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Abstract: The Sveconorwegian orogeny (c. 1 Ga) lead to the recrystallization of large parts of southwestern Swe-
den, with widespread metamorphism as well as local migmatization. The Idefjorden Terrane, which has been stu-
died less extensively than the nearby Eastern Segment, is divided by the Göta Älv Shear Zone and the Dalsland 
Boundary Thrust  into two main units; the Western and Median Segments. A garnet amphibolite located in the Me-
dian Segment, approximately 10 km east of the Göta Älv Shear Zone, was studied in order to get a better understan-
ding of the P-T conditions of the area as well as the implications this has for the geological history of the Idefjorden 
Terrane. The metamorphic paragenesis and textures of the rock helped determine that the garnet amphibolite was 
close to equilibrium conditions during peak metamorphism and that the metamorphic minerals observed grew in the 
presence of partial melt. P-T calculations using the software Thermobarometry (GTB) showed that the core of the 
garnet grew under temperatures between 630 and 680°C and pressures between 9 and 10 kbar, while the tempera-
ture and pressure reached 680 to 750°C and 8.5 to 10 kbar during the growth of the garnet rim. The temperature 
intervals are consistent with observations suggesting that the rock underwent partial melting, and these P-T condit-
ions correspond to upper amphibolite facies and a depth of between 31.5 and 37 km.  Recent U-Pb data by Ingered 
(2019) of migmatites located close to the sample location gives a minimum age of migmatization of 1019±27 Ma in 
the Median Segment, which correlates well with the theory of the Idefjorden Terrane being buried to a depth of at 
least 35 km during the Agder phase (1.08-0.98 Ga; Bingen et al. 2008b; Ingered 2019). Evidence of local retrograde 
metamorphism, likely in the prehnite-pumpellyite facies, was also observed in the garnet amphibolite in the form of 
partial replacement of biotite by prehnite.  
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Sammanfattning: Den Svekonorvegiska orogenesen (ca 1 Ga) ledde till rekristallisation av stora delar av sydvästra 
Sverige, med utbredd metamorfos och lokalt även partiell uppsmältning. Idefjordenterrängen, som har blivit stude-
rad i mindre detalj än det närliggande Östra Segmentet, blir i söder uppdelad av Götaälvzonen i två huvudsakliga 
enheter; Västra Segmentet och Mediansegmentet. En granatamfibolit observerad i Mediansegmentet ungefär 10 km 
öster om deformationszonen studerades för att få en bättre förståelse för P-T förhållandena i området samt dess be-
tydelse för den geologiska utvecklingen av Idefjordenterrängen. Den metamorfa paragenesen och texturerna i 
bergarten visade att granatamfiboliten bildades nära jämvikt under peak metamorfosen och att de metamorfa mine-
ralen växte i närvaro av partiell smälta. P-T beräkningar med programmet Thermobarometry (GTB) visade att gra-
natens kärna växte vid temperaturer runt 630 till 680°C och tryck mellan 9 och 10 kbar, medan temperatur och 
tryck nådde 680 till 750°C och 8,5 till 10 kbar då utkanten av granaten växte. Dessa temperaturintervall stämmer 
överens med observationer som tyder på att bergarten genomgått partiell uppsmältning och P-T förhållandena mots-
varar övre amfibolitfacies samt ett djup mellan 31,5 och 37 km. Nya U-Pb dateringar av Ingered (2019) av migma-
titer observerade i närheten av provtagningslokalen ger en minimiålder för partiell uppsmältning på 101927 Ma i 
Mediansegmentet, vilket sammanfaller väl med teorin att Idefjordenterrängen har blivit begraven till ett djup av 
åtminstone 35 km under Agderfasen (1,08-0,98 Ga; Bingen et al. 2008b; Ingered 2019). Tecken på lokal retrograd 
metamorfos, förmodligen i prenit-pumpellyitfacies, observerades också i granatamfiboliten i form av biotit som 
delvis ersatts av prenit.  
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1  Introduction  
Around 1.0 Ga, the Sveconorwegian orogeny was sha-
ping and changing the continental crust in southwes-
tern Scandinavia. This orogeny was significant not 
only in Scandinavia, but globally as a part of the 
assembly of the supercontinent Rodinia including the 
large-scale orogenic event called Grenville in Canada 
(Bingen et al. 2005; Bingen et al. 2008b). The resul-
ting orogenic belt found in southwestern Sweden and 
southern Norway, the Sveconorwegian Orogen, can be 
divided into five main lithotectonic units. These are 
delimited by roughly N-S trending shear zones, and in 
some cases, similar shear zones can be found also wit-
hin the units (Park et al. 1991, Bingen et al. 2008b). 
One such shear zone follows the river Göta Älv from 
Trollhättan and lake Vänern in the north to Gothen-
burg in the south. The shear zone then continues furt-
her south down to Kungsbacka. The Göta Älv Shear 
Zone marks the southern boundary dividing the litho-
tectonic unit Idefjorden into two separate segments, 
the Western and the Median Segments (Berthelsen 
1980, Park et al. 1991). A limited amount of work has 
been done to examine and compare these two seg-
ments and how this shear zone has impacted them. A 
field mapping campaign covering parts of these two 
areas and the shear zone was therefore conducted in 
2018, in collaboration with the Swedish Geological 
Survey and another student, Mimmi Ingered, who was 
writing her thesis on zircon U-Pb constraints on the 
timing of Sveconorwegian migmatization in the Wes-
tern and Median Segments of the Idefjorden Terrane 
(Ingered 2019). During mapping, a locality with 
migmatized amphibolite bodies was found in the Me-
dian Segment and a sample was taken.  
 The purpose of this thesis was to examine the me-
tamorphic paragenesis and textures of this garnet 
amphibolite in thin section, in order to get a better un-
derstanding of which temperatures and pressures the 
rock was subjected to during metamorphism and the 
implications this has for the Median Segment and the 
Idefjorden Terrane. Furthermore, possible zoning of 
garnets as well as the geochemical composition of 
various minerals was investigated, to further underst-
and the geological history of this amphibolite. The 
results of this thesis will provide insight into what tem-
peratures and pressures the Median Segment went 
through during Sveconorwegian metamorphism, which 
together with the ages obtained by Ingered (2019) will 
provide a significant new puzzle piece into the evolut-
ion of the Sveconorwegian orogenic belt.  

 
 

2 Background 
2.1 Regional Geology 
2.1.1 The Sveconorwegian Orogen 
The Sveconorwegian orogenic belt was formed 
between 1.14 and 0.90 Ga, and extends from southern 
Norway to southwestern Sweden (Bingen et al. 2008a; 
Bingen et al. 2008b). It is a continuation of the Cana-

