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Abstract 
 
Radiogenic Dating and Microstructure Analysis of Shear Zones Found Within the Seve 
Nappe Complex in the Åre Region, Jämtland, Scandinavian Caledonides 
Cameron Alessandrini 
 
The North Atlantic Caledonides are a continent-continent collision type orogeny found in Western 
Scandinavia, Svalbard, Greenland and the British Isles. They are thought to have formed as a result of a 
complex history consisting of repeated ocean opening and closure. The tectonostratigraphy of the 
Scandinavian Caledonides consists of four allochthons that overlay the crystalline, autochthonous 
basement. The allochthons are thought to have been transported hundreds of kilometers eastward during 
the Scandian collision. 
      To investigate the complex history of the Scandinavian Caledonides, a scientific drilling initiative 
called the Collisional Orogeny in the Scandinavian Caledonides (COSC) project began in 2014. The first 
phase of the project was to drill a borehole to approximately 2500m depth, to sample a thick section of 
the Lower Seve Nappe of the Middle Allochthon, as well as the underlying thrust zone.  
     The current hypothesis is that the Middle Seve Nappe has been juxtaposed with the Lower Seve 
Nappe while still in the subduction channel. Both Seve nappes were emplaced onto the underlying units 
somewhat later. To test this hypothesis, Rb-Sr dating and Ar-Ar dating has been conducted on white and 
dark mica found in samples taken from the shear zones.  
      Rb-Sr dating yielded an age of 413 ± 12 Ma and Ar-Ar dating yielded an average age of 424.1± 2.9 
Ma. Since the Rb-Sr and Ar-Ar ages overlap, it is interpreted that the crystallization age of the samples 
is recorded in both cases. Likely, the rocks cooled rather quickly, resulting in a negligible difference in 
Rb-Sr and Ar-Ar ages. 
      Comparing these results to previous age dating work completed in the same area illustrate a complex 
subduction/exhumation history. At c. 455 Ma, the Middle and Lower Seve nappes were subducted 
beneath an island arc and peak pressure metamorphic conditions were reached. Shortly afterwards, 
exhumation of the subducted sheet began, as a result of the buoyancy of the subducted crust, as well as 
tectonic under pressure caused by wedge extraction. At c. 424 Ma, the Middle Seve was juxtaposed over 
the Lower Seve while still in the subduction channel, and at c. 424 - 421.2 Ma both the Middle and Lower 
Seve nappes were exhumed and transported eastward, where they were thrust above the underlying Särv 
Nappe and Lower Allochthon, creating the lower shear zone which is the focus of this study. 
       Data from this study will help to establish a coherent model of mid-Palaeozoic mountain building, 
and provide insight on how this mountain chain, as well as its Himalaya-Tibet analogue have formed. 
 
Keywords: Rb-Sr dating, Ar-Ar dating, Lower Seve Nappe, Scandinavian Caledonides, COSC 
drillhole. 
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Populärvetenskaplig sammanfattning 
 
Radiometrisk datering och mikrostrukturanalys av skjuvzoner upptäckta i 
Seveskollankomplexet i Åre regionen, Jämtland, skandinaviska Kaledoniderna  
Cameron Alessandrini 
 
Den kaledoniska bergskedjan är en kontinent-kontinent kollison orogenes som återfinns i västra 
Skandinavien, Svalbard, Grönland och på de brittiska öarna. Bergskedjan har formats som ett resultat av 
en komplicerad historia av repeterad öppning och stängning av Iapetushavet. Skandinaviska 
kaledoniderna består av fyra allochthoner som täcker urberggrunden. Allochthonerna tros ha blivit 
transporterade hundratals kilometer i östlig riktning under den Skandiska kollisionen.   
    För att kunna utreda den komplicerade historia som de skandinaviska Kaledoniderna har så har ett 
borrningsprojekt tagits fram under år 2014 med namnet “Collisional Orogeny in the Scandinavian 
Caledonides” (COSC). Det första skedet i projektet var att borra ett 2500 meter djupt borrhål för att ta 
prover från den undre Seveskollan som belägen i den mellersta allochthonen, samt den underliggande 
överskjutningszonen.  
    Hypotesen är att den mellersta Seveskollan har placerats intill den undre Seveskollan då de befann sig 
i en subduktionskanal. Både mellersta och undre Seveskollan har placerats uppepå den underliggande 
bergsenheten något senare. För att testa hypotesen har Rb-Sr och Ar-Ar datering utförts på prover med 
vitt glimmer som tagits från skjuvzonen. Kompositionskartor av vitt glimmer påvisar inga uppenbara 
tecken på zonation, vilket innebär att glimmerkornen nyligen bildats eller omkristalliserats under 
skjuvning. Rb-Sr dateringen gav en ålder på 413 ± 12 miljoner år och Ar-Ar dateringen gav en ålder på 
424.1 ± 2.9 miljoner år. Detta tolkas som åldern på de omkristalliserade glimmerkornen.   
    Resultatet har jämförts med tidigare åldersdateringar i samma område och påvisar en komplicerad 
subduktionshistoria. För 460 miljoner år sedan subducerade mellersta och undre Seveskollan under en 
öbåge. För ungefär 440 miljoner år började upplyftandet av de subducerade skollorna som ett resultat av 
bärkraften av den subducerande jordskorpan, även av tektoniska rörelser orsakad av en kilutdragning. 
För 424 miljoner år sedan blev mellersta Seveskollan placerad ovanpå undre Seveskollan när de befann 
sig i subduktionskanalen. Slutligen, för cirka 415 miljoner år sedan blev både den mellersta och undre 
Seveskollan upplyfta och transporterade i östlig riktning där de skjuvade över den underliggande 
Särvskollan och den undre allochthonen.      
    Data från denna studie kommer att bidra till skapandet av en följdriktig modell av den mitt-Paleozoiska 
bergskedjebildningen och även ge kunskap till hur denna bergskedja samt den Himalaya-Tibet 
motsvarigheten bildades.        
 
Nyckelord: Rb-Sr datering, Ar-Ar datering, Seveskollan, skandinaviska Kaledoniderna, vit glimmer, 
COSC borrkärna. 
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1. Introduction 
	
The North Atlantic Caledonides are a continent-continent collision type orogen found in Western 

Scandinavia, British Isles, Svalbard, and Greenland. They are long recognized to have been formed 

during the closure of the Iapetus Ocean that commenced during the Ordovician and culminated in 

Silurian/Devonian. They are interesting from a research standpoint, due to their striking similarities to 

the Himalaya orogen, as well as the accessibility of deeply eroded sections available for observation.  

 The Scandinavian Caledonides are thought to have been the result of a very complex history 

consisting of repeated ocean opening and closure. This ended with the continent-continent collision of 

Baltica and Laurentia, in the mid-Silurian. The tectonostratigraphy of the Scandinavian Caledonides 

consists of four allochthonous units that overlay the crystalline, autochthonous basement. The 

allochthons are thought to have been transported hundreds of kilometers eastward during the Scandian 

collision (e.g. Gee & Sturt 1985). The Seve Nappe Complex (SNC), found in the Middle Allochthon 

has been the subject of numerous metamorphic studies. Of particular interest are the recent discoveries 

of ultrahigh pressure (UHP) metamorphic microdiamonds (e.g. Majka et al. 2014a; Klonowska et al. 

2017) found in the Jämtland region of the Scandinavian Caledonides. This suggests that the high-grade 

Seve rocks have been subducted to extremely deep depths prior to collision.   

 To further investigate the complex history of the Scandinavian Caledonides, a scientific drilling 

initiative, called the Collisional Orogeny in the Scandinavian Caledonides (COSC) project began in 

2014 (Lorenz et al. 2015). The first phase of the project was to drill a borehole to approximately 2500m 

depth, to sample a thick section of the Lower Seve Nappe, as well as the underlying basal thrust zone. 

The entire length of the borehole was cored, and subsequently analyzed. The Lower Seve Nappe was 

thicker than predicted, and the borehole was unable to penetrate deep enough to sample the underlying 

unit.   

The COSC-1 borehole provided us with samples from the shear zone that constrains the lower limit 

of the Lower Seve Nappe. The upper shear zone (the boundary between the Lower and Middle Seve 

nappes) crops out into the study area. The hypothesis is that the Middle Seve Nappe has been juxtaposed 

with the Lower Seve Nappe while still in the subduction channel. Both Seve nappes were emplaced onto 

the underlying units somewhat later. To test this hypothesis, in-situ Rb-Sr dating, as well as single grain 
40Ar/39Ar dating has been conducted on both white and dark mica found in samples taken from the shear 

zones. The ages are useful for dating the timing of deformation that is recorded by the mica. Final 

interpretations are guided by analysis of mineralogy and microstructures, as well as estimation of 

deformation temperatures. Data from this study will help to establish a coherent model of mid-

Palaeozoic mountain building, and provide insight on how this mountain chain, as well as its Himalaya-

Tibet analogue have formed.  
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2. Background 

2.1 Geological Background 
 
2.1.1 Caledonian Orogeny 
 
The Caledonide mountain range in the 

North Atlantic region is located in Western 

Scandinavia, Svalbard, Eastern Greenland 

and the British Isles. It is a mid-Palaeozoic 

orogen, long recognized to have been 

formed during the closure of the Iapetus 

Ocean during the Ordovician (Figure 1). 

The orogen has distinct thrust systems, 

which are E-vergent in Scandanavia, and 

W-vergent in Greenland (Gee & Sturt, 

1985). The thrust systems found in this 

orogen are thought to be horizontally 

displaced by hundreds of kilometres (Gee 

& Sturt, 1985). A deeply eroded section 

that has been studied in detail, reveals a 

very complex history consisting of repeated ocean opening and closure. This ended with the continent-

continent collision of Baltica and Laurentia (e.g. Stephens, 1988), which formed the Caledonides. In the 

east, the range is characterized by a classical fold and thrust belt. In the west, locally derived nappes are 

overlain by allochthons that have been transported a great distance. These are inferred to represent 

fragments of the pre-collisional Baltoscandian margin (Gee et al. 1998). 

 

2.1.2 History of Baltica and Laurentia 

 

Baltica and Laurentia are two palaeocontinents that existed from approximately 750 Ma until 425 Ma 

(Torsvik et al. 1996). The two continents first appeared when the Neoproterozoic supercontinent 

Rodinia began to break apart around 750-725 Ma (Powell et al. 1993). During this time, both continents 

rotated and drifted southward from the equator (Torsvik et al. 1996; Figure 2).  

 

Figure 1. Image illustrating the location of the Caledonide 
Orogen, at approximately 60 Ma, before the opening of the 
North Atlantic Ocean. From Gee et al. (2010) 
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Evidence for this breakup, as 

well as the subsequent Iapetus 

ocean that opened during rifting, is 

found from dyke swarms in 

Norway and Sweden. In 

southwestern Norway, the 

voluminous Egersund dyke swarm 

has been dated to be approximately 

616 Ma (Bingen et al. 1998) and is 

thought to reflect the initiation of 

rifting prior to the opening of the 

Iapetus Ocean (Figure 3). In 

Northern Norway, Baird et al. 

(2014) age dated the metadoleritic 

Kebne Dyke Complex to 608 to 596 

Ma. The nearby Sarek dyke swarm 

was dated to 608 ±1 Ma 

(Svenningsen, 2001). These dyke swarms, along with the Indre Troms dykes to the north represent the 

Figure 2: The Rodinia supercontinent at 750 Ma, based on 
paleomagnetic interpretations.  From Torsvik et al. (1996) 

Figure 3: Paleogeograhic reconstruction of Baltica and Laurentia at c. 650 Ma, when rifting began to take 
place. Image on right is a close up of the boundary between Baltica and Laurentia (Greenland) where the 
Egersund dykes are located. From Torsvik et al. (1996). 
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tholeiitic continent-ocean transition, and are thought to have been intruded immediately before Baltica 

and Laurentia broke apart, and the Iapetus ocean opened (Roberts, 1990; Baird et al. 2014).                                   

Based on the evidence from these dykes, as well as from paleomagnetic data, initiation of the Iapetus 

ocean appears to have occurred at around 600-580 Ma.    

Some 50 million years after the opening of the Iapetus Ocean (at the end of the Precambrian), 

Laurentia had drifted rapidly into lower latitudes. It stayed there for the duration of the Cambrian and 

Ordovician (Torsvik et al. 1996). Paleomagnetic data for Baltica around the same time is not as certain, 

but the continent appears to have rotated and was located at a more intermediate southerly latitude. By 

the start of the Ordovician, Laurentia was still located near the equator, while Baltica was located at an 

intermediate to high southerly latitude. It was during this time that the two continents were furthest 

apart, with the width of the Iapetus Ocean being approximately 3000km in the early Ordovician (Torsvik 

et al. 1996). 

From mid-Ordovician to early Silurian times, 

Baltica is thought to have rotated counter 

clockwise (Torsvik et al. 1995d), but see e.g. 

Lorenz et al. (2012) for alternative scenarios. In 

the mid-Silurian (c. 425 Ma) Laurentia and 

Baltica collided, resulting in extreme crustal 

thickening, and the creation of the Scandian 

Orogeny. During collision, Laurentia was 

stationary near the equator, and Baltica was 

thrust under it, at a velocity of 8-10 cm/ year 

(Torsvik et al. 1996, Lorenz et al. 2015; 

Figure 4). This underthrusting of Laurentia 

by Baltica is thought to account for the 

distinctive characteristics of the E and W vergent thrust systems found in different parts of the 

Caledonides (Gee et al. 1998). Scandian thrust related mountain building continued into the Devonian. 

After orogenesis ceased, exhumation of subducted rocks resulted in the nappe emplacement we see 

today, with Laurentian Uppermost Allochthon rocks overlying units with Baltic affinity (Figure 4). 

