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Abstract 

The Malmberget iron ore deposits is located in the Norrbotten province in Sweden. The iron 

ores of Norbotten are characterized by intensive recrystallization during different metamorphic 

events and by the presence of both magnetite and hematite as the main ore minerals. Currently 

geological and mineralogical information is obtained mainly through visual observation of drill 

cores and interpreting chemical analyses done on selected intervals. Proper mineralogical 

techniques like optical microscopy, X-ray diffraction and scanning electron microscopy are 

used only in special mineralogical studies mainly in the development stage but not any more 

when mining operation has been started. 

The aim of this study is to evaluate the state-of-the-art drill core scanning technique: 

hyperspectral imaging (SisuROCK and SisuCHEMA) that has been developed and is already 

used in some mines for ore characterization. The technique is not capable for identifying iron 

oxides, but also many of minerals which were expected to be recognized with hyperspectral 

imaging could not be positively identified. In addition study aimed to develop a novel method 

to collect a mineral map of hematite-magnetite ore directly from drill cores for textural analysis. 

As a result two potential methods were found, further developed and tested. Fingerprint 

technique uses iron powder which sticks on magnetite and a fingerprint on the distribution of 

magnetite can be imaged. Combining this information with optical image can give an image 

where magnetite, hematite and gangue minerals can be separated and information can be used 

for textural analysis. IR Thermography techniques utilises thermal camera and difference in 

the thermal properties of minerals present in iron ores, potentially also magnetite and hematite 

can be positively identified. 

The fingerprint technique and IR Thermography are promising due to the ability in 

distinguishing magnetite and hematite. Further improvement is needed in order to make 

fingerprint and IR Thermography technique become automated and commercially available. 

 

 

Keywords: core logging, automated, Malmberget, Hyperspectral, Fingerprint, Infrared, 

Thermography, Iron ore. 

 

  



6 
 

Abstract (Swedish) 
 

Malmbergsjärnmalmsfyndigheter ligger i Norrbottens län i Sverige. Järnmalmerna i 

Norrbotten kännetecknas av intensiv omkristallisation under olika metamorfa händelser och 

genom närvaron av både magnetit och hematit som de viktigaste malmmineral. För 

närvarande geologiska och mineralogiska information erhålls främst genom visuell 

observation av borrkärnor och tolka kemiska analyser görs på valda intervall. Korrekt 

mineralogiska tekniker som optisk mikroskopi, är röntgendiffraktion och 

svepelektronmikroskop används endast i speciella mineralogiska studier främst i 

utvecklingsstadiet, men inte något mer när gruvdriften har startats. 

 

Syftet med denna studie är att utvärdera state-of-the-art borrkärnan scanning teknik: 

hyperspektral imaging (SisuROCK och SisuCHEMA) som har utvecklats och används redan 

i vissa gruvor för malm karakterisering. Tekniken är inte i stånd att identifiera järnoxider, 

men också många av mineraler som förväntades att erkännas med hyperspektral avbildning 

kunde inte identifierats. Förutom studie syftar till att utveckla en ny metod för att samla in en 

mineral karta över hematit-magnetitmalm direkt från borrkärnor för texturanalys. 

 

Som ett resultat två potentiella metoder påträffades, vidare utvecklas och testas. Fingerprint 

teknik använder järnpulver som fastnar på magnetit och ett fingeravtryck på fördelningen av 

magnetit kan avbildas. Genom att kombinera denna information med optisk bildstabilisering 

kan ge en bild där magnetit, hematit och typer av gråberg kan separeras och information kan 

användas för texturanalys. IR termografi teknik utnyttjar värmekamera och skillnad i de 

termiska egenskaperna hos mineralämnen i järnmalmer, eventuellt också magnetit och 

hematit kan fastställas. 

 

Fingeravtrycksteknik och IR Termografi är lovande på grund av förmågan att skilja magnetit 

och hematit. Ytterligare förbättringar behövs för att göra fingeravtryck och IR Termografi 

teknik blir automatiserad och kommersiellt tillgängliga. 
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1 Introduction 

The geological and mineralogical information of an ore is essential in designing and planning 

the mine operations, ore processing and final product produced. The ore properties like  

mineralogy, texture, mineral associations and structure need to be characterized by more 

quantitative techniques since the ore deposits are becoming more complex than before. 

Nowadays, mining companies are searching for new techniques that are efficient in terms of 

quality, time and economic aspects which are not fulfilled by using traditional techniques, such 

as optical and scanning electron microscopes. The new techniques are projected to provide 

efficient information on large quantity of samples. In this case, the automated core logging is 

introduced to provide fast and accurate information of the ore properties in order to create 

geometallurgical model used to optimize mining operations, processing and improve resource 

utilization (Lund and Lamberg, 2014). 

One of the state of the arts techniques for automated drill core logging is hyperspectral imaging. 

The main advantages of the technique is time savings for the large volume of core logs, 

reducibility subjective work, acquisition of quantitative mineralogy, and flexibility to be used 

at various environments, such as mine face and laboratory (Ramanaidou and Wells, 2012). 

The confirmation of hyperspectral imaging accuracy has been done with optical and scanning 

electron microscopes but there are still major problems in mineral identification or ore minerals  

e.g. sulphides and iron oxides (Clark, 1999). 

2 Objective 

This study is devoted to the automation of drill core logging of iron-apatite ores with special 

focus for positive identification of iron oxides from other minerals and magnetite from 

hematite by using some new methods developed here. Positive identification is a pre-requisite 

for imaging the mineral textures which is needed for geometallurgical purposes (Lamberg, 

2011, Lund 2013). 

The specific objectives are: 

1. Evaluate state of the art techniques 

The hyperspectral imaging results from SisuROCK and SisuCHEMA are evaluated 

with the comparison to the mineralogical characterization done by optical microscopy 

and SEM. 

 

2. Explore and develop new technique(s) 

Several techniques are explored and developed in the experimental part. The 

techniques that are developed further are Fingerprint Technique – Fe Powder and IR 

Thermography. 

 

 

 

 



12 
 

3 Literature Review 

3.1 Relevance of automated drill core logging in geometallurgy of iron ores 

Geometallurgy combines geological and mineral processing information for creating spatial 

model to be used in production management (Lamberg, 2011). The geological model of 

geometallurgical program should include spatial information on mineralogy; more 

specifically on modal composition and mineral textures. Modal composition can be 

determined by element to mineral conversion (Lund et al., 2012) but this requires that mineral 

association (i.e. list of existing minerals) is known and determined. On the other hand, there 

doesn’t exist quantitative method to measure and describe mineral textures. Therefore a 

method which could positively identify minerals and provide image for textural analysis and 

classification is needed in geometallurgy. 

In iron ores the important properties which vary and needs to be mapped are: 

 Main iron mineral: hematite and magnetite require different processes (LKAB, 2014a) 

therefore it is essential to know their ratio. 

 Other iron minerals. Other than hematite and magnetite are not recoverable; iron 

sulphides may carry significant amount of iron (e.g. Arvidsson et al., 2013). In low 

grade ores, Fe-bearing silicates are also important. 

 Impurities having a limits in products: phosphorous, alkaline and silica have 

commonly very low tolerances in iron concentrate (Niiranen and Böhm, 2013). 

 Vanadium and titanium. These components are often in the structure of hematite and 

magnetite and cannot be removed by mineral processing. There are limitations for 

both V and Ti for certain products. 

Based on these properties and common mineralogy following minerals should be positively 

identified in drill core logging to enable resource characterization (Table 1). 

Table 1: Iron Ore Mineralogy 

Mineral Significance 
Note on properties possibly helping 

in positive identification 

Magnetite 

Must be positively identified 

from hematite to define the 

processing route 

Magnetic 

Hematite 

Must be positively identified 

from magnetite to define the 

processing route 

Non-magnetic, Red streak 

Apatite 
Phosphorous content in the 

concentrate often limited 

Grayish white in color, visible in 

hyperspectral imaging 

Sulphides 
Sulphur in Fe concentrate is 

limited 
Distinct in color, reflective 

Common silicates (albite, 

actinolite, orthoclase, quartz, 

biotite, chlorite) 

Alkaline and silica grades must 

be low in Fe concentrate 

OH-bearing visible in hyperspectral 

imaging 

  

For the experimental part the case study was selected to be Malmberget iron ore. In the 

following its geology will be reviewed first. That is followed by review of techniques which 

could be used in positive identification of above listed minerals could be done. Additionally 

the technique should produce an image where each mineral has been segmented i.e. false 

colored images with each mineral showing with the color of its own. 
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3.1.1 Malmberget ore and mine 

The Malmberget iron ore deposit, located close to Gällivare and 75 km southeast from Kiruna, 

represents one of the largest iron-apatite ore deposits in the Norrbotten province (Sweden). It 

has been mined by Luossavaara-Kirunavaara Aktiebolag (LKAB) since 1890. The iron grade 

varies between 49 % and 63 % (LKAB, 2014b). By the end of 2013, Malmberget proven 

reserves, including the minerals within approved mining permits, consisted of 288 Mt at 42.1 

Fe. In addition probable reserve include 9 Mtn at 41.0 wt% Fe, respectively. The main two 

products of the mine are pellets (80-85 % of the total production) and sinter fines. In 2013, the 

overall production of LKAB consisted of 25.3 Mt, of which 23.1 Mt were pellets (LKAB, 

2014c). 

The Malmberget deposit consists of a 2.5 by 5 km area with more than twenty tabular to stock-

shaped ore bodies (Figure 1), similar to the Kiruna-type of ore (Geijer, 1930). Originally, the 

Malmberget deposit was considered to be a more or less continuous ore lens subjected to post 

folding and metamorphism processes. Individual ore bodies stretching parallel to the fold axis 

and plunging 40° to 50° towards SSW were formed by the strong ductile deformations 

occurring during folding and metamorphism events (Bergman et al., 2001). Leptites and 

gneisses, that comprise felsic to mafic metavolcanic host rocks, differ from each other by 

presenting a lower grade of metamorphism and by containing finer feldspar grain size than the 

latter, and mostly appear as metamorphosed dikes formed by sills and extrusions (Geijer, 1930).  

Contact metamorphism occurred due to the Lina Suite granite intrusion to the north, at around 

1.8 Ga, and caused recrystallization of the minerals in the direction of the lineation of the rocks 

(Bergman et al., 2001). The recrystallization affected the size grain and the elongated body 

shape (Martinsson and Virkkunen, 2004).  

The eastern part of the Malmberget deposit is characterised by isolated massive magnetite ore 

bodies surrounded by ore breccia, considered to be a result of the transition from the magmatic 

to the hydrothermal process (Martinsson, 2004). The ore breccia comprises magnetite together 

with quartz, amphibole, pyroxene, apatite and feldspar as gangue minerals. The iron content of 

the massive ore is higher, typically > 55 % Fe, than the ore breccia type, which is richer in SiO2 

and contains < 55 % Fe (Lund, 2013). Large ore lenses of magnetite associated with minor 

amount of apatite, amphibole, pyroxene and biotite form the massive ore type. The western 

part of the Malmberget deposit is characterised by an almost continuous ore horizon of 5 km 

length, with minor occurrence of surrounded ore breccia. The mineralization of the massive 

ores is both magnetite and hematite; and bands of apatite commonly occur in the ore. In 

comparison with the eastern part, the amount of trace elements in magnetite is lower (Lund, 

2013).   

According to Lund (2013), the ore can mineralogically and texturally be classified into three 

categories of different grain size: fine-grained (100-400 µm), medium-grained (40-800 µm) 

and coarse-grained (800-1400 µm). Coarse-grained magnetite typically occurs as 

porphyroblasts and can have elongated shapes following the lineation of the host rocks; 

hematite in the western part of the Malmberget deposit occurs as euhedral grains in the hematite 

ore or as large porphyroblasts in the magnetite ore. 
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The ore is mined by large-scale sub-level caving (SLC) method from the main levels at 600, 

1000 and 1250 m depth, at 13 of the more than 20 existing ore bodies in the area. Tonnages in 

the ore bodies vary between 5 – 245 Mt, where usually the ratio of magnetite and hematite is 

95 % to 5 %, respectively (LKAB, 2014c). The ore is crushed up to 10 cm in the crusher stations 

located at the main levels and hoisted to the processing plant having two lines: one for the 

magnetite beneficiation and the other for the hematite. Several screening stages and low-

intensity magnetic drum separators (LIMS) allow the separation of the Run-Of-Mine into three 

products of particle size < 10 mm. The products are named as FAR, PAR and HAR, being: 

FAR, a sinter feed with high iron grade magnetite; PAR, a pellet feed with lower iron grade 

magnetite; and HAR, the hematite product. Further size reduction of <2 mm and 45 µm is done 

at the processing stage to produce the final sinter and pellet feed, respectively. In contrast to 

Kiruna iron ore, no need of an apatite flotation stage is needed due to coarser grain size and 

easier liberation of the metamorphosed Malmberget ores (LKAB, 2014a).  

