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Summary 

 

This thesis focuses on the magnetite composition of the Mustavaara V-Fe-Ti deposit located in the Porttivaava 

block of the Koillismaa layered intrusion in the Taivalkoski area, north-eastern Finland. The main purpose was 

to describe the lithology of a drill core crossing the ore-bearing magnetite gabbro unit and its hanging wall and 

foot wall rocks and to document the distribution of vanadium in magnetite. The study material consisted of 

twenty polished thin sections and whole-rock ICP-OES analyses and DDT test results provided by Mustavaaran 

Kaivos Oy. The thin sections were used in microprobe studies of the magnetite composition. 

 

The Mustavaara V-Fe-Ti ore is hosted by the 2440 Ma Koillismaa layered intrusion complex, which intruded in 

the contact zone of the overlying volcanic rocks and the Archean gneiss complex, forming a sheet-like body. The 

magmatic body was tectonically dismembered into several blocks after its formation. The ore-hosting magnetite 

gabbro is located in the upper portions of the intrusion's stratigraphical column, reaching 100-200 m in thickness 

and 19 km in lateral extent in the Porttivaara block of the intrusion.  

 

The ore unit is divided into four main units on the basis of the magnetite abundance: Disseminated rock, Ore 

Upper, Middle and Lower layers. The layers differ from each others on the basis of the modal abundance and 

V2O3 content of magnetite. The  Upper and Lower layers are richest in V2O3. The middle layer is the thickest 

layer but lowest in vanadium. Indexes of differentiation, such as An% in plagioclase and variation of Ti and V 

contents as a function of depth, indicate that the magnetite gabbro did not crystallize from a single magma pulse, 

as the magma evolution shows multiple reversals. 

 

Magnetite occurs as euhedral grains in the dissemination and becomes subhedral with increasing abundance. 

Magnetite has been silicified near rock fractures, which bears only small significance on a larger scale. The only 

significant silicification is present in the Ore Lower layer where the ore unit is divided by a thin, intensely 

silicified gabbro. The microprobe analyses of this study show that the magnetite V2O3 content ranges from 1.0 to 

1.8 wt%, is broadly homogeneous and as such renders magnetite ideal for beneficiation. 

 
Further information 
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“Most of the rustic instruments are made of iron, as ploughshares, sharebeams, mattocks, the 

prongs of harrows, hoes, planes, hay-forks, straw cutters, pruning shears, pruning hooks, spades, 

lances, forks, and weed cutters. Vessels are also made of copper or lead. Neither are wooden 

instruments or vessels made without iron. Wine cellars, oil-mills, stables, or any other part of a 

farm building could not be built without iron tools.” 

Georgii Agricola, De Re Metallica, 1556 
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1.0 Introduction 

Mustavaara vanadium-iron-titanium (V-Fe-Ti) ore deposit is hosted by the Koillismaa layered 

intrusion. The deposit consists of a magnetite gabbro forming a stratiform layer, 50-200 m thick, in 

the upper portion of the layered series. The ore-bearing layer can be traced along strike in most 

blocks of the intrusion. In the Portivaara block area, in which the profitable deposit is located, the 

layer is almost 20 km long. The deposit was mined in the Porttivaara block during the period from 

1976 to 1985. Mustavaaran Kaivos Oy is currently evaluating to reopen the mine. 

 

Understanding the nature and formation of the V-bearing phases in the iron ore is crucial to the 

efficient mining and enrichment of the ore. Juopperi (1977) has studied the oxide phase of the 

Mustavaara deposit. However,  no systematic microanalytical characterization of the Mustavaara 

ore has so far been conducted. In this thesis  the petrography, mineralogy and textures of the ore 

are examined. It focuses on the ore mineral compositions and the nature of the ore layers and 

attempts to identify genetic factors that affected the distribution of ilmenomagnetite and vanadium 

in the Mustavaara ore. The aim is also to document and describe the differences between the 

different ore layers, termed the upper ore layer (OUL), middle ore layer (OML), lower ore layer 

(OLL) and disseminated rock (DR) by Juopperi (1977). 

 

1.1. Review of layered intrusions 

 

Mafic-ultramafic layered intrusions have crystallized from basaltic magma. They can exist in any 

given tectonic environment where basaltic magma is generated, for example, at mid-ocean ridges. 

Many layered intrusions are emplaced in the continental crust where they may be exposed by 

erosion. The intrusions are often genetically related to continental flood basalts, formed from 

subcontinental mantle plumes that generate vast quantities of magma during continental rifting. As 

shown in Table 1, most large mafic layered intrusions are Precambrian in age. This is due to the 

higher geothermal gradient of that era – resulting in more abundant mantle plumes, and more 

intense mantle melting creating more mafic melts (Winter 2010). The intracontinental intrusions 

tend to be better preserved as they are located on thick, buoyant keels of harzburgitic material, 

which prevents tectonic recycling (Maier et al. 2013).   
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Table 1: World examples of layered intrusions from Winter (2010). 

Name Age Location Area (km²) 

Bushveld Precambrian South Africa 66000 

Dufek Precambrian Antarctica 50000 

Duluth Precambrian Minnesota, US 4700 

Stillwater Precambrian Montana, US 4400 

Muskox Precambrian 

NW territories, 

Canada 3500 

Great Dike Precambrian Zimbabwe 3300 

Kiglapait Precambrian Labrador 560 

Skaergård Eocene Greenland 100 

  

Igneous layering is a feature that is the result of a change in mineralogy or chemical composition 

and it forms sheet-like, continuous units in the igneous body. The layers may vary from texturally 

and chemically uniform to heterogeneous along or across the layering (e.g. gradation). Modal 

layering represents variation in the relative proportions of minerals. The scale can range from 

centimeters to a few meters. Modal layers are a form of phase layering, for example, if olivine 

appears in an augite+plagioclase layer, a new phase is introduced to the system. Layering is called 

cryptic, if the layering is chemical in nature and not visible to the naked eye (Winter 2010). 

 Fig 

1.2. Magnetite-ulvöspinel solid solution  

 

A typical feature of the iron-titanium oxides crystallized in deep-seated basaltic magma chambers is 

the presence of ilmenite exsolution textures. The origin of the exsolved ilmenite has been reviewed 

by numerous authors. Under conditions of low oxygen fugacity (fO2), a solid solution series of 

magnetite (Fe3O4) - ulvöspinel (Fe2TiO4) exists, in which no exsolution takes place (Reynolds 

1980). This phase is called titanomagnetite. Ilmenomagnetite is magnetite with intergrowths of 

ilmenite. This is the most common form of oxides at Mustavaara. 

On the other hand, under relatively high fO2, the ulvöspinel endmember can become oxidized to 

produce ilmenite and magnetite as expressed by the following reaction: 
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3 Fe2TiO4
 
+ 1/2 O2 =˃ 3 FeTiO3 + Fe3O4 

(ulvöspinel)                 (ilmenite) (magnetite) 

Ilmenite is immiscible in magnetite and thus two separate phases are created, either in the form of 

ilmenite lamellae within magnetite oriented parallel to the (111) crystallographic plane of the 

magnetite grain, or as granular ilmenite crystals, commonly near the margins of magnetite grains. 

Vanadium is compatible with regard to magnetite in which Fe
+3

 is readily replaced by V
+3

 

(Reynolds 1985). 

 

ure.   Figure 1: Back scattered electron image showing two sets of ilmenite lamellae in a 

    magnetite grain from Mustavaara. 

 

Figure 1 shows the development of two sets of ilmenite lamellae. The coarse exsolution bodies were 

formed earlier than the finer lamellae. The smaller lamellae begin forming under higher fO2 

conditions. High fO2 conditions produce ilmenite lamellae in abundance whereas lower oxygen 

fugacities will produce correspondingly smaller amounts of lamellae (Hill & Roeder 1974). Figure 
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2 shows an ilmenomagnetite grain from Mustavaara with pleonaste blebs at the boundaries of the 

ilmenite lamellae. This is a feature related to slow cooling rates (Reynolds 1980). 

 

Figure 2:Variety of ilmenite exolution textures. Green arrow indicates an exolution grain on the 

ilmenomagnetite grain boundary. Yellow arrow indicates ilmenite lamellae parallel to 111 plane. 

Red arrow indicates Pleonaste-ilmenite grains. 

  

1.3. Behaviour of V and Ti during fractional crystallization of basaltic magma 

 

Vanadium is a metallic element with 4 valences: +5, +4, +3, +2. In the +3 state, vanadium behaves 

similarly to Fe
+3

 in a basaltic magma. In this form, V has an ionic radius of 0.72 Å, while ferric Fe 

has a radius of 0.73 Å, and the radius/charge ratio is 0.24 in both. Titanium 4+ has an ionic radius of 

0.69 Å and a radius/charge ratio of 0.17, which is nearly identical to that of V in its +4 form 

(Shervais 1982). Thus, V is highly compatible in both components of ilmenomagnetite. In 

magmatic environments, V exists in its trivalent form (Eales et al. 2005) and can replace ferric iron 

in magnetite. 
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Figure 3 (modified from Eales & Reynolds 1980) shows the variation in concentrations of V and Ti 

(as well as Cr) in cumulates during crystallization of basaltic magma, using the Bird River Complex 

as an example. Chromium is compatible with regard to chromite and pyroxene and thus becomes 

depleted in the magma at an early stage. Vanadium and Ti are incompatible until 70% of the magma 

has crystallized. At this stage, ilmenomagnetite crystallizes, resulting in rapid depletion of V and Ti 

in the residual melt, due to the compatible nature of V and Ti with regard to ilmenomagnetite (D 

values 24-63 and 9-16, respectively). Due to the high D values of V, the concentration of V in early 

crystallizing magnetite should thus be significantly higher than that in the late crystallizing 

magnetite. This constitutes an important criterion in exploration for magmatic V deposits. 