The Caledonides are thought to have formed in a similar manner to the Himalaya mountain range. 

In the Himalayan example, the Indian plate played a similar role to the Baltica plate. Both the 

Caledonides and the Himalayas are characterized by nappe stacks found in allochthons that were 

subjected to high-grade metamorphism and emplaced while hot onto the adjacent platforms (Lorenz et 

al. 2015). Both cases underwent continent-continent collision, which caused partial melting in the 

underthrusting plate (Baltica or Indian). The ductility caused by this is responsible for the geometry and 

structure of the allochthons and the hinterland (Gee et al. 1998). 

 

 

Figure 4. A simplified illustration, demonstrating how 
Baltica was thrust under Laurentia during the Scandian 
Orogeny in the mid-Silurian. During collision, Laurentia 
was stationary, while Baltica was thrust under it at a rate of 
8-10 cm/yr. Later, in the early Devonian, exhumation led to 
the nappe emplacement that is seen today.	
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2.2 Subduction and eduction in the Caledonides 

 

The rocks of the Caledonide orogeny have a complex, and highly debated collisional history. There is 

ample evidence of deep subduction of the Seve units, resulting in high pressure to ultrahigh pressure 

metamorphism. However, the subduction and eduction processes that the Seve rocks were subjected to, 

prior to transportation and emplacement onto the Baltoscandian platform are highly debated. Several 

different subduction models have been proposed in recent years that attempt to describe the processes 

that led to the emplacement of the different nappe complexes that are observed in the present-day 

Caledonides. 

 

Continent-microcontinent collision model: Bruekner & Van Roermund (2004) found evidence of 

peridotites that have a Baltic subcontinental affinity, and proposed a different model. They suggested 

that Baltica had collided with a microcontinent that had previously rifted from the western edge of 

Baltica, during the Finnmarkian orogeny, c. 500Ma. It was during this collision that the microcontinental 

peridoties of the Baltic subcontinental lithosphere were emplaced onto the Baltoscandian margin 

(Bruekner & Van Roermund 2004). One major issue in this model is that there is no field evidence of a 

suture between the UHP areas of the SNC, and the suspected microcontinent, which would have to be 

formed in the uppermost area’s of the SNC.  

 

Continent-continent collision model:  This model suggests that subduction of the Seve Nappe Complex 

rocks occurred shortly before, or during the initiation of the Scandian collision between Laurentia and 

Baltica. However, Klonowska et al. (2016) note several problems that exist with this model. The first is 

the absence of strong overprinting by fluids and melts on the Laurentian plate, which should have 

occurred if the entire width of the Iapetus oceanic lithosphere had subducted underneath Baltica. The 

second issue is that this model requires that the Scandian collision commenced as early as the Late 

Ordovician. However, stratigraphic evidence shows that the Iapetus was still open at this time (Pederson 

et al. 1992; Furnes et al., 2012). If the Baltican margin was strongly non-linear, with collision taking 

place at different times along the margin, then this may still be possible (Klonowska et al. 2016). 

 

Continent-island arc collision model: Majka et al. (2014a) proposed a third model. The authors 

suggested that the outer margin of Baltica collided with an island arc. This means that the mantle wedge 

of the overriding plate would have an oceanic source, disqualifying it as a plausible source of ultramafics 
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in the SNC. This model requires that the ultramafics originate 

from the lithosphere of the downgoing plate (Majka et al. 

2014a). The authors suggest that the arc-continent collision 

caused the thermally softened lithosphere beneath the arc to 

rupture, causing the lithospheric mantle to detach from the 

crust of the forearc block. Negative buoyancy drove the 

lithospheric mantle part of the forearc block down into the 

mantle, creating two gaps where the forearc mantle lithosphere 

used to be (Figure 5). Gap A will be filled by the incoming 

upper plate in the case of continued convergence. Gap B will 

be filled by the subducted lower plate, as it rises diapirically to 

the surface. This rise will occur both due to the remaining 

buoyancy of the subducted crust, and from tectonic under 

pressure due to tectonic wedge removal (Majka et al 2014a). 

This under pressure will create a “vacuum cleaner” effect, causing the subduction chamber to empty 

like a vacuum cleaner. These processes may also rip off pieces of the underlying lithospheric mantle, 

which will be exhumed together with the crustal material (Majka et al 2014a). This model can explain 

how peridotites found in the crust could originate from the Baltic mantle lithosphere, thus having a 

Baltic affinity. 

 

2.3 COSC Borehole 

 

In 2014, a scientific drilling initiative called the Collisional Orogeny in the Scandinavian Caledonides 

(COSC) project was initiated. This project was led by the Swedish Scientific Drilling Program (SSDP) 

with support from the International Continental Scientific Drilling Program (ICDP). The first phase of 

the project was to drill a borehole to approximately 2500m depth, to sample a thick section of the Lower 

Seve Nappe, as well as the underlying basal thrust zone. A suitable location for this drill hole was 

acquired at an earlier date using high resolution 2D seismic reflection profiles (Hedin et al. 2012). This 

geophysics data was used to determine the eventual drilling location on the eastern flank of the 

Åreskutan synform, located near the town of Åre, in western Jämtland (Figure 6).  

Drilling took place between May and August 2014. Nearly the entire length of the borehole was 

cored and subsequently analysed and over 99% of the drill core was recovered (Lorenz et al. 2015). 

Data from the borehole was used to construct a continuous geological section through the Lower Seve 

Nappe, and underlying mylonites. A comprehensive suite of geophysical and geochemical data was also 

acquired from logging the core and borehole (Lorenz et al 2015). Initial geophysical studies revealed 

that the Lower Seve Nappe is highly reflective, but reflections have a low lateral continuity, due to the 

complex geology of the area (Hedin et al. 2012; 2016). 

Figure 5: A general model, illustrating  
the “vacuum cleaner” effect. As the 
forearc block is driven into the mantle, 
two gaps are formed, causing a diapiric 
rise of the subducted material. 
Modified from Majka et al. (2014a). 
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The borehole analysis reveals that the lower shear zone begins at a depth of approximately 1710m. 

This is the depth at which thicker and more frequent mylonites bands are found. This indicates that the 

rocks were subjected to high strain, which is characteristic of a shear zone (Hedin et al. 2016). Also, 

seismic reflections associated with the shear zone are more continuous and well defined in the shear 

zone than that of the overlying Lower Seve Nappe (Hedin et al 2016; Figure 7). 

The drill core can be split into two parts, based on lithological characteristics. The uppermost part 

(from 102.4m to 1710m) consists of alternating layers of amphibolite and calc-silicates. The lowermost 

part, found at depths greater than 1710m, contain lithologies that are increasingly mylonated, indicating 

that the rocks were subjected to high strain and deformation (Hedin et al. 2016). 

The Lower Seve Nappe was thicker than predicted, and the borehole was unable to penetrate deep 

enough to sample the underlying unit. Recrystallized metasandstones appear occasionally in the 

lowermost 200m of the drill hole, suggesting that a transition into the lower lithological units may have 

begun (Hedin et al. 2016). A 400m thick zone of weak reflectivity from 2300m to 2700m is also present, 

suggesting that the shear zone only extends another 200m below the terminal depth of the drill hole 

(Hedin et al. 2016). Mylonites in metasandstone, near the bottom of the drill hole contained abundant, 

small to medium grained garnet, up to 1cm in size. These indicate that conditions were suitable for 

garnet to form in the deformation zones late in the thrusting event (Lorenz et al. 2015).  

 

Figure 6: Geological map of the study area, showing the COSC-1 
borehole, and the proposed COSC-2 borehole. To the right is a simplified 
lithological cross section from the COSC-1 drill core. Lithologies have 
been roughly divided into: felsic, mafic, gneiss, and mylonite. Modified 
from Gee et al. (2010) and Hedin et al. (2016). 
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Despite the complexities that have arisen from the lithological and geophysical studies, data from 

this borehole will help to establish a coherent model of mid-Paleozoic mountain building, and provide 

insight on how this mountain chain, as well as its Himalaya-Tibet analogue have formed. 

 
 

 

 

 

 

 

 

 

 

 

Figure 7: A 2D seismic section with a 3D map of the area overlain, showing the location and structure of the 
area beneath the COSC-1 drillhole. Modified from Hedin et al. 2016 
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2.4 Local Stratigraphy 

 

The thrust sheets that make up the Scandinavian Caledonides are separated into Lower, Middle, Upper, 

and Uppermost allochthons (Gee et al. 1978; Figure 8,9). Basement rocks (which formed prior to the 

Caledonian orogeny) crop up throughout the entire length of the orogeny. These are thought to be 

autochthonous, having been formed long before the Scandian Orogeny (Gee & Sturt, 1985). The 

basement rocks display different tectonic features in different areas (Rice & Anderson, 2016). For 

example, in the large Western Gneiss Region in southwestern Norway, evidence of ultrahigh pressure 

metamorphism is present in its internal parts (e.g. Gjelsvik 1952),	while in the Kunes Nappe located in 

Finnmark, Norway, only low to middle greenschist facies alteration can be observed (Rice & Andserson, 

2016). The basement rock is overlain by cover, which refers to rocks formed during the Caledonian 

orogeny (Rice & Anderson, 2016). The metamorphic grade increases from the Lower Allochthon into 

the Middle Allochthon and then decreases again in the overlying lower grade Köli Nappe. The Köli 

Nappe and other associated Upper Allochthon rocks are understood to be outboard terranes (Gee & Sturt 

1985). Grades of up to granulite and eclogite facies have been reached in the upper parts of the Middle 

Allochthon (Majka et al. 2012).  

 

2.4.1 Summary of different stratigraphic units found in the Caledonides 

 

Autochthon: Comprised of primarily clastic rocks that overly the crystalline Baltic Shield. Thought to 

be younger than 580 Ma, and are highly condensed when compared to the overlying Lower Allochthon 

(Rice & Anderson and references therein, 2016). The upper part contains dominantly graphitic shales 

that have been diagenetically altered (Rice & Anderson, 2016). In the cover that overlies the basement, 

metamorphic grade increases from sub-greenschist facies in the east, to greenschist or higher in the west 

near the coast (Gee & Sturt 1985). The crystalline basement was weakly affected by Caledonian 

metamorphism in the east, but to the west, closer to the presumed hinterland, rocks have been more 

heavily metamorphic (Gee & Sturt 1985) 

. 

Lower Allochthon:  The Lower Allochthon is dominantly a sedimentary succession of Neoproterozoic 

and Cambrian-Silurian strata that has been overthrust onto the Autochthon (Gee & Sturt 1985). 

Cryogenian sandstone, carbonate, illite and Ediacaran-Cambrian sandstone are overlain by Ordovician 

high-aluminium shale and limestone. This gives way to late Ordovician to early Silurian turbidite 

sequences that were transported eastward (Lorenz et al. 2015, Gee et al. 2017). Occasionally, chunks of 

rhyolitic basement rocks are observed in klippes, for example at Frösön, Hoverberget, and Mullfjället, 

in the eastern part of the Allochthon (Gee & Sturt 1985). Components of the Lower Allochthon can be 

followed along the entire Caledonian Front (Gee et al. 2017).   
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Middle Allochthon: Displays a higher metamorphic grade then the underlying units (Andréasson and 

Gorbatschev, 1980), as well as basement derived thrust sheets, that are overlain by greenschist facies 

Offerdal Nappe metasandstones (Strömberg, 1961). The various units of the Middle Allochthon can be 

found throughout the orogen, but are poorly and controversially correlated in the northernmost areas 

(e.g. Corfu et al. 2007). The basement derived rocks found in the lower part of the Middle Allochthon 

are dominated by ductilely deformed, basement derived thrust sheets and include coarse-grained augen 

gneiss, mylonite and cataclastic granite.  

 

In Jämtland, the unit that makes up the basal section of the Middle Allochthon is called the Offerdal 

Nappe. It consists of highly deformed, foliated, folded metamorphosed sandstones (Strömberg, 1961). 

This is overlain by the Särv Nappe, made up of Neoproterozoic sandstones, carbonates, tillites, and 

doleritic dyke-swarms that are Ediacaran in age (Hollocher et al. 2007). The uppermost unit in the 

Middle Allochthon is called the Seve Nappe Complex, which is the focus of this study, and described 

in detail in the next section. 

 

Upper Allochthon: Consists dominantly of sedimentary and igneous rocks derived from the Iapetus 

ocean (Stephens, 1988). The Köli Nappe, which is the highest stratigraphically unit found in Jämtland, 

is found in this allochthon. The Köli Nappe is a low to high greenschist facies unit dominated by early 

Palaeozoic sedimentary rocks (Kulling, 1933). The Koli Nappe contains a lower unit that is Ordovician 

to Silurian in age, consisting of Calcareous phyllites, greywackes, and conglomerates. This is overlain 

by a late Silurian unit consisting of greywackes and conglomerates. 

 

Uppermost Allochthon: consisting of primarily migmatites, gneisses, amphibolites, schists, calc-silicates 

and marbles (Gee and Sturt 1985). The uppermost allochthon is interpreted to be of Laurentian origin, 

having been formed in a continental margin setting (e.g. Roberts and Gee, 1985). 

 

A summary of the tectonostratigraphy of the Scandinavian Caledonides in western Jämtland can be 

found on table 1 on the following page. 
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Table 1:  A summary of the tectonostratigraphy of the Scandinavian Caledonides in western Jämtland. 
 Modified after Robinson et al. (2008) and Gee et al. (2010). 