dian Grenville Orogen and was a part of the assembly 
of the supercontinent Rodinia (Bingen et al. 2005). 
The Sveconorwegian Orogen has been interpreted as 
the result of a continent-continent collision with anot-
her large continental landmass, possibly Amazonia 
(Bingen et al. 2005; Bingen et al. 2008b). However, 
this theory has been questioned by Slagstad et al. 
(2013; 2017) and the other explanation proposed in 
these articles is that the orogenic belt formed due to an 
accretionary orogen and underwent periods of com-
pression and extension.  
 To the northwest, the orogenic belt is bounded by 
the Caledonides and to the east by the orogenic frontal 
zone, which makes up the boundary between the oro-
gen and the Fennoscandian Foreland, and transects the 
Transscandinavian Igneous Belt and the Svecofennian 
Province. The central part of the orogenic frontal zone 
is made up of the Protogine Zone and the eastern part 
is made up of the Sveconorwegian Frontal Deformat-
ion Zone (Fig. 1; Bingen et al. 2008b; Pinán Llamas et 
al. 2015). The Sveconorwegian orogen is divided into 
different lithotectonic units, which are separated by 
mainly north-south striking shear zones. These are 
from west to east; Telemarkia, Bamble, Kongsberg, 
Idefjorden and Eastern Segment (Fig. 1; Bingen et al. 
2008b). The two most eastern units will be described 
more in detail in a later chapter. The orogeny has been 
divided into four phases that represent the assembly of 
these units, the Arendal, Agder, Falkenberg and Da-
lene phases.  
 The earliest phase, Arendal, began around 1145 
Ma (Engvik et al. 2016). In the Bamble and Kongsberg 
terranes, this time interval is characterized by high 
grade metamorphism. The preexisting calc-alkaline 
crust formed at 1650-1520 Ma, and is similar to the 
Telemarkia and Idefjorden terranes. Therefore, it is 
believed that the Bamble and Kongsberg terranes for-
med as tectonic wedges as a result of a collision 
between Telemarkia and Idefjorden (Bingen et al. 
2008b). At 1080 Ma, the Agder phase began and Inge-
red (2019) suggests that this phase is characterized by 
metamorphism in the Idefjorden terrane lasting until 
980 Ma. The central part of the orogen was involved in 
crustal thickening and imbrication, which affected the 
Idefjorden and Telemarkia terranes (Bingen et al. 
2008b). In the Idefjorden terrane, high-pressure meta-
morphism reaching amphibolite- to granulite-facies 
occurred at the beginning of the phase, as the terrane 
was buried to a depth of at least 35 km (Söderlund et 
al. 2008; Bingen et al. 2008b). Coevally, the Tele-
markia terrane was intruded by Fe-rich granitic plutons 
(Bingen et al. 2008b). Metamorphism in the Eastern 
Segment has been dated to between 1000 and 960 Ma 
(Möller & Andersson 2018, and references therein), 
suggesting that it began during the late Arendal phase 
and continued during the Falkenberg phase. Part of the 
Eastern Segment was buried to a depth of at least 60 
km, which is shown by the presence of eclogites 
(Möller 1998; Möller et al. 2015; Tual et al. 2017). 
The age of eclogitisation has been dated at 988 ± 7 Ma 
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(Möller et al. 2015; see also Johansson et al., 2001). 
The formation of eclogites was shortly followed by 
their partial exhumation to depths of c. 40 km, at 980-
970 Ma (Möller 1998, 1999; Möller et al. 2015, Tual 
et al. 2017, 2018), and concomitant high-grade meta-
morphism of the Eastern Segment. There is also evi-
dence of amphibolite-facies metamorphism and 
migmatization along two of the major shear zones 
found in western Sweden, the Mylonite Zone and the 
Göta Älv Shear Zone, around 980-970 Ma (Andersson 
et al. 2002; Ahlin et al. 2006). The last phase, Dalene 
(960-900 Ma), is interpreted as extension and relaxat-
ion as the orogen collapsed. In both the Telemarkia 
and Idefjorden Terranes, post-collisional magmatism 
is associated with this extension (Bingen et al. 2008b).  
 
2.1.2 Idefjorden Terrane  
The Idefjorden terrane is mostly located in western 
Sweden and has been interpreted as allochthonous. It 
lies west of and structurally above the Eastern Seg-
ment, with the roughly N-S trending Mylonite Zone 

defining a border between the two (Fig. 1; Bingen et 
al. 2008b). The terrane consists of both volcanic and 
plutonic calc-alkaline and tholeitic rocks, which for-
med during the Gothian accretionary event between 
1.65 and 1.52 Ga (Bingen et al. 2008b). The Idefjorden 
Terrane has previously been divided into the Median 
Segment and the Western Segment by Berthelsen 
(1980), and this division has been used by other aut-
hors as well (Park et al. 1991). These two segments are 
separated by the Dalsland Boundary Thrust north of 
Lake Vänern and the Göta Älv Shear Zone in the south 
(Fig. 2; Park et al. 1991).  
 The Median Segment is made up of the Göteborg-
Åmål Suite, the Horred Formation as well as the Dal 
Formation (Fig. 2). The Göteborg-Åmål Suite consists 
of volcanic, plutonic and sedimentary rocks formed in 
a continental volcanic arc around 1.63-1.59 Ga 
(Bingen et al. 2008b; Åhäll & Connelly 2008). The 
older metavolcanic Horred Formation formed at 1.65 
Ga, whereas the 1.1 Ga Dal Formation consists of 
early Sveconorwegian volcanic and sedimentary rocks 
(Brewer et al. 2002; Åhäll & Connelly 2008). The 

Fig. 1. Map showing the five major Sveconorwegian lithotectonic units as well as major shear zones. The Bohus Gran-
ite is marked in red. Gothenburg and Lilla Edet, which is located approximately 10 km west of the sample location, are 
also marked out. MZ = the Mylonite Zone, SF = Sveconorwegian Frontal Deformation Zone. Modified from Pinán 
Llamas (2015).  
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Western Segment contains the Hisingen Suite, the 
Stora Le-Marstrand (SLM) Formation and the Bohus 
Granite (Fig. 2; Bingen et al 2008b; Åhäll & Connelly 
2008). The Hisingen Suite consists of granitic rocks 
which intruded around 1.58-1.52 Ga, and the SLM, 
which formed at the same time around 1.59-1.55 Ga, is 
made up of metasedimentary graywackes with wi-
despread metabasalts, exhibiting a varying degree of 
migmatization (Åhäll & Connelly 2008). The Bohus 
Granite intruded the SLM formation post-
kinematically at 0.92 Ga (Eliasson & Schöberg 1991). 
The Kungsbacka Bimodal Suite can be found in both 
the Median and Western Segment, and it forms a belt 
of 1.34-1.30 Ga granitic plutons which follows the 
Göta Älv Zone and the Dalsland Boundary Thrust 
(Hegardt et al. 2007).  
 The Sveconorwegian metamorphism in the Idefjor-
den Terrane occurred during the Agder phase, between 
1.08 and 0.98 Ga (Ingered 2019). The metamorphic 
grade varies, mainly ranging from greenschist to 
amphibolite facies, but also locally reaching high-

pressure granulite facies in mafic boudins east of the 
Göta Älv Shear Zone (Söderlund et al. 2008). Indirect 
estimates for extension along the Mylonite Zone are 
set around 910-920 Ma (Bingen et al. 2008b). The 
Sveconorwegian structural grain found in the Idefjor-
den Terrane is generally N-S to NW-SE, same as the 
orogen-parallel shear zones found within the terrane 
(Bingen et al. 2008b). Examples of such orogen-
parallel shear zones are both the aforementioned Dals-
land Boundary Zone and the Göta Älv Shear Zone, but 
also the Ørje Shear Zone, which is found in the Ide-
fjorden Terrane in south-eastern Norway. These have 
been interpreted as transpressive thrust zones (Park et 
al. 1991).  

 
2.1.3 Eastern Segment 
The Eastern Segment is the easternmost unit affected 
by the Sveconorwegian orogeny. It is interpreted as 
parautochthonous and has been lithologically correla-
ted to the Transcandinavian Igneous Belt, which is the 
foreland found on the Fennoscandian side of the oro-
gen (Bingen et al 2008b). The Eastern Segment, unlike 
the other main units of the Sveconorwegian orogen, is 
Paleoproterozoic. It consists of 1.80-1.64 Ga granito-
ids, which has been overprinted by Hallandian amphi-
bolite-facies metamorphism at 1.46-1.41 Ga and later 
also Sveconorwegian metamorphism (Möller et al. 
2007, 2015; Bingen et al. 2008b; Beckman et al., 
2017; Möller & Andersson 2018). Its eastern boundary 
is made up of the Sveconorwegian Frontal Deformat-
ion Zone and the Protogine Zone, and to the west the 
Eastern Segment borders the Idefjorden Terrane by the 
west-dipping Mylonite Zone (Andersson et al. 2002; 
Bingen et al. 2008). Sveconorwegian metamorphism 
affected the Eastern Segment during 0.99-0.96 Ga and 
the metamorphic grade reached upper amphibolite- to 
high-pressure granulite-facies. Remnants of eclogite 
are present in a tectonic unit just below the Mylonite 
Zone, in the Eastern Segment (Möller 1998; Möller et 
al., 2015; Tual et al., 2015, 2017). The general trend of 
the segment is an increase of Sveconorwegian meta-
morphism from east to west and from north to south 
(Bingen et al. 2008b; Möller & Andersson, 2018).  
 
