
 

 

Metadolerites as quantitative P-T 

markers for Sveconorwegian 

metamorphism, SW Sweden 

Birgit Fredrich 
Dissertations in Geology at Lund University, 

Master’s thesis, no 415 
(45 hp/ECTS credits)  

Department of Geology  

Lund University 
2014 



 

 



 

 

Metadolerites as quantitative P-T 
markers for Sveconorwegian 
metamorphism, SW Sweden 

Master’s thesis 
Birgit Fredrich 

 

Department of Geology 
Lund University 

2014 



 

 

Contents  

1  Introduction ........................................................................................................................................................ 7 

2  Geological Background ..................................................................................................................................... 7 

3  Methods .............................................................................................................................................................. 9 

3.1  Fieldwork                                                                                                                                                            9 

3.2  Petrography, Scanning Electron Microscope—Energy Dispersion Spectroscopy (EDS)     9 

3.3  Geochemical Analysis 9 

3.4  P-T estimates 9 

4  Field Relationships ............................................................................................................................................. 9 

4.1 Localities  9 

4.1.1  Varberg  10 

4.1.2  Stensjöstrand  10 

4.1.3  Söndrum 12 

4.1.4  Kullaberg  14 

5  Petrography and mineral chemistry............................................................................................................... 18 

5.1  Varberg  18 

5.2  Stensjöstrand  20 

5.3  Söndrum  23 

5.4  Kullaberg  27 

6  Geochemical Data ............................................................................................................................................ 28 

7  P-T Estimates ................................................................................................................................................... 30 

7.1  Geothermobarometry-WinTWQ 30 

7.2 AvePT-Thermocalc 35 

8  Discussion ......................................................................................................................................................... 37 

8.1  Metamorphism 37 

8.2  P-T estimates 38 

8.3  Geochemistry 39 

9  Conclusions ....................................................................................................................................................... 40 

10  Suggestions for future studies ....................................................................................................................... 40 

11  Acknowledgements ........................................................................................................................................ 41 

12  References ....................................................................................................................................................... 41 

13  Appendix ......................................................................................................................................................... 46 

Cover Picture: View on charnockitic rocks at Apelviken (Varberg). Picture is taken from sampling site AV1. 

(Photo: Birgit Fredrich) 



 

 

P-T estimates on metadolerites, SW Sweden 

Birgit Fredrich 

Fredrich, B., 2014: Metadolerites as quantitative P-T markers for Sveconorwegian metamorphism, SW Sweden. 

Dissertations in Geology at Lund University, No. 415, 62 pp. 45 hp (45 ECTS credits) . 

Keywords:  Getterön, Träslövsläge, Apelviken, Söndrum, Stensjöstrand, Gåsanabbe, Kullaberg, metadolerite, 

granulite, Sveconorwegian, P-T estimate, subduction, late-orogenic extension, Nb-anomaly, Blekinge-Dalarna 

dykes 

Supervisor: Charlotte Möller 

Birgit Fredrich, Department of Geology, Lund University, Sölvegatan 12, SE-223 62 Lund, Sweden.  

Abstract: : Structurally late and roughly N-S trending high-grade metamorphic dolerites occur in the Eastern Seg-
ment along the coast from Varberg to Kullaberg and inland (eastwards) to the Sveconorwegain Front. Locally these 
mafic dykes cross-cut the gneissic foliations of the host gneisses. Metadolerites have a high-pressure granulite fa-
cies metamorphic mineral assemblage and some of them have well-preserved primary magmatic structures such as 
layering and “cross-bedding”. These dykes are younger than the Hallandian metamorphism and thus provide a 
means to determine indisputable quantitative P-T markers for the Sveconorwegian metamorphism. The estimated 
temperatures and pressures range between 770-850 °C and 8-10 kbar. These high-grade metamorphic conditions 
represent the transition between upper amphibolite and granulite facies at medium to high pressure and refine the 
previously published P-T estimates (680-800 °C and 8-12 kbar) for the southern part of the Eastern Segment. Geo-
chemical data indicate a within-plate and volcanic arc setting. It also suggests that the intrusion is related to late-
orogenic extension and exhumation of the Sveconorwegian orogen. A Nb-anomaly for all samples indicates a 
source affected by subduction. High LIL elements (mafic layers at Gåsanabbe and Söndrum dykes) indicate 
metamsomatic processes, which is supported by the presence of scapolite and epidote veins. 

 



 

 

Tryck-temperatur-bestämning i metadiabaser, sydvästra Sverige 

Birgit Fredrich 

Fredrich, B., 2014: Metadolerites as quantitative P-T markers for Sveconorwegian metamorphism, SW Sweden. 

Dissertations in Geology at Lund University, No. 415, 62 pp. 45 hp (45 ECTS credits) . 

Nyckelord:  Getterön, Träslövsläge, Apelviken, Söndrum, Stensjöstrand, Gåsanabbe, Kullaberg, metadiabas, 

granulit, Sveconorvegisk, tryck-temperatur-bestämning, subduktion, sen-orogen extension, Nb-anomali, Blekinge-

Dalarna diabas 

Supervisor: Charlotte Möller 

Subject: Bedrock Geolog 

Birgit Fredrich, Department of Geology, Lund University, Sölvegatan 12, SE-223 62 Lund, Sweden.  

Abstract: Strukturellt unga och N-S-ligt strykande högmetamorfa metadiabaser förekommer i Östra segmentet 

längs västkusten från Varberg till Kullaberg, och i inlandet mot öster till den Svekonorvegiska fronten. Dessa 

basiska gångar skär ställvis gnejsiga strukturer i värdbergarterna. Några har välbevarade primärmagmatiska 

strukturer som exempelvis lagring och “cross-bedding”. Metadiabaserna består av högtrycksgranulit-facies mineral. 

Eftersom gångarna är yngre än den Hallandiska metamorfosen i sydvästra Sverige erbjuder de möjlighet att beräkna 

tryck och temperatur som otvetydigt gäller Svekonorvegisk metamorfos. Värden för metadiabaser längs kusten har 

beräknats med geotermobarometri (TWEEQE, Thermocalc) och faller i intervallet 770-850 °C och 8-10 kbar. Detta 

representerar övergången från övre amfibolitfacies till granulitfacies vid medelhöga till höga tryck. Bulk-geokemisk 

sammansättning är tholeiitisk och dataplotter indikerar ”within-plate” och ”volcanic arc”; Nb-anomalier för 

samtliga prov indikerar magmabildning i en subduktionspåverkad kemisk miljö. Gångarna intruderade vid sen-

orogen extension under den senare delen av den Svekonorvegiska bergskedjebildningen. Höga halter av LIL-

element i vissa prov är kopplade till förekomst av skapolit (basiska veckade lager, Gåsanabbe) respektive epidot i 

närheten av sena sprickor (metadiabaser i Söndrum), och indikerar metamsomatiska processer. 



7 

1  Introduction 
The Eastern Segment of the Sveconorwegian Orogen 
underwent two metamorphic cycles: the 1.47-1.38 Ga 
Hallandian and the 0.99 – 0.90 Ga Sveconorwegian 
metamorphism, which led to a polymetamorphic 
nature of the high-grade metamorphic gneisses and 
metabasic rocks. Sveconorwegian metamorphism 
reached high-pressure granulite and upper amphibolite 
facies in the southern part of the Eastern Segment at 
680-750 °C and 8-10 kbar (Johansson et al 1991, 
Wang & Lindh 1996, Möller 1998). Partly exposed 
rel ics of la te Sveconorwegian (990-980 Ma) 
retrogressed eclogite indicate however pressures in 
excess of 15 kbar for parts of the Eastern Segment 
(Möller 1998; 1999, Johansson et al. 2001, Hegardt, 
2010, Möller et al. 2013).Hallandian metamorphism at 
c. 1.43 Ga involved regional-scale migmatization 
(Söderlund et al. 2002, Möller et al. 2007); local 
charnockitization took place at 1.40 Ga, in association 
with emplacement of high-temperature intrusions in 
the coastal area south of Varberg (Harlov 2006, Rimša 
2007) The pervasive character of the Sveconorwegian 
overprint however impedes determination of the extent 
and the character of the Hallandian event in detail and 
has led to different interpretations regarding the 
orogenies.  Quanti tat ive P-T estimates of the 
Hallandian event reached 750 °C and 4-5 kbar for the 
region around Romeleåsen (Ulmius et al. 2013) 
 Structurally late and roughly N-S trending 
high-grade metamorphic dolerites occur along the 
coast from Varberg in the north to Kullaberg. These 
mafic dykes cross-cut the gneissic foliations of the 
host gneisses in some cases. They have a high-pressure 
granulite metamorphic mineral assemblage and some 
of them have well-preserved primary magmatic 
structures such as layering and “cross-bedding”. At 
two localities (Träslövsläge and Kullaberg) a 
Sveconorwegian intrusion age is indicated (Johansson 
& Kullerud 1993; Söderlund et al. 2008). These dykes 
are younger than the Hallandian metamorphism and 
thus provide a means to determine indisputable 
quantitative P-T markers for the Sveconorwegian 
metamorphism. 

 
 

2 Geological Background 
 

 

2.1 Regional Geology 
The Sveconorwegian Province i s  a  tectonic 
counterpart to the Grenville Province in the Canadian 
Shield. It forms a circa 500 km wide orogenic belt in 
the (present-day) south-west Baltic Shield and is 
delimited by the Sveconorwegian Front in the east. 
The  p rovince  i s  d ivided  into  f ive  pr inc ipa l 
lithotectonic segments, separated by roughly N-S 
trending crusta l  scale  deformation zones of 
Sveconorwegian age (Fig. 1, Bingen et al. 2005, 
2008). The lithotectonic segments are, from east to 

west; the Eastern Segment, the Idefjorden Terrane, the 
Bamble Terrane, the Kongsberg Terrane and the 
Telemarkia Terrane, which differ from one another in 
their crustal evolution of Pre- and Sveconorwegian 
time, regarding timing and character of crustal growth, 
deformation and metamorphism. The segments west of 
the Eastern Segment (Fig. 1A) are regarded as 
Sveconorwegian allochthons and are separated from 
the parautochthonous Eastern Segment by a shear belt 
of ductile deformation, the Mylonite Zone (Park et al. 
1991; Andersson et al. 2002). The Eastern Segment is 
mainly composed of reworked equivalents to igneous 
rocks of the Transscandinavian igneous belt, 1.70-1.65 
Ga orthogneisses (e.g. Persson et al. 1995; Connelly et 
al. 1996; Söderlund et al. 1999; Åhäll & Larson 2000; 
Söderlund et al. 2008). 
 Records of Sveconorwegian metamorphic and 
intrusive age are present west of the Caledonian front. 
However the reworking of these rocks during the 
Caledonian orogeny makes it difficult to relate the 
tectonic characteristics to the Sveconorwegian orogen 
southeast of the Caledonian Front (Bingen et al. 2008, 
Roffeis et al. 2012). Bingen et al. suggested a  four-
phase history for the Sveconorwegian metamorphic 
evolution (Bingen et al. 2008). The early Arendal 
phase at 1.14-1.08 Ga took place at high-temperature 
and low to moderate pressures, reaching metamorphic 
conditions of the granulite facies. The mid-
Sveconorwegian phase at 1.05-1.03 Ga was 
characterized by metamorphism in the greenschist-, to 
upper amphibolite facies, with a few local occurrences 
of high pressure granulite (Bingen et al. 2008, 
Söderlund et al. 2004).                                                                           
 At 990-980 Ma, the late Sveconorwegian phase 
(Falkenberg phase) reached regionally high-pressure 
metamorphism, in the Eastern Segment (Johansson et 
al. 2001; Bingen et al. 2008, Möller et al. submitted). 
Retrograde eclogites occur in one tectonic unit (Möller 
1998, 1999; Möller et al. 2013). This high-pressure 
metamorphism was followed by regional-scale partial 
melting at 0.98-0.96 Ga (Andersson et al. 1999; 
Söderlund et al. 2002; Möller et al. 2007, submitted) 
and mafic dyke intrusions at 0.97-0.94 Ga (Söderlund 
et al. 2005, 2008). In the foreland region, these mafic 
dykes occur as an extensive orogen parallel dyke 
swarm, the Blekinge Dalarna Dolerites. The youngest 
phase of Sveconorwegian metamorphism, the Dalane 
phase at about 930-920 Ma was a thermomagmatic 
event with voluminous anorthosite-mangarite-
charnockite intrusions, in Rogaland, southwestern 
Norway, and associated low-pressure and high- to 
ultra-high temperature metamorphism (Bingen et al. 
2008).            
 The Eastern Segment has been divided into 
three different levels – the upper, middle and lower - 
which differ in their metamorphic grade from one 
another. Semi-penetrative Sveconorwegian ductile 
deformation and metamorphic conditions of 
amphibolite to greenschist facies characterize the 
upper level. The middle level is dominated by 
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penetrative ductile Sveconorwegian deformation at 
amphibolite facies conditions (Wahlgren et al., 1994; 
Möller et al. 2007).                                     
 The studied area is situated within the lower 
level. This level contains 1.73-1.66 Ga high-grade 
migmatitic orthogneisses of granite-quartzmonzonite 
to quartz-monzodiorite composition and minor 1.41-
1.18 Ga syenitoid intrusions. The gneisses host 
metamorphosed mafic rocks like migmatitic garnet 
amphibolite and high-pressure granulite (Möller et al. 
2007). Partly exposed relics of late Sveconorwegian 
(990-980 Ma) retrogressed eclogite indicate pressures 
of over 15 kbar in a recumbent fold nappe (Möller 
1998, 1999; Johansson et al. 2001; Möller et al. 2013, 
submitted).      
 Regional geological mapping supported by  
high-resolution airborne magnetic anomaly maps 
reveal folding of the high-grade gneissic foliation. 
Roughly  E-W to WNW-ESE trending folds with 
gently plunging fold axes are reoriented by large scale 
regional open folding along N-S trending axes (Möller 
et al. 2007, submitted). The metamorphic conditions 
within the lower level reached high-pressure granulite 
and upper amphibolite facies. Geothermobarometry of 
mafic rocks estimate a temperature of 680-850 °C and 
corresponding pressures of 8-12 kbar during 
metamorphism (Johansson et al.,1991; Wang & Lindh, 
1996; Möller, 1998, 1999, Hansen et al. submitted). 
The Eastern Segment  records also a pre-

