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1. INTRODUCTION 

 

 

1.1. Aims of the study 

 

The structures and geologic history of granites and migmatites in southern Finland have 

been studied extensively (e.g. Sederholm 1907, Hietanen 1975, Lahtinen et al. 2005). 

J.J.Sederholm first described migmatites in the Barösund out-crop in 1926 (Sederholm 

1926). Barösund is only 20 km from Kopparnäs, which is the study location of this thesis 

study and is also known for its beautiful migmatites. Sederholm’s work was the start of 

research in crustal melting processes in Finland. A hundred years later many questions still 

remain about the nature of crustal melting and about the emplacement of magmas. How 

different pressure and temperature regimes affect alteration? How do different trace 

elements behave in different hydrothermal conditions? 

 

The first aim of this study was to describe the structures and relative chronology of 

pegmatitic granitoid dikes in Kopparnäs outcrop Southern Finland and relate the formation 

of these pegmatitic granitoid dikes to the overall geological history of the area. This was 

done by making detailed field observations of two study locations in the Kopparnäs 

peninsula and by collecting representative samples from the different generations of 

pegmatitic granitoid dikes, host rocks, their contacts and different alteration regimes.  

  

The second goal was to constrain emplacement conditions, such as pressure and 

temperature, of the pegmatitic granitoid dikes and to understand the mineral reactions in 

selvages between pegmatitic granitoid dikes and mafic wallrocks. A careful study of the 

rock microstucture was done with optical and cathodoluminescence microscopes in order to  

describe melt-wall rock reactions. Mineral identification and a study of major element 

composition were done with the electron probe microanalyzer (EMPA). Trace element 

measurements were made on the laser ablation inductively coupled mass spectrometer (LA-

ICP-MS) to find out what transpired chemically when the felsic dikes were emplaced in the 

host rocks.  



 6 

Trace element measurements were made from the different dikes, contacts between the 

dikes and host rocks and from the host rocks in order to study elemental mobility in the 

contact zone. Another point of interest was the degree of similarity of chemical 

compositions between locations 1 and 2 and between different generations of dikes. This 

might shed light onto the source of these dikes as well as to the chronology of the 

emplacement of the different dikes.  

 

 

1.2. Geological setting 

 

Kopparnäs peninsula is a situated in the Finnish coast about 50 km west of Helsinki (Fig. 

1). The peninsula is part of Southern Volcanic-sedimentary Belt (SVB), which is the 

southernmost tectonic unit of the larger Svecofennian domain (Pajunen et al. 2008).  

 

 
Fig 1. Generalized geology of southern Finland adapted from Skyttä et al. (2006), Korsman et al. (1997) and 

Väisänen and Hölttä (1999). Key: (1) tonalitic migmatites, (2) lower amphibolite facies schists, (3) granitic 

migmatites and other upper amphibolite facies gneisses, (4) late Svecofennian granites ca 1.85-1.81 Ga, (5) 

granulites, (6) Rapakivi granites (Mesoproterozoic); ACWF= Arc Complex of Western Finland, ASF=Arc 

Complex pf Southern Finland, TB= Tampere Belt, PB= Pirkanmaa Belt, HB= Häme Belt, BA= Bergslagen area. 

 



 7 

The Svecofennian domain was formed in a complex sequence of collisional events during 

which a variety of crustal material was accreted to the Archean domain (e. g. Wegman 

1928, Koistinen 1981, Korsman 1999). The Svecofennian orogen begins with the accretion 

of several island arcs into the Archean basement at during 1.92-1.87 Ga. Large amounts of 

I-type syn-orogenic granitoids were formed during the main collision at 1.88 Ga. This was 

followed by a period of extension at 1.88-1.87 Ga during which more a K-rich S-type 

magma was formed (Elliot et al. 1998).  

 

The history of the tectonic evolution of the Svecofennian domain is extensively detailed in 

a study by Pajunen et al. (2008). The following explanation relies heavily on the studies 

Pajunen et al. (2008) as many of the areas and tectonic events they studied are closely 

related to the study area of this thesis. Key tectonic events, that are likely to be related to 

the emplacement of the granitoid dikes in Kopparnäs, are explained in more detail in the 

following chapter. 

 

The migmatized host rocks in Kopparnäs belong to the Southern Volcanic-sedimentary Belt 

(SVB). The SVB was originally comprised of pelitic metasediments with carbonaceous 

interlayers and mafic to intermediate volcanic rocks (Hopgood 1984, Ehlers and Lindroos 

1990). The estimated age for the Southern Volcanic-sedimentary complex is 1.88-1.87 Ga 

(Väisänen and Mänttäri 2002). The migmatatization of the original volcanogenic rocks 

likely happened under amphibolite facies conditions during a high-T, ductile shortening 

event that was related to the Svecofennian orogeny (Pajunen et al. 2008).  

 

Another typical feature to the SVB are gabbroic intrusions, which were estimated to have 

been emplaced at 1.885 ± 7 Ga (Hopgood et al in 1983). A similar intrusion is found also 

from Kopparnäs peninsula. This intrusion is defined as a norite in this thesis because the 

pyroxenes found from this intrusion were all orthopyroxene. The Streckeisen definition of 

gabbro is a rock that is primarily made up of plagioclase and clinopyroxene.  If a rock is 

primarily made up of plagioclase and orthopyroxene it is called a norite. It is still very 

likely that these intrusions are related and that a more loose definition of gabbro as a 

pyroxene and plagioclase bearing rock was used in the previous studies.  



 8 

 

Post-orogenic extension, beginning at 1.868 Ga, marks the start of a major igneous event in 

southern Finland (Pajunen et al. 2008). It formed the Southern Finland Granitoid Zone 

(SFGZ), which is a large igneous unit next to the Southern Volcanic-sedimentary Belt. The 

granitoids from SFGZ intrude the Southern Volcanic-sedimentary zone in several areas. 

The formation of the SFGZ was also accompanied by the formation of migmatites and 

granitic pegmatite dikes. In the beginning the magmatism was largely tonalitic but over 

time it evolved towards a more granitic composition. 

 

Intrusions from Southern Finland Granitoid Zone were mainly emplaced during two 

separate magma forming events. The first intrusion event was formed under NE-SW 

transpression and created oblique extension. These intrusions were tonalitic to granitic and 

often garnet bearing. A thin biotite selvage can often be observed between the host rocks 

and intrusions or between different pulses of intrusions. There is also an example of a 

granite-pegmatite dike intruding to a gabbro-tonalite association in Sarfvik, Kirkkonummi.  

A retrograde alteration zone is observed by Pajunen at al. in the contact of the dike and the 

host rock in Sarfvik. 

 

There was a period of deformation between the two magma forming events. Contractional 

E-W movements of the Central Finland block caused the formation of shear zones that 

precede the second magmatic event that formed the Southern Finland Granitoid Zone 

(SFGZ). In Southern Finland the stress is released along the E-W trending shear zones 

(Ehlers et al. 1993 and Pajunen et al. 2008). 

 

The second major magmatic event during the formation of the Southern Finland Granitoid 

Zone starts at around 1.828 Ga. During the second event, medium to coarse grained granitic 

and often K-feldspar porphyritic rocks intrude the bedrock (Pajunen et al. 2008). The 

second magmatic event is thought to be an extensional event due to extensive magmatism 

and migmatization, vertical shortening and the increase in heat flow that led to high-T/low-

p metamorphism (Lahtinen et al. 2005, Pajunen et al. 2008 and Skyttä & Mänttäri 2008.) 

