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PREFACE 
 
The Finnish National committee of the International Lithosphere Programme (ILP) 

organises every second year the LITHOSPHERE symposium, which provides a 

forum for lithosphere researchers to present results and reviews as well as to inspire 

interdisciplinary discussions. The tradition was disturbed by the Covid-19 pandemic, 

and the 2020 meeting was shifted to 2021. Regardless of the exceptional 

circumstances the symposium provides a wide selection of geological and 

geophysical presentations. The eleventh symposium ï LITHOSPHERE 2021 ï 

comprises 44 presentations. The extended abstracts (in this volume) provide a good 

overview on current research on structure and processes of solid Earth.  

 

The two-day symposium takes place completely in the internet as a virtual meeting 

during January 19 ï 20, 2021. The participants will present their results in oral and 

poster sessions. Posters prepared by graduate and postgraduate students will be 

evaluated and the best one will be awarded. Research Professor Peter M. Malin, Duke 

University, USA, will give the invited talk. 

 

This special volume ñLITHOSPHERE 2021ò contains the programme and extended 

abstracts of the symposium in alphabetical order. 

 

 

Helsinki, January 13, 2021 

 

Ilmo Kukkonen, Toni Veikkolainen, Suvi Heinonen, Hanna Silvennoinen, Fredrik 

Karell, Elena Kozlovskaya, Arto Luttinen, Kaisa Nikkilª, Vesa Nykªnen, Markku 

Poutanen, Pietari Skyttª, Eija Tanskanen, and Timo Tiira  
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Trace element and Platinum Group Element distribution in 

chromites: constraints on mineral chemical tracers in  

mafic-ultramafic host lithologies 
 

M.A. Aaltonen1, C. Beier1, A. Abersteiner1 and A.P. Heinonen1 
 

1Department of Geosciences and Geography, University of Helsinki, Helsinki, Finland 

E-mail: milla.aaltonen@helsinki.fi 

 

The compositional heterogeneity of chromites in mafic-ultramafic lithologies can be used as a multifunctional 

petrological tool in geosciences for determining the formation and modification of ore-forming lithologies. The 

formation of immiscible sulfide melts, i.e. sulfide-saturation, can potentially be identified using the PGE contents 

in chromite grains. In this project, we investigate the distribution of trace elements in chromites through in situ 

analyses of six chromite-bearing Finnish samples from mineralized and barren lithologies. Our preliminary data 
show that trace elements can be sufficiently used to distinguish between primary magmatic, as well as secondary, 

metamorphic processes. Our new results imply that a careful consideration of the trace element distribution in 

chromites may make them a suitable lithochemical tracer in prospecting Ni-Cu-PGE deposits. 
 

Keywords: Chromite, mineral chemistry, indicator mineral, sulfide saturation 

 

1. Introduction 

Igneous ore-forming processes leave unique geochemical fingerprints in the crystallizing 

minerals, however, distinguishing between primary magmatic and secondary, metamorphic 

processes remains challenging. Indicator minerals can be used as lithochemical tracers in ore 

deposit exploration to track and estimate the mineralization potential. Ideally, an indicator 

mineral is abundant across a range of compositions and is relatively resistant to alteration and 

weathering.  

Chromite sensu lato is a common mineral in mafic-ultramafic rocks derived from the 

upper mantle (Barnes and Roeder 2001) and is often associated with Ni-Cu-PGE deposits (Papp 

and Lipin 2010). Compared to common primary silicates in mafic lithologies (e.g., olivine and 

pyroxenes) (Barnes and Roeder 2001), chromite is relatively resistant to alteration and may thus 

preserve the primary magmatic mineral chemistry.  

Previous studies suggest that the mineral chemistry of chromites can give insights to 

sulfide saturation of the host magma (Fiorentini et al. 2008). Platinum group elements (PGEs; 

Ru, Rh, Pd, Os, Ir, and Pt) are strongly chalcophile elements and thus partition to the sulfide 

liquid, leaving the residual melt relatively depleted in PGEs. However, PGEs can also behave 

as siderophile elements in sulfide-undersaturated conditions, where Ru is compatible in 

chromite (Fiorentini et al. 2008). Fiorentini et al. (2008) suggested that Ru concentration in 

chromites could be used as a fingerprinting element to identify sulfide saturation processes in 

komatiitic systems. However, only a few studies have systematically investigated the mineral-

scale chemical heterogeneity of trace elements (Ti, V, Mn, Co, Ni, Zn, Ru) in altered and 

unaltered chromites (e.g., Mukherjee et al. 2015).  

