
 

 

Structural Geology and Tectonic History of a Caledonian 

Metaperidotite-Bearing Metasedimentary Complex near 

Lesja, South Central Norway  
 

Orlando Quintela 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

Master Thesis  

 Structural Geology and Tectonics 
60 credits 

 

Department of Geosciences 

Faculty of Mathematics and Natural Sciences 
 

UNIVERSITY OF OSLO  

 

June 2019 
 

 



Orlando Quintela 

 

 

 

 

 

 

Structural Geology and Tectonic History of a Caledonian 

Metaperidotite-Bearing Metasedimentary Complex near 

Lesja, South Central Norway 

 

 

 

 

 

 

 

This thesis work is connected to the Centre for Earth Evolution and Dynamics (CEED) and is associated 

with the research group Margins and Orogeny. The work is presented for concluding master studies at the 

Department of Geosciences, University of Oslo, Norway. 

Supervisors: Prof. Torgeir Bjørge Andersen and Dr. Johannes Jakob. 

 

 

 

 

 

 

 

 



Acknowledgements 

 

I thank the supervisors Torgeir Bjørge Andersen and Johannes Jakob for many 

discussions that we have had about the evolution of the Scandinavian Caledonides. This project 

is finished only because of their full support and constant interaction. Their supervision has 

greatly contributed to my understanding of structural geology, metamorphism and tectonics, 

which are topics that I have so enthusiastically been focusing on. I am grateful to have joined 

their research group at the Centre for Earth Evolution and Dynamics in autumn 2017. The 

geology of Norway is fascinating, and I thank the supervisors for the opportunity to have 

studied it in greater detail. The Centre for Earth Evolution and Dynamics is funded by CoE-

Grant 223272 from the Research Council of Norway, and this research is funded by Grant 

250327/F20 from the Research Council of Norway to the project “Hyperextension in magma-

poor and magma-rich domains along the pre-Caledonian passive margin of Baltica”. This 

research is also funded by the Department of Geosciences of the University of Oslo. 

Roy Helge Gabrielsen is thanked for discussions about the interpretation of 

polydeformed terrains, fold interference patterns and geological mapping. Working as teaching 

assistant for the course GEO2130 at the Department of Geosciences has also greatly improved 

my understanding about structural geology, and I thank Anna Dichiarante and Elin Skurtveit for 

the fruitful discussions that we have had both in the field and class. Joining this group in autumn 

2018 pushed me even further in studying the Scandinavian Caledonides and related areas, and I 

am also grateful for the constant interaction and teamwork. 

Coming to Norway in 2017 was a hard decision, and I faced it because I was sure that it 

would turn out to be an amazing experience. However, during the first months, I was not really 

sure about what to expect, so I could only think about my family in Brazil. Despite of the 

distance, we were connected through thoughts over the past two years. I thank my grandfather, 

Kurt Cristiano Heller, and grandmother, Alice Heller, for their confidence and advices. The 

discussions that we had before the trip have immensely helped me to keep track of my studies 

and objectives. My mother, Clara Elizabeth Heller Belló, and stepfather, Alexandre Belló, stood 

by my side since the beginning of this journey into Scandinavia. This life project could only be 

initiated because of their full support and partnership.  

 

 

 



This page is intentionally left in blank. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

 

In the Scandinavian Caledonides, a metaperidotite-bearing metasedimentary complex has been 

investigated for its intricate lithological association and enigmatic tectonostratigraphic position. 

In the study area north of Lesja, south central Norway, the unit is represented by the Sjongseter 
Group, structurally positioned in the Blåhø Nappe. The latter overlies the Sætra Nappe, which is 

in turn laterally correlated with the Seve Nappe Complex in Sweden. The Sjongseter Group 

comprises a metaperidotite sheet at its base that is overlain by micaceous metasediments, mafic 
rocks and detrital ultramafic rocks. The metaperidotites are developed as talc-olivine-carbonate 

rocks and are locally truncated by mafic dykes. The metasediments are kyanite-garnet-mica 

schists, garnet-mica-amphibole-quartz schists and garnet-mica quartzites, and the mafic rocks 

are garnet amphibolites. The detrital ultramafic rocks are serpentinite- and soapstone-bearing 
conglomerates and pebbly sandstones. The lithologies are stratigraphically and structurally 

related, and primary contact relationships may be preserved. They have most likely been formed 

in mantle-floored basin settings with deposition of continental margin sediments and detrital 
ultramafic rocks, as well as addition of magmatic mafic rocks. The mantle-floored basin was 

deformed and metamorphosed during the Scandian phase of the Caledonian Orogeny and late- 

to post-orogenic extension, and it is presently preserved in the Sjongseter Group. The unit is 
folded by map-scale east-northeast-plunging folds that define metaperidotite-cored antiforms, as 

well as outcrop-scale chevron-like folds that are parasitic relatively to the antiforms. The 

lithologies are metamorphosed at amphibolite-facies conditions. The Sjongseter Group is also 

folded by map-scale southeast-plunging folds that define the orientation of the contacts with the 
structurally lower basement of the Western Gneiss Region. The mineral stretching lineations of 

the nappe and basement are mainly east-northeast-plunging, and the dominant structural fabrics 

are related to the extensional collapse phase of the Caledonides.  

 

Key words: mantle-floored basin, Caledonian orogenic belt, thrusting, extensional collapse, 
metaperidotite-bearing metasedimentary complex, Blåhø Nappe, Western Gneiss Region. 
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1. Introduction 

In the Scandinavian Caledonides, a metaperidotite-bearing metasedimentary complex 

has been investigated for its intricate lithological association and structural pattern (Fig. 1.1). In 

the study area, south central Norway, the unit is referred to as Sjongseter Group within the 

Blåhø Nappe (e.g. Guezou, 1978; Nilsen, 1988; Robinson et al., 2013). The Sjongseter Group 

comprises metaperidotites, metasediments, mafic lithologies and detrital ultramafic rocks. The 

major occurrences of metaperidotites and detrital ultramafic rocks are shown on bedrock maps 

available on the database of the Norwegian Geological Survey – NGU (e.g. NGU maps and data 

of the Lesja and Oppland districts). 

 
Figure 1.1.Tectonostratigraphic map of the southern Caledonides (Corfu et al., 2014). The study area is 

indicated by the square. Large crystalline nappes of Baltican affinity (Jotun Nappe Complex and 

correlatives) do not occur north of the Gudbrandsdalen antiform (dashed line) in the south central 

Caledonides. 
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In this study, it is shown that the Sjongseter Group comprises a nearly continuous 

metaperidotite sheet at its base that is overlain by micaceous metasediments, mafic rocks and 

ultramafic conglomerates and sandstones. The Sjongseter Group is folded by map-scale 

northeast-southwest-trending folds that define antiform-synform pairs. The metaperidotites crop 

out in the core of the antiforms, whereas the metasediments and mafic rocks occur in the 

synforms. The contact between these lithologies is locally overturned about northeast-

southwest-trending folds with southeast vergence. Across the northeastern boundaries of the 

nappe, the contact with the Western Gneiss Region is overturned about a northwest-southeast-

trending fold. The lithological units of the Sjongseter Group are structurally concordant and 

show the same deformation pattern, developed in the context of the Scandian phase of the 

Caledonian Orogeny and late- to post-orogenic extension. 

 

1.1. Motivation 

The supervisors of this thesis work have previously mapped metaperidotite-bearing 

mélange-type units in the southern Caledonides (e.g. Andersen et al., 2012; Jakob et al., 2017a, 

b, c). They have suggested that the units are correlatable with similar metaperidotite-bearing 

complexes in the south central segment of the orogen. The intricate lithological association and 

enigmatic tectonostratigraphic position of the mélange-type units have in turn motivated 

mapping of the similar occurrences in the south central Caledonides. In connection with the 

previous works, the supervisors and two collaborators (Geoffroy Mohn, University of Cergy-

Pontoise, and master student Pierre Closset, University of Strasbourg) have carried out 

reconnaissance and field mapping of the Sjongseter Group. In his master thesis, Closset (2018) 

analyzed the metamorphic evolution of the metaperidotites particularly through pressure-

temperature estimates and fluid-rock interactions. Following the latter studies, the present thesis 

work focuses on the structural and stratigraphic relationships of the Sjongseter Group, as well as 

the metamorphism of the metasediments and mafic rocks that are associated with the 

metaperidotites. 

 

1.2. Purpose of the study 

Mapping has shown that the Sjongseter Group is highly deformed, but contact 

relationships between the metaperidotites and the overlying metasediments and mafic rocks are 

locally preserved. Structural sections across the study area, thin-section description and electron 

microprobe analysis have complemented the field observations. In this sense, study of the 
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structural fabrics and metamorphic petrology allow establishing a relative chronology between 

deformation events. Mineral parageneses and their chemical compositions allow inferring the 

metamorphic conditions, which has been done on the basis of whole-rock geochemistry and 

pressure-temperature pseudosections of selected samples. The purpose of this thesis is to 

interpret the structural and metamorphic evolution of the Sjongseter Group, as well as the 

stratigraphic relationships between its lithological units. Tectonostratigraphic correlations with 

the metaperidotite-bearing units in the southern Caledonides are also discussed.  

 

2. Evolution of the Scandinavian Caledonides 

 

2.1. Initiation of the Caledonian Wilson Cycle 

The Caledonian Wilson cycle started with the continental rifting of Rodinia in the 

Neoproterozoic, which fragmented into Amazonia, Baltica, Laurentia, Gondwana and Siberia 

(e.g. Domeier, 2015; Torsvik & Cocks, 2017). By the time of breakup, Baltica was positioned at 

high southern latitudes. Rifting between Baltica and Laurentia led to the inception of the Iapetus 

Ocean. Rift-related magmatism and breakup are attributed to the arrival of a mantle plume and 

the emplacement of the Central Iapetus Magmatic Province at 616-590 Ma (e.g. Tegner et al., 

2019). During this period, dyke complexes were emplaced in Laurentia and Baltica (Fig. 2.1). In 

southern Norway, the Baltican basement is intruded first by the Hunnedalen dykes at about 850 

to 840 Ma, and later by the 616±3 Ma Egersund dyke swarms, as well as the 583±15 Ma Fen 

carbonatite complex (e.g. Bingen et al., 1998; Meert et al., 1998). Allochthonous units in the 

Scandinavian Caledonides that are interpreted to have originated from the distal margin of 

Baltica contain the 608-596 Ma Corrovarre, Sarek and Kebne dykes, as well as the 596 Ma 

Ottfjället dyke swarm, which are considered to have been emplaced by the time of the Iapetus 

opening (e.g. Kjøll et al., 2019). 

Rifted fragments and continental slivers were distributed along the Baltican and 

Laurentian margins and defined narrow seaways and marginal basins (e.g. Andersen et al., 

1991, 2012; van Staal et al. 2013; Jakob et al., 2017a, 2019). With respect to Baltica, ophiolite 

sequences derived from the Iapetan or Laurentian realms (e.g. Roberts et al., 2002b; Hollocher 

et al., 2012). Mantle-floored basins formed between the rifted fragments and segments of the 

Baltican margin (Fig. 2.2). Along these segments, breakup was magma-poor, and controlled by 

lithosphere stretching and hyperextension (e.g. Andersen et al., 2012; Chew & van Staal, 2014; 

Jakob et al., 2017a, 2019).  
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Figure 2.1. Paleomagnetic reconstruction of east Rodinia at around 615 Ma (modified from Tegner et al., 
2019). Rifting between Baltica and Laurentia led to the inception of the Iapetus Ocean, and rift-related 

magmatism is attributed to the arrival of a mantle plume and the emplacement of the Central Iapetus 

Magmatic Province (CIMP) at 616-590 Ma. During this period, dyke complexes were emplaced in 

Laurentia and Baltica. The white‐dotted line indicates the extent of the CIMP. The thick red line indicates 

the JASON plume generation zones. The red star indicates the location of the mantle plume. GD: 

Grenville Dyke Complex; LR: Long Range Dyke Complex; ED: Egersund Dyke Complex. 

 

 
Figure 2.2. Hyperextended pre-Caledonian margin of Baltica (Andersen et al., 2012). In the 

Neoproterozoic, the Baltican margin comprised mantle-floored basins that formed on the inboard side of 

rifted fragments by lithosphere hyperextension. 

Tegner et al. (2019) 
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In the Late Neoproterozoic into the Lowermost Paleozoic, platform sediments and syn- 

to post-rift sediments known as the “Sparagmite” basins were sourced from the basement of 

Baltica. These sequences were deposited on the Baltican margin (e.g. Nystuen et al., 2008; 

Lamminen et al., 2011), and eventually covered by Cambrian to Latest Silurian post-rift and 

younger syn-orogenic sediments. 

 

2.2. Closure of the Iapetus Ocean 

The closure of the Iapetus Ocean was initiated at about 495 Ma (e.g. Domeier, 2015; 

Torsvik & Cocks, 2017). By this period, Baltica had drifed from southern to equatorial latitudes 

(Fig. 2.3). With respect to Laurentia, island-arc magmatism was initiated adjacent or within the 

seaways inboard of the continental fragments that were separated from Laurentia during the rift 

phase (e.g. van Staal et al., 1998). The island arcs either remained active during the closure or 

were accreted. In the latter case, complexes of arc- and ophiolite-related rocks were obducted 

onto the Laurentian margin as the seaways closed by arc-continent collisions (e.g. van Staal et 

al., 2007; Slagstad et al., 2013), or constituted large mature island-arc and batholithic systems 

of Middle Ordovician to Early Silurian age (e.g. Andersen & Andresen, 1994; Corfu et al., 

2006; Slagstad & Kirkland, 2018) that were eventually emplaced onto Baltica during the 

Scandian collision. 

On its way to equatorial latitudes, Baltica experienced a pre-Scandian collision with 

Avalonia, which rifted from Gondwana at about 480 Ma (e.g. Torsvik & Cocks, 2017). The 

collision occurred at about 443 Ma and led to the closure of the Tornquist Sea (see Fig. 2.3). 

Some parts of the distal hyperextended margin of Baltica experienced pre-Scandian deformation 

and metamorphism. The Høyvik Group of the Dalsfjord Nappe Complex (e.g. Andersen et al., 

1990), which is interpreted as the Iapetus margin of the Jotun-Lindås-Dalsfjord Microcontinent 

(see Fig. 2.2) (e.g. Andersen et al., 2012; Jakob et al., 2019), displays phengite cooling ages at 

449-447 Ma (Andersen et al., 1998). The pre-Scandian deformation and metamorphism is also 

documented by 440 Ma eclogites and eclogite-facies shear zones in the Lindås Nappe Complex 

(e.g. Glodny et al., 2008; Roffeis et al., 2012), and probably by 446 Ma eclogites in the Seve 

Nappe Complex (e.g. Root & Corfu, 2011; Corfu et al., 2014).  
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Figure 2.3. Caledonian Wilson Cycle and closure of the Iapetus Ocean (Corfu et al., 2014). (a) At about 

490 Ma, the Iapetus Ocean was at its widest. (b) The closure started with migration of Baltica from high 

southern latitudes to the equator, when Baltica experienced an early collision with the Gondwana-derived 

Avalonia. The latter collision led to the closure of the Tornquist Sea at 443 Ma. (c) The Iapetus Ocean 

was completely closed when Baltica and Laurentia collided during the Scandian Orogeny at about 430 

Ma. The Scandian Orogeny is the major continental collision that formed the Caledonian orogenic belt. 
G: Gondwana; L: Laurentia; B: Baltica; S: Siberia; A: Avalonia. 

 

2.3. The Scandian Orogeny and complete closure of the Iapetus Ocean 

Baltica-Avalonia and Laurentia collided during the Scandian phase of the Caledonian 

Orogeny, which resulted in the complete closure of the Iapetus Ocean at about 430 to 425 Ma 

with continental subduction of Baltica and large-scale thrusting of nappes. During the collision, 

nappe complexes of Laurentian and oceanic origin, as well as nappes of Baltican affinity, were 

emplaced onto Baltica (e.g. Dunning & Pedersen, 1988; Pedersen & Furnes, 1991; Roberts, 
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2003). The continental collision between Baltica and Laurentia led to the formation of Laurussia 

(e.g. Gee et al., 1985b; Roberts, 2003). The Baltican foreland, the Proterozoic basement and its 

Cambrian to Late Silurian sedimentary cover were overthrust by sediments derived from the 

rifted margin of Baltica (see Fig. 1.1) (e.g. Fossen, 1993a, b). The Mid-Cambrian to Early 

Ordovician post-rift black shales covering large parts of Baltica constituted the basal 

detachment zone above which the orogenic wedge was emplaced (e.g. Bruton et al., 2010). The 

Scandian metamorphic overprint in the nappes ranged from upper greenschist to lower 

amphibolite in the direction of the hinterland farther northwest (e.g. Tucker et al., 2004). This 

progressive deformation and metamorphism was modelled by Fauconnier et al. (2014), who 

documented a temperature increase from ~300 to more than 500
o
C along the basal detachment 

zone under the nappes in the northwest. The distal margin of the Jotun-Lindås-Dalsfjord 

Microcontinent experienced higher-grade metamorphic conditions, as shown by the eclogite- to 

high-pressure amphibolite-facies metamorphism in the Middle/Late Ordovician to the Early 

Silurian (e.g. Andersen et al., 1998; Glodny et al., 2008; Corfu et al., 2014). The westernmost 

portion of the Baltic Shield (Western Gneiss Region) was deeply buried beneath Laurentia and 

recorded eclogite-facies metamorphism from 415 to 400 Ma (e.g. Kylander-Clark et al., 2009; 

Hacker et al., 2010). 

 

2.4. Syn- to post-orogenic collapse and extensional tectonics 

From the Latest Silurian into the Devonian, the general tectonic transport direction was 

reverted from southeast to northwest (e.g. Fossen & Dunlap, 1998). Top-to-hinterland 

extensional structures overprinted or obliterated the thrust-related expressions in response to 

back-sliding of the Caledonian nappe stack on a reactivated basal detachment zone and other 

major thrusts (e.g. Fossen 1992a; Osmundsen & Andersen, 1994). Late- to post-orogenic 

extension mechanisms have been proposed, such as syn-orogenic extensional collapse following 

delamination of overthickened lithospheric root (e.g. Andersen & Jamtveit, 1990; Andersen et 

al., 1991), post-collisional extension and plate divergence (Fossen, 1992a; Fossen, 2000), as 

well as transtension (Krabbendam & Dewey, 1998; Osmundsen & Andersen, 2001). 

In western Norway, the extensional structures are west- to northwest-dipping ductile 

and brittle shear zones that cut from upper- to lower-crustal levels (see Fig. 1.1). The shear 

zones excise both the nappe wedge and basement, accounting for exhumation of eclogite-facies 

rocks and mylonitic gneisses. The basement gneisses and eclogites are juxtaposed against 

supracrustal and lower-grade lithologies, and the detachments define major structural and 

metamorphic break (e.g. Andersen et al., 1994; Osmundsen et al., 1998). The high- to ultrahigh-

pressure eclogites of the Western Gneiss Region are exhumed in the footwall of the Nordfjord-
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Sogn Detachment Zone (Fig. 2.4) (e.g. Norton, 1987; Andersen & Jamtveit, 1990), whereas 

Early to Middle Devonian basins and structurally underlying nappes are preserved in the 

hanging wall (e.g. Osmundsen et al., 1998; Osmundsen & Andersen, 2001). Further south, the 

northeast-southwest-striking and northwest-dipping Hardangerfjord Shear Zone continues into 

the brittle Lærdal-Gjende Fault Zone (e.g. Andersen et al., 1991; Fossen, 1992a), into which the 

nappes and structurally underlying basement bend down and define a top-to-northwest 

monocline flexure (e.g. Andersen, 1998), originally defined as “Faltungsgraben” (Goldschmidt, 

1911). 

 
Figure 2.4. Structural section across the Lærdal-Gjende Fault Zone, “Faltungsgraben” and Nordfjord-Sogn Detachment 

Zone (modified from Andersen, 1998). The translation sense across the extensional shear zones is top-to-northwest and 
top-to-west, juxtaposing basement and eclogite-facies rocks against nappe units and overlying Devonian sediments. The 

nappes are preserved in the core of a large-scale synform or monocline flexure that has originally been defined as 

“Faltungsgraben” (Goldschmidt, 1911).  

 

In central Norway, low-angle detachments exhume the Central Norwegian Basement 

Window, including the top-to-northeast Kollstraumen and the top-to-southwest Høybakken 

detachments (e.g. Braathen et al. 2000, 2002). Their kinematics have been related to the 

northeast-southwest-striking Møre-Trøndelag Shear Zone (Fig. 2.5) (e.g Osmundsen et al., 

2006; Fossen, 2010), which in turn acted as a ductile transfer zone with sinistral shear sense 

during the Early Devonian. The Møre-Trøndelag Shear Zone has controlled exhumation of the 

Western Gneiss Region through transtensional mechanisms (e.g. Krabbendam & Dewey, 1998). 

Transtension has, however, influenced the exhumation processes at varying degrees (e.g. 
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Hacker et al., 2010), as attested from the structural relationships between tectonic foliations, 

lineations and fold axes across the southern Caledonides, as well as the associated metamorphic 

events. These relationships show that transtension has affected the regional orientation of 

lineation and fold axes (e.g. Fossen et al., 2013), which in turn has accounted for different 

deformation mechanisms responsible for exhuming the Western Gneiss Region (e.g. Andersen 

et al., 1991; Fossen, 2000).  

 
Figure 2.5. Lineation orientation across the southern Caledonides (Fossen et al., 2013). Wk: kinematic 

vorticity number or rotation factor; ϕ: angle between fold axes and Møre-Trøndelag Shear Zone. The map 

shows that ϕ decreases at the proximities of the Møre-Trøndelag Shear Zone, as Wk increases in response 

to non-coaxial deformation and simple shear.  

 

In this sense, the influence of transtension may be expressed by rotation of lineation and 

fold axes from east-west to northeast-southwest trends parallel with the Møre-Trøndelag Shear 

Zone (e.g. Krabbendam & Dewey, 1998; Fossen et al., 2013), resulting from increment of 

simple-shear and strike-slip deformation. The Nordfjord-Sogn Detachment Zone has evolved 

through east-west stretching and vertical shortening by pure shear (see Fig. 2.4) (e.g. Andersen 
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& Jamtveit, 1990; Dewey et al, 1993; Osmundsen & Andersen, 2001), quantified by Marques et 

al. (2007). The Jotun Nappe Complex was transported further to the northwest on the Lӕrdal-

Gjende Fault Zone, which was reactivated later both in the Permian and Late Mesozoic (e.g. 

Andersen, 1998; Andersen et al., 1999). As follows from the cited examples, extensional 

exhumation of the Western Gneiss Region has been complemented by transtension partitioned 

along the Møre-Trøndelag Shear Zone. 

 

3. Geological settings of the study area 

As shown by Figure 1.1, the study area is located in the south central segment of the 

Caledonides. North of the Gudbrandsdalen antiform area, large crystalline nappes of Baltican 

origin such as the Jotun Nappe Complex do not occur, and this represents a major break in the 

architecture between the southern into the south central segment of the orogen. Following this 

observation, the geological settings of the study area are described according to figures 3.1 and 

3.2 (see below). 

West of the study area, the Precambrian crystalline basement comprises autochthonous 

to parautochthonous orthogneisses and granitoids of the Western Gneiss Region (see figs. 3.1 

and 3.2), as well as a metasedimentary cover of paragneisses, black schists and phyllites (e.g. 

Corfu et al., 2014). The orthogneisses have experienced amphibolite- to granulite-facies 

metamorphism, as well as eclogite-facies conditions (e.g. Hacker et al., 2010), and they vary 

from strongly deformed to undeformed granitoids and gabbros. Preserved structures and 

igneous protoliths are traceable even in the far west where Scandian deformation has been most 

intense with eclogite-facies conditions (e.g. Krabbendam et al., 2000). The assemblage of 

orthogneisses comprises mafic and felsic gneisses, represented by tonalitic, granodioritic, 

dioritic and trondhjemitic gneisses with migmatite lenses, intruded by granitoid plutons and 

amphibolites. The Scandian eclogite-facies structures are foliations, lineations and folds (e.g. 

Engvik et al., 2007). However, Scandian amphibolite-facies structures are predominant and 

consist mostly of gently plunging ENE-WSW to ESE-WNW lineations and isoclinal lineation-

parallel folds (e.g. Barth et al., 2010). These high-temperature structures are locally overprinted 

by amphibolite- to upper greenschist-facies deformation, which accounts for late east-west-

trending and gently plunging lineations and folds (e.g. Hacker et al., 2010). 
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Figure 3.1. Tectonostratigraphic map of the central Caledonides (Corfu et al., 2014). The location of the 

units that are discussed in the text is indicated by the red square. Their structural relationships are shown 

on the schematic representation of Figure 3.2 (see below).  
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Figure 3.2. Schematic representation of the tectonostratigraphy of the south central 

Caledonides (Nilsen, 1988). The autochthonous to parautochthonous basement of the Western 

Gneiss Region is structurally overlain by a thick nappe pile. See text for detailed description.  

 

To the southeast, the basement and cover are overthrust by the Osen-Røa, Valdres and 

Kvitvola nappe complexes, which contain the Neoproterozoic “Sparagmite” basins (e.g. 

Nystuen et al., 2008; Bingen et al., 2011; Lamminen et al., 2011). The “Sparagmites” comprise 

fluvial to marine sandstones as well as glacigenic and turbidite-facies sediments, marbles, 

quartz-rich phyllites and schists, quartzites and arkoses. The Kvitvola Nappe is correlated with 

the Åmotsdal Nappe and contains quartz-rich lithologies, meta-arkoses and feldspathic 

quartzites, as well as imbricated sheets of crystalline basement. 