2.2 Field description of the area  
The bedrock of the Western and Median Segments of 
the Idefjorden Terrane were mapped during an interns-
hip with the Swedish Geological Survey in 2018, in 
collaboration with MSc-student Mimmi Ingered. The 
area of interest is located near Lilla Edet, a small city 
located by the Göta Älv river approximately 50 km 
north of Gothenburg (Fig. 1; Fig. 2; Fig. 3). The Göta 
Älv Shear Zone runs parallel to the river and is conti-
nued north of lake Vänern by the Dalsland Boundary 
Thrust, but Park et al. (1991) found that there is not 
just two major shear zone dividing the Median and 
Western Segments. Instead, they noted the presence of 
an intricate network of branching shear zones, especi-
ally in the north. It is not known if the Göta Älv Shear 
Zone in the Lilla Edet area is one uniform zone or rat-

Fig. 2. Map over the main units found in the Idefjor-
den Terrane. The Göta Älv Shear Zone (GÄZ) and the 
Dalsland Boundary Thrust (DBT) divides the terrane 
into the Western and Median Segments. Modified after 
Ingered (2017) and Åhäll & Connelly (2008).  
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her a system of several shear zones (Park et al. 1991). 
However, observations made by the author and Inge-
red in 2018 suggests that the Göta Älv Shear Zone in 
the Lilla Edet area appears as one or several shear 
zones located in close proximity, covering an area with 
a width of around 1-2 km and a NE-SW trend. The 
general dip is 40° with a dip direction towards the NW 
(Park et al. 1991). According to unpublished data col-
lected by the author and Ingered in 2018, the shear 
zone is characterized by brittle deformation, which 
seems to postdate earlier ductile deformation of the 
area. Elongation lineations found in the southern reg-
ion of the Göta Älv Shear Zone generally plunges 30° 
NW (Park et al. 1991). Shear bands and augen tails 
indicates that there has been both normal and reverse 
movement (Park et al. 1991). Some observations by 
Park et al. (1991) suggests that the normal-sense mo-
vements occurred later than the thrust sense, which is 
to be expected as a collision is followed by post-
collisional extension.  
 The purpose of the 2018 field campaign was to 
compare the two segments and how the bedrock varied 
depending on the proximity to the shear zone. Granitic 
to granodioritic gneisses are common in both seg-
ments, but shows a greater degree of migmatization in 
the Median Segment. Augen varieties can be found in 
both segments. Pegmatite bodies and dikes have in-
truded both sides of the Göta Älv Shear Zone; these 
are rarely deformed in the Western Segment but are 
almost always deformed in the Median Segment. 
Ductile deformation can be observed in both segments, 
with brittle deformation being more common closer to 
the shear zone. Near the Göta Älv Shear Zone, quartz-
filled fractures can be found in the Median Segment, 
and slickensides and faults are abundant on both sides. 
In the Western Segment, smaller mafic lenses of 
amphibolite can be observed, but no larger mafic bo-

dies. Garnet has not been observed in this segment, 
neither in gneisses or mafic lenses. The Median Seg-
ment contains both smaller mafic lenses, mafic dikes, 
larger amphibolite bodies as well as ultramafic rocks. 
Both gneisses and amphibolites are commonly garnet-
bearing. The ultramafic rocks can be found as a N-S 
trending band of bodies appearing as hills in the lands-
cape, each meter to tens of meters in size. The mafic 
lenses and dikes consist of amphibolite, and the latter 
are folded together with migmatites near the sample 
location. The dominant strike direction in the area is 
N-S to NE-SW, with an easterly to south-easterly dip 
direction and dip values varying from 10 to 60° in the 
Median Segment and from 20 to 80° in the Western 
Segment. 
 The sample was taken in the Median Segment, 
approximately 10 km east of the Göta Älv Shear Zone. 
Several migmatized garnet amphibolite bodies dipping 
towards the north-west can be observed at a railroad 
locality near Hälltorp (cover photo). The migmatizat-
ion observed in the amphibolite were classified accor-
ding to Mehnert (1968; see also Sawyer 2002) and the 
following kinds were found: net-like structures, dilat-
ion structures, schlieren structures and agmatitic 
migmatites. Surrounding the garnet amphibolite bodies 
is a lighter colored, stromatic migmatite consisting 
mostly of plagioclase, biotite, hornblende and garnet. 
The amphibolite sampled at the locality north of Häll-
torp can be found on the western side of the railroad 
and has large garnet porphyroblasts with rims of plagi-
oclase and possibly quartz (Fig. 5).  
 
2.3 Garnet amphibolites 
 
2.3.1 General description 
According to Hibbard (1995), the name “amphibolite” 

Fig. 3. Map showing the bedrock geology of the area, from the Swedish Geological Survey. Lilla Edet and Hälltorp are marked 
out, as well as the approximate location of the Göta Älv Shear Zone along the Göta Älv river. The sample location is marked 
with a red star. Legend for the map can be found in Appendix I. Modified after Samuelsson & Lundqvist (1988); Ingered (2019).  
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merely indicates a relatively coarse rock consisting of 
plagioclase and amphibole. Best (1982) goes further to 
say that an amphibolite is composed mainly of horn-
blende and plagioclase, but with minor amounts of 
biotite, sphene, quartz, pyroxene and almandine-rich 
garnets being possible. It is also mentioned that the 
anorthite percentage found in the plagioclase typically 
places it in the oligoclase to andesine range and that 
hornblendes tend to be of the sodic aluminous variety 
(Best 1982). 

 
2.3.2 Idefjorden Terrane 
Very few garnet amphibolites within the Idefjorden 
Terrane have been studied in detail. However, pressure
-temperature (P-T) calculations have been made in the 
Stora Le-Marstrand Formation in the Koster archipe-
lago (Gunnarsson & Forsström 2012). This area of the 
Western Segment was intruded by c. 700 diabase dikes 
around 1450 Ma, and Gunnarsson & Forsström (2012) 
calculated the Sveconorwegian temperatures of a gar-
net poor diabase as well as the reaction zone between a 
diabase and the surrounding bedrock to around 650-
690°. Furthermore, the P-T conditions and geochrono-
logy of two metamorphosed diabase dikes located 5 
km east of the Göta Älv Shear Zone in the Median 
Segment have been studied by Söderlund et al. (2008). 
These two dikes are located approximately 10 km 
north of our sample location, Hälltorp. The Lunden 
dike was found to have recrystallized during meta-
morphism at around 15 kbar and 740°C, which corre-
sponds to granulite facies. The upper age limit of me-
tamorphism was found to be 1046±6 Ma. The second 
dike studied, the Haregården dike, was recrystallized 
in upper amphibolite to granulite facies, with pressures 
reaching c. 10 kbar and 700°C. The transition between 
igneous and metamorphic mineralogies has been pla-
ced at 1026±4 Ma (Söderlund et al. 2008). 
 