Sveconorwegian high-grade metamorphic event 
between 1.46-1.42 Ga, however the pre-
Sveconorwegian minerals have recrystallized and/or re
-equilibrated during the Sveconorwegian high-grade 
overprint (Christoffel et al., 1999; Söderlund et al., 
2002, Möller et al. 2007). This Hallandian orogeny is 
preserved as regional scale migmatization and at least 
locally a gneissic layering, which have been dated at 
1.46-1.42 Ga (Hubbard, 1975; Christoffel et al., 1999; 
Söderlund et al., 2002; Möller 2007). Additionally the 
U-Pb mineral isotope system of zircons show 
recrystallization, new growth of zircons and 
overgrowth of igneous zircon (Söderlund et al. 2002; 
Möller et al. 2007). This metamorphic event is partly 
coeval with widespread 1.47-1.44 mafic intrusions 
(diabase sills and dykes) and felsic plutonism of 
anorogenic origin in SW Fennoscandia (Brander & 
Söderlund 2009, Ulmius et al. submitted). This was  
followed by 1.40-1.38 Ga intrusions of charnockitic 
granite and syenitoid rocks and a charnockitization of 
gneisses around felsic dyke intrusions at the same time 
(Bogdanova 2001). Orogenic activity in this time 
range has also been termed Danapolonian (Bogdanova 
2001). Pervasive Sveconorwegian overprint impede 
however the record of the extent and the character of 
the Hallandian event in detail. 

 

Fig. 1. A:  Sketch map of southern Sweden and Norway 

showing the Eastern Segment (modified after Möller et al 

2007). Box marks the study area. B. Simplified geological map 

of the southwestern Eastern Segment (modified after the 

National bedrock database of the Geological Survey of Sweden 

compiled at scale 1:1 Million) showing the studied localities. 
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3  Methods 
 

3.1 Fieldwork 
Field work was carried out during eight days in August 
and September 2013, using as map data the airborne 
magnetic anomaly map (SGU), Bedrock Map 5B 
Varberg NO (SGU) and a lithological map of the 
Stensjö association (Hansen et al. submitted). Eleven 
localities have been mineralogically and structurally 
investigated. Coordinates refer to the SweRef 99TM 
coordinate system. 

3.2 Petrography, Scanning Electron 
Microscope—Energy Dispersion 
Spectroscopy (EDS) 

Thirty thin sections were investigated using polarizing 
microscope (Nicon, eclipse E400 Pol) and seven of 
them additionally with a scanning electron microscope 
(SEM; Hitachi S3400N) coupled with an EDX 
analyser (Link INCA) at the Department of Geology, 
Lund University. All samples were polished and 
carbon coated. An acceleration voltage of 15-25 kV 
was used. The SEM-analysis data of all samples and 
minerals can be seen in appendix A. Amphibole 
endmembers were classified by the method of Leake et 
al. (Leake et al. 1997). Pyroxene endmembers were 
classified after Morimoto (Morimoto, 1988). A Wo-
En-Fs plot of all pyroxenes can be seen in appendix B. 

 

3.3 Geochemical Analysis 
Major and trace elements including Fe2+ - contents 
were determined of 15 samples (Table). The 
geochemical analysis were done by Acme Analytical 
Laboratories (Vancouver) Ltd. The Mg# was 
calculated via Mg/(Mg+Fe) = Mg# . Diagrams were 
created using the program GCDkit Win 3.0 (Janousek 
et al 2006). Normative mineral assemblages of all the 
samples were calculated by the calculation-spreadsheet 
by Kurt Hollocher following the CIPW norm 

(Appendix E). 

3.4 P-T estimates 
Equilibrium P-T estimates were done by using the 
WinTWQ (Thermobarometry with estimation of 
equilibration state) program with two different 
databases; TWQ v. 1 (Berman 1988,1990) and TWQ 
v. 2.32 (Berman & Aranovich, 1996).Reactions 
containing pargasite or enstatite were calculated with 
version 1, all other minerals with version 2 .
 Average P-T estimations were calculated by 
using the software Thermocalc (Powell & Holland 
1988). 

4 Field Relationships 
 
Structurally young meta-mafic dykes are exposed 
along the Kattegatt  coast  from Varberg and 
southwards to the Kullaberg peninsula. They locally 
cross-cut the gneissic fabric of the country rock and 
record metamorphic conditions at high-pressure 
granulite facies, which sets a minimum age for the 
igneous emplacement at circa 0.95 Ga (Möller et al. 
2007). It is indicated by Söderlund et al. (2005; 2008) 
that these dykes are likely equivalent to the 975-940 
Ma orogen-parallel Blenkinge-Dalarna Dolerite dyke 
swarm in the adjacent foreland region and possibly 
formed in response to an orogenic collapse (Johansson 
& Kullerud 1993; Wang et al. 1998; Möller et al. 
2007; Söderlund et al. 2008). The youngest rocks in 
the lower level are late-tectonic pegmatitic and granitic 
dykes 0.96-0.94 Ga old which cut the country rock 
discordantly (Möller & Söderlund 1997; Andersson et 
al. 1999; Möller et al. 2007).  

 

4.1 Localities 
The studied area is situated in the southern part of the 
Eastern Segment along the Kattegatt coast (Fig.1). The 
chosen localities are from north to south, Getterön 

Table 1; Overview of studied localities and samples. Coordinates refer to the SweRef 99TM coordinate system. 
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Fig. 2. Geological map of Varberg (SGU basemap, modified 

after Lundqvist 2008). 

(Varberg), Apelviken (Varberg), Träslövsläge 
(Varberg), Stensjöstrand, Söndrum and Kullaberg 
(Table1). 

 
4.1.1 Varberg 

In Varberg (Fig. 2) is the only occurrence of intrusive 
charnockite in southern Sweden. It is a part of a 
plutonic suite called the Varberg-Granite-Charnockite 
association (Hubbard 1975) and consists of granite 
(Torpa granite) and several textural different varieties 
of charnockites. The crystallization of the magmatic 
mineral assemblage was dated at 1399 ± 6Ma by 
Christoffel et al. (1999). Åhäll et al. (1997) dated a 
charnockite portion in the Torpa granite at 1380 +/- 6 
Ma. A moderate foliation which cuts the magmatic 
structures in the charnockite indicates a high-grade 
Sveconorwegian metamorphic event (Johansson & 
Kullerud 1993). P-T estimates have recorded 
temperatures of 750-850°C and pressures of 8.0-8.5 
kbar (Harlov et al. 2013).     
 At Getterön, a peninsula in the north-western 
part of Varberg, the coarse grained charnockite 

contains orthoclase megacrysts and shows minor 
deformation only. Within the charnockite occurs a 
mafic dyke with well preserved magmatic structures. 
This metagabbroic dyke is concordant to the foliation 
of the charnockite and trends NW-SE. At the contacts, 
the charnockite and the mafic dyke have stronger 
gneissic foliation and the charnockite has lost its 
orthoclase megacrysts (Fig. 3C). The metadolerite is 
fine-grained and blacker at the contacts, indicating 
hydration and formation to hornblende in the marginal 
zone.  Magmatic structures such as primary igneous 
layering, “slumping” and “cross-bedding” are well 
preserved (Fig. 3A). The layers alternate between light 
plagioclase-rich layers and darker layers richer in 
pyroxenes and hornblende. The scale of the magmatic 
layering varies between a cm up to a metre. There is 
also a  < 10 cm thick garnet-band which follows the 
igneous layering (Fig. 3B). A weak foliation indicates 
a deformation event. A close look shows locally 
elongated black aggregates made of clinopyroxene, 
orthopyroxene and hornblende. This elongation trends 
roughly NW-SE and is subparallel to the magmatic 
layering and the contacts of the dyke.   
 A garnet-free fine-grained mafic dyke is 
preserved in front of the local surfing school at a beach 
of Apelviken, south of Varberg (Fig.4A). The 
thickness of the dyke is circa 1m. The dyke trends NW
-SE and has a weak folitation parallel to the contacts. 
The southern contact has a brittle overprint. 
 There are several elongated mafic dykes within 
a granulite facies felsic gneisses, at the beach, ca. 7 km 
south of Varberg near the harbour of Träslövsläge 
(locality studied by Johansson & Kullerud 1993). The 
dykes trend WNW-ESE and is slightly discordant to 
the NW-SE trending foliation of the surrounding 
gneiss. Like the metagabbro dyke in Getterön, the 
intrusions show well preserved primary igneous 
layering of alternating light plagioclase-rich and 
darker layers richer in pyroxenes and hornblende (Fig. 
4B). The layers trend NW-SE and their thickness vary 
between ca. 1 cm and 90 cm. There is a subhorizonatal 
E-W lineation. Together with the preservation of the 
igneous layering, it indicates that the dyke was 
undeformed and unmetamorphosed before its high-
grade metamorphic overprint.         

4.1.2 Stensjöstrand 

The Stensjö association consists of sillimanite-bearing 
and sillimanite-free felsic migmatitic gneiss 
interbanded with mafic layers. They crop out along 
along the Kattegatt coast in Halland within the 
Naturreservat Stensjöstrand northwest of the village 
Steninge (Fig.5). The association underwent upper 
amphibolite to lower granulite metamorphic 
conditions. P-T estimates on the mafic metatexites 
suggest a pressure of 0.9-1.03 GPa and a temperature 
of c. 850 °C (Hansen et al. submitted). The Stensjö 
association is structurally complex. A predominant N-
S to NE-SW trending gneissic foliation (S1) with 
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Fig.3; A:Magmatic layering and  „slumping“ structures of metadolerite. B: Garnet-band within  the magmatic layering of the 

dyke. C: Local deformation at the contact to the charnockite. Hatched lines indicate the foliation. 

Fig. 4; A: Metadolerite dyke in Apelviken. The dyke has a 

thickness of 1m. B: Magmatic layering in metadolerite at 

Träslövsläge. The orientation of the layering is indicated by 

the hatched lines. 