Pegmatite dikes that formed during the second event can be found for example from the 
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Bollstad site in Inkoo roughly 10km to the North of Kopparnäs (Pajunen et al. 2008). These 

dikes are very similar in appearance to the dikes found in Kopparnäs. In Bollstad, the dikes 

have intruded into brittle tonalitic crust. The dikes also have a thin mafic selvage around 

them. The Bollstad pegmatitic granite dikes have been dated at 1.828 ± 3 Ga. 

 

Pajunen et al. (2008) also studied the structural geology of diabase dikes in Kopparnäs. The 

dikes were N-S and E-W trending, which suggest dilation in these directions during the 

emplacement. The diabase dikes from Kopparnäs are dated at 1.830 Ga. Both E-W- and N-

S-trending dilation was observed also in other areas in Southern Finland by Pajunen at al. 

(2008). The dilation is though to have been caused by NE-SW transpression, which could 

be caused by the dextral re-activation of older E-W shear zones.  

 

 

 2.  MATERIALS 

 

 

2.1. Field observations 

 

The field observations are based on three visits to the Kopparnäs peninsula and on aerial 

photographs taken on an SJ4000-camera with the T2M Spyrit max-drone. The migmatitic 

and noritic host rocks of the Kopparnäs peninsula are cross-cut by a variety of younger 

dikes. Two locations with intruding pegmatitic granitoid dikes from Kopparnäs peninsula 

were chosen for more detailed petrological analysis (Fig. 2). Both locations lie on the well-

exposed coastal bedrock of the Kopparnäs peninsula.  
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Figure 2. Study locations 1 and 2 in Kopparnäs peninsula (Basic terrain map  2013). 

 

 Location 1 was chosen because many of the granitoid dikes have a visible selvage between 

them and the noritic host rocks displaying a clear melt-wallrock interaction. Location 2 was 

chosen because of the clear cross-cutting relationships between the different generations of 

pegmatitic granitoid dikes. Thin mafic selvages indicating melt-wallrock interaction 

between the granitic melts and the migmatitic host rocks also surround some of these dikes.  

 

In both locations the host rocks and the pegmatitic dikes are cross-cut by younger mafic 

dikes. These mafic dikes were not analysed for this thesis, as their formation was clearly a 

separate event (Luttinen and Kosunen 2006).   

 

2.1.1. Field observations from location 1 

 

The first location is characterized by pegmatitic granitoid dikes intruding into a noritic host 

rock (Fig. 3). The shape of the intrusion is irregular and it doesn’t seem to follow any clear 
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weakness zones in the host norite. The intrusion breaks down to smaller dikes creating a 

web of dikes that intrude further to the host rock.  

 

 
Figure 3. Location 1. Pegmatitic granitoid intruding into norite in Kopparnäs, southern Finland. The width of the 

picture is approximately 25 meters.  The WGS84 coordinates are 60.043141N, 24.244352E. Aerial photo by 

Tobias Fusswinkel.  

 

The grainsize of the groundmass varies from fine grained (grain size less than 1 mm) to 

coarse grained (grain size between 3-5cm) within the granitoid. Large perthite megacrysts 

that are up to 10 cm long are a characteristic feature of the main body of the intrusion. The 

dikes get progressively altered and more fine grained, as they get further away from the 

main intrusion. The progressive alteration is seen in the greyish colour of the smaller dikes 

and in the clearer selvages between the dikes and the norite (Fig. 4). Typically the selvages 

around the dikes are 1-5 centimeters wide. Often the selvages are made up of two parts. 

There is a darker more biotite rich part right next to the dike and further from the dike next 

to the norite there is a lighter more plagioclase rich zone (Fig. 5).   
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Figures 4 and 5. Location 1. Altered felsic dikes with clear selvages intruding into the norite emanate from the 

main pegmatitic intrusion in Kopparnäs. Hand lens that is 5 cm long is on the left side of both pictures. 

 

2.1.2. Field observations from location 2 

 

Location 2 is about 400 meters to the east of location 1. In this area two generations of 

granitoid dikes have intruded into a migmatitic host rock (Fig. 6).  

 

  
Figure 6. Aerial view of location 2 in Kopparnäs, southern Finland. (1) First generation dikes are E-W-trending. 

(2) Second generation dikes are N-S-trending. The width of the picture is about 20 meters. Arrow points to 

north. The WGS84 coordinates are 60.043314N, 24.250881E. Aerial photo by Tobias Fusswinkel. 

N 



 13 

The first generation dikes intrude the migmatite in the direction of the east-west running 

foliation. Occasionally the dikes branch out to smaller dikes still mainly following the 

direction of the foliation. The thickness of the granitic dikes is variable, ranging from a few 

centimeters to a meter. Grainsize in the groundmass varies from medium to coarse grained, 

with grain size ranging from a few millimeters to up to 5 centimeters. There is a thin mafic 

selvage between the pegmatitic granitoid dikes and the migmatite (Fig. 7). The first 

generation dikes are more deformed than the second generation dikes. This can be seen in 

the undulating contacts between the dikes and the migmatite. . The first generation dikes 

are cross-cut by the second generation dikes that run almost perpendicularly through the 

first generation dikes. Sinistral shearing is evident in many of these contacts (Fig. 7). 

 

 
Figure 7. A first generation dike with a mafic selvage is cross cut by a thin second generation dike in 

Kopparnäs. Sinistral movement in the second generation shear zone. Pen points to the north. Pen is 15 cm 

long. 

 

The second generation dikes run from north to south cutting through the first generation 

dikes and the migmatite (Fig. 8). The size of these dikes varies from five centimeters to half 

a meter. Smaller apophyse dikes branch out from the larger dikes in the direction of the 

migmatite foliation. The grainsize varies from medium to coarse grained inside the second 

generation dikes, especially in the larger dikes (Fig. 8). The largest grains are in the middle 
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of the dikes and grainsize gets progressively smaller towards the edges of the dikes. Large 

perthite megacrysts that are up to 10 cm long are also found in the middle of the second 

generation dikes. There are no selvages between the migmatite and the second generation 

dikes. However, a biotite rich selvage can be often observed in the area where the two 

generations of granitic dikes intersect (Fig. 8).  

 

 
Figure 8. Location 2. Large second generation dike cross-cuts a first generation dike in Kopparnäs, Pen points 

to the north. The pen is 15 cm long. 

 

 

2.2. Sample collection and sample descriptions 

 

All together 7 samples were collected from Kopparnäs. There were 4 samples collected 

from location 1 and 3 samples collected from location 2 (Figs. 9 and 11). Most of the 

samples were cut from the bedrock using a portable rock saw. 18 standard polished 30 µm 

thin sections were made from the 7 samples for petrographical and geochemical analyses. 

In addition, seven thick sections, each 300 µm thick, were prepared for analyzing quartz on 

the LA-ICP-MS. 
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2.2.1. Samples from location 1 

 

Samples L1-S1, L1-S3 and L1-S4 are all samples that are taken from the contact between 

the noritic host rock and the granitoid intrusion (Fig. 10). Sample L1-S2 is taken from an 

unaltered part of the granitoid intrusion, which had some some garnet phenocrysts. 

 

 
Figure 9. Sampling spots in location 1 in Kopparnäs, Sample L1-S4 was taken on the 20 m to the west of 

sample L1-S3.The width of the picture is about 25 meters The picture is a combination of two aerial pictures 

taken by Tobias Fusswinkel.  