The next overriding unit is represented by the Risberget augen gneisses, which may be 

correlated with the Tännäs Nappe in Sweden (e.g. Handke et al., 1995; Robinson et al., 2013). 
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The Risberget augen gneisses are overthrust by the Sӕtra Nappe, which comprises sheets of 

imbricated feldspathic quartzites with intercalation of quartzites, quartz-rich mica schists, 

limestones and black phyllites locally intruded by mafic dykes (e.g. Rui & Bakke, 1975; Rui, 

1981a). East of the study area, the Sӕtra Nappe is correlated with the Remsklepp Nappe, 

characterized by dyke-intruded sandstones and arkoses (e.g. Krill, 1986; Gee et al., 1985b). Due 

to the lithological assemblage of Neoproterozoic dyke-intruded metasandstones, the Remsklepp 

and Sætra nappes are correlated with the Särv and Seve nappe complexes in Sweden, which are 

in turn intruded by the rift-related Ottfjället dyke swarm (e.g. Solyom et al., 1979; Hollocher et 

al., 2007).  

The Sætra Nappe is overridden by the Blåhø Nappe, correlated with the Essandsjø-

Øyfjell Nappe to the east. The Blåhø Nappe comprises mica schists, garnetiferous biotite-

hornblende gneisses and amphibolites with pods of metagabbro and greenstone, massive 

serpentinites, soapstones and associated detrital ultramafic rocks (e.g. Guezou, 1978; Roberts et 

al., 1984; Nilsen, 1988). In the study area, this lithological assemblage is referred to as 

Sjongseter Group.  

The Blåhø Nappe is overthrust by the Støren, Gula and Meråker nappes of the 

Trondheim Nappe Complex (e.g. Robinson et al., 2013; Corfu et al., 2014). The Støren and 

Meråker nappes comprise volcano-sedimentary units and are correlated with Late Cambrian to 

Middle Ordovician ophiolite sequences (e.g. Roberts et al., 2002b; Slagstad, 2003). These 

ophiolite sequences are in turn unconformably overlain by continent-derived sediments that 

contain fossils of Laurentian affinity, and they are locally affected by granitoid intrusions. The 

Gula Nappe encompasses a heterogeneous sequence of continental and oceanic clastic rocks 

developed as black schists, quartzites, metapelites, graphite-bearing schists and chlorite-garnet-

mica schists with minor volcanic rocks and greenstone pods (e.g. Hollocher et al., 2012; Engvik 

et al., 2013).  

 

4. Methods 

Analyses of satellite images and geological maps available from the Norwegian 

Geological Survey have initially been carried out in order to identify large-scale structures, 

lithological units and geological contacts in the area of the Sjongseter Group. Field mapping 

took place from July to August 2018 and consisted in documenting structural and lithological 

relationships. GPS waypoints were located by UTM coordinates, and outcrop-scale features 

were documented by sampling and description of rock structure, texture and mineralogy. Planar 

and linear fabrics data were collected by compass measurements of foliations, lineations and 
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fold axes. Geological maps and cross sections were produced by compiling the field data into 

the QGIS software, and stereonets were produced through the Stereo32 software. 

Twenty samples have been separated for preparation of thin sections. The thin sections 

have been produced at the laboratories of the Department of Geosciences, University of Oslo, 

and analyzed under petrographic microscope and electron microprobe. In order to complement 

the petrographic descriptions, additional thin sections have been provided by the supervisors, 

previously analyzed by Closset (2018). The electron microprobe analyses have been carried out 

through a CAMECA SX 100 machine for routine major elements determination with 0.01 wt% 

detection limit. Backscattered-electron images have been used for locating each analysis. Garnet 

elemental mapping has been carried out for selected grains, and the results are presented as plots 

that show the proportion of garnet end member for analytical profiles across the grains. The 

results of the electron microprobe analyses are compiled into the appendixes section. 

Four samples have been prepared for whole-rock geochemistry, and analyzed at the 

Activation laboratories, Canada, through fusion X-ray diffraction for routine lithogeochemistry 

analysis. The analyses and detection limits are presented in the appendixes section, and these 

results have been used to produce pressure-temperature pseudosections through the Theriak-

Domino software and its database. Three whole-rock compositions have been used for the 

pseudosections, which have been compiled by combining equilibrium assemblage diagrams and 

isopleths of garnet end-member composition and silica per formula unit in white mica. The 

pseudosections are also presented in the appendixes section.   

 

5. Results 

 

5.1. Contact relationships and lithological units of the Sjongseter Group 

The map of Figure 5.1 shows that the Sjongseter Group is flanked by structurally lower 

basement rocks of the Western Gneiss Region. To the east, it is in fault contact with the 

Åmotsdal Nappe, and with the Risberget Nappe to the southeast. The field mapping has focused 

on the central area of the Sjongseter Group, and on the contact relationships with the Western 

Gneiss Region. To the west, the basement dips easterly below the nappe. At the northeastern 

boundary of the Sjongseter Group, the contact with the Western Gneiss Region is overturned 

about a southeast-plunging fold, and the units are northeast-dipping. The nappe-basement 

contacts show a structural pattern with a succession of normal and overturned fold limbs that 

dip mostly toward the northeast. 
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Figure 5.1. Geological map of the Sjongseter Group. The main geological contacts have been taken from the map database of the Norwegian Gelogical Survey. Geodetic system for 

geographic coordinates is WGS84, and reference coordinates are 62°12’ N and 08°48’ E (upper left corner). The Sjongseter Group is juxtaposed against the structurally lower Western 

Gneiss Region, and it is in fault contact with the Åmotsdal Nappe. The contact with the Western Gneiss Region is overturned about a southeast-plunging fold. The Sjongseter Group 

comprises metaperidotites, micaceous metasediments, mafic rocks and detrital ultramafic rocks that are folded by map-scale east-northeast-plunging folds. In the northern part of the study 

area, their contact is locally overturned about the east-northeast-plunging folds, and the units are northwest-dipping. In the southern part, the folds are upright. The stratigraphic relationship 
of the lithological units is represented by schematic columns (see below) that are indicated on the map. The location of samples for whole-rock geochemistry is also indicated – SSG-06-18 

(62°10’ N, 08°53’ E), LES-18-17 (62°11’ N, 08°53’ E), P52-B (62°11’ N, 08°50’ E) and P36-A (62°11’ N, 08°51’ E).  
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The Sjongseter Group comprises a metaperidotite sheet at its base that is overlain by 

micaceous metasediments, mafic rocks and detrital ultramafic rocks (figs. 5.2 and 5.3). The 

units are folded by map-scale east-northeast-plunging folds that define antiform-synform pairs 

(see Fig. 5.1). The metaperidotites occur in the core of the antiforms, and they are developed as 

talc-olivine-carbonate rocks that are locally intruded by mafic dykes (Closset, 2018; Jakob et 

al., 2018). The metasediments and mafic rocks continue into the synforms. The metasediments 

are dominantly mica schists, and the mafic rocks are amphibolites. The latter lithologies are 

either in close proximity or intercalated, and the metasediments engulf minor bodies of mafic 

rocks and are locally intruded by mafic dykes (see Fig. 5.3). Talc schists and chlorite-actinolite-

tremolite schists frequently occur as lenses and layers in the metasediments. In the northern part 

of the study area, the contact between metasediments, mafic rocks and metaperidotites is locally 

overturned about the east-northeast-plunging folds (see Fig. 5.1), and the units are northwest-

dipping. In the southern part, the folds are upright, and the metaperidotites dip steeply below the 

metasediments and mafic rocks. The detrital ultramafic rocks are under- and overlain by 

metasediments and mafic rocks. The detrital ultramafic rocks are clast-supported serpentinite-

and soapstone-bearing conglomerates and pebbly sandstones. They may locally occur in close 

proximity to the metaperidotites, as observed in the southern part of the study area, which 

suggests that there may be lateral transitions between these lithologies. 

Figure 5.2. View to the study area. The lithological units of the Sjongseter Group are indicated. The color 

scheme is the same as that of Figure 5.1. The metaperidotites and detrital ultramafic rocks, highlighted in 
purple and yellowish respectively, are tens to hundreds of meters long culminations or smaller solitary 

bodies. The detrital ultramafic rocks are under- and overlain by metasediments and mafic rocks, 

collectively highlighted in green. 
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Figure 5.3. Schematic representation of stratigraphic relationships in the Sjongseter Group. The Sjongseter Group comprises a metaperidotite sheet at its base that is overlain by 

metasediments, mafic rocks and detrital ultramafic rocks. The metaperidotites are developed as talc-olivine-carbonate rocks, and they are locally intruded by mafic dykes that are developed 

as chlorite schists. The metasediments are mostly mica schists, and the mafic rocks are amphibolites. The latter lithologies are either laterally associated or intercalated. The metasediments 

bear minor bodies of mafic rocks and lenses of chlorite-actinolite-tremolite-talc schist, and they are locally intruded by mafic dykes. The detrital ultramafic rocks are clast-supported 

serpentinite- and soapstone-bearing conglomerates and pebbly sandstones that are under- and overlain by metasediments and mafic rocks. Minor bodies of detrital ultramafic rocks occur as 

talc schist layers within the metasediments. Thicknesses are estimated on the basis of Figure 5.1, as well as structural sections across the study area referred to elsewhere (see below). 
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5.2. Petrography of the Sjongseter Group 

 

5.2.1. Talc-olivine-carbonate rocks 

The metaperidotites of the Sjongseter Group are developed as talc-olivine-carbonate 

rocks (olivine is 87 to 95% forsterite-rich) (Closset, 2018). They are abundant in the study area 

and crop out in the core of the east-northeast-plunging antiforms (see Fig. 5.1) as large 

culminations or solitary bodies variable in size from tens to hundreds of meters long (Fig. 5.4), 

as well as smaller rounded to elongated bodies. Their most conspicuous texture is defined by 

brownish olivine aggregates and single olivine crystals that vary from a few to about 5 cm wide, 

locally up to 10 cm wide (Fig. 5.5). The olivines are elongated to rounded, blade- or lens-like, 

and they are set in a talc-rich matrix with carbonate, amphibole, serpentine and chlorite. Talc 

may occur as the dominant phase, characterizing white silver soapstones (Fig. 5.6). The olivines 

have grown together with talc during prograde metamorphism of an original serpentinized 

mantle peridotite (see below). The talc-olivine-carbonate rocks are locally intruded by mafic 

dykes, which are in turn developed as chlorite schists (Fig. 5.7). 

 
Figure 5.4. The talc-olivine-carbonate rocks generally crop out as massive or structureless culminations 

variable from tens to hundreds of meters long. They may locally bear 30 cm to 1 m thick lenses and layers 

of chlorite-actinolite-tremolite-talc schist, as indicated on the photo. 

NW 

1 m 
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Figure 5.5. The most conspicuous texture of the talc-olivine-carbonate rocks is defined by brownish 
olivine aggregates and single olivine crystals that are set in a talc-rich matrix with carbonate, 

amphibole, serpentine and chlorite. The olivines are rounded to elongated, blade- or lens-like 

porphyroblasts variable from a few to about 5 cm wide (lens cap for scale). (Photo: Johannes Jakob).  

 

 
Figure 5.6. The talc-olivine-carbonate rocks are locally developed as white silver soapstones with 

brownish olivine overgrowths, as shown on the photo (15 cm wide notebook for scale).  
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Figure 5.7. The talc-olivine-carbonate rocks are locally intruded by mafic dykes. The greenish mafic 

dyke, indicated on the photo, is developed as chlorite schist. The intrusion of the dyke has changed the 

whole-rock composition close to the dyke. The brownish transition zone has formed due to the 

differences in whole-rock composition, which has in turn resulted in different metamorphic mineral 

assemblages. (Photo: Johannes Jakob). 

 

At thin-section scale, it may be seen that the talc-olivine-carbonate rocks also have 

subordinate amphibole, chlorite and serpentine. The olivine crystals vary from about 5 to 10 

mm wide. They are crushed into fragments variable from a few to 3 mm wide, arranged in trails 

or aggregates, and are cross-cut by closely spaced fractures that may be several millimeters 

long. The olivines are partially replaced by carbonate and serpentine patches, and wrapped by 

fine- to coarse-grained talc aggregates (Fig. 5.8). The talc aggregates tend to be randomly 

oriented, but they may also characterize a poorly defined foliation. The carbonate is arranged in 

mosaic of polygonal to interlobate crystals (Fig. 5.9), and it may also occur as randomly 

distributed rhomboid to elongated crystals. The amphiboles cut across the olivines, and the 

former are only cross-cut by other amphiboles (Closset, 2018). They are subidioblastic to 

hipidioblastic prisms that vary from 5 to 10 mm long (Fig. 5.10), as well as shorter fibrous 

crystals that are associated with talc aggregates. The serpentine is generally associated to 

chlorite. The serpentine fills fractures through the olivine crystals and define a mesh texture (see 

Fig. 5.8). The serpentine may also be arranged in aggregates that are associated with talc at the 

borders of the olivines. Opaque minerals (no chemical analysis) are mostly xenoblastic, 

intersticial, and inclusion-borne (Fig. 5.11). They may locally be subidioblastic to 

hipidioblastic, globular to elongated, variable from 1 to 2 mm wide. 

NW 

30 cm 
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Figure 5.8. The olivine (Ol) is partially replaced by carbonate (Cb) and serpentine (Sp), and it is cut 

across by closely spaced fractures. The fractures are commonly filled by serpentine and chlorite, which 

characterizes a mesh texture. The olivine is wrapped by talc aggregates (Tlc), which are in turn locally 

associated to serpentine aggregates and carbonate patches at the borders of the olivine crystal. Width of 

view: 4 mm. (Transmitted-light microscope, crossed polars). 

 

 
Figure 5.9. Mosaic of granoblastic to interlobate carbonate (Cb) is developed at the borders of a large 

olivine crystal (Ol). The olivine is several millimeters wide, and it is partially replaced by serpentine (Sp) 

and talc aggregates (Tlc). The carbonate mosaic has grown into the olivine, as well as randomly 

distributed carbonate patches that occur in close proximity to the serpentine aggregates. Width of view: 4 
mm. (Transmitted-light microscope, crossed polars). 
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Figure 5.10. A large olivine crystal (Ol) is cut across by tremolite (Tr), and they are associated with talc 

aggregates (Tlc). The olivine crystal is several millimeters wide, and the tremolite prisms are about 5 mm 

long. The tremolite crystals are commonly developed across the olivines, and the former are only cut 

across by other amphiboles. Width of view: 10 mm. (Reflected-light microscope). 

 

 
Figure 5.11. Opaque minerals (Op) are locally borne by mesh-textured olivine (Ol). The olivine is 
several millimeters wide, and it is cut across by a dense network of serpentine- and chlorite-filled 

fractures that define a mesh texture. The reflective opaque minerals (no chemical analysis) are rounded to 

subangular, and they are cut across by non-persistent fractures. Width of view: 4 mm. (Reflected-light 

microscope). 
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Closset (2018) analyzed the composition of olivine, carbonate, amphibole, serpentine 

and chlorite. The olivines are rich in MgO (about 50 wt%) and SiO2 (40 wt%), and their FeO 

content ranges from about 7 to 9 wt%. They are forsterite-rich olivines, and the forsterite 

component varies from 87 to 95%. The carbonate has magnesite composition (about 45 wt% 

MgO), and the FeO content tends to vary from crystal rims (3-5 wt%) to cores (6-9 wt%). The 

amphibole is MgO-rich, and it is either anthophyllite (27-30 wt% MgO, CaO as low as 0.5 wt%) 

or tremolite (23-24 wt% MgO, 11-13 wt% CaO). Distinct groups of serpentine minerals were 

described by Closset (2018). Some of them are similar to lizardite and chrysotile in composition 

with 33-40 wt% MgO content and 2-9 wt% FeO content. The serpentine may also be similar to 

antigorite in composition with 24-26 wt% and 16-17 wt% MgO and FeO contents respectively. 

The chlorite has clinochlore composition (33-35 wt% MgO, 3-4 wt% FeO). 

The metamorphic evolution of the talc-olivine-carbonate rocks was analyzed by Closset 

(2018). The forsterite-rich olivines have a composition that is typical of metamorphic olivine 

(e.g. Bakke & Korneliussen, 1986; Trommsdorff & Connolly, 1996). The olivine-talc 

paragenesis develops due to the antigorite breakdown reaction in antigorite schists or 

serpentinites that undergo prograde metamorphism through upper greenschist- to amphibolite-

facies conditions (e.g. Bromiley & Pawley, 2003; Butcher & Grapes, 2011). Antigorite may be 

stable at 570 to 620°C through the metamorphic evolution of the serpentinite, depending on the 

pressure. Magnesium-bearing carbonate may be produced in ultramafic metamorphic systems 

by interaction with H2O-CO2 fluids (e.g. Ulrich et al., 2014; Coltat et al., 2019). For the talc-

olivine-carbonate rocks of the Sjongseter Group, Closset (2018) suggested that H2O-CO2 fluids 

have triggered serpentinization of an initial mantle peridotite. The serpentinite has undergone 

prograde metamorphism and dehydration. During this evolution, antigorite has released 

magnesium, aluminum and iron into the metamorphic system, and it has broken down into the 

observed olivine-talc paragenesis. Iron oxides such as magnetite, hematite and ilmenite tend to 

store the released iron, whereas chlorite may store the aluminum (e.g. Butcher & Grapes, 2011). 

Consequently, the olivine that is generated by such mechanism is rich in magnesium, which is 

also taken up by talc. Due to the cross-cutting relationships between the olivines and the 

amphiboles, Closset (2018) suggested the amphiboles to have formed at peak metamorphic 

conditions, estimated at 550°C and 6 kbar. Considering that the carbonates are magnesites with 

varying iron content from core to rim, Closset (2018) suggested that this variation has been 

influenced by the initial iron content in the metamorphic system. The iron-rich core of the 

magnesites may have been produced during the serpentinization of the initial mantle peridotite, 

in which case olivine and pyroxene minerals would have released iron and magnesium for the 

carbonates. The iron-poor rim of the magnesites may have developed from retrogression of the 

metamorphic olivines, which would have released additional iron into the metamorphic system. 
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Late-stage serpentine may also have formed by retrogression of the metamorphic olivines. In 

summary, the talc-olivine-carbonate rocks of the Sjongseter Group may have developed from 

serpentization of an initial matle peridotite, triggered by interaction with H2O-CO2 fluids. Iron-

rich magnesite cores are interpreted to have formed during this first hydration event. The 

serpentinite has been metamorphosed at conditions compatible with those of the antigorite 

breakdown reaction, which has produced the olivine-talc paragenesis. To match the prograde 

evolution, the amphiboles have developed at peak metamorphic conditions. Late-stage 

hydration of the metamorphic olivine has allowed the growth of serpentine minerals and iron-

poor magnesite rims.  

 

5.2.2. Detrital ultramafic rocks 

The detrital ultramafic rocks are serpentinite-bearing conglomerates and pebbly 

sandstones. The conglomerates are predominant and crop out as massive culminations or 

solitary bodies variable from tens to hundreds of meters long (Fig 5.12). The conglomerates are 

abundant in the study area, and they occur at the limbs of the east-northeast-plunging folds (see 

Fig. 5.1). Locally, there are minor occurrences of sandy layers. They either intercalate with or 

form 0.3 to 1 m thick tabular layers in the conglomerates (Fig 5.13). The sandstones may also 

bear lenses of clast-supported pebble to boulder conglomerate (see below). 

 
Figure 5.12. The ultramafic conglomerates generally crop out as massive culminations variable from tens 

to hundreds of meters long. They are abundant in the study area and predominant over the ultramafic 

sandstones, which in turn occur locally. The conglomerates may also occur as smaller solitary bodies tens 

of meters long.  

 

N 
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Figure 5.13. Intercalating tabular layers of ultramafic sandstone and conglomerate. The sandstone, 

indicated on the photo, bears sparse rounded to ellipsoid granule- to cobble-sized serpentinite and 

soapstone clasts up to about 8 cm long (25 cm long hammer for scale), set in a medium- to coarse-

grained talc-serpentine matrix with a foliation that is parallel to the tabular geometry of the sandstone 

layer. The conglomerate is poorly sorted, clast-supported and bears flattened cobble- to boulder-sized 

serpentinite clasts up to about 25 cm long, set in a fine- to very fine-grained talc-rich matrix with a 

foliation to which the flattened clasts are subparallel. 

 

The ultramafic conglomerates are poorly sorted, clast-supported and mostly monomict 

(Fig. 5.14). They bear ultramafic clasts that tend to be lensoid or ellipsoid. The clasts are 

granule-, pebble- and cobble-sized, variable from a few to about 10 cm wide (Fig. 5.15), and 

locally boulder-sized, variable from 20 to 30 cm wide (Fig. 5.16). They are mostly composed by 

serpentinite, as well as soapstone, variably altered to talc, and they are set in a white silver fine- 

to very fine-grained talc-rich matrix. The clasts tend to be randomly distributed, and they 

generally do not show grading or systematic variation of grain size. However, elongated or 

flattened clasts may locally be parallel (see figs. 5.3 and 5.13). The conglomerates may be 

strongly overprinted by metamorphic olivine (Fig. 5.17), just as the previously described talc-

olivine-carbonate rocks (see Section 5.2.1). The metamorphic olivine overgrows the clasts, 

which may be completely obliterated. In this case, the conglomerates become similar to the talc-

olivine-carbonate rocks that are developed as soapstones, and the distinction has to be carried 

out by identifying clasts that have been spared from the overprinting. The olivines in the 
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conglomerates tend to be coarser (up to 20 cm wide) than those in the talc-olivine-carbonate 

rocks (up to 5 cm wide) (see figs. 5.5 and 5.17). 

 
Figure 5.14. Clast-supported serpentinite- and soapstone-bearing conglomerate. The clasts are rounded, 

subrounded to angular, pebble- to cobble-sized, and variable from about 6 to 8 cm long (lens cap for 

scale). They are mostly composed by serpentinite, as well as soapstone. (Photo: Johannes Jakob). 

 

 
Figure 5.15. Conglomerate with ellipsoid or flattened granule- to pebble-sized rounded to subangular 

serpentinite clasts. The clasts vary from a few to about 6 cm long (hammer head for scale), are set in a 

talc-rich matrix, and locally overprinted by metamorphic brownish olivines. The olivines have grown 
together with talc during prograde metamorphism of the serpentinite-bearing sediment. (Photo: Johannes 

Jakob).  
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Figure 5.16. Clast-supported conglomerate with cobble- to boulder-sized serpentinite clasts. The clasts 

are greenish to brownish, rounded to ellipse-like, and variable from about 20 to 30 cm long (hammer for 

scale). The conglomerate is mostly structureless, but it shows local alignment of ellipsoid or elongated 

clasts. 

 

 
Figure 5.17. Conglomerate overprinted by metamorphic olivine. The olivine overgrowths range in 

size from a few to about 20 cm wide (hammer for scale), rounded to blade-like in shape, invariably 

associated to talc. The olivines are predominant over the talc-rich matrix. The clasts in the 

conglomerate may be completely overgrown by the metamorphic olivines. (Photo: Johannes Jakob).  
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At thin-section scale, the ultramafic conglomerates have a fine- to very fine-grained 

matrix that is composed by tremolite, talc, carbonate, chlorite and subordinate serpentine. The 

chlorite has clinochlore composition, and the carbonate is magnesite (see Section 5.2.1) 

(Closset, 2018). The matrix minerals are aligned into an anastomosing foliation that is best 

observed through layers of preferentially oriented tremolite prisms and fibers variable from a 

few to about 1 mm long (Fig. 5.18). These layers are irregularly intercalated with those of 

phyllosilicates. The foliation is disrupted or deformed along phyllosilicate-rich layers that bend 

down into fold limbs to which tremolite is locally parallel (Fig. 5.19). The folds are tight to 

isoclinal and transpose the foliation (Fig. 5.20), characterizing a crenulation cleavage that 

laterally weakens with transition to open folds. The foliation anastomoses around mosaic of 

carbonate crystals with irregular to straight boundaries, arranged in medium- to coarse-grained 

interlobate to granoblastic texture (see Fig. 5.18). The carbonate crystals locally form 

subidioblastic to hipidioblastic rhombs and prisms that are aligned into the phyllosilicate 

foliation (Fig. 5.21), and they vary from a few to about 2 mm long. Opaque phases (no chemical 

analysis) are widespread and occur as subidioblastic crystals with cubic, rhomb-like or globular 

shapes up to 1 mm wide (see Fig. 5.18), locally associated with the preferentially oriented 

carbonate crystals. 

 
Figure 5.18. Tremolite layers (Tr) are irregularly intercalated with layers of talc (Tlc), chlorite 

(Chl) and subordinate serpentine (Sp), which characterizes a very fined- to medium-grained 

anastomosing foliation. The foliation wraps around mosaic of seriate interlobate to sharp-edged 

carbonate crystals (Cb), as well as aggregates of prismatic to irregularly shaped tremolite. 

Elongated opaque minerals (Op) are locally aligned into the anastomosing foliation. Width of 

view: 10 mm. (Transmitted-light microscope, crossed polars). 
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Figure 5.19. Tightely to isoclinally folded chlorite-rich layer. The folds transpose the chlorite 

foliation (Chl) and define a crenulation cleavage. Tremolite (Tr) is developed parallel to their 

limbs. Width of view: 2 mm. (Transmitted-light microscope, crossed polars). 