For the pellet production, the concentrate with a grade of 70 wt% Fe is mixed with silicate and 

carbonate additives that pass through pelletizing drums to form pellets before further drying, 

preheating and sintering to produce the final pellet product.  The iron grade of the magnetite-

rich pellets is around 67 %; and the iron grade of the sinter fines, based on magnetite and 

hematite, are 71 and 67 %, respectively (LKAB, 2014b). 

 
Figure 1: Geological map over the Malmberget iron ore deposit; the western field is a semi-continuous horizon rich in 

magnetite and hematite, and the eastern field is discontinuous and rich in magnetite mostly (Lund, 2013). 
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3.2 Drill core logging 

3.2.1 Current Practices 

Core logging is recording of drill cores for their geology, mineralogy and rock mechanical 

properties (Haldar, 2012). The general descriptions such as alterations, composition, visual 

estimates of metal values, folds, faults, shears, fractures, foliation, textures, grain size, color, 

percent recovery, core size and core length are included in the drill core logging. Nowadays it 

is common to take continuous color photographs especially in exploration stages for 

accompany with descriptive and numerical information. 

 

According to Majoribanks (1997), the current drill core logging could be categorized to three 

systems. They are graphical scale logging, analytical spread-sheet logging, and prose logging. 

The prose logging system worked with using words to identify the selected interval and 

identified down-hole depth limits. The prose system using words provide powerful means in 

summarizing information but it is laborious and the interpretation between different geologists 

for the same drill core logging might be different. In analytical spread sheet-logging, precise 

and prior-defined characteristics such as mineral content, color, grain size, etc. are used to 

describe rock characteristics. Thus, different geologists that use this technique should produce 

identical result. In graphical scale logging the relationship between cores features are recorded 

using an analog visualisation method.  

 

In logging the key geotechnical properties are: IRS (intact rock strength), TCR (total core 

recovery), RQD (rock quality designation), intensity and weathering/alteration type. The 

mineralization context and country rock attributes need to be well understood in for 

geotechnical logging program (Murphy & Campbell, 2007). The contextual aspects of the 

mineralization context are including hydrogeology and possible permafrost impacts, ore body 

and country rock weathering/alteration characteristics, geological structures influence, 

overlying rock mass and overburden material nature, depth and geometry of the orebody, 

country rock and orebody strengths. In addition, the mining methods are also needed to be 

considered for mineralization context and country rock. The depth and strength 

characteristics are considered to determine the mining methods. 

 

According to Murphy and Campbell (2007), the geotechnical parameters such as foliation, 

jointing, bedding, micro defects (cemented matrix, veining), rock strength and 

weathering/alteration are important for interpretation of mineralization characteristics 

influence. 

 

The standardized system of recording, known as logging is needed in order to obtain the 

maximum benefits of the data obtained by the expensive and time-consuming drilling (Darling, 

2011). According to Darling (2011), the following steps in the logging process are used in 

geologic data collection: 

1. Identifying geologic parameters by implementing prelogging planning review and 

using computer-based or conventional logging form to record observations. 

2. Utilizing equipment, such as portable laptop computers for computer-based logging and 

pens, pencils, water supply, hand lens, etc. for conventional logging. 
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3. Implementing logging in area with good conditions, such as adequate lightning, 

windows, and inclement weather protection. However, logging in less ideal areas, such 

as dark mine, shafts sometimes are required. 

4. Positioning core boxes in proper downhole sequence from left to right and securing 

adequate benches or logging tables. 

5. Completing the information of drill-log header, such as geologist’s name, project, dates, 

inclination, location, bearing, core size, and other data on the selected logging form. 

6. Recording the core recovery percentage, rock mechanics parameters, and rock quality 

designation percentage by measuring aggregate length of recovered core in each run 

between core blocks and using a 3-m tape. 

7. Obtaining the under study deposit variability by conducting overall core exam cursory, 

marking and noting parameter changes, key contacts, major units, veins, structures, 

veinlet, and other key features. 

8. Estimating various minerals percentages and providing needed descriptions such as 

noting units and lithology limits, mineralization, structure, alteration and conducting a 

detailed logging and core exams with downhole footage based notation by using hand 

lens. 

9. Producing a geologic map of the drill hole by plotting the specific log column at the 

proper attitude and depth in graphic column and measuring the structural core and linear 

features such as bedding, contacts, lamination, faults, foliation, and veins in observed 

attitudes with the aid of protector/scale. 

10. In the cursory examination, marking the needed core for assaying and sampling and 

sending the sampling core to splitter. 

11. Producing the drill-hole completion report by completing detailed log and providing 

log summary. 

According to Darling (2011), there are various types of existed logging forms, such as portable 

computer-based spreadsheets, paper-based forms and relational database software used for 

available interval data sets. All of the logging types allowing comparison and systematic data 

collection. 

In drill core logging, geologists identify minerals principally by their colour. Tools used in 

helping in identification are magnifying glass, magnet, porcelain (to study the streak color), 

steel nail (to study the hardness). In case of iron ores, magnetite can be identified by 

experienced person easily by the color and magnetic properties. However, this information 

does not reveal the ore texture, such as grain size which is important for geometallurgy.  

 

3.2.2 Optical imaging 

Drill core logging is currently often combined with photographing the drill cores. Many 

minerals can be identified based on their colour and if one could get a good quality RGB 

image the textural information could be analysed from these pictures. This is commonly 

available in drill core logging systems (e.g. SisuRock DMT). However, problems with RGB 

imaging are: 

 Colour of minerals vary 

 Colour depends on mineral grain size 

 In fine grain sizes one pixel corresponds to several grains 
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 Imaging is done from rough surfaces; uneven surface gives colour variation 

 Reflections and other lighting artefacts obscures the proper colour of mineral  

In iron ores, the imaging usually gives colour variation due to variation in grain size and 

uneven or rough surface of the sample. Thus, the color of same mineral, i.e. hematite varies 

within the drill core. However, differentiation of iron ores from other minerals, such as 

common silicates is less difficult than the identification of magnetite from hematite.  

3.3  Hyperspectral Imaging 

3.3.1 Spectral Properties of Minerals 

Reflectance spectroscopy could potentially be automated for large quantity of mineralogical 

characterization and it is considered as cost-effective and quick method for quantitative and 

accurate mineralogy (Ramanaidou and Wells, 2012). 

Reflectance spectroscopy and digital imaging are combined in hyperspectral imaging with light 

intensity of hundreds narrow adjacent spectral bands contained in each pixel. Therefore, the 

pixels in hyperspectral imaging contain a continuous spectrum (Ramanaidou and Wells, 2012). 

Hematite and goethite are considered identifiable iron oxides in reflectance spectroscopy, with 

adsorptions categorized for visible and near infrared or VNIR, between 380 and 1000 nm 

(Table 2). On the other hand, OH-bearing minerals such as kaolinite, montmorillonite, gibbsite, 

riebeckite categorized for short wave infrared or SWIR, between 1000 to 2500 nm. 

(Ramanaidou and Wells, 2012). 

In the case of Malmberget identifiable minerals by hyperspectral imaging include almost all 

existing minerals (Table 3). However, magnetite cannot be identified positively with 

hyperspectral technique.  

Table 2: Mineral identification based on different wavelength by using hyperspectral imaging (Harris, 2014) 

Structure 
Mineral 

Group 
Example VNIR SWIR 

TIR/LWIR 

Response 

Cyclosilicates Tourmaline Elbaite Non-diagnostic Good Moderate 

Inosilicates Amphibole Actinolite Non-diagnostic Good Moderate 

  Pyroxene Diopside Good Moderate Good 

Nesosilicates Garnet Grossular Moderate Non-diagnostic Good 

  Olivine Forsterite Good Non-diagnostic Good 

Sorosilicates Epidote Epidote Non-diagnostic Good Moderate 

Phyllosilicates Mica Muscovite Non-diagnostic Good Moderate 

 Chlorite Clinochlore Non-diagnostic Good Moderate 

 Clay Minerals Illite Non-diagnostic Good Moderate 

    Kaolinite Non-diagnostic Good Moderate 

Tectosilicates Feldspar Orthoclase Non-diagnostic Non-diagnostic Good 

  Albite Non-diagnostic Non-diagnostic Good 

  Silica Quartz Non-diagnostic Inferred Good 

Carbonates Calcite Calcite Non-diagnostic Moderate Good 

  Dolomite Dolomite Non-diagnostic Moderate Good 

Hydroxides   Gibbsite Non-diagnostic Good Moderate 

Sulphates Alunite Alunite Moderate Good Moderate 

    Gypsum Non-diagnostic Good Good 
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Borates   Borax Non-diagnostic Moderate TBD 

Halides Chlorides Halite Non-diagnostic TBD TBD 

Phosphates Apatite Apatite Moderate Non-diagnostic Good 

Hydrocarbons   Bitumen TBD Moderate TBD 

Oxides Hematite Hematite Good Non-diagnostic Non-diagnostic 

  Spinel Chromite Non-diagnostic Non-diagnostic Non-diagnostic 

Sulphides   Pyrite Inferred Non-diagnostic Non-diagnostic 

 

Table 3: Mineral identification based on Malmberget Iron ore sample (Harris, 2014) 

Structure 
Mineral 

Group 
Example VNIR SWIR 

TIR/LWIR 

Response 

Inosilicates Amphibole Actinolite Non-diagnostic Good Moderate 

  Pyroxene Diopside Good Moderate Good 

Sorosilicates Epidote Epidote Non-diagnostic Good Moderate 

Phyllosilicates Mica Muscovite Non-diagnostic Good Moderate 

 Chlorite Clinochlore Non-diagnostic Good Moderate 

Tectosilicates Feldspar Orthoclase Non-diagnostic Non-diagnostic Good 

  Albite Non-diagnostic Non-diagnostic Good 

  Silica Quartz Non-diagnostic Inferred Good 

Carbonates Calcite Calcite Non-diagnostic Moderate Good 

  Dolomite Dolomite Non-diagnostic Moderate Good 

Phosphates Apatite Apatite Moderate Non-diagnostic Good 

Oxides Hematite Hematite Good Non-diagnostic Non-diagnostic 

 

3.3.2 Principles of Hyperspectral imaging 

 

Hyperspectral imaging is currently used in various applications, such as remote sensing, 

agriculture, resource management, environmental monitoring, and mineral exploration. When 

processing hyperspectral images one needs to processing big amount of data therefore 

interpretation strategies and deep understanding on the nature of the method and its limitation 

are required (Smith, 2012).  

Hyperspectral remote sensors have the advantage by acquiring hundreds adjacent spectral 

band for image data simultaneously (Smith, 2012). According to Ramanaidou and Well 

(2012), the relationship that is used to produce the image to reflectance is: 

RefImage = RadImage x [RefTarget / RadTarget] (1); where, 

RefImage = reflectance image,  

RadImage = radiance at sensor image, 

RefTarget = reflectance spectra of calibration target as measured in the lab, 

RadTarget = pixels of the calibration target as extracted from image 
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Imaging Spectrometer and Spectroscopy 

According to Smith (2012), imaging spectrometers are the instrument that produce 

hyperspectral images and reflectance spectroscopy is to study of wavelength in the form of 

light that have been scattered or reflected from solid, liquid, and gas (Clark, 1995). The 

reflectance spectrometer detects and measures the photons which have been scattered 

(reflected or refracted) from grain surfaces (Fig. 3). Each minerals has specific scattering 

properties with some are reflected, pass, and absorbed as photons enter a mineral (Clark, 

1995). The mineral chemistry from reflected or emitted light could be derived from the 

information of wavelength dependence and absorption process (Clark, 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Principle of hyperspectral imaging (Smith, 2012) 
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Spectroscopy Terms 

The capability of a spectroscopy could be identified by 4 general parameters: spectral sampling, 

spectral bandwidth, signal-to-noise ratio (S/N), and spectral range (Clark, 1999). The spectral 

range that are common in use are far infrared (FIR): 30 µm to 1mm, near-infrared (NIR): 0.7 

to 3.0 µm, visible: 0.4 to 0.7 µm, and ultraviolet (UV): 0.001 to 0.4 µm (Clark, 1999). In 

addition, in remote sensing literature visible-near-infrared (VNIR): 0.4 to 1.0 µm and short-

wave-infrared (SWIR): 1.0 to 2.5 µm are usually used. 