 

 
Figure 10. Samples L1-S1-L1-S4 from location 1 in Kopparnäs, The compass is 12 cm long. 
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2.2.2. Samples from location 2 

 

Sample L2-S1 was taken from a contact between the host migmatite and a second 

generation pegmatitic dike (Fig. 12). Respectively sample L2-S2 was taken from a contact 

between the host migmatite and the a generation pegmatitic dike. Sample L2-S3 was taken 

from the middle of a second generation pegmatitic dike. 

 

 
Figure 11. Sampling spots in location 2 in Kopparnäs. The width of the picture is about 20 meters. 

 

 
Figure 12. Samples L2-S3 from location 2 in Kopparnäs. The compass is 12 cm long. 
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3. METHODS 

 

  

3.1. Optical microscopy and ore microscopy 

 

All thin sections were analyzed with optical microscopy as well as ore microscopy. The 

Leica DM2500P petrographic microscope was used for making overview scans of the thin 

sections and for taking detail pictures of the structures. Special attention was paid on the 

different mineral assemblages in the dikes and in the host rocks and to microsructures that 

might indicate alteration or deformation. 

 

 

3.2. Cathodoluminescence microscopy 

 

All of the thin sections were analyzed with cold cathodoluminescence microscopy to get 

more information on mineral relations and microstructures. This analyze was done on a 

Type CL8200 Mk5-2 Cold Cathodoluminescence Microscope, manufactured by CITL. The 

acceleration voltage was set between 250-300 kV and the beam current was set between 8-

10 µA. The results were recorded by taking detail pictures of the thin sections. 

 

 

3.3. Electron probe microanalyzer (EMPA) measurements 

 

The major element composition was analyzed from twelve thin sections with the Jeol JXA-

8600 Electron Probe Microanalyzer (EMPA) at the department of Geosciences and 

Geography, University of Helsinki. The samples were carbon coated before analyzing. 

Samples were analyzed with both energy dispersive spectroscopy (EDS) and wavelength 

dispersive spectroscopy (WDS). EDS was used mainly to identify accessory minerals and 

WDS was used to get quantitative analyses of mineral compositions for mineral 

identification and to get reference standards for LA-ICP-MS measurements. EDS analyses 
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were acquired with an acceleration voltage of 20 kV and beam current of 5 nA. WDS 

analyses were acquired with an acceleration voltage of 15 kV and beam current of 15 nA.  

 

WDS analyze was conducted on plagioclase, K-feldspar, biotite, amphibole and pyroxene.  

A focused beam was used to analyze plagioclase and K-feldspar with the WDS. A 

defocused beam was used to analyze biotite, amphibole and pyroxene. The measured 

elements and the corresponding standards are detailed in table 1. Standards were measured 

every other day. 
 

Table 1. Elements measured by WDS and the corresponding standard materials for each mineral. 

Measured elements Feldspars Amphibole Pyroxene Biotite 

F - Fluorite - Fluorite 

Na Albite Albite Albite Albite 

Mg Periclase Diopside Diopside Periclase 

Al Plagioclase Plagioclase Plagioclase Plagioclase 

Si Sanidine/Albite Diopside Diopside Biotite 

Cl - Tugtupite - Tugtupite 

K Sanidine Sanidine Sanidine Sanidine 

Ca Plagioclase Diopside Diopside Plagioclase 

Ti - Rutile Rutile Rutile 

Cr - Cr-oxide Cr-oxide Cr-oxide 

Mn - Rhodonite Rhodonite Rhodonite 

Fe Hematite Hematite Hematite Hematite 

 

The results were reviewed with Formula 1, a program that recalculates the WDS results by 

comparing the results to the stoichiometric formula of the mineral. It, for example, 

estimates how much water is in biotite based on the amount of measured chlorine and 

fluorine. The recalculations from Formula 1 were generally very good and the results 

matched the stoichiometries of the studied minerals with the exception of the amphibole 

measurements. The B position in amphibole the theoretical amphibole formula  

A0-1B2C5T8O22(OH,F)2  was not fully occupied according to the results by Formula 1. 

Original amphibole results from WDS measurements were then recalculated with the 

EMPA amphibole calculations excel spreadsheet (Hawthorne et al. 2012). The re-



 19 

calculations were made with the assumption that most of the iron is ferrous. Results are 

calculated to 15 to 16 cations and normalized to a charge of 46.  

 

 

3.4. LA-ICP-MS measurements 

 

The trace element compositions of biotite, plagioclase and quartz were determined by laser 

ablation inductively coupled plasma mass spectrometer, LA-ICP-MS. The instrument used 

was a Agilent 7900s ICP mass spectrometer coupled to a Coherent GeoLas Pro MV 193 nm 

laser-ablation system. The ICP-MS system was tuned every day to make sure that the U/Th 

ratios were 100% +- 2 and that oxide ratios (ThO/Th) were less than 0.5 %. The flow rates 

of Ar plasma gas was set to 15 L/min, He carrier gas was set to 1.0 L/min and Ar auxiliary 

gas was set to 0.85 L/min. 

 

The elements measured from biotite were 7Li, 9Be, 10B, 11B, 23Na, 24Mg, 27Al, 29Si, 31P, 39K, 
42Ca, 45Sc, 47Ti, 49Ti, 55Mn, 57Fe, 66Zn, F71Ga, 72Ge, 85Rb, 88Sr, 90Zr, 118Sn, 133Cs,137Ba, 
208Pb, 238U. The spot size for these measurements was 60-90 µm and the energy density was 

4 J/cm2. The dwell time for each element was 0.01 seconds. The elements measured from 

plagioclase were 139La 140Ce 141Pr 146Nd 147Sm 151Eu 157 Gd 159Tb 163Dy 89Y 165Ho 166Er 
169Tm 172Yb 175Lu 45Sc. The spot size for these measurements was 90-120 µm and the 

energy density was 10 J/cm2. The dwell time for each element was 0.02 seconds. The 

elements measured from quartz were 7Li, 23Na, 24Mg, 27Al, 29Si, 35Cl, 39K, 42Ca, 45Sc, 49Ti, 
51V, 55Mn, 56Fe, 57Fe, 66Zn, 69Ga, 71Ga, 72Ge, 73Ge, 81Br, 85Rb, 88Sr, 93Nb, 111Cd, 113In, 115In, 
118Sn, 127I, 133Cs, 137Ba, 181Ta. The spot size for these measurements was 60 µm and the 

energy density was 13 J/cm2. The dwell time for each element was 0.01 seconds. 

 

Reference material NIST 612 was measured daily to ensure that the long time accuracy for 

most elements was better than 5%. A set of external standards were measured every few 

hours in order to make a drift correction and to ensure accuracy of the measurements. For 

biotite, the measured standards were NIST610, Scapolite 17 and GSE. For plagioclase, the 

measured standards were NIST610 and GSE. For quartz, the measured standard was 
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NIST610. A natural quartz standard was also measured to make sure that the quartz 

measurements were accurate by comparing the measurements made for this thesis to the 

measurements of the standard producer (Audétat et al. 2014).   

 

The results were further analyzed with the SILLS program (Guillong et al. 2008). All 

biotite and plagioclase measurements were quantified against an internal aluminum 

standard that was previously analyzed from each crystal with EMPA. The LA-IC-PMS 

measurements could not be measured from exactly the same place on the crystal as the 

microprobe measurements. Despite this the results from LA-ICP-MS fit well with the 

results from the microprobe. Drift correction was made for all of the measurements using 

all external standards but finally only the NIST610 standard corrected results were used to 

do to plot trace elements. This was done to make the results more consistent. 

