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Abstract 
 
Metamorphic Evolution of the Tjeliken Garnet-Phengite Gneiss, Northern Jämtland, 
Swedish Caledonides 
Barbro Andersson 
 
The Tjeliken Mountain in northern Jämtland, central Scandinavian Caledonides is by most authors 
considered to belong to the Lower Seve Nappe Complex (SNC). However, recently P-T conditions 
similar to the Middle Seve have been constrained for the eclogite at the top of the mountain, revitalizing 
the tectonic debate about Tjeliken. Also the timing of high-pressure metamorphism is debated. Two 
earlier studies of the eclogite yield ages between 464 Ma and 446 Ma. This study focuses on the garnet-
phengite gneiss hosting the eclogite. By construction of P-T conditions and dating the two discrepancies 
above are investigated.  

U/Pb zircon dating by secondary ion mass spectrometry technique (SIMS) targeted on metamorphic 
rims yield a concordia age of 460.2 ± 2.7 Ma corresponding well to earlier c. 463.7 ± 8.9 Ma Sm/Nd 
dating of the eclogite.  

The inferred peak mineral assemblage of the gneiss is garnet + phengite + quartz + K-feldspar + 
titanite ± H2O. Thermodynamic modelling reveal that garnet cores equilibrated within 1.9 - 2.6 GPa and 
600 - 700 °C. Fe2+-Mg garnet-phengite thermometry involving garnet rims yields temperatures of c. 650 
- 715 °C revealing relatively similar temperatures during growth of garnet core and rim, respectively. 

Garnet chemistry is characterised by oscillatory zoning with an antithetic pattern of Ca and Fe. The 
former decreases from core to rim, whereas the latter increases. The opposite trend is observed in 
epidote-group minerals suggesting exchange between the two minerals during garnet growth. Skeletal 
textures and atoll textures together with observed chemical pattern may indicate multiple garnet growth 
episodes.  

The results of the study points toward similar P-T history of the Tjeliken eclogite and gneiss in favour 
of the interpretation of considering the whole Tjeliken to belong to the Lower Seve. The obtained U/Pb 
age support other age constraints in the area suggesting high-pressure metamorphism at c. 460 Ma 
related to a subduction event affecting the central Scandinavian Caledonides at c. 460 - 450 Ma. 
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Populärvetenskaplig sammanfattning 
 
Den metamorfa utvecklingen av Tjelikens granat- och fengitförande gnejs, norra Jämt-
land, svenska Kaledoniderna 
Barbro Andersson 
 
Den skandinaviska fjällkedjan, vetenskapligt benämnd de skandinaviska Kaledoniderna, har bildats på 
samma sätt som Himalaya och har därför liknande uppbyggnad. Från början tros fjällen ha varit av 
samma storlek som Himalayas berg. Deras ålder på cirka 400 miljoner år gör dock att miljontals års 
påverkan från vatten och vind har eroderat ner dem till dagens betydligt lägre fjäll. Den bergsyta vi ser 
idag utgör därför vad som från början var fjällkedjans kärna. Därför utgör de skandinaviska 
Kaledoniderna en unik möjlighet att studera en bergskedjas inre, vilket kan ge viktig information om 
bergkedjebildande processer.  

Forskning har visat att fjällkedjan bildades då Japetushavet mellan kontinenterna Baltika och 
Laurentia stängdes. Detta resulterade till slut i en kollision mellan de två kontinenterna där stora flak 
(skollor) av mellanliggande havsbotten och kontinentalskorpa transporterades hundratals kilometer upp 
på Baltika. Skollorna utgör idag våra fjäll. Känt är också att innan kontinentalkollisionen så kolliderade 
Baltika med öar i havet, varvid dess kontinentalkant pressades djupt ner under jordskorpan, ända ner i 
manteln. Bevis för detta återfinns idag i Sevesskollan ibland annat de jämtländska fjällen i form av 
högtrycksbergarter. Dessa har bildats under de höga tryck och temperaturer som råder på stora djup i 
jordens inre. Genom att studera högtrycksbergarter kan man förstå fjällkedjans bildande. Fjället Tjeliken 
i norra Jämtland är en av de idag kända fyndplatserna av högtrycksbergarter. Dess topp består av 
bergarten eklogit och dess lägre delar av gnejs, samt kvarts. Tidigare studier av eklogiten visar att den 
har bildats vid tryck och temperatur på cirka 2.6 GPa och 700 °C, vilket motsvarar att den varit 
nedpressad cirka 80 km under jordytan. Den exakta tidpunkten då detta skedde har inte kunnat fastställas 
då olika dateringsmetoder gett olika resultat mellan cirka 464 till 446 miljoner år sedan. I denna studie 
studeras tryck- och temperaturförhållanden för gnejsen som jämförelse till eklogiten, för att kunna 
fastställa om de båda bergarterna har genomgått samma bildningsprocesser. En ny datering genomförs 
också för att bättre kunna fastställa tidpunkten för högtrycksfasen.  

Datering baserat på radioaktivt sönderfall av uran till bly i mineralet zirkon visar att högtrycksfasen 
inträffade för cirka 460 miljoner år sedan. Modellering baserat på termodynamiska principer visar att 
kärnorna i mineralet granat bildades inom tryck- och temperaturområdet 1.9–2.6 GPa och c. 680-700 
°C. En komplex kemisk zonering av granaterna indikerar att de möjligen bildades under flera 
tillväxtfaser, vilka inom ramen för denna studie inte kunnat modelleras, då mer avancerade metoder 
krävs. Denna studie visar dock att eklogiten och gnejsen sannolikt delar en gemensam tryck- och 
temperaturhistoria, vilken är relaterad till den djupa nedpressningen av Baltikas kontinentalkant under 
sen ordovicium. Dateringen stödjer även övriga åldersdateringar i området av högtrycksfasen. 
 
Nyckelord: Seveskollan, skandinaviska Kaledoniderna, högtrycksmetamorfos, uran-bly datering, 
högtrycksgnejs 
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1. Introduction 

The Scandinavian Caledonides flanking the western part of Fennoscandia is one of the oldest 

existing continent-continent collisional type orogen and has many similarities to the considerably 

younger collisional type orogen Himalaya. Today the Scandinavian Caledonides are eroded down to 

mid crustal level. For this reason they offer a unique opportunity to study the interior of orogens, 

which can provide important insights in the various processes active during continent-continent 

collisions.  

Compared to other orogens the Scandinavian Caledonides are fairly unstudied. It is widely 

accepted that the mountains formed in early Paleozoic era due to the closure of the Iapetus Ocean and 

subsequent collision between the continents Laurentia and Baltica. The allochthonous 

tectonostratigraphy represents different parts of the former Laurentia-Iapetus Ocean-Baltica 

convergent setting. The allochthons are known to have been transported long distances during the 

collisional phase (e.g. Gee et al., 2013). Furthermore, metamorphic studies of the Seve Nappe 

Complex (SNC) have shown that the Baltoscandian margin was subducted to great depths prior the 

collision (Albrecht & Andréasson, 2000; Janák et al., 2013; Klonowska et al., 2014; 2015a; 2015b, 

Litjes, 2002; Majka et al., 2014a; 2014b; Van Roermund, 1985). However, details of the subduction, 

exhumation processes and transportation of nappes are still unidentified as well as the exact timing of 

the various stages.  

The Tjeliken Mountain in northern Jämtland is one of the studied areas in the SNC. The mountain 

consists of a top of eclogite located in a gneiss. Based on mapping and pressure-temperature (P-T) 

data there are currently two tectonic interpretations of the mountain (Van Roermund, 1985; Litjes, 

2002; Majka et al., 2014a; Strömberg et al., 1984; Zachrisson & Sjöstrand, 1990). One that considers 

Tjeliken to be a klippe of Middle Seve in Lower Seve and another one where the whole Tjeliken 

Mountain is interpreted to belong to the Lower Seve. Furthermore, earlier dating has not yielded 

conclusive ages of the high-pressure metamorphism phase. Current age data indicate that it occured 

sometime between 464 Ma and 446 Ma (Brueckner & Van Roermund, 2007; Root & Corfu, 2012). 

These results are based on studies made on the eclogite. This study focuses on the gneiss. The main 

objectives are to unravel its metamorphic evolution in order to investigate if it resembles that of the 

eclogite and to resolve the current age discrepancy. The hypothesis is that earlier P-T constraints of the 

gneiss are underestimations. The metamorphic evolution of the gneiss is investigated by conventional 

petrographical studies and microprobe analysis. P-T constraints are made by Fe-Mg garnet-phengite 

thermometry and thermodynamic modelling. The timing of high-pressure metamorphism is 

constrained by U/Pb zircon geochronology.  

The study provides new slightly higher P-T constraints for the gneiss, but is not able to 

equivocally establish its peak-metamorphic conditions. This is partly because of a complicated garnet 
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chemistry that gives important information about the subduction process of the Seve Nappe Complex. 

New age constraints made for the gneiss confirms peak-metamorphism in northern Jämtland at the 

older end of the earlier constrained age span.  

2. Background  

The structure and the evolution of the Scandinavian Caledonides are described below including 

the current state of research regarding (ultra)-high-pressure ((U)HP) rocks in the Seve Nappe 

Complex. 

2.1 Tectonostratigraphy of the Scandinavian Caledonides  

The Scandinavian Caledonides flanks the western part of the Fennoscandian shield and is the 

result of the latest orogenic phase affecting it (Figure 1). Together with the Svalbard Caledonides they 

constitute the eastern part of the North Atlantic Caledonides. The western part is exposed on eastern 

Greenland and in Scotland (Gee et al., 2008).  

In Scandinavia the Caledonides extend for almost 2000 km in a NNE-SSW trending direction 

situated in Norway and north-eastern parts of Sweden. The central and southern parts of the orogen are 

c. 300 km wide, whereas the northern parts are narrower (Gee et al., 2008).  

The Scandinavian Caledonides are a large fold-and-thrust belt. The tectonostratigraphy is 

characterised by far transported nappes thrusted on top of each other. Based on the original position of 

the allochthons in the Baltica – Laurentia convergent setting they are traditionally grouped into four 

major allochthons: the Lower, Middle, Upper and Uppermost Allochthon (Figure 1) (Gee et al., 2008). 

The Lower and the Middle Allochthon have Baltic affinity. The former made up of Ediacaran to 

Cambrian Baltoscandian passive margin and foreland basin including sandstones, turbidites, shales, 

limestone and greywackes (Roberts & Gee, 1985). The latter is made up of Cryogenian to Ediacaran 

rifted Baltoscandian margin and a continent-ocean transition zone. The lithology in the Middle 

Allochthon is dominated by sandstones intruded by mafic dykes. The Upper Allochthon is of Iapetus 

ocean affinity and is made up of Cambrian-Ordovician Iapetus Ocean derived lithologies including 

metasediment, igneous rocks, ophiolites and island-arc complexes. The Uppermost Allochthon is of 

exotic affinity, most likely of Laurentian origin, containing island arc complexes and other Laurentian 

lithologies (Gee et al., 2008).  

The allochthons overlie Precambrian basement and a thick Neoproterozoic to Silurian 

metasedimentary cover. Both are folded together with the nappes in large-scale eastvergent antiforms 

and synforms. The axial trend is parallel to the length of the orogen. The basement becomes more 

affected and reworked by the Caledonian orogenic phases towards the west (Gee et al., 2008). The 

nappes are characterised by pinch-and-swell structure. The east-west trending boudins are the result of 

extensional tectonics during the orogenic collapse (Gee, 1978). 
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With scientific advances the above description of the Scandinavian Caledonides as a layered cake 

has turned out to sometimes simplify the tectonic situation. This is exemplified by e.g. the Jotun and 

Lindås nappes in southern Norway belonging to the Middle Allochthon, but overlying the Upper 

Allochthon. Nevertheless, grouping the nappes into four major allochthons provides a convenient way 

to understand the basic structure of the Scandinavian Caledonides. For this reason the layered-cake 

concept will be used also in this study (Roberts & Gee, 1985; Corfu et al., 2014).  

 

  

 

Figure 1. Tectonostratigraphic map of the Scandinavian Caledonides showing the four major allochthons and 

related units. Exposure of the Seve Nappe Complex (SNC) is marked in orange. The stars mark occurrence of 

(ultra)-high-pressure rocks in the SNC and related nappes in southern Norway (modified from Gee et al., 2010).   
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2.2 Subduction – eduction events recorded within the Scandinavian 

Caledonides  

The Caledonides formed due to the closure of the Ediacaran-Cambrian Iapetus Ocean separating 

the two continents, Laurentia and Baltica. The ocean formed due to the break up of the Neoproterozoic 

supercontinent Rhodinia marked by extensive dike swarm intrusions at c. 665 Ma (Claesson & 

Roddick, 1983). At pre-contractional stage the Iapetus Ocean was scattered by islands that during 

convergence collided with Laurentia and Baltica (Torsvik et al., 1996). Contraction of the ocean 

started in Early Ordovician with the development of westward dipping subduction zones at both the 

Laurentian and Baltoscandian margin. Progressive closure of the Iapetus Ocean resulted in multiple 

collisions between the continents and islands before the final continent-continent collision in the Mid-

Silurian-Early Devonian (Gee et al., 2013). From (ultra)-high pressure rocks three orogenic phases 

have been identified at c. 500-480 Ma, 460-450 Ma and 430-400 affecting northern, central and 

southern Scandinavian Caledonides, respectively (Figure 1).  

The oldest phase is termed the Finnmarkian orogeny and is traceable by eclogites and peridotites 

in the southern Norrbotten County, Sweden. It involved the outermost margin of Baltica and the 

continent-ocean transition zone that collided with a microcontinent or island arc (Sturt et al., 1978; 

Roberts, 2003; Brueckner & Van Roermund, 2004). The collision resulted in deep subduction of the 

outermost margin Baltica during which the earlier intruded dikes were metamorphosed to 

amphibolites and eclogites. Also peridotites were introduced into the subducting slab from the 

overlying mantle wedge (Brueckner & Van Roermund, 2004). The existence of the Finnmarkian phase 

as a separate orogenic phase has been questioned by some authors that argue that the rocks and 

structures considered to be of Finnmarkian age are the result of an earlier event instead (Corfu et al., 

2014). However, by most authors the Finnmarkian phase is accepted.  

The second phase at c. 460-450 Ma affected the central parts of the orogen and is recorded by 

(U)HP rocks in Jämtland. Also this phase is a result of a collision between Baltica and a 

microcontinent or an island arc. The event is further elaborated in section 2.4 (Brueckner & Van 

Roermund, 2004; Majka et al., 2014b).  

The closure of the Iapetus Ocean culminated with the final Scandian continental collision starting 

at c. 430 Ma. At this time Baltica underthrusted Laurentia. During mid Silurian to early Devonian 

assemblages of Baltic affinity and exotic terranes were thrusted over Baltica (e.g. Roberts, 2003). The 

eastward transportation of nappes occurred over several hundreds of kilometers creating an east 

vergence nappe pile (Gee, 1975). Eclogite facies metamorphism recording this phase is dated to c. 