12 

preserved intrafolial folds (F1) and a ESE-plunging 
lineation (L1) defined by polymineralic aggregates 
were followed by metric to km-scale asymmetric F2 
folding. The F2 folds have one subhorizontal and one 
steep limb, angular hinges and N-S to E-W trending 
axes (Pinan-Llamas et al. 2013). All these structures 
are affected by cm to km-scale concentric, roughly SE 
verging F3 folds with subhorizontal to steeply E to NE 
or SW plunging axes. The interpretation of these D1-
D3 ductile structures is a mainly WNW-ESE transport 
which was followed by E-W shortening of the Eastern 
Segment during the Sveconorwegian orogeny (Pinan-
Llamas et al. 2013). Geochronological analysis by 
zircons from all rock types show a Hallandian 
metamorphic and igneous activity at c. 1400 Ma and 
subsequent migmatization (coeval with F1-F3 folding) 
during the late Sveconorwegian orogeny at c. 970 Ma. 
(Pinan-Llamas et al. 2013).     
 There are several metadolerite dykes at 
Stensjöstrand. One at the harbour; this small dyke has 
a thickness of 1,5 - 2 m and trends roughly N-S. It cuts 
the E-W trending foliation of the surrounding quartzo-
felddspathic gneiss (Fig. 6A). Compared to the other 
dykes it is more fine-grained. There are no 
deformation structures or textures visible with the 
naked eye.       
 A second dyke is located within a small bay 
(Fig. 6B). It crops out over c. 35m along the coast and 
it concordant to the surrounding gneiss. The gneiss 
shows small, tight and angular F2 folds with roughly E
-W trending axes. These smaller folds are enclosed 
within an open-gentle upright F3 antiform, with NE 
plunging axes. It is not clear if the dyke is discordant 
to the F2 folds but it is clearly enclosed in the F3 
antiform.The dyke trends roughly NE. Its foliation 
dips 45° SE at the southeastern contact, is horizontal in 
the middle and dips 40° at the northwestern contact. A 
3 cm thick plagioclase- and quartz-rich vein within the 

metadolerite also shows a gentle bending. With the 
exception of these structures the dyke is homogenous. 
There are no magmatic structures. This dyke has not 
been sampled.      
 Some smaller roughly NE trending garnet-poor 
dykes with a thickness of around 15 cm are located 
close to the locality Gåsanabbe. They are discordant to 
the surrounding sillimanite-bearing gneiss and dip 40° 
W (Fig. 6C). These dykes have not been sampled. 
 Another garnet-rich mafic dyke is located at 
Gåsanabbe  (Fig. 6D). This dyke consists of three 
roundish sheets of mafic composition with a thickness 
of circa 70 cm and traceable for circa 20 m in 
northeastern direction. They are discordant to the 
isoclinal F1 folds in the host gneiss (Fig. 6E). The 
gneiss between those sheets is totally recrystallized. 
The sheets are boudinaged and folded by F3 upright 
folds. The mineral aggregate foliation of the dolerite 
sheets trend E-W. Some c. 4 mm long black minerals 
are oriented NW-SE. Partly there are some elongated 
greyish plagioclase grains (c.1 cm long) which have a 
red garnet-rich rim. The dyke forms also apophysises.
 A ca. 2,5m high wall some metres east of the 
dykes has fine-grained mafic layers within migmatitic 
gneiss.  The mafic layers are pinch and swell-shaped, 
strongly elongated and form rootless folds (Fig. 6F). 
These mafic layers (Fig. 6G) have been sampled 
(STML1-3). 

4.1.3 Söndrum 

Söndrum near Halmstad (Fig. 7) is a key-locality for 
Hallandian zonal charnockitization due to solid-state 
dehydration along pegmatoid dykes (Harlov et al. 
2006). This charnockitization and coeval formation of 
clinopyroxene megacrysts formed due to CO2-rich 
fluids and has been dated at 1397 ± 4Ma (Rimša et al. 
2007). The charnockite and the clinopyroxene-bearing 
rocks show subvertical stretching and recrystallization, 

Fig. 5. Geological map of 

Stensjöstrand, showing the 

sample sites (SGU basemap, 

modified after Larsson 1966). 
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Fig. 6. A: Discordant contact of metadolerite and the surrounding gneiss in Stensjö harbour. B: Contact of metadolerite and the 

surrounding gneiss. Gneiss and dyke are both deformed by F3 folding. C: Thin discordant dykes. D: Folded and boudinaged 

dykes at Gåsanabbe. E: Gåsanabbe dykes cutting tight F1 folds. F: Mafic, pinch– and swell-shaped layers forming rootless fold-

hinges(isoclinal F1). Samples StML1-3 were collected from mafic layers of this outcrop. G: Sampling sites of StML1-3 (Photo: 

Leif Johansson). Right circle = StML1, left circle = StML2 and top circle = StML3. 
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which is most likely of Sveconorwegian age.
 Three mafic dykes occur in this area and cut the 
gneissosity at a high angle. Two are in a quarry at the 
harbour and one is located south of the key-locality of 
the zonal charnockitization at the coast.  
 The metadolerite dyke south of the 
charnockitization locailty crops out for circa 60 m 
along the coast, is NNW-SSE trending, and cuts the 
gneissic foliation of the host gneiss. Both contacts to 
the gneiss are exposed over a length of 2-5 m The 
contact is clearly sharp and discordant to the NE-SW 
trending foliation of the gneiss (Fig. 8A). The gneiss 
has locally a strong reddish colour.          
A magmatic layering trending on average N-S can be 
seen in central parts of the dyke (Fig. 8C). Other 
primary igneous features are “crossbedding” and 
irregular-shaped inclusions of plagioclase-rich 
composition (Fig. 8B). A steep E-W lineation defined 
by strechted light and dark mineral aggregates is 
present in both the metadolerite and the host gneiss. 
The igneous and ductile metamorphic structures within 
the dyke are cut by green net-like epidote veins. They 
vary in thickness of some mm to 3 cm (Fig. 8D). A 
faulted plagioclase-rich patch demonstrates that the 
epidote filled late brittle structures were associated 
with sinistral/dextral strike-slip movement (Fig. 8E).
 Two other metadolerite dykes are located at the 
quarry near the harbour.They trend roughly N-S, are 
1,5 m wide and cross-cut the foliation of the host 
gneiss. There are gneiss fragments within one of the 
metadolerites (Fig. 8F). Central parts of the meta-
dolerite are homogenous with a foliation which trends 
NE-SW. 

4.1.4 Kullaberg 

Kullaberg in NW Skåne is located between 
Skälderviken bay in the northeast and the Helsingborg 
lowland area in the south. It is the northwesternmost 
exposure of one of the major horsts in the Sorgenfrei-
Tornquist zone. The horsts consist of Precambrian 
crystalline rocks, mainly gneiss and amphibolite, 
locally overlain by Palaeozoic sedimentary rocks. 
Younger sedimentary rocks are preserved within the 
grabens. The crystalline basement of the Kullaberg 
peninsula is part of the Eastern Segment and 
experienced Sveconorwegian high-pressure granulite 
facies metamorphism (Wang 1996). The regional 
gneissic foliation in the biotite- and hornblende-gneiss 
at the tip of Kullaberg dips shallowly to the west, but 
steepens towards the east (Forsell 1962, Söderlund et 
al. 2008).      
 The studied area is located at Paradishamn, 
where a ca 50 m wide metadolerite sheet is exposed, 
dipping shallowly WSW (Fig. 9). It has a strongly 
migmatized contact to the overlying biotite-gneiss 
(Fig. 10A). The metadolerite loses its garnet content in 
direction to the contact, whereas the sugary 
leucosomes are rich in garnet and of a granitic 
composition. The locally stromatic and partly net-like 
leucosomes are parallel to the contact of the 
metadolerite dyke, the biotite-gneiss and the foliation 
of the biotite-gneiss (Söderlund et al. 2008). This 
migmatized contact has locally a sharp and locally a 
gradual transition into the unmigmatized metadolerite 
dyke (Fig. 10B). The amount of leucosomes increases 
away from the metadolerite. Near the biotite-gneiss, 

Fig. 7. Geological map of Söndrum showing the sample sites (SGU basemap, modified after Larsson 1968). Note 

that the dykes are highly exaggerated in length.  
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Fig. 8. A: Metadolerite cutting the gneissic foliation 

(foliation-orientation indicated by pencil). B: Irregular 

plagioclase-rich inclusions in metadolerite. C: Foliation 

oblique  to magmatic layering (blue = magmatic 

layering, hatched line = foliation). D: Green net-like 

epidote veins of varying size. E: faulted plagioclase-rich 

lens shows that late brittle deformation were associated 

with shear movements (eastern block up—western 

block down). F: Gneissic fragments within metadolerite 

dyke. 
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Fig. 9. Geological map of Kullaberg (SGU basemap, modified after Forsell 1962). 
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disrupted mafic lenses  (Fig. 10C) can be found within 
the gneiss indicating mingling and possibly mixing 
during the intrusion (Söderlund et al. 2008). U-Pb 
dating of zircon in the granitic mobilisate has given an 
age of 961+/- 6 Ma which was interpreted as the age of 
the dolerite intrusion (Söderlund et al. 2008). The 
eastern contact between the dyke and the hornblende-
gneiss is sharp with the metadolerite cross-cutting the 
gneissic foliation in the gneiss. The hornblende-gneiss 
is grey in colour, but gets reddish close to the dyke 
contact. Central parts of meta-dolerite are homogenous 
and shows neither primary magmatic structures nor 
migmatization, but an E-W trending (Sveconorwegian) 
foliation.      
 Two younger ca 1m wide subhorizontal 
umetamorphosed diabase dykes cut the metadolerite 
dyke in E-W and NE-SW directions. These dykes are 
parallel to the fractures created by the horst-graben 
system and have been dated at ca. 280 Ma (Klingspor 
1976).´ 

 
 
 
 
 
 
 
 
 
 

Fig. 10. A: Strongly migmatized metadolerite at the contact 

to overlying biotite-gneiss.. B: Migmatitic metadolerite with 

a gradual transition into unmigmatized metadolerite. C: 

Roundish mafic lenses within the gneiss. 
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5  Petrography and mineral 
chemistry 

 

5.1 Varberg 
 
5.1.1 AV1 - Apelviken (N6330104, E0333328) 

The Apelviken metadolerite is fine-grained, black and 
homogenous. The thin-section shows a granoblastic 
texture (Fig.11). It is dominated by hornblende, 
plagioclase, clinopyroxene, biotite, cummingtonite (?) 
and scapolite. Primary clinopyroxene is larger in size 
and show abundant exsolution of orthopyroxene. 
Brownish Ti-rich hornblende is locally twinned and 
slightly oriented. Plagioclase shows twinning, 
undulatory extinction and is locally seritized. 
Colourless scapolite with low relief and spotted 
pinkish-orange interference colours of the 2nd order is 
found close to hornblende. A pale green – colourless 
pleochroistic mineral, which shows the same lath-like 
growth as hornblende and some intergrowth with it has 
blue to green interference colours of the 2nd order and 
is interpreted as – cummingtonite. Brown altered clots 
are interpreted as altered biotite due to local lath-like 
shapes.This sample has no garnet. No quantitative 
EDX analysis has been done on this sample. 

 
 

5.1.2 GT1 – Getterön (N6334005, E0330010) 

The metadolerite Getterön is fine-grained  with a 
medium-coarse grained domainal texture in the form 
of lens-shaped, greenish mineral aggregates in a 
whitish matrix. The sample is dominated by 
clinopyroxene, plagioclase, hornblende, garnet, 
opaques, orthopyroxene, biotite, quartz and zircon. 
White domains are rich in plagioclase and dark 
domains are rich in clinopyroxene. One of the 
plagioclase-rich domains shows a typical plagioclase 
lath shape with a length of 1,8 (Fig.12A). Undulatory, 
partly seritized plagioclase and garnet compose this 

domain. The plagioclase also shows compositional 
zoning. Garnet grains appear locally corona-like as 
pearls on a string at the border to the clinopyroxene-
rich domains; they host plagioclase inclusions. The 
average composition is Grs19Prp16Alm62Sps3. Grossular 
and almandine increase to the rim, whereas pyrope and 
spessartine decrease (Fig. 12B). Most plagioclase 
inclusions are seritized. Plagioclase inbetween the 
garnet-chain and the clinopyroxene-rich domains is 
twinned, antiperthitic and extincts undulatory. The 
composition of plagioclase is Alb60An38Or2 with 
Alb4Or96 K-Feldspar exsolution blebs. The An-content 
of plagioclase varies from An33 to An38 (Fig. 12E)
Clinopyroxene-rich domains are made up of 2 x 3mm 
large mostly twinned diopside with inclusions of 
quartz, ilmenite and hematite (Fig. 12C). They also 
show exsolution lamellae of orthopyroxene (En47) and 
replacement textures to ferro-pargasitic hornblende. 
These igneous pyroxene relics are diopside with 
average Fe/Fe+Mg = 0.36. The diopside grains are 
also surrounded by smaller orthopyroxene grains 
(En50), opaques and small polygonal clinopyroxene 
neoblast aggregates with a composition of Fe/
Fe+Mg=0.37 (Fig. 12D). Orthopyroxene grains have a 
distinct pleochroism from green to light red, and show 
partial replacement to ferro-pargasitic hornblende and 
biotite (Ann51) along the fractures. Ilmenite and 
hematite are often associated and partly rimmed by 
orthopyroxene. 