 

 

TECTONIC UNITS STRATIGRAPHY LITHOLOGIES AGE 

U
P

P
E

R
 A

L
L

O
C

H
T

H
O

N
 

K
Ö

L
I 

N
A

P
P

E
S

 
MIDDLE KJØLHAUGENE 

GROUP 
Greywackes & 
conglomerates 

Llandovery (or 
younger 
Silurian) 

LOWER Calcareous phyllites, 
greywackes, conglomerates 

with subordinate limestone & 
quartzites; gabbros & 
ultramafites (Handöl 

ophiolite) 

 
Probable 

Ordovician and 
Silurian 

Major thrusts and subsequent extensional detachments Ductile and brittle 

M
ID

D
L

E
 A

L
L

O
C

H
T

H
O

N
 

SEVE NAPPES Hot extrusion Amphibolites & psammites    
Granulite facies gneisses & 
migmatites; Amphibolite 
facies metasandstones & 

schists, marbles, 
amphibolites & solitary 

ultramafites 

 
Probable 

Neoproterozoic 
as in Särv Nappe 

SÄRV NAPPES TOSSÅSFJALLE
T GROUP 

Feldspathic sandstones, 
carbonates & tillites. Dolerite 

dyke swarms. 

Neoproterozoic, 
incl. Vendian 

OFFERDAL 
NAPPE 

Flaggy, feldspatic sandstones Probably 
Neoproterozoic 

GRANITE           
MYLONITE 

NAPPE 

Mylonitized crystalline        
and sedimentary rocks 

Paleo/ 
Mesoproterozoic 

VEMAN NAPPE     
TÄNNÄS AUGEN 
GNEISS NAPPE 

Coarse augen gneisses & 
granodiorites (mylonitic & 

cataclastic) 

Precambrian,     
c. 1700 Ma 

Major ductile shear zones and thick mylonites 

L
O

W
E

R
 A

L
L

O
C

H
T

H
O

N
 

JÄMTLANDIAN 
NAPPES (including 
old basement of the 
windows and minor 

units in the 
Caledonian front) 

ÄNGE GROUP Greywackes, black shales, 
sandstones & limestones 

Llandovery       
(& Wenlock?) 

TÅSJÖN GROUP Greywackes, shales & 
limestones 

Ordovician & 
Cambrian  

SJOUTÄLVEN 
GROUP 

Quartzite, shales & tillite Early Cambrian 
(?) to Ediacaran  

RISBÄCK 
GROUP 

Feldspatic sandstones, shales, 
& conglomerates 

Neoproterozoic 

FRÖSÖN, 
HOVERBERGET 

AND 
MULLFJÄLLET 

Porhyritic rhyolites, 
sandstones & granites 

Mesoproterozoic
,   c. 1500 Ma 

Major thrusting 

A
U

T
O

C
H

T
H

O
N

 BALTOSCANDIA
N PLATFORM 

TÅSJÖN GROUP Limestones                 
Alum Shale 

Ordovician       
Cambrian 

BASEMENT Dolerites 1.2 Ga and 1.0 
Ga 

Dala Sandstones c. 1.5 Ga 

Granites & gneisses 1.7 - 1.8 Ga 
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Figure 8:  Geological map of the Scandanavian Caledonides, illustrating the four major allochthons 
and associated units. From Gee et al. (2017). 
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2.4.2  The Seve Nappe Complex 

 

The Seve Nappe Complex (SNC) forms the upper part of the Middle Allochthon, and is divided into 

Lower, Middle and Upper Seve nappes. These nappes where derived from the outermost part of the 

Baltoscandian margin, before being metamorphosed at high to ultrahigh pressures and temperatures (e.g. 

Klonowska et al. 2017, Majka et al. 2014a), before finally being emplaced on the Baltic platform. They 

are ductilely deformed and have undergone early Silurian granulite facies metamorphism. This suggests 

that they were emplaced onto the Baltoscandian platform while still hot (Majka et al. 2012). Over 100 

years ago, it was discovered that the granulite facies gneisses of the Seve Nappe on Mt. Åreskutan were 

thrust over limestone and other greenschist facies rocks of the Lower Allochthon, as well as the 

Neoproterozoic alluvial sandstones and dolerites of the Särv Nappe. This established the locality as a 

classical location to study thrust tectonics (Törnebohm 1888). 

 

The Lower Seve Nappe is characterized by highly deformed metasedimentary and igneous rocks that 

have undergone amphibolite facies metamorphism (Arnbom 1980) Quartzofeldspathic gneisses and 

quartzites are abundant, along with associated garnet-mica schists and kyanite-staurolite schists. 

Amphibolites commonly found throughout the entire Lower Seve, and calc-silicates are abundant in the 

upper parts. This nappe shares a similar lithology to the underlying Särv Nappe, but has undergone 

higher degrees of metamorphism and deformation. This is possibly indicative of a significant distance 

between the two nappes before emplacement on the Baltic Shield (Gee, 1975). A mylonitic shear zone 

(the focus of this study) separates the Lower Seve from the underlying Särv Nappe. Korhonen (2017) 

and Holmberg (2017) have recently conducted quartz in garnet barometry, as well as titanium in quartz 

thermometry on samples from the study area. Their research indicates that two separate metamorphic 

Figure	9.	Geological	cross	section	of	the	Scandanavian	Caledonides,	from	 Östersund to 
the Norwegian Coast. From Gee et al. (2010).	
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events have likely occurred. The first, caused by subduction, occurred at temperatures of 640-660ºC, 

and pressures ranging from 1.19-1.21 GPa. A second event, connected to exhumation and thrusting, 

occurred at 400-450 ºC, and pressures of 0.5 to 0.6 GPa. 

 

The Middle Seve Nappe, which in the study area is known as the Åreskutan Nappe is approximately 

500m thick, and is composed of migmatites, paragneisses, leucogranites and metabasites (Arnbom 

1980). A mylonitic shear zone divides the Middle Seve from the underlying Lower Seve (Zwart 1974). 

The rocks of the Åreskutan Nappe display a high metamorphic grade (upper amphibolite to granulite 

facies). Garnet-sillimanite gneisses with a strong gneissosity occur alongside quartzo-feldspathic 

gneisses with a weaker gneissosity (Arnbom 1980). Metabasite xenoliths are commonly found in both 

the quartzo-feldspathic gneisses and garnet-sillimanite gneisses. Folded foliations and a migmatitic 

texture can be observed in the paragneisses, and all lithologies are cut by abundant, late pegmatites 

(Arnbom 1980). U-Pb ion microprobe zircon ages indicate that migmatization of the Åreskutan Nappe 

occurred at 442-441 Ma, and also confirmed that the late pegmatites that cut the main migmatitic fabric 

appeared at 430-428 Ma (Landerberger et al. 2014). Rocks are most strongly deformed near the basal 

thrust separating the Middle Seve from the Lower Seve. 

 

The Upper Seve Nappe is amphibolite dominated unit composed of micaschists and gneisses. This is the 

least studied Seve unit, that lacks any high-pressure rocks. Kyanite and sillimanite can be found, 

indicating that the unit was exposed to amphibolite facies metamorphism. The Upper Seve and the 

overlying Köli Nappe are separated by a tectonic contact (Zwart, 1974).   

 

2.4.3 Metamorphism in the Seve Nappe Complex 

 

There is ample evidence of high pressure (HP) to ultra-high pressure (UHP) metamorphism found 

throughout the Scandinavian Caledonides. Recent discoveries of (UHP) metamorphic microdiamonds 

(e.g. Majka et al. 2014a; Klonowska et al. 2017) found in the Jämtland region of the Scandinavian 

Caledonides suggests that the high-grade Seve rocks have been subducted to extremely deep depths 

prior to collision. The exact timing of the HP to UHP event in the Seve Nappe Complex is highly 

debated, and age predictions often change with different methods and technology. Two specific areas 

of the Seve Nappe Complex that have been heavily studied in recent years, and that have provided many 

specific examples of HP to UHP metamorphism are northern Jämtland and west-central Jämtland. 

 

Northern Jämtland: In northern Jämtland, high pressure rocks have been observed in both the Lower 

and the Middle Seve Nappes (Van Roermund & Bakker 1984). In the Lower Seve in this area, high 

pressure rocks are found in metamorphosed mafic dykes, containing corona dolerites and eclogites, that 

are hosted by metasedimentary rocks. In the Middle Seve, high-pressure eclogites are found hosted in 

migmatitic paragneisses, containing minor amounts of quartzite, mica schist, and marble. Several 
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different methods have been used to date the HP events in northern Jämtland. Brueckner et al. (2004) 

and Brueckner & Van Roermund (2007) obtained ages of 445 ± 17 to 455 ± 10 Ma, with a weighted 

average of 453 ± 5 Ma for Middle Seve rocks. An age of 460 ± 4 Ma was calculated for the Tjeliken 

eclogite, which is located on the uppermost part of Tjeliken Mountain in northern Jämtland, and may 

represent the Lower Seve (Van Roermund 1985) or the Middle Seve (Strömberg, 1984, Majka et al. 

2014b). An age of 464 ± 9 Ma was calculated for a garnet peridotite in the Stor Jougan area in the Lower 

Seve. These ages were calculated using Sm-Nd mineral ages (garnet-clinopyroxene-whole rock ± 

orthopyroxene ± amphibole) for both eclogites and garnet pyroxenites. A weighted average for all 

samples was calculated to be 458 ± 4 Ma, which is interpreted to reflect the peak pressure of 

metamorphism (Brueckner & Van Roermund 2007). Root and Corfu (2012) age dated the Tjeliken 

eclogite using U-Pb TIMS zircon ages, and yielded a significantly younger age of 446 Ma ± 1. The 

authors suggested that previous Sm-Nd ages described above may have been inaccurate, due to the HP 

rocks of Northern Jämtland being in isotopic disequilibrium. However, Andersson (2015) age dated the 

high-pressure phengitic gneisses that host the Tjeliken eclogite to c. 458 Ma, using U-Pb ion microprobe 

zircon age dating. This is nearly identical to the Sm-Nd ages found by Brueckner & Van Roermund 

(2007). 

Eclogites of the Middle Seve have been calculated to have formed at 20-30 kbar and 700-800 ºC 

(Brueckner et al. 2004), with at least some being subjected to UHP, with P-T of c. 30 kbar, and 800ºC 

(Janak et al. 2013). The Tjeliken eclogite experienced peak metamorphic conditions at 25-26 kbar and 

650-700ºC, suggesting it may indeed be an isolated klippe of the more metamorphosed Middle Seve 

Nappe (Majka et al 2014b). Klonowska (2016) calculated P-T conditions of 2.8-4.0 GPa and 750-900 

ºC for the peak-metamorphic assemblage of eclogite, garnet + omphacite + phengite + rutile + coesite 

in eclogite and garnet pyroxenite from the Stor Jougdan area, which provides further evidence of UHPM 

in the area. 

 

West-central Jämtland: UHPM microdiamonds found in situ in the Tväroklumparna and Åreskutan 

pelitic gneisses by Majka et al. (2014a) and Klonowska et al. (2017) provide further evidence of UHPM 

in the allochthons of the Scandinavian Caledonides, and suggest that initial subduction along the 

Baltoscandian outer margin occurred in an arc-continent collision setting, with the emplacement of the 

Caledonian thrust sheets, and the early development of the Caledonian foreland basin (Majka et al. 

2014a). Klonowska et al. (2017) found microdiamonds within garnet, in kyanite-bearing paragneisses 

from Åreskutan. These rocks preserved peak-pressure assemblages. Due to this, peak pressure P-T 

conditions of  4.1-4.2 GPa and 830-840 ºC were able to be calculated, which is in the diamond stability 

field. The authors also used chemical Th-U-Pb dating of monazite, which yielded an age of 445 to 435 

Ma, which is interpreted to be the age of post-UHP exhumation of the diamond bearing rocks from the 

mantle up to lower crustal depths. These results agree with the Th-U-Pb monazite ages calculated by 

Majka et al. (2012) that indicate that the pressure peak of metamorphism of the Åreskutan Nappe 

occurred at c. 455 Ma.  
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Evidence for UHP metamorphism is not found throughout the entire SNC. Based on this, the 

Baltoscandian margin subduction system only appears to have carried down parts of the SNC to mantle 

depths (Klonowska et al. 2017). Emplacement onto the platform resulted in the juxtaposition of units 

with very different P-T-t histories. In Northern Jämtland, the juxtaposition of garnet and spinel 

peridotites are likely related to tectonic intercalation during eduction where the whole complex was 

emplaced onto the platform (Klonowska et al. 2017). 

Based on the geochronological, and P-T studies that have been discussed above, the current 

hypothesis is that the high-grade Seve rocks in Jämtland were subducted to extremely deep depths, with 

high enough pressure to form microdiamonds, with a peak pressure achieved in the Middle Ordovician. 

This subduction involved the collision of the outer parts of the Baltoscandian margin with one or several 

island arcs, during the closure of the Iapetus Ocean. This was followed by exhumation at c. 445 to 440 

Ma, where the SNC underwent granulite facies metamorphism and locally extensive partial melting 

lasting into the early Silurian, prior to the emplacement of the Uppermost Allochthon in the Middle 

Silurian to Early Devonian. Finally, the SNC was thrust far eastward onto the Baltoscandian platform 

in the Middle and Late Silurian, and Early Devonian. 

 

2.5 Principles of Rb-Sr dating 

 

The Rubidium-Strontium age dating technique is one of the most versatile and widely used dating tools 

used in Earth Sciences. The natural radioactivity of 87Rb was discovered over one hundred years ago, 

and was first used as an age dating technique by Hahn and Walling (1938). Rb-Sr dating has been used 

as a vital tool for dating meteorites (e.g. Minster and Allegre 1976), the first lunar samples from the 

Apollo missions (e.g., Papanastassiou & Wasserberg 1970, Murthy et al., 1971), as well as been used to 

identify the oldest rocks on Earth (e.g. Hurst et al. 1975, Moorbath et al. 1977a). 