 

 
Figure 5.20. Chlorite- and tremolite-rich layers (Chl / Tr) tightely to isoclinally folded and 

transposed by crenulation cleavage. The crenulation cleavage becomes laterally poorly defined, 
as the folds grade into gentle and open folds. Width of view: 4 mm. (Transmitted-light 

microscope, crossed polars). 
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Figure 5.21. Elongated carbonate crystals (Cb) are locally aligned with the tremolite, talc and chlorite 

foliation (Tr / Tlc / Chl). Note that a few tremolite crystals are olblique to the general alignment 

direction. Width of view: 4 mm. (Transmitted-light microscope, crossed polars).  

 

The ultramafic sandstones are moderately sorted and have sparse granule- to pebble-

sized clasts of serpentinite and soapstone (Fig. 5.22), variable from a few to about 6 cm wide, as 

well as cobble-sized clasts as wide as 8 cm. The clasts are variably altered to talc, and set in a 

medium- to coarse-grained talc-rich matrix with subordinate serpentine. The clasts are ellipsoid, 

elongated or flattened, may show grading from granule to pebble size, and the elongated clasts 

are locally parallel. The sandstones show a foliation that is marked by talc and serpentine in the 

matrix (Fig. 5.23). The elongated clasts tend to parallel the talc-serpentine foliation, which is in 

turn parallel to the tabular geometry of the sandstone layers (see Fig. 5.13). The latter may bear 

conglomerate lenses with cobble- to boulder-sized clasts variable from about 10 to 25 cm wide 

(see Fig. 5.22). 
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Figure 5.22. Flattened lens of boulder conglomerate within pebbly sandstone layer. The contact between 

the lithologies tends to be sharp, marked by steps and cavities on the outcrop surface, but it is locally 

transitional with an increase in grain size from the sandstone layer to the conglomerate lens, indicated on 

the photo. The sandstone layer is characterized by a tabular geometry. It is moderately sorted with sparse 

flattened or elongated granules and pebbles of serpentinite and soapstone up to about 6 cm wide (25 cm 

long hammer for scale), invariably altered to talc, set in a foliated medium- to coarse-grained talc-

serpentine matrix. The clasts may locally grade in size from granule to pebble, and they may be rounded, 
subrounded to subangular. Elongated pebble- to cobble-sized clasts up to 8 cm long tend to parallel the 

talc-serpentine foliation, but they may show a local alignment that is oblique to it. The conglomerate lens 

is characterized by flattened cobble- to boulder-sized serpentinite clasts variable from about 20 to 30 cm 

wide, set in a coarse-grained talc-serpentine sandstone matrix. 

 

 
Figure 5.23. Talc-serpentine foliation within pebbly sandstone layer. The foliation is parallel to the 
tabular geometry of the sandstone layer. The matrix is talc-rich with subordinate serpentine, and it locally 

grades in grain size from coarse- to medium-grained sand.  
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5.2.3. Micaceous metasediments 

The micaceous metasediments comprise kyanite-garnet-mica schists, garnet-mica-

amphibole-quartz schists, garnet-mica quartzites and subordinate graphitic schists that crop out 

in the core of the east-northeast-plunging synforms (see Fig. 5.1). The kyanite-garnet-mica 

schists are predominant and are laterally associated with the other lithologies. The 

metasediments either intercalate with or enclose minor bodies of mafic rocks (see Fig. 5.3), and 

they occur in close proximity to or directly overly talc-olivine-carbonate rocks and detrital 

ultramafic rocks (figs. 5.24 and 5.25). The metasediments may also overly talc schist layers, or 

engulf smaller bodies of detrital ultramafic rocks that are developed as talc schist and actinolite 

schist layers (Fig. 5.26). Locally, the metasediments are intruded by mafic dykes that are 

developed as amphibolite bodies (Fig. 5.27).  

 
Figure 5.24. Contact between mica schist and talc-olivine-carbonate rock. The contact is locally 

overturned about east-northeast-plunging folds with northwest-dipping axial planes in the northern part of 

the study area (see Fig. 5.1). The mica schist dips steeply toward the northwest below the talc-olivine 

carbonate rock, as indicated on the photo. 
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Figure 5.25. Contact between mica schist and ultramafic conglomerate. The mica schist dips 

toward the northwest and underlies the ultramafic conglomerate, as indicated on the photo. The 

conglomerate crops out as a massive culmination cut across by closely spaced fractures.  

 

 
Figure 5.26. Talc schist layer within mica schist. The micaceous metasediments locally bear 

minor bodies of detrital ultramafic rocks that are developed either as actinolite schist or talc schist 

layers, as indicated on the photo (25 cm long hammer for scale). 
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Figure 5.27. Mica schist intruded by mafic dyke (Jakob et al., 2018). The lithologies are tightely to 

isoclinally folded, and the mafic dyke (solid line) is developed as amphibolite. 
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Kyanite-garnet-mica schists 

The kyanite-garnet-mica schists are characterized by mica-rich layers that intercalate 

with quartzofeldspathic domains. The intercalation produces a spaced foliation with abrubt or 

discrete transition from the mica-rich layers to the quartzofeldspathic domains, locally bent 

around garnet porphyroblasts. The spaced foliation is a pressure-solution cleavage, and its 

lamellae are marked by the mica-rich layers, arranged in lepidoblastic texture (Fig. 5.28). The 

foliation lamellae are parallel to anastomosed with spacing variable from 0.5 to 1 mm across. 

Stylolitic seams or brownish films of opaque and oxide minerals are irregularly interleaved with 

and delineate the foliation lamellae (Fig. 5.29). The quartzofeldspathic domains are arranged in 

equidimensional interlobate to granoblastic texture (see Fig. 5.28), defined by quartz and 

feldspar crystals with serrated or sutured to straight boundaries. 

 
Figure 5.28. Mica-rich layers are irregularly intercalated with quartzofeldspathic domains and define a 

parallel to anastomosed spaced foliation. The spaced foliation is a pressure-solution cleavage with 

discrete or abrubt transition from the mica-rich layers into the quartzofeldspathic domains. The mica-rich 

layers are arranged in lepidoblastic texture and define the foliation lamellae. The quartzofeldspathic 

domains are arranged in interlobate to granoblastic texture, and they may either be lamellae-parallel or 

wedge-shaped, wrapped by the mica-rich layers. Width of view: 10 mm. (Transmitted-light microscope, 

crossed polars). 
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Figure 5.29. Stylolitic seams of opaque and brownish oxide minerals delineate and interleave with mica-
defined foliation lamellae. Intersticial films and accumulations of opaque and oxide minerals occur within 

the wedge-shaped quartzofeldspathic domain that is wrapped by the foliation lamellae. Width of view: 4 

mm. (Transmitted-light microscope, plane-polarized light). 

 

The pressure-solution cleavage is transposed and deformed in tight to isoclinal folds that 

define a crenulation cleavage with lensoid or zonal microlithons (figs. 5.30 and 5.31). The latter 

are in turn defined by the quartzofeldspathic domains, wrapped by the mica-rich foliation 

lamellae. The transposition is best observed across disrupted micaceous layers and wedge-

shaped microlithons that bend down into the fold limbs (see Fig. 5.31). The folds become 

gentler and grade into open folds that gradually weaken the crenulation cleavage. The transition 

to the crenulation cleavage tends to be abrubt, marked by coarsening and folding of the mica-

rich layers and quartzofeldspathic domains (see Fig. 5.30) 
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Figure 5.30. A subhorizontal foliation, marked by intercalating mica-rich layers and quartzofeldspathic 

microlithons, is transposed by a crenulation cleavage with coarser mica aggregates. The transition from 

the transposed foliation to the crenulation cleavage is sharp, characterized by folding and coarsening of 

the subhorizontal mica-rich layers. The crenulation cleavage is irregular and anastomoses around domains 

of equidimensional to seriate, interlobate to granoblastic quartz and feldspar crystals. Locally, quartz has 
been recrystallized to monomineralic bands of amoeboid crystals with undulose extinction, parallel to the 

mica aggregates that define the crenulation cleavage. Width of view: 10 mm. (Transmitted-light 

microscope, crossed polars). 

 

 
Figure 5.31. Mica-rich layers are intercalated with quartzofeldspathic domains and define a pressure-

solution cleavage. The pressure-solution cleavage is tightely to isoclinally folded, and the mica-rich layers 

are bent into the fold limbs. The quartzofeldspathic domains are arranged in mosaic of seriate crystals 

with interlobate to straight boundaries. Width of view: 10 mm. (Transmitted-light microscope, crossed 

polars). 
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The transposing foliation is zonal in the sense that the mica-rich lamellae are dominant 

over the quartzofeldspathic microlithons, but the former become locally subordinate as the 

modal proportion of mica decreases from about 40 to 25%. Accordingly, the proportions of 

quartz and feldspar increase from 20 to 35% each, but quartz is generally more abundant than 

feldspar. Garnet represents about 5 to 10%, and it is sparsely distributed across the rock fabric, 

or even locally absent (see figures 8.2 and 8.4 in Section 8.1 for garnet elemental maps and end-

member proportions across selected grains). Local occurrences of kyanite represent 1 to 5%. 

The micas form subdioblastic to hipidioblastic flaky crystals variable from 0.35 to 0.55 

mm long, and locally 1 to 2 mm long platy or elongate crystals (see figs. 5.28, 5.30 and 5.31). 

They have one prominent cleavage direction parallel to their length, as well as medium- to low-

graded relief. The pleochroism colors are strong reddish (see Fig. 5.29), but locally paler or 

even absent. The micas are biotite with subordinate white mica varieties or muscovite, which is 

further attested by the higher Na2O content (up to 0.9 wt%) and Si per formula unit in white 

mica up to 3.2 (see tables 2, 4 and 6 in Section 8.1). The biotite crystals show chloritized and 

oxidized patches and rims, as indicated by deviations into pale bluish or brownish pleochroism 

colors, which is also developed along the cleavage direction. Dark brown films of opaque and 

oxide minerals commonly delineate the crystal boundaries of biotite (see Fig. 5.29). 

Quartz and feldspar form elongated to polygonal crystals variable from 0.12 to 0.35 mm 

wide with interlobate to sharp-edged boundaries (Fig. 5.32), as well as mosaic domains of 0.5 

mm wide crystals with reticular boundaries (see figs. 5.28 and 5.30). Quartz is locally arranged 

in polycrystalline domains of amoeboid crystals with undulose extinction. Feldspar is rarely 

twinned, but a few plagioclase and K-feldspar crystals show polysynthetic and Carlsbad or 

chess-board twinning respectively. They are locally albitized, or replaced by patches of 

phyllosilicates and carbonates. 



39 

 

 
Figure 5.32. Domain of equidimensional to seriate quartz and feldspar crystals with interlobate to straight 

boundaries. Width of view: 2 mm. (Transmitted-light microscope, crossed polars). 

 

Garnet forms globular to octahedral porphyroblasts that are up to 1 mm wide (Fig. 

5.33), locally variable from 3 to 5 mm wide. They are generally poikiloblastic with inclusion 

trails of quartz, feldspar and opaque minerals. The largest porphyroblasts commonly have 

symmetric to asymmetric tails developed from strain shadows, which in turn enclose domains of 

interlobate quartz and feldspar. Garnet may also form smaller subidioblastic poikiloblasts that 

range in size from 0.25 to 0.55 mm wide, locally xenoblastic and crushed.  

 
Figure 5.33. Garnet porphyroblast (Ga) with inclusion trails of quartz, mica and opaque minerals. The 

porphyroblast is wrapped by mica-rich layers that define a spaced foliation with domains of 

equidimensional to seriate, interlobate to amoeboid quartz and feldspar crystals. Width of view: 4 mm. 

(Transmitted-light microscope, crossed polars). 

Ga 
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Kyanite forms subidioblastic to xenoblastic crystals variable from 0.3 to 0.5 mm wide 

(Fig. 5.34), locally 1 mm wide crystals, as well as aggregates of smaller crushed crystals. 

Accessories are opaque minerals, epidote, tourmaline, apatite and zircon, generally intersticial, 

but also arranged in aggregates of high-relief crystals variable from 0.1 to 0.3 mm wide. 

Relatively to the bulk mineral composition, the accessories represent about 1 to 5%. 

 
Figure 5.34. Subidioblastic kyanite porphyroblast (Ky) with two 90° cleavage directions, 

associated with seriate interlobate to polygonal quartz and feldspar crystals. Kyanite is a 

subordinate phase, and it is sparsely distributed across the rock fabric. Width of view: 4 mm. 

(Transmitted-light microscope, crossed polars). 

 

Garnet-mica-amphibole-quartz schists 

The garnet-mica-amphibole-quartz schists have amphibole-rich layers that are arranged 

in nematoblastic texture, and aligned with micas that mark local lepidoblastic texture. The 

amphibole- and mica-rich layers are irregularly intercalated with quartzofeldspathic domains of 

equidimensional amoeboid, interlobate to sharp-edged quartz and feldspar crystals (Fig. 5.35), 

as well as mosaic domains of reticular carbonate crystals. The intercalation produces a foliation 

as spaced as 1 mm across, locally bent or anastomosed around garnet porphyroblasts (Fig. 5.36). 

The foliation lamellae are delineated by reddish to dark brown films of opaque and oxide 

minerals, which are in turn distributed through the intersticial space. These films are widespread 

across the rock fabric (Fig. 5.37), and they constitute irregular bands interleaved with the 

foliation lamellae, as well as local accumulations at indented intercrystalline boundaries. 

Ky 
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Figure 5.35. Amphibole-rich layers are arranged in nematoblastic texture, locally merged with micaceous 

layers, and define a spaced foliation. The layers are delineated by opaque films, and elongated to globular 

opaque minerals are locally aligned into the foliation. The spacing of the amphibole- and mica-rich layers 

varies across quartzofeldspathic domains, which are in turn mostly wedge-shaped and wrapped by the 

foliation layers. The quartzofeldspathic domains are arranged in equidimensional to seriate aggregates of 

interlobate to amoeboid feldspar and quartz crystals. They are locally associated to aggregates of 
subidioblastic to xenoblastic globular opaque minerals. Amph: amphibole; Op: opaque minerals. Width 

of view: 10 mm. (Transmitted-light microscope, crossed polars).  

 

 
Figure 5.36. The amphiboles are Fe-rich hornblende with bluish pleochroism colors and two 120° 

cleavage directions, and they have perpendicular to oblique fracture sets. The micas are biotite with 

strong reddish pleochroism colors and one prominent crystal-length cleavage direction, arranged in 

lepidoblastic texture and aligned with the amphiboles. The micas and amphiboles are locally altered to 

oxide minerals, as indicated by deviations of their pleochroism into brownish or yellowish colors. The 

alteration is developed along cleavages, fractures and crystal boundaries. The garnet porphyroblast is 

poikiloblastic with inclusion trails of quartz and feldspar, mica and opaque minerals. The smaller 

porphyroblasts are crushed into angular fragments that are randomly distributed across the rock fabric. 

Hb: hornblende; Bt: biotite; Ga: garnet. Width of view: 10 mm. (Transmitted-light microscope, plane-

polarized light). 

Amph 

Mica 
Op 

Hb Ga 

Bt 



42 

 

 
Figure 5.37. Hornblende and biotite are aligned into a spaced foliation that is delineated by dark brown to 

yellowish seams of opaque and oxide minerals. The latter occur at the boundaries of the amphibole and 

mica crystals, which are in turn partially replaced by brownish oxide minerals along their cleavages and 

fractures. Hb: hornblende; Bt: biotite. Width of view: 4 mm. (Transmitted-light microscope, plane-

polarized light). 

 

The amphibole-rich layers characterize the foliation as zonal in the sense that they are 

the dominant fabric element, but they become laterally subordinate as the modal proportion of 

amphibole decreases from about 30 to 20%, expressed by an increasing spacing of the 

amphibole-rich layers across the quartzofeldspathic domains. Quartz and feldspar represent 20 

to 25% each, but feldspar is generally more abundant than quartz. Mica merges into the 

amphibole-rich layers, and it represents about 10 to 15%. Garnet is sparsely distributed and 

represents 10 to 15%, but it may locally be absent (see Figure 8.8 in Section 8.1 for garnet 

elemental map and end-member proportions across selected grain). Carbonate is calcite (energy 

dispersive analysis), and it sums up to about 10%. 

The amphiboles form subidioblastic to hipidioblastic rhomboid or prismatic crystals 

variable from 0.35 to 0.55 mm long, or even up to 1.0 mm long (see figs. 5.35 and 5.36). The 

amphiboles have bluish to pale green pleochroism colors, as well as medium- to high-graded 

relief. They are characterized by two 120° cleavage directions. Their edges and interior parts 

have been locally altered to biotite and oxide minerals (see Fig. 5.37), as indicated by pleochroic 

pale brownish patches. Alteration has moderately developed along the cleavage directions, 

which is also expressed as biotite and oxide replacement. The cleavage directions are further 

sharpened by trails of opaque or high-relief inclusions. Aggregates of epidote, titanite and 

clinozoisite are locally distributed through the borders of the amphibole crystals (Fig. 5.38), 

associated with wrapping films of opaque minerals. The amphiboles are Fe-rich hornblende 

according to the amphibole determination method of Locock (2014), attested by FeO content 

variable from about 14 to 17 wt% (see tables 10 and 15 in Section 8.1). 

Bt 
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Figure 5.38. Aggregates of high-relief minerals are distributed through the borders of hornblende 

and biotite. These aggregates are composed by epidote group minerals, titanite and clinozoisite. 
The latter is locally aligned into the hornblende and biotite foliation, which is in turn intercalated 

with domains of seriate interlobate feldspar and quartz crystals. Hb: hornblende; Bt: biotite; Czo: 

clinozoisite; Ttn: titanite. Width of view: 4 mm. (Transmitted-light microscope, crossed polars). 

 

Quartz and feldspar are 0.12 to 0.35 mm wide, polygonal or irregularly shaped (see figs. 

5.35 and 5.38), and locally arranged in aggregates of sutured to indented crystals up to 0.5 mm 

wide (Fig. 5.39). Quartz may also form polycrystalline domains up to 1 mm wide, characterized 

by undulose extinction. Feldspar is partially replaced by carbonate or fine-grained masses of 

phyllosilicates. Some plagioclase crystals have polysynthetic twinning, but they are mainly 

recognizable through their albitization process (Fig. 5.40), generally developed at the crystal 

boundaries. Likewise, some K-feldspar crystals show Carlsbad or chess-board twinning. 

 
Figure 5.39. Aggregates of elongated quartz and feldspar crystals with sutured to indented 

boundaries, locally sharpened by brownish and opaque films. Width of view: 4 mm. (Transmitted-

light microscope, crossed polars). 
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Figure 5.40. Aggregate of albitized feldspar, locally replaced by fine- to very fine-grained 

carbonate and phyllosilicate patches. The feldspar aggregate is associated with irregularly shaped 

to intersticial calcite crystals (Cc). Width of view: 4 mm. (Transmitted-light microscope, crossed 

polars). 

 

The micas are biotite crystals with subidioblastic to hipidioblastic flaky shapes variable 

from 0.35 to 0.55 mm long, or platy crystals variable from 1 to 2 mm long (see figs. 5.35 and 

5.36). They have strong reddish pleochroism colors and one prominent crystal-length cleavage 

direction (see Fig. 5.37). Localized deviations into pale bluish pleochroism colors indicate 

minor chloritization along the cleavage direction and crystal edges. Alike the amphiboles, the 

micas may have trails of epidote, titanite and clinozoisite through their borders (see Fig. 5.38), 

arranged in aggregates of xenoblastic crystals. 

Garnet occurs as 2 to 5 mm wide poikiloblasts with inclusion trails of quartz, feldspar, 

mica and opaque minerals (see Fig. 5.36), as well as globular crystals up to 1 mm wide. Smaller 

garnet crystals are mostly crushed or fragmented and have subidioblastic to xenoblastic shapes. 

Calcite is randomly distributed and forms xenoblastic crystals up to 0.5 mm wide (Fig. 

5.41), as well as elongated to rhomboid crystals variable from 0.5 to 1 mm long with 

polysynthetic twinning. The latter may locally be aligned with larger amphibole and mica 

crystals, but also arranged in mosaic-like textures similar to those of quartz and feldspar with 

irregular to reticular crystal boundaries (see Fig. 5.40). However, carbonate occurs mostly as 

overgrowths that partially replace amphibole and mica, or intersticial crystals through the 

borders of quartz and feldspar. 

Cc 
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Figure 5.41. Elongated calcite crystals (Cc) with polysynthetic twinning and rhomboid 

120° cleavage directions, associated with quartz-feldspar aggregates. Carbonate may 

also be intersticial, or form irregularly shaped, interlobate to reticular crystals. Width of 

view: 10 mm. (Transmitted-light microscope, crossed polars). 

 

Accessories are opaque minerals, titanite, epidote group minerals, clinozoisite and 

tourmaline that are intersticial, or locally arranged in aggregates of xenoblastic high-relief 

crystals. Particularly, the opaque phases constitute the intersticial films together with oxide 

minerals (see Fig. 5.37), as previously described, but also globular to elongated crystals up to 

0.5 mm wide. Clinozoisite may in turn form subidioblastic prisms that are 0.12 to 0.35 mm 

long, locally aligned into the amphibole-rich layers (see Fig. 5.38). Relatively to the bulk 

mineral composition, the accessory phases sum up to about 5%. 

 

Garnet-mica quartzites 

The garnet-mica quartzites comprise equidimensional to seriate quartz and feldspar 

arranged in interlobate to granoblastic texture (Fig 5.42). Mica marks lepidoblastic texture that 

continues into a spaced foliation, locally strengthened by nematoblastic texture of amphibole 

(Fig 5.43). The foliation weakens either with increasing spacing or decrease of grain size. 

Relatively to the bulk mineral composition, quartz and feldspar represent about 45 and 35% 

respectively. Mica sums up to 10%, and its proportion may locally be as low as 5%. Garnet is 

only sparsely distributed and represents about 5% (Fig. 5.44), but it is as high as 15% for the 

garnet-richer quartzites. Amphibole is a subordinate phase and sums up to 3%. 

Cc 
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Figure 5.42. Equidimensional to seriate quartz and feldspar crystals with interlobate to reticular 

boundaries. Mica is arranged in local lepidoblastic texture and defines a weak spaced foliation, but it is 

mostly randomly distributed and characterizes decussate textures. Width of view: 10 mm. (Transmitted-

light microscope, crossed polars). 

 

 
Figure 5.43. Amphibole (Amph) is subordinate, and it is arranged in nematoblastic texture. The crystals 

are short subidioblastic prisms and fibers that are locally aligned with mica. The amphiboles also occur in 
aggregates of xenoblastic crystals that are randomly distributed. The rock fabric is dominantly 

characterized by equidimensional to seriate, amoeboid or interlobate to granoblastic quartz and feldspar. 

Width of view: 10 mm. (Transmitted-light microscope, crossed polars). 

Mica 

Amph Mica 
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Figure 5.44. Garnet is sparsely distributed across the rock fabric, and it occurs as subidioblastic to 

xenoblastic porphyroblasts that have been crushed into smaller angular fragments. The micas are biotite 

with strong reddish pleochroism colors. Dark brown and yellowish films of oxide minerals are 

widespread and occur mostly at the intercrystalline boundaries. Bt: biotite; Ga: garnet. Width of view: 10 

mm. (Transmitted-light microscope, plane-polarized light). 

 

Quartz and feldspar are variable from 0.12 to 0.35 mm wide and have interlocked to 

straight boundaries (see figs. 5.42 and 5.43), but they may also be as wide as 0.55 mm. The 

latter are surrounded by and bound to amoeboid crystals with sutured or serrated contacts across 

which undulose extinction is ubiquitous. The larger crystals tend to have homogeneous 

extinction and straighter boundaries with polygonal or elongated shapes. Locally, the crystals 

bulge or indent into each other across mosaic of equidimensional amoeboid crystals (Fig. 5.45). 

The indenting contacts are sharpened by brown to reddish seams of oxide and opaque minerals. 

With regard to feldspar, it is dominantly plagioclase with polysynthetic and deformation 

twinning. It is moderately altered to albite, or replaced by aggregates of phyllosilicate. K-

feldspar occurs locally and is characterized by chess-board twinning. 

Bt 

Ga 
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Figure 5.45. Amoeboid to interlobate quartz and feldspar crystals with indented boundaries. The crystal 

boundaries bulge into each other and are sharpened by intersticial films of oxide and opaque minerals. 

Feldspar is dominantly plagioclase, moderately altered to albite. Width of view: 2 mm. (Transmitted-light 

microscope, crossed polars). 

 

Mica forms subidioblastic flaky crystals variable from 0.12 to 0.35 mm long, as well as 

larger platy crystals up to 1 mm long. Although they may be preferentially oriented, the flaky 

mica crystals tend to be randomly distributed (see Fig. 5.42). The micas have brownish to red 

pleochroism colors (see Fig. 5.44), but also locally absent or weak pleochroism. They are biotite 

with subordinate white mica varieties. Particularly, the biotite crystals may have trails of opaque 

and high-relief minerals through their borders, as well as chloritized and oxidized patches and 

rims that are marked by deviation of the biotite pleochroism into brownish and greenish colors. 