 

 

 

Figure 3: Concentration of selected trace elements in cumulates of the basaltic Bird River Complex 

as a function of degree of crystallization (modified after Eales and Reynolds 1980). 
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1.4. Genetic models for magmatic stratiform iron ores 

 

 

Early genetic models of Fe-Ti oxide ores (Du Toit 1918) proposed that the oxide layers formed 

when Fe-Ti oxide liquids are injected into semi-consolidated host rocks at late stages of 

crystallization (Du Toit 1918). This hypothesis is supported by the observation that the magnetite 

layers commonly have knife-sharp basal and top contacts to their host rocks, a feature that is 

difficult to explain by gravitational settling of magnetite crystals on top of a crystal pile. Wagner 

(1982) identified numerous textural features reminiscent of sedimentary rocks in the Skaergaard 

intrusion of Greenland.  

An alternative model was introduced by Osborne (1928) and Dunn and Dey (1937), in which the 

oxide precipitation was seen to be the result of filter pressing of late-stage interstitial liquid from 

partially solidified rocks. 

A model of liquid immiscibility was proposed by Hall (1932), in which the dense "magnetite liquid" 

separates from the crystallizing magma and accumulates at the bottom of the magma chamber, 

floating up any plagioclase crystals and thereby creating gradational contacts between layers (Hall 

1932). 

The most characteristic feature of Fe-Ti-V deposits in layered intrusions is their modal layering and 

its wide lateral extent. Therefore any viable genetic model should be able to provide an adequate 

explanation to this feature.  

A multitude of mechanisms have been proposed for the origin of magmatic layering and hence the 

origin of stratiform Fe ores. The genetic models have been summarized by Maier (2013) and 

Campbell (1996). 

Magma can erupt as a mixture of phenocrysts and liquid, which implies that the plutonic 

counterparts are likely to be emplaced as crystal-carrying liquids. The dense crystals may then 

accumulate on the magma chamber floor. 

Flow segregation can take place when crystal-carrying magmas move through conduits, causing the 

phenocrysts to concentate into certain parts of the flow. This effect is called the Bagnold effect, 
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which causes suspended solids within a moving liquid to become concentrated in areas of minimum 

shear stress. 

Multiple magmatic pulses or magma replenishment can be a reason for magmatic layering if the 

newly injected magma has a different density, bulk composition, viscosity, density and liquidus 

temperature than the surrounding magma. 

Magma mixing of two contrasting magmas can bring a phase existing in the magma to a stage of 

supersaturation (e.g. an immiscible sulfide liquid) (Naslund and McBirney 1996). 

Convection of the magma is a major factor in the dynamics and petrogenesis of mafic layered 

intrusions. The convection can be driven by an external source, either cooling from above and the 

sides or heating from below causing buoyancy differences in the margins of the chamber. These 

differences can be thermal or compositional in nature. Convection may also be caused by the 

introduction of new magmatic pulses to the chamber, setting up a compositional or temperature 

gradient (Campbell 1996). 

 

1.5. Factors related to the beneficiation of magnetic Fe-V ores 

 

Mutanen (1989) lists the following set of material qualities that define the economic potential of a 

magnetic vanadium-iron ore: 

1. The mass of magnetite concentrate relative to the total feed. Because vanadium has a high 

magnetite/silicate melt partition coefficient, the amount of magnetite is critical when the 

beneficiation of V ore is considered. 

2. Vanadium contents of the concentrate. Because iron is a relatively cheap commodity, magnetite 

gabbros seldom reach magnetite contents that constitute an iron ore. A high V content can raise the 

value of a mineralization. 
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Figure 4: Ferrovanadium price development from the eight last years (with permission from 

www.infomine.com, 4.2.2013).  
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Figure 5: Iron ore pellets price development from the last 5 years (with permission from 

www.infomine.com, 4.2.2013).  

 

 

Figures 4 and 5 illustrate the pricing of iron ore and ferrovanadium in the last 4 years (2009-2013). 

It is evident that with Fe as the only commodity, magnetite gabbros such as occurring at Mustavaara 

are not ores sensu stricto. However, if V contents are taken into account, this makes them highly 

feasible mining targets with current (first quarter of 2013) metal prices. 

3. Titanium contents of the magnetite concentrate. Titanium (ilmenite) is normally not extracted and 

can dilute the V content of the concentrate. Lamellar ilmenite also decreases the quality of the Fe 

ore. As discussed earlier, Ti may also remain partially unexsolved, which further decreases the 

quality of the Fe concentrate. 

4. Vanadium in ilmenite. Vanadium can partition into ilmenite, which cannot be separated to the 

magnetic concentrate. 

5. Quality of the ilmenite concentrate and the degree to which it can be recovered. 

6. Occurrence of other metals and their recovery potential.  
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2.0 Regional geology of the study area 

The Koillismaa layered intrusive complex forms part of the early Paleoproterozoic  W-E trending 

Tornio-Näränkävaara intrusion belt, which was regarded by Iljina & Hanski (2005) as the product 

of a major failed rift intruded by voluminous amounts of mafic magmas. Broadly similar-aged 

intrusions occur throughout the Karelian and Kola cratons, including the Penikat, Kemi, 

Koitelainen, Monchegorsk, Burakovsky, Imandra, Fedorova Tundra intrusions etc. (Alapieti et al. 

1990). Moreover, intrusions, dike swarms and volcanic rock formations of similar age also occur on 

cratonic areas throughout the world; Superior Province of Canadian Shield, Scotland, Dharwar 

Craton in the Indian Shield, Napier Complex and Vestfold Block of the Antarctic Shield (Karinen 

2010). The Koillismaa Complex is unique among the intrusions in the Tornio-Näränkävaara belt as 

it is the only one hosting a vanadium-rich magnetite gabbro sequence. However, the Koitelainen 

and Akanvaara intrusions feature similar units in their stratigraphic columns. 

 

The Koillismaa layered intrusive complex was dated by the U-Pb zircon method on zircon at 

2436±4 Ma (Alapieti 1982). It comprises three main units and several smaller pieces of a 

tectonically dismembered layered intrusion that originally were emplaced between the Archean 

basement and older subvolcanic rocks (Piirainen et. al. 1974, 1978, Alapieti 1982). The Koillismaa 

Intrusion is subdivided into the Marginal Series and Layered Series (Karinen 2010). The upper part 

of the Layered Series of the Porttivaara block hosts the Mustavaara Fe-Ti-V deposit (Alapieti 1982, 

Juopperi 1977). The magnetite enrichment is also present in the other blocks of the Koillismaa 

intrusion. The Layered Series consists mostly of gabbroic cumulates, 1000 to 3000 meters in 

thickness. 
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Figure 6: The stratigraphy of the Koillismaa Layered Intrusion in the Porttivaara block, as 

modified from Iljina & Hanski (2005). Photograph of the Mustavaara historical open pit 

(photograph by A. Taipale 2012). 

The ore-grade magnetite gabbro layer lies between anorthosite layers (see Fig. 6) in the Upper Zone 

of the Porttivaara block. Mäkelä (1975) described the Porttivaara block in terms of its structure, 

mineralogy and petrography.  
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Map 1: The outline of the historical Mustavaara open pit. The studied drill hole is circled. 

The Porttivaara block shows both cryptic and rythmic layering. Based on mineral proportions and 

the intensity of the rythmic layering, the intrusion has been divided into different horizons (Fig. 6). 

The marginal series outlines the bottom of the intrusion. Tectonism has affected the outer contacts 

of the intrusion. The dip of the lower marginal zone has been calculated from gravimetric and 

magnetic data. The dip of the layering was also measured from outcrops of the layered series and in 

its current position the dip is 30-40° NNW. The angle between the layered series and lower 

marginal series varies within 5-15º from the geophysical estimates (Mäkelä 1975). 

The parental magma composition of the intrusion was calculated with geochemical thermometry by 

Karinen (2010). The calculations showed a similar crystallization sequence as indicated by the 
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lower chilled margin of the intrusion. Karinen (2010) has estimated the parental magma of the 

intrusion to be tholeiitic high-Al basalt. 

 

 

3.0 Materials and methods 

 

3.1. Sample material 

 

The sample material was collected from drill core MV-64-2011, which represents a cross section of 

the Mustavaara ore and surrounding rocks. Twenty samples were taken across the ore horizon and 

its hanging wall and footwall rocks. Where contacts between modally distinguishable layers were 

present, these were always sampled. 20 polished thin sections were made of the drill core samples 

in the Oulu University thin section laboratory for petrographical and microprobe studies. 