418-400 Ma in the Western Gneiss Region, southern Norway (e.g. Brueckner & Van Roermund, 

2004). Later gravitational collapse of the orogen and the following extensional tectonics further 

emplaced the nappes resulting in a final transportation distance of at least 1000 km and the pinch-and-

swell deformation structure of the nappes (Gee, 1978).  
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The geometry of the Scandian collision has been a matter of debate and yet is. Two lines of 

argument are present. One that regards the collision to be orthogonal or slightly oblique based on the 

large scale SSE-ESE transportation of nappes observed in Scandinavian Caledonides (e.g. Gee, 1975). 

Others authors argue that the collision was more of sinistral transpressive character based on structural 

evidence and stratigraphy mainly in the hinterland of the orogen (Soper et al., 1992).    

 

2.3 The Seve Nappe Complex 

The Seve Nappe Complex (SNC) comprises the uppermost part of the Middle Allochthon and 

represents the outermost margin of pre-collisional Baltica. It is mainly exposed in the Swedish part of 

the Scandinavian Caledonides and can be traced c. 1000 km along the strike of the orogen (Figure 1) 

(Gee, 1978). In the Swedish Caledonides the SNC is the only known unit hosting (U)HP rocks. These 

suggest deep subuction during the evolution of the Scandinavian Caledondies and for that reason the 

Seve Nappe Complex is a key unit to understand the evolution of the orogen. In the following section 

the characteristics of the SNC are described.  

2.3.1 Tectonostratigraphy and lithology 

The Seve Nappe Complex is divided into three major tectonic units. In Jämtland these are referred 

to as the Lower, Middle and Upper Seve or the Eastern, Central and Western belt from bottom to top 

(Zachrisson & Sjöstrand, 1990; Zwart, 1974). The units differ both in metamorphic grade and 

lithology.  

 

The Lower Seve Nappe 

 The Lower Seve Nappe comprises similar lithologies as the underlying Särv Nappe. However it 

has been metamorphosed to higher degree and is more deformed. This indicates a separation in 

distance between the two nappes before translation onto the Baltic Shield (Gee, 1975). A mylonite 

zone at the base of the Lower Seve separates it from the Särv Nappe (Zwart, 1974). Quartzo-

feldspathic gneisses and quartzites dominate in the Lower Seve. Associated rocks are garnet-mica 

schists and kyanite-staurolite schists. Layers of amphibolites are intercalated between the schists and 

gneisses. They also occur as lenses within the schist and gneiss dominated layers. Calc-silicates, 

garnet-phengite gneisses, ultramafics and eclogites occur in the uppermost quartzo-feldspathic rock 

units (Van Roermund & Bakker, 1983). Metamorphic studies indicate P-T conditions of 1.4 - 1.6 GPa 

and 550 - 680 ˚C for the Lower Seve Nappe (Van Roermund, 1985; Litjes, 2002) 
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The Middle Seve Nappe 

The Middle Seve is separated from the Lower Seve by a mylonite zone at its base (Zwart, 1974). 

The Seve Nappe Complex is characterised by inverted metamorphic grade, with the highest grade in 

its middle (Van Roermund, 1982). Several P-T constraints made for Middle Seve yield P-T conditions 

of c. 2.0 - 3.0 GPa and 700 – 800 ˚C (Jának et al., 2013; Klonowska et al., 2014; 2015b; Majka et al., 

2014a; 2014b). The kyanite-sillimanite and quartz-feldspar gneisses in the Middle Seve are 

migmatized to different degree. The Upper and Lower Seve lack migmatites. Amphibolite occurs as 

continuous layers or thick bodies. The kyanite-sillimanite gneisses are of two kinds, separated by 

amphibolites. The uppermost gneiss unit contain muscovite-pegmatites and abundant quartzites 

whereas the lower gneiss unit contains eclogite bodies or layers. Foliated ultramafic bodies are 

common in the Middle Seve, typically restricted to the contacts between different rock units (Van 

Roermund & Bakker, 1983).  

 

The Upper Seve Nappe 

The Upper Seve is the least studied Seve unit. It consists of quartz-mica schists and gneisses. 

Amphibolite layers or bodies of different sizes occur in the gneiss, sometimes with a thickness of a 

few hundred metres. In contrast to the Lower and Middle Seve high-pressure rocks are absent from the 

Upper Seve. However kyanite and sillimanite has been found, indicating at least amphibolite facies 

metamorphism. The contact between the Middle Seve and Upper Seve is often badly exposed and for 

that reason considered to be gradational. A tectonic contact separates the Upper Seve from the 

overlying Köli Nappe of Iapetus ocean affinity (Zwart, 1974).  

 

2.3.2 Metamorphic studies of Seve (U)HP rocks  

Metamorphic studies of the Seve rocks have so far mainly been focused on the Jämtland area. 

Figure 2 shows approximate geographical location of the known provenances of (U)HP rocks in 

Jämtland. These are located in northern and west-central Jämtland.  

For Middle Seve thermodynamic modelling of a kyanite-bearing eclogite at Lake Friningen, 

northern Jämtland, yielded P-T conditions at  c. 3 GPa and 800 °C (Janák et al., 2013). Similar 

conditions have been constrained for Middle Seve rocks in west-central Jämtland. Thermodynamic 

modelling of a kyanite-garnet bearing paragneiss at Åreskutan yielded P-T conditions of 2.6 - 3.2 GPa 

and 700 - 720 °C (Klonowska et al., 2014). At Snasahögarna circa 40 km southwest of Åreskutan the 

first discovery of metamorphic diamond in the Swedish Caledonides was recently made (Majka et al., 

2014b). Later diamonds included in garnets were also found in the Åreskutan gneisses (Klonowska et 

al., 2015b).  

For the Tjeliken area in northern Jämtland by most authors considered to belong to Lower Seve 

early studies indicated substantially lower conditions than those obtained for the above described 
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localitites (Van Roermund, 1985; Litjes, 2002). However recent reconsiderations of P-T conditions in 

the area have yielded new P-T constraints revitalizing the tectonic debate (Majka et al., 2014a). The 

debate and P-T constraints for the area are described separately in section 2.3.2.1. 

In Norrbotten County, P-T conditions for Seve eclogites in the Vaimok and Tsäkkok lenses have 

been constrained to 2.0 - 2.7 GPa and 650 - 750 °C (Albrecht & Andréasson, 2000). 

 

 

 

Figure 2. Map of Jämtland. The stars mark known localities of (ultra)-high pressure Seve rocks in Jämtland. 
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2.3.2.1 The Tjeliken area  

Tjeliken Mountain is situated in northern Jämtland circa 30 km northeast of the village Gäddede, 

located in between Blomhöjden in the north and Lake Stor Jougdan in the south (Figure 2, 3a). 

The area is dominated by Lower Seve quartzites and quartzo-feldspathic gneisses that host lenses 

of amphibolites, eclogites, and peridotites. The lowest parts of Tjeliken are made up of quartzite. At 

higher elevation a garnet-phengite lens dominates. The top is made up of an eclogite body (Van 

Roermund, 1985; Majka et al., 2014a). Two maps are issued over the area by the Geological Survey of 

Sweden (SGU) (Strömberg et al., 1984, Figure 3b; Zachrisson et al., 1990, Figure 3c). These differ 

both in tectonic and lithological interpretation. Mapping by Majka et al. (2014a) (Figure 3a) has 

confirmed the lithology described above, also described by Zachrisson et al. (1990). However, the 

tectonics of Tjeliken still remains enigmatic. In the 1:200 000 Jämtland County map by Strömberg et 

al. (1984) Tjeliken is considered to be a klippe surrounded by quartzites. In the 1:50 000 22 E 

Frostviken SO map by Zachrisson et al. (1990) no tectonic separation is made between Tjeliken and 

the surrounding quartzites. Recalling the P-T gap earlier reported for Middle and Lower Seve (section 

2.3.1) metamorphic studies of Tjeliken rocks have further contributed to the tectonic debate. Initial 

studies pointed at similar conditions for the gneiss and the eclogite. Van Roermund et al. (1985) 

reported P-T conditions of 1.4 GPa and 550 ˚C for the eclogite. Litjes (2002) studied the gneiss and 

reported its peak mineral assemblage to consist of garnet + omphacite + quartz + rutile ± phengite ± 

apatite ± zircon ± opaque minerals. Thermobarometry based on Fe
2+

/Mg partition between garnet + 

omphacite + phengite yielded P-T conditions of 1.65 GPa 650˚C (Litjes, 2002).  However, later Majka 

et al. (2014a) reported 2.5 - 2.6 GPa and 650 - 700 ˚C for the Tjeliken eclogite similar to conditions 

constrained for Middle Seve (Janák et al., 2013; Klonowska et al., 2014; Majka et al., 2014b). 

Consequently these authors suggested one of the two following cases to be valid; (1) in light of the 

interpretation by Strömberg et al. (1984) that Tjeliken constitutes a klippe of Middle Seve situated in 

the Lower Seve or (2) based on the interpretation by Zachrisson et al. (1990) that the whole mountain 

belongs to Lower Seve and that earlier P-T constraints in that case made for the Lower Seve are 

underestimations. As stated in the introduction this study attempts to review the earlier P-T constraints 

for the gneiss to see if they resemble the new constraints for the eclogite or not and investigate the two 

alternatives. 
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Figure 3a. Geological map of the Blomhöjden – Stor Jougdan area. The dashed line approximately marks the 

frame for the maps shown in figure 3b and 3c (modified from Majka et al., 2014a).  

 

 

 

 

 
Figure 3b. Tjeliken in SGU map from 1984 (modified from 

Strömberg et al., 1984).  

Figure 3c. Tjeliken in SGU map from 1990 

(modified from Zachrisson et al., 1990).  
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2.3.3 Timing of metamorphism in the SNC 

Geochronological studies have established two (U)HP events in the Swedish Caledonides 

affecting the Baltoscandian margin These are separated by 30-50 million years and related to the two 

earlier described subduction events (see section 2.2). Studies have yet not been able to agree on the 

exact timing of the two events. 

In the Norrbotten County dating of eclogites by U/Pb zircon whole rock method (ID-TIMS) has 

yielded Ordovician ages (482 ± 1 Ma) for peak metamorphism (Root & Corfu, 2012). In contrast 

dating by Sm/Nd garnet – omphacite - whole rock method resulted in Late Cambrian ages (c. 505 - 

503 Ma) for the same rocks (Mørk et al., 1988). 

Similar age discrepancies have been reported for the Tjeliken eclogite, which by Sm/Nd garnet  – 

clinopyroxene – whole rock ± orthopyroxene ± amphibole  has been dated to 463.7 ± 8.9 Ma 

(Brueckner & Van Roermund, 2007). U/Pb zircon ID-TIMS whole rock dating has yielded an age of 

446 ± 1 Ma for eclogite facies metamorphism (Root & Corfu, 2012). The nearby Stor Jougdan garnet 

pyroxenite has been dated to 459.6 ± 4.2 Ma (Sm/Nd garnet – clinopyroxene – whole rock ± 

orthopyroxene ± amphibole). Slightly younger ages have been constrained for eclogites and three 

garnet pyroxenites at Sippmikk Creek and Lake Friningen further to the north. These have yielded a 

composite age of 452.9 ± 5.3 Ma (Sm/Nd garnet – clinopyroxene – whole rock ± orthopyroxene ± 

amphibole) (Brueckner & Van Roermund, 2007). 

Further to the south at Åreskutan U-Th-total Pb monazite dating of magmatic paragneisses has 

yielded high-grade sub solidus metamorphism at c. 455 Ma, followed by partial melting due to 

decompression at 439 Ma and tectonic emplacement of the Åreskutan Nappe, part of Middle Seve, 

onto Lower Seve at c. 424 Ma (Majka et al., 2012). Ladenberger et al. (2014) later constrained peak-

temperature metamorphism related to decompression to c. 442 ± 4 Ma (U/Pb zircon, SIMS). At 

Snasahögarna area Gromet et al. (1996) have dated calc-silicates and amphibolites to 437 - 427 Ma 

and unpublished data by Be’eri-Shlevin supports earlier dating by yielding a 441 ± 4 Ma U/Pb age for 

calc-silicates.  
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2.4 Subduction – exhumation models  

As described in the previous sections the deep subduction of the Baltoscandian margin is well 

documented in the Jämtland Seve units. Less well known are the details of the subduction, exhumation 

and subsequent transportation of the Seve allochthon up onto Baltica. Nevertheless, several authors 

have proposed models for this sequence of processes related to the c. 460-450 Ma subduction event 

affecting the central Scandinavian Caledonides (Figure 4).  

Gee et al. (2013) suggested that the subduction recorded by Jämtland Seve rocks took place shortly 

before or during the initial stages of the Scandian collision between Laurentia and Baltica (Figure 4a). 

Such model would imply that the peridotites introduced into the slab from the overlying mantle wedge 

would be of Laurentian lithospheric affinity. That is not in line with the chemical evidence of Baltic 

sub-continental affinity of the peridotites presented by Brueckner et al. (2004). For that reason 

Brueckner & Van Roermund (2004) instead proposed a model where the Jämtland (ultra)-high-

pressure metamorphism ((U)HPM) was caused by a collision between Baltica and a microcontinent 

that earlier had rifted of Baltica (Figure 4b). As the Baltoscandian margin subducted beneath the 

microcontinent peridotites of Baltic subcontinental lithosphere were introduced into it. Later 

delamination of the subducted slab from the underlying mantle enabled buoyantly driven exhumation 

of the subducted Baltoscandian margin (Brueckner & Van Roermund, 2004). 

Majka et al. (2014b) have proposed a third model arguing that there are no field observations of a 

microcontinent located in between SNC and overlying units (Figure 4c). These authors instead suggest 

that the (U)HP rocks in Jämtland are the result of a collision between an island arc and Baltica. 

According to their model ongoing convergence generated a rupture in the thermally weakened mantle 

beneath the island arc. This caused the lithospheric mantle to detach from the lithospheric crust of the 

fore arc block (Figure 5a, 5b). Due to its negative buoyancy the lithospheric mantle part of the forearc 

block descended downward in the mantle. That created an empty space where the forearc mantle 

lithosphere used to be and triggered the exhumation phase. According to the authors the empty space 

may partly be filled by the incoming overriding plate in case of continued convergence and parts of 

the subducted crust (Figure 5c). Due to the loss of overburden the subducted slab may start to rise 

diapirically driven partly by its remaining buoyancy and the under pressure created in the subduction 

channel. The under pressure creates a vacuum-cleaner effect where the subduction channel is emptied 

by suction forces and the subducted rocks are exhumed. Potentially the under pressure may also rip of 

pieces of the underlying lithospheric mantle of the subducted slab and exhume them together with the 

crustal material. The peridotites introduced in the crust would hence by such introduction mechanism 

originate from the Baltic mantle lithosphere of the subducted plate and thus have Baltic affinity.  

An additional exhumation model is provided by Grimmer et al. (2015). These authors date 

simultaneous normal-sense movement of the upper Seve-Köli thrust and reverse-sense movement of 
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the Lower–Middle Seve thrust between 434 Ma and 429 Ma. Based on that the authors suggest that 

the Seve Nappe Complex represented an extrusion wedge at this time.  