Garnet is locally present as subidioblastic porphyroblasts and poikiloblasts up to 2 mm 

wide, characterized by fragmented and angular edges (see Fig. 5.44). Amphibole occurs as 

aggregates of subidioblastic to xenoblastic crystals up to 0.5 mm long with prismatic, shattered 

or angular shapes (see Fig. 5.43). Accessories represent about 2%, and they are opaque 

minerals, epidote and zircon. Locally, the opaque phases form subidioblastic to xenoblastic 

crystals up to 1 mm wide. 
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5.2.4. Mafic rocks 

The mafic rocks are garnet amphibolites that crop out as lensoid or tabular culminations 

tens to hundreds of meters long, as well as sparse irregular bodies variable from a few to about 

10 m long. They are either intercalated or laterally associated with the micaceous metasediments 

(see Fig. 5.3), which may in turn bear minor bodies of mafic rocks. The mafic rocks also occur 

in close proximity to or directly overly talc-olivine-carbonate rocks (Fig. 5.46). Locally, they 

are highly deformed in tight to isoclinal folds (Fig. 5.47) and may grade into domains of 

crushed fragments that are bound by fractures and shears. The garnet amphibolites are 

characterized by a discontinuous compositional banding, marked by a centimeter-scale irregular 

intercalation between plagioclase- and amphibole-rich bands (Fig. 5.48). Intercalated with the 

garnet amphibolites are tonalitic to trondhjemitic bands variable in thickness from a few to 

about 30 cm (Fig. 5.49), or even as thick as 50 cm. These bands are often continuous and 

traceable through the length of the mafic bodies, but they are locally diffuse with an 

anastomosing pattern. They are quartz- and plagioclase-rich, arranged in interlobate to 

granoblastic texture, and they are also amphibole-bearing, locally arranged in nematoblastic 

texture (Fig. 5.50). The above described deformation features are also observable in the 

micaceous metasediments, as well as the intercalating felsic bands. 

 
Figure 5.46. Contact between amphibolite and talc-olivine-carbonate rock (25 cm long hammer for 

scale). The amphibolites either occur in close proximity to or directly overly talc-olivine-carbonate rocks. 

Amphibolite 

Talc-olivine-carbonate rock 



50 

 

 
Figure 5.47. Tightely to isoclinally folded amphibolite (25 cm long hammer for scale). The folds 

may either laterally become gentler or grade into domains of amphibolite bodies that are crushed 

into smaller fragments. 

 

 
Figure 5.48. Discontinuous compositional banding defined by an irregular intercalation between 

plagioclase- and amphibole-rich bands. The banding is highly variable in thickness, and it may 

even be locally absent. 
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Figure 5.49. Intercalating felsic bands within amphibolite body (25 cm long hammer for scale). 

The bands are laterally continuous and vary in thickness from a few to about 10 cm thick. They are 

trondhjemitic to tonalitic in composition. 

 

 
Figure 5.50. Felsic band within amphibolite. The felsic band is quartz- and plagioclase-rich, and it bears 

subordinate amphibole. Quartz and plagioclase are arranged in mosaic of equidimensional to seriate 

polygonal to elongated crystals up to 0.35 mm wide with local grain shape preferred orientation. 

Amphibole is hornblende (Hb) and forms 1 mm long subidioblastic prisms that mark local medium-

grained nematoblastic texture, laterally associated with the grain shape preferred orientation of elongated 

quartz and plagioclase crystals. Width of view: 2 mm. (Transmitted-light microscope, crossed polars). 

Hb 
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At thin-section scale, the garnet amphibolites are characterized by amphibole-rich layers 

that mark nematoblastic texture and intercalate with quartzofeldspathic domains, locally merged 

with subordinate micaceous layers (figs. 5.51 and 5.52). The intercalation produces a foliation 

as spaced as 0.5 mm, laterally widening up to 3 mm across the quartzofeldspathic domains. The 

latter are defined by plagioclase and quartz crystals with straight to sutured or serrated 

boundaries, arranged in equidimensional granoblastic to interlobate texture. The foliation is 

locally strengthened by grain-shape preferred orientation of elongated plagioclase and quartz 

crystals (Fig. 5.53). The foliation is also locally paralleled by bands of felsic composition as 

thick as 1 mm, arranged in sharp-edged polycrystalline domains or mosaic of amoeboid quartz 

(Fig. 5.54). 

 
Figure 5.51. Amphibole-rich layers (Amph) intercalate with quartzofeldspathic domains and define a 

spaced to zonal foliation. The amphibole-rich layers are predominat over the quartzofeldspathic domains. 

The former are arranged in nematoblastic texture, and they may merge with micaceous layers that mark 

local lepidoblastic texture. The quartzofeldspathic domains tend to be parallel to the foliation layers. They 
are arranged in mosaic of irregularly shaped, polygonal to elongated plagioclase and quartz crystals with 

interlobate to straight boundaries, locally characterized by grain-shape preferred orientation parallel to the 

amphibole foliation. Width of view: 10 mm. (Transmitted-light microscope, crossed polars). 

 

Amph 
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Figure 5.52. The modal proportion of amphibole may be as high as 80%, which is expressed in the rock 

fabric as a continuous foliation. Quartzofeldspathic domains become subordinate and may locally 

constitute lens- to wedge-shaped domains of interlocked plagioclase and quartz crystals that are wrapped 

by the amphibole foliation. Width of view: 10 mm. (Transmitted-light microscope, crossed polars). 

 

 
Figure 5.53. Grain-shape preferred orientation of elongated quartz and plagioclase crystals with sutured 

or indented to straight boundaries. Width of view: 4 mm. (Transmitted-light microscope, crossed polars).  
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Figure 5.54. A monomineralic quartz band defines sharp and straight contacts with the surrounding fabric 

elements, which are in turn amphibole-rich layers (Amph) that mark nematoblastic texture. The 

amphibole-rich layers intercalate with quartzofeldspathic domains and define a spaced to zonal foliation. 

The monomineralic band is parallel to the amphibole foliation and may be described as a polycrystalline 

domain of amoeboid to interlobate quartz. Width of view: 10 mm. (Transmitted-light microscope, crossed 

polars). 

 

The amphibole-rich layers are the dominant fabric element and characterize the foliation 

as zonal to continuous (see figs. 5.51 and 5.52), reflected in the modal proportion of amphibole. 

The modal proportion is about 60%, and locally as high as 80%. The amphibole-rich layers 

become laterally subordinate as the proportion of amphibole decreases to 30%. Accordingly, the 

proportion of plagioclase increases from 20 to 30%, and quartz sums up to 15%. Mica is locally 

aligned into the amphibole-rich layers, and it represents about 5 to 10% or even lower. Garnet is 

randomly distributed across the rock fabric and represents 5 to 10%, but it may locally be absent 

(see Figure 8.6 in Section 8.1 for garnet elemental map and end-member proportions across 

selected grain).  

The amphiboles form subidioblastic to hipidioblastic prisms or rhombs variable from 

0.35 to 0.55 mm long, locally from 1 to 2 mm long (see figs. 5.51, 5.52 and 5.54). The crystals 

have strong greenish to pale blue pleochroism colors (Fig. 5.55), and they commonly show two 

120° cleavage directions, or a single crystal-length cleavage direction. Their edges and interior 

parts show brownish patches and rims, associated with alteration to biotite and oxide minerals, 

which is also developed along the cleavage directions. There are trails of opaque minerals, 

titanite and epidote through the borders of the amphiboles, as well as enclosing brownish films 

of oxide minerals. The amphiboles are Fe-rich hornblende according to the amphibole 

determination method of Locock (2014), attested by FeO content up to 14 wt% (see Table 12 in 

Section 8.1). 

Amph 
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Figure 5.55. The amphiboles are Fe-rich hornblende with greenish to pale blue pleochroism colors, and 
they have two 120° cleavage directions along which biotite and oxide alteration has developed. The 

alteration has also developed along fractures and crystal borders, delineated by intersticial opaque 

accumulations. Dark brown to yellowish films of oxide minerals are widespread across the rock fabric, 

and they also delineate the boundaries of feldspar and quartz crystals that are associated with the 

amphiboles. Locally, elongated opaque minerals are aligned into the amphibole foliation. Hb: 

hornblende; Op: opaque minerals. Width of view: 10 mm. (Transmitted-light microscope, plane-polarized 

light). 

 

Plagioclase and quartz are polygon-like, elongated or irregularly shaped, and variable 

from 0.12 to 0.55 mm wide across mosaic of reticular to interlobate crystals, locally delineated 

by brownish to red films at indented boundaries (see figs. 5.51, 5.57 and 5.55). Their extinction 

tends to be homogeneous, but it locally grades into undulose extinction across seriate amoeboid 

aggregates. The plagioclase crystals have polysynthetic twinning and are either albitized or 

replaced by carbonate and phyllosilicates. The quartz crystals may be arranged across 

polycrystalline domains at sharp contact with the surrounding fabric elements (see Fig. 5.54), 

characterizing the previously mentioned felsic bands. 

The micas are biotite with strong reddish pleochroism colors and crystal-length 

cleavage direction, and they occur as subidioblastic flaky to platy crystals that are 0.5 to 1 mm 

long (Fig. 5.56). Garnet forms poikiloblastic porphyroblasts variable from 1 to 2 mm wide with 

inclusion trails of plagioclase, quartz and opaque minerals, as well as 0.5 mm wide 

subidioblastic to xenoblastic crystals. Accessory minerals sum up to about 2% relatively to the 

bulk mineral composition, and they are opaque phases, titanite and epidote group minerals. 

Particularly, the opaque minerals form elongated to globular crystals variable from 0.3 to 0.4 

mm wide (see Fig. 5.54), but mostly intersticial xenoblastic crystals smaller than 0.3 mm wide.  

Hb 

Op 
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Figure 5.56. Mica is subordinate biotite, locally aligned with amphibole-rich layers that intercalate 

with quartzofeldspathic domains. The intercalation produces a spaced foliation that is locally 

dominated by the quartzofeldspathic domains, which are in turn arranged in equidimensional to 

seriate, interlobate to granoblastic texture. Garnet is generally poikiloblastic with inclusion trails of 

quartz and feldspar, and it occurs as hipidioblastic to subidioblastic porphyroblasts. Hb: hornblende; 

Bt: biotite; Ga: garnet. Width of view: 10 mm. (Transmitted-light microscope, crossed polars). 

 

5.3. Structural geology  

 

5.3.1. Western Gneiss Region 

As shown by the maps of figures 5.1 and 5.57, the orientation of the contacts between 

the Sjongseter Group and Western Gneiss Region is defined by southeast-plunging folds. At the 

southwestern and northeastern terminations of Cross Section I-J (see Fig. 5.57), the contact 

between the nappe and basement is overturned about the southeast-plunging folds, and the units 

are northeast-dipping. The orientation of the overturned contacts suggests that the folds are 

southwest-verging with moderately northeast-dipping axial planes. Based on the axial trace and 

dip estimate, the orientation of the axial planes may be estimated (318/36). At least for the 

antiform that is closest to point I, the interlimb angle is tight to isoclinal. The interlimb angle of 

the next antiform is uncertain, because the cross section does not cover the entire structure. 

 

Hb 

Bt 

Ga 
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Figure 5.57. Structural relationships of the Western Gneiss Region and Sjongseter Group. The orientation of the 

contacts between the units is defined by map-scale southeast-plunging folds with axial planes that dip moderately to 

the northeast. The structural pattern of the contacts is characterized by a succession of normal and overturned fold 
limbs, and the units are mainly northeast-dipping. The marked stereonet subareas 1 and 2 are shown on Figure 5.58, 

and Subarea 3 is referred to elsewhere (see below). 
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To the west, the foliation of the Western Gneiss Region strikes approximately north-

south and dips easterly at about 30° to 70° (see Fig. 5.1). It gradually changes into northeast-

southwest orientations with moderate dips toward the southeast, because it traces the western 

southeast-plunging synform (see Fig. 5.57). The farther into the basement area, the foliation 

becomes progressively northwest-southeast-striking and northeast-dipping. Similar pattern is 

observed close to the contact with the nappe, expressed by northwest-southeast and local north-

south to northeast-southwest strike orientations. In the northeastern area, the foliation is 

dominantly northwest-southeast-striking, where it traces the eastern southeast-plunging 

synform. Stereonet subareas 1 and 2 (Fig. 5.58) show that the intersection line between the 

various foliation planes defines fold axes with moderate plunge toward the northeast (38;064), 

expressed as beta axes. The beta axes represent outcrop-scale folds that mostly produce the 

observed different dip directions of the foliation, referred to above. The beta axes differ by 

about 90° from the southeast-plunging folds that define the orientation of the nappe-basement 

contacts, which suggests two distinct sets of folds. The beta axes are outcrop-scale northeast-

plunging folds, whereas the southeast-plunging folds are map-scale. 

 
Figure 5.58. Stereonet subareas 1 and 2. The stereonets show that the various foliation planes intersect at beta axes 

that represent outcrop-scale northeast-plunging folds. The plunge direction of the beta axes differ by about 90° from 

the map-scale southeast-plunging folds, which suggests two different fold sets. 

 

The mineral stretching lineation of the Western Gneiss Region has shallow to moderate 

plunges toward the northeast, as shown by the map and stereonet of Figure 5.59. The mean 

plunge direction is (40;068), and the lineation is paralleled by outcrop-scale fold axes. Their 

orientation is comparable to that of the beta axes that are shown on the stereonet of Figure 5.58. 
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Figure 5.59. Mineral stretching lineation of the Western Gneiss Region. The lineation is consistently northeast-plunging (40;068), and it is 

paralleled by outcrop-scale fold axes. Their plunge direction is comparable to that of the beta axes (38;064) (see Fig. 5.58). These structures are 

at high angle with the map-scale southeast-plunging folds that define the orientation of the contacts between the Western Gneiss Region and 

Sjongseter Group (see Fig. 5.57). 
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5.3.2. Sjongseter Group 

The Sjongseter Group is folded by three sets of folds. In this section, the orientation and 

scale of the fold sets is described, and their relative chronology is discussed in sections 6.2.2 

and 6.3 (see below). Two folds sets are represented by map-scale folds, and the other set is 

represented by outcrop-scale folds. The sets of map-scale folds comprise southeast- and east-

northeast-plunging folds (see figs. 5.57 and 5.1). The southeast-plunging folds define the 

orientation of the nappe-basement contacts, and they have moderately northeast-dipping axial 

planes (see Section 5.3.1). The east-northeast-plunging folds are characterized by 

metaperidotite-cored antiforms (Fig. 5.60), and they have axial planes that vary from upright in 

the southern part of the study area to northwest-dipping in the northern part. The set of outcrop-

scale folds comprise chevron-like folds that have a mean east-northeast plunge direction (see 

below), as well as local deviations into westerly plunges.  

The cross sections of Figure 5.61 represent structural relationships between the units of 

the Sjongseter Group. At the southeastern termination of cross sections C-D, E-F and G-H, the 

map-scale east-northeast-plunging folds constitute relatively symmetrical folds with steep-

standing axial planes. At the northwestern termination of the cross sections, however, the folds 

become tighter with northwest-dipping axial planes. These folds are asymmetrical, southeast-

verging and have a steeply dipping overturned limb, characterized by metasediments and mafic 

rocks that dip below the metaperidotite sheets. The overturned layers strike west-southwest and 

west-northwest. Based on the axial trace and dip estimate, the orientation of the axial planes 

may be estimated in the southern (250/85) and northern (246/64) parts of study area (see figs. 

5.60 and 5.61). Considering the detrital ultramafic rocks, the cross sections show that these 

lithologies occur at the limbs of the antiforms, but also that they may locally not crop out at the 

expected sites, which is exemplified by Cross Section A-B. Regardless, there is a relationship 

between the structural positions of the Sjongseter Group lithologies. Particularly at the 

northwesternmost termination of cross sections A-B, E-F and G-H, the limbs of the antiform 

comprise detrital ultramafic rocks, which are in turn under- and overlain by metasediments and 

mafic rocks. Despite of the absence of detrital ultramafic rocks at some localities, the latter 

structural pattern may be extrapolated toward the opposite termination of the cross sections 

(stippled lines), considering that the metaperidotites are in the core of the antiforms. There are 

uncertainties about the antiform-synform pairs in Cross Section A-B, but the detrital ultramafic 

rocks that occur at its southeastern termination are positioned close to the largest metaridotite 

sheet. Although the latter does not occur in Cross Section A-B, it is likely that the antiform that 

exhumes this metaperidotite sheet continues into the southernmost termination of the cross 

section.
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Figure 5.60. Structural relationships between the units of Sjongseter Group. The structural pattern is defined by map-scale east-northeast-plunging folds that characterize 

antiform-synform pairs. The antiforms are metaperidotite-cored, and they vary from steep-standing in the southern part of the study area to steeply northwest-dipping in the 

northern part. Cross sections A-B, C-D, E-F and G-H are shown on Figure 5.61 (see below). Stereonet subareas 3, 4 and 5 are shown on Figure 5.62. 
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Figure 5.61. Structural sections across the study area. The color scheme is the same as that of Figure 

5.60. Detailed information is given in the text.  

 

In the south central part of the study area, the foliation has an overall east-west-striking 

pattern, as well as deviations to oblique northwest-southeast and northeast-southwest strikes 

(see Fig. 5.60). In the western part, the foliation strikes from northwest-southeast to northeast-

southwest. In the northern part, the foliation is mainly west-southwest-striking with local 

northwest-southeast and northeast-southwest strikes. Stereonet subareas 3, 4 and 5 are indicated 

on Figure 5.60 (Subarea 3 is also indicated on the map of Figure 5.57), and they show that the 

foliation of the Sjongseter Group constitutes poorly defined girdles (Fig. 5.62). Nevertheless, 

the pole to each girdle represents a pi axis that is gently to moderately east- to northeast-

plunging. 
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Figure 5.62. Stereonet subareas 3, 4 and 5. The foliation of the Sjongseter Group constitutes poorly 

defined girdles, but their poles suggest gently to moderately east-northeast-plunging pi axes that are 

similar to outcrop-scale linear structures (see below).  

 

The mineral stretching lineation of the Sjongseter Group has shallow to moderate 

plunges mainly toward the east-northeast and east-southeast, and the mean direction is (28;075) 

(Fig. 5.63). The outcrop-scale chevron-like folds (Fig. 5.64), initially referred to, have a similar 

mean orientation (14;073), and they constitute a north-south-striking gently dipping girdle (see 

Fig. 5.63c). The map of Figure 5.63 shows that the outcrop-scale fold axes may locally parallel 

the lineation, and a pattern may be inferred by analyzing their distribution. These structures tend 

to be east-southeast-plunging in the southern area, and east-northeast-plunging in the central and 

northern areas with local deviations into westerly plunges. Their mean east-northeast plunge 

direction is comparable to that of the pi axes that are shown by the stereonets of Figure 5.62, 

and they produce the observed different dip directions of the foliation, referred to above. The 

mean trend of these outcrop-scale linear structures is comparable to that of the map-scale east-

northeast-plunging folds, estimated at about 070° on the map of Figure 5.63. This suggests that 

the latter folds have similar gentle to moderate plunges of about 15° to 30°. 
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Figure 5.63. Linear structures of the Sjongseter Group. The map shows that the mineral stretching 

lineation and outcrop-scale fold axes tend to be east-southeast-plunging in the southern area, and east-

northeast-plunging in the central and northern areas, despite of local deviations into westerly plunges. 

These structures may locally be parallel. The stereonets show that they have gentle to moderate 

plunges of about 15° to 30°, and their mean plunge direction is east-northeast. Such plunge range may 
be a reasonable estimate for the map-scale metaperidotite-cored antiforms, which are also east-

northeast-plunging. 
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Figure 5.64. Chevron-like fold in mica schist. Outcrop-scale chevron folds are widespread through the 

study area, and they have a mean east-northeast plunge direction (14;073). 

 

5.4. Metamorphic conditions and pressure-temperature estimates 

Three whole-rock compositions have been used to produce pressure-temperature 

pseudosections. The pseudosections and whole-rock compositions are presented in the 

appendixes section (see Section 8.2), and they have been compiled for the samples P52-B, LES-

18-17 and P36-A, which are kyanite-garnet-mica schists and garnet amphibolite respectively. 

The sample LES-18-17 has been provided by the supervisors of this study. An additional sample 

(SSG-06-18, kyanite-garnet-mica schist) has also been provided, but it has not been used for 

estimates of metamorphic equilibrium. Their location is indicated on the map of Figure 5.1. 

Electron microprobe data of the three first samples is presented in Section 8.1 together with 

garnet end-member compositions and structural formulas of white mica, which have also been 

used for compiling the pseudosections. 

The peak metamorphic assemblage of the metasediments, as described in Section 5.2.3, 

is represented by kyanite in the garnet-mica schists. The metasediments are locally migmatitic 

with melt pockets (Fig. 5.65). The pressure-temperature pseudosections, compiled for the 

samples P52-B and LES-18-17 (see figures 8.13, 8.14, 8.15 and 8.16 in Section 8.2), suggest 

peak metamorphic conditions of 9.25-9.75 kbar and 660-675°C, as indicated by the kyanite 
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stability and isopleths of garnet and white mica composition on the pseudosections. Garnet is 

almandine- and grossular-rich (up to 70 and 20% total end-member composition respectively), 

but it is poor in pyrope and spessartine (about 8 and 2% respectively) (see figures 8.2 and 8.4 in 

Section 8.1). There is just one sample that bears spessartine-rich garnet (P19-A, garnet-mica-

quartz schist, see Figure 8.11 in Section 8.1), but it does not bear kyanite. Mica is biotite with 

subordinate varieties of white mica, represented by phengite or phengitic muscovite with silica 

per formula unit values that range from about 3.05 to 3.15 (see tables 2, 4 and 6 in Section 8.1). 

The spessartine-rich sample, referred to above, has silica per formula unit values in white mica 

up to 3.3 (see Table 14 in Section 8.1), and it is phengitic in composition. 

The peak metamorphic assemblage of the mafic rocks is represented by Fe-rich 

hornblende in the garnet amphibolites, as described in Section 5.2.4, matching the amphibolite-

facies conditions that are indicated by the migmatitic kyanite-bearing metasediments. The 

pressure-temperature pseudosection, compiled for the sample P36-A (see Figure 8.17 in Section 

8.2), suggests peak metamorphic conditions of about 9.25 kbar and 670°C. 

Figure 5.65. Kyanite-garnet-mica schist with melt pockets and migmatitic lenses. The foliation or 

schistosity is irregular and anastomoses around the melt pockets, which in turn partially overprint the 

planar fabric. The migmatitic kyanite-bearing metasediment has been metamorphosed at about 9.25-9.75 

kbar and 660-675°C, as indicated by the pressure-temperature pseudosections referred to in the text.   
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6. Discussion 

 

6.1. Introduction 

The discussion is divided into four parts. The first part is about the geology of the 

Sjongseter Group and addresses stratigraphy, structures and metamorphism. The stratigraphy 

section discusses preserved stratigraphic relationships through the lithological assemblage of the 

Sjongseter Group. In the section of structural geology, a relative chronology of folding events is 

suggested by interpreting the identified fold sets. In the metamorphism section, the 

metamorphic conditions related to the Caledonian Orogeny are analyzed by integrating the 

pressure-temperature pseudosection and petrography data. The second part of the discussion is 

about the structural evolution of the Sjongseter Group, and it discusses the relationship between 

the suggested folding events and the Scandian Orogeny and late- to post-orogenic extension. 

The third part discusses the mixed lithological assemblage of the Sjongseter Group and original 

tectonic settings. 

The fourth part deals with metaperidotite-bearing complexes similar to the Sjongseter 

Group that are exposed across the Caledonides. These assemblages are initially discussed from 

a genereal perspective in which their mixed lithological architecture is described, and examples 

in other orogenic belts are briefly introduced for comparison. Occurrences in the Caledonides 

are presented in their own section, and analyzed on the basis of their tectonostratigraphic 

position. Possible correlations of the Sjongseter Group with similar metaperidotite-bearing units 

are discussed by comparing their lithological and structural relationships. Tectonic models that 

explain the genesis of these units in the Caledonides are introduced in order to investigate the 

tectonic settings in which the lithological assemblage of the Sjongseter Group could originally 

have formed. 

 

6.2. Geology of the Sjongseter Group 

 

6.2.1. Stratigraphy 

The lithological units of the Sjongseter Group occur at stratigraphically significant 

positions across the study area. The metaperidotites have invariably been found in the core of 

the east-northeast plunging antiforms (see figs. 5.1 and 5.60), overlain by micaceous 

metasediments, mafic rocks and detrital ultramafic rocks. In the southern and northern parts of 
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the study area, the metaperidotites crop out as large culminations variable in size from tens to 

hundreds of meters long, whereas in the central part they are smaller solitary bodies. The detrital 

ultramafic rocks tend to occur at the limbs of the antiforms, but may locally not crop out at the 

expected sites (see Fig. 5.61). The different occurrences of metaperidotites and detrital 

ultramafic rocks suggest that their exposure level is variable across the study area, which may 

be related to the erosion level and resulting topography, combined with the geometry of the 

east-northeast-plunging folds. It has to be noted that no unconformity surface has been found, 

but mafic dykes that locally intrude the metaperidotites (see Fig. 5.7) and not the overlying 

metasediments suggest that original dyke-intruded sediments have partially been eroded. With 

regard to this point, no mafic dykes have been found in the detrital ultramafic rocks, which may 

indicate that the dykes have only affected the lower level of the succession (see Fig. 5.3). On the 

other hand, there seems to be no unconformity between the metasediments and detrital 

ultramafic rocks, because the latter are under- and overlain by metasediments that are to a large 

extent laterally continuous (see Fig. 5.25). The absence of detrital ultramafic rocks at some 

localities, previously referred to, may be related to their original deposition. Some ultramafic 

conglomerates may be described as breccia conglomerates (see figs. 5.13, 5.16 and 5.22) 

because of their cobble- or even boulder-sized serpentinite clasts, set in a fine- to very fine-

grained talc-rich matrix. These breccia conglomerates were most likely shed as discontinuous 

fans or lenses on an original substratum of fine- to medium-grained micaceous to sandy 

sediments rather than laterally continuous layers, which may also explain the differences in the 

exposure level of the detrital ultramafic rocks. The metasediments either intercalate with or 

enclose bodies of mafic rocks, as well as detrital ultramafic rocks that are developed as talc 

schist and actinolite schist layers (see figs. 5.3 and 5.26). These field relationships suggest that 

the lithological units of the Sjongseter Group are stratigraphically related, and that there may be 

a preserved succession of metasediments, mafic rocks and detrital ultramafic rocks on a 

metaperidotite substratum. 