 

No internal standard was required for quartz since it was presumed to be 100% SiO2.The 

concentration of many of the measured elements, such as gallium and cesium, were close to 

or below detection limit and could not be used. Also large fluctuations, most likely due to 

inclusions, in the values of sodium, aluminum and potassium make the results of these 

elements unusable. 

 

The effect of isobaric and polyatomic interference effects was taken into account by 

evaluating the likelihood of interference effects on each isotope. Several isotopes were 

measured for elements that were likely to have skewed results. For example both 56Fe and 
57Fe were measured because 56Fe measurements are likely to be affected by the 40Ar16O 

interference. This improves the accuracy of the results but does not get rid off all 

interference effects. 
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4. RESULTS 

 

 

4.1. Mineralogy and mineral microstructure 

 

4.1.1. Sample L1-S1 

  

Sample L1-S1 was taken from the contact of a granitoid dike and the norite in location 1 

(Fig. 13). The main minerals in the felsic dike in sample L1-S1 are quartz, plagioclase, and 

biotite. The grain size varies from a few millimeters to one centimeter. Undulose extinction, 

recrystallization, fluid inclusions are typical features in the quartz. Plagioclase is heavily 

saussurized. Curiously, the plagioclase crystals in the felsic dike do not show any albite 

twinning as can be seen in thin section L1-S1-B5 (Large saussurized grain near the contact 

in Fig. 13). However small K-feldspar inclusions are found inside the plagioclase crystals. 

Biotite is the only mafic phase in the granitoid dike in sample L1-S1. Accessory minerals 

include apatite and zircon. 

 

The norite in L1-S1 consist mainly of finer grained biotite and plagioclase. Biotite is kinked 

as well as oriented towards the contact of the two rock types. Albite twinning is present in 

plagioclase in the norite. Accessory ilmenite and pyrite are found only in the norite. 

 

 
Figure 13. Sample L1-S1 and thin section L1-S1-B5. The rock sample is roughly 25 cm long and the width of 

the thin section is 2.5 cm. 
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4.1.2. Sample L1-S2 

 

Sample L1-S2 is taken from a large pegmatitic dike, visible in figure 9. The sample is 

mainly made up of quartz, K-feldspar, plagioclase and garnet (Fig. 14). Similarly to sample 

L1-S1 the quartz has undulose extintion and has been recrystallized in places. Larger quartz 

grains are poikiloblastic enclosing other minerals such as K-feldspar and plagioclase. There 

are two kinds of K-feldspars found in sample L1-S2, microcline and perthite. Plagioclase is 

again found without the typical albite twinning. The garnet is euhedral but has some 

chlorite alteration. Accerssory minerals include apatite and monazite. 

 

 
Figure 14. Sample L1-S2 and thin section L1-S2-B2. The rock sample in the middle is about 10 cm wide and 

the thin section is 2 cm wide. 

 

4.1.3. Sample L1-S3 
 

Sample L1-S3 is taken from the contact of the norite and an altered dike that is a more 

distal branch of the main pegmatitic intrusion (Fig. 15). The norite side is mineralogically 

zoned (Fig. 15). There are three main zones in the norite and these zones will be called the 

amphibole zone, the plagioclase zone and the biotite zone when describing the rock. 
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Figure 15. Sample L1-S3 and thin sections L1-S3-B2 and L1-S3-B5. The rock sample is about 30 cm long and 

the length of the thin sections is about 4 cm. 

 

The amphibole zone is most distal zone from the contact is comprised of iron rich 

amphibole called richterite, enstatite–orthoferrosilite series orthopyroxene known as 

ferrohypersthene, plagioclase, ilmenite and accessory amounts of pyrite. Amphibole is 

quite euhedral where as the orthopyroxene seems disintegrated and skeletal. The amphibole 

is disintegrating into biotite and orthopyroxene (Fig. 16) between the amphibole zone and 

the plagioclase zone. 

 

    
Figures 16 and 17. (16) Amphibole alteration between the amphibole zone and the plagioclase zone in thin 

section L1-S3-B2. (17) Orhopyroxene alteration to biotite between the plagioclase zone and the biotite zone in 

thin section L1-S3-B2. 
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The plagioclase zone in the middle of thin section L1-S3-B2 is comprised of 

ferrohypersthene, plagioclase, biotite, magnetite and minor amounts of pyrite. In this zone 

the amphibole disappears and biotite appears in the mineral assemblage. Also the amount of 

plagioclase and ilmenite increases in the plagioclase zone. Orthopyroxene is reacting to 

form biotite between the plagioclase zone and the biotite zone. (Fig. 17). 

 

 The biotite zone is the proximal contact zone between the norite and the felsic dike. It is 

mainly made up of biotite but includes skeletal remains of orthopyroxene and ilmenite. In 

this zone, biotite gets progressively deformed. However, there is no chlorite alteration. 

 

Thin section L1-S3-B5 is of the felsic dike that is in contact with thin section L1-S3-B2 

(Fig. 15). The main minerals are quartz and plagioclase. The grain size is smaller than in 

the other felsic dikes. There is a large cluster of biotite in the middle of the thin section. 

Otherwise biotite is not part of the groundmass. This biotite cluster is surrounded by 

skeletal ferrohypersthene, ilmenite and minor pyrite (Fig. 18). K-feldspar is only found as 

small inclusions inside plagioclase (Fig. 19). This is seen particularly well in 

cathodoluminesence microscope images, where the light blue spots are K-feldspar and the 

greenish brown areas are plagioclase. The composition of the plagioclase seems to vary 

within the thin section, which is seen as colour alteration in the CL-images.  

 

    
Figures 18 and 19. (18) Ortopyroxene disintergrating to biotite in thin section L1-S3-B5. (19) CL-image of K-

feldspar inclusions (blue) in plagioclase (greenish brown) in thin section L1-S3-B5. Dark grey parts are quartz. 
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4.1.4. Sample L1-S4 

 

The fourth sample from location 1 is taken from the contact of a felsic intrusion and the 

host rock (Fig. 20). The thin sections were made from four various points in the contact of 

which three are shown in figure 20. 

 

 
Figure 20. Sample L1-S4 and thin sections L1-S4-B2, L1-S4-B4, L1-S4-B5. The rock sample is about 30 cm 

long and the thin sections are about 2.5 cm wide. 

 

Thin section L1-S4-B2 is comprised mostly of norite. The felsic dike runs through the 

corner of the thin section. The contact of these two is clearly visible as a highly biotitized 

zone. The norite looks quite altered but there is still some amphibole left in the most distal 

part of the contact. The plagioclase is highly saussurized and the biotite has gone through 

some minor chloritization. Accessory minerals in the norite include ilmenite and apatite. 

The felsic dike is also deformed. Most of the quartz has been recrystallized. Plagioclase is 

saussurized and displays augen structures. The over all look of the microstucture is sheared. 
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Thin section L1-S4-B5 is taken from the middle the felsic dike of the sample L1-S4. It is 

made of crystals of plagioclase, quartz and biotite that are up to 1,5 cm wide.  Undulose 

extinction and recrystallization are typical features of quartz. The plagioclase lacks the 

typical albite twinning. There are several large apatite crystals growing inside quartz and 

plagioclase. Some of these apatite crystals are up to 4 mm long. Zircon and monazite are 

also found in this thin section. 