5.1.3 TL1 – Träslövsläge (N6327477, 
E0334758) 

The Träslövsläge metadolertite is fine-grained with a 
medium-coarse grained domainal texture in the form 
of lens-shaped, greenish mineral aggregates distributed 
in a whitish matrix. The thin section shows a  fine-
grained texture, dominated by clinopyroxene, 
plagioclase, hornblende, garnet, opaques, 
orthopyroxene, biotite, quartz, rutile and pyrite. White 
domains are rich in plagioclase and dark domains are 

Fig. 11. A: Photomicrograph (PPL), fine-grained granoblastic texture. Large relict igneous have exsolution textures. B: 

Photomicrograph (XPL), of Fig. 11A. 
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shows a pronounced exsolution texture with lamellae 
in different orientations. Some of these textures are 
related to hornblende replacement and some are 
exsolved orthopyroxene. Typical is also small opaque 
inclusions. These clinopyroxene crystals are often 
surrounded by smaller orthopyroxene grains with 
biotite replacements. The pleochroism of 
orthopyroxene is generally strong from greenish to 
reddish. Opaque phases are often found close to 
orthopyroxenes. Biotite and hornblende form within 
the fractures of the orthopyroxene. No quantitative 
EDX analysis has been done on this sample. 

Fig. 12. Metadolerite at Getterön; A: Scanned thin section 

showing the domainal texture. Some plagioclase-rich 

domains indicate a former coarse grained texture. B: 

Compositional zoning profile of garnet.C: Photomicrograph 

(XPL), twinned clinopyroxene grain wih exsolution textures, 

surrounded by polygonal aggregates of clinopyroxene 

neoblasts and hornblende. D: Photomicrograph (PPL), 

showing opaque-spatted relict igneous clinopyroxene grain 

surrounded by clinopyroxene neoblasts and orthopyroxene 

with a distinct pleochroism from red to pale green. E: BSE 

image, showing varying anorthite content in plagioclase.  

rich in clinopyroxene. The plagioclase-rich domain is 
composed of antiperthitic plagioclase, garnet and small 
clinopyroxene grains. Plagioclase extincts undulatory 
and has tapering twins. Garnet grains are mainly at the 
border of the plagioclase-rich to the clinopyroxene-
rich domain (Fig. 13). They have inclusions of 
plagioclase and rutile.    
 The clinopyroxene-rich domains are made up of 
large twinned primary clinopyroxene grains rimmed 
by orthopyroxene (and locally together with garnet) 
and surrounded by opaques and polygonal 
clinopyroxene neoblasts. Relict igneous clinopyroxene 
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decrease slightly and almandine increase towards the 
rim (Fig. 14E). Orthopyroxene is Mg-rich (En60) and 
are often associated with ilmenite and hematite. Some 
opaque phases have a blue reflectance colour (Fig. 
14D). They are interpreted as CuS. 

5.2.2 Gas3A – Gåsanabbe (N6297542, 
E0353692) 

The metadolerite at Gåsanabbe is fine-grained and 
granoblastic. It is dominated by hornblende, 
plagioclase, clinopyroxene, ilmenite biotite, 
orthopyroxene, hematite, garnet quartz and apatite. 
The rock doesn't show an obvious domainal, but there 
are small areas rich in plagioclase and areas rich in 
clinopyroxenes, hornblende and opaques. Plagioclase 
is twinned, occurs in polygonal aggregates and is 
locally antiperthitic. It has undulatory extinction. 
Sometimes there are very fine bent fractures. 
 Large clinopyroxene crystals show opaque 
inclusions of ilmenite and hematite. They also have 
exsolution lamellae of orthopyroxene and replacement 
to mainly pargasitic hornblende. If the blast is not 
surrounded by hornblende it often has Mg-rich 
orthopyroxene (En58) and clinopyroxene neoblasts 
next to it. Those neoblasts have different 
compositions. Neoblasts with inclusions of ilmenite 
have a composition of Fe/Fe+Mg=0.27 and neoblasts 
without inclusions and less Ca have a composition of 
Fe/Fe+Mg=0.34. At one spot the interfence colours of 
relict igneous diopside shows sector zoning in the 
form of an hour-glass (Fig. 14F). The location of 
opaque inclusions outlines this texture as well. From 
0.38 in the core to 0.28 at the rim. The opaque 
inclusion are Cr-bearing ilmenite. Garnet has an 
average composition of Grs19Prp21Alm55Sps5 in the 
core with decreasing grossular and increasing 
almandine towards the rim (Grs18Prp21Alm57Sps5). 
They also have inclusions of quartz and plagioclase.
 Fe-sulphide locally show a net-like texture 
enclosing orthopyroxene and/or plagioclase (Fig. 
14G). They can also have rim-like textures made of 
quartz and orthopyroxenes. Biotite (Phl57Ann43) can be 
often found along the cleavage of. Garnet grains in this 
microdomain are poorer in Mg and richer in Fe 
(Grs18Prp17Alm60Sps5). 

5.2.3 Gas3B – Gåsanabbe (N6297542, 
E0353692) 

The metadolerite Gåsanabbe is a fine-grained, 
granoblastic and dominated by clinopyroxene, 
plagioclase, hornblende, orthopyroxene, garnet, 
ilmenite, biotite, quartz, apatite and pyrite. There is a 
faint domainal texture with domains rich in plagioclase 
and others rich in pyroxenes, hornblende and ilmenite. 
The pyroxene-rich domain is made up of large relict 
igneous diopside grains (Fe/Fe+Mg=0.30) with opaque 
inclusions, exsolution lamellae of orthopyroxene and 
replacement textures to pargasitic hornblende. Locally, 
the diopside lacks Na. The diopside grains are 

Fig. 13. Metadolerite Träslövsläge; A: Photomicrograph 

(PPL), showing twinned, exsolved clinopyroxene surrounded 

by clinopyroxene neoblasts and orthopyroxene. There are 

domains rich in polygonal plagioclase aggregates. B: 

Photomicrograph (XPL), of the same area like A.  

 
5.2 Stensjöstrand 
 
5.2.1 StSD – Stensjö Harbour (N6297034, 

E0354076) 

The metadolerite at Steninge harbour is fine-grained 
and blackish. The thin section shows a granoblastic 
texture dominated by clinopyroxene, garnet, 
plagioclase, biotite, ilmenite, hematite, scapolite, 
hornblende, orthopyroxene, quartz and pyrite (Fig. 14 
A,B). There are also accessory zircons. Large diopside 
grains have inclusions of hematite, V-bearing ilmenite, 
plagioclase (Ab56An42Or2) and quartz, and show rare 
exsolution of orthopyroxene (Fig. 14C). Some 
diopside grains (Fe/Fe+Mg =0.28) show sector zoning 
outlined by opaque inclusions in form of an hour-
glass. Biotite (Phl64) is mainly anhedral and occurs 
inbetween clinopyroxene and/or orthopyroxene grains. 
Plagioclase shows undulatory extinction, is 
antiperthitic and forms polygonal aggregates. It has an 
average composition of An46. Garnet has quartz and 
plagioclase (Ab57An43) inclusions and is on average 
Grs19Prp22Alm54Sps5 in the core. Grossular and pyrope 
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Hematite and ilmentite show exsolution textures. 
Plagioclase has a composition of Ab59An29Or2 within 
cores and Ab58An35Or2 at the rim. 

5.2.7 StML2 – Gåsanabbe (N6297560 
E353710) 

The mafic layer is coarser grained, richer in felsic 
minerals than StML1 and resembles an intermediate 
part of the layered sequence. It has an isotropic fabric, 
dominated by plagioclase, greenish hornblende, 
biotite, garnet, opaques, K-feldspar, quartz, titanite and 
chlorite. There are plagioclase- and quartz-rich 
domains. Plagioclase shows antiperthite textures, 
tapering twins and undulous extinction (Fig. 16C). 
Sometimes the antiperthite textures show bending 
(Fig. 16D). Antiperthite textures and tapering twins are 
often found randomly oriented within the same grain. 
Plagioclase is locally seritized. Yellowish polygonal 
quartz can be found within some plagioclase grains.
  Biotite is often affected by chloritization. 
Garnet grains are small and poikilitic. They have 
inclusions of plagioclase, biotite and quartz. No 
quantitative EDX analysis has been done on this 
sample. 

5.2.8 StML3 – Gåsanabbe (N6297560, 
E353710) 

This sample is the most mafic type of the mafic-
intermediate layers in the folded sequence. It is coarser
-grained than StML1 and shows a weak foliation 
defined by hornblende. The thin section is dominated 
by greenish hornblende, plagioclase, biotite, garnet, 
opaques, K-feldspar, quartz, titanite, rutile and 
chlorite. There are domains rich in plagioclase and 
quartz and domains rich in hornblende. Plagioclase 
extincts undulatory, shows tapering twins and has 
sometimes slightly bent fractures. Plagioclase is 
locally seritized. Quartz appears as polygonal within 
the plagioclase-rich domains (Fig. 16E). Garnets are 
small and have inclusions of plagioclase and rutile. No 
quantitative EDX analysis has been done on this 
sample. 

 

 

 

 

 

 

 

surrounded by orthopyroxene (En59) and 
clinopyroxene neoblasts with the same composition as 
diopside. Apatite can be found close to the large 
diopside grains.    
 Garnet has an average composition of 
Alm54Prp22Grs20Sp4 within the core. Almandine 
increases towards the rim whereas pyrope and 
grossular decrease (changes < 0,3wt%) . Ilmenite can 
show a net-like texture enclosing orthopyroxene and/
or plagioclase. Plagioclase is antiperthitic and 
commonly with undulatory extinction. The average 
composition is Alb62An35Or3 in the core and 
Ab58An40Or2 at the rim. Plagioclase without 
antiperthite textures have an average composition of 
Ab63An37. It is locally Ba-bearing. Sometimes 
plagioclase grains have very fine bent fractures. 
Biotite is rich in Mg (Phl56, which changes to an 
average of Phl58 for biotites in contact with garnet). 

5.2.4 StHD1 – Gåsanabbe (N6297550, 
E0353700) 

The metadolerite is fine-grained and shows no 
oritental fabric. It is dominated by greenish 
hornblende, biotite, garnet, opaques, clinopyroxene 
and scapolite. Hornblende has abundant inclusions of 
plagioclase, biotite and opaques. Garnet and 
clinopyroxene have plagioclase inclusions; plagioclase 
shows antiperthite texture, twinning and has quartz 
inclusions. Opaque phases often form a net-like 
textures enclosing plagioclase and hornblende (Fig. 
15A). No quantitative EDX analysis has been done on 
this sample. 

5.2.5 Sample StHD2 – Gåsanabbe (N6297550, 
E0353699) 

The metadolerite is fine-grained and shows no 
orientated fabric (Fig. 15B). It is dominated by 
greenish hornblende, biotite, garnet, opaques and 
scapolite. It is very similar to StHD1, but it has more 
and smaller sized opaque grains randomly distributed. 
Plagioclase has more quartz inclusions. No 
clinopyroxene was found in this sample, however the 
amount of scapolite is higher. No quantitative EDX 
analysis has been done on this sample. 

5.2.6 StML1 – Gåsanabbe (N6297564, 
E0353709) 

The mafic layer is fine-grained and foliated. 
Leucosomes have a sugary  texture. The sample is 
dominated by pargasitic hornblende, clinopyroxene, 
scapolite, garnet, hematite, ilmenite, plagioclase, 
quartz, pyrite and monazite. The foliation defined by 
light plagioclase-rich aggregates in a matrix of 
clinopyroxene, scapolite, plagioclase and hornblende. 
Lens-shaped scapolite aggregates are oriented parallel 
to the foliation (Fig. 16A, B). Scapolite is of Mei75 and 
have inclusions of quartz and hematite. Garnet has an 
average composition of Grs23Prp17Alm52Sps8. 



