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Abstract 
The aim of this thesis is to investigate the rare earth element (REE) distribution within 

titanite, garnet and epidote from the Aitik mine tailings, the waste material of a large 

porphyry-copper deposit mined in northern Sweden. The mine is an open pit operation with a 

low grade – high tonnage ore that generates roughly 36 Mt of tailings annually. REE are 

considered critical metals as they are very important for the industry and the society. They are 

also only extracted in a few locations around the world which implies a substantial risk of 

supply shortage. It is therefore necessary to increase the exploration and understanding of 

REE in many types of deposits, including the Aitik deposit. Linking the REE distribution of 

these minerals with the geological evolution of the Aitik deposit is a second aim of this thesis, 

in order to further increase the knowledge of the Aitik deposit and the behaviour of REE.   

A sample taken from the Aitik tailings material was examined by micro-analytical 

techniques including optical microscope, SEM and finally LA-ICP-MS, generating REE 

distribution maps of titanite (5 grains), garnet (2 grains) and epidote (2 grains). The results 

show that REE are present in all titanite grains, with varying abundance within certain areas 

of the grains. The garnet end epidote showed lower REE signature, mostly bound to fractures 

within the grains. It is concluded that further investigations on the concentrations of REE 

should be conducted, and that innovative mineral processing methods will have to be 

examined before a potential extraction would be considered. Also, based on the REE 

distribution, the titanite grains are suggested to have undergone trace element migration, 

consistent with Svecofennian magmatism and metamorphism established for the area. 
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Swedish Abstract  
Syftet med denna avhandling är att utreda de sällsynta jordartsmetallernas (REE) 

existens och fördelning i titanit, granat och epidot från bearbetningsavfall från Aitik, en stor 

porfyr-koppar fyndighet i norra Sverige. Sällsynta jordartsmetaller är definierade som kritiska 

metaller då de är mycket viktiga för industrin och för samhället i stort. Dessa utvinns endast 

på ett fåtal platser på jorden vilket innebär en stor risk för leveransbrist. Det är därför 

nödvändigt att öka prospektering och kunskap om denna grupp av element även i andra typer 

av fyndigheter, vilket också är syftet med denna studie. Att sammankoppla de sällsynta 

jordartsmetallernas fördelning i dessa mineral med den geologiska utvecklingen av Aitik är ett 

annat syfte med avhandlingen, för att öka kunskapen om Aitikmalmen samt de sällsynta 

jordartsmetallernas utbredning.  

Ett prov taget från bearbetningsmassorna i Aitik undersöktes med ett flertal mikro-

analytiska tekniker, däribland optiskt ljusmikroskop, SEM och slutligen LA-ICP-MS. Detta 

genererade fördelningskartor över de sällsynta jordartsmetallernas utbredning i titanit (5 

korn), granat (2 korn) och epidot (2 korn). Resultaten visar att sällsynta jordartsmetaller finns 

i alla titanit-korn, med varierande riklighet i olika zoner inom kornen. Granat och epidot 

visade lägre signaler av sällsynta jordartsmetaller, oftast bundna till sprickbildningar i kornen. 

Ytterligare undersökningar av halterna av sällsynta jordartsmetaller bör utföras, och metoder 

för att kunna utvinna dessa element måste utvärderas innan en potentiell utvinning skulle vara 

möjlig. Baserat på de sällsynta jordartsmetallernas fördelning i titanit-kornen föreslås dessa ha 

undergått omfördelning eller förflyttning av spårelement, vilket är förenligt med den 

Svekofenniska magmatism och metamorfos som påvisats i området. 
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1. Introduction 
Aitik is a porphyry-copper deposit located in northern Sweden, roughly 60 kilometres 

north of the Arctic Circle and 15 kilometres southeast of Gällivare, a town known for its 

nearby mining activities in the Aitik and Malmberget mines. These two mines, together with 

the Kiirunavaara iron ore mine, constitute most of the mining operations in the region of 

Norrbotten County, and account for a large part of Sweden´s mining industry. Moreover, 

Aitik is one of the major producers of copper and gold in Sweden and Europe, and thus an 

important source for these metals. The Aitik disseminated sulphide deposit was discovered in 

the early twentieth century although it was not until 1968 that it came into production as an 

open pit operation by Boliden AB being the owner and producer. The mine is now the biggest 

open pit operation in northern Europe, with dimensions approximately 3 kilometres long, 1 

kilometre wide and 450 metres deep at its deepest. The ore zone is measured 400 metres deep 

in the southern part and inferred to 800 metres in the north. The annual production is today 36 

Mt of ore, containing approximately 0.22% copper, 0.11 g/t gold and 2.11 g/t silver (Boliden 

AB Annual report, 2016). Boliden also reports reserves (proven and probable) and resources 

(measured, indicated and inferred) of 1194 and 1846 Mt respectively, which allows 

continuous mining for several years.  

The low grade of the ore means that most of the material is separated and removed in 

the concentration process as tailings sand or waste rock. The tailings sand is deposited in a 

large tailing pond adjacent to the open pit while the waste rock is piled or used for dam 

construction impounding the pond. The sand consists of milled and grinded residue accessory 

minerals of the host rock, including titanite, garnet and epidote. The main objective of this 

study, which is part of a high-risk research project financed by CAMM2 (Centre of Advanced 

Mining and Metallurgy) at Luleå University of Technology, Sweden, is to characterize and 

investigate the major and trace element distribution of specific mineral phases with focus on 

rare earth elements (REE). The research project aims to identify elements that can be 

extracted from minerals in the mine tailings as by-products (project title: Design of selective 

collectors for extraction of valuable metals by separation of target minerals from mine 

tailings).  