 

Thin section L1-S4-B4 shows the contact between the felsic dike and the norite. The norite 

part has been completely biotized. The biotites are all aligned towards the contact showing 

more shear movement. The felsic dike is also deformed with quartz being recrystallized. 

Plagioclase and biotite are the other main minerals in the felsic dike. K-feldspar is again 

only found as inclusions inside plagioclase. In addition to apatite there is also accessory 

zircon. 
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4.1.5. Sample L2-S1 

 

Sample L2-S1 is taken from the contact of the second generation felsic dike and the host 

migmatite (Fig. 21).  

 

 
Figure 21. Sample L2-S1 and thin sections L2-S1-B1, L2-S1-B5A, L2-S1-B5B. The rock sample in about 25 cm 

long and the thin sections are about 2,5 cm wide. 

 

The dikes in location 2 are granodioritic and contain more K-feldspar than found in the 

samples from location 1. Both microcline and perthite K-felspar are present. K-feldspar is 

also found as inclusions inside plagioclase. Plagioclase is similar to plagioclase found in 

location 1 in the fact that it does not show albite twinning. It is also large grained and 

saussurized. Undulose extinction and recrystallization are commonplace in quartz. Biotites 

in the thin sections are quite small, only a few millimeters long, although their size gets 

bigger in the pegmatitic center of the dike. Accessory minerals include monazite, sphalerite 

and elemental bismuth. 
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Myrmekite texture with vermicular quartz in plagioclase can be found in the contact 

between felsic dike and the migmatite in thin sections L2-S1-B1 (Fig. 22) and L2-S1-B5A. 

This myrmekite is often in contact with K-feldspar.  

 

 
Figure 22. A CL-image of myrmekite in the contact of the granitoid dike and the migmatite in thin section L2-

S1-B1. K-felspar is blue, plagioclase is brown and quartz is black. 

 

The migmatite side is fine grained and it is made up of quartz, plagioclase, K-feldspar and 

biotite. There is no biotite selvage in the contact of the migmatite and the 2nd generation 

dikes, contrary to the first generation granitoid dikes. Plagioclase is the most abundant 

feldspar but there is also some microcline as well as inclusions of K-feldspar in plagioclase. 

Myrmekite is often found around K-feldpar crystals. 
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4.1.6. Sample L2-S2 

 

Sample L2-S2 is taken from the contact of a first generation felsic dike and the host 

migmatite (Fig. 23).  

 

 
Figure 23. Sample L2-S2 and thin sections L2-S2-B5 and L2 S2-B3. The rock sample is about 25 cm long and 

the thin sections are about 4.5 cm long. 

 

The first generation dike is granodioritic. Quartz is again undulose and partly recrystallized. 

K-feldspar is found as microcline and perthite. Plagioclase lacks albite twinning and is 

quite saussurized. Biotite in thin section L2-S2-B3 has been chloritized, which is rare in the 

other samples. Biotite is overall less abundant in the first generation dikes than in the 

second generation dikes. However, there is a thin biotite selvage between the dike and the 

host rock. Myrmekite is also found in the contact of sample L2-S2. 
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4.1.7. Sample L2-S3 

 

Sample L2-S3 is taken from the middle of a second generation dike (Fig. 24). The rock is 

pegmatitic with large crystals of quartz, plagioclase, microclinic and perthitic K-feldspar 

and biotite. Quartz in this sample has many fluid inclusions.  

 

 
Figure 24. Sample L2-S3 and thin section L2-S3-B7. The rock sample is about 15 cm wide and the thin section 

is about 2 cm wide. 

 

 

4.2. EMPA Mineral chemistry Results  

 

The chemical composition of the main minerals was acquired with the EMPA. Some of the 

minerals had little compositional variation. An average composition is given for those 

minerals. Other minerals, such as biotite, have more compositional variation and are 

reported individually in this study. 

 

The average empirical composition of biotite, as measured by the microprobe, is (K1.90 

Na0.03 Ca 0.01) (Mg1.58 Fe3.47 VIAl0.26	Ti0.39	Mn0.02) (IVAl2.40 Si5.60) (O20) (OH3.62	F0.19	Cl0.19)4.0.  

This is fits well with the theoretical composition of biotite, which is K2(Mg,Fe2+)6-4 

(Fe3+,Al,Ti)0-2[Si6-5Al2-3O20] (OH, F)4 (Deer et al. 1992). 
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The amount of iron and magnesium in biotite varies between the samples. In Figures 25 and 

26 the magnesium number is plotted against the degree of alteration from the most 

unaltered dikes towards the more altered dikes near the contact and from the more altered 

host rock near the contact towards the most unaltered host rock.  A clear trend of increasing 

magnesium number can be seen in both study locations.   

 

 
Figure 25. Magnesium number of biotites from location 1. Arrow points to increasing alteration near the 

contact. 

 

 
Figure 26. Magnesium number of biotites from location 2. Arrow points to increasing alteration near the 

contact. 
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The composition of plagioclase is plotted in figure 27. The composition of plagioclases 

from location 1 varies from andesitic to oligoclasic with the plagioclase in the host rock 

being more calcium rich than the plagioclase from the dikes. This trend is not as clear in 

location 2 where the plagioclase in oligoclasic. 

 

 
Figure 27. Composition of plagioclases from locations 1 and 2. 

 

The composition of several perthites and corresponding antiperthites was measured for this 

study with the goal of doing perthite thermometry. This was however not possible because 

accurate estimation of water pressure could not be made. The results of those perthite -

antiperthite measurements are plotted in figure 28. The composition of all the perthitic K-

feldspars is very similar. Also the composition of the microclinic feldspar fits in with the 

other orthoclase measurements.    
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Figure 28. Composition of perthites and corresponding antiperthites in locations 1 and 2. 

 

The general amphibole formula can be written as A0-1B2C5T8O22(OH,F)2 (Deer et al. 1992). 

All together six WDS-measurements were made from amphiboles in thin sections L1-S3-

B2 and L1-S4-B2. The average composition is (K0.31[]0.69) (Ca0.42Na0.44Fe2+
1.11) 

(Mg1.74Fe2+
2.10Al0.93 Mn0.03Ti0.20Cr0.01) (Si6.85Al 1.15) (O22) (OH1.67F0.11Cl0.22)  The 

microprobe results were recalculated with an excel spread sheet based on the studies of by 

Hawthorne et al. (2012). This was done because the B site wasn’t fully occupied by Ca and 

Na. The recalculations suggest that ferrous iron might have filled that site. Also the A 

position is partly vacant which is a common phenomenon in amphiboles (Deer et al. 1992). 

The composition of amphiboles doesn’t vary much. The average relative standard deviation 

(RSD) of the atomic proportion values of main cations: K, Ca, Na, Mg, Fe, Ti, Si and Al is 

7.21%. The average RSD of the anions OH, F and Cl is 29.50% , which is high due to the 

atomic proportion values of fluorine varying from 0.01-0.14. The amphiboles are sodic-

calcic as well as iron rich, which means that the amphibole is most likely ferrorichterite 

(NaCaNa(Mg, Fe)5Si8O22(OH)2). 
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Seven WDS-measurements from pyroxenes were made from thin sections L1-S3-B2 and 

L1-S3-B5. The pyroxene in the norite in location 1 has an average composition of  

(Ca0.03 Mg0.73, Fe1.24, Mn0.03 ) (Si1.95 Al0.02)O6. This corresponds best with an orthopyroxene 

known as ferrohypersthene ((Mg, Fe)2Si2O6). The average relative standard deviation 

(RSD) of atomic proportion values of main elements: Mg, Fe, and Si is 15.9%. The biggest 

variations are in the values of ferric iron, which vary from 0.043-0.119. However, most of 

the iron in the pyroxene is ferrous and the RSD of ferrous iron is just 2.78%. The amounts 

of Na and Ca are low, on average just 0.001 and 0.03 respectively.  