This project is designed to systematically describe and analyze in situ core to rim profiles 

of the major and trace elements, including PGEs, in both unaltered and altered chromites from 

a range of geodynamic environments. We use existing samples from mineralized and barren 

lithologies to constrain how the mineral chemistry of chromites reflects the changes from 
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sulfide-undersaturated to sulfide-oversaturated conditions in crystal-, outcrop- and regional 

scale, as well as between ophiolites and greenstone belts. 

 

2. Preliminary results 

Six Finnish chromite-bearing samples from mafic-ultramafic lithologies were selected for in 

situ analyses. They cover a range of compositions from komatiitic chromites from the Archean 

Vaara and Kauniinlampi cumulate lenses in the Suomussalmi greenstone belt, chromite seams 

from the Kellojªrvi ultramafic complex belonging to the Archean Kuhmo greenstone belt and 

chromitites from the ophiolite-related Pitkªnperª and Vasarakangas localities. Samples from 

the greenstone belts and ophiolites represent the mineralized and barren lithologies, 

respectively. Representative grains of visibly zoned and unzoned chromites (Figure 1) were 

analyzed by quantitative high precision laser ablation inductively coupled mass spectrometry 

(LA-ICP-MS) at the Department of Geosciences and Geography, University of Helsinki. The 

following dataset has not yet been standardized with external major element data. 

 

 
 

Figure 1. Chromite grains from the Finnish ophiolite related podiform chromitite (A) and 

greenstone belts (B and C) under reflected light. A. Brecciated chromitite from the 

Vasarakangas ophiolite fragment. B. Zoned chromites from Kellojªrvi within the Kuhmo 

greenstone belt. C. Disseminated chromite from Vaara in the Suomussalmi greenstone belt.  

 

The preliminary LA-ICP-MS results (n=145) show a clear chemical distinction both 

between chromites from greenstone belt and ophiolite lithologies, and between mineral cores 

and rims (Figures 2 and 3). The Pitkªnperª and Vasarakangas ophiolite chromitites have 

distinctly higher Mg# [Mg/(Mg+Fe)] and lower Cr# [Cr/(Cr+Al)], Zn/Al, Ru/Al, and Mn/Al 

(Figures 2 and 3) compared to the greenstone belt chromites from Vaara, Kauniinlampi, and 

Kellojªrvi. The Kauniinlampi, Kellojªrvi, and Vasarakangas chromites display a systematic 

core-to-rim variation in Cr# and Mg#, whereas the Vaara chromites have a more scattered 

distribution and variation mainly in Mg# (Figure 2). Generally, the rims of the greenstone 

chromites show an increase in Mn/Al, V/Al, Zn/Al, and Ru/Al relative to the cores (Figure 3). 

 

3. Discussion and proceedings 

The correlations of Cr# and Mg# in individual grains from the Kauniinlampi, Kellojªrvi, and 

Vasarakangas chromites (Figure 2) indicate normal zoning caused by fractional crystallization 

(Mukherjee et al. 2015). A correlation of Mn/Al, V/Al, Ru/Al, and Zn/(Al, Ti) implies that fluids 

may have variably influenced the composition of the chromites. However, the cores have 

maintained the original magmatic composition, at least partially, whilst the rims display a 
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systematic and stronger elemental exchange. Our preliminary findings indicate that the cores 

of the highly metamorphosed Finnish chromites can be used to decipher the igneous  

 

 

 

Figure 2. The calculated Mg# [Mg/(Mg+Fe)] and Cr# [Cr/(Cr+Al)] of the chromite grains from 

the Finnish greenstone belts (Vaara, Kauniinlampi, and Kellojªrvi) and ophiolite samples 

(Pitkªnperª and Vasarakangas). 

 

 
Figure 3. Mn/Al vs. V/Al (A.) and Ru/Al vs. Zn/Al (B.) of the analysed chromites expressed 

in logarithmic scale. The measured chromites are from the Pitkªnperª and Vasarakangas 

ophiolites and Vaara, Kauniinlampi, and Kellojªrvi greenstone belt samples. Ruthenium 

contents of the Vaara sample chromites are all below the limit of detection.  

 

 

processes of formation whereas chromite rims yield important information related to 

metamorphism and possibly fluid composition. 
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Future aims of this study will be to expand the current sample set to cover localities 

worldwide, including additional chromites from Finnish mineralizations and samples from the 

Macquarie Island (Southwestern Pacific) and the Troodos ophiolites (Cyprus). The aim is to 

establish a consistent mineral chemical database of chromites, which will help in identifying 

potential mineralization and provide information on the magmatic, metamorphic, and 

hydrothermal evolution involved in Ni-Cu-PGE ore-forming processes. The fundamental 

application of our project will be to evaluate to which extent chromite can be used as a 

lithochemical tracer and what influences the compositional variability of chromites on a mineral 

scale. 
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Frost quakes in northern Finland:  

Possible source mechanisms and formation process 
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In our study, we describe results of investigation of source mechanisms and formation process of frost quakes in 

upper soils. We consider records of frost quake that occurred in Oulu on 06.01.2016 and conclude that the most 

possible source mechanism of this type of events is vertical fracture opening.  Artificial neural network was used 

to analyse continuous seismic data of OUL station and detect numerous events with the same characteristics during 

winter, 2015-2016. The number of events per day strongly depends on variations of air temperature. Hydrological 

model and time series of temperature and snow thickness were used to simulate snow accumulation, melt and soil 

temperature at different depths beneath the snow pack and to calculate temporal variations in thermal stress in soil. 