REE bulk composition investigations of the Aitik deposit have previously been 

conducted by Boliden AB. However, the source for the REE is still unknown. Therefore, the 

occasionally REE-bearing minerals titanite, garnet and epidote, known to occur in the Aitik 

host rock, have been investigated to shed light on the REE sources. Titanite and epidote 

generally account for 1-2 vol% of the Aitik rocks (Wanhainen et al., 2012) and could 

therefore constitute a considerable source of REE. Garnet proportions are not known but are 

reported to occur as an accessory mineral phase in the deposit (Monro, 1988). A recent study 

showed that titanite from the nearby Kiirunavaara apatite iron ore did contain REE 

(Wanhainen et al., 2016) which is consistent with a study on metavolcanic titanite in a 

number of apatite iron ores in the Norrbotten region (Storey et al., 2007). Likewise, a study on 

trace elements in magmatic and hydrothermal titanite from a porphyry-copper deposit in 

western China (Cao et al., 2014) showed that REE existed with a similar REE-pattern for the 

magmatic and hydrothermal phases. The magmatic titanite was, however, more abundant in 

REE. Questions therefore arise whether the titanites in Aitik contain REE and whether 



2 

 

different types of titanite exist. Many studies have been performed on trace elements in 

titanite (e.g. Deng et al., 2014; Cao et al., 2014; Fu et al., 2016) where results have been 

positive, and this further highlights the importance of investigating titanite and other 

accessory mineral phases as sources for REE in high-tonnage deposits. However, a study on 

porphyry-copper and molybdenum deposits around the world concluded that molybdenum 

deposits are more abundant in REE, while still at uneconomic concentrations (John & Taylor, 

2016). Also concluded by John & Taylor (2016), is that porphyry systems are likely to play an 

increasingly important role as the demand for critical elements rise, and that the copper 

equivalent of the deposit type is suggested to be more significant than the molybdenum type. 

This is explained by the fact that these types of deposits are generally larger in size as well as 

more abundant.  

 

1.1. Issue  

The issue of this master’s thesis is that new sources for REE need to be identified as 

these elements are highly demanded by the industry and the society, for high technology 

applications and as essential keys of the on-going transition to clean energy alternatives. Also, 

to secure Europe’s access to REE is important as we are today fully relying on China to 

provide these elements.       

 

1.2. Aim  

The main purpose of this thesis is to investigate the REE distribution within titanite, 

garnet and epidote from the Aitik mine tailings to provide a first step in an evaluation of the 

potential to economically extract REE from this, and similar deposits. Is it likely that any of 

those mineral phases contain considerable amounts of REE? This is conducted by a step-wise 

mineral characterization methodology including optical and SEM microscopy and LA-ICP-

MS mapping of target grains. Secondary objectives of this study are to characterize the 

investigated titanites and fit them in the evolutionary interpretations of the deposit. Can 

chemical within-grain variations or different generations of titanite be seen, which can be 

connected to the evolution of Aitik?    
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2. Background 

2.1. Rare earth elements  

The REE-group of elements consists of 15 elements in the Lanthanide series (including: 

lanthanum, cerium, praseodymium, neodymium, promethium, samarium, europium, 

gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium and lutetium), 

together with yttrium and scandium as they have similar properties (figure 1) The REE-group 

can be divided into the categories light rare earth elements (LREE) and heavy rare earth 

elements (HREE) based on their chemical properties. In this study, La to Sm is defined as the 

LREE and Eu to Lu together with yttrium as the HREE similar to the division made by the 

European Commission (2014). Other divisions however exist where the middle lanthanide 

series elements are assigned either LREE or HREE. Despite the name, REE are not as rare as 

they may sound, instead they are quite abundant in the earth’s crust (Long et al., 2010). The 

issue is however that REE are rather evenly distributed in the earth’s crust and have a low 

tendency to become concentrated into deposits. Thus, they are seldom found in qualities and 

quantities that can be economically extracted. Today, roughly 99 percent of the HREE and 87 

percent of the LREE are produced in China (European Commission, 2014) in a number of 

alkaline deposits. This means that the world supply highly depends on the REE production 

and market, within this individual country.  

 

 

 
Figure 1. Periodic table of the elements with the REE marked in red. LREE are marked in green and HREE in 

blue. The division between LREE and HREE may vary, here the division used by the European Commission 

(2014) is used.  
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2.2. Critical raw materials  

The European Commission has identified 20 raw materials as critical for the European 

economy, of which LREE and HREE are included (European Commission, 2014). These 20 

elements are defined as elements that have a high economic importance combined with a high 

risk of supply shortage, and are therefore expected to be critical now and in the foreseeable 

future, as seen in figure 2.  

 

 
Figure 2. Results from the 2013 criticality assessment by the European Commission. Critical raw materials 

highlighted in the red shaded criticality zone of the graph. From the European Commission (2014). 

 

Comparing the 20 materials, the European Commission (2014) concludes that HREE 

will likely show a strong increase in demand until 2020, slightly higher than the LREE, which 

highlights their importance. As niobium is also an element considered highly critical, it is 

added to the selection of elements investigated in this study. On the contrary, scandium is not 

considered a critical element, and is therefore withdrawn from the selection and not accounted 

for in this study. Other critical elements are not within the scope of this study, as they are not 

believed to occur in the minerals investigated.  

 

 

2.3. Chemistry of titanite, garnet and epidote 

Titanite (CaTiSiO4O) is a calcium- titanium nesosilicate mineral (a silicate group where 

the SiO4 tetrahedrons form isolated units), historically referred to as “sphene”, and a common 

accessory mineral in magmatic and metamorphic rocks. The chemical structure includes 

chains of TiO6 octahedra, cross-linked by SiO4 tetrahedra units, which creates cavities 

enclosing Ca atoms. Al and Fe commonly substitute for titanium in the octahedral sites, while 

REE or other trace elements substitutes for cavity enclosed Ca because of its favourable 

position in the structure (Higgins & Ribbe, 1976). Titanite has proven successful in 

geochronology with U-Pb dating because of its fairly high closing temperature. Metamorphic 
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titanite may however give complex information on the metamorphic history of the rock, as it 

is known to react substantially during metamorphism (Frost et al., 2000).  