 Rb-Sr dating is based on the radioactive decay of 87Rb (which accounts for 28% of all Rb on Earth), 

to 87Sr (which accounts for 7% of all Sr on Earth). This is done via beta decay (Nebel, 2015). Due to its 

extremely long half-life of 49 billions years, Rb-Sr has the versatility to date rocks from the beginning 

of the solar system, all the way to rocks that have formed several million years ago.  

 

2.5.1 Calculating Rb-Sr ages 

 

 To age date using this technique, at least two distinct phases with different Rb-Sr ratios are required. 

To directly compare the Sr isotope composition of these phases, 87Sr values are reported relative to its 

stable form; 86Sr (Nebel, 2015). This can be described by the formula: 

 

87 	
86 		

																																																										 1  
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where 

A= relative abundance 

M= atomic mass 

[ppm]= concentration in parts per million 

 

This formula, along with the decay constant of 87Rb enables the calculation of the time required for 

radiogenic decay. The different phases will evolve to different 87Sr/86Sr ratios based on their calculated 
87Rb/86Sr ratios. These can then be plotted on a regression line. If samples plot within an acceptable 

Mean Squared Weighted Deviate (MSWD), then they can be plotted as isochrons. If they plot outside 

of the acceptable MSWD, then they are called “errorchrons”, and are likely not acceptable for use in the 

experiment, and must be rejected (Brooks et al. 1972). As a rule of thumb, if the MSWD is less than 

2.5, it defines an isochron, while an MSWD above 2.5 defines an errorchron (Brooks et al. 1972). 

The isotope composition of a sample after a given time may be expressed by the following decay 

equation (Nebel 2015): 
 

	

	

	

	

	

	

λt 1 																																																		 2  

 

where 
87Sr/86Sr(t0)= initial isotopic concentration 

λ= decay constant 

 

If two or more 87Sr/86Sr isotopic compositions are known, along with their 87Rb/86Sr compositions, 

then both a time interval (t1-t0), and the Sr isotopic ratio at t0 can be plotted using a Nicolaysen diagram. 

The age difference (t) is equal to the slope of the regression line through all the of samples. A minimum 

of two samples are needed in order to have meaningful data, and more data points result in a greater 

probability that the regression is meaningful (Nebel 2015). 

 

2.5.2 Errors and Uncertainties 

 

There are four main factors that will affect the precision of an age derived from an Rb-Sr isochron 

(Nebel 2015).  

 

1) The number of data points that were used to create a regression line. 

2) How spread out the Rb-Sr data points are. 

3) Whether the phases involved formed during isotopic equilibrium. 

4) Error from each individual analysis of 87Sr/86Sr composition. 
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 Modern TIMS or ICP-MS instruments can achieve extremely high precisions, so it is usually other 

sources that introduce errors, such as inaccuracies in isotope tracer calibration, blank contamination, or 

contamination from an unclean lab (Nebel 2015). To ensure accurate tracer calibration, one cannot 

simply weigh the metal, since Rb is extremely reactive in the atmosphere (Nebel 2015). A common way 

to get around this, is to use dried Rb salt.  

 Another vital factor to consider for accurate age dating of rocks with Rb-Sr is the decay constant of 
87Rb (λ87Rb). Even if all of the above parameters are addressed, a bias can be introduced if there are any 

discrepancies in the knowledge of the rate at which Rb decays (Nebel 2015). Nebel et al. (2011) revised 

the 87Rb decay constant to λ87Rb = 1.393 x 10-11. This is an improvement of the precision of λ87Rb by  

±0.1-0.2%, from the previous value of λ87Rb = 1.42 x 10-11, calculated by Steiger and Jäger (1977). Due 

to this, all values prior to 2011 are approximately 2% older than previously thought. 

 

2.6 Principles of Ar-Ar dating 

Ar-Ar dating is a versatile workhorse in 

geochronology. It can be used to date samples 

that range in age from a few thousand years up to 

as old as the solar system.   

The Ar-Ar dating technique, as it is practised 

today, has been in use since 1966,  where 39Ar 

was observed to be a result of neutron irradiation 

while working on meteorite samples (Kelley 

2002). The system works by accumulating 

radiogenic 40Ar from 40K,  via electron-capture 

decay.  It works as a modified version of the K-

Ar dating method and is particularly useful in 

dating samples that contain reasonable amounts 

of potassium, such as potassium feldspar, mica, 

and hornblende (Mcdougall & Harrison, 1999). 

The system is based on the decay of a naturally occurring isotope of Potassium, 40K, to an isotope of 

argon, 40Ar. 40K has a half-life of 1.25 Ga, and its present day abundance is 0.01167% (Kelly 2002).      
40K decay is a branching process (Figure 10): 10.48% of 40K decays to 40Ar by β+ decay, followed by γ 

decay to the ground state, as well as electron capture directly to the ground state (Kelly 2002). The 

remaining 89.52% decays to stable 40Ca by β- to the ground state  (Mcdougall & Harrison, 1999). To 

calculate an age, parent and daughter isotope abundances in the sample must be known. In order to get 

around the necessity to measure K in a sample, rocks or minerals that are dated using the Ar-Ar method 

are irradiated by fast neutrons inside a nuclear reactor. A neutron flux on the order of 1012n/cm2s will 

produce 39Ar from 39K via nuclear reaction (Mcdougall & Harrison, 1999). The produced 39Ar is then a 

measure of the potassium content in the sample, at a given neutron flux.  

Figure 10: Branching diagram demonstrating 
40K decay to 40Ar and 40Ca. From Kelly (2002). 
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Following irradiation, argon is thermally extracted from the sample, using an ultra-high vacuum 

(UHV). Isotope abundances of Ar can then be measured using a sector field mass spectrometer 

(Mcdougall & Harrison, 1999). Finally, the age of the sample can be calculated from the resulting 
40Ar/39Ar ratio. 

The date measured by Ar-Ar dating is not necessarily the “age” of the rock. It reflects the time that 

has passed since the radiogenic argon produced by the decay of 40K has been trapped in a rock. In many 

cases, this may be the most recent cooling event undergone by the rock or mineral (Kelly 2002).  

To interpret the value given from age dating as an actual age of a geological event, there are some 

assumptions that must be validated (Kelly 2002): 

 

1. The decay of the parent 40K must be independent of its physical state.  

2. 40K/K ratio must be constant at any given time.  

3. Any 40Ar in the sample that is radiogenic must come from the decay of 40K. Contamination of 
40Ar from various sources may occur, but these sources are not always radiogenic. If the 

contamination comes from non-radiogenic 40Ar, corrections can be made.  

4. The sample must have remained in a closed system since the dating event. It cannot gain or 

lose either argon or potassium. If the system is partially open, Ar-Ar stepwise heating or laser 

spot ablation can often be used to extract useful history information. 

 

2.6.1 Calculating Ar-Ar Ages 

 

The following formula is the age equation for the K-Ar isotope system: 

 

1 ∗ 	

	
                                     (3) 

where 

t= time passed since closure 

λ= total decay of 40k 

λe and λ’e= partial decay constant for 40Ar 
40Ar/40K = Radiogenic daughter to parent ratio 

 

Rearranging the previous equation for 40Ar gives us: 

 

	 	 1                                      (4) 

 

Ar-Ar dating is based upon this same age equation, but potassium is measured from creating 39Ar from 
39K, via neutron bombardment in a nuclear reactor. 
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During irradiation, the following reaction is induced: 

 

,                                                 (5) 

 

Since the ratio of 39K to 40K is constant, the 40Ar/40K ratio is proportional to the ratio of 40Ar/39Ar. It 

should be noted that the 39Ar that is produced is radioactive, with a half-life of 269 years. This effect is 

small, considering the time between irradiation and analysis usually takes only several months, and can 

easily be corrected for (Kelley 2002). 

Upon irradiation, not only is reaction (5) created, but also a series of other reactions caused by 

neutron bombardment of potassium, calcium, chlorine and argon. However, most have low production 

rates relative to reaction (5) and can be ignored if samples are over 1 Ma. 

The number of 39Ar atoms that are formed once the sample is irradiated can be described by the 

following equation shown by Mitchell (1968): 

 

Δ		                                               (6) 

 

where 
39K= the number of 39K atoms 

Δ= duration of radiation 

Φ(ϵ)= Neutron flux density at energy ϵ 

Ϭ(ϵ)= neutron capture cross section of 39K for neutrons of energy ϵ  

 

Following this, J, which is a dimensionless irradiation related parameter, must be calculated. 

 

	

	
Δ                                   (7) 

 

Finally, the Ar-Ar age can be determined with: 

 

1 	

	
                                             (8) 

 

According to this, 40Ar (naturally produced, radiogenic Ar) and 39Ar (reactor produced Ar) are 

proportional to the age of the sample. 
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2.6.2 Errors and uncertainties 

Ar-Ar dating can achieve much higher precision levels then K-Ar dating, because instead of relying on 

separate, absolute measurements, it only requires ratios of Ar isotopes. Due to this, a precision of better 

than 0.25% can be achieved. However, there are several factors that must be accounted for, which may 

affect precision and accuracy of data. 

 

Recoil: 

 39Ar recoil is a crucial factor that can affect the accuracy of Ar-Ar dating. This factor is more of an issue 

when studying very fine-grained minerals such as clay, but 39Ar recoil from mineral surfaces can also 

affect high-precision dating. Onstott et al. (1995) and Villa (1997) determined that 39Ar recoil during 

irradiation has a mean of 0.08 μm. This is a common cause of variability in age if minerals have been 

altered.  

 

Uncertainty in age of mineral standards:  

To achieve high levels of precision in mass 

spectrometric measurements, the neutron flux must be 

carefully selected. This will affect the magnitude of the 

J value. A fine balance must be struck between having 

too little flux, which will not allow for a precise 

measurement of 39Ar, and flux levels that are too high, 

which will cause interfering reactions of Ca and K to 

become more significant, which can degrade precision 

(Kelly 2002). Therefore, there is an optimum flux level 

for each sample. Given that many samples will be 

irradiated together, each package that is sent to the lab 

for irradiation must be a compromise that can ensure an 

optimal J value for each sample (Kelley 2002). 

Mcdougall and Harrison (1999) came up with a 

calculation for determining optimum J value, which is 

shown on Figure 11. J is plotted against the age of the 

sample, and the dark area shows the optimal irradiation level that should be achieved.  

All Ar-Ar ages are derived relative to the age of mineral standards, which are irradiated at the same 

time as the sample. Due to this, the precision of Ar-Ar ages is limited by the precision of the age of the 

mineral standard, which was determined by K-Ar dating. Different mineral standards are often used, 

and there is not one mineral that is specifically used throughout the world. There is much controversy 

ongoing about what mineral standard should be used, and the lack of a true international standard can 

be the cause of calibration errors (Kelley 2002). It should be noted, however, that this problem has only 

Figure 11: a plot of sample age vs the 
irradiation parameter, J, demonstrates 
the optimal radiation level that should 
be achieved. Too much irradiation will 
cause interfering Ca and K reactions, 
while too little will not allow for 
precise measurement of 39Ar. From 
Mcdougall and Harrison (1999). 
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arisen in recent years, as new technology has allowed for such high precision, that the use of different 

standards has become a problem.  

Overall error calculation on Ar-Ar ages can be calculated by using the error propagation formula of 

Dalrymple et al. (1981): 

                                                        (9) 

where 

σt = Age error 

J= Value from equation (X) 

F= 40Ar/39Ar ratio 

λ= Decay constant 

σr= Error on 40Ar/39Ar ratio 

σj= Error on J value 

 

3. Methods 

 

3.1 Sample Descriptions and microstructural characterization 

 

Three separate thin sections were cut, parallel to lineation, from COSC samples, taken from the shear 

zones that constrain the lower limit of the Lower Seve Nappe.  Microstructure analysis was conducted 

using a Nikon Eclipse E600 polarized petrographical microscope.  

 

Thin 
Section 

# 

Approximate 
depth of 
sample 

595 1900m 

605 1950m 

695 2500m 

 

3.2 Microprobe analysis and X-ray Mapping 

 

EDS and WDS: Mineral compositions and mapping of mica grains in thin sections 595 (1900m depth), 

605 (1950m depth), and 695 (2500m depth) was performed using a JXA8530F Jeol Hyperprobe field 

emission electron microanalyser, at the Centre for Experimental Mineralogy, Petrology, and 

Geochemistry, Uppsala University. Before analysis, selected thin sections from the COSC borehole 

were coated with a thin carbon film. Once coated, backscattered electron (BSE) images were generated 

using the microprobe, to enable navigation and target identification. Energy dispersive X-ray 

spectroscopy (EDS) was then used to identify specific mineral grains of interest. Wavelength dispersive 
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X-ray spectroscopy (WDS) was then used for chemical characterization, and quantitative chemical 

analysis. The operating conditions used for WDS were as follows: a 10nA beam current, 15 kV 

accelerating volatage, and counting times of 10s on peaks and 5 seconds for background positions. Beam 

diameter ranged from 5μm-15μm, depending on the size of the mineral grain that was analysed. Mineral 

standards used: Si, Ca (wollastonite), Na (albite), K (orthoclase), Mn, Ti (phyrophanite), Fe (fayalite), 

Mg. Pure element oxides Al2O3, MgO, Cr2O3, and NiO were used for calibration.  

Once raw WDS data was acquired, end-member composition and cation site distribution were 

formulated using the activity model from Coggon & Holland (2002), and calculated using Auzanneau 

et al. (2010). Chemical substitutions were then graphed using the methods outlined by Parra et al. 

(2002).  

 

EMPA compositional mapping: Compositional maps of different mica grains were collected to study 

the spatial distribution of Al, Fe, Mg, Na, Ca, K and Si in the samples. This procedure generates a bitmap 

image based on element concentrations by moving the electron beam point by point over the area of 

interest. The instrument used was a JXA8530F JEOL Hyperprobe field emission electron microanalyser, 

at the Center for Experimental Mineralogy, Petrology, and Geochemistry, Uppsala University, Sweden. 