Mustavaaran Kaivos Oy provided ICP-OES (inductively coupled plasma optical emission 

spectrometry) whole-rock analyses and Dings-Davis test results from drill core MV-64 DDH for 

reference analyses for the thesis. The ICP-OES method was also used in analyzing the Dings-Davis 

tailings, concentrate and feed. 

  

3.2. Modal analysis 

 

The modal proportions of the mineral phases were studied by a computerized point counting 

method using the program JMicroVision v. 1.2.7. The thin sections were scanned with a Canon 

photo scanner and the digitized images were imported to the software. JMicroVision allows the use 

of point counting and creates a dynamic plot that shows the mineral phase proportions as the 

counting progresses. The point counting was conducted from digital photograph. In the present 

case, the method was quite effective as the mineralogy of the rocks is quite simple. The phases were 

divided into three groups according to color: plagioclase (white), (green) mafic phases (pyroxene, 

amphibole, biotite, chlorite) and oxides (black). For each sample, a minimum of 200 counts were 
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taken. Counting statistics indicate that this number is sufficient to give an accurate estimate of the 

modal proportions in the used sample set.  

 

Fig 7: JMicroVision modal plot. Green=mafic, Black=Oxide, Gray=Plagioclase. Variation in 

modal proportions is shown with increasing number of counts. 

 

Figure 7 shows the evolution of the modal proportion of the three mineral groups with the progress 

of the point counting. The software allows a variety of means on how the point counting covers the 

image. In this work, a recursive grid was used to cover the whole image, as the areal distribution of 

the phases can be quite heterogeneous on a thin section scale. As shown Fig. 7, there is still a slight 

oscillation in the phase proportions of the studied sample, but for the purposes of this study, the 

precision is sufficient with the error in accuracy being less than 1%.   

 

 

3.3. Electron microprobe analyses 

 

The samples were carbon-coated and analyzed with a JEOL-8200 microprobe located at the Center 

of Microscopy and Nanotechnology of Oulu University. In total, 236 quantitative WDS (wavelength 

dispersive spectrometer) analyses were made. Back-scattered electron images were used to 

document mineral textures. The composition of plagioclase and oxides were analyzed using an 

acceleration voltage of 15.0 kV and a beam current of 1.483 nA and a 1µ beam diameter. A small 

spot size was necessary to ensure separate magnetite or ilmenite analyses – the magnetite-ilmenite 
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composite grains are heterogeneous in texture, i.e., ilmenite lamellae are present on very small 

scales. 

Ilmenomagnetite proved to be a challenging to analyze. A pure analysis of magnetite was at times 

difficult to obtain. High Ti contents can be explained as partial involvement of ilmenite in the 

magnetite analysis either due to analysis of a lamella just below the mineral surface or very small 

ilmenite splinters. Nevertheless, successful analyses were possible to be identified by their V 

content; once the TiO2 content is significantly above 5 wt%, there is a marked drop in the V2O3 

content (see sample 2, MV-64 116,30 m ODR, in Table 2). 

 

 

3.5. Dings-Davis tube test method 

 

In the Dings-Davis tube test, the sample is crushed and milled. The magnetic fraction is separated 

with electromagnets. 

 

Figure 8: Dings-Davis tube equipment (Photo: GTK) 
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The separation tube operates at 50 l/min with a magnetic field intensity of 2500 Gauss in the middle 

of the tube and 9000 Gauss on the tube surfaces. Water is fed into the system at the rate of 1000 ml/ 

min. 

The method description is provided by GTK and is summarized here. When the separation is 

initiated, the tube is filled with water and the rinsing water feed is adjusted to match the draining 

pump so that a constant level of water is maintained. The magnetic field and the working 

mechanism are then turned on. The feed material is mixed with water and poured into the tube 

through the funnel. The magnetic components of the feed will be gathered to the magnetic field and 

the non-magnetic fraction will be flushed through. The process is then continued until no separation 

is detected. The tailings are pumped to the designated bucket. After each test, the equipment is 

rinsed with water. 

The tailings and concentrate are dried on a hot plate. The test products are weighed and assayed 

using ICP-OES. 

 

4.0 Results 

 

4.1. Petrographic description of the samples 

 

The petrography of the Mustavaara deposit was first described by Juopperi (1977). In the present 

study, the ore textures are compared to those recorded by Juopperi (op. cit.), and in addition, 

computer-aided point counting was conducted on the samples to determine the modal proportions of 

oxides, plagioclase, and mafic components. 

The hanging-wall rocks are pegmatoidal gabbros. Texture is heterogeneous, and the plagioclase 

grain size varies from long idiomorphic splinters to smaller grains. There is no oxide dissemination 

present except in the vicinity of the massive magnetite dike in sample from depth 37.50 m. Mafic 

silicates are present as intercumulus phases.  

The first oxides are present as a very weak but even dissemination and the grains are idiomorphic 

along with plagioclase. A magmatic lamination can be seen in places where plagioclase is less 

dominant and the dark to light mineral contrast is higher.  
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The granular idiomorphism of oxides is tied to weaker dissemination. In the samples with abundant 

oxide component, the oxide grains and mafic assemblage are more limited by the plagioclase grains. 

The ore layers are medium- and even-grained; only the modal proportion of the mineral phases 

varies. The lower ore layer is intersected by a silicified horizon. The pseudomorphs after 

ilmenomagnetite are present in the layer which has primarily represented the OLL, but is silicified 

pervasively.  

The modal proportions which were obtained through point counting of the thin sections is presented 

in the Fig. 9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Modal distribution of mafic silicates, plagioclase and oxides based on point counting 

conducted on the MV-64 thin sections. See Appendix 1 for counting data.  
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4.2. Mineralogy of the major mineral phases 

4.2.1 Plagioclase 

 

 

Throughout the studied profile, plagioclase is one of the cumulus phases. The grains are 

idiomorphic or sub-idiomorphic and often exhibit albite twinning. The grain size, measured from 

long axis of the laths, is 1-5 mm. In the magnetite parts, plagioclase is 1-2 mm in length, whereas in 

the floor rocks and hanging wall rocks, plagioclase can reach 5 mm in size. The most pervasive type 

of alteration is sericite alteration, though generally only weakly developed. stronger epidotization is 

related to the samples taken from the lower ore layers. It is also associated with fissures caused by 

mechanical deformation. The average plagioclase composition varies between 40-60% An (see Fig. 

17). 

 

4.2.2. Mafic silicate assemblage 

 

Augite is the primary form of pyroxene in the magnetite gabbro. The grains are usually 

allotriomorphic against plagioclase. 

Augite has mostly been altered to uralite, epidote and chlorite. The assemblage forms the 

intercumulus phase on the grounds of its textural relation to plagioclase. No extensive microprobe 

analyses were done on the primary mafic phases in this work, as they are highly altered.  

 

4.2.3. Oxides 

 

The oxides in the sample material consist of intergrown magnetite and lamellar ilmenite and 

ilmenite exsolution grains on magnetite grain boundaries. Ilmenite has five different modes of 

occurrence: (1) coarse, ~10-µm-thick, non-conformal, randomly oriented lamellae, (2) ~1-µm-thick 

lamellae oriented along the (111) plane, (3) exsolution grains at the outer margins of magnetite 

grains, (4) small, <1-µm-thick lamellae, and (5) lamellar ilmenite swelled by pleonaste grains. The 
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(111) plane acts as a control for the formation of the ilmenite lamellae and also as a passage for later 

fluids related to silicification (Fig. 14). 

Alteration product of magnetite is chlorite, and ilmenite has been altered into titanite.  
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Table 2: Representative microprobe analyses of magnetite in drill core MV-64. See Appendices for 

more analyses. FeO/Fe2O3 recalculated using the methods described by Carmichael (1967) and 

Droop (1987). 
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Table 3. Ilmenite compositions from ilmenite lamellae. FeO/Fe2O3 recalculated using the methods 

described by Carmichael (1967) and Droop (1987). 1) MV-64 50.40 m, 2) 63.30 m, 3) 138.40 m 
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Figure 10: Back-scattered electron image showing 1) (111)-parallel ilmenite splinters, 2) exolution 

grains, and 3) coarse, non-conforming lamellae within magnetite, 4) pleonaste grains. 

As discussed earlier, lamella formation is closely dependent on the fO2 conditions during 

crystallization. The occurrence and abundance of various ilmenite lamellae can be used as a relative 

indicator of the change in fO2 (Hill & Roeder 1974).  

 

 

 

4.3. Core log description  

 

The main separable units in the drill core with increasing depth are: 1) the pegmatoidal roof rocks, 

2) the weak irregular magnetite dissemination, which is not classified in the more regular 

disseminated rock (DR) horizon below, 3) . The actual ore horizons (OUL, OML and OLL) of 

which OLL has a sharp lower contact. Layer changes are marked with a clear change in magnetite 
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abundance. The hanging wall rocks are gabbroic rocks with pegmatoidal features that diminish with 

depth. 