The models presented here are at current moment on a theoretical stage and further analogue and 

numerical modelling is required to test their applicability. 

 

  

 

 

Figure 4. Proposed collisional models for the subduction event affecting the central Scandinavian Caledonides 

(in courtesy of Klonowska et al., 2015a). The three different collisional settings suggested are (a) continent – 

continent collision (after Gee et al., 2013) (b) continent-microcontinent collision (after Brueckner & Van 

Roermund, 2004) (c) continent – island arc collision (after Majka et al., 2015b). The black star marks the origin 

of the peridotites that were introduced into the subducting Baltoscandian margin. 
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Figure 5. Sketches of the various stages of the subduction – eduction model by Majka et al. (2014b) (Figure 4c). 

(a) Convergence creates a rupture (red dashed line) in the thermally weakened mantle beneath the island arc. (b) 

Mantle lithosphere of the forearc block detaches from the crustal lithosphere and starts to sink. (c) The gap that 

arises is replaced partly by the overriding plate in case of ongoing convergence and partly by the subducted slab 

due to under-pressure (after Majka et al., 2014b; Klonowska et al., 2015a). 

 

  

(b) 

(a) 

(c) 
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3. Methodology 

In this chapter the procedures of the analytical methods are described.    

3.1 Reflected light microscopy 

Thin sections were polished and prepared at the Geological Institute of the Slovak Academy of 

Sciences, Bratislava, Slovakia. Four thin sections in total were prepared (Table 1). Mineral 

assemblages and microstructures were studied in a Nikon Eclipse E600 Pol petrographical microscope 

according to standard procedures in order to evaluate the metamorphic evolution of the samples.  

 

Table 1. Studied samples and their sampling location. 

Sample name Sample location 

IK13071A N 64˚ 33.284´ E14˚ 43.237´ 

IK13071B N 64˚ 33.284´ E14˚ 43.237´ 

IK13073A N 64˚ 33.433´ E14˚ 43.307´ 

IK13073B N 64˚ 33.433´ E14˚ 43.307´ 

BA12-10*  N 64˚ 33.090´ E14˚ 43.017´
 

*Used for U/Pb zircon geochronology 

 

3.2 EDS and WDS electron microprobe analysis 

Main element chemistry was analysed using a Field Emission Electron Probe Microanalyser 

(JXA-8530F JEOL SUPERPROBE) at the Centre for Experimental Mineralogy, Petrology and 

Geochemistry (CEMPEG), Department of Earth Sciences, Uppsala University. EDS (energy 

dispersive spectrometry) analysis was performed in order to identify phases that could not be 

identified by optical methods. WDS (wavelength dispersive spectrometry) analysis was done for 

quantitative chemical analysis of minerals including spot analyses, line step-profiles and to produce 

element maps.   

Standards used for calibration were Si, Ca-wollastonite, Na-albite, K-orthoclase, Mn, Ti-

pyrophanite and metal oxides Fe-fayalite, Cr-Cr2O3, Al-Al2O3, Mg-MgO. Beam current was 10 nA 

with acceleration voltage 15kV. Counting time for peak and background was 10 s and 5 s, 

respectively. Only the Kα lines were measured for all elements. Data was corrected by PAP routine. 

Supplementary quantitative trace element analysis of epidote group minerals was carried out 

using a Cameca SX-100 microprobe at the Department of Special Laboratories, Laboratory of 

Electron Microanalysis, Geological Institute of Dionýz Štúr, Bratislava, Slovak Republic. The epidote 

group minerals were analysed using a 15kV accelerating voltage and a 180 nA beam current. Natural 

and synthetic standards used for calibration and corresponding spectral lines were PbCO3 (Pb Mα), 

ThO2 (Th Mα), UO2 (U Mβ), YPO4 (Y Lα), LaPO4 (La Lα), CePO4 (Ce Lα), PrPO4 (Pr Lβ), NdPO4 
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(Nd Lα), SmPO4 (Sm Lα), EuPO4 (Eu Lβ), GdPO4 (Gd Lα), TbPO4 (Tb Lα), DyPO4 (Dy Lβ), HoPO4 

(Ho Lβ), ErPO4 (Er Lβ), TmPO4 (Tm Lα), YbPO4 (Yb Lα), LuPO4 (Lu Lβ), fayalite (Fe Kα), barite (S 

Kα), wollastonite (Ca Kα, Si Kα), Al2O3 (Al Kα). The counting times on peak/back ground (in sec.) 

were as follows: Pb 300/150, Th 35/17.5, U 80/80, Y 40/20, La 5/5, Ce 5/5, Pr 15/15, Nd 5/5, Sm 5/5, 

Eu 25/25, Gd 10/10, Tb 7/7, Dy 35/35, Ho 30/30, Er 50/50, Tm 15/15, Yb 15/15, Lu 100/100, Fe 5/5, 

S 10/10, Ca 10/10, Sr 20/20, Al 10/10, Si 10/10.  

3.3 Geothermometry 

Geothermometry was performed based on Fe
2+

-Mg exchange between garnet and phengite (eq. 1), a 

thermometer originally introduced by Krogh & Råheim (1978). Due to insensivity to pressure changes 

and sensitivity to temperature changes Fe
2+

-Mg exchange reactions between ferromagnesian phases 

are suitable thermometers (Krogh & Råheim, 1978).  

1/6Mg3Al2Si3O12 + KFe0.5Al2Si3.5O10(OH)2 ↔ 1/6Fe3Al2Si3O12 + KMg0.5Al2Si3.5O10(OH)2       (1) 

         (Pyrope)                 (Fe-phengite)                    (Almandine)              (Mg-phengite) 

 

    
   
         

   

   
       

      

where KD = distribution coefficient. 

The distribution coefficient is dependent on the enthalpy, entropy and volume of the reaction and 

related to temperature according to the following relationship (eq. 2) (Green & Hellman, 1982):  

      
    

 
    

      

 
  

 

 
            (2) 

where H = enthalpy, S = entropy, V = volume, R = thermodynamic gas constant 

Calculations were made on basis of calibrations by Green & Hellman (1982) for pressures between 1.5 

GPa and 3.5 GPa. The thermometer used (eq. 3) is for low Ca-systems (≤ 2 % CaO) with Mg-value 

(mg) ~ 20-30 as recommended by the authors. 

       
           

         
            (3) 
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3.4 Thermodynamic modelling 

Thermodynamic modelling was performed using the software Perple_X version 6.7.0. The 

program calculates and maps equilibrium phases in P-T space based on free-energy minimization i.e. 

it calculates the phases with lowest free Gibbs energy at a certain pressure and temperature. The 

modelling was carried out in two steps. First, a P-T section (pseudosection) was created based on the 

bulk-chemistry of the modeled rock. The pseudosection constitutes a map of stable phases in P-T 

space. Secondly, the stability of certain mineral composition was modeled as isopleths. Combination 

of pseudosection and isopleths makes it possible to deduce conditions at which a specific mineral 

assemblage and mineral composition is stable. For further details of the program the reader is referred 

to Connolly (2005).  

In this study the modelling was carried out in the Na2O-CaO-FeO-K2O-MgO-MnO-Al2O3-SiO2-

H2O-TiO2 system (NCFKMMnASHT) using the internally consistent thermodynamic dataset 

hp11ver.dat by Holland & Powell (1998) available in the Perple_X datafile. Solution models used 

were garnet (Holland & Powell, 1998), phengite (Powell & Holland, 1999; 2001) and omphacite 

(Holland & Powell, 1996). Pseudosections were calculated at 1.0 - 3.5 GPa and 400 - 800 ˚C. Bulk-

rock chemistry was obtained by areal EDS analysis of thin section at the Department of Earth 

Sciences, Uppsala University. Mineral compositions modeled were garnet cores, represented by the 

grossular (XGrs) and pyrope (XPrp) components, and phengite represented by its silica content. 

Grossular is mainly sensitive to pressure and pyrope to temperature. The silica content in phengite is 

pressure sensitive (Carswell & Harley, 1990). 

3.5 Geochronology 

U-Th-Pb analysis was performed on garnet gneiss sample BA12-10. Prior the analysis the rock 

was crushed and zircons were extracted from it using a Wilfley table at the Geological Survey of 

Sweden. By shaking and running water the table separates crushed material into different weight 

fractions. 

The heaviest fraction was run twice through the water table in order to obtain a well sorted end 

product of the heaviest minerals. Afterwards zircons were extracted from the heavy fraction by 

handpicking under a binocular microscope. The resulting zircon mount was casted into an epoxy puck 

together with standards. Then it was polished down to mid-section and coated with gold to prevent 

charging during analysis.   

Before the analysis of U-Th-Pb isotopes suitable analysis points were identified by careful studies 

of zircon morphology and internal zircon textures. Studies were carried out by BSE imaging and 

cathodoluminiscence (CL) imaging using the microprobe at Uppsala University.  

The U-Th-Pb analysis was carried out by secondary ionization mass spectrometry (SIMS) using a 

Cameca IMS 1280 ion microprobe at the Nordsim faculty, Swedish Museum of Natural History, 

Stockholm. Analytical procedures followed the methods described by Whitehouse & Kamber (2005). 
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A spot size of 10 µm or less when necessary was used. Primary beam current applied was 5 - 10 nA at 

-13 kV. Analyses used 12 scans per mass with mass resolution of 4500. Every sixth analysis was 

performed on standard zircon 91 500 (Wiedenbeck, 1995) for correction of instrumental drift. Data 

reduction employed in-house Excel macros. Age calculations and construction of concordia diagrams 

was made using the Excel extension Isoplot 3.75 (Ludwig, 2012). Common lead (
206

Pb), that is the 

lead present already at the start of the radioactive decay, was estimated from measured 
204

Pb. It was 

corrected following present day common Pb composition recommended by Stacey & Kramers (1975). 

Decay constants follow the recommendations of Steiger & Jäger (1977). All ages are given with 2σ 

confidence interval.  
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4. Results  

The results of previously described analytical methods are described below. The chapter is 

initiated by petrographical and chemical characterisation of samples, followed by geothermometry, 

thermodynamic modelling and at last geochronology.   

 

4.1 Petrography 

The main mineral assemblage of the gneiss is garnet + phengite + muscovite + biotite + 

clinozoisite – epidote + allanite + feldspars + quartz. Accessory are zircon + titanite + apatite + 

chlorite + iron-oxide ± calcite. The matrix is dominated by quartz and varying amount of feldspars. 

The samples are overall similar with minor variations in abundance of minerals. 

Garnets are rare and make up 0.5 - 2 vol. % of the gneiss. All are reddish-brown. Three textural 

varieties of garnets are present. Regular garnets with or without inclusions (sealed garnets with interior 

dominated by garnet), atoll garnets and skeletal garnets. Regular garnets dominate.   

Samples IK13073A and IK13073B contain fewer garnets than IK13071A and IK13071B. In 

contrast the garnets are larger. In sample IK13073B only one large skeletal garnet (7 mm in diameter) 

is present surrounding quartz grains (Figure 6a). Skeletal garnets in sample IK13073A are smaller, 

either subhedral and rounded or anhedral and elongated (Figure 6b). They are typically restricted to 

interstices between quartz grains and contain numerous small inclusions of quartz, white mica, epidote 

and biotite. 

 Samples IK13071A and IK13071B are dominated by anhedral to subhedral garnets with 

inclusions (Figure 6c). The inclusions vary in size and are homogenously distributed in the whole 

garnets. They are represented by quartz, biotite, epidote group minerals, phengite, titanite, iron oxide, 

zircon, chlorite apatite and feldspars. Garnets are not limited by the quartz grains in the same way as 

in sample IK13073A and IK13073B.  

The atoll garnets have mainly closed rings with interior dominantly built of quartz and mixes of 

feldspars (Figure 6d). Garnets without inclusions are often anhedral (Figure 6e). 

Both skeletal garnets and regular garnets sometimes contain polyphase inclusions (Figure 6f). 

These are mixtures of phases where the included phases are either subhedral or anhedral. The 

composition of the polyphase inclusions varies and is represented e.g. by biotite in association with K-

feldspar, chloritizised biotite in association with phengite, or feldspar together with quartz.  
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Figure 6. (a) Photomicrograph in plane polarized light of skeletal garnet (IK13073B). (b) Photomicrograph in 

plane polarized light of elongated skeletal garnet growing between quartz grains (IK13073A). (c) BSE image of 

garnet with inclusions (IK13071B). (d) BSE image an atoll garnet with interior of quartz + feldspars 

(IK13071B). (e) BSE image of an anhedral garnet without inclusions (IK13071B). (f) BSE image of polyphase 

inclusions in garnet (IK13073A). Abbreviations used: Ab – albite, An – anorthite, Bt – biotite, Ep – epidote, Grt 

– garnet, Kfs – K-feldspar, Ph – phengite, Qz – quartz,  Ttn – titanite.     
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The epidote group minerals are abundant. Both unzoned and zoned crystals are present. The 

zonation is concentric and zoned crystals contain either two or three zones of which the former variety 

is the most common type. Triple zoned epidotes occur only in sample 71A and 71B, mainly in sample 

71A (Figure 7a).  

Both types of zoned crystals have a brown-yellow allanitic core. In the triple zoned epidotes it is 

surrounded by an epidotic pistachio green mantle and a colourless rim with low interference colours 

indicating a zoisitic composition (Figure 7a). In the double zoned epidotes the allantic core is directly 

surrounded by the colourless rim. In some cases, mostly among the smaller crystals, second order 

interference colours indicate that the rim is dominated by the epidote component instead.   

The unzoned variety is dominated by clinozoisites. Minor unzoned epidotes are also present. All 

types of the epidote group minerals are subhedral-anhedral. Crystal size varies with the triple zoned 

ones being the largest.    

Quite commonly in all samples the epidotes and clinozoisites are surrounded by a black anhedral 

phase or anhedral mixes of crystals e.g. feldspar and micas suggesting some kind of alteration. Also 

occasionally clinozoisite is part of clinozoisite-quartz symplectites (Figure 7b). 

White mica is represented dominantly by phengite and some muscovite, both located in the matrix 

and as inclusions in garnet. White mica defines a weak foliation. Crystals are subhedral to anhedral. 

Some white micas posses a patchy zonation with interior dominated by early muscovite in the margins 

replaced by later phengite (Figure 7c). 

Biotite crystals are homogenously distributed in the matrix as subhedral to anhedral plates. They 

also occur as garnet inclusions and as overgrowth of other minerals. Chlorite is very rare, but is 

sometimes present as partly chloritized micas or as true chlorite crystals. The two varieties have 

mainly been observed in garnets. 

The matrix is mainly built up of quartz grains of various sizes. Feldspar occurs in clusters of 

anhedral crystals (sample 71A) or mixed with other phases in areas of alteration (Figure 7d, 7e). 

Plagioclase dominates and is characterised by albite twinning. Microcline with the characteristic cross-

hatched twinning is also present. Sometimes unmixing of albite and anorthite can be observed. All end 

members also occur as inclusions in garnet. The alteration areas are characterised by anhedral mixes 

of quartz, epidote group minerals, calcite, biotite, feldspars and white mica (Figure 7d, 7e).  