Garnet is a large group of nesosilicate minerals with a similar crystal structure although 

with a varying chemistry, and is a common mineral in metamorphic rocks. The general 

formula is X3Y2(SiO4)3, where the most abundant species contain Fe, Al, Mg, Mn or Ca in the 

X and Y positions. Less frequent species could also include V, Cr, Ti or Zr. The structure 

composes ZO4 tetrahedra sharing corners with YO6 octahedra creating a three-dimensional 

network containing the X ions. The group is known to contain REE and other trace elements 

in the X-site (e.g. Hönig et al., 2014). In Aitik, spessartine (Mn) and almandine (Fe) are the 

most abundant garnet species (Monro, 1988) while other species are also present but rare.     

Epidote (Ca2FeAl2Si3O12(OH)) is a sorosilicate mineral (a silicate group which includes 

two silicate tetrahedrons that are linked together sharing one oxygen ion, forming an 

hourglass-shaped structure) associated with metamorphic environments. Ca is commonly 

replaced by Fe, Mg or Mn, and REE can be present in trace amounts in the mineral.     

  

2.4. The Aitik tailings material  

The processing of the Aitik ore includes milling and grinding of the mined rock and 

thereafter separation of ore minerals from the gangue minerals by different chemical and 

physical processes. Eventually, most of the material is sorted out as waste because of the low 

grade of the ore, generating huge amounts of tailings material as seen in figure 3. It is 

estimated that 36 Mt of tailings are produced annually. It can be questioned whether anything 

of economic value might be thrown away at this stage, taking into account that the tailings 

material is already processed and milled. This means that much less effort would be needed 

for production compared to solid rock, and that the tailings material could be profitable to 

process at lower grades, for extraction of by-products.  

It is also environmentally sustainable to extract all possible by-products from the waste 

rock of a mine in operation, and thereby decrease the amount of waste and possibly the need 

of new mine establishments.  

Other by-products from porphyry-copper deposits often include molybdenum, whose 

content has partially been investigated at Aitik while not yet proven to be economically 

extractable (Wanhainen et al., 2014). 



6 

 

 
Figure 3. Aerial photo of the Aitik mine area, the tailing pond centre left and the open pit to the right in the 

picture. Modified from Google Earth (2017).   
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3. Geology 

3.1. Regional geology 

The bedrock of northernmost Sweden is part of the Fennoscandian shield and made up 

of precambrian rocks; an Archean craton, consisting of 2.8-2.7 Ga granitoid-gneiss rocks, 

later (2.3-2.0 Ga) Karelian rocks formed in relation to the breakup of this craton, and 1.9-1.8 

Ga Svecofennian units formed during further tectonic processes. The bedrock is heavily 

characterized by tectonic extension-compression sequences and individual magmatic and 

metamorphic events, causing a heterogeneous geology. A number of calcalkaline or 

alkalicalcic intrusions of 1.89-1.87 Ga age, called the Haparanda and Perthite-monzonite suits 

are believed to be comagmatic with the Svecofennian units (Bergman et al., 2001).  

The Archean rocks are mainly located in the northern parts of the Norrbotten region and 

consist of a granitoid basement with late Archean granite and ultramafic to mafic intrusions. 

When focusing on the Kiruna area, it has been seen that the Archean unit ends in an 

unconformity and is overlain by the Karelian unit which can be further subdivided into the 

Kovo group, a metasedimentary unit of conglomerates and quartzites and the Greenstone 

group which is a basaltic unit together with ultramafic rocks and mafic sills and dykes 

(Bergman et al., 2001). The Greenstone group hosts the apatite iron ores of Kiruna, 

Svappavaara and Malmberget. On top of these units lays the Svecofennian unit unconformly, 

which can be further subdivided into the Porphyrite and a Porphyry groups, together with 

older and younger metasedimentary rocks. These groups are intruded by the Haparanda suite, 

the Perthite-monzonite suite, and some additional gabbroic and granitic intrusions (Bergman 

et al., 2001). Lastly, uplift and erosion occurred in the area forming the arenitic sediments 

within the Hauki Quartzite (Martinsson, 2004). 

Several shear zones and deformation zones are found in the region with a general 

orientation NW to SE. One of these is the Nautanen deformation zone (NDZ) in the Gällivare 

area which extends adjacent to the Aitik deposit (figure 4). The westernmost part of the region 

is defined and covered by the Caledonides, a 0.5-0.4 Ga orogeny formed in the collision of 

Baltica and Laurentia in the closing of the Iapetus Ocean.  
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Figure 4. Geological map of the Gällivare area. Inset shows the location of the Gällivare area and the Aitik 

deposit within the Fennoscandian shield. Malmberget iron ore deposit is also seen. NDZ = Nautanen 

deformation zone. Modified from Wanhainen et al. (2014). 

3.2. Aitik geology  

The Aitik mine comprises the main deposit and a minor southern extension of the 

orebody named Salmijärvi, which is also in production as an open pit. The main deposit can 

structurally and by ore grade be divided into three units, the hanging wall, the ore zone and 

the footwall, located in 1.9 Ga averagely 45 degrees westerly-dipping volcanic rocks of 

biotite-sericite schists and gneisses, and amphibole-biotite gneiss (Zweifel, 1976; Monro, 

1988). The footwall contains a stockwork system likely formed by hydraulic fracturing in four 

main lithological units; a coarse-grained, foliated amphibole-epidote gneiss, a fine-grained, 

grey quartz-biotite gneiss, a hornblende-biotite gneiss and a porphyritic quartz-biotite gneiss 

(Monro, 1988). Monro (1988) describes the ore zone as composed of a fine-grained grey 

quartz-biotite gneiss, sometimes with garnet porphyroblasts, and a muscovite schist closer to 

the hanging wall. The ore zone and the footwall both contain ore mineralisation and are 

characterised by a graded contact. The hanging wall does not carry mineralisation and has a 

sharp contact with the ore zone. The petrology of the hanging wall comprises three main 

units; a banded hornblende gneiss near the ore zone, a quartz-biotite gneiss sharply overlying 

it, and on top a dark strongly foliated plagioclase-hornblende gneiss, all described in more 

detail by Monro (1988). Pegmatites occur throughout the deposit, with varying orientation 

and abundance, and are composed of mainly feldspar, quartz and tourmaline.  