The spectrometer measurement accuracy increase with the increase in spectral bandwidth 

(individual spectral channel width) narrowness (Clark, 1999). The spectrometer must provide 

good quality information on the object for proper phase identification. Strength of spectral 

features are measured by signal-to-noise ratio (S/N). The higher S/N ratio the better is the 

quality. The spectral bandwidth, reflected or surface emitted intensity light, and detector 

sensitivity affect the S/N. The stronger the spectral features, the lower S/N needed (Swayze et 

al., 1997).   

Imaging Spectroscopy 

Amorphous and crystalline materials are detected with high sensitivity by hyperspectral 

spectroscopy compare to other techniques, such as X-ray diffraction (Clark, 1999). The 

hyperspectral spectroscopy may sometimes be considered too sensitive since the minor change 

in material’s structure or chemistry might affect the result. Still, spectroscopy could be applied 

in many applications from far range (e.g. from outside the Earth’s atmosphere) to close range 

(e.g. in the laboratory). The spectrum’s absorption bands can have shape and position shifts 

due to material composition variations. This generates complex spectral signatures due to 

variability in chemical composition of phases (Clark, 1999). However, with current knowledge, 

the high sensitivity of the spectroscopy could provide more detailed information about existing 

phases and their chemical composition (Clark, 1999). 

Reflectance and Absorption 

According to Clark (1999), some of the photons are refracted into the medium and some of 

them are reflected when a photons encounter a medium. The complex index refraction for all 

materials is: 

Figure 3: Schematic diagram of basic elements of an imaging spectrometer (Smith, 2012) 
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m = n – (-1)1/2K (2) 

where m is refraction’s complex index, n is index’s real part, and K is extinction coefficient. 

The Beers Law explaining the absorption process when photons enter an absorbing medium: 

I = Io.e
-kx (3) 

Where I is the intensity, Io is the original light intensity, and k is an absorption coefficient and 

x is the distance travelled through the medium. 

The Index of refraction also affecting absorption coefficient. 

k = 4K/λ (4) 

where λ is the wavelength of the light. In addition, the Fresnel equation also could explain the 

reflection of light, R, normally incident onto a plane surface 

R = [(n-1)2 + K2] / [(n+1)2 + K2] (5) 

Emmitance 

Materials are usually influenced by thermally emitted photons which are not easy to be 

measured. The Kirchofs Law explain the emissivity influence: 

E = 1-R (6) 

Where E is emissivity. 

Causes of Absorption 

According to Clark (1995), the cause of absorption is differentiated into electronic process and 

vibrational process. The electronic process is generated from the unfilled electron shells of 

transition elements that produce spectra of minerals and the vibrational process is produced 

from the springs-like vibration of bonds in a crystal lattice or molecule. 

The electronic and vibration processes of minerals affect the absorption features of rock 

reflectance (Raja S, 2010). The transition of an electron from different level and a charge 

transfer are part of the electronic process. On the other hand, the stretching and bending 

vibration of bands within molecules are part of vibration process. The absorption features 

caused by vibration process is narrower than the electronic process. The wavelength of the 

features and absorption are also influenced by the lattice environment (Raja S, 2010) 

Electronic Process 

Emission and absorption of photons processes could cause the energy state change from one 

state to the other one (Clark, 1999). The change from the original state to a lower one is caused 

by emission of photons while the change to a higher one is caused by absorption of photons. 

Vibrational Process 

The mass of each element in a molecule and bond strength (spring) in a molecule affect the 

vibration frequency of the spring (Clark, 1999). 
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Reflectance spectroscopy can be used to map minerals from aircraft because it is a non-

destructive method that can be used without sample preparation. In addition, spectroscopy is 

regarded having great potential as a diagnostic tool due to its sensitivity (Clark, 1995). 

Scattering Process 

The reflectance of spectroscopy is possible due to the scattering process. The recovery of the 

quantitative information is difficult because the information of the non-linear scattering process 

is complex.  

In transmission, there might be no scattering or little when light passes through a slab of 

material (Clark, 1999). The grain’s brightness also affect the reflectance i.e. the bright grain 

quartz have its most photons scattered and the dark grain magnetite have majority of its photons 

are absorbed (Clark, 1995). It is also known that for the mixture of dark and bright grain, the 

dark grain tend to dominate the reflectance result more than their weight fraction. 

The use of reflectance spectroscopy as a diagnostic tool due to the weak features in 

transmittance caused by the random scattering process of photons. The increasing of the photon 

path length is caused by the weaker absorption of photons with each encounter with a grain 

while in the stronger absorption phenomenon, it encounter fewer grains and penetrate less into 

the surface. The weak absorption in a reflectance spectrum is caused by the increasing in 

absorption as a result greater path length (Clark, 1999). 

Grain Size Effect 

The grain size affect the amount of light absorbed or scattered by a grain (Hapke, 1993; Clark 

and Roush, 1984). The larger the grain size the more the light is absorbed due to the greater 

internal path according to Beers Law. On the other hand, the smaller the grain size there are 

more reflection (less absorption). The reflectance decrease following the increasing of the grain 

size in the case of visible and near-infrared. 

Continuum and Band Depth 

The continuum and individual features affect the absorption in a spectrum with continuum act 

as a background absorption (Clark and Roush, 1984). 

The function of absorption band, D in terms of continuum Rc: 

D = 1 – Rb/ Rc (7) 

Where Rb is band bottom reflectance and Rc is value of continuum reflectance in a condition 

of same wavelength with Rb (Clark and Roush, 1984). 

Viewing Geometry 

The intensity of received light is affected by viewing geometry: the reflection angle, the phase 

angle, incidence angle, and angle between observer and incident light. The variation of viewing 

geometry causes scattering and shadowing changes (Hapke, 1993; Nelson 1986; Mustard and 

Pieters, 1989).  

3.4 Diagnostic reaction of minerals with certain chemicals 

Traditionally for the identification of minerals certain diagnostic reagents, i.e. chemicals, 

have been used. For example, calcite reacts with hydrochlorid acid. Another example is 
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nickel sulphides reaction with dimethylgluoxin giving diagnostic purple color. For minerals 

listed in Table 1 such methods does not exist. 

3.5 Magnetic properties 

Magnetic susceptibility is a magnetic response towards magnetic field measurement. Material 

magnetization J is defined as the weak external magnetic field H times volume susceptibility 

k (Hunt et al., 1995). Each minerals has different magnetic susceptibility (Table 4). 

J = Hk. (8) 

In addition, the material magnetization J could also be defined as the weak external magnetic 

field H times mass susceptibility χ: 

J = Hχ. (9) 

Table 4: Magnetic Susceptibility of Selected Minerals and Metal (Hunt et al., 1995) 

Mineral 
Chemical 

Formula 

Density (103 

kg m-3) 
Volume k (10-6 SI) Mass χ (10-8 m3kg-1) 

Oxides     

Hematite Fe2O3 5.26 500-40,000 10-760 

Magnetite Fe3O4 5.18 1,000,000-5,700,000 20,000-110,000 

Metal     

Iron  Fe 7.87 3,900,000 50,000 

 

According to Moskowitz (1991), the magnetite has higher saturation magnetization at room 

temperature than hematite, 90-90 Am2/kg compared to 0.4 Am2/kg, then it is encouraging to 

differentiate the magnetite from the hematite by using pure Fe powder. The magnetite also 

has different in composition and magnetic order than the hematite. The magnetic properties 

of minerals has been summarized in Table 5. 

Table 5: Magnetic Properties of Minerals and Metal (Moskowitz, 1991) 

Mineral Composition Magnetic Order Tc (oC) σs(Am2/kg)   

Oxides       

Magnetite Fe3O4 Ferrimagnetic 575-585 90-92   

Hematite Fe2O3 Canted Antiferromagnetic 675 0.4   

Metal       

Iron Fe Ferromagnetic 770     

*Tc is Curie or Neel Temperature 

*σs is saturation magnetization at room-temperature 

However, magnetometer measurement can’t be visualized in small scale, i.e. in 1mm scale 

which is the texture scale of rocks. Thus, in this case the Fe powder are used on the iron ores 

sample and the recording technique is developed in order to get visualization result in form of 

images. 

 

3.6 Infrared Thermography 

3.6.1 Principles of Thermal Infrared 

The thermal radiation principles of objects is dependent on the radiation wavelength and 

temperature. For objects temperature lesser than 500oC, the emitted radiation is within IR 
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wavelength. In addition, the objects are also affected by surroundings environment influence 

known as incident radiation (FLIR, 2013). The Total Radiation Law could be summarized as: 

W=αW+ρW+τW (10) 

In which it could be simplified as: 

1= α+ρ+τ (11) 

Where α is absorption, ρ is reflection, and τ is transmission. 

The perfect blackbody is a condition where 100% of the radiation is absorbed and there is no 

reflected or transmitted radiation. 

Emissivity 

The emissivity of the object could be determined by the ratio between the emitted of a normal 

object with blackbody at the same temperature, 

ε = Wobj + Wbb (12) 

The emissivity has a value from 0-1. The emissivity is higher for the object which has better 

radiative properties (FLIR, 2013). The greybody is a condition where the object has same 

emissivity ε value for all wavelengths. The radiation of the greybody could be explained by 

Stefan-Bolzmann’s law: 

W = εσT4 [W/m2] (13) 

Where ε is emissivity, σ is Stefan-Bolzmann’s constant [5.67x10-8 W/m2K4], and T is 

temperature. 

Temperature Measurements 

The total radiation that being captured by the IR camera could be derived into three sources 

(FLIR, 2013): 

1. Emission of the object, ε τ Wobj ,where ε is object’s emissivity, τ is atmosphere’s 

transmittance 

2. Emission reflected from ambient sources, (1- ε) τ Wamb , where (1- ε) is the reflectance 

of the object. 

3. Atmospheric emission, (1 - τ) Watm, where (1 - τ) is the emissivity of the atmosphere. 

The total radiation captured by IR camera could be summarized as: 

Wtot = ε τ Wobj + (1- ε) τ Wamb  + (1 - τ) Watm (14) 

Where ε is emissivity of object, τ is atmospheric transmission, Tamb is object’s effective 

surroundings temperature, Tatm is atmospheric temperature. 

 

3.6.2 Thermal Properties of Minerals 

The thermal properties of minerals, such as thermal conductivity influences the heating rate 

of minerals. Each minerals according to K. Horai and G. Simmons (1969) has difference 

thermal conductivity that leads to different heating rate (Table 6). Thus, the equipment that 
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could be used for measuring temperature difference is able to be utilized in mineral 

identification. 

 

Table 6: Thermal conductivity of minerals (K.Horai and G.Simmons, 1969) 

Mineral Ideal Chemical Formula 
Density D 

(gm/cm3) 

Mean atomic weight 

<M> 

Thermal conductivity K 

(mcal/cm sec oC) 

Quartz α-SiO2 2.647 20.03 18.37 

Actinolite Ca2Mg5[Si8O22](OH)2 3.384 20.83 9.02 

Albite (NaAlSi3O8)99(CaAl2Si2O8) 2.606 20.18 5.53 

Hematite Fe2O3 5.145 31.94 26.95 

Magnetite Fe3O4 5.143 33.08 12.18 

 

In addition, the thermal conductivity also increase following the increase in theoretical 

density (Table 7) as conducted in the experiment by Fayette et al. (1999). 