22 

Fig. 14. Metadolerite at Stensjöstrand; A: Photomicrograph 

(XPL), showing granoblastic texture of metadolerite at 

Stensjö harbour. B: Photomicrograph (XPL), illustrating 

relict igneous clinopyroxene surrounded by scapolite. C: BSE 

image, shwoing varying anorthite content. Opaque phases are 

exsolved hematite-ilmenite, partly V-bearing. D: 

Photomicrograph (reflected light), shwoing that some opaque 

phases have a blue reflectance colour. They are interpreted as 

CuS. E: Compositional zoning profile of garnet. F: 

Photomicrograph (XPL) of metadolerite at Gåsanabbe 

(Gås3A), showing sector zoned relict igneous clinopyroxene. 

G: BSE-image, illustrating hematite-ilmenite and Fe-

sulphides enclosing plagioclase. 
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Fig. 15. Metadolerite at Gåsanabbe; A: Photomicrograph (PPL), showing opaque phases forming net-like textures, enclosing 

plagioclase and hornblende (and locally orthopyroxene). B: Photomicrograph (XPL), illustrating hornblende dominated  texture 

with small opaque grains. Hornblende has plagioclase and quartz inclusions. Plagioclase shows strong undulatory extinction.  

 

5.3 Söndrum 
 

5.3.1 SöM1 (N6280273, E0362838) 

The metadolerite at Söndrum is black in colour and 
has slighly coaser black minerals within a dark matrix. 
The thin section shows a fine-grained granoblastic 
texture,  dominated by cl inopyroxene, garnet, 
plagioclase, hornblende, biotite, orthopyroxene, 
ilmenite, hematite, quartz, K-feldspar, pyrite, rutile 
and chalcopyrite. There is a domainal texture with 
domains rich in plagioclase and others rich in 
pyroxenes and opaque phases. Twinned primary 
diopside grains (Fe/Fe+Mg = 0,31) within the 
clinopyroxene-rich domain have exsolution lamellae 
of orthopyroxene (En56) and Fe-oxides (Fig. 17A, B, 
C, E). There are also inclusions of quartz and rutile. 
Diopside grains are surrounded by Ti-bearing 
pargasitic hornblende and smaller clinopyroxene 
neoblasts, arranged in polygonal aggregates. The 
clinopyroxene neoblasts are slightly poorer in Fe 
(Fe/Fe+Mg = 0,35) and Ca than the primary 
clinopyroxenes and lack a Na-component. Garnet 
grains are often poikilitic, with inclusions of quartz, 
plagioclase and sometimes rutile. Garnet has an 
average composition of Alm58Prp21Grs18Sps2. Pyrope 
and spessartine decrease to the rim, whereas 
almandine and grossular increase, but the changes 
minimal (< 0,2 wt. %). Ilmenite and Fe-oxides, locally 
associated with chalcopyrite, are often surrounded by 
or thopyroxene (En5 6) .  Orthopyroxene shows 
replacement to pargasitic hornblende and Ti-rich 
biotite (Phl56) along rims and cleavage planes (Fig. 
17D). Plagioclase is antiperthitic and has an average 
composition of An37. Plagioclase close to garnet and 
orthopyroxene have a composition of An42 in the core 
(Fig. 17F). Plagioclase-rich domains are strongly 
seritized. 

 

 
5.3.2 SöPD1 (N6280252, E0362843) 

The sample of the lens-shaped inclusion shows a 
irregular layer-like texture, with black and white 
layers.  The thin-sect ion sho ws fine-grained 
clinopyroxene, garnet, opaque phases, plagioclase, 
hornblende and quartz. There is a strong elongation of 
plagioclase-rich and dark domains consisting of 
opaque phases, garnet and clinopyroxene. Garnets and 
opaque phases form lens-shaped aggregates (Fig. 
18A). Clinopyroxenes is locally made up of polygonal 
aggregates (Fig. 18B). Plagioclase grains show a 
strong seritization. No quantitative EDX analysis has 
been done on this sample. 
 

5.3.3 SöKG (N6280228, E0362857) 

This sample is from a boulder which shows the contact 
of the metadolerite to the surrounding gneiss. The 
gneiss is reddish and oxidized. Quartz ribbons and 
domains rich in opaque phases, clinopyroxene, 
hornblende and rutile define the foliation (Fig. 18C). 
There are also domains rich in chlorite. The contact to 
the metadolerite is defined by a greenish fracture 
which is mainly filled with epidote (Fig. 18D). The 
metadolerite is dominated by hornblende, epidote, 
chlorite, plagioclase, quartz and K-feldspar. There is a 
orientation of hornblende, which is parallel to the 
gneissic foliation. Another 8mm thick fracture within 
the metadolerite part shows roundish and angular 
fragments of the gneiss and metadolerite in a very fine
-grained dark matrix (Fig. 18E). Abundant fine green 
epidote veins cross the metadolerite randomly. No 
quantitative EDX analysis has been done on this 
sample. 
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Fig. 16. Mafic layers at Gåsanabbe; A: Scanned thin section demonstrating colourless lens-shaped scapolite agregates within a 

foliated rock dominated by hornblende. B: Photomicrograph (XPL), showing scapolite of the lens-shaped aggregates from Fig. 

16A. C: Photomicrograph (XPL), showing tapering plagioclase twins together with antiperthite textures within the same grain. 

D:  Photomicrograph (XPL), illustrating plagioclase with antiperthite textures in different shapes and orientation.The lamellae 

are slightly bent, indicated by the blue hatched line. E: Photomicrograph (XPL) of polygonal quartz within plagioclase. Some 

grains have a dihedral angle of 120°.  
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Fig. 17. Metadolerite at Söndrum; A: Photomicrograph (XPL), twinned relict igneous diopside grain with orthopyroxene 
exsolution lamellae and surrounded by clinopyroxene neoblasts and hornblende. B: Scanned thin section showing the domainal 
texture with plagioclase-rich domains and domains rich in pyroxenes, hornblende and opaque phases. Large primary 
slinopyroxene grains can be seen in the lower half of the picture (arrow), recognizable at its pale green colour and the exsolution 
texture together with many opaque inclusions. C: Photomicrograph (PPL), diopside with exsolution texture, opaque inclusions 
and replacement textures to hornblende. D: Photomicrograph (XPL), orthopyroxene replaced by biotite and hornblende along 
the fractures. Ilmenite grains are often surrounded by orthopyroxene. E: BSE-image, exsolution texture of relict igneous 
clinopyroxene with quartz and hematite-ilmenite exsolved inclusions. F: BSE-image, varying an-content between ilmenite and 
garnet.  
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Fig. 18. Plagioclase-rich lens at Söndrum; A: Scanned thin section, showing pronounced deformation fabric with elongated 

aggregates of clinopyroxene, garnet, plagioclase and opaques. B: Photomicrograph (XPL), polygonal clinopyroxene aggregates 

within plagioclase-rich domain. C: Photomicrograph (XPL), gneissic part of the rock showing elongated aggregates of opaque 

phases, hornblende, biotite and clinopyroxene. D: Contact between gneiss and metadolerite at Söndrum; photomicrograph 

(XPL), fracture between gneiss and metadolerite, filled with epidote. E: Scanned thin-section, roundish and angular fragments of 

the gneiss and metadolerite in a very fine-grained dark matrix. F: Metadolerite at Söndrum harbour; photomicrograph (XPL), 

slightly bent fractures in plagioclase.  
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5.3.4 SöHf1 – Söndrum Harbour (N6279827, 
E0363564) 

The metadolerite at Söndrum harbour is coarser 
grained than the sample SöM1. It has slightly coarser 
black minerals within a dark matrix. The thin section 
shows a granoblastic  texture, dominated by 
hornblende, clinopyroxene, garnet, plagioclase, quartz, 
orthopyroxene, opaques, biotite and rutile. There is a 
domainal texture with domains rich in hornblende and 
others rich in garnets, clinopyroxene and plagioclase. 
Large clinopyroxene grains show exsolution of 
orthopyroxene and have inclusions of opaque phases. 
Orthopyroxene shows replacement to hornblende 
along fractures. Garnet is poikilitic, with inclusions of 
plagioclase, quartz, pyroxenes, biotite and rutile. 
antiperthitic, has tapering twins and is often affected 
by seritization. All minerals show slightly bent 
fractures, but most often plagioclase (Fig. 18F). No 
quantitative EDX analysis has been done on this 
sample. 

5.4 Kullaberg 
 

5.4.1 KB2 – Kullaberg (N6242741, E0342236) 

The metadolerite at Kullaberg is fine-grained and and 
has slightly coarser black minerals evenly spread in a 
whitish matrix. The thin section shows a texture 
dominated by clinopyroxene, garnet, plagioclase, 
pargasitic hornblende, ilmenite, orthopyroxene, quartz, 
pyrite and rutile. There is a domainal texture with 
domains rich in plagioclase and others rich in 
pyroxenes, hornblende and ilmenite (Fig. 19A). Large 
primary, greenish diopside grains (Jd3Di88En9) within 
the pyroxene-rich domain have inclusions of ilmenite, 
quartz, plagioclase, Fe-sulfides, and exsolution 
lamellae of orthopyroxene (En58). Clinopyroxene 
shows a partial replacement to pargasitic hornblende 
along the rim of the grain, as well as within exsolution 
lamellae. Polygonal aggregates of clinopyroxene 
neoblasts around the large diopside have the same 

Fig. 19. Metadolerite at Kullaberg; A:Scanned thin section showing the domainal texture of plagioclase-rich domains and 

domains rich in pyroxene, hornblende and ilmenite. The sample is unfoliated. B: Photomicrograph (PPL), ilmenite surrounded 

by orthopyroxene. Orthopyroxene is partly replaced by biotite. C: Photomicrograph (XPL), same view as B, plagioclase on the 

right side shows undulatory extinction and seritization. Plagioclase on the left side shows tapering twins and antiperthitic 

textures. D: Zonation profile of garnet. 
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average composition as the diopside. The grains lack 
exsolution textures and inclusions.    
 Ilmenite grains are often surrounded by 
orthopyroxene (Fig. 19B, C). Those orthopyroxenes 
are Mg-richer (En71) than the ones not in contact with 
ilmenite (En58). They show partial replacement by 
pargasitic hornblende and Mg-rich biotite (Phl54) along 
fractures and cleavage planes.   
 Garnet  has an average composit ion of 
Alm57Prp22Grs18Sp3.  Grossular and spessartine 
decrease slightly towards the rim whereas pyrope 
increases (Fig. 19D).  
Plagioclase shows antiperthite textures, tapering twins 
and compositional zoning. The average composition at 
the rim is An39; within the core An44. Plagioclase 
inclusions within diopside have a higher anorthite 
content and an orthoclase component is present. The 
average composition is Ab51An47Or2. 

 

6 Geochemical Data 
 
Two groups are identified: the metadolerites (group 1) 
and the mafic layers at Stensjö (group 2). 

 

6.1 Group 1 (samples: GT1, TL1, AV1, 
Gas3A, Gas3B, StSD, SöM, SöHf, 
KB2) 

All metadolerites  have silica contents characteristic 
for basic rocks (Table 2), between 47 % (TL1) and 48 
% (AV1). In general the FeO-content varies in these 
samples between 14 % (SöHf1, 13% in GT1) and 7 % 
(AV1). Sample SöHf1 has the highest TiO2 content (3 
%) and sample AV1 the lowest (1 %). Sample GT1 
has also a high TiO2 content (3 %) compared to the 
other samples, which fall between 1-2 %. The sample 
SöHf has the lowest MgO content (5 % ) and AV1 the 
highest (12 %). All other samples vary between 6-7 %. 
Sample AV1 also has a very high Cr2O3 (2150 ppm ) 
and Ni (147 ppm) content compared to the others with 
70-340 ppm Cr2O3 and 21-94 ppm Ni. Sample SöHf1 
(51 ppm), SöM (39 ppm) and GT1 (32 ppm) are rich 
in Rb compared to the others which range between 12-
16 ppm. All samples from Stensjö have more Sr (530-
580 ppm) compared to the others with 168-219 ppm. 
Sample KB2 is with 94 ppm very poor in Ba. The 
Stensjö samples are rich in Ba and range between 663 
and 713 ppm with a maximum of 818 ppm in sample 
StSD1. All others range between 161 and 279 ppm.
  There is also a minor variation of Mg#. The 
lowest Mg#  (0.34) is formed in sample SöPD and 
SöHf wih 0.37. The highest Mg# has AV1 with 0.74. 