2.3.3 Eastern Segment 
There is a larger number of studies of garnet amphibo-
lite bodies within the Eastern Segment. According to 
Söderlund (1999), Sveconorwegian metamorphism in 
the Åker metabasite, which is a strongly deformed 
garnet amphibolite found west of the Protogine Zone, 
reached 10-12 kbar and 600-630°C. This metamorp-
hism has been dated to 1006±68 Ma (Söderlund et al. 
2004). This metabasite is one of several found along 
the Protogine Zone and in the Eastern Segment. Anot-
her example is the Herrestad garnet amphibolite. This 
metabasite reached temperatures around 610±40°C 
and pressures around 9±0.5 kbar, at 970±7 Ma 
(Karlstedt 2017; Beckman et al. 2017). 
 
3 Methods 
3.1. Previous sampling and preparation 
The sample was taken in April 2018 in the Median 
Segment (Fig. 3). In January 2019, three rock chips 
were cut in preparation for thin section production and 
in March, the three thin sections were received from 

the manufacturer. They are named AMS18-8-1A, 
AMS18-8-1B and AMS18-8-1C, but will be referred 
to as A, B and C respectively. 8-1A was the name of 
the locality sampled.  
 
3.2. Polarization microscopy  
All three thin sections were examined in both plane 
polarized light (PPL) and crossed polarized light 
(XPL) using a polarization microscope of the model 
Olympus BX53F2. The main focus was to determine 
the main mineral assemblage and to describe the textu-
res present in the rock. Unknown minerals and specific 
minerals of interest were noted on scanned photo-
graphs of the thin sections, to be able to observe them 
in more detail during scanning electron microscopy. 
Photographs at different magnifications were taken of 
the thin sections using a camera connected to the 
Olympus microscope. When describing minerals, the 
abbreviations listed in Whitney and Evans (2010) are 
used.  
 
3.3. Scanning electron microscope – 

Energy Dispersive X-ray 
Spectroscopy (SEM-EDS) 

Thin section A was chosen for further examination 
using a scanning electron microscope coupled with 
energy dispersive X-ray spectroscopy (EDS-SEM) 
(Fig. 4). This thin section was chosen since it was dee-
med to be a good representation of the sample as a 
whole, as it contains one garnet porphyroblast as well 
as some domains where quartz and plagioclase are the 
dominant minerals. The analysis was made at the De-
partment of Geology at Lund University, using a SEM 
of the model Tescan Mira3 together with the Oxford 
EDS system. The primary current used was 147 mA, 
the accelerating voltage was 15 kV and the total analy-
sis time was approximately 30 s. The analyses were 
calibrated using a cobalt standard and the software 
Aztec was used for further analysis of the data gathe-
red.  

Elemental analysis was done to examine if zoning 
was present in the garnets and to determine the chemi-
cal composition of various minerals. Three micro do-
mains were set up within different areas of the garnet, 
two by the edge and one near the center (Fig. 4). Wit-
hin each of these domains, hornblende, plagioclase and 
garnet was analyzed. Several points in each mineral 
type were analyzed in order to ensure a stable signal 
and a representative composition. One analysis from 
each of the three minerals in each domain was chosen 
for pressure temperature calculations (P-T calculat-
ions) using the software GTB. These points were cho-
sen based on which analysis had the most correct sto-
ichiometric proportions. Two geothermometers based 
on hornblende and garnet were used, Graham and Po-
well (1984) and Perchuk et al. (1985). For the baro-
metric calculations, the six geobarometers by Kohn 
and Spear (1989; 1990) were used, which are based on 
coexisting plagioclase, hornblende, garnet and quartz. 
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Fig. 4. Scanned photographs 
of the three thin sections; A, 
B and C. All three thin sec-
tions were examined using a 
polarization microscope and 
SEM-EDS analysis was made 
of thin section A. The three 
micro domains chosen for P-
T calculations (MD1, MD2, 
MD3) are marked with red 
squares, the profiles of plagi-
oclase and garnet are marked 
with black lines and the loca-
tion for elemental mapping of 
the garnet rim (Appendix 2a), 
for the purpose of investigat-
ing possible zonation, is 
marked by a black square. 
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Profiles of elemental composition were made of one 
section of a large garnet porphyroblast as well as four 
plagioclase grains. For both the profiles and the analy-
ses within the micro domains, the relative amounts of 
the different garnet end-members were calculated as 
well as the percentage of anorthite and albite compo-
nents in plagioclase. To further look for zonation in 
garnet, elemental mapping of three areas were made. 
Amphiboles were classified using the method presen-
ted in Leake et al. (1997). EDS analysis was also used 
to identify some minerals observed in thin section 
where identification was not possible using only a po-
larization microscope. The volumes of Deer, Zussman 
and Howie (1962; 1982; 2001) of rock-forming mine-
rals were used to aid in this identification. The general 
equation presented in Droop (1987) was used to deter-
mine if ferric iron (3+) was present. The names of mi-
nerals have been abbreviated according to Whitney & 
Evans (2010).  
 
4 Results 
4.1 Observations in hand sample 
The two main minerals observed in hand sample were 
amphiboles and garnet porphyroblasts (Fig. 5). Some 
regions of light colored minerals were observed, both 
in the matrix and as rims surrounding the garnets. 
These lighter colored minerals were thought to be pla-
gioclase as well as possibly some quartz.  

4.2 Observations with polarization 
microscope  

Polarization microscopy confirmed that the two most 
dominant minerals in the sample were amphiboles and 
porphyroblasts consisting of garnet.  
 
4.2.1 Thin section A 
This thin section contains one garnet porphyroblast 
with numerous inclusions. The inclusions occur as 
single crystals, as composite inclusions and in fractu-
res. The garnet appears more fractured and inclusion 
rich towards its center. The inclusions consist of 
amphibole, plagioclase, quartz, biotite and opaque 
minerals, i.e. the same minerals which forms the 
matrix. Some of the amphibole crystals in the compo-
site inclusions appear euhedral.  

The most abundant mineral in the matrix is horn-
blende. These grains are evenly sized, often have sharp 
grain contacts with triple junctions and a well-
developed cleavage. The largest biotite grains in the 
matrix show signs of alteration, with another mineral 
appearing to have grown along the biotite crystals’ 
cleavage planes, and the biotite has deformed and bul-
ged out in the areas with the most alteration. In PPL, 
this mineral is colorless and in XPL it presents with 
moderate to high interference colors, from pink to 
blue. It was suspected to be either pumpellyite or 
prehnite, but microprobe analysis was needed in order 
to make a confident identification. The biotite grains 
showing signs of this type of alteration are found to-
gether with hornblende, quartz and plagioclase with 
sericite/sausserite alteration. In one case, a zircon grain 
was also found together with the altered biotite. Plagi-
oclase and quartz are commonly intergrown, in the 
matrix, along the rims of the garnet porphyroblasts, as 
well as inside the garnet as inclusions. The plagioclase 
often exhibits albite twinning. A mineral thought to be 
either rutile or titanite is also found in the thin section, 
almost exclusively in amphibole together with an opa-
que mineral. The amphibole grains have a varying 
degree of micro fractures along their cleavage planes. 
Some amphibole grains also have small inclusions, 
which appear to be plagioclase or quartz.   