The mineralogy of the Aitik deposit consists of chalcopyrite, pyrite and pyrrhotite as the 

main sulphide ore minerals, although at low grades. These occur disseminated, in veins or 

stockwork within the ore zone and at lower grade in the footwall. Molybdenite, bornite and 

chalcosite are also observed (Monro, 1988). The main rock-forming minerals are plagioclase, 
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k-feldspar, hornblende, amphibole, biotite, and quartz, while accessory minerals include 

tourmaline, epidote, apatite, garnet, titanite, barite and zircon. Also observed in the deposit 

are: ilmenite, muscovite, magnetite, sericite, chlorite, scapolite, covellite, sphalerite and 

arsenopyrite (Monro, 1988; Wanhainen et al., 2006).  

An early study of the Aitik deposit proposed a syngenetic sedimentary origin of the 

bedrock (Zweifel, 1976) while later investigations suggested a magmatic origin (Yngström et 

al., 1986) which are more in accordance with contemporary studies suggesting a magmatic-

hydrothermal origin (Wanhainen et al., 2006; Wanhainen et al., 2005; Wanhainen et al., 

2012). Wanhainen et al. (2005) conclude it likely that a 160 Ma episode (1.89-1.73 Ga) of 

numerous hydrothermal/magmatic and metamorphic activities are much responsible for the 

character of today’s Aitik, this based on Re-Os molybdenite and U-Pb titanite ages. A 

subvolcanic intrusion, calc-alkaline to intermediate in composition, is located within the 

footwall and belongs to the 1.9 Ga Haparanda suite (Wanhainen et al., 2006) and is likely to 

have driven the formation of the deposit (Monro, 1988). The deposit is proposed to have been 

the subject of two different mineralizing events, a primary porphyry-copper type 

mineralization, likely as a result of the intrusion, and a ca. 100 Ma later regional Iron-oxide 

copper gold (IOCG) -type hydrothermal overprint (Wanhainen et al., 2012). This is based on 

a combination of petrographic, structural, and fluid inclusion data. The deposit therefore 

varies slightly from the general definition of a porphyry copper type deposit. 
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4. Methods 
The main objective of this study is achieved by using the LA-ICP-MS technique for 

generating element maps of mineral grains to reveal relative contents of REE within the 

grains. This is preceded by methods to find and validate the minerals searched for, here 

accounted for by optical microscopy and SEM verification, as visualized in Figure 5.  

 

 
Figure 5. Schematic picture showing the analytical procedure. 

4.1. Material 

The studied material was provided by Boliden AB consisting of a one-year bulk sample 

of de-pyritized tailings taken from the processing plant in Aitik. The material was first 

separated during the concentration process as a tailings material, while the remaining ore-

containing material was concentrated further. The sample was then grinded, milled and sieved 

into three grain size fractions of -38 µm, 38-150 µm and +150 µm, respectively, at Luleå 

University of Technology. These fractions were epoxy glued and prepared as vertical polished 

thin sections, one fraction per thin section. Other than securing the grains on the thin sections, 

the epoxy formed a matrix between the mineral grains in the thin sections. Thin sections were 

thereafter coated with carbon to make them conductive, thus avoiding electrostatic charge to 

accumulate during the SEM-analysis, a routine procedure.  

 

4.2. Analytical techniques 

A Nikon ECLIPSE LV100 POL was used for the light optical microscopy studies at 

Luleå University of Technology to locate target mineral grains in the vertical polished thin 

sections (titanite, garnet, and epidote). Transmitted, plane polarised light (ppl) and cross 

polarised light (xpl), were used to reveal properties of grains of interest, which were thereafter 

evaluated based on the known properties of the minerals. To find as intact grains as possible, 

the coarsest fraction (+ 150µm) was chosen for further micro-analytical studies. However, 

those grains were not completely intact but appeared fractured, which could be explained by 

the milling process crushing the grains. Particularly, the titanite grains lacked their 

characteristic wedge or diamond-like shape (e.g. Wenk & Bulakh, 2012). A total of 14 grains 

were found and selected for further investigation, including titanite (8 grains), garnet (3 

grains) and epidote (3 grains). Those were marked with a marker pen and by copper-tape to 

help spot the grains during the following scanning electron microscopy (SEM) analysis.  

Subsequently, SEM measurements were carried out in a Merlin SEM (Zeiss Merlin 

FEG-SEM) equipped with an energy dispersive spectroscopy (EDS) at Luleå University of 

Technology for the sake of obtaining major element composition of the grains selected and 

thereby enable verification and determination of the mineral phase. The weight percent scale 

in the SEM-EDS is not too precise, as not all constitutes are identified, which might give an 

Optical 
Microscopy

SEM 
verification 

LA-ICP-MS
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incorrect total weight. However, it gives a fairly good proportional composition, which is 

sufficient to deduce the mineral phase.  