The accessory phases are dominated by titanite homogenously scattered in the matrix and 

sometimes included in garnets. Zircon occurs sporadically as small subhedral to anhedral crystals in 

the matrix and in garnets. Also a few subhedral apatite crystals can be observed in the matrix. 
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Figure 7. (a) Photomicrograph in plane polarized light of zoned epidote group mineral with an allanitic core, 

epidotic mantle and clinozoisitic rim (IK13071A). (b) BSE image of epidote-quartz symplectite marked in red 

(IK13071B). (c) BSE image of a zoned white mica (IK13071B). (d) BSE image of alteration area in the matrix 

(IK13071B). (e) Photomicrograph under crossed polarizers of alteration in the matrix, marked by red the line 

(IK13073B). Abbreviations used: Ab – albite, Aln – allanite, Bt – biotite, Cal – calcite, Czo – clinozoisite, Ep – 

epidote, Fsp – feldspar, Grt – garnet, Kfs – K-feldspar, Ms – muscovite,  Ph – phengite, Pl – plagioclase, Qz – 

quartz,  Ttn – titanite, W. mica – white mica.      
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4.2 Mineral chemistry 

The chemistry of observed minerals is described below starting with garnet chemistry and 

followed by chemistry for additional minerals.  

4.2.1 Garnet 

Garnet with inclusions is dominated by almandine (Fe3Al2Si3O12; 42-62 %) and grossular 

(Ca3Al2Si3O12; 29-50 %) components. The contents of pyrope (Mg3Al2Si3O12) and spessertine 

(Mn3Al2Si3O12) are considerably lower, c. 1 - 6 % and c. 2 - 8 %, respectively. Representative garnet 

chemistry data are given in figures 8-11 and table A1 in Appendix 1.  

Line-step profiles (Figure 8-9) reveal oscillatory zoning in the regular garnets mainly noticeable 

for the almandine and grossular components. The two end members show an inverted zoning pattern. 

Garnet cores are relatively homogenous with respect to almandine and grossular components (see also 

Figure 10). Only smaller oscillations are observable. Almandine (46-48 %) and grossular (45-48 %) 

components are present in equal amounts. Outside the core oscillations become more comprehensive 

with respect to amplitude and width. Also the garnet composition alternates in being dominated by 

either the almandine or the grossular end member. From core to rim the absolute almandine content 

increases, whereas the absolute grossular content decreases. The rims consist of 54-62 % almandine 

component and 29-42 % grossular component. The relative change of grossular and almandine content 

within each oscillation is comparable, but varies between the different oscillations. The number of 

oscillations and their range may be asymmetrical around the core as exemplified by the profiles 1 and 

2 (Figure 8b, 8c) or may be more symmetrical as shown by profile 3 (Figure 9b). Noticeable mainly in 

profiles 1 and 2 is that similar almandine-grossular chemistry repeated several times from core to rim, 

separated by areas of a different almandine-grossular composition.  

Subtle oscillations are also observable for the pyrope and spessertine components, but large 

oscillations are absent. The garnet core contains 4-7 % spessertine and 1-2 % pyrope and the rim       

2-8 % spessertine component and 2-4 % pyrope component. Spessertine show relatively flat zonation 

profiles characterised by a decrease in manganese from core to rim, commonly with an increase at 

outermost rim. Small oscillations can sometimes be discerned. Pyrope profile is flat with a minor 

increase towards the rims. 

The iron number (XFe) shows flat profiles with small decrease in the rims indicating that the 

garnet zonation is of prograde character.   

Chemical maps of a regular garnet (same as shown in Figure 9a) further visualise the oscillatory 

garnet chemistry (Figure 10). In line with the profiles almandine and grossular components have 

almost identical distribution of chemical zones, but with inversed chemistry. A core and outer region 

with similar chemistry, visible on the Ca (red areas) and Fe (blue areas) maps, can be distinguished 

separated by a mantle (green area) of different composition. The rims differ in composition in relation 

to the rest of the garnet.  
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The spessertine component is characterised by certain similarities in the spatial distribution of 

zones, but is not as strongly coupled as for almandine and grossular content. The rim is characterised 

by small areas of enrichment in Mn possibly indicating late influence by fluids. For the pyrope end 

member transitional zones characterise the interior of the garnet, whereas the rim displays a more 

defined chemical zone. Overall pyrope seems to be the garnet end member that to the least extent has 

participated in the process that has caused the oscillating chemical character of the garnets.  

The composition of skeletal garnets is more uniform than in regular garnets (Figure 11a, 11b). 

Almandine component dominates (56-63 %) followed by grossular component (32-36 %). The skeletal 

garnets are richer in pyrope (3-7 %) than the regular garnets and spessertine component varies 

between 1-3 %. Compositional profiles are relatively flat with minor variations in composition. Two 

types of chemical profiles can be observed. Either they show few low amplitude changes in chemistry 

with larger spatial distribution (Figure 11a) or several low amplitude changes with smaller spatial 

distribution (Figure 11b). Small elevations of almandine are often accompanied by decreases in 

pyrope or grossular content or both. The spessertine component displays a flat profile and seem 

decoupled from changes observed in the other end member compositions. A majority of the profiles 

show increased pyrope and grossular content at rims and a decrease of almandine content. However, 

the changes are not always present at both rims. A close examination of each end member profile 

separately reveals the presence of small subtle oscillations with amplitude of up to 2 mol % 

throughout the whole profiles. The iron number profiles exhibit same zonation pattern as the 

almandine profiles.  

Analyses of atoll garnets (Table A1, Figure A1, Appendix 1) reveal chemical differences between 

their different parts. Highest almandine content and lowest grossular content are obtained for outer 

rings (Alm60-62Grs32-36Pyr3-4Sps1.5-2). Inner rings (Alm48-50Grs46-47Sps3-4Pyr1.6) have similar composition 

as peninsulas (Alm48-49Grs43-46Sps4-6Pyr1.5-2.4). Compared to the rims these have lower almandine and 

pyrope content and higher grossular and spessertine content. Islands have the composition Alm48-

55Grs32-46Sps6-9Pyr2-4. 
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Figure 8. Garnet compositional profiles of the variation in almandine (Alm), grossular (Grs), spessertine (Sps), 

pyrope (Prp) end members and iron number (XFe=Fe/(Fe+Mg)). (a) BSE image showing the location of profiles 

(IK13071B). (b) Compositional profile 1. Number of sample points 400, step size 5µm, distance of profile 1.88 

mm. (c) Compositional profile 2. Number of sample points 350, step size 5 µm, profile distance 1.62 mm. The 

gaps in the profiles are due to inclusions, holes in the garnet or insufficient analyses. 
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Figure 9. Garnet compositional profile of the variation in almandine (Alm), grossular (Grs), spessertine (Sps), 

pyrope (Prp) end members and iron number (XFe=Fe/(Fe+Mg)). (a) BSE image showing the location of profile 3 

(IK13071B). (b) Compositional profile 3. Number of sample points 200, step size 5 µm, profile distance 0.8 mm. 

The gaps in the profiles are due to inclusions, holes in the garnet or insufficient analyses. 
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Figure 10. Chemical variation in almandine (Fe), grossular (Ca), spessertine (Mn), pyrope (Mg) end members. 

Warm colours indicate high content and cold colours indicate low content. Corresponding profiles are shown in 

figure 9b.  
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Figure 11. Compositional profiles of skeletal garnets (IK13073B) with a BSE images showing location of 

profiles to the right. Variation in almandine, grossular, spessertine, pyrope end members and iron number 

(XFe=Fe/(Fe+Mg)) is shown. Two varieties of zoning are observed: (a) Profiles with few changes in chemistry 

and large areas of similar composition. Number of sample points 150, step size 4 µm, profile distance 0.6 mm. 

(b) Profiles with many changes in chemistry extending over small areas. Number of sample points 150, step size 

5 µm, profile distance 0.7 mm. 

 

4.2.2 Other main minerals 

In this section the chemistry of the rest of the minerals in the samples are described. 

 

Epidote group minerals 

Microprobe analyses reveal that the composition of epidote group minerals is nearly 50 % 

clinozoisitic and 50 % epidotic (Figure 12; Table A2 Appendix 1). Clinozoisitic composition (XAl = 

0.56 - 0.57) dominates slightly in the rim over epidote compositon (XFe = 0.43 - 0.44). In the core the 

condition is the opposite (XFe = 0.54 - 0.63; XAl = 0.37 - 0.46). Also noticeable is that the REE-content 

increases from rim to core indicating a progressively more allanitic composition in the interiors of the 

crystals (Figure 12; Table A2 Appendix 1). Calcium also varies between core (XCa = 1.4 - 1.6) and rim 
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(XCa = 2.0). Noticeable is that in epidote group minerals iron decreases from core to rim and calcium 

increases, which is opposite the zoning trend observed for garnets.   

 

 

 

 

Figure 12. To the left: chemical composition of triple zoned epidotes. To the right: BSE image with analytical 

points marked (IK13071B). Data is also available in table A2, appendix 1.  

 

White mica     

The silica content for white micas varies between 3.05 to 3.44 atoms per formula unit (a.p.f.u) 

(Table 2). Muscovite has a silica composition of 3.05 - 3.10 a.p.f.u. Phengite has a wide range of Si 

composition between 3.11 a.pf.u and 3.44 a.p.f.u. No difference in Si content is observed between 

matrix micas and micas included garnets.   

Slight zonation can be distinguished for matrix phengites with Si = 3.23 a.p.f.u in the cores and  

Si = 3.19 a.p.f.u in the rims. Unmixed mica in garnet contains components of phengite, nickel-

aluminium silicate and paragonitic phengite.  

 

Biotite and chlorite 

Biotites in contact with garnet rims have high iron numbers (XFe = 0.63 - 0.83; Table 3). Chlorites 

present in garnets are of chamosite composition (Table 3).    

 

Feldspar  

Feldspars are dominated by albites and K-feldspars (Table 4). Plagioclase inclusions in garnets 

almost exclusively consist of albite component (XAb= 0.94 - 0.98). Analysed K-feldspars contains 95-

98 % orthoclase component.  
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Table 2. Representative microprobe analysis of phengites and muscovites. 

Sample 73B 73B 71B 71B 71A 71A 71B 73A 73A 71A 71A 71A 71A 

Phase Ph Ph Ph Ph Ph Ph Ms Ph Ph Ph Ph Ms Ph 

Position Matrix Matrix Matrix Matrix 

Matrix, 

rim 

Matrix, 

core Matrix  

Grt 

incl. 

Grt 

incl. 

Grt 

incl. 

Grt 

incl. 

Grt 

incl. 

Grt 

incl. 

SiO2  48.97 48.45 48.24 49.43 47.08 47.58 46.19 45.98 46.38 47.43 47.42 46.73 50.53 

TiO2  1.06 0.96 0.86 0.13 0.94 0.93 0.00 0.51 0.00 0.18 0.16 0.04 0.11 

Al2O3 27.40 28.06 27.88 22.64 29.75 28.91 37.56 29.91 31.62 30.33 24.61 32.89 23.69 

FeO   3.67 4.03 4.12 7.06 3.98 4.25 0.51 4.85 6.04 5.72 9.26 5.98 8.32 

MnO   0.00 0.00 0.02 0.00 0.06 0 0.07 0.16 0.03 0.04 0.22 0.13 0.02 

MgO   2.33 2.10 1.79 3.35 1.42 1.63 0.00 1.41 0.48 1.62 1.19 0.20 1.68 

CaO   0.00 0.00 0.00 0.08 0 0 0.00 0.05 0.08 0.01 0.12 0.08 0.11 

Na2O  0.32 0.28 0.32 0.05 0.30 0.26 0.19 0.31 1.04 0.28 0.05 0.35 0.06 

K2O   10.38 10.58 10.36 10.27 10.69 10.54 10.08 10.53 9.43 10.91 10.84 10.59 10.41 

Total 94.13 94.45 93.59 93.01 94.22 94.10 94.60 93.71 95.09 96.52 93.87 96.99 94.93 

              Si 3.31 3.28 3.29 3.40 3.20 3.23 3.05 3.14 3.11 3.14 3.30 3.08 3.44 

Ti 0.05 0.05 0.04 0.01 0.05 0.05 0.00 0.03 0.00 0.01 0.01 0.00 0.01 

Al(IV) 0.69 0.72 0.71 0.60 0.80 0.77 0.95 0.86 0.89 0.86 0.70 0.92 0.56 

Al(VI) 1.50 1.51 1.54 1.24 1.58 1.55 1.97 1.54 1.61 1.51 1.32 1.64 1.35 

Fe2+ 0.21 0.23 0.24 0.41 0.23 0.24 0.03 0.28 0.34 0.32 0.54 0.33 0.47 

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 

Mg 0.24 0.21 0.18 0.34 0.14 0.17 0.00 0.14 0.05 0.16 0.12 0.02 0.17 

Ca 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 

Na 0.04 0.04 0.04 0.01 0.04 0.03 0.02 0.04 0.14 0.04 0.01 0.05 0.01 

K 0.90 0.91 0.90 0.90 0.93 0.91 0.85 0.92 0.81 0.92 0.96 0.89 0.91 

Total 6.94 6.95 6.94 6.91 6.97 6.95 6.87 6.96 6.95 6.96 6.98 6.94 6.92 

Structural formulas are calculated on the basis of 11 oxygens. 

 

Table 3. Representative microprobe analysis of biotites and chlorite.    

Sample 71B 71B 71B 71B 73B 73B 73B 73B 73B 73B 71A 71A 

Phase Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Chl Chl 

Position Matrix Matrix Matrix Matrix Matrix Matrix Matrix Matrix Matrix Matrix Grt incl. Grt incl. 

