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ABSTRACT 
LKAB has recently started start the new pelletization plant at Malmberget 
(MK3). The raw material is a mix from Kiruna and Malmberget. This means 
there will be different ores having different Fe-content and levels of 
contaminants. That is why the traceability of the process should be one of the 
crucial factors for future development of different product(s). Traceability 
generally means the ability of a system to indicate the current or historical state 
of activities. 
 
The new pelletising plant necessitated an investment in a new grinding section 
in the concentrator. The difference, compared to the old section, is that the mills 
in section 6 are larger and have a higher capacity and in section 5 the coarse 
material is fed to a wet magnetic cobbing separator before the primary mill. 
 
The particle size analysis from the section 5 gives similar results compared with 
the results of section 6. There are slight variations in the results; the older mills 
in this section produce a steeper final particle size distribution. It is, however, to 
early to say if this is linked to mill size, or if it is the result of a better, worn in, 
graded charge. 
 
The Particle Texture Analysis gives a good overview how magnetite is liberated 
at every fraction and which minerals are associated to the magnetite. 
 

1 Introduction 
LKAB has since the beginning of the 1900´s produced iron ore from mines in 
Kiruna and Malmberget and is today one of the world´s leading producers of 
highly refined iron ore products. The main product is pellets, for blast furnaces 
and direct reduction furnaces. Today there is a greater demand from the 
customers and to obtain a good quality it is important to have good control over 
the process and the raw material used.  
 
LKAB started the new pelletization plant at Malmberget (MK3) in November 
2006. The raw material is a mix from Kiruna and Malmberget. This means there 
will be different ores having different Fe-content and levels of contaminants. 
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That is why the traceability of the process should be one of the crucial factors 
for future development of different product(s). Traceability gives us the 
advantage to have a better control over the material through the process and 
there can be adjustments if it is needed. It can show us “the current” values of 
different parameters and how much we have to adjust to achieve the goals. 
Traceability is much easier to use in batch processes than in continues processes. 
In food and pharmacy industries it is very common to use different traceability 
tools but in the mining industry, which is mostly a continuous process, 
traceability is an untouched area. 
 
The main task is to find a way to make the traceability easy and practical. One 
way to reach good traceability would be to find a process mineralogical 
signature or identification. For having a good traceability we need information 
from the system. It is important to analyze and look into the variables that have a 
crucial importance to the process. 
 
To elucidate how the raw material varies in different process stages we have to 
collect data and interpret these data. These aspects can come from automatic 
optical microscopy but also the tracing of different elements (XRD and PTA 
analyses). If it is possible to find specific distributions of chemical or trace 
elements, mineralogical or grain structure for a specific ore body, then we can 
use it as our “fingerprint” through the process line. As a test case, we looked at 
the new section 6 at the Malmberget concentrator and took samples before and 
after the grinding mills. 
 

2 Material 
Most iron ore contain significant amounts of gangue minerals that need to be 
eleminated to produce iron concentrates. At Malmberget, the dominant iron 
mineral is magnetite but also hematite occurs. Gangue minerals are mostly 
quartz, pyroxene, apatite, and feldspar. 
 
The samples that were used in these studies were from the concentrator’s, old 
section 5 and the new section 6. The samples were sieved to have a good 
overview of the grinding and degree of liberation of the gangue at different 
particle sizes. Fractions that were examined in detail were 38, 75, 150, and 
300µm. From the samples were thin and polished-thin sections prepared.  
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2.1 Flowsheet 
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Figure 1: Flowsheet for grinding section 5. 

 
Figure 1 shows a typical flowsheet for concentrating iron ore. The coarse 
materials at 10-15 mm in size are fed to a primary wet magnetic cobbing 
separator (M1). The magnetic concentrate is discharged into a primary ball mill 
(#1), and the ground product (pulp) is transferred to a secondary magnetic 
separator (M2). The resultant magnetic concentrate is then pumped into a 
secondary ball mill (#2). A tertiary magnetic separation unit (M3) finally 
upgrades the ground product and the concentrate is used as feed for the tertiary 
grinding stage (#3) (Tano, 2005). 
 
The flowsheet for the new grinding section 6 is shown below. 