Operating conditions during the analyses were as follows: a 40 nA beam current with 15kV accelerating 

voltage, and 100 ms dwell time. A circular beam shape, with a probe diameter of 1μm probe diameter. 

Resolution 700x500 µm. 

 

3.3 Laser Ablation Rb-Sr dating  

 

Laser ablation Rb-Sr dating is a relatively new technique. The lack of an established technique is mainly 

due to the spectral overlap of 87Rb over 87Sr, which makes it impossible to separate the ion signals of 

the two atoms. By utilizing a new generation of  inductively coupled plasma mass spectrometer (ICP-

MS) that sandwiches one reaction cell between two quadrapoles, one can separate Rb from Sr, which 

can overcome this issue. This study uses the methodology of chemical separation, and subsequent laser 

ablation age dating of Rb and Sr that is described in detail by Zack & Hogmalm (2016). 

Crystals used for Rb-Sr dating were picked directly from the thin section, and thereafter checked 

under a binocular microscope for the presence of inclusions and broken grain edges. All samples were 

age dated at the Microgeochemistry lab at the Department of Earth Sciences, at the University of 

Gothenburg. The laser ablation system that was used is called an ESI213NWR. This unit features a two-

volume cell that is able to maintain constant ablation conditions throughout the entire sample area. 

Material within the sample cell is ablated using a stream of He that is mixed with N2 and Ar, before 

entering the ICP-MS torch. Spot size ranged from 8-20 µm, fluence was 7J/cm2, frequency was 10 Hz, 

and He flow rate was 800ml/min.  
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3.4 Single Grain Ar-Ar dating 

 

First, whole rock samples were crushed and then sieved. Single grains of white mica were then selected, 

and placed in aluminium foil tubes to be irradiated. Mineral standards and unknowns were inserted into 

wells that were 2mm deep, inside of 18 mm aluminium disks. The standards were placed in such a way 

that the lateral neutron flux gradient across the disk could be measured.  

Following this, planar regressions were fit to the standard data. The 40Ar/39Ar neutron fluence 

parameter J was interpolated for the unknowns. Uncertainties in J are estimated using Monte Carlo error 

analysis of planar regressions, and calculated to be 0.1-0.2% (1). All samples were irradiated in the 

Cd-lined, in-core CLICIT facility, at the Oregon State University TRIGA reactor, in Corvallis, USA. 

Samples were irradiated for 12 hours, using the Fish Canyon sanidine and GA1550 biotite standards.  

After irradiation, the 40Ar/39Ar age dating was carried out at the University of Manitoba, in Winnipeg, 

Canada. This was conducted using a multi-collector Thermo Fisher Scientific ARGUS VI mass 

spectrometer, linked to a stainless steel Thermo Fisher Scientific extraction/purification line and Photon 

Machines (55 W) Fusions 10.6 CO2 laser. 40Ar, 39Ar, 38Ar and 37Ar were measured using Faraday 

detectors with low noise resistors. 36Ar content was measured using a compact discrete dynode detector. 

The sensitivity of the argon measurements was determined from measured aliquots of Fish Canyon 

Sanidine and was 6.312x1017 moles/fA (Kuiper et al. 2008).  

The irradiated samples were then put into a copper sample tray, with a KBr cover slip, in a stainless 

steel high vacuum extraction line, and baked for 24 hours using an infrared lamp. Next, single crystals 

were fused together using the laser. Following this, reactive gases were removed by using three GP-50 

SAES getters. Two of these were at room temperature, while one was at 450ºC. After gas removal, the 

crystals were admitted to an ARGUS VI mass spectrometer, by expansion. The Mass spectrometer 

measured 5 Ar isotopes simultaneously over a 6-minute time span. The measured isotope abundaces 

were corrected for extraction-line blanks. These were determined before each analysis. Line blanks 

averaged about 5 fA for 40Ar, and 0.022 fA for 36Ar.  

295.5 was the value used for the atmospheric 40Ar/36Ar ratio, (Steiger and Jaëger 1977), which was 

used for measurement of mass spectrometer discrimination, as well as for atmospheric argon correction 

in the 40Ar/39Ar age calculation.  
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4.Results 

4.1 Petrography and microstructures 
 
The three thin sections used in this study are 

pervasively foliated, fine-grained, mylonitic mica-

schists, that consist primarily of muscovite and partly 

chloritized biotite (both of which form the foliation 

fabric), found between intermittent thick, coarser 

grained quartz bands (Figure 12a). The samples also 

contain minor garnet, plagioclase, K-feldspar, blue 

hornblende, albite, apatite as well as accessory 

ilmenite, zoisite, and pyrite. Secondary calcite is 

commonly found along quartz boundaries.  

White mica and biotite form thin, 50-250 μm laths 

(Figures 12a; 14). Mica fish are abundant, and show a 

predominantly dextral sense of shear. The most 

pervasive foliation (D1) is orientated in an E-W 

direction (on the thin section), and is defined by the 

mylonites bands. There are also two younger, less 

penetrative generations of mica (D2), consisting of 

fewer and finer grained micas. The first is orientated 

NW-SE, and the second is orientated NE-SW and are 

oriented at 45º angles from the main foliation. These 

appear to have grown post-kinematically. but it is 

unclear in which order they occurred (Figures 14; 15). 

Several subhedral remnant garnet grains can be 

found throughout the thin sections (Figure 12b; 13). 

These garnets have a pinkish tint, indicating that they 

likely formed under high pressure. The pinkish color 

and lack of deformation, along with the observation 

that the foliation wraps around the garnets, likely 

indicate they were pre-kinematic. One section also 

contains several large, pre-kinematic generation 

grains of blue horneblende. These are not quite 

blueschist-type amphiboles, but have a considerable amount of Na in them. Several large, pre-kinematic 

albite porphyroblasts, with clear pressure shadows filled with biotite, ilmenite muscovite, and chlorite 

can also be observed (Figures 12c; 13). 

 

Figure 12: (a) Typical mylonitic fabric found in 
the samples, displaying foliated myelinated mica 
layers that consist primarily of muscovite and 
chloritized biotite (both of which form the 
foliation fabric), found between intermittent 
thick, coarser grained quartz bands. (b) A cluster 
of subhedral, 1st generation garnet 
porphyroblasts. (c) Several large pre-kinematic 
albite grains, with mylonitic foliation wrapping 
around the porphyroblasts. All figures shown in 
XPL. 
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Figure 13: (PPL) A type section of the rocks that were used in this study. Shown here is a large, pre-kinematic 
albite porphyroblast (Ab), with a clear pressure shadow filled with biotite (Bt), ilmenite (Ilm), muscovite (Ms), 
chlorite (Chl), etc. Also on the top right and bottom left are smaller subhedreal pre-kinematic garnets (Grt). On 
the top-left are typical long bladed mylonitic white mica grains. TOP indicates  

 

Sample 595 

TOP	

BOTTOM	
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Figure 15: Image of thin section 595. The foliations of the three different mica generations can be 
observed. The blue line is the pervasive mylonitic fabric. The green and red are less penetrative, and are 
made up of smaller mica grains. Also shown are garnets with sigmoidal pressure shadows, displaying a 

Sample 595 

TOP	

BOTTOM	

Sample 595 

TOP	

BOTTOM	

Figure 14: (PPL) Image showing the foliation orientation of the three different generations of mica. The 
blue line is the pervasive mylonitic fabric. The green and red are less pervasive, and made up of smaller 
mica grains. 
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4.2 White mica composition and classification 
 

The chemical composition of mica can give us important clues pertaining to the thermobarametric 

conditions that they were formed under. However, first it is vital to classify the white mica, based on its 

chemical composition.  

 A mica is a phyllosilicate, with a unit structure consisting of an octahedral sheet that is sandwiched 

in between two tetrahedral sheets. These sheets form a layer, which is separated from other layers by 

non-hydrous interlayer cations (Rieder et al. 1998). A general formula for mica can be expressed as: 

 

	  

 

I=Interlayer cation.                     Commonly: K, Na, Ca 

                                           Less Commonly: Cs, NH4, Rb, Ba 

M=Octahedrally coordinated cation.   Commonly: Li, Fe, Mg, Al, Ti 

                                            Less Commonly: Mn, Zn, Cr, V 

V= Vacancy 

T= Tetrahedral Sheet                     Commonly: Al, Fe, Si 

                                            Less Commonly: Be, B 

A= Anion                                Commonly: F, OH 

                                            Less Commonly: Cl, O, S 

 

Micas can be compositionally subdivided into either true mica, or brittle mica. If > 50% of I cations 

are divalent, then micas are brittle. If <50%, then they are considered true mica (Rieder et al. 1998). 

Micas are further categorized as either dioctahedral (less than 2.5 M per unit formula), or trioctahedral 

(2.5 M per unit formula) (Rieder et al. 1998). The micas in our samples contain 73% to 88% K+ (Table 

2; Appendix 2), which means they are a true mica. Our samples contain from 1.991 to 2.204 M cations 

per unit formula, which indicates that they are dioctahedral (Appendix 2). 

Parra et al. (2002) describe a typical potassic white mica as having the mineral formula of: 

 

(K-Na)0-1(Al, Mg, Fe2+)2-3(Si, Al)4O10(OH)2.  

 

Raw WDS oxide data (Table 2; Appendix 1) was used to calculate the average per unit formula 

(a.p.f.u) of each element found in the mica grains (Table 3; Appendix 2). Based on the above formula 

for a general potassic white mica, our three different samples present average mineral formulas of: 

 

Sample 595: (K0.86Na0.11) Σ0.97(Al1.77Fe0.15Mg0.07) Σ1.99(Si3.16Al0.84) Σ4.00O10 (OH)2 

Sample 605: (K0.80Na0.17) Σ0.97(Al1.73Fe0.18Mg0.07) Σ1.98(Si3.15Al0.85) Σ4.00O10 (OH)2 

Sample 695: (K0.82Na0.15) Σ0.97(Al1.79Fe0.13Mg0.07) Σ1.99(Si3.15Al0.85) Σ4.00O10 (OH)2 



29	
	

 

 By inputting our WDS data into the activity model of Coggon &Holland (2002), using the 

calculations outlined by Auzanneau et al (2010), the white mica can be split into 5 different components: 

Muscovite, paragonite, celadonite, phlogopite and pyrophyllite (Table 4).The mica grains found in the 

samples display relatively homogenous population with an average of: 

 

Sample 595: 68% muscovite, 11% paragonite,14% celadonite, 4% phlogopite, 3% pyrophyllite 

Sample 605: 62% muscovite, 17% paragonite,14%, celadonite, 4% phlogopite, 3% pyrophyllite 

Sample 695: 66% muscovite, 15 % paragonite, 12% celadonite, 3% phlogopite, 4% pyrophyllite 

 

 Based on this data, the white mica in these samples falls within the chemical composition of the 

general formula described above. Using the nomenclature described by Parra et al. (2002), the white 

mica in our samples can be described as a “dioctahedral potassic white mica”, or “KWM”. 

 

Silica a.p.f.u. in the samples ranges from 3.10 to 3.30. (Table 3; Appendix 1). The later, less pervasive 

generations of mica did not show any significant variation from the mica hosted in the main foliation 

fabric. Chemical maps of mica show relative homogeneity, but slight zonation of Al, Si, Mg and Fe can 

be observed (Figure 16). 

 

 

Sample  595  595  595  605 605 605 695  695  695

   SiO2    45.71  47.07  46.17  46.74 46.13 45.84 46.53  46.64  46.80

   TiO2    0.17  0.27  0.31  0.35 0.36 0.37 0.31  0.29  0.27

   Al2O3   34.00  32.97  33.66  33.01 32.97 32.92 33.07  33.13  32.93

   FeO     2.52  2.87  2.43  2.98 2.94 3.19 2.53  2.28  2.30

   MgO     0.55  0.90  0.63  1.02 0.87 0.87 0.93  0.96  0.98

   Na2O    0.73  0.96  0.95  1.49 1.46 1.38 0.93  1.14  1.24

   K2O     10.12  9.47  10.03  9.02 8.95 9.29 9.70  9.34  9.42

   BaO     0.25  0.17  0.29  0.24 0.28 0.28 0.36  0.20  0.24

   Cr2O3   0.00  0.06  0.03  0.03 0.07 0.07 0.00  0.00  0.05

   V2O3    0.03  0.05  0.01  0.01 0.05 0.04 0.02  0.02  0.06

  Total    94.07  94.82  94.53  94.97 94.10 94.28 94.40  94.01  94.31

 

 

 

 

 

 

 

Table 2: Representative WDS analysis of white mica from thin sections 595, 605 and 695. 
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Table 4: Representative white mica end-member composition. Formulated using the activity model from 
Coggon & Holland (2002), calculated using Auzanneau et al. (2010). 