 

6.2.2. Structures 

In the southern part of the study area, the map-scale east-northeast-plunging folds define 

upright folds (see Fig. 5.61), whereas in the northern part the folds are asymmetrical with 

steeply northwest-dipping axial planes and overturned limbs. The geometry of the overturned 

limbs indicates a southeast vergence that apparently grades into the geometry of the upright 

folds in the southern part of the study area (see Fig. 5.61). The vergence of the former folds 

suggests a translation sense toward the southeast. The outcrop-scale chevron-like folds that are 

widespread through the study area have a mean northeast plunge direction (see figs. 5.63 and 
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5.64), and their mean trend is similar to that of the map-scale metaperidotite-cored antiforms, 

which suggests that the former folds are parasitic relatively to the larger-scale east-northeast-

plunging folds. The outcrop-scale folds describe an approximately north-south-striking and east-

dipping girdle (see Fig 5.63c), which suggests that they have rotated about a northeast-

southwest-trending axis. Considering that the latter orientation is similar to that of the east-

northeast-plunging folds, the two fold sets have probably formed at the same time. The general 

orientation of the foliation characterizes poorly defined guirdles (see Fig. 5.62), although they 

indicate northeast-plunging pi axes that are similar to the outcrop-scale chevron-like fold axes. 

This suggests that a late event has reorganized the orientation of the planar and linear structures. 

Across the northeastern boundaries of the Sjongseter Group, the contact with the 

Western Gneiss Region is overturned about the map-scale southeast-plunging folds (see figs. 

5.1 and 5.57). The mineral stretching lineation of the basement is consistently northeast-

plunging, as well as outcrop-scale fold axes and beta axes that are defined by the foliation 

planes (see figs. 5.58 and 5.59). As described above, the mean plunge direction of the linear 

structures of the nappe is east-northeast. These orientations are all at high angle with the 

southeast-plunging folds, which suggests that the latter structures represent the late folding 

event. 

 

6.2.3. Metamorphism 

The metamorphism of the ultramafic rocks of the Sjongseter Group was described by 

Closset (2018), referred to here, and will not be further discussed in this section. Instead, the 

focus of the study on metamorphism is on the micaceous metasediments and mafic rocks (see 

Section 5.4). These have developed mineral parageneses compatible with amphibolite-facies 

conditions that are associated with tectonic foliations and lineations. The metasediments show 

high values of silica per formula unit in white mica, matching the peak metamorphic 

assemblage that is characterized by kyanite in the garnet-mica schists. The pressure-temperature 

pseudosections, compiled for two samples (see figures 8.13, 8.14, 8.15 and 8.16 in Section 8.2), 

suggest peak metamorphic conditions of 9.25-9.75 kbar and 660-675°C. The peak metamorphic 

assemblage of the mafic rocks comprises garnet and Fe-rich hornblende in the amphibolites. 

The pressure-temperature pseudosection, compiled for one sample (see Figure 8.17 in Section 

8.2), suggests peak metamorphic conditions of about 9.25 kbar and 670°C. The lithologies have 

evolved through important recovery and recrystallization processes that have deformed mineral 

aggregates at relatively high temperatures, attested by variations of the grain size and boundary 

of quartz-feldspar aggregates. Recovery and recrystallization have been dynamic, coupled with 
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the development of preferentially oriented mica and amphibole. However, these processes have 

also been static, as suggested by local decussate textures of mica in the metasediments. 

The quartz-feldspar aggregates are generally equidimensional and amoeboid to 

interlobate, but their size tends to change across mosaic of large grains that are surrounded by 

smaller ones. Undulose extinction is ubiquitous across the quartz-feldspar aggregates, as well as 

deformation twinning, particularly across large amoeboid crystals to which smaller ones are 

sutured or bulging. The large crystals may also have homogeneous extinction and be elongated 

or polygonal, surrounded by crystals with straight boundaries that define granoblastic texture. 

Similar textures are recognizable from carbonate aggregates in the metasediments, generally 

arranged in equidimensional polygonal texture with triple junctions. The irregular grain shapes 

and boundaries of the quartz-feldspar aggregates indicate high-temperature grain boundary 

migration with high grain boundary mobility (e.g. Passchier & Trouw, 2005). Recovery has 

been taken up by formation of subgrain boundaries, as suggested by the characteristic mosaic 

textures referred to above. Grain boundary migration and subgrain rotation have in turn led to 

the development of new and strain-free grains, which is attested by the crystals with 

homogeneous extinction that have grown at the expense of larger amoeboid ones. Grain 

boundary area reduction may have been an important mechanism to straighten the crystal 

boundaries of the new grains, which in turn show a tendency to increase in size due to reduction 

of surface area energy (e.g. Passchier & Trouw, 2005). The latter process may have been 

particularly important for the mafic rocks, characterized by polygonal textures with triple 

junctions, whereas the micaceous metasediments may have evolved through the previously 

mentioned processes of grain boundary mobility.  

Local indenting and dissolution of the quartz-feldspar crystal boundaries may suggest 

lower-temperature pressure solution, which has left a residue of insoluble opaque and oxide 

films at the intercrystalline space. Pressure solution may have been particularly important for 

the metasediments, as they show stylolitic seams that intercalate with and delineate the mica 

pressure-solution cleavage in the garnet-mica schists. The presence of intergranular fluids may 

have produced the oxide coatings and rims around mica and amphibole, observed both in the 

metasediments and mafic rocks, as well as low-temperature alteration of amphibole to mica. 

These features suggest high fluid activity and element diffusion during the metamorphic 

evolution (e.g. Passchier & Trouw, 2005).  
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6.3. Structures of the Sjongseter Group an their tectonic significance 

 

6.3.1. Introduction 

The Sjongseter group has been polydeformed, as suggested by fold sets that overprint 

each other. In the following sections, the folding events are discussed in the context of the 

Scandian Orogeny and late- to post orogenic extension, which have produced the present 

tectonostratigraphic architecture of the Scandinavian Caledonides. The folding events are 

presented according to the relative chronology that has been suggested for the fold sets (see 

Section 6.2.2). The fold sets that are interpreted to be related to the Scandian thrusting are 

referred to as early structures, and the fold sets that are associated with the late- to post- 

orogenic extension are referred to as late structures. Considering that the present structural 

situation of the Sjongseter Group seems to have been defined during the extensional collapse 

phase of the Caledonides, the discussion starts with the late structures. 

 

6.3.2. Late structures 

The present structural situation of the Sjongseter Group seems to be related to the 

exhumation of the Western Gneiss Region (see Section 2.4). This topic is briefly revisited, 

because it is important for interpreting the relationship between the nappe and structurally lower 

basement. The Western Gneiss Region was exhumed in response to east-west stretching and 

transtension-related north-south shortening during the extensional collapse phase of the 

Caledonides (e.g. Andersen & Jamtveit, 1990; Krabbendam & Dewey, 1998; Osmundsen & 

Andersen, 2001; Fossen, 2010). Ductile shear zones cut across the structurally overlying nappe 

pile and incised into lower crustal levels. The shear zones acted as extensional detachments and 

juxtaposed high-level rocks against lower-crust basement (e.g. Andersen et al., 1994). The 

Western Gneiss Region was exhumed in the footwall, whereas the nappes were transported with 

the hanging wall (figs. 6.1 and 6.2). Across the Nordfjord-Sogn Detachment Zone, for example, 

the nappes and overlying Devonian sediments were transported to the west (e.g. Fossen et al., 

2016). At the easternmost boundaries of the Western Gneiss Region near the study area (see 

Fig. 5.1), the nappes were transported to easterly orientations to match the footwall exhumation 

of the basement (e.g. Hacker et al., 2010). Further south, however, top-west extension 

dominated the entire area as far east as the Valdres area (see Fig. 1.1) (e.g. Andersen, 1998). 
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Figure 6.1. Schematic representation of the evolutionary stages of the Western Gneiss Region (Hacker et al., 2010). 

(a) Allochthons are emplaced onto Baltica during continental collision. (b) Western Gneiss Region and allochthons 

are buried at ultrahigh-pressure conditions. (c/d) Western Gneiss Region is exhumed to shallower crustal levels by 

removal of densified, eclogitized lithospheric root. (e) Final exhumation and decompression occur after 380 Ma. 
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Figure 6.2. Late outcrop-scale lineations and folds in the Western Gneiss Region trend mostly east-west to northeast-southwest and plunge gently toward these directions. Late 

sense of shear is mostly top-to-west in the western area, and top-to-east at the eastern boundary of the Western Gneiss Region. The map-scale Romsdalen antiform, located south 
of the study area (red square), plunges easterly below the nappe stack and has a northwest-southeast-striking limb that continues into the study area (see text for further 

discussion). (Modified from Hacker et al., 2010).  

Romsdalen antiform 



74 

 

The Sjongseter Group is positioned within the Blåhø Nappe at a high 

tectonostratigraphic level (see Section 3), and the latter is underlain by a thick pile of nappe 

units (Sӕtra, Risberget). However, in the study area, the Sjongseter Group is directly flanked by 

the Western Gneiss Region, and by the structurally lower Åmotsdal Nappe (see Fig. 5.1). 

Exhumation of the Western Gneiss Region has been taken up by extensional shear zones that 

have juxtaposed it with higher nappe units. This suggests that the Sjongseter Group has been 

transported from an elevated structural level to a lower one by means of an extensional shear 

zone, and that the Western Gneiss Region is exhumed in the footwall of this structure. The 

Sӕtra, Risberget and correlative nappes may have been tectonically removed during the 

extension, and presently the Sjongseter Group is juxtaposed against the Western Gneiss Region. 

Quartzofeldspathic augen gneisses locally occur at the contact between the latter units (Fig. 6.3), 

and these rocks may be remnants of the nappes that were structurally below the Sjongseter 

Group before the extensional shearing.  

 
Figure 6.3. Quartzofeldspathic augen gneiss. Augen gneisses have locally been found at the boundary 

between the Sjongseter Group and Western Gneiss Region. They may have been formed due to shearing 
of nappe units that have originally underlain the Sjongseter Group, e.g. Sӕtra and Risberget nappes. This 

suggests that the latter units may have been tectonically removed, and that the Sjongseter Group has been 

transported to a lower structural level. 

 

Outcrop-scale lineation-parallel folds that trend east-west to northeast-southwest have 

been related to the mechanism of east-west stretching and north-south shortening that exhumed 

the Western Gneiss Region, as well as map-scale antiforms that plunge below the nappe stack 

(e.g. Labrousse et al., 2004; Barth et al., 2010; Hacker et al., 2010). At the eastern boundaries 

of theWestern Gneiss Region, south of the study area, the Romsdalen antiform is a map-scale 

gentle to open fold that plunges easterly (see Fig. 6.2). Further south, the nappes are preserved 
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in the core of a larger-scale northeast-southwest-trending synform (“Faltungsgraben” of 

Goldschmidt, 1911) (see figs. 1.1 and 2.4). Regarding the Romsdalen antiform, it overprints the 

contact of the Western Gneiss Region with the nappes and has a northern northwest-southeast-

striking limb in map view, and a southern northeast-southwest-striking limb (see Fig. 6.2). In 

the study area, the Sjongseter Group is affected by southeast-plunging folds that define the 

orientation of the nappe-basement contacts (see Fig. 5.1). These folds are smaller-scale 

structures on the northern northwest-southeast-striking limb of the Romsdalen antiform. The 

contacts that are overturned about the southeast-plunging folds (see cross section of Figure 

5.57) represent overturned northeast-dipping limbs of the larger-scale Romsdalen antiform. The 

map and structural pattern of the study area is due to the easterly plunge of this open to gentle 

antiform. Therefore, the southeast-plunging folds most likely represent the latest folding event 

that has affected the Sjongseter Group, as suggested by the general orientation of the map- and 

outcrop-scale structures (see figs. 5.60, 5.62 and 5.63). Their mean plunge direction is either 

east-northeast or northeast, which is most likely due to tilting on the northern northwest-

southeast-striking limb of the Romsdalen antiform. The outcrop-scale linear structures of the 

Western Gneiss Region are consistently northeast-plunging (see figs. 5.58 and 5.59), which 

agrees with the suggested model.  

Determining different generations of lineation and folds in the Sjongseter Group is 

hampered due to polyphase deformation, but it is likely that a late generation has overprinted a 

Scandian higher-temperature generation. As discussed in Section 6.2.3, the peak metamorphic 

conditions are amphibolite-facies, which suggests that a high-temperature mineral lineation has 

developed at such conditions. Considering that the Caledonian nappe pile underwent east-west-

stretching during the late- to post-orogenic extension, it is likely that the overprinting lower-

grade generation was east-west-trending with stretching lineation and lineation-parallel folds.  

In other Caledonian nappes, east-west-trending lineation-parallel folds that have 

developed at amphibolite to upper greenschist-facies conditions have been reported with 

extensional structures such as shear band cleavage and asymmetrical boudin (e.g. Hacker et al., 

2010). They have been related to the extensional collapse phase, because the metamorphic 

conditions in the nappe pile were lower than those of the Scandian thrusting. These lower-grade 

extensional structures overprint early thrust-related structures. At outcrop scale, for example, the 

extensional structures also include shear band, crenulation and pressure-solution cleavage in 

mica-rich gneisses and schists, chevron, intrafolial and asymmetrical folds with subhorizontal or 

gently plunging axes, as well as asymmetrical boudins within basement gneisses, developed by 

shearing of thrust-related S-C fabrics and compressional crenulation cleavage (e.g. Fossen, 

1992a; Fossen, 1993a; Osmundsen & Andersen, 1994; Andersen et al., 1994; Andersen, 1998). 

Brittle structures are developed as shears, fractures and tension gashes in paragneisses and 
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sheared basement rocks, as well as fragmented porphyroclasts with synthetic and antithetic 

fractures (e.g. Braathen et al., 2004; Fossen & Hurich, 2005). In the Sjongseter Group, 

kinematic indicators and asymmetrical structures are hardly observed, which suggests coaxial 

component of deformation or pure shear-related flattening. It has to be noted that structures with 

uncertain sense of shear as well as flattening fabrics have been described in nappe units close to 

the study area (e.g. Hacker et al., 2010).  

 

6.3.3. Early structures 

During the Scandian Orogeny, allochthonous units were transported to the southeast 

over the autochthonous to parautochthonous basement of Baltica (e.g. Fossen, 1993a; Fossen & 

Dunlap, 1998). The intensity of Scandian deformation and metamorphism in the nappe pile 

varied from greenschist- to amphibolite-facies conditions (e.g. Hacker et al., 2010; Fauconnier 

et al., 2014). The thrust-related movement is interpreted through a southeast-trending lineation 

pattern that is regionally consistent, and observed across the Caledonian belt (Fossen & Holst, 

1995; Andersen, 1998). At outcrop-scale, for example, thrust-related structures include top-to-

southeast S-C fabrics and asymmetrical intrafolial folds in mica-rich metasediments, as well as 

southeast-verging folds with subhorizontal axes and gently northwest-dipping axial plane 

cleavages (e.g. Fossen, 1992, 1993a, b). 

In the Sjongseter Group, the map-scale east-northeast-plunging folds are locally 

southeast-verging with northwest-dipping axial planes (see Fig. 5.61), and they define 

metaperidotite-cored antiforms that are overlain by micaceous metasediments, mafic rocks and 

detrital ultramafic rocks. In the area where the folds are southeast-verging, the contacts between 

metasediments, mafic rocks and metaperidotites are locally overturned (see Fig. 5.1), which 

suggests a southeast transport direction. Based on their structural relationship, the east-

northeast-plunging folds are interpreted as early structures that have formed in response to 

thrusting of the Sjongseter Group over the Baltican basement. This also means that most of the 

observed lineations, which are mainly east-northeast-plunging (see Fig. 5.63), would not be 

related to the formation of these folds, because the lineations are normal to the transport 

direction. The observed similar orientation of these structures is not genetically related (see 

Section 6.3.2). 

 

 

 



77 

 

6.4. Lithological units of the Sjongseter Group and original tectonic settings 

Despite of polyphase deformation and metamorphism, contact relationships between the 

lithological units of the Sjongseter Group are still recognizable. As discussed in Section 6.2.1, 

the units have a structural relationship that suggests that they are stratigraphically related. 

However, it has to be noted that they have originally formed at quite distinct lithosphere levels. 

This raises questions about the tectonic settings in which metaperidotites could be 

stratigraphically associated with detrital ultramafic rocks, metasediments and mafic rocks. The 

metaperidotites have likely developed from metasomatically altered mantle peridotites, as 

discussed by Closset (2018) (see Section 5.2.1), who suggested that these rocks have been 

serpentinized at or near the seafloor prior to the Scandian deformation and metamorphism. The 

detrital ultramafic rocks have clearly been sourced from exhumed metaperidotites, taking into 

account that the ultramafic conglomerates and sandstones mostly bear serpentinite clasts and 

have a talc-rich matrix. The mafic rocks are laterally associated with the metasediments and 

occur in close proximity to the metaperidotites, which are locally intruded by mafic dykes. The 

metasediments are mainly mica schists and quartzites that engulf minor bodies of detrital 

ultramafic rocks, which may suggest an original deposition in basin settings with abundant 

exhumed metaperidotite that have received sediments from continental sources (e.g. Andersen 

et al., 2012; Jakob et al., 2017a, 2019). It has to be noted that the mica schists and quartzites 

may locally be intercalated through sharp and abrupt contacts (Fig. 6.4) similar to a turbidite 

sequence or gravity-driven deposit (e.g. Skaten, 2006; Nystuen, 2008). In Section 8.1, Figure 

8.11 shows a profile across a garnet that is almost pure spessartine, sampled from garnet-mica-

quartz schist. Manganese-rich sediments are typically found at the seafloor as manganese 

nodules, and they may also be chemically precipitated by black smokers (e.g. Lunsӕter, 2016). 

These relationships may indicate an original environment where continental margin or rift-

related sediments have directly been deposited on mantle peridotites that have been exhumed 

and serpentinized at the seafloor, which could also have been affected by hydrothermal systems 

in a hyperextended to transitional crust basin (e.g. Gillard et al., 2017), as indicated by the 

mantle exhumation and presence of originally extrusive or intrusive mafic rocks. 
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Figure 6.4. Intercalation between garnet-mica schist and garnet-rich quartzite. The lithologies are 

locally intercalated along sharp and abrupt contacts that suggest an original turbidite deposit. 

 

In the Scandinavian Caledonides, metaperidotite-bearing metasedimentary complexes 

have been described from a number of localities in a continuous belt from the Bergen area in 

western Norway to the study area and beyond (e.g. Jakob et al., 2019). Their interpretation has 

been somewhat controversial, because the association of quite distinct and diverse rocks is not 

easily explained. In the Sjongseter Group, there seems to be a preserved stratigraphy of 

metasediments on a metaperidotite substratum. In order to explore tectonic settings in which 

metaperidotite-bearing metasedimentary complexes may form, an account on these mixed 

assemblages is provided below, as well as possible correlations of the Sjongseter Group with 

similar units in the Scandinavian Caledonides. 

 

6.5. Metaperidotite-bearing metasedimentary complexes 

 

6.5.1. Introduction 

In this section, metaperidotite-bearing metasedimentary complexes are initially 

addressed from a general perspective, and tectonic models that explain their genesis are briefly 
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introduced. The occurrences in the Scandinavian Caledonides are referred to in their own 

section (see below), and their tectonostratigraphic relationships are discussed together with 

possible correlations of the Sjongseter Group with similar units in the orogenic belt.  

Metaperidotite-bearing metasedimentary complexes comprise metaperidotites that are 

partially to completely serpentinized, carbonized and talcified, but they may be preserved from 

alteration (e.g. Lagabrielle & Bodinier, 2008; Clerc & Lagabrielle, 2014). The metaperidotites 

may be intruded by mafic dykes, and they are set in a metasedimentary matrix that is composed 

of quartz- and feldspar-rich mica schists, graphite schists and phyllites, calc-silicate to 

calcareous schists, pebbly conglomerates and medium- to coarse-grained sandstones (e.g. 

Andersen et al., 2012; Jakob et al., 2019). Associated with the metasediments are minor 

gabbros, amphibolites and mafic-ultramafic schists. Detrital ultramafic rocks are also engulfed 

by the metasedimentary matrix, and they are conglomerates and sandstones that have ultramafic 

clasts within a talc-rich matrix. The metaperidotites may also be associated with talc-, 

magnesite-, chlorite-, dolomite- and quartz-bearing rocks that are referred to as listvenites (e.g. 

Beinlich et al., 2012; Menzel et al., 2018), metasomatically developed from carbonation and 

silicification of the metaperidotites. 

The metaperidotite-bearing metasedimentary complexes are often found in orogenic 

belts such as the Pyrenees, Alps and Caledonides. In the Pyrenees, metaperidotites are spatially 

associated with voluminous sedimentary sequences, breccia formations and Mesozoic basins 

that were deformed during the Pyrenean Orogeny (e.g. Lagabrielle & Bodinier, 2008). In the 

Alps and Caledonides, these units are preserved in nappes that have been accreted to the 

orogenic pile (e.g. Manatschal et al., 2006; Chew & van Staal, 2014). Several mechanisms have 

been proposed to explain the mixing of rocks that have originally been formed at different 

lithosphere levels. In the Alps, for example, this mixing has initially been attributed to 

obduction of oceanic lithosphere and ophiolite formation during the Alpine Orogeny (e.g. 

review in Manatschal & Müntener, 2009). Likewise, in the Scandinavian Caledonides, the 

metaperidotite-bearing metasedimentay complexes have been interpreted as remnants of 

ophiolite sequences that were disrupted during the Caledonian Orogeny (e.g. Gee & Sturt, 1985; 

Bucher-Nurminen, 1991), as well as tectonic mixing of unrelated rocks into obduction 

mélanges. 

Recognition of mantle-exhuming processes at magma-poor rifted margins has, however, 

led to major revisions of the mixed metaperidotite-bearing assemblages in orogenic belts, 

because it has been shown that lithosphere hyperextension and rifting may juxtapose mantle 

peridotites against continental basement and rift-related sediments (e.g. Péron-Pinvidic et al., 

2013; Gillard et al., 2017; Tugend et al., 2018). Following these revisions and new 
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understanding of passive margin evolution, the Alpine and Pyrenean metaperidotite-bearing 

metasedimentay complexes have been reinterpreted as remnants of partly mantle-floored 

marginal basins that have been thrust over continental margins during orogenesis (e.g. 

Manatschal & Müntener, 2009; Clerc & Lagabrielle, 2014). By comparison with these 

analogues, it has been suggested that metaperidotite-bearing units in the Scandinavian 

Caledonides have initially floored deep basins at the magma-poor rifted margin of Baltica (e.g. 

Andersen et al., 2012; Jakob et al., 2017a, 2019). These models are discussed below together 

with the regional distribution and tectonostratigraphic significance of metaperidotite-bearing 

units in the Caldedonian belt. 

 

6.5.2. Metaperidotite-bearing units in the Scandinavian Caledonides  

In the Bergen Arcs, Stølsheimen and Bøverdalen areas across the southern Caledonides 

(see Fig. 1.1), a metaperidotite-bearing unit is composed by solitary metaperidotites and detrital 

serpentinites, quartzites, quartz-granite-bearing pebbly sandstones and conglomerates, micritic 

limestones, calc-silicate to calcareous schists and Proterozoic basement slivers, set in an 

originally fine-grained metasedimentary matrix (e.g. Andersen et al., 2012; Jakob et al., 2019). 

In these areas, the in-situ basement rocks of Baltica and metasedimentary cover lie at the lowest 

structural level. The basement and cover are structurally overlain by parautochthonous to 

allochthonous metasediments and interleaved slivers of Baltican basement. The allochthonous 

ortho- and paragneisses are overridden by the metaperidotite-bearing unit, which is in turn 

overthrust by Baltican nappes (Upper Bergsdalen, Lindås, Dalsfjord and Jotun nappe 

complexes). It has been suggested that this metaperidotite-bearing unit is traceable at the same 

structural level toward the Røros and Lesja districts north of the Gudbrandsdalen antiform area 

into the south central Caledonides (see Fig. 1.1) (Andersen et al., 2012). The significance of the 

Gudbrandsdalen area is that the large crystalline nappes of Baltican origin (Jotun Nappe 

Complex and correlatives) do not occur north of it. In the Lesja district, for example, the 

metaperidotite-bearing Sjongseter Group is directly overlain by outboard oceanic units (see 

Section 3). In this area, the Baltican basement, represented by the Western Gneiss Region, is 

overlain by parautochthonous to allochthonous ortho- and paragneisses that are interleaved with 

basement slivers (e.g. Nilsen, 1988). The parautochthonous to allochthonous units are locally 

intruded by mafic dykes that have been interpreted as rift-related (e.g. Hollocher et al., 2007). 

These units are overridden by the Blåhø Nappe, which is in turn overlain by the Trondheim 

Nappe Complex (e.g. Robinson et al., 2013). The Blåhø Nappe contains the Sjongseter Group 

and is correlated with the Essandsjø-Øyfjell Nappe toward the Røros district (e.g. Guezou, 

1978; Gee et al., 1985b; Nilsen, 1988). 
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There is a major break in the tectonostratigraphy of the Caledonides past 

Gudbrandsdalen, represented by the lack of large crystalline nappe complexes to the north of it. 