 
Figure 2: Flowsheet for the new Malmberget grinding section 6. 
 
Here, ball mill grinding is used in three consecutive steps with wet low intensity 
magnetic separators in between. It is important to grind to, approximate 68% < 
45µm to liberate gangue minerals, and to reach the desirable size distribution for 
the pellets feed. 
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3 Experimental 
3.1 Sampling 

In this case, the feed sample was taken manually when the material was in 
motion at a point of free fall, by making a cut at right angel through the falling 
stream.The other samples were taken throughout the circuit before and after the 
grinding stage(s). The samples were weighted and then filtrated at Malmberget. 
In the laboratory at LTU the samples were dried and then cut by a Jones splitter 
into suitable proportions. The dry material was sieved with a Ro-Tap shaker 
down to 75 µm and wet sieved further to 38 µm. 
 

3.2 Analysis 
Mineral identification can be made in two different modes. The first stage is the 
macro-scale, by simply using microscope, acids, knife, and agenser for coloring 
(Petruk, 2003). The second stage consist of the micro-scale methods that can be 
used for mineral identification: optical microscopy, X-ray diffractometry (XRD), 
scanning electron microscopy (SEM), and electron microprobe (MP). 
 
Optical microscopy is important as a first approach, usually a binocular 
microscope is used in the first step for larger pieces. Binocular microscope gives 
us the first information on minerals and the textures. The magnification should 
not be larger then 50 X. For a careful examination, the polarization microscope 
is used. The samples are usually prepared before they are examined, they are 
polished or polished thin and with reflected polarized light it will be easier to 
identify minerals, mineral texture, particle shape, and measuring the grain size. 
The magnification may be up to 1000X. 
 

 
Figure 3: Example of the microscope, which can be used in optical microscopy. 
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There are two polarizing filters (the polarizer and analyzer) in the microscope. 
The polarizer is placed below the specimen stage and the analyzer is sited above 
the objectives and can be moved in and out of the light path as required. When 
both the analyzer and polarizer are in the optical path, their permitted light 
vibration directions are positioned at right angles to each other. In this 
configuration, the polarizer and analyzer are said to be crossed, with no light 
passing through the system and a dark field of view is present in the eyepieces. 
Polarizing microscopy can be used both with reflected and transmitted light. 
Reflected light is useful for the study of opaque materials such as minerals. 

 
Figure 4: Transmitted light 06KV001 (in) 150µm 
 
The picture in Figure 4 shows how the different minerals are liberated and 
distributed over the sample plain. The picture is very clear, with a polished-thin 
section the minerals can be identifies and it is possible to observe the particle 
shape or the mineral associations. 
 
Transmitted light microscopy is the general term used for any type of 
microscopy where the light is transmitted from a source on the opposite side of 
the specimen from the objective. The transmitted light is passed through a 
condenser to focus it on the specimen to get very high illumination. Transmitted 
light is used to locate the transparent minerals. 
 
In Figure 5, the picture is also very clear and all minerals are easily identified by 
there colours and the mineral proportions can be determined by, e.g. point 
counting. 
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Figure 5: Partly crossed nicoles (interference colours) 06KV001 (in) 150µm 
 

 
Figure 6: Reflected light 06KV001 (in) 150µm 
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Reflected light is used for opaque minerals; light is directed vertically through 
the microscope objective and reflected back through the objective to an 
eyepiece.  The ring in the picture is a marker added to help in localising the 
SEM analysis spot. 
 

3.3 Particle Texture Analysis: 
To have a good view over the different samples, Particle Texture Analysis 
(PTA) was used. The PTA data collect is based on the Oxford Inca Feature 
software and the existing scanning electron microscope. Using Back Scattered 
Electrons (BSE) the images are analysed by means of grey level, and every grain 
of interest is analysed with X-rays.  When every grain size is analysed, the data 
will be imported to the PTA software. With the Inca data information the images 
will be processed and calibrated (grey-scale and binary images); and the grains 
will be identified and evaluated if they are liberated or in composite particles 
and which minerals occur in the composite mineral (Moen, 2006). The PTA 
software gives plots and thumbnail images regarding mineral liberation, mineral 
association analysis and intergrowth analysis.  
 