SiO2   35.50 35.69 35.13 36.13 35.82 35.12 39.36 35.78 36.32 35.54 25.81 26.35 

TiO2   1.97 2.15 1.85 1.71 1.58 1.56 0.16 1.36 1.61 1.62 0.02 0.20 

Al2O3  16.08 15.61 16.07 16.17 16.73 17.11 21.24 18.46 17.05 17.06 17.75 18.07 

FeO   25.86 25.81 25.50 25.83 24.18 24.25 22.78 24.25 23.43 23.85 35.53 35.87 

MnO    0.33 0.25 0.33 0.21 0.29 0.21 0.73 0.23 0.28 0.22 0.31 0.32 

MgO    6.13 5.97 5.91 6.12 7.18 7.48 2.55 7.98 7.38 7.44 7.34 7.54 

CaO    0.21 0.16 0.41 0.19 0.11 0.15 8.41 0.15 0.06 0.13 0.07 0.20 

Na2O   0.09 0.07 0.07 0.09 0.05 0.06 0.06 0.04 0.09 0.06 0.03 0.11 

K2O    8.38 8.48 8.05 8.58 8.35 7.91 0.54 7.42 8.92 8.34 0.08 0.10 

Cr2O3 0 0 0.02 0 0.03 0.01 0.06 0 0.02 0 0.04 0.12 

NiO    0.01 0.05 0.05 0 0 0.04 0.04 0.04 0 0.02 0.07 0.00 

Total 94.56 94.24 93.38 95.02 94.32 93.84 95.94 95.72 95.16 94.28 87.05 88.88 

           

  

Si 2.81 2.83 2.81 2.84 2.81 2.77 2.90 2.74 2.82 2.78 5.82 5.81 

Ti 0.12 0.13 0.11 0.10 0.09 0.09 0.01 0.08 0.09 0.10 0.00 0.03 

Al 1.50 1.46 1.52 1.50 1.55 1.59 1.84 1.67 1.56 1.58 4.72 4.70 

Fe2+ 1.71 1.71 1.71 1.70 1.59 1.60 1.40 1.55 1.52 1.56 6.70 6.62 

Mn 0.02 0.02 0.02 0.01 0.02 0.01 0.05 0.02 0.02 0.01 0.06 0.06 

Mg 0.72 0.71 0.70 0.72 0.84 0.88 0.28 0.91 0.85 0.87 2.47 2.48 

Ca 0.02 0.01 0.03 0.02 0.01 0.01 0.66 0.01 0.00 0.01 0.02 0.05 

Na 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.05 

K 0.85 0.86 0.82 0.86 0.84 0.79 0.05 0.73 0.88 0.83 0.02 0.03 

Cr - - - - - - - - - - 0.01 0.02 

Ni - - - - - - - - - - 0.01 0.00 

Total 7.76 7.74 7.74 7.75 7.75 7.75 7.20 7.71 7.76 7.75 19.84 19.85 

XFe 0.70 0.71 0.71 0.70 0.65 0.65 0.83 0.63 0.64 0.64 - - 

Structural formulas for biotite are calculated on the basis of 11 oxygens. Chlorite structural formulas are calculated on the 

basis of 36 oxygens. – indicates that no data was obtained for that particular element. 
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Table 4. Representative microprobe analysis of feldspars. 

Sample 71B 71B 71B 71A 71A 71A 71B 

Position 

Grt 

incl. 

Grt 

incl. 

Grt 

incl. 

Grt 

incl. 

Grt 

incl. 

Grt 

incl. Matrix 

SiO2   68.18 67.67 68.41 69.30 65.68 65.32 65.34 

TiO2   0.00 0.01 0.03 0.02 0.00 0.06 0.01 

Al2O3  19.90 20.56 19.68 19.92 18.30 18.51 18.46 

FeO    0.00 0.02 0.02 0.05 0.54 0.27 0.00 

MnO    0.04 0.05 0.00 0.00 0.02 0.03 0.00 

MgO    0.00 0.01 0.03 0.00 0.00 0.00 0.00 

CaO    0.74 1.11 0.42 0.20 0.09 0.05 0.00 

Na2O   10.96 10.66 11.32 11.45 0.16 0.52 0.50 

K2O    0.08 0.11 0.07 0.10 16.19 15.81 15.63 

Total   99.90 100.21 99.97 101.05 100.98 100.57 99.95 

        Si 2.98 2.95 2.99 2.99 3.01 3.00 3.01 

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Al 1.03 1.06 1.01 1.01 0.99 1.00 1.00 

Fe 0.00 0.00 0.00 0.00 0.02 0.01 0.00 

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ca 0.03 0.05 0.02 0.01 0.00 0.00 0.00 

Na 0.93 0.90 0.96 0.96 0.01 0.05 0.04 

K 0.00 0.01 0.00 0.01 0.95 0.93 0.92 

Total 4.97 4.97 4.99 4.98 4.98 4.99 4.97 

        XAn 0.04 0.05 0.02 0.01 0.00 0.00 0.00 

XAb 0.96 0.94 0.98 0.98 0.02 0.05 0.05 

XOr 0.00 0.01 0.00 0.01 0.98 0.95 0.95 

Structural formulas are calculated on the basis of 8 oxygens.  
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4.3 Geothermometry 

Temperatures based on calculation of Fe
2+

-Mg exchange between garnet and phengite are shown in 

table 5.  A possible tendency of higher temperatures for matrix phengites than for phengites included 

in garnets can be observed. However the high temperature of analysis 20 is likely caused by 

disequilibrium. Considering earlier obtained pressures for the gneiss (c. 1.5 GPa) matrix phengites 

yield temperatures between 611 - 662 ˚C and phengite included in garmets 686 ˚C. At 2.5 GPa, 

obtained temperatures are 662 - 716˚C and 741˚C for matrix phengites and phengite included in 

garnets, respectively. Since the Fe
3+

 content in phengite is unknown the temperatures have to be 

considered as maximum temperatures (Green & Hellman, 1982).  

Table 5. Temperatures derived from Fe
2+

-Mg exchange between garnet and phengite in sample IK13071A 

using calibration by Green & Hellman (1982).  

Analysis 

no. 
1 2 5 8 10 12 13 15 20 21 

  

  

Summary 

of T range 

Position of 

Ph 

Adj. to 

grt 

Adj. to 

grt 

Adj. to 

grt 

Adj. to 

grt 

Adj. to 

grt 

Adj. to 

grt 

Adj. to 

grt 

Adj. to 

grt 

Grt 

incl. 

Grt 

incl. 

Pressure 

(GPa) 
Temperature (˚C) 

 

0.5 590 559 594 573 582 576 608 560 715 630 559 -715 

1 617 585 621 599 609 602 635 585 746 658 585-746 

1.5 643 610 648 625 635 628 662 611 776 686 610 -776 

2 670 636 674 651 661 654 689 637 806 714 636-806 

2.5 696 661 701 677 687 680 716 662 837 741 661-837 

3 723 687 728 703 714 706 743 688 867 769 687-867 

3.5 749 712 754 728 740 732 770 713 897 797 712-897 

mg number of bulk rock composition = 14.4; mg = (MgO/(FeO + MgO)) x 100 

 

4.4 Thermodynamic modelling 

Two models were produced by thermodynamic modelling. Pseudosections for both models were 

constructed using the bulk-rock chemistry shown in table 6 obtained by EDS areal analysis. Water 

content was set to 0.53 %, which is the minimum water content keeping the garnet isopleths stable 

within the considered P-T range. Model 1 (Figure 13) considers the activity models for garnet and 

phengite. Model 2 (Figure 14) considers the activity models of 

garnet, phengite and omphacite, based on Litjes (2002) who 

reports that omphacite is part of the peak-assemblage in the gneiss.  

Garnet isopleths modelled represent the garnet core 

composition obtained by WDS analysis. These are                     

XPrp = 0.01 - 0.02 and XGrs = 0.45 - 0.48. For phengite highest silica 

content is modelled (Si = 3.40 - 3.44 a.p.f.u). An average value of 

calculated temperatures based on the garnet-phengite Fe
2+

-Mg 

Table 6. Bulk rock composition  

of sample IK13071B.  

Oxide Weight % 

SiO2 84.97 

Al2O3 7.23 

FeO 1.49 

MgO 0.25 

CaO 0.84 

Na2O 0.94 

K2O 3.38 

TiO2 0.29 

MnO 0.18 
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thermobarometry is inserted in the pseudosections as comparison (purple line). Below follows a 

further description of the two models. 

 

Model 1  

In the pseudosection of model 1 garnet and phengite are stable in the whole considered P-T range 

except in the field 13 regarding phengite (Figure 13). K-feldspar is stable within the whole P-T range. 

Zoisite is only present at lowest pressures and highest temperatures (fields 8, 10, 11). Free water is 

present in the lower right region of the pseudosection below the grossular isopleths. Clinopyroxene 

appears as jadeite in field 6 and in the fields at higher pressures. Its lower boundary is marked by the 

extension of field 2 to the left, the large dark blue Ph-Grt-Ttn-Jd-Kfs-Oz field in middle and field 6 to 

the right. Below that albite is stable instead. 

In the analyzed P-T range both Si-content and the grossular content are stable within quite narrow 

areas whereas pyrope content is stable over a larger P-T range. The minimum pyrope isopleths (XPrp = 

0.01) and grossular isopleths intersect at c. 1.1 - 1.3 GPa and 490 - 520 ˚C in the stability fields Ph-

Grt-Ttn-Ann-Ab-Kfs-Qz-H2O, Ph-Grt-Ttn-Ann-Ab-Kfs-Qz, Ph-Grt-Ttn-Ab-Kfs-Qz-H2O and Ph-Grt-

Ttn-Ab-Kfs-Qz. The maximum pyrope isopleth (XPrp = 0.02) intersect with grossular isopleths at 1.5 -

2.0 GPa and 580 – 690 ˚C. Intersection occurs in the following stability fields ordered by increased P-

T, Ph-Grt-Ttn-Ab-Kfs-Qz-H2O, Ph-Grt-Ttn-Jd-Kfs-Qz-H2O (field 6) reaching the transition to the Ph-

Grt-Ttn-Jd-Kfs-Qz stability field. The garnet-phengite thermometer intersects with the garnet XPrp = 

0.02 and XGrs = 0.48 in the stability field Ph-Grt-Ttn-Jd-Kfs-Qz-H2O at c. 1.9 GPa 680 ˚C near the 

border to the Ph-Grt-Ttn-Jd-Kfs-Qz stability field.  

Silica isopleths are stable at higher temperatures than garnet isolpeths and at low pressures, 

mainly in the Ph-Grt-Ttn-Ab-Kfs-Qz-H2O stability field. 
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Figure 13. Pseudosection calculated in the NCKFMMnASTH system, with activity models for garnet and 

phengite. Compositional isopleths modeled XPrp = 0.01 - 0.02, XGrs = 0.45 - 0.48 in garnet, Si = 3.40 - 3.44 a.p.f.u 

in phengite and Fe
2+

-Mg garnet-phengite thermometry results. Numbered fields correspond to: (1) Ph-Grt-Jd-

Kfs-Coe-Rt (2) Ph-Grt-Ttn-Jd-Ann-Kfs-Qz (3) Ph-Grt-Ttn-Ann-Fstp-Ab-Kfs-Qz (4) Ph-Grt-Ttn-Hd-Ann-Ab-

Kfs-Qz (5) Ph-Grt-Ttn-Ann-Ab-Kfs-Qz-H2O (6) Ph-Grt-Ttn-Jd-Kfs-Qz-H2O (7) Ph-Grt-Ttn-Ab-Kfs-Qz-Rt-H2O 

(8) Ph-Grt-Zo-Ttn-Ab-Kfs-Qz-Rt-H2O (9) Ph-Grt-Ab-Kfs-Qz-Rt-H2O (10) Ph-Grt-Zo-Ab-Kfs-An-Qz-Rt-H2O 

(11)  Ph-Grt-Zo-Ab-Kfs-Qz-Rt-H2O (12)  Ph-Grt-Ab-Kfs-An-Qz-Rt-H2O (13)  Grt-Ab-Kfs-An-Qz-Rt-H2O 

Abbreviations used: Ab – albite, An – anorthite, Ann – annite, Coe – coesite, Fstp – ferrostilpnomelane, Grt – 

garnet, Hd – hedenbergite, Jd – jadeite, Kfs – K-feldspar, Ph – phengite, Qz – quartz, Rt – rutile, Ttn – titanite, 

Zo – zoisite. 
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Model 2  

The pseudosection for model 2 (Figure 14) show that garnet is stable in the whole considered P-T 

range. Omphacite is stable everywhere except at lowest pressures and highest temperatures (field 14-

17). Similar stability is observed for phengite that is stable everywhere except in field 17. As in the 

pseudosection of model 1 K-feldspar is stable everywhere and zoisite only in the lower right corner 

(fields 13, 14, 15). The most striking difference between the pseudosections of the two models is that 

rutile appears in larger extent in model 2 as a titanium bearing phase due to excess of titanium caused 

by incorporation of calcium in omphacite.  

For the isopleths the most striking difference in model 2 compared to model 1 is the shift of 

grossular isopleths towards higher pressures. This is also caused by the incorporation of calcium in 

omphacite. Intersection between grossular isopleths and XPrp = 0.01 occur at 3.0 - 3.4 GPa and 600 -

630 ˚C in the Ph-Grt-Omp-Ttn-Kfs-Coe-Rt stability field. Si-isopleths are moved to slightly higher 

pressures and intersect with XPrp = 0.02 at c. 1 GPa and 480 - 500 °C and c. 1.5 GPa and 600 °C. The 

garnet-phengite thermometer only intersects with the XPrp = 0.02 at 1.8 GPa and 680˚C.  
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Figure 14. Pseudosection calculated in the NCKFMMnASTH system, with activity models for garnet, phengite 

and omphacite. Compositional isopleths modeled XPrp = 0.01 - 0.02, XGrs = 0.45 - 0.48 in garnet, Si = 3.40 - 3.44 

a.p.f.u in phengite and Fe
2+

-Mg garnet-phengite thermometry results. Numbered fields correspond to: (1) Ph-Grt-

Omp-Ttn-Kfs-Coe (2) Ph-Grt-Omp-Kfs-Qz-Rt (3) Ph-Grt-Omp-Ttn-Kfs-Qz-Rt-H2O (4) Ph-Grt-Omp-Ttn-Ab-

Kfs-Qz-Rt (5) Ph-Grt-Omp-Ttn-Kfs-Qz-Ilm (6) Ph-Grt-Omp-Ttn-Ann-Kfs-Qz (7) Ph-Grt-Omp-Ttn-Ann-Ab-

Kfs-Qz (8) Ph-Grt-Omp-Ttn-Ab-Kfs-Qz (9) Ph-Grt-Omp-Ttn-Ann-Ab-Kfs-Qz-H2O (10) Ph-Grt-Omp-Ttn-Ab-

Kfs-Qz-Ilm-H2O (11) Ph-Grt-Omp-Ttn-Ab-Kfs-Qz-H2O (12) Ph-Grt-Omp-Ttn-Ab-Kfs-Qz-Rt-H2O (13) Ph-Grt-

Omp-Zo-Ab-Kfs-Qz-Rt-H2O (14) Ph-Grt-Zo-Ab-Kfs-Qz-Rt-H2O (15) Ph-Grt-Zo-Ab-Kfs-An-Qz-Rt-H2O (16) 

Ph-Grt-Ab-Kfs-An-Qz-Rt-H2O (17) Grt-Ab-Kfs-An-Qz-Rt-H2O. 

Abbreviations used: Ab – albite, An – anorthite, Ann – annite, Coe – coesite, Grt – garnet, Ilm – ilmenite, Kfs – 

K-feldspar, Omp – omphacite, Ph – phengite, Qz – quartz, Rt – rutile, Ttn – titanite, Zo – zoisite. 
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4.5 U-Pb zircon geochronology 

The results of U/Pb geochronology are presented in following section starting with morphological 

description of zircons. All BSE and CL images that belong to the description are available in appendix 

2, figure A2. A selection of representative CL images is shown in figure 15. The second part of the 

chapter focuses on the ages obtained by the dating. 

4.5.1 Morphology and internal textures  

The zircons of sample BA12-10 are characterised by a subhedral to euhedral crystal shape. Grains 

are elongated with rounded crystal terminations. Their colour is milky white to faintly yellow or 

brown under binoculars. All zircons exhibit core-rim texture.  