 
4.2.2 Thin section B  
The second thin section is similar to thin section A, but 
has two slightly smaller garnet porphyroblasts. Several 
of the amphibole grains in the matrix exhibit sharp 
contacts and triple junctions are common. Simple 
twinning was observed in amphiboles and albite twin-
ning in plagioclase. The mineral suspected to be rutile 
or titanite is found together with opaque minerals, of-
ten in amphibole. In one case, the opaque mineral was 
found to be completely encased in rutile/titanite. Zir-
con is also found in the thin section A, both in amphi-
bole and between grains. The inclusions in garnet are 
smaller than in thin section, and they are located close-
ly together. There are a lot of fractures in the garnet 
with small inclusions. A part of the plagioclase grains 

Fig. 5. Photo of the garnet amphibolite in hand sample. The 
lighter colored minerals were found as tails such as is shown 
in this photo, but also as rims surrounding the garnets and  as 
smaller separate domains.  
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Fig. 6. Photomicrographs of garnet amphibolite from Lilla Edet. A. The edge of the garnet porphyroblast in thin section A 
(plane light, PPL). B. Same as A, but with crossed polars (XPL). C. Quartz and plagioclase rich domain in thin section C (PPL). 
Albite twinning and sericitization can be observed in the plagioclase grains and the quartz is easily recognized by its “clean” 
appearance. D. Same as B, but in XPL. E. Biotite crystals with partial replacement by a colourless mineral (PPL, thin section C). 
Surrounding minerals include amphiboles, quartz and partly sericitized plagioclase. F. Same as E, but in XPL. G. Rutile grain 
with ilmenite core, located inside a larger amphibole grain (thin section B, PPL). H. Two rutile grains in plagioclase near amphi-
bole, in thin section B (XPL). A zircon grain, identified though its high relief and high-order interference colors. The character-
istic cleavage of amphibole can be observed in this photo as well as albite twinning and some sericitization in plagioclase. 
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has undergone sericitization/saussuritization. The 
matrix is similar to that in thin section A, but small 
amounts of chlorite is also found in the matrix.  

 
4.2.3 Thin section C 
The third thin section has one garnet porphyroblast, 
similarly to thin section A. It also has two larger do-
mains where sericite/sausserite altered plagioclase and 
quartz are the dominant minerals instead of amphibole, 
which is dominant in the rest of the matrix. This is a 
difference from the other two thin sections. These two 
minerals can also be found along the rim of the garnet 
and between amphiboles in the grain contacts. Small 
amounts of chlorite are also present in the matrix, like 
in thin section B. Zircon is an accessory mineral just as 
in the other thin sections.  
 
4.3 Observations with SEM-EDS 
4.3.1 Elemental mapping 
Elemental mapping of the garnet porphyroblasts in 
thin section A showed that no chemical zoning was 
present (Appendix II.a, b and c). Three domains were 
mapped, one at the rim of the garnet and two close to 
the core. The first domain showed that there is a rim of 

plagioclase along most of the edge of the garnet. The 
amount of Fe in the garnet is uniform over the surface 
mapped. Some areas have a higher concentration, and 
these are opaque minerals (cp. BSE image). Also Mg 
is uniform within the garnet, with the areas with higher 
Mg amounts representing amphibole grains in fractu-
res or inclusions. Garnet is the mineral which shows 
the highest concentration of Mn, and no zonation is 
visible. Ca is low in both garnet and plagioclase. The 
Si map shows clearly where quartz is located in the 
matrix and as inclusions within the garnet.  

The second area mapped, close to the core of the 
garnet, shows that the Al amounts in plagioclase and 
garnet are closer to each other than near the edge of 
the garnet. The Ca amount is low for both plagioclase 
and garnet, just as in area A. The Fe amount does not 
vary substantially within the garnet, and neither does 
Mg or Mn.  

The last area mapped shows that Al is evenly dis-
tributed across the garnet. The plagioclase has a bit 
more Al than the garnet. Ca is once again not detected 
in large amounts. Also in the Fe, Mg and Mn maps, no 
particular zonation of garnets is visible.   

 
 

Table 1. Data from microprobe analysis of thin section A. The data presented was used for P-T calculations, Pl + Hbl + Grt for 
geobarometry and Hbl + Grt for geothermometry. The data has not been corrected for Fe (3+). (Pl=plagioclase, 
Hbl=hornblende, Grt=garnet).  
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4.3.2 Analysis of micro domains 
In each of the micro domains, several analysis points 
were made of garnet, hornblende and plagioclase. For 
pressure and temperature calculations, one analysis of 
each mineral was selected for each micro domain and 
these are presented in Table 1. A table over the com-
plete data set can be found in Appendix III, IV and V. 
SEM images of the three micro domains can be seen in 
Appendix VI. The anorthite and albite percentages 
were calculated for all plagioclase analyses in each 
micro domain using the formula An = Ca/(Ca+Na+K). 
The results show that the majority of plagioclase is 
andesine, with a few oligoclase (Fig. 7; Deer et al. 
2001). The anorthite content varies from 29 to 38 
mole-%. Based on the amounts of Fe, Mg, Mn and Ca 
in garnet in the three domains, the mole-fractions of 
the garnet species grossular (Ca3Al2Si3O12), spessar-
tine (Mn3Al2Si3O12), pyrope (Mg3Al2Si3O12) and al-
mandine (Fe3Al2Si3O12) were calculated (Fig. 8). Al-
mandine is most abundant, with contents varying from 
55 to 56 %. Grossular was the second most common, 
being 21 to 22 % of the garnet. Spessartine made up 5 
to 7 % of the garnet and the pyrope component was 16 
to 19 % (Figure 8). The amphiboles analyzed with 
SEM-EDS were classified using Leake et al. (1997), 
and in all three micro domains amphibole was found 

have a composition spanning between edenite 
(NaCa2(Mg,Fe2+,Mn)5Si7AlO22(OH,O,F,Cl)2) and 
pargasite or magnesiohastingsite 
(NaCa2((Mg,Fe2+,Mn)4(VIAl,Fe3+))Si6Al2O22(OH,O,F,
Cl)2), most analyses falling in the latter field.  

 
4.3.3 Profiles 
The profiles made across four plagioclase grains in 
different locations in thin section A show slight variat-
ions in composition (Fig. 9). However, similar to the 
spot analyses of plagioclase shown in Fig. 7, most 
analyses plot around the oligoclase-andesine border. 
Profiles A and B were made through plagioclase 
grains found in the matrix, C is a profile of plagioclase 
in a composite inclusion in garnet, and D is a profile of 
plagioclase that forms a rim around the garnet. The 
location of these profiles can be found in Figure 4 and 
electron images of the areas analyzed can be found in 
Appendix VII. In profile A, there is one point which 
does not follow the general trend. This was not remo-
ved, as the stoichiometry of this point was deemed to 
be correct for plagioclase. The examination of whether 
the stoichiometry was correct was made by comparing 
the number of ions found during analysis to the num-
ber of ions expected by the chemical formula for the 
mineral. Furthermore, in profile B, which is a plagi-

Fig. 7. Stacked bar chart showing the composition of plagioclase (spot analyses) in the three domains used for thermobarome-
try. The numbers 1-3 on the left refer to micro-domains and A-E mark the specific analysis points.  Plagioclase classification is 
based on the anorthite content (Deer et al 2001, Klein & Philpotts 2013). Analyses classify as andesine or oligoclase, with the 
majority in the andesine field. 
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oclase grain in the matrix, the anorthite content decrea-
ses drastically by B’. These analyses are also stoichio-
metrically correct. 

One profile was also made of the garnet porphy-
roblast found in thin section A (Fig. 10). This was ta-
ken at the rim of the porphyroblast, as can be seen 
in Figure 4. An electron image of the area analyzed 
can be found in Appendix 7. Almandine is most abun-
dant and makes up 52 to 57 % of the garnet. The gar-
net consists of 21 to 25 % grossular, 15 to 20 % 
pyrope and 4 to 6 % spessartine (Fig. 10). 

 
4.3.4 Identification of unknown minerals 
The mineral which appeared to have formed through 
replacement of biotite, was identified as prehnite by 
comparing the data from EDS analysis to Deer et al. 
(1982; Table 2). All analysis points within the two 
grains analyzed showed similar results.  

The mineral suspected to be either rutile or titanite 
based on observations made during polarization 
microscopy was identified as rutile. The data from all 
five grains analyzed in SEM-EDS matched with the 
data presented in Deer et al. (1963; Table 3). SEM 
images of the rutile grains analyzed can be found in 
Appendix 8.  