The thin section was placed in the instrument and vacuum conditions were generated. A 

primary electron beam, generated by an operating current of 20 kV, was focused on a spot 

inside the mineral in the thin section from a distance of 8.5 mm, causing electrons in the 

sample to interact with the beam and emit X-rays. The EDS analysed the spectrum of X-rays 

emitted and generated element data from the measurement. This data was then processed in 

Aztec, a software from Oxford Instruments, to reveal the relative major element composition 

and thereby enable a conclusion on the mineral phase. This was possible as the different X-

rays with different KeV correlates to different elements, which allows the concentration of 

elements in the sample to be analysed. Several spots were analysed for each grain as 

described above to provide confidence on the measurement, and results were given in weight 

or atomic percent for each element detected. Limitations with the SEM-EDS include the 

ability to measure trace elements; hence no such were detected at this stage.  

Further, Back Scatter Electron (BSE) images were generated for the titanite grains 

during SEM procedure, with the intention of visualizing possible internal variations in the 

composition of the grains. Here, the probe was set to 1.0 nA. A BSE image can be generated 

as the electrons focused on the sample by the SEM interact with other electrons in the sample 

which become backscattered. The number of backscattered electrons is then detected by the 

BSE-detector, integrated in the SEM instrument. This number is proportional to the average 

atomic number of the element hit, as heavier elements tend to backscatter electrons more 

strongly compared to lighter elements. Consequently, areas containing many heavy elements 

will be brighter in a BSE image, while areas containing lighter elements will be darker.  

A Laser Ablation- Inductively Coupled Plasma- Mass Spectrometry (LA-ICP-MS) was 

conducted during several occasions to achieve relative major and trace element composition 

maps of a total of 9 grains: titanite (5 grains), garnet (2 grains) and epidote (2 grains), as seen 

in table 1. These grains were chosen from the previous SEM analysis as they were the largest 

grains and thereby held the biggest chance of potentially having a visible variation in 

composition. Also, some of them showed clear differences in brightness from the BSE 

imaging which further indicated that they could be interesting. The reason for not analysing 

all detected grains with the LA-ICP-MS was mainly because of the time and cost limits. The 

laser used was a NWR193 nm high-performance ArF excimer based laser ablation system, 

coupled with an ICAP Qc ICP-MS at Luleå University of Technology. 

 

Table 1. List of the grains chosen for LA-ICP-MS analysis.  

Titanite Garnet Epidote 

Ttn02 Ttn04 Ttn03 Ttn07 Ttn09 Grt01 Grt02 Ep01 Ep02 

 

 

The selection of major and trace elements for analysis were based on the chemistry of 

each mineral phase, thus which elements could be expected, excluding non-relevant elements. 

As an external standard, NIST SRM 612 glass was used for all measurements. The laser was 

run at a pulse frequency of 10 Hz and pulse energy of 6.0 J/cm2, and the spot size was set to 5 
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µm. For titanite and epidote, a total of 24 elements were analysed, compared to 25 for garnet. 

Dwell times were set to 0.005 and 0.01 seconds for major and trace elements, respectively. 

Background signals were measured for at least 1 minute prior and after the ablation, 

generating enough data for processing and blanks to be measured. Helium flow rate was 750 

mL/min. 

The function of the laser in the LA-ICP-MS is to ablate and transform a small part of 

the sample as an aerosol of small particles which are then transported to the ICP unit in 

helium gas. Here, argon gas is heated to form a plasma which further vaporises and ionizes 

the aerosols. Next, the ions in the ionized sample are separated from each other in the mass 

spectrometer based on their mass to charge ratio, all in a vacuum environment. Finally, the 

intensity, or counts per second (CPS) of this ion beam is measured for each ion and gathered 

by the computer. In this study, the samples were ablated in a map generating mode which 

includes a sweeping of the across the sample. As the laser hits the sample, it cuts it and 

produces a crater wherever it is focused, which therefore partially destroys the sample. Care 

has therefore to be taken to not use a too large spot size or pulse energy, as it may cause a 

deep enough crater to burn through the sample and contaminate it. Further in-depth 

explanations of the LA-ICP-MS technique can be found in e.g. Longerich (2008).  

The external standard used, NIST SRM 612, belongs to the NIST SRM 600 series 

which is a certified well-used standard reference materials (SRM) group used for calibration 

purposes and silicate minerals. The 612 standard composes a synthetic glass medium enriched 

in a number of elements, with similar amounts of several trace elements with concentrations 

of approximately 40 ppm. A drawback of this standard is that its major element composition 

differs much from any naturally geological material, which can lead to analytical errors 

because of the matrix effect as explained in e.g. Jochum et al. (2007). More information on 

the NIST standards is to be found in e.g. Jochum & Stoll (2008).  

The LA-ICP-MS data was extracted from the computer and thereafter processed in 

Iolite v3.5, with concentrations for the NIST SRM612 external standard from GeoRem 

(2009). In iolite, maps of the REE and Nb counts per second were generated after background 

values were accounted for by performing a baseline correction. Some major element maps 

were also generated for further verification. 
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5. Results 

5.1. The grains investigated  

The 9 grains investigated are presented in figure 6 as images from the optical 

microscope. Note that the images were taken after SEM and LA-ICP-MS analyses had been 

carried out which explains the presence of laser ablation rows, seen on most grains.  

 

 

 
Figure 6. Optical microscope images of the grains investigated taken after SEM and LA-ICP-MS analyses. The 

grains are centred in each image. The laser ablation rows from the LA-ICP-MS analyses can be seen on most 

grains. Ttn02 – Ttn09 are titanite grains, Grt01 – Grt02 are garnet grains and Ep01 – Ep02 are epidote grains.  

 

5.1. SEM verification 

The SEM-BSE results show that internal variations in brightness can be found in some 

grains as seen in figure 7A, with darker and brighter areas. Here, spots where spectrums have 

been achieved are also shown (spectrum 22-28). The mineral phases of all grains investigated 

in this study were verified to be the target mineral phases. This was accomplished for all 

grains by evaluating the proportions of the major elements in the spectrums for each mineral, 

as exemplified in figure 7B.   