The majority of the zircons have a CL-dark weakly oscillatory zoned core (n.o. 1-2, 4-9, 11, 15 

19-20, Figure A2, appendix 2). The oscillatory zoning is commonly unsharp, which is typically related 

to magmatic origin and later affection from recrystallisation processes. Zircon 1 exhibits convoluted 

oscillatory zoning. The dark cores are surrounded by CL-light rims, interpreted to be of metamorphic 

origin. The contact between core and rim is sharp either parallel to the zoning in the core (e.g. zircon 

4, Figure A2, appendix 2) or cross cutting the features in the core (e.g. zircon 7, Figure A2, appendix 

2). The latter indicative of activity of detrial processes. Rims are generally homogenous, but may 

exhibit some patchy zonation.   

Some zircons are characterised by fairly CL-dark homogenous cores, surrounded by a CL-light 

heterogenous sometimes patchy rim (n.o. 12-14, 16-17, 21). Low luminescence core surrounded by 

patchy zonated rim is commonly indicative of zircon formed in high-grade metamorphic rocks 

(Hoskin & Schaltegger, 2003). The core-rim contact is often overprinting the textures observed in the 

cores. Black embulgements at core-rim contact of zircon 14 and 19 may indicate corrosion.  

A few zircons (n.o. 3, 10) exhibit sector zoning or patchy zoning in the core. Zircon 18 stands out 

in comparison to the other zircons with its chaotically zoned interior. The core is heterogeneous and 

blurry with features suggesting influence of fluids. The surrounding rim is CL-light and thickest at the 

pyramidal edges. 

Fractures are a common feature observable in the BSE images. Often they radiate from BSE-light 

cores or larger fractures in the zircons. They may also cut across the whole crystals from edge to edge.  
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Figure 15. Representative CL images of analysed zircons (BA12-10). The circles mark 

the position of the analytical spot.  

 

4.5.2 Geochronology and U, Th, Pb concentrations 

Based on studies of above described BSE and CL images the rims were targeted for isotope 

analysis, since these are interpreted to be of metamorphic origin. 21 zircon rims were analysed in total. 

The chemical isotope data is presented in table 7. Analyses that are discordant at 2σ level (analyses 4, 

13, 19) and incomplete analyses (analysis 21 with respect to 
208

Pb/
232

Th) will not be further discussed.  

The majority of the remaining 17 analyses cluster between 400 and 500 Ma (Figure 16a). One 

analysis (n.o. 10) yields a substantially older age (c. 1100 Ma) and plots slightly reversely discordant. 

Th/U ratio is 0.30 which is among the highest obtained Th/U values. Post analytical observations of its 

CL image (Figure A2, appendix 2) show that the analytical beam has targeted on the core-rim contact. 

For this reason it is very likely that the obtained age is a mixed age and the analysis is therefore 

omitted from the calculation of concordia age. 

One analysis (no 18) yields considerably younger age (c. 300 Ma) than the main cluster of 

analyses. This zircon contains high amount of common lead and for this reason it is omitted from 

further discussion.  

The remaining 15 analyses cluster between 475 - 450 Ma (Figure 16b). Th/U ratios vary between 

0.002 and 0.47. Two analyses (8 and 12) plot at circa 430 and 440 Ma. Analysis 8 shows relatively 

high common lead and is for that reason excluded from the concordia age calculation. Same applies to 
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analysis 16 in the main cluster of analyses. Analysis 12 plot at c. 430 Ma with Th/U ratio 0.03. It is 

interpreted to reflect later Caledonian events than the main cluster of plots and is therefore also 

excluded from the calculation of concordia age. Furthermore, four analyses (n.o. 1, 3, 5, 6) are 

relatively highly discordant and are therefore also omitted from calculation of concordia age. 

The final group of zircons consist of 8 spots plotting between 475 - 450 Ma (Figure 17). One 

analysis is concordant, whereas the rest are -8 to 10 % discordant within the 2σ error ellipse. Minor 

lead loss may have caused the slight normal discordance among some of the analyses. The observed 

reverse concordance for one analysis may have been caused by over correction for common lead or 

topography of the analysed area. Age calculation yield a concordia age of 460.2 ± 2.7 Ma (MSDW = 

0.021). The age is interpreted to reflect the formation of the targeted zircon rims.  

  



39 

 

 

Table 7. U-Th-Pb data from SIMS analysis. Data marked with grey colour has been used in calculation of 

concordia age. The rest has been omitted for various reasons (see column com. about omission).  

                

Disc. 

% 

conv 

Ratios ± σ Ages (Ma) ± σ 

An. 

n.o. 

Com. 

about 

omission 

U 

ppm 

Th 

ppm 

Pb 

ppm Th/U f206% 

206Pb/
204Pb 207Pb/235U 206Pb/238U 

206Pb/ 
238U 

207Pb/ 
235U 

1 

Rel. 

highly 

disc.  

92.8 0.6 7.2 0.01 {0.00} >1e6 -17.7 0.589 ± 3.19 
0.073 ± 
0.843 

0.26 454±3.7 470±12.1 

2 
  

54.1 0.1 4.2 0.00 {0.00} >1e6 -1.1 0.570 ± 3.79 
0.074 ± 

0.851 
0.22 457±3.8 458±14.1 

3 
Rel. 

highly 

disc.  

68.9 0.3 5.3 0.00 {0.00} >1e6 -18.6 0.591 ± 3.12 
0.073 ± 
0.850 

0.27 454±3.7 471±11.8 

4 

Discor-

dant at 

2σ  

349.4 94.5 52.4 0.27 0.37 5056 -18.6 1.369 ± 2.67 
0.137 ± 
2.164 

0.81 827±16.8 876±15.8 

5 

Rel. 

highly 

disc.  

76.6 35.7 6.1 0.47 {0.14} 13827 -24.5 0.613 ± 3.26 
0.074 ± 
0.868 

0.27 461±3.9 485±12.7 

6 

Rel. 

highly 

disc.  

82.4 0.5 6.3 0.01 {0.00} >1e6 33.9 0.536 ± 2.89 
0.073 ± 
0.886 

0.31 454±3.9 436±10.3 

7 
  

100.6 0.3 7.8 0.00 {0.00} >1e6 3.9 0.560 ± 2.54 
0.073 ± 

0.848 
0.33 454±3.7 451±9.3 

8 
Rel. high 
common 

Pb 

98.0 8.7 7.5 0.09 0.60 3130 -24.9 0.580 ± 3.46 
0.071 ± 

0.844 
0.24 441±3.6 465±13.0 

9 
  

75.9 1.0 6.0 0.01 {0.00} >1e6 -8.3 0.586 ± 2.85 
0.074 ± 
0.843 

0.30 461±3.8 468±10.7 

10 
Mixed 

ages 
281.6 87.6 61.0 0.31 {0.00} >1e6 4.8 1.909 ± 1.19 

0.186 ± 

0.886 
0.75 1100±9.0 1084±7.9 

11 
  

92.3 0.2 7.2 0.00 {0.00} >1e6 0.0 0.571 ± 2.67 
0.074 ± 

0.848 
0.32 459±3.8 459±9.9 

12 
Younger 

pop. 
78.9 2.2 5.8 0.03 {0.00} >1e6 -15.4 0.544 ± 3.98 

0.069 ± 
0.874 

0.22 429±3.6 441±14.3 

13 

Discor-

dant at 
2σ  

112.3 7.5 8.3 0.07 {0.21} 9025 -24.8 0.558 ± 2.43 
0.069 ± 

0.864 
0.35 428±3.6 450±8.9 

14 
  

115.4 0.5 9.1 0.00 {0.00} >1e6 9.8 0.571 ± 2.78 
0.075 ± 

0.863 
0.31 466±3.9 459±10.3 

15 
  

68.6 0.1 5.4 0.00 {0.00} >1e6 -7.5 0.586 ± 3.08 
0.074 ± 

0.882 
0.29 462±3.9 468±11.6 

16 
Rel. high 
common 

Pb 

49.4 0.2 3.9 0.00 {0.39} 4816 6.0 0.569 ± 3.79 
0.074 ± 

0.881 
0.23 461±3.9 457±14.1 

17 
  

86.1 0.3 6.7 0.00 {0.00} >1e6 -1.8 0.568 ± 2.71 
0.073 ± 
0.844 

0.31 455±3.7 456±10.0 

18 

High 

common 
Pb 

26.0 10.7 1.5 0.41 4.30 435 -44.5 0.436± 17.26 
0.053 ± 

0.977 
0.05 333±3.2 367±56.3 

19 

Discor-

dant at 
2σ  

212.5 63.1 44.5 0.30 {0.00} >1e6 -10.5 1.866 ± 1.39 
0.174 ± 

0.890 
0.64 1033±8.5 1069±9.2 

20 
  

94.6 3.0 7.6 0.03 {0.29} 6344 -4.7 0.592 ± 3.2 
0.075 ± 

0.860 
0.23 469±3.9 472±14.1 

21 
Incompl.  

analysis 
45.0 12.2 [ 3] 0.27 2.57 729 

10455

6.9 
0.42 ± 12.91 

0.067 ± 

0.849 
0.07 416±3.4 358±39.7 

ρ = error correlation; f206% = percentage of common 206Pb estimated from measured 204Pb. Numbers in parentheses indicate 

when no correction has been made; 206Pb/204Pb amount of common lead. 206Pb/204Pb < 5000 is considered as high common 

lead. Disc. % conv. = age discordance in conventional concordia space. Positive numbers are reverse concordant. 
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Figure 16. (a) Plot of all zircon analyses. (b) Enlargement of the major cluster of analyses. Data point error 

ellipses are 68.3 % confidence. Red numbers are analysis numbers. 

  

 
Figure 17. Obtained final concordia diagram. Data point error ellipses are 68.3 % confidence. The concordia age 

is given with 2σ. 

(a) 
(b) 
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5. Discussion  

This chapter starts with discussion of the metamorphic evolution of the Tjeliken gneiss followed 

by timing of the high-pressure event and large scale tectonic implications.  

5.1 Metamorphic evolution 

The metamorphic evolution of the Tjeliken garnet-phengite gneiss could not be unequivocally 

constrained. Thermodynamic modelling including activity models of garnet and phengite yielded an 

intersection of modelled garnet isopleths at 1.9 GPa and 680 °C (model1) at the equilibrium line 

between the stability fields Ph-Grt-Ttn-Jd-Kfs-Qz-H2O and Ph-Grt-Ttn-Jd-Kfs-Qz. This is considered 

to be minimum P-T conditions prevailing during growth of garnet core. Including omphacite in the 

modelling yield intersection at c. 3.0 - 3.4 GPa and 600 - 630 °C in the stability field Ph-Grt-Omp-Ttn-

Kfs-Coe-Rt. No coesite or other mineralogical evidence of ultra-high pressure metamorphism has been 

observed, for which reason model 2 has to be considered unlikely. Also recalling the 2.6 GPa 650 - 

701°C P-T conditions constrained for the Tjeliken eclogite (Majka et al., 2014a) it is expected that the 

pressure for the garnet core is not higher than this. Thus P-T conditions for equilibration of the garnet 

cores are considered to be within 1.9 - 2.6 GPa and 600 - 700 °C.  

 Obtained mineral assemblage for that P-T space in model 1 which has to be considered as the one 

most applicable for the studied samples is  Ph+Grt+Ttn+Jd+Kfs+Qz±H2O.  The modelled assemblage 

corresponds well to observed assemblage except the presence of jadeite. No observations of it have 

been made. It could be the case though that jadeite has been present in the samples but during 

exhumation has been transformed into albite, which has been observed. Based on microscope 

observations and modelling the peak assemblage of the gneiss is inferred to be 

Ph+Grt+Ttn+Kfs+Qz±H2O. Minor water is possible to be present in the peak assemblage. 

In model 2 the assemblage for the same P-T space is Ph+Grt+Omp+Ttn+Kfs+Qz+Rt, which is 

comparable to the peak-assemblage (garnet + omphacite + quartz + rutile ± phengite ± apatite ± zircon 

± opaque minerals) inferred by Litjes (2002) for the gneiss. 

Inclusions of muscovite (Si = 3.05 - 3.10 a.p.f.u) and phengite (Si = 3.11 - 3.44 a.p.f.u) indicate 

that garnet grew initially prior the peak phase and proceeded through it. No significant intersection can 

be observed between modelled garnet composition and phengite composition. Possible causes for that 

can be that modelled Si composition does not represent the one stable at same time as garnet cores or 

that proper settings for phengite have not been used in modelling. The inferred metamorphic 

conditions (1.9 - 2.6 GPa and 600 - 700 °C) are slightly higher than earlier constrained (1.65 GPa 650 

°C) for the gneiss (Litjes, 2002). However, further studies are need for more precise results.   

Thermometry yielded temperatures of c. 640 - 700 °C at pressures of 2.0 - 2.5 GPa for Fe
2+

-Mg 

exchange between garnet rims and adjacent phengites. The results are similar to the temperatures 

obtained for modelling of garnet core indicating a quite uniform temperature during growth of core 
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and rim. Minor reservation should be made that the bulk rock composition of the sample used for 

thermometry has slightly lower mg-number (14.4) than recommended (20-30) for the used 

thermometer. However, the thermometer used was the closest fit regarding the mg-number. 

Preservation of the highly irregular garnet chemistry with fairly sharp boundaries suggests a rapid 

heating from a loading event followed by rapid cooling due to decompression leaving no time for 

homogenisation. Such scenario is also supported by heterogeneous phengite inclusions with varying 

amounts of silica content. Also only a few retrograde features are observed e.g. epidote-quartz 

symplectites and albite-anorthite symplectites indicating a fast event leaving no time for retrograde 

features to develop. A few calcite crystals presumably crystallised from late fluids are observed. 

There are several possible explanations for the difficulties to constrain the metamorphic 

evolution. The complex garnet zoning is a major contributing factor. With such zoning it is practically 

impossible to obtain effective bulk rock composition of isolated parts of the garnet, which is needed to 

model the various stages of its growth. Also the garnet zoning indicates a complex growth history as 

will be discussed in the next section. For this reason it may be the case that neither the bulk rock 

composition nor the chosen isopleths inferred to represent garnet and phengite compositions at high 

pressure do so. Finally, errors in data have to be considered as a plausible cause of difficulties in 

modelling.  

5.2 Garnet growth 

Understanding the garnet growth process is an important key to be able to unravel the 

metamorphic evolution of the Tjeliken gneiss. Textures and chemical observations point toward a 

complex garnet growth. Models of garnet growth must be able to explain these observations. The main 

feature seen in the regular garnet profiles is the oscillatory compositional zoning with the antithetic 

zoning pattern of almandine and grossular content. The absolute content of almandine and grossular 

increases respectively decreases from core to rim. Spessertine decreases from core to rim and the 

pyrope content increases.  