The study shows that frost quakes occur when thermal stress caused by a rapid decrease in temperature exceeds 
fracture toughness and strength of the soilice mixture. 

 

Keywords: frost quakes, upper soils, thermal stress, northern Finland 

 

1. Introduction 

Weather extremes such as rapid temperature decrease in combination with thin snow cover can 

result in cracking of water-saturated soil and rock when water has suddenly frozen and 

expanded. Such frost quakes (cryoseisms) can be hazardous for industrial and civil objects 

located in the near-field zone.  Monitoring of frost quakes and analysis of weather conditions 

during which they occur is necessary to access hazard caused by them. 

 

2. Source mechanism and magnitude of frost quake, occurred on 06.01.2016 in Oulu  

As a ground-truth frost quake, we consider seismic event in Talvikangas district of Oulu on 

06.06.2016 and caused damage to road surface and basements of buildings. Local citizens 

reported hearing a loud noise and feeling the ground shake prior to observing the ruptures 

(Laine, 2016). On the same day, the permanent seismic station (OUL) operated by Sodankylª 

Geophysical Observatory of the University of Oulu and located 14 km from Talvikangas 

recorded a number of unusual local seismic events, depleted in body wave energy but having 

largeamplitude Rayleigh waves. Largeamplitude of Rayleigh waves suggest that the seismic 

source was close to the surface (Aki and Richards, 2002). In the same day, a rapid decrease in 

air temperature was recorded (FMI, 2020), suggesting that the frost quake activity was initiated 

by specific weather conditions that potentially can be repeated in the future. The waveform 

analysis suggests that the most possible source mechanism of the event was vertical fracture 

opening. The local magnitude ML = 0.705 was evaluated using equation by Uski and 

Tuppurainen (1996).  

 

3.  Analysis of number of frost quakes using artificial neural network detector  

To access characteristics and number of cryoseisms during winter 2015-2016, we used 3-

component recordings of a swarm of strong cryoseismic events with similar waveforms that 

was registered on 06.06.2016 by seismic station OUL. Assuming that all events in the swarm 
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were caused by the same mechanism (freezing of water-saturated soil), we used them as a 

learning sample for the neural network. Analysis of these events has shown that most of them 

have many similarities in selected records characteristics (central frequencies, duration etc.) 

with the strongest event and with each other. Application of this algorithm to the continuous 

seismic data recorded since the end of November, 2015 to the end of February, 2016, showed 

that the number of cryoseisms per day strongly correlates with variations of air temperature 

(Figure 1).    

 
 

Figure 1. Dependence between air temperature and number of impulses per day 

 

4. Formation of frost quakes by thermal stress  

Thermal stresses of frozen soil were calculated for Talvikangas at depths of 5 cm, 15 cm and 

30 cm using the technique described in Okkonen et al. (2020). The modelling proved that the 

frost quake recorded on 6 January 2016 occurred during the period of high calculated thermal 

stress, when the air and soil surface temperatures were below ī20ÁC. 

The air temperature dropped by as much as 9ÁC in the day of the frost quake (6 January 2016), 

and the calculated thermal stresses on the soil at a depth of 5 cm were up to 22 MPa, which was 

above the threshold thermal stress calculated with the critical stress intensity factor. 

 

5. Conclusions 

In our study, we show that the most probable source mechanism of frost quakes are vertical 

fracture opening. The magnitudes of damaging frost quakes can be as large as those of tectonic 

earthquakes. Using of artificial neural network detector allowed us to detect numerous seismic 

event with the same characteristics as the frost quake on 06.01.2016 near Oulu. Number of 

these events per day is modulated by air temperature.  