6.1 Group 2 (samples: StML 1-3) 
The mafic layers from Stensjö are richer in SiO2 (51 % 
and 55 %) than in the mafic dykes. StML3 has the 
highest FeO content with 7 % and StML1 the lowest 
with 5 %. The TiO2 content is homogenous and varies 

between 1-1,1 %. StML3 has also the highest MgO 
content with 6 % and StML1 the lowest with 3 %. 
StML2 is with 1,5 % slightly richer in K2O compared 
to the others which range between 0,9 and 1 %. StML3 
is richer in Cr2O3 (´140 ppm) and Ni (42 ppm) 
compared to the others, which have 20 ppm Cr2O3 and 
<20 ppm Ni. StML2 is richer in Rb (60 ppm) 
compared to the other samples with 14 and 15 ppm. 
The Ba content varies a lot among the three samples. 
The sample ML3 has the highest Mg# number with 
0.61. The other samples have 0.52 and 0.49. 

6.3 Group 1+2 
In the TAS diagram (Cox et al. 1979) (Fig. 20), the 
samples fall within the gabbro field and on the 
tholeitic side, except for sample SöPD1, which is on 
the alkaline side. All dyke-samples are within the basic 
field. Sample StML2 is on the line between basic and 
intermediate and sample StML1 is within the 
intermediate field. In the R1-R2 diagram by 
DeLaRoche (1980) all samples fall into the gabbro 
field except StML1-3 and SöHf1 which are in gabbro-
diorite field, SöPD in the monzo-gabbro field and KB2 
which lies on the line between gabbro and gabbro-
norite (Fig. 20).     
 The AFM diagram (Irvine & Baragar, 1971) 
show that the samples from Stensjö as well as the 
sample GT1 have a tendence to be more calc-alkaline 
and the rest of tholeiitic(Fig. 20). In the SiO2-FeO[tot]/
MgO diagram of Miyashiro (1974, not shown) only 
StML1, STML3 and GT1 plot in the calc-alkaline 
field. The SiO2-K2O diagram of Peccerillo and Taylor 
(Peccerillo and Taylor, 1976, not shown) puts all the 
samples within the calc-alkaline field, except SöM 
which plots in the high-K calc-alkaline field. In a 
Na2O-K2O-Al2O3 discrimination diagram, all the 
samples fall into the metaluminous field (Fig. 20). 
 All samples from Stensjö (dyke samples and 
mafic layer samples) show a positive Ba-anomaly in 
the spider plot normalized to the primordial mantle 
(Fig. 21, Wood et al. 1979). The samples KB2 and 
SöHf have a small negative Ba-anomaly. All samples 
except for SöHf show a positive K-anomaly. All 
samples have negative Ta and Nb-anomalies but the 
sample AV1 the strongest concerning the Ta-anomaly. 
All dyke-samples except for the samples from Stensjö 
show negative Sr-anomalies. All three mafic layer 
samples from Stensjö show positive Sr-anomalies. 
Sample KB2, TL1 and GT1 show also weak P-
anomalies. All samples show negative Hf and Ti 
anomalies. An enrichment in LIL elements and no 
depletion of HFS elements can be seen. Sample SöPD 
has the highest enrichment in LIL elements. 
 The chondrite-normalized spider plot (Boynton, 
1984) shows subparallel curves, except for sample 
StML2, which cut the other samples with a steeper 
curve (Fig. 21). In general the slopes for LREEs vary 
between 1,8-2,4 and between 3-6 for HREEs. Sample 
StML2 has with 3,6 a slightly higher ratio in (La/Sm)N 
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Table 2. Major, trace and REE element concentrations for 11 dyke and 3 mafic layer samples. Major element concentrations are 

given in wt%, trace element and REE concentrations in ppm. The ratios of (La/Nb)N and (La/Sm)N were calculated by the 

normalization of McDonough and Sun (1995). 
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and also the (La/Yb)N ratio with 12 is an exception. 
Although sample STML1 fits into the general slope 
trend for LREEs, it has also an exceptionally high (La/
Yb)N ratio of 10. The sample AV1 has the lowest 
content in LREE as well as HREE. The STML2 
sample has the highest content in LREE and sample 
SöHf has the highest content in HREE. It also shows 
the strongest negative Eu-anomaly. KB2, SöM1, 
StML3, TL1 and GT1 show a smaller negative Eu-
anomaly. All the other samples show no Eu-anomalies.
 The NMORB-normalized plot (Sun & 
McDonough, 1989) and the one for primitive mantle 
(Sun & McDonough, 1989) confirm the trends seen in 
the plot by Wood et al. and especially the positive Ba-
anomaly of the Stensjö samples, the negative Nb-
anomaly for all the samples and the positive Sr-
anomaly for the mafic layer samples are even clearer 
(Fig. 22). This plot also shows a negative Pb-anomaly 
for all the samples except for SöM and SöPD. Sample 
StML1 and StML3 even have a positive Pb-anomaly. 
In this plot the enrichment of LIL elements/LREE and 
a rather shallow to flat line of HFS elements/HREE is 
more pronounced than in the plot by Wood et al. 
 In the geotectonic discrimination diagram by 
Pearce & Cann (1973) all the samples fall into the 
field of the within-plate basalts, with the exception of 
the mafic layers of Stensjö, GT1 and KB2, which fall 
into the overlapping field of MORB/CAB/IAT. StML1 
and StML2 are within the calc-alkaline basalts field. A 
similar trend is seen within the Zr-Ti discrimination 
diagram (Fig. 23) by Pearce (1982). Most samples are 
within the overlapping MORB field on the within-
plate basalts field. The Söndrum samples and TL1 are 
within in the within-plate basalts field. Sample AV1 is 
within the overlapping MORB field on the island arc 
basalts field. All three Stensjö mafic layer samples are 
within the island arc basalt field.   
 In the Zr-Nb-Y discrimination diagram by 
Meschede (1986) are all samples within the within-
plate tholeiites and volcanic arc basalts (Fig. 23). All 
samples are within the continental flood basalts field 
in the V-Ti discrimination diagram (Fig. 23) by 
Shervais (1982). In the MnO-TiO2-P2O5 
discrimination diagram by Mullen (1983, not shown) 
are STML2 and StML3 within the calc-alkaline, AV1 
in the island arc tholeiitic, SöHf and TL1 in the ocean 
island tholeiitic and KB2, GT1 and SöM within the 
MORB field. All other samples are on the line 
between the OIT, OIA, MORB and IAT field.
 Normative mineral assemblages of all the 
samples were calculated by the calculation-spreadsheet 
by Kurt Hollocher following the CIPW norm 
(Appendix E). The program includes trace elements 
like Sr, Ba, Ni, Cr and Zr as well.Pyroxenes are 
classified as diopside, hypersthen and wollastonite. 
The used iron-oxidation ratio is based on the chemical 
analysis. Except for the mafic layers from Stensjö, 
SöHf, STSD1 and StHD2 there is a normative olivine 
content. 

7 P-T Estimates 
 

7.1 Geothermobarometry—WinTWQ 
Microprobe analyses of six samples were performed in 
order to determine the P-T conditions of the 
Sveconorwegian granulite facies metamorphism. 
Disequilibrium textures like garnet-zonations were 
avoided, and only microdomains with minerals in 
equilibrium were used. Phase equilibria was calculated 
by the program TWQ using classical 
geothermobarometry calibrations. T-dependant ion-
exchange reactions (e.g. exchange of Fe and Mg) were 
used as geothermometers. P-dependent net transfer 
reactions (e.g. GAES-GAFS) with a large ΔV were 
used as geobarometers. 

7.1.1 The garnet-biotite exchange 
geothermometer 

The Mg-Fe exchange of the garnet-biotite 
thermometer is based on experiments by Ferry and 
Spear (1978) and described by the reaction: 

Fe3Al2Si3O12 + KMg3Si3AlO10(OH)2 = Mg3Al2Si3O12 + 
KFe3Si3AlO10(OH)                  
almandine + phlogopite = pyrope + annite                (1) 

Garnet prefers to incorporate Fe, whereas at higher 
temperatures the minerals get less selective due to the 
greater thermal vibration in the mineral lattice. The ion 
distribution will thus be more evenly at higher 
temperatures. This temperature-dependent reaction has 
a small ΔV and has a steep isopleth-slope in a P-T 
diagram. Additionally considered geothermometers are 
the garnet-hornblende (Graham & Powell 1984) and 
the garnet-clinopyroxene (Råheim & Green 1974) 
thermometer, which are also both based on a Fe-Mg 
exchange reaction. The reactions are: 

3 NaCa2(Mg4Al)(Si6Al2)O22(OH)2 + 4Fe3Al2Si3O12 = 4 
Mg3Al2Si3O12 + 3NaCa2(Fe4Al)(Si6Al2)O22(OH)2               
pargasite + almandine = pyrope + Fe-pargasite                  (2) 

2Mg3Al2Si3O12  + CaFeSi2O6   =   Fe3Al2Si3O12 + 
CaMgSi2O6                                                                           
pyrope + hedenbergite = almandine + diopside                  (3) 
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Fig. 20. Upper, left: TAS diagram for plutonic rocks by Cox et al. (1979). Upper, right: AFM diagram; the line distinguishs 

between calc-alkaline and tholeiitic (Irvine & Baragar, 1971). Lower, left: R1-R2 diagram by DeLaRoche (1980) with R1=4Si-11

(Na+K)-2(Fe+Ti) and R2=6Ca+2Mg+Al. Lower, right: molar Na2O-Al2O3-K2O plot showing a metaluminous composition of 

the samples. 
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Fig. 21. Upper: chondrite-normalized spider diagram by Boynton (1984). Lower: trace elements normalized with the primordial 

mantle (Wood et al. 1979).  
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Fig. 22. Upper: NMORB-normalized spider diagram by Sun & McDonough (1989). Lower: spider diagram 

primitive-mantle-normalized by Sun & McDonough (1989).  
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7.1.2 Theory of Grt-opx-pl-qtz (GAES-GAFS) 

The GAES-GAFS geobarometer (Wood 1975) is 
based on two net transfer reactions, depending on the 
different end-members of orthopyroxene. The large 
ΔV of these reactions creates a shallow isopleth-
slope in a P-T diagram. They are called the Fe- and 
the Mg-reaction. 

Ca3Al2Si3O12 + 2Mg3Al2Si3O12 + 3SiO2 = 3Mg2Si2O6 +  
3CaAl2Si2O8           
grossular + pyrope + quartz = enstatite + anorthite          (4) 

Ca3Al2Si3O12 + 2Fe3Al2Si3O12 + 3SiO2 = 3Fe2Si2O6 + 
3CaAl2Si2O8                                                                        
grossular + almandine + quartz = ferrosillite+anorthite   (5) 

Additionally considered geobarometers are the grt-
cpx-pl-qz (GADS-GAHS, Newton & Perkins 1982) 
and the grt-cpx-opx-pl-qz barometer (Paria et al. 
1988). The associated reactions are: 

Ca3Al2Si3O12 + Mg3Al2Si3O12 + 3 SiO2 = 3 CaAl2Si2O8 + 
3CaMgSi2O6 (GADS-GAHS)                                             
grossular + pyrope + quartz = anorthite + diopside             (6) 

Fe3Al2Si3O12 + CaFeSi2O6 + SiO2 = 2 Fe2Si2O6 + 
CaAl2Si2O8                      (7)
almandine + hedenbergite + quartz = ferrosillite + anorthite 

 

 

 

 

 

 

 

Fig. 24. Upper, left: the Zr-Ti discrimination diagram by 

Pearce (1982) plots most of the samples within the 

overlapping MORB field on the within-plate lavas side. 