EDS analyses of the opaque minerals observed in 

thin section, often together with rutile, were identified 
as ilmenite after comparing the results to Deer et al. 
(1963; Table 4). The two analysis points are of thin 
planar ilmenite inside rutile, believed to be exsolution 
lamellae. (for SEM images, see Appendix VIII).  

 
4.4 Pressure-Temperature calculations 
The P-T calculations of the three micro domains were 
made using the software GTB version 2.1, which was 
written by Kohn and modified by Spear in 1999. Ba-
sed on the EDS analyses (Table 1), the assemblages 
Hbl + Grt and Grt + Pl + Hbl + Qtz were chosen, for 
geothermometry and geobarometry respectively. The 
results from the P-T calculations for each micro do-
main are shown in Fig. 11, and the calibrations used 
are specified with an identifying number. GTB can 
correct for Fe(3+), but since calculations based on 
Droop (1987) showed that none was present, all iron 
was assumed to be Fe(2+) and this correction was not 
made. Two geothermometers and six geobarometers 
were used. The geothermometer from Graham & Po-
well (1984) is based on the Fe and Mg exchange 
between hornblende and garnet, which can be repre-
sented by the exchange reaction  
 
 3 ferro-pargasite + 4 pyrope = 3 pargasite + 4 al-
 mandine  

Fig. 8. Stacked bar chart showing the composition of garnet (spot analyses) in the three micro domains. Numbers 1-3 (left) refer 
to micro-domain and A-E to the specific analysis point. The garnet species andradite containing Fe(3+) was not included in chart 
as Fe (3+) was assumed to not be present, after calculations based on Droop (1987). 
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Fig. 9. Four profiles showing the anorthite content of plagioclase in thin section A. A and B are profiles through plagioclase in 
the matrix, C is a profile of plagioclase in a composite inclusion in garnet and D is plagioclase surrounding the rim of the garnet 
(where the rest of the matrix is located at D and the garnet rim is found by D’).  
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This calibration is called 1. Graham & Powell (1984). 
The geothermometer from Perchuk et al. (1985) is 
based, similarly to Graham & Powell (1984), on the 
Fe-Mg-exchange between hornblende and garnet. The 
basic reaction is as follows 
 
 Mg in amphibole + Fe in garnet = Mg in garnet +  
 Fe in amphibole 
 
This calibration is called 2. Perchuk et al. (1985). The 
geobarometers from Kohn & Spear (1989) are based 
on the equilibrium  
 

 6 anorthite + 3 albite + 3 tremolite = 2 grossular +  
 1 pyrope + 3 pargasite + 18 quartz 

 
and its Fe end-member equivalent. These calibrations 
are 3. the Pargasite-Fe Model I, 4. the Pargasite-Mg 
Model I, 5. the Pargasite-Fe Model II and 6. the Parga-
site-Mg Model II. The geobarometers from Kohn & 
Spear (1990) are based on the reactions 
 
 6 anorthite + 3 tremolite = 2 grossular + 1 pyrope +  
 3 tschermakite + 6 quartz 
 
 6 anorthite + 3 Fe-actinolite = 2 grossular + 1 al- 

Figure 10. Profile across a garnet grain showing the contents of almandine, grossular, pyrope and spessartine. The profile was 
taken at the rim of the garnet in thin section A. Some analysis points were disregarded as their stoichiometry were not con-
sistent. The garnet species andradite which contains Fe (III) is not included in the graph as Fe (III) was assumed to not be pre-
sent, after calculations based on Droop (1987). The profile starts at E closer to the core of the garnet in a fracture and ends at E’ 
by the rim of the garnet. 

Table 2. Below, on the right: Microprobe analyses of alteration in biotite, which after comparing results with Deer, Howie and 
Zussman (1963) was found to be prehnite (Prh). The alternations were analyzed in two separate biotite grains, four analyze 
points in the first grain, Prh (1), and two points in grain two, Prh (2).  

Table 4. Microprobe analyses of opaque min-
eral found inside of rutile grains. The stoichi-
ometry corresponds to that of ilmenite (Deer 
et al 1962). The oxide total does not add up to 
100, most likely because MgO was not in-
cluded.  
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 mandine + 3 Fe-tschermakite + 18 quartz 
 
These calibrations are 7. the Tschermakite-Fe Model 
and 8. the Tschermakite-Mg Model. 

Of the three micro domains analyzed, two were 
located by the rim of the garnet. The third micro do-
main was located near the core of the garnet. The two 
P-T diagrams made based on EDS analysis of the rim 
of the garnet showed fairly similar results. The cal-
culations for micro domain 1 suggest temperatures 
between 680 and 720°C and pressures between 9 and 
10 kbar, and for micro domain 2 temperatures around 
700-750°C and pressures reaching 8.5-10 kbar (Fig. 
11). The results from the P-T calculations for domain 

3, which was located close to the core of the garnet, 
showed slightly lower temperatures reaching between 
630 and 680°C and pressures around 9-10 kbar (Fig. 
11).  

 
5 Discussion 
5.1 P-T conditions and metamorphic 

grade  
Thermobarometry of the three micro domains ana-
lyzed in SEM-EDS indicate an increase of temperature 
as the garnet grew. The domain located close to the 
core of the garnet was formed under temperatures ran-
ging from 630 to 680°C and pressures reaching 9-10 
kbar. The two domains found by the rim of the garnet 
showed slightly higher temperatures reaching between 
680 and 750°C and pressures ranging from 8.5 to 10 
kbar. When studying the EDS data, the main diffe-
rence in composition between the rim and the core was 
the Fe-amount in Hbl. It was considerably lower in the 
core, with the number of Fe-ions being 1.87 compared 
to 2.15 and 2.19 by the rim (Table 1).   
 Figure 12 shows the results from thermobarometry 
overlain on a diagram of the metamorphic facies. 
When the results were to be compared to facies, two 
geobarometers were first removed. These were the 
Kohn & Spear (1990) Tschermakite-Fe and Tscher-
makite-Mg Models. The four geobarometers of Kohn 
& Spear (1989) were assumed to be more accurate for 

Table 3. Microprobe analyses of five rutile (Rt) grains in 
thin section A. It was not possible to determine if the miner-
al was rutile or titanite in polarisation microscope, but SEM-
EDS analysis showed that it was rutile.  

Fig. 11. Pressure-temperature calculations from micro 
domain (MD) 1, 2 and 3. The lines are numbered accord-
ing to calibration: 1. Graham and Powell (1984) and 2. 
Perchuk et al. (1985), both for the equilibrium Grt-Hbl. 
The geobarometers are all based on Grt-Pl-Hbl-Qtz of 
Kohn and Spear (1989, 1990): 3. the Pargasite-Fe Model 
I, 4. the Pargasite-Mg Model I, 5. the Pargasite-Fe Model 
II, 6. the Pargasite-Mg Model II, 7. the Tschermakite-Fe 
Model and 8. the Tschermakite-Mg Model.  



21 

 

our sample, as they are based on pargasite which is 
compositionally closer to the analyzed amphibole 
(intermediate between edenite and pargasi-
te/magnesiohastingsite). After comparing the results of 
the remaining calibrations with the facies in Figure 12, 
the garnet porphyroblast in thin section A was found to 
have formed in upper amphibolite facies.  
 The Idefjorden Terrane was buried to a depth of c. 
35 km during the beginning of the Agder phase (1080-
980 Ma), with high-pressure metamorphism reaching 
amphibolite- to granulite-facies (Bingen et al. 2008b; 
Ingered 2019). The pressures obtained from thermoba-
rometry of the garnet amphibolite sampled in the Me-
dian Segment at the Hälltorp locality, indicates burial 
between 31.5 and 37 km. These depths as well as the 
metamorphic facies the amphibolite formed under, 
further suggests that the garnet grew during the Agder 
phase. This correlates well with U-Pb dates from 
migmatites sampled in the same area; Ingered (2019) 
found the age of migmatite crystallization in Median 
Segment gneisses to be 1019±27 Ma.  
 However, amphibolite-facies metamorphism and 
migmatization along the Mylonite Zone and the Göta 
Älv Shear Zone was dated at 0.98-0.97 Ga by Anders-

son et al. (2002), so there has been movement along 
these shear zones also during the Falkenberg phase.  
 