4 Result 
4.1 Size analysis 

The size distributions of particles in the material for both sections (Sections 5 
and 6) are shown in Figures 7 and 8 respectively.  
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Figure 7: Particle size distribution Section 6. 
 
The particle size analyses of the feed and the products in the grinding process 
show the reduction of particle size (d80) from 3300 µm in the feed to 68 µm in 
the final product. The overall grinding ratio in the circuit is calculated to about 
48. The grinding ratio in the primary mill is dramatically higher than the 
secondary and tertiary mills, which is due to the well known fact that the larger 
particles grind easily. Size distribution analyses from the output of the primary 
mill and the input to the secondary mill indicate that the LIMS mainly separates 
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smaller fractions. This may explain why the feed to the secondary mill is coarser 
than the discharge from the primary mill. On the other hand, the analysis from 
output of the secondary mill reveals that the magnetic separator does not change 
the particle size for the feed to the tertiary mill. 
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Figure 8: Particle size distribution Section 5. 
 
The particle size analysis from the section 5 gives similar results compared with 
the results of section 6. There are slight variations in the results, the finer feed to 
section 5 is due to the wet cobbing preceding the primary mill. The older mills in 
this section produce a steeper final particle size distribution. It is, however, to 
early to say if this is linked to mill size, or if it is the result of a better, worn in, 
graded charge. 
 

4.2 Mill efficiency 
There are two major ways to easily compare operating mills: grindability and 
apparent work index (Tano, 2005). Grindability index (Gi) showing the 
produced amount of material finer than 45 µm is calculated according to Eq. (1). 
 

P
FSSG

µm
F

µm
D

i
*1000*

100
)( 4545 −

=  (1) 

 
Where SD

45µm and SF
45µm is the percentage of material finer than 45 µm in 

discharge and feed, respectively. F is the amount of feed [tonne/h] and P is the 
mill power [kW]. 
 
The apparent-Work index (Wapp) is shown in Eq. (2). 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−

=

INout

app

dd

F
PW

8080

11

1*
*10

 (2) 



 177

 
Where P is mill power [kW], F is the amount of feed [tonne/h] and d80 is the 
80% passing size [µm] for discharge and feed, respectively. 
 
Table 1: Grindability and Apparent-work index. 
 

 
The result give that all mills in the new section 6 has a better grindability 
compared to the old section. However, for the coarse end of the particle size 
range it is not that clear, since there is no consistent difference between the 
sections. 
 

4.3 Point analysis 
The different sieve fractions were examined in the polarization microscopy and 
interesting areas, which contain different minerals, were marked (ringed). The 
marked areas were used for closer examination in the SEM. The different 
particles were marked for the EDS (Energy Dispersive X-ray Spectroscopy) 
analysis.  
 
EDS analysis gives an estimate of what elements occur in a sample (qualitative), 
or in a much more rigorous process compared with this case a precise and 
accurate (quantitative) chemical analysis. Three different images were 
examined; all were from the same sample 06KV001 (in, 150µm). This sample 
was chosen because it contains most gangue minerals, since the feed to section 6 
does not undergo any wet cobbing. 
 

Section 6 Feed Disch. d80 in d80 
out 

Power feed Grindability Apparent-Work index 
Wapp 

 [% <45 µm] [% <45 
µm] 

[µm] [µm] [kW] [t/h] [kg <45 
µm/kWh] 

[kWh/ton] 

06KV001 4.0 23.0 3 250 315 1918 350 34.7 14.12 
06KV002 13.0 41.0 320 125 3419 343 28.1 29.72 
06KV003 42.0 63.0 125 77 2728 335 25.8 33.21 

         
Section 5 Feed Disch. d80 in d80 

out 
Power feed Grindability Apparent-Work index Wapp 

 [% <45 µm] [% <45 
µm] 

[µm] [µm] [kW] [t/h] [kg <45 
µm/kWh] 

[kWh/ton] 

05KV001 3.0 19.0 4 780 315 1461 292 32.0 11.95 
05KV002 12.0 37.0 330 143 2573 274 26.6 32.86 
05KV003 38.0 60.0 140 74 2463 268 23.9 28.96 
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Figure 9: Ring 1 06KV001 (in, 150µm). Pyroxene/Amphibolite (A); Apatite (B); 

Plagioclase (C); Biotite (D); Pyroxene/Amphibolite (E); K-feldspar (F). 
 