 



14 

 

 
Figure 7. One of the results from the SEM-EDS measurements. Backscatter image of a titanite grain (Ttn02) 

with spots analysed for major elements in spectrums (A), and one of those spectrums visualized (B). It is seen 

that the spectrum contains mostly Si, Ca, O and Ti, which is consistent with titanite.    

5.2. Trace elements in titanite 

The results from the trace element analyses of titanite can be seen in figures 8-12. All 

grains display REE and Nb in most parts of the grain but with some variations in magnitude. 

The titanite grain (Ttn02) analysed in figure 8 shows that the lowermost part of the grain is 

enriched in the measured isotopes, with a sharp transition between the different parts. Some 

other areas of this grain are also more abundant in REE and Nb. HREE and LREE show 

similar distribution across the grain although the LREE/HREE ratio is slightly lower in the 

areas mentioned above. The LREE are those on the right side of each figure, which includes 

La, Ce, Pr, Nd, Pm and Sm. The HREE are Eu, Gd, Tb, Dy, Ho, E, Tm, Yb, Lu and Y. Nb is 

also added to the results. This is valid for all further figures.    
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Figure 8. SEM backscatter image of a µm-sized titanite grain (Ttn02) together with LA-ICP-MS maps of the 

measured isotopes: 139La, 140Ce, 141Pr, 146Nd, 145Pm, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 
175Lu, 89Y, and 93Nb. Coloured scales are in counts per second. Ttn = titanite.  

The titanite grain (Ttn04) analysed in figure 9 also shows a distinct variation in REE 

and Nb content, with sharp transitions. The enriched areas are situated as clusters near the rim 

of the grain. LREE are almost completely absent in the parts of the grain where REE is 

generally low, while HREE and Nb can still be seen in those areas.  
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Figure 9. SEM backscatter image of a µm-sized titanite grain (Ttn04) together with LA-ICP-MS maps of the 

measured isotopes: 139La, 140Ce, 141Pr, 146Nd, 145Pm, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 
175Lu, 89Y, and 93Nb. Coloured scales are in counts per second. Ttn = titanite.  

The titanite grains of Figure 10, 11 and 12 (Ttn03, Ttn07 and Ttn09) also show a varied 

character of REE and Nb distribution. Grain Ttn03 seems slightly less varied compared to 

Ttn07 and Ttn09. When comparing the LREE and HREE abundance of Ttn07 in figure 11, it 

can be noted that the LREE show sharp transitions within the grain, while the HREE in 

general are more homogeneously distributed. This grain has a circular area which is more 

enriched in REE and Nb. The titanite grain Ttn09 in figure 12 is characterized by an 

elongated area in the centre of the grain which is enriched in REE and Nb. Generally, 

somewhat high values exist above this area, while the lowermost area shows lower, relative 
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values. The REE enriched area correspond to a brighter area in the BSE image, although 

hardly visible.    

 

 
Figure 10. SEM backscatter image of a µm-sized titanite grain (Ttn03) together with LA-ICP-MS maps of the 

measured isotopes: 139La, 140Ce, 141Pr, 146Nd, 145Pm, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 
175Lu, 89Y, and 93Nb. Coloured scales are in counts per second. Ttn = titanite.  
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Figure 11. SEM backscatter image of a µm-sized titanite grain (Ttn07) together with LA-ICP-MS maps of the 

measured isotopes: 139La, 140Ce, 141Pr, 146Nd, 145Pm, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 
175Lu, 89Y, and 93Nb. Coloured scales are in counts per second. Ttn = titanite. 
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Figure 12. SEM backscatter image of a µm-sized titanite grain (Ttn09) together with LA-ICP-MS maps of the 

measured isotopes: 139La, 140Ce, 141Pr, 146Nd, 145Pm, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 
175Lu, 89Y, and 93Nb. Coloured scales are in counts per second. Ttn = titanite. 

 

5.3. Trace elements in garnet 

The garnet grains in figure 13 and 14 generally show a weak REE signature and some 

isotopes are not possible to distinguish within the grain at all. Nb is also lacking. La and Ce 

seem to be the most noticeable of the LREE, present in thin lines across both grains. These 

lines coincide with fractures detected in the optical microscope. Y is the most distinct isotope, 

and it varies within both grains.    
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Figure 13. Reflected light optical microscope image of a µm-sized garnet grain (Grt01) together with LA-ICP-

MS maps of the measured isotopes: 139La, 140Ce, 141Pr, 146Nd, 145Pm, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 
166Er, 169Tm, 172Yb, 175Lu, 89Y, and 93Nb. Coloured scales are in counts per second. Grt = garnet.  
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Figure 14. Reflected light optical microscope image of a µm-sized garnet grain (Grt02) together with LA-ICP-

MS maps of the measured isotopes: 139La, 140Ce, 141Pr, 146Nd, 145Pm, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 
166Er, 169Tm, 172Yb, 175Lu, 89Y, and 93Nb. Coloured scales are in counts per second. Grt = garnet. 

5.4. Trace elements in epidote 

The epidote grains in figure 15 and 16 does not show a strong REE signature. A varied 

isotopic signature exists mainly for the LREE and some of the HREE. Here, the LREE seem 

to be enriched in fractures within the grains. Ep01 in figure 15 shows a stronger signal in 

HREE compared to Ep02. Nb is not possible to distinguish in any of the grains while Y 

appears more significant, however still showing a weak signal. Y has a more varied 

appearance in Ep01 compared to Ep02.     
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Figure 15. Reflected light optical microscope image of a µm-sized epidote grain (Ep01) together with LA-ICP-

MS maps of the measured isotopes: 139La, 140Ce, 141Pr, 146Nd, 145Pm, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 
166Er, 169Tm, 172Yb, 175Lu, 89Y, and 93Nb. Coloured scales are in counts per second. Ep = epidote. 
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Figure 16. Reflected light optical microscope image of a µm-sized epidote grain (Ep02) together with LA-ICP-

MS maps of the measured isotopes: 139La, 140Ce, 141Pr, 146Nd, 145Pm, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 
166Er, 169Tm, 172Yb, 175Lu, 89Y, and 93Nb. Coloured scales are in counts per second. Ep = epidote. 