 

Figure 11: The stratigraphical units in the Mustavaara MV-64 drill core.  

The thicknesses of the ore layers are taken from the drill core logs. The modal proportions (volume 

%) are listed in Appendix 1 and illustrated Fig. 9. A selection of thin section scans are included in 

Appendix 4. The stratigraphy is presented in Fig. 11. 

The pegmatoidal roof rocks of the ore horizon (Fig. 11 and 12) consist of c. 65 vol% plagioclase 

and 35 vol% amphibole. Plagioclase has been altered to chlorite and epidote mainly along fractures. 

Plagioclase is idiomorphic or sub-idiomorphic and coarse-grained ( >4 mm in length). Pyroxene is 

altered to uralite (Juopperi 1977) and clearly forms an intercumulus phase. 
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Figure 12: Pegmatoidal roof rock of the ore-hosting magnetite gabbro. Lens cover scale ~5 cm in 

diameter (photo: A. Taipale 2012). 

 

A relatively thin (10 cm) but continuous layer (MV-64 37.50) or possibly a dikelet of massive 

magnetite is hosted by the pegmatoidal gabbro. The sample was included in the point counting, but 

it is not representative of the larger scale modal composition. Some of the magnetite has been 

silicified, leaving thin ilmenite lamellae intact. The massive magnetite is hypidiomorphic. The 

massive magnetite layer or dike has been found in several other drill cores (T. Karinen, pers. comm. 

2012)   

The rock overlying the magnetite-disseminated rock (DR) layer is heterogeneous as it varies from a 

more typical gabbro to pegmatoidal intersections and possible xenolithic fragments. The modal 

amount of oxides varies between 3 vol% and 18 vol% until the beginning of the DR horizon. The 

magnetite occurs as scarse disseminations of euhedral grains. In contrast, the actual ore layers show 

few or none euhedral magnetite grains. 

The contact between the DR layer and the overlying rocks is not clearly gradational in terms of 

modal proportions. In the logging of the sample material, the DR unit is noted to be 29 meters thick. 

Magnetite forms coarse-grained, anhedral grains along with mafic silicate minerals. The contact 
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between the DR and OUL is indicated by a sharp increase in the modal amount of oxide, increase in 

susceptibility and the amount of recovered magnetic concentrate.  

The disseminated ore (Juopperi 1977) forms a relatively heterogeneous unit of anorthosite, 

anorthosite gabbro fragments and magnetite dikelets. Amphiboles after augite and magnetite are 

allotriomorphic against plagioclase. Amphibole hosts secondary magnetite. The magnetite has a 

clear reaction corona to surrounding mineral phases.   

The OUL (Ore upper layer) is formed by equigranular and medium-grained gabbro. Similar to the 

disseminated rock, the magnetite and mafic silicates are confined between plagioclase laths. 

Ilmenomagnetite is confined by the mafic assemblage. The layer is 17 meters thick and contains 

some chalcopyrite on fracture surfaces. The lower contact is sharp and characterized by a decrease 

in the amount of magnetite. 

The OML (Ore middle layer) is 27 meters in thickness and similar to the OUL. Its lower contact is 

sharp, showing an increase in the amount of magnetite.  

The OLL (Ore lower layer) represents the richest ore unit having an average thickness of 5 meters, 

but only 2 meters in the present drill core. The layer is discontinuous and contains 20-35 wt% of 

ilmenomagnetite. The OLL is not present in all drill cores, for reasons that will be discussed in a 

later section. The ore texture is homogeneous and medium-grained. The footwall rocks consist of 

partially albitized anorthosite. 
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Figure 13: Scanned thin section of magnetite-rich gabbro from the Ore Lower Layer (OLL), sample 

MV-64 160.80, figure width 2 cm. 

 

Mineral textures in the OLL (160.80 m) of the Mustavaara magnetite gabbro unit are shown in Fig. 

13. The grayish white plagioclase, here partly epidotized, can be clearly classified as a cumulate 

mineral. The opaque minerals are ilmenomagnetite grains. Magnetite can be seen in various 

instances as an inclusion within plagioclase, which suggests that plagioclase was able to crystallize 

along with magnetite. Inclusions of uralite (green color minerals) within magnetite, if not results of 

silicification, could be products of crystallization of a silicate phase from the oxide liquid. 
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Figure 14: Magnetic susceptibility (unscaled) in drill core MV-64. 

 

The magnetite-rich layers are clearly visible in the susceptibility profile (Fig. 14), as is the massive 

dikelet at depth 37.5 m. Layers of abundant magnetite present in the ore layers are well indicated by 

the magnetic susceptibility. The 100 m depth marks a steady downward increase in magnetic 

susceptibility, which also marks the gradual increase of the magnetite content in the DR layer. The 

115 m level marks the top of the OUL, which continues to the 130 m level. The OML is the poorest 

but the thickest individual ore layer. A susceptibility spike at depth 160 m indicates the location of 

the OLL, the richest and thinnest ore layer. When compared to the diagram in Fig. 18, which 

presents the V distribution in drill core MV-64, a broad correlation between the susceptibility and V 

content can be seen. However, the OLL susceptibility spike does not translate to a higher V content 

in the concentrate to the degree it would be expected. However, the feed and tailings V contents do 

increase. This can be caused by the high degree of silicification (described later), which would also 

imply that V has remained partially immobile during the alteration. Susceptibility increases with the 

OLL, but the V concentrate does not follow, which is likely to be a result of high D value of V with 

respect to magnetite; vanadium is consumed at an early stage of magnetite crystallization. 
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Silicification of the OLL (162.60 m) is visible in Fig. 15. The replacement of oxides, ilmenite and 

magnetite, by silicates, chlorite and titanite respectively, creates skeletal features. 

 

Figure 15: Photomicrograph of a gabbroic interlayer of OLL. Ilmenomagnetite grains are partially 

replaced by chlorite and titanite. The silicification enters through (111) planes, forming the skeletal 

textures. Sample MV-64-162.60, plane polarized light). 

The higher intensity of silicate alteration in the OLL gabbroic interlayer coupled with V immobility 

could be the explanation to the increased V content of the OLL in the Dings-Davis test tailings and 

the disproportionally small V increase in the magnetic concentrate. The microprobe data do not 

show a significant decrease in the magnetite V content in the OLL layer. The alteration is extended 

to plagioclase, which has undergone a comparatively higher degree of epidotization in the OLL than 

in the rest of the ore and the underlying footwall rocks. In sample MV-64-160.80 m, the degree of 

alteration is comparable to the overlying rocks. The core logging did not show any significant 

deformation or alteration in the magnetite gabbro/footwall anorthosites that could imply fluid 

percolation. However, there is a fracture present in some of the other drill cores, and in some holes, 

the OLL is completely missing (T. Karinen, pers. comm. 2013). This feature could be explained by 

magmatic erosion at the footwall – OLL/OML contact or by a later structural movement, perhaps 

along the OLL and footwall contact. This would, however, be systematically visible in all drill core 

data. 
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Microprobe analyses of the alteration products of magnetite in the OLL indicate that they are 

members of the chamosite-clinochlore solid solution (generally named chlorites in this thesis). 

Ilmenite has been silicified into titanite (table 4). 

 

 

Figure 16: Back-scattered electron images of a) altered ilmenomagnetite, now chlorite and titanite, 

and b) pseudomorph of ilmenomagnetite. Sample MV-64 163.70 m. 

Titanite grains have grown in width from the original ilmenite form during silicification; relict 

ilmenomagnetites are visible under large magnification (see Fig. 16.1.). The V2O3 content in the 

altered magnetite is in the range of 0.02 to 0.2 wt% and in the altered ilmenites, it varies from 0.08 

to 0.6%. Titanite and chlorite microprobe analyses are presented in Table 4. It is likely that during 

alteration V2O3 has proportionally increased in titanite in relation to chlorite. The strong alteration 

in the lower layer may explain the increased V content in the tailings. 
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Figure 17: Back-scattered electron images (A, B, D, E, G, H) of magnetite textures in drill core MV-

64 and scanned thin sections (C, F, I) of magnetite-bearing gabbros. A. Massive magnetite dike, 

depth 37.5 m; B. Weak dissemination, depth 50.40 m; C. OUL ore texture, depth 116,30 m; D. 

Magnetite-Ilmenite relations in ilmenomagnetite, depth 116.30 m; E. Plagioclase (dark gray) and 

ilmenomagnetite textural relations, OML depth 132.0 m; F. OML ore texture, depth 132,0, G. OML 

uralite (medium gray) ilmenomagnetite(light gray) and plagioclase (dark gray)relations, depth 

132,30m; H. OLL , depth 16 162,50; I. OLL ore texture, depth 162,50. See Appendix 4 for enlarged 

scanned images. 