 

 

4.3. LA-ICP-MS mineral chemistry results  

 

Trace elements were measured from biotites, plagioclase and quartz, which are all common 

minerals in the two study locations. LA-ICP-MS measurements made from biotites were 

the most successful and paint the most accurate picture of trace element differences 

between the dikes and the host rocks. Quartz measurements show the similarity on trace 

element composition between the different dikes. More than half of the plagioclase 

measurement failed because the thin sections were too thin. Hence, only the rare earth 

measurements made from plagioclases are plotted.  

 

Trace elements that are likely to behave similarly to each other are plotted against each 

other to bring out any differences caused by alteration that might have occurred between 

the dikes and the host rocks during emplacement. All measurements from locations 1 and 2 

are plotted together to be able to compare the results with each other.  In the plots, all the 

measurements from one thin section are marked by the same colour. A circle represents all 

measurements made from dikes, a triangle represents the contact zone and a square 

represents measurements made from the host rocks. A red to purple colour scheme 

represents measurements from location 1. A gray to blue colour scheme represents 

measurements from location 2.  
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Two LA-ICP-MS measurements were made from each biotite. This can be observed as 

pairs of measurements plotting close to each other. This shows that, for the most part, the 

internal chemical variation of the biotites is smaller than the variation between the different 

biotites. It should be also noted that measurements of biotites in the dike from sample L2-

S2 failed due to the fact that all the biotites were heavily chloritized in that sample. Thus, 

there are no biotite trace element measurements of the first generation dikes from location 

2. 

 

The following subchapters on trace elements are divided into groups by their geochemical 

properties using the geochemical periodic table division introduced by W. White is his 

book Geochemistry (2013).  

 

4.3.1. Semi-Volatile trace element ratios in biotites 

 

Figure 29. is the ratio plot of chlorine and bromine. These elements generally partition in 

the fluid or the gas phase. So if a fluid or gas phase was expelled from the granitoid magma 

we should be able to see a peak in these minerals in the alteration zone.  

 

 
Figure 29. Cl/ Br-ratio in biotites in locations 1 and 2. 
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The values of these generally very soluble elements seem to scatter quite a bit. 

Measurements from locations 1 and 2 plot into two groups that intersect each other. The 

amount of chlorine varies more in samples from location 2. There is an observable trend 

between the dikes which have a higher concentration of chlorine and the migmatites which 

have a lower concentration of chlorine. The values from the contact zone plot quite nicely 

between these values. Values of bromide concentration vary more in location 1. They, 

however, do not show the same kind of linear change in concentration between the dikes 

and the host rocks. 

 

4.3.2. First series transition metal ratios in biotites 

  

The geochemical behavior of the first series transition metals is quite complex and less 

predictable than the behavior of some other trace element groups (White 2013). They are 

still plotted here as they might bring out something surprising about the behavior of the 

system.  Zinc is more soluble than gallium so a variation in the amount of zinc might be an 

indication of hydrothermal activity.   

 

 
Figure 30. Ga/Zn-ratio in biotites in locations 1 and 2. 
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Ga/Zn plot (Fig. 30) shows a linear trend in the trace element compositions between the 

host rock and the dikes, which is especially well defined location 1. The dikes in location 1 

have a higher Ga/Zn ratio than the migmatite. Measurements made from the contact plot 

between the measurements the dikes and migmatites indicating diffusion of these trace 

elements.  

 

4.3.3. High field strength element (HFSE) ratios in biotites 

 

Niobium, tantalum and vanadium are all highly insoluble high field strength trace elements. 

Hence, their concentrations shouldn’t be affected by hydrothermal alteration. Trace element 

ratios from locations 1 and 2 create a linear sequence in the V/Nb- and Nb/Ta-ratio plots 

(Figs. 31 and 32). The measurements from most felsic dikes from both locations plot 

closely together. Also the host rocks group together well leaving the measurements from 

the contact zone somewhere in between these two regimes. In both figures the 

measurements from sample L1-S3 create an exception to this rule. This is especially 

apparent in felsic dike L1-S3-B5 that plots closer to the host rocks.  

 

 
Figures 31. V/Nb-ratio in biotites in locations 1 and 2. 
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Figure 32. Nb/Ta-ratio in biotites in locations 1 and 2. 

 

4.3.4. Large-ion lithophile element (LILE) rations in biotites 

 

Figures 33 and 34 are ratio-ratio plots of (Sr/K)/(Ba/K) and (Rb/K)/(Cs/K). Strontium, 

barium, rubidium and cesium are large-ion lithophile elements (LILE), which commonly 

replace potassium in biotite. There are 2 clusters of coinciding ratio values in both plots. 

One cluster is made up of a mix of measurements from different rock types and locations. 

The other cluster is made up of measurements from sample L1-S3. 
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Figure 33. (Sc/K)/(Ba/K) in bioties in locations 1 and 2. 

 

 
Figure 34. (Rb/K)/(Cs/K) in biotites in locations 1 and 2. 
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4.3.5. Rare-earth element (REE) patterns in plagioclase 

 

The rare-earth measurements made from plagioclases are plotted in figure 35. Only 13 

measurements were successful, which is why measurements form only 4 thin sections from 

location 1 and only 1 thin section from location 2 are plotted in figure 35. The same colour 

scheme is used in the REE-plot as in the previous trace element plots. 

 

The difference in REE-values between sample L1-S3-B2 and the rest of the samples is the 

most notable feature in the plagioclase REE-plot is. Sample L1-S3-B2 from the altered 

norite in location 1 is depleted in all REEs except Eu and Sc. 

 

A positive Eu-anomality can also be observed in figure 35. This is a common phenomenon 

in plagioclases since Eu2+ can replace Ca2+in plagioclase (White 2013). There is also some 

variation between the samples in the concentrations of some of the heavy rare earth 

elements, such as erbium, thulium, yttrium and lutetium. The smaller ionic radius of the 

heavy rare earth elements makes them more incompatible in the plagioclase crystal 

structure and thus more soluble (Takagi 2001). 

 

 
Figure 35. Rare earth element (REE) composition of plagioclases normalized to REE measurements made 

from Australian post-Archean shales (Taylor and McLennan 1985). 
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4.3.6. Trace element patterns in quartz 

 

Trace elements in quartz were measured from 7 thick sections. The thick sections were 

taken from the same locations as the thin sections to be able to compare the trace element 

results from biotite and quartz. This was done with the exception of sample L1-S2, which 

has no biotite. No quartz measurements could be done from the norite even though some 

quartz was detected by EDS. The colours and symbols for trace element results in quartz 

are the same as the ones used in the biotite trace element plots. 

 

The main aim of measuring trace element from quartz was to see if there were differences 

in the trace elements composition between the different dike generations and also to see if 

they support the biotite trace element results. The trace element results from quartz plot 

closer together than the biotite trace element results (Figs. 36, 37 and 38). These results do 

not form the same kind of linear alteration sequences as seen in the biotite trace element 

plots. However, results from sample L1-S3 plot away from the other results in figures 37 

and 38 as they did in the biotite trace elements plots. 

