breccia associated to other minerals as binary and complex particles. 

 

The ore breccia has more mineral associations as 

binary and complex magnetite-bearing particles 

compared to ore. Feldspar with magnetite is the most 

frequent association. However, quartz and amphibole 

are often included both as binary association but also 

as complex magnetite-bearing particles. Magnetite 

occurs as small inclusions in feldspars and amphibole 

(Fig.3). As a fingerprint of the ores it is interesting to 

look at the mineral association for apatite and feldspar 

and examine the material that continuous to the 

concentrator with the same method. Figure 7 shows 

the apatite association in ore. There are too few 

apatite particles found in ore breccia to create a 

reliable statistic, and it is not shown. Most of the 

apatite is liberated; however, at 150µm most of the 

apatite is associated to magnetite while at 75 µm 

apatite is also associated to other minerals. 

 Figure 8 shows that feldspar is found in both ore 

and ore breccia. The interesting result here is that in 

ore the feldspar is associated to more minerals, 

mostly magnetite at finer particle sizes. In the case of 

ore breccia almost half of the feldspar is associated to 

other minerals at 150µm. It means that there are more 

mixed grains in coarser particles in ore breccia while 

the opposite is found in ore. This might be interpreted 

as a result of the metamorphoses in the way that the 

ore has got more of re-crystallisation, creating cleaner 

and coarser magnetite grains, while at the same time 

pushing the contaminating elements into separate 

gangue mineral phases. 
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Figure 7. Mineral association to apatite. 

 
Figure 8. Mineral association to feldspar. 

 

The binary associations in figures. 7 and 8 show 

clearly that apatite is closely connected to magnetite 

for ore while feldspar is more connected to magnetite 

in ore breccia (Fig.7 and 8). Since this is something 

that differentiates the source of the ores, it has the 

potential to be used as a traceability signature. The 

binary association of amphibole and magnetite is 

quite similar for both ore types and makes it difficult 

to use as a signature. 

 

Mill feed 

The ores are hoisted to the surface operations, 

where they are treated in a dry cobbing process to 

remove coarse gangue minerals. This process uses a 

combination of screening, crushing and dry LIMS. 

These operations are not selective in the -1 mm 

region; therefore, it is possible to have a coupling 

between the mineralogy for ore and mill feed in this 

range. 
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The mineral associations for magnetite only 

reveal that magnetite is liberated to 90% or even more 

for the 300 µm fraction. They will not add any 

signature value and is not shown here. 

Instead a summation of the mineral content is 

more illustrative, where for coarser particle classes 

there is a higher content of magnetite, which 

corresponds to the observation for the material ore in 

the mine. 

 

Most of the magnetite is liberated but at coarser 

size magnetite is more associated to other minerals. 

The difference between the fractions is small. Closer 

look with an optical microscopy shows that the 

magnetite and apatite occur as mixed grain in the 

samples. Overall the results also show that the 

liberation is very high in ore, ore breccia and the feed 

to the concentrator 

Since the mineral association for magnetite did 

not carry much information, the interest is instead 

focused on the associations of the contaminating 

minerals, i.e., apatite and feldspar. Examining the 

material that comes to the concentrator (Fig.9) shows 

a strong binary association of apatite and magnetite. 

Some similarities are found between the minerals that 

are associated to apatite, in both cases almost 80 

percent of apatite is liberated and there are more 

binary groups in 75µm then in 150µm. The same 

observations were made for the ore from the mine 

(Fig.7). 

 

Figure 10 indicates that feldspar in the material 

that comes to the primary mill is more associated to 

different minerals group at finer grains while at 

coarser grains size feldspar is mostly associated to the 

magnetite. The same pattern is found for ore breccia. 

So, the feldspar in mill feed is likely to come mostly 

from the ore breccia. 

 

So, the association patterns for apatite and 

feldspar both indicate that the feed to the mill consist 

of a mixture between ore and ore breccia. This is not 

surprising, but it shows that the association patterns 

survive from mine to mill. 

Minerals associated to Apatite
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Figure 9. Mineral association to Apatite. 
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Figure 10. Mineral association to Feldspar. 

 

Mill products 

 For the process streams, modal mineralogy was 

only done for the 38µm fraction since most of the 

contaminating minerals ends up in this fraction. 

Figure 11 shows what is to be expected that the 

gangue mineral concentration gets lower along the 

grinding section. More specifically, there are three 

major mineral groups in the material that comes to the 

primary mill; these are feldspar, pyroxene/amphibole 

and apatite.  

 

 
Figure 11. The modal mineralogy for grinding section 6. 
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Within the mills, different phenomena seem to be 

at play. In mill #1, the grinding lower the apparent 

grade of gangue minerals in the 38µm fraction due to 

breakage of coarse liberated magnetite grains. In mill 

#2, the grinding on the other hand increases the 

gangue mineral grade. This is probably the result of 

breakage of large composite particles. The same 

patterns were observed for mill #1 and #2 in section 

5. 

 

Conclusions 
 

 

To characterise an ore deposit, mineralogical and 

textural information is a critical factor during the 

exploration stage. Also, by studying the process 

mineralogy of the ore it is possible to understand the 

behaviour of it and also having information of what is 

coming to the concentrator as ore feed. An automated 

system technique makes it possible to get consistent 

signatures from both the ore bodies and the ore feed 

and creates the possibility to achieve traceability 

between mine and concentrator.  

 The signatures that have been identified and can 

possibly create traceability between mine and 

concentrator, and also through the grinding circuit, 

are the mineral associations of apatite and feldspar to 

magnetite.  

The modal mineralogy, in itself seems not to be a 

traceability tool, since the content of minerals will 

change in any upgrading process. However, the 

modal mineralogy may be used to understand how 

minerals break into and out of fractions during the 

grinding process. 

The next logical step is to simultaneously 

investigate all the PTA results in an un-biased way. 

However, because of the huge amount of data it 

necessitates the use of tools such as multivariate data 

analysis capable of extracting hidden connections. 

The methods of multivariate analysis are very 

efficient, since all data are converted to figures that 

show the connection and relation between different 

parameters and objects. A few samples from the 

concentrator have already been investigated by these 

methods see (Oghazi et al., 2009), but it is important 

to use this kind of information with the data from 

different ore bodies and see if there are any more 

connecting signatures. 
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