Ore textures are presented in Fig. 17 (see Appendix 4 for large-scale images). Figures 17C, F and I 

are scanned images of thin sections from OUL, OML and OLL, respectively. Variation in the ore 

texture between the samples is clearly visible. The OUL and OLL have a higher magnetite content 

than the OML. In Fig. 17I, the intercumulus nature of magnetite relative to the silicates, mainly 

plagioclase, is clear, whereas in Fig. 17C, magnetite is partially euhedral. The OML (Fig. 17F) 

contains relative small amounts of magnetite in comparison to the OUL and OLL (Figs. 17C and 

17I, respectively). In the OUL (Fig. 17C) and OML (Fig. 17F), magnetite is finer-grained and 

individual grains are better separated by silicates. 
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Table 4: Microprobe analyses of titanites and chlorites. 

 

 

4.4. Plagioclase composition 

 

 

The average composition of plagioclase in individual samples was calculated from microprobe 

analyses. Plagioclase becomes more albitic with height in the lower portion of the analyzed 

sequence, but shows a marked reversal towards more anorthitic values in the upper portion (Fig. 

17). 
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Figure 17: Variation of plagioclase composition with depth. Positions of ore layers are marked. 

Drill core MV-64. 

 

4.5. Distribution of vanadium in ilmenomagnetite 

 

The V content varies from 0.13 to 0.37 wt% in the whole-rock analyses of the Mustavaara ore 

layers. In microprobe analyses of Mustavaara magnetites, the vanadium content is in the range of 

1.0 and 1.8 wt% and in the ilmenite component, it is 0–0.2 wt%. The mean V2O3 % and standard 
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deviation of the analyses of magnetites is presented in Fig.  18. 

 

Figure 18: Average V2O3 (wt%) in recalculated magnetite analyses and the standard deviation vs. 

depth in drill core MV-64, Mustavaara. 

Vanadium partitions preferentially into magnetite (Fig. 19). The values in Tables 3 and 4 are 

calculated averages from the microprobe analyses of magnetite and ilmenite. Also, the vanadium 

content in the Dings-Davis feed and concentrate samples show a trend of V enrichment in the 

magnetic fraction. An increase in tailings V content marks a decrease in the V content of the 

magnetite concentrate. In his study on the Koitelainen magnetite gabbro, Mutanen (1989) explained 

this feature by V immobility during silicification; magnetite may have been silicified but vanadium 

was not remobilized (Mutanen 1989). Alternative explanations could be a locally higher fO2 

resulting in more prominent ilmenite exsolution, which would promote vanadium partitioning to 

ilmenite. Another option is that V partitions into pyroxenes. Both cases can contribute to a V loss in 

the concentrate and a slight enrichment in the tailings. Vanadium has a mineral/melt D value of 

0.025-2.5 with respect to low-Ca pyroxene depending on fO2 (Lindstrom 1976). According to 
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Juopperi (1977), the V content in Mustavaara augites varies from 0.02 to 0.12 wt%, which indicates 

that the pyroxene-tied V is not a very significant contributor in the tailings V content. 

 

 

 

 

 

Figure 19: Vanadium in magnetite concentrate, feed and tailings. Drill core MV-64. 

 

In Fig. 19, the V contents of the feed, tailings, and concentrate are shown in drill core MV-64. The 

tailings still contain minor amounts of V. Small amounts of V is tied to silicates, mainly the 

pyroxene (uralite) phase. However, the bulk of the V content is likely to originate from magnetite 

grains that were not caught by the electromagnets. Mustavaara ilmenomagnetite grains may exhibit 

large amounts of ilmenite lamellae, which would result in lowered magnetism and prevent 

collection of the grains. Instrumental causes for the magnetite loss may be caused by a too high 

feeding rate. 
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A broad correlation between the modal magnetite and separate V content in the Dings-Davis test 

results can be seen in Figs. 9 and 19. Sample MV-64 37.5 m is included in the modal calculations. 

This can be overlooked as the sample is from the contact of a 10-cm-thick, massive dikelet and does 

not represent a true mean composition. The best correlation is seen between the V content of the 

concentrate and the modal composition. The gradational downward increase of magnetite at the 

upper contact of the ore layers is visible in both graphs. According to Mutanen (1989), a correlation 

between the V content of the whole-rock composition and modal magnetite content cannot be seen 

due to the extensive silicification of magnetite and the immobile nature of V during this process 

(Mutanen 1989). 

  

Ratios V/Fe, Ti/Fe and V/Ti as a function of depth are plotted in Fig. 20. The variation of the Ti/Fe 

ratio indicates that in the hanging-wall rocks of the ore, the iron from silicates has a more  
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Figure 20. V/Fe, Ti/fe and V/Ti ratios vs depth in MV-64 drill core. 

significant role in the iron contents. Titanium is mainly present in ilmenite, unexsolved in magnetite 

and titanite when altered. The V/Ti ratio is indicative of relatively homogeneous distribution of V 

throughout the ore horizon. Small amounts of magnetite translate into small amounts of ilmenite. 

The V content of the magma has probably been rather constant: the magnetite-poor layers host the 

highest V percentage in the magnetic concentrate (Fig. 19). This probably represents an R factor 

(mass ratio of silicate magma to oxide) control: the more silicate magma that the magnetite crystals 

can interact with during crystal settling, the more V can partition into the magnetite. 

  

5.0 Discussion 

 

5.1. Comparison between the Mustavaara and Koitelainen magnetite gabbros 

 

 

The Koitelainen intrusion is located near Sodankylä, northern Finland (Mutanen 1997). It hosts a 

vanadium-rich magnetite gabbro unit similar to that at Mustavaara. The Koitelainen intrusion has a 

similiar age (2.44 Ga; Mutanen & Huhma 2001) and was emplaced in a similar geological setting as 

the Koillismaa intrusion. Both intrusions were emplaced within Archean gneisses and are overlain 

by Proterozoic supracrustal rocks (Mutanen 1997).   

The Koitelainen intrusion is about 3.2 km thick and has been divided into three main zones: the 

ultramafic lower zone, a gabbroic main zone and a gabbroic-anorthositic upper zone with the latter 

hosting the V-bearing magnetite gabbros (Mutanen 1997). The upper zone is 350 meters thick on 

average. The magnetite gabbro unit is 150 meters thick, of which 100 meters contains more 

unsilicified magnetite (Mutanen 1989). 

Both Mustavaara and Koitelainen V-rich magnetite gabbros are related to tholeiitic magmas that 

followed the Fenner trend in crystallization, characterized by enrichment of Fe during 

differentiation, which eventually resulted in crystallizing of magnetite-rich gabbros. This trend was, 
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however, disrupted at Koitelainen by assimilation of country rocks. The contamination has resulted 

in bodies of quartz-rich gabbro (Mutanen 1989). 

From bottom to top, the Koitelainen upper zone has the following stratification. It starts with 40 

meters of anorthosites, which host a chromitite layer. The anorthositic layer is overlain by altered 

gabbros and anorthosites, with a gradually decreasing amount of plagioclase. The gabbros are 

uralitized plagioclase-pyroxene cumulates. The topmost unit is magnetite gabbro with an average 

thickness of ~100 m. On top of the magnetite gabbro, there is a granophyric layer, locally separated 

from the gabbro by an anorthositic layer. Mutanen (1989) has defined 4 main layered units in the 

Koitelainen magnetite gabbro on the basis of the primary magnetite distribution. The units are 

comparable to the Mustavaara ore layers.  

Table 5: Comparison of Mustavaara & Koitelainen magnetite gabbros. The Koitelainen magnetite 

contents are wt% estimates of pre-silicification state. Mustavaara magnetite contents represent 

modal compositions in drill core MV-64, wt% from Juopperi (1977). 

Mustavaara (MV-64) Koitelainen 

Disseminated rock, 12m, average modal 

magnetite content 15.6%, 

Disseminated rock, ~50m thick, 2-4wt% 

magnetite. 

OUL, 17 m, average modal magnetite 20.75%  Upper layer, 40-45 m, magnetite 10-15wt% 

OML, 27 m, average modal magnetite 14%, 15 

wt% 

Middle layer, 15 m, 3-7wt% magnetite 

OLL, 3,5m , average modal magnetite 22%, 25-

35 wt% 

Lower layer, 40 m, 10-15wt% magnetite 

 

The magnetite gabbros of Koitelainen are plagioclase-pyroxene-magnetite cumulates, in which the 

mineral phases crystallized simultaneously. Metamorphism has altered plagioclase into albite, 

pyroxenes to uralite and ilmenite-magnetite into hornblende and biotite. Fourty vol% of the 

magnetite gabbros are pervasively silicified and the remaining 60 vol% is also partially silicified, 

leaving only small amounts of magnetite preserved. The style of alteration of magnetite is similar to 

that at Mustavaara; the ilmenite component has been preserved and form splinters in the alteration 
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products. However, silicification is more pervasive at Koitelainen. The ore layers of Mustavaara 

have a sharp lower contact and gradational upper contacts. Massive magnetite is rare. Modal 

volumes of magnetite at Mustavaara are in the range of 14-22%. Due to intense silicification at 

Koitelainen, a reliable figure of the modal composition is difficult to obtain. The weight percentages 

of magnetite and modal compositions are presented in table 5. The V content in the primary 

magnetite correlates with the concentration of ilmenite lamellae. The vanadium content in 

magnetite is between 0.9 and 2.4 wt%, and in ilmenite between 0.17 and 0.7 wt%. In microprobe 

analyses of Mustavaara magnetites, the vanadium content is in the range of 1.0 and 1.8 wt% and in 

the ilmenite component, it is 0–0.2 wt%. The V concent varies from 0.13 to 0.37 wt% in the whole-

rock analyses of the Mustavaara ore layers.  