5.2 Evidence of partial melting 
Several migmatized garnet amphibolites were obser-
ved at the same locality as our sample was taken. 
Some of these were easy to identify according to the 
classification of Mehnert (1968), such as migmatites 
with net-like structures, dilation structures, schlieren 
structures and agmatitic migmatites.  However, the 
amphibolite body sampled could not easily be 
classfied using Mehnert (1968), but the rims and tails 
observed suggested that partial melting might have 
occurred. It was thought a possible alternative, based 
on the lighter colored rims found surrounding the gar-
nets. However, these could also have been formed as 
the garnet grew and depleted the surrounding melt of 
available elements so that only plagioclase and quartz 
could crystallize. The observations made in thin 
section gave a more detailed view of what the rock has 
undergone. The lighter colored rims consisted of plagi-
oclase and quartz, and plagioclase was often located 
closest to the edge of the garnet as a thin rim (Fig. 13). 
Quartz and more plagioclase was then found as grains 

Fig. 12. Pressure-temperature diagram based on Winter (2014), with results from thermobarometry using the software GTB for 
micro domains 1, 2 and 3. The results from the three analyzed micro domains are marked as squares on the diagram. The meta-
morphic facies corresponding to various pressure and temperature conditions have been drawn to give a better overview of the 
placement of our micro domains. The P-T conditions of micro domains 1 and 2 overlap and have therefore been merged to one 
square. These two domains were both located at the rim of the garnet in thin section A. Micro domains 3 is located in the center 
of the garnet in the same thin section. The phase diagram of the aluminum silicates kyanite, sillimanite and andalusite has been 
drawn  into the diagram and shows that the garnet amphibolite is located in the field where the polymorph kyanite is stable.  
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surrounding it. Hornblende was in some locations 
found as small euhedral grains in the rim, which sug-
gests that the lighter colored rim was not formed due 
to depletion of the melt as the garnet grew, but rather 
as a result of partial melting (Fig. 13). Hornblende 
consists of many of the elements needed to form gar-
net, and if depletion had occurred hornblende would 
not be likely to form. Plagioclase and quartz were also 

found as the dominant minerals instead of amphibole 
in two larger domains as well as a few smaller ones in 
thin section C. These areas where located in the matrix 
and were not in contact with the garnet porphyroblast 
(Fig. 4, thin section C). The occurrence of these two 
minerals in this manner suggests that partial melting 
has indeed occurred in this garnet amphibolite. 
Migmatization is therefore considered the more likely 
explanation. Furthermore, the thermobarometry sho-
wed that this rock has been under sufficient temperatu-
res for partial melting to be able to occur. According to 
Winter (2014), partial melting of mafic rocks occurs at 
around 650-700 °C, under high pressures (8-10 kbar) 
and in the presence of H2O. As the probable melt con-
sists dominantly of quartz and plagioclase, the compo-
sition of the melt would be described as tonalitic. 
Composite inclusions in garnet consisting of Qtz + Pl 
indicates that the first growth of garnet occurred in the 
presence of partial melt. This suggests that the partial 
melt is a part of the high-grade metamorphic paragene-
sis and that all metamorphic minerals formed at the 
same time as partial melting occurred.  
 
5.3 Evidence of equilibrium conditions 
When discussing whether the studied garnet amphibo-
lite records peak metamorphic conditions, it is first 
important to assess whether the texture and mineral 
compositions represent chemical equilibrium. Accor-
ding to Barker (1990), a rock records equilibrium if all 
phases are compatible with given pressure, tempera-
ture and fluid conditions and are arranged in the most 
stable, low energy configuration. Since the garnet 
amphibolite actually shows not only evidence of one 
but two metamorphic grades, the complete assemblage 
is not in equilibrium. The rock shows signs of local 
retrogression, with biotite being replaced by prehnite 

Fig. 13. SEM image showing the rim of the garnet in thin 
section A, with a thin rim of plagioclase surrounding it. Eu-
hedral to subhedral hornblende grains can be found both in 
direct contact with the garnet and by the edge of the plagio-
clase rim. Quartz is found outside of the plagioclase. This is 
the location of the plagioclase profile D in Fig. 9. 

Fig. 14. Photos of thin section B taken with a camera attached to the polarization microscope. Straight grain boundaries of horn-
blende grains meeting in triple junctions can be seen in PPL (left) and in XPL (right). Weakly sericitized plagioclase, quartz and 
ilmenite can also be observed in the thin section.  
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and plagioclase being sericitized, but the other phases 
that represents higher grade metamorphism appear 
fresh and unaltered. Therefore, this section will discuss 
if the high- grade phases formed during equilibrium 
and not take into account the late retrograde alterat-
ions.  
 Best (1982) lists various observations that can indi-
cate stable equilibrium in metamorphic paragenesis 
and some of these were found in our thin sections (Fig. 
4; Fig. 14). A limited number of mineral species were 
found; these are hornblende, garnet, plagioclase, 
quartz, biotite, rutile, ilmenite, and zircon. All phases 
are observed to be in mutual contact with one another, 
which is another indication of equilibrium. There is a 
lack of zoning in the garnet, and also other minerals, 
such as plagioclase, are fairly compositionally homo-
genous (Appendix IIa, b, c). Barker (1990) also 
mentions that recrystallization leads to the grain 
structure and grain boundaries being modified in order 
to minimize the energy of the system. If recrystallizat-
ion is complete, the assemblage has been modified to 
suit the pressure, temperature and fluid conditions pre-
sent and the unit is in equilibrium. Barker (1990) also 
mentions that recrystallization often favors larger 
grains, and that smaller grains are commonly amalga-
ted into larger ones. This results in a relatively uniform 
grain size. The observations made in the garnet amphi-
bolite; a matrix consisting of relatively large, even-
sized grains, indicates that the assemblage was close to 
equilibrium during peak metamorphism (Best 1982). 
The appearance of sharp, straight grain boundaries 
meeting in triple junctions and the polygonal structure 
of amphibolite grains, also suggests that this is a fairly 
stable arrangement of grains which formed close to 
equilibrium (Fig. 14). The textures and grain structure 
observed in the rock indicates conditions close to equi-
librium. The fabric of the rock is isotropic which could 
indicate recrystallization in a low-strain site. 
 
5.4 Rutile and ilmenite 
In polarization microscopy and SEM-EDS, rutile and 
ilmenite were commonly observed together.  In thin 
section B, a rutile grain that still contains a core of 
ilmenite was observed (Fig. 6). The two minerals are 
most commonly found in amphiboles in the matrix, but 
has also been found in plagioclase. Rutile has also 
been observed to be in direct contact with the ac-
cessory mineral zircon.  