Frost quake crack formation by a large temperature drop in air and soil is a natural phenomenon 

that is not well understood. Although formation of a single fracture cannot result in a seismic 

event comparable in magnitude with tectonic earthquakes, the ground shaking produced by frost 

quakes in the near-field zone can be hazardous in urban areas, as the example of Talvikangas 

frost quake shows. The thermal stresses in water-saturated soils due to rapid decrease of 

temperature, freezing and absence of thick insulating snow cover were greater than the stresses 

that are necessary to initiate cracking of ice and frozen soil.  
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The subject of the study is the White Sea basin and adjacent territories. Located at the   junction 

of two large tectonic elements of the East European Craton, the Fennoscandian Shield and the 

Russian Plate, this region is constantly experiencing dynamic loads caused by the continuing 

uplift of the Fennoscandian Shield. Its original crustal structures formed in the Archean were 

partially transformed in the processes of Proterozoic rifting and subsequent tectonomagmatic 

activation. Studies of geodynamics, tectonics, and the evolution of the material composition of 

the lithosphere are relevant in the region. Its characteristic feature is the manifestation of 

kimberlite magmatism, deposits of diamonds and other minerals. It is believed that the 

Arkhangelsk province, which ranks second in Russia in diamond mining after Yakutia, is far 

from exhausting its diamond potential. The geological research recently conducted here is 

aimed at finding hydrocarbons. The formulation and solution of theoretical and applied 

problems are facilitated by the study of the deep structure of the region. 

Interpretation of geological and geophysical data is usually carried out together with with  

the construction of 2D and 3D models using the petrological characteristics of rocks, such as 

density and magnetization. The many known geophysical models of the earthôs crust of the 

White Sea are characterized by detail loss, incomplete information, uneven coverage of areas, 

differences in local volumes of data used. Some of them represented geophysical environment 

in cylindrical blocks. 

The modern modeling tool is the Integro software package developed by VNIIgeosystem 

for solving predictive and diagnostic problems and problems of thematic regionalization of 

territories. This complex automates the solution of direct and inverse problems of geophysics, 

allowing to draw up digital maps, carry out cartographic references, process, visualize and store 

3D data.  

The goal of our work is to model the velocity structure of the region's earth crust based 

on instrumental observation data using the Integro software complex (Cheremisina et al. 2018). 

The objectives of the research are the construction of the velocity layers of the earth's crust, the 

study of their connections with density heterogeneities and geophysical fields.  

The modeling of the regionôs lithosphere is based on the results of geophysical studies 

conducted along 3-ɸʈ, 1-ɽɺ, QUARTZ, AGATE and other traverses as well as geologo-

geophysical summary maps and schemes (Sharov and Zhuravlev, 2019). We also used a digital 

map of the anomalous gravitational field in the Bouguer reduction and a topographical map on 

a scale 1:1,000,000. The longitudinal seismic waves velocities we recalculated in the densities 

of rocks by the reference velocity model (Sharov, 2017).  

The method of modeling included the selection of an environmental model and its 

geometric framework, construction of 2D density models from seismic profiles and the 

transition to a 3D density model of the region's earth crust. The geometric framework and the 

environmental model were selected based on the block structure of the seismic profile. The 
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values of the block densities calculated from the reference velocity model as initial 

approximations. Direct problem was solved using 2D models. The values of the selected 

structure blocksô density varied within the specified limits, achieving a minimum difference in 

the values of the calculated and the profile Bouger anomaly. If it was necessary to improve the 

optimization, the blocks were further divided, new heterogeneities were introduced, and the 

block boundaries were shifted. The 3D density model was built by solving the inverse problem 

of gravity prospecting. The material of the mantle was considered homogeneous, and the 

density heterogeneities inherent in the earth's crust.  

The 3D model allowed to determine the spatial position and visualized the boundaries of 

the velocity layers of the earth's crust of the White Sea region (Figure 1). 

 

Figure 1. a: 3D model showing the density distribution of the White Sea Regionôs earth crust; 

b: the spatial representation of the boundary surfaces ʂ1, ʂ2, ʂ3 and ʄ of the velocity layers 

of the regionôs earth crust. 

 

The proposed interpretation of the simulation results explains the absence of a sedimentary 

cover on part of the water area and its large capacities in the deep sea parts by raising the 

Fennoscandian shield, connection within the framework of the granite-metamorphic layer of 

the Winter Bank Uplift and the Onega Peninsula with the structures of the Terek Coast and the 

Karelian Megablock, respectively, large capacities of granulite-basite layer in the area of Winter 

Bank lifting by the intensity  of it's formation, the depression of the M boundary by the existence 

of a subvertical structure associated with manifestations of kimberlite magmatism. 

The study was conducted under the Research Project AAAA-A18-118020290086-1 

funded by the Russian Foundation for Basic Research under the Research Projects 20-05-00481 

çLithospheric structure and dynamics of the White Sea Regionè and 20-35-90034 çComplexing 

geophysical methods for 2D and 3D modelling of the earth crust of the White Sea and adjacent 

territoriesè. 
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The article presents the technology for constructing detailed three-dimensional density models of the upper crust 

of the Voronezh Crystalline Massif (VCM). Such technology is based on the inversion of the gravity field and 

complex interpretation of geological, petrophysical and geophysical information. The use of the proposed 

technology makes it possible to obtain a 3D density model that reflects the structural features of the site.  