A broad comparison is made between the two magnetite gabbros (Table 5). The Koitelainen 

ilmenomagnetites, as previously demonstrated, are highly, or in places completely, silicified. Thus, 

a direct comparison is rather difficult. At Mustavaara, a modal proportion is used whereas at 

Koitelainen, the data record wt% estimate of the primary mineralogy. The relict magnetites of 

Koitelainen have preserved a small portion of their initial V content (0.36-0.47 wt%). The 

Koitelainen ilmenites contain 0.3-0.4 wt% V, significantly more than in Mustavaara (0.2 wt% 

highest). The magnetites at Koitelainen have very high V2O3 of 1.50-5.44 wt% as opposed to 1-1.8 

wt% at Mustavaara. Despite the difference in the concentrations of vanadium, the distribution 

among the oxide phases is similar. The higher vanadium contents of Koitelainen can be attributed to 

a larger R factor, or less clinopyroxene crystallization prior to the appearance of magnetite as a 

liquidus mineral, as clinopyrosene has a high D value for vanadium. The fO2 during crystallization 

of ilmenomagnetites has been higher at Koitelainen and the cooling rate has been slower based on 

the following arguments: 

1. The Koitelainen intrusion contain granular ilmenite, indicating that ulvöspinel has been able to 

exsolve most of its ilmenite component. Granular ilmenite is missing at Mustavaara. This is either 

the result of a higfer fO2 or slower cooling rate, or metamorphism. The presence of xenoliths 

consisting of komatiitic and tholeiitic extrusive rocks and evidence of significant interaction with 

Al-rich schists and the presence of quartz-rich gabbros at Koitelainen indicate a larger degree of 

contamination for Koitelainen, possibly suggesting a higher oxidation state. 

2. The vanadium content of ilmenite is higher at Koitelainen. This is not due to V oxidation as 

significant oxidation of V does not take place in the temperature range of magnetite gabbro 
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crystallization (Eales et al. 2005). The higher V content in ilmenite must be attributed to the 

originally higher V contents of the magma or as indicated earlier, to a higher R factor. 

 

Figure 21: Vertical distribution of V content in the Koitelainen magnetite gabbro, modified after 

Mutanen (1989) 

Figure 21 (modified from Mutanen 1989) shows the main problem in the beneficiation of the 

Koitelainen magnetite gabbro. The silicification of magnetite grains has left a considerable amount 

of V in silicates rendering it impossible to separate vanadium efficiently from the feed. The 

feed/tailings relationship shows that a considerable amount of V is located in the tailings. According 
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to Mutanen (1979), in some cases only half of the V content could be separated to the concentrate. 

Many other concentrate samples, however, have similar V contents to those of the Mustavaara ore. 

 

Figure 22: Distribution of V in Dings-Davis test feed, tail and magnetic concentrate. Drill core MV-

64, Mustavaara. 

 

The corresponding Mustavaara diagram (Fig. 22) of the V contents in Dings-Davis test feed, tail 

and concentrate samples shows the ore layering from which we can see a broad correlation between 

the V content of the concentrate and modal magnetite abundance (Fig. 9, Appendix 1). In both 

Mustavaara and Koitelainen diagrams, a decrease of V in the concentrate correlates with an increase 

of V in the tailings. Mutanen (1989) states that V has behaved partially as an immobile element 

during silicification, and the V content readily marks the primary layering in the Koitelainen 

intrusion. A similar conclusion can be drawn from the Mustavaara data. 
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Figure 23: Vertical distribution of Ti in drill core MV-64. 

 

From the distribution of Ti vs. depth (Fig. 23), it can be seen that increases in whole-rock Ti and Ti 

in the magnetic concentrate correlate well with each other. The Ti content rises at the beginning of 

the OUL at 116 m, which indicates an increase of the amount of magnetite, since there is no 

granular ilmenite present. The lamellar ilmenite is clearly included in the concentrate. This may 

affect the iron beneficiation negatively. The enrichment of the amount of magnetite towards the 

lower levels of the respective ore layers is also visible in the Ti contents of the concentrate. 
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Figure 24: Titanium distribution vs. depth in the whole-rock composition and magnetic concentrate 

at Koitelainen (modified after Mutanen 1989). 

 

The corresponding plot (Fig. 24) for Koitelainen shows that the Ti content rises towards the top of 

the lower ore layer. Mutanen (1989) speculates that this is due to longer exsolution time in the lower 

layers resulting in ilmenite grain formation as opposed to lamellar ilmenite. Titanium is slightly 

incompatible in magnetite as shown by Reynolds (1985), which will result in a Ti enrichment trend 
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with decreasing depth. At Mustavaara, the magma chamber may have been replenished frequently, 

preventing a notable V depletion trend and Ti enrichment with height. 

A glaring difference between the two magnetite gabbros is the PGE-Au-enrichment of the 

Koitelainen magnetite gabbros. The weighted average Pt+Pd+Au-grade is 0.5 ppm over 75 m of the 

100-meter-thick magnetite gabbro. This represents a bulk PGE content comparable to that in the 

PGE reefs of the Bushveld Complex. At Mustavaara, PGE contents remain poorly known. 

One of the similarities is the weak chalcopyrite dissemination in inclusions of uralite. This feature is 

found in both intrusions, but in both cases, the Cu content is sub-economic. 

 

5.2. Genetic models for the Mustavaara ore deposit 

 

There are several theories regarding the genesis of the orthomagmatic Fe-V deposits. Some of the 

prominent theories will be discussed in the following section. One of the main controversies centers 

on the question whether an Fe-rich immiscible liquid can separate from crystallizing silicate magma 

or whether magnetite nucleated and grew in the magma, to be concentrated by gravitational settling. 

In the case of the Skaergaard intrusion, most authors favor the deposition of crystals from a 

convecting magma (Irvine 1987, Irvine et al. 1998) via in-situ nucleation and crystal growth in a 

solidification front at the interface between the convecting magma and the semi-consolidated 

cumulate pile (McBirney and Noyes 1979). 

Juopperi (1977) and Mutanen (1989), who have studied the the Mustavaara and Koitelainen 

deposits, respectively, suggest that an iron-rich immiscible liquid was separated from the magma in 

response to a Fenner or tholeiitic type of differentiation (crystallization of plagioclase and Mg-rich 

silicates resulting in enrichment of Fe in the residual liquid), and crystallized as an intercumulus 

phase. This is consistent with the fact that magnetite is largely allotriomorphic. However, Maier et 

al. (2013) have summarized several arguments against the liquid immiscibility model for the 

formation of magnetite seams in layered intrusions.   
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Figure 25: Differentation of the Koillismaa intrusion from Karinen (2010) with the permission of 

the author. 

 

 

 

 The evolution of magma is recorded in the plagioclase composition. In the corresponding diagrams 

of the Koillismaa intrusion (figure 23 from Karinen 2010) and Bushveld Complex (figures 26 and 

27 from Ashwal et. al. 2005), variations in the plagioclase composition and abundance track the 

magma replenishment events. New primitive magma was introduced into the crystallizing system, 

which is seen as an increase in An% of plagioclase. 

The mineral composition diagram of the Bushveld northern lobe (Ashval et. al. 2005) shows a 

general decrease in An% with height, but several increases in An% are also noted, which can be 

interpreted as magma replenishments into the chamber. A similar trend can be seen in the 

Mustavaara chamber. 
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The Koillismaa intrusion as a whole contains two clear reversals (at 500 m and 620-670 m above 

the base of the intrusion) in the crystallizing sequence that are interpreted as magma replenishments 

(Fig. 25) (Alapieti 1982, Karinen 2010). The magnetite gabbro (in Upper zone B) shows a more 

evolved plagioclase composition than the overlying Upper zone C. According to Karinen (2010), 

the Upper Zone C crystallized before the magnetite gabbro through plagioclase flotation or roof 

crystallization. Juopperi (1977) interpreted the anorthosite fragments within the magnetite gabbro to 

represent collapsed parts of the Upper Zone C that fell into the underlying magma.  

The reversals within the magnetite gabbro, however, may suggest that the upper reversal was not 

the last replenishment event in the crystallization of the Koillismaa intrusion. The V2O3 percentage 

of magnetites in Mustavaara shows no signs of uninterrupted differentiation - the V2O3 content does 

not decrease (Fig. 18). The Bushveld complex shows a continuous trend of differentiation with 

height, which is indicated by a decrease in An% and V (figures 26 and 27 in Ashval et. al 2005) in 

magnetite and a spike in the Ti content (Fig. 27). A similar trend can be seen at Koitelainen. These 

features are indicative of little magma replenishment. 