 

Sample  595  595  595  605 605 605 695  695  695

Si  3.104  3.162  3.303  3.140 3.128 3.200 3.156  3.140  3.150

Ti  0.008  0.014  0.091  0.018 0.018 0.016 0.015  0.011  0.015

Al  2.721  2.610  2.358  2.614 2.635 2.478 2.621  2.672  2.630

Fe  0.143  0.161  0.181  0.167 0.167 0.201 0.138  0.124  0.125

Mg  0.055  0.090  0.173  0.102 0.088 0.149 0.096  0.076  0.096

Na  0.095  0.125  0.080  0.194 0.192 0.137 0.149  0.138  0.160

K  0.877  0.812  0.863  0.773 0.774 0.839 0.821  0.819  0.818

Ba  0.007  0.005  0.007  0.006 0.008 0.007 0.006  0.006  0.005

Cr  0.000  0.003  0.002  0.002 0.004 0.009 0.001  0.001  0.003

V  0.004  0.008  0.000  0.002 0.009 0.007 0.002  0.009  0.004

Total  7.015  6.990  7.019  7.019 7.022 7.045 7.005  6.997  7.009

 

 

 

 

Sample  595  595  595 605 605 605 695  695  695

Muscovite  0.760  0.661  0.722 0.573 0.600 0.594 0.663  0.652  0.663

Celadonite  0.085  0.114  0.125 0.187 0.194 0.139 0.142  0.144  0.134

Paragonite  0.095  0.125  0.125 0.155 0.137 0.211 0.157  0.138  0.151

Pyrophyllite  0.028  0.062  0.010 0.049 0.023 0.024 0.019  0.040  0.030

Phlogopite  0.032  0.037  0.017 0.036 0.045 0.032 0.019  0.025  0.022

Total  1.0000  1.0000  1.0000 1.0000 1.0000 1.0000 1.0000  1.0000  1.0000

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table	3:	Representative a.p.f.u of analysed white mica. O # =11.
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Figure 16:X-ray maps from sample 605. Top left image is the backscattered electron image, with the red 
square indicating the area that was mapped. The white mica is the dark gray mineral, found both in the matrix 
(mylonite) as well as in the pressure shadow of the garnet. Sample are relatively homogenous, with slight 
zonation of Al, Si, Mg and Fe. 
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4.2.2 Chemical substitution in mica 

 

White mica can display a wide variety of chemical substitutions with solid solution between muscovite 

and celadonite, as well as from partial solid solution between muscovite and paragonite (Parra et al. 

2002). The samples in this study show two dominant substitutions: 

 

The first is the Tschermak substitution:  

 

2Al  (Fe2+ + Mg) + Si 

 

This is due the requirement to keep the charge of the mica sheet equal, and results in an excess of Si 

compared to the ideal number of 3 a.p.f.u (Parra et al. 2002).  

By plotting (3*Xms + 4*XAcel) / (Xms+ XAcel) vs (Mg + Fe2+) M2-2*(Mg+Fe2+) M1 (a.p.f.u), one 

can determine if a Tschermak substitution has taken place (Parra et al 2002; Figure 17). Points that plot 

towards the top-right (Al-Celadonite) section of the graph mean that a higher degree of Tschermak 

substitution has taken place. Points that plot near the bottom-left (muscovite) section of the graph mean 

a small amount of Tschermak substitution has taken place. If a point plots outside of the dashed lines, 

the compositional variation cannot be attributed to Tschermak substitution. Most of the data from the 

samples plots somewhere in the middle, indicating that the Tschermak substitution is at least partially 

responsible for the increased Si, Fe and Mg found in the samples, and that these micas are trending 

towards the Al-Celadonite end member. 

A second substitution can potentially explain the high number of vacancies, along with low Fe and 

Mg values found in the samples (Parra et al. 2002). This is known as the Pyrophyllite substitution from 

muscovite toward pyrophyllite, and is commonly found in low-grade, low pressure environments.  

 

(Na, K)Al��Si +Vacancy 

 

By plotting interlayer (Na + K) content (a.p.f.u) vs (4*Xprl+3*(Xms + Xpg))/(Xms + Xpg + Xprl), 

one can determine if a pyrophyllitic substitution has taken place (Parra et al. 2002; Figure 18). All of 

the samples plot near the top-left of the graph, indicating that a small degree of pyrophyllitic substitution 

is responsible for the high amount of vacancies, and elevated Si content found in the samples. 

	

 

 



33	
	

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Graph of (3*Xms + 4*XAcel) / (Xms+ XAcel) vs (Mg + Fe2+) M2-2*(Mg+Fe2+) M1 (a.p.f.u). 
An analysis of mica composition that is the result of the Tschermak substitution should plot on the solid 
blue line. The dashed lines represent 2 standard deviations of error, which account for potential 
microprobe error. All but one sample plots within the accepted error, indicating that Tschermak 
substitution is partially responsible for the increased Si, Mg, and Fe observed in the samples. Calculated 
using method from Parra et al. (2002). Data for graph found in Appendix 1. 

Figure 18:		Graph	of	interlayer	(Na	+	K)	content	(a.p.f.u)	vs	(4*Xprl+3*(Xms	+	Xpg))/(Xms	+	Xpg	+	Xprl).		
An analysis of mica composition that is the result of the pyrophyllitic substitution should plot on the solid blue 
line. The dashed lines represent 2 standard deviations of error, which account for potential microprobe error. 
All of the samples plot quite close to the blue line, indicating that a small degree of pyrophyllitic substitution is 
responsible for the high amount of vacancies, and elevated Si seen in the samples. Calculated using method 
from Parra et al. (2002). Data for graph found in Appendix 1.	
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4.3 Rb-Sr dating 

17 muscovite and 3 biotite grains were age dated from sample 595, 6 muscovite and 3 biotite samples 

were age dated from sample 605, and 9 muscovite and 3 biotite samples were age dated from 695 (Table 

5). The muscovite had rather poor Rb-Sr ratios, so the biotite in the samples is primarily responsible for 

dictating the age.  

This data was plotted on a graph of 87Sr/86Sr vs 87Rb/86Rb in order to create isochrons that determine 

the age of the samples (Figure 19). The calculated age of sample 595 was 414 ± 41 Ma, 605 was 418 ± 

15 Ma, and 695 was 396 ± 27 Ma. The average age of all three samples were calculated to be 413 ± 12 

Ma (Figure 19). The MSWD of all samples is < 1, indicating that there is no excess scatter of data points. 

 

 

 

 

Sample 605 
Bt1 

605 
Bt2 

605 
Bt3 

605 
Ms1 

605 
Ms2 

605 
Ms3 

605 
Ms4 

605 
Ms5 

605 
Ms6 

87Rb/86Sr 102 526 35.6 11.74 12.56 12.21 7.02 16.99 6.13 

1s 8 29 1.2 0.0002 0.0001 0 0 0.15 0.06 
87Sr/86Sr 1.289 3.812 0.934 0.789 0.797 0.797 0.764 0.829 0.758 

1s 0.044 0.166 0.007 0.001 0.001 0.001 0.002 0.003 0.002 
 

Sample 695 
Bt1 

695 
Bt2 

695 
Bt3 

695 
Ms1 

695 
Ms2 

695 
Ms3 

695 
Ms4 

695 
Ms5 

695 
Ms6 

87Rb/86Sr 43 289 251 2.68 3.59 2.55 3.49 2.12 2.15 

1s 5 9 20 0.03 0.09 0.02 0.06 0.03 0.01 
87Sr/86Sr 0.958 2.382 2.185 0.752 0.756 0.752 0.756 0.748 0.750 

1s 0.02 0.054 0.103 0.002 0.002 0.001 0.001 0.002 0.001 

 

 

 

 
Sample 595 

Bt1 
595 
Bt2 

595 
Bt3 

595 
Ms1 

595 
Ms2 

595 
Ms3 

595 
Ms4 

595 
Ms5 

595 
Ms6 

87Rb/86Sr 968 464 1372 5.13 7.55 6.60 14.44 7.96 3.13 

1s 70 59 98 0.13 0.33 0.24 1.16 0.45 0.03 

87Sr/86Sr 6.50 3.48 8.91 0.766 0.779 0.773 0.816 0.778 0.755 

1s 0.41 0.36 0.58 0.003 0.004 0.005 0.007 0.004 0.003 

Table 5: Representative Rb-Sr ratios and standard deviation (1s) of muscovite and biotite from samples 595, 
605, and 695 are listed below. A full list can be found in Appendix 2. 
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Figure 19: Results for all three samples, along with the average age of the three samples combined. The 
MSWD for all three samples is below 1, which indicates that these ages it is extremely probable that these 
ages represent a true isochron. Muscovites had low Rb/Sr ratios, so the few biotite’s that were dated in 
each sample largely define the age. 
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4.4 Ar-Ar dating 

5 muscovite grains from sample 595, and 7 muscovite grains from sample 695 were age dated. 

Minimal Ar loss occurred in any grains. Ages were calculated for each grain (Table 6), and the 

average age from each sample was calculated (Figure 20). The average age of sample 595 is 

423 ± 7.4. The MSWD is 2.1, and all 5 grains were used to calculate the age. The calculated 

age for sample 695 is 424.4 ± 3.1 with an MSWD of 1.01. One outlier exists, with an age of 

461 ± 7.6 and was not included in the age calculation. See discussion for explanation of why 

the outlier exists. The combined average age for both samples is 424.1 ± 2.9 Ma. The irradiation 

parameter, J, was 2.67*10-3 ± 1.97*10-6 (1σ) for sample 595. J was 2.68*10-3 ± 2.04*10-6 (1σ) 

for sample 695. For both samples, sensitivity was 6.312*10-17 ± 1.047*10-18 mol/fAmp. 

 

 

 

 

 

 

 

 

 

 

Table 6: Raw data from single grain Ar-Ar age dating. 1s represents 1 standard deviation.   
* = Corrected for blank, mass discrimination, and radioactive decay 
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Figure 20: (a) Graph represent all 5 age dates for sample 595. Average age is 423.2 ± 7.4, with 1.8% error. 
No data points were rejected, and the MSWD is 2.1. (b) Graph represents 6/7 grains from 695. Average age 
is 424 ± 3.1, with 0.73% error. MSWD is 1.01. 
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5. Discussion 

5.1 Interpretation of mica composition and age 

Petrographic analysis of the three samples taken from the lower shear zone of the Lower Seve Nappe 

indicates that biotite and muscovite in these samples show slight variation from grain to grain with 

respect to silica content and zoning. Insignificant variation of end-member composition was found 

between grains in the mylonite layer, grains found in pressure shadows, grains that made up mica fish, 

or from either of the differently orientated micas. These variations are so small that they should not 

influence the age dating results.  

The calculated Rb-Sr age of 413 ± 12 Ma has an error of 3%, and the MSWD of 1.02 means that the 

scatter of the data points is almost exactly what was predicted from the analytical error. This means that 

this age data is quite precise. Holmberg (2017) and Korhonen (2017) show that the primary mylonitic 

foliation in these lower shear zone samples are formed under greenschist facies conditions, at 

approximately 400-450ºC. Since the closure temperature of muscovite in the Rb-Sr system is 

approximately 550ºC (Dodson 1973), and because the micas are not zoned, this age is interpreted to be 

crystallization age of the mica.  

The calculated average Ar-Ar age of 424.1 ± 2.9 Ma has an error of <1%, with a MSWD of 1.56, 

indicating that the scatter of the data point is slightly higher then what was predicted from the analytical 

error. The closure temperature of muscovite in the Ar-Ar system is approximately 350-400 ºC (Dodson 

1973). Since the Rb-Sr and Ar-Ar ages overlap, it is interpreted that the crystallization age of the samples 

is recorded in both cases. Likely, the rocks cooled rather quickly, resulting in a negligible difference in 

Rb-Sr and Ar-Ar ages. 

The outlier in the Ar-Ar age for sample 695 is significant. This grain represents an older generation 

mica grain. Its age of 461 ± 7.6 indicate that it was formed before the main mylonitic foliation fabric, 

and possibly represents the age peak pressure of metamorphism. This would agree with the findings of 

other authors, as discussed in section 2.4.3. 

 

5.1.1 Discussion of substitution mechanisms in mica 

Figures 17 and 18 show that two different chemical substitutions have taken place in the white mica 

from the studied samples. Figure 17 shows that a moderate amount of Tschermak substitution has taken 

place. This is the probable cause of the elevated levels of Si, Mg and Fe found in our samples. No 

significant variation can be observed between the three samples.  

Figure 18 shows that a small amount of pyrophyllitic substitution has taken place. This is the 

probable cause of the high amount of vacancies, as well as elevated silica content found in our samples 

(Parra et al. 2002). This substitution is commonly found in low grade environments (Parra et al. 2002), 

such as the shallower depth of a subduction channel that our micas likely formed in, during exhumation 

processes. 

 



39	
	

Composition mapping indicates that the samples were slightly zoned with respect to Si, Mg, Fe, and Al. 

This is likely due to varying degrees of chemical substitution taking place in different grains. 

 

5.2 Were the Middle and Lower Seve juxtaposed in the subduction channel?  
The obtained Rb-Sr age of 413 Ma ± 12 Ma and Ar-Ar age of 424.1 ± 2.9 Ma are interpreted to date the 

crystallization age of the mica. This, along with recent pressure and temperature results of  400-450ºC 

and 0.5-0.6 GPa  from the same rocks (Holmberg, 2017 and Korhonen, 2017) support the hypothesis 

that the Middle Seve Nappe was juxtaposed on top of the Lower Seve Nappe while still in the subduction 

channel, via the “vacuum cleaner” mechanism described by Majka et al. (2014a). Based on the results 

of this study, and of other recent research done in the same area, I suggest the following subduction 

history of the western-central Jämtland Seve rocks. 

During the late Ordovician at c. 455 Ma, our samples were subducted to mantle depths, and peak-

pressure metamorphism was achieved. This age is determined by in-situ U-Th-Pb chemical monazite 

dates provided by Majka et al. (2012), which are not significantly different from the 460-450 Ma ages 

that Brueckner and Van Roermund (2007) determined using Sm-Nd mineral ages for Northern Jämtland 

rocks. Klonowska et al. (2017) offers further evidence that our samples achieved mantle depths, by 

determining that microdiamond inclusions found within garnet, in kyanite-bearing paragneisses of the 

Åreskutan Nappe, achieved P-T conditions of 830-840ºC and 4.1-4.2 GPa during this peak-pressure 

stage. The authors also used chemical Th-U-Pb dating of monazite, which yielded an age of 445 to 435 

Ma, which is interpreted to be the age of post-UHP exhumation from the mantle up to lower crustal 

depths of the diamond bearing rocks. The lack of a well-defined suture below the ultrahigh-pressure 

nappes supports the Majka et al. (2014a) model that suggests that the outer margin of Baltica was 

subducted beneath an island arc, which is the source of the Upper Allochthon rock units (Klonowska et 

al. 2016). Based on these ages, it is interpreted that maximum subduction occurred      at c. 455 Ma, and 

exhumation of the Seve rocks began shortly after (Figure 21a). 