 

5.5. Al and Fe in titanite  

The major element composition considering aluminium and iron distributions in titanite 

grains are presented in figure 17 and 18, respectively. Other major elements such as Mg, Ti, 

Ca, Mn, and Si were also analysed, but not included in this thesis. It can be seen that the Al 

content generally is slightly lower in those parts of the grains where REE are more abundant. 

This becomes clear when comparing the grains in figure 17 to the respective trace element 
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maps presented earlier. This occurrence is, however, not always consistent, as for example 

seen in Ttn02. Here, some of the low-REE areas show a similar or even lower Al signature 

than the REE-enriched areas. The other grains are more consistent with REE-enriched areas 

being low in Al.   

       

 
Figure 17. LA-ICP-MS generated maps of aluminium in the titanite grains. From left to right: Ttn02, Ttn04, 

Ttn07 and Ttn09. Scales are in counts per second.  

The iron distribution does not seem to correspond the trace element distribution as good 

as the aluminium. It can be seen that Ttn02 and Ttn09 show similar patterns, with lower iron 

content where REE are more abundant. Although also here at only slight variations. The iron 

distribution of Ttn04 does however show the opposite as seen in figure 18, with instead a 

higher iron signature. Ttn07 seems almost homogenous in iron distribution, although it might 

be possible to distinguish similar patterns as in Ttn04, if evaluating the map carefully.      

 

 
Figure 18. LA-ICP-MS generated maps of iron in the titanite grains. From left to right: Ttn02, Ttn04, Ttn07 and 

Ttn09. Scales are in counts per second. 
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6. Discussion 

6.1. The importance of REE  

This study was conducted to increase the knowledge of trace elements in ores and 

deposits, and thereby enable the possibility to utilize the ores more fully. An increased 

extraction of elements from processed ore and mine waste will likely decrease the relative 

environmental impacts of the respective elements, and aid the progress of the EU becoming 

more self-supporting, considering REE and other critical elements. Ali et al. (2017) states that 

end-of-life recycling for REE is roughly 1%, which further demonstrates how important it is 

to find new sources for these elements. This number is explained by long hold-up times in 

products combined with complex recycling techniques as REE are often mixed together with 

other metals in small components. The growing population is also an important factor why 

recycling alone will not be enough to meet the future demand for critical materials and REE.  

Ali et al. (2017) also concludes that the development of renewable energy sources and 

high-technology applications will increase the demand for critical materials and REE, 

including the ongoing transition of electrifying the transportation sector. Therefore, this trend 

will likely continue, also concluded by the European Commission (2014). The profitability in 

extracting REE will increase with demand, and it can therefore be advantageous to investigate 

distributions on REE and trace element of ores in advance.  

Investigations on trace element geochemistry of accessory minerals can also be useful 

from an exploration point of view, as analyses of trace element content may be used as a 

vector pointing towards ore deposits. Genetic modelling of deposits is likewise a scientific 

area where trace elements and REE play an essential role, as these can reveal clues on the 

formation and metamorphic history of deposits.  

The titanite grains investigated in this study contain LREE, HREE and Nb although no 

qualitative data on concentrations are obtained. Their distribution varies within all 

investigated grains, with areas of lower and higher counts per seconds respectively. It is 

therefore considered likely that a study on extraction processes would need to evaluate this 

variation and whether the complete grains should be processed rather than only the more REE 

abundant zones. Moreover, porphyry copper deposits have shown to contain significant REE 

in titanite in other parts of the world (Cao et al., 2014) which justifies further investigations 

on this matter.  

The garnet and epidote grains investigated in this study does not seem to hold 

significant contents of REE, and are therefore not likely to be profitable from an economic 

point of view. Fractures are probably responsible for the barely visible LREE signature of La 

and Ce in the garnet, similar, but at lower signature to what have been seen by e.g. Raimondo 

et al. (2017), in a study on chemical mobility in garnet. Epidote, however, show a slightly 

stronger LREE pattern, while still similar to that of garnet. 

 

 

6.2. Correlation between REE pattern and origin of titanite  

One possible explanation to the REE-pattern revealed in this study is trace element 

migration obtained by e.g. metamorphic events causing redistribution or replacement of 

elements within single grains. This can be compared to replacement in sphalerite due to 
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percolation of fluids (Cook et al., 2009), and trace element mobility in zircon due to 

deformation (Reddy et al., 2016). The titanite grains of this study hold rather complex internal 

zonations and structures, which are likely to correspond to the geological evolution of the 

rocks. These zonations can be seen in more detail on the BSE images that are overlaid by LA-

ICP-MS results in figure 19. By merging these image techniques, it becomes obvious that the 

LA-ICP-MS results correlates fairly well with the brighter areas of the grains, which are 

marked by dashed lines. This is consistent with a previous study on titanite grains from 

metavolcanic rocks in the Norrbotten County (Storey et al., 2007), where similar dark and 

bright areas were found, and also dated with the U-Pb method. In the mentioned study, it was 

revealed that the brighter areas, often found at the rims of the grains, retained distinct younger 

ages or strongly reset ages than the cores of the grains. Storey et al. (2007) also concluded 

that the brighter rims were enriched in REE, as is also clearly the case of the brighter areas of 

the grains investigated here. However, it cannot be concluded that the titanite grains of this 

study show a typical core-and-rim pattern, consistent with growth zonation. Instead these 

zonations appear more irregular as patches. A possible exception is Ttn04, where the brighter 

areas are found in clusters in the rim of the grain (figure 19B). It should be noted, however, 

that the studied material has been grinded, and therefore the titanite grains commonly lack 

their original in-situ shape. Probably, they are the remains of larger grains where the zonation 

was more consistent, which is supported by the fact that mm-sized, in-situ titanite grains have 

been reported in the Aitik deposit (Wanhainen et al., 2005), which are at least 10 times bigger 

than the grains studied here.  