49 

 

 

Figure 26: Differentiation trend of the Bushveld northern lobe (modified after Ashwal et. al. 2005) 
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Figure 27: Vanadium contents of magnetite and hematite contents of ilmentite in Bushveld 

magnetite gabbros as a function of depth (modified after Ashwal et al. 2005) 
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At Mustavaara, the obtained geochemical evidence may suggest a different evolutionary path: 

vanadium and titanium contents are constant with height, which, as previously established, has been 

interpreted as disruption in the fractional crystallization in other layered intrusions. The reversals in 

the An% content support the idea that the magmatic evolution may be more complex than what has 

been established in the previous works. 
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8.0.Appendices



Appendix 1: The modal vol% of mafic-plagioclase-oxide in the MV-64 samples 

 

 

  



 

 

Appendix 2: Recalculated magnetite analyses 

 

  Appendix 2A 

1 2 3 4 5 6 7 8 9 10

SiO2 0,00 0,00 0,00 0,01 0,00 0,01 0,00 0,00 0,00 0,00

TiO2 18,16 6,84 2,52 0,99 0,31 1,10 1,11 0,22 0,22 0,75

Al2O3 0,01 0,13 0,01 0,08 0,08 0,08 0,00 0,05 0,00 0,12

Cr2O3 0,06 0,03 0,01 0,10 0,34 0,15 0,13 0,05 0,06 0,06

V2O3 0,62 0,97 1,06 0,99 0,31 1,10 1,11 1,45 1,39 1,55

FeOtot 74,85 85,55 89,92 89,12 92,17 89,54 89,38 91,45 91,64 90,84

MnO 0,89 0,31 0,16 0,12 0,21 0,17 0,18 0,01 0,03 0,00

MgO 0,06 0,03 0,01 0,07 0,00 0,01 0,03 0,00 0,00 0,01

ZnO 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

NiO 0,00 0,00 0,00 0,00 0,01 0,00 0,02 0,00 0,02 0,00

CaO 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Na2O 0,00 0,07 0,03 0,04 0,09 0,00 0,10 0,04 0,03 0,07

K2O 0,01 0,00 0,00 0,00 0,01 0,00 0,00 0,00 0,00 0,00

TOTAL 94,65 93,92 93,71 91,51 93,51 92,16 92,07 93,27 93,39 93,39

Recalculated analyses:

Ilmenite basis

Fe2O3 43,87 58,74 64,71 65,16 68,06 65,25 65,33 67,09 67,30 66,24

FeO 35,38 32,70 31,69 30,48 30,93 30,83 30,60 31,08 31,09 31,23

TOTAL 99,05 99,81 100,19 98,04 100,33 98,70 98,62 99,99 100,13 100,03

Ulvöspinel basis

Fe2O3 31,77 54,19 63,03 64,49 67,85 64,51 64,59 66,94 67,15 65,74

FeO 46,27 36,80 33,20 31,08 31,11 31,49 31,26 31,21 31,22 31,68

TOTAL 97,83 99,35 100,03 97,97 100,31 98,63 98,54 99,98 100,12 99,98

Stoichiometric basis

Fe2O3 31,81 54,42 63,13 64,64 68,20 64,51 64,95 67,08 67,26 65,98

FeO 46,23 36,58 33,11 30,95 30,80 31,49 30,94 31,09 31,12 31,47

TOTAL 97,84 99,37 100,04 97,99 100,35 98,63 98,58 99,99 100,13 100,00

Number of ions on the basis of 32 oxygen atoms (stoichiometric basis)

Si 0,000 0,000 0,000 0,003 0,000 0,002 0,000 0,000 0,000 0,000

Al 0,004 0,046 0,003 0,029 0,030 0,031 0,000 0,020 0,000 0,042

Cr 0,014 0,007 0,001 0,024 0,081 0,037 0,033 0,012 0,015 0,016

Fe3+ 7,396 12,589 14,587 15,254 15,731 15,136 15,234 15,532 15,560 15,256

Fe2+ 11,948 9,404 8,503 8,117 7,896 8,212 8,065 8,001 8,000 8,086

Ti 4,220 1,581 0,582 0,233 0,071 0,259 0,260 0,052 0,051 0,174

V 0,153 0,238 0,261 0,248 0,075 0,276 0,277 0,357 0,343 0,382

Mg 0,026 0,012 0,003 0,034 0,000 0,003 0,014 0,001 0,000 0,004

Ni 0,000 0,000 0,000 0,000 0,002 0,000 0,006 0,000 0,005 0,000

Zn 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000

Mn 0,233 0,082 0,042 0,033 0,053 0,045 0,049 0,003 0,007 0,000

Ca 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000

Na 0,000 0,039 0,017 0,026 0,054 0,000 0,063 0,024 0,020 0,041

K 0,007 0,002 0,000 0,000 0,006 0,000 0,000 0,000 0,000 0,001

Mol prop:

Fe2TiO4 53,238 20,005 7,387 2,954 0,885 3,290 3,290 0,662 0,652 2,216

RCr2O4 0,086 0,042 0,009 0,151 0,510 0,236 0,208 0,075 0,093 0,100

RAl2O4 0,023 0,289 0,021 0,185 0,190 0,194 0,000 0,125 0,000 0,266

RFe2O4 46,653 79,665 92,583 96,710 98,415 96,281 96,502 99,139 99,255 97,419

X usp 0,533 0,201 0,074 0,030 0,009 0,033 0,033 0,007 0,007 0,022

X mt 0,467 0,799 0,926 0,970 0,991 0,967 0,967 0,993 0,993 0,978

1= 50,40 magnetiitti 14 0 0,891 18,16 0,00

2= 50,40 magnetiitti 15 0 0,314 6,838 0,00

3= 50,40 magnetiitti 16 0 0,163 2,52 0,00

4= 50,40 magnetiitti 1 0,008 0,123 0,988 0,00

5= 50.40 magnetiitti 2 0 0,205 0,307 0,01

6= 50,40 magnetiitti 3 0,005 0,171 1,103 0,00

7= 50,40 magnetiitti 5 0 0,184 1,108 0,02

8= 63,30 magnetiitti 1 0 0,01 0,224 0,00

9= 63,30 magnetiitti 2 0 0,028 0,221 0,02

10= 63,30 magnetiitti 3 0 0 0,751 0,00

Fe2O3/FeO recalculated using the methods described by Carmichael (1967) and Droop (1987) 



 

 

 

  Appendix 2B 

 

37,5 m

1 2 3 4 5 6 7 8 9 10

SiO2 0,01 0,02 0,00 0,00 0,00 0,48 0,00 0,00 0,00 0,28

TiO2 0,14 5,40 9,52 1,88 6,17 8,72 9,51 11,98 9,31 2,24

Al2O3 10,28 0,07 0,01 0,01 0,07 0,16 0,07 0,06 0,67 0,07

Cr2O3 59,40 0,03 0,04 0,04 0,06 0,04 0,06 0,03 0,09 0,07

V2O3 0,00 1,05 1,05 1,27 1,20 1,25 1,49 1,44 1,51 1,91

FeOtot 17,06 87,40 83,03 90,03 86,02 80,01 81,62 76,42 80,20 88,81

MnO 0,14 0,19 0,47 0,07 0,28 0,34 0,47 0,59 0,46 0,11

MgO 12,62 0,02 0,05 0,00 0,02 0,06 0,01 0,07 0,07 0,00

ZnO 0,00 0,00 0,00 0,02 0,02 0,07 0,00 0,05 0,51 0,00

NiO 0,00 0,00 0,08 0,03 0,04 0,02 0,00 0,00 0,01 0,01

CaO 0,14 0,00 0,00 0,00 0,00 0,03 0,00 0,00 0,00 0,00

Na2O 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,00 0,02 0,00

K2O 0,00 0,00 0,00 0,00 0,00 0,01 0,00 0,00 0,00 0,00

TOTAL 99,79 94,17 94,25 93,35 93,87 91,19 93,24 90,64 92,84 93,50

Recalculated analyses:

Ilmenite basis

Fe2O3 3,27 60,89 55,26 65,07 59,42 52,93 53,93 48,66 53,09 63,40

FeO 14,12 32,60 33,31 31,48 32,55 32,38 33,09 32,64 32,43 31,76

TOTAL 100,12 100,27 99,78 99,87 99,83 96,49 98,64 95,51 98,16 99,85

Ulvöspinel basis

Fe2O3 3,17 57,28 48,92 63,81 55,31 46,70 47,60 40,68 46,89 61,66

FeO 14,21 35,86 39,01 32,61 36,25 37,99 38,79 39,82 38,01 33,33

TOTAL 100,11 99,91 99,15 99,74 99,42 95,86 98,01 94,71 97,54 99,68

Stoichiometric basis

Fe2O3 3,17 57,28 48,92 63,83 55,31 46,73 47,65 40,68 46,95 61,66

FeO 14,21 35,86 39,01 32,59 36,25 37,96 38,75 39,82 37,96 33,32

TOTAL 100,11 99,91 99,15 99,74 99,42 95,87 98,01 94,71 97,54 99,68

Number of ions on the basis of 32 oxygen atoms (stoichiometric basis)