In-situ U-Th-Pb geochronology of monazite found within a sheared migmatite in the upper shear 

zone provided an age of c. 424 Ma and reflects the late stages of the juxtaposition of the Åreskutan 

(Middle) Seve Nappe over top of the Lower Seve Nappe, while still hot, and in the subduction channel 

(Majka et al. 2012). Pegmatites that occur within Åreskutan migmatites were age dated by Landenberger 

et al. (2010), using U-Pb zircon ages. They calculated an age of 430 ± 3Ma, which agrees with the 

findings of Majka et al. (2012). A similar age was discovered using zircon and monazite dating for the 

Kalak Nappe Complex, (a Seve Nappe equivalent, located in northern Norway), which suggests that the 

emplacement of the Seve Nappe Complex along with its Norwegian equivalents, may have occurred 

over a wide regional area (Kirkland et al. 2009). 

As the Middle and Lower Seve nappes continued their exhumation beneath the Iapetus plate, the 

thermally weakened lithosphere underneath the volcanic arc was ruptured, which caused the forearc 

block to be driven down into the mantle due to its negative buoyancy. This created a void, which was 
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filled by the diapiric rise of the Middle Seve Nappe (Majka 2014a). This juxtaposition created the upper 

shear zone that we see today (Figure 21b). 

Based on the results of this study, evidence is provided that at 413 ± 12 Ma (Rb-Sr) or 424.1 ± 2.9 

Ma (Ar-Ar), continued subduction of the Baltic plate caused the now juxtaposed Middle and Lower 

Seve nappes to be thrust over the Lower Allochthon. This eduction of HP/UHP terranes may have 

resulted in the inverted metamorphic isograds that are observed in the Seve Nappes, as well contributed 

to metamorphism of the adjacent Lower Allochthon through heat exhumation (Brueckner et al. 2004; 

Figure 21c).  By comparing both the Rb-Sr ages and Ar-Ar ages, the timing of formation of the lower 

shear zone can be further constrained. The age of c. 424 Ma found by Majka et al. (2012) is based on 

monazite from granulite facies rocks. This is higher grade than the greenschist facies lower shear zone, 

meaning that it was subducted deeper in the subduction channel, and that it formed first. Based on this, 

the lower shear zone cannot be older than c. 424 Ma. We also know that at c. 415 Ma, Baltica was 

subducted beneath Laurentia (e.g. Klonowska 2016), and that the shear zone must have formed before 

that. Furthermore, the Ar-Ar age of 424.1 ± 2.9 Ma falls within the upper limit of the Rb-Sr age of 413 

± 12 Ma. The youngest Ar-Ar age, taking into account error, is 421.2 Ma and falls within the acceptable 

error of the Rb-Sr age, and can be used to constrain the lower age limit of the shear zone. Based on the 

above evidence, the calculated age of the lower shear zone can be constrained to c. 424 - 421.2 Ma.   

Shortly after exhumation, the Seve rocks, along with the Lower Allochthon were subducted again, 

during the final parts of collision of Baltica with Laurentia during the Scandian Orogeny (Klonowska et 

al. 2016; Figure 21d).  The Iapetus plate was then extracted, resulting in exhumation that caused the 

nappe emplacement that is seen today, with the Laurentian Uppermost Allochthon being placed above 

the rocks with Baltic affinity (Figure 21e). 
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Figure 21: (a) At c. 455 Ma, the 
Middle and Lower Seve achieve 
peak pressure metamorphic 
conditions, and exhumation 
begins shortly after.  
(b) The thermally weakened 
lithosphere underneath the 
volcanic arc is ruptured, which 
caused the forearc block to be 
driven down into the mantle due 
to its negative buoyancy. This 
created a void, which was filled 
by the diapiric rise of the Middle 
Seve Nappe. This juxtaposition 
created the upper shear zone that 
we see today.   
(c) Based on the age dating data 
from this study, at  c. 424-421 Ma, 
continued subduction of the Baltic 
plate beneath the volcanic arc 
caused the now juxtaposed 
Middle and Lower Seve nappes to 
be thrust over the Lower 
Allochthon.  
(d) Shortly after exhumation 
ceases, Baltica is subducted 
beneath Laurentia, causing the 
Seve units, along with the Lower 
Allochthon to be subducted. 
(e) Finally, at c. 400 Ma, the 
Iapetus plate is extracted, 
resulting in exhumation that 
caused the nappe emplacement 
that is seen today, with Laurentian 
Uppermost Allochthon rocks 
overlying units with Baltic 
affinity. 
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6. Conclusions 
Three COSC drillhole samples from the Lower Seve Nappe were analysed and age dated, in order to 

test the hypothesis that the Middle Seve Nappe was juxtaposed over the Lower Seve Nappe while still 

in the subduction channel, via the vacuum cleaner mechanism outlined by Majka et al. (2014a). 

Petrographic observations and descriptions were first made using a petrographic microscope. Following 

this, EDS and WDS were conducted, and compositional maps of the white mica grains were created, to 

gain a better understanding of the composition and genesis of the samples. Finally, white and dark mica 

grains were age dated using in-situ Rb-Sr age dating and single grain Ar-Ar dating.  

 WDS analysis of the three different thin sections used in this study reveal a white mica composition 

of: 

 

Sample 595: 68% muscovite, 11% paragonite ,14% celadonite, 4% phlogopite, 3% pyrophyllite 

Sample 605: 62% muscovite, 17% paragonite ,14%, celadonite, 4% phlogopite, 3% pyrophyllite 

Sample 695: 66% muscovite, 15 % paragonite, 12% celadonite, 3% phlogopite, 4% pyrophyllite 

 

Based on these results, all three samples can be described as a “dioctahedral potassic white mica”, or 

“KWM”.  

Silica a.p.f.u. in the samples ranges from 3.10 to 3.30, with no significant variation from sample to 

sample. The later, less pervasive generations of mica did not show any significant variation from the 

mica hosted in the main foliation fabric and little to no zonation was found in the compositional maps. 

Based on this, it can be concluded that mica grains form a single, relatively homogenous population. 

This indicates that they likely formed under similar conditions, probably at the same time. 

Rb-Sr dating reveals an age of 413 Ma ± 12 Ma, while Ar-Ar dating indicates 424.1 ± 2.9 Ma. These 

dates are interpreted to date the crystallization age of the mica. Based on these ages, and on other recent 

age dates of rocks in the area, evidence is provided that at c. 424 - 421.2 Ma, continued subduction of 

the Baltic plate beneath the volcanic arc caused the juxtaposed Middle and Lower Seve nappes to be 

thrust over the Lower Allochthon. This is what caused the mylonitic lower shear zone that is present 

today.  

Data from this study provides evidence that supports the claim that the Scandanavian Caledonides 

were formed during multiple collisional events, including continent - island arc collision. Furthermore, 

these results will aid the scientific community in its attempt to create an updated, coherent model of how 

the Scandaniavian Caledonides formed, and provide insight on the subduction mechanisms that resulted 

in mid-Palaeozoic mountain building in general.  
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Appendix 1: WDS analysis data 

SAMPLE     NA2O      SIO2     AL2O3      MGO      K2O     CL       CAO     BAO     TIO2     NIO      FEO      MNO      CR2O3      V2O3    TOTAL  

595  0.73  45.71 34.00  0.55  10.12 0.01 0.00 0.25 0.17 0.00 2.52 0.00  0.00  0.03 94.07

595  0.96  47.07 32.97  0.90  9.47 0.01 0.01 0.17 0.27 0.00 2.87 0.00  0.06  0.05 94.82

595  0.95  46.17 33.66  0.63  10.03 0.00 0.00 0.29 0.31 0.00 2.43 0.01  0.03  0.01 94.53

595  0.90  46.12 34.01  0.74  9.97 0.00 0.00 0.25 0.08 0.05 2.43 0.00  0.07  0.05 94.69

595  0.80  47.74 31.23  1.27  10.11 0.00 0.00 0.15 0.25 0.00 2.79 0.02  0.00  0.08 94.44

595  0.94  46.54 33.33  0.84  10.04 0.00 0.00 0.23 0.15 0.03 2.67 0.01  0.04  0.02 94.85

595  0.96  46.72 32.83  0.96  9.77 0.00 0.01 0.28 0.25 0.00 2.54 0.00  0.03  0.03 94.39

595  0.61  48.84 29.58  1.72  10.00 0.00 0.00 0.28 0.18 0.02 3.21 0.00  0.03  0.00 94.47

595  0.97  46.33 33.04  0.74  9.72 0.00 0.00 0.25 0.18 0.08 2.35 0.00  0.00  0.00 93.67

595  0.96  46.25 34.07  0.72  9.76 0.00 0.05 0.28 0.24 0.00 2.54 0.00  0.05  0.02 94.95

595  0.89  46.35 33.60  0.73  9.87 0.00 0.01 0.25 0.34 0.10 2.60 0.01  0.05  0.06 94.86

605  1.49  46.74 33.01  1.02  9.02 0.02 0.00 0.24 0.35 0.03 2.98 0.03  0.03  0.01 94.97

605  1.46  46.13 32.97  0.87  8.95 0.01 0.00 0.28 0.36 0.00 2.94 0.00  0.07  0.05 94.10

605  1.38  45.84 32.92  0.87  9.29 0.00 0.00 0.28 0.37 0.01 3.19 0.02  0.07  0.04 94.28

605  1.75  46.29 33.81  0.70  8.55 0.00 0.00 0.25 0.36 0.00 2.61 0.00  0.02  0.01 94.34

605  1.18  47.05 30.99  1.33  9.35 0.01 0.01 0.23 0.28 0.01 3.15 0.00  0.05  0.03 93.67

605  1.18  47.08 31.14  1.28  9.21 0.00 0.01 0.20 0.89 0.00 3.27 0.00  0.01  0.04 94.31

605  1.03  46.90 30.82  1.47  9.64 0.01 0.02 0.26 0.32 0.00 3.53 0.04  0.02  0.00 94.06

605  1.60  46.36 32.63  0.96  8.84 0.00 0.00 0.23 0.32 0.08 2.85 0.03  0.03  0.01 93.95

605  1.41  46.86 32.39  1.07  9.11 0.00 0.00 0.31 0.50 0.00 3.09 0.01  0.00  0.02 94.78

695  1.19  46.59 33.02  0.92  9.30 0.02 0.00 0.24 0.26 0.00 1.95 0.00  0.03  0.05 93.57

695  1.02  46.63 33.27  0.90  9.59 0.01 0.00 0.32 0.26 0.00 2.22 0.06  0.00  0.00 94.28

695  1.25  46.63 33.25  0.87  9.28 0.01 0.01 0.25 0.29 0.03 2.41 0.00  0.00  0.03 94.31

695  1.07  46.66 33.66  0.85  9.42 0.00 0.00 0.31 0.31 0.00 2.21 0.06  0.02  0.02 94.58

695  1.14  46.71 32.91  0.95  9.53 0.02 0.00 0.22 0.29 0.00 2.45 0.00  0.02  0.01 94.24

695  1.06  46.73 33.75  0.76  9.56 0.00 0.01 0.22 0.21 0.01 2.21 0.00  0.01  0.06 94.59

695  1.04  47.08 33.61  0.91  9.50 0.00 0.00 0.27 0.26 0.00 2.20 0.06  0.00  0.01 94.94

695  1.23  46.84 33.19  0.96  9.54 0.00 0.00 0.20 0.30 0.01 2.22 0.05  0.06  0.02 94.61

695  0.93  46.53 33.07  0.93  9.70 0.00 0.00 0.36 0.31 0.00 2.53 0.02  0.00  0.02 94.40

695  1.14  46.64 33.13  0.96  9.34 0.00 0.00 0.20 0.29 0.00 2.28 0.00  0.00  0.02 94.01

695  1.24  46.80 32.93  0.98  9.42 0.01 0.00 0.24 0.27 0.00 2.30 0.00  0.05  0.06 94.31

695  1.13  46.39 33.16  0.90  9.45 0.00 0.00 0.25 0.25 0.00 2.06 0.02  0.00  0.05 93.65

695  1.07  46.53 33.41  0.85  9.47 0.00 0.00 0.21 0.31 0.00 2.08 0.00  0.04  0.01 93.98

695  1.13  46.09 33.78  0.78  9.53 0.00 0.01 0.24 0.30 0.00 2.05 0.02  0.00  0.00 93.94

695  1.09  46.70 33.43  0.94  9.40 0.00 0.00 0.23 0.22 0.01 2.29 0.02  0.00  0.01 94.35

695  1.22  46.60 33.41  0.83  9.19 0.00 0.00 0.16 0.23 0.00 2.29 0.00  0.00  0.01 93.94

695  1.19  46.59 33.17  0.81  9.56 0.02 0.00 0.21 0.20 0.15 2.35 0.01  0.01  0.00 94.28

695  1.06  47.14 32.85  0.95  9.57 0.00 0.00 0.20 0.25 0.06 2.50 0.00  0.02  0.02 94.62

695  1.15  46.61 32.92  0.98  9.51 0.00 0.00 0.25 0.29 0.00 2.45 0.03  0.07  0.05 94.30