The pyroxene and the amphibolite are both marked as A and E. The reason is 
that both minerals are similar to each other and it is difficult to tell a part the 
minerals through chemical analysis and structure analysis. With the used 
analysis, it is possible to identify them as separate phases. 
 

 
Figure 10: Ring 2 06KV001 (in, 150µm). Legend, see Figure 8. 
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The different minerals are identified by focusing the electron beam on the 
desired particle and the EDS detector collect the X-ray signals. The signals are 
sent to the EDS analyser that sorts the signal for different signals. 
 

4.4 Particle Texture Analysis (PTA) 
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Figure 11: Content of minerals in different fractions from section 6 (06KV001 in). 
 
It is important that the liberation data for minerals in a sample come from a sieve 
fraction. Test and comparisons have shown that measured liberation of specific 
size particles in unsieved samples are not the same as the sieved sample. For 
unsieved samples, the result is not correct (Petruk, 2003). The material from 
Malmberget was screened to produce fractions with sieve ratio 2, starting at 38 
µm. 
 
As it is shown in Figure 11 it is clear that the magnetite content decrease with 
fraction size. Feldspar and pyrox/amphibole are more evenly distributed over the 
size fractions, while apatite occurs largely below 100µm.  
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Figure 12: Liberation of Magnetite 06KV001 (in). 
 
In Figure 12 the fractional liberation of the magnetite is shown. The magnetite is 
overall well liberated in the fractions examined. The yellow colour shows that 
the magnetite is liberated to 100 percent, and the orange more than 95 percent. 
 

Figure 13: Magnetite associated with other minerals 06KV001 (in). 
 
In Figure 13 it is once again shown that most of the magnetite is liberated, but 
there is also some other minerals that is associated with magnetite. In the largest 
fraction, associated minerals are plagioclase and ilmenite. 
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Figure 14: Gangue mineral content in section 6. 
 
Figure 14 show that the primary mill also contains other minerals then the main 
mineral (magnetite). Then after the second mill, other unwanted minerals are 
almost eliminated from the process. 
 
The modal mineralogy (Figure 15) is showing the percentages of minerals found 
in the analysed grain-size fraction based on examination of a sample. As 
mentioned earlier, there is no large difference between the sections, although it 
is shown that the magnetite content in section 5 is higher than section 6. 
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Modal mineralogy for section 6
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Modal mineralogy for section 5
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Figure 15: Mineral content for different section at 38µm. 
 

5 Conclusions  
In comparing the two sections, it seems that the new section 6 is slightly more 
efficient in producing fine particles. By the result from table 1, it is clear that the 
new section 6 have better grindability. However, more sampling and more data 
is necessary. 
 
The gangue minerals were identified through the point analysis (Figure 8 and 9). 
The dominants minerals were feldspar and pyroxene. If is shown in Figure 10 
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that they are more evenly distributed over the size fraction while quartz occurs 
below 100 µm. That is why it is hard to find quartz in the point analysis, since 
the fraction used for point analysis was 150 µm, and consequently quartz did not 
show up in the point analysis. 
 
The PTA system is very flexible and is based on a commercially available 
particle analysis system. The point analysis is valuable for samples with 
different minerals, it make it very easy to identify the different mineral in the 
sample. In Figure 15 it is shown that the magnetite content in section 5 is higher 
than section 6. In this report however, the PTA information is from the feed to 
section 6 only. To be able to compare the two grinding section, we need to have 
PTA information for the other points in section 6, as well as the corresponding 
points in the old section. 
 
Particle shape analysis is another decisive factor to be investigated in the future 
work. This can be done on the recorded images from the polarization 
microscope. 
 
In the future work, it is also planed to use multivariate statistical analysis on the 
data. This, since all the measurement methods produce a lot of information about 
each sample, and it is hard to manually extract the most relevant data from the 
total data set. 
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