 

Keywords: gravity field, density modeling, petro-density model 

 

Voronezh Crystalline Massif (Figure 1) is located in the central part of the East European 

platform (Gorbatschev and Bogdanova, 1993; Chernyshov et al. 1997; Mints et al. 2010; Mints, 

2011; Mints et al. 2014; Savko et al. 2017). The massif stretches in the northwest direction, in 

the southwest and southeast it borders to the Neoproterozoic-Phanerozoic depressions, in the 

west, northwest and northeast, the massif is framed by the Paleoproterozoic depressions. (Mints 

et al. 2014; Savko et al. 2017). The Voronezh Crystalline Massif has a linear size of about 450 

by 300 km and an asymmetric elongated shape. 

 

 
Figure 1. The main tectonic elements of the EEP (the area of density modeling of the 

lithosphere is shown): 1 - Scythian platform; 2 - Black Sea depression; 3 - Neoproterozoic-

Phanerozoic structures; 4 - Paleoproterozoic structures; 5 - Archean structures; 6; -Voronezh 

Crystalline Massif; 7 - boundaries of large tectonic elements; 8 - state borders 
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Due to the fact that the consolidated foundation is covered by a platform cover, the thickness 

of which varies from several meters to hundreds of meters, and on the outskirts can reach 

several kilometers. The study of the deep structure of the region is based on geophysical data. 

The geological significance of the interpretation of geophysical fields is provided by 

petrophysical information. About 9000 wells were drilled within the VʉM, more than half of 

which penetrated the crystalline basement and provided coring. The total number of core 

samples from sedimentary and crystalline rocks reaches 150,000. Based on the results of 

petrophysical determinations, a digital spatial petrophysical database was formed and a petro-

density map of the Precambrian foundation was constructed (Glaznev et al. 2020). Information 

on the density distribution of Precambrian sediments, as well as seismic and thermal models of 

the Earth's crust, became the initial data for calculating a 3D regional density model (Muravina 

et al. 2018).  

The next stage in the study of the structure of the region was a detailed density modeling 

of the upper crust based on the inversion of the gravity field and a comprehensive interpretation 

of geological, petrophysical and geophysical information, presented in this article (Figure 2). 

One of the important aspects of building three-dimensional density models is the formation of 

a starting model, which plays an important role in ensuring the geological content of the 

solution. This model is built on the basis of prior information, and summarizes the petrophysical 

and geological data related to the study area. The initial data for modeling in VʉM conditions 

are: geological and topographic base; the values of the thickness of the «gravitational» layer 

obtained from the results of the statistical analysis of the anomalous field (Glaznev et al., 2014); 

a regional density model of the lithosphere covering the territory of the VʉM (Glaznev et al. 

2016; Muravina, 2016; Mints et al. 2017) and the regional gravitational field corresponding to 

this model; petro-density model of sedimentary cover and crystalline rocks (Muravina et al. 

2013, 2019).  

 

 
 

Figure 2. Block diagram of detailed density modeling technology 

 

When constructing detailed density models of the upper part of the crystalline crust, it is also 

necessary to take into account the gravitational effect of the sedimentary cover, which is 

calculated based on the petrodensity model of sedimentary rocks (Muravina et al. 2013; 

Glaznev et al. 2013).  
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A three-dimensional model of the regional density of the central part of the East European 

Platform establishes the density distribution on the roof and bottom of the upper, middle and 

lower layers of the Earth's crust, in the transition layer and the upper mantle to a depth of 80 

km. The solution of the direct problem of gravimetry for the model makes it possible to establish 

the regional component of the field for any territory within the region.  

When creating a starting model, the features of the structure and location of each specific 

site are taken into account. The position of the upper edge corresponds to the depth of the 

crystalline surface foundation, and the lower edge corresponds to the position of the bottom of 

the «active gravitational» layer for the given territory. The structure of the model is set by a set 

of layers, at the boundaries of which, in accordance with the petrophysical data of the region, 

the absolute values of the density are set. The transition to excess density values is carried out 

by subtracting the density values of the regional model. Also, at each point of the detailed 3D 

model, the minimum and maximum density restrictions and the values of the weight function 

are set.  