Before microprobe analysis was made, it was not 
known if these crystals were indeed rutile or titanite. 
Both minerals commonly form in metamorphic rocks 
by replacement of ilmenite (Angiboust & Harlov 
2017). Experiments conducted by Angiboust and Har-
lov (2017) showed that ilmenite tends to recrystallize 
into rutile under higher pressures and into titanite 
during lower pressure metamorphism. The pressure 
boundary found for granitoid compositions was 
between 12 and 14 kbar. However, they also noted that 
for more low-Ca compositions, rutile appeared to be 
stable within ilmenite pseudomorphs as far down as 7 

kbar. The pressures calculated for our sample ranged 
between 8.5 to 10 kbar. The relatively low amount of 
Ca found in plagioclase together with the recrys-
tallization of ilmenite into rutile in our sample sup-
ports the experiments made by Angiboust and Harlov 
(2017). However, rutile was not found as ilmenite 
pseudomorphs, which suggests that for our specific 
composition and pressure combination, rutile is stable 
enough to begin to form as completely new crystals 
(Appendix VIII). Rutile being the high-pressure-high-
temperature polymorph of TiO2 is also mentioned by 
Deer et al. (1962). They also mention that rutile is the 
most commonly found polymorph in nature.  

 
5.5 Low-grade alteration 
Replacement of biotite by prehnite has previously been 
observed in the Kongsberg and Bamble Terranes 
(Field & Rodwell 1968). There, it was found most 
abundant in the migmatite zone and in major fault 
zones. The occurrence of prehnite in the garnet amphi-
bolite at Hälltorp (Fig. 6; Fig. 15), studied herein, is 
also in an area with abundant migmatization. The field 
locality is also crossed by a NE-SW trending band of 
“strongly foliated rocks”, as is marked on the geologi-
cal map made by the Swedish Geological Survey (Fig. 
3; Samuelsson & Lundqvist 1988). This could indicate 
a zone of higher strain in the bedrock. 

Field & Rodwell (1968) describes that sericitized 
plagioclase is an essential constituent in observed 
rocks containing prehnite. This correlates well with 
our sample, in which local sericitization /saussuritiza-
tion is present. In all observed cases of prehnite in the 
thin sections, it was found with sericitized plagioclase. 
Field & Rodwell (1968) describes the association 

Figure 15. SEM image of prehnite replacing biotite in thin 
section A. The surrounding minerals seen are hornblende, 
plagioclase and ilmenite.  
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between sericite and prehnite as significant and states 
that the degree of sericitization and prehnitisation is 
related. In rocks where sericitization is complete, the 
majority of biotite grains contain prehnite. In the plagi-
oclase-quartz dominated area found in thin section C, 
most of the plagioclase has been sericitized. Serici-
tized plagioclase was observed both in the matrix and 
in plagioclase inclusions in the garnet, but was more 
extensive in the former. Field & Rodwell (1968) sug-
gests that prehnite has formed as a result of late stage 
hydrothermal sericitization, which allowed for Ca to 
be released into solution. Prehnite was crystallized in 
the closest suitable sites; the cleavage planes of biotite 
(Fig. 6; Fig. 15). The authors propose that the reaction 
occurred under relatively low pressures with a format-
ion temperature ranging from 350 to 450°C (Field & 
Rodwell 1968) . It is plausible to believe that a similar 
reaction occurred also in our samples, since sericitized 
plagioclase and prehnite was found in such close prox-
imity. The replacement of biotite by prehnite shows 
evidence of pumpellyite-prehnite facies, which to-
gether with chlorite growth is believed to be late alte-
ration occurring after the peak metamorphism. It is 
therefore likely that the formation of prehnite occurred 
as the Median Segment was exhumed, most likely 
during the Dalene phase.  

 
6 Conclusions 
 P-T conditions during the formation of the 

amphibolite were in the ranges of 8.5 to 10 kbar 
and 630 to 750°C, which corresponds to the 
upper amphibolite facies and a depth of 
between 31.5 and 37 km. This is linked to the 
burial and heating of the Idefjorden Terrane 
during the Agder phase (1.08-0.98 Ga; Ingered 
2019), since the terrane is believed to have re-
ached a depth of at least 35 km during this time 
interval (Bingen et al. 2008b).  

 The textures and grain structures found in the 
rock suggests that the high-grade phases for-
med close to equilibrium. 

 The mineral domains containing quartz and 
plagioclase suggest that the garnet amphibolite 
underwent partial melting, and the occurrence 
of composite inclusions in garnet consisting of 
Qz + Pl suggests that partial melt is a part of the 
high-grade metamorphic paragenesis.  

 The partial replacement of biotite by prehnite as 
well as local sericitization of plagioclase and 
chlorite growth provide evidence of local retro-
grade metamorphism at low pressures and tem-
peratures, likely in the prehnite-pumpellyite 
facies (Fig. 12).  

 
7 Suggestions for further rese-

arch 
 Analysis of P-T conditions in the Western Seg-

ment would enable an internal comparison wit-

hin the Idefjorden Terrane, which in turn would 
give a better understanding of the evolution of 
the Sveconorwegian Orogen.   

 Further examination of the garnet amphibolite 
found at Hälltorp with other geobarometers and 
geothermometers would help narrow down the 
P-T conditions and give a more statistically 
certain result.  
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Appendix I. Legend for bedrock m

ap found in Fig. 3,  m
odified from

 Sam
uelsson &

 Lundqvist (1988). 
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Appendix II.a. Elemental 
mapping of an area close to 
the rim of the garnet in thin 
section A., see  Fig. 4. Top 
left: BSE image of the area 
mapped. The elements 
mapped were: Al, Si, Fe, 
Ca, Na, Mg and Mn.  
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Appendix II.b. Elemental 
mapping of an area close to 
the core of the garnet in 
thin section A. Top left: 
BSE image of the area 
mapped. The elements 
mapped were: Al, Si, Fe, 
Ca, Mg and Mn.  
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Appendix II.c. Elemental 
mapping of an area close to 
the rim of the garnet in thin 
section A., (see  Fig. 4). 
Top left: BSE image of the 
area mapped. The elements 
mapped were: Al, Si, Fe, 
Ca, Na, Mg and Mn.  
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Appendix III. Table show
ing all ED

S analyses m
ade in m

icro dom
ain 1, w

hich is located at the rim
 of the garnet porphyroblast found in thin section A

. The data has not been corrected for Fe
(3+). Pl=plagioclase, G

rt=garnet, H
bl=hornblende, according to W

hitney &
 Evans (2010). Total values w

hich are not w
ithin a m

argin of 2%
 error from

 the stoichiom
etrically correct value are 

m
arked in red.  
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Appendix IV. Table show
ing all ED

S analyses m
ade in m

icro dom
ain 2, w

hich is located at the rim
 of the garnet porphyroblast found in thin section A

. The data has not been corrected for Fe
(3+). Pl=plagioclase, G

rt=garnet, H
bl=hornblende, according to W

hitney &
 Evans (2010). Total values w

hich are not w
ithin a m

argin of 2%
 error from

 the stoichiom
etrically correct value are 

m
arked in red.  



Appendix V. Table show
ing all ED

S analyses m
ade in m

icro dom
ain 3, w

hich is located close to the center of the garnet porphyroblast found in thin section A
. The data has not been corrected 

for Fe(3+). Pl=plagioclase, G
rt=garnet, H

bl=hornblende, according to W
hitney &

 Evans (2010).  
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Appendix VI. B
SE im

ages of the three m
icro dom

ains. The upper photos are of the general area the analysis w
ere m

ade in and the low
er ones show

 the specific areas analyzed. Left: m
icro do-

m
ain 1, m

iddle: m
icro dom

ain 2, right: m
icro dom

ain 3.  



Appendix VII. BSE images show-
ing the areas where profiles were 
made. The photos are marked 
with the letters found in the dia-
grams in Fig. 9 and 10. A-A’, B-
B’, C-C’ and D-D’ are profiles of 
plagioclase and E-E’ is a profile 
of the garnet porphyroblast.  
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Appendix VIII. BSE images of ana-
lyzed grains of rutile with ilmenite 
exsolution. Top left: analysis point 1, 
top right: analysis point  2,  middle 
left: analysis point 3, middle right: 
analysis point 4 and bottom left: analy-
sis point 5.  
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