Storey et al. (2007) further concludes that the brighter rim areas are the result of 

recrystallization including dissolution and re-precipitation of titanite, contemporary with 

Svecofennian magmatism and accompanied metamorphism. The rims are suggested to have 

been the subject of metamorphism while the cores have stayed more unaffected. Similar 

processes could also apply for the Aitik titanites, as these have been subjected to the 

corresponding metamorphism, a metamorphic event in the Aitik area between 1.88 and 1.87 

Ga (Bergman et al., 2001). However, geochronological data is needed to obtain ages and 

further fortify this theory.  

 

 
Figure 19. BSE images of two titanite grains, Tt02 in A and Tt04 in B. LA-ICP-MS results applied as red 

coloured fields on top of each image. The red areas refer to where the counts per second is more than 5500 (A) 

or 20000 (B) respectively, thus all areas with values below these numbers have been deselected. The dashed line 

marks the transition between brighter (dense) and darker (light) areas of the grains, corresponding to the red 
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areas fairly well. The centre bright area of Ttn02 (A) lack the red colour and hence any values above 5500 counts 

per second, which can be explained by the limit set for the CPS. 

 

It has, however, also been concluded that magmatic titanite is more abundant in REE 

and trace elements compared to hydrothermal titanite (Cao et al., 2014; Che et al., 2013; Frost 

et al., 2000). This was seen when investigating a porphyry –copper deposit, a number of 

tungsten and molybdenum deposits, and the role of titanite as a geochronometer, respectively. 

This is in contrary to the previous mentioned theory. Thus, the REE-enriched areas could 

instead represent magmatic unaffected areas of the grains, consistent with a magmatic or 

initial metamorphic origin. The darker, REE-low, areas would then be altered areas affected 

by later metamorphism or hydrothermal alteration.  

When evaluating the major element distribution of the titanite grains, it can be seen that 

the Al signature is generally low in the REE-enriched zones. This is consistent with magmatic 

titanite (Cao et al., 2014; Che et al., 2013) and further speaks in favour for a magmatic origin 

of these zonations within the grains. The low-Al signature could be explained by that Al 

substituting for Ti in titanite affects the size of the octahedral Ca-site in the crystal lattice 

(Oberti et al., 1991), as it decreases in size with increasing Al substitution. Hence, the volume 

of the Ca-site should increase with lower contents of Al in the titanite, possibly allowing REE 

to easier fit in the lattice. If this theory is true, it should be valid for both magmatic titanite 

with varying Al content as well as metamorphic titanite where substitution or migration of 

certain elements is present.  

A study on titanite overgrown on rutile (Lucassen et al., 2012) however concluded that 

no correlation between Nb and Al can be seen regarding the distribution within titanite grains, 

which generate ambiguity on this theory. Lucassen et al. (2012) also concludes that other 

trace elements brought to the titanite in an external fluid, creating a hydrothermal system, 

does show some correlation to the Al content within the titanite.  

Furthermore, titanite in Aitik is indicated to have grown during several different events 

(Wanhainen et al., 2005), which is consistent with the patches of different trace element 

content of the titanite revealed in this study.   

 

 

6.3. Further thoughts 

A phenomenon discovered in most of the studied titanite grains is that fractures existing 

in the darker zones end when approaching the brighter zones, as demonstrated in figure 20. 

This could be explained by deformation of the grain, either by geological processes or from 

the mineral processing of the grains during mining, which only affect the darker areas. The 

brighter areas are possibly more stable and more resistant to deformation due to their relative 

abundance of heavy elements such as HREE that reinforce the grain. This feature could be of 

importance when evaluating possible metallurgical processing techniques.   
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Figure 20. Titanite grain (Ttn09). Fractures end or change direction when approaching the brighter, elongated 

zone in the middle of the grain. This phenomenon is valid for most of the titanite grains investigated. The same 

grain can also be seen in figure 12.   
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7. Conclusions and Recommendations 
REE and Nb show significant signatures within the studied Aitik titanite grains while 

barely visible in the garnet and epidote grains. Garnet and epidote therefore likely lack 

profitable REE concentrations while such could potentially be present in the titanite. LREE 

and HREE distribution is similar within the titanite grains, hence no significant difference has 

been found. Since only a low number of grains were investigated, different generations of 

titanite could not be distinguished. However, patches observed within the titanite grains using 

an optical microscope could be correlated to brighter areas from the SEM-BSE images and 

identified by LA-ICP-MS as REE variations in the grains.  

The REE-enriched patches are suggested to be the result of trace element migration 

occurring in the grains due to metamorphic events, in accordance with the geological 

interpretations of Aitik.  

Moreover, the method to apply LA-ICP-MS onto SEM-BSE images has proven a 

powerful tool as one might simultaneously evaluate and compare the results of both 

techniques.    

The REE concentration of titanite should be investigated in order to reveal if 

economical contents are present, preferably by studying uncrushed, in situ material, to also 

obtain textural and paragenetic features such as possible zonations and different generations 

of titanite. Also, a large number of grains need to be studied in order to obtain representative 

data. Furthermore, mineral processing investigations are needed to evaluate the potential to 

economically extract REE from porphyry-copper ores. This includes investigations on how to 

separate titanite from huge volumes of tailings as well as on how to separate REE from the 

titanite itself. Regarding the origin of the titanite, a possible method to reveal this could be to 

find and date different identified generations of titanite; both magmatic and hydrothermal 

types.  
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