The solution of the inverse problem of gravimetry is a multi-stage iterative process of 

inverting the field residuals at each point of the surface into the density values of the equivalent 

horizontal layer of a given thickness, and redistributing the obtained density values to the lower 

layers of the medium in accordance with the weight function. The inversion of the gravitational 

field into density is carried out on the basis of an algorithm for the quasinormal solution of the 

inverse problem in a three-dimensional formulation in Cartesian coordinates. An approximation 

representation of the inverse operator is used in the form of a sum of transformations: 

calculating the vertical derivative and analytic continuation to the upper half-space to some 

optimal height (Glaznev et al. 2002). The effectiveness of this approach was shown on a number 

of simple theoretical and real examples of detailed density modeling of the structure of the 

upper crust (Glaznev et al. 2008, 2015; Mints et al. 2018). The results of solving the inverse 

problem should minimize the discrepancy between the model field and the observed field, and 

also satisfy the specified criteria of all the initial geological information. It is obvious that the 

quality of modeling based on gravity inversion depends on the quantity and quality of a priori 

data, which, as a rule, are probabilistic in nature with varying degrees of uncertainty. 

Consequently, in conditions of a complex geological structure, it is possible to improve the 

quality of modeling due to multistage field inversion, with the implementation of a point 

correction of the original model at each stage in a given range of changes in model parameters.  

The proposed detailed modeling technology was tested in a number of areas located within 

the Voronezh Crystalline Massif (Glaznev et al. 2015; Muravina et al. 2017; Voronova et al. 

2019). 

The research was supported by the RFBR, grants No20-05-00190 and 19-05-00336.  
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In this paper, we present briefly a tectonic model for the evolution of the Vaasa migmatitic complex (Finland) and 

how we believe it could be integrated into the formation of an oroclin during the Svecofennian orogeny. We finally 

show some results on the metamorphic gradient affecting the supracrustal rocks.   
 

Keywords: Svecofennian orogen, Vaasa migmatitic complex, orocline, LP-HT metamorphism, 

pseudosection 

 

1. Introduction 

The Vaasa migmatitic complex (Finland) offer a mid-crustal horizontal section of a partially 

molten crust, formed by the accretion of various supra-crustal rocks within an accretionary 

wedge during the growth of the Svecofennian Paleoproterozoic orogen. Review and/or new sets 

of geophysical, structural, geochronological and petrological data have been used to propose a 

coherent tectonic scenario for this large magmatic complex. It includes a magmatic core made 

of S-Type granitoids passing to diatexite, migmatites, gneiss and schists towards its border. 

 

2. Tectonic scenario 

The model has been recently published by Chopin et al. (2020). It proposes a 3 steps tectonic 

scenario: accretion followed by channel flow (D1), oroclinal buckling (D2), magmatic core 

exhumation by mechanical instabilities within the hinge of the orocline (D3). Geophysical data, 

in particular seismic reflection (FIRE 3a) and new magnetotelluric profiles (MT-PE and MT-

B2) are compared to geological field data. The good continuity between reflections in the 

seismic profiles, conductivity in the magnetotelluric profile, lithology and field schistosity 

permit to propose that early primary structures are prominent in most of the complex. It reflects 

westwards D1 stacking of the supracrsutal rock until anataxis in its core. Inverted metamorphic 

gradient along these structures is interpreted as a channel flow exhuming the deep-seated 

partially molten rocks over the mica schists in a LP-HT gradient. 

D2 structures corresponds to W-E striking folds visible at all scale in the border of the 

complex, whereas only faint orientation of Kfs phenocryst is visible within the core. N-S 

shortening developing a regional orocline could be responsible for the formation of those 

structures, similar to what have been proposed by Lahtinen et al. (2015). 
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Vertical shear zones, in particular within and around the magmatic core may correspond to 

crustal scale vertical mass transfert of the weak and low density magma within the hinge of the 

orocline (D3). 

 

3. Quantification of the metamorphism 

Our work is now focused on the precise quantification of the metamorphism affecting the 

supracrustal rocks together with detailed microstructural observations. The results will be 

confronted to the above described scenario. A set of 5 mica schists and migmatites have been 

used to develop pseudosections in order to better understand the HP-LT metamorphic gradient 

in the Vaasa migmatitic complex. Preliminary results show that a slightly prograde 

metamorphism is preserved in the staurolite mica schists (from 5 kbar at 550 ÁC to 6.5 kbars at 

600 ÁC, 550 to 600 ÁC) whereas small grains of kyanite, frequent in the metatexites, may reflect 

stacking up to 8 kars and 700 ÁC. These results should be compared to new U/Pb ages monazites 

obtained from the same metamorphic gradient. 
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Partial melting of rocks that have been affected by external fluids (water-fluxed partial melting) usually lack 

peritectic minerals common in response to dehydration melting. Dehydration melting in upper amphibolite to 
granulite facies usually produce peritectic minerals like garnet, cordierite and orthopyroxene in the paleosome as 

well as in the leucosome from biotite bearing protoliths. In the case of water-fluxed melting of a biotite bearing 

protolith, the most common mineral in the leucosome is also biotite (amphiboles may appear). In migmatite areas, 

formed by water-fluxed melting, the biotite chemistry may contain important information about the composition 

of the protolith and the evolution of leucosomes and granites.  
 