Normally increasing pyrope content and decreasing grossular content from core to rim would 

indicate garnet growth during increasing temperature and stable or decreasing pressure. However, 

textures and oscillating chemistry suggest that such garnet growth model cannot explain the formation 

of garnet here. Instead they suggest a more complex genesis. Over all, two scenarios can be deemed 

applicable in this case. The oscillatory zoning can either be viewed as a product of continuous garnet 

growth from core to rim during a single growth event, or alternatively as a product of multi-stage 

growth. Both these scenarios are elaborated below.  
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5.2.1. Single garnet growth event 

Oscillatory zoning is known for many minerals. It is 

usually explained as a primary feature caused by (1) 

extrinsic changes in the growth environment e.g pressure, 

temperature and fluid-composition, or (2) by intrinsic 

factors such as kinetics e.g. diffusion (Kohn, 2004). In 

addition it can also be a secondary feature caused by post-

garnet growth diffusion. No textural or chemical evidence 

of repeated fluid infiltration have been observed and for that 

reason an open system behavior is excluded as a possible 

cause here. 

 Considering changes in pressure and/or temperature 

conditions Schumacher et al. (1999) proposed the concept 

”wiggling of P-T-path” in their study of garnets from 

metamorphic units in the Western Erzgebirge, Germany (Figure 18). According to the authors 

fluctuations in decompression rates cause wiggling of the P-T path and subsequent changes in the 

phase equilibria responsible for garnet growth. That makes production of garnet being controlled by 

two different reactions producing different amounts of garnet end-members. This explanation seems 

plausible, however there are few prograde matrix phases preserved making it difficult to identify 

possible reactants of mineral reactions responsible for garnet growth. Nevertheless, the opposite 

calcium and iron trends observed in garnets and epidotes indicate interaction between these two 

minerals during garnet growth. Applying the concept of wiggeling of P-T path such scenario could 

cause two reactions involving epidote breakdown to be responsible for garnet growth. If the two 

reactions differ in amount of Ca and Fe component extraction out of the epidotes a zoning as observed 

in the Tjeliken gneiss epidotes could be produced. However, for such scenario to be valid it remains to 

be explained why the number of oscillations differs between the garnets and epidotes.  

Kohn (2004) combined variation in pressure–temperature increase rates with kinetics to explain 

oscillatory zoning. The author argues that alternating fast and slow pressure-temperature increases 

causes variation in garnet growth rates. Sudden rapid garnet growth will lead to depletion of elements 

in the vicinity of the garnet if the intergranular diffusion cannot keep up with the consumption of 

elements. Then later as the rate of pressure-temperature increase slow down the intergranular diffusion 

will be able to keep up with consumption rates and thus transport enough elements to the garnet 

growth area. The relationship between garnet growth and intergranular diffusion might in this way 

cause variation in garnet chemistry.  

Another explanation of oscillatory zoning in garnet is that it is a secondary feature caused by 

diffusion after growth. There are however two concerns with this explanation for the garnet zoning in 

this case. Firstly, the fairly sharp outline of zones that conforms quite well to the subhedral outline of 

 

Figure 18. Wiggeling of P-T path. Small  

fluctuation in pressure and temperature  

causes the phase equilibria to shift between 

two dominant reactions. 
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the garnet crystal. If the zoning was to be caused by secondary diffusion the zones would be more 

irregular in shape with more transgressive boundaries. Secondly, the time available for diffusion to 

affect the garnet chemistry is too short. Intracrystalline diffusion can only be active above the closure 

temperature of the various elements and for that reason its impact on garnets in a cooling slab is 

dependent on maximum temperature reached and cooling rate. On the basis of garnet diffusion data 

for main elements Schumacher et al. (1999) show the relation between impact distance for diffusion 

and closure temperature for various cooling rates (Figure 19). Their data shows that for garnets of the 

size in this study (r = 0.05 - 0.1 cm) closure temperature for Mg diffusion at cooling rates of 6 °C/Ma 

and 30 °C/Ma lies between 660 - 640 °C and 680 - 720 °C, respectively. For Fe diffusion a cooling 

rate of 8 °C/Ma yields closure temperature at 680 - 710 °C. Ca is the slowest diffusing element in 

garnets and therefore should have even higher closure temperatures (Carlson, 2006). Given that this 

study yields temperatures in the range of above mentioned closure temperatures and dates the high 

pressure metamorphism to Late Ordovician it is highly unlikely that the garnet zoning is a product of 

post garnet growth diffusion. Maximum temperatures are not high enough to enable diffusion and 

even if they would have been that the known fact that high-pressure units were thrusted onto Baltica 

starting in Early Silurian do not provide enough time to create the observed zoning pattern.   

 

 

  

Figure 19. Plots showing temperatures at which little or no modification by diffusion is expected (intersections 

between dashed and solid lines) for a certain diffusion radius (solid lines) and cooling rate (dashed lines). To the 

left diffusion of Mg is considered. Mg diffusion data is from Cygan & Lasaga (1985). To the right diffusion of 

Fe is considered. Fe diffusion data is from Chakraborty & Ganguly (1991). Plots are modified from Schumacher 

et al. (1999).  
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Continuous garnet growth as described above would imply that the spatial separated area with 

similar chemistry can only be explained with that same P-T conditions and bulk-rock chemistry has 

arisen several times during the P-T-t history. Such scenario is however rather unlikely. Furthermore, 

changes in P-T increase rates and “wiggeling of P-T path” would require large scale tectonic 

movements. That would imply that oscillatory garnet zoning should have been observed elsewhere in 

the Scandinavian Caledonides. So far such findings have not been made, which argues for a more 

local cause for observed chemistry.  

5.2.2 Multi-stage garnet growth 

An alternative explanation is that the various chemical zones represent different garnet growth 

stages. In that sense the chemically different areas represent different garnet generations and areas of 

similar chemistry represent same garnet generation (Figure 20a). Such model would allow the 

spatially separated areas of similar composition to have been formed without the requirement of a 

repetition of similar external conditions several times during the garnet growth as in the case of a 

single growth event. It would also imply that the observed oscillatory zoning is not true oscillatory 

zoning reflecting cyclic changes in the growth environment.  

Causes of the different chemical zones could be as discussed above changes in garnet producing 

reaction due to changes in pressure and temperature or bulk-rock composition. Figure 20b and 20c 

show one possibility of multi stage garnet growth where a first generation of garnet (Figure 20b) is 

produced by breakdown of early matrix phases e.g. plagioclase and epidote until one of the reactants is 

consumed. Continued garnet growth, exemplified by stage 2 (Figure 20c), therefore involved 

consumption of later matrix phases, e.g. clinozoisite and quartz, causing the second generation of 

garnet to have a different chemical composition. The presence of atoll garnets and skeletal garnets 

may constitute textural evidence of such growth pattern. Line-step profiles show that the skeletal 

garnets have a homogenous chemistry similar to the chemistry observed in the rims of the regular 

garnets. Also atoll garnets show similar grossular and almandine trend as regular garnets from core to 

rim. A possibility is therefore that the regular garnets constitute former skeletal garnets and/or atoll 

garnets that by proceeding growth have been sealed.  

In conclusion neither a single growth episode nor a multi-stage garnet growth can be excluded as 

growth scenario. Further more extensive studies of garnets in the gneiss are needed to unravel their 

evolvement. This will also be of major importance to be able to reconstruct their metamorphic 

evolution. Nevertheless, a multi-stage garnet growth scenario where local factors have affected the 

garnet producing reaction is favored.  Especially since oscillating chemistry only has been observed in 

the Tjeliken gneiss so far and not elsewhere in the Scandinavian Caledonides. 
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Figure 20. a) Chemical composition profile with areas of similar almandine and grossular content marked in 

different colours. Corresponding spatial distribution of zones are shown in the garnet above. b) Sketch of 

possible first garnet growth stage involving consumption of early matrix phases. c) Sketch of possible second 

garnet growth stage involving consumption of later matrix phases.    

(a) 

(b) Stage 1 

(c) Stage 2 
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5.3 Timing of metamorphism 

The obtained 460.2 ± 2.7 Ma (MSWD = 0.021, 2σ) age for the zircon metamorphic rims is 

interpreted to date (near) peak metamorphism of the gneiss. Recalling the c. 15 Myr age discrepancy 

between the Sm/Nd (463.6 ± 8.9 Ma) (Brueckner & Van Roermund, 2007) and U/Pb (446 ± 1 Ma) 

(Root & Corfu, 2012) dating methods the result of this study supports the earlier Sm/Nd dating. 

Together these two results support a c. 460 high pressure event for the Tjeliken rocks rather than c. 

445 as suggested by Root & Corfu (2012). Late Ordovician, c. 460 Ma, eclogite facies metamorphism 

is also obtained for nearby Stor Jougdan pyroxenites (Brueckner & Van Roermund, 2007). 

The 446 Ma age by Root & Corfu (2012) is obtained by non in-situ zircon dating for which it is 

highly likely that it is an average age of different growth domains in the zircons. The Sm/Nd dating of 

primary eclogite facies minerals is in-situ targeting garnet cores and rims separately (Brueckner & 

Van Roermund, 2007). Thus age mixing could be avoided to a larger extent than for the U/Pb dating.   

The obtained age falls within the error of the average age (c. 453 Ma) for pyroxenites and 

eclogites at Sipmikk Creek and Lake Friningen further to the north in Jämtland. Thus, it is in line with 

earlier inferred 460 - 450 Ma ages recorded for metamorphism in northern Jämtland rocks, with 

preference of the older age of the interval. The similar ages for the hosting gneiss and therein intruded 

rocks show that they were metamorphosed together as suggested by Brueckner & Van Roermund 

(2007) and references therein. The obtained age in this study is also similar to the c. 455 monazite age 

reported from Åreskutan central Jämtland (Majka et al., 2012) for high-grade, sub solidus 

metamorphism. The assembled data for Jämtland rocks all indicate a Late Ordovician (U)HP event 

with peak metamorphic conditions around 460 - 450 Ma related to subduction of the Baltoscandian 

margin.  

 

5.4 Tectonic implication 

The non conclusive result regarding the P-T conditions of the gneiss do not allow a determination 

of whether the P-T conditions for the gneiss resembles those earlier established for the Lower and 

Middle Seve. However, a study (Klonowska et al., 2015a) completed during the work of this thesis has 

shown that the earlier inferred P-T gap between the Lower and Middle Seve do not exist. P-T 

constraints made for the nearby Stor Jougdan Lower Seve garnet pyroxenites and eclogites confirm 

UHPM also for the Lower Seve. Thus P-T conditions cannot any longer provide an indicator of the 

tectonic belonging of rocks in Seve although the Middle Seve in many places is observed to be of 

higher grade than the Lower Seve. 

Field observations made by Majka et al. (2014a) have not been able to confirm the presence of a 

thrust separating the eclogite body at the top of Tjeliken from the gneiss. For this reason the 

interpretation by Zachrisson et al. (1990) has to be regarded as applicable until otherwise disproved. In 

other words, the whole Tjeliken Mountain is to be considered as a part of the Lower Seve. 
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The obtained Late Ordovician peak-metamorphic age for the gneiss is in line with the accepted idea 

of a Late Ordovician subduction affecting the central Scandinavian Caledonides. Considering the 

subduction - exhumation models presented in section 2.4, the model by Gee et al. (2013) would in this 

case imply that the Scandian collision between Laurentia and Baltica started 30-40 myr earlier than 

assumed today. However, stratigraphical evidence (Klonowska et al., 2015a and references therein) 

shows that the Iapetus Ocean still was open at c. 440 Ma. Therefore, a model implying a Scandian 

collision at c. 450-460 Ma is highly unlikely. This leaves the two models by Brueckner et al. (2004) 

and Majka et al. (2014b) involving collision between Baltica and a microcontinent alternatively 

Baltica and an island arc, respectively. None of the two can be excluded, but recalling the lack of field 

evidence of a microcontinent makes the model of Majka et al. (2014b) to be preferred. For the 

Tjeliken rocks this would imply subduction down to depths of c. 80 km during the collision between 

Baltica and an island arc at c. 460 Ma (Figure 21a). At these depths the crust and basic dykes earlier 

intruded into the crust at continental break up were metamorphosed into eclogite and high-pressure 

gneisses as observed in the Tjeliken locality. Rupturing in the forearc block and subsequent sinking of 

its litospheric mantle part lead to exhumation of the Seve Nappe Complex at c. 430 Ma by the 

“vacuum-cleaner” mechanism during which peridotites and pyroxenites are introduced into the crust 

(Figure 21b). Parts of the Seve Nappe Complex now exposed in the Western Gneiss Complex (WGC) 

in Norway were later (c. 415 Ma) (Terry et al., 2000) subducted again and exhumed during the final 

Scandian Collision (Figure 21c, 21d).  
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Figure 21. Model of tectonic situation for the central Scandinavian Caledonides during Late Ordovician to Early 

Devonian periods. The star marks the position of the Tjeliken rocks during the sequence of events. (a) 

Contraction of the Iapteus ocean leads to collision between Baltica and an island arc at c. 460 - 450 Ma. The 

thinned outer Baltoscandian margin is deeply subducted beneath the island arc. A rupture arises in the 

lithospheric mantle beneath the arc due to the convergence. (b) The lithospheric part of the forearc block 

descends into the mantle and the Seve Nappe is exhumed due to the under pressures created by the descendance. 

(c) Parts of Seve are later subducted again during the Scandian continental collision recorded by rocks in the 

Western Gneiss Complex (WGC), Norway. (d) Allochthons are thrusted up on Baltica and transported long 

distances during the collisional stage and the late orogenic collapse (in courtesy of Klonowska; after Majka et 

al., 2014a).   
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6. Conclusions 

Peak-metamorphic conditions are dated to 460.2 ± 2.7 Ma confirming a (ultra)high-pressure event   

affecting central Scandinavian Caledonides in Late Ordovician prior the final continent-continent 

collision in Early Silurian. The obtained age correspond well to earlier Sm/Nd constraints of the 

Tjeliken eclogite.  

Garnet cores equilibrated at P-T conditions of 1.9 - 2.6 GPa and 600 - 700˚C.  A complex 

oscillatory garnet zoning pattern, skeletal and atoll garnet textures reflects an intricate garnet growth 

likely involving several growth episodes. Opposite calcium and iron zoning in garnets and epidotes 

indicate interaction between the two minerals during growth of these minerals.  

The P-T constraints of this study are at minimum a slight increase of earlier constraints and may 

be relatively similar to conditions established for the Tjeliken eclogite. This indicates a similar 

tectonic evolution during subduction of the Seve Nappe Complex in the Late Ordovician. 

7. Outlook  

The tectonics of the Tjeliken Mountain and precise P-T conditions of the garnet-phengite gneiss 

unit remains to be resolved. An important key to the solution is to be able to establish the conditions 

that controlled the garnet growth and the relative growth sequence of the different garnet parts. In 

order to do so more extensive studies of the garnets are needed involving further chemical 

characterisation of more samples and garnet tomography. This would also confirm how common the 

garnet oscillatory chemistry is in the Tjeliken gneiss.  

This study has shown the difficulties to model metamorphic conditions by classic thermodynamic 

methods with the complex chemistry displayed by the garnets. For better success alternative methods 

are needed that do not rely on chemistry. One such method is Thermoba-Raman-try, which is a 

technique still on experimental base. It uses well known physical properties of garnet inclusions to 

constrain the P-T evolution. In a situation with the observed garnet chemistry that might be a more 

successful approach to constrain the P-T path for the Tjeliken gneiss.  
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Appendix 1 – WDS analysis data 

Table A1. Representative analysis of garnets. 