Upper, right: In the Zr-Nb-Y discrimination diagram by 

Meschede (1986) all samples are within the within-plate 

tholeiites and basalts of volcanic arcs. AI=within-plate alkali-

basalts, AII=within-plate alkali basalts and tholeiites, 

B=EMORB (midocean-ridge basalts), C=within-plate 

tholeiites and volcanic arc basalts, D=NMORB and island arc 

basalts. Middle, left: all samples are within the continental 

flood basalt field in the V-Ti discrimination diagram by 

Shervais (1982). Ti/V=50—Ti/V=100: ocean island and 

alkali basalts, Ti/V=20—Ti/V=50: OFB (ocean floor basalts, 

MORB and back-arc basin basalts), <Ti/V=20: ARC (arc 

tholeiitic). Legend (Fig. 23). 
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7.1.3 Results WinTWQ 

The results of the P-T estimates are summarized in 
Table 3. The chosen mineral assemblage in the 
microdomains for winTWQ is; garnet, plagioclase, 
orthopyroxene, clinopyroxene, biotite and quartz.      
 All geothermobarometer reactions plot 
similarily within each microdomain of each sample. In 
all samples, the Mg-reaction of the GAES-GAFS 
barometer tends to yield lower pressures than the Fe-
reaction and the garnet-clinopyroxene and garnet-
hornblende thermometer give lower temperatures as 
garnet-biotite (Appendix D).   
 The exchange equilibria of the Fe-reaction of 
the GAES-GAFS barometer and the garnet-biotite 
thermometer are plotted within a P-T diagram (Fig. 
24). No biotite was analysed in sample StML1. 
Therefore, no biotite-garnet thermometer could be 
applied for this sample. The temperature in the P-T 
diagram for this sample is based on the garnet-
hornblende thermometer. Sample KB2 has the highest 
temperature and pressure (926 °C, 12,3kbar). All other 
samples are within a range of 788-830 °C and 8,9 – 
10,5 kbar. Sample StML1 plots at 744°C and 8,7 kbar. 

7.2 AvePT—Thermocalc 
Average P-T estimations were done by using the 
AvePT module of the program Thermocalc, which 
uses an internally-consistent thermodynamic dataset to 
calculate phase diagrams for metamorphic rocks 
(Powell & Holland 1988). Like WinTWQ, Thermocalc 
searches for reactions involving a stable mineral 
assemblage. Thermocalc uses however the activity of 
an end-member as a variable within the uncertainty of 
the activity model. It then calculates the P-T point via 
least square and estimates the overall activity model 
uncertainty (Powell & Holland 1988).  
 Several microdomains with the same or similar 
mineral assemblage were used to calculate the pressure 
and the temperature of a sample. The average of those 
results (Table 4) is shown in Fig. 24. The full analysis 
can be seen in appendix C. The chosen mineral 
assemblage in the microdomain is; garnet, plagioclase, 
orthopyroxene, clinopyroxene, biotite and quartz. 
Hornblende and ilmenite/hematite as well as end-
members with e* > 2,5 were excluded because the 
estimated temperatures were unrealistically high. 
 All samples plot within a similar P-T range of 
767-853 °C and 9,1-10,2 kbar. Sample Gas3B plots 
within the kyanite field and yield the lowest 
temperatures. Sample Gas yields the highest 
temperature and pressure. It plots with the other 
samples in the sillimanite field. Sample GT1 has the 
lowest pressure. 

Table 3. Results of the PT-estimation for different 

geothermobarometer  calculated by WinTWQ. 

Table 4. Results of the PT-estimation by AvePT 

(Thermocalc). avT = average temperature, sd(T) = standard 

deviation for temperature, avP = average pressure, sd(P) = 

standard deviation for pressure, corr = correlated ellipse 
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Fig. 24. A: Results of PT-estimates by WinTWQ based on average analysis. Sample StML1 was calculated with a different 

thermometer. The used assemblage is; clinopyroxene, orthopyroxene, garnet, biotite and plagioclase. B: Results of PT-estimates 

by AvePT (Thermocalc) with error ellipses representing the standard deviation. 
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underwent minor deformation. This shows that the 
intrusion of the dyke is younger than the metamorphic 
event which caused the coarse gneissic layering in the 
gneiss (Hallandian event). The marginal portion of the 
dyke was affected by later brittle deformation together 
with metasomatic processes, which affected also 
interior parts of the dyke, seen at the small epidote-
filled veins. 

8.1.1.2 Group 1b 
The dykes in this group are discordant to the foliation 
of their host gneisses and are therefore younger than 
the metamorphic event which caused the coarse 
gneissic foliation within the host gneiss. They show no 
magmatic layering.     
 At Kullaberg the intrusion let to a melting of 
the granitic host rock along the eastern contact zone. 
This felsic magma mingled with the intruded mafic 
magma and underwent shearing along a soft contact 
zone (Söderlund et al. 2008). Crystallization was 
followed by a granulite metamorphic overprint. The 
presence of anhydrous minerals such as garnet in the 
stromatic leucosomes indicate water-undersaturated 
melting like the breakdown-reaction of biotite. 
 The dykes at Stensjö harbour and Söndrum 
harbour indicate that the grain size can be correlated 
with the original dyke thickness. Both dykes are 
smaller than all others and have a smaller grain size. 
Smaller bodies lose their heat quicker than larger 
bodies. The time to develop a coarse-grained texture 
was therefore not given. 

8.1.1.3 Group 1c 
At Stensjö, the less ductile dykes separated into 
boudins during a stretching event. They are clearly 
deformed by ductile deformation and subsequent 
folding which affected the whole Stensjö sequence. 
The less ductile dykes separated into boundins, while 
the surrounding rocks underwent deformation by 
ductile flow. The dykes cut locally the foliation of the 
host gneiss and locally some small, tight and angular 
folds. This would indicate that the intrusion and 
crystallization was post-tectonic to the first isoclinal 
folding but pre-tectonic to the late folding.  

 
 

8.1.2 Petrography  

 

8.1.2.1 Groups 1a-c 
All samples of groups 1a-c have a domainal texture 
with domains rich in plagioclase and others rich in 
pyroxenes, hornblende and opaque phases. This 
suggests a protolith precursor with a medium- to 
coarse-grained texture, typical of a dolerite. Primary 
magmatic clinopyroxene grains and the biotite-lath 
shape of the plagioclase-rich domains suggests a 
primary ophitic texture.The large grain size indicates a 
slow cooling-rate after intruding the country rock. 
Sample Gas3A, StSD and StHf have only minor 

 

8 Discussion 
 
8.1 Metamorphism 
 
8.1.1 Field-relationship 

All dykes are roughly N-S to NE-SW trending and 
show an E-W trending Sveconorwegian foliation or 
lineation. There are three clearly distinguishable 
groups of rocks if compared in terms of deformation 
and composition: the dykes at Getterön, Träslövsläge 
and Söndrum (1a), the dykes at Stensjö harbour, 
Söndrum harbour and Kullaberg (1b), the dykes at 
Gåsanabbe (1c), the mafic layers at Gåsanabbe (2) and 
the dyke at Apelviken (3). Group 1a-c differ in grade 
of deformation and field appearance. Group 2 and 3 
are different in composition. Group 2 occurs as folded 
layers.  

8.1.1.1 Group 1a 
All dykes at Getterön, Träslövsläge and Söndrum are 
only locally deformed at the contacts. They have a 
preserved non-graded, rhythmic magmatic layering. 
Accumulations of single minerals within the layers 
indicate cumulate textures. Slumping and “cross-
bedding” textures wihtin the layering suggest an 
activity within the magma chamber during the 
intrusion and crystallization. The presence of this 
magmatic layering indicates that there was neither a 
deformation nor a metamorphic event during the 
intrusion and crystallization or before the granulite 
metamorphic overprint.    
 The hornblende-rich marginal part in Getterön 
indicates hydration probably during retrogression. 
Clinopyroxene and orthopyroxene break down to 
hornblende via hydration reactions.  
 At Söndrum the dyke shows additionally a 
foliation/lineation which is at an angle to the 
compositional rhythmic layering. Both, the layering 
and the foliation are cut sharply by plagioclase-rich 
lenses. Due to the composition of these lenses, which 
characterizes the lenses as a primary igneous feature of 
the dyke, the foliation must have formed earlier than 
the lenses, but later than the layering. They are 
therefore also interpretated as an igneous texture. This 
foliation could have formed due to imbrication or 
laminar flow within the magma chamber. It is 
suggested that the direction of this imbrication can 
determine the sense of magmatic flow (McBirney 
1996, Winter 2010). In this case the direction is NNE-
SSW. The plagioclase-rich lenses are probably formed 
by the same process than the plagioclase-rich lenses in 
the layered gabbro in Lower Zone of the Skaergaard 
intrusion, Greenland (McBirney 1996). McBirney 
suggests that those lenses formed by deformation, 
which led to a segregation of liquids into zones of 
minimum stress.     
 At Söndrum the contact to the country rock is 
discordant to the foliation within the host gneiss and 
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 compositionally zones plagioclase and recrystallized 
plagioclase in polygonal assemblages with a lower an-
content, but a low orthoclase-component.  
 The locally tapering twins of those 
metamorphic plagioclase grains form due to zoned 
crystals but could also indicate rapid growth during 
deformation. They have also antiperthitic textures, 
which are typical of high metamorphic temperatures. 
Plagioclase exsolves K-feldspar in spot-like textures at 
lower temperatures. Garnet grains show only little 
zonation and are small. This indicates that those grains 
did not underwent a change in chemical composition 
due to P-T changes and represent therefeore a single 
metamorphic event. It assumes a rapid uplift.  
 The presence of Fe-pargasite and the 
composition of relict igneous clinopyroxene indicates 
that the dyke in Getterön is richer in Fe compared to 
the others. No difference can be seen between sample 
Gas3A from the centre of the dyke and the marginal 
sample Gas3B. 

8.1.2.2 Group 2 
The mafic layers form long lens-shaped bodies 
isoclinally folded within the quartzo-feldspathic-
gneiss. The layers differ in composition and 
deformation from the metadolerites. There is a 
foliation defined by light plagioclase-rich aggregates 
in a matrix of clinopyroxene, scapolite, plagioclase 
and hornblende. Lense-shaped scapolite assemblages 
are oriented within the foliation. The mineral 
assemblage is not the typical granulite facies 
assemblage but rather amphibolite facies with the key 
assemblage; pargasitic hornblende, clinopyroxene, 
plagioclase, garnet, scapolite (hematite, ilmenite, 
quartz, pyrite and monazite). Microprobe analysis 
revealed Ba-bearing plagioclase, which indicates an 
enrichment of LIL elements through metasomatism or 
crustal contamination. Which is supported by the 
presence of scapolite. There are no small scale 
deformation textures except for very fine bent 
fractures in plagioclase. 

8.1.2.3 Group 3 
The dyke at Apelviken has a slightly different 
composition than the other dykes. The high Mg# and 
high contents of Ni and Cr characterize this rock as 
ultramafic. However the mineral assemblage is like 
group 1 granoblastic and has the same metamorphic 
mineral assemblage, with the same key minerals plus 
cummingtonite. The only difference is, that this dyke 
is garnet-free.The presence of scapolite indicate the 
presence of CO2-rich fluids. 

8.2 P-T estimates 
The estimated temperatures and pressures range 
between 770 and 850 °C and 8 to 10 kbar. These 
conditions represent the transition between upper 
amphibolite and high-pressure granulite facies at 
medium to high pressure and fit with the previously 