 

 
Figure 36. Mn/Zn-ratio in quartz in locations 1 and 2. 
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Figure 37. Ti/Fe-ratio in quartz in locations 1 and 2. 

 

 

5. DISCUSSION 

 

 

5.1. Geologic setting of dike emplacement 

 

Since the structural features in Kopparnäs are well exposed, it is possible to relate the 

emplacement of the granitoid dikes in Kopparnäs to the overall tectonic evolution in the 

bedrock of Southern Finland.  

 

The mineral composition of the Kopparnäs dikes and the existence of biotite selvages 

around the dikes are similar to the 1.828 Ga dikes studied by Pajunen et al. in Bollstad 

Inkoo, only 10 km north of Kopparnäs. These dikes were part of the second magmatic 

event of Southern Finland Granitoid Zone which was magmatic event related to post-
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orogenic extension of the Svecofennian crust (Pajunen et al. 2008). It appears that the dikes 

in Kopparnäs were a formed in the same event. The structural evidence from location 2 in 

Kopparnäs supports this theory as well. The alignment of E-W-trending first generation 

dikes and N-S-trending second generation dikes fits well with the earlier observations made 

from the 1.83 Ga diabase dikes by Pajunen et al. in Kopparnäs (2008). Similar structures 

are found in Kopparnäs (Fig. 38).  

 

 
Figure 38. Detail picture of structures in location 2 showing direction of highest pressure and the E-W shear 

movement of the first generation dikes and the N-S shear movement of the second generation dikes. 

 

The first generation of granitoid dikes intruded into the already formed E-W shear zones. 

The second generation dikes intruded the N-S shear zones which were formed by SE-NW 

transpression, which was likely caused by the reactivation of older E-W shear zones. The 

SE-NW transpression can be observed also in the sinistral movement in the N-S shear zone 

(Fig. 7). The contacts of the dikes are quite ductile as can be seen in figure 8, which means 

that the second generation dikes were emplaced soon after the first generation before the 

first generation dikes were completely crystallized.  

 

The fact that the dikes in location 2 do not show evidence of major subsequent folding or 

metamorphosis also support the theory of emplacement during the formation of the post-
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orogenic Southern Finland Granitoid Zone since it is the last major magmatic event in 

Southern Finland before the start of rapakivi magmatism in 1.65 Ga. The mafic dikes that 

cross-cut the granitoid dikes sharply are considered to be part of the bimodal rapakivi 

magmatism (Luttinen and Kosunen 2008). 

 

Similar structural analysis can not be done for the granitoid intrusion in location 1 as the 

norite has been fractured more irregularly rather than along clear shear zones. Thus more 

careful mineralogical and geochemical analyses are needed to link the formation of 

granitoid dikes from locations 1 and 2. 

 

 

5.2.  Chronology of granitoid dikes 

 

One of the aims of this study was to find out if all of the granitoid dikes came from the 

same source and were they emplaced during the same event? The dikes can be divided into 

three groups. The first group is made up of the granitoid intrusion and dikes found in 

location 1. In the second group are the first generation dikes from location 2 and in the third 

group are the second generation dikes from location 2.  

 

The over all appearance of granitoid dikes in locations 1 and 2 is very similar. Especially 

the interior parts of the dikes resemble each other, in terms of mineral assemblage, grain 

size and colour. The biggest differences between the dikes are in the contact zones. In 

location 1, the granitoid dikes get more altered the further they get from the main intrusion 

(Fig. 4). The alteration can be observed in the decreasing amount of K-feldspar. 

Simultaneously the colour of the dikes becomes greyer. In location 2, a thin mafic selvage 

can be observed in the contact of 1st generation dikes but not in the contact of 2nd 

generation dikes (Figs. 7 and 8). These differences might be more indicative of different 

host rocks rather than a different magma sources. 

 

The geochemical properties of the granitoids are similar in all three groups. The 

compositions of both plagioclases and perthites are very similar in all three groups of 
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granitoid dikes (Figs. 27 and 28). Most granitoid samples also plot close together also in the 

trace elements plots (Figs. 30-37). These results imply a uniform magma source for the 

dikes. 

 

Exceptions to these observations are the results from the sample L1-S3. The measurements 

made from the LI-S3 dike plot closer to the results of the L1-S3 norite than to the results of 

the other dikes. This sample is visibly more altered than the other samples. It seems that 

strong alteration has influenced its trace element content moving it towards the trace 

elements composition of the norite.  

 

 

5.3. Emplacement conditions of granitoid dikes 

 

Another aim of this study was to try to find out the emplacement conditions of the granitoid 

dikes. Originally the plan was to estimate the emplacement temperature of the dikes by 

conducting perthite thermometry. This is why the composition of perthites and 

corresponding antiperthites was measured. Perthite thermometry proved unreliable, since a 

reliable estimate of fluid pressure could not be made. One thing that stands out from the 

perthite measurements is the fact that the composition of all measured perthites from all 

samples and locations was almost identical. This would point to a uniform crystallization 

temperature. 

 

Although a quantitative estimation of the pressure and temperature conditions could not be 

made, the structural evidence of dikes point to a big temperature difference between the 

host rocks and the dikes. The norite in location 1 has been fractured in a brittle manner 

during the intrusion of magma (Fig. 1). This means that the norite must have been already 

crystallized and cooled during the emplacement of the dikes. Also the variation of grainsize 

(Fig. 8) in the second generation dikes in location 2 can be interpreted as a chilled margin, 

which is formed when a hot magma comes in contact with a cool host rock.  
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Combining this information with the fact that the field observations made from Kopparnäs 

fit so well with the previous studied made from this area I would postulate that the PT-

conditions in during the emplacement of the dikes were high temperature and low pressure 

as reported in the literature (Schreus and Westra 1986, Korsman et al. 1999). 

 

 

5.4. Melt-wallrock interaction  

 

5.4.1. Microstructural evidence of alteration 

 

The clearest alteration reactions in the contacts can be seen in the selvages in location 1 

(Fig. 5). The intrusion of the felsic dikes caused the amphibole to start breaking down to 

orthopyroxene, ilmenite and plagioclase. The breakdown of amphibole also releases water 

(Grapes 2011). It is unclear what exactly caused the breakdown of the amphiboles. If the 

reaction was primarily caused by heat then the parts of closest to the large intrusions would 

be most affected.  This is not the case in location 1 where the alteration is most prominent 

in the smaller distal branches of the intrusion (Fig. 4). This points to alteration being caused 

a by drop in pressure which released fluids from the intruding magma and possibly induced 

the breakdown of the amphiboles  

 

Fluids from amphibole devolatilization and from the magma were drawn to the contact 

zones of the distal dikes, as they are the areas of lowest pressure in the system. This water 

in turn likely reacted with the orthopyroxene and ilmenite to biotite, quartz and plagioclase 

in a retrograde reaction. Corresponding prograde reaction is described by Guernina and 

Sawyer in their 2003 paper on melt depletion in Archean granulite terraines. Guernina and 

Sawyer propose that this reaction is actually melt producing. It is possible that amphibole 

devolatalization might have caused localized anatexis in the contact of the norite and the 

dikes in location 1. The two-fold reaction series explains the two-fold structure of the 

selvage. These reactions caused also alteration in the felsic dikes, especially visible in 

sample L1-S3 (Fig. 15). While this series of reactions seems plausible, no quantitative 
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mass-balance calculations were made to confirm the results. This reaction series is not 

found from location 2 where the host rock is a migmatite of granodioritic composition.  