Keywords: lithosphere, migmatite, biotite, Svecofennian orogeny 

 

General 

The southernmost part of Finland extending from Bengtskªr via Hanko peninsula to Jussarº is 

a migmatite area comprising principally a K-feldspar rich granitic metatexite with granitic 

leucosomes and areas of leucogranite. The granitic metatexite contains partially melted and 

deformed xenoliths of various compositions (igneous, volcanic, sedimentary) indicating that 

the chemically homogenous granitic metatexite may have formed from different protoliths. 

This heterogenous appearance was reported by Saukko et al. (2018) as a felsic MASH zone. A 

felsic MASH zone is an area in the middle crust that has been at the protolith solidus 

temperature for a long period resulting in areas containing melts from different crustal sources 

that interact with each other, crystal mushes and restites and signs of fluid interaction with the 

melt as an inducing agent of anataxis are often present. (Schwindinger and Weinberg, 2017). 

Although partial melting of the granitic metatexite is recognised in field, no peritectic 

minerals are found in response to the melting process. The major mafic mineral in all granitic 

rocks are biotite, indicating water induced melting.  

 To gain information about possible protoliths and the physical environment during the 

the migmatization event, biotites from granitic metatexites, leucosomes and leucogranites were 

analysed.  

 

Geochemical classification of the studied rocks 

The rocks on focus here are geochemically peraluminous granodiorites, monzogranites and 

granites (the granitic metatexite) and peraluminous leucogranite (granitic leucosome and 

leucogranites). See Saukko et al. (2021) (this volume). 

 

Analytical methods 

Biotites from granitic metatexites and leucosomes therein and leucogranites were analysed with 

a Phenom XL low vacuum SEM instrument at the Geohouse in Turku. The results (reported as 

100 wt% oxides) were calculated to 95% assuming that 5% of the analyses was crystal water 

or other fluids not determined with the instrument. The results was recalculated to atoms per 

formula units using 24 O. For classifications, only biotites with K2O > 6 wt% was used. In total, 

104 of 272 spot analyses were used in this study. The rest were disqualified because of 
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chloritisation. We are aware of the quantitative limitations of the instrument. However, since 

we analysed hundreds of spots from different micas in different samples, we are able to identify 

important trends without 100% quantitatively reliable analyses. 

 

Results 

The general composition of all biotites is annite in the Fe/(Fe+Mg) vs. tot.Al diagram  (Figure 

1a). In the diagram it is seen that biotite from leucosomes (open triangels and circles) has lower 

Fe-index compared to granitic metatexites (filled triangles and circles). Leucogranites from two 

different areas (crosses and tilted crosses) have distinct compositions. The Morgonlandet area 

(tilted crosses) comprise of biotites with high total aluminium whereas Bengtskªr (crosses) has 

lower total aluminium but higher Fe-index. In the FeO-10xTiO2-MgO diagram, separating 

primary biotites from primary re-equilibrated and secondary biotites, the majority of the micas 

plot in the field of primary micas except those that are deficient in Ti and plot in the field of 

recrystallized biotites (Figure 1b). Majority of these biotites are from Bengtskªr even-grained 

granite.  

 

 
Figure 1. a).  (Left). Biotites classified as primary annites according to the Fe/(Fe+Mg) vs. total 

Al. b) (Right) diagram separating primary biotite from reequilibrated primary biotite and 

secondary biotite. 

 

It is known that the titanium content and Mg# are indicators for crystallization temperature of 

biotite. The higher Ti content and higher Mg#, the higher is the crystallization temperature. By 

using the Ti-in-biotite geothermometer by Henry et al. (2005) the majority of analysed biotites 

gave temperatures between 600 and 700 ÁC close to 650 ÁC (except recrystallized biotites 

deficient in Ti)   

 Several authors have developed diagrams based on the Al, Mg and Fe contents of 

biotites to indicate from what kind of rock series the rocks on focus stem from (Natchet et al. 

1985; Abdel-Rahman, 1994; Natchet et al. 2005; Bucholz et al. 2018). Bucholz et al. (2018) 

constructed a diagram based on the cations Al, Mg and Fe per formula unit to separate suites 

for calc-alkaline, alkaline and peraluminous biotites (Figure 2). The granitic metatexites and 

leucosome biotites from one area (Stenskªr) plot in the field of calk-alkaline (metaluminous) 

suites while the rest of biotites plot in the field of peraluminous suites.  
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Figure 2. Diagram separating different rock suites based on cations per formula unit. Biotites 

from the study area plot in the fields of calc-alkaline (metaluminous) and peraluminous suites. 