It has been suggested that such break is related to the structure of the Baltican margin in pre-

Caledonian times. Andersen et al. (1991), for example, suggested that the Jotun Nappe has 

originally constituted a microcontinent, and that the latter has been separated from Baltica by a 

seaway that would have closed as a “suture 1” during the Scandian thrusting. The 

Gudbrandsdalen area was considered to be the northeasternmost termination of the Jotun 

Microcontinent. Nystuen et al. (2008) suggested that the pre-Caledonian margin of Baltica 

comprised several seaways and deep rift basins. Hollocher et al. (2012) agreed on the existence 

of terrains that have been detached from Baltica during Neoproterozoic rifting. Similarly, 

Nilsson and Roberts (2014) suggested the Gula Nappe of the Trondheim Nappe Complex to 

have been microcontinental, although there is no unequivocal evidence for a Baltican origin of 

the Gula Nappe. 

The metaperidotite-bearing units in the south and south central Caledonides are both 

structurally above the Western Gneiss Region, and locally in contact with minor remnants of 

nappes (see figs. 1.1 and 3.2). As previously mentioned, the unit in the southern Caledonides is 

overlain by large crystalline nappes of Baltican origin, which are in turn overlain by outboard 

oceanic sequences of the Sunnhordland Nappe in the Bergen Arcs area. The Sjongseter Group 

in the Lesja area is overlain by units of the Trondheim Nappe Complex, which comprises the 

Gula, Støren and Meråker nappes (e.g. Corfu et al., 2014). The Gula Nappe is flanked by the 

Støren and Meråker nappes from west to east respectively, and it encompasses a heterogeneous 

sequence of continental and oceanic clastic rocks. The Støren and Meråker nappes bear island-

arc and ophiolite sequences that are structurally above the Gula Nappe (e.g. Slagstad et al., 

2013). Some outboard oceanic sequences bear Early to Middle Ordovician fossils of Laurentian 

affinities in agreement with radiometric dating (e.g. Dunning & Pedersen, 1988; Roberts et al., 

2002b; Slagstad et al., 2013). The latter Ordovician fossils are comparable in age with those in 

the serpentinite-bearing Otta Conglomerate (e.g. Bøe et al., 1993; Harper et al., 2009), which 

has been used to discuss a correlation between them (e.g. Nilsson et al., 2005). However, the 

Otta Conglomerate is associated to a metaperidotite-bearing metasedimentary complex in the 

Otta-Vågå area (see Fig. 3.1) that is structurally below the oceanic units of the Trondheim 

region (Andersen et al., 2012; Jakob et al., 2017a, b, c), which argues against any correlation. 

Furthermore, the fossils in the Otta Conglomerate are insular in provinciality and do not occur 

in Baltica and Laurentia, so they are not of Laurentian origin as those of the Trondheim region 

(Harper et al., 2009).  

Regarding the depositional ages of the metaperidotite-bearing unit in the southern 

Caledonides, Slama and Pedersen (2015) dated detrital zircons and obtained Middle Ordovician 
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depositional ages (~468 Ma) similar to those of the Otta Conglomerate. Following this 

observation, Jakob et al. (2017c) suggested that the metaperidotite-bearing units in the southern 

Caledonides and Otta-Vågå area are correlatable on the basis of their isotopic composition, 

lithological assemblage, structural position and depositional age. Particularly, their isotopic 

composition shows that they underwent the same metamorphic conditions during the Scandian 

Orogeny. Considering that both the metaperidotite-bearing units are structurally below outboard 

oceanic sequences and large crystalline nappes of Baltican origin, correlation between them 

seems appropriate (Andersen et al., 2012; Jakob et al., 2019). Correlation with the Sjongseter 

Group in the Lesja area, as suggested by Andersen et al. (2012), may indicate that 

metaperidotite-bearing metasedimentary complexes represent an important architectural element 

at this tectonostratigraphic level, although the radiometric ages from the Sjongseter Group are as 

yet not available (see below). 

It has to be noted that the metaperidotite-bearing unit in the southern Caledonides have 

subordinate mafic rocks (e.g. Andersen et al., 2012; Jakob et al., 2017a, b, c). However, the 

volume of mafic rocks is comparatively higher in the Otta-Vågå area and Sjongseter Group. In 

fact, the volume of mafic lithologies and dykes increases north of the Gudbrandsdalen area, 

which is also observed in Neoproterozoic units of the Särv and Seve nappes (see Section 3), as 

well as in the structurally overlying Blåhø Nappe. Farther northeast across the Swedish border, 

mafic dykes that belong to the Scandinavian Dyke Complex are a dominant component at this 

tectonostratigraphic level (e.g. Kjøll et al., 2019; Tegner et al., 2019).  

 

Tectonic settings 

The metaperidotite-bearing metasedimentary complexes of the Scandinavian 

Caledonides have previously been interpreted as dismembered ophiolite sequences that have 

been deformed and metamorphosed due to obduction onto the Baltican margin (e.g. Gee & 

Sturt, 1985), similarly to the model that was suggested by Sturt et al. (1991, 1995) in the Otta-

Vågå area. Particularly, such interpretations state that the metaperidotite-bearing 

metasedimentary complexes represent dismembered and fragmented ophiolites, since a 

complete section through a Penrose-type pseudostratigraphy is hardly observed. Penrose-type 

ophiolites or fragments of them, however, occur in oceanic terrains sensu stricto such as the 

Karmøy, Sunnhordland, Bergen, Leka and Trondheim areas (e.g. Andersen & Andresen, 1994; 

Furnes et al. 2012; Slagstad & Kirkland, 2018), which also include island-arc complexes. Other 

interpretations have been put forward to explain the metaperidotite-bearing metasedimentary 

complexes and their intricate lithological architecture, based on the distribution and 
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tectonostratigraphic level of the metaperidotite-bearing unit in the southern Caledonides 

(Andersen et al., 2012; Jakob et al., 2017a, 2019). 

Andersen et al. (2012) suggested that the ultramafic detritus in their metaperidotite-

bearing unit have been sourced by basin-flooring serpentinized mantle peridotites tectonically 

juxtaposed against crustal basement and continent-derived sediments at a hyperextended pre-

Caledonian margin. The allochthons structurally on top of the unit (Upper Bergsdalen, Lindås, 

Dalsfjord and Jotun nappe complexes) in parts experienced pre-Scandian metamorphism 

interpreted to be related to early plate convergence within the Iapetus Ocean (see Section 2.2), 

as attested from eclogite occurrences in the Lindås Nappe Complex (~440 Ma) (e.g. Glodny et 

al., 2008; Roffeis et al., 2012), and from Ordovician metamorphic ages in the Dalsfjord Nappe 

Complex (~449 Ma) (e.g. Andersen et al., 1990; Andersen et al., 1998), implying that they must 

have been at an outboard position relatively to Baltica. Based on the previous suggestions by 

Andersen et al. (1991) about a detached terrain compositionally similar to the Baltican 

crystalline nappes, referred to as the Jotun Microcontinent, Andersen et al. (2012) and Jakob et 

al. (2017a, b, c) advocated that the crystalline nappe complexes have constituted 

microcontinents, continental ribbons or slivers later thrust over the hyperextended basins during 

the Scandian phase of the Caledonian Orogeny (see Fig. 2.2).  

Tectonic reconstructions based on continental margin sediments and glacial deposits of 

the “Sparagmite” basins suggest the rifted margin of Baltica to be latest Neoproterozoic in age 

(see Section 2.1) (e.g. Nystuen et al., 2008). In addition, dyke swarms preserved in the Seve and 

Särv nappe complexes yield Neoproterozoic ages (e.g. Andréasson, 1994; Svenningsen, 2001) 

similar to the Egersund dykes that intrude the Baltican basement (e.g. Bingen et al., 1998; 

Torsvik & Cocks, 2005). Considering these ages and the distribution of the metaperidotite-

bearing unit in the southern Caledonides, Andersen et al. (2012) suggested that the rifted margin 

of Baltica was hyperextended during the Neoproterozoic and Early Paleozoic, and that the 

metaperidotite-bearing unit may be the record of a magma-poor hyperextended margin setting 

(see Section 6.5.1). Rifting of the Jotun Microcontinent from Baltica may have resulted in the 

opening of narrow seaways and mantle-floored basins with only minor magmatic activity 

(Andersen et al., 2012; Jakob et al., 2017a, 2019). The ophiolite- and island-arc-related rocks 

that are presently structurally on top of the metaperidotite-bearing unit and Jotun Nappe 

Complex (Jotun Microcontinent) are considered to have derived from the Laurentian side of the 

Iapetus Ocean. Taking into account the increase of mafic dykes in the Neoproterozoic units 

north of the Gudbrandsdalen area and across the Swedish border, as previously discussed, these 

regions are interpreted to be transitional from a magma-poor to magma-rich margin setting 

(Jakob et al., 2019; Kjøll et al., 2019; Tegner et al., 2019). 
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Metaperidotite-bearing units across the south and south central Caledonides 

The metaperidotite-bearing units in the southern Caledonides and Otta-Vågå area are 

correlatable on the basis of lithological, structural, age and isotopic relationships (Andersen et 

al., 2012; Jakob et al., 2017a, b, c). As discussed above, correlation of these units with the 

metaperidotite-bearing Sjongseter Group is likely. However, it has to be noted that the age of 

the Sjongseter Group is uncertain, because there is still no radiometric dating, which implies 

that any correlation has to be dealt with caution. The geodynamic mechanism that has been 

proposed for the metaperidotite-bearing units in the southern Caledonides may also explain the 

lithological assemblage of the Sjongseter Group, taking into account that its internal architecture 

suggests a preserved stratigraphy of metasediments on a metaperidotite substratum (see Section 

6.4). 

Obduction of oceanic lithosphere and ophiolite formation have been suggested to 

explain both the Penrose-type ophiolites and the metaperidotite-bearing units in the 

Scandinavian Caledonides (e.g. Sturt et al., 1991, 1995). Likewise, considering the association 

of highly distinct rocks, tectonic mixing and formation of obduction mélange have also been 

considered. However, the lithological architecture and stratigraphic relationships of the 

Sjongseter Group seem to argue against both these models. First, the unit lacks a typical 

ophiolite Penrose-type pseudostratigraphy, because there are no major gabbro bodies, thick 

volcanic units and sheeted dyke complexes. One could argue that the ophiolite structure may 

have been disrupted during the Scandian Orogeny, as typically suggested by these models, but it 

seems that the Sjongseter Group has never had an ophiolite structure to start with. Ophiolite-

related rocks occur together with island-arc complexes structurally on top of the Blåhø Nappe, 

and they are represented by outboard oceanic units of the Trondheim Nappe Complex. Second, 

the lithological association of the Sjongseter Group is not explained by tectonic mixing of 

unrelated rocks, because its internal structure suggests that there are preserved stratigraphic 

relationships despite of Scandian deformation.  

The lithologies of the Sjongseter Group have probably formed in the same tectonic 

settings. Closset (2018) suggested that the metaperidotites have developed from mantle 

peridotites exhumed and serpentinized at the magma-poor rifted margin of Baltica (e.g. 

Andersen et al., 2012). Scandian deformation and metamorphism would have converted the 

serpentinites into amphibolite-facies metaperidotites, presently developed as talc-olivine-

carbonate rocks (see Section 5.2.1). The metasediments, mostly mica schists and quartzites, 

could have originally been deposited directly on the metaperidotites, which could also have 

sourced the serpentinite-bearing detrital ultramafic rocks. Local field relationships suggest 

original deposition of turbidite sequences and deep-water sediments, as well as manganese-
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bearing metalliferous sediments (see Section 6.4). These relationships suggest that the 

lithological units of the Sjongseter Group have formed in partly mantle-floored basins that may 

have in turn formed at the hyperextended margin of Baltica. Although this mechanism seems to 

explain the lithological association, it has to be emphasized that there is little control on age 

relationships (see below). 

The transition from the magma-poor to the magma-rich margin of Baltica has been 

suggested on the basis of dyke complexes that intrude Neoproterozoic units of the Särv and 

Seve nappe complexes (Jakob et al., 2019; Kjøll et al., 2019; Tegner et al., 2019). The Sӕtra 

Nappe correlates with the latter units and underlies the Blåhø Nappe, which contains the 

Sjongseter Group. If the Blåhø Nappe is also Neoproterozoic in age, then there is a strong 

argument that the Sjongseter Group records the magma-poor margin setting in the Lesja area. In 

this case, considering that the volume of mafic rocks in the Sjongseter Group is higher than that 

of the metaperidotite-bearing unit in the southern Caledonides, it is likely that there is a 

transition into a magma-richer setting past the Gudbrandsdalen area. The Ordovician age 

relationships of the metaperidotite-bearing units in the southern Caledonides and Otta-Vågå 

area, given by detrital zircons (e.g. Slama & Pedersen, 2015) and fossil content of the Otta 

Conglomerate (e.g. Harper et al., 2009), may in turn indicate that the mantle-floored basins 

received sediment into the Lower-Middle Ordovician. Jakob et al. (2017a) obtained Cambrian-

Ordovician ages from subordinate mafic rocks within the metaperidotite-bearing unit in the 

southern Caledonides, which may suggest that the Neoproterozoic magma-poor margin has 

been reactivated with dyke emplacement, or rifting of a microcontinent at Cambrian-Ordovician 

times. If the Sjongseter Group is correlatable with the other metaperidotite-bearing units, the 

age relationships may indicate that the mantle peridotites were exhumed in the Ordovician, 

which is relatively late with respect to the Neoproterozoic hyperextension. In this case, it is 

likely that a late event affected the hyperextended margin of Baltica in the Ordovician and led to 

the exhumation of mantle rocks that are presently preserved in the metaperidotite-bearing 

metasedimentary complexes of the south and south central Caledonides. 

 

7. Conclusion 

A metaperidotite-bearing metasedimentary complex in the Lesja area, south central 

Norway, was studied for its intricate lithological assemblage and tectonostratigraphic position, 

following previous works by the supervisors of this study. The unit, referred to as Sjongseter 

Group and structurally positioned within the Blåhø Nappe, comprises a nearly continuous 

metaperidotite sheet at its base that is overlain by micaceous metasediments, mafic rocks and 

detrital ultramafic rocks. The metamorphic evolution of the ultramafic rocks was described by 
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Closset (2018) in his master thesis. This study focused on the stratigraphic and structural 

relationships and larger-scale evolution of the Sjongseter Group in the context of the Scandian 

phase of the Caledonian Orogeny, as well as the metamorphism of the metasediments and mafic 

rocks. Correlation with similar metaperidotite-bearing units that are exposed elsewhere in the 

Caledonian belt was discussed together with tectonic models that address the genesis of these 

mixed assemblages.  

The lithological units of the Sjongseter Group are stratigraphically and structurally 

related. There are preserved contact relationships that indicate an original stratigraphy of 

metasediments on a metaperidotite substratum. The detrital ultramafic rocks, which are 

serpentinite- and soapstone-bearing conglomerates and sandstones, were most likely sourced 

from the metaperidotites, and deposited together with originally fine- to medium-grained 

micaceous to sandy sediments in a mantle-floored basin with addition of intrusive or extrusive 

mafic rocks. The metaperidotites have initially evolved from serpentinized mantle peridotites 

that may have been exhumed at the seafloor adjacent to a hyperextended continental margin 

(e.g. Andersen et al., 2012; Jakob et al., 2019 ). 

The mantle-floored basin with detrital ultramafic rocks and continental margin 

sediments was deformed and metamorphosed during the Scandian Orogeny, and thrust over the 

Baltican margin. The mixed lithological association is presently preserved in the Sjongseter 

Group. The exhumed and serpentinized mantle peridotites were converted into amphibolite-

facies talc-olivine-carbonate rocks (Closset, 2018). The peak metamorphic conditions of the 

metasediments and mafic rocks are estimated at about 9.5 kbar and 670°C. The peak 

metamorphic assemblage in the metasediments is characterized by kyanite in garnet-mica schist, 

and the mafic rocks are developed as garnet amphibolites. The Scandian metamorphism of these 

units was associated with the development of folds, lineations and foliations.  

Late- to post-orogenic extension partially overprinted the thrust-related structures, as 

indicated by the dominant structural fabrics of mineral stretching lineations and lineation-

parallel folds, and was associated with the ductile exhumation of the structurally lower 

basement of the Western Gneiss Region, against which the Sjongseter Group is presently 

juxstaposed. The ductile exhumation of the Western Gneiss Region has most likely defined the 

orientation of the nappe-basement contacts, because the Sjongseter Group is preserved in the 

core of a synform on the northern limb of the larger-scale Romsdalen antiform. This structure 

plunges easterly below the nappe stack south of the study area, but it continues into the 

Sjongseter Group as a succession of normal and overturned fold limbs that strike northwest-

southeast. The nappe-cored synform plunges toward the southeast and is parallel to the 

overturned limbs of the Romsdalen antiform. 
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8. Appendixes 

 

8.1. Electron microprobe analyses 

 

8.1.1. Sample P37-A (garnet-mica schist) 

 
Figure 8.1. Location of analyses for the sample P37-A. 
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Table 1. Garnet elemental composition (sample P37-A). 

Analysis 26 27 28 29 30 34 35 36 37 38 39 40 46 47 

SiO2 37.32 37.06 37.60 37.10 37.56 36.89 37.79 37.22 37.20 36.79 36.97 37.79 37.03 37.23 

TiO2 0.06 0.07 0.07 0.09 0.06 0.03 0.07 0.08 0.06 0.09 0.06 0.05 0.07 0.06 

Al2O3 21.09 21.36 21.11 21.19 21.34 21.05 21.23 21.31 21.10 20.68 20.60 21.35 21.02 20.74 

Cr2O3 0.00 0.01 0.00 0.00 0.03 0.00 0.02 0.00 0.01 0.02 0.00 0.00 0.01 0.00 

MgO 2.30 2.28 2.33 2.27 2.52 2.45 2.58 2.55 2.40 2.12 2.37 3.11 2.34 2.42 

CaO 6.71 6.58 7.26 6.18 6.36 5.82 7.23 6.46 5.65 5.65 4.73 7.30 5.53 6.04 

MnO 0.73 0.70 0.71 0.82 0.78 0.94 0.77 0.73 1.69 4.14 3.33 0.59 2.93 2.02 

FeO 31.79 31.60 31.06 31.86 31.59 32.70 30.71 31.98 32.47 30.63 31.69 30.32 30.63 31.28 

Na2O 0.00 0.00 0.02 0.04 0.02 0.04 0.02 0.04 0.04 0.00 0.03 0.02 0.00 0.02 

K2O 0.00 0.00 0.02 0.00 0.04 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 

Total (wt%) 99.92 99.66 100.17 99.53 100.30 99.89 100.41 100.35 100.63 100.11 99.78 100.50 99.55 99.80 

 

Continued Table 1. 

Analysis 48 49 50 51 52 53 54 55 56 57 58 59 60 61 

SiO2 37.57 36.63 36.41 37.07 37.13 37.08 38.10 37.06 37.19 37.43 37.53 37.82 37.23 37.47 

TiO2 0.06 0.08 0.09 0.16 0.09 0.03 0.03 0.08 0.05 0.06 0.06 0.06 0.05 0.05 

Al2O3 20.91 20.45 20.67 20.44 20.89 21.01 21.53 20.69 20.81 20.94 21.34 21.10 20.95 20.90 

Cr2O3 0.01 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.03 

MgO 2.30 2.11 2.00 2.03 2.12 2.32 3.49 2.19 2.09 2.26 2.54 2.35 2.60 2.37 

CaO 5.25 3.95 4.11 4.36 5.26 5.68 6.58 4.73 5.33 5.45 6.83 5.27 4.83 5.70 

MnO 4.37 7.23 7.51 7.27 4.17 2.53 1.13 5.88 4.35 3.21 0.73 1.67 3.28 1.48 

FeO 30.64 28.88 28.63 28.21 30.34 31.37 29.75 29.37 30.71 31.44 31.40 32.40 31.19 32.16 

Na2O 0.01 0.00 0.04 0.02 0.03 0.02 0.02 0.00 0.00 0.02 0.00 0.02 0.04 0.04 

K2O 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 

Total (wt%) 101.12 99.36 99.45 99.58 100.03 100.04 100.63 100.00 100.54 100.81 100.42 100.67 100.19 100.22 
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Figure 8.2. Plot across garnet elemental map for the sample P37 – (a): analyses; (b): plot of garnet end-member proportions. 
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Table 2. Mica elemental composition (sample P37-A). 

Analysis 31 32 33 41 42 43 44 45 62 63 64 65 67 68 

SiO2 46.09 43.28 46.70 35.86 46.37 35.60 36.30 35.98 36.99 47.74 37.05 46.96 36.71 37.02 

TiO2 0.28 0.93 0.91 2.79 0.51 2.71 2.58 2.73 2.18 0.61 2.08 0.75 2.02 2.67 

Al2O3 35.13 32.89 35.00 18.80 36.33 19.23 19.23 19.08 18.77 33.22 19.34 34.50 19.75 18.86 

Cr2O3 0.05 0.07 0.03 0.01 0.16 0.05 0.02 0.05 0.02 0.00 0.02 0.08 0.04 0.05 

MgO 1.12 1.06 0.95 10.88 1.00 10.60 11.16 10.98 11.86 1.93 12.29 1.58 12.48 11.86 

CaO 0.00 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 

MnO 0.02 0.03 0.06 0.10 0.03 0.11 0.13 0.12 0.13 0.00 0.11 0.02 0.10 0.10 

FeO 1.24 5.43 1.35 16.71 1.19 17.18 16.07 16.37 15.24 1.32 14.72 1.34 14.36 14.96 

Na2O 0.42 0.33 0.64 0.10 0.49 0.15 0.13 0.14 0.11 0.36 0.15 0.40 0.16 0.18 

K2O 10.98 10.62 10.64 9.79 10.76 9.71 9.85 9.93 9.56 10.77 9.54 10.78 9.76 9.61 

Total (wt%) 95.26 94.63 96.31 95.01 96.87 95.33 95.41 95.34 94.81 95.90 95.29 96.44 95.35 95.25 

Structural formula based on O=11 

Si 3.08 2.99 3.08 2.71 3.04 2.68 2.72 2.70 2.77 3.16 2.75 3.09 2.72 2.75 

Ti 0.01 0.05 0.05 0.16 0.03 0.15 0.15 0.15 0.12 0.03 0.12 0.04 0.11 0.15 

Al 2.76 2.67 2.72 1.67 2.81 1.71 1.70 1.69 1.65 2.59 1.69 2.68 1.72 1.65 

Cr 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg 0.11 0.11 0.09 1.22 0.10 1.19 1.24 1.23 1.32 0.19 1.36 0.16 1.38 1.31 

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

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

Fe all ferrous
 

0.07 0.31 0.07 1.05 0.07 1.08 1.01 1.03 0.95 0.07 0.91 0.07 0.89 0.93 

Na 0.05 0.04 0.08 0.01 0.06 0.02 0.02 0.02 0.02 0.05 0.02 0.05 0.02 0.03 

K 0.93 0.94 0.90 0.94 0.90 0.93 0.94 0.95 0.91 0.91 0.90 0.91 0.92 0.91 

Total cations 7.02 7.12 7.00 7.78 7.01 7.78 7.77 7.78 7.75 6.99 7.75 7.01 7.78 7.74 
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8.1.2. Sample P52-B (kyanite-garnet-mica schist) 

Figure 8.3. Location of analyses for the sample P52-B. 
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Table 3. Garnet elemental composition (sample P52-B). 

Analysis 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

SiO2 37.00 36.79 37.08 37.30 37.35 37.11 37.46 37.10 37.27 37.07 37.38 37.11 37.57 37.26 36.67 37.17 

TiO2 0.08 0.11 0.08 0.06 0.04 0.05 0.07 0.05 0.08 0.05 0.04 0.04 0.05 0.11 0.11 0.07 

Al2O3 21.08 21.02 20.92 20.90 21.03 21.09 21.22 21.00 21.23 21.35 20.93 20.87 21.01 21.07 20.85 21.08 

Cr2O3 0.00 0.01 0.02 0.01 0.00 0.04 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.03 

MgO 1.22 1.17 1.08 1.33 1.44 1.45 1.99 1.28 2.10 1.95 1.32 1.59 1.80 1.20 1.16 1.30 

CaO 6.56 6.62 6.67 6.77 7.16 7.35 7.56 6.76 7.04 6.95 6.69 7.27 6.89 6.85 6.89 6.86 

MnO 5.41 5.59 6.69 3.97 2.57 1.91 0.38 4.35 0.70 0.59 4.11 1.67 0.89 5.39 5.91 4.22 

FeO 28.79 28.95 27.54 30.06 30.64 31.17 31.93 30.42 31.93 32.38 29.78 30.89 31.61 28.35 28.14 29.22 

Na2O 0.05 0.06 0.08 0.04 0.07 0.04 0.03 0.03 0.04 0.06 0.03 0.04 0.05 0.05 0.07 0.04 

K2O 0.00 0.14 0.00 0.02 0.00 0.02 0.01 0.02 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.02 

Total (wt%) 100.17 100.45 100.16 100.45 100.29 100.25 100.66 101.00 100.41 100.40 100.26 99.47 99.88 100.27 99.83 100.01 
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Figure 8.4. Plot across garnet elemental map for the sample P52-B – (a): analyses; (b): plot of garnet end-member proportions. 

 

 

 

P52-B 



94 

 

Table 4. Mica elemental composition (sample P52-B). 