Si 0,003 0,006 0,000 0,000 0,000 0,152 0,000 0,000 0,000 0,087

Al 3,142 0,023 0,005 0,004 0,024 0,060 0,027 0,024 0,246 0,026

Cr 12,179 0,006 0,010 0,009 0,014 0,011 0,014 0,007 0,023 0,016

Fe3+ 0,618 13,211 11,324 14,804 12,809 11,153 11,150 9,820 11,004 14,275

Fe2+ 3,082 9,191 10,036 8,400 9,330 10,068 10,077 10,682 9,888 8,574

Ti 0,027 1,245 2,202 0,436 1,428 2,081 2,223 2,890 2,181 0,519

V 0,000 0,257 0,258 0,314 0,296 0,317 0,371 0,369 0,376 0,471

Mg 4,879 0,010 0,024 0,000 0,011 0,028 0,006 0,035 0,033 0,000

Ni 0,000 0,000 0,019 0,008 0,009 0,004 0,000 0,000 0,003 0,002

Zn 0,000 0,000 0,000 0,005 0,005 0,016 0,000 0,011 0,116 0,000

Mn 0,031 0,050 0,123 0,017 0,073 0,092 0,123 0,161 0,120 0,029

Ca 0,039 0,000 0,000 0,000 0,000 0,011 0,000 0,000 0,000 0,000

Na 0,000 0,000 0,000 0,000 0,000 0,000 0,006 0,000 0,010 0,000

K 0,000 0,000 0,000 0,003 0,000 0,006 0,002 0,000 0,000 0,000

Mol prop:

Fe2TiO4 0,341 15,831 27,974 5,560 18,184 27,048 28,431 36,975 27,895 6,762

RCr2O4 94,767 0,039 0,062 0,054 0,092 0,072 0,091 0,046 0,147 0,105

RAl2O4 19,645 0,149 0,032 0,025 0,155 0,391 0,171 0,155 1,576 0,170

RFe2O4 3,864 83,981 71,932 94,360 81,570 72,490 71,307 62,825 70,385 92,963

X usp 0,081 0,159 0,280 0,056 0,182 0,272 0,285 0,370 0,284 0,068

X mt 0,919 0,841 0,720 0,944 0,818 0,728 0,715 0,630 0,716 0,932

1= Magnetite taskum. 2 37,5 0,012 0,14 0,14 01.01.1904

2= Magnetite taskum. 3 37,5 0,02 0,193 5,402 01.01.1904

3= Magnetite taskum. 4 37,5 0 0,471 9,518 01.01.1904

4= Magnetite taskum. 5 37,5 0 0,067 1,882 01.01.1904

5= Magnetite taskum. 6 37,5 0 0,279 6,169 01.01.1904

6= Magnetite taskum. 7 37,5 0,478 0,344 8,724 01.01.1904

7= Magnetite taskum. 8 37,5 0 0,466 9,505 01.01.1904

8= Magnetite taskum. 9 37,5 0 0,593 11,978 01.01.1904

9= Magnetite taskum. 10 37,5 0 0,456 9,309 01.01.1904

10= 0 0,282 0,112 2,244 01.01.1904

Fe2O3/FeO recalculated using the methods described by Carmichael (1967) and Droop (1987) 



 

 

  Appendix 2C 

 

 

 

1 2 3 4 5 6 7 8 9 10

SiO2 1,00 0,00 0,00 0,00 0,00 0,00 0,01 0,03 1,66 0,01

TiO2 0,41 0,64 0,33 0,59 0,53 7,35 9,10 3,31 7,39 0,75

Al2O3 1,11 0,02 0,04 0,00 0,02 0,04 0,06 0,04 0,41 0,03

Cr2O3 0,08 0,03 0,04 0,06 0,01 0,11 0,09 0,12 0,09 0,11

V2O3 1,44 1,42 1,40 1,18 1,61 1,50 1,32 1,65 1,30 1,82

FeOtot 88,05 90,70 90,23 90,43 90,29 82,48 81,21 88,61 74,77 91,30

MnO 0,00 0,03 0,01 0,01 0,00 0,27 0,32 0,05 0,45 0,05

MgO 0,85 0,00 0,00 0,00 0,01 0,05 0,03 0,00 0,19 0,00

ZnO 0,05 0,00 0,00 0,02 0,00 0,00 0,00 0,06 0,02 0,00

NiO 0,01 0,08 0,00 0,06 0,00 0,06 0,05 0,00 0,02 0,00

CaO 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,89 0,00

Na2O 0,05 0,00 0,00 0,08 0,00 0,00 0,04 0,00 0,00 0,03

K2O 0,00 0,00 0,00 0,02 0,00 0,00 0,00 0,00 0,00 0,00

TOTAL 93,05 92,92 92,04 92,45 92,46 91,86 92,23 93,88 87,18 94,09

Recalculated analyses:

Ilmenite basis

Fe2O3 64,17 66,32 66,11 66,33 65,96 55,93 53,91 62,85 49,75 66,50

FeO 30,31 31,02 30,74 30,74 30,93 32,15 32,70 32,06 30,00 31,47

TOTAL 99,48 99,56 98,66 99,10 99,07 97,46 97,63 100,17 92,16 100,75

Ulvöspinel basis

Fe2O3 63,01 65,90 65,90 65,94 65,61 51,04 47,83 60,61 43,36 65,99

FeO 31,35 31,40 30,93 31,09 31,25 36,56 38,17 34,07 35,75 31,93

TOTAL 99,36 99,52 98,64 99,06 99,04 96,97 97,02 99,95 91,52 100,70

Stoichiometric basis

Fe2O3 63,19 65,90 65,90 66,36 65,62 51,04 47,98 60,61 43,37 66,07

FeO 31,20 31,39 30,93 30,71 31,24 36,56 38,04 34,07 35,75 31,85

TOTAL 99,38 99,52 98,64 99,10 99,04 96,97 97,04 99,95 91,52 100,71

Number of ions on the basis of 32 oxygen atoms (stoichiometric basis)

Si 0,304 0,000 0,000 0,000 0,000 0,000 0,004 0,009 0,546 0,003

Al 0,397 0,009 0,015 0,000 0,008 0,013 0,023 0,013 0,158 0,009

Cr 0,020 0,008 0,009 0,016 0,003 0,027 0,022 0,030 0,024 0,026

Fe3+ 14,468 15,336 15,475 15,490 15,343 12,098 11,340 14,002 10,731 15,183

Fe2+ 7,939 8,119 8,072 7,968 8,118 9,631 9,992 8,746 9,833 8,133

Ti 0,093 0,148 0,076 0,137 0,123 1,741 2,149 0,765 1,827 0,172

V 0,350 0,352 0,349 0,293 0,400 0,379 0,333 0,407 0,343 0,447

Mg 0,384 0,000 0,001 0,000 0,002 0,023 0,015 0,000 0,091 0,000

Ni 0,003 0,020 0,000 0,015 0,000 0,016 0,012 0,000 0,005 0,000

Zn 0,012 0,000 0,001 0,005 0,000 0,000 0,000 0,014 0,004 0,000

Mn 0,001 0,008 0,002 0,003 0,000 0,071 0,084 0,014 0,124 0,013

Ca 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,314 0,000

Na 0,029 0,000 0,000 0,049 0,000 0,000 0,026 0,000 0,000 0,015

K 0,000 0,000 0,000 0,024 0,001 0,000 0,000 0,000 0,000 0,000

Mol prop:

Fe2TiO4 1,233 1,887 0,975 1,738 1,579 22,295 27,411 9,818 25,079 2,211

RCr2O4 0,136 0,048 0,057 0,099 0,019 0,171 0,138 0,193 0,170 0,165

RAl2O4 2,634 0,056 0,094 0,000 0,054 0,086 0,149 0,086 1,083 0,060

RFe2O4 96,000 98,008 98,875 98,162 98,348 77,448 72,303 89,902 73,671 97,565

X usp 0,013 0,019 0,010 0,017 0,016 0,224 0,275 0,098 0,254 0,022

X mt 0,987 0,981 0,990 0,983 0,984 0,776 0,725 0,902 0,746 0,978

1= 158,30 magnetiitti 1 1 0,004 0,406 0,011

2= 158,30 magnetiitti 3 0 0,029 0,635 0,081

3= 158,30 magnetiitti 4 0 0,007 0,325 0

4= 158,30 magnetiitti 5 0 0,01 0,588 0,062

5= 158,30 magnetiitti 6 0 0 0,527 0

6= 160,80 Magnetiitti 1 0 0,265 7,351 0,064

7= 160,80 Magnetiitti 2 0,014 0,315 9,1 0,047

8= 160,80 Magnetiitti 3 0,029 0,052 3,312 0

9= 160,80 Magnetiitti 4 1,659 0,446 7,386 0,018

10= 160,80 Magnetiitti 6 0,011 0,049 0,749 0

Fe2O3/FeO recalculated using the methods described by Carmichael (1967) and Droop (1987) 



 

 

Appendix 3: Plagioclase analyses

 

 

 



 

 

Appendix 4: Thin section and BE images 

 



 

 

        



 

 

 



 

 

 