 

The most significant structures related to the contact of the dikes and the migmatite are the 

biotite selvages around first generation dikes (Fig. 7). The conditions and formation 

mechanisms of selvages are not completely understood (Sawyer 2008). One theory is 

proposed by Maaløe in his paper on melt and diffusion processes in migmatites (1992). 

Maaløe argues that the formation of biotite selvages could be caused by a process know as 

liquid-phase sintering. This is a type of migmatitization event where magma is divided to a 

melanosome and a leucosome. This would mean that the formation of selvages was a 

magmatic closed system process rather than a reaction between the two rock types. The fact 

that the first generation dikes have biotite selvages but less overall biotite in their 

groundmass supports this theory. On the other hand the biotites in dike in sample L2-S2 are 

chloritized, which implies hydrothermal alteration. It is not known why the biotites in the 

dike are chloritized but the biotites in the selvages are not. 

 

Myrmekite is also found in the contact zones of both first and second generation dikes in 

location 2 (Fig. 22). Myrmekite is a symplectic intergrowth of quartz and sodic plagioclase 

replacing K-feldspar and is a typical feature in deformed granitoid rocks (Vernon 2004). 

This process requires sodic-calsic metasomatism. As the myrmekite is found only in the 

contact zone it seems that fluids were again concentrated in the low-pressure contact zones. 

Another sign of possible metasomatism are the small K-feldspar inclusions inside 

plagioclase.  

 

Overall the hydrothermal alteration in location 1 was much more extensive that in location 

2.  However, it seems like there was no large expulsion of fluid from the magma in location 

1 but the fluid entered the system from amphibole devolatilizaton reactions in the norite. In 

location 2, the alteration is very concentrated in the narrow contact zone, which is only 

about 1 cm wide. The differences in contact zone structures, such as the existence or 

absence of the biotite selvage, point to slightly different emplacement conditions of the two 

generations of dikes. 
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In both locations there are many microstuctures that show signs of deformation and 

shearing. These include the recrystallization of quartz, kinked biotite and augen structures. 

These structures can be observed especially well in sample L1-S4 (Fig. 20). They were 

most likely formed during the intrusion of the dikes but it is also possible that some 

deformation structures were formed in later movements of the Svecofennian bedrock. 

 

5.4.2. Trace element diffusion 

 

Trace element ratio patterns in biotites of some elements, such as Ga/Zn, V/Nb and Nb/Ta, 

show clear diffusion in the contact zones of both locations 1 and 2 (Figs. 30, 31 and 32). In 

these plots the amounts of zinc, gallium, niobium and tantalum are highest in the dikes and 

lowest in the host rocks. The values of these trace elements from the contacts plot 

somewhere between the dikes and the host rocks. This shows that zinc, gallium, niobium 

and tantalum have diffused from the dikes to the host rocks. The only trace element that 

seems to be moving from the host rocks to the dikes is vanadium. It is especially surprising 

that tantalum and niobium are so mobile as they are high field strength elements, which are 

traditionally considered highly immobile. Some more resent studies suggest that these 

elements can also become mobilized in a variety of magmatic, metamorphic and 

hydrothermal conditions (e. g. Jiang et al. 2005, Woodhead et al. 2001.). There are many 

factors, such at P-T-conditions, pH, salinity and effects of volatiles, that might contribute to 

the solubility of tantalum and niobium as well as to the solubility of other traditionally 

immobile elements. 

 

Such clear diffusion patterns can not be observed in all of the biotite trace element plots. 

The values of volatile chlorine and bromine are quite scattered (Fig. 29). Chlorine diffusion 

can be detected in location 2 but not in location 1. Values of the generally more soluble 

large-ion-lithophile (LIL) are clustered in 2 groups rather than to a linear sequence (Figs. 

33 and 34). One group has a mix of samples from different rock types and locations and the 

other group is made up of measurements of altered sample L1-S3.  The relative amounts of 

barium and cesium are especially enriched in sample L1-S3. The plagioclase REE-plot 



 49 

shows also a clear difference between all the other samples and sample L1-S3 (Fig. 35). 

Sample L1-S3 is heavily depleted most rare earth elements. Perhaps the metasomatism 

caused by the amphibole devolatilization in sample L1-S3 mobilized barium and cesium 

well as the REEs causing this difference in trace element composition. 

 

Quartz trace element plots do not show the same kind of linear alteration trend as seen in 

some of the biotite trace element plots. They do however show the similarity of the 

granitoid dikes from both study locatios as mentioned before (Figs. 36 and 37). 

 

 

6. CONCLUSIONS 

 

The granitoid dikes in Kopparnäs were emplaced during the formation of the Southern 

Finland Granitoid Zone at around 1.83 Ga. The structural, mineralogical and geochemical 

evidence suggests that the dikes are all from the same source but they were emplaced in 

two successive emplacement events. The first generation of dikes intruded into E-W 

trending shear zones. The second generation of dikes intruded into N-S trending shear 

zones that were formed under SE-NW transpression. The two dike generations were 

emplaced in relatively quick succession, as the contacts of the two dike generations are 

ductile. It is unclear in which of these emplacement events the location 1 dikes were 

formed.  

 

Quantitative estimates of pressure and temperature conditions could not be made. The 

structural evidence, such as brittle fractures in host rock and chilled margins in dikes, point 

to an intrusion of hot magma into a cold host rock. This information combined with PT-

information from previous studies implies a high temperature and low pressure 

environment. 

 

There are clear sings of melt-wallrock interaction between the granitoid dikes and the mafic 

host rocks. Alteration was more extensive in location 1 where amphibole devolatilization 

reactions released fluid to the contact zone. It is possible that drop in pressure caused the 
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expulsion of the fluids since the alteration is most intense around the smaller more distal 

dikes in location 1.  It is even possible that the devolatilization reaction could have caused 

local anatexis in the contact zone. The breakdown of amphiboles was followed by the 

breakdown of orthopyroxene and ilmenite.  

 

The alteration zone around the contacts of the dikes and the migmatites is much narrower in 

location 2 since no fluid was released from devolatilization reactions. There are still signs 

of hydrothermal alteration. The myrmekite in the contact zone is a result of sodic-calcic 

auto-metasomatism. While there are some theories about selvage formation in migmatites, 

it is still unclear how the biotite selvages were formed in location 2. The fact that only the 

first generation dikes have biotite selvages means that the dikes were formed in slightly 

different conditions. In addition to the metasomatic structures, there are signs of 

deformation and shearing in both locations that were most likely to have formed during the 

emplacement of the dikes but might have also been formed after the intrusion event. 

 

The alteration reactions had a big effect on the trace element compositions, creating some 

clear linear diffusion trends. Elements, such as zinc, gallium, niobium and tantalum were 

mobilized and diffused from the dikes to the host rocks. Only vanadium was diffused from 

the host rocks to the dikes. It is surprising that HFST-elements, such as tantalum and 

niobium, have been mobilized since they are generally considered immobile. Sample L1-

S3, which contains the amphibole devolatilization reactions, is the most altered sample 

from location 1. The extent of the alteration in sample L1-S3 is also seen in the trace 

element results. Sample L1-S3 nearly always plots away from the other results and is 

enriched in easily soluable barium and cesium and heavily depleted in most REEs. 
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