 

  

Discussion 

Biotites are sensitive to adapt their compositions to be in equilibrium with the surrounding 

physiochemical environment references. For example, Bell et al. (2017) used the chemistry of 

biotite inclusions in zircons from Black Hills in Western Australia and Nuvvuagittuq 

supracrustal belt on Greenland (areas with the oldest zircons on Earth), to state that these 

protoarchean zircons from different areas were growing in a more reduced metaluminous melt 

and an oxidised peraluminous melt, respectively. Bell et al. (2017) classified their micas in a 

diagram taking into account fO2 and aluminosity (Figure 3). 

 The relative fO2 of the environment biotite are growing in is reflected by the FeO/MgO 

ratio. The higher ratio the more reduced is the environment. Bell et al. (2017) used the value 

3.5 to distinguish between reduced, i.e. the ilmenite series granites by Ishihara (1977) and 

oxidised, i.e. the magnetite series granites by Ishihara (1977) (Figure 3). As an index for 

aluminosity Bell et al. (2017) used Al2O3/(FeO+MgO) index. They used the values > 0.55 for 

peraluminous rocks and < 0.45 for metaluminous rocks. 

 Biotites from even-grained granites in southernmost Finland plot in different parts of 

the diagram. Biotites from Morgonlandet has a high Fe/Mg index and an aluminosity index 

close to 0.55. This indicate that the granite crystallised from a metaluminous to peraluminous 

magma in a reduced environment. Biotites from the granite of Bengtskªr has a lower Fe/Mg 

index, but high aluminosity index indicating crystallisation from a peraluminous magma in 

higher fO2 conditions. The strong peraluminosity is supported by muscovite in the analysed 

rock. 

 The biotites from leucosomes within two metatexites form a trend with decreasing fO2 

and increasing aluminosity. This reflect access to aluminium in the leucosome melts and that 

the fO2 was different in the formation of metatexite biotites and leucosome biotites. 

 The two metatexites are separated at a Fe/Mg index about 3.5. This indicate that micas 

from Klovaskªr metatexit (filled triangels) grew in a more reduced environment compared to 

metatexite micas from Stenskªr (open triangles) that grew in a more oxidising environment 

outside the ilmenite series.  

 

Conclusions 

Our study indicate that biotite may give additional information to bulk geochemical data about 

protoliths and partial melting processes in migmatites. 
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We have recognised two protoliths, one calk-alkaline source formed in slightly higher fO2 

compared to a peraluminous source formed in a more reduced environment. Biotites from 

leucosomes indicate a higher aluminosity with decreasing fO2 compared to the metatexites. The 

crystallization temperature given by Ti in biotite, about 650ÁC, fits well with the idea of a long-

lived MASH zone at wet solidus temperature for the protolith. 

Our study also indicate that the term peraluminous is not strictly source related, but also 

process related, since the environment in our migmatite areas drives the leucosomes to form 

more reduced and more peraluminous melts compared to their host rocks. This can lead to 

serious misinterpretations for geologists that search for proper protoliths for peraluminous 

granites, since metaluminous calc-alkaline rocks may produce peraluminous melts. 
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Figure 3. Diagram illustrating 

variations in fO2 and 

aluminosity. Ellipses indicate 

leucogranites, arrows indicate 

trends from metatexites to 

leucosomes. See text for 

further explanations. 

Crosses = leucogranite from 

Bengtskªr 

Tilted crosses = leucogranite 

from Morgonlandet 

Filled triangles = metatexite 

from Klovakªr 

Filled circles = leucosomes 

from Klovaskªr 

Open triangles = metatexite 

from Stenskªr 

Open circles= leucosomes 

from Stenskªr. 
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We present new insights into the stratigraphy of the volcanosedimentary Matojªrvi formation, which hosts the Per 

Geijer IOA mineralizations in Kiruna, Norrbotten, Sweden.  
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1. Introduction 

The Per Geijer (PG) area is located on the northern side of the Kiruna town in Norrbotten, 

Sweden (Figure 1). The area comprises five iron oxide-apatite (IOA) deposits that form a four-

km-long semi-continuous zone on the surface. Four of these deposits (Rektorn, Haukivaara, 

Henry and Nukutus) have been in production by open pit mining with a total production of ~11 

Mt of iron-phosphorus ore between 1925 and 1987. The Lappmalmen orebody, which is located 

~500ī1200 m under the surface, has not been mined.  

 

 
Figure. 1. Geological map of the Per Geijer area. Modified from Martinsson and Erlandsson 

(2009). Drill holes marked on the map are shown in detail in Figure 2. 