domainal textures. The size of the dyke and the 
marginal location of sample Gas3A suggests rapid 
cooling and crystallization.   
 Disequilibrium growth is indicated by a sector-
zoned primary clinopyroxene. This is due to rapid 
growth or slow growth combined with a low diffusion 
rate, which prevent the crystal from equilibrating with 
the liquid. Since the protolith was coarse-grained, a 
low-diffusion rate during crystallization is suggested 
to be more likely.     
 All samples in this group were affected by a 
pervasive re-equilibration under upper amphibolite to 
high-pressure granulite facies metamorphic conditions. 
The key assemblage is orthopyroxene, clinopyroxene, 
plagioclase, quartz and garnet with variable amounts 
of hornblende and biotite. Some dykes have scapolite, 
which forms during medium to high temperatures and 
indicates a presence of (S– and) CO2 –rich fluids.
 Except for the large primary clinopyroxene 
grains and the domainal texture, there are no signs of 
relict igneous textures. All samples have a granoblastic 
texture which formed by recrystallization after 
deformation at high temperatures. With this process 
the grain boundaries are reduced to minimize the 
surface area and the result is an equilibrium texture in 
which grains meet along straight boundaries, ideally in 
triple junctions as it is often the case with plagioclase 
and clinopyroxene together with hornblende. These 
polygonal aggregates of clinopyroxene and hornblende 
indicate equilibrium and simultaneous growth at some 
point. Hornblende was therefore stable during high 
pressure and temperature metamorphism. Replacement 
textures of primary clinopyroxene to hornblende along 
the rims and within exsolved lamellae indicate that 
more hornblende formed during retrogression, as a 
result of hydration reactions and the break-down of 
primary clinopyroxene grains to amphibole and 
metamorphic clinopyroxene under lower temperature 
conditions. This would indicate a clockwise PT path.
 Large primary clinopyroxene grains show 
exsolution, which is also a retrograde texture formed 
by an intragranular solid-state processes. During 
decreasing temperature or decompression the 
homogenous solid solution of clinopyroxene gets 
unstable and breaks down. The result is the 
development of lamellae of low Ca-orthopyroxene 
within the exsolving host. The sample from Kullaberg 
has no exsolved pyroxene grains, which indicates a 
rapid uplift and the preservation of the solid solution. 
However the primary pyroxene grains in all dykes 
have many inclusions of ilmenite-hematite. They 
probably formed due to an exsolution of a Ti-Fe-rich 
phase (Griffin & Raheim 1973).  
 Plagioclase inclusions (An46) in primary 
clinopyroxene grains may represent high temperature 
(igneous) plagioclase which gets unstable at lower 
temperatures. Within clinopyroxene this process 
releases Ca and Al which produced hornblende. 
General igneous plagioclase breakdown in the matrix 
produces albite or oligoclase which would explain 
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published P-T estimates for the southern part of the 
Eastern Segment of 680-800 °C and 8-12 kbar (e.g. 
Johanson et al., 1991, Wang & Lindh, 1996, Möller, 
1998).       
 The large error ellipses in winTWQ might be a 
result of disequilibrium, errors in the activity-model or 
disturbences in the Fe/Mg ratio. Perkins & Chapera 
(1985) mention that the activity of enstatite might be 
underestimated or the pyrope activity overestimated in 
Fe-rich rocks, leading to different pressure and 
temperature estimates in using the garnet-
orthopyroxene-plagioclase-quartz barometer. 
Therefore, the Fe-endmember reactions are more 
reliable. Retrograde textures such as exsolution 
lamellae and replacements were avoided, because 
retrograde effects might have upset the system. 
However the mineral assemblage might not represent 
the metamorphic peak temperature because Fe-Mg 
equilibria can reset during cooling.  
 Another source of error might be the use of 
garnet-core compositions. Although the garnets were 
little zoned and rather small, it might have been more 
precise to use the garnet composition of the rim, 
because the rims are more likely in equilibrium with 
the matrix.      
 To use the garnet-biotite thermometer on Ca-
bearing garnets could have caused another error, 
because Ca in garnet has a non-ideal effect on the Fe/
Mg ratio. Therefiore, the garnet-biotite thermometer 
has to be applied carefully. A correction of the activity
-composition might decrease the error.   
 Also, the ratio of Fe2+/Fe3+ is calculated on 
the basis of charge balance and not an actual measured 
ratio. For complex minerals the charge-balance-
calculation can be a source of error because several 
valences for ions have to be considered as well as 
factors like the varying H2O content and cation site 
vacancies. A miscalculated ratio of the Fe oxidation 
state influences significantlly the ratio of Fe/Mg and 
with that the temperature estimate. 

8.3 Geochemistry 
There are three distinguishable groups; the dykes at 
Gåsanabbe (1), all other dykes (2) and the mafic layers 
at Gåsanabbe (3). Note that sample GT1 annd TL1 
represents only the very mafic part of the metadolerite 
and does not represent the average whole rock 
geochemistry. 

 
8.3.1 REE chondrite-normalized 

All groups have similar negative slopes with little 
LREE enrichment which is accomplished by low 
degrees of partial melting of primitive mantle or a 
heterogeneous mixture of depleted MORB an enriched 
OIB types. There is no depletion in HREE. The lines 
are almost flat. It suggests that garnet was not in 
quilibrium with the melt in time of segregation. This 
indicates that there was no garnet in the source and the 

origin of the melt was in the upper mantle.
 Sample StML2 shows a steeper slope, which 
indicates a higher degree of fractionation. The small 
negative Eu-anomaly in sample SöHf reflects the 
substitution of Eu2+ for Ca2+ in plagioclase and 
indicates that the sample was in equilibrium at some 
point with (now absent) igneous plagioclase. 

8.3.2 MORB– and primitive-mantle-normalized 

Group 1 has positive Rb- and Ba-anomalies. These 
LIL elements are mobile, easily extracted from the 
mantle and concentratied in the crust. The anomalies 
suggest either metasomatism or the contamination by a 
crustal component. They only show a little negative 
Nb-anomaly, but a strong negative Pb-anomaly. 
 Group 2 has a strong negative Nb-anomaly and 
indicates the presence of a residual Nb-Ta bearing 
mineral. The HFS elements are controlled by the 
source region and fractionation during magma 
evolution. Nb is found in Ti-rich phases such as 
ilmenite and hornblende, which hold the element in the 
source. It is characteristic for subduction-related melts 
and indicates crustal involvement in the magma 
process. A negative P-anomaly suggest an equilibrium 
at some point with (now absent) apatite.  
 All groups have no Y- or Yb-anomaly. This 
suggests that the magma source was not garnet 
bearing. It could indicate a shallow slab dip and a 
lesser depth of the magma genesis.  
 Group 3 shows the same positive Rb- and Ba 
anomalies as group 1 and has the same negative Nb-
anomaly as group 2. It is also enriched in mobile Pb, 
except for StML2. A positive Sr-anomaly indicates the 
presence of plagioclase. A negative Zr-anomaly 
assumes equilibrium at some point with now absent 
zircon. 

8.3.3 CIPW-norm calculations 

Most of the samples have normative olivine and 
hypersthene and are therefore classified as Si-saturated 
basalts (olivine-tholeiites) according to the 
classification of Yoder and Tilley (1962). Clearly 
different are the mafic layers from Gåsanabbe which 
are Si-oversaturated (quartz-tholeiites) with normative 
quartz and hypersthene and the dyke at Apelviken 
which is Si-undersaturated (alkali basalt) and has 
normative olivine and nepheline.   
 The norm calculation is sensitive to any 
changes in the iron oxidation state. Since the samples 
are metamorphic, it is very unlikely that the present 
iron ratio will reflect the iron ratio of the protolith. 

 

8.3.4 Geotectonical discrimination 

Geotectonic discrimination diagrams indicate a within-
plate and volcanic arc setting and also the Nb-anomaly 
for all samples indicate subduction-related magma 
generation. It also shows that the mafic layers and 
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dykes have a similar history. It might be possible that 
the tholeiitic dykes are related to an extension event 
after subduction, where magma reaches the surface 
through normal faults, without experiencing 
fractionation or contamination by the crust. This fits 
with the extensional movements along crustal-scale 
shear zones during the latest phase of Sveconorwegian 
metamorphism It suggest that the intrusion is related to 
the late-orogenic extension and exhumation of the 
Sveconorwegian orogen.    
 The high LIL elements in case of the 
Gåsanabbe dykes, SöPD,SöHF and SöM are probably 
due to metasomatic processes, which is supported by 
the presence of scapolite and epidote veins, however a 
crustal contamination may not be excluded.  
 Dykes like KB2 and AV1 are only slightly 
enriched in LIL elements. The reason could be the 
metamorphic overprint. Granulites tend to be not 
enriched in LIL elements. However it is still unknown 
if this is caused by depletion by fluids, melts or 
compositional differences (Sørensen & Winter 1989). 
The dyke at Apelviken is more mafic compared to the 
other dykes and has a different average bulk rock 
composition. 

9 Conclusions 
 N-S trending high-grade metamorphic dolerite 

dykes occur along the coast from Varberg to 
Kullaberg. The discordance to the gneissic 
foliation of the country rock indicates that the 
dykes are of late Sveconorwegian age. U-Pb 
dating of zircon at Kullaberg gave an age of 
961+/- 6 Ma which was interpreted as the age 
of the dolerite intrusion (Söderlund et al. 2008). 

 Geochemica l  and  p e t rograp h ica l  d a t a 
distinguishes 3 groups: young tholeiitc 
dolerites, a more mafic and tholeiitc dyke at 
apelviken and older calc-alkaline mafic layers. 
The metadolerites have a domainal texture with 
domains rich in plagioclase and others rich in 
pyroxenes, hornblende and opaque phases, 
suggesting a protolith precursor with a coarse-
grained texture, typical of a dolerite. Primary 
magmatic clinopyroxene grains and the biotite-
lath shape of the plagioclase-rich domains 
suggests a primary ophitic texture. The large 
grain size indicates a slow cooling-rate after 
intrusion. All samples are affected by a 
pervasive re-equil ibrat ion under  upper 
amphibolite to high-pressure granulite facies 
metamorphic conditions. The key assemblage is 
orthopyroxene, clinopyroxene, hornblende, 
biotite, plagioclase, quartz, apatite and garnet. 
Some dykes have scapolite, which indicates the 
presence of  (S– and) CO2-rich fluids. The 
texture is generally granoblastic, with relicts of 
large primary clinopyroxene. Equilibrium 
textures of metamorphic clinopyroxene and 
hornblende indicate amphiboli te facies 

metamorphic conditions for the formation of 
pargasit ic  hornblende.  This suggests a 
clockwise P-T-path. The dyke from Apelviken 
is garnet-free. 

 The estimated temperatures and pressures are  
770-850 °C and 8-10 kbar. These conditions 
represent  the transi t ion between upper 
amphibolite and granulite facies at medium to 
high pressure and fit with the previously 
published P-T estimates for the southern part of 
the Eastern Segment of 680-800 °C and 8-12 
kbar (e.g. Johanson et al., 1992, Möller, 1998). 

 Geotectonic discrimination diagrams indicate a 
within-plate and volcanic arc setting. The Nb-
anomaly for all samples indicate subduction-
related magma generation. It also shows that 
the mafic layers and dykes have a similar 
history. The tholeiitic dykes are related to an 
extension event after subduction, where magma 
reaches the surface through normal faults, 
wi tho ut  exper ienc ing fr ac t iona t io n o r 
contamination by the crust. This fits with the 
extensional movements along crustal-scale 
shear  zones during the la test  phase of 
Sveconorwegian metamorphism. It suggests 
that the intrusion is related to the late-orogenic 
extension of the Sveconorwegian orogen. High 
LIL elements (Gåsanabbe and Söndrum dykes) 
indicate metasomatic processes, which is 
supported by the presence of late epidote veins 
(and scapolite)and late (cretaceous) hematite-
alteration at Stensjö. However a crustal 
contamination may not be excluded. The 
correspondance to the Blekinge-Dalarna dykes 
is therefore possible. A similar conclusion, 
based on Nd-isotopes, was made by Johansson 
& Kullerud (1993). Dykes like KB2 and AV1 
are only slightly enriched in LIL elements. 
However it is still unknown if this is caused by 
depletion by fluids, melts or compositional 
differences (Sørensen & Winter 1989).  

 
 

10 Suggestions for future   
 studies 

 
 Since in Getterön only the most mafic 

layer was sampled and investigated, it 
would be interesting to investigate the 
intermediate and the plagioclase-rich layer 
as well, in order to get a picture of the 
whole rock chemistry and perhaps an idea 
of the mechanism of fractionation. 

 
 In order to get a better insight into the PT 

estimates and the associated metamorphic 
reactions, it would be useful to create 
pseudosections (e.g. with Thermocalc, 
Theriak Domino etc.) 
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 To date the intrusion and metamorphic 
peak. Some additional isotopic data could 
also give a better insight in the geotectonic 
nature of the rocks. 
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13 Appendix 

Appendix A: SEM-analysis data for all samples and minerals. 



47 



48 



49 



50 



51 



52 



53 



54 

Appendix B: Wo-En-Fs discrimiantion diagram for pyroxenes. The used classification method is by Morimoto (1988). 
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Appendix C: All results of  temperature-pressure estimates, calculated by AvePT (Thermocalc). AvT = average temperature. 

AvP = average pressure, sd(T) = standard deviation of temperature, sd(P) = standard deviation of pressure, corr = correlated 

ellipse.  
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Appendix D: Calculated PT-diagram for different geothermobarometers (WinTWQ). Sample: GT1.   
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Appendix D: Calculated PT-diagrams for different geothermobarometers (WinTWQ). Sample:  StSD. 
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Appendix D: Calculated PT-diagrams for different geothermobarometers (WinTWQ). Sample:  Gas3A. 
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Appendix D: Calculated PT-diagrams for different geothermobarometers (WinTWQ). Sample:  Gas3B. 
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Appendix D: Calculated PT-diagrams for different geothermobarometers (WinTWQ). Sample:  KB2. 
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Appendix D: Calculated PT-diagrams for different geothermobarometers (WinTWQ). Sample:  SöM1. 
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Appendix E: Results of the CIPW norm calculation. The Fe2+/Fe3+ ratio is based on 

the chemical analysis. 
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