Sample 71B 71B 71B 71B 71B 71B 71B 71B 73B 73B 71B 71B 

Text. 
type 

Regular 
grt 

Regular 
grt 

Regular 
grt 

Regular 
grt 

Regular 
grt 

Regular 
grt 

Regular 
grt 

Regular 
grt 

Skeletal 
grt 

Skeletal 
grt Atoll grt Atoll grt 

Pos. Core Core Mantle Mantle Ring Ring Rim Rim 
  

Island Ring 

SiO2  38.48 38.47 38.12 38.36 38.51 38.43 38.16 38.00 37.65 37.72 38.27 38.36 

TiO2  0.09 0.05 0.04 0.13 0.08 0.12 0.18 0.09 0.23 0.09 0.02 0.19 

Al2O3 20.84 20.95 21.09 20.83 20.84 21.00 20.44 20.93 21.03 21.23 20.79 20.73 

FeO   21.54 21.40 23.44 22.29 23.11 23.12 25.39 25.35 27.56 26.58 25.36 23.03 

MnO   2.30 2.66 1.23 1.88 1.15 1.11 1.37 1.30 0.70 0.60 3.98 1.34 

MgO   0.31 0.29 0.46 0.34 0.44 0.43 0.67 0.66 0.96 1.81 1.03 0.41 

CaO   17.53 17.07 16.51 16.78 16.71 17.01 13.70 13.97 12.04 12.46 11.36 16.55 

Total  101.10 100.89 100.88 100.61 100.84 101.22 99.92 100.30 100.17 100.49 100.81 100.61 

             Si 3.03 3.00 3.01 3.01 3.05 3.01 3.03 3.02 2.99 2.97 3.00 3.01 

Ti 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 

Al 1.93 1.92 1.96 1.92 1.95 1.94 1.91 1.96 1.97 1.97 1.92 1.92 

Fe
2+

 1.42 1.39 1.55 1.46 1.53 1.51 1.69 1.68 1.82 1.67 1.66 1.51 

Mn 0.15 0.18 0.08 0.12 0.08 0.07 0.09 0.09 0.05 0.04 0.26 0.09 

Mg 0.04 0.03 0.05 0.04 0.05 0.05 0.08 0.08 0.11 0.21 0.12 0.05 

Ca 1.48 1.42 1.40 1.41 1.42 1.43 1.17 1.19 1.03 1.05 0.96 1.39 

             XAlm 0.46 0.46 0.50 0.48 0.50 0.49 0.56 0.55 60.31 54.74 55.40 49.72 

XMn 0.05 0.06 0.03 0.04 0.03 0.02 0.03 0.03 3.77 6.96 8.81 2.93 

XMg 0.01 0.01 0.02 0.01 0.02 0.02 0.03 0.03 33.97 34.42 4.00 1.57 

XCa 0.48 0.47 0.45 0.46 0.46 0.47 0.39 0.39 1.56 1.31 31.79 45.78 

Structural formula calculated on the basis of 12 oxygens. 

 

 

 
 

Figure A1. The various parts of an atoll garnet  

sampled for chemistry (table A1 and section  

4.2.1 in the text). 
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Table A2. Representative analysis of triple zoned epidote in sample IK13071B and assignment of ions to key 

sites for classification according to Armbruster et al. (2006). The dominating valences at A2- and M3 sites give 

that the analyses should be assigned to the clinozoisite subgroup. Furthermore the distribution of Fe
3+

 and Al
3+

 

on the M3 site show that epidote group minerals consists of nearly 50 % clinozoisitic component and 50 % 

epidotic component. Grey colour marks rare earth elements. Elements marked with - indicates that no data 

were obtained for that particular element.   

Analysis 

no 
1 2 3 4 5 6 7 8 9 10 11 12 

Position Rim Rim Rim Mantle Mantle Mantle 
Outer 

core 

Outer 

core 

Outer 

core 

Inner 

core 

Inner 

core 

Inner 

core 

SiO2   39.020 38.550 38.800 37.460 37.667 37.566 37.107 37.334 37.440 36.972 36.650 37.147 

TiO2   0.175 0.179 0.210 0.194 0.218 0.191 0.275 0.255 0.224 0.316 0.311 0.284 

Al2O3  27.080 27.210 27.260 25.578 25.446 25.443 24.504 24.711 24.951 23.582 23.297 24.087 

FeO*    6.740 6.560 6.800 7.768 7.705 7.620 8.082 8.196 8.455 9.089 8.939 7.843 

MnO    0.033 0.166 0.060 0.045 0.035 0.062 0.205 0.168 0.180 0.337 0.296 0.282 

MgO    0.080 0.034 0.027 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

CaO    23.660 23.340 23.460 21.258 21.050 20.897 18.747 18.754 18.841 16.527 16.965 17.660 

Na2O   0.000 0.054 0.012 0.000 0.006 0.000 0.104 0.111 0.132 0.095 0.151 0.113 

K2O    0.033 0.012 0.031 0.000 0.000 0.000 0.009 0.006 0.002 0.034 0.039 0.000 

BaO    0.000 0.000 0.001 0.000 0.001 0.023 0.047 0.075 0.070 0.097 0.092 0.064 

NiO    0.040 0.004 0.000 0.000 0.000 0.031 0.000 0.000 0.021 0.001 0.000 0.000 

Cr2O3  0.033 0.021 0.000 0.009 0.014 0.011 0.000 0.020 0.011 0.003 0.025 0.000 

V2O3   0.048 0.071 0.061 0.000 0.005 0.003 0.011 0.047 0.029 0.043 0.000 0.021 

SrO   - - - 1.489 1.443 1.382 1.293 1.283 1.298 0.727 0.742 0.692 

ThO2  - - - 0.129 0.129 0.166 0.191 0.202 0.190 0.294 0.250 0.280 

UO2   - - - 0.031 0.060 0.029 0.050 0.061 0.032 0.074 0.085 0.043 

PbO   - - - 0.049 0.000 0.033 0.045 0.043 0.031 0.054 0.049 0.064 

Y2O3  -  -  -  0.086 0.081 0.069 0.071 0.108 0.100 0.134 0.177 0.213 

La2O3 -  -  -  0.680 0.822 0.806 1.241 1.178 1.146 1.837 1.650 1.585 

Ce2O3 -  -  -  1.544 1.741 1.801 1.981 1.939 1.983 3.212 2.859 2.705 

Pr2O3 -  -  -  0.277 0.291 0.294 0.339 0.391 0.406 0.570 0.522 0.523 

Nd2O3 -  -  -  0.634 0.781 0.768 1.187 1.113 1.119 1.760 1.549 1.449 

Sm2O3 -  -  -  0.119 0.107 0.106 0.153 0.143 0.235 0.274 0.248 0.212 

Eu2O3 -  -  -  0.257 0.234 0.287 0.281 0.270 0.281 0.336 0.324 0.275 

Gd2O3 -  -  -  0.100 0.086 0.071 0.108 0.160 0.133 0.188 0.151 0.133 

Tb2O3 -  -  -  0.052 0.035 0.056 0.046 0.027 0.045 0.009 0.014 0.036 

Dy2O3 -  -  -  0.058 0.119 0.082 0.024 0.000 0.000 0.098 0.082 0.043 

Ho2O3 -  -  -  0.022 0.000 0.019 0.010 0.059 0.017 0.000 0.000 0.010 

Er2O3 -  -  -  0.227 0.175 0.091 0.174 0.128 0.178 0.147 0.123 0.218 

Tm2O3 -  - -  0.059 0.098 0.019 0.000 0.002 0.000 0.075 0.065 0.065 

Yb2O3  -  - -  0.016 0.064 0.035 0.068 0.092 0.057 0.037 0.046 0.033 

Lu2O3 -   - -  0.002 0.020 0.153 0.085 0.207 0.202 0.015 0.148 0.110 

Total 96.940 96.200 96.721 98.141 98.431 98.113 96.436 97.079 97.809 96.935 95.847 96.189 
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Table A2. Continued. Grey colour marks rare earth elements. Elements marked with - indicates that no data 

were obtained for that particular element.   

Si 3.043 3.029 3.032 2.998 3.010 3.013 3.037 3.035 3.023 3.046 3.048 3.063 

Ti 0.010 0.011 0.012 0.012 0.013 0.012 0.017 0.016 0.014 0.020 0.019 0.018 

Al 2.489 2.520 2.510 2.413 2.397 2.405 2.363 2.368 2.374 2.290 2.284 2.341 

Fe3+ 0.440 0.431 0.444 0.520 0.515 0.511 0.553 0.557 0.571 0.626 0.621 0.540 

Mn 0.002 0.011 0.004 0.003 0.002 0.004 0.014 0.012 0.012 0.024 0.021 0.020 

Mg 0.009 0.004 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Ca 1.977 1.965 1.964 1.823 1.802 1.796 1.644 1.633 1.630 1.459 1.512 1.560 

Na 0.000 0.008 0.002 0.000 0.001 0.000 0.017 0.018 0.021 0.015 0.024 0.018 

K 0.003 0.001 0.003 0.000 0.000 0.000 0.001 0.001 0.000 0.004 0.004 0.000 

Ba 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.002 0.002 0.003 0.003 0.002 

Ni 0.002 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.001 0.000 0.000 0.000 

Cr 0.002 0.001 0.000 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.002 0.000 

V 0.003 0.004 0.004 0.000 0.000 0.000 0.001 0.003 0.002 0.003 0.000 0.001 

Sr - - - 0.069 0.067 0.064 0.061 0.060 0.061 0.035 0.036 0.033 

Th - - - 0.002 0.002 0.003 0.004 0.004 0.003 0.006 0.005 0.005 

U - - - 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 

Pb - - - 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

La -  -  -  0.020 0.024 0.024 0.037 0.035 0.034 0.056 0.051 0.048 

Ce -  -  -  0.045 0.051 0.053 0.059 0.058 0.059 0.097 0.087 0.082 

Pr -  -  -  0.008 0.008 0.009 0.010 0.012 0.012 0.017 0.016 0.016 

Nd -  -  -  0.018 0.022 0.022 0.035 0.032 0.032 0.052 0.046 0.043 

Sm -  -  -  0.003 0.003 0.003 0.004 0.004 0.007 0.008 0.007 0.006 

Eu -  -  -  0.007 0.006 0.008 0.008 0.007 0.008 0.009 0.009 0.008 

Gd -  -  -  0.003 0.002 0.002 0.003 0.004 0.004 0.005 0.004 0.004 

Tb -  -  -  0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.001 

Dy -  -  -  0.001 0.003 0.002 0.001 0.000 0.000 0.003 0.002 0.001 

Ho -  -  -  0.001 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 

Er -  -  -  0.006 0.004 0.002 0.004 0.003 0.005 0.004 0.003 0.006 

Tm -  -  -  0.001 0.002 0.000 0.000 0.000 0.000 0.002 0.002 0.002 

Yb -  -  -  0.000 0.002 0.001 0.002 0.002 0.001 0.001 0.001 0.001 

Lu -  -  -  0.000 0.000 0.004 0.002 0.005 0.005 0.000 0.004 0.003 

Y -  -  -  0.004 0.003 0.003 0.003 0.005 0.004 0.006 0.008 0.009 

Total 7.981 7.986 7.979 7.961 7.946 7.946 7.884 7.881 7.888 7.791 7.822 7.832 

 

Assignment to sites 

M2 (Σ = 1)                       

Al 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Total 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

             A1 (Σ = 1)                       

Mn 0.002 0.011 0.004 0.003 0.002 0.004 0.014 0.012 0.012 0.024 0.021 0.020 

Ca 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

V 0.003 0.004 0.004 0.000 0.000 0.000 0.001 0.003 0.002 0.003 0.000 0.001 

Cr 0.002 0.001 0.000 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.002 0.000 

Ti 0.010 0.011 0.012 0.012 0.013 0.012 0.017 0.016 0.014 0.020 0.019 0.018 

Mg 0.009 0.004 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Ni 0.002 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.001 0.000 0.000 0.000 

Na 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 

Total 1.029 1.032 1.023 1.015 1.017 1.019 1.032 1.031 1.030 1.046 1.042 1.039 
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Table A2. Continued. 

A2 (Σ = 1)                       

REE:s3+  - - - 0.119 0.134 0.134 0.170 0.170 0.172 0.260 0.240 0.228 

Th4+ - - - 0.002 0.002 0.003 0.004 0.004 0.003 0.006 0.005 0.005 

U4+ - - - 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 

Sr2+ - - - 0.069 0.067 0.064 0.061 0.060 0.061 0.035 0.036 0.033 

Pb2+ - - - 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

Ba2+ 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.002 0.002 0.003 0.003 0.002 

K+ 0.003 0.001 0.003 0.000 0.000 0.000 0.001 0.001 0.000 0.004 0.004 0.000 

Ca2+ 0.977 0.965 0.964 0.823 0.802 0.796 0.644 0.633 0.630 0.459 0.512 0.560 

Total 0.980 0.966 0.967 1.015 1.007 0.999 0.883 0.873 0.869 0.768 0.802 0.831 

             M3 (Σ = 1)                       

Fe3+ 0.440 0.431 0.444 0.520 0.515 0.511 0.553 0.557 0.571 0.626 0.621 0.540 

Al3+ 0.560 0.569 0.556 0.480 0.485 0.489 0.447 0.443 0.429 0.374 0.379 0.460 

Total 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

             M1(Σ = 1)                       

Al 0.929 0.951 0.955 0.933 0.911 0.916 0.916 0.924 0.945 0.916 0.905 0.881 

Total 0.929 0.951 0.955 0.933 0.911 0.916 0.916 0.924 0.945 0.916 0.905 0.881 

             Dominating valence state (X) at A2 site**                 

X2+ 1.000 1.000 1.000 0.880 0.864 0.862 0.802 0.799 0.798 0.651 0.691 0.718 

X3++ X4+ 0.000 0.000 0.000 0.120 0.136 0.138 0.198 0.201 0.202 0.349 0.309 0.282 

             Dominating valence state (X) at M3 site***                 

X3+ 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

X2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

* FeO is calculated as Fe3+ 

** Valence ratios calculated according to: X2+= X2+/(X2++X3++X4+), (X3++X4+)= (X3++X4+)/(X2++X3++X4+) 

*** Valence ratios calculated according to: X3+= X3+/(X2++X3+), X2+= X2+/(X2++X3+) 

For ** and *** see Armbruster, et al. (2006) paragraph 3.6.1 for subgroup assignment criterias.  

- indicates that no analysis was made for that element 

Structural formulas calculated on the basis of 12.5 oxygens.  
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Appendix 2 – Zircon CL and BSE images 

 

Figure A2. Images of zircons analysed by SIMS (BA12-10). To the left CL images and to the right BSE images 

of same zircon. The circle marks the position of the analytical spot. White patches visible on BSE images are 

remnants of the sample gold coating.   
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Figure A2. Continued. 
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Figure A2. Continued. 
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Figure A2. Continued. 
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Figure A2. Continued. 
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Figure A2. Continued. 
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Figure A2. Continued. 
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