Analysis 17 18 19 20 21 22 23 24 25 

SiO2 35.96 36.31 45.79 34.16 48.04 46.14 47.08 46.08 35.50 

TiO2 2.01 1.98 0.63 2.11 0.67 0.72 0.60 0.79 2.04 

Al2O3 18.60 18.87 36.74 18.61 33.82 35.39 35.83 35.35 19.19 

Cr2O3 0.01 0.02 0.03 0.05 0.03 0.01 0.04 0.02 0.05 

MgO 11.19 11.12 0.85 10.78 1.82 0.75 0.99 1.02 10.80 

CaO 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.09 

MnO 0.07 0.07 0.02 0.12 0.00 0.00 0.00 0.00 0.09 

FeO 16.41 16.67 1.16 18.66 1.32 0.90 1.02 1.16 17.20 

Na2O 0.27 0.24 0.99 0.07 0.80 0.96 0.95 0.99 0.15 

K2O 9.27 9.36 10.03 8.67 10.00 9.93 10.03 9.82 9.58 

Total (wt%) 93.80 94.64 96.20 93.25 96.46 94.79 96.47 95.22 94.68 

Structural formula based on O=11 

Si 2.74 2.74 3.02 2.65 3.15 3.07 3.08 3.06 2.69 

Ti 0.11 0.11 0.03 0.12 0.03 0.04 0.03 0.04 0.12 

Al 1.67 1.68 2.85 1.70 2.61 2.78 2.76 2.77 1.72 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg 1.27 1.25 0.08 1.25 0.18 0.07 0.10 0.10 1.22 

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

Mn 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 

Fe all ferrous 1.04 1.05 0.06 1.21 0.07 0.05 0.06 0.06 1.09 

Na 0.04 0.04 0.13 0.01 0.10 0.12 0.12 0.13 0.02 

K 0.90 0.90 0.84 0.86 0.84 0.84 0.84 0.83 0.93 

Total cations 7.78 7.78 7.01 7.81 6.98 6.98 6.98 6.99 7.80 
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8.1.3. Sample LES-18-17 (kyanite-garnet-mica schist) 

 

Table 5. Garnet elemental composition (sample LES-18-17). 

Analysis 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

SiO2 37.96 37.95 37.80 37.45 37.08 37.21 37.36 37.38 37.37 36.93 37.49 37.13 37.30 37.29 

TiO2 0.08 0.04 0.05 0.04 0.03 0.19 0.06 0.04 0.01 0.07 0.05 0.02 0.03 0.12 

Al2O3 21.41 21.52 21.25 21.10 21.43 21.16 21.11 21.23 21.10 20.80 21.22 21.15 21.03 21.32 

Cr2O3 0.00 0.00 0.00 0.02 0.00 0.02 0.00 0.02 0.00 0.02 0.00 0.00 0.02 0.00 

MgO 4.88 4.70 4.59 3.59 3.74 3.75 3.56 3.09 2.83 2.61 2.51 2.04 1.96 2.13 

CaO 4.37 4.59 4.44 4.89 4.65 4.80 4.96 4.80 4.96 5.00 4.71 5.10 5.12 5.12 

MnO 0.82 0.77 0.79 0.73 0.71 0.72 0.81 1.01 1.07 1.08 1.28 1.74 2.14 2.64 

FeO 31.10 31.21 31.62 32.30 32.48 32.45 32.60 32.94 33.25 32.86 33.47 33.28 32.97 32.36 

Na2O 0.02 0.02 0.03 0.03 0.02 0.00 0.03 0.02 0.02 0.04 0.02 0.04 0.04 0.03 

K2O 0.01 0.03 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 

Total (wt%) 100.62 100.82 100.54 100.13 100.13 100.34 100.50 100.53 100.61 99.40 100.76 100.51 100.61 101.02 

 

Continued Table 5. 

Analysis 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

SiO2 37.20 36.90 37.30 37.48 37.59 37.51 37.11 37.58 37.94 37.54 37.74 38.62 38.44 38.14 

TiO2 0.07 0.05 0.00 0.02 0.08 0.02 0.07 0.04 0.05 0.06 0.01 0.04 0.03 0.08 

Al2O3 20.82 21.00 21.14 21.08 21.15 21.07 21.06 21.24 21.19 21.48 21.42 21.57 21.63 21.51 

Cr2O3 0.04 0.00 0.00 0.00 0.05 0.00 0.02 0.02 0.02 0.03 0.00 0.02 0.05 0.00 

MgO 2.03 2.17 2.57 2.85 2.58 2.02 1.95 2.62 3.45 3.84 4.70 4.76 5.14 4.43 

CaO 5.17 4.89 4.58 4.83 5.15 5.11 5.38 5.06 5.12 4.90 4.24 5.64 5.51 5.39 

MnO 2.92 2.73 2.46 1.96 2.49 2.48 1.94 1.32 1.07 1.03 0.86 0.79 0.85 1.40 

FeO 32.00 31.76 31.59 31.27 31.44 32.10 32.45 32.68 31.83 31.78 31.51 29.59 28.88 29.73 

Na2O 0.07 0.14 0.07 0.07 0.08 0.04 0.06 0.04 0.02 0.02 0.03 0.02 0.03 0.03 

K2O 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.02 0.01 0.01 0.00 

Total (wt%) 100.31 99.63 99.66 99.52 100.62 100.33 100.05 100.60 100.70 100.70 100.54 101.04 100.57 100.72 
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Continued Table 5. 

Analysis 29 30 31 32 33 34 35 36 37 38 39 40 41 42 

SiO2 37.53 37.80 38.21 37.81 37.62 37.70 37.28 37.17 37.25 37.39 37.21 36.82 36.87 37.48 

TiO2 0.07 0.09 0.07 0.05 0.01 0.12 0.13 0.08 0.08 0.07 0.13 0.07 0.07 0.02 

Al2O3 21.05 21.32 21.53 21.20 21.25 21.29 20.83 21.09 21.04 21.02 21.00 21.02 20.98 21.03 

Cr2O3 0.02 0.03 0.00 0.03 0.06 0.02 0.00 0.02 0.00 0.06 0.04 0.00 0.00 0.00 

MgO 4.36 4.08 4.16 3.60 3.54 2.86 2.37 2.36 1.98 1.80 1.71 1.37 1.42 1.55 

CaO 4.92 5.98 5.89 5.36 5.02 5.43 5.68 5.69 5.74 5.95 6.13 6.15 6.10 5.67 

MnO 1.11 1.04 0.95 1.24 1.76 1.67 1.80 1.64 1.87 2.06 1.98 2.39 2.37 2.08 

FeO 29.92 29.59 30.22 30.81 31.12 31.71 32.09 32.00 32.14 32.38 32.38 32.67 32.55 32.50 

Na2O 0.00 0.03 0.01 0.03 0.02 0.05 0.03 0.03 0.02 0.04 0.05 0.01 0.05 0.03 

K2O 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.02 0.01 0.00 0.01 0.00 0.00 

Total (wt%) 99.00 99.96 101.05 100.13 100.39 100.88 100.19 100.06 100.14 100.79 100.62 100.51 100.41 100.35 

 

Continued Table 5. 

Analysis 43 44 45 46 47 48 49 50 51 52 53 54 55 56 

SiO2 37.15 37.87 37.87 38.22 37.29 37.19 36.99 37.31 36.89 36.99 36.91 37.40 37.08 37.05 

TiO2 0.04 0.10 0.08 0.04 0.06 0.10 0.10 0.06 0.02 0.00 0.02 0.06 0.13 0.09 

Al2O3 20.94 21.19 21.14 21.28 21.17 20.78 20.72 21.18 20.63 20.66 20.72 20.87 20.63 20.94 

Cr2O3 0.00 0.00 0.04 0.01 0.03 0.00 0.01 0.02 0.02 0.00 0.01 0.00 0.00 0.02 

MgO 1.64 3.32 3.25 3.48 3.80 1.87 1.27 1.24 1.58 1.46 1.28 1.22 1.33 1.43 

CaO 6.06 5.81 5.80 5.23 5.79 6.37 6.02 5.35 4.52 4.61 4.44 5.69 6.04 6.18 

MnO 1.98 1.53 1.58 1.38 1.27 2.16 3.42 4.16 3.86 4.00 4.16 3.67 2.81 2.19 

FeO 32.19 30.80 30.58 30.76 30.41 31.70 31.26 31.74 31.30 31.04 31.29 31.38 31.67 31.80 

Na2O 0.02 0.05 0.03 0.00 0.00 0.06 0.03 0.09 0.23 0.18 0.21 0.10 0.13 0.01 

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.03 0.00 

Total (wt%) 99.98 100.66 100.37 100.40 99.80 100.23 99.83 101.16 99.04 98.93 99.03 100.36 99.86 99.71 
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Continued Table 5. 

Analysis 57 58 59 60 61 62 63 64 65 66 67 68 69 70 

SiO2 37.26 37.38 37.12 37.47 37.39 37.43 37.10 37.26 38.01 38.37 38.28 37.84 38.25 38.45 

TiO2 0.09 0.07 0.08 0.05 0.06 0.06 0.09 0.07 0.05 0.05 0.08 0.05 0.01 0.00 

Al2O3 20.97 21.08 21.14 21.01 21.07 21.05 21.13 21.10 21.23 21.38 21.60 21.33 21.43 21.58 

Cr2O3 0.00 0.00 0.06 0.03 0.00 0.00 0.02 0.00 0.02 0.02 0.00 0.03 0.01 0.00 

MgO 1.60 1.67 1.86 2.66 2.03 2.04 2.52 2.76 3.41 3.99 4.24 4.19 4.63 4.80 

CaO 5.94 5.83 5.63 5.56 5.65 5.53 5.58 5.61 4.79 4.96 4.79 4.70 5.20 5.00 

MnO 1.84 1.58 1.50 1.67 1.23 0.98 0.76 0.75 0.78 0.91 1.08 1.65 0.95 0.81 

FeO 32.91 33.10 32.99 31.87 32.92 33.66 33.21 32.42 32.41 31.35 30.94 30.21 29.81 29.63 

Na2O 0.04 0.01 0.05 0.02 0.05 0.00 0.05 0.04 0.04 0.02 0.04 0.05 0.02 0.01 

K2O 0.01 0.01 0.00 0.01 0.01 0.01 0.03 0.00 0.02 0.00 0.03 0.01 0.00 0.01 

Total (wt%) 100.64 100.73 100.42 100.34 100.42 100.72 100.50 99.97 100.76 101.04 101.02 100.07 100.31 100.31 

Analyses provided by the supervisors of this study. 

 

Table 6. White mica elemental composition (sample LES-18-17). 

Analysis 71 72 74 76 77 81 82 84 85 87 71 72 74 76 

SiO2 48.08 47.58 46.60 46.55 45.82 45.72 46.44 45.10 46.12 46.20 48.08 47.58 46.60 46.55 

TiO2 0.66 0.60 0.61 0.51 0.41 0.42 0.38 0.48 0.62 0.52 0.66 0.60 0.61 0.51 

Al2O3 33.54 33.84 34.27 35.22 36.15 36.38 35.46 36.27 35.52 36.19 33.54 33.84 34.27 35.22 

Cr2O3 0.02 0.06 0.08 0.00 0.03 0.03 0.04 0.01 0.01 0.01 0.02 0.06 0.08 0.00 

MgO 1.81 1.62 1.14 0.97 0.85 0.64 0.85 0.62 0.99 0.93 1.81 1.62 1.14 0.97 

CaO 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 

MnO 0.01 0.01 0.00 0.04 0.02 0.02 0.02 0.00 0.00 0.01 0.01 0.01 0.00 0.04 

FeO 1.45 1.59 1.54 1.09 1.14 1.15 1.16 1.31 1.15 1.20 1.45 1.59 1.54 1.09 

Na2O 0.69 0.72 0.76 0.87 0.84 0.86 0.92 0.93 0.80 0.91 0.69 0.72 0.76 0.87 

K2O 10.50 10.49 10.55 10.27 10.39 10.23 10.33 10.18 10.34 10.36 10.50 10.49 10.55 10.27 

Total (wt%) 96.72 96.45 95.53 95.49 95.64 95.45 95.54 94.84 95.53 96.35 96.72 96.45 95.53 95.49 
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Continued Table 6. Structural formula of white mica based on O=11.  

Analysis 71 72 74 76 77 81 82 84 85 87 71 72 74 76 

Si 3.15 3.13 3.10 3.09 3.04 3.04 3.08 3.02 3.06 3.04 3.15 3.13 3.10 3.09 

Ti 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03 

Al 2.59 2.63 2.69 2.75 2.83 2.85 2.77 2.86 2.78 2.81 2.59 2.63 2.69 2.75 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg 0.18 0.16 0.11 0.10 0.08 0.06 0.08 0.06 0.10 0.09 0.18 0.16 0.11 0.10 

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe all ferrous
 

0.08 0.09 0.09 0.06 0.06 0.06 0.06 0.07 0.06 0.07 0.08 0.09 0.09 0.06 

Na 0.09 0.09 0.10 0.11 0.11 0.11 0.12 0.12 0.10 0.12 0.09 0.09 0.10 0.11 

K 0.88 0.88 0.90 0.87 0.88 0.87 0.87 0.87 0.88 0.87 0.88 0.88 0.90 0.87 

Total cations 7.00 7.01 7.02 7.00 7.02 7.01 7.01 7.02 7.01 7.02 7.01 7.02 7.01 7.02 

Analyses provided by the supervisors of this study. 
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8.1.4. Sample P33-A (garnet amphibolite) 

 
Figure 8.5. Location of analyses for the sample P33-A. 
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Table 7. Garnet elemental composition (sample P33-A). 

Analysis 74 75 76 77 78 79 80 81 82 83 84 

SiO2 38.02 37.22 36.96 37.21 37.36 37.56 37.22 37.62 37.40 36.97 37.13 

TiO2 0.07 0.09 0.07 0.03 0.03 0.07 0.03 0.06 0.04 0.08 0.06 

Al2O3 21.28 21.06 20.79 20.94 20.80 21.12 21.15 21.38 20.93 21.16 21.15 

Cr2O3 0.00 0.02 0.00 0.01 0.03 0.00 0.02 0.07 0.00 0.01 0.02 

MgO 2.74 2.26 1.81 1.65 2.19 2.42 2.21 2.42 2.21 2.21 2.36 

CaO 7.15 7.93 6.59 6.60 7.35 7.94 6.15 7.69 6.96 7.76 7.87 

MnO 2.32 2.51 4.41 4.58 2.45 2.45 2.19 2.33 2.68 2.59 2.36 

FeO 29.12 28.65 29.42 29.57 29.51 29.03 31.20 29.05 29.73 28.92 28.65 

Na2O 0.05 0.07 0.03 0.03 0.06 0.04 0.08 0.04 0.06 0.04 0.06 

K2O 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total (wt%) 100.72 99.84 100.07 100.63 99.77 100.61 100.25 100.67 99.98 99.73 99.65 
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Figure 8.6. Plot across garnet elemental map for the sample P33-A – (a): analyses; (b): plot of garnet end-member 

proportions. 
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8.1.5. Sample P33-C (garnet-mica-amphibole-quartz schist) 

Figure 8.7. Location of analyses for the sample P33-C. 
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Table 8. Garnet elemental composition (sample P33-C). 

Analysis 42 43 44 45 46 47 48 62 63 64 65 66 67 68 

SiO2 37.62 37.55 37.46 37.46 37.46 37.83 37.27 37.41 37.29 37.24 37.61 37.17 37.66 37.53 

TiO2 0.06 0.08 0.05 0.11 0.07 0.07 0.08 0.07 0.09 0.09 0.11 0.13 0.07 0.10 

Al2O3 21.35 20.80 21.04 20.93 21.22 21.09 21.10 21.09 20.91 20.61 20.83 20.94 21.16 21.01 

Cr2O3 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.01 0.04 0.00 0.02 0.00 0.00 0.00 

MgO 2.11 1.76 1.49 1.54 2.12 2.29 1.74 1.82 1.15 0.75 1.05 1.03 1.73 1.19 

CaO 9.45 8.93 8.23 9.11 8.99 9.43 8.66 9.47 8.26 8.85 9.09 8.41 9.17 8.88 

MnO 0.32 0.83 1.46 1.06 0.31 0.33 0.65 1.09 3.21 4.37 3.12 3.39 0.70 3.33 

FeO 29.54 30.30 30.63 30.10 29.64 29.49 30.57 29.34 29.89 28.52 29.01 30.08 30.20 29.11 

Na2O 0.02 0.00 0.03 0.00 0.04 0.00 0.00 0.00 0.01 0.01 0.02 0.04 0.02 0.01 

K2O 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 

Total (wt%) 100.48 100.23 100.41 100.29 99.85 100.53 100.02 100.28 100.85 100.41 100.83 101.19 100.71 101.15 
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Figure 8.8. Plot across garnet elemental map for the sample P33-C – (a): analyses; (b): plot of garnet end-member proportions. 
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Table 9. Mica elemental composition (sample P33-C). 

Analysis 49 50 51 55 56 71 72 

SiO2 36.40 35.96 36.46 36.40 36.00 35.86 33.96 

TiO2 2.93 3.56 3.10 3.26 3.17 3.61 2.95 

Al2O3 15.34 14.85 14.97 14.68 15.07 14.90 13.77 

Cr2O3 0.00 0.00 0.02 0.02 0.03 0.06 0.10 

MgO 9.78 9.35 9.86 9.62 9.87 9.32 8.36 

CaO 0.00 0.00 0.00 0.07 0.00 0.19 1.17 

MnO 0.02 0.00 0.04 0.03 0.05 0.04 0.04 

FeO 21.68 22.65 21.72 21.86 21.74 22.47 22.24 

Na2O 0.08 0.07 0.08 0.07 0.07 0.12 0.09 

K2O 9.54 9.38 9.48 9.34 9.64 8.80 6.81 

Total (wt%) 95.75 95.84 95.74 95.38 95.55 95.37 89.49 

Structural formula based on O=11 

Si 2.80 2.78 2.80 2.81 2.78 2.77 2.80 

Ti 0.17 0.21 0.18 0.19 0.18 0.21 0.18 

Al 1.39 1.35 1.36 1.34 1.37 1.36 1.34 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

Mg 1.12 1.08 1.13 1.11 1.14 1.07 1.03 

Ca 0.00 0.00 0.00 0.01 -0.01 0.02 0.10 

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe all ferrous 1.39 1.46 1.40 1.41 1.40 1.45 1.53 

Na 0.01 0.01 0.01 0.01 0.01 0.02 0.01 

K 0.93 0.92 0.93 0.92 0.95 0.87 0.72 

Total cations 7.81 7.81 7.81 7.80 7.83 7.78 7.72 
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Table 10. Amphibole elemental composition (sample P33-C). 

Analysis 52 53 54 57 58 69 70 73 

SiO2 41.13 41.56 40.66 41.30 40.96 41.10 41.57 41.32 

TiO2 0.45 0.61 0.69 0.49 0.62 0.53 0.58 0.70 

Al2O3 16.08 15.43 15.04 15.58 15.03 16.10 15.39 15.15 

Cr2O3 0.00 0.02 0.00 0.01 0.05 0.00 0.04 0.03 

MgO 8.38 8.13 8.28 8.50 8.60 8.09 8.47 8.27 

CaO 10.74 10.88 11.26 10.72 11.03 10.71 10.84 11.14 

MnO 0.07 0.05 0.07 0.05 0.00 0.09 0.10 0.06 

FeO 17.80 17.68 17.70 17.04 17.53 17.57 17.53 17.64 

Na2O 1.87 1.97 1.78 1.93 1.88 2.03 1.87 1.90 

K2O 0.74 0.75 0.80 0.74 0.75 0.75 0.72 0.75 

Total (wt%) 97.25 97.07 96.29 96.35 96.44 96.96 97.11 96.96 
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8.1.6. Sample P36-A (garnet amphibolite) 

Figure 8.9. Location of analyses for the sample P36-A. 
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Table 11. Garnet elemental composition (sample P36-A). 

Analysis 1 2 3 4 5 6 7 8 9 10 11 12 13 

SiO2 37.80 37.57 38.33 37.29 37.89 37.54 37.62 37.57 37.40 37.87 37.82 37.74 37.77 

TiO2 0.05 0.09 0.09 0.05 0.09 0.06 0.14 0.04 0.04 0.02 0.07 0.11 0.09 

Al2O3 21.64 21.28 21.76 21.33 21.38 21.31 21.13 21.53 21.52 21.14 21.35 21.19 21.38 

Cr2O3 0.01 0.00 0.10 0.03 0.11 0.04 0.06 0.00 0.03 0.16 0.14 0.03 0.13 

MgO 2.69 2.58 2.56 2.93 2.55 2.44 2.30 3.08 3.11 2.71 2.70 2.54 2.65 

CaO 8.48 9.05 8.70 7.70 9.10 8.84 9.06 7.68 7.72 8.93 8.21 9.06 8.56 

MnO 1.67 1.69 1.91 1.65 1.83 2.11 2.45 1.64 1.61 1.64 1.78 1.82 1.76 

FeO 28.19 28.01 27.72 29.03 27.79 28.10 27.27 29.11 29.34 28.28 28.29 27.70 28.15 

Na2O 0.05 0.03 0.04 0.03 0.03 0.05 0.02 0.03 0.04 0.04 0.02 0.04 0.07 

K2O 0.02 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.03 

Total (wt%) 100.61 100.30 101.20 100.04 100.79 100.49 100.06 100.70 100.81 100.77 100.41 100.24 100.59 

 

Continued Table 11. 

Analysis 14 15 16 17 18 19 20 21 22 23 24 25 

SiO2 37.59 38.20 37.32 37.59 38.03 37.65 37.30 37.32 37.21 36.94 37.09 36.90 

TiO2 0.10 0.10 0.12 0.08 0.10 0.08 0.07 0.10 0.14 0.09 0.12 0.12 

Al2O3 21.21 21.37 21.12 21.10 21.26 21.42 20.86 20.92 20.85 20.88 21.17 20.75 

Cr2O3 0.02 0.05 0.07 0.00 0.01 0.00 0.10 0.02 0.07 0.00 0.08 0.13 

MgO 2.56 2.53 2.50 2.34 2.42 2.57 2.71 2.54 2.34 2.28 2.59 2.38 

CaO 9.15 8.96 8.88 9.07 9.22 9.08 8.82 9.21 9.22 9.35 8.99 9.12 

MnO 1.75 1.90 1.99 2.44 1.92 1.77 1.74 2.03 2.57 2.38 2.05 2.23 

FeO 27.94 27.84 27.90 27.81 27.76 28.25 27.92 27.50 27.19 27.41 27.74 27.68 

Na2O 0.02 0.01 0.06 0.01 0.02 0.01 0.03 0.01 0.06 0.00 0.00 0.05 

K2O 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 

Total (wt%) 100.32 100.97 99.98 100.46 100.75 100.83 99.55 99.64 99.66 99.34 99.84 99.38 
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Table 12. Amphibole elemental composition (sample P36-A). 

Analysis 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 

SiO2 43.51 43.09 43.67 43.29 44.30 44.58 43.15 44.06 43.76 44.33 43.90 43.79 43.16 43.74 43.63 43.25 

TiO2 0.67 0.58 0.70 0.63 0.52 0.48 0.54 0.59 0.59 0.46 0.72 0.62 0.56 0.52 0.50 0.57 

Al2O3 14.17 14.99 13.60 15.04 13.93 13.19 14.98 13.88 14.18 13.29 13.67 14.36 15.05 14.29 14.74 14.55 

Cr2O3 0.09 0.16 0.07 0.08 0.09 0.03 0.02 0.06 0.12 0.25 0.09 0.00 0.04 0.12 0.09 0.02 

MgO 10.63 10.22 10.78 10.21 10.71 11.22 10.31 10.78 10.42 11.25 10.94 10.49 10.24 10.54 10.16 10.15 

CaO 11.13 11.39 11.15 11.07 11.25 11.15 10.61 11.06 11.06 11.44 11.67 11.56 11.18 10.76 10.62 10.86 

MnO 0.20 0.14 0.22 0.20 0.17 0.21 0.31 0.18 0.16 0.22 0.16 0.15 0.18 0.32 0.27 0.22 

FeO 14.43 14.50 14.22 14.73 14.60 13.97 14.71 14.38 14.46 14.44 14.01 14.56 14.88 14.57 14.62 14.53 

Na2O 1.48 1.53 1.64 1.55 1.38 1.55 1.60 1.60 1.67 1.33 1.45 1.41 1.70 1.71 1.60 1.58 

K2O 0.47 0.46 0.38 0.44 0.42 0.31 0.46 0.41 0.46 0.34 0.40 0.39 0.47 0.47 0.42 0.46 

Total (wt%) 96.77 97.05 96.44 97.24 97.36 96.68 96.70 97.01 96.89 97.35 97.02 97.32 97.45 97.02 96.66 96.19 
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8.1.7. Sample P19-A (garnet-mica-quartz schist) 

Figure 8.10. Location of analyses for the sample P19-A. 
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Table 13. Garnet elemental composition (sample P19-A). 