 

Table 7: SnO2 samples sintered 12 min at different temperatures (Fayette et al., 1999) 

0.5% MnO2 1% MnO2 

Temperature Percentage of theoretical density Temperature Percentage of theoretical density 

1000 51.6 900 55.8 

1050 59.7 925 63.4 

1075 69.7 950 69.6 

1085 75.8 975 77.5 

1100 85.3 1000 83.4 

1150 95.2 1100 92.1 

 

Furthermore, according to Fayette et al. (1999), the increase in grain size also cause the 

decrease in thermal conductivity value. This is because the time that needed to heat sample in 

order to reach specific temperature is longer for large grain size in comparison to small grain 

size (Table 8). 

Table 8: SnO2 samples sintered with 1% MnO2 for different time duration (Fayette et al., 1999) 

Temperature (oC) Sintering time (h) 
Percentage of theoretical 

density (%) 
Average grain size (μm) 

1100 0.2 92.1 2.4 

1100 4 96.4 4.8 

1100 24 95.7 6.7 

1100 48 96.1 7.8 

 

3.6.3 Thermal Camera for Infrared Imaging 

The main infrared camera components are a detector in focal plane array (FPA), lens, 

detector’s cooler, electronics and processing and displaying images software. The diagram is 

shown in fig. 4. 
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Fig XX.  

Application Criteria 

The photon detector that has been used in this experiment is composed of InSb detector 

(FLIR, 2013). It has numerous of advantages such as, good image quality production, high 

radiation and high temperatures resistant (up to 350oC), relatively low cost, production 

process with high yield value, spectral sensitivity with degree of selectability, detector with 

high uniformity, and high thermal sensitivity. 

In order to implement temperature correction, IR camera has various operating modes. The 

typical measurement functions include spotmeter, profile, temperature range, area, isotherm, 

and color or gray scale settings. 

The emissivity correction is also done in the IR camera by calculating the emissivity from the 

knowing object temperature. The correction could be done by two different methods. First, 

using the equalization box to establish a known temperature. In addition, the second method 

is by using an area of known emissivity. 

3.6.4 Laser Heating 

Laser is stimulated radiation emission for amplification of light (DermNet NZ, 2015). In this 

study, the laser used for experimental test is Nd:YAG (neodymium-doped yttrium aluminium 

garnet) laser. Nd:YAG is used as laser medium for solid-state lasers since it is a crystal. 

The using of laser is enabling for focusing on detailed area. Thus, the specific heating area to 

obtain mineralogical and textural information of minerals that has been characterized by SEM 

and optical microscopy is able to be done with high and better resolution than conventional 

heating, such as microwave and oven heating. 

3.6.5 Microwave Heating 

Microwave is an electromagnetic radiation with nonionizing frequencies which can be 

classified to three bands: extremely high frequency (30 GHz to 300 GHz), superhigh 

frequency (3 GHz to 30 GHz), and ultra-high frequency (300 MHz to 3 GHz) (Haque, 1999).  

According to Haque (1999), microwave heating provides numerous of advantages over 

conventional heating such as, material’s interior body heating, heating in volumetric, fast 

heating, non-heat transfer (energy transfer), non-contact heating, and material selective 

heating. 

Microwave Heating of Minerals and Inorgarnic Products 

According to Ford and Pei (1967), dark color compounds have higher heating rates compare 

to light color compounds. In addition, dark color compounds also reach high temperature, 

1000oC rapidly. The mineral composition has affect the minerals’ behavior towards 

Figure 4: Infrared Camera’s Block Diagram (FLIR, 2013) 
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microwave heating. For example, high iron sphalerite more responsive towards microwave 

when Zn is substituted by Fe.  

Most metal sulphides are heated without consistent pattern. In addition, heavy metal halides 

and metal powder are also heated well. Below is the table 9 that are accumulated about the 

microwave heating experiments that have been conducted on the minerals. 



 
 

Table 9: Microwave Heating Experiments on Minerals 

Mineral 
Temp 
oC [1] 

Time, 

min [1] 

Temp 
oC [2] 

Time, 

min [2] 

Power 

(W) [3] 
Heat Response [3] Product examination [3] 

Albite 82 7      

Arizonite 290 10      

Chalcocite 746 7      

Chalcopyrite 920 1 >400 4 15 Heats readily with emission of S fumes 
2 Cu-Fe sulfides of pyrite and Cu-Fe 

sulphides 

Chromite 155 7      

Cinnabar 144 8      

Galena 956 7 >650 4    

Hematite 182 7 >980 4  
Heats readily, arcing at high 

temperature 
No change 

Magnetite 1258 2.75 >700 4  Heats readily No change 

Marble 74 4.25      

Molybdenite 192 7 >510 4    

Orpiment 92 4.5      

Orthoclase 67 7      

Pyrite 1019 6.76   30 Heats readily; emission of sulfur fumes Pyrrhotite and S fumes 

Pyrrhotite 886 1.75 >380 4 50 Heats readily with arcing at high temp Some fused; most unaffected 

Quartz 79 7      

Sphalerite 87 7 >160 4 100 Difficult to heat when cold Converted to wurtzite 

Tetrahedrite 151 7      

Zircon 52 7           

[1] The heating test is conducted at 25.0 g powdered sample per batch and 2450 MHz frequency (McGrill and Walkiewicz, 1987; Walkiewicz et 

al. 1988) 

[2] The heating test is conducted at 50 g powdered sample with 500 W microwave input and 2450 MHz frequency (Chunpeng et al., 1990) 

[3] The power, heat response, and product examination that have been conducted by Haque (1999). 
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Basic Concept of Microwave Heating 

The molecular motion produced by migration of ionic species is caused by microwave. The ratio 

of material’s dielectric constant (the measurement of material’s ability to retard microwave 

energy) to dielectric loss (the measurement of material’s ability to dissipate the energy) influence 

the microwave heating (Haque, 1999). The microwave energy heats up material with high 

dielectric loss. 

Metals do not heated by microwave due to its reflectance process from the surface. Metals are 

classified as conductors which have high conductivity and used as microwaves’ waveguide. 

Insulators in this case are the materials that are transparent to microwaves and used to support 

target heated material. In addition, microwave energy heats easily the dielectrics materials which 

are good absorbers of microwave energy as shown in figure 5 (Microwave Power in Industry, 

1984). 

 

 

 

 

 

 

 

 

 

 

 

According to Metaxas and Meredith (1983), the non-homogeneous material are not heated 

uniformly and the phenomenon is called thermal runaway. In addition, microwave heat 

facilitator, such as magnetite, silicon carbide and carbon could heat low lossy or insulator 

material with the facilitator heated first by microwave energy followed by insulator (George et 

al. 1984). 

 

Basic Heating System 

 

According to Haque (1999), there are four basic components that consisted of magnetron, power 

supply, waveguide, and applicator (i.e. oven) that make up the microwave heating system. The 

industrial microwave is consisted of batch-type and continuous operation (Microwave Power in 

Industry, 1984).  

 

Figure 5: The interaction of various materials with microwave (Microwave Power in Industry, 1984) 
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The batch-type microwave system is consisted of magnetron tube, transformer, relay, choke and 

controls which are supplied from a self-contained microwave power supply unit. The microwave 

heating system is also similar to home microwave oven (Haque, 1999). On the other hand, the 

continuous type microwave is supplemented with insulator type conveyor belt. In addition, the 

microwave has 6000 h of average working life and employs 75 kW power magnetron with 915 

MHz frequency (Microwave Power in Industry, 1984; Smith, 1993).  

 

Temperature Measurement 

The records surface temperature that is lower than the inferior sample temperature could be 

recorded by thermovision infrared camera or optical pyrometers (Haque, 1999). According to 

Reid et al. (1993), ultrasonic temperature probe could cover temperatures up to 1500oC. 

Microwave Exposure Standard 

Body fluid and human tissue need to be protected due to exposure caused by microwave 

radiation. The upper exposure standard is 10 mW/cm2 and the 5cm leakage from oven surface 

must not exceed 1 mW/cm2 and 5 mW/cm2 with and without test load respectively (Metaxas and 

Meredith, 1983; Kingston and Jassie, 1985; Thansandote et al. 1997) 

 

3.7 Other methods 

Some other properties of minerals could be used in their positive identification for imaging. The 

properties are (Table 10-Summary of Experimental Techniques with the Advantages and 

Disadvantages): 

 Hardness by using Equotip. 

 Crack closure isotropic and anisotropic by using Ultrasonic measurement 

 Absorption rate and refractive index of material by using Terra Hertz test 

However these mentioned techniques currently are not available to be used for the iron ores 

positive identification due to applicable only for rocks, do not provide detailed mineralogical and 

textural information for this study, etc. 

 

3.8 Motivation for methods to be tested in experimental part 

In this study, three techniques are selected to be tested in experimental part due to the state of the 

art, originality, and novelty motivation. The techniques are: 

1. Hyperspectral Imaging 

The technique is currently commercially available and has been used in scanning drill 

cores, such as the scanning done at Geological survey of Sweden in Malå, Sweden. 

However the scanning activities are mostly done on sulphides and not fully tested for iron 

ores. Thus, in this study the technique is chosen for the experimental test. 
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2. Iron Powder for Fingerprinting 

In this study, Fe powder is used in experimental tests due to different magnetic properties 

of magnetite and hematite. Currently the technique is not being imaged in drill core scale 

with existing techniques. However, this will be investigated further by trying to “colour” 

magnetite with Fe powder; i.e. Fe powder which would attach to magnetite and not on 

other minerals. In addition, recording technique, such as tape is tried and later would be 

known as fingerprint technique. 

 

3. IR Thermography 

The technique is chosen for experimental test in this study. This is because based on 

literature review each minerals have different thermal properties. In addition, the heating 

test using Nd:YAG laser to the minerals are interesting since the heating technique has 

never been done before, thus it has value in originality and novelty.
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Table 10: Summary of Experimental Techniques with the Advantages and Disadvantages 

Technique Information Advantage Disadvantage Studied further (motivation) 

Optical imaging Picture, RGB by 

pixel 

Fast, 

Technique 

available 

Doesn’t give positive identification for 

minerals 

No (widely studied without breakthrough) 

Hyperspectral 

Imaging[1] 

Mineral 

Identification by 

specific spectra 

Fast Some minerals are not identified, ex. 

Magnetite 

Yes (existing technique, not fully tested in iron ores) 

Microwave Heating[2] Mineral Identification 

by different heating 

rate of minerals 

Fast Some minerals could release toxic gas No (widely studied without breakthrough) 

IR Thermography – 

Heating[3] 

Mineral Identification 

by temperature 

difference 

Fast, Detailed 

Mineralogical 

and Textural 

Information 

Small covered area (12x10 mm) due to camera 

limitation, surrounding reflectance might 

affect the accuracy of measurement although 

it is not a major problem 

Yes (laser heating in mineral identification has 

originality and novelty value) 

Fe Powder[4] Minerals’ Magnetic 

Properties 

Fast Only identifying well on magnetite and 

hematite, several recording techniques, such 

as fingerprint and fluorescent 

Yes (magnetite and hematite have specifically 

different magnetic properties) 

Equotip[5] Minerals/Rock 

Hardness, Porosity, 

Density, Grain Size, 

Rock Type 

Fast, Portable Dependent more on surface roughness and 

strength than elastic and density of rocks,  

No (difference between hardness of minerals in iron 

ores does not give positive identification) 

More to rock identification than minerals 

Magnetic 

Measurement[6] 

Magnetic 

Suscpetibility 

Fast Not suitable for drill core logging, work for 

larger area,  

No (no imaging available) 

More for rock identification than minerals 

Ultrasonic 

Measurement[7] 

Crack Closure 

Pressure of Isotropic 

and Anisotropic 

Rocks, Lithological 

Changes 

Fast, Online Not suitable for drill core logging, work for 

larger area, More for rock  

No (does not provide specific mineral information) 

Terra Hertz Test[8] Absorption Rate, 

Refractive Index of 

Material 

Fast Work more for gemstone identification No (does not provide specific mineral information) 
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[1] Hyperspectral imaging in geology (SPECIM, 2014) 

[2] Microwave energy for mineral treatment-a brief review (Haque, 1999) 

[3] The Ultimate Infrared Handbook for R & D Professionals (FLIR, 2013)  

[4] Magnetic Properties or Rocks and Minerals (Hunt et al., 1995) 

[5] Technical Note: Estimating Rock Strength with the Equotip Hardness Tester (W. Verwall and A. Mulder, 1993) 

[6] Anisotropy of magnetic susceptibility and P-wave velocity in core samples from the Taiwan Chelungpu-Fault Drilling Project 

(TCDP) (Laurent Louis et al., 2008) 

[7] An Automated Full Waveform Logging System for High-Resolution P-Wave Profiles in Marine Sediments (Monika Breitzke, 

1992) 

[8] Identification of ores and gems using THz polarization information (Zhu Yi et al., 2015)
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4 Methodology 

 

4.1  Sampling and sample preparation 

 

This study uses a sample set of selected drill cores (totally 8 m) from Malmberget ore deposit 

(LKAB). The samples represent two ore bodies; Sparre and Frans. In a previous project “Mineral 

Characterization Using Advanced Imaging Techniques” where the author was part of the student 

group, five polished samples were the mineralogy was detailed characterized by optical 

microscopy and SEM-EDS for mineral identification, chemical composition and phase mapping.  

In this study, these samples have been tested for new and innovative techniques but also 

Hyperspectral Imaging – SisuROCK and SisuCHEMA. Another sample set, including twelve 

unpolished samples and three grinded samples have also been tested but the mineralogy of these 

samples is not described. A third sample used as reference samples derive from the Kiirunavaara 

mine. The last mentioned three samples are used to verify the experimental part using the Fe 

powder fingerprinting technique. Iron ore from Kiirunavaara represents mainly the same 

mineralogy as the Malmberget samples but have finer grain size for magnetite and hematite. 

The polished samples were used for Fingerprint Technique and IR Thermography tests while the 

unpolished samples were used for HSI SisuCHEMA test, fingerprint technique, and IR 

Thermography tests. (Table 11) 

All of the samples were part of the characterized magnetite-hematite composition mixture domain 

from drill core with domain 1 (hem:mag – 9:1), domain 2 (hem:mag – 8:2), domain 3 (hem:mag – 

2:8), and domain 4 (hem:mag – 1:9). 

 

Table 11: List of the prepared samples done on various techniques 

Sample Domain 
Optical 

Microscopy 
SEM 

HSI-

SisuROCK 

HSI-

SisuCHEMA 

Fingerprint 

Technique 

Laser 

Heating 

Blow 

Torch 
Acid 

Polished          

Mbgt 1A 1 X X X  X X X  

Mbgt 2B 2 X X X  X X X  

Mbgt 3A 3 X X X  X X X  

Mbgt 4B 3 X X X  X X X  

Mbgt 5B 4 X X X  X X X  

Unpolished          

Mbgt 6 1   X X X X X  

Mbgt 7 2   X X X X X  

Mbgt 8 3   X X   X  

Mbgt 9 2   X X X X X  

Mbgt 10 4   X X X X X  

Mbgt 11 3   X  X X X  
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Mbgt 12A 1   X  X X X  

Mbgt 12B 1   X  X X X  

Mbgt 13 4   X     X 

Krn 1    X X X    

Krn 2    X X X    

Krn 3     X X X    

Krn 4    X X     

Krn 5    X X     

Grinded          

Mbgt 14 3   X  X    

Mbgt 15 1   X  X    

Mbgt 16 3   X  X    

 

4.2  Hyperspectral Imaging 

Hyperspectral imaging was done on two drill core boxes using SisuROCK equipment by SPECIM, 

Spectral Limited Ltd. of Finland housed at the Geological survey of Sweden in Malå, Sweden 

(Table 12). The selection of the samples was also scanned by the SisuCHEMA equipment at Luleå 

University of Technology (LTU), Sweden. Both the SisuROCK and SisuCHEMA equipment uses 

a pushbroom imaging system to obtain the information of the sample by scanning the sample on 

moving sample tray and obtain sample’s image on line simultaneously. Operating conditions were 

conducted at a room temperature, around 20oC. The spectral information was saved and sent to 

GeoSpectral Imaging in South Africa. The interpreted spectral information was used in further 

analysis in this study.  

Table 12: SisuROCK and SisuCHEMA incorporated-camera specifications (SGU, 2014; SPECIM, 2015). 

Camera type 
Wavelength 

range 

Spectral 

sampling 
No. of bands 

No. pixels in 

FOV 

Spatial pixel 

size on target 

SisuROCK      

High-res RGB* RGB color - 3 4000 0.16 mm 

FENIX 

(VNIR+SWIR) 
380-2500 nm 

7 (VNIR), 6 

(SWIR) 
361 384 1.67 mm 

OWL (LWIR-C) 8-12 µm 48 nm 100 384 1.67 mm 

SisuCHEMA      

SWIR 1000-2500 nm 6.3 nm  384 24-600 μm 

*High Resolution RGB camera equivalent to approximately 40 megapixel digital camera. 

 

4.3  Fingerprint Technique -Pure Fe Powder Experiment 

In order to try imaging the magnetite distribution in sample surface, pure Fe powder was used on 

the samples as a “fingerprint technique”. Based on the literature review, magnetite has magnetic 

property and it is stronger than hematite’s. The Fe powder will stick on material that possesses 
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magnetic property. Thus, in this technique the main idea is to apply Fe powder for magnetite-

hematite mixture sample and image the distribution of the Fe powder. For this experiment, 5 

polished and 7 unpolished samples from 4 different domains were used (Table 11). 

The experiment is divided into three steps. 

1. Powder Application. 

Two main techniques were used in this step: either pouring the powder directly on the 

sample surface or dipping the samples’ surface in the powder. 

 

2. Removing Excessive Powder 

To remove the excessive amount of powder, three techniques were used: i) brushing the 

excessive powder smoothly with a small brush, ii) blowing the excessive amount of powder 

with compressed air, iii) using the vibration and gravity to remove the powder with the 

sample’s surface were facing down. 

 

3. Capturing/ Recording the surface’s texture 

To record the powder pattern, a piece of tape of different quality was applied on the 

sample’s surface and then carefully removed. In the capturing process before removing the 

tape, three different techniques were tested: i) Applying the tape on the sample’s surface 

and removed directly, ii) stick the tape on sample’s surface and apply additional pressure 

on the covered surface by covered hand, iii) pressed the covered surface with sample’s 

surface facing down. The last step was removing the tape and adhering the tape on white 

paper in order to image the fingerprint of the original sample texture. 

 

4.4  Infrared (IR) Thermography 

The IR Thermography experiments were conducted at the Experimental Mechanics Laboratory, 

Luleå University of Technology, Sweden using a FLIR SC4000 camera (Figure 6). In order to get 

the field of view about 230 mm, the distance ring was mounted on the imaging lens with 50 mm 

focal length. The software used for observing and analyzing the thermography results was 

ThermaCAM Researcher Pro 2.8 SR-3. The range of temperature in the measurements was from 

20 oC (room temperature) to 50 oC. In addition, the object parameters were set up so that all the 

recording had the same parameters with emissivity value (0.98), distance to camera (0.215 m), 

reflected temperature (20oC), atmospheric temperature (20oC), and relative humidity (40%). 

The laser used to heat the sample was a 10 Hz Nd:YAG laser from Spectron Laser Systems with 

12 ns pulse duration and 1064 nm wavelength. The laser heating, which positioned 180 mm from 

target and expanded by -150 mm focal length negative lens, had a focus point of approximately 1 

mm for intense heating and 4 mm for overall heating effect. 

Water and acid test were also carried out to compare the difference with normal dry sample. The 

acid used contain quinolone molybdophosphate. The tests were conducted to observe the reaction 

of apatite vein of samples which contain phosphors. Then, the water and acid test reaction on 

samples’ surfaces are recorded by the FLIR thermal camera. 
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The experimental setup 

Four different type of heating were used to record thermal response of samples: Room temperature, 

Blow Torch, Laser Heating, and Acid test. Each test has specific parameters which are summarized 

in table 13. 

 
Table 13: Parameters of different type of tests 

Test 
Testing 

Time 

Recording 

Time 

Field of View 

(FOV) 

Frame per 

second 
Pixels 

Blow torch 5 s* 5 to 7 s 12x10 mm 300 fps 320x256 

Laser Heating 10 s 25 s 12x10 mm 300 fps 320x256 

Acid 5 s* 21 s   300 fps 320x256 

*Testing time is part of recording time   

 

 

1. Sample Preparation 

In this step, 2 different type of samples were tested, unpolished and polished samples. Since 

the field of view of the samples’ recording was 12x10 mm, the sample preparation for 

specific area of the samples, mainly consisted of magnetite and hematite were needed. The 

interested area was marked using pencil for unpolished samples and tape for polished 

samples. 

 

2. Positioning the sample 

The sample was placed at the holder in front of the camera with a distance 0.215 m 

screen,  camera lens was adjusted to the sample surface to ensure the marked area was 

recorded. 

 

3. Recording sample 

After the sample positioning the temperature of the object was recorded at normal room 

temperature, around 20oC for around 5s. The blow torch was then turned on near the sample, 

as the temperature of the object changed and recorded for 5-7s. The next step was to 

conduct laser heating using Pulsed Nd:YAG laser on the samples’ surface. The laser 

heating focus point was approximately 1 mm for intense heating and 4 mm for residual 

heating effect. The testing time was 10s and the recording time was 25s. Recording on the 

cooling time after the laser heating tests to record the decay rate that was used for analyzing 

the different between minerals, mainly hematite and magnetite. The last step was to test 

water and acid respectively on sample with mixture of magnetite-hematite composition 

with apatite vein by brushing the apatite area using water or acid equipped cotton bud for 

5s. The brushed was analyzed for temperature for 21s. 
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4. Post-processing technique 

Different post-processing technique were used on three different tests. First, for room 

temperature test the visualization in which observing the temperature difference 

corresponding form low to high temperature was done on unpolished and polished samples. 

The visualization was done to identify mineralogy (type of minerals) and texture (grain 

size, mineral boundaries) of samples in comparison to the mineralogical characterization 

by optical microscopy and SEM.  

 

Second, for blow torch test the visualization in which the additional reflectance caused by 

blow torch was done. The visualization was done by observing the temperature difference, 

such as increase in temperature in each sample. In this test, the mineralogy and texture 

information of samples was compared to the mineralogy and texture information 

characterized by optical microscopy and SEM. 

 

Third, for the laser test, the mineralogical differentiation was the main focus while the 

textural information was not analyzed. Each mineral has different laser heating 

properties. The measurements were done in several steps in order to differentiate between 

magnetite and hematite: 

 

1. Selecting Magnetite-Hematite Pair 

A total of 11 magnetite-hematite pair points from 5 different areas of 4 polished 

samples were chosen to be measured for the laser heating properties. The pair of 

points of magnetite and hematite grains located adjacently having an equal distance 

from the center of the laser heating. Then the other pair was chosen with different 

distance from the other pair to get the measurement of different magnetite-hematite 

behavior. The grain size of each pair was ranging from medium to coarse size. 

 

 

Figure 6: The laser experimental set up with the arrow shows the direction of the laser 

shot and reflected to reach the target area (left). A sample was being recorded by the 

thermal camera (right) 



39 
 

2. Measuring Initial and Maximum Temperature of Each Point 

The initial and maximum temperature of each magnetite and hematite point were 

measured. In every point’s measurement, the initial and maximum temperature of 

laser heating were measured. The maximum temperature that was taken as reading 

was the temperature at the sequence after the laser heating occurred in previous 

sequence (Fig. 7). The temperature was lower than the laser heating temperature 

sequence. But it provided more solid data since the laser heating temperature 

sequence was not consistent. This was because laser heated a sample at simultaneous 

time when a sample was recorded, thus the temperature recording varied a lot and 

considered as less accurate to be taken into measurement.  

 

The technique used to measure the different between magnetite and hematite was to 

observe the decay rate of each point that represented either magnetite or hematite. 

The raw data measurement showed the temperature (K) versus timeframe. The next 

step was to analyze the temperature peak that occurred for each section of the 

timeframe as shown in figure 8.   

 

 
Figure 7: Selected maximum temperature peaks of magnetite point 

 
Figure 8: Zoom in version of maximum temperature peaks of magnetite point 
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3. Normalize and Taking Average Value 

After collecting enough data of initial and maximum temperature, the next step was to 

normalize and taking the average value of each initial and maximum temperature of 

magnetite and hematite points. 

 

4. Spot Pair Comparison 

The normalized and average value of initial and maximum temperature difference of 

11 magnetite and hematite pair points were measured. Then the comparison of 11 

median temperature difference was made. 

 

5 Results 

 

5.1 Mineralogical Characterization of Hematite and Magnetite Samples 

The mineralogical characterization of the hematite and magnetite samples were done earlier in the 

Senior Design Project and are included as a ground truth data for evaluating state of the art 

technique (Hyperspectral Imaging) and new techniques (Fingerprint technique and IR 

Thermography). The characterizations are done on 4 domains, mainly based on hematite and 

magnetite mixture composition (Table 14 and Figure 9): 

1. Domain 1  

In Domain 1, the hematite and magnetite composition is approximately 9:1 with medium 

to coarse grain size and strong grain cementation. The other minerals that occurs in this 

domain are veiny feldspar, apatite and epidote alteration which are found as irregular veins 

and small patches. 

 

2. Domain 2 

It is hematite domination domain with hematite and magnetite composition is about 8:2 

and having medium to coarse grain size with weak grain cementation. The other minerals 

distributed are thin veiny quartz, apatite, and minor amount of amphibole-pyroxene. 

 

3. Domain 3 

In this domain, hematite is a minor mineral composition compare to magnetite with the 

distribution between the minerals respectively is approximately 2:8. The domain have 

coarse grain size and with magnetite grains occurring as porphyroblasts in finer hematite-

rich matrix. Minor amount of feldspars, mica, and apatite exists in tabular form. 

 

4. Domain 4 

The major mineral is magnetite and the hematite and magnetite composition is about 1:9. 

It has very strong grain cementation and amphibole-pyroxene minerals occurred as veins 

in this domain. 

 



41 
 

Table 14: Mineralogical and Textural Information of Domains 

Domains Mineralogical Information Textural Information 

1 
Magnetite, Hematite, Orthoclase, Albite, Apatite, 

Epidote, Quartz 

Medium to Coarse Grain Size (0.5-3 

mm), Veiny 

2 
Magnetite, Hematite, Quartz, Albite, Apatite, 

Amphibole-Pyroxene 

Medium to Coarse Grain Size (0.5-3 

mm), Weak cementation 

3 Magnetite, Hematite, Albite, Mica, Orthoclase, Quartz 
Coarse Grain Size (1-5 mm), 

Porphyroblasts 

4 
Magnetite, Hematite, Amphibole-Pyroxene, Feldspar, 

Apatite 

Medium to Coarse Grain Size (<2 mm), 

Veiny 

 

 

 

 

 

 

 

 

5.2 Hyperspectral Imaging 

As the the Malmberget samples are divided into 4 main domains; domain 1 (hem:mag – 9:1), 

domain 2 (hem:mag – 8:2), domain 3 (hem:mag – 2:8), and domain 4 (hem:mag – 1:9), the 

hyperspectral imaging result were interpreted using the same classification. The detected 

hyperspectral mineralogy, referred as HSI-mineral phases are interpreted according to the VNIR, 

SWIR and LWIR bandwidth and compared to the known with spectral reference to the samples 

that are in detailed characterization. 

The interpretation were conducted by using low resolution (1.67 mm per spatial pixel) SisuROCK 

equipped with VNIR/SWIR and LWIR bandwidth cameras and the results were validated using 

high resolution (23-600 μm per spatial pixel) SisuCHEMA equipped with SWIR bandwidth 

camera. The expected minerals in low resolution are diopside, actinolite, epidote, orthoclase, albite, 

quartz, apatite, and hematite while for high resolution, the expected minerals are actinolite and 

epidote. In addition, the textural information is expected to be more detail in SisuCHEMA since it 

has higher resolution. 

 

Legend 

Domain Area Colour  

1 Magnetite >90%, Hematite <10% Dark red  

2 Magnetite >80%, Hematite <20% Light red  

3 Magnetite <20%, Hematite >80% Light blue  

4 Magnetite <10%, Hematite >90% Dark blue  

Figure 9: Domain of Characterized Sparre Drill Core 
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5.2.1 Low resolution imaging – SisuROCK (Malmberget Sample) 

Mineral Identification in VNIR/SWIR bandwidth 

In domain 1, the HSI-mineral phase that is detected is sericite. However, the expected minerals to 

be detected are amphibole-pyroxene, epidote, and hematite. The patchy texture of sericite is 

detected in HSI and the area corresponds to patchy albite, characterized mineral. 

 

The same HSI-mineral phase, sericite is detected at domain 2 but the expected detected minerals 

are hematite and amphibole-pyroxene. The patchy albite texture in mineral characterization is 

detected as patchy sericite in HSI. For domain 3 and domain 4, there are no response in 

mineralogical and textural information provided by HSI. The expected mineralogical information 

to be detected are hematite and veiny amphibole-pyroxene (Fig 10). 

 

 

 

 

 

 

Mineral identification in LWIR bandwidths 

The analysis is also done on 4 domain for LWIR bandwidths (Fig. 11). In domain 1, the HSI-

minerals phase detected are magnetite-apatite, phyllosilicate and quartz. However, the expected 

detected minerals are albite, apatite, orthoclase, quartz, and pyroxene. In addition, the HSI-textural 

result of patchy quartz, patchy physollicate, and magnetite-apatite is corresponding to 

characterized result of hematite-magnetite mixture, albite, and magnetite-hematite area 

respectively. 

In domain 2, the HSI-mineral phases are magnetite-apatite, albite, quartz, and phyllosilicate but 

the literature-review detected minerals are pyroxene, albite, quartz, and apatite. The HSI patchy 

albite matches with characterized patchy albite. However, the HSI phyllosillicate, magnetite-

apatite, and quartz are corresponding to hematite-magnetite mixture based on characterization 

result.  

In domain 3, the detected HSI-minerals are albite, phyllosilicate, and quartz. The expected 

characterized mineral information to be detected are albite, orthoclase, and quartz. Partly of HSI 

Legend 

Mineral (assemblage) Colour  

Flat response grey   

Sericite light blue   

Figure 10: The misinterpreted albite as sericite area as shown in RGB image, VNIR/SWIR 

bandwidth images, and detailed RGB image (from left to right) 
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patchy albite is corresponding to characterized patchy albite. But HSI veiny quartz, patchy 

phyllosilicate are corresponding to characterized result of magnetite-hematite and patchy albite. 

In domain 4, albite, anorthite, phyllosilicate, magnetite-apatite are identified from SisuROCK 

analysis result (HSI-mineral phases) while the mineral results characterized expected to be 

detected are pyroxene, albite, and apatite. Most of HSI veiny albite, patchy and veiny anorthite-

phyllosilicate, and magnetite-apatite area are corresponding to veiny apatite, patchy and veiny 

pyroxene and magnetite-hematite area respectively based on characterization result. 

 

 

 

 

 

5.2.2 Low resolution imaging – SisuROCK (Kiirunavaara Sample) 

The reference Kiirunavaara sample could be divided into 2 domain area (Fig. 12): domain 1, area 

with magnetite domination (>80%) and domain 2, area with gangue domination (90-100%). 

Domain 1 and Domain 2 area have same characteristics: fine grain size, patchy, and veiny 

texture. 

 

 

 

 

 

 

Legend 

Mineral (assemblage) Colour  

Flat response grey   

Sericite light blue   

Amphibole-(sericite) purple   

Hematite brown   

Quartz red   

Phyllosilicate orchid   

Albite mint green   

Anorthite cyan   

Magnetite-apatite maroon   

Figure 11: The comparison of RGB image (left) and TIR/LWIR bandwidth HSI-Mineral phases (right) 
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Legend 

Domain Area Colour   

1 Magnetite >80% Dark blue   

2 Gangue Minerals 90-100% Light green   
Figure 12: Domain of Kiirunavaara Sample 

 

Mineral Identification in VNIR/SWIR bandwidth 

For Kiirunavaara sample of Domain 1, there is no HSI mineral phase detected is minor amount 

of amphibole. In domain 2, the HSI mineral detected are patchy and veiny texture of amphibole 

with minor patchy and veiny texture of gypsum (Fig. 13). 

 

 

 

 

 

 

Mineral Colour Name Colour 

Flat Response light grey   

Amphibole purple   

Gypsum light yellow   

Figure 13: The comparison of RGB image (left) and VNIR/SWIR bandwidth HSI-Mineral phases (right) 

 

 

 

 

 

 

 

 

 



45 
 

Mineral identification in LWIR bandwidths 

In Domain 1 of Kiirunavaara sample, the HSI mineral phase detected is magnetite-apatite, 

carbonate, and chlorite. In domain 2, the HSI mineral detected are chlorite, chlorite-water/quartz 

and minor amount of veiny and patchy texture of gypsum (Fig. 14). 

 

 

 

 

 

 

 

Mineral Colour Name Colour 

Chlorite (Mg or other) dark green   

Chlorite-water/quartz light green   

Carbonate orange   

Gypsum light yellow   

Magnetite-apatite maroon   

Figure 14: The comparison of RGB image (left) and TIR/LWIR bandwidth HSI-Mineral phases (right) 

 

5.2.3 High Resolution Imaging – SisuCHEMA (Malmberget Sample) 

The samples detected and analysed were taken from 4 domains (Table 15). The mineralogical 

information are chlorite, sericite, sericite-chlorite, chlorite-sericite, amphibole-chlorite, prehnite-

sericite with veiny textures of gangue mineral area and no information of grain size. However, the 

expected detected characterized minerals are amphibole, pyroxene, and epidote. The patchy and 

veiny texture of HSI minerals matches the patchy and veiny texture of samples. 
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Table 15: High Resolution Imaging Results of Malmberget Samples 

Sample Domain RGB Image SWIR Bandwidth 

6 1 
 

 

9 2     

 

Mineral Colour Name Colour 

Chlorite dark green   

Unknown 3 blue 3   

Sericite light blue   

Sericite-chlorite light purple   

Chlorite-sericite dark blue   

Amphibole-(chlorite) purple   

Prehnite-sericite cyan 1   
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5.2.4 High Resolution Imaging – SisuCHEMA (Kiirunavaara Sample) 

The samples detected and analysed were taken from 2 domains (Table 16). The minerals 

detected are biotite (phlogopite), water (quartz)-sericite, amphibole, water (quartz)-sericite-

chlorite, carbonate, epidote, and gypsum. 

Table 16: High Resolution Imaging Results of Kiirunavaara Samples 

Sample Domain RGB Image SWIR Bandwidth 

KRND1_4 1 

 

 

KRNSP4_1 2 

    

Mineral Colour Name Colour 

Biotite (phlogopite) brown   

Flat Response light grey   

Water (quartz)-sericite light blue   

Amphibole purple   

Water (quartz)-sericite-chlorite light green   

Carbonate orange   

Epidote orchid   

Gypsum light yellow   
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Table 17: Comparison between Low- Resolution, High- Resolution, and Characterized Minerals and Texture Results of Malmberget Sample 

Sample Domain 
Low resolution - HSI Mineral Phases High resolution - HIS Mineral 

Phase 

Characterized minerals 

and texture VNIR / SWIR LWIR 

6 1 Sericite, Patchy 

magnetite-apatite, 

phyllosilicate, quartz, 

patchy, veiny 

Sericite, Prehnite-sericite, 

Veiny  

Magnetite, Hematite, 

Feldspar, Apatite, Epidote, 

Amphibole-Pyroxene, 

Veiny 

7 1 Sericite, Patchy 

magnetite-apatite, 

phyllosilicate, quartz, 

patchy, veiny 

Sericite, Chlorite, Veiny 

Magnetite, Hematite, 

Feldspar, Apatite, Epidote, 

Amphibole-Pyroxene, 

Veiny 

8 3 Non-response 
albite, phyllosilicate, quartz, 

patchy 
Sericite 

Magnetite, Hematite, 

Feldspar, Porphyroblastic 

9 2 Sericite, Patchy 

magnetite-apatite, albite, 

quartz, phyllosilicate, 

patchy, veiny 

Sericite, sericite-chlorite, 

chlorite, Veiny  

Magnetite, Hematite, 

Quartz, Apatite, 

Amphibole-Pyroxene, 

Veiny 

10 4 Non-response 

albite, anorthite, 

phyllosilicate, magnetite-

apatite, veiny 

Amphibole-chlorite, Veiny 

Magnetite, Hematite, 

Amphibole-Pyroxene, 

Feldspar, Veiny 

  

Table 18: Comparison between Low-Resolution and High-Resolution Minerals and Texture Results of Kiirunavaara Sample 

Sample Domain 
Low resolution - HSI Mineral Phases 

High resolution - HIS Mineral Phase 
VNIR / SWIR LWIR 

KRN 1 1 Amphibole 
Magnetite-Apatite, Carbonate, 

Chlorite 
Biotite 

KRN 2 1 Amphibole 
Magnetite-Apatite, Carbonate, 

Chlorite 
Biotite 

KRN 3 1 Amphibole 
Magnetite-Apatite, Carbonate, 

Chlorite 
Carbonate 

KRN 4 2 Amphibole, Gypsum 
Chlorite, Chlorite-water/quartz, 

gypsum 
Epidote 

KRN 5 2 Amphibole, Gypsum 
Chlorite, Chlorite-water/quartz, 

gypsum 

Water (quartz)-sericite, gypsum, amphibole, water (quartz)-

sericite-chlorite 
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5.3 Fingerprint Technique – Fe Powder 

 

A new innovative technique was developed and tested to positively identify and differentiate 

magnetite and hematite. The differentiation is basically based on the different magnetic properties 

of magnetite, hematite, and gangue minerals.  

 

A total of 17 samples from four domains were studied and tested for application with pure Fe-

powder. This sample set includes 5 polished, 3 grinded and 6 unpolished drill cores samples of 

Malmberget mine and 3 unpolished drill cores samples from Kiirunavaara mine. The samples were 

selected and categorized based on different mineralogy and texture. The samples consist mainly 

of magnetite or hematite but also samples having both Fe oxides are included. Minor amounts of 

apatite, carbonate, quartz, amphibole, pyroxene, and feldspar occur as gangue minerals. The 

textural types included are porphyroblastic, granular, veiny, and friable. The grain size varies: the 

Kiirunavaara samples are fine grained compared to the medium to coarse grained Malmberget 

samples. The following procedure was applied for all the samples:  

 

Step Ι Powder Application  

Two main techniques were tested in this step: Firstly, the powder was poured directly on 

the sample’s surface but this technique did not receive any success as there was a lot of 

excessive powder on the sample’s surface left. Secondly, to dip the samples’ surface in the 

powder was better as this technique left no or very little excessive powder remaining on 

sample’s surface (Figure 15). 

 

 
Figure 15: Dipping the sample’s suface in Fe powder 

 

Step ΙΙ Removing Excessive Powder 

To remove the excessive powder, different ways of brushing and blowing techniques were 

tested first. It turned out that none of these techniques was successful. Brushing left uneven 

and brush marks on powder and the marks were then accidentally recorded. The blowing 

technique did not remove the excessive powder satisfactory from the sample’s surface; it 

caused agglomeration of Fe powder in some areas. 
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Instead it was found that the vibration and gravity technique successfully removes all 

excessive powder (Figure 16). Sample was carefully shook with the surface downwards. 

This technique leaves a thin layer of powder attached on the sample’s surface revealing the 

actual texture of the sample. 

 

 
Figure 16: Using vibration and gravity to remove Fe powder 

 

Step ΙΙΙ Capturing/Recording the surface’s texture 

Three different techniques of capturing the image of sample’s surface were tested. First, 

the application of tape on the sample’s surface and simply removing it was not successful: 

the texture was not fully recorded and in some areas powder was not transferred to tape at 

all. Second, pressing the covered surface with the sample’s surface down towards the tape 

was not sufficient either; the texture was still poorly recorded and in some area powder was 

not transferred from the sample to the tape. The third technique proved out to be successful 

and it was applied in the final recordings. The tape was placed on sample and it was pressed 

with hand. The pressure had to be applied on full surface to ensure that the powder was 

recorded fully on the tape. The final step included placement of the tape on white paper 

and photographing the fingerprint of the sample. 

 

 

 

 

 

 

 
 

 

 

The test of the fingerprinting technique with the entire sample set gives a clear indication that the 

successful recording is mainly limited by the textures. The unpolished samples with coarse grain 

size have a too rough surface and it is the surface’s roughness that is recorded instead of mineral 

textures. In grinded and polished samples the technique can capture the mineral textures. In the 

fingerprint the areas of three phases or phase groups can be detected magnetite, hematite, and 

gangue minerals. The magnetite gives a dark to black color and the hematite a greyish color. The 

Figure 17: Sticking tape on sample’s surface and apply 

additional pressure on covered surface by hand 
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gangue minerals are not capturing any Fe-powder and this is visualized by a white color. In 

addition, porphyroblastic, granular and veiny textures are also very clearly detected (Fig. 18 and 

19).  In terms of grain size, fine to coarse grain samples are all able to be identified.  For the fine 

grained Kiirunavaara samples which also are unpolished differentiates both between magnetite 

and gangue minerals but also the veiny textures are recorded (Fig. 20).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Coarse grained size of Malmberget 15 sample, left optical 

image, right fingerprinting image. 

Figure 19: Coarse grained size and porphyroblastic texture of 

Malmberget 3A sample, left: optical image, right fingerprint image. 

Figure 20: Fine grained size of Kiruna sample, top: optical image, below: 

fingerprint image. 



52 
 

5.4 IR Thermography 

 

Five polished samples were chosen for the laser heating tests based on their mineralogy and 

textural characteristics. The main minerals in the samples are magnetite and hematite with 

various gangue minerals, such as albite, quartz, feldspar, pyroxene-amphibole, and epidote. The 

samples are coarse grained with some porphyrablastic-granular of magnetite and hematite or 

veiny structure of magnetite and hematite. 

 

The IR thermography is tested on four different tests: room temperature, blow torch, and laser 

heating. 

 

5.4.1 Room temperature test 

In this step, the unpolished and polished samples were scanned with IR camera in room 

temperature. The information of the mineralogy, such as differentiation between magnetite and 

hematite is not obtained and the texture of the samples, such as grain size and veiny, and 

porphyroblastic texture cannot be identified. There is only one temperature range (color) all over 

the surface of the samples. 

 

On the other hand, the mineralogy and textural information of the polished samples can be 

detected already in room temperature;  magnetite, hematite, and gangue minerals show different 

temperatures (Figure 21). Magnetite show highest temperature followed by hematite and gangue 

minerals. In addition, the textural information, such as grain size and cracks are also detected.  

 

 

 

 

 

 

 

 
 

 

 

 

5.4.2 Blow torch test 

The next step after recording the samples at room temperature was the blow torch test where 

samples were fired with a blow torch to enhance the thermal reflection on the sample (Figure 

22).  

 

For the unpolished samples, several grains reacted by showing increase in temperature. 

However, magnetite and hematite cannot be distinguished. In addition, the textural information, 

such as grain size can’t be detected. On the other hand, the mineralogical and textural 

information of the polished sample can be visualized. Magnetite shows higher temperature than 

Mag 

Hem 

Figure 21: The unpolished sample (left) and polished sample (right) for room 

temperature test 
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hematite: magnetite has the brightest color of all with hematite on the second position and 

gangue minerals has dark color. The textural information, such as grain size is also detected.  

 

 

 

 

 

 

 

 

 
 

 

5.4.3 Laser heating test 

In the laser heating tests the quantified and calculated measurement were done to identify 

magnetite and hematite. On the other hand, textural information was not obtained and analyzed 

in these test. 

 

A total of 11 magnetite-hematite pair points from 5 different areas of 4 polished samples were 

chosen to be measured with the laser heating (Figure 23). The pair of point was consisted of a 

magnetite and a hematite points located adjacently and having the same distance from the center 

of the laser heating points. Then the other pair was chosen with different distance from the other 

pair to get the measurement of different magnetite-hematite behavior. The grain size of each pair 

ranges from medium to coarse size. 

 

The technique used was to measure the decay rate of temperature in each point (magnetite and 

hematite) as laser is pulsing. The raw data was processed to analyze the temperature peak that 

occurs for each section of the timeframe as shown in figure 24.   

 

The temperature peak that is taken into account for analysis is the temperature at the sequence 

after the laser heating occurred in the previous sequence. The temperature is lower than the laser 

heating temperature sequence. But it provide more solid data since the laser heating temperature 

sequence is not consistent. This is because laser heated a sample simultaneously and 

temperatures varied a lot and gave less accurate measurement.  

 

The recorded temperature were processed to calculate the temperature difference between the 

maximum and minimum temperature. The temperature difference is then normalized. The 

median temperature difference from 11 pairs of magnetite and hematite shows that magnetite and 

hematite can be differentiated as magnetite shows higher median temperature difference than 

hematite (Figure 25). 

 

 

 

Mag 

Hem 

Figure 22: the unpolished sample (left) and polished sample (right) for blow torch test 
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Figure 23: The unpolished sample (left) and polished sample (right) for laser 

heating 

Figure 24: The selected decay rate of magnetite point 

Figure 25: Magnetite and Hematite Median 

Temperature Difference 
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6 Conclusions and Discussion 

 

6.1 Mineral Characterization 

The mineral characterization in this study is focusing mainly to identify positively magnetite and 

hematite by imaging technique. The samples are taken from Sparre ore body, Malmberget. The 

basic mineralogical information was gained by optical microscopy and SEM. Texturally samples 

are coarse grained, veiny, and porphyroblastic. 

 

6.2 Hyperspectral Imaging 

The samples that were run on hyperspectral imaging were divided to 4 main domains. The 

domains were made based on the magnetite and hematite ratio with 10% interval.  

 

The hyperspectral imaging was done with two different equipment, SisuROCK and SisuCHEMA 

provided by Specim. The using of SisuROCK requires 1 minute to scan 1500x650 mm drill core 

box and the drill core box is captured by 3 cameras: RGB, FENIX (VNIR+SWIR), and OWL 

(LWIR-C) and have 1.67 mm spatial resolution. On the other hand, the using of SisuCHEMA 

requires 1 minute to scan 100x10 mm drill core sample and it is captured by using SWIR camera 

and has 23-600 μm spatial resolution. 

 

Scanning using SisuROCK provided more mineralogical information than SisuCHEMA. This is 

because SisuROCK uses wider IR range: i.e. VNIR, SWIR and LWIR, while SisuCHEMA uses 

only SWIR bandwidth camera. Based on literature review, SisuROCK using VNIR bandwidth 

camera should be able to detect hematite while magnetite cannot be identified using available 

cameras. However, neither magnetite nor hematite could be identified in the experiments 

conducted. The gangue minerals, which were not the main focus of this study were also mainly 

remain unidentified. 

 

In terms of textural information, SisuCHEMA provided more information than SisuROCK. The 

veiny gangue minerals area were able to be differentiated for each samples from magnetite and 

hematite minerals scanned by SisuCHEMA. On the other hand, several veiny gangue minerals 

are only partly being detected by using SisuROCK.  

 

6.3 Fingerprint Technique-Fe Powder 

The fingerprinting technique developed includes following steps:  dipping a sample into Fe 

powder, using vibration and gravity to remove excess powder, stick a tape on sample’s surface 

by apply additional pressure on the covered surface by hand, and removing the tape from the 

sample surface and sticking it on a white paper. 

 

The fingerprint technique tests were done firstly on the unpolished samples of Malmberget drill 

cores. The samples’ surface roughness were recorded instead of samples’ mineralogy and 

textural information.  
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In polished samples the using of fingerprint technique succeeded in differentiating magnetite, 

hematite, and gangue minerals of coarse grained Malmberget samples. In addition textural 

information such as veiny and porphyroblastic texture could be recorded. 

 

In the fingerprinting technique the grain size is an important factor. This was because in the 

Kiruna sample’s having fine grain size minerals and textures could be identified directly from 

drill core surface without grinding and polishing. This is because fine-grained size samples 

usually have smooth surface. 

 

Scanner gave a better image on the fingerprint (i.e. tape-on-paper) than camera; camera images 

easily had reflections from the tape.  

 

6.4 IR Thermography 

In the IR Thermography technique unpolished and polished samples were used heated in three 

different ways: no extra heating (room temperature), blow torch heating, and laser heating. 

Mineralogy (differentiation between magnetite and hematite) and textural (coarse grain size, 

porphyroblastic, veiny) information could not be obtained in all of the tests due to rough texture 

of samples’s surface of unpolished samples. On the other hand, the mineralogy and textural 

information could be detected and analyzed on polished samples. 

 

From all three types of tests, room temperature test was considered as the most promising one for 

automated core logging technique in comparison to blow torch and laser heating. This was 

because in the room temperature tests, the mineralogical information, such as magnetite-hematite 

identification and textural information, such as coarse grain size, cracks in magnetite, 

porphyroblastic and veiny texture of the samples could be identified.  

 

For blow torch, the mineralogical and textural information was identified as well, but the 

identification that based on temperature visualization was clearer and easier to be done in room 

temperature compare to blow torch test. On the other hand, for the laser heating, the mineralogy 

and textural information could not be obtained instantly. Further processing and calculations are 

needed for gaining the mineralogical identification and no textural information could be 

obtained. In addition, the required equipments in the room temperature imaging are simpler. 

 

6.5 Comparison between techniques 

Hyperspectral Imaging is commercially available for automated core logging. It has short 

scanning time: only 1 minute per drill core box with the SisuROCK. However the differentiation 

between hematite and magnetite is not possible based on the tests done in this study. In addition, 

the hematite that was supposed to be detected wasn’t. Magnetite didn’t show any response at all. 

Thus, the technique does not seem to be suitable for drill core scanning of Kiruna type iron ores. 

 

The developed fingerprint technique resulted in differentiation between magnetite and hematite. 

However, it seems that method requires smooth sample surface, i.e. polishing in coarse grain size 

textures, and method in current form takes approximately 15 minutes of manual work for 
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capturing the result. Currently technique it is not commercially available and for the 

development of automated system several technical problems needs to be solved. 

 

IR Thermography technique was able to differentiate between magnetite and hematite. However, 

smooth surface is needed and in coarse textures this means polishing. Currently technique is not 

commercially available but the development of automated system may not be technically very 

challenging. The scanning system might needed in order to make it commercially available 

(automated) as stated in (Table 19).
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Table 19: Comparison between HSI, Fingerprint, IR Thermography Technique 

(1) The tape’s covered area. The length is depend on the sample’s length but width of normal tape is 70 mm 

(2) The resolution of Fingerprint Technique is depend on the scanning quality of the scanner 

(3) The resolution is currently considered as low due to the fixed focus of the lens to sample surface, 215 mm

Techniques 
Data 

Acquisition 

Mineralogy 

Information 

(Magnetite 

and Hematite 

Identification) 

Textural 

Information 

(Grain Size, 

Texture) 

Covered 

Samples Area 

Time 

Needed 

Sample 

Preparation 

Resolution 

(spatial pixel) 

Hyperspectral 

Imaging 
       

SisuROCK 
Automated 

(Scanning) 
No Yes (Partly) 1500x650 mm 1 min No (Unpolished) 

Medium (1.67 

mm) 

SisuCHEMA 
Automated 

(Scanning) 
No Yes 100x10 mm 1 min No (Unpolished) 

High (23-600 

μm) 

Fingerprint 

Technique 
Manual Yes Yes 100x70mm(1) 15 min Yes (Polished) High(2) 

IR Thermography        

Room Temperature Manual Yes Yes 12x10 mm Instant Yes (Polished) Low(3) 

Blow Torch Manual Yes Yes 12x10 mm Instant Yes (Polished) Low(3) 

Laser Heating Manual Yes No 12x10 mm Instant Yes (Polished) Low(3) 
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6.6 Summary and Recommendations 

 

Three different techniques: hyperspectral imaging Fingerprint technique and IR Thermography 

were tested for mineralogical drill core imaging on unpolished, grinded, and polished samples. 

The hyperspectral imaging is currently commercially available but it doesn’t provide positive 

mineral identification in Kiruna type iron ore samples. The development of data interpretation 

could potentially make the interpretation better. This option should be studied before rejecting 

the method. 

 

Both of new methods the fingerprint technique and IR thermography are promising as they can 

differentiate between magnetite and hematite. In addition, textural information, such as grain size 

and texture can be obtained. However, the techniques are currently fully manual. Before taking 

the automation step still some more testing and development is needed to ensure their 

performance directly from unpolished drill core surfaces. 
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8 APPENDIX 

 

8.1 Works Scheme of LKAB 

In this section, it contain information about the work scheme of exploration, rock mechanics, 

production-mining geology, and process mineralogy of LKAB. By knowing and analyzing the 

work schemes, it could give more insight of the importance of automated core logging developed 

in this thesis work. 

8.1.1 Exploration 

 

 

 

 

 

 

In 2011, LKAB has established a new department, Department of Exploration. The purpose of the 

organization is to explore the possibility of operating new mines, mainly open-pit to add 10 million 

tons of the iron ore production. The department is currently working on 3 open pit mines in 

Svapavaara (Gruvberget, Levaniemi) and Mertainen (Figure 26). 

Geophysical Data Anomalies 

In the exploration department, the data that have been retrieved are the geophysical data containing 

ground magnetic survey and electromagnetic (susceptibility and other kind of measurements). If 

anomalies are found, then the next method to be done is to implement the drill cores in the area. 

1. Drill Core 

In this part, the drill cores are collected from the interested area that set by the geologists. Then, 

the data such as, length, foliation, and orientation are collected from the drill core in order to be 

analyzed further. 

2. Logging 

From logging activities, it could be obtained the chemical analysis (%Fe, %P, etc), bed rocks, 

minerals behavior (type of bedrock structure, geology of the bedrock, etc.).  

The drill core data are used to analyze the lithology-boundary, grain size, fabrics, and texture. 

The different step of drilling are to look for the ore, learn the rock/area, and acquire information 

about the ore boundaries. In addition, the mineral mapping is also done by defining the rock 

types: FeO texture, rocks characteristics, alteration, and strength. 
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Figure 26: Exploration Work Scheme of LKAB 
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3. 3D Modelling 

The elemental grade and the bed rocks alteration data from the drill core would be used to create 

a 3D model of the deposit. The block model that are created is using 15x15x15 m. The kriging 

method is used in this case to create the model which is developed on Leapfrog or Vulcan software. 

The result of the geomodelling might be transferred to the mining department.  

In order to create the block model the following data and sequences are needed: magnetic map, 

extended drill hole, all drill holes, lithology, ore geology, ore lithology, and ore model. It 

requires approximately 6 months to finish the project (depending on type of projects). 

Geologists (project leader), geophysics, technician (drilling and infrastructure), and 

environmental specialists are working together in order to get data that would be used in creating 

a 3D model of the deposit. Geological model are using XRF data to create XRF analysis. 

Geochemistry, Chemical assays (grade), and rock type are used to create geological model.  

4. Feasibility Study 

The 3D Modelling result is being used in the feasibility study to determine whether the project is 

feasible or not. 

 

8.1.2 Rock Mechanics 
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Figure 27: Rock Mechanics Work Scheme of LKAB 
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Rock Mechanics Engineer are responsible for analyzing the risky structure, best fit surface, 

seismic interpretation, and rock mechanics construction in the mine (Figure 27). It could be 

divided to Research & Development and Production Department. 

Production Department in the responsible for layout planning, structural geology (foliation), 3D 

modelling, geotechnical aspects of the mine 

Research and Development 

Geologists are more interested in drilling on the ore body while rock mechanics engineer are 

interested more on drilling on the foot wall. The measurement of the total slope angles are lower 

than the IRS. The bench high is depending on the machine. In this department, the Point Load 

Testing is done in order to measure tension. In addition, the USC test is also done to measure the 

pressure (mPA). The test of structures are found in drill core and it is very difficult to find 

structure in drill core. The slope design process is done from the rock mass and rock strength 

data gathered from core logging. In order to create the geotechnical model, the geology, 

structure, rock mass, and hydrogeology data are needed.  

Drill Core (Host Rock) 

The drill core data, such as length and orientation are collected from the host rock area in order 

to be analyzed for the rock mechanics properties 

1. Logging and Point Load Test 

In the rock mechanics department, the RQD and RMR value are collected. The point load test is 

also done to determine the strength of the rock. 

2. 3D Modelling 

In this stage, the RQD, RMR, point load test, and seismic interpretation data are used to create 

3D Model of layout planning and structural geology. The 3D model of structural geology is 

including the foliation and geotechnical aspects of the mine. 

3. Mine Planning and Rock Reinforcement 

The 3D Model result of structural geology and layout planning are used to determine the mine 

planning and rock reinforcement. Rock mechanics department objectives are to make sure the 

drift does not collapse, determining the type of reinforcement, and involving in mine planning. 

The department are working with rock mass, rock reinforcement, and seismicity. In addition, the 

department are also working with shaft, type of reinforcement, transportation level, exploration 

(no drilling), and type of deformation that needed to stand. 
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8.1.3 Production-Mining Geology 

 

 

 

 

 

 

 

 

 

 

The objectives of the mining geology department are to having a grade control by analyzing data 

from drill chips data, mapping (done by surveyor using GPS), logistics, and modelling (resource 

estimation). The grade control is done by using drill chip and drill plan. The grade from drill chip 

data is used to reconfirm the data from drill core used in creating block model (Figure 28). 

Drill Core 

In this part, the drill cores are collected from the interested area that set by the geologists. Then, 

the data such as, length, foliation, and orientation are collected from the drill core in order to be 

analyzed further. 

1. Logging 

From logging activities, it could be obtained the lithology data, estimated elemental grade, and 

geological structure. 

2. Sampling 

From the sampling activities, the more precise elementals grade are obtained by using XRF 

analysis. 

Underground mapping 

In this part, geologists are going to the site to map the lithology, grain size, structural geology, 

and rock characteristics. 

3. Susceptibility and gamma-gamma probe measurement 

The ore boundaries determination are done by using susceptibility and gamma-gamma probe 

measurement in boreholes. 
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Figure 28: Production-Mining Geology Work Scheme of LKAB 
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4. Ore Modelling 

The 3D Model of production planning is made from the parameters of the drill core and 

underground mapping. 

5. Production Planning 

The production planning are made from the following sequences, such as diamond drilling, 

modelling in 3D, resource modelling, drift mapping, grade control drilling, optimization of 3D 

modelling, reserve and resource calculation. 
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8.1.4 Process Mineralogy 

 

The process mineralogy department provide information requested by other departments. For 

instance, process mineralogy department provide mineralogical info, modal mineralogy, and 

liberation grade information for mineral processing department. It supports for both process and 

product development (Figure 29). 

The long term research project in process mineralogy department is analyzing mineralogy and 

texture. It also involves in research projects, such as PREP project from Lulea University of 

Technology (LTU). 

 

Ore Types/Domains and Sampling by TX 

The various kind of ore from different domains are sent to be analyzed. The sampling is done by 

using 5-20 rockpieces/type. 

 

Crushed drill cores (ALS) and sampling by SM 

The specific ore types are crushed for sampling purpose. The sampling is done for 50kg/type. 

 

1. Initial Mineralogy 

The samples that are done are sent for the initial mineralogy procedure. The initial mineralogy in 

this phase is including mineral chemistry (EPMA, LA-ICPMS), mineralogy texture (LOM, 

QEMSCAN), and mineral database (SIP list using QEMSCAN) 

 

2. Mineral Processing Test  

In this phase, mineral processing test is done for the samples in lab scale to determine the 

chemistry, trace elements (XRF products), modal mineralogy, liberation and associations 

(QEMSCAN), EMC and mass balancing simulation (HSC). 

 

3. Process Mineralogy 

In this phase, the process mineralogy is done for the samples to determine the mineralogy, 

texture (XRD, QEMSCAN) and bulk chemistry (XRF, Trace elements). 
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8.2 Various Techniques Results for All Tested Malmberget and Kirunavaara Samples 

Table 20: Various Techniques Results for All Tested Malmberget and Kirunavaara Samples 
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*Field of View is 12x10 m



 
 

 

 