595(FISH)  0.96  46.13 33.71  0.79  9.69 0.00 0.02 0.23 0.20 0.01 2.64 0.00  0.03  0.05 94.46

595(FISH)  0.97  45.96 33.71  0.56  10.04 0.00 0.00 0.20 0.08 0.00 2.35 0.05  0.00  0.00 93.93

595(FISH)  0.81  47.39 31.92  1.17  10.01 0.01 0.01 0.17 0.20 0.01 2.86 0.00  0.00  0.06 94.62

Table A1: WDS analysis indicating oxide weight % of  all samples. Fish is a mica grain found inside a mica 
fish. D2 is a mica grain that formed after the main, mylonitic texture formed. Shadow is a mica grain found 
inside a pressure shadow. Other grains with just the sample number are mica grains found in the main foliation 
fabric. 
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595(FISH)  0.97  46.06 33.42  0.78  9.79 0.01 0.04 0.22 0.18 0.01 2.54 0.02  0.01  0.03 94.09

595 D2  0.74  46.76 33.06  0.83  10.12 0.01 0.00 0.23 0.17 0.00 2.83 0.05  0.02  0.04 94.85

595 D2  0.58  47.28 31.27  1.29  10.09 0.00 0.00 0.22 0.13 0.03 3.24 0.02  0.03  0.00 94.17

595 D2  0.69  47.70 31.03  1.40  10.16 0.00 0.00 0.22 0.14 0.01 3.20 0.00  0.02  0.09 94.68

595 D2  0.71  46.73 32.36  0.98  10.07 0.01 0.01 0.24 0.21 0.01 2.94 0.01  0.10  0.01 94.40

595 D2  0.96  47.13 33.10  0.96  9.83 0.00 0.01 0.27 0.28 0.01 2.55 0.01  0.03  0.02 95.16
605 D2  1.07  46.27 32.29  1.03  9.40 0.00 0.01 0.22 0.29 0.00 3.03 0.00  0.03  0.06 93.70

605 D2  1.25  45.89 31.53  1.10  9.24 0.01 0.00 0.29 0.42 0.01 3.09 0.01  0.05  0.03 92.93

605 D2  1.24  46.66 32.23  1.14  9.61 0.00 0.01 0.35 0.33 0.07 3.43 0.00  0.04  0.02 95.13

605 D2  0.95  46.36 31.52  1.15  9.47 0.01 0.01 0.30 0.36 0.00 3.31 0.00  0.04  0.04 93.54

605(SHADOW)  1.80  46.19 33.53  0.81  8.68 0.01 0.02 0.23 0.26 0.04 2.75 0.00  0.00  0.03 94.35

605(SHADOW)  1.42  45.86 33.20  0.83  9.27 0.00 0.00 0.22 0.32 0.03 3.01 0.01  0.05  0.01 94.23

605(SHADOW)  1.14  46.29 31.44  1.28  9.36 0.00 0.00 0.28 0.33 0.00 3.87 0.07  0.02  0.08 94.15

605(SHADOW)  1.30  46.77 31.84  1.25  9.35 0.00 0.00 0.31 0.34 0.00 3.56 0.02  0.00  0.00 94.76

605(SHADOW)  1.40  46.62 32.77  1.07  9.20 0.00 0.01 0.26 0.52 0.04 3.17 0.01  0.01  0.01 95.08

605(SHADOW)  1.20  46.73 31.98  1.03  9.17 0.00 0.01 0.22 0.42 0.07 3.53 0.00  0.00  0.01 94.38

605(SHADOW)  1.26  47.39 32.15  1.29  9.40 0.00 0.01 0.30 0.34 0.00 3.34 0.01  0.05  0.06 95.62

695 D2  0.87  46.59 32.91  1.00  9.95 0.02 0.00 0.26 0.30 0.07 2.40 0.02  0.02  0.02 94.44

 

Sample  Si  Al  Ti    Ba Mg Mn Fe K Na  V  Cr

595  3.10  2.72  0.01  0.01 0.06 0.00 0.14 0.88 0.10  0.00  0.00 

595  3.16  2.61  0.01  0.00 0.09 0.00 0.16 0.81 0.13  0.01  0.00 

595  3.12  2.68  0.02  0.01 0.06 0.00 0.14 0.86 0.13  0.00  0.00 

595  3.11  2.70  0.00  0.01 0.07 0.00 0.14 0.86 0.12  0.01  0.00 

595  3.23  2.49  0.01  0.00 0.13 0.00 0.16 0.87 0.10  0.01  0.00 

595   3.14  2.65  0.01  0.01 0.08 0.00 0.15 0.86 0.12  0.00  0.00 

595  3.16  2.61  0.01  0.01 0.10 0.00 0.14 0.84 0.13  0.01  0.00 

595  3.30  2.36  0.01  0.01 0.17 0.00 0.18 0.86 0.08  0.00  0.00 

595  3.15  2.65  0.01  0.01 0.08 0.00 0.13 0.84 0.13  0.00  0.00 

595  3.11  2.70  0.01  0.01 0.07 0.00 0.14 0.84 0.13  0.00  0.00 

595  3.12  2.67  0.02  0.01 0.07 0.00 0.15 0.85 0.12  0.01  0.00 

605  3.14  2.61  0.02  0.01 0.10 0.00 0.17 0.77 0.19  0.00  0.00 

605  3.13  2.63  0.02  0.01 0.09 0.00 0.17 0.77 0.19  0.01  0.00 

605  3.11  2.64  0.02  0.01 0.09 0.00 0.18 0.81 0.18  0.01  0.00 

605  3.12  2.68  0.02  0.01 0.07 0.00 0.15 0.73 0.23  0.00  0.00 

605  3.21  2.49  0.01  0.01 0.14 0.00 0.18 0.81 0.16  0.01  0.00 

605  3.19  2.49  0.05  0.01 0.13 0.00 0.19 0.80 0.15  0.01  0.00 

605  3.20  2.48  0.02  0.01 0.15 0.00 0.20 0.84 0.14  0.00  0.00 

605  3.15  2.61  0.02  0.01 0.10 0.00 0.16 0.77 0.21  0.00  0.00 

605  3.16  2.57  0.03  0.01 0.11 0.00 0.17 0.78 0.18  0.00  0.00 

695  3.16  2.64  0.01  0.01 0.09 0.00 0.11 0.80 0.16  0.01  0.00 

695  3.15  2.65  0.01  0.01 0.09 0.00 0.13 0.83 0.13  0.00  0.00 

695  3.15  2.64  0.01  0.01 0.09 0.00 0.14 0.80 0.16  0.01  0.00 

695  3.14  2.67  0.02  0.01 0.09 0.00 0.12 0.81 0.14  0.00  0.00 

695  3.16  2.62  0.01  0.01 0.10 0.00 0.14 0.82 0.15  0.00  0.00 

695  3.14  2.67  0.01  0.01 0.08 0.00 0.12 0.82 0.14  0.01  0.00 

695  3.15  2.63  0.02  0.01 0.10 0.00 0.12 0.82 0.16  0.00  0.00 

Table A2: a.p.f.u. calcualtions for all samples 
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695  3.14  2.63  0.02  0.01 0.09 0.00 0.14 0.84 0.12  0.00  0.00 

695  3.15  2.64  0.01  0.01 0.10 0.00 0.13 0.81 0.15  0.00  0.00 

695  3.16  2.62  0.01  0.01 0.10 0.00 0.13 0.81 0.16  0.01  0.00 

695   3.15  2.65  0.01  0.01 0.09 0.00 0.12 0.82 0.15  0.01  0.00 

695  3.14  2.66  0.02  0.01 0.09 0.00 0.12 0.82 0.14  0.00  0.00 

695  3.12  2.69  0.02  0.01 0.08 0.00 0.12 0.82 0.15  0.00  0.00 

695   3.15  2.65  0.01  0.01 0.09 0.00 0.13 0.81 0.14  0.00  0.00 

695  3.15  2.66  0.01  0.00 0.08 0.00 0.13 0.79 0.16  0.00  0.00 

695  3.15  2.64  0.01  0.01 0.08 0.00 0.13 0.82 0.16  0.00  0.00 

695  3.17  2.60  0.01  0.01 0.10 0.00 0.14 0.82 0.14  0.00  0.00 

695  3.15  2.62  0.01  0.01 0.10 0.00 0.14 0.82 0.15  0.01  0.00 

595 (FISH)  3.12  2.68  0.01  0.01 0.08 0.00 0.15 0.83 0.13  0.01  0.00 

595 (FISH)  3.12  2.70  0.00  0.01 0.06 0.00 0.13 0.87 0.13  0.00  0.00 

595 (FISH)  3.20  2.54  0.01  0.00 0.12 0.00 0.16 0.86 0.11  0.01  0.00 

595 (FISH)  3.12  2.67  0.01  0.01 0.08 0.00 0.14 0.85 0.13  0.01  0.00 

595 D2  3.21  2.51  0.01  0.01 0.13 0.00 0.18 0.88 0.08  0.00  0.00 

595 D2  3.17  2.59  0.01  0.01 0.10 0.00 0.17 0.87 0.09  0.00  0.01 

595 D2  3.23  2.47  0.01  0.01 0.14 0.00 0.18 0.88 0.09  0.02  0.00 

605 D2  3.15  2.59  0.01  0.01 0.10 0.00 0.17 0.82 0.14  0.01  0.00 

605 D2  3.16  2.56  0.02  0.01 0.11 0.00 0.18 0.81 0.17  0.01  0.00 

595 D2  3.15  2.63  0.01  0.01 0.08 0.00 0.16 0.87 0.10  0.01  0.00 

595 D2  3.16  2.61  0.01  0.01 0.10 0.00 0.14 0.84 0.12  0.00  0.00 

605 D2  3.15  2.56  0.02  0.01 0.12 0.00 0.19 0.83 0.16  0.00  0.00 

695 D2  3.15  2.62  0.02  0.01 0.10 0.00 0.14 0.86 0.11  0.00  0.00 

695 D2  3.15  2.65  0.01  0.01 0.09 0.00 0.12 0.81 0.14  0.00  0.00 

605 D2  3.17  2.54  0.02  0.01 0.12 0.00 0.19 0.83 0.13  0.01  0.00 

605 (SHADOW)  3.16  2.53  0.02  0.01 0.13 0.00 0.22 0.82 0.15  0.01  0.00 

605 (SHADOW)  3.17  2.54  0.02  0.01 0.13 0.00 0.20 0.81 0.17  0.00  0.00 

605 (SHADOW)   3.14  2.60  0.03  0.01 0.11 0.00 0.18 0.79 0.18  0.00  0.00 

605 (SHADOW)  3.17  2.56  0.02  0.01 0.10 0.00 0.20 0.79 0.16  0.00  0.00 

605 (SHADOW)  3.17  2.54  0.02  0.01 0.13 0.00 0.19 0.80 0.16  0.01  0.00 

605 (SHADOW)  3.12  2.67  0.01  0.01 0.08 0.00 0.16 0.75 0.24  0.00  0.00 

605 (SHADOW)  3.1121  2.6553  0.0161    0.0060 0.0835 0.0008 0.1708 0.8025 0.1868  0.0013  0.0028
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Appendix 2: Rb-Sr Data 
 

 
Sample # 87Rb/86Sr  1s  87Sr/86Sr  1s 

595‐Bt1  968  70  6.50  0.41 
595‐Bt2  464  59  3.48  0.36 
595‐Bt3  1372  98  8.91  0.58 
595‐Ms1  5.13  0.13  0.766  0.003 
595‐Ms2  7.55  0.33  0.779  0.004 
595‐Ms3  6.60  0.24  0.773  0.005 
595‐Ms4  14.44  1.16  0.816  0.007 
595‐Ms5  7.96  0.45  0.778  0.004 
595‐Ms6  3.13  0.03  0.755  0.003 
595‐Ms7  6.75  0.33  0.772  0.004 
595‐Ms8  5.97  0.22  0.769  0.004 
595‐Ms9  5.45  0.17  0.764  0.003 
595‐Ms10  13.69  0.80  0.808  0.006 
595‐Ms11  13.04  0.68  0.812  0.006 
595‐Ms12  9.05  0.41  0.782  0.004 
595‐Ms13  5.37  0.12  0.765  0.003 
595‐Ms14  10.28  0.47  0.798  0.005 
595‐Ms15  6.21  0.17  0.765  0.003 
595‐Ms16  5.84  0.14  0.762  0.003 
595‐Ms17  6.15  0.14  0.767  0.003 

Sample # 87Rb/86Sr 1s 87Sr/86Sr 1s 
605‐Bt1 102  8  1.289  0.044 

605‐Bt2  526  29  3.812  0.166 
605‐Bt3  35.6  1.2  0.934  0.007 
605‐Ms1  11.74  0.15  0.789  0.003 
605‐Ms2  12.56  0.06  0.797  0.002 
605‐Ms3  12.21  0.08  0.797  0.002 
605‐Ms4  7.02  0.04  0.764  0.002 
605‐Ms5  16.99  0.72  0.829  0.005 
605‐Ms6  6.13  0.04  0.758  0.002 
Sample # 87Rb/86Sr 1s 87Sr/86Sr 1s 
695‐Bt1  43 5 0.958 0.020 
695‐Bt2 289  9  2.382  0.054 

695‐Bt3  251  20  2.185  0.103 
695‐Ms1  2.68  0.03  0.752  0.002 
695‐Ms2  3.59  0.09  0.756  0.002 
695‐Ms3  2.55  0.02  0.752  0.001 
695‐Ms4  3.49  0.06  0.756  0.001 
695‐Ms5  2.12  0.03  0.748  0.002 
695‐Ms6  2.15  0.01  0.750  0.001 
695‐Ms7  8.45  0.13  0.784  0.002 
695‐Ms8  4.28  0.04  0.759  0.001 
695‐Ms9  3.72  0.03  0.756  0.001 
695‐Ms10  3.76  0.03  0.757  0.001 

 

Table A3: 87Rb/86Sr ratios, 87Sr/86Sr ratios, and 
standard deviations (1s) for all samples that were dated. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Examensarbete vid Institutionen för geovetenskaper 
ISSN 1650-6553 