Analysis 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 32 33 34 35 36 

SiO2 34.05 36.76 36.19 37.11 36.77 36.41 36.67 36.69 36.54 36.95 36.73 36.58 36.85 36.71 36.74 36.48 36.60 37.02 36.78 36.70 

TiO2 0.41 0.05 0.49 0.01 0.41 0.48 0.18 0.08 0.32 0.02 0.04 0.04 0.05 0.04 0.03 0.28 0.43 0.02 0.06 0.42 

Al2O3 18.31 19.76 18.15 20.16 18.20 17.98 18.79 19.09 17.83 20.21 19.55 20.06 19.82 19.76 19.73 18.80 18.10 20.03 19.36 18.06 

Cr2O3 0.02 0.00 0.03 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 

MgO 2.15 2.27 2.19 2.24 2.12 2.12 2.06 2.26 2.18 2.26 2.18 2.40 2.35 2.29 2.22 2.02 2.01 2.25 2.13 2.09 

CaO 2.51 1.81 2.15 1.78 2.30 2.41 2.45 1.90 2.45 1.57 1.94 1.97 1.96 1.91 1.76 2.70 2.12 1.89 2.54 1.94 

MnO 34.60 35.50 34.92 35.28 35.44 34.58 35.04 34.95 34.73 36.29 35.49 35.24 35.30 35.39 35.52 35.05 34.93 35.42 34.74 35.40 

FeO 5.50 4.64 6.09 4.35 5.85 6.12 5.53 5.59 6.33 4.15 4.78 4.40 4.58 4.70 4.64 5.56 6.36 4.37 4.85 6.06 

Na2O 0.47 0.00 0.06 0.02 0.04 0.05 0.04 0.02 0.06 0.00 0.02 0.04 0.03 0.04 0.00 0.02 0.06 0.02 0.00 0.06 

K2O 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total (wt%) 97.93 100.77 100.26 100.91 101.14 100.12 100.73 100.50 100.42 101.42 100.76 100.71 100.92 100.80 100.61 100.87 100.62 100.95 100.42 100.68 
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Figure 8.11. Plot across garnet elemental map for the sample P19-A – (a): analyses; (b): plot of garnet end-member 

proportions.  
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Table 14. White mica elemental composition (sample P19-A). 

Analysis 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

SiO2 45.28 45.48 47.73 48.64 48.66 47.38 47.81 49.13 47.28 47.38 46.19 47.36 47.54 47.30 46.04 

TiO2 1.42 1.44 1.43 1.46 1.46 1.53 1.51 1.26 1.49 1.50 1.36 1.42 1.46 1.52 1.49 

Al2O3 29.96 29.51 25.64 25.76 26.49 27.47 27.37 26.51 26.46 27.63 28.63 28.16 27.47 27.84 29.78 

Cr2O3 0.02 0.01 0.00 0.00 0.03 0.05 0.00 0.00 0.01 0.00 0.02 0.00 0.02 0.00 0.04 

MgO 1.93 2.17 3.60 3.36 3.39 2.93 2.87 3.45 2.98 2.75 2.23 2.81 2.83 2.83 2.04 

CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

MnO 0.09 0.17 0.15 0.12 0.15 0.15 0.13 0.15 0.18 0.13 0.10 0.16 0.13 0.13 0.18 

FeO 5.35 5.46 5.57 4.87 4.60 4.87 4.95 4.31 5.59 4.93 5.66 4.78 5.13 4.88 5.20 

Na2O 0.44 0.46 0.34 0.36 0.32 0.38 0.36 0.35 0.42 0.39 0.41 0.29 0.38 0.38 0.31 

K2O 10.82 10.90 10.79 10.99 10.75 10.75 10.89 10.78 10.55 10.90 10.73 11.06 10.88 10.73 11.16 

Total (wt%) 95.26 95.58 95.20 95.52 95.83 95.45 95.81 95.95 94.92 95.57 95.31 96.02 95.78 95.53 96.21 

Structural formula based on O=11 

Si 3.11 3.11 3.28 3.31 3.29 3.23 3.25 3.31 3.25 3.23 3.17 3.21 3.23 3.22 3.13 

Ti 0.07 0.07 0.07 0.07 0.07 0.08 0.08 0.06 0.08 0.08 0.07 0.07 0.07 0.08 0.08 

Al 2.42 2.38 2.07 2.07 2.11 2.21 2.19 2.11 2.14 2.22 2.31 2.25 2.20 2.23 2.38 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg 0.20 0.22 0.37 0.34 0.34 0.30 0.29 0.35 0.31 0.28 0.23 0.28 0.29 0.29 0.21 

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Fe 0.31 0.31 0.32 0.28 0.26 0.28 0.28 0.24 0.32 0.28 0.32 0.27 0.29 0.28 0.30 

Na 0.06 0.06 0.04 0.05 0.04 0.05 0.05 0.05 0.06 0.05 0.05 0.04 0.05 0.05 0.04 

K 0.95 0.95 0.94 0.95 0.93 0.93 0.94 0.93 0.93 0.95 0.94 0.96 0.94 0.93 0.97 

Total cations 7.11 7.13 7.11 7.08 7.06 7.08 7.08 7.06 7.09 7.09 7.10 7.09 7.09 7.08 7.11 
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Continued Table 14. 

Analysis 31 37 38 39 40 41 42 43 44 45 46 47 48 49 50 

SiO2 47.37 45.76 46.92 46.87 48.52 47.71 47.09 47.55 47.73 47.88 47.86 46.44 46.22 47.15 46.80 

TiO2 1.43 1.50 1.55 1.62 1.47 1.45 1.63 1.53 1.50 1.40 1.49 1.49 1.48 1.52 1.46 

Al2O3 26.89 27.07 26.93 27.67 25.20 27.19 28.24 27.55 26.46 27.75 25.69 28.84 28.62 27.30 27.63 

Cr2O3 0.01 0.04 0.02 0.02 0.01 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.00 

MgO 3.09 2.65 2.85 2.75 3.49 2.85 2.67 2.75 3.20 2.89 3.52 2.36 2.34 3.01 2.68 

CaO 0.00 0.18 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

MnO 0.14 0.17 0.17 0.15 0.18 0.13 0.18 0.21 0.13 0.11 0.18 0.15 0.12 0.21 0.13 

FeO 5.25 5.50 5.60 5.75 5.07 4.98 4.99 4.50 5.26 4.74 5.70 5.05 5.29 5.14 4.89 

Na2O 0.37 0.33 0.34 0.43 0.37 0.38 0.36 0.32 0.40 0.31 0.36 0.24 0.42 0.41 0.35 

K2O 10.75 10.14 10.56 10.82 10.77 10.85 10.85 10.74 10.85 10.96 10.80 11.12 10.83 10.73 10.81 

Total (wt%) 95.30 93.35 94.90 96.07 95.00 95.55 96.00 95.18 95.47 95.96 95.58 95.69 95.28 95.47 94.72 

Structural formula based on O=11 

Si 3.24 3.20 3.23 3.19 3.32 3.25 3.19 3.24 3.26 3.24 3.27 3.17 3.17 3.22 3.22 

Ti 0.07 0.08 0.08 0.08 0.08 0.07 0.08 0.08 0.08 0.07 0.08 0.08 0.08 0.08 0.08 

Al 2.17 2.23 2.18 2.22 2.03 2.18 2.26 2.21 2.13 2.21 2.07 2.32 2.31 2.20 2.24 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg 0.32 0.28 0.29 0.28 0.36 0.29 0.27 0.28 0.33 0.29 0.36 0.24 0.24 0.31 0.27 

Ca 0.00 0.01 0.00 0.00 -0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Fe 0.30 0.32 0.32 0.33 0.29 0.28 0.28 0.26 0.30 0.27 0.33 0.29 0.30 0.29 0.28 

Na 0.05 0.05 0.05 0.06 0.05 0.05 0.05 0.04 0.05 0.04 0.05 0.03 0.06 0.05 0.05 

K 0.94 0.90 0.93 0.94 0.94 0.94 0.94 0.93 0.95 0.95 0.94 0.97 0.95 0.93 0.95 

Total cations 7.09 7.08 7.09 7.11 7.08 7.08 7.09 7.06 7.10 7.08 7.11 7.10 7.10 7.10 7.09 
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8.1.8. Sample P90-A (mica-amphibole-quartz schist) 

Figure 8.12. Location of analyses for the sample P90-A. 
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Table 15. Amphibole elemental composition (sample P90-A). 

Analysis 51 52 53 54 55 56 57 58 59 60 66 67 68 69 70 71 72 76 77 79 

SiO2 42.36 42.63 43.04 42.38 42.14 43.76 43.26 43.13 42.50 42.39 43.00 43.47 43.01 42.99 43.06 42.53 42.86 42.09 42.84 42.09 

TiO2 0.74 0.72 0.62 0.77 0.73 0.57 0.51 0.59 0.57 0.69 0.59 0.63 0.65 0.66 0.57 0.59 0.54 0.49 0.53 0.62 

Al2O3 15.53 15.05 14.96 15.47 15.40 14.10 14.60 14.69 14.93 15.45 14.99 13.85 13.53 14.18 14.78 14.73 14.94 15.15 15.50 15.47 

Cr2O3 0.21 0.27 0.21 0.24 0.18 0.11 0.07 0.05 0.08 0.19 0.10 0.05 0.10 0.11 0.23 0.19 0.38 0.10 0.13 0.34 

MgO 9.84 10.40 10.25 9.94 9.99 10.55 9.93 10.43 10.06 10.12 10.15 10.81 10.26 10.60 10.15 9.93 9.41 9.37 9.43 9.63 

CaO 11.48 11.45 11.46 11.53 11.57 11.32 11.24 11.13 11.72 11.35 11.18 11.83 11.94 11.72 11.28 11.24 11.38 11.05 10.81 11.83 

MnO 0.21 0.23 0.24 0.18 0.29 0.22 0.24 0.30 0.22 0.21 0.27 0.21 0.27 0.20 0.25 0.30 0.21 0.24 0.22 0.21 

FeO 14.37 13.99 14.68 14.37 13.90 14.15 14.68 14.23 14.49 14.13 14.79 14.09 15.09 14.14 14.80 14.82 15.31 15.73 15.36 14.39 

Na2O 1.53 1.55 1.38 1.50 1.46 1.47 1.53 1.50 1.36 1.50 1.56 1.29 1.22 1.41 1.55 1.59 1.49 1.50 1.64 1.26 

K2O 0.77 0.69 0.70 0.77 0.78 0.51 0.60 0.57 0.83 0.71 0.59 0.72 0.84 0.76 0.67 0.59 0.60 0.50 0.62 0.85 

Total (wt%) 97.05 96.98 97.55 97.14 96.43 96.76 96.66 96.62 96.75 96.74 97.24 96.95 96.89 96.77 97.33 96.51 97.14 96.21 97.07 96.69 

 

Table 16. Mica elemental composition (sample P90-A). 

Analysis 61 62 63 64 65 73 74 75 78 80 

SiO2 36.89 35.78 36.58 36.78 36.78 36.49 36.64 36.51 36.30 36.80 

TiO2 2.58 2.30 2.74 2.33 2.53 3.40 3.05 2.94 3.03 3.63 

Al2O3 16.09 15.47 15.58 15.83 15.75 15.51 15.54 15.43 15.65 15.44 

Cr2O3 0.23 0.22 0.17 0.11 0.17 0.48 0.51 0.08 0.33 0.58 

MgO 13.03 10.32 12.46 12.44 12.48 12.04 12.03 11.86 11.71 11.91 

CaO 0.00 0.00 0.00 0.00 0.01 0.02 0.02 0.00 0.03 0.01 

MnO 0.09 0.09 0.09 0.12 0.12 0.12 0.16 0.14 0.11 0.11 

FeO 16.50 20.93 16.90 17.21 17.88 16.81 16.83 18.33 17.37 17.10 

Na2O 0.09 0.06 0.08 0.08 0.15 0.09 0.06 0.09 0.05 0.13 

K2O 10.06 9.78 10.02 10.25 9.90 10.25 10.04 9.83 9.90 9.87 

Total (wt%) 95.55 94.92 94.61 95.12 95.77 95.21 94.87 95.20 94.48 95.59 
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Continued Table 16. Structural formula of mica based on O=11. 

Analysis 61 62 63 64 65 73 74 75 78 80 

SiO2 2.78 2.77 2.79 2.79 2.78 2.77 2.79 2.78 2.78 2.78 

TiO2 0.15 0.13 0.16 0.13 0.14 0.19 0.17 0.17 0.17 0.21 

Al2O3 1.43 1.41 1.40 1.42 1.40 1.39 1.39 1.39 1.41 1.37 

Cr2O3 0.01 0.01 0.01 0.01 0.01 0.03 0.03 0.00 0.02 0.03 

MgO 1.46 1.19 1.42 1.41 1.41 1.36 1.36 1.35 1.34 1.34 

CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

MnO 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

FeO 1.04 1.36 1.08 1.09 1.13 1.07 1.07 1.17 1.11 1.08 

Na2O 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.02 

K2O 0.97 0.97 0.97 0.99 0.95 0.99 0.97 0.96 0.97 0.95 

Total cations 7.85 7.87 7.84 7.86 7.86 7.83 7.82 7.84 7.82 7.79 
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8.2. Whole-rock analyses and pressure-temperature pseudosections 

 

Table 17. Whole-rock analyses. 

Analyte Detection limit P52-B P36-A SSG-06-18 LES-18-17 

SiO2 0.01 69.69 46.01 59.77 72.22 

TiO2 0.01 0.75 1.13 0.95 0.81 

Al2O3 0.01 14.13 15.63 17.18 12.86 

Cr2O3 0.01 0.02 0.06 0.02 0.01 

MgO 0.01 2 8.65 4.22 1.93 

CaO 0.01 0.47 10.05 2.18 0.66 

MnO 0.001 0.024 0.185 0.13 0.075 

Fe2O3 (total) 0.01 4.83 13.07 10.09 4.36 

Na2O 0.01 1.17 2.62 2.04 1.24 

K2O 0.01 4.15 0.31 2.46 3.02 

P2O5 0.01 0.09 0.14 0.12 0.16 

LOI 0 2.71 0.9 0.69 1.89 

NiO 0.003 0.005 0.015 0.006 < 0.003 

CuO 0.005 < 0.005 < 0.005 < 0.005 0.006 

Co3O4 0.005 < 0.005 < 0.005 < 0.005 < 0.005 

V2O5 0.003 0.019 0.057 0.034 0.021 

Total (wt%) 0.01 100.1 98.83 99.9 99.26 

Lithologies 

P52-B Kyanite-garnet-mica schist 

P36-A Garnet amphibolite 

SSG-06-18 Kyanite-garnet-mica schist 

LES-18-17 Kyanite-garnet-mica schist 

Sample SSG 06-18 has not been used for pressure-temperature pseudosections.  

 

Legend for the equilibrium assemblages on the following pseudosections: 

FSP feldspar 

ILM ilmenite 

OL olivine 

OPX orthopyroxene 

CPX clinopyroxene 

SILL sillimanite 

CORD cordierite 

LIQ liquid 

H excess water  

GA garnet 

KY kyanite 

PHNG phengite 

ZO zoisite 

CHLR chloritoid 

RU rutile 

BIO biotite 

STAU staurolite 

CLAMP clinoamphibole 

QZ quartz 



119 

 

 
Figure 8.13. Pressure-temperature pseudosection of the sample P52-B (kyanite-garnet-mica schist), 

compiled by the software package Theriak-Domino (tcdb55c2d database). The Theriak-Domino 

input is indicated above the diagram. The numbered stability fields are presented below. The 

observed paragenesis is highlighted in green (stability field 11, Fsp Ilm Ga Phng Bio Liq Ky Qz), 

and pressure-temperature conditions are estimated according to the pseudosection of Figure 8.14 

(see below). The kyanite-in isograd is also highlighted. 
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1 FSP ILM PHNG BIO LIQ QZ 

2 ILM PHNG BIO LIQ KY QZ 

3 ILM BIO LIQ KY QZ 

4 FSP ILM BIO LIQ KY QZ 

5 ILM BIO CORD LIQ SILL QZ 

6 FSP ILM BIO CORD LIQ SILL QZ 

7 FSP ILM BIO CORD LIQ QZ 

8 ILM BIO CORD LIQ QZ 

9 ILM BIO CORD LIQ 

10 ILM GA BIO CORD LIQ 

11 FSP ILM GA PHNG BIO LIQ KY QZ 

12 FSP ILM PHNG BIO LIQ SILL QZ 

13 ILM BIO LIQ SILL QZ 

14 FSP ILM GA PHNG BIO ZO QZ 

15 FSP ILM GARNET (2)PHNG BIO ZO QZ 

16 FSP ILM GA (2)PHNG BIO QZ 

17 FSP ILM GA CPX (2)PHNG BIO QZ 

18 FSP ILM GA (2)PHNG BIO LIQ QZ 

19 ILM GA (2)PHNG BIO LIQ QZ 

20 FSP ILM CPX (2)PHNG BIO QZ 

21 FSP ILM CPX (2)PHNG BIO ZO QZ 

22 ILM CPX (2)PHNG BIO CLAMP QZ 

23 ILM CPX (2)PHNG BIO CLAMP ZO QZ 

24 ILM (2)PHNG BIO CLAMP ZO QZ 

25 ILM CHLR PHNG BIO CLAMP ZO QZ 

26 ILM CHLR PHNG CLAMP ZO QZ 

27 ILM GA CPX (2)PHNG BIO CLAMP QZ 

28 ILM GA (2)PHNG BIO CLAMP ZO QZ 

29 ILM GA BIO LIQ KY QZ RU 

30 GA BIO LIQ KY QZ RU 

 

(2)PHNG indicates two phases of phengitic white mica.  
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Figure 8.14. Pressure-temperature pseudosection of the sample P52-B (kyanite-garnet-mica schist), 
compiled by the software package Theriak-Domino (tcdb55c2d database). The Theriak-Domino 

input is indicated above the diagram. The equilibrium assemblages are presented on the 

pseudosection of Figure 8.13. The stability field of the observed equilibrium assemblage is 

highlighted (stability field 11 on Figure 8.13, Fsp Ilm Ga Phng Bio Liq Ky Qz). Isopleths of garnet 

end-member composition and silica per formula unit in white mica are shown. Garnet is almandine-

rich (up to 70% garnet end-member composition, see Figure 8.4), but poor in spessartine. This is 

reflected by the low MnO value of the whole-rock analysis (0.024 wt%, see Table 17), and isopleths 

of spessartine garnet end member are not presented. The values of silica per formula unit in white 

mica are about 3.08 to 3.1 (see Table 4). The pressure-temperature conditions of the observed 

equilibrium assemblage are about 9.25-9.75 kbar and 660-675°C. 
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Figure 8.15. Pressure-temperature pseudosection of the sample LES-18-17 (kyanite-garnet-mica 

schist), compiled by the software package Theriak-Domino (tcdb55c2d database). The Theriak-

Domino input is indicated above the diagram. The numbered stability fields are presented below. 
The observed paragenesis is highlighted in green (Fsp Ilm Ga Phng Bio Liq Ky Qz), and pressure-

temperature conditions are estimated according to the pseudosection of Figure 8.16 (see below). The 

kyanite-in isograd is also highlighted. 
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1 FSP ILM CHLR PHNG BIO ZO QZ 

2 FSP ILM CHLR PHNG BIO STAU QZ 

3 FSP ILM (2)PHNG BIO STAU QZ 

4 FSP ILM (2)PHNG BIO QZ 

5 FSP ILM CHLR (2)PHNG BIO ZO QZ 

6 FSP ILM CHLR (2)PHNG BIO STAU QZ 

7 FSP ILM PHNG BIO STAU SILL QZ 

8 FSP ILM PHNG BIO STAU KY QZ 

9 FSP ILM PHNG BIO LIQ SILL QZ 

10 FSP ILM BIO CORD LIQ SILL QZ 

11 FSP ILM BIO CORD LIQ QZ 

12 FSP ILM GA BIO CORD LIQ QZ 

13 FSP ILM GA BIO CORD LIQ SILL QZ 

14 FSP ILM GA BIO LIQ SILL QZ 

15 FSP ILM BIO LIQ KY QZ 

16 FSP ILM GA BIO LIQ KY QZ 

17 ILM GA BIO CORD LIQ SILL QZ 

18 ILM GA OPX BIO CORD LIQ QZ 

19 ILM GA OPX BIO CORD LIQ H QZ 

20 ILM OPX BIO CORD LIQ H QZ 

21 ILM OPX CORD LIQ H QZ 

22 ILM GA OPX CORD LIQ H QZ 

23 FSP ILM GA (2)PHNG BIO QZ 

24 FSP ILM GA (2)PHNG BIO STAU QZ 

25 FSP ILM GA PHNG BIO STAU QZ 

26 FSP ILM GA PHNG BIO QZ 

27 FSP ILM GA PHNG BIO KY QZ 

28 FSP ILM GA PHNG BIO STAU KY QZ 

29 FSP ILM GA PHNG BIO LIQ QZ 

30 FSP ILM GA (2)PHNG BIO ZO QZ 

31 FSP ILM CPX (2)PHNG BIO ZO QZ 

32 ILM CPX (2)PHNG BIO CLAMP ZO QZ 

33 ILM CHLR (2)PHNG BIO CLAMP ZO QZ 

34 ILM CHLR (2)PHNG CLAMP ZO QZ 

35 ILM GA CPX (2)PHNG BIO ZO QZ 

36 ILM GA BIO LIQ KY QZ RU 

37 GA BIO LIQ KY QZ RU 

38 ILM GA PHNG BIO LIQ KY QZ RU 

39 GA PHNG BIO LIQ KY QZ RU 

40 GA PHNG BIO LIQ QZ RU 

41 ILM GA PHNG BIO LIQ QZ RU 

42 ILM GA PHNG BIO CLAMP LIQ QZ 

43 ILM GA PHNG BIO LIQ QZ 

44 ILM GA (2)PHNG BIO CLAMP LIQ QZ 

45 ILM GA PHNG BIO CLAMP LIQ KY QZ 

46 ILM GA PHNG BIO LIQ KY ZO QZ 

47 FSP ILM GA PHNG BIO CLAMP LIQ QZ 

48 ILM GA (2)PHNG BIO LIQ ZO QZ 

49 FSP ILM GA (2)PHNG BIO CLAMP QZ 

50 FSP ILM GA CPX (2)PHNG BIO QZ 

51 ILM GA CPX (2)PHNG BIO QZ 

52 FSP ILM GA (2)PHNG BIO LIQ QZ 

53 FSP ILM GA (2)PHNG BIO CLAMP QZ 

 

(2)PHNG indicates two phases of phengitic white mica.  
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Figure 8.16. Pressure-temperature pseudosection of the sample LES-18-17 (kyanite-garnet-mica 

schist), compiled by the software package Theriak-Domino (tcdb55c2d database). The Theriak-
Domino input is indicated above the diagram. The equilibrium assemblages are presented on the 

pseudosection of Figure 8.15. The stability field of the observed equilibrium assemblage is 

highlighted (Fsp Ilm Ga Phng Bio Liq Ky Qz). Isopleths of garnet end-member composition and 

silica per formula unit in white mica are shown. The sample is very poor in manganese (0.075 wt%, 

see Table 17), and isopleths of spessartine garnet end member are not presented. The values of silica 

per formula unit in white mica are in the range 3.08-3.1 (see Table 6). The pressure-temperature 

conditions of the observed equilibrium assemblage are about 9.25-9.75 kbar and 660-675°C. 
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Figure 8.17. Pressure-temperature pseudosection of the sample P36-A (garnet amphibolite), 

compiled by the software package Theriak-Domino (tcdb55c2d database). The Theriak-Domino 

input is indicated above the diagram. The numbered stability fields are presented below. The 

observed paragenesis is highlighted in green (stability field 12, Fsp Ilm Ga Bio ClAmp), and the 

pressure-temperature conditions are about 9.5 kbar and 675°C. 
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1 FSP ILM CPX BIO CLAMP LIQ 

2 OL FSP ILM BIO CLAMP 

3 OL FSP ILM CPX BIO CLAMP LIQ 

4 FSP ILM GA CPX CLAMP LIQ 

5 ILM GA CPX BIO CLAMP LIQ ZO 

6 ILM CPX BIO CLAMP ZO QZ 

7 FSP ILM GA CPX BIO CLAMP ZO QZ 

8 FSP ILM GA CPX BIO CLAMP QZ 

9 FSP ILM GA CPX BIO CLAMP 

10 FSP ILM CPX BIO CLAMP QZ 

11 FSP ILM GA BIO CLAMP 

12 FSP ILM GA BIO CLAMP QZ 

13 FSP ILM GA CPX BIO CLAMP LIQ ZO 

14 FSP ILM GA CPX BIO CLAMP LIQ QZ 

15 ILM GA CHLR BIO CLAMP ZO QZ 

16 ILM GA CHLR BIO (2)CLAMP ZO QZ 

17 ILM CHLR BIO (3)CLAMP ZO 

18 ILM CPX CHLR BIO (2)CLAMP ZO 

19 ILM GA CHLR BIO (3)CLAMP ZO 

20 ILM CHLR BIO (3)CLAMP ZO QZ 

21 ILM CHLR PHNG BIO (2)CLAMP ZO 

22 ILM CPX CHLR BIO (3)CLAMP ZO 

23 ILM CHLR PHNG BIO (2)CLAMP ZO QZ 

24 ILM CHLR PHNG BIO (3)CLAMP ZO 

25 FSP ILM CHLR BIO CLAMP 

26 FSP ILM CHLR BIO CLAMP QZ 

27 FSP ILM CHLR BIO (2)CLAMP QZ 

28 FSP ILM CHLR BIO (2)CLAMP 

29 FSP ILM CHLR BIO (2)CLAMP ZO 

30 FSP ILM CHLR BIO CLAMP ZO QZ 

31 FSP ILM CHLR BIO (2)CLAMP ZO QZ 

32 FSP ILM CHLR PHNG BIO (2)CLAMP ZO 

 

(2)/(3)CLAMP indicates two and three phases of clinoamphibole